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ABSTRACT: In sciences and technology, image processing is becoming more widely recognized as a critical 

component of scientific study and development. It is no exaggeration to say that image processing has countless 

applications in almost every field known to mankind. Image processing has various applications in remote sensing, 

medical imaging, non-destructive evaluation, forensic studies, textile industry, material science, military, film industry, 

document processing, and printing industry, just to name a few. In the present work, we sketch some of the recent 

medical applications of image processing. 
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I. INTRODUCTION 

 

In the sciences and technology, image processing is becoming more widely recognized as a critical component of 

scientific study and development.A digital image is an image function f(x,y) that has been discretised both in spatial 

coordinates and brightness. It is represented by a series of 2D arrays. Each element of this array is called “pixel” [14]. 

Image processing allows for the improvement of information available in these images for human interpretation and for 

autonomous machine perception [8]. It is no exaggeration to say that image processing has countless applications in 

almost every field known to mankind. Image processing has various applications in remote sensing, medical imaging, 

non-destructive evaluation, forensic studies, textile industry, material science, military, film industry, document 

processing, and printing industry, just to name a few [4]. Researchers are continuously striving to improve the image 

processing techniques and further expand the impact of image processing in this computer era.  

Medical image processing comprises of techniques and processes that are used to create images of human body for 

clinical purposes and medical procedures [19]. The use of image processing techniques in medical field strengthens the 

quantitative analysis. Generally, human observers analyse the medical images.This type of analysis has limitations 

caused by interobserver variations and errors due to fatigue and limited experience. But by the use of image processing 

techniques and computer analysis, it is possible to highly improve the diagnostic accuracy and confidence of medical 

personnel [7].  

A very interesting review of the medical applications of image processing can be found in [12]. Another research 

found on image processing systems for medical applications is [16]. Trends and analysis of medical images using 

image processing techniques can be found in [6]. In the present work, we sketch some of the recent medical 

applications of image processing. 

 

II. IMAGE PROCESSING 

The complete image processing system consists of both hardware and software. This system is capable of acquiring 

the image, storing the image, processing the image according to the user’s requirement and then finally displays the 

image on suitable medium such as television or monitor. Image processing is not a single-step process. Generally many 

operations are performed sequentially to gain the desired output. The image processing operations which are used to 

manipulate the acquired image can be grouped into five categories [7]: 

1. Image enhancement: It helps to make the image better by adjusting the brightness or contrast, smoothing the 

image or sharpening it. 

2. Image restoration: It is used to reverse the degradation caused by uneven illumination, distortion, unwanted 

noise, movement of the abject etc. 

3. Image analysis: It is mainly used for classifying images into groups by recognizing patterns. 

4. Image compression: It is used to reduce the size of the image by eliminating the redundant information used 

to store the image. 

5. Image synthesis: This technique helps in creating new images from other images and non-image data. 
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These image processing operations and techniques when combined with the knowledge of the application area, 

solutions to many problems can be obtained. 

 

III. RECENT MEDICAL APPLICATIONS OF IMAGE PROCESSING 

 

A. EUS - FNAB Specimen Evaluation: 

Endoscopic ultrasound (EUS) is used for detecting pancreatobiliary diseases, for visualizing lesions etc. Endoscopic 

ultrasound-guided fine needle aspiration biopsy (EUS-FNAB) gives extra pathological information. Thisenhances 

the diagnostic capabilities of EUS [21]. Using a needle, a EUS-FNAB sample is collected from the patient and then 

studied. In [13], Okuwaki et al., used automated multiband imaging system (AMUS) to study the sample. The 

multiband image data is obtained using automated multiband imaging device provided by Olympus Corporation as 

shown in Fig 1. Then whitish core quantity is calculated using image segmentation techniques. The quantity 

calculated using AMUS strongly correlates with manual assessments.Since this method is cost-effective, this type 

of evaluation can be introduced at any facility to obtain objective assessments.  

 

 
Fig.1: Set-up of automated multiband imaging device [13] 

 

B. Detection of Tuberculosis Disease 

Tuberculosis (TB), commonly known as consumption, is a long-term infection caused by the Mycobacterium 

tuberculosis bacteria. The bacteria are most commonly found in the lungs, but they can potentially harm other 

organs in the human body. It is preventable and curable if identified early; else, it may result in the patient's 

death.To determine if a person has TB disease, tests such as a chest X-ray or a sputum sample culture can be 

performed. [15] Mohammad Alsaffar et al., proposed a method to detect the presence of TB in medical X-ray 

imaging (see Fig.2) using image processing techniques.KERAS, an open source neural networks library is used to 

extract the picture properties from the medical images that are used as classification attributes. Support Vector 

Machines (SVMs), Logistic Regression (LR) and KNN, K-Neighbors Classifier are the three classification methods 

used. Their proposed CNN architecture could automatically categorize the medical images by visual modality and 

anatomic location. An excellent overall classification accuracy (> 99.5%) is achieved using this method. 

 

C. Glaucoma Diagnosis 

Glaucoma is a common eye disease that, if left untreated, can result in irreversible blindness. Glaucoma is one of 

the most common causes of blindness [10].To examine the pattern of rim loss, estimate quantitative parameters, and 

discover morphological symptoms of glaucoma in the eyeball, an efficient and correct segmentation of the OD and 

optic cup is required [18].Recent studies show that the CAD system can improve diagnostic accuracy while also 

reducing fatigue, reducing the number of diseases missed owing to exhaustion or disregarded data, and increasing 
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reader variability.In [18] Shubham Joshi et al., proposed a computer-aided design (CAD) system to help in the early 

identification of glaucoma as well as the screening and treatment of the disease using fundus camera. The proposed 

CAD system would help ophthalmologists diagnose ocular disorders by offering a second opinion in the form of a 

verdict made by human professionals in a controlled setting. It uses three pretrained CNNs for the categorization of 

glaucoma viz., residual network (ResNet), visual geometry group network (VGGNet) and GoogLeNet. 

 

 
Fig.2: Chest X-ray images  

 

D. Analysis of Blood Cancer 

Blood cancer, often known as leukaemia, is a type of cancer in which the blood marrow produces abnormal white 

blood cells in the bloodstream [9]. Blood cancers affect the blood cells, bone marrow, lymph nodes, as well as other 

parts of the lymphatic system [17].In [9] Harisudha K et al., developed a method to identify all types of blood 

cancer using image processing techniques like segmentation and feature extraction. Microscopic photographs of 

blood are taken and lymphocytes are extracted. Different classification techniques like SVM, LDA are used to 

detect healthy or cancerous cells and KNN algorithm is used to detect the type of cancer. This method is accurate, 

fast and cheap. 

 

 
Fig.3: Reflex zones of tongue [1] 

 

http://www.ijircce.com/


 

International Journal of Innovative Research in Computer and Communication Engineering 

                         | e-ISSN: 2320-9801, p-ISSN: 2320-9798| www.ijircce.com | |Impact Factor: 8.165 

|| Volume 10, Issue 3, March 2022 || 

| DOI: 10.15680/IJIRCCE.2022.1003018 | 

IJIRCCE©2022                                                            |     An ISO 9001:2008 Certified Journal   |                                          1306 

 

 

E. Tongue Diagnosis 

The tongue is an organ that is a reflection of the body's physiological and clinicopathological state. Tongue 

inspection makes use of visual information. The major criteria to evaluate for diagnosis are the colour, form, 

motility, substance, and coating of the tongue. The geometric shape of the tongue also aids in the diagnosis of one's 

health. [3] By describing differences in tongue features, a system for analyzing and classifying tongue images for 

disease diagnosis was developed by Shreya Devkar et al., in [5]. Images of the tongue captured by a good resolution 

smartphone camera can be used. Using an algorithm, required part of the tongue from the image is identified and 

features are extracted. They used four techniques employing Gabor filter, energy, color histogram and geometrical 

figures. Energy method has an accurate rate of 95% and gives good results for normal and diabetes images. 

 

F. Breast Cancer Prediction and Trail 

Other than nonmelanoma skin cancer, breast cancer is the most frequent cancer among women [2]. It is one of the 

most prevalent cancers in women in India. It can strike at any age, but it is most common in the early thirties and 

peaks between the ages of 50 and 64.Patients' survival rates are improved when this condition is detected early. Y 

Venugeetha et al., developed a method to identify the cancer using Machine learning and image processing 

techniques in [20]. Mammogram images are used in this method. Using Fuzzy C-Means (FCM) technique, image 

segmentation is carried out and features are extracted using Gray-Level Co-occurrence Matrix (GLCM), Multi-level 

Discrete Wavelet Transform and Principal Component Analysis (PCA). KNN algorithm is employed for 

classification of images. Finally, the tumor affected areas are marked and can be shown to the doctor. 

IV. CONCLUSION 

In this paper we have tried to discuss the recent medical applications of image processing techniques. The findings 

can be formulated as follows: 

 

Application Techniques Used Database Used Accuracy 

EUS-FNAB specimen 

evaluation [13] 
AMUS 

Images obtained using 

automated multiband 

imaging device 

When the cutoff value was 

more than 8 mm
2
, the 

AMUS had a high 

diagnostic sensitivity. 

Detection of TB 

disease [11] 

KERAS, SVM, LR, KNN, 

RESNET50 neural network 
Montgomery database 

99.5% classification 

accuracy 

Glaucoma diagnosis 

[18] 

Contrast limited histogram 

equalization (CLAHE), 

VGGNet-16, ResNet-50, 

GoogLeNet, MATLAB 

PSGIMSR, DRIONS-DB, 

HRF, DRISHTI-GS 

88.96% accuracy, 93.95% 

precision 

Analysis of blood 

cancer [9] 

SVM, LR, LDA, KNN, DT, 

GB and PCA. 

ALLDB-1 dataset, images 

from Kaggle. 

KNN algorithm detects the 

type of cancer with 97% 

accuracy. 

Tongue diagnosis [5] 

MATLAB, Gabor filter, color 

histogram, Fourier transform 

to find pixel density 

Private database  

Energy method has 95% 

accuracy on normal and 

diabetes images. 

 

The use of image processing techniques in medical field strengthens the quantitative analysis. EUS-FNAB specimen 

evaluation for pancreatic diseases, detection of TB disease, Glaucoma diagnosis, Analysis of blood cancer, tongue 

diagnosis and breast cancer prediction are the applications discussed. In future, image processing techniques can be 

used to identify and diagnose many other diseases. 
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Densities (ρ) and speeds of sound (u) of 1-butyl-3-methylimidazolium methyl sulphate, [C4C1im][MeSO4] with
acetonitrile (ACN), propionitrile (PCN) and n-butyronitrile (n-BCN) in the complete composition range at tem-
peratures between 298.15 K and 313.15 K with 5 K intervals and atmospheric pressure is reported. Solute-
solvent interactions have been evaluated in themixtures of [C4C1im][MeSO4]with alkyl nitriles by calculating ex-
cess volumes (VE) and excess isentropic compressibilities (κsE). The VE and κsE values as a function of mole fraction
are correlated using a Redlich-Kister type expression. The excess functions (VE and κsE) are found to be negative
over the complete range of mole fraction for the investigated binary solutions. The studied excess properties
are found to increasewith the increase in the alkyl chain length of alkyl nitriles. The excess thermodynamic prop-
erties of themixed solvents are discussed in relation to intermolecular interactions and structural effects existing
between the component molecules. In addition, the effect of the nature of anion of ionic liquid and temperature
on the excess thermodynamic properties has been investigated.
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1. Introduction

Ionic liquids (ILs) are a new class of complex molecules with very
low melting temperatures, composed solely of organic/inorganic ions.
They are known as “designer solvents” as their physicochemical proper-
ties can be fine-tuned at ease for a specific task by modifying the ion
substituents and choosing the proper combination of ions [1]. Replacing
the traditional solvents with non-volatile, and non-flammable ILs may
reduce the negative foot-print of these solvents on the environment.
Hence, they are also termed as “green solvents”. The distinctive proper-
ties of ILs include good ionic conductivity, excellent thermal stability,
high heat capacity, wide liquid range, high polarity, potential recover-
ability and favourable solvation capacity [1,2]. Strong coulombic forces
(ion-ion, ion-dipole attractions), moderate hydrogen bonds and weak
van der Waals attraction forces are the intermolecular interactions
existing in the ILs, which determine theirmiscibilitywith polar solvents.

The favourable and typical properties of ILsmake themubiquitous in
the industrial applications ranging from organic synthesis to electro-
chemistry and analytics to advanced materials. A wide range of ILs has
akumar),
been used as the environmentally benign catalysts and solvents in or-
ganic synthesis [2–4]. They have been potentially employed as electro-
lyte materials in different electrochemical applications such as
rechargeable batteries, electrochemical capacitors, fuel cells, dye-
sensitized solar cells, etc. [2,5–7]. They have also been used as media
in separation and extraction technologies [8]. The ILs have been ex-
plored as functional and advanced materials like heat storage-thermal
fluids, hydraulic fluids, liquid crystals, fuel additives, surfactants and lu-
bricants [9,10]. They are finding their way in the area of analytics asma-
trix materials for mass spectrometry, gas chromatography columns and
asmobile phase in liquid chromatography [2,4]. Further, they find appli-
cation in biomedicine, drug delivery, biomass processing and
embalming [2,11].

Ionic Liquids (ILs) based on 1-alkyl-3-methylimidazolium cation,
and anions like [X]−, [BF4]−, [PF6]−, [NTf2]−, [CF3SO3]−, [CF3COO]−,
alkyl sulphates, alkyl sulphonates, etc., are one of the most investigated
ILs because of their remarkable properties. Alkylimadazolium based ILs
find applications as a green solvent and eco-friendly catalyst in organic
synthesis [4]. On hydrolysis, the ILs with fluorinated anions such as
[BF4]−, [PF6]−, [NTf2]−, lead to the emission of corrosive and toxic vola-
tile gases like hydrogen fluoride (HF) and phosphorus oxytrifluoride
(POF3). An interest in halide-free, alkyl sulphate-based imidazolium
ILs is increasing because of their favourable properties such as ease of
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synthesis in an atom-efficient way from cost-effective and easily avail-
able alkylating agents, excellent purity, hydrolysis-stable, water-
soluble, non-corrosive, tunable polarity, non-toxic, low glass transition
temperature and low viscosity [12–14]. Imidazolium based ILs can be
potentially applied as electrolytes in electrochemical devices [2]. In
the petrochemical field, imidazolium based alkyl sulphate ILs finds ap-
plication as extracting solvents in the separation of azeotropicmixtures.
[C4C1im]+ based alkyl sulphate ILs are used in the extraction of nitrogen
and sulphur compounds from diesel and gasoline [15], purification of
hexane from itsmixturewith ethanol [16] and toluene from itsmixtures
with heptane [17]. Moreover, imidazolium based ILs finds applications
as media for CO2 capture and in the separation of the acidic flue gases
CO2 and SO2 [18]. The applications of alkyl sulphate-based imidazolium
ILs in organic synthesis, separation technologies, and electrochemical
applications have become the motivation for choosing [C4C1im]
[MeSO4] for the present study.

Alkyl nitriles self-associate through dipole-dipole interactions
(Fig. S1) in their pure liquid state [19] as indicated by their high dipole
moments (μ) and high dielectric constants (ε) [20]. The cyano group
(−C ≡ N) of nitriles also acts as hydrogen bond acceptors [21]. Alkyl ni-
triles find application as a solvent in petroleum refining, and synthesis
of pharmaceuticals [22,23]. Owing to its transparency towards UV
light and low viscosity, ACN is widely used as a mobile phase in Liquid
Chromatography [24]. Due to high dielectric constant, good electro-
chemical window, and the ability to dissolve more CO2 than water,
ACN is often used in the electrochemical reduction of CO2 usingdifferent
capablemetal electrodes [25]. It is also used as a promising electrolyte in
capacitors, super capacitors and dye-sensitized solar cell [2].

The high viscosities and hydrophobic nature of ILs might restrict
their diverse applications in certain fields. Mixing of an IL with suitable
organic solvents to form binary systems could be an alternativemethod
to decrease the viscosity as well as to fine-tune their unique properties
and thereby their complete exploitation in novel applications [26]. In
order to explore new applications for ILs and also to have a proper un-
derstanding of the chemical structure and nature of intermolecular in-
teractions in the IL-based mixtures, it is necessary to have a detailed
knowledge on their thermo-physical and thermodynamic properties.
Further, the sound knowledge of these properties of the IL-based mix-
tures is crucial in the design of task-specific ILs and also in the develop-
ment of reliable theoretical simulations in solution theories [27]. The
investigation on thermo-physical properties of binary solutions con-
taining ILs is essential to contribute huge data to thermodynamic data
bank [28]. Hence, a clear understanding of intermolecular interactions
prevailing in the IL+ alkyl nitrile mixtures are prerequisite for their ap-
plications in electrochemical devices as an electrolyte, petrochemical
field as extracting solvents, as media for CO2 capture and electrochem-
ical reduction of CO2. Moreover, excess thermodynamic properties of
mixed systems containing ILs are essential not only in understanding
the solute-solvent behaviour but also in designing efficient separation
processes, transport equipment and in many design engineering calcu-
lations involving heat transfer,fluidflow,mass transfer, electrochemical
application, etc. [29].

Many researchers have reported density, speed of sound, viscosity
and refractive index for the binary mixtures of [C4C1im][MeSO4] with
water [1,30], methanol [31–34], ethanol [32,34–37], 1-propanol
[32,33], 2-propanol [33], 1-butanol [33,34], 1-hexanol, 1-octanol, 1-
decanol [34], nitromethane [35], 1,3-dichloropropane [35], diethylene
glycol monoethyl ether [35], propane-1,2-diol [38] and ethylene glycol
[39] at different temperatures. The excess volumes (VE) for [C4C1im]
[BF4] + acetonitrile [40], [C4C1im][PF6] + acetonitrile [40,41], [C4C1im]
[NTf2] + acetonitrile [42] and [C4C1im][SCN] + acetonitrile [43] have
been reported previously. A review of the literature reveals that there
is no published data on volumetric and acoustic studies on the binary
solutions of [C4C1im][MeSO4] with alkyl nitriles. In this context to un-
derstand the non-ideal mixing behaviour, excess volumes (VE) and ex-
cess isentropic compressibilities (κsE) for the binary systems have been
evaluated from the experimental density and speed of sound data at
temperatures between 298.15 K and 313.15 K and atmospheric pres-
sure. The excess properties are correlated with Redlich–Kister (R-K)
polynomial [44] and the fitting coefficients are derived. The results on
the excess thermodynamic properties of the mixed solvents are
discussed in relation to ion-dipole interactions and structural effects
existing between the component molecules. Similarly, the effect of the
nature of anion of ionic liquid and temperature on the excess functions
has been discussed.

2. Experimental

2.1. Materials

1-Butyl-3-methylimidazolium methyl sulphate ([C4C1im][MeSO4],
Mw = 250.32 g·mol−1), is acquired from Sigma-Aldrich, India with
mass fraction purity higher than 0.980. The IL is subjected to vacuum
drying at 343.15 K for 48 h before its use. The content of water in the
dried IL sample is estimated by Karl–Fischer Titrator and the average
value was found to be b400 ppm. The chemicals: acetonitrile (ACN,
Thermo Fisher Scientific, purity ≥0.998), propionitrile (PCN, Sigma-
Aldrich, purity ≥0.995), n-butyronitrile (n-BCN, Avra, purity ≥0.990)
are procured and are used as received from the supplierwithout further
purification. Themolecular structure of the investigated IL is depicted in
Fig. S2. The detailed information on all thematerials used in this work is
listed in Table 1. The purity of the chemicals and quality of measure-
ments is further ensured by the comparison of the measured densities
(ρ) and speeds of sound (u) of pure liquids with the reported values
[30,33,36,37,40,45–62] as a function of temperature between 298.15 K
and 313.15 K and are given in Table S1 in the Supplementary Informa-
tion. The density and speed of sound data for pure solvents are in accor-
dance with the literature values.

2.2. Methods

The binarymixtures of ILwith alkyl nitrileswere prepared gravimet-
rically by syringing known amounts of the pure liquids into ultra-clean,
airtight vials using an analytical balance (Sartorius CPA225D) with a
precision of ±0.01 mg, covering the entire range of mole fraction.
Each binary mixture was stirred for 10–15 min at room temperature
to ensure the complete homogeneity of the two components. The pre-
pared samples were found to be clear and the colour of the solution
varies from colourless to pale yellow. Each sample was prepared imme-
diately prior to performing density (ρ) and speed of sound (u)measure-
ments to minimize variations in composition due to evaporation of
solvent or absorption of moisture by the hygroscopic IL. The uncer-
tainties for mole fraction u(x1) of binary solutions is estimated to be u
(x1) = ±5 × 10−5.

The density (ρ) and speed of sound (u) of pure [C4C1im][MeSO4] and
its mixtures with alkyl nitriles were simultaneously measured at tem-
peratures between 298.15 K and 313.15 K with 5 K intervals and at
0.1MPa pressure using Anton-Paar (DSA 5000M) vibrating U-tube dig-
ital density and speed of sound analyzer. Itmeasures the period of oscil-
lation of a vibrating U-tube filled with a liquid sample, which is directly
related to the sample density. The speed of sound (u) was determined
by using a time propagation technique, in which one transducer emits
sound waves at a frequency of 3 MHz and a second transducer receives
those waves. The speed of sound value was obtained by dividing the
known distance between the transmitter and receiver with the propa-
gation time of sound waves. Before carrying out the ρ and u measure-
ments, the instrument was calibrated with dry air, Millipore quality
water at atmospheric pressure. The temperature of the sample in the
cells of the apparatus is maintained by a built-in Peltier thermostat
within u(T) = ± 0.01 K. The experimental uncertainty in density (ρ)
and speeds of sound (u) measurements are found to be ±5 × 10−5 g.
cm−3 and ± 0.5 m.s−1 respectively.



Table 1
Characteristics of chemicals used in this research work.

Name of the component Acronym CAS Number Molar
mass/g·mol−1

Source Mass fraction
puritya

Water content by KF
(%)

1-Butyl-3-methylimidazolium methyl sulphate [C4C1im][MeSO4] 401788-98-5 250.32 Sigma-Aldrich, India 0.980 0.04
Acetonitrile ACN 75-05-8 41.05 Thermo Fisher Scientific, India 0.999 0.01
Propionitrile PCN 107-12-0 55.08 Sigma-Aldrich, India 0.995 0.02
n-Butyronitrile n-BCN 109-74-0 69.11 Avra, India 0.990 0.05

a Mass fraction purity as specified by supplier.
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3. Results and discussion

3.1. Densities (ρ) and excess volumes (VE)

The experimental densities (ρ) for the [C4C1im][MeSO4]
(1) + alkyl nitriles (2) mixtures, as a function of mole fraction of IL
(x1) in the temperature range from 298.15 K to 313.15 K, with a step
of 5 K are incorporated in Table 2. The measured densities (ρ) as a
function of mole fraction of [C4C1im][MeSO4] (x1) for the investigated
mixtures at 298.15 K ≤ T ≤ 313.15 K are shown in Figs. S3–S5. At con-
stant temperatures, the densities (ρ) of the mixed solutions increase
with an increase in x1 because [C4C1im][MeSO4] is much denser com-
pared with alkyl nitriles. It is also found that at fixed x1, ρ of the binary
solutions follow a decreasing trend with an increase in temperature.
This might be attributed to an increase in the kinetic energy of the
Table 2
Experimental values of densities (ρ/g·cm−3) as a function of mole fraction of [C4C1im]
[MeSO4] (x1),for the binary solutions of [C4C1im][MeSO4] with ACN, PCN and n-BCN from
T/K = 298.15–313.15 and 0.1 MPa pressure.

x1 ρ/g·cm−3

T/K = 298.15 303.15 308.15 313.15

[C4C1im][MeSO4] (1) + ACN (2)
0.0000 0.77663 0.77122 0.76575 0.76028
0.1070 0.92697 0.92227 0.91756 0.91285
0.2018 1.00749 1.00317 0.99883 0.99450
0.3135 1.06963 1.06560 1.06154 1.05749
0.4127 1.10779 1.10395 1.10010 1.09626
0.5049 1.13437 1.13069 1.12699 1.12330
0.6053 1.15683 1.15325 1.14966 1.14608
0.7116 1.17566 1.17217 1.16865 1.16514
0.8165 1.19093 1.18748 1.18402 1.18056
0.9056 1.20201 1.19860 1.19518 1.19177
1.0000 1.21209 1.20874 1.20538 1.20204

[C4C1im][MeSO4] (1) + PCN (2)
0.0000 0.77689 0.77186 0.76681 0.76173
0.1032 0.89253 0.88799 0.88343 0.87885
0.2030 0.97158 0.96722 0.96282 0.95843
0.3610 1.05745 1.05342 1.04934 1.04526
0.4129 1.07877 1.07480 1.07082 1.06684
0.5141 1.11339 1.10960 1.10580 1.10202
0.6347 1.14588 1.14227 1.13864 1.13503
0.7157 1.16389 1.16035 1.15679 1.15324
0.8202 1.18387 1.18039 1.17690 1.17342
0.9070 1.19835 1.19493 1.19151 1.18810
1.0000 1.21209 1.20874 1.20538 1.20204

[C4C1im][MeSO4] (1) + n-BCN (2)
0.0000 0.78626 0.78163 0.77701 0.77234
0.1117 0.89225 0.88804 0.88382 0.87957
0.2128 0.96386 0.95984 0.95581 0.95175
0.3714 1.04605 1.04225 1.03843 1.03460
0.4263 1.06855 1.06480 1.06103 1.05725
0.5115 1.09909 1.09540 1.09170 1.08798
0.6345 1.13581 1.13219 1.12857 1.12496
0.7161 1.15644 1.15290 1.14934 1.14579
0.8065 1.17648 1.17303 1.16956 1.16611
0.9072 1.19602 1.19266 1.18929 1.18593
1.0000 1.21209 1.20874 1.20538 1.20204

The standarduncertainties are u(x)=5×10−5, u(ρ)=5×10−5 g·cm−3, u(T)=0.01K,u
(P) = 1 kPa, u (VE) = 0.005 cm3·mol−1.
molecules with temperature, which enhances the molecular agita-
tions in binary solutions, resulting in low density values. At constant
T and x1, densities of studied mixed systems fall in the order:
[C4C1im][MeSO4] + ACN N [C4C1im][MeSO4] + PCN N [C4C1im]
[MeSO4] + n-BCN. Higher densities observed for [C4C1im]
[MeSO4] + ACN is ascribed to the relatively stronger specific interac-
tions between [C4C1im][MeSO4] and ACN molecules.

To understand the volumetric behaviour of [C4C1im][MeSO4] upon
mixing with alkyl nitriles through the competition effects between
ions and polar molecular solvents, the excess volumes (VE) of the mix-
tures are calculated through the known equation:

VE ¼ x1M1 þ x2M2

ρ
−

x1M1

ρ1
þ x2M2

ρ2

� �
ð1Þ

where ρ is the density of the binary mixture, p1 and p2 represent the
densities of pure components, x1 and x2 represent the mole fractions,
M2 and M2 represent the molar masses of [C4C1im][MeSO4] as
component-1and alkyl nitriles as component-2 respectively.

The experimental data on excess volumes is one of the significant
ways to measure the degree of non-ideality of a liquid mixture. The VE

values of the mixed solutions are the resultant of the balance between
the following volume expansion and contraction factors [8,10,63]:

(a) Volume contraction factors: Ion-dipole, dipole-dipole, hydrogen
bonding, donor-acceptor (D-A) complexes, n-π & π-π interac-
tions among the dissimilar components of the mixture, geomet-
rical fitting of smaller molecules into others interstices possibly
results in the contraction of volume in mixtures.

(b) Volume expansion factors: The weak London dispersion forces,
disruption of stronger and specific interactions between the dis-
similar components of the mixture, unfavorable packing effect
between themixed componentswillmainly contribute in expan-
sion of volume in the mixed systems.

The VE values for [C4C1im][MeSO4] + alkyl nitriles against x1 in the
temperature range of 298.15 to 313.15 K are given in Table S2 in the
Supplementary Information and also depicted in Figs. 1-3. It is clear
that VE values are negative over the complete composition range (x1)
at all investigated temperatures, which indicates a stronger interaction
between IL and alkyl nitrile molecules compared to the respective sub-
stances in their pure state. The excess volumes versus composition
curves of the binary systems are found to be asymmetricwith theirmin-
ima in VE skewed towards alkyl nitriles-rich compositions (i.e., at x1 be-
tween0.3 and0.4). Similar type of behaviourwas observed in thebinary
systems of acetonitrile with different ILs like [C4C1im][PF6] [40],
[C4C1im][BF4] [40] and [C4C1im][SCN] [50]. This type of trend is gener-
ally observed because of a large difference inmolarmass andmolar vol-
ume of the components in the binary systems.

The absolute values of excess volume (VE) at afixed temperature and
mole fraction increases in the order:

C4C1im½ � MeSO4½ � þ n−BCNb C4C1im½ � MeSO4½ � þ PCNb C4C1im½ � MeSO4½ �
þ ACN



Fig. 1.Excess volumes (VE) of the system{[C4C1im][MeSO4] (1)+ACN (2)} as a function of
mole fraction (x1) at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼).

Fig. 3. Excess volumes (VE) of the system {[C4C1im][MeSO4] (1)+n-BCN (2)} as a function
of mole fraction (x1) at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼).
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The maximum negative values of VE at T = 298.15 K are (−1.318,
−1.119, and −0.954) cm3·mol−1 with x1 = (0.3135, 0.3610, and
0.3714) for [C4C1im][MeSO4] + ACN, [C4C1im][MeSO4] + PCN, and
[C4C1im][MeSO4] + n-BCN mixtures respectively. In the pure state,
the self-association in [C4C1im][MeSO4] is mainly due to the coulombic
ion-ion attractions between the polar C−H groups of [C4C1im]+ cation
and the oxygen atom of [MeSO4]− anion and also π-π interactions be-
tween [C4C1im]+ cations. Upon mixing, the complex IL molecules are
capable of interacting with a molecular solvent like alkyl nitriles
through ionic, hydrogen bonding, or dipolar interactions [64]. The
values of VE for the investigated systems is a consequence of the relative
strength of the following volume expansion and contraction effects that
occur due to mixing of [C4C1im][MeSO4] with alkyl nitriles:
(i) expansion in volume of self-associated, ordered structures of alkyl
nitriles due to breaking of dipole-dipole interactions [19], (ii) expansion
in strongly associated [C4C1im][MeSO4] due to the disruption of π-π in-
teractions and weakening of ion-ion interactions, (iii) contraction in
volume due to formation of ion-dipole interaction between [C4C1im]+

cation and polar cyano group (−C≡N) of alkyl nitriles and also between
[CH3SO4]\\anion and −C≡N group of molecular solvents, and (iv) the
Fig. 2.Excess volumes (VE) of the system{[C4C1im][MeSO4] (1)+PCN (2)} as a function of
mole fraction (x1) at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼).
geometrical fitting of smaller alkyl nitriles into the interstices of
[C4C1im][MeSO4] due to differences in their molar and free volumes
lead to volume contraction. The negative excess volumes (VE) suggest
that the volume contraction factors (iii) and (iv) predominates over
the volume expansion factors (i) and (ii) in the mixed solutions. All
minima in VE found in the molecular solvent-rich region can be
interpreted as the suitable combination of strong and specific attractive
interactions like ion-dipole interactions between components of the
mixture and also the packing effect of alkyl nitriles into the interstices
of IL network [1].

The polarity of a solvent is generally expressed by its dielectric con-
stant (ε). The polar molecular solvents of high ε value show good solu-
bility and exhibit stronger interactions with ILs [26]. The VE values for
[C4C1im][MeSO4] + ACN mixture are more negative than the [C4C1im]
[MeSO4] + BCN mixture, suggesting comparatively stronger ion-
dipole interactions between [C4C1im]+ or [MeSO4]− and −C≡N group
of ACN. The stronger interactions in ACN mixtures resulting in more
negative VE could be attributed to the higher dielectric constant and rel-
ative permittivity for ACN (ε=36.64, at T=293.15 K) [19] compared to
PCN (ε = 29.70 at T = 293.15 K) and n-BCN (ε = 24.83 at T/K =
293.15) [55]. The higher dielectric constant and relative permittivity
for ACN results in effective breakdown of the IL ion-pairs in [C4C1im]
[MeSO4] + ACN solution, resulting in stronger ion-dipole interactions
between the ions and ACN molecule.

Longer the alkyl group of the alkyl nitrile, higher the strength of the
positive inductive effect (+I-effect). The +I-effect which is also known
as electron releasing effect, operates in an alkyl nitrilemolecule through
which the sigma bonded electrons between the carbon of the alkyl
group and carbon of the nitrile group will slightly displace towards ni-
trile group resulting inweakening the partial positive charge on the car-
bon of the nitrile group as shown in Fig. S6. Due to the greater +I-effect
of the larger -C3H7 alkyl group in n-BCN, the nitrile carbon becomes less
electron deficient, and consequently, the polarity of the −C≡N group
decreases [65]. ACN with smaller –CH3 alkyl group (lesser +I-effect)
and highly polar −C≡N group facilitates relatively stronger ion-dipole
interactionwith [C4C1im][MeSO4] than BCN resulting in themore nega-
tive VE for [C4C1im][MeSO4] + ACN solutions.

Further, it is noteworthy to consider the factors like the size and
shape of molecules as well to correlate the negative excess volumes of
the investigated systems. The molar volumes of [C4C1im][MeSO4],
ACN, PCN, n-BCN calculated from the measured densities are 206.52,
52.86, 70.90, and 84.08 cm3·mol−1 respectively at T = 298.15 K. The
negative VE results from the geometrical fitting of smaller alkyl nitrile
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molecules into the voids created by the network of bigger IL molecules
[50]. The larger negative VE values of [C4C1im][MeSO4] + ACN than
[C4C1im][MeSO4] + n-BCN indicate that packing effects are relatively
stronger in ACN solutions than n-BCN solutions. The simple structure
and smaller size of ACN result in most favourable interstitial accommo-
dationwith IL compared to n-BCN achievingmore negative VE. A similar
kind of trend in excess volumes is reported by Rajgopal et al. [55] in
their investigation on the impact of carbon chain length of alkyl nitriles
in the binary systems containing toluene. Singh et al. [33] reported sim-
ilar behaviour for the effect of alkyl chain length ofmolecular solvents in
[C4C1im][MeSO4] + alcohol systems.

To study the influence of nature of the anion of IL on the excess
volumes of the binary mixtures, the minimum excess volumes (Vmin

E )
of [C4C1im][MeSO4] + ACN and similar [C4C1im]+ based ILs with
ACN [40–43] at T = 298.15 K are compared in Table 3. The minimum
excess volumes for IL mixtures shown in Table 3 reveal that Vmin

E values
increases in the following order: [C4C1im][SCN] + ACN b [C4C1im]
[BF4] + ACN b [C4C1im][MeSO4] + ACN b [C4C1im]
[PF6] + ACN b [C4C1im][NTf2] + ACN. This clearly indicates that excess
volumes of thesemixtures are sensitive to the change in anion structure
of the IL. The more negative VE for [C4C1im][SCN] + ACN suggests a
more efficient packing and stronger ion-dipole interactions between
the components due to the linear geometry, a stronger localized
charge of [SCN]\\anion and the linear C−C≡N skeleton of polar ACN.
The VE values for the above systems may be attributed to the
relative size or molar volumes of anions of ILs which follow the order:
[BF4]\\b [MeSO4]\\b [PF6]\\b [NTf2]\\[47,66,67]. The [BF4]\\anion is rel-
atively smaller and hence has high charge density than [MeSO4]\\, [PF6]\\

and [NTf2]\\. Consequently, [C4C1im][BF4] interacts strongly with ACN
and also leads to efficient interstitial accommodation between the com-
ponents resulting in more negative VE values than [C4C1im]+ based ILs
with [MeSO4]\\, [PF6]\\and [NTf2]\\anions.

A comparison of the minimum excess volumes (Vmin
E ) of [C4C1im]

[MeSO4]+ alkyl nitriles obtained in this workwith the reported values
of [C4C1im][MeSO4] in different molecular solvents [30–36,38,39] at
T = 298.15 K are given in Table 4. From these data, it is clear that
VE is affected by the nature of intermolecular forces between the com-
ponents of the mixtures, and by the packing effect due to the differ-
ences in size and shape of molecules. It shows that Vmin

E is more
negative for [C4C1im][MeSO4] + ACN or PCN than [C4C1im]
[MeSO4] + methanol system [31–34]. Previously reported VE values
for the binary solutions of [C4C1im][PF6] with ACN or methanol [41]
also adhere to this trend. This may be ascribed due to the fact that
the hydrogen bonding interactions in methanol is stronger than
dipole-dipole interactions in alkyl nitrile. On mixing with IL, the self-
associated alkyl nitrile are easily disrupted than methanol and results
in an easy hetero-association of alkyl nitrile having linear dipoles
with IL and favourable geometrical fitting resulting in more negative
VE values in IL + alkyl nitrile solutions. The negative Vmin

E for the IL
Table 3
The comparison of minimum excess volumes (Vmin

E /cm3·mol−1) obtained
in this work with the literature values of similar [C4C1im]+ based ILs with
ACN at T = 298.15 K.

Binary system Vmin
E

(cm3·mol−1)

[C4C1im][MeSO4] + ACNa −1.318
[C4C1im][BF4] + ACNb −1.397
[C4C1im][PF6] + ACNc −1.296
[C4C1im][NTf2] + ACNd −0.712
[C4C1im][SCN] + ACNe −1.420

a Present work.
b Ref. [40].
c Ref. [40,41].
d Ref. [42].
e Ref. [43].
mixtures with (C1–C4) alcohols [31–36] suggests the favourable pack-
ing effect of smaller alcohol molecules into IL interstices and the exis-
tence of stronger hydrogen bonding and ion-dipole interactions
between the unlike molecules than in the pure components. With an
increase in the alkyl chain length of the alcohols, Vmin

E is found to be
less negative for (C1–C4) alcohols andmore positive for higher alcohols
[34]. This suggests the dominance of disruption of self-associated mo-
lecular entities than the hetero-association between the components
and the less effective packing of alcohols into voids created by IL net-
work due to a decrease in the difference between free volumes of the
componentswith an increase in chain length of alcohols. TheVmin

E value
of [C4C1im][MeSO4] + 2-propanol [33] is more negative than [C4C1im]
[MeSO4]+ 1-propanol [33] which indicates that change in the position
of hydroxyl group leads to the variation in the interaction between the
alcohol and IL. Themore negative Vmin

E in IL+ 2-propanol system could
be attributed to the closer approach between dissimilar component
molecules. The positive minimum excess volumes of [C4C1im]
[MeSO4] + 1,2-diols [38,39] is ascribed to the fact that 1,2-diols with
two hydroxyl (-OH) groups are strongly self-associated by intra-
molecular and inter-molecular hydrogen bonding. On mixing IL with
1,2-diols, the volume expansion factors i.e., the disruption of self-
association between likemolecules dominates the specific interactions
between the unlike molecules of the mixture resulting in positive VE

value. Thus, the alkyl group chain length, position of hydroxyl group
and number of hydroxyl groups in alcohols play a significant role in
the volumetric properties of [C4C1im][MeSO4] + alcohols.

As can be seen in Table 4, Vmin
E values are found to be negative

for [C4C1im][MeSO4] + water [30], + nitromethane [35], + 1,3-
dichloropropane [35], and + diethylene glycol monoethyl ether
(DEGEE) [35] which suggests the dominance of specific intermolecular
forces between the unlike components of the mixtures and also the in-
terstitial accommodation of molecular solvents into the voids of IL. A
weak mixing effect as indicated by least negative Vmin

E has been ob-
served for [C4C1im][MeSO4] + water system, despite of the smallest
molecule size of water than all molecular solvents studied. The protic
water molecules are strongly self-associated through hydrogen bonds
and this could prevent dense packing of smaller water molecules into
the interstices of IL. Themagnitude of Vmin

E for the other three polar sol-
vents in IL suggests the extent of ion-dipole and/or cross hydrogen
bonding interactions which follow the order: nitromethane b1,3-
dichloropropane b DEGEE. The more negative Vmin

E for IL + DEGEE sys-
tem is attributed to the presence of a hydroxyl (–O-H) group and two
ether oxygen atoms in DEGEE for favourable ion-dipole and hydrogen
bonding interactions with IL.

A comparison of Vmin
E between [C4C1im][MeSO4] + ACN and similar

systems in ACN reported in the literature [43,68] at T= 298.15 K fall in
the following order: [C2C1im][EtSO4] (−1.508 cm3.mol−1) b [C4C1im]
[MeSO4] (−1.318 cm3.mol−1) b [C2C1im][CF3SO3] (−1.142 cm3.
mol−1). This shows that the excess volumes are influenced by the
alkyl chain of cation and anion of the IL. The more negative Vmin

E for
[C2C1im][EtSO4] + ACN could be attributed to the stronger ion-dipole
interaction between the relatively smaller structure of [C2C1im]+ in
ACN than larger structure of [C4C1im]+ in ACN. The less negativeVmin

E for
[C2C1im][CF3SO3] + ACN than the other two alkylsulphate based IL is
due to extra stabilization of trifluoromethanesulphonate anion by the
electron-withdrawing nature of –CF3 group.

TheVmin
E for the similar ILmixtureswithACN, reported in the literature

[69], increases in the following order: [C2C1im][BF4] + ACN b [C4C1im]
[BF4] + ACN b [C4C1im][MeSO4] + ACN b [C6C1im][BF4] + ACN. This sig-
nifies that excess volumes are sensitive to the change in alkyl chain length
of the cation of IL. This could be due to the fact thatwith an increase in the
alkyl chain length in the cation, the specific interaction between unlike
molecules decreases and the packing effect becomes less effective. Simi-
larly, Vmin

E is observed to be less negative for [C6C1im][NTf2] + ACN [70]
than [C2C1im][NTf2]+ACN [42] because the bulkier cation does not inter-
act much with ACN.



Table 4
The comparison of minimum excess volumes (Vmin

E /cm3·mol−1) obtained in this work with the literature values of [C4C1im][MeSO4] in different molecular solvents at T = 298.15 K.

Binary system Vmin
E Binary system Vmin

E

(cm3·mol−1) (cm3·mol−1)

[C4C1im][MeSO4] + ACN −1.318a [C4C1im][MeSO4] + 1-octanol +0.476d

[C4C1im][MeSO4] + PCN −1.119a [C4C1im][MeSO4] + 1-decanol +0.646d

[C4C1im][MeSO4] + n-BCN −0.954a [C4C1im][MeSO4] + ethane−1,2-diol +0.555h

[C4C1im][MeSO4] + methanol -1.100b, −1.093c, −1.134d, −0.90e, [C4C1im][MeSO4] + propane-1,2-diol +0.517i

[C4C1im][MeSO4] + ethanol −0.647b,−0.663d, −0.707f,−0.706g [C4C1im][MeSO4] + water −0.346j

[C4C1im][MeSO4] + 1-propanol −0.449c [C4C1im][MeSO4] + nitromethane −0.572f

[C4C1im][MeSO4] + 2-propanol −0.717c [C4C1im][MeSO4] + 1,3-dichloropropane −0.707f

[C4C1im][MeSO4] + 1-butanol −0.172c, −0.154d [C4C1im][MeSO4] + diethylene glycol monoethyl ether −0.850f

[C4C1im][MeSO4] + 1-hexanol +0.271d

a Present work.
b Ref. [32].
c Ref. [33].
d Ref. [34].
e Ref. [31].
f Ref. [35].
g Ref. [36].
h Ref. [39].
i Ref. [38].
j Ref. [30].
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The
∂VE

∂T
is found to be negative for all the investigated systems. VE

increases in absolute value over the entire range of composition as the
temperature increases. The dependence of VE on temperature suggests
that the temperature has a great influence on intermolecular interac-
tions in the studied mixtures. A similar effect of temperature on VE

was reported by Zafarani-Moattar et al. [41] and Singh et al. [43] for
[BMIM][PF6] + acetonitrile and [BMIM][SCN] + acetonitrile systems,
respectively. The more negative VE values with increasing temperature
indicate that strong interaction occurs between solute and solventmol-
ecules at a higher temperature. As temperature increases, the interac-
tions between pure alkyl nitrile molecules are predominantly
weakened and the coulombic ion-dipole interactions between IL and
alkyl nitrile might become stronger in the mixture resulting in more
negative VE values. Another dominating factor for the decrease in VE

with an increase in temperature can be understood as a greater packing
efficiency [27] between [C4C1im][MeSO4] and alkyl nitriles due to en-
largement of interstices of IL network with temperature.

3.2. Speed of sound (u) and excess isentropic compressibilities (κsE)

The measurement of the speed of sound (u) enables the accurate
determination of isentropic compressibility (κs) and excess isentro-
pic compressibility (κsE) which can be used to evaluate the informa-
tion about the intermolecular interactions occurring in the liquid
mixtures. The experimental speeds of sound (u) for [C4C1im]
[MeSO4] + alkyl nitriles at 298.15 K ≤ T ≤ 313.15 K, at 5 K interval
are collected in Table 5. Figs. S7–S9 illustrates the variations of
speed of sound (u) versus mole fraction of [C4C1im][MeSO4] (x1) for
the three investigated binary solutions at T = 298.15 K to 313.15 K.
At a fixed temperature, speeds of sound increase with an increase in
x1, which could be attributed to the packing effect between
[C4C1im][MeSO4] and alkyl nitriles due to the significant difference
in their molar volumes. For a fixed composition (x1), u values of the
studied mixtures follow a decreasing trend with an increase in tem-
perature, which could be attributed to the increase in the availability
of free spaces for the geometrical accommodation of smaller alkyl ni-
triles into the interstices of IL.

In order to evaluate molecular compactness, Laplace-Newton's
equation is used to calculate the isentropic compressibilities (κs) of
(IL + alkyl nitriles) system:

κs ¼ 1
u2ρ

ð2Þ
The excess isentropic compressibility (κsE) which signifies the differ-
ence in compressibilities of the pure components and themixture is ob-
tained from the ideal isentropic compressibilities (κsid) according to the
standard relation:

κsE ¼ κs−κsid ð3Þ

The ideal isentropic compressibility (κsid) can be obtained from the
well-known relation [71]:

κ id
s ¼

X2
i¼1

∅i κs:i þ
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i
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where Vi is themolar volume, ϕi is the volume fraction, T is the absolute
temperature, κs,i is the isentropic compressibility, Cp,i is molar heat ca-
pacity andαi represents thermal expansivity of ith component in the bi-
nary solution. The Cp,i values for the pure liquids used in the work are
obtained from the literature [37,40,60,61]. Cp,i values for PCN and n-
BCN at few temperatures are calculated by using group contribution
method and all the values are incorporated in Table S1. The isobaric
thermal expansion coefficients (αi) for the pure liquids at required tem-
peratures are calculated based on their density (ρ) datawith the help of
the relation,

αi ¼
1
V

� �
∂V
∂T

� �
P
¼ −

1
ρ

� �
∂ρ
∂T

� �
P
¼ −

∂ lnρ
∂T

� �
P

ð5Þ

Experimental values of κs and κsE against x1 for the binary systems
of [C4C1im][MeSO4] with alkyl nitriles at T = (298.15–313.15) K are in-
cluded in Tables 5 and S3 respectively. The visual presentation of κsE as a
function of x1 for the three systems are shown in Figs. 4–6 which
reveals that κsE values are negative over the entire range of mole
fraction at four studied temperatures. The negative κsE values of binary
mixtures suggest the higher structural order and lesser compressibility
than the corresponding ideal mixtures. The representative plots of
κsE vs. x1 are asymmetric with its minima in κsE skewed towards alkyl
nitriles-richmole fractions, which are generally seen in the binary solu-
tions with a large difference in the molar volumes of the component
molecules.

Analysis of κsE data reveals that its behaviour is similar to the previ-
ously discussed VE data at all the investigated temperatures. The contri-
butions to κsE values for themixtures are the result of chemical effect and



Table 5
Mole fraction of [C4C1im][MeSO4] (x1), Speeds of sound (u/m·s−1), isentropic compress-
ibilities (κS/T·Pa−1) for [C4C1im][MeSO4] + ACN/PCN/n-BCN mixtures at 298.15 ≤ T/
K ≤ 313.15 and 101.3 kPa pressure.

x1 u/m·s−1 κS/T·Pa−1 u/m·s−1 κS/T·Pa−1

[C4C1im][MeSO4] (1) + ACN (2)
T/K = 298.15 T/K = 303.15
0.0000 1278.8 787.3 1258.7 818.4
0.1070 1371.8 573.2 1353.6 591.7
0.2018 1450.9 471.5 1433.7 485.0
0.3135 1520.1 404.6 1504.1 414.8
0.4127 1566.0 368.1 1550.2 377.0
0.5049 1597.9 345.3 1582.6 353.1
0.6053 1620.8 329.1 1606.2 336.1
0.7116 1634.2 318.5 1620.1 325.0
0.8165 1642.7 311.2 1628.9 317.4
0.9056 1649.3 305.8 1636.2 311.6
1.0000 1654.9 301.2 1642.5 306.7
T/K = 308.15 T/K = 313.15
0.0000 1238.6 851.2 1218.5 885.9
0.1070 1335.4 611.1 1317.2 631.4
0.2018 1416.6 498.9 1399.5 513.4
0.3135 1487.7 425.6 1471.3 436.8
0.4127 1534.3 386.1 1518.4 395.6
0.5049 1567.3 361.2 1552.0 369.6
0.6053 1591.8 343.3 1577.5 350.6
0.7116 1606.1 331.7 1592.1 338.6
0.8165 1615.0 323.8 1601.0 330.5
0.9056 1623.0 317.6 1609.9 323.7
1.0000 1630.2 312.2 1618.2 317.7

[C4C1im][MeSO4] (1) + PCN (2)
T/K = 298.15 T/K = 303.15
0.0000 1262.9 807.1 1242.7 838.9
0.1032 1321.1 642.0 1302.5 663.8
0.2030 1383.9 537.4 1366.9 553.4
0.3610 1468.2 438.7 1452.3 450.1
0.4129 1490.9 417.0 1475.3 427.5
0.5141 1529.7 383.8 1514.4 393.0
0.6347 1566.6 355.6 1552.1 363.4
0.7157 1587.3 341.0 1573.4 348.1
0.8202 1611.2 325.4 1598.0 331.8
0.9070 1632.1 313.3 1619.3 319.1
1.0000 1654.9 301.2 1642.5 306.7
T/K = 308.15 T/K = 313.15
0.0000 1222.4 872.7 1201.9 908.8
0.1032 1284.0 686.6 1265.5 710.5
0.2030 1349.9 570.0 1332.8 587.3
0.3610 1436.4 461.9 1420.5 474.1
0.4129 1459.7 438.3 1444.1 449.5
0.5141 1499.1 402.4 1483.8 412.1
0.6347 1537.6 371.5 1523.1 379.8
0.7157 1559.5 355.5 1545.5 363.0
0.8202 1584.9 338.3 1571.7 345.0
0.9070 1606.5 325.2 1593.7 331.4
1.0000 1630.2 312.2 1618.2 317.7

[C4C1im][MeSO4] (1) + n-BCN (2)
T/K = 298.15 T/K = 303.15
0.0000 1279.9 776.3 1260.6 805.0
0.1117 1341.8 622.5 1323.5 642.9
0.2128 1395.9 532.4 1378.9 547.9
0.3714 1468.7 443.2 1452.9 454.5
0.4263 1490.6 421.2 1475.5 431.4
0.5115 1521.4 393.1 1506.8 402.1
0.6345 1559.7 361.9 1545.8 369.6
0.7161 1582.5 345.3 1568.8 352.4
0.8065 1605.3 329.8 1592.2 336.3
0.9072 1630.9 314.3 1618.2 320.2
1.0000 1654.9 301.2 1642.5 306.7
T/K = 308.15 T/K = 313.15
0.0000 1241.0 835.6 1221.2 868.2
0.1117 1305.2 664.2 1286.9 686.5
0.2128 1361.8 564.2 1344.7 581.1
0.3714 1437.1 466.3 1421.4 478.4
0.4263 1460.3 442.0 1444.9 453.0
0.5115 1492.0 411.5 1477.3 421.1
0.6345 1531.9 377.6 1517.9 385.8
0.7161 1555.1 359.8 1541.4 367.3

Table 5 (continued)

x1 u/m·s−1 κS/T·Pa−1 u/m·s−1 κS/T·Pa−1

0.8065 1579.1 342.9 1566.0 349.7
0.9072 1605.5 326.2 1592.8 332.4
1.0000 1630.2 312.2 1618.2 317.7

The standard uncertainties are u(x)= 5 × 10−5, u(u)= 0.5m·s−1, u(T)= 0.01 K, u(P)=
1 kPa.
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more relevant structural effects between IL and alkyl nitriles. The chem-
ical effects comprising of strong hetero-molecular association in the liq-
uid mixtures through dipole-dipole, ion-dipole, charge transfer, and
hydrogen bonding interactions between unlike molecules leads to neg-
ative κsE data [72]. The weakening of self-association of IL (ion-ion inter-
actions) or alkyl nitriles (dipole-dipole attractions) on mixing and
subsequent hetero-association between IL and polar alkyl nitriles
through ion-dipole interactions decreases the compressibility, which
might produce negative κsE values for the mixtures. The negative κsE

data is also an indication of a strong structural effect comprising of pack-
ing of smaller alkyl nitriles into the voids created by the network of
[C4C1im][MeSO4] molecules.

The absolute values of κsE of the liquidmixtures increase in the order:

C4C1im½ � MeSO4½ � þ n−BCNb C4C1im½ � MeSO4½ � þ PCNb C4C1im½ � MeSO4½ �
þ ACN

As the chain length of alkyl nitriles increases, the excess isentropic
compressibility (κsE) values become more negative at four investigated
temperatures. The dielectric constant (ε) value of the alkyl nitriles fol-
lows this order: ACN N PCN N n-BCN, which implies that the IL can inter-
act relatively stronger with ACN through the ion-dipole interaction in
the mixtures making a more negative contribution to κsE. Further, the
difference in molar volumes of [C4C1im][MeSO4] and alkyl nitriles de-
creases in the order: ACN N PCN N n-BCN. The reduction in the difference
between free volumes of components indicates a relatively less effective
accommodation of longer alkyl nitrile into the interstices between ions
of IL, causing less negative κsE values. In conclusion, the better geometri-
cal fitting and stronger intermolecular interactions between [C4C1im]
[MeSO4] and ACN molecules might lessen the intermolecular space
available between components, which in turn leads to a decrease in in-
termolecular free length and compressibility creating more compact
structures leading to more negative κsE values.

Figs. 4–6 illustrate that the values of κSE become more negative with
an increase in temperature for the mixture of IL with alkyl nitrile. This
could be due to the fact that the strength of interactions between similar
molecules (IL…IL or nitrile…nitrile) decreases more with temperature
compared to the interactions between dissimilarmolecules (IL…nitrile)
[73]. Moreover, in the binary systems formed by IL and alkyl nitriles, an
increase in the temperature causes the enlargement of interstices, lead-
ing to better packing efficiency between the participating [C4C1im]
[MeSO4] and alkyl nitrile molecules. This makes the binary solutions
more rigid and compact causingmore negative κsE values with tempera-
ture [43].

3.3. Correlation of derived properties

The studiedexcess properties (VE and κsE) of [C4C1im][MeSO4]+alkyl
nitrile systems at each composition and temperatures from 298.15 to
313.15 K are further correlated by a fourth-degree Redlich−Kister poly-
nomial (Eq. (6)): [74].

QE ¼ x1x2
X4
i¼0

Ai 2x1−1ð Þi ð6Þ

where QE=VE (cm3·mol−1) and κsE (T.Pa−1); x1 and x2 represent the
mole fraction of [C4C1im][MeSO4] and alkyl nitrile respectively, and Ai



Fig. 4. Plot of excess isentropic compressibilities (κsE) obtained for {[C4C1im][MeSO4]
(1) + ACN (2)} against mole fraction (x1) at different temperatures: 298.15 K (■),
303.15 K (●), 308.15 K (▲) and 313.15 K (▼).

Fig. 6. Plot of excess isentropic compressibilities (κsE) obtained for {[C4C1im][MeSO4]
(1) + n-BCN (2)} against mole fraction (x1) at different temperatures: 298.15 K (■),
303.15 K (●), 308.15 K (▲) and 313.15 K (▼).

Table 6
Fitting parameters (A0− A4) of the Redlich–Kister equation and the standard deviationsσ
(QE) for excess functions obtained for [C4C1im][MeSO4]+alkyl nitriles at four investigated
temperatures.

Temperature A0 A1 A2 A3 A4 σ (YE)

[C4C1im][MeSO4] (1) + ACN (2) VE/cm3·mol−1

298.15 −4.470 3.857 −1.087 0.636 −1.382 0.0010
303.15 −4.673 3.964 −1.142 0.832 −1.482 0.0013
308.15 −4.888 4.080 −1.176 1.059 −1.658 0.0011
313.15 −5.105 4.203 −1.227 1.312 −1.795 0.0011
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represents the adjustable fitting parameters of R-K equation which has
a close relationship with the nature of the binary solutions.

The standard deviation σ (QE) between experimental and correlated
data is computed as follows [75]:

σ QE
� 	

¼
∑ QE

exp−QE
cal

� 	2
m−nð Þ

2
64

3
75
1
2

ð7Þ

wherem is the number of experimental measurements and n is the ad-
justable parameters.

The Redlich−Kister coefficients (A0 − A4) for all the investigated bi-
nary systems are obtained by fitting the VE and κsE values with a least-
squares fitting method. The calculated smoothing coefficients of R-K
polynomial and the corresponding standard deviations (σ) are given
in Table 6. The correlating ability of the R-K polynomial is found to be
good as indicated by the lower values of standard deviation obtained
Fig. 5. Plot of excess isentropic compressibilities (κsE) obtained for {[C4C1im][MeSO4]
(1) + n-PCN (2)} against mole fraction (x1) at different temperatures: 298.15 K (■),
303.15 K (●), 308.15 K (▲) and 313.15 K (▼).
for [C4C1im][MeSO4] + alkyl nitrile systems at the four investigated
temperatures.

4. Conclusion

The effect of composition and temperature on densities (ρ) and
speeds of sound (u) for the solutions based on the 1-butyl-3-
methylimidazolium methyl sulphate, [C4C1im][MeSO4] and alkyl
[C4C1im][MeSO4] (1) + ACN (2) κsE/T·Pa−1

298.15 −314.3 336.4 −263.5 331.0 −231.5 0.1896
303.15 −332.4 358.6 −282.3 360.7 −254.2 0.1693
308.15 −351.5 381.9 −302.9 395.1 −278.6 0.1266
313.15 −371.6 406.8 −323.1 433.4 −307.1 0.1228

[C4C1im][MeSO4] (1) + PCN (2) VE/cm3·mol−1

298.15 −4.080 2.824 0.163 0.046 −0.863 0.0016
303.15 −4.257 2.854 0.219 0.354 −1.208 0.0009
308.15 −4.440 2.863 0.302 0.703 −1.603 0.0020
313.15 −4.631 2.882 0.378 1.059 −1.987 0.0026

[C4C1im][MeSO4] (1) + PCN (2) κsE/T·Pa−1

298.15 −301.3 331.3 −215.0 164.9 −88.39 0.0966
303.15 −319.5 354.3 −238.6 175.8 −86.84 0.1016
308.15 −339.2 379.2 −264.4 189.7 −86.30 0.0801
313.15 −360.2 406.3 −292.1 207.6 −86.92 0.0774

[C4C1im][MeSO4] (1) + n-BCN (2) VE/cm3·mol−1

298.15 −3.376 2.360 −1.555 0.480 0.833 0.0011
303.15 −3.560 2.550 −1.613 0.466 0.570 0.0011
308.15 −3.746 2.738 −1.663 0.455 0.296 0.0012
313.15 −3.932 2.924 −1.724 0.465 0.003 0.0012

[C4C1im][MeSO4] (1) + n-BCN (2) κsE/T·Pa−1

298.15 −258.9 257.9 −164.6 129.0 −65.94 0.0932
303.15 −275.6 275.4 −177.8 133.2 −65.50 0.1090
308.15 −293.8 293.9 −190.4 142.1 −70.47 0.1145
313.15 −313.3 314.4 −205.8 154.0 −74.28 0.1239
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nitriles (ACN, PCN and n-BCN) at 298.15 K ≤ T ≤ 313.15 K, at 5 K interval
has been investigated. The excess volumes (VE) and excess isentropic
compressibilities (κsE) evaluated from ρ and u data are negative for the
binary systems of [C4C1im][MeSO4] with alkyl nitriles. It is observed
that the non-ideality of the studiedmixtures decreases with an increase
in the alkyl chain length of alkyl nitriles in the order of ACN N PCN N n-
BCN. The thermodynamic behaviour (VE and κsE) of the liquid mixtures
have been discussed in terms of non-covalent interactions and geomet-
rical effects between [C4C1im][MeSO4] and alkyl nitriles. Moreover, an
increase in temperature leads to an increase in the non-ideality of bi-
nary solutions.
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a b s t r a c t 

Excess volume ( V E 123 ) and speed of sound ( u 123 ) data of three ternary mixtures of N- 

methylcyclohexylamine (NMC) (1) + p -xylene (2) + 1-alkanols (C 3 -C 5 ) were determined 

as a function of composition at 303.15 K and atmospheric pressure. From the measured 

data, isentropic compressibility ( k s123 ), deviation in isentropic compressibility ( k s 
’ 
123 ) and 

the quantity �k s123, the difference between measured value and that of computed from 

the constituent binary data were derived. The V E 123 data of all the mixtures were analyzed 

in terms of different theoretical models. The experimental and predicted results indicate 

that the theoretical expressions give good estimation of the derived functions for the stud- 

ied ternary systems. The excess and deviation properties were discussed in terms of inter- 

molecular interactions prevailing between component molecules in the liquid mixtures. 
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Procedure Density measurements are made by using single-stem bicapillary pycnometer of bulb capacity 12 cm 

3 , and 

speeds of sound are estimated with single crystal ultrasonic interferometer (model F-82) from Mittal 

Enterprises, New Delhi, India 

Data accessibility Data is with this article 

1. Rationale 

Thermodynamic investigation of liquid mixtures is of great interest because of their extensive utilization in process de- 

signing, petrochemical industry, textile industry, pharmaceutical industry and in many other chemical engineering appli- 

∗ Corresponding author. 

E-mail address: sivakumarkasi64@gmail.com (K. Sivakumar). 

https://doi.org/10.1016/j.cdc.2020.100610 

2405-8300/© 2020 Elsevier B.V. All rights reserved. 

https://doi.org/10.1016/j.cdc.2020.100610
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cdc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cdc.2020.100610&domain=pdf
mailto:sivakumarkasi64@gmail.com
https://doi.org/10.1016/j.cdc.2020.100610


Ch.B. Kumar, P. Bhanuprakash, C.N. Rao et al. Chemical Data Collections 31 (2021) 100610 

cations. When two or more solvent molecules are associated with one another it results in significant differences in their 

intermolecular interactions. In recent years, measurement of excess volumes and isentropic compressibilities has been ad- 

equately employed in understanding molecular interactions in pure liquids and in liquid mixtures [1–4] . Keeping both the 

industrial and scientific interest in mind, many studies pertaining to thermophysical properties of binary mixtures have been 

reported in the literature, whereas the same for the ternary systems in particular are scarce. Hence in the present work, we 

report here new excess volume and deviation in isentropic compressibility data of ternary mixtures containing NMC and 

p -xylene with 1-alkanols (C 3 -C 5 ) at T = 303.15 K and atmospheric pressure. 

NMC has wide application in the production of pharmaceuticals, insecticides and pesticides [5] . Xylenes are used in 

printing, rubber and leather industries. Alkanols are extensively utilized in the manufacture of fuel, perfumes, cosmetics, 

paints, varnishes, drugs, explosives, fats, waxes, resins, etc., [6] . Because of their extensive industrial applications, knowledge 

of their thermophysical properties is of great importance from a practical point of view. Therefore, these systems have been 

selected in order to study the molecular interactions between NMC, p -xylene and 1-alkanols (C 3 -C 5 ). In addition, the ternary 

V 

E 
123 data of all the mixtures were analyzed in terms of predictive expressions [7–9] . The experimental data were discussed 

in terms of molecular interactions between component molecules. 

2. Procedure 

2.1. Reagents 

All chemicals used were of analytical grade. N-methylcyclohexylamine (NMC) ( > 99.5% of purity) and 1-propanol ( > 99.7% 

of purity) were obtained from Sigma Aldrich. m -Xylene ( > 99.5% of purity), 1-butanol ( > 99.5% of purity) and 1-pentanol 

( > 99.5% of purity) were purchased from Merck. All the chemicals were purified by the standard methods described in the 

literature [10–11] . The chemical names, acronyms, CAS numbers, molar mass, supplier, and molecular purities of the liquids 

used were reported in Table 1. The purities of the samples were checked by comparing the measured densities ( ρ) and 

speed of sound (u) of the components with those reported in the literature [12-14] and these values were presented in 

Table 2 . 

2.2. Apparatus and procedures (Measurements) 

A single-stem bicapillary pycnometer (made of borosil glass) of bulb capacity 12 cm 

3 was utilized for density measure- 

ments. Excess volume ( V 

E 
123 ) data for the ternary mixtures were measured using dilatometer [15] . The mixing cell contained 

three bulbs of different capacities that were connected by a W-tube. Mercury was used to separate three component liquids. 

One of the three bulbs was fitted with a capillary and the other two were fitted with ground-glass stoppers. Each bulb of 

the dilatometer was filled with a component whose mass was determined directly by weighing. The entire dilatometer was 

placed in a thermostat that could be maintained to 303.15 ± 0.01 K. All the measurements were made at constant temper- 

ature employing a thermostat. The measured ternary excess volume data (V 

E 
123 ) were accurate to ± 0.003 cm 

3 mol −1 . 

The speeds of sound data (u123) were measured [3] by a single crystal ultrasonic interferometer (model F-82) from Mittal 

Enterprises, New Delhi, India. A thermostatically controlled, well-stirred circulated water bath with a temperature controlled 

to ±0.01 K was used to maintain temperature stability. The uncertainty in sound speed measurement was is ± 0.3%. 

Table 1 

Characteristics of liquids used in the present work. 

Material Provenance Molar mass (g.mol −1 ) CAS number Mass fraction purity 

N-methylcyclohexylamine (NMC) Sigma-Aldrich, India. 113.2 100-60-7 99.5% 

1-propanol Sigma-Aldrich, India. 60.1 71-23-8 99.7% 

1-butanol Merck, India. 74.1 71-36-3 99.5% 

1-pentanol Merck, India. 88.1 71-41-0 99.5% 

Table 2 

Density ( ρ) and speed of sound (u) of pure components at 303.15 K and atmospheric pressure. 

Compound 

ρ (g.cm 

−3 ) u (m.s −1 ) 

Experimental Literature Experimental Literature 

N-methyl cyclohexylamine 0.84683 0.84686 [12] 1356 1354 [12] 

p -xylene 0.85229 0.85230 [13] 1289 1290 [13] 

1-propanol 0.79566 0.79602 [14] 1189 1192 [14] 

1-butanol 0.80205 0.80203 [14] 1229 1227 [14] 

1-pentanol 0.80764 0.80764 [14] 1256 1258 [14] 
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Table 3 

Mole fractions of N-methylcyclohexylamine ( x 1 ), p -xylene ( x 2 ), experimental and predicted excess vol- 

umes for the ternary mixtures of N-methylcyclohexylamine (NMC) (1) + p-xylene (2) + 1-alkanols (3) 

at 303.15 K and atmospheric pressure. 

V E (cm 

3 . mol −1 ) 

x 1 x 2 Experimental (Redlich-Kister) Kohler Tsao-Smith Hwang �V E 123 
∗

N-methylcyclohexylamine (NMC) (1) + p -xylene (2) + 1-propanol (3) 

0.1010 0.0741 -0.522 -0.525 -0.507 -0.537 -0.550 0.003 

0.1113 0.1021 -0.564 -0.567 -0.546 -0.597 -0.595 0.003 

0.2224 0.1341 -0.968 -0.974 -0.962 -1.056 -1.014 0.006 

0.2092 0.2847 -0.720 -0.732 -0.739 -0.925 -0.801 0.012 

0.1729 0.3429 -0.577 -0.590 -0.598 -0.798 -0.649 0.013 

0.0564 0.4634 -0.197 -0.210 -0.201 -0.308 -0.229 0.013 

0.1373 0.5423 -0.292 -0.306 -0.322 -0.517 -0.359 0.014 

0.1658 0.6216 -0.223 -0.238 -0.248 -0.379 -0.301 0.015 

0.1275 0.6712 -0.161 -0.172 -0.182 -0.322 -0.219 0.011 

0.1626 0.7631 -0.110 -0.117 -0.100 -0.061 -0.166 0.007 

0.1056 0.8323 -0.070 -0.074 -0.068 -0.052 -0.107 0.004 

0.0801 0.8616 -0.049 -0.052 -0.049 -0.052 -0.078 0.003 

N-methylcyclohexylamine (NMC) (1) + p-xylene (2) + 1-butanol (3) 

0.0800 0.049 -0.330 -0.331 -0.324 -0.332 -0.343 0.001 

0.1034 0.1026 -0.407 -0.409 0.397 -0.434 -0.426 0.002 

0.1204 0.159 -0.198 -0.202 -0.203 -0.384 -0.468 0.004 

0.0807 0.2251 -0.284 -0.293 -0.283 -0.351 -0.310 0.009 

0.0937 0.3429 -0.265 -0.277 -0.273 -0.377 -0.297 0.012 

0.0992 0.4126 -0.236 -0.249 -0.249 -0.369 -0.271 0.013 

0.1115 0.5012 -0.196 -0.211 -0.217 -0.354 -0.239 0.015 

0.1124 0.5624 -0.156 -0.170 -0.177 -0.312 -0.198 0.014 

0.0918 0.6209 -0.095 -0.106 -0.112 -0.232 -0.130 0.011 

0.0823 0.6714 -0.062 -0.069 -0.073 -0.183 -0.090 0.007 

0.1108 0.7326 -0.072 -0.077 -0.080 -0.154 -0.104 0.005 

0.0878 0.8409 -0.041 -0.044 -0.044 -0.049 -0.067 0.003 

N-methylcyclohexylamine (NMC) (1) + p -xylene (2) + 1-pentanol (3) 

0.0510 0.081 -0.265 -0.267 -0.270 -0.293 -0.246 0.002 

0.1057 0.1534 -0.455 -0.457 -0.466 -0.539 -0.451 0.002 

0.0930 0.201 -0.382 -0.385 -0.398 -0.483 -0.377 0.003 

0.0648 0.2709 -0.25 -0.255 -0.269 -0.349 -0.247 0.005 

0.0966 0.3392 -0.303 -0.309 -0.330 -0.455 -0.300 0.006 

0.1081 0.4298 -0.264 -0.273 -0.296 -0.446 -0.267 0.009 

0.0654 0.5436 -0.114 -0.126 -0.143 -0.265 -0.123 0.012 

0.1818 0.6121 -0.197 -0.211 -0.223 -0.310 -0.228 0.014 

0.0678 0.6762 -0.068 -0.079 -0.093 -0.214 -0.081 0.011 

0.0992 0.7126 -0.094 -0.104 -0.117 -0.222 -0.112 0.010 

0.0477 0.7562 -0.024 -0.032 -0.040 -0.137 -0.035 0.008 

0.0676 0.8532 -0.044 -0.049 -0.053 -0.087 -0.062 0.005 

�V E 123 = V E 123 (Exp) - V E 123 (bc) 

Where V E 123 (bc) is computed from constituent binary data using Redlich-Kister equation. 

3. Data, value and validation 

3.1. Excess volume 

The measured excess volume data ( V 

E 
123 ) of three ternary liquid mixtures containing NMC and p -xylene with 1-propanol, 

1-butanol and 1-pentanol at 303.15 K and atmospheric pressure were reported in Table 3 along with those values calculated 

from predictive expressions namely Redlich-Kister, Kohler, Tsao-Smith and Hwang et al. equations. These data were also 

graphically depicted in Figs. 1–3 . 

Redlich-Kister equation [ 7 , 8 ] can be expressed as: 

V 

E 
123 = 

∑ 

i< j 

V 

E 
i j ( x i , x j ) (1) 

where V E 
i j 

= x i x j 
n ∑ 

s =0 

( A s ) i j ( x i − x j ) 
s and x i , x j are the mole fractions of the components in a ternary mixture. 

Kohler Expression [7] : 

V 

E 
123 = ( x 1 + x 2 ) 

2 V 

E 
12 + ( x 1 + x 3 ) 

2 V 

E 
13 + ( x 2 + x 3 ) 

2 V 

E 
23 (2) 

where V E 
i j 

= x ′ 
i 
x ′ 

j 

n ∑ 

s =0 

( A s ) i j ( x 
′ 
i − x ′ j ) s at composition ( x ′ i , x ′ j ) , such that x ′ 

i 
= 1 − x ′ 

j 
= 

x i 
x i + x j where x i and x j are the ternary 

mole fractions. 

3 
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Fig. 1. Excess volumes (V E 123 ) data for N-methylcyclohexylamine (NMC) (1) + p -xylene (2) + 1-propanol (3) at 303.15 K. 
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Fig. 2. Excess volumes (V E 123 ) data for N-methylcyclohexylamine (NMC) (1) + p -xylene (2) + 1-butanol (3) at 303.15 K. 
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Fig. 3. Excess volumes (V E 123 ) data for N-methylcyclohexylamine (NMC) (1) + p -xylene (2) + 1-pentanol (3) at 303.15 K. 

Table 4 

The standard deviation values (Redlich-Kister and Hwang eqns) of binary systems of σ (V E ) at 303.15 K. 

System 

Redlich-Kister Hwang 

a 0 a 1 a 2 σ (V E ) b 0 b 1 b 2 σ (V E ) 

cm 

3 mol −1 

N-methyl cyclohexylamine (1) + p -xylene (2) -0.122 1.220 0.009 0.002 -0.125 1.464 -1.440 0.008 

p -xylene (2) + 1-propanol (3) -0.076 0.560 0.463 0.000 -0.230 1.285 -0.050 0.006 

p -xylene (2) + 1-butanol (3) 0.125 0.576 0.359 0.000 0.005 1.164 -0.207 0.000 

p -xylene (2) + 1-pentanol (3) 0.090 0.371 0.027 0.002 0.081 0.477 -0.406 0.007 

N-methyl cyclohexylamine (1) + 1-propanol (3) -6.237 2.703 3.925 0.002 -7.545 8.449 2.015 0.002 

N-methyl cyclohexylamine (1) + 1-butanol (3) -5.219 0.847 1.908 0.001 -5.852 3.461 1.531 0.002 

N-methyl cyclohexylamine (1) + 1-pentanol (3) -5.243 0.955 0.417 0.002 -5.382 1.695 -0.580 0.003 

Tsao–Smith expression [7] is of the form: 

V 

E 
123 = x 2 ( 1 + x 1 ) 

−1 V 

E 
12 + x 3 ( 1 − x 1 ) 

−1 V 

E 
13 + ( 1 − x 1 ) V 

E 
23 (3) 

where V E 12 , V 
E 
13 and V E 23 are the binary excess volumes at composition ( x ′ i , x ′ j ) , such that x ′ 

i 
= x 1 for 1,2 and 1,3 binary systems 

and x ′ 2 = 

x 2 
x 2 + x 3 for 2,3 binary system. 

Hwang et al. equation [9] : 

V 

E(123) /c m 

3 mo l −1 = x 1 x 2 

(
b ( 

12 ) 
0 

+ b ( 
12 ) 

1 
x 3 1 + + b 2 

(12) 
x 2 

3 
)

+ x 1 x 3 
(
b ( 

13 ) 
0 

+ b ( 
13 ) 

1 
x 3 1 + + b ( 

13 ) 
3 

x 3 3 

)

+ x 2 x 3 
(
b (23) 

0 
+ b (23) 

2 
x 3 2 + + b (23) 

3 
x 3 3 

)
(4) 

The quantity �V 

E 
123 , difference between measured ternary data and computed from the constituent binary data through 

the Redlich-Kister relation were given in last column of Table 3 . The binary data which was used to compute ternary excess 

volume data for the mixtures NMC + m -xylene [12] , NMC + 1-alkanols [16] and p -xylene + 1-alkanols [17] were collected from 

the literature and these data were included in Table 4 along with standard deviation values σ ( V 

E ). 

The sign and magnitude of V 

E 
123 data depends upon the resultant of the following factors [18] : 

i dissociation of associated alkanols in solution systems 

5 
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ii donor-acceptor interaction between π-electrons of the aromatic ring and the alkanols 

iii a possible inclusion of p -xylene into the structural network of alkanols. 

The first factor contributes to expansion in volume and the second and third factors lead to contraction in volume. The 

experimental V 

E 
123 data in Table 2 suggest that the combined effects for volume contraction i.e., donor-acceptor interactions 

and inclusion of p -xylene into the structural network of alkanols exceed the factors responsible for volume expansion. 

The molecular interaction between NMC and 1-alkanols in the studied ternary mixtures can be explained as follows [19] . 

Negative contributions in the mixtures containing NMC and 1-alkanol arise from two factors: a) changes in free volumes 

in the real mixtures and b) the presence of electron donor-acceptor interactions between NMC and 1-alkanol. The negative 

V 

E 
123 values in the present ternary system emphasis that the breaking of the three-dimensional associated network of the 

alkanol is incomplete and that the aromatic hydrocarbon molecules are more or less fitted into the alkanol networks. 

In addition, specific interactions due to the formation of N––H ••• π type hydrogen bond between NMC and electrons in 

aromatic ring of p -xylene also contribute significantly to negative V 

E 
123 data of the studied ternary mixtures [12] . 

A perusal of Table 3 clearly indicates that V 

E 
123 data is more negative for the ternary mixtures containing 1-propanol 

and the negative value decreases with increase in chain length from 1-propanol to 1-pentanol. The effect of increasing 

chain length of 1-alkanol on the V 

E 
123 data can be considered using the effective dipole moment. The negative V 

E 
123 values 

decrease with decreasing effective dipole moment of 1-alkanol in the systems of cyclic amine with alcohols [6] which can 

be explained as follows. The dipole moment of 1-alkanols decreases with increase in chain length. Polarity of hydroxyl group 

also decreases with increase in chain length of 1-alkanol. These two factors result in the rupture of alkanol-alkanol hydrogen 

bonds. Moreover, in higher alkanols, hydroxyl group proton will be shielded by the adjacent methyl groups, thus availability 

of such protons will be diminished for the formation heteroassociates which ultimately results in decrease in negative V 

E 
123 

data in higher 1-alkanols [4] in the following order:1-propanol > 1-butanol > 1-pentanol. 

An examination of ternary data in Table 3 reveal that the predictive expressions proposed by Redlich-Kister, Kohler, Tsao- 

Smith and Hwang et al. gives satisfactory estimation in terms of ternary excess volumes in all the mixtures. 

3.2. Isentropic compressibility 

The isentropic compressibility of ternary mixtures ( κ s123 ) was calculated from the expression 

κs 123 = u 

−2 
123 ρ

−1 
mix 123 (5) 

where u 123 and ρmix123 indicate speed of sound and density of ternary mixtures respectively. 

The density of a ternary liquid mixture ( ρmix123 ) was computed using the expression 

ρmix 123 = x 1 M 1 + x 2 M 2 + x 3 M 3 /V + V 

E 
123 (6) 

where x 1 , x 2 and x 3 represent mole fractions and M 1 , M 2 and M 3 are the molecular weights of NMC, p -xylene and 1-alkanols 

respectively; V is the molar volume of the mixture and V 

E 
123 is ternary excess volume. 

The deviation in isentropic compressibility ( κ ′ 
s 123 ) was estimated using the relation 

κ ′ 
s 123 = k s 123 − ø1 k s 1 − ø2 k s 2 − ø3 k s 3 (7) 

where ø1, ø2, ø3 , κ s1 , κ s2 and κ s3 are the volume fractions and isentropic compressibilities of the pure components 1, 2 and 

3 respectively. The quantity �κ s123 , the difference between measured value of κ s 
’ 
123 and that of computed from binary data 

κ ′ 
s 123 (b) 

has been calculated using the relation 

�κs 123 = κ ′ 
s 123 − κ ′ 

s 123 (b) (8) 

The latter quantity, κ s 
’ 
123(b) was computed using Redlich-Kister relation [8] 

κ ′ 
s 123 (b) = κs 12 + κs 13 + κs 23 (9) 

where κ s12, κ s13 and κ s23 denote the deviation in isentropic compressibilities for the three binary mixtures and these are 

estimated using the smoothing equation 

κsi j = ø1 ø2 

[
a 0 + a 1 ( ø1 − ø2 ) + a 2 ( ø1 − ø2 ) 

2 
]

(10) 

where a 0 , a 1 and a 2 are the constants obtained by the method of least squares. Further, the binary parameters that were 

required to compute k s 
’ 
123(b) for the mixtures of NMC with p -xylene [20] , NMC with 1-alkanols [21] and p -xylene with 

1-alkanols [17] were collected from the literature and these were given in Table 5 along with standard deviation σ ( �κ s ). 

The speed of sound (u), density of the mixture ( ρmix123 ), isentropic compressibility ( κ s123 ), deviation in isentropic com- 

pressibility ( κ ′ 
s 123 ) and the quantity �κ s123 , the difference between measured data of κ s 

’ 
123 and that of computed from the 

constituent binary data κ ′ 
s 123 (b) 

were presented in Table 6 . Moreover, the deviation in isentropic compressibility ( �κ s123 ) for 

the three ternary mixtures was also graphically represented in Figs. 4–6 . 

An examination of �κ s123 values in Table 6 suggest that the values were positive over the entire composition range 

in all the binary mixtures of NMC and p -xyleme with 1-alkanols and these were 3 to 4 times to the experimental error. 
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Fig. 4. Deviation in isentropic compressibility ( �κ s123 ) data for N-methylcyclohexylamine (NMC) (1) + p -xylene (2) + 1-propanol (3) at 303.15 K. 

Fig. 5. Deviation in isentropic compressibility ( �κ s123 ) data for N-methylcyclohexylamine (NMC) (1) + p -xylene (2) + 1-butanol (3) at 303.15 K. 
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Table 5 

The standard deviation σ (k s ) values of all the binary systems computed from Redlich-Kister 

equation at 303.15 K. 

System 

a 0 a 1 a 2 σ (k s ) 

TPa-1 

N-methyl cyclohexylamine (1) + p -xylene (2) -21.80 33.60 24.01 2 

p -xylene (2) + 1-propanol (3) 35.13 106.01 40.15 2 

p -xylene (2) + 1-butanol (3) 62.49 112.94 7.07 0 

p -xylene (2) + 1-pentanol (3) 80.95 138.16 32.51 0 

N-methyl cyclohexylamine (1) + 1-propanol (3) -219.00 35.40 -68.30 2 

N-methyl cyclohexylamine (1) + 1-butanol (3) -166.50 21.84 89.70 2 

N-methyl cyclohexylamine (1) + 1-pentanol (3) -147.50 3.05 61.40 3 

Table 6 

Volume fractions of N-methylcyclohexylamine ( φ1 ), p-xylene ( φ2 ), density ( ρ), 

speed of sound (u 123 ), isentropic compressibility (k s123 ), deviation in isentropic 

compressibility ( κ s 123 ), deviation in isentropic compressibility computed from 

constituent binary data ( κ s123 (b) ) and �κ s123 values for ternary systems N- 

methylcyclohexylamine (NMC) (1) + p-xylene (2) + 1-alkanols (3). 

�1 �2 

P 

(g.cm 

3 ) 

U 

(m.s −1 ) 

κ s123 κ s 123 κ s123(b) �κ s123 

TPa-1 

N-methylcyclohexylamine (NMC) (1) p-xylene (2) + 1-propanol (3) 

0.1587 0.1085 0.81490 1238 800 -29 -31 2 

0.1709 0.1461 0.81796 1244 790 -29 -31 2 

0.1127 0.7157 0.83005 1254 766 -33 -37 4 

0.275 0.3488 0.83539 1271 741 -16 -22 6 

0.2257 0.4171 0.83551 1267 745 -11 -17 6 

0.0742 0.5685 0.83323 1248 771 6 -1 7 

0.1667 0.6135 0.84110 1274 732 -2 -6 4 

0.1916 0.6695 0.84498 1286 715 -3 -6 3 

0.1471 0.7216 0.84520 1283 719 0 -3 3 

0.1775 0.7766 0.84946 1298 699 -2 -4 2 

0.1152 0.8466 0.84995 1295 702 -1 -2 1 

0.0874 0.8766 0.85008 1292 705 0 -1 1 

N-methylcyclohexylamine (NMC) (1) + p-xylene (2) + 1-butanol (3) 

0.1099 0.0629 0.81287 1250 787 -12 -13 1 

0.1382 0.1278 0.81799 1258 772 -14 -16 2 

0.157 0.1932 0.82036 1265 762 -12 -15 3 

0.1047 0.2723 0.82267 1255 772 -2 -7 5 

0.1167 0.3961 0.82930 1257 763 7 0 7 

0.1208 0.4682 0.83275 1258 759 12 3 9 

0.1317 0.5519 0.83710 1261 751 16 6 10 

0.1305 0.6085 0.83958 1263 747 19 8 11 

0.1056 0.6658 0.84089 1264 744 19 11 8 

0.0937 0.7124 0.84245 1266 740 18 12 6 

0.1229 0.7571 0.84606 1279 722 11 7 4 

0.0953 0.8511 0.84933 1288 710 6 4 2 

N-methylcyclohexylamine (NMC) (1) + p-xylene (2) + 1-pentanol (3) 

0.0611 0.0904 0.81599 1269 761 -5 -6 1 

0.1238 0.1675 0.82324 1277 745 -7 -10 3 

0.1086 0.2187 0.82439 1273 748 -2 -6 4 

0.0754 0.2937 0.82548 1269 752 4 0 4 

0.1106 0.362 0.83027 1271 746 8 2 6 

0.122 0.4522 0.83374 1270 744 14 7 7 

0.0734 0.5685 0.83667 1263 749 22 18 4 

0.1975 0.6197 0.84438 1286 716 10 7 3 

0.0747 0.6948 0.84204 1266 740 23 20 3 

0.1082 0.7243 0.84484 1275 728 18 15 3 

0.0523 0.7723 0.84430 1268 737 23 21 2 

0.0729 0.8574 0.84905 1283 715 11 10 1 

This suggests that Redlich-Kister equation is capable of giving good estimation of deviation in isentropic compressibility of 

ternary mixtures from that of constituent binaries [ 17 , 20 , 21 ]. 

The deviation in isentropic compressibility ( �κ s123 ) data in the studied ternary mixtures is influenced by three factors: 

i) structure-breaking effects ii) structure making effects and iii) change in geometrical factors [2] . Structure breaking effects 

contribute to an increase in free spaces [22] between the molecules leading to positive deviation in compressibility. On 

the other hand, structure making effect and geometrical effect cause decrease in free spaces of the component molecules 

on mixing there by leading to negative deviation in isentropic compressibility. The actual deviation would depend up on 
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Fig. 6. Deviation in isentropic compressibility ( �κ s123 ) data for N-methylcyclohexylamine (NMC) (1) + p -xylene (2) + 1-Pentanol (3) at 303.15 K. 

Table 7 

The standard deviation values σ ( �V E 123 ) and σ ( �κ s123 ) for ternary systems of N- methylcyclohexylamine (NMC) (1) + p-xylene (2) + 1-alkanols 

(3). 

system 

A B C 

σ ( �V E 123 ) 

A B C 

σ ( �κ s13 ) cm 

3 mol −1 TPa −1 

NMC (1) + p -xylene (2) + 1-propanol(3) 0.639 2.026 -11.054 0.003 243.51 609.37 -4292.23 3 

NMC (1) + p -xylene (2) + 1-butanol(3) 0.617 -11.177 -92.757 0.005 389.68 1843.89 -13821.03 1 

NMC (1) + p -xylene (2) + 1-pentanol(3) 691.209 -1.737 -64.668 0.006 298.12 29.10 -20220.44 0 

the balance between these two opposing effects. The experimental �κ s123 values indicate that structure breaking effect is 

dominant in all the three ternary mixtures. 

The experimental �V 

E 
123 and �κ s123 data were fitted to the following equation proposed by Redlich-Kister [8] : 

�V 

E 
123 /c m 

3 mo l −1 = x 1 x 2 x 3 
[
A + B x 1 ( x 2 − x 3 ) + C x 2 1 ( x 2 − x 3 ) 

2 
]

(11) 

�κs 123 /T P a −1 = ø1 ø2 ø3 

[
A + B ø1 ( ø2 − ø3 ) + C ø2 

1 ( ø2 − ø3 ) 
2 
]

(12) 

where A, B and C are the ternary constants which were calculated by least square method. The values of coefficients were 

inturn used to compute standard deviation σ (Y E 123 ). 

σ
(
Y E 123 

)
= 

[ 
	

(
Y E 123 exp − Y E 123 cal 

)2 
/ ( m − n ) 

] 1 / 2 
(13) 

where σ (Y E 123 ) = �V 

E 
123 (or) �k s123 

‘ m’ is the total number of experimental points and ‘n’ is the number of coefficients in Equation (11) and (12) and the 

values of ternary constants A, B and C along with their standard deviation values were given in Table 7 . 

4. Conclusions 

In the present investigation, excess volume, sound speed and deviation in isentropic compressibility data were reported 

for three ternary mixtures of N-methylcyclohexylamine (NMC) + p -xylene + 1-propanol or + 1-butanol + 1-pentanol at 

9 



Ch.B. Kumar, P. Bhanuprakash, C.N. Rao et al. Chemical Data Collections 31 (2021) 100610 

303.15 K and atmospheric pressure. Experimental excess volume data were found to be negative as a function of compo- 

sition. The negative V 

E 
123 data for the studied systems follow the order: 1-propanol > 1-butanol > 1-pentanol. Whereas 

( �k s123 ) data were found to be positive for all the ternary mixtures. The experimental ternary ( V 

E 
123 ) data were compared 

with theoretical models proposed by Redlich-Kister, Kohler, Tsao-Smith and Hwang et al. and found in good agreement 

between the predicted and experimental data. The V 

E 
123 �κ s123 parameters were analyzed interms of intermolecular inter- 

actions between component molecules. 
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Insights into non-ideal behaviour of benzyl alcohol with (C2-C4) 
carboxylic acids through volumetric, ultrasonic and ATR-FTIR 
spectroscopic studies
P. Bhanuprakash a,b, Ramesh L. Gardas c, R. Prathibhaa, K. Sivakumard and N.V.V. Jyothia

aDepartment of Chemistry, S.V. University, Tirupati, India; bDepartment of Chemistry, S.V.C.R. Govt. Degree College, 
Palamaner, India; cDepartment of Chemistry, Indian Institute of Technology Madras, Chennai, India; dDepartment of 
Chemistry, S.V. Arts Degree & P.G. College (T.T.D’S), Tirupati, India

ABSTRACT
In the present work, experimental density (ρ) and speed of sound (u) data 
for the binary mixtures of benzyl alcohol with acetic acid, propionic acid, 
and n-butyric acid have been reported over the complete range of mole 
fraction at 298.15 K ≤ T ≤ 313.15 K. Excess volumes (VE), excess isentropic 
compressibilities (κs

E), excess partial molar volumes (Vi
E), and excess par

tial molar volumes at infinite dilution (Vi
E;1

) have been computed from 
the experimental data. The excess thermodynamic properties are found to 
be negative over the entire range of composition at the investigated 
temperatures. The temperature dependence of the excess thermody
namic properties has been investigated. All the excess functions are 
correlated with the Redlich-Kister equation. Further, attenuated total 
reflection Fourier transform infrared (ATR-FTIR) spectra for the studied 
binary solutions have been recorded at the equimolar composition to 
evaluate the extent of cross-association between component molecules 
through intermolecular hydrogen bonding.
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1. Introduction

The sound knowledge on structure-property relationships of binary liquid mixtures through 
accurate density (ρ) and speed of sound (u) measurements as a function of composition has 
relevance in industrial, chemical engineering and technological processes not only in development 
of efficient separation processes, transport equipment but also in the design of engineering 
calculations involving chemical purification, heat transfer, mass transfer, fluid flow, etc. [1–3]. 
The study on excess thermodynamic properties of mixed solvents is one of the excellent methods to 
understand the intermolecular forces qualitatively and quantitatively and also the geometrical 
effects existing between the components with different molecular sizes, shapes and chemical nature 
[4,5]. Further, the understanding of thermo-physical (ρ and u) and thermodynamic properties (VE 

and κs
E) is indispensable in the development of thermodynamic models, namely, group contribu

tion methods, reliable correlations and to test the existing solution theories [6,7]. The investigation 
on excess thermodynamic properties of binary solutions also contributes a huge data to thermo
dynamic data bank [8].

The carboxylic acids (CA) are considered to be highly polar protic solvents as indicated by 
their high dipole moments. The strongly polarised hydroxyl group (-O-H) and carbonyl group 
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(>C = O) of carboxylic acid functions as hydrogen-bond donors and hydrogen-bond acceptors 
respectively. In their pure state, they show a high degree of self-association through hydrogen 
bonding and predominantly exist as a chain structure [9] as depicted in Figure 1. The 
hydrogen bonding interactions appear to play a more dominant role in strong self- 
association of carboxylic acids and hydrophobic interactions also have increasing roles in self- 
association with longer alkyl chain carboxylic acids [10]. Carboxylic acids are one of the 
versatile classes of raw materials used in a wide range of industrial applications such as 
manufacture of rubber, pharmaceuticals, biodegradable plastics, and in separation processes. 
They find applications as natural colourants, acidulants, food preservatives, flavouring agents, 
fungicides, insecticides, cleaning agents, buffers, etc. [11–13]. Likewise, they serve as catalysts 
in the synthesis of biodiesel. Acetic and propionic acids are used in the feed industry to 
control mould growth. Due to the unpleasant odour, butyric acid is found to use as a fishing 
bait additive.

Benzyl alcohol (Bn-OH) is a polar protic primary alcohol in which the hydroxyl group (-O-H) 
serves as both hydrogen-bond donor and acceptor. In the native state, it is strongly self-associated 
through intermolecular hydrogen bonding [14,15]. Bn-OH is widely used as a solvent due to its 
favourable properties like low toxicity, good polarity, and low vapour pressure. It is primarily used 
as a solvent for paints, inks, gelatin, epoxy resin coatings, lacquers, shellac, cellulose acetate [15,16]. 
It serves as an embedding material in microscopy, as a preservative in cosmetics and medications, as 
an antimicrobial agent in the pharmaceutical industry [17,18]. It is a well-known precursor to 
several esters, used in the manufacture of soaps, skin lotions, perfumes, topical creams, shampoos, 
and flavour industries. It is also utilised as a local anaesthetic, insect repellent, degreaser and as 
flavour enhancer in e-cigarettes.

The favourable properties and diversified applications of the carboxylic acids (CA) and 
benzyl alcohol (Bn-OH) in several industries have motivated to elucidate the nature and 
extent of intermolecular interactions through volumetric, acoustic studies in the binary 
mixtures of Bn-OH with (C2-C4) carboxylic acids at different temperatures. For the effective 
utilisation and also to explore new industrial applications of the investigated solvents, it is 
essential to have sound knowledge of their physicochemical and thermodynamic properties. 
The proper understanding of the information about chemical structures and molecular inter
action changes occurring on mixing the molecular solvents is necessary as it provides an 
opportunity for the design and development of new processes and equipment [19]. Moreover, 
the excess property measurements in highly non-ideal binary systems containing carboxylic 
acids assist in understanding the hydrophobic and hydrogen bonding interactions between the 
components of the mixtures. Further, the present study aims at investigating the influence of 
alkyl chain length of carboxylic acids, temperature and composition on excess thermodynamic 

Figure 1. Self-association of carboxylic acids through hydrogen bonding.
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properties (VE, κs
E, Vi

E and Vi
E;1) of binary solutions to establish the relationship between 

thermodynamic properties and the molecular structures of components.
Many researchers have reported the thermodynamic properties for the binary mixtures of benzyl 

alcohol with (C1–C4) 1-alkanols [20], (C5–C10) 1-alkanols [21,22], 2-propanol [23], isomeric 
butanols [7], alkoxyalkanols [24], isomeric cresols [25], poly(propylene glycol) [26], chloroalkanes 
[27], isomeric chlorobenzenes [28], monocyclic aromatics [14], isomeric chloro and nitrotoluenes 
[29], N,N-dimethylacetamide [30], N,N-dimethylformamide [31], dimethylsulfoxide [32], (C2-C4) 
alkylacetates [15], ethylchloroacetate [33], vinyl acetate [34], t-butyl acetate [34], benzyl acetate 
[16], and 1,2-butanediol [35]. A comprehensive survey of the literature shows that no systematic 
data is currently available on the thermo-physical and excess thermodynamic properties for the 
binary solutions studied.

In the present study, experimental measurements on densities (ρ) and speeds of sound 
(u), excess volumes (VE), excess isentropic compressibilities (κs

E), excess partial molar 
volumes (Vi

E) and excess partial molar volumes at infinite dilution (Vi
E;1) over the 

whole range of concentration for the binary solutions of Bn-OH and (C2-C4) homologous 
series of carboxylic acids at 298.15 K ≤ T ≤ 313.15 K, every 5 K, and atmospheric pressure 
have been reported. Further, attenuated total reflection-Fourier transform infrared (ATR- 
FTIR) spectra for the studied pure liquids and their equimolar binary mixtures have been 
recorded at room temperature to interpret the strength of the hydrogen bonding interac
tions between Bn-OH and CA molecules in the mixed systems. The experimental results 
emanating from this work have been discussed in terms of cross-association through 
hydrogen bonding and packing effects between Bn-OH and carboxylic acids.

2. Experimental

2.1. Materials

Benzyl alcohol (Bn-OH, Merck, purity ≥ 99.5%), acetic acid (AA, Merck, purity ≥ 99.8%), 
propionic acid (PA, Sigma-Aldrich, purity ≥ 99.5%) and n-butyric acid (n-BA, SRL, purity ≥ 
99.5%) of analytical reagent grade were purchased and used in the sample preparation 
without further purification. The description of the chemicals used in this work including 
the percentage of water content was presented in Table 1. Before the experimental measure
ments, the chemicals were degassed ultrasonically and dried over freshly activated 4A° 
molecular sieves for about 48 h. To assess the purity of the liquid components, their 
experimental densities (ρ) and speeds of sound (u) were compared with the corresponding 
literature values [7,13,16,34–40] at 298.15 K ≤ T ≤ 313.15 K and are shown in Table 2. The 
experimental ρ and u values for pure chemicals are found to be in the best accordance with 
the published values.

Table 1. Description of chemicals used in the study.

Name of the 
chemical

CAS No Molar mass (g·mol−1) Source Mass fraction purity by 
GC*

Water content by KF 
(%)

Benzyl alcohol 100–51- 
6

108.14 Merck, India ≥ 0.995 ≤ 0.1

Acetic acid 64–19-7 60.05 Merck, India ≥ 0.998 ≤ 0.2
Propionic acid 79–09-4 74.08 Sigma-Aldrich, 

India
≥ 0.995 ≤ 0.2

n-Butyric acid 107–92- 
6

88.11 SRL, India ≥ 0.995 ≤ 0.1

*The purity is reported by supplier.
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2.2. Methods

2.2.1. Sample preparation
The homogeneous binary mixtures of Bn-OH with (C2-C4) carboxylic acids were prepared grav
imetrically covering the complete range of mole fraction from 0.1 to 0.9 in a clean, airtight screw- 
capped glass vial. The mass of liquids is measured by using a digital electronic balance (Sartorius 
CPA225D) with an accuracy of ± 1 × 10−5 g. Density and speed of sound measurements were 
carried immediately on the same day of sample preparation to avoid loss due to evaporation. 
Considering the mass of each component, the uncertainty in the mole fraction u(x1) of mixtures was 
estimated to be less than ± 5 × 10−5.

Table 2. Experimental density (ρ) and speed of sound (u) values of the pure liquid compounds and their corresponding literature 
values from T/K = 298.15 to 313.15 at 0.1 MPa pressure.

Liquid T (K) ρ(g.cm−3) u (m.s−1)
Exp. Lit Exp. Lit

Benzyl alcohol (Bn-OH) 298.15 1.041271 1.041216a 1525.21 1525.17a

1.04138b

1.04134 c

303.15 1.037374 1.037352a 1509.59 1509.34a

1.03750b

1.03745 c

308.15 1.033481 1.033474a 1493.71 1493.62a

1.03363b

313.15 1.029586 1.029583a 1478.09 1478.03a

1.02961b

1.02971 c

Acetic acid (AA) 298.15 1.043931 1.04413d 1134.19 1135.7d

1.0427e

303.15 1.038262 1.03848d 1117.41 1118.4d

1.0371e 1117.5 f

1.03844 f

308.15 1.032623 1.03283d 1100.62 1101.2d

1.0314e 1102.4 f

1.03261 f

313.15 1.026981 1.02718d 1083.43 1084.0d

1.0258e 1084.4 f

1.02704 f

Propanoic acid (PA) 298.15 0.988111 0.98794d 1146.51 1146.0d

0.9882e 1146.7 g

0.98848 g

303.15 0.982809 0.98254d 1127.39 1127.1d

0.9829e 1127.7 g

0.98307 g

308.15 0.977468 0.97714d 1108.61 1108.3d

0.9774e 1108.9 g

0.97767 g

313.15 0.972122 0.97175d 1089.78 1089.6d

0.9721e 1090.2 g

0.97227 g

n-Butyric acid (n-BA) 298.15 0.952791 0.95281 h 1176.68 1176.9 h

0.95282i

303.15 0.947892 0.94794 h 1158.09 1158.2 h

0.94784i 1159.0 f

0.94789 f

308.15 0.942904 0.94292 h 1139.41 1139.7 h

0.94288i 1140.1 f

0.94319 f

313.15 0.937966 0.93805 h 1121.08 1121.3 h

0.93791i 1122.0 f

0.93856 f

aRef [7,35]. bRef [34]. cRef [16]. dRef [36]. eRef 37. fRef [38]. gRef [39].hRef [40]. iRef [13]. 
Standard uncertainties are u(ρ) = 5x10−5 g.cm−3, u(u) = 0.5 m.s−1,and u (T) = 0.01 K.
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2.2.2. Density and speed of sound measurements
The densities (ρ) and speeds of sound (u) of pure Bn-OH and its mixtures with (C2-C4) carboxylic 
acids were automatically measured at T = (298.15–313.15) K with a temperature step of 5 K and at 0.1 
MPa pressure using vibrating U-tube digital density and sound velocity metre (Anton-Paar DSA 
5000 M). The temperature of the sample in the density and sound velocity cells of the apparatus is 
controlled by a built-in Peltier thermostat with stability of ± 0.01 K. It measures the period of 
oscillation of a vibrating U-shaped tube filled with a sample, which is directly related to density (ρ) 
of the sample. The speed of sound (u) of a liquid sample is determined using a time propagation 
technique, in which the sample is sandwiched between two piezoelectric ultrasound transducers. One 
transducer emits sound waves through the sample at a frequency of 3 MHz and a second transducer 
receives those waves. The ratio of the known distance between the transmitter and receiver with the 
measured propagation time of the sound wave results in the speed of sound [41]. Prior to carrying out 
the measurements, the calibration of the instrument was done with dry air, Millipore quality water as 
standards at atmospheric pressure. The uncertainty in the measurement of density (ρ) and speed of 
sound (u) values is found to be ± 5 × 10−5 g.cm−3 and ± 0.5 m.s−1 respectively.

2.2.3. Infrared measurements
Fourier-transform infrared (FTIR) spectra of the pure components and the equimolar binary 
mixtures of benzyl alcohol with (C2-C4) carboxylic acids were recorded using Alpha-ATR-FTIR 
spectrometer (Bruker, Germany). ATR-FTIR interferometer containing a single-point reflection 
sampling module was equipped with ZnSe crystal onto which a drop of the homogeneous sample 
has been placed to record the spectra at room temperature in the region 4000 − 600 cm−1 with 
4.0 cm−1 spectral resolution.

3. Results and discussion

3.1. Densities and excess volumes (VE)

Densities (ρ) are measured for the binary mixtures Bn-OH with (C2-C4) carboxylic acids over the 
entire concentration range at T = (298.15 to 313.15) K, with a temperature step of 5 K to understand 
the extent of intermolecular interactions. The experimental ρ values are listed in Table 3. At a fixed 
temperature, the densities (ρ) of the investigated binary systems increase with an increase in the 
concentration of Bn-OH (x1) except for the (Bn-OH + AA) system as Bn-OH is much denser than 
carboxylic acids. The increase in ρ values with an increase in x1 is due to the strengthening of Bn-OH 
and carboxylic acid interactions. From Table 3, it is observed that the ρ values of (Bn-OH + AA) 
increases, reaches a maximum at x1 = 0.3750 and then decreases continuously. This suggests that the 
specific interactions between Bn-OH and AA are relatively stronger between 0.25 ≤ x1 ≤ 0.45 than that 
in acetic acid-rich and benzyl alcohol-rich regions. A similar type of behaviour has been observed in 
the binary solutions of acetic acid with water [42–44] and 1-butyl-3-methylimidazolium thiocyanate 
ionic liquid [45]. Further, at constant x1, ρ values of the investigated systems decrease with an increase 
in the temperature. This might be due to an increase in the translational energy of the molecules with 
temperature, which increases the molecular agitations, leading to a decrease in intermolecular 
interactions in the mixed solutions.

The excess volumes (VE) were evaluated for the three investigated mixtures containing Bn-OH 
and (C2-C4) carboxylic acids according to the equation:

VE ¼
x1M1 þ x2M2

ρ
�

x1M1

ρ1
þ

x2M2

ρ2

� �

(1) 

where M1 and M2, x1 and x2, ρ1 and ρ2 represent the molar mass, mole fraction, and density of Bn- 
OH and (C2-C4) carboxylic acids respectively, ρm represents the density of the binary mixture.
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The excess thermodynamic properties could provide useful insights into the degree of non-ideality 
of a binary solution. Generally, the sign and magnitude of excess volumes of the mixed solutions 
depend on the relative strength of the following volume contraction and expansion factors [12,15,43]:

The factors that lead to volume contraction on mixing the components are:
(i) The predominance of strong specific interactions like charge-dipole, hydrogen bonds, dipole- 

dipole, dipole-induced dipole interactions, etc. between unlike components (chemical contribution).
(ii) Favourable geometrical fitting among the component molecules or accommodation of one 

component into others interstices (structural contribution).
The factors that lead to volume expansion on mixing the components are:
(i) Disruption of the molecular associates (chemical contribution).
(ii) Weak London dispersion forces between the components (physical contribution).
(iii) Steric hindrance caused by the structure of the component molecules.
(iv) Unfavourable geometrical fitting between the mixed components (structural contribution).
The excess volumes (VE) against the mole fraction of Bn-OH (x1) for the binary systems at 

T = (298.15 to 313.15) K, are plotted in Figure 2–4 and these values are listed in Table 3. A perusal of 
VE data reveals that the property was negative for all the systems studied over the complete range of 
composition at the investigated temperatures. The magnitude of excess volumes (VE) at a fixed 
temperature and composition varies in the following order:

Bn � OH þ PA > Bn � OH þ n � BA > Bn � OH þ AA 

Table 3. Experimental values of densities (ρ/g.cm−3) and excess volumes (VE/cm3.mol−1) as a function of mole fraction of Bn-OH 
(x1), for the binary solutions of Bn-OH with AA, PA and n-BA from T/K = 298.15 to 313.15 and 101.3kPa pressure.

x1 ρ/gcm−3 V E/cm3.mol−1

T/K = 298.15 303.15 308.15 313.15 T/K = 298.15 303.15 308.15 313.15
0.0000 1.04393 1.03826 1.03262 1.02698 0.000 0.000 0.000 0.000
0.1283 1.04558 1.04034 1.03512 1.02989 −0.134 −0.139 −0.143 −0.148
0.2455 1.04623 1.04130 1.03638 1.03146 −0.216 −0.224 −0.231 −0.239
0.3750 1.04625 1.04159 1.03694 1.03228 −0.265 −0.273 −0.282 −0.290
0.4435 1.04602 1.04149 1.03696 1.03243 −0.273 −0.282 −0.291 −0.300
0.5293 1.04552 1.04113 1.03675 1.03236 −0.265 −0.274 −0.283 −0.293
0.6243 1.04485 1.04058 1.03632 1.03206 −0.241 −0.249 −0.257 −0.266
0.7300 1.04393 1.03978 1.03565 1.03152 −0.193 −0.199 −0.206 −0.213
0.8329 1.04294 1.03890 1.03487 1.03084 −0.129 −0.133 −0.138 −0.143
0.9132 1.04213 1.03817 1.03422 1.03026 −0.069 −0.073 −0.076 −0.079
1.0000 1.04127 1.03737 1.03348 1.02959 0.000 0.000 0.000 0.000
0.0000 0.98811 0.98281 0.97747 0.97212 0.000 0.000 0.000 0.000
0.1052 0.99909 0.99401 0.98890 0.98377 −0.276 −0.282 −0.288 −0.293
0.2023 1.00776 1.00283 0.99791 0.99297 −0.467 −0.474 −0.484 −0.493
0.3067 1.01559 1.01087 1.00612 1.00137 −0.601 −0.612 −0.623 −0.636
0.3999 1.02136 1.01685 1.01227 1.00769 −0.655 −0.673 −0.687 −0.701
0.4587 1.02453 1.02010 1.01561 1.01112 −0.664 −0.682 −0.696 −0.711
0.5620 1.02921 1.02492 1.02062 1.01629 −0.627 −0.645 −0.662 −0.678
0.6612 1.03286 1.02868 1.02449 1.02030 −0.541 −0.556 −0.571 −0.587
0.7790 1.03633 1.03227 1.02821 1.02414 −0.385 −0.396 −0.408 −0.420
0.9056 1.03933 1.03537 1.03142 1.02747 −0.173 −0.179 −0.185 −0.191
1.0000 1.04127 1.03737 1.03348 1.02959 0.000 0.000 0.000 0.000
0.0000 0.95279 0.94789 0.94290 0.93797 0.000 0.000 0.000 0.000
0.1083 0.96552 0.96077 0.95594 0.95115 −0.204 −0.211 −0.217 −0.223
0.2101 0.97698 0.97236 0.96766 0.96301 −0.373 −0.383 −0.393 −0.404
0.3145 0.98795 0.98347 0.97895 0.97447 −0.494 −0.509 −0.526 −0.544
0.4116 0.99742 0.99311 0.98875 0.98441 −0.555 −0.578 −0.601 −0.623
0.5010 1.00551 1.00132 0.99708 0.99286 −0.568 −0.594 −0.620 −0.645
0.6128 1.01475 1.01070 1.00659 1.00249 −0.523 −0.550 −0.575 −0.601
0.7171 1.02258 1.01860 1.01459 1.01059 −0.424 −0.448 −0.471 −0.495
0.8238 1.02991 1.02600 1.02208 1.01816 −0.277 −0.295 −0.314 −0.333
0.9110 1.03561 1.03172 1.02783 1.02393 −0.141 −0.152 −0.163 −0.173
1.0000 1.04127 1.03737 1.03348 1.02959 0.000 0.000 0.000 0.000

The standard uncertainties are u(x) = 5x10−5, u(ρ) = 5x10−5 g.cm−3, u(T) = 0.01 K, and u (VE) = 0.005 cm3.mol−1
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The negative VE reveals that the specific interactions between Bn-OH and CA are stronger than 
between similar component molecules in their pure state. During mixing of Bn-OH with CA, the 
following volume contraction and expansion factors occur simultaneously: (a) disruption of 
associated structure of the pure benzyl alcohol through the breaking of hydrogen bonds, (b) rupture 
of hydrogen bonding interactions in self-associates of carboxylic acids, (c) formation of a cross 
hydrogen bond and new −H····π interaction between Bn-OH and carboxylic acids [20] and (d) 
interstitial accommodation (packing effect) of carboxylic acids in π····π and hydrogen-bonded and 
benzyl alcohol aggregates. The volume expansion factors (a) and (b) provide a positive contribution 
to VE and the volume contraction factors (c) and (d) make a negative contribution to VE. The actual 
VE values for the studied systems are a consequence of the balance between the two volume 
expansion and contraction factors that occur due to mixing. The obtained negative excess volume 
(VE) data points to the fact that the volume contraction factors (c) and (d) dominate over the 
volume expansion factors (a) and (b) in these systems at the investigated temperatures. Hence, the 
cross-association through H-bonding between -O-H group of Bn-OH and -O-H or >C = O group of 
carboxylic acids and the favourable packing effects due to significant differences in the free volume 
size, and molar volume between the components are the two factors that govern the molecular 
structures of studied systems.

The VE data is found to be more negative for Bn-OH + PA system than Bn-OH + AA and Bn-OH 
+ BA systems. The magnitude of VE for the mixtures follows the same order as pKa values of 
carboxylic acids which are 4.76, 4.87, and 4.82 for AA, PA, and n-BA respectively [46]. A similar 
trend in VE values has been reported for the mixed solutions of carboxylic acids with methanol [47], 
acetonitrile [48] and acetophenone [49]. The dimerisation constant (Kd) of carboxylic acids tends to 
increase with an increase in the alkyl chain length of carboxylic acids. According to Lark et al. [50], 
the increased dimerisation constant of PA (Kd = 2.301 at T = 298.15 K) than that of AA (Kd = 1.982 
at T = 298.15 K) could reduce the positive contribution to VE, resulting in more negative VE for Bn- 

Figure 2. Plot of Excess volumes (VE) vs. mole fraction (x1) for Bn-OH (1) + AA (2) binary system at T = 298.15 K (■), 303.15 K (●), 
308.15 K (▲) and 313.15 K (▼).
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OH + PA. The more negative VE for Bn-OH + PA than Bn-OH + AA is attributed to more positive 
inductive effect (+I) of the larger – C2H5 alkyl group in PA, which increases electron density on the 
oxygen atoms and consequently resulting in the formation of an energetically more favoured cross 
H-bonding between Bn-OH and PA. The stronger cross H-bonding in Bn-OH + PA is also 
evidenced by its FT-IR data. Similarly, one would expect the large negative VE for Bn-OH + BA 
due to the larger +I-effect of its – C3H7 group. But, the VE values for Bn-OH + BA system are found 
to be less negative than for the mixtures of BnOH + PA. In addition to the +I-effect of CA, their 
molecular geometry should be considered as well to correlate less negative VE values for Bn-OH + 
n-BA. The larger – C3H7 group in BA makes it less planar and restricts the closer approach of Bn- 
OH [51], which sterically hinders the interaction of its – COOH group with O-H of Bn-OH and 
results in less negative VE values than BnOH + PA. Hence, the observed trend in VE for the studied 
systems suggests that the contribution to volume change from cross-association through 
H-bonding, geometrical effect and steric factor between components of the mixture are equally 
important.

As can be observed in Figure 2–4, the values of the VE are more negative with the increase in 
temperature for all binary mixtures studied. With an increase in the temperature, kinetic energy 
increases and the interactions between the like molecules of the pure components might be 
decreased more than that of between unlike component molecules. Consequently, volume contrac
tion increases leading to more negative VE values. The more negative VE data with an increase in 
temperature could also be understood as the enlargement of interstices and thereby more favour
able interstitial accommodation between carboxylic acid and benzyl alcohol molecules. This leads to 
an increased contraction in volume resulting in more negative VE values.

Figure 3. Plot of Excess volumes (VE) vs. mole fraction (x1) for Bn-OH (1) + PA (2) binary system at T = 298.15 K (■), 303.15 K (●), 
308.15 K (▲) and 313.15 K (▼).
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3.2. Excess isentropic compressibilities (κs
E)

The speeds of sound (u) measurements and evaluation of excess isentropic compressibilities (κs
E) 

provide useful insights into the molecular compactness and intermolecular interactions between the 
components of the mixed solutions. The sign and magnitude of excess isentropic compressibilities 
(κs

E) are reliant on the nature and extent of the intermolecular forces which in turn depend on the 
size and molecular geometry of the component molecules of the binary solutions. The speeds of 
sound (u) for the binary systems of Bn-OH with (C2-C4) carboxylic acids over the entire range of 
concentration at T = (298.15 to 313.15) K are incorporated in Table 4. It is clear that values of 
u increase with an increase in mole fraction of Bn-OH and decrease with an increase in temperature 
from 298.15 to 313.15 K.

The isentropic compressibilities (κs) are calculated from density (ρ) and speed of sound (u) data 
by using the Laplace-Newton’s equation:

κs ¼
1

u2ρ
(2) 

The excess isentropic compressibilities (κs
E) are computed for the mixtures containing Bn-OH and 

(C2-C4) carboxylic acids by using the relation:

κs
E ¼ κs � κs

id (3) 

where, κs
id represents the ideal isentropic compressibility.

The ideal isentropic compressibilities (κs
id) were evaluated from the expression suggested by 

Benson and Kiyohara [52]:

Figure 4. Plot of Excess volumes (VE) vs. mole fraction (x1) for Bn-OH (1) + n-BA (2) binary system at T = 298.15 K (■), 303.15 K (●), 
308.15 K (▲) and 313.15 K (▼).
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The φi, Vi, xi, κs,i, αi and Cp,i represents the volume fraction, molar volume, mole fraction, isentropic 
compressibility, thermal expansion coefficient, and molar heat capacity of ith component respec
tively. The Cp,i values for the pure liquids are collected from the literature [12,15,40] and αi values 
for the pure components are calculated from the experimental density (ρ) data according to the 
relation:

αi ¼
1
V

� �
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� �

P
¼ �

1
ρ

� �
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(5) 

The experimental κs and κs
E values for the binary systems over the complete range of concentration 

at T = (298.15 to 313.15) K are included in Table 4. The variation of κs
E as a function of x1 for the 

investigated binary series is plotted in Figure 5–7. An examination of curves in Figure 5–7 reveals 
that κs

E data are negative from x1 = 0.1 to 0.9 at 298.15 K ≤ T ≤ 313.15 K for the solutions of Bn-OH 
with (C2-C4) carboxylic acids. The trend in κs

E correlates with that of VE for the investigated systems 
at four different temperatures. The negative κs

E data suggests that the studied binary mixtures might 
be less compressible than the corresponding ideal mixtures. This could be attributed to a favourable 
closer approach and stronger intermolecular interaction between the unlike components present in 
the mixed-species leading to a more compact structure. The negative κs

E values at a fixed tempera
ture for the binary solutions fall in the following order:

Bn � OH þ PA > Bn � OH þ n � BA > Bn � OH þ AA 

The negative κs
E values could be attributed to two factors namely (i) formation of cross H-bonding 

interactions between Bn-OH and (C2-C4) carboxylic acids and (ii) interstitial accommodation of 
carboxylic acids in hydrogen-bonded benzyl alcohol aggregates due to the considerable difference in 
their molecular sizes and molar volumes. The above order of κs

E data for the studied binary 
mixtures is a consequence of the balance between the factors (i) and (ii) that occurs due to the 
mixing of pure liquids. Hence, the trend in κs

E could be interpreted as the suitable combination of 
cross H-bond interactions and geometrical effect between unlike component molecules of the 
mixture. One would expect more negative κs

E for Bn-OH + AA mixture due to the largest 
differences in molar volumes between Bn-OH and AA but the strength of the specific interactions 
between the unlike components of the mixture are considered to be equally important. The cross 
H-bonding interactions are relatively weaker between Bn-OH and AA due to the lesser +I-effect of 
the smaller – CH3 group in AA, resulting in less negative κs

E values for Bn-OH + AA.
The negative κs

E values increase with an increase in temperature because the decrease in 
intermolecular interactions between like molecules is more compared to those between dissimilar 
molecules [53]. In addition, an increase in temperature results in the enlargement of interstices, 
which in turn leads to more efficient packing between Bn-OH and (C2-C4) carboxylic acids. Hence, 
the binary solutions become more rigid and difficult to compress leading to more negative κs

E 

values.

3.3. Correlation of derived properties

The experimental VE and κs
E of Bn-OH + (C2-C4) carboxylic acids at 298.15 K ≤ T ≤ 313.15 K, are 

correlated with mole fraction, using the Redlich-Kister (R-K) polynomial equation [54]:

YE ¼ x1x2
Xn

i¼0
Ai 2x1 � 1ð Þ

i (6) 
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where YE ¼ VEor κs
E; x1 is the mole fraction of pure benzyl alcohol.

The adjustable parameters A0, A1, and A2 of each excess function are computed by the procedure 
of least-squares. The correlation parameters are included in Table 5 along with the standard 
deviations σ(YE). These deviations for the investigated excess properties are determined by using 
the expression:

σ YE� �
¼

P YE
exp� YE

calð Þ
2

m � nð Þ

2

4

3

5

1
2

(7) 

where m is the number of experimental measurements and n is the number of correlation 
parameters; YE

cal and YE
exp are the calculated and experimental values of excess functions respectively.

The low σ(YE) values between the calculated and experimental values of excess parameters 
obtained at 298.15 K ≤ T ≤ 313.15 K for Bn-OH + CA indicate that the experimental VE and κs

E data 
is consistent.

3.4. Excess partial molar volumes

The partial molar properties have often been used to get insights into the solute-solvent interactions 
that govern the binary mixture behaviour over the entire range of composition. The partial molar 
volumes of Bn-OH (V1) and (C2-C4) carboxylic acids (V2), in these mixtures over the complete 
range of composition were computed by using the following Equation [15, 55]:

V1 ¼ VE þ V0
1 � x2

@VE

@x2

� �

T;P
(8) 

V2 ¼ VE þ V0
2 þ x1

@VE

@x2

� �

T;P
(9) 

where x1, V0
1 and x2,V0

2 represent the mole fractions and molar volumes of Bn-OH and (C2-C4) 
carboxylic acids respectively.

Figure 5. Excess isentropic compressibilities (κs
E) for Bn-OH (1) + AA (2) mixture against composition (x1) at investigated 

temperatures: 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼).
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The @VE

@x2

� �
term in Equation 8 and 9 is calculated by differentiating Equation 6, which leads to 

the following expressions for V1andV2 respectively:

V1 ¼ V0
1 þ x2

2

Xn

i¼0
Ai 1 � 2x2ð Þ

i
þ 2 1 � x2ð Þx2

2

Xn

i¼0
Ai ið Þ 1 � 2x2ð Þ

i� 1 (10) 

V2 ¼ V0
2 þ ð1 � x2Þ

2
Xn

i¼0
Ai 1 � 2x2ð Þ

i
� 2 1 � x2ð Þx2

2

Xn

i¼0
Ai ið Þ 1 � 2x2ð Þ

i� 1 (11) 

To study the changes in the association patterns between components of the binary mixture, the 
excess partial molar volumes of Bn-OH (V1

E) and (C2-C4) carboxylic acids (V2
E), have been 

computed using the following Equation [56].:

V1
E
¼ V1 � V0

1 (12) 

V2
E
¼ V2 � V0

2 (13) 

The partial molar volumes at infinite dilution give some information about the solvent effect on the 
structure of the solute in the mixed solutions. The partial molar volumes of Bn-OH at infinite 
dilution in (C2-C4) carboxylic acids (V11 ) and C2-C4) carboxylic acids in Bn-OH (V12 ) have been 
evaluated with the help of the R-K coefficients by using the following expressions [56,57]:

�V11 ¼ V0
1 þ

Xn

i¼0
Aið� 1Þi (14) 

Figure 6. Excess isentropic compressibilities (κs
E) for Bn-OH (1) + PA (2) mixture against composition (x1) at investigated 

temperatures: 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼).
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�V12 ¼ V0
2 þ

Xn

i¼0
Ai (15) 

In addition, the excess partial molar volumes of Bn-OH (VE;1
1 ) and (C2-C4) carboxylic acids (VE;1

2 ) 
at infinite dilution are evaluated with the following Eq

�VE;1
1 ¼ �V11 � V0

1 ¼
Xn

i¼0
Aið� 1Þi (16) 

�VE;1
2 ¼ �V12 � V0

2 ¼
Xn

i¼0
Ai (17) 

The values ofV1,V2, V1
Eand V2

Eof Bn-OH+AA/PA/n-BA are collected in Table S1 in the supple
mentary material. The variation of V1

Eand V2
Evalues with mole fraction (x1) for the investigated 

systems at T = (298.15, 303.15, 308.15 and 313.15) K are presented in Figure 8–10. A kind perusal of 
Figure 8–10 indicates that V1

Eand V2
Evalues are negative over complete concentration range for 

Bn-OH+AA/PA/n-BA systems at four investigated temperatures. This suggests that the partial 
molar volumes (Vi) of each component in the binary solution were less than their corresponding 
pure molar volume (V0

i ).
The overall negative magnitude of Vi

Efollows the order:
Vi

E(Bn-OH + PA) > Vi
E(Bn-OH + n-BA) > Vi

E(Bn-OH + AA)
The negative Vi

E values of each component in the mixture suggest that there is a contraction in 
volume on mixing Bn-OH + AA/PA/n-BA due to the presence of solute-solvent interactions 

Figure 7. Excess isentropic compressibilities (κs
E) for Bn-OH (1) + n-BA (2) mixture against composition (x1) at investigated 

temperatures: 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼).
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between dissimilar molecules. The increase in V1
Edata at lower x1 and decrease in V2

Evalues at 
higher x1 is clear evidence of disruption of the hydrogen-bonded Bn-OH and CA self associates 
respectively. The observed negative Vi

Edata indicates of the dominance of cross H-bonding 
formation between Bn-OH and CA over the structure breaking effect between like molecules. 
The negative V1

Eand V2
E are also equally attributed to the significant geometrical fitting between 

the component molecules in Bn-OH + AA/PA/n-BA. The reasons for the above observed trend in 
Vi

Eand its variation with temperature were similar to those of VE.
From Table S2 in supplementary material, it is evident that the partial properties at infinite 

dilution (V11 and V12 ) are lower than the respective pure molar volumes (V0
1 and V0

2 ) for all 
the investigated binary systems at each temperature. This emphasises that there is 
a contraction in volume due to better packing effect on mixing Bn-OH with AA/PA/n-BA. 
An examination of values in Table S2 also reveals that VE;1

1 and VE;1
2 for Bn-OH and CA 

respectively are negative at all investigated temperatures. This indicates that at infinite dilu
tion, the intermolecular interactions between dissimilar molecules exceed the structure break
ing effect between similar molecules i.e., the cross hydrogen bonding between Bn-OH and CA 
is not broken in dilute regions. In addition, the negative V1

Eand V2
E are also equally 

attributed to the packing effect in Bn-OH + CA. The more negative VE;1
1 and VE;1

2 values 
for Bn-OH + PA is attributed to energetically more favoured solute-solvent interactions at 
infinite dilution. The values of V1

Eand V2
E become more negative with the increase in 

temperature for each system investigated, which indicates a more favourable interstitial 
accommodation between component molecules due to the enlargement of interstices. These 
results further support the trends observed in VE and κs

E data for the investigated binary 
systems.

Figure 8. Plot of excess partial molar volumes of Bn-OH in AA (V1
E
) and AA in Bn-OH (V2

E
) at T = 298.15 K (■ and □), 303.15 K (● 

and ○), 308.15 K. (▲ and △), and 313.15 K (▼ and ▽) respectively.
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3.5. ATR-FTIR investigations

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopic technique is one 
of the powerful tools used to investigate the nature and extent of intermolecular interactions like 
hydrogen bonding between components in the mixtures by analysing the position, shape and, shifts 
of the FT-IR band [58]. In general, the H-bonding results in broadening and shifting of the 
X-H stretching band (X is highly electronegative than H) to lower frequencies (red shift). The 
existence of cross H-bonding and its strength in Bn-OH + AA/PA/n-BA could be identified by 
comparison of shift in the absorption band of hydroxyl group v(-O-H) of Bn-OH with the 
respective bands in their pure states.

In alcohols, the characteristic stretching frequency of free O–H group is observed around 
3700–3650 cm−1 and H-bonded v(-O-H) shows a broad band around 3550–32,000 cm−1 [59]. 
The partial ATR-FTIR spectra of pure benzyl alcohol recorded at T = 298.15 K is shown in 
Figure 11, which shows that v(-O-H) absorption band appears at 3317.8 cm−1.This broad 
-O-H band clearly indicates Bn-OH was self associated through intermolecular H-bonding. 
The -O-H stretching frequencies of pure AA, PA, and n-BA are in the order of 3018.6 cm−1, 
2983.9 cm−1, and 2968.5 cm−1 respectively. ATR-FTIR spectra of equimolar binary solutions 
of Bn-OH with AA/PA/n-BA are recorded and the corresponding v(O-H) absorption bands of 
Bn-OH at x1 = 0.5 are presented in Table 6 and Figure 11. The v(O-H) bands for the 
equimolar mixtures of Bn-OH + AA, Bn-OH + PA and Bn-OH + n-BA are found to be 
3292.5 cm−1, 3232.7 cm−1 and 3273.2 cm−1 respectively. The red shift (∆ν) of -O-H stretching 
frequency of Bn-OH in AA/PA/n-BA is calculated and incorporated in Table 6. The red shift 
(∆ν) of v(O-H) peak position of Bn-OH in equimolar mixtures of carboxylic acids fall in the 
order:

Figure 9. Plot of excess partial molar volumes of Bn-OH in PA (V1
E
) and PA in Bn-OH (V2

E
) at T = 298.15 K (■ and □), 303.15 K (● 

and ○), 308.15 K. (▲ and △), and 313.15 K (▼ and ▽) respectively.
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Bn-OH + PA (−79.1 cm−1) > Bn-OH + n-BA (−38.6 cm−1) > Bn-OH + AA(−19.3 cm−1)
The red shift of v(O-H) absorption band appeared in the range of 3292.5 − 3273.2 cm−1 

for the three binary mixtures studied shows the existence of cross H-bonding between the 
hydroxyl group of Bn-OH and (C2-C4) carboxylic acids. It is well-known that the degree of 
red shift of v(O-H) band is a direct measure of the strength of intermolecular H-bond 
[58,59]. The larger red shift of v(O-H) absorption peak in Bn-OH + PA suggests that 
a stronger cross H-bonding exists between Bn-OH and PA system compared to those of 
Bn-OH + n-BA and Bn-OH + AA systems. Thus, the excess thermodynamic properties 
studied in the present investigation are supported by ATR-FTIR spectral analysis through 
the elucidation of cross H-bonding between Bn-OH and AA/PA/n-BA systems.

4. Conclusion

In this study, densities (ρ) and speeds of sound (u) have been measured for binary solutions 
of Bn-OH with (C2-C4) carboxylic acids for the whole concentration range at 
298.15 K ≤ T ≤ 313.15 K under atmospheric pressure. The various excess properties (VE, 
κs

E, Vi
E, and Vi

E;1) are evaluated from the experimental ρ and u results. The sign of the 
studied excess functions was found to be negative for the binary mixtures over the complete 
range of mole fraction. It is observed that (i) formation of cross hydrogen bonding between 
Bn-OH and (C2-C4) carboxylic acids (ii) packing effects between components of the mixture, 
and (iii) steric hindrance effect equally contributes to the magnitude of the evaluated excess 
parameters. At a fixed composition, the non-ideality of Bn-OH + AA/PA/n-BA systems 
increases with an increase in the temperature. In addition, the experimental excess volumes 

Figure 10. Plot of excess partial molar volumes of Bn-OH in n-BA (V1
E
) and n-BA in Bn-OH (V2

E
) at T = 298.15 K (■ and □), 

303.15 K (● and ○), 308.15 K. (▲ and △), and 313.15 K (▼ and ▽) respectively.
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(VE), excess isentropic compressibilities (κs
E) have been correlated with Redlich-Kister 

equation. The thermodynamic conclusions are found to be in good agreement with the 
ATR-FTIR spectral studies of the binary systems.

Figure 11. The partial ATR-FTIR spectra of (a) pure Bn-OH in the v(O-H) region; -O-H stretching frequencies of Bn-OH at x1 = 0.5 in 
the binary systems of (b) Bn-OH + AA; (c) Bn-OH + PA; and (d) Bn-OH + n-BA.

Table 6. Experimental ATR-FTIR vibrational frequencies, vmax (cm−1) of the pure and equimolar binary mixtures of Bn-OH with (C2 

-C4) carboxylic acids at ambient temperature.

System Vibrational band Experimental vibrational frequencies Shift of vibrational frequencies
vmax (cm−1) Δvmax (cm−1)

Pure Bn-OH -O-H (a) 3317.8 -
Pure EA -O-H (b) 3018.6 -
Pure PA -O-H (c) 2983.9 -
Pure n-BA -O-H (d) 2968.5 -
Bn-OH + AA -O-H∙∙∙O-H (e) 3292.5 −25.3 (e-a)
Bn-OH + PA -O-H∙∙∙O-H (f) 3232.7 −85.1 (f-a)
Bn-OH + n-BA -O-H∙∙∙O-H (g) 3273.2 −44.6 (g-a)
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Abstract   

Visible to near-infrared quantum cutting and 2.0 µm near-infrared emissions have been 

obtained in Ho3+/Yb3+ co-doped oxyfluoride transparent glass-ceramic, containing cubic CaF2 

nanocrystals, under 473 nm excitation. The formation of CaF2 nanocrystals and the 

incorporation of Ho3+/Yb3+ ions into these nanocrystals have been confirmed from x-ray 

diffraction and photoluminescence studies, respectively. Lifetime of 1.2 μm emission has 

been enhanced by three orders of magnitude in the glass-ceramic compared to that of the 

precursor glass. Time-resolved near-infrared quantum cutting emission of Yb3+ ions at 

different delay times under 532 nm laser excitation has also been obtained. Studies reveal that 

the infrared quantum cutting emission of Yb3+ and Ho3+ ions in the CaF2 nanocrystalline 

glass-ceramic could improve the efficiency of crystalline-Si solar cells, and that the 1.2 μm 

emission could be useful for further enhancing transmission windows using optical amplifiers.  

___________________________________________________________________________ 
Keywords: Oxyfluoride glass-ceramics; Ho3+/Yb3+ ions; CaF2 nanocrystals;   
                  Downconversion; Near-infrared quantum cutting 
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1. INTRODUCTION   

A transparent oxyfluoride glass-ceramic (TGC) is a two-phase material containing 

fluoride nanocrystals that precipitate in an amorphous environment during the controlled thermal 

treatment of the precursor glass. In recent years, TGCs have attracted great deal of interest due to 

their potential applications in diverse fields of science and technology [1-3]. Alumina-silicate 

based glasses are most suitable for precipitation of fluoride nanocrystals due to their excellent 

thermal, chemical and mechanical properties compared to phosphate or fluoride glasses. Further, 

in these TGCs, the host for the trivalent lanthanide (Ln3+) ions corresponds to fluoride crystals 

with low phonon energy and, hence, low multiphonon probabilities, which results in increasing 

the luminescence efficiency of these materials compared to their precursor glasses [3].  Ln3+ ions 

doped TGCs are widely investigated as they exhibit both upconversion (UC) and 

downconversion (DC) processes besides excellent Ln3+ ion solubility [4]. Recently, TGCs 

containing fluoride nanocrystals have been explored for laser cooling applications as they show 

extraordinary properties, including high photoluminescence quantum yield and low background 

absorption [5-7]. 

 Trivalent holmium, Ho3+, ion is suitable for infrared-to-visible upconversion since it has 

two pumping energy levels, 5F5 and 5I4, along with a relatively long lived intermediate energy 

level, 5I7, that acts as a good population reservoir for upconversion processes. As a result, in 

recent times there is significant amount of interest in Ho3+-doped glasses and crystals as possible 

upconversion materials. Further, Ho3+-doped glass fibers are found to emit continuous wave 

upconversion laser under red light pumping [8]. In addition, Yb3+ ion has a relatively simple 

energy level structure with the 2F7/2 level as ground state and the 2F5/2 level as excited state. Its 

broad emission, ranging between 900 and 1100 nm, overlaps with the crystalline silicon´s band 
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gap of ~1.12 eV, making Yb3+ ion an important candidate for near-infrared (NIR) quantum 

cutting (QC) materials to improve the efficiency of crystalline-silicon (C-Si) solar cells [9]. 

Materials co-doped with Yb3+ ions and other Ln3+ ions are attractive for the development of 

upconversion devices. In the specific case of Ln3+ (Er3+, Tm3+ or Ho3+) ions, resonance energy 

transfer is facilitated by the energy matching of their excited states with that of Yb3+ ion [10]. 

The Yb3+ ion is found to be efficient sensitizer for Ho3+ lasers [2], due to considerable energy 

match between Yb3+ and Ho3+ ions and hence, Ho3+/Yb3+ couple is a good choice for NIR QC 

investigations [11]. The NIR QC, which converts one UV-blue photon into two NIR photons of 

~1.0 µm, has attracted more attention for their application in plasma display, mercury free 

fluorescent tubes, and solar cells [11,12]. In recent times, more emphasis has been focused on 

NIR QC in different systems with the combination of different Ln3+ ions with Yb3+ ions, for 

example, Nd3+/Yb3+ [13], Tb3+/Yb3+ [14-17], Er3+/Yb3+ [18,19], Tm3+/Yb3+ [20], Pr3+/Yb3+ 

[13,21] Ho3+/Yb3+ [9,22,23], and Yb2+/Yb3+ [24] to enhance the efficiency of solar cells. On the 

other side, solid state laser working in the infrared region at 2 µm is attracting increasing interest 

for its wide range of applications such as remote sensing, optical parametric oscillators, eye safe 

LIDAR, biomedical applications, environmental sensing, etc. [2,25]. Among the Ln3+ ions, Ho3+ 

is one of the important active ions that can emit at 2 µm through the 5I7→
5I8 transition.  

In the present work, Ho3+/Yb3+ codoped TGCs containing CaF2 nanocrystals have been 

synthesized through post-thermal treatment method and their visible, QC and NIR emissions 

have been measured exciting at 473 nm. NIR QC emissions are observed at 1.0 and 1.2 µm 

wavelengths under 473 nm excitation and their possible mechanisms are discussed. The NIR 

emission spectra at 2.0 µm have been measured in glass and GCs and explained their variation 
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with respect to size of the nanocrystals. Absorption and emission cross-sections and figure of 

merit for the 1.2 µm and 2.0 µm emissions have also been calculated. 

2. EXPERIMENTAL DETAILS 

Precursor Ho3+/Yb3+ co-doped oxyfluoride glass, with composition (in mol%) 45SiO2 - 

20Al2O3 - 8CaO - 24CaF2 - 2Yb2O3 - 1Ho2O3, was prepared by the melt-quenching technique at 

1400 °C for 2 h using a covered platinum crucible. The melt was poured onto a pre-heated brass 

mold kept just below the glass transition temperature (Tg), at which glass samples were annealed, 

and slowly cooled to room temperature to avoid thermal stress and strains. Finally, glass samples 

were annealed for 4h at 650, 675, 700 and 725 °C (hereafter referred to as GC1, GC2, GC3 and 

GC4, respectively), close to the onset of crystallization temperature Tc (675 °C) of CaF2 

nanocrystals to transform them into glass-ceramics. Structural differences between the precursor 

glass and glass-ceramics were identified by using X-ray diffraction technique, performed with a 

Thermo ARL X’TRA powder diffractometer with Cu-Kα radiation (1.54 Å).  

Visible and NIR quantum cutting emissions were obtained by pumping with a cw laser at 

473 nm and the emission was collimated and focalized in an optical fiber coupled to a ANDOR 

spectrograph, a SR-303i-B equipped with a Newton 970EMCCD camera for the visible range, 

and an SR-500i-B2 with a iDusInGaAs photodiode array for the NIR range. The time-resolved 

fluorescence was obtained by exciting the samples with an EKSPLA  10 ns pulsed Optical 

Parametric Oscillator (OPO) laser and recording the luminescence with a Jobin-Yvon 320 

spectrometer equipped with a Hamamatsu NIR-extended photomultiplier connected to a Lecroy 

digital storage oscilloscope. 
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3. RESULTS AND DISCUSSION 

3.1. X-ray diffraction spectra  

X-ray diffraction (XRD) patterns of Ho3+/Yb3+-doped precursor glass and glass-ceramics 

are shown in Fig. 1. The profile of the precursor glass contains two broad curves typical of an 

amorphous structure, whereas the GCs contain several additional sharp peaks related to the 

diffraction pattern of a crystalline structure, which can be identified as the CaF2 cubic phase with 

Pm3m (α = β = γ = 90°) space group, by comparing with standard data (JCPDS Card No. 35-

0816). These crystals form nanostructures that are found to precipitate from the precursor 

aluminosilicate glass through a suitable thermal treatment that, from the XRD peak widths and 

using the Scherer’s formula [26], sizes of the nanocrystals are found to be around 8, 10, 13 and 

18 nm for GC1, GC2, GC3 and GC4, respectively. Samples exhibit only the cubic phase and no 

second phase is detected in the XRD pattern, indicating the successful formation of CaF2 

nanocrystals. 

3.2. Emission spectra and decay curves 

3.2.1. Visible emission spectra 

Visible emission spectra of glass (G) and glass-ceramics (GCs) are measured exciting the 

5I8→
5F3 transition of the Ho3+ ion under 473 nm laser excitation, and are shown in Fig. 2. 

Spectra consist of three bands centered at ~542, ~648 and ~752 nm corresponding to the 

5S2,
5F4→

5I8, 
5F5→

5I8 and 5S2,
5F4→

5I7 transitions, respectively. When samples are excited, Ho3+ 

ions reach the 5F3 level, from which a fast non-radiative decay takes place and ions reach the 

5S2,
5F4 metastable multiplets, resulting in green emission at ~542 nm and red emission at ~752 

nm. From the 5S2,
5F4 levels further non-radiative deexcitation processes populates the 5F5 level, 

resulting in 5F5→
5I8 emission at ~648 nm. Mechanisms of excitation and emissions are        
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shown in Fig. 3. Lin et al. [27] obtained similar emission spectra in Ho3+/Yb3+ co-doped GC with 

YF3 nanocrystals under 488 nm excitation. Out of these three transitions, the green emission is 

more intense than the other two. As can be seen from Fig. 2, the emission intensity and splitting 

of the bands increases from glass to GC4, indicating the progressive incorporation of Ho3+ ions 

into the CaF2 nanocrystals and the increase in size of the nanocrystals.  

3.2.2. Quantum cutting and 1.2 µm emission spectra 

As already mentioned, when the samples are excited with a 473 nm cw laser, the Ho3+ 

ions are excited to the 5F3 level, followed by a non-radiative relaxation to the 5S2,
5F4 level. From 

this level, the following resonant cross-relaxation energy transfer, denoted as CR1 in Fig. 3, 

occurs: 

5S2,
5F4 (Ho3+) + 2F7/2 (Yb3+) → 5I6 (Ho3+) + 2F5/2 (Yb3+) 

and one Ho3+ 1180 nm photon (from the 5I6 level) and one Yb3+ 980 nm photon (from the 2F5/2 

level) are emitted.   

 Further, non-radiative multiphonon relaxations from the 5S2,
5F4 levels populate the 5F5 

one and, from this level, another resonant cross-relaxation energy transfer, shown as CR2 in Fig. 

3, takes place as follows: 

   5F5 (Ho3+) + 2F7/2 (Yb3+) → 5I7 (Ho3+) + 2F5/2 (Yb3+) 

resulting in the emission of one Ho3+ 2.0 µm photon (from the 5I7 level) and one Yb3+ 980 nm 

photon (from the 2F5/2 level). All these excitations, CR and emissions channels are shown in the 

partial energy level diagram of Yb3+ and Ho3+ ions in Fig. 3. It is worth noting that Zhou et al. 

[26] and Lin et al. [27] proposed similar mechanisms to explain QC processes in Ho3+/Yb3+ 

codoped glass-ceramics. 
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Emissions from Yb3+ (2F5/2→
2F7/2) and Ho3+ (5S2,

5F4→
5I6) ions overlap giving a wide 

band in the range of 950-1100 nm, as shown in Fig. 4. Additionally, Yb3+ emissions consist of 

two peaks, a sharp one at ~980 nm and broader one at ~1020 nm, attributed to emission from the 

lowest Stark level of 2F5/2 multiplet to the lowest and next higher Stark levels of the 2F7/2 ground 

multiplet, respectively [28]. The intensity of Yb3+ emissions increases, due to the change of the 

Ln3+ local structure, from glass to glass-ceramic GC3, and then decreases marginally for GC4, 

which could be due to back transfer processes from Yb3+ to Ho3+ ions. The 5I6→
5I8 transition 

gives emission at ~1.2 μm and is also shown in Fig. 4 for the glass and GCs. Their intensities are 

higher compared to those of 1.0 μm, and increase monotonically from the glass to the glass-

ceramic GC4 with the increase in size of the nanocrystals and the progressive incorporation of 

Ho3+ ions into low phonon energy CaF2 nanocrystals.      

As can be seen from Figs. 2 and 4, in moving from glass to GC4, the enhancement factor 

of the intensity is higher for the 5I6 → 5I8 emission band compared to the 5S2,
5F4 → 5I7 band of 

Ho3+ ions. This can be explained taking into account that the energy difference between the 

5S2,
5F4 and 5F5 levels is ~3020 cm-1 whereas the difference between the 5I6 and 5I7 levels is 

~3540 cm-1 (from absorption spectrum). Larger energy gap results in lower multiphonon 

relaxation from the upper level. In moving from glass to GC4, phonon energy of the host 

progressively decreases. As a result of this, there is progressive increase in radiative emission 

from the 5I6 level compared to the 5S2,
5F4 level in moving from glass to GC4. Another reason for 

higher enhancement factor of the 5I6→ 5I8 emission could be increase in CR1 process, in moving 

from glass to GC4, which depopulates the 5S2,
5F4 level and populates the 5I6 one.  
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 Quantum cutting (QC) is a process in which one photon of high energy converts into two 

photons of lower energy. This process in the Ho3+ ions, where each photon at 473 nm that is 

absorbed can produce two NIR photons, given by 2F5/2→
2F7/2 & 5I6→

5I8 (1.0 & 1.2 μm) and 

2F5/2→
2F7/2 & 5I7→

5I8 (1.0 & 2.0 μm). The low energy photons (~1.2 and ~2.0 μm) are more 

intense and efficient as they occur only between Ho3+ ions, whereas the former ones (~1.0 μm) 

involves energy transfer from Ho3+ to Yb3+ ions and, hence, they are weaker.  

The effect of Yb3+ ions can be analyzed using the decay curves of the 2F5/2 level of Yb3+ 

ions in glass and GC3. These decays are measured by exciting them with a 944 nm laser 

radiation and monitoring the emission at ~1020 nm, where there is shoulder in the Yb3+ ions 

emission, and are shown in Fig. 5. Both decay curves are clearly non-exponential and the 

average lifetimes [11] are found to be ~15 and ~28 μs for glass and GC3, respectively. It is 

interesting to note that the lifetime in GC3 increases significantly, almost by a factor of 2, due to 

the presence of Yb3+ ions in a low phonon energy CaF2 nanocrystalline environment.  

Decay curves for the 5I6→
5I8 transition of Ho3+ ions at 1.2 μm measured in the glass and 

the glass-ceramics, under 473 nm laser excitation, are shown in Fig. 6. As can be seen, all decay 

curves are non-exponential in nature and consists of short and long components. The short 

component corresponds to ions that reside in the glass matrix and are not incorporated in the 

nanocrystals. But, as can be seen from Fig. 6, this component is reduced from GC1 to GC4. 

Lifetime of the long component of 1.2 μm decay, which is due to ions present in CaF2 

nanocrystals, increases with the increase in the size of nanocrystals from 15 μs (Glass/GC1) to 

1.586 ms (GC4). It is worth noting that the lifetime in GC4 is three orders of magnitude (~1006 

times) longer compared to that of the glass, due to the presence of Ho3+ ions in low phonon 

energy CaF2 nanocrystals. The present lifetime of the 1.2 μm emission of Ho3+ ion in GC4 is 
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longer compared to other reported Ho3+ doped matrices, such as CaSc2O4 ceramic [29] or water-

free fluorotellurite glasses [30]. 

Fig. 7 shows the time-resolved NIR QC emission of Yb3+ ions at different delay times 

after exciting with a 532 nm laser light, resonant with the 5I8→
5F4,

5S2 transition of Ho3+ ions. 

The emission spectra consist of overlapped bands at ~894, ~911, ~980 and ~1020 nm due to 

Stark’s splitting of the excited Yb3+:2F5/2 multiplet and the 5F4,
5S2→

5I6 transition of Ho3+ ions at 

~1010 nm. The energy transfer from Ho3+ ions is responsible for the emission of Yb3+ ions. The 

emission intensity and full width at half maximum of the 980 nm emission band increases with 

the increase in delay time, due to population differences among the thermally coupled levels of 

Yb3+ ions in the matrix.  

In order to study the energy transfer process more accurately, luminescence decay curves 

are obtained by exciting 5I8→
5F4,

5S2 transition at 532 nm of the Ho3+ ions and monitoring the 

emissions at ~975 and ~1010 nm, respectively, as shown in Fig. 8. The decay curves indicate 

that the energy transfer process is predominant at higher delay times because the Yb3+ ions are 

excited through CR1 or CR2 processes from Ho3+ ions. The rising edge in the decay curve (975 

nm) of Fig. 8 indicates the slow population process of the 2F5/2 level of Yb3+ ions through energy 

transfer from Ho3+ ions. This provides a strong evidence for the energy transfer from the Ho3+ to 

Yb3+ ions [31]. On the contrary, in the emission at ~1010 nm, associated with the 5F4,
5S2→

5I6 

transition, predominates the emission coming from Ho3+ ions initially excited.  

The emission cross-section between a high energy level and a lower energy level can be 

derived using the McCumber [32] theory, 
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where σab is absorption cross-section, σab=α(λ)/Ν, where α(λ) is the experimental absorption 

coefficient and N is the concentration of Ho3+ ions; Zl and Zu are the partial functions of lower 

and upper levels, respectively; kB is Boltzmann’s constant; Ej – Ei = hv – EZL is the energy 

separation between the two levels; and EZL is the ‘zero line’ energy, i.e. the energy of the 

transition from the lowest Stark sublevels of upper and lower manifold.  

Absorption and emission cross-sections (x10-20 cm2) are calculated for the 1.2 μm 

emission of the Ho3+ ion and are found to be 0.93 and 5.2 for the precursor  glass and 1.16 and 

6.7 for the glass-ceramic GC4. Values of emission-cross-sections of glass and GC4 are much 

larger than those of TZNF60 glass (0.63 x10-20 cm2) [30] and oxyfluoride nano glass-ceramic 

(0.27 x10-20 cm2) [33]. Figure of merit (FOM), defined as the product of experimental lifetime 

and emission cross-section [34], for the 1.2 μm emission is found to be 0.08 x 10-23 cm-2
∙s for 

glass and 10720 x 10-23 cm-2
∙s for the glass-ceramic GC4. The FOM for GC4 is found to be about 

1000 times higher than that of glass. The higher value of FOM indicates higher gain for the 1.2 

μm emission in GC4. 

3.2.3. 2.0 μm emission spectra 

NIR emission spectra of the oxyfluoride glass and the glass-ceramics at around 2.0 μm 

are measured by exciting 5I8→
5F3 transition using a 473 nm laser light and are shown in Fig. 9. 

As can be seen, the intensity of the bands increases from the glass to the glass-ceramic GC3 and 

then decreases slightly for GC4. This could be due to decrease in the magnitude of the cross-

relaxation processes, CR2 in GC4, which feeds 5I7 level, due to decrease in multiphonon 

relaxation from 5S2,
5F4 to 5F5 level. The full width at half maximum (FWHM) of the all the 
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emissions of the present study, from glass to GC4, is found to be around 153 nm (386 cm-1), 

which is slightly larger than 149 nm found in TZNF60 glass [26] but less than 171 nm found in 

germinate glass [35].  

Absorption and emission cross-sections (x10-20 cm2) of the 2.0 μm band calculated using 

Eq. (1) are found to be 2.1 and 5.39 for the precursor glass and 2.09 and 5.79 for the glass-

ceramic GC4, respectively. The absorption and emission cross-sections (x10-20 cm2) of the 

present study are larger than those found in oxyfluoride glass (σab= 0.498, σem= 0.47) and glass-

ceramic GC C (σab= 0.56, σem= 0.66) [2] and TZNF60 glass (σab= 0.68, σem= 0.72) [26].    

The wavelength dependent gain cross-section can be expressed as: 

                                                           
( ) ( ) ( ) ( )λσγλγσλσ abemg −−= 1

                                   (2)
 

where σem and σab represents emission and absorption cross-sections, respectively, and γ (0 to 1 

with an increments of 0.1) represents the population of Ho3+ ions. Gain cross-section spectra of 

the 5I8↔
5I7 transitions of Ho3+ ion at 2.0 µm as a function of population inversion for a glass and 

the glass-ceramic GC4 are shown in Figs.10 (a) and (b), respectively. Gain is positive when the 

population inversion is equal or greater than 0.3. However, broadening is more predominant for 

GC4 compared to glass. The gain is found to be 5.79 cm-2 for GC4 which is higher than that of 

glass, 5.35 cm-2. The value of gain is very high compared to those of reported tellurite [35] and 

fluorophosphate [37] glasses. It is observed from the gain spectra that a tunable wavelength 

range of 1900-2100 nm is expected when the population inversion is greater than or equal to 0.5. 

These results reveal that the Ho3+-doped glass-ceramics have potential for optical amplifiers. 
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4. CONCLUSIONS 

The Ho3+-Yb3+ co-doped transparent oxyfluoride glass and glass-ceramics containing 

CaF2 nanocrystals have been investigated. X-ray diffraction patterns confirm the formation of 

CaF2 nanocrystals in the glass matrix. The size of the nanocrystals increases from 8 to 18 nm 

with increasing the thermal treatment temperature of the precursor glass. Near-infrared quantum 

cutting as well as 2.0 µm eye safe emissions are obtained in Yb3+ ions and Ho3+ ions, 

respectively by exciting with 473 nm laser at the 5F2 level of Ho3+ ions. The similar emission is 

also achieved at different delay times by exciting the 5F4 level of Ho3+ ions at 532 nm. The decay 

curves of Yb3+ emission evidences the energy transfer process from Ho3+ to Yb3+ ions. It is worth 

noting that lifetime of 1.2 μm emission has been enhanced by three order of magnitude in GC4 

sample compared to that of the precursor glass. Intense Yb3+ and Ho3+ near-infrared emissions 

indicate that the present oxyfluoride glass-ceramics containing CaF2 nanocrystals have potential 

application in realizing the solar spectrum to enhance the efficiency of c-Si solar cells. 
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Fig.1. X-ray diffraction patterns of the oxyfluoride glass and glass-ceramics. 
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Fig. 2. Visible emissions of Ho3+ ions in the oxyfluoride glass (G) and glass-  
           ceramics (GC) under 473 nm laser excitation. 
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Fig.3. Partial energy level diagram of the oxyfluoride glass and glass-ceramics.  
                      CR indicates a cross-relaxation channel. 
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Fig. 4. Quantum cutting emissions of Yb3+ and Ho3+ ions in the oxyfluoride  
           Glass (G) and glass-ceramics (GC) under 473 nm laser excitation. 
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Fig. 5. Decay curves of the Yb3+ ions in the oxyfluoride glass (G) and glas-ceramic   
           (GC3) exciting at 944 nm and monitoring the emission at 1020 nm, where there is  
           shoulder in the Yb3+ emission. 
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Fig. 6. Decay curves of the Ho3+ ion in the oxyfluoride glass (G) and glass-ceramics (GC)  

                exciting at 473 nm and monitoring the emission at 1.2  μm. 
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Fig. 7. Time-resolved near-infrared quantum cutting emissions of Yb3+ ions at different delay 

times after a 532 nm pulsed-laser excitation in a glass-ceramic (GC3). 
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Fig. 8. Decay curves of Yb3+ (975 nm) and Ho3+ (1010 nm) ions in glass-ceramic (GC3) 
under 532 nm pulsed laser excitation.  
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Fig. 9. Near infrared emissions of Ho3+ ions in the oxyfluoride glass (G) and  
                           glass-ceramics (GC) under 473 nm laser excitation. 
 
 
 
 
 
 
 
 
 
 

 



25 

 

1800 1900 2000 2100 2200 2300

-4

-3

-2

-1

0

1

2

3

4

5

6

 

 

G
ai

n 
cr

os
s-

se
ct

io
n 

(c
m

-2
)

Wavelength (nm)

 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 1

1800 1900 2000 2100 2200 2300

-4

-3

-2

-1

0

1

2

3

4

5

6

 

 

G
ai

n 
cr

os
s-

se
ct

io
n 

(c
m

-2
)

Wavelength (nm)

 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 1

 
(a)                                                                     (b) 

 
Fig. 10. Gain cross-section spectra of Ho3+ ion at 1950 nm in Ho3+/Yb3+-doped  

                           oxyfluoride (a) glass and (b) glass-ceramic (GC4). 
 

 
 
 



Research Highlights: 

� Ho3+-Yb3+ co-doped oxyfluoride glass and glass-ceramics (GC) have been synthesized. 

� Samples show quantum cutting (QC) and near infrared emissions under 473 nm 

excitation. 

� Lifetime of 1.2 μm emission has been enhanced by three orders of magnitude in GC 

compared to precursor glass. 

� 1.0 μm QC emission of Yb3+ ions could improve the efficiency of Si solar cells. 

� 1.2 μm QC emission of Ho3+ ions could be useful for enhancing transmission windows of 

optical amplifiers.  
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Strontium phosphate glasses with various concentrations of Nd2O3 have been
prepared by melt quenching method. Absorption and photoluminescence
spectra and lifetime measurements have been carried out to obtain the optical
properties of these glasses. From the absorption spectrum, intensity and
radiative parameters have been evaluated using Judd–Ofelt analysis. Near-
infrared photoluminescence spectra consist of three bands centered at 875 nm,
1056 nm and 1327 nm, among which the highest intensity has been noticed
for the band at 1056 nm that corresponds to the 4F3/2 fi 4F11/2 transition of
Nd3+ ion. Laser parameters such as branching ratio, band width, stimulated
emission cross section and gain bandwidth for the 4F3/2 fi 4F11/2 transition
are found to be 0.52, 28 nm, 2.31 9 10�20 cm2 and 6.5 9 10�26 cm3, respec-
tively. Decay curves of the 4F3/2 level of Nd3+ ions exhibit a single exponential
nature at lower concentrations, while they become non-exponential at higher
concentrations (‡ 0.1 mol.%) due to non-radiative energy transfer processes.
This feature is also associated with shortening of lifetime from 307 ls to 82 ls
when the Nd3+ ion concentration increases from 0.1 mol.% to 4.0 mol.%. The
results have been compared with those of barium and magnesium phosphate
glasses and commercial glasses. The results suggest that these glasses have
potential applications as infrared laser materials at 1.05 lm.

Key words: Nd3+ ion, strontium phosphate glasses, JO parameters,
NIR luminescence, laser applications

INTRODUCTION

Trivalent lanthanide (Ln3+) ion-doped glasses
have attracted much attention as they have poten-
tial applications in the fields of plasma display
panels, photovoltaics, antibacterial activity, optical
detectors, fiber grating, drug carriers, photocataly-
sis, lasers, fiber amplifiers, waveguides and telecom-
munications.1–3 Owing to the optical properties of
the Ln3+-doped glasses and with the prompt evolu-
tion of the diode-pumped solid-state lasers,

investigation on newly developed laser glasses has
gained more attention.4,5 Among the various Ln3+

ions, Nd3+ ion is one of the important and most
extensively studied ions for near-infrared (NIR)
lasers as it emits very useful wavelengths at
880 nm, 1050 nm, 1350 nm and 1800 nm corre-
sponding to 4F3/2 fi 4IJ/2 (J = 9, 11, 13 and 15)
transitions, respectively. Out of these four transi-
tions, the 4F3/2 fi 4I11/2 transition at 1050 nm is
the most intense one and has several practical
applications. The other laser transitions at 800 nm
and 1350 nm are being used in diode lasers and
telecommunications, respectively.

On the other hand, petawatt (PW)-scale laser
facilities based on ultrahigh-intensity lasers have
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been fabricated around the world in the last few
decades.6,7 Nd3+-doped glass amplifiers are being
used to develop these ultrahigh-intensity lasers.8

But the commercially available Nd3+-doped silicate
and phosphate9,10 glasses and even the hybrid glass
structure11 are unable to shorten the pulse duration
and enhance the peak power of the laser pulses to
the required level (exawatt-level pulse or 10–15 PW
in a single beam) due to their narrow emission
bandwidth (around 25 nm)12 and short fluorescence
lifetime. Hence, it is important to develop the new
Nd laser glasses that can give an ultra-wide emis-
sion band for constructing high-energy ultrashort
pulse lasers. Therefore, selecting a suitable glass
host as an active medium for the laser action is also
an important criterion to achieve the desired char-
acteristics, including minimum optical losses, high
gain and high-energy storage capability. These
characteristics in turn depend on the stimulated
emission cross section, band width, coupling effi-
ciency of the pump source and lifetime of the excited
level.13,14

Of all the optical glasses, phosphate glasses have
been extensively studied due to their exclusive
advantages such as low melting point, low disper-
sion, low softening temperatures, high mechanical,
thermal and electrochemical stability, high refrac-
tive index, high ionic conductivity, high solubility of
Ln3+ ions resulting in less clustering, extensive
transparency in the ultraviolet-infrared (UV-IR)
spectral region, etc.15,16 Nevertheless, the hygro-
scopic nature and poor chemical durability of these
glasses are the drawbacks for their practical appli-
cation as laser gain media. Addition of alkaline
earth metals (Mg, Ca, Sr and Ba) to the phosphate
glass as a network modifier leads to a disruption of
the glass network and enhances the creation of non-
bridging oxygen (NBO) defects.17

In view of the above merits, the authors system-
atically prepared the Nd3+-doped phosphate glasses
modified by BaO, MgO and SrO individually as a
single modifier. Spectroscopic investigations of
Nd3+-doped BaO (P2O5-BaO-Nd2O3: PBN) and
MgO (P2O5-MgO-Nd2O3: PMN) modified phosphate
glasses have already been reported earlier18,19 by
our group. In this report, absorption and NIR
photoluminescence properties of Nd3+-doped SrO
(P2O5-SrO-Nd2O3: PSN) modified phosphate glasses
are studied, and the results obtained are compared
with those of BaO- and MgO-modified glasses along
with the other reported SrO-based Nd3+-doped
phosphate glasses as well as commercial glasses.
The effect of concentration on the photolumines-
cence properties of these glasses has also been
presented. For the past decade, phosphate glasses
with two or three modifiers have been studied so far.
To the best of the authors’ knowledge, the photolu-
minescence properties of phosphate glasses with a
single modifier (i.e. SrO) have not been reported so
far. Therefore, the present work can provide the
basis to understand the fundamentals that underlie

the composition dependent luminescence properties
of phosphate glasses.

EXPERIMENTAL TECHNIQUES

Nd3+-doped strontium phosphate (PSN) glasses of
composition (50 � x/2) P2O5 + (50 � x/2) SrO + x
Nd2O3 (where x = 0.05 mol.%, 0.1 mol.%,
0.5 mol.%, 1.0 mol.%, 2.0 mol.%, 3.0 mol.% and
4.0 mol.%) were prepared by the melt quenching
method following the procedure described in our
earlier paper.18 High-purity chemicals of strontium
metaphosphate (Sr(PO3)2) and neodymium oxide
(Nd2O3) from Sigma-Aldrich were taken as initial
materials. Prepared glass samples were labeled as
PSN005, PSN01, PSN05, PSN10, PSN20, PSN30
and PSN40 for 0.05 mol.%, 0.1 mol.%, 0.5 mol.%,
1.0 mol.%, 2.0 mol.%, 3.0 mol.% and 4.0 mol.% con-
centration of Nd2O3, respectively.

Refractive index was measured with an Abbe
refractometer at the wavelength of 589.3 nm.
Archimedes’ drainage method was used to obtain
the density of glass samples using distilled water.
The density and concentration of Nd3+ ion in the
PSN10 glass were found to be 3.298 g cm�3 and
0.2641 9 1020 ions cm�3, respectively. The UV-vis-
ible-NIR absorption spectrum of the PSN10 glass
was recorded on a Perkin–Elmer Lambda 950 UV/
VIS/NIR spectrophotometer with a spectral resolu-
tion of ± 1 nm. An Edinburgh UV-VIS-NIR (FLS
980) spectrophotometer equipped with an 808-nm
pulsed laser diode (excitation source) was used to
record NIR luminescence spectra and decay curves.
All these measurements were made at room
temperature.

RESULTS AND DISCUSSION

The refractive index of the PSN10 glass is found
to be 1.586 which is slightly lower than 1.0 mol.% of
Nd2O3-doped BaO (PBN10) (1.598)18 and higher
than MgO-modified (PMN10) (1.581)19 phosphate
glasses. It is observed that the refractive index
increases with increase in cationic radius of the
network modifier element. It is also well known that
the NBO with increasing polarizability can enhance
the index of refraction in the glass host. Therefore,
the low refractive index shows the presence of a
relatively low concentration of NBOs in the present
PSN10 glass compared to that of PBN10 glass.18

Optical absorption spectrum of Nd3+-doped PSN10
glass is depicted in Fig. 1. All the absorption bands
fall in the visible-NIR region, whereas the absorp-
tion edge is in the ultraviolet (UV) region
(� 300 nm). No sharp absorption edge is observed,
which is evidence for the glassy state. It can be seen
that the Stark structure is weakly resolved in the
glasses due to the inhomogeneous broadening, and
hence most of the transitions often overlap in the
spectrum. Upon excitation, Nd3+ ions are pumped
from the ground state (4I9/2) to the different excited
levels of 4f3–4f3 electronic transitions. Eleven bands
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centered at 352 nm, 430 nm, 468 nm, 510 nm,
524 nm, 581 nm, 626 nm, 682 nm, 745 nm,
802 nm and 874 nm are observed in the absorption
spectrum, which are assigned to the 4I9/2 fi (4D1/

2 + 4D3/2 + 4D5/2), (2P1/2 + 2D5/2), (2G9/2 + 2D3/

2 + 4G11/2 + 2K15/2), 4G9/2, 2G7/2, (4G5/2 + 2G7/2),
2H11/2, 2F9/2, (4F7/2 + 4S3/2), (4F5/2 + 2H9/2) and 4F3/2

transitions, respectively. The absorption spectrum
is similar to those of the reported Nd3+

glasses,9–12,18,19 except for small changes in their
relative peak positions, intensities and broadening
due to changes in the ligand field around the Nd3+

ions in different glass matrices. The Nd3+–ligand
bond influences the position of the absorption band
due to the nephelauxetic effect. The nephelauxetic
ratio (b) and bonding parameter (d) are calculated
using the following expressions:20,21

b ¼ mc
ma

ð1Þ

d ¼ 1 � �b
�b

� 100

� �
ð2Þ

where ‘mc’ and ‘ma’ are the energies of the respective
transitions in the glass system and aqua solution.
The assignment of energy levels of the Nd3+ ions in
the PSN10 glass and the aquo-ion are made using
the reports of Carnall et al.22 as these values are
host-independent. The �b is the average of all the b
values of the observed transitions in the absorption
spectrum. Positive or negative values of d specify
the covalent or ionic nature of the Nd3+–O bond,
respectively.23 The experimental energies and d
values are given in Table I. A positive value of d in
this PSN10 glass shows that the bonding of Nd3+

ions with their surrounding ligand field is covalent.
It is noticed that the d value is lower compared to
those of PBN1018 and PMN1019 glasses, indicating
that Nd3+ ions experience relatively weak covalence
in the PSN glass and that the covalence is increased
in the order of PSN< PBN< PMN.

Among the absorption transitions, 4I9/2 fi (4G5/2

+ 2G7/2) is the most intense and is hypersensitive
transition (HST). Generally, the HST is more sen-
sitive to the chemical surroundings of the Nd3+ ion
in the glass matrix. This transition normally has
higher values of doubly reduced matrix elements
and oscillator strengths compared to other transi-
tions. Experimental oscillator strengths (fexp) of
various absorption transitions of Nd3+ ion in the
PSN10 glass are evaluated by integrating each band
as given in Ref. 24. Using these fexp values, Judd–
Ofelt (JO)25,26 analysis has been performed for the
PSN10 glass to obtain the calculated oscillator
strengths (fcal) and intensity parameters (Xk,
k = 2,4,6) following the least square method.24 The
value of root-mean-square deviation [r(N)] indicates
the quality of the fit. The values of fexp, fcal and r(N)
are given in Table I and are compared to those of
PMN1018 and PBN1019 glasses. From Table I, it is
noticed that the value of r(N) is ± 0.87 9 10�6

which indicates that fexp and fcal are in good
agreement. As expected, the oscillator strengths
for the HST are high and it is also noticed that these
are relatively higher in PBN1018 and lower in the
present PSN10 glasses, suggesting that a relatively
lower nonsymmetric electric field component is
acting on the Nd3+ ions in the PSN glass.

The obtained intensity parameters (X2, X4 and X6)
from JO analysis for the present PSN10 glass are
presented in Table II along with the values of other
reported Nd3+-doped glasses.18,19,27–31 Generally,
intensity parameters do not vary much as a function
of Nd3+ ion concentration. Hence, it is usual practice
to calculate the intensity parameters for a 1.0 mol.%
doped sample (which is the optimum concentration
to obtain reasonable intensities for absorption
bands of Ln3+ ions) and are used to evaluate
radiative properties of the emitting levels of Ln3+

ions. It is reported that X2 is more sensitive to the
ligand field, and, in turn, the composition of the
glass and its value is a measure of the amount of
covalent bonding between Nd3+ ions and surround-
ing ligands and site symmetry as well.32 As can be
seen from Table II, it is observed that the X2 value
is decreasing in the order STPN30 > PKSAN27 >
PKSAFN27> PKSABFN27> PKSFAN28> LG-75031

>LHG-831> LG-77031> LHG-8031> PBN18> PMN19

> PCBSN29> PSN. It is clear that the X2 value in
PSN10 glass is lowest compared to those of the glass
systems presented in Table II,18,19,27–31 suggesting
that there is higher symmetry at the Nd3+ ion site and
weaker covalence of the Nd3+–ligand bond. The higher
symmetry at the Nd3+ ion site (due to the close
packing of oxygen atoms around the Nd3+ ion) in the
PSN10 glass is also evident from the lower values of
oscillator strengths. The weaker Nd–O covalence in
the PSN10 glass is also consistent with the result
obtained from the nephelauxetic effect. Therefore,
both JO theory and the nephelauxetic effect indicate
that Nd3+ ions in the PSN10 glass experience rela-
tively weaker covalence, and both approaches give the

Fig. 1. Optical absorption spectrum of Nd3+-doped PSN10 glass.
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same conclusion. Chanthima et al.33 also observed
that the asymmetric nature around the Ln3+ ion is
more in MgO-modified phosphate glass than that of
the SrO-modified glass. Further, from Table II, it is
also observed that with the addition of K2O, Al2O3,

27

fluorine content27,28 and TiO2
30 to the phosphate

glasses, the covalence of the Nd–O bond increases
drastically.

It is also well known that X4 depends on the long-
range effects and is related to the bulk properties of

Table I. Experimental energies (Eexp, cm21), experimental (fexp) and calculated (fcal) oscillator strengths
(3 1026) and bonding parameter (d) of PSN10, PMN10 and PBN10 glasses

Transition Energy Oscillator strengths

4I9/2 fi Eexp

PSN10 PMN10 PBN10

fexp fcal fexp fcal fexp fcal

4F3/2 11,456 2.56 1.85 1.54 1.93 2.20 2.67
4F5/2 + 2H9/2 12,469 4.43 4.74 5.89 5.82 7.34 6.79
4F7/2 + 4S3/2 13,405 4.51 4.46 5.78 5.96 5.85 6.34
4F9/2 14,663 0.51 0.36 0.63 0.46 0.43 0.51
2H11/2 15,974 0.15 0.10 0.16 0.13 0.09 0.14
4G5/2 + 2G7/2 17,212 9.55 9.61 13.20 13.29 16.30 16.34
4G7/2 19,084 3.54 2.39 4.48 2.74 4.22 3.58
4G9/2 19,531 3.11 1.08 3.01 1.23 2.58 1.57
4G11/2 + 2D3/2 + 2G9/2 + 2K15/2 21,008 1.69 0.89 1.30 1.03 1.74 1.29
2P1/2 + 2D5/2 23,310 0.38 0.50 0.46 0.49 0.74 0.72
4D1/2 + 4D3/2 + 4D5/2 28,090 7.77 9.05 8.56 9.10 12.68 13.07
r(N)a (9 10�6) ± 0.87 (11) ± 0.79 (11) ± 0.48 (11)
d 0.3714 0.6036 0.4016

ar(N) is the root mean square (r.m.s) deviation between experimental and calculated energy levels, and N is the number of levels
considered in the fitting.

Table II. Comparison of JO parameters (Xk, 3 10220 cm2), spectroscopic quality factor (v), radiative (sR, ls),
experimental (sexp, ls) lifetimes, quantum efficiency (g, %), bandwidth (Dkeff, nm), emission cross section
[r(kp], 3 10220 cm2], gain band width [Dkeff 3 r(kp), 3 10226 cm3] in various Nd3+-doped phosphate glasses

Glass Composition X2 X4 X6 v sR sexp g Dkeff r(kp) Dkeff 3 r(kp) References

PSN P2O5, SrO, Nd2O3 1.16 3.78 3.00 1.25 451 256 57 28.2 2.31 6.5 Present
work

PBN P2O5, BaO, Nd2O3 2.62 5.47 4.24 1.29 331 180 54 24.0 2.79 6.7 18
PMN P2O5, MgO, Nd2O3 2.55 3.74 4.12 0.91 394 232 59 25.0 3.26 8.2 19
PKSAN P2O5, K2O, SrO, Al2O3,

Nd2O3

6.74 3.86 6.35 0.61 319 172 54 27.95 4.05 11.3 27

PKSFAN P2O5, K2O, SrO, SrF,
Al2O3, Nd2O3

5.24 4.30 5.81 0.74 326 211 65 32.6 3.29 10.7 28

PKSAFN P2O5, K2O, SrO, Al2O3,
Al2F3, Nd2O3

6.63 5.07 5.98 0.85 290 188 65 23.7 5.08 12.0 27

PKSABFN P2O5, K2O, SrO, Al2O3,
BaF, Nd2O3

6.50 4.64 5.99 0.77 306 194 63 23.5 4.72 11.1 27

PCBSN P2O5, CaO, BaO, SrO,
Nd2O3

2.17 2.46 3.07 0.80 354 284 80 27.5 3.90 10.7 29

STPN SrO, TiO2, P2O5,
Nd2O3

7.75 4.74 6.05 0.78 282 238 84 26.0 4.89 12.7 30

LHG-80 – 3.6 5.0 5.5 0.91 326 – – 23.9 4.20 10.0 31
LHG-8 P2O5, Al2O3, K2O, BaO 4.4 5.1 5.6 0.91 351 – – 26.5 3.60 9.5 31
LG-770 P2O5, Al2O3, K2O, MgO 4.3 5.0 5.6 0.89 349 – – 25.4 3.90 9.9 31
LG-750 P2O5, Al2O3, K2O, BaO 4.6 4.8 5.6 0.86 367 – – 25.3 3.70 9.3 31

Prasad, Vijaya, Babu, Mohan, and Praveena



glass, and X6 is related to the rigidity of the glass
host, which are influenced by the vibronic transi-
tions of the Ln3+ ions bound to the ligand atoms. As
can be seen from Table II, the X6 value is found to
be lowest in the PSN10 glass compared to those of
the other reported glasses, indicating that PSN
glass has a less rigid nature. Generally, in the case
of Nd3+ ions, a higher value of X4 parameter favors
an intense 4F3/2 fi 4I9/2 transition, while the X6

parameter improves intensity of the 4F3/2 fi 4I11/2

transition. In fact, the ratio of X4/X6, called spec-
troscopic quality factor (v), is a very important
parameter, and it provides the information about
the means through which 4F3/2 level of Nd3+ ion can
relax to the ground state. In order to get the highest
luminescence for 4F3/2 fi 4I11/2 transition, X6

should be slightly greater than X4. In the PSN10
glass, the v value is found to be 1.25 which falls
within the normal range of 0.2–1.5. As can be seen
from Table II, X6> X4 for all the reported glasses,
except for PSN10 and PBN1018 glasses; conse-
quently, the v value is greater than that for the
PSN10 and PBN10 glasses. This result is similar to
those found in borate,34 LiPbAlB,35 Nb1,36 tellu-
rite,37 fluorophosphate38 and ZBSN439 glasses.
Hence, in these glasses, the 4F3/2 fi 4I9/2 transition
also plays an important role in relaxing the 4F3/2

level. Moreover, this high-intensity laser at 875 nm
corresponding to the 4F3/2 fi 4I9/2 transition is also
useful to produce blue light-emitting devices by the
monolithic integration of laser emission.40

Further, the JO intensity parameters (Xk) are used
to evaluate the radiative properties like radiative
transition probability (AR), branching ratio (bR) and
radiative lifetime (sR) for the 4F3/2 fi 4I9/2,11/2,13/2

transitions of Nd3+ ion in the PSN10 glass. Radiative
lifetime for the 4F3/2 level of Nd3+ ion in the PSN10
glass is found to be 451 ls which is the highest value
compared to those of the other reported glasses
presented in Table II. This indicates that the excited
level slowly depopulates in the PSN10 glass, which
favors the population inversion and, consequently,
stimulated emission.

NIR luminescence spectra of PSN glasses were
obtained by exciting the samples with an 808-nm
laser and are shown in Fig. 2. A partial energy level
diagram of the Nd3+ ions is shown in Fig. 3 which
explains the mechanism involved in NIR lumines-
cence in the Nd3+-doped PSN glasses. When excited
at 808 nm, initially, the Nd3+ ions were pumped to
the 4F9/2 level, from which they made fast non-
radiative transition and reached a 4F3/2

metastable state, as shown in Fig. 3. Thereafter,
they made radiative transitions to lower-lying
energy levels whose wavelength lies in NIR region.
NIR luminescence spectra consisting of three bands
at 875 nm, 1056 nm and 1327 nm correspond to the
4F3/2 fi 4IJ/2 (J = 9, 11 and 13) transitions, respec-
tively. Among them, the 4F3/2 fi 4I11/2 transition at
1056 nm is the most intense and prominent one
which has many practical applications as a four-

level laser system. The emission band at 875 nm
split into two bands, which describes the specificity
of the glass host. Intensities of all three transitions
with respect to Nd3+ ion concentration are depicted
in Fig. 4a. As can be seen, at very low concentra-
tions (from 0.05 mol.% to 0.1 mol.%), no change is
observed in the intensity, but the intensities of all
three transitions increase rapidly from 0.1 mol.% to
1.0 mol.% and then decreases with increase in
concentration. This luminescence quenching behav-
ior at higher concentrations above 1.0 mol.% is due
to the enhanced energy transfer between the neigh-
boring Nd3+ ions via cross-relaxation channels,
through 4F3/2 + 4I9/2 fi 4I15/2 + 4I15/2 (Fig. 3).41

Therefore, 1.0 mol.% is the optimum concentration
in the present Nd3+: PSN glasses. Further, the

Fig. 2. NIR luminescence spectra of Nd3+-doped PSN glasses under
808-nm excitation.

Fig. 3. Partial energy level diagram of Nd3+ ions in PSN glasses.
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relative intensity ratio of 4F3/2 fi 4I9/2/4F3/2

fi 4I11/2 transitions is also high at 1.0 mol.%
concentration of Nd3+ ions, as shown in Fig. 4b.

From the NIR luminescence spectra, effective
bandwidth (Dkeff, nm), radiative transition proba-
bility (AR, s�1), peak stimulated emission cross
section [r(kp), 9 10�20 cm2] and experimental
branching ratio (bR) for 4F3/2 fi 4IJ/2 (J = 9, 11
and 13) transitions in PSN10 glass are evaluated
and are given in Table III. As can be seen, radiative
transition probabilities for both 4F3/2 fi 4I9/2 and
4I11/2 transitions are more or less similar, which
indicates that the 4F3/2 fi 4I9/2 transition is com-
peting with the 4F3/2 fi 4I11/2 transition in the
PSN10 glasses, as discussed above. Another essen-
tial parameter that characterizes the power of the
laser transition is the branching ratio. In Table III,
the experimental bR values are obtained from the
ratio of area under the corresponding emission band
and total integrated area of all the emission bands
(Fig. 2), while the calculated bR values are obtained
from the JO analysis. It is noticed that the

experimental and calculated bR values are in good
agreement. It is observed from the literature that
the bR values for 4I9/2,11/2,13/2 levels of Nd3+ ion in
many glasses42–44 are approximately in the ratio of
35:55:10, respectively. In the present case, calcu-
lated bR values are in the ratio of 46:46:8 (Table III)
as observed in the case of lanthanum sodium zinc
tellurite glass.45 This is also evident from the values
of v and AR. However, experimental bR values are in
the ratio of 40:52:8 indicating that the 4F3/2 fi 4I11/2

transition of Nd3+ ion in PSN glass is dominant and
is more efficient laser transition than the other two
transitions. Furthermore, experimental bR values
(hence the intensity of emission bands) varied
marginally in the PBN10,18 PMN1019 and PSN10
glasses. However, the bR value for 4F3/2 fi 4I9/2

transition is slightly decreased in the order of
PMN> PSN > PBN, while it is increased in the
order of PMN< PSN< PBN for the 4F3/2 fi 4I11/2

transition of Nd3+ ion. This trend indicates that
with increasing cationic radius of the network
modifier ions (Mg2+< Sr2+< Ba2+), the intensity
of 4F3/2 fi 4I11/2 transition increases. This may be
due to greater depolymerization of BaO network
modifier oxide.46

A low value of Dkeff and high value of r(kp) are
preferable for an efficient laser transition. In the
present case, lower Dkeff and higher r(kp) values for
the 4F3/2 fi 4I11/2 transition of Nd3+ ion in PSN10
glass compared to other two transitions infers that
4F3/2 fi 4I11/2 transition is a sharp and efficient
laser transition. Therefore, based on the above
observations, the potential laser transition at
1056 nm in the Nd3+-doped PSN glass can be used
for low-threshold and high-gain applications. The
Dkeff and r(kp) values for 4F3/2 fi 4I11/2 transition of
Nd3+ ion in PSN10 glass are compared with those
reported for the other glasses18,19,27–31 in Table II.
But for the high-energy ultrashort pulse lasers,
high radiative lifetime and emission bandwidth
values are required. It is observed that the value

Table III. Emission peak position (kp, nm), effective
bandwidth (Dkeff, nm), radiative transition
probability (AR, s21), peak stimulated emission
cross section (r(kp), 3 10220 cm2) and experimental
and calculated branching ratios (bR) for

4F3/2 fi 4IJ
(J = 9/2, 11/2 and 13/2) transitions in PSN10 glass

Transition
4F3/2 fi kp Dkeff AR r(kp)

bR

Exp. Cal.

4I9/2 875 36.26 1012 0.86 0.40 0.46
4I11/2 1056 28.21 1010 2.31 0.52 0.46
4I13/2 1327 46.74 182 0.63 0.08 0.08

Fig. 4. (a) Variation of peak intensity of 4F3/2 fi 4I9/2,
4I11/2 and 4I13/2

transitions and (b) relative intensity ratio of 4F3/2 fi 4I9/2/
4F3/2 fi 4I11/

2 transitions in Nd3+-doped PSN glasses as a function of concentration.

Fig. 5. Bandwidth (nm) in various Nd3+-doped phosphate glasses.
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of Dkeff is slightly higher in the PSN glass compared
to those of other glasses, including commercial
glasses except for PKSFAN glass28 (see Fig. 5).
Hence, based on the higher radiative lifetime and
emission bandwidth values, the present PSN
glasses doped with Nd3+ ions can find application
as high-energy ultrashort pulse laser material.
However, the value of r(kp) for the 4F3/2 fi 4I11/2

transition is found to be lowest in the PSN glass
compared to those of other glasses listed in Table II.
This could be due to the slightly higher value of Dkeff

in the PSN glass. However, the magnitude of r(kp) is
found to be higher in the PSN glass than that of
barium fluorophosphate,47 phosphate,48 LG-650,48

L-41,48 lead fluorosilicate49 and NaF-Na2O-B2O3
50

glasses, indicating the importance of PSN glass as a
potential laser host material. Further, the product
of Dkeff9 r(kp), known as gain bandwidth, is an
essential parameter for the design of optical ampli-
fiers. The gain bandwidth is found to be 6.5 9 10�26

cm3 for the 4F3/2 fi 4I11/2 transition of Nd3+ ion in
the present PSN10 glass. The gain bandwidth is
increasing in the order of PSN< PBN< PMN
glasses. Further, it is observed that addition of
TiO2, K2O, Al2O3 and AlF3 modifiers27–30 to the
strontium phosphate glass greatly enhances the
gain bandwidth. Therefore, the present glass forms
the basis to understand the modifier effect on the
gain bandwidth which will help to improve the
function of optical amplifiers. The gain band width
value is higher in PSN10 glass than those reported
for bismuth borate,51 fluoroborate52 and zinc phos-
phate53 glasses, indicating that the present PSN
glasses can also find application in optical
amplifiers.

In order to get more quantitative information on
luminescence quenching behavior, the decay curves
for the 4F3/2 level of Nd3+ ion in PSN glasses are
measured. Figure 6 shows the decay curves of the
4F3/2 fi 4I11/2 transition under 808-nm excitation.

As can be seen, the decay curves are single expo-
nential at lower concentrations up to 0.1 mol.% and
turn into non-exponential for higher concentrations
of Nd3+ ions. The non-exponential decay curves are
well fitted to the expression54 (see the supplemen-
tary Figures S1 to S6):

I tð Þ ¼ A1exp � t

s1

� �
þ A2exp � t

s2

� �
ð3Þ

where A1 and A2 are constants; s1 and s2 are
extracted from the fitted curves which represent the
fast and slow components of decay and are attrib-
uted to the radiative and the migration stages of
emission, respectively. Therefore, the experimental
(sexp) or average (savg) lifetimes of the 4F3/2 level in
these glasses are computed by using the following
expression and are presented in Table IV.

savg ¼ A1s2
1 þ A2s2

2

A1s1 þ A2s2
ð4Þ

As can be seen from Table IV, the experimental
lifetimes of the 4F3/2 level initially increases from
0.05 mol.% to 0.1 mol.% of Nd3+ ions and then
decreases for higher concentrations. This initial rise
and then fall in lifetimes with increasing concen-
tration was also observed for tellurite55 and PKBA56

glasses. This could be due to either radiative
trapping55 or differential site occupancy. Variations
in the ligand fields around the Nd3+ ion may give
raise to differences in the lifetimes. The shortening
of lifetimes at higher concentrations could be due to
the concentration quenching between Nd3+ ions.
The sexp values of PSN glasses are compared with
those of PBN18 and PMN19 glasses and are given in
Table IV and shown in Fig. 7. It is also noticed that
with increasing concentration, the lifetime values
are relatively slowly decreasing in PSN glass com-
pared to those of PBN18 and PMN19 glasses. This
could be due to the higher symmetry and weaker
covalence experienced by the Nd3+ ion in the PSN
glass compared to PMN and PBN glasses. The sexp

value is found to be higher in PSN10 glass compared
to those of other glasses shown in Table II except for
PCBSN.29 It is observed that addition of K2O, Al2O3

and fluorine content27,28 may lower the lifetime,
while CaO + BaO29 and TiO2

30 may enhance the
lifetime in the SrO-based phosphate glasses.

On the other hand, in PSN10 glass, considerable
variation between sexp and sR for the 4F3/2 level has
been observed, which emphasizes that some non-
radiative energy transfer processes (Wnr) are
involved. Wnr values in the PSN glasses are pre-
sented in Table IV, which are evaluated using the
following expression:

Wnr ¼
1

sexp
� 1

sR

� �
ð5Þ

Fig. 6. Decay curves of the 4F3/2 level for different concentrations of
Nd3+ ions in PSN glasses under 808-nm excitation, monitoring the
emission at 1056 nm. Inokuti–Hirayama (IH) model fit for 1.0 mol.%
decay curve is also shown.
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As can be seen from Table IV, Wnr values are
increasing consistently with increase in concentra-
tion of Nd3+ ions after 0.1 mol.%. It is well known
that there are four decay processes, namely multi-
phonon relaxation (MPR), concentration quenching,
energy transfer and presence of OH content, which
are responsible for the observed decrease of lifetime
through non-radiative energy transfer. It is
observed from the literature that the phonon energy
of phosphate glass is around 1300 cm�157, and,
hence, four to five phonons are required to overcome
the gap between the 4F3/2 level and its lower 4I15/2

level (� 5250 cm�1). Hence, MPR is one of the
processes that contributes to the decrease of lifetime
in the present PSN glasses. Concentration quench-
ing is mainly due to the increase in Nd3+ ion
concentration, which involves two mechanisms: The
first one is due to the cross-relaxation where the
donor (which is in an excited state) and nearby
acceptor (which is in a ground state) exchange
energy, and the second one is due to the energy
migration between donor to donor and then to traps.

In the present case, the former is playing a domi-
nant role and is evident from the decrease of
emission intensities with increasing concentration.
Finally, the non-exponential behavior of the decay
curves represents the presence of energy transfer.
In order to explain the type of energy transfer
mechanism, the decay curves are analyzed in the
framework of the Inokuti–Hirayama (IH) model
following the same procedure given in Ref. 58. The
non-exponential decay curves are well-fitted to the
IH model for S = 6, which confirms the nature of
interaction between Nd3+ ions is dipole–dipole. The
IH fit for the decay curve of 1.0 mol.% is included in
Fig. 6. The calculated energy transfer parameter
(Q), critical distance (Ro) and donor-to-acceptor
energy transfer interaction parameter (CDA) are
given in Table IV, which are important to assess the
strength of the interaction between donor and
acceptor. Generally, with increase in Ro value, Q
and CDA parameters will increase. As can be seen
from Table IV, the Q value is increasing consis-
tently with increase in Nd3+ ion concentration,
while the values of Ro and CDA decrease initially
up to 2.0 mol.% and then increase for higher
concentrations.

Further, in order to determine whether the
concentration quenching of lifetime of the 4I15/2

level of Nd3+ ions in the present PSN glasses is due
to a diffusion-limited or fast diffusion process, the
decay curves have been analyzed based on the
theory developed by Auzel et al.59,60 The diffusion-
limited process represents strong self-quenching,59

whereas the fast diffusion process represents weak
self-quenching60 between Nd3+ ions in the glass
host. According to Auzel’s theory, for electric dipole–
dipole interaction, the self-quenching by a diffusion-
limited process can be calculated using the
expression59

s Nð Þ ¼ s0

1 þ 9
2p

N
N0

� �2
ð6Þ

and self-quenching by fast diffusion can be calcu-
lated by the expression60

Table IV. Lifetime (sexp, ls), non-radiative energy transfer rate (Wnr, ls
21), quantum efficiency (g, %), energy

transfer parameter (Q), critical distance (Ro, A
o) and donor–acceptor interaction parameter (CDA, 3 10240

cm6 s21) of Nd3+-doped PSN glasses

Concentration sexp

Wnr g (%) Q Ro CDA(mol.%) (ions cc21) PSN PMN PBN

0.05 0.069 273 346 260 1.652 61 – – –
0.1 0.147 307 315 235 1.469 68 0.047 7.55 6.03
0.5 0.682 282 300 224 1.599 63 0.157 6.78 3.16
1.0 1.306 256 232 180 1.762 57 0.250 6.38 2.20
2.0 2.597 167 170 151 2.701 37 0.701 7.14 4.32
3.0 3.964 124 – 88 3.637 27 1.087 7.18 4.46
4.0 5.366 82 57 74 5.500 18 1.650 7.46 5.61

Fig. 7. Variation of lifetime (sexp) of the 4F3/2 level of Nd3+ ion in PSN,
PMN and PBN glasses. The inset shows the decay profiles of Nd3+

ion in PSN10, PMN10 and PBN10 glasses.
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s Nð Þ ¼ s0

1 þ 1:45 N
Nc

e�
bDE

4

ð7Þ

where N is the concentration of Nd3+ ion, so is the
experimental lifetime at very low concentration, No

is the critical sensitizer concentration for self-
quenching, Nc is the critical concentration for the
diffusion step between active ions, b is the expo-
nential parameter for multiphonon-assisted energy
transfers in the considered host and DE is the
energy gap between the 4F9/2 and 4I15/2 levels of the
Nd3+ ion.

In the present study, Nc was taken to be equal to
No (3.5 9 1020 ions/c.c.), which is calculated from
the Eq. 6 for 1.0 mol.% of Nd3+ ions by taking
so = 307 ls (experimental lifetime of 0.1 mol.%
Nd3+-doped glass). The b value (2.0 9 10�3 cm)
was calculated from the equations given in Ref. 61,
by taking the values of phonon energy as
1300 cm�157,58 and the electron phonon coupling
constant (g) as 0.054.57 By substituting the appro-
priate values, Eqs. 6 and 7 are used to simulate the
lifetimes of the 4F3/2 level for different Nd3+ ion
concentrations in the PSN glasses. The results are
depicted in Fig. 8. As can be seen from Fig. 8, it is
understood that the concentration quenching in the
present PSN glasses is purely diffusion-limited up
to 2.0 mol.% and then slightly deviated towards fast
diffusion for higher Nd3+ ion concentrations. This
indicates a gradual decrease of the diffusion-limited
process and onset of the fast diffusion processes at
higher Nd3+ ion concentration in the PSN glasses.

Quantum efficiency (g, %) can be known from the
ratio of experimental and calculated lifetimes
(= sexp/sR) which gives the conversion efficiency in
laser performance as it is equal to the ratio of
number of emitted photons to the number of
absorbed photons. The values of g calculated using
the above relation are given in Table IV. It is
noticed that the magnitude of g is decreasing as a

function of concentration. The g value is found to be
lower in the present PSN10 glass than those of
glasses that are compared in Table II but higher
than those of tellurite,62 bismuth borate,51,63 fluo-
roborate,52 fluorophosphate,38 lead borate,64

BiZNd65 and borate sodium66 glasses. Finally, the
important laser parameter, figure of merit (FOM),
defined as the product of r(kp)9 sexp, is proportional
to the slope efficiency and inversely proportional to
the threshold pump power. Hence, a higher value of
FOM is required to achieve high gain for a laser
material. FOM values vary in the order of PBN
(9.23 9 10�24 cm2 s)< PSN (10.42 9 10�24

cm2 s)< PMN (12.84 9 10�24 cm2 s). The FOM
value is found to be increasing with decrease in
the cationic radius of the network modifier.

CONCLUSIONS

Nd3+-doped strontium phosphate glasses with
different concentrations have been prepared by
melt quenching method. Absorption and NIR lumi-
nescence spectra and lifetime measurements are
made to characterize these glasses. JO analysis has
been carried out on the 1.0 mol.% of Nd3+-doped
PSN glass to derive intensity parameters and in
turn to determine radiative properties. Both JO and
nephelauxetic parameters show that Nd3+ ions
experience higher symmetry and weaker covalence
in the PSN10 glass. The spectroscopic quality factor
is found to lie within the normal range. The values
of v, calculated bR and AR reveal that 4F3/2 fi 4I9/2

transition is competing with the 4F3/2 fi 4I11/2

transition of Nd3+ ion in the PSN10 glass. A higher
value of sR for the 4F3/2 fi 4I11/2 transition indi-
cates that the excited level of Nd3+ ion slowly
depopulates in the PSN10 glass that favors the
population inversion.

The NIR luminescence spectra consist of three
bands in which the 4F3/2 fi 4I11/2 transition at
1056 nm is the most intense one. Luminescence
intensity is found to be higher for the 1.0 mol.%
Nd3+-doped PSN glass. Higher values of experimen-
tal bR (> 50%) and r(kp) and lower value of Dkeff for
the 4F3/2 fi 4I11/2 transition compared to other two
transitions infer that the 4F3/2 fi 4I11/2 transition
of Nd3+ ion in PSN10 glass is a sharp and efficient
laser transition. The value of Dkeff of the 4F3/2

fi 4I11/2 transition is relatively higher compared to
all strontium-based phosphate glasses and also
commercial glasses, suggesting the possible appli-
cation of the present glass in high-energy ultrashort
pulse generation. Decay profiles are single expo-
nential at lower concentration and then become
non-exponential at higher concentrations accompa-
nied by a decrease in lifetimes. Non-exponential
decay curves are analyzed using the IH model,
which infers that the energy transfer between Nd3+

ions is of a dipole–dipole type. Diffusion-limited
processes are responsible for the observed decrease
in the lifetimes of the 4F3/2 level of Nd3+ ion in PSN

Fig. 8. Quenching of lifetime of the 4F3/2 level as a function of of
Nd3+ ion concentration in PSN glasses along with the simulated
curves using Eqs. 6 and 7.
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glass. Higher values of the FOM show better
potential of PSN glasses for NIR laser applications.
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A B S T R A C T   

Dysprosium-doped fluorophosphate glasses (P2O5–CaF2–BaF2–TiO2-Dy2O3) have been prepared using melt- 
quenching technique and characterized their optical, structural, thermal and photoluminescence properties. 
Thermal stability (128 ◦C) of 0.5 mol% Dy2O3-doped glass has been estimated using Differential thermal analysis. 
Functional groups for 0.5 mol% Dy2O3-doped glass have been studied by Fourier Transform Infrared spectrum. 
Absorption spectra have been utilized for estimating the Judd-Ofelt (JO) parameters and allied properties. 
Several excitation wavelengths (350, 365, 387, 425, 452 and 472 nm) have been used for pumping the Dy3+ ions 
and analyzed for white luminescence. Intense emission has been observed for 0.5 and 1.5mol% of Dy2O3-doped 
glasses under 387 nm excitation. The 4F9/2 → 6H13/2 transition at 573 nm has unveiled a high stimulated 
emission cross-section (σSE) of 41.52 × 10− 22 cm2 for 0.5 mol% Dy2O3-doped glass. CIE coordinates fall close to 
the white region in CIE diagram, and hence these glasses are suitable for cold white light emitting diode 
applications.   

1. Introduction 

In the present market, white light emitting diodes (WLEDs) are 
premier light sources rather than the conventional fluorescent and in
candescent light sources owing to their low power consumption, long 
operating lifetime, high brightness, higher efficiency, excellent reli
ability and environmental responsive characteristics [1–3]. Higher 
photoluminescence efficiency is essential to meliorate for these types of 
opto-electronic device applications [4]. In general, trivalent lanthanide 
(Ln3+) ions are active centers of luminescence in photonics and 
opto-electronics device applications. However, researchers are moti
vated extensively towards Ln3+:glasses for evolving the devices such as 
plasma displays, lasers, amplifiers, optical temperatures and WLEDs [5]. 

Trivalent dysprosium (Dy3+) (4f9) ion is one of the exciting Ln3+ions 

for exploring the luminescence properties owing to their usage in laser 
devices [6], telecommunication [7] and color display applications [8]. 
Moreover, Dy3+ ions exhibit intense yellow emission due to the 4F9/2 → 
6H13/2 (electric dipole) transition than blue emission due to the 4F9/2 → 
6H15/2 (magnetic dipole) transition [9–13]. Consequently, at the suitable 
ratio yellow-to-blue (Y/B) intensity ratio, Dy3+ ions are more fascinated 
for WLEDs. Therefore, it is recommended to use Dy3+ ions for white light 
sources. 

Phosphate (P2O5) glasses are the prominent host materials for 
embedding Ln3+ ions for lighting applications among other glass for
mers due to their advantages such as reasonably low phonon energy and 
good stability. Oxyfluoride glasses have been offered their predominant 
properties by reason of collective advantages of matrices of oxide and 
fluoride such as low melting point, a low index of refraction and a low 
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phonon energy, hence enhances the radiative transitions [14,15]. In 
addition, fluorophosphate glasses have been studied as dominant ma
terials for solid state lasers. The influence of excitation wavelengths on 
color tunability of oxyfluorosilicate glasses modified with CaF2 have 
been discussed for WLEDs [2]. Photoluminescence (PL) studies have 
been performed for Dy3+-doped oxyfluorosilicate glasses modified with 
BaF2 [16]. In this work, Dy3+-doped titania fluorophosphate glasses are 
obtained by modifying phosphate network with CaF2 and BaF2. 

Dy3+-doped glasses with various glass formers and modifiers are 
made with different molar ratios for the WLEDs applications, which 
include tellurite glasses: 47TeO2–25WO3 – 25Li2O–3Dy2O3 (TWLD3.0) 
[2], germinate glasses: 30B2O3–40GeO2 - 29Gd2O3–1Dy2O3 (BGGD1.0) 
[17], silicate glasses 35.7SiO2 - 25.5B2O3–17BaO - 3.4K2O3–4Al2O3 
–15BaCl2 -0.5 Dy2O3 (SBBaKABlDy0.5) [18], borate glasses: 50B2O3 - 
xLiF - (30-x)CaO–20Bi2O3-1.0Dy2O3 (BLfCBiDy1.0) [19], phosphate 
glasses: 70P2O5–10Bi2O3 – 10Na2CO3–9SrCO3 – 1.0Dy2O3 
(NaBiSrPDy1.0) [20], 69.4P2O5–5B2O3 – 25BaO - 0.6Dy2O3 (PBBaDy0.6) 
[21], 65P2O5–17NaF - 17Gd2O3–1.0Dy2O3 (PNfGdDy1.0) [22], 
44P2O5–17K2O –9Al2O3 - 28 Nb2O5 – 2.0Dy2O3 (PKANbDy2.0) [23]. 

The present research aims to examine the influence of Dy3+ ion 
concentration and excitation wavelengths on photoluminescence prop
erties in particular white light tunability. From the differential thermal 
analysis (DTA) spectrum of PCBTD0.5 glass, glass transition temperature, 
crystalline temperature and thermal stability are evaluated. By using 
Fourier transform infrared (FTIR) spectrum, the functional groups of 
Dy3+ ion doped titaniafluorophosphate glasses are assessed. The optical, 
PL and spectroscopic properties of PCBTD glasses are analyzed. Life
times of the Dy3+ ions for various concentrations are estimated by means 
of the decay profiles. Color tunability of these glasses has been studied 
based on various concentrations of Dy3+ ions and pump wavelengths. 

2. Experimental details 

2.1. Glass synthesis 

Melt-quenching technique [24] has been used for the synthesis of 
glasses with a composition of 60 P2O5 (99.9%) - 20 CaF2 (99.5%) - 15 
BaF2 (99.0%) - 5 TiO2 (99.0%) - xDy2O3 (99.8%) (x = 0.5, 1.0, 1.5, 2.0 
and 2.5 mol %). The glasses were designated as PCBTD0.5, PCBTD1.0, 
PCBTD1.5, PCBTD2.0 and PCBTD2.5 for 0.5, 1.0, 1.5, 2.0 and 2.5 mol % 
Dy2O3, respectively. 10 g of chemicals were thoroughly mixed by 
grinding for 1 h, then transferred to an alumina crucible and placed in a 
rectangular box-type heating furnace at 1300 ◦C at a rate of 10 ◦C/min 
for 90 min. The melt is poured into a pre-heated brass plate, maintained 
at 500 ◦C and rapidly quenched. Then the glass was annealed at 500 ◦C 
for 4 h and cooled to room temperature (RT). These glasses are polished 
for their optical quality and are used for optical characterization. 

2.2. Characterization techniques 

The DTA was performed by PerkinElmer (model- Diamond TG/DTA) 
from room temperature (RT) to 1000 ◦C at a heating rate of 10 ◦C/min. 
The Fourier transform infrared (FTIR) spectra were obtained at RT (in 
the range of 500–3900 cm− 1) by a Thermofisher Scientific (model: 
Nicolet 6700 FTIR spectrometer). Absorption spectrum of PCBTD2.0 
glass was obtained by VARIAN Cary 5000 spectrophotometer in the 
region of 350–1900 nm. PL spectra were measured by Edinburg Spec
trofluorometer (FLS-980) with Xe lamp as an excitation source. Decay 
curves were measured with the same spectrometer under the Xe lamp 
excitation in the pulsed mode. Typical density (ρ) and thickness (t) of the 
glasses are found to be 3.11 gm/cm3 and 0.37 cm respectively. 

3. Results and discussion 

3.1. Thermal studies 

The DTA curve of PCBTD0.5 glass in Fig. 1 shows an endothermic 
peak corresponding to the glass transition temperature (Tg) at 552 ◦C 
and the exothermic peak at 704 ◦C associated to the peak crystalline 
temperature (Tc). The onset crystallization temperature (Tx at 629 ◦C) of 
PCBTD0.5 glass is assessed by plotting a tangent in the straight section of 
the crystalline peak. The thermal stability (ΔT) of the glass, Tx-Tg, is an 
essential parameter for the optical fiber drawing. The glass should 
exhibit ΔT as high as possible to decrease scattering losses thereby in
crease optical performance of the fiber. The thermal stability (ΔT) is 
found to be 128 ◦C which is higher than 103 ◦C of calcium fluoride 
modified oxyfluophosphate glass [25]. 

3.2. FTIR analysis 

FTIR vibrational profile of PCBTD0.5 glass at RT in the energy region 
of 500–3900 cm− 1 is shown in Fig. 2. The spectrum shows numerous 
absorption bands around 752, 902, 1091, 1563, 1635, 2331, 3440 and 
3755 cm− 1. Usually, the IR bands in the range of 1200–1300 cm− 1 is due 
to P = O bonds from phosphate polymerization units. Phosphate (P–O− ) 
stretching bands reflected the energy range of 900–1100 cm− 1 because 
of non-bridging oxygens (NBOs) and band at ~ 750 cm− 1 owing to the 
bridging oxygens (BOs) of P–O–P vibrations [26]. The peaks at around 
~3755 and 3440 cm− 1 are attributed to H–O–H stretching hydroxyl 
groups vibrations owing to NBOs in phosphate because of its high hy
groscopic nature. The vibrational band ~2331 cm− 1 is owing to asym
metric stretching vibrations of the O–H bond. The absorption bands at 
1590 cm− 1 and 1695 cm− 1 are because of the bending vibrations of 
H–O–H bonds due to moisture during the preparation and/or inherent 
present of OH ions in phosphate compounds. In general, IR spectrum of 
the glass sample is measured by the KBr pellet technique and is likely to 
be influenced by number of factors, including the atmospheric condi
tions around the IR spectrophotometer. In particular, the atmospheric 
moisture is easily absorbed by the sample or by the pellet, causing the 
appearance of IR bands belonging to H2O molecules although the sample 
under investigation does not contain H2O as a unit in the network. It is 
anticipated that IR bands of water arise mainly because of the hygro
scopic nature of the glasses with higher phosphate content, and change 
in these bands with composition is indicative of changes in their hy
groscopicity and hence changes in the glass structure or vice versa [27]. 
The intensity of the band at 1091 cm− 1 is accredited to the end groups 
(Q0) species of symmetric vibrations of (PO3). The vibration of Ca/B
a–O–P bonds is assigned to the band at 902 cm− 1 due to asymmetric 

Fig. 1. DTA thermograph of PCBTD0.5 glass.  
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stretching from metaphosphate of (PO4)3- groups. In addition, the band 
at 752 cm− 1 is for P–O–Ti symmetrical stretching mode [28]. 

3.3. Optical properties - optical absorption spectrum 

The optical absorption spectrum (UV–Visible–NIR) of PCBTD2.0 glass 
in the wavelength range of 350–1900 nm is shown in Fig. 3. The spec
trum exhibits eleven bands positioned at around 377, 387, 424, 452, 
472, 748, 797, 894, 1093, 1268 and 1675 nm assigned to the transitions 
from ground 6H15/2 level to the different higher energy states, 4M19/2, 
4K17/2, 4G11/2, 4I15/2, 4F9/2, 6F3/2, 6F5/2, 6F7/2, 6F9/2 +

6H7/2, 6F11/2 +
6H9/2 and 6H11/2 of Dy3+ ions, respectively. From these bands, the 1268 
nm band with an energy of 7886 cm− 1 corresponds to the 6H15/2 → 6F11/ 

2 +
6H9/2 transition which is referred as hypersensitive transition 

because of its highest intensity compared to rest of the bands. It follows 
the selection rules (|ΔS| = 0, |ΔL| ≤ 2 and |ΔJ| ≤ 2) owing to the degree 
of asymmetry about Dy3+ ions [1,2]. Further, the strength of the 6H15/2 
→ 6F11/2 +

6H9/2 transition is highly sensitive to the ligand field of the 
Dy3+ ions. This absorption band shows the interaction of electric and 

magnetic dipoles, which leads to the transfer of energy (ET) during 
mutual relaxation (CR) between Dy3+ ions. In addition, the PCBTD2.0 
glass transmittance spectrum shows about 90% of the most preferred 
transparency for optical applications, as shown in the inset of Fig. 3. 

3.4. Judd-Ofelt theory 

By applying the Judd-Ofelt (JO) theory [29,30] to the absorption 
spectrum of PCBTD2.0 glass, the JO intensity parameters are obtained 
from the JO theory. Intensity parameters and oscillator strengths are 
assessed by least square fitting method. Moreover, the optical absorption 
strength of the Dy3+ ions are associated to the JO parameters Ωλ (λ = 2, 
4, 6). These parameters illustrate the electric and magnetic-dipole 
strengths of the ligand field in the glass matrix [31]. Root mean 
square (rms) eccentricity between the experimental (fexp) and calculated 
(fcal) oscillator strengths is estimated as ± 0.287 × 10− 6 which indicates 
a good quality of fit between fexp and fcal. In addition, it shows a trend of 
Ω2 > Ω4 > Ω6 and are compared with the other glass trends shown in 
Table 1. The present glass exhibits higher covalence of Dy–O bonds. As 
can be seen, most of the Dy3+ -doped phosphate glasses follow a similar 
trend in JO parameters. 

Some of the evaluated parameters of the PCBTD2.0 glass such as 
radiative lifetime (τrad), experimental lifetime (τexp), emission cross- 
section (σSE, cm2) and gain bandwidth are presented in Table 2. The 
gain bandwidth (σSE × Δλeff, 10− 28, cm3) for the 4F9/2 → 6H13/2 transi
tion of Dy3+ ions shows higher for the PCBTD0.5 glass among the glasses 
under study. It is found that the 4F9/2 → 6H13/2 transition displays a 
higher peak emission cross-section of 41.52 × 10− 22 cm2 at 573 nm for 
PCBTD0.5 glass among the glasses in the present investigation. This value 
obtained is found to be higher compared to 9.53 × 10− 22 for YCaSBDy0.5 
[33], 20.93 × 10− 22 for BGGD1.0 [17], 21.3 × 10− 22 for BaBPDy0.4 [21] 
and 39.4 × 10− 22 for PPBGaDy2.5 [38] glasses whereas lower than 42.95 
× 10− 22 for TZPPNDy1.0 [36], 61.28 × 10− 22 for DyNaFGdP1.0 [22], 
62.86 × 10− 22 for ZTFBD0.5 [37], 64 × 10− 22 for PKANbDy2.0 [23] and 
90.1 for NaBiSrPDy1.0 [20] glasses, as shown in Table 2. 

3.5. Photoluminescence excitation 

The excitation (λex) spectrum of PCBTD0.5 glass is measured by 
monitoring the emission at 573 nm and is depicted in Fig. 4. The Dy3+

ion bands perceived in the excitation spectrum are centered at 350, 365, 
387, 425, 452 and 472 nm and their associated transitions are 6H15/2 → 
6P7/2, 6P5/2, 4M19/2 +

4K17/2 +
4M21/2 +

4I13/2 +
4F7/2, 4G11/2, 4I15/2 and 

4F9/2, respectively. A broad and intense excitation band is perceived at 
387 nm due to the combination of five deconvoluted bands 377, 387, 
389, 393 and 396 nm which resembles to the transition 6H15/2 → 4M19/2 
+ 4K17/2 +

4M21/2 +
4I13/2 +

4F7/2 resolved in the inset of Fig. 4. 
Moreover, the band at 387 nm is selected for exciting the Dy3+ ions in 
PCBTD glasses. 

Fig. 2. FTIR profile of the PCBTD0.5 glass in the energy range of 
500–3900 cm− 1. 

Fig. 3. Absorption spectrum in the UV–visible–NIR region of PCBTD2.0 glass. 
Inset shows the transmittance spectrum of the same glass. 

Table 1 
Assessment of Judd-Ofelt (JO) intensity parameters (Ω2, Ω4 and Ω6, × 10− 20 

cm2), their trend for the PCBTD2.0 glass and other reported Dy3+: glasses.  

Glass Ref. Ω2 Ω4 Ω6 Trend 

PCBTD2.0 [PW] 20.25 9.61 8.92 Ω2 > Ω4 > Ω6 

TWLD3.0 (Tellurite) [2] 16.00 2.39 3.75 Ω2 > Ω6 > Ω4 

MgB2O3Dy0.7 (Borate) [9] 23.02 12.86 12.17 Ω2 > Ω4 > Ω6 

BGGD1.0 (Germanate) [17] 3.65 0.65 1.57 Ω2 > Ω6 > Ω4 

NaBiSrPDy1.0 (Phosphate) [20] 2.48 0.82 0.61 Ω2 > Ω4 > Ω6 

BaBPDy0.4 (Phosphate) [21] 4.47 1.27 0.99 Ω2 > Ω4 > Ω6 

DyNaFGdP1.0 (Phosphate) [22] 16.83 8.87 6.25 Ω2 > Ω4 > Ω6 

PKANbDy2.0 (Phosphate) [23] 23.01 0.72 3.53 Ω2 > Ω6 > Ω4 

GePbfDyf10 (Germanate) [32] 6.41 1.02 2.25 Ω2 > Ω6 > Ω4 

YCaSBDy0.5 (Borate) [33] 2.84 0.15 0.95 Ω2 > Ω6 > Ω4 

AYCBSMTD2.0 (Tellurite) [34] 3.09 0.88 2.19 Ω2 > Ω6 > Ω4 

PbAlSiDy1.0 (Silicate) [35] 15.71 0.92 2.83 Ω2 > Ω6 > Ω4  
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3.6. Photoluminescence spectra 

The luminescence spectra of the Dy3+ ions doped PCBTD glasses are 
obtained from 400 to 800 nm by exciting at 387 nm and are shown in 
Fig. S1 (provided in the supplementary information). Four emission 
bands are observed in the spectra at 483, 573, 662 and 753 nm corre
spond to the 4F9/2 → 6H15/2, 6H13/2, 6H11/2, and 6H9/2 transitions, 
respectively. Among these, the 4F9/2 → 6H15/2 transition (ΔJ = 3) is due 
to magnetic-dipole (MD) that gives blue emission with low emission 
intensity and the 4F9/2 → 6H13/2 transition (ΔJ = ± 2) is due to electric- 
dipole (ED) that yields highest intensity, among the other transitions, 
known as hypersensitive transition [19,20]. Moreover, the PCBTD0.5 
glass gives intense yellow emission for the 4F9/2 → 6H15/2 transition. 
Gradual decrease in the intensity of yellow emission was noticed with 
the increase of Dy3+ ions up to 2.5 mol% concentration from 0.5 mol%. 
The PCBTD0.5 glass is optimum under 387 nm excitation as it gives 
intense emission for 0.5 mol% of Dy2O3, which can be further exploited 
under different excitation wavelengths. 

PL spectra of PCBTD glasses upon several excitation wavelengths are 
shown in Fig. 5. Further, to optimize the white light emission of these 
glasses, the optimum glass (PCBTD0.5) is excited by several excitation 
wavelengths. In fact, for PCBTD0.5 glass exhibits an intense emission that 
can be excited under different wavelengths which include 350, 365, 387, 

425, 452 and 472 nm. When the excitation wavelength increased from 
350 to 387 nm, the peak position for the 4F9/2 → 6H13/2 transition shifts 
slightly towards higher wavelengths (lower energy) and later the shift 
decreases with increase in the excitation wavelength, as shown in Fig. 5. 
The PL spectra of PCBTD0.5 glass is obtained upon several excitation 
wavelengths. It is observed that the strength of the bands is significantly 
high at the excitation wavelength of 387 nm. Similar trend is also 
observed for blue emission. 

The Dy3+ ions are pumped to the higher states in the glass, the peak 
positions of the emission spectra shift slightly from their mean positions. 
Yellow emission intensity of various Dy3+ ion concentration is influ
enced by different excitation wavelengths, as displayed in Fig. 6. 
Consequently, 0.5 mol% of Dy2O3 -doped glass conveyed high emission 
intensity under 387 nm excitation, however for 1.0 mol% Dy2O3-doped 
glass high intensity was perceived for the excitation wavelength of 365 
nm compared to 387 nm. Moreover, the glass with 2.5 mol% Dy2O3 
content shows an intense yellow emission under the 452 nm excitation 
wavelength compared to the 387 nm. For the rest of the concentrations, 
intense emission was reported for the excitation wavelength of 387 nm. 
This is because of the manifestation of high concentration of Dy3+ ions. 

For various Dy3+ ions concentrations, the shift of peak positions 
under several excitation wavelengths is presented in Fig. S2. Intense 
yellow emission at 573 nm for the 4F9/2 → 6H13/2 transition of Dy3+ ions 
doped glasses is obtained under different excitation wavelengths. It is 
interesting to note that under 387 nm excitation, a blue shift is observed 
for yellow emission with increase of Dy3+ ions concentration. A red shift 
known as Stokes shift towards higher wavelengths from 573 nm to 
574.09 nm (Δλ = 1.09 nm) is observed for 1.0 mol% of Dy2O3 -doped 
glass under different excitations. Furthermore, at higher concentrations 
of 2.0 and 2.5 mol% of Dy2O3, the yellow emission was shifted in the 
range of 571.9–573 nm (Δλ = 1.1 nm) and 571.99–574 nm (Δλ = 2.0 nm) 
that is towards blue shift known as anti-Stokes shift which may be owing 
to increase of Dy3+ ions. Shift in the peak positions is around 2 nm which 
is significantly more at higher Dy3+ ions concentration (2.5 mol%) 
compared to 0.51 nm at low concentrations (0.5 mol%). Over all, a red 
shift is observed when Dy3+ ions concentration is increased in these 
glasses. 

On the other hand, full width at half maxima (FWHM) and integrated 
area (intensity) for yellow emission are shown in Figs.S3 (a) and (b). The 
FWHM increases in the range of 13.0–14.4 nm with increase in the 

Table 2 
Comparison of radiative (τrad, ms) and experimental (τexp, ms) lifetimes of 4F9/2 
level, stimulated emission cross sections (σSE, × 10− 22 cm2) and gain bandwidth 
(σSE × Δλeff 10− 28 cm2) of 4F9/2 → 6H13/2 transition and Y/B ratios of Dy3+-doped 
PCBTD0.5 glass with other reported Dy3+:glasses.  

Glass matrix Ref. τR 

(ms) 
τexp 

(ms) 
σem ×

10− 22 cm2 
Y/B σSE × Δλeff 

10− 28 cm3 

PCBTD0.5 [PW] 0.78 0.15 41.52 3.10 39.77 
TWLD3.0 [2] 0.075 0.05 – 2.46 – 
BGGD1.0 [17] 0.84 0.38 20.93 2.25 40.83 
NaBiSrPDy1.0 [20] 0.13 0.06 90.1 – 126 
BaBPDy0.4 [21] 2.01 0.65 21.3 – 28.71 
DyNaFGdP1.0 [22] 0.61 0.53 61.28 1.94 – 
PKANbDy2.0 [23] 0.44 0.17 64.00 5.08 118.97 
YCaSBDy0.5 [33] 1.78 0.69 9.53 1.30 17.08 
TZPPNdy1.0 [35] 0.37 0.33 42.95 – 59.25 
ZTFBD0.5 [36] 0.89 0.40 62.86 1.11 45.11 
PPBGaDy2.5 [38] 0.55 0.44 39.4 2.05 58.3  

Fig. 4. PL excitation spectrum of PCBTD0.5 glass upon monitoring the emission 
at 573 nm. 

Fig. 5. PL emission spectra of two transitions of Dy3+ ions in PCBTD0.5 glass 
under 350, 365, 387, 425, 452 and 472 nm excitations. Inset demonstrations 
the PL spectra of the same glass in the range of 450–810 nm under different 
excitation wavelengths. 
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excitation wavelengths in the range of 350–472 nm for PCBTD0.5 glass. 
Later, it decreases to a value of 13.9 nm for 425 nm wavelength exci
tation and increases slightly to 14.1 nm for the excitation wavelengths 
452 and 472 nm. On the other hand, for PCBTD0.5 glass, under 350 & 
387 nm excitation wavelengths, the integrated intensity increases 
significantly and then decrease for higher excitation wavelengths. 

Y/B ratio is obtained by exploring the integrated area of the two 
prominent transitions, 4F9/2 → 6H13/2 and 4F9/2 → 6H15/2. This is used to 
know the material that has the co-ordination number and equilibrium 
around the Dy3+ ions [39]. The Y/B intensity ratio increases till 1.5 mol 
% of Dy2O3 content and declines with further increase of Dy3+ ions 
concentration, as shown in Fig. S4. Usually, the behavior of Y/B in
tensity ratio be contingent on the trend of PL intensity in regard to Dy3+

concentration. Among the present glass systems, the PCBTD0.5 glass 
shows an intense emission with a higher value of FWHM (14.39 nm). On 
the other hand, Y/B ratio declines with the increase of Dy3+ ion con
centration beyond 1.5 mol% Dy2O3. This is due to concentration 
quenching which leads to the ET between the Dy3+ ions. Similar results 
were discerned for the other glasses [40]. 

Energy level diagram of Dy3+ ions in PCBTD glasses including the 
radiative and non-radiative channels is shown in Fig. 7. Several excita
tion wavelengths that includes 350, 365, 387, 425, 452, and 472 nm are 
employed to vary the emission colors of Dy3+ ions. Under 350 nm 
excitation, Dy3+ ions are excited to the 6P7/2 from the 6H15/2 level. They 
de-excite to the 4F9/2 meta-stable state (whose lifetime is relatively high) 
through non-radiative transitions because of short lifetime and low en
ergy separation among the higher energy levels [38]. Similar phenom
ena is applicable to all excitation wavelengths except 472 nm, in this 

case the Dy3+ ions are excited resonantly to 4F9/2 level. From the 4F9/2 
level, radiative emission transitions, 4F9/2 → 6H15/2, 6H13/2, 6H11/2 and 
6H9/2 occur giving rise to blue, yellow, red and NIR emissions, respec
tively. At higher concentrations, the energy transfer (ET) through 
cross-relaxations (CR1, CR2 and CR3) between the adjacent Dy3+ ions 
occur because of multi-polar interaction, which leads to concentration 

Fig. 6. PL emission spectra for several concentrations of Dy3+-doped PCBTD glasses upon different λex = 350, 365, 387, 425, 452 and 472 nm.  

Fig. 7. Partial energy level structure of Dy3+ ions in PCBTD glasses. The 
various excitation, emission and CR channels are also shown along with non- 
radiation processes. RET: Resonance energy transfer. 
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quenching of luminescence. In general, CR1, CR2 and CR3 occurs when 
the ET from the emission transitions perfectly counterparts with tran
sitions of the absorption [25].  

CR1: 6F3/2, 6H15/2 → 
6F9/2 +

6H7/2, 6H11/2                                                   

CR2: 6F3/2, 6H15/2 → 
6F11/2 +

6H9/2                                                            

CR3: 4F9/2, 6H13/2 → 
6F3/2, 6F9/2 +

6H7/2                                                    

Resonant energy transfer (RET) is established among the Dy3+ ion 
levels 4F9/2 ↔ 6H15/2 and vice versa. The luminescence properties are 
changed due to RET, CR1, CR2 and CR3 with an increase in the con
centration of Dy3+ ions. This can be confirmed by analyzing the decay 
curves, as shown in the next sections. 

3.7. Fluorescence decay curves 

Decay profiles of level 4F9/2 of Dy3+ ions in PCBTD glass were 
measured upon 387 nm excitation by monitoring emission at 573 nm 
and are presented in Fig. 8. The decay curves show a non-exponential 
pattern for all the concentrations of Dy3+ ions. This is due to ET 
attributable to dipole-dipole interactions among the Dy3+ ions via CR 
channels. These curves were fitted using the following Eq. (1), 

I(t)=A1 exp( − t / τ1) + A2 exp( − t / τ2) (1)  

where A1 & A2 and τ1 & τ2 are the constants and decay times correspond 
to the slow and fast components of the decay curves, respectively. τexp is 
experimental lifetime for the 4F9/2 level, evaluated with the following 
Eq. (2), 

τ exp =
A1τ2

1 + A2τ2
2

A1τ1 + A2τ2
(2) 

Decrease of τexp values for Dy3+ ions are noticed with increase of 
Dy3+ ions concentration which are found to be 151, 145, 129, 35 and 20 
μs for the PCBTD0.5, PCBTD1.0, PCBTD1.5, PCBTD2.0 and PCBTD2.5 
glasses, respectively. The PCBTD0.5 glass discloses a higher lifetime of 
151 μs compared to the rest of the studied glasses. In the case of glasses 
doped with RE3+ ions, ET through CR mechanism is accountable for the 
behavior of non-exponential. However, the decrease of lifetime in 
PCBTD glasses indicates the presence of ET from excited to neighboring 
unexcited Dy3+ ions [40]. 

The Inokuti-Hirayama (IH) model [41] is utilized when the ET pro
cess between an activator and sensitizer ions is much faster than energy 
diffusion. According to IH model, the PL intensity is defined by the 
following Eq., 

I(t)= I0 exp
{

−
t

τ0
− Q

(
t

τ0

)3/s}

(3)  

where S = 6, 8 and 10, t is the time afterward excitation, τ0 is the 
intrinsic decay time of the activators in the absence of acceptors, Q is the 
ET parameter given by Eq., 

Q=
4π
3

Γ
(

1 −
3
S

)

N0R3
0 (4)  

where S = 6, 8 and 10 for dipole-dipole (Γ(x) = 1.77), dipole-quadrupole 
(Γ(x) = 1.43) and quadrupole-quadrupole (Γ(x) = 1.3) interactions, 
respectively. N0 is activator ion concentration and R0 is the critical 
transfer distance between the activator and sensitizer. The activator- 
sensitizer interaction parameter (CDA) is defined by Eq., 

CDA =
RS

0

τ0
(5) 

The decay curve is well correlated with Eq. (3) when S = 6, which 
shows that the ET in CR among the Dy3+ ions in the PCBTD glass is 
dipole, as shown in Fig. 8. The energy transfer parameter (Q), activator- 
sensitizer interaction parameter (CDA) and critical distance (R0) are 
evaluated for 2.0 mol% Dy2O3 doped glass and are found to be 0.433, 
4.45 × 10− 42 cm6/s and 8.5 Å, respectively. 

3.8. CIE color coordinate diagram 

Emission color of Dy3+-doped PCBTD glasses is examined with CIE 
(Commission Internationale de l’Elcairage) 1931 chromaticity diagram. 
The color coordinates of CIE (x, y) were estimated according to the 
procedure described elsewhere [42] and are presented in Table 3 and 
Fig. 9. The chromaticity coordinates (x, y) are found to be (0.4, 0.45), 
(0.4, 0.45), (0.41, 0.46), (0.41, 0.45) and (0.4, 0.46) for the PCBTD0.5, 
PCBTD1.0, PCBTD1.5, PCBTD2.0 and PCBTD2.5 glasses, respectively. In 
addition, the corresponding correlated color temperature (CCT) values 
are calculated for different excitation wavelengths to know the emitted 
light is either “cold” or “warm” in nature. According to the McCamy’s 
approach [43], the CCT value for the PCBTD glass is evaluated from the 
following Eq. (6). 

CCT = − 449n3 + 3525n2 − 6823n + 5520.33 (6)  

where n = (x-xe)/(y-ye) is the converse slope line, xe = 0.332 and ye =

0.186 are the epicenter. Table 3 presents the color coordinates and CCT 
values of Dy3+-doped glasses under different excitation wavelengths. 
The CCT values are obtained in the region of 3814–4057 K. Basically, 
light sources with CCT less than or equal to 3200 K usually exhibit a 
warm white light, whereas the light sources with CCT ~3700–5000 K 
emit pure white light, as displayed in Fig. 9. In these PCBTD glasses, the 
CCT values of 4000 K indicates the emission of pure white light. Location 
of the color coordinates with magnification is shown in the inset of 
Fig. 9. 

As can be seen, color coordinates of the PCBTD0.5 glass are almost 
close to the region of white light under different excitation wavelengths 
and are shown in Fig. 10. The emission color of the glass shifts from 
warm white to pure white light region as can be seen from their CCT 
values which are obtained in the range of 3413–4752 K. For all excita
tion wavelengths, the emission chromaticity is almost same. However, 
owing to higher CCT values around 3814–6332 K for PCBTD2.0 glass, i. 
e., emission chromaticity is very near to the white light region and shifts 
from pure white to cool white light region. Especially, for the several 
excitation wavelengths of 350, 365 and 425 nm, the emission appeared 

Fig. 8. Decay profiles for the excited state, 4F9/2 of Dy3+ ions in PCBTD glasses 
under 387 nm excitation. Solid lines are fittings of the non-exponential curves 
to the I–H model. 

N. Ravi et al.                                                                                                                                                                                                                                    



Optical Materials xxx (xxxx) xxx

7

almost in the white light region and is presented in Fig. 10. The study 
revealed that the effect of excitation wavelengths is more significant on 
emission color of Dy3+ ions compared to the Dy3+ ion concentrations. 
The 2.0 and 2.5 mol% of Dy3+ ions doped glasses are most significant 
samples for the fabrication of w-LEDs. Effect of different excitation 
wavelengths on emission properties were reported for Dy3+-doped 
oxyfluoride silicate [3], borogermante [17], calcium 
alumina-borosilicate [5], oxyfluoride glass [42] and sodium-aluminum 
phosphate [44] glasses. 

4. Conclusion 

Dy3+-doped titaniafluorophosphate (PCBTD) glasses have been 
fabricated by usual melt-quenching procedure and investigated their 
structural, optical and photoluminescence properties. DTA analysis of 
PCBTD0.5 glass shows that the glass exhibits a good thermal stability 
(128 ◦C). FTIR analysis revealed the presence of functional groups of the 
phosphate network and other vibrational and stretching structural units. 
JO intensity parameters have been evaluated for the PCBTD2.0 glass. 
Intense yellow (573) and moderate-intense blue (483) emissions were 
observed under 387 nm excitation. Yellow to blue (Y/B) intensity ratios 
and CIE color coordinates are estimated from emission spectra for 
several Dy3+ ions concentrations and excitation wavelengths which 
show feasibility for the extraction of white light. Fluorescence decay 
rates of the 4F9/2 level of the Dy3+ ions show a progressive non- 
exponential behavior associated with quenching of lifetimes with in
crease in Dy3+ ions concentration due to the increase in ET process 
between Dy3+ ions. Effect of different excitation wavelengths and 
various Dy3+ ion concentrations on color coordinates and CCT values 
are discussed and displayed in CIE diagram. Different excitation wave
lengths are used for the white light tunability of these glasses. 

Table 3 
CIE chromaticity (x, y) coordinates and CCT values of PCBTD glasses at several excitation wavelengths.  

λex (nm) PCBTD0.5 PCBTD1.0 PCBTD1.5 PCBTD2.0 PCBTD2.5 

x y CCT x y CCT x y CCT x y CCT x y CCT 

350 0.4 0.45 4006 0.4 0.45 4006 0.38 0.42 4278 0.34 0.41 5294 0.38 0.43 4328 
365 0.4 0.45 4006 0.4 0.45 4006 0.4 0.45 4006 0.37 0.41 4475 0.39 0.45 4207 
387 0.4 0.45 4006 0.4 0.45 4006 0.41 0.46 3870 0.41 0.45 3814 0.4 0.46 4057 
425 0.37 0.49 4752 0.36 0.48 4929 0.36 0.48 4929 0.31 0.38 6332 0.35 0.48 – 
452 0.42 0.47 3747 0.41 0.47 3923 0.42 0.47 3747 0.38 0.44 4374 0.41 0.47 3923 
472 0.46 0.52 3413 0.46 0.52 3413 0.46 0.52 3413 0.4 0.53 – 0.45 0.52 3549  

Fig. 9. Position of emission color Dy3+ -doped PCBTD glasses through CIE 
diagram. Inset shows the magnified region of the color coordinates. 

Fig. 10. Location of CIE color coordinates of PCBTD0.5 and PCBTD2.0 glasses under different excitation wavelengths.  
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A B S T R A C T   

The dysprosium ions-doped zinc oxyflluorotellurite glasses of three different compositions have been synthesized 
and analyzed their vibrational, thermal, optical and white light emission properties. The differential thermal 
analysis curves, Fourier Transform Infrared, absorption, emission and excitation spectra and lifetimes from the 
luminescent level (4F9/2) have been measured and analyzed. Absorption spectra have been characterized in the 
frame of Judd-Ofelt model to determine essential radiative properties namely, transition probabilities, calculated 
lifetimes and branching ratios of the 4F9/2 luminescent level. Photoluminescence spectra of the glasses are 
measured by exciting with 388 nm broad band and 355 nm laser. The glasses emit intense white luminescence 
with 388 nm broad band excitation. The CIE chromaticity color coordinates of one of the glass are nearer to the 
equal energy point. Decay time profiles of the 4F9/2 state are non-exponential for three glasses under study where 
their effective lifetimes have been evaluated. Quantum efficiencies of the glasses vary from 30 to 62% with 
change in ZnF2 content.   

1. Introduction 

Glass is an interesting material for research and development and as 
host for rare-earths (RE) because of its wide potential uses as high-power 
solid state lasers, sensors, and in optical communication, etc. Recently, 
considerable studies have been focused on the RE3+-doped TeO2 based 
glasses to enhance their photoluminescence (PL) properties [1,2]. These 
properties can be tuned by changing the modifier, and/or activator ion 
concentration in the host glass. Such modifications yield the host 
network stronger and acquire necessary properties which will have 
potential applications in the fields of medicine and industry. 

Tellurite glasses are potential candidates as hosts for RE3+ ions 
because of their lower phonon energies (700-800 cm− 1) and higher 
refractive indices than those of other oxide glasses (such as borate, 
phosphate and silicate). These properties are highly useful for higher 
radiative emission rates of RE3+ ions. Further, tellurite glasses have 
additional merits such as better transparency in the 0.35–6 μm region, 
better glass stability and RE3+ ions doping. Oxyfluoride tellurite glasses 
are characterized by the favourable properties such as lower phonon 
energies and a relatively higher thermal stability, higher chemical 

durability and ease of preparation. Also, tellurite glasses are useful for 
fabrication of planar waveguides and optical fibers [1–6]. Rare earth 
ions-doped tellurite glasses find potential applications as optical devices 
such as optical fibers, optical amplifiers, display devices, solid state la
sers, waveguides, optical modulators and frequency doublers. These 
matrices have good optical quality and are stable against atmospheric 
moisture over other oxide glasses [7–12]. 

The Dy3+ ion emits several interesting wavelengths that covers the 
region from visible to near-infrared (NIR) and are useful for the fabri
cation of photonic components and devices. The visible emission of Dy3+

ion primarily exhibit two strong bands, blue and yellow, corresponding 
to the 4F9/2 → 6H15/2 and 4F9/2 → 6H13/2 transitions, respectively. In 
these, the 4F9/2 → 6H15/2 transition is hypersensitive in principle and its 
intensity vary mainly depending on the nature of host. This gives rise to 
characteristic yellow (Y)-to-blue (B), (Y/B), intensity ratios which vary 
significantly with Dy3+ ions concentration and/or with glass composi
tion. At a suitable ratio of Y/B, the Dy3+ ions will produce white lumi
nescence [13]. The emission at 1.32 μm is useful for application in fiber 
amplifiers used in optical communication systems [14,15]. Dy3+-doped 
BaYF5 nanoparticles are found to have potential application as 
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temperature sensor [13]. Further, the Dy3+ ions can emit mid-IR lumi
nescence from 2.9 to 4.4 μm [14–16] with proper excitations. 

In view of the importance of tellurite glasses and interesting lumi
nescence properties of Dy3+ ions, several authors investigated Dy3+- 
doped tellurite glasses of different compositions and Dy3+ ion concen
trations [1–10,20–34]. Kibrisli et al. [2], studied Dy2O3-doped tellurite 
glasses, with the composition of 50TeO2–25WO3–25Li2O, for solid state 
lighting applications through physical, thermal, structural and optical 
spectroscopy. They concluded that lower Dy2O3 content is necessary for 
an improved colour purity, quantum efficiency and non-radiative tran
sition rate in this glass system. Structural, thermal, optical and white 
light emission properties of Dy3+-doped titanium-tungstate-tellurite 
glasses were investigated and found that the glasses were suitable for 
generation of white light [3]. The Er3+-doped tellurite glasses of the 
composition, TeO2–ZnO–Na2O–Er2O3, were investigated and found that 
these were promising materials for laser and optical amplifiers [4]. 

Heavy metal germanium tellurite glasses containing silver nano 
particles doped with Dy3+ ions were investigated under 454 nm exci
tation and were found to emit efficient warm yellowish-white light [6]. 
Tellurite glasses with the composition TeO2–Tl2O–ZnO were found to 
exhibit second harmonic generation [7]. Erbium doped 
niobic-tungsten-tellurite glasses were investigated [8] for laser and 
amplifier device applications through thermal stability and spectro
scopic properties. Tellurite glasses co-doped with Dy3+ and Eu3+ ions 
were studied and were found to be promising for the UV and blue 
converted white light emitting diodes [9]. Tuyen et al. [10], studied 
Dy3+-doped alumina lithium telluroborate glasses through JO analysis, 
spectroscopic and energy transfer properties. They also investigated 
white light emission properties and found that Y/B ratio depends 
strongly on the components of host and weekly on the concentration of 
Dy3+-ions. Several other authors were also investigated RE3+-doped 
tellurite glasses [17–32] to explore their thermal, structural, optical and 
white light emission properties. 

Present work focuses on the preparation and characterization of 
Dy3+-doped oxyfluorotellurite glasses via differential thermal analysis 
(DTA), Fourier Transform Infrared (FTIR), absorption, excitation and 
emission spectra and lifetime analyses. The obtained results are 
analyzed and compared with the similar properties of studied Dy3+:glass 
systems. 

2. Experimental details 

Three different compositions of Dy3+ in oxyfluorotellurite (TZNDy) 
glasses having a composition (in mol %) of (74-x) TeO2 + 20 ZnO + x 
ZnF2 + 5 Na2O + 1 Dy2O3, x = 0, 10 and 20, referred as TZNDy1.0, 
T10ZofNDy1.0 and T20ZofNDy1.0 glasses, respectively, were made by 
traditional melt and sudden quenching method. About 20 g of the batch 
was mixed well in an agate mortar and thoroughly mixed batch so ob
tained was kept in a platinum crucible and placed in an high tempera
ture furnace maintained at 860 ◦C for 1 h. The bubble free and 
homogenous melt thus obtained was poured on to a preheated stainless 
steel mould kept at 250 ◦C and the resulting glass samples were annealed 
at 250 ◦C for 6 h to free them from thermal strain and stress. Refractive 
indices and densities of the samples were determined by Brewster angle 
and Archimedes’ methods, respectively. The thermal properties of the 
glasses were measured by using DTA at 10 ◦C/min heating rate under a 
N2 atmosphere (TG-DTA 2020, Bruker AXS K.K.). The FTIR spectra were 
recorded on Nicolet Magna 550 IR spectrometer. 

Absorption spectra were recorded using Lambda-950 Perkin Elmer 
Spectrophotometer. The luminescence spectra were measured using 
JOBIN YVON Fluorolog-3 Spectrofluorimeter exciting at 388 nm and 
also using 355 nm line of Nd:YAG (Spectron Laser Sys. SL802G) laser. 
For laser excitation, the signal was detected through a 0.75 m mono
chromator (Acton research Corp. Pro-750) by using a PMT (Hamamatsu 
R928). Lifetimes were evaluated by exciting at 355 nm with LeCroy 
9310 digital storage oscilloscope connected to a computer. 

3. Theory 

The intensities of absorption bands are expressed in terms of exper
imental oscillator strengths (fexp) by the expression [2,10,12,35], 

fexp = 4.318X10− 9
∫

ε(ν)dν (1)  

where ε(ν) is the molar absorptivity at energy ν
(
cm− 1) which can be 

obtained by Beer-Lambert’s law [10]. 
Theoretical oscillator strengths (fcal) for the induced electric dipole 

transition from the ground state to an excited state can be calculated 
from the Judd-Ofelt (JO) theory using the expression [2,10,12,35], 

fcal =
8π2mcν

3h(2J + 1)
(n2 + 2)

9n

2 ∑

λ=2,4,6
Ωλ‖Uλ‖

2 (2)  

where J is the total angular momentum of the ground state, n is the 
refractive index of the material, Ωλ(λ = 2, 4,6) are the JO intensity pa
rameters and ‖Uλ‖

2are the squared doubly reduced matrix elements of 
the unit tensor operator of the rank λ = 2,4, 6. These elements are in
dependent of the host and hence are taken from our earlier studies [35]. 

Radiative properties such as radiative transition probability (AR), 
branching ratio (βR), calculated lifetime (τR), peak stimulated emission 
cross-section (σ(λp)) can be calculated from the JO intensity parameters 
as follows: 

Radiative transition probability (AR) from an initial level, ψJ to a 
final level ψ ′J′can be obtained using the following expression [2,3], 

AR(ψJ,ψ ′J ′

) =
64π4e2υ3

3h(2J + 1)

[
n(n2 + 2)2

9
Sed + n3Smd

]

(3)  

where Sed is electric dipole and Smd is the magnetic dipole line strengths 
of a given transition. Sed and Smd values can be determined using the 
expressions [2], 

Sed(ψJ,ψ ′J ′

) = e2

(
∑

λ=2,4,6
Ωλ(ψJ‖Uλ‖ψ ′J ′

)
2

)

(4)  

Smd(ψJ,ψ ′J ′

) =

(
e2

4m2c2

)

Ωλ(ψJ‖L + 2S‖ψ ′J′

)
2 (5) 

Calculated branching ratio βcal, can be determined using the 
following relation [2,3,35], 

βcal(ψJ,ψ ′J ′

) =
AR(ψJ,ψ ′J ′

)

AT(ψ ′J ′
)

(6)  

where AT is the total radiative transition probability which is the sum of 
all AR values from an excited state. The experimental branching 
ratio β exp, values are determined from the ratio of integrated area of 
corresponding emission band to the total integrated area of emission. 

The calculated lifetime of an excited state can be evaluated using the 
relation [2,35], 

τcal =
1

AT(ψ ′J ′
)

(7) 

Peak stimulated emission cross-section, σ
(
λp
)
, can be calculated for 

each emission peak wavelength using the expression [2,3,35], 

σ
(
λp
)
(ψJ,ψ ′

J
′

) =
λ4

p

8πcn2Δλeff
AR(ψJ,ψ ′

J
′

) (8)  

where Δλeff is the effective bandwidth of corresponding emission band 
calculated by deviding the band area by height. 
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4. Results and discussion 

4.1. Physical and thermal properties 

Physical properties of the TZNDy glasses such as densities (d), con
centration (C) of Dy3+ ions and refractive indices (n) are presented in 
Table 1. As can be seen, ‘d’ and ‘n’ values follow the same trend of in
crease from TZNDy1.0 to T10ZofNDy1.0 and then decrease for 
T20ZofNDy1.0. The ‘d’ and ‘n’ values of TZNDy are slightly lower 
compared to those of 49TeO2 + 25WO3 + 25Li2O + 1Dy2O3 (TWLDy1.0) 
[2] and 74TeO2 + 10TiO2 + 15WO3 + 1Dy2O3 (TTiWDy1.0) [3] glasses. 

Differential thermal analysis profiles of TZNDy glasses are depicted 
in Fig. 1. Glass transition (Tg) and onset of crystallization (Tx) temper
ature, and the difference between Tx and Tg (called thermal stability 
factor, ΔT = Tx-Tg) of TZNDy glasses are shown in Fig. 1 and also in 
Table 1. It is found that, with the replacement of TeO2 by ZnF2 from 0 to 
20 mol %, both Tg and Tx are gradually increased whereas the value of 
ΔT decreased from 122 to 119 ◦C. The thermal stability factor ΔT is one 
of the most important criterion for fiber drawing. The larger the value of 
ΔT, better the glass stability [23]. Larger value of ΔT minimizes the 
scattering loss caused by the crystallization of drawn fiber [3]. In gen
eral, glass host with ΔT > 100 ◦C is suitable for drawing conventional 
fiber. The present results indicate that the TZNDy1.0 glass has a better 
glass forming ability than the other glasses and is suitable for fiber 
drawing and for other optical devices. 

4.2. FTIR spectral analysis 

The FTIR spectral analysis is one of the spectroscopic techniques 
used to study the structure of the glasses. Fig. 2 illustrates the FTIR 
spectra of TZNDy glasses. As can be seen, five FTIR bands peaking at 
460, 702, 1045, 1635 and 3490 cm− 1 are observed distinctly. These 
peaks are found to be almost at the same positions for all the present 
glasses indicating that there may not be any change in structure of the 
glass with the increase of ZnF2 content. The broad band at 3490 cm− 1 

corresponds to the OH stretching (νOH). This band may be due to pres
ence of the inclusion of water molecules in the pores [24]. The band in 
the range of 445–465 cm− 1 belong to the symmetrical stretching and 
bending modes of continuous chains of corner sharing sites of TeO3, 
TeO4 and TeO3+1 polyhedra [25,26]. This indicates that in these glasses, 
the vibrations of the Te–O–Te linkage are caused by the transformation 
of TeO4 into TeO3 groups. The band at 702 cm− 1 corresponds to the 
asymmetric vibrations of the continuous network structure by the 
joining of TeO4 trigonal bipiramids and Te–O–Te bond consisting of a 
long short Te–O bond [27]. Two overtones of peaks at 460 and 702 cm− 1 

are observed at around 1090 and 1635 cm− 1, respectively. 

4.3. Absorption spectra and Judd-Ofelt analysis 

Absorption spectra of the TZNDy glasses along with their band as
signments in the wavelength range of 400–1950 nm are given in Fig. 3. 
The peaks originate from the ground level, 6H15/2 to different excited 
states (shown in Fig. 3) belong to the 4f9 (Dy3+) electronic configura
tion. As can be seen, the profile and the peak position of each transition 
remain unchanged with the addition of ZnF2 content. The absorption 
level peaked at 1281 nm, corresponds to the 6H15/2 → 6F11/2 transition, 

is dominant and obeys the selection rule, |ΔL|≤2, |ΔS| = 0 and |ΔJ|≤2. 
This is called hypersensitive transition (HST) and its intensity is more 
sensitive to the local environment surrounding the Dy3+ ions. 

At first, the experimental oscillator strengths (fexp) for the absorption 
transitions of Dy3+ ion are determined from the absorption spectrum by 
calculating the integrated area of each absorption band following the 
procedure described in our earlier works [36]. The JO model [37,38] 
has been used to evaluate the calculated (fcal) oscillator strengths. The 
fexp and fcal values of all absorption peaks for the present TZNDy glasses 
along with other reported tellurite based glasses [2,3,28–30] are pre
sented in Table 2. As can be seen, the magnitude of oscillator strength is 
higher for the 6H15/2 → 6F11/2 transition as it is a HST. The fexp values of 
HSTs of TZNDy glasses varies with glass composition as T10ZofNDy1.0 >

T20ZofNDy1.0 > TZNDy1.0 and are higher than those of the reported 
Dy3+:glasses [2,3,28,29]. These variations in fexp values of HSTs are due 
to change in environment in the vicinity of the Dy3+ ions in the glasses. 
For other transitions, fexp values of the titled glass systems are compa
rable to those of reported ones. Finally, three important parameters, 
called JO (Ωλ, λ = 2, 4 and 6) parameters are calculated from the 
electric-dipole and magnetic-dipole components of fexp and fcal using 

Table 1 
Densities (d, gcm− 3), concentrations (C, × 1020 ions/cc), refractive indices (n), 
glass transition temperature (Tg,0C), onset of crystallization temperature (Tx,0C) 
and glass stability factors (ΔT = Tx-Tg,0C) of TZNDy glasses.  

Glass Label d C n Tg Tx ΔT = Tx-Tg 

TZNDy1.0 4.63 1.975 1.96 292 414 122 
T10ZofNDy1.0 4.81 2.136 2.00 296 416 120 
T20ZofNDy1.0 4.50 2.181 1.89 309 428 119  

Fig. 1. DTA curves of TZNDy glasses.  

Fig. 2. FTIR spectra of TZNDy glasses.  
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least squares fitting approach for all the three TZNDy glasses and are 
presented in Table 3. 

The JO parameters are very useful to evaluate the local structural 
geometry and bonding nature in the surroundings of RE3+ ions. The JO 
parameters of TZNDy glasses are shown in Table 3 along with those of 
studied Dy3+-doped tellurite based glasses: TWLDy1.0 [2], TTiWDy1.0 
[3], 39H3BO3 + 30TeO2 + 30PbF2 + 1Dy2O3 (BTPfDy1.0) [28], 76TeO2 
+ 10ZnO + 9PbO + 1PbF2 + 3Na2O + 1Dy2O3 (TZPofNDy1.0) [29], 
60TeO2 + 12Pb2O5 + 20ZnF2 + 3Nb2O5 + 5Dy2O3 (TPbZfNbDy5.0) [30], 
59B2O3 + 10TeO2 + 15CaO + 10Nb2O5 + 5ZnO + 1Dy2O3 
(BTCNbZDy1.0) [31] and 40TeO2 + 29B2O3 + 15MgO + 15K2O +
1Dy2O3 (TBMKDy1.0) [32]. Generally, the parameter Ω2 is related to the 
effects of short-range coordination and the other parameters Ω4 and Ω6 
depend on the effect of long-range. The Ω2 is a measure of the symmetry 
of ligand field in any glass host. The Ω2 value depends on the covalence 
nature of RE-ligand bond while Ω6 is inversely proportional to the 
covalence of RE-ligand bond and it also measure the rigidity of the host 
matrix [33,34]. The JO parameters follow the similar trend as Ω2 > Ω4 
> Ω6 for both T10ZofNDy1.0 and T20ZofNDy1.0 glasses, whereas they 
follow Ω2 > Ω6 > Ω4 trend for TZNDy1.0 glass indicating that the 
addition of ZnF2 changes the surrounding ligand field of Dy3+:glass. The 
larger value of Ω2 is an indication for the higher asymmetry and cova
lency of local environment around the Dy3+ ions [33]. From Table 3, one 
can notice that the magnitude of Ω2 (x10− 20 cm2) increases from 5.94 to 
11.62 with the increase in ZnF2 component from 0 to 20 mol %. More
over, larger variation in Ω2 parameter indicates its strong dependence 
on the surroundings of the Dy3+ ion than the other two parameters (Ω4 
and Ω6). The value of Ω2 in T20ZofNDy1.0 glass is found to be higher 
than those of TZNDy1.0 and T10ZofNDy1.0 glasses as well as those of 
reported Dy3+:glasses [2,3,28–32] shown in Table 3, indicating the 

existence of higher covalance between Dy3+ ion and surrounding ligand 
environment. On the other hand the Ω4 and Ω6 magnitude in the titled 
glass systems are comparable to those of the reported ones in Table 3. 

Using the refractive index and JO parameters, important radiative 
characteristics such as transition probabilities (A), branching ratios (βR) 
and lifetimes (τR) associated with transitions from the 4F9/2 luminescent 
level to the next lower lying 6HJ (J = 11/2, 13/2 and 15/2) levels are 
evaluated for all the TZNDy glasses and are presented in Table 4. From 
Table 4, one can see that, ‘A’ value of the 4F9/2 → 6H13/2 level is the 
highest compared to those of other two levels indicating its highest 
transition probability which is reflected in the emission spectrum, where 
the band corresponding to this transition is most intense. For all the 
three transitions, maximum ‘A’ values are found for T10ZfNDy1.0 glass 
and minimum values for TZNDy1.0 glass. The calculated βR values for all 
the three TZNDy glasses are in the order of 4F9/2 → 6H11/2 <

4F9/2 → 
6H15/2 <

4F9/2 → 6H13/2. The quantity of radiative (calculated) lifetimes 

Fig. 3. Optical absorption spectra of Dy3+ ions in TZNDy glasses.  

Table 2 
Absorption levels, band positions (λp, nm), experimental (fexp) and calculated (fcal) oscillator strengths ( × 10− 6) of TZNDy glasses and experimental oscillator strengths 
of some reported Dy3+:glasses. All the transitions are from the ground state, 6H15/2.  

Level λp TZNDy1.0 T10ZofNDy1.0 T20ZofNDy1.0 TWLDy1.0 [2] TTiWDy1.0 [3] BTPfDy1.0 [28] TZPofNDy1.0 [29] TPbZfNbDy5.0 [30] 

fexp fcal fexp fcal fexp fcal 

6H11/2 1685 1.12 1.42 2.08 2.42 1.76 2.08 1.59 0.61 1.27 1.53 2.29 
6H9/2+

6 F11/2 1281 7.70 7.66 14.44 14.39 13.86 13.82 6.53 4.74 6.76 7.31 4.04 
6H7/2+

6 F9/2 1098 2.46 2.57 4.60 4.75 3.76 3.89 1.49 1.18 2.65 2.81 4.90 
6F7/2 902 2.54 2.22 4.30 3.78 3.37 2.94 0.77 1.68 2.16 2.48 2.10 
6F5/2 804 0.56 1.05 2.20 1.72 1.86 1.30 0.34 0.10 1.38 1.69 0.28 
6F3/2 752 1.18 0.20 0.46 0.32 0.37 0.25 0.06 0.29 0.19 0.23 0.21 
δrms  ±0.49 ±0.33 ±0.33       

Table 3 
Judd-Ofelt parameters (Ωλ±5%, x10-20 cm2) of TZNDy glasses along with those 
of some reported Dy3+:glasses.  

Glass Ω2 Ω4 Ω6 Trend 

TZNDy1.0 [Present work] 5.94 1.39 1.87 Ω2 > Ω6 > Ω4 

T10ZofNDy1.0 [Present work] 10.56 3.00 2.95 Ω2 > Ω4 > Ω6 

T20ZofNDy1.0 [Present work] 11.62 2.88 2.48 Ω2 > Ω4 > Ω6 

TWLDy1.0 [2] 5.90 0.93 1.22 Ω2 > Ω6 > Ω4 

TTiWDy1.0 [3] 3.37 0.30 1.07 Ω2 > Ω6 > Ω4 

BTPfDy1.0 [28] 7.75 2.31 2.70 Ω2 > Ω6 > Ω4 

TZPofNDy1.0 [29] 5.66 0.84 2.17 Ω2 > Ω6 > Ω4 

TPbZfNbDy5.0 [30] 2.32 0.64 4.64 Ω2 > Ω6 > Ω4 

BTCNbZDy1.0 [31] 11.30 3.30 2.60 Ω2 > Ω4 > Ω6 

TBMKDy1.0 [32] 9.23 1.15 1.56 Ω2 > Ω6 > Ω4  

Table 4 
Effective bandwidths (Δλeff ±0.1, nm) of the emission bands under 355 nm 
excitation, radiative transition probabilities (AR±2%, s− 1), peak stimulated 
emission cross-sections (σ(λp)±0.2, × 10− 21 cm2), experimental and calculated 
branching ratios (βR±2%) for the 4F9/2 → 6HJ (J = 11/2, 13/2,15/2) transitions 
and radiative lifetime (τR±2%, μs) of the 4F9/2 level of Dy3+ ions in TZNDy 
glasses.  

Glass 
Transition 
4F9/2 → 

Δλeff A σ (λp) βR τR 

Exp. Cal. 

TZNDy1.0 
6H11/2 12.23 155 0.86 0.03 0.08  
6H13/2 10.83 1299 4.52 0.64 0.73 483 
6H15/2 12.26 333 5.97 0.33 0.19 
T10ZofNDy1.0 
6H11/2 12.80 589 1.40 0.03 0.08  
6H13/2 10.91 2445 8.13 0.62 0.74 267 
6H15/2 12.26 589 0.86 0.35 0.18 
T20ZofNDy1.0 
6H11/2 11.21 240 1.56 0.02 0.09  
6H13/2 10.95 2059 7.64 0.62 0.76 326 
6H15/2 12.79 411 0.69 0.36 0.15  
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of the 4F9/2 level first decreases and then increases with increase in ZnF2 
component. This could be caused by the structural modifications in the 
surrounding of the Dy3+ ions. 

4.4. Luminescence properties 

Selection of proper excitation wavelength is an important parameter 
to analyze the emission properties of any RE3+ ion. The absorption 
spectrum of present Dy3+-doped glasses do not show any bands in 
ultraviolet–visible region because of the dominant absorption of tellurite 
host in this region. Excitation spectrum, measured in the range of 
300–550 nm for the T20ZofNDy1.0 glass, monitoring the well known 
emission of the Dy3+ ion at 577 nm which belongs to the 4F9/2 → 4H13/2 
level, is shown in Fig. 4. The excitation peaks centered at 351, 367, 387, 
428, 454 and 473 nm are attributed to the 6H15/2 → 6P7/2, 4P3/2, 4I13/2, 
6G11/2, 4I15/2 and 4F9/2 levels, respectively. It is well-known that exci
tation energy corresponding to the intense excitation peak can give 
better luminescence. The excitation bands peaked at 354, 388 and 453 
nm are found to be most intense in UV–visible region. However, our 
experimental facilities are limited to UV excitation only. Hence, the 
luminescence spectra are recorded using 355 nm and 388 nm excitation 
wavelengths. 

Photoluminescence (PL) spectra of TZNDy are measured in the 
spectral region of 430–700 nm with 388 nm broad band and 355 nm 
laser excitations and are shown in Figs. 5 and 6, respectively. The 
luminescence spectra show principal characteristic emission peaks of 
Dy3+ ion consisting of the band, 4F9/2 → 6H15/2 at 482 nm (due to 
magnetic-dipole) and the band 4F9/2 → 6H13/2 at 575 nm (due to electric- 
dipole) and a relatively feeble band, 4F9/2 → 6H11/2 at 666 nm. It is well 
known that the yellow emission of Dy3+ belongs to the HST follows the 
selection rule |ΔJ| ≤ 2, and is highly sensitive to the surroundings of the 
active Dy3+ ions. The blue emission marginally varies with the crystal- 
field effect surrounding the Dy3+ ion. When Dy3+ is kept in a low- 
symmetry local site, the yellow emission usually dominates in the 
emission spectrum, and when it is in a high-symmetry site, the blue 
emission dominates in the de-excitation spectrum [39,40]. Further, 
higher Y/B ratio is an indication for the higher degree of covalency 
between Dy3+ ion and surrounding oxygen ions [37]. The Y/B ratios for 
TZNDy glasses, under 388 and 355 nm excitations are evaluated and are 
presented in Table 5. From Table 5, Y/B ratios of the present glass sys
tems are <1 for broadband excitation and ~2 for 355 nm laser excita
tion. The Y/B ratios of TZNDy are compared to those of reported 1.0 mol 

% Dy3+-doped glasses [1–3,29,31], 41P2O5 + 17K2O + 8Al2O3 +

23ZnF2 + 10LiF + 1Dy2O3 (PKAZfLfDy1.0) [41], 30KH2PO4 + 24 
(NaPO3)6 + 25TiO2 + 20CaCl2 + 1Dy2O3 (PKNTiClDy1.0) [42], 
30KH2PO4 + 24(NaPO3)6 + 25TiO2 + 20SrCl2 + 1Dy2O3 (PKNTiSlDy1.0) 
[42], (60-x)TeO2 + 25WO3 + 15PbF2 + 1Dy2O3 (TWPfDy1.0) [43], 
46.7SiO2 + 35.9BaO + 1.0Al2O3 + 4.03(Li2O + Na2O + K2O) +
11.22Y2O3 + 1.15Dy2O3 (SBALNKYDy1.15) [44] in Table 5. Among the 
reported glasses shown in Table 5, laser excitation was used only for 
TTiWDy1.0 [3] and TZPofNDy1.0 [29] and for the remaining systems, 
broadband excitation was used. 

From the PL spectra, other radiative properties such as experimental 
branching ratio, effective bandwidth (Δλeff), and stimulated emission 
cross-sections (σ(λp)) for the 4F9/2 → 6H11/2,13/2,15/2 transitions of 
TZNDy glasses are determined and are presented in Table 4. From 
Table 4, one can see that, Δλeff values of the 4F9/2 → 6H13/2 band are 
lower compared to those of other two bands. Also, the values of σ(λp) 
and calculated branching ratios (βcal) for the 4F9/2 → 6H13/2 (HST) are 
higher than those of other transitions. Moreover, the σ(λp) ( × 10− 21 

cm2) value of this HST changes from 4.52 to 8.13 with change in ZnF2 
content. The luminescence branching ratio is one of the crucial param
eter that indicates the lasing nature of a transition and it was shown that 
an emission level with βR≥60% is relatively more potential for laser Fig. 4. Excitation spectrum of T20ZofNDy1.0 glass monitoring the 577 

nm emission. 

Fig. 5. Luminescence spectra of TZNDy glasses under 388 nm broad
band excitation. 

Fig. 6. Luminescence spectra of TZNDy glasses under 355 nm laser excitation.  
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action. As can be seen from Table 4, there is reasonably good coinci
dence between calculated and experimental βR values which indicates 
the accuracy of the calculations. The value of βR (both experimental and 
calculated) for the 4F9/2 → 6H13/2 level in all the TZNDy glasses is 
estimated to be >60%, showing the suitability of present glass systems 
for lasing applications at this wavelength. 

The Δλeff, σ(λp) and βcal of the 4F9/2 → 6H13/2 level as well as radi
ative predicted lifetime (τR) of the 4F9/2 luminescent state of Dy3+ ion in 
various tellurite based glasses [3,28–32] are compared in Table 6. As can 
be seen, relatively larger value of σ(λp) for 4F9/2 → 6H13/2 channel in 
T10ZofNDy1.0 glass, compared to already studied Dy3+:glasses, indicate 
that this glass is a suitable gain media for potential laser emission in 
yellow spectral region. The value of τR is found to decrease from 483 to 
267 and then increase to 326 μs when ZnF2 increased from 0 to 20 mol % 
and these values are comparable with other reported glasses [29,30] 
shown in Table 6. Out of all the Dy3+:tellurite glasses [3,28–32] 
compared in Table 6, TZNDy glasses show lower Δλeff and higher σ(λp) 
values. The βcal values of TZNDy glasses are higher than all the compared 
glass systems except that of BTCNbZDy1.0 [31] glass. Calculated life
times of the 4F9/2 state in the present glasses are comparable to those of 
TZPofNDy1.0 [29] and TPbZfNbDy5.0 [30] glasses and are less than those 

of BTCNbZDy1.0 [31] and TBMKDy1.0 [32] glasses. 
The parameters, optical gain (σ(λp) × τR) and gain bandwidth (σ(λp) 

× Δλeff) are very essential ones to predict the amplification of the RE3+

ions doped medium. An optical amplifier is characterized by higher 
quantities of gain bandwidth and optical gain [31]. As can be noticed 
from Table 6, σ(λp) × τR and σ(λp) × Δλeff of the titled TZNDy are nearer 
to those of the Dy3+:tellurites [3,28–32]. Out of all the glasses compared 
in Table 6, T10ZofNDy1.0 and T20ZfNDy1.0 glasses show higher values of 
gain bandwidth. 

4.5. CIE chromaticity coordinates 

The emission spectrum of Dy3+ ion under UV excitation exhibits two 
prominent bands in the blue and yellow regions. By properly adjusting 
the intensities of these bands one can generate the white luminescence. 
In view of this, an attempt is made to measure luminescence from 
TZNDy glasses by changing the excitation wavelength. Emission spectra 
of TZNDy glasses are recorded by exciting at 388 nm broadband and 
355 nm laser excitations and are shown in Figs. 5 and 6, respectively. 
From Figs. 5 and 6, one can see that the blue band is dominant under 
broadband excitation whereas the yellow band is found to be more 
intense than blue under laser excitation. This clearly indicates that the 
symmetry sites occupied Dy3+ can be changed by excitation source also 
rather than changing the composition. 

The white light emission properties of TZNDy glasses are examined 
with the help of chromaticity co-ordinate of colors under different 
excitation sources. These co-ordinates are obtained by converting the 
luminescence spectra of present glasses into standard CIE 1931 chro
maticity co-ordinate graphs. The obtained graphs of colour are listed in 
Table 5 and located in chromaticity frame shown in Fig. 7. As can be 
seen, the co-ordinates falls in yellow region under 355 nm laser exci
tation. But intense white luminescence is noticed when the glasses are 
excited with 388 nm radiation. The CIE color co-ordinates of TZNDy 
glasses along with other reported 1.0 mol % Dy3+-doped glasses [1–3, 
29,31,41–44] are presented in Table 5. From Table 5, the evaluated 
co-ordinates of colour for the present glasses (for 388 nm excitation) are 
very nearer to white light illuminate and are comparable to those of 
studied Dy3+:glasses. Further, the color coordinates of T20ZofNDy1.0 

Table 5 
Yellow to blue intensity ratios (Y/B), chromaticity color coordinates (x, y) and 
correlated color temperature (CCT, K) of TZNDy glasses under 388 nm broad
band and 355 nm laser excitations and those of some reported 1.0 mol % Dy3+- 
doped glasses.  

System Y/B Chromaticity co-ordinates CCT (K) 

x Y 

388 nm Excitation 
TZNDy1.0 0.83 0.341 0.387 5222 
T10ZofNDy1.0 0.71 0.321 0.366 5950 
T20ZofNDy1.0 0.74 0.325 0.372 5782 
355 nm Excitation 
TZNDy1.0 1.93 0.394 0.429 4003 
T10ZofNDy1.0 1.77 0.390 0.420 4040 
T20ZofNDy1.0 1.76 0.385 0.427 4187 
Reported     
TWLDy1.0 [2] 2.40 0.38 0.43 4221 
TTiWDy1.0 [3] 2.02 0.38 0.41 – 
TZPofNDy1.0 [29] 0.88 0.38 0.43 4312 
BTCNbZDy1.0 [31] 0.65 0.31 0.36 6439 
PKAZfLfDy1.0 [41] 0.77 0.32 0.37 5992 
PKNTiClDy1.0 [42] 1.23 0.33 0.34 5609 
PKNTiSlDy1.0 [42] 1.38 0.33 0.34 5609 
TWPfDy1.0 [43] 1.02 0.34 0.40 5270 
SBALNKYDy1.15 [44] 2.03 0.385 0.437 4233  

Table 6 
Effective bandwidths (Δλeff±0.1, nm) of the emission bands under 355 nm 
excitation, stimulated emission cross-section (σ(λp)±0.2, x 10− 21 cm2) and 
calculated branching ratio (βcal) of 4F9/2 → 6H13/2 transition, radiative lifetime 
(τR±2%, μs) of the 4F9/2 level, gain bandwidth (σ(λp) x Δλeff), x10− 27 and optical 
gain (σ(λp) x τR), x10− 24 of the 4F9/2 level of Dy3+ ions in various tellurite based 
glasses.  

Glass Δλeff σ βcal τR σ(λp) x 
Δλeff 

σ(λp) x 
τR 

TZNDy1.0 [Present 
work] 

10.83 4.52 0.73 483 4.90 2.18 

T10ZofNDy1.0 [Present 
work] 

10.91 8.13 0.74 267 8.87 2.17 

T20ZofNDy1.0 [Present 
work] 

10.95 7.64 0.76 326 8.37 2.49 

TTiWDy1.0 [3] 16 2.4 0.53 – 3.84 – 
BTPfDy1.0 [28] 16 2.86 0.63 – 4.58 – 
TZPofNDy1.0 [29] 14.56 4.07 0.63 374 5.93 1.52 
TPbZfNbDy5.0 [30] – – 0.61 453 – – 
BTCNbZDy1.0 [31] 17.06 3.22 0.83 999 5.49 3.22 
TBMKDy1.0 [32] 13.11 6.05 0.69 778 7.93 2.51  

Fig. 7. CIE 1931 chromaticity diagram showing the chromaticity coordinates 
(x, y) of TZNDy glasses under 355 nm and 388 nm excitations. 
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glass (0.33, 0.37) are very nearer to the equal energy position (0.33, 
0.33). 

The quality of the light source is generally assessed by calculating 
correlated color temperature (CCT) [8], which indicates the tempera
ture of a nearest Plankian black-body radiator to the operating position 
in the chromaticity graphical representation. The CCT values are 
determined based on the color coordinators through the Mc Camy’s Eq. 
[45], 

CCT = − 449n3 + 3525n2 − 6823n

+ 5520.33
(
9
)

Here n = (x-xe)/(y-ye) indicates the inverse slope line where xe =

0.332 and ye = 0.186 relates the epicenter. The CCT values of the present 
glasses are calculated for 388 and 355 nm excitations and are collected 
in Table 5 along with the reported values of 1.0 mol % Dy3+-doped 
glasses [2,3,29,31,41–44]. The CCT quantities calculated with 388 nm 
broadband source are closer to that of normal day light (5500 K) and 
those with 355 nm laser excitation are nearer to that of fluorescent tube 
(3935 K) [46]. From Table 5, CCT values of reported glass systems of 
TWLDy1.0 [2], TZPofNDy1.0 [29] and SBALNKYDy1.15 [44] are nearer to 
that of fluorescent tube and the rest of the systems [1,31,41–43] are 
nearer to that of day light. 

4.6. Decay curves 

Decay curves of the 4F9/2 state of Dy3+ ion in TZNDy glasses are 
recorded by exciting with 355 nm laser and observing the emission at 
577 nm which are presented in Fig. 8. All the decay profiles exhibit non- 
exponential behaviour and hence, the average lifetime (τ) is determined 
using the below Eqn., 

τ exp =

∫
tI(t)dt
I(t)dt

(

10
)

and are found to be 145, 166 and 163 μs for TZNDy1.0, T10ZofNDy1.0 
and T20ZofNDy1.0 glasses, respectively. It is observed that there is no 
significant variation in experimental lifetimes with increase in ZnF2 
content from 10 to 20% where as significant variation is noticed for the 
radiative lifetime. The quantum efficiency is expressed as the ratio of 
number of emitted to the absorbed photons. In the case of RE3+ ions- 
doped systems, it is taken as the ratio of τexp to τR for the given states 
(η =

τ exp
τR

X100). The quantity of η for the 4F9/2 state of Dy3+ in the pre
sent TZNDy1.0, T10ZofNDy1.0 and T20ZofNDy1.0 glasses are found to be 
30, 62 and 50, respectively. Out of the three glasses, ‘η’ is maximum (62) 
for the T10ZofNDy1.0 glass and minimum (30%) for the TZNDy1.0 glass. 
The ‘η’ values of the present Dy3+ glasses are comparable to those of the 
studied ones, PKAZfLfDy1.0 (55) [41] and TWLDy1.0 (61) [2] but less 
than that of TTiWDy1.0 (90) glass [3]. 

5. Conclusions 

Thermal, structural, optical and white light emission properties of 
TZNDy glasses have been systematically investigated using DTA curves, 
FTIR, absorption, excitation and emission spectra and decay times. It is 
found that thermal stability factor decreases from 122 to 119 ◦C with the 
replacement of TeO2 by ZnF2 from 0 to 20 mol %. By applying the Judd- 
Ofelt model to the absorption spectra of TZNDy glasses, three JO pa
rameters are evaluated and are in turn used to predict the radiative 
properties of the emitting level, 4F9/2, such as radiative transition 
probabilities, branching ratios, calculated lifetimes and peak stimulated 
emission cross-sections. From the emission spectra, obtained with 388 
nm excitation, experimental branching ratios are evaluated and are 
found to be in good agreement with the calculated ones. The CIE chro
maticity co-ordinates of colour are determined from the emission 
spectra. It is found that the titled glasses emit bright white light under 

388 nm broadband excitation. Among the glass systems studied, the 
color coordinates of the T20ZofNDy1.0 glass are very nearer to the equal 
energy point. The decay curves of the 4F9/2 state of Dy3+ ions show non- 
exponential behavior for the studied glasses. Quantum efficiency for the 
4F9/2 state is found to be maximum for the T10ZofNDy1.0 glass. The 
results obtained in the present study can find potential applications in 
the design of optical display devices. 
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doped tellurite glass, J. Quant. Spectrosc. Radiat. Transfer 134 (2014) 55–63, 
https://doi.org/10.1016/j.jqsrt.2013.10.013. 

[30] B. Klimesz, W. Ryba-Romanowski, R. Lisiecki, Oxyfluorotellurite glasses doped by 
dysprosium ions. Thermal and optical properties, Opt. Mater. 42 (2015) 538–543, 
https://doi.org/10.1016/j.optmat.2015.02.012. 

[31] O. Ravi, C. Madhukar Reddy, B. Sudhakar Reddy, B. Deva Prasad Raju, Judd-Ofelt 
analysis and spectral properties of Dy3+ ions doped niobium containing tellurium 
calcium zinc borate glasses, Opt Commun. 312 (2014) 263–268, https://doi.org/ 
10.1016/j.optcom.2013.09.044. 

[32] K. Maheshvaran, K. Marimuthu, Structural and optical investigations on Dy3+

doped boro-tellurite glasses, J. Alloys Compd. 509 (2011) 7427–7433, https://doi. 
org/10.1016/j.jallcom.2011.04.055. 

[33] R. Cases, M.A. Chammaro, Judd-Ofelt analysis and multiphonon relaxations of rare 
earth ions in fluorohafnate glasses, J. Solid State Chem. 90 (1991) 313–319. 

[34] A. Awang, S.K. Ghoshal, M.R. Sahar, M.R. Dousti, R.J. Amjad, F. Nawaz, Enhanced 
spectroscopic properties and Judd-Ofelt parameters of Er-doped tellurite glass: 
Effect of gold nanoparticles, Curr. Appl. Phys. 13 (2013) 1813–1818, https://doi. 
org/10.1016/j.cap.2013.06.025. 

[35] P. Babu, C.K. Jayasankar, Spectroscopic properties of Dy3+ ions in lithium borate 
and lithium fluoroborate glasses, Opt. Mater. 15 (2000) 65–79. 

[36] S. Surendra Babu, P. Babu, C.K. Jayasankar, Th. Tröster, W. Sievers, G. Wortmann, 
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Abstract 

Trivalent dysprosium doped niobium zinc fluorosilicate glasses modified with different 

Nb2O5/ZnF2 molar ratios have been fabricated by the traditional melt-quenching technique and 

derived their structural, photoluminescence and decay properties using spectroscopic techniques. 

Induced structural modifications have been observed upon increasing content of Nb2O5. 

Maximum phonon energy of the glass matrix is found to be 1010 cm-1 from the Raman analysis. 

The emission spectra of these glasses exhibit two intense bands at 480 and 570 nm besides a 

weak red emission at 650 nm. The decay profiles of Dy3+ ion for the 4F9/2 level exhibit a non-

exponential behavior for all the glasses. The intrinsic lifetimes for the 4F9/2 level of Dy3+ ion have 

been determined by using the Inokuti-Hirayama model and are found to be 409, 366 and 325µs 

for the glasses with Nb2O5/ZnF2:10/30, 20/20 and 30/10 molar ratios, respectively. The color 

coordinates have been evaluated from the emission spectra of the glasses and found that the glass 

with Nb2O5/ZnF2:30/10 molar ratio appears near to the equal energy point. The correlated color 

ACCEPTED M
ANUSCRIP

T

mailto:kvkrishaniah@tdtu.edu.vn
mailto:vvramuphd@gmail.com


2 

 

temperature matches well to the summer sunlight region (4900-5600 K), indicating that the 

glasses could be a potential candidate for white light emitting devices. 

 

Keywords: Oxyfluoride glasses; Dy3+ ion; White light emission; color coordinates: Correlated 

color temperature. 

 

1. Introduction 

Trivalent dysprosium (Dy3+)-doped materials have potential applications in visible lasers 

[1, 2], mid infra-red lasers [3, 4], optical amplifiers [5] and white light emitting diodes (WLEDs) 

[6]. Of these, the WLEDs are playing a key role in solid state lighting technology and received a 

great attention for replacing the existing fluorescent and incandescent lamps because of their low 

production cost, high reliability, environmentally benign, low energy consumption and longer 

lifetime [7].  

White light emission can be accomplished with co-doped and tri-doped systems through 

upconversion [8] and down-shifting [9] processes, by mixing three primary colors (Red, Green 

and Blue). However, it is difficult to optimize the concentrations co-doped and tri-doped systems 

to achieve the optimum intensities of the red, green and blue emissions for the production of 

white luminescence. An alternative way is to use single Dy3+-doped systems through the 

optimization of yellow to blue (Y/B) intensity ratio. Further, the Dy3+ ion has strong absorption 

bands in the ultra-violet (UV) region suitable to pump with low-cost GaN and InGaN diodes. 

Previous studies have shown that the Y/B ratio could be controlled by changing the Dy3+ ion 

concentration [10-12], pump wavelength [13, 14] and glass matrix [15]. Recently, Sundara Rao 

et al. reported the effect of aluminum ions on Y/B ratio of Dy3+ ions in lead silicate glass matrix 
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under the excitation of 352 and 451 nm [16]. Pisarska et al. studied the variation of Y/B ratio as 

a function of B2O3/PbO ratio [15].  

 In our earlier work, Dy3+ ion concentration [12] and pump wavelength [14] dependence 

white luminescence studies have been demonstrated and reported that the 0.1 mol% Dy2O3-

doped glasses exhibit a better white luminescence under 387 nm excitation. However, still there 

is a large scope to achieve ideal white light emission from these glasses through the optimization 

of glass composition. Moreover, optical transmittance of the glass in the visible region was 

increased with the addition of Nb2O5 content [17]. Hence, it is interesting to study the effect of 

composition on white light luminescence properties. In the present study, we have fabricated 

Nb2O5 dependence zinc fluorosilicate glasses and characterized for the white light emission 

applications since Nb2O5 modified glasses exhibited a high refractive index, good transparency 

from visible to infrared region, high glass transition temperature, high thermo-mechanical 

stability, relatively high non-linear optical properties [16, 18-20]. Luminescence properties of 

Eu3+-doped niobium-borate glasses were enhanced significantly with increasing the Nb2O5 

content [21].  

Therefore, the present work focuses on the composition dependent 0.1 mol % Dy2O3-

doped niobium zinc fluorosilicate glasses modified with different Nb2O5/ZnF2 (10:30, 20:20 and 

30:10) molar ratios for the better understanding and optimization of the white luminescence 

under the excitation of 350 and 387 nm. The Y/B intensity ratios, energy transfer parameters, 

chromaticity coordinates and correlated color temperatures were evaluated and compared to the 

glass with 20:20 molar ratio of Nb2O5/ZnF2 [12,14] along with other reported ones [6,22-25]. 
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2. Material and methods 

Dy3+-doped niobium zinc fluorosilicate glasses with different compositions (29.9SiO2–

10Nb2O5–20K2O–30ZnF2–10LiF–0.1Dy2O3, 29.9SiO2–20Nb2O5–20K2O–20ZnF2–10LiF– 

0.1Dy2O3 and 29.9SiO2–30Nb2O5–20K2O–10ZnF2–10LiF–0.1Dy2O3, labeled as Nb10:ZF30, 

Nb20:ZF20 and Nb30:ZF10, respectively) were fabricated by the melt-quenching technique [12, 

14]. The precursor chemicals were thoroughly mixed in an agate mortar and then taken into a 

platinum crucible. The powders were then heated at 1300 °C for 3h in a muffle furnace under 

ambient atmosphere. The glass melt was casted onto a brass mold preheated at 510 °C and 

subsequently annealed at the same temperature for 12h in order to eliminate any residual internal 

stress and then allowed to cool room temperature. Finally, the glass samples were polished to get 

optical quality for optical characterization.  

Raman spectra of the glasses were measured upon 786 nm diode laser excitation by using 

spectrometer (Renishaw inVia Raman microscope). The emission spectra were recorded by using 

HORIBA JOBIN YVON Fluorolog-3 spectrofluorimeter at room temperature. Decay curves 

were recorded by monitoring the emission at 573 nm under the 387 nm excitation. 

 

3. Results and discussion 

 Raman spectra of niobium zinc fluorosilicate glasses at different molar ratios in the 

energy region of 220-1270 cm-1 are shown in Fig. 1. The well resolved spectra exhibit seven 

Raman modes at 244, 480, 596, 681, 818, 888 and 1010 cm-1 for the glass with 30:10 molar ratio 

of Nb2O5/ZnF2 whereas the Raman modes at 681 and 818 cm-1 do not appear as resolved bands 

for the other two glasses. This may be due to presence of high Nb2O5 content. Density of the 

glass sample is found to be 3.44, 3.45, and 3.60 g/cm3 for 10:30, 20:20 and 30:10 molar ratio of 
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Nb2O5/ZnF2, respectively. The energy of high intense vibrational mode (phonon energy) 

decreases from the 888 cm-1 to 818 cm-1 with the increase in the content of Nb2O5 from 10 to 30 

mol%, respectively. In other words, it is also perceived that the vibrational energy at 888 cm-1 

decreases with the decrease in the content of ZnF2 from 30 to 10, respectively. The band at 1010 

cm-1 is not related to the Nb vibrations [26], but it could be assigned to the stretching vibrations 

of silicon tetrahedra. This is also supported by the decrease in the relative intensity of Raman 

band at 1010 cm-1 with increasing the molar ratio of Nb2O5/SiO2 [27]. It is interesting to note that 

the intensity of Raman bands increases with the increase of Nb2O5 content for all the vibrational 

modes. Initially, high intense band is observed at 888 cm-1 and then the intensity of the band at 

815 cm-1 is increased with increasing Nb2O5 content. An enhancement of 815 cm-1 peak intensity 

is an indication of increase in the Nb-O bonds and non-bridging oxygens [28]. Moreover, the 

other bands and a shoulder of spectra are resolved for the glass with high Nb2O5 content. The 

vibrations at 815 cm-1 and 888 cm-1 correspond to the non-bridging oxygen and Nb-O-Si, 

respectively, in the glass matrix [29]. This vibration chain extended to Nb-O-Si-(O-M) due to the 

presence of alkali ions (M = K and Li). The intermediate frequency band around at 681 cm-1 is 

attributed to the vibrational modes of Si-O-Si bonds attached to the bending vibrational modes of 

Nb-O bonds in NbO6 octahedron without non-bridging oxygen [29]. The vibrational bands at 

244, 480 and 596 cm-1 are ascribed to purely niobium octahedron (NbO6) through bridging bonds 

Nb-O-Nb [30]. With increasing of Nb2O5 content in the glass matrix, there is a great 

enhancement of bandwidth due to the Nb-related vibrational modes [31]. Moreover, the degree 

of bonding is increased between various structural groups in the glass network with the increase 

of Nb2O5 content [17]. 
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The excitation spectra were obtained by monitoring the emission at 570 nm are shown in      

Fig. 2. Spectra exhibit more or less similar behavior to the glass with 20:20 molar ratio of 

Nb2O5/ZnF2 [12, 13] except variation in their intensities due to non-bridging oxygens as 

evidenced from Raman spectra. The spectra are normalized with respect to the 6H15/2 → 4K17/2 

transition. It is noticed that the 6H15/2 → 6P7/2 transition possesses higher intensity for the glass 

with 10:30 molar ratio whereas lower intensity for the glass with 30:10 molar ratio.  

Normalized luminescence spectra of Dy3+-doped niobium zinc fluorosilicate glasses with 

varying Nb2O5/ZnF2 ratio, obtained by exciting the glass samples at 350 nm and 387 nm and are 

shown in Figs. 3(a) and (b), respectively. Emission spectra were exhibited three well known 

bands at 486, 577 and 669 nm which originated from the 4F9/2 → 6H15/2, 
4F9/2 → 6H13/2 and 4F9/2 → 

6H11/2 transitions, respectively. Emission spectra are normalized to observe the spectral variation 

of the electric-dipole transition (ED), 4F9/2 →  6H15/2 (blue). From the emission spectra, the 

intensities of blue and yellow emissions are found to be more or less similar for the glasses with 

different molar ratios. However, the blue emission is predominant for the glasses with 20:20 and 

10:30 ratio of Nb2O5/ZnF2 under the excitation wavelengths 350 and 387 nm. High intensity of 

blue emission could be due to high covalence between Dy-O bonds and the presence of Dy3+ ion 

in different sites under suitable excitation wavelength. The Y/B ratios under 350 nm excitation 

are found to be 1.77, 0.82 and 1.15 for the glass with 10:30, 20:20 and 30:10 molar ratios of 

Nb2O5/ZnF2, respectively. As can be seen, the blue emission is dominant for a glass with 20:20 

molar ratio. On the other hand, under 387 nm excitation, the Y/B ratios are found to be 0.56, 

0.86, and 0.92 for the glasses with 10:30, 20:20 and 30:10 molar ratios of Nb2O5/ZnF2, 

respectively, and higher the blue emission is observed for 10:30 molar ratio. The higher 

ACCEPTED M
ANUSCRIP

T



7 

 

magnitudes of Y/B ratio indicate that higher degree of covalency between Dy3+ ions and their 

ligand environment. The Y/B ratios (1.15 and 0.92) are close to unity for a glass with 30:10 

molar ratios of Nb2O5/ZnF2 under both 350 and 387 nm excitations. This could be due to the 

presence of higher non-bridging oxygens and/or lower phonon energy around the Dy3+ ions. 

High value of Y/B ratio indicates the larger concentration of dissociated Dy3+ ions from Dy-O-

Dy bonds and the possibility for high degree of de-polymerization in the glass matrix [32]. In our 

glass system, high value of Y/B ratio of 1.77 for the glasses with 10:30 ratio of Nb2O5/ZnF2 

indicates a large amount of dissociated Dy3+ ions from Dy-O-Dy bonds. This could be due to the 

increase of non-bridging oxygens or the formation of the Dy-F-Dy or Nb-F-Nb bonds (decrease 

of Dy-O-Dy or Nb-O-Nb bonds) in the glass matrix. This is also evidenced from the Raman 

mode at 888 cm-1 which purely related to the Nb-F(O) vibrations. The Y/B ratio of 0.1 mol% 

Dy3+-doped glasses are compared to those of other Dy3+:systems in Table 1 and found to be 

comparable to LBO:Dy glass (0.93) [6] and lower than silicate glass (1.96) [24]. 

The luminescence decay profiles of Dy3+ ions for the 4F9/2 level under 387 nm excitation 

are shown in Fig. 4 and are found to be non-exponential. The lifetime for the 4F9/2 level of Dy3+ 

ion is evaluated from the equation, 
 

 




dttI

dtttI
  and is found to be 281, 265 and 245 µs for the 

glasses with 20:20, 10:30 and 30:10 molar ratios of Nb2O5/ZnF2, respectively. It is noticed that 

the lifetime decreases with varying Nb2O5/ZnF2 molar ratio due to the increase in non-radiative 

processes of Dy3+ ions. The lower lifetime for 30:10 of Nb2O5/ZnF2 ratio indicates more covalent 

Dy-O bonds in the glass network as evidenced from the Raman spectra, leading to increase in the 

intensity and broadening of vibrational frequencies. This can be understood from the Raman 

analysis. The non-exponential decay profiles are analyzed under the frame of Inokuti-Hirayama 
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(IH) model [33] by taking the intrinsic lifetime, τ0 as 0.41 ms [12] found for 20:20 molar ratio. 

According to this model, the luminescence intensity I(t) of the de-excited ion is given by 

             

3/S

0

0 0

t t
I(t) I exp Q

    
      

                                                                              (1) 

where τ0 is the inherent decay time of the donors without the acceptors, S (=6, 8 or 10) relates the 

mechanism of the interaction, i.e. dipole–dipole, dipole-quadrupole or quadrupole-quadrupole, 

respectively and Q is the energy transfer parameter. The decay curves are fitted to the Eq. (1) by 

varying τ0 and Q. The best fit is obtained for S = 6, indicating that the nature of interaction 

between Dy3+ ions is dipole-dipole type. From the fitting, Q values are estimated to be 0.54, 0.27 

and 0.34 for the glasses with 10:30, 20:20, and 30:10 molar ratios of Nb2O5/ZnF2, respectively. It 

is noticed that the lifetime of Dy3+ for the 4F9/2 level decreases with increasing Nb2O5 content, 

due to increase in non-radiative processes.  

The combination of blue and yellow emissions from the Dy3+-doped material can produce 

a white luminescence. Dy3+-doped glasses can be considered as an attractive materials for two-

color phosphors since Dy3+ ion exhibits intense emissions at blue (482 nm, 4F9/2  6H15/2) and 

yellow (573 nm, 4F9/2  6H13/2) regions. It is well known that the 4F9/2  6H13/2 transition of Dy3+ 

ions is hypersensitive and its intensity strongly depends on the nature of the host, whereas the 

intensity of magnetic-dipole allowing the 4F9/2  6H15/2 transition is less sensitive to the host. 

Therefore, the intensity ratio (Y/B) of these transitions can be tailored such that the Dy3+-doped 

materials would generate white light. The white light produced by the emission of Dy3+-doped 

glass samples can be analyzed in the frame of the chromaticity coordinates of colors. The 

procedure established by the Commission International de I’Eclairage (CIE) is the most widely 
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used method to describe the composition of any color in terms of three primaries colors i.e. Red, 

Green and Blue (RGB). Artificial ‘‘colors’’, denoted by X, Y, Z, also called tristimulus values, 

can be added to produce real spectral colors (RGB). The chromaticity color coordinates is 

obtained from the following equations:  

ZYX

X
x


 , 

ZYX

Y
y


 ; and 

ZYX

Z
z


       (2) 

where X, Y, and Z are the tristimulus values given by:   dxEX )()(    dyEY )()(  

and   dzEZ )()( ; x ,  y , and z  are matching functions of CIE, to define the chromatic 

characteristics of a visible source and they can be thought of as the spectral sensitivity curves of 

three linear light detectors yielding the CIE tristimulus values X, Y and Z. 

The CIE chromaticity color coordinates are evaluated from the emission spectra and are 

presented in Figs. 4(a) and (b) under 387 and 350 nm excitations, respectively. The McCamy 

equation has been used to compute correlated color temperature (CCT) [34, 35] from the CIE 

chromaticity coordinates. The (x, y) chromaticity coordinates and CCT values are found to be 

(0.282, 0.329), (0.332, 0.372) and (0.332, 0.371) and, 8267, 5520 and 5520 K for the glasses 

with 10:30, 20:20 and 30:10 molar ratios of Nb2O5/ZnF2, respectively, under 387 nm excitation. 

On the other hand, under 350 nm excitation, the (x, y) chromaticity coordinates and CCT are 

found to be (0.352, 0.388), (0.331, 0.374) and (0.333, 0.377) and 4891, 5556 and 5485 K for the 

glasses with 10:30, 20:20 and 30:10 molar ratios, respectively. The CCT values, obtained at 350 

nm excitation, are comparable to those of lithium borate (0.25 mol%, 5169 K) [6], silicate (0.5 

mol%, 4324 K) [24] glasses (which are evaluated from the reported CIE chromaticity 

coordinates), apart from the reported oxyfluoride (0.25 mol%, 13750 K) [24] glass, which falls 
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under clear blue sky light source. Under 387 nm excitation, the CCT values for the investigated 

glasses are higher than those of other reported glasses including LBO:Dy (5101 K) [6], 

oxyfluoride (2115 K) [22], SZBPDy (3756 K) [36], sodium borate (3756 K) [37] and TSWD2 

(4971 K) [38]. The CCT values of the investigated glasses match well in the region of the light 

sources such as summer sunlight (4900-5600 K) and clear blue sky (8000-27000 K). The above 

results indicate that these glasses find potential applications for the development of summer 

sunlight white light sources. 

 

4. Conclusions 

Luminescence properties of Dy3+-doped oxyfluoride glasses modified with different 

Nb2O5/ZnF2 molar ratios have been studied under 350 and 387 nm excitations for the white 

luminescence. The maximum phonon energy is found to be 1010 cm-1 for a glass with high 

content of Nb2O5 content. The emission spectra exhibited two intense bands at 480 and 570 nm 

corresponding to the 4F9/2→
6H15/2 (blue) and 4F9/2→

6H13/2 (yellow) transitions, respectively, 

besides a weak red emission attributed to the 4F9/2→
6H11/2 transition. Higher Y/B ratio has been 

noticed for the glass with 10:30 molar ratio of Nb2O5/ZnF2 compared to the other glasses of the 

present study. The decay curve analysis reveals that the mechanism of interaction for the energy 

transfer between the Dy3+ ions is of dipole-dipole type. The color coordinates and correlated 

color temperature for the glass with 30:10 (Nb2O5/ZnF2) molar ratio is found to be nearer to the 

ideal white light and hence, it could be a potential candidate for the generation of white light 

sources under 350 and 387 nm excitations.  
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Figures 

 

Fig. 1. Raman spectra of glasses modified with 10:30, 20:20 and 30:10 molar ratios of Nb2O5 

and ZnF2.  
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Fig. 2. Normalized (with respect to 6H15/2 → 6K17/2) excitation spectra of 0.1 mol % Dy3+-doped 

oxyfluoride glasses for different molar ratios. 
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Fig. 3. Luminescence spectra of 0.1 mol % Dy3+ -doped oxyfluoride glasses under (a) 350 nm 

and (b) 387 nm excitations. The spectra normalized to the maximum intensity of the 4F9/2→
6H13/2 

transition and compared with Nb2O5/ZnF2 : 20/20 molar ratio. 
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Fig. 4. Decay curves for the 4F9/2 level of Dy3+ ion under 387 nm excitation along with IH fit for 

S = 6. 
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Fig. 5. Representation of CIE chromaticity color coordinates of Dy3+-doped Nb2O5/ZnF2:20/20 

molar ratio glasses under (a) 350 nm and (b) 387 nm excitations. 
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Table 1. Comparison of Y/B ratios, (x,y) chromaticity color coordinates, correlated color temperature (CCT, K) of Dy3+:systems under 

350 and 387 nm excitations.  

 

 

 

 

 

 

 

 

 

 

    *Indicates the values are evaluated from the data mentioned in the papers. 

 

 

Glass system 

 (Dy3+ ion concentration) 

Y/B ratio (x,y)  CCT  Reference 

350 nm 387 nm 350 nm 387 nm 350 nm 387 nm 

Nb20:ZF20 (0.1 mol %) 

Nb10:ZF30 (0.1 mol %) 

Nb30:ZF10 (0.1 mol %) 

0.82 

1.77 

1.15 

0.86 

0.56 

0.90 

(0.331, 0.374) 

(0.352, 0.388) 

(0.333, 0.377) 

(0.332, 0.371) 

(0.282, 0.329) 

(0.332, 0.372) 

5556 

4891 

5485 

5520 

8267 

5520 

Present work 

 

LBO:Dy (0.25 mol%) 0.93 0.95 (0.342, 0.371) (0.344, 0.371) 5169* 5101* [6] 

Silicate (0.5 mol %) 1.96 - (0.381,0.434) - 4324* - [23] 

Oxyfluoride (0.25 mol%) - - (0.23,0.31) (0.38,0.40) 13750 4163 [24] 

SLBPDy (1.0 mol%) - 0.72 - (0.45,0.42) - 2115 [36]  

 

Sodium Borate (1.5 mol%) - - - (0.44, 0.50) 

@ 375nm 

excitation 

- 3756 

@ 375nm 

excitation 

[37]  

TSWD2 (0.2 mol%) - 1.51@ 

452 nm 

- (0.35,0.40)  @ 

452 nm 

- 4971 @ 

452 nm 
[38]  
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A B S T R A C T

Trivalent samarium (Sm3+)-doped boro‑bismuth glass systems are prepared using the well-known melt
quenching technique and studied their physical and spectroscopic properties. Theoretical optical basicity of the
glasses are evaluated using the glass compositions. The optical absorption spectra are used to predict the optical
band gap and bonding parameters of glasses. The ultra violet (UV) cutoff wavelength is increasing towards the
higher wavelength side with increase in bismuth concentration. Judd-Ofelt parameters are obtained from ab-
sorption spectrum and are inturn used to estimate radiative properties for various excited states of the Sm3+ ions
in boro‑bismuth glasses. Luminescence decay curves of the 4G5/2 level in the Sm3+-doped boro‑bismuth glasses
are measured under 402 nm excitation. The decay times exhibit single exponential nature for lower con-
centrations (≤0.1 mol%) and tends towards non-exponential with increase in Sm3+ concentrations (≥0.5 mol
%). The non-exponential decay curves of higher Sm3+-doped glasses are fitted to the Inokuti-Hiriyama model to
know the nature of interaction for energy transfer between the Sm3+ ions. The chromaticity color coordinates
for present glass systems are also evaluated and found that the luminescence color falls in the reddish-orange
region.

1. Introduction

Rare-earth (RE) ion doped glasses are fascinating systems for the
growth of numerous optoelectronic devices such as short wavelength
lasers, display devices, sensors and hole burning high density storage
devices, etc. [1]. The broad applications of the RE-doped glasses sti-
mulate the search for novel systems and examination of their optical
analysis. Glasses doped with various RE ions exhibit valuable in-
formation that include spectroscopic properties such as energy level
structure, emission cross-section, optical gain, etc. [2,3]. These results
play a significant role to improve the existing or to design new optical
devices.

Among several RE ions, Sm3+ have prospective applications for
high-density optical data storage, under sea communication and color
displays [4,5]. Moreover, the Sm3+ ions exhibit wide emission of
4G5/2 → 6HJ (J = 5/2, 7/2, 9/2 and 11/2) transitions in any host
matrix. Furthermore, the orange-red emission around 600 nm can be
obtained because of the large energy difference between the

4G5/2 meta-stable level and its next lower lying level [6,7]. Bor-
o‑bismuth glasses show high transparency, low melting point, high
thermal stability and good glass forming nature. Borate glasses are the
better hosts for RE ions doping compared to various other traditional
glass materials. However, borate glasses have high phonon energies,
resulting in enhanced non-radiative processes that reduces lumines-
cence efficiency. Such high phonon energies possessed by the borate
glasses can be conveniently reduced by adding heavy metal oxides such
as bismuth and lead oxides [8].

Recently, bismuth containing glasses were investigated for feasible
use in glass scintillators, radiation detectors for applications in high en-
ergy Physics [9,10]. Bismuthate glasses have large infrared transmission
windows besides high refractive index which are suitable for optical
components [9,10]. Pure bismuth is not considered as a glass former
since it has lower field strength (0.53). However, the combination of
B2O3/SiO2/TeO2/P2O5 with Bi2O3 can form glasses in comparatively
more compositional ranges which results in increase in non-bridging
oxygen and refractive indices [11]. Boro‑bismuth glass systems were also
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recognized as an outstanding host matrices for doping of RE oxides be-
cause of their excellent glass forming ability at low temperature com-
pared to various traditional glass formers such as silicate, phosphate,
germanate, vanadate, tellurite, etc., [12–16]. In the present work, optical
properties of the Sm3+-doped boro‑bismuth (BBiSm) glasses (20–70 mol
% of Bi2O3) are reported. The present work also deals with the pre-
paration of Sm3+-doped bismuth glasses and to study their various
physical properties such as density and refractive index and spectro-
scopic properties that include radiative transition probabilities, stimu-
lated emission cross-sections, lifetimes and CIE chromaticity coordinates.
All the obtained results are compared with those of reported systems in
the literature [17–54].

2. Sample preparation and measurements

Glass samples with the compositions (mol%) of:

+ +B80Bi20Smx: (80 x/2)H BO (20 x/2)Bi O xSm O ;3 3 2 3 2 3

+ +B70Bi30Smx: (70 x/2)H BO (30 x/2)Bi O xSm O ;3 3 2 3 2 3

+ +B60Bi40Smx: (60 x/2)H BO (40 x/2)Bi O xSm O ;3 3 2 3 2 3

+ +B50Bi50Smx: (50 x/2)H BO (50 x/2)Bi O xSm O ;3 3 2 3 2 3

+ +B40Bi60Smx: (40 x/2)H BO (60 x/2)Bi O xSm O ;3 3 2 3 2 3

+ +B30Bi70Smx: (30 x/2)H BO (70 x/2)Bi O xSm O3 3 2 3 2 3

(where x = 0.01, 0.05, 0.1, 0.5, 1.0 and 2.0) were prepared by melt-
quenching method. H3BO3, Bi2O3 and Sm2O3 chemicals used were of
analytical reagent grade. Batch composition of chemicals of 25 g were
taken and thoroughly grinded by agate mortar to get homogeneous
mixture. The fine powder was placed in an alumina crucible and kept in
an electric furnace at 850 °C for 2 h. The molten liquid was suddenly
quenched on preheated brass mold at 310 °C and annealed at the same
temperature for 12 h.

The prepared glass systems were polished to measure their physical
and optical properties. The refractive indices were measured by
Brewster's angle method using diode laser (λ = 650 nm). The densities
were measured by the Archimedes' method utilizing twofold refined
water as a submersion fluid. The X-ray diffraction (XRD) spectra were
recorded with JEOL 8030 X-beam diffractometer utilizing CuKα ra-
diation. The absorption specta were measured with Perkin Elmer
Lambda-950 spectrophotometer. The excitation and emission spectra
and lifetimes were measured with an Endinburgh FLS980 spectro-
fluorimeter with xenon lamp as a light source in continuous and pulsed
mode. All the measurements were made at room temperature.

For computation of errors, all the above experiments are measured
three times and are used to compute mean and standard deviation (σ)
using the expression,

=
x y
N

( )
( )2

where x is the actual measurement reading, y is the mean reading and N
is the number of measurements.

3. Results and discussion

3.1. Physical properties

The density of a host is a unique property to assess the strength of
the glass, which gives information about the structural softening or
compactness of the system [17]. The densities (d) of the BBiSm glasses
were measured by Archimedes's principle using double distilled water
as an immersion liquid and various physical properties of the BBiSm
glasses are calculated using relevant expressions reported elsewhere
[18,19]. Table 1 presents the measured and calculated
physical properties of BBiSm glasses and are compared with Ta
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40B2O3 + 40Na2O + 19CaF2 + 1.0Sm2O3 (BNCfSm1.0) and 40B2O3

+ 40Bi2O3 + 19CaF2 + 1Sm2O3 (B40BiCfSm1.0) glasses [20]. The
physical properties are calculated for all the compositions and are
compared only to those combinations which gives better luminescence
properties. From Table 1, it can be observed that as bismuth content
increases in glass matrix, the density increases which is due to replace-
ment of lighter mass of B2O3 (M.W = 61.98 g) content by heavier mass of
Bi2O3 (M.W = 465.96 g). Similar results were also observed by Mar-
iyappan et al. [20] in boro‑bismuth glasses (Table 1). It can also be ob-
served that in the present systems, the values of refractive index increases
from 1.76 to 2.24 ± 0.01 with increase in bismuth content from 20 to
70 mol%. Hence, it clearly shows that addition of bismuth content to the
glass matrix causes increase in refractive index. Similar results were also
observed by Agarwal et al. [21].

The refractive index is an important parameter, which affects the per-
formance of optical fibers [22]. From the Table 1, it can be observed that
the present B40Bi60Sm1.0 (2.21) and B30Bi70Sm0.5 (2.24) glasses have
the higher refractive indices compared to zinc bismuth borate: ((79-x)
B2O3 + xBi2O3 + 20ZnO + 1Sm2O3, x = 15, 20, 25, 30, 35) (1.72–1.99)
[21], zinc lithium borate: 25Li2CO3 + 64H3BO3 + 10ZnF2 + 1Sm2O3

(1.48) [23] and zinc bismuth silicate: (20ZnO + (79.5-x)
Bi2O3 + xSiO2 + 0.5Sm2O3, x = 20, 30, 40, 50 (2.18–2.08) [24]) glasses.
Hence, it can be said that the higher refractive index in the present bor-
o‑bismuth glasses is more suitable for fiber drawing and waveguide appli-
cations [22].

3.2. Theoretical optical basicity

Theoretical optical basicity (Λ) can be predicted from the compo-
sition of the glass, according to Duffy and Ingram [25]. Optical basicity
parameter (Λ) defines the electron donating power of the oxygen in an
oxide glass [25]. This analysis can be made from the glass composition
with basicity moderating parameter (γi). Also, γi can be computed from
the relation (γi) = 1.36 (Xi − 0.26), where Xi is the Pauling electro-
negativity of the cations in the glass composition [25,26]. The optical
basicity of the boro‑bismuth glasses are evaluated from the expression
[25,26],

= + +X Bi O X B O X Sm O( ) ( ) ( )
glass

A B C

2 3 2 3 2 3

(1)

In the above expression, B80Bi20Sm0.5: (0.1975, 0.7975, 0.005);
B70Bi30Sm0.5: (0.2975, 0.6975, 0.005); B60Bi40Sm0.5: (0.3975,
0.5975, 0.005); B50Bi50Sm0.5: (0.495, 0.495, 0.01); B40Bi60Sm0.5:
(0.5950, 0.3950, 0.01) and B30Bi70Sm0.5: (0.6975, 0.2975, 0.005) are
the ratios of the oxygen atoms (X(Bi2O3), X(B2O3) and X(Sm2O3), re-
spectively. These are participating to the total oxygen atom content in
the BBiSm glasses. The basicity moderating parameters (γi) are eval-
uated by taking the Xi values represented by Pauling [27] and are found
to be γi(Bi) = 2.2304, γi(B) = 2.3664 and γi(Sm) = 1.2376. Fig. 1
shows the variation of Λ with bismuth concentration. It can be observed
that the value of Λ linearly increases with increase in bismuth con-
centration. Therefore, the studied BBiSm glasses possess relatively high
optical basicity at high bismuth content [28].

3.3. X-ray diffraction

The recorded XRD profile of 0.5 mol% Sm3+-doped boro‑bismuth
(B30Bi70BSm0.5) glass is shown in Fig. 2 and is similar to all other
glasses (BBiSm). It is confirmed that the prepared samples are amor-
phous in nature due to lack of sharp peaks in the XRD profile.

3.4. Absorption spectra

Absorption spectra of the Sm3+-doped BBiSm glasses are recorded
in the ultra-violet (UV) to near infrared (NIR) range. Figs. 3(A) and (B)

show the absorption spectra in the UV–visible (300–800 nm) and NIR
(850–2000 nm) regions, respectively. This spectral region of the present
BBiSm glasses are comparable to other reported Sm3+-doped glasses
[29–33]. The various absorption transitions originate from the 6H5/2

ground state to the various upper energy states. From Fig. 3(A), it can
be observed that the UV–visible region is more sensitive to bismuth
concentration although the Sm3+ ions concentration was kept constant
at 0.5 mol% in B80Bi20Sm0.5, B70Bi30Sm0.5 and B60Bi40Sm0.5
glasses. At lower Bi content glasses, few prominent transitions
6H5/2 → 6P3/2 (402 nm),6H5/2 → 6P5/2 (416 nm), 6H5/2 → 4I11/2

(479 nm) and 6H5/2 → 4I11/2 (479 nm) are clearly observed. When the
bismuth content reaches to 40 mol%, UV–visible transitions disappear.
It clearly shows that bismuth content significantly affects UV–visible
transitions of Sm3+ ions owing to high absorption of hosts in the UV
range. From the inset of Fig. 3(A), it can be observed that UV cutoff
wavelength increases towards the higher wavelength side from 383 to
463 nm in moving from B80Bi20Sm0.5 to B30Bi70Sm0.5. This may also
be one of the reasons for the absence of the Sm3+ ion absorption
transitions in UV–visible range. It can be said that bismuth content can
be used in borate glasses for UV cutoff applications.

Fig. 3(B) shows NIR transitions (above 10,706 cm−1) which are

Fig. 1. Variation of evaluated theoretical optical basicity (Λ) with bismuth
concentration (mol%).

Fig. 2. XRD patterns of B30Bi70Sm0.5 glass.
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sharp and more intense because 4f electrons in the Sm3+ ions are
adequately protected by the 5 s and 5p filled shells [34]. Eight ab-
sorption transitions are found in NIR region which originates from the
6H5/2 ground state to the various excited states, 6F11/2 (~943 nm), 6F9/2

(~1082 nm), 6F7/2 (~1228 nm), 6F5/2 (~ 1373 nm), 6F3/2 (~1478 nm),
6H15/2 (~ 1524), 6F1/2 (~1587 nm) and 6H13/2 (~1967 nm). In the
present glass systems, the ground state of all the absorption transitions
begin because of electric-dipole involvement and they obey the selec-
tion rule ΔJ ≤ 6. The 6H5/2 → 6F7/2 transition is magnetic-dipole in
nature and comply with the selection rule ΔJ = 0, ± 1 [35]. As can be
seen from Fig. 3(B), absorption band corresponding to the 6H5/2 → 6F7/2

transition acquire higher intensity and is known as a hypersensitive
transition. From the observed transitions of the absorption spectra, the
Judd-Offelt (JO) parameters [40,41] are calculated using the oscillator
strengths of the absorption transitions and squared doubly reduced
matrix elements.

3.4.1. Nephelauxetic effect - Bonding parameter
The nephelauxetic ratios ( ) and bonding parameters (δ) are calculated

to find the nature of bonding between the Sm3+ ions and their sur-
rounding metal-ligands [36,37]. The bonding parameter ‘δ’ is determined
where = (1 )/ . The and δ values are presented in Table 2. The
bonding property in host matrix could be covalent/ionic depending on the
+/− sign of δ value. From the Table 2, it can be seen that the nephe-
lauxetic ratios ( ) are found to decrease with the increase in bismuth
content up to 50 mol% and increases thereafter. The evaluated values
are found to be 0.7356 ± 0.0001, 0.7347 ± 0.0001, 0.7340 ± 0.0001,
0.7333 ± 0.0001, 1.0063 ± 0.0001 and 1.0064 ± 0.0001 for the
B80Bi20Sm0.5, B70Bi30Sm0.5, B60Bi40Sm0.5, B50Bi50Sm1.0,
B40Bi60Sm1.0 and B30Bi70Sm0.5 glasses, respectively. The positive va-
lues of ‘δ’ for lower bismuth content (≤50 mol%) indicates the

Fig. 3. (A). UV–VIS absorption spectra (inset shows the UV-VIS cutoff wavelength with Bi2O3 concentration) (B). NIR absorption spectra of Sm3+-doped bor-
o‑bismuth glasses.

Table 2
Observed band positions ( ± 2, cm−1) and bonding parameters ( and δ, ± 0.0001) of the Sm3+-doped boro‑bismuth glasses.

Transition 6H5/2→ B80Bi20Sm0.5 B70Bi30Sm0.5 B60Bi40Sm0.5 B50Bi50Sm1.0 B40Bi60Sm1.0 B30Bi70Sm0.5 Aquo˗ion [37]

6H13/2 5079 – – – – – 5042
6F1/2 6317 6313 6289 6278 6302 6270 6397
6F3/2 6771 6757 6743 6729 6725 6720 6630
6F5/2 7283 7273 7241 7246 7236 7246 7100
6F7/2 8143 8143 8130 8103 8104 8110 8000
6F9/2 9294 9234 9259 9251 9225 9242 9200
6F11/2 10,605 10,593 10,560 10,560 10,537 10,560 10,500
4I9/2 20,877 20,964 20,964 20,964 – – 20,526
4I11/2 21,645 21,598 21,692 21,692 – – 21,600
4P5/2 24,039 23,981 – – – – 24,050
4P3/2 24,876 24,814 – – – – 24,999

0.7356 0.7347 0.7340 0.7333 1.0063 1.0064
δ 0.3594 0.3611 0.3624 0.3636 −0.0063 −0.0064

Fig. 4. Tauc's plots for the prepared Sm3+-doped boro‑bismuth glasses.
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predominant covalent environment of the bonding between Sm3+ ions
and ligands. As bismuth content increases beyond 50 mol% in the pure
borate glass, ‘δ’ values become negative and nature of the bonds tends
towards ionic nature.

3.4.2. Optical band gap energy
The absorption at slightly higher energies (optical absorption edge)

provides information on the combined density of states at the valence-
band and conduction-band edges (optical band gap) of the materials
[38]. The absorption coefficient α(λ), near the edge of the absorption
spectra can be evaluated by using the below relation,

= t In I I( ) (1/ ) ( / )0 (2)

where ‘t’ is the thickness and In(I/I0) is the to absorbance of the sample.
The relation between α(λ) and photon energy of the incident radiation,
‘hν’ is given by [39],

= A hv E hv( ) ( ) /opt
r (3)

where Eopt is the optical band gap (eV), A is a constant and ‘r’ is an
index. According to the Tauc's relations for glassy systems, indirect

transition (r= 2) is valid [39]. The values of indirect optical band gap
energy (Eopt) for the given glass can be determined by the extrapolation
of straight line portion of (α(λ)hv)1/2 vs. hv curve to zero. Fig. 4 shows
the evaluated Tauc's plots for B80Bi20Sm0.5 (2.56 ± 0.01 eV),
B70Bi0Sm0.5 (2.62 ± 0.01 eV), B60Bi40Sm0.5 (2.84 ± 0.01 eV),
B50Bi50Sm0.5 (2.89 ± 0.01 eV), B40Bi60Sm0.5 (3.08 ± 0.01 eV)
and B30Bi70Sm0.5 (3.21 ± 0.01 eV) glasses. As can be seen the value
of ‘Eopt’ for boro‑bismuth glasses increases from 2.56 to 3.21 ± 0.01 eV
with increase in bismuth content from 20 to 70 mol%. The present
values show that increase of bismuth content in borate glass can en-
hance the Eopt value of the glass system.

3.4.3. Oscillator strengths and Judd–Ofelt intensity parameters
The experimental oscillator strengths (fexp) are calculated by in-

tegrating the area of each band in the absorption spectra using the
following expression,

= = ×f mc
N e

d d2.303 ( ) 4.318 10 ( )exp

2

2
9

(4)

and theoretical oscillator strengths (fcal) are calculated by using the

Table 3
Trasition assignments, experimental (fexp) and calculated (fcal) oscillator strengths ( ± 5%, × 10−6), Judd-Ofelt intensity parameters (Ωλ ± 5%, λ = 2, 4 and 6, ×
10−20 cm2) and root mean square deviation (δRMS) values of Sm3+-doped boro‑bismuth glasses along with reported Sm3+:glasses.

Transition 6H5/2 → B80Bi20Sm0.5 B70Bi30Sm0.5 B60Bi40Sm0.5 B50Bi50Sm1.0 B40Bi60Sm1.0 B30Bi70Sm0.5 BiSPbSm0.5 [48] BLNfSm1.0 [54]

f exp f cal f exp f cal f exp f cal f exp f cal f exp f cal f exp f cal f exp f cal f exp f cal

6P3/2 1.10 0.67 1.10 0.06 – – – – – – – – – – 8.20 9.12
6P5/2 1.05 0.00 1.05 0.00 – – – – – – – – – – 0.65 0.29
4I11/2 0.58 1.04 0.58 1.05 – – – – – – – – – – 2.90 1.96
4I9/2 0.05 0.08 0.05 0.08 – – – – – – – – – – 0.36 0.32
6F11/2 0.88 1.04 0.88 1.05 0.82 0.88 0.99 0.91 0.50 0.74 1.62 2.07 1.23 1.43 0.92 0.76
6F9/2 6.80 6.31 6.80 6.45 5.22 5.34 5.22 5.58 4.54 4.65 12.5 12.6 1.82 1.67 7.42 6.94
6F7/2 8.52 8.68 8.52 8.77 7.64 7.41 8.03 7.79 6.55 6.44 18.0 18.0 3.14 3.23 8.94 8.64
6F5/2 3.68 3.67 3.68 3.66 2.92 3.32 3.42 3.50 2.58 2.82 8.00 8.42 2.79 3.12 5.64 4.76
6P3/2 1.87 1.76 1.87 1.75 2.4 1.80 1.25 0.04 1.85 1.45 4.88 4.16 1.67 1.72 2.92 3.48
6F1/2 0.09 1.16 0.09 0.17 0.09 0.45 0.06 0.04 0.03 0.27 0.14 0.58 – – – –
6H13/2 0.00 0.64 – – – – – – – – – – – – – –
δRMS ± 0.45 ± 0.34 ± 0.25 ± 0.47 ± 0.28 ± 0.57 ± 0.94 ± 0.51
Ω
2 0.46 0.43 0.93 0.12 0.85 1.49 2.54 3.92
Ω
4 5.64 4.27 4.30 4.33 4.59 3.01 4.28 8.17
Ω
6 6.39 5.780 4.40 4.22 4.41 2.84 4.54 5.82

Table 4
Comparison of Judd-Ofelt (Ωλ ± 5%, × 10−20 cm2) parameters of Sm3+:boro-bismuth glasses with reported Sm3+:glasses.

Glass JO intensity parameters Trend

Ω2 Ω4 Ω6

79.75B2O3 + 19.75Bi2O3 + 0.5Sm2O3 (B80Bi20Sm0.5) [Present work, PW] 0.46 5.64 6.39 Ω6 > Ω4 > Ω2

69.75B2O3 + 29.75Bi2O3 + 0.5Sm2O3 (B70Bi30Sm0.5) [PW] 0.43 4.27 5.78 Ω6 > Ω4 > Ω2

59.75B2O3 + 39.75Bi2O3 + 0.5Sm2O3 (B60Bi40Sm0.5) [PW] 0.93 4.30 4.40 Ω6 > Ω4 > Ω2

49.50B2O3 + 49.50Bi2O3 + 1.0Sm2O3 (B50Bi50Sm1.0) [PW] 0.12 4.33 4.22 Ω4 > Ω6 > Ω2

39.50B2O3 + 59.50Bi2O3 + 1.0Sm2O3 (B40Bi60Sm1.0) [PW] 0.85 4.59 4.41 Ω4 > Ω6 > Ω2

29.75B2O3 + 69.75Bi2O3 + 0.5Sm2O3 (B30Bi70Sm0.5) [PW] 1.49 3.01 2.84 Ω4 > Ω6 > Ω2

60B2O3 + 15ZnO + 10BaF2 + 10CaF2 + 4.9 Al2O3 + 0.1Sm2O3 (BZBfCfASm0.1) [11] 0.59 4.18 4.27 Ω6 > Ω4 > Ω2

52.33PbO + 26.66B2O3 + 16GeO2 + 4Bi2O3 + 1.0Sm (PbBGBiSm1.0) [18] 0.42 2.65 2.48 Ω4 > Ω6 > Ω2

64B2O3 + 15Bi2O3 + 20ZnO + 1.0Sm2O3 (BZBiSm1.0) [21] 1.93 1.84 1.79 Ω2 > Ω4 > Ω6

83.5SiO2 + 10Bi2O3 + 5Na2CO3 + 1.5Sm2O3 (SBiNSm1.5) [30] 2.26 3.46 2.09 Ω4 > Ω2 > Ω6

60B2O3 + 9Bi2O3 + 20ZnO + 10Al2O3 + 1.0Sm2O3 (BBiZASm1.0) [31] 1.17 4.14 8.52 Ω6 > Ω4 > Ω2

40Bi2O3 + 25MgHPO4 + 24B2O3 + 10PbO + 1.0Sm2O3 (BiPBPbMgSm1.0) [44] 0.20 3.47 4.37 Ω6 > Ω4 > Ω2

39H3BO3 + 30TeO2 + 30PbF2 + 1.0Sm2O3 (BTPfSm1.0) [45] 0.21 1.42 1.87 Ω6 > Ω4 > Ω2

41P2O5 + 17K2O + 23ZnF2 + 10LiF + 8Al2O3 + 1.0Sm2O3 (PKZfLfASm1.0) [46] 4.50 7.40 3.93 Ω4 > Ω2 > Ω6

59B2O3 + 20PbO + 5BaO + 5ZnO + 10LiF + 1.0Sm2O3 (BPbBaZLfSm1.0) [47] 0.32 3.29 1.93 Ω4 > Ω6 > Ω2

69.5Bi2O3 + 10SiO2 + 20PbO + 0.5Sm2O3 (BiSPbSm0.5) [48] 2.54 4.28 4.54 Ω6 > Ω4 > Ω2

49B2O3 + 20Bi2O3 + 15Li2O + 10SrO + 5SrF2 + 2.0Sm2O3 (BBiLSofSm2.0) [49] 3.17 5.97 6.22 Ω6 > Ω4 > Ω2

33.33B2O3 + 53.33PbO + 13.33PbF2 + 0.7Sm2O3 (BPofSm0.7) [50] 3.41 2.92 2.17 Ω2 > Ω4 > Ω6

49B2O3 + 25Na2O + 10CaF2 + 10AlF3 + 5LaF3 + 1.0SmF3 (BNCfAfLafSf1.0) [51] 3.51 3.48 4.56 Ω6 > Ω2 > Ω4

69.75H3BO3 + 20Li2CO3 + 10CaCO3 + 0.25Sm2O3 (BLCSm0.25) [52] 4.77 10.79 6.22 Ω4 > Ω6 > Ω2

69.5H3BO3 + 29.50Li2CO3 + 1.0Sm2O3 (BLSm1.0) [53] 6.81 10.16 6.93 Ω4 > Ω6 > Ω2

49B2O3 + 25Li2O + 25NaF + 1.0Sm2O3 (BLNfSm1.0) [54] 3.92 8.17 5.82 Ω4 > Ω6 > Ω2
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Judd-Ofelt (JO) theory [40,41],

=
+

+

=
f mc

h J
n

n
J U J8

3 (2 1)
( 2)

9
( )cal

2 2 2

2,4,6

2

(5)

all the notations and symbols in Eq. (5) carry the same meaning as in
Refs. [40, 41]. The values of fexpand fcal are listed in Table 3. The JO
intensity parameters, Ωλ (λ = 2, 4 and 6) are determined by using the
least square fitting method as carried out in earlier works. The root-
mean-square deviation is defind as,

= f fcal N[( ) / ]RMS exp
2 1/2 (6)

where N is the number of levels included in the fit and also have been
used to determine the accuracy of the intensity parameters. As can be
seen from the Table 3, the δRMS values are found to be ± 0.45, ±
0.34, ± 0.25, ± 0.47, ± 0.28, ± 0.57, ± 0.94 and ± 0.51 for
B80Bi20Sm0.5, B70Bi30Sm0.5, B60Bi40Sm0.5, B50Bi50Sm1.0,
B40Bi60Sm1.0, B30Bi70Sm0.5, BiSPbSm0.5 [48] and BLNfSm1.0 [54],
respectively, and show that experimental intensity values are in good
agreement with the calculated values. Table 4 compares the calculated
JO parameters with those of reported systems [11,18,21,30,31,44–54].
The JO intensity parameter Ω2 describes the covalency between RE3+

ions and ligand (O−) anions. Similarly, the parameters Ω4 and Ω6 are

related to the host matrix properties such as rigidity and viscosity [42].
Figs. 5(a) and (b) represent the variation of the intensity parameters

with respect to bismuth content. It can be observed that the JO para-
meters for Sm3+:glasses follow two different trends. When the bismuth
content is ≤40 mol%, JO parameters are following the trend as
Ω6 > Ω4 > Ω2, and when bismuth content is ≥50 mol%, intensity
parameters are following the trend as Ω4 > Ω6 > Ω2. In both the
cases, Ω2 value is increasing with increasing of bismuth content where
as Ω4 and Ω6 values are decreasing. This indicates that up to 40 mol%,
the rigidity of the glass system decreases with increase in bismuth
content and the similar trend was also observed in bismuth system re-
ported by Pal et al. [24]. As can be seen from Fig. 5, for higher content
of bismuth, the rigidity of the glass system is also increasing up to
60 mol%, after that sudden decrement was observed in Ω4 and Ω6 va-
lues, which may be due to the non availability of boran linkages leading
to less possibility of glass formation. In the present case, 70 mol% of
bismuth glass shows less transparency. From Table 4, the Ω2 values of
investigated glasses are comparable to those of reported bismuth and
borate systems. It can be observed that the present glass systems have
more or less similar value for covalency nature compared to
BZBfCfASm1.0 [11], PbBGBiSm1.0 [18], BiPBPbMgSm1.0 [44],
BTPfSm1.0 [45] and BPbBaZLfSm1.0 [47]. Besides this, the Ω2 values
are found to be lower compared to those reported for BBiZSm1.0 [21],
SBiNSm1.5 [30], BBiZASm1.0 [31], PKZfLfASm1.0 [46], BiSPbSm0.5
[48], BBiLSofSm2.0 [49], BPofSm0.7 [50], BNCfAfLafSf1.0 [51],
BLCSm0.25 [52], BLSm1.0 [53] and BLNfSm1.0 [54] glasses indicating
that the symmetry around the Sm3+ ion is higher in the present glasses
compared to those of reported glas systems.

3.5. Excitation, emission and radiative properties

The excitation spectra, measured in the range of 350–550 nm, by
monitoring the emission at 601 nm, are shown in Fig.6. The bands
observed from excitation spectra are at 360, 375, 388, 403, 416, 441,
461, 479, 501 and 526 nm which correspond to the transitions of
6H5/2 → 4D3/2, 6P7/2, 4L15/2, 4F7/2, (6P,4P)5/2, 4M19/2, 4I13/2, 4I11/2, 4G7/2

and 4F3/2, respectively. Among all excitation transitions, the 6H5/2 →
4I11/2 transition at 479 nm is having highest intensity and is prominent
to investigate the photoluminescence emission spectra of all Sm3+-
doped boro‑bismuth glasses.

The emission spectra of all the Sm3+-doped BBiSm glasses are
presented in Fig. 7. The emission spectra exhibit four emission bands
corresponding to the 4G5/2 → 6H5/2 (~561 nm), 4G5/2 → 6H7/2

(~598 nm),4G5/2 → 6H9/2 (~647 nm) and 4G5/2 → 6H11/2 (~705 nm)

Fig. 5. Variation of intensity parameters (Ω2, Ω4 and Ω6) with Bi2O3 concentration (mol%) in boro‑bismuth glasses. B80Bi20Sm, B70Bi30Sm and B60Bi40Sm (b)
B50Bi50Sm, 40Bi60Sm and B30Bi70Sm boro‑bismuth glasses.

Fig. 6. Excitation spectra of boro‑bismuth glasses (λem = 598 nm).
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transitions irrespective of variation in concentration. Out of these four
bands, the 4G5/2 → 6H7/2 is more intense and 4G5/2 → 6H11/2 is weeker
in intensity. As can be seen from Fig. 7, the emission spectral intensity

of Sm3+ ions in titled glasses increase gradually up to 0.5 mol% of
Sm3+ and then decreases for all the peaks in the glass compositions of
B80Bi20Sm, B70Bi30Sm, B60Bi40Sm and B30Bi70Sm. Similarly, the

Fig. 7. Emission spectra of BBiSm glasses (λex = 479 nm).
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spectral intensity increase gradually up to 1.0 mol% of Sm3+ and then
decreases for all peaks in the compositions of B50Bi50Sm and
B40Bi60BSm glasses. This concentration quenching could be due to
enhanced interaction between Sm3+ ions leading energy transfer
through the cross-relaxation [55]. Among these glasses, emission cross-
section is maximum for B80Bi20Sm0.5 glass. This glass has a very
distinct orange-red luminescence, which is mainly due to the intense
4G5/2 → 6H7/2 transition at 598 nm (16,722 cm−1) and 4G5/2 → 6H9/2

transition at 647 nm (15,456 cm−1). These transitions are useful in
high-density optical data storage, color display and medical diagnostics.
The partial energy level diagram drawn for BBiSm glasses are shown in
Fig. 8.

The intensity of orange-red luminescence emitted by BBiSm glasses
increases with the concentration of Sm3+ ions up to 0.5 mol% and then
decreases. The 4G5/2 → 6H5/2 (563 nm) is predominantly magnetic-dipole in
character where as the 4G5/2 → 6H9/2 (644 nm) transition is predominantly
electric-dipole in character. The transition 4G5/2 → 6H7/2 (598 nm) is mainly
electric-dipole in character although the transition is magnetic-dipole al-
lowed. In the present work, spectral intensity of the electric-dipole

transition, 4G5/2 → 6H9/2, of the Sm3+ ion is higher than the magnetic-di-
pole transition, 4G5/2 → 6H5/2. The relative intensities of these transitions
are known to be sensitive to the variations in the local field around the
Sm3+ ions [46].

Using Ωλ parameters, radiative transition probabiliy (Arad) for sponta-
neous emission, radiative lifetime of the excited state from which fluores-
cence is observed and branching ratios (βR) of transitions are calculated and
are presented in Table 5 for the 4G5/2 → 6H5/2 (561 nm), 4G5/2 → 6H7/2

(598 nm), 4G5/2 → 6H9/2 (647 nm) and 4G5/2 → 6H11/2(705 nm) transitions.
Arad, which depend on the JO parameters and refractive index (n) of the
host system through the local field correction is increasing with Bi2O3

content [3]. Among the four emission transitions, 4G5/2 → 6H7/2 (~597)
and 4G5/2 → 6H9/2 (~ 644) transitions are more intense for BBiSm0.5 and
BBiSm1.0 glasses. The peak stimulated emission cross-section (σe(λp)) of an
emission band having transition probability of AR(ΨJ,Ψ'J') can be expressed
as

=J J
cn

J J( )( , )
8

( , )e p
p

eff
R

4

2 (7)

Fig. 8. Partial energy level diagram of Sm3+ − doped boro‑bismuth glasses.

Table 5
Peak wavelength (λp ± 0.2, nm), effective linewidth (∆λeff ± 0.01, nm), radiative transition probability (AR ± 2, s−1), stimulated emission cross-section (σe

(λp) ± 0.2, × 10−21 cm2), experimental (βR(Exp) ± 2%) and calculated ((βR(Cal) ± 2%) branching ratio corresponding to the 4G5/2 emission transitions.

Transitions Parameters B80Bi20Sm0.5 B70Bi30Sm0.5 B60Bi40Sm0.5 B50Bi50Sm1.0 B40Bi60Sm1.0 B30Bi70Sm0.5

4G5/2 → 6H5/2 λp 562 561 562 562 561 561
∆λeff 11.24 10.06 9.60 9.60 9.34 12.24
σe(λp) 2.31 2.96 2.99 3.16 3.73 2.89
AR 70 71 89 101 129 151
βR(Exp) 0.11 0.09 0.09 0.08 0.09 0.10
βR(Cal) 0.10 0.05 0.11 0.12 1.12 0.12

4G5/2 → 6H7/2 λp 597 598 597 597 598 598
∆λeff 13.73 14.66 14.14 14.59 14.52 14.02
σe(λp) 4.25 4.37 5.15 4.27 5.59 5.90
AR 117 213 176 163 234 274
βR(Exp) 0.46 0.48 0.48 0.48 0.45 0.44
βR(Cal) 0.30 0.52 0.23 0.20 0.22 0.22

4G5/2 → 6H9/2 λp 644 647 644 644 647 647
∆λeff 14.95 15.98 15.97 16.30 17.65 16.70
σe(λp) 12.84 13.83 4.85 13.62 14.54 15.69
AR 295 304 139 429 539 634
βR(Exp) 0.34 0.35 0.35 0.35 0.37 0.37
βR(Cal) 0.42 0.21 0.49 0.52 0.51 0.50

4G5/2 → 6H11/2 λp 708 705 708 708 705 705
∆λeff 19.38 21.17 17.83 18.69 20.19 27.22
σe(λp) 2.00 1.53 2.18 2.12 2.13 1.67
AR 31 42 48 52 64 78
βR(Exp) 0.09 0.09 0.08 0.09 0.10 0.11
βR(Cal) 0.05 0.12 0.06 0.06 0.06 0.60
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here λp is the transition peak wavelength and ∆λeff is its effective linewidth
found by dividing the area of the emission band by its average height. The
values of σe(λp) are given in Table 5. The large σe(λp) is an attractive ele-
ment for low-threshold and high gain laser applications, which are utilized
to attain CW laser action. Among the four emission transitions, the 4G5/2 →
6H9/2 transition has high σe(λp) for all the titled glasses.

The luminescence branching ratio (βR) is another essential para-
meter which plays an important role in deciding the lasing potentiality
of an emission transition. It is well known that the emission transition
having the βR > 50% is considered to be more potential for laser
emission [46]. Hence, in the labelled glass systems, 4G5/2 → 6H7/2

transition fullfil the above conditions necessary for a good laser tran-
sition. The experimental branching ratios (βR (Exp)) and calculated
branching ratios (βR(Cal)) are given in Table 5. It is evident that the
4G5/2 → 6H7/2 transition is more intense compared to other transitions
and therefore the BBiSm glasses could be used for the development of
light emitting diodes (LEDs) in optical communication [33]. The laser
characteristic parameters such as branching ratios (βR) and stimulated
emission cross-sections (σe(λp)) for the B70Bi30Sm0.5 glass are com-
pared with those of other glasses in Table 5. From the Table 5, it is
evident that the 4G5/2 → 6H9/2 transition of B30Bi70Sm0.5 glass has the
higher σe(λp) of 15.69 × 10−21 cm2, which could be a favorable feature
for the development of visible laser around at around 647 nm [46].

3.6. Decay curve analysis

The decay times of the fluorescence level of 4G5/2 in Sm3+-doped
boro‑bismuth glasses are measured under the excitation of 402 nm. As
402 nm can excite the Sm3+ ions to above the 4G5/2 level, the excited
ions will make fast decay to 4G5/2 level, through non-radiative transi-
tion as the energy separation between these levels are too small. From
the 4G5/2 level, there will be radiative emission and the mechanism is
shown in Fig. 8. Figs. 9(a)–(d) show the decay times for the 4G5/2 level

for different Sm3+ ion concentrations (0.01–2.0 mol%) in boro‑bismuth
glasses with varying host composition. It can be seen that the decay
curves exhibit single exponential for lower concentrations (≤ 0.1 mol
%) and turns into non-exponential with increasing concentration (≥
0.5 mol%). For lower Sm3+ concentrations (≤ 0.1 mol%), the decay
curves are well fitted to single function,

=I A texp( / ) (8)

where I is the luminescence intensity, A is constant, t is the time after
excitation and τ is the intrinsic lifetime of the donors in the absence of
the acceptors [4]. The single exponential nature of the decay curves for
the lower concentrations is due to negligible interaction between donor
and acceptor ions. The deviation from the exponential behavior in-
creases with the increase in the doping concentration of Sm3+ ions due
to non-radiative energy transfer between Sm3+ ions through cross-re-
laxation (CR) channels (see Fig. 8). In the case of non-exponential decay
curves, experimental lifetimes (τexp) can be calculated using the
following Eq. [9,56]

= + +A t A t A t A t( )/( )exp 1 1
2

2 2
2

1 1 2 2 (9)

The experimental lifetimes of the prepared boro‑bismuth glasses are
found to decrease with the increase in Sm3+ ion concentration and the
values are found to be 1.63–0.34 ± 0.01 ms; 1.36–0.45 ± 0.01 ms;
1.18–0.51 ± 0.01 ms, 1.03–0.47 ± 0.01 ms; 0.93–0.37 ± 0.01 ms
and 0.86–0.27 ± 0.01 ms for B80Bi20Sm0.01-B80Bi20Sm2.0;
B70Bi30Sm0.01-B70Bi30Sm2.0; B60Bi40Sm0.01-B60Bi40Sm2.0;
B50Bi50Sm0.01-B50Bi50Sm2.0; B40Bi60Sm0.01-B40Bi60Sm2.0 and
B30Bi70Sm0.01-B30Bi70Sm2.0 glasses, respectively (Table 6). As can
be seen, the lifetime of the 4G5/2 level of the Sm3+ ions in the bor-
o‑bismuth glasses are found to decrease linearly with increase in Sm3+

ion concentrations as well as increase in bismuth content. This may be
caused by the increase in non-radiative energy transfer (ET) between
different Sm3+ ions through CR process [57,58]. The rate of non-

Fig. 9. Decay curves for different concentrations of Sm2O3 ions in ((i) B80Bi20Sm, (ii) B70Bi30Sm, (iii) B60Bi40Sm, (iv) B50Bi50Sm, (v) B40Bi60Sm and (vi)
B30Bi70Sm) boro‑bismuth glasses.
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radiative ET can be calculated from the well known Eq.

= =W W (1/ ) (1/ )ET CR exp rad (10)

where τexp is the experimental lifetime and τrad is the radiative lifetime
calculated from the JO theory. In the present case, non-radiative energy
transfer occurs mainly through cross-relaxation channels, A:
(4G5/2, 6H5/2) → (6F11/2, 6F5/2); B: (4G5/2, 6H5/2) → (6F9/2, 6F7/2); C:
(4G5/2, 6H5/2) → (6F7/2, 6F9/2) and D: (4G5/2, 6H5/2) → (6F5/2,6F11/2),
shown in Fig. 8. There is a good energy matching between these levels
and also large energy separation (7000 cm−1) between the 4G5/2 and
6F11/2 levels of the Sm3+ ion. The ET rates linearly increases with the
increase in Sm3+ ion concentration in boro‑bismuth samples and are
given in Table 6. The quantum efficiency (η) of the 4G5/2 excited level
for all the prepared samples has been calculated using the equation
η = (τexp/τrad, %) and are tabulated in Table 6. As can be seen, mea-
sured quantum efficiency linearly decreases with the increase in Sm2O3

concentration and the values are found to be in the range of
99–21 ± 2%, 98–24 ± 2%, 89–39 ± 2%, 85–39 ± 2%,
86–48 ± 2% and 87–27 ± 2% for the B80Bi20Sm0.01-
B80Bi20Sm2.0; B70Bi30Sm0.01-B70Bi30Sm2.0; B60Bi40Sm0.01-
B60Bi40Sm2.0; B50Bi50Sm0.01-B50Bi50Sm2.0; B40Bi60Sm0.01-
B40Bi60Sm2.0 and B30Bi70Sm0.01-B30Bi70Sm2.0 glasses, respec-
tively (see Table 6). The non-exponential nature of the decay times for
higher concentration (≥0.5 mol%) of Sm3+ ions in boro‑bismuth
glasses arises from donor (Sm3+)-acceptor (Sm3+) interactions. The
non-exponential decay curves are fitted in the frame of Inokuti-Hir-
ayama (IH) model [59]. According to IH model, the fluorescence in-
tensity I(t) is given by

Table 6
Experimental lifetime (τexp ± 0.01, ms), energy transfer parameter
(Q ± 0.01), critical distance (R0 ± 0.02, Å), dipole–dipole interaction para-
meter (CDA ± 0.01, ×10−40 cm6/s), luminescence cross-relaxation rate
(WCR ± 0.01, s−1) and quantum efficiency (η, ± 2%) for the 4G5/2 energy level
of the Sm3+ doped boro‑bismuth glasses.

Glass τexp Q R0 CDA WCR η

B80Bi20Sm0.01 1.63 – – – 1.50 99
B80Bi20Sm0.05 1.61 – – – 10.71 98
B80Bi20Sm0.1 1.54 – – – 36.52 94
B80Bi20Sm0.5 1.13 0.75 10.08 9.28 272 69
B80Bi20Sm1.0 0.73 1.62 10.32 16.45 754 45
B80Bi20Sm2.0 0.34 3.74 11.05 54.14 2364 21
B70B30Sm0.01 1.36 – – – 17.57 98
B70B30Sm0.05 1.35 – – – 20.86 97
B70B30Sm0.1 1.34 – – – 23.07 97
B70B30Sm0.5 1.07 0.55 9.33 6.20 163 82
B70B30Sm1.0 0.79 1.17 9.46 9.01 645 53
B70B30Sm2.0 0.45 2.47 9.62 17.61 2255 24
B60Bi40Sm0.01 1.18 – – – 89.60 89
B60Bi40Sm0.05 1.51 – – – 110 87
B60Bi40Sm0.1 1.11 – – – 140 84
B60Bi40Sm0.5 0.88 0.42 8.70 4.06 375 67
B60Bi40Sm1.0 0.78 1.02 9.28 8.06 518 60
B60Bi40Sm2.0 0.51 1.94 9.08 12.48 1205 39
B50Bi50Sm0.01 1.03 – – – 154 85
B50Bi50Sm0.05 1.02 – – – 165 83
B50Bi50Sm0.1 0.98 – – – 201 80
B50Bi50Sm0.5 0.80 0.39 8.72 5.53 442 65
B50Bi50Sm1.0 0.71 0.80 8.73 6.23 591 58
B50Bi50Sm2.0 0.47 1.66 8.83 10.01 1294 39
B40Bi60Sm0.01 0.93 – – – 153 86
B40Bi60Sm0.05 0.91 – – – 170 83
B40Bi60Sm0.1 0.88 – – – 214 79
B40Bi60Sm0.5 0.74 0.40 9.01 7.19 452 61
B40Bi60Sm1.0 0.58 0.67 8.47 6.32 612 56
B40Bi60Sm2.0 0.37 1.14 8.23 7.19 1323 48
B30Bi70Sm0.01 0.86 – – – 151 87
B30Bi70Sm0.05 0.83 – – – 193 84
B30Bi70Sm0.1 0.79 – – – 255 80
B30Bi70Sm0.5 0.68 0.33 8.78 6.76 464 69
B30Bi70Sm1.0 0.56 0.64 8.39 7.08 781 56
B30Bi70Sm2.0 0.27 1.11 8.18 11.10 2706 27

Fig. 10. The CIE 1931 color chromaticity diagram of the Sm3+ ions doped
boro‑bismuth glasses.

Table 7
Color chromaticity coordinates (x, y) of bismuth-borate glasses doped with
Sm3+ ions.

Glass x y

B80Bi20Sm0.01 0.599 0.399
B80Bi20Sm0.05 0.604 0.395
B80Bi20Sm0.1 0.603 0.396
B80Bi20Sm0.5 0.606 0.393
B80Bi20Sm1.0 0.605 0.395
B80Bi20Sm2.0 0.606 0.394
B70B30Sm0.01 0.600 0.399
B70B30Sm0.05 0.602 0.397
B70B30Sm0.1 0.605 0.394
B70B30Sm0.5 0.607 0.392
B70B30Sm1.0 0.608 0.391
B70B30Sm2.0 0.609 0.390
B60Bi40Sm0.01 0.595 0.404
B60Bi40Sm0.05 0.604 0.395
B60Bi40Sm0.1 0.603 0.396
B60Bi40Sm0.5 0.607 0.392
B60Bi40Sm1.0 0.608 0.390
B60Bi40Sm2.0 0.609 0.393
B50Bi50Sm0.01 0.597 0.402
B50Bi50Sm0.05 0.593 0.406
B50Bi50Sm0.1 0.605 0.395
B50Bi50Sm0.5 0.608 0.391
B50Bi50Sm1.0 0.609 0.389
B50Bi50Sm2.0 0.608 0.391
B40Bi60Sm0.01 0.580 0.419
B40Bi60Sm0.05 0.599 0.399
B40Bi60Sm0.1 0.602 0.398
B40Bi60Sm0.5 0.608 0.392
B40Bi60Sm1.0 0.609 0.391
B40Bi60Sm2.0 0.603 0.397
B30Bi70Sm0.01 0.549 0.449
B30Bi70Sm0.05 0.580 0.419
B30Bi70Sm0.1 0.591 0.408
B30Bi70Sm0.5 0.603 0.396
B30Bi70Sm1.0 0.598 0.402
B30Bi70Sm2.0 0.596 0.403
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where ‘t’ is the decay time after excitation, τ0 is the intrinsic decay time
of the excited Sm3+ ions (donor) in the absence of acceptors. The value
of S = 6 is attributed to dipole-dipole, S = 8 is to dipole-quadrupole
and S = 10 is to quadrupole-quadrupole of the interaction mechanisms.
All the decay curves above 0.5 mol% of Sm2O3 are well-fitted to IH
model for S = 6 (Fig. 9), indicating that the interaction between Sm3+

and Sm3+ ions is of dipole-dipole type. The energy transfer parameter
(Q) can be calculated by using the Eq.

=Q
S

N R4
3

(1 3 ) 0 0
3

(12)

where, gamma function Γ(x) is equal to 1.77 for S = 6, 1.43 for S = 8
and 1.3 for S = 10. N0 is the concentration of acceptors (ions/cc) and
R0 is the critical transfer distance defined as donor-acceptor separation.
The donor-acceptor energy transfer parameter (CDA) can be obtained by
using the Eq.

=C RDA 0
6

0
1 (13)

the τexp, Q, R0, CDA and WCR values are collected in Table 6. As can be
seen, R0, Q and WCR values increases with increase in Sm2O3 con-
centration. With increase in Sm2O3 concentrations, the non-radiative
ET increases resulting in decrease of lifetimes [60,61].

3.7. CIE chromaticity coordinates

Sm3+-doped materials can be used for display device applications
[62–66]. In addition to the spectroscopic parameters such as σe(λp) and
η, the color chromaticity coordinates of the glass systems are also sig-
nificant parameters for evaluating the color emitted by the Sm3+-doped
boro‑bismuth glasses. Color chromaticity coordinates of a sample are
evaluated from the emission spectra of the bismuith-borate glasses by
using the frame work of de L'Eclairage procedure [66]. The evaluated
CIE (x,y) color coordinates of the B80Bi20Sm0.5 (0.606, 0.393),
B70Bi30Sm0.5 (0.607, 0.392), B60Bi40Sm0.5 (0.607, 0.392),
B50Bi50Sm1.0 (0.609, 0.389), B40Bi60Sm1.0 (0.609, 0.391) and
B30Bi7Sm0.5 (0.603, 0.396) glasses are shown in the CIE chromaticity
diagram of Fig. 10. The CIE diagram for present glass systems confirms
that all boro‑bismuth glasses produce emissions in the reddish-orange
region, indicating that these glasses can be of potential use for display
applications [62–66].

4. Conclusions

The optical properties of Sm3+-doped boro‑bismuth glasses, mea-
sured through absorption, photoluminescence and decay curves have
been analysed and compared with similar reported systems. The higher
refractive index of the present boro‑bismuth glasses indicate that these
glasses are more suitable for fiber drawing and waveguide applications.
The high optical basicity for higher bismuth content glasses indicate
that the high amount of oxide ions transfer electrons to the nearby
cations. Increase in cutoff wavelength with increasing bismuth content
shows that these glasses can be useful for UV cutoff applications. The
positive values of ‘δ’ for lower bismuth content (< 50 mol%) indicate
the predominant covalent nature of the bonding between Sm3+ ions
and their nearby ligands, and for higher bismuth content the bonding
nature turns in to ionic. The value of Eopt for present glasses increases
from 2.56 to 3.21 eV with increase in bismuth content that can enhance
the value of optical band gap. The evaluated JO parameters show that
for lower content of bismuth, the covalency nature between
Sm3+ − ions and ligands increases with increase in bismuth content.
Among the studied boro‑bismuth glass systems, B80Bi20Sm0.5 glass
exhibit higher βR and σe(λp)(×10−21 cm2) values for the 4G5/2 → 6H7/2

transition and it can act as a promising reddish-orange emitting

material when excited at 479 nm. The non-exponential nature of the
luminescence decay curves (≥0.5 mol% of Sm2O3) reveal that the
mechanism of interaction among Sm3+ ions is of dipole-dipole type.
The CIE diagram confirms that all Sm3+-doped boro‑bismuth glasses
produces reddish-orange color, which indicates that these glasses can
be useful for the display device applications (Table 7).
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A B S T R A C T

Oxyfluorosilicate glasses-doped with different concentrations of Tm3+ and Tm3+/Yb3+ ions have been syn-
thesized and characterized their absorption, photoluminescence, luminescence decay and upconversion prop-
erties. The Judd-Ofelt intensity parameters have been obtained from the absorption spectrum of Tm3+ single-
doped glass and are in turn used to calculate radiative properties such as transition probabilities, branching
ratios and lifetimes for the fluorescent levels of Tm3+ ions. Visible and near-infrared emission spectra of Tm3+

and Tm3+/Yb3+-doped glasses have been measured under 473 nm laser excitation. The quenching of emission
intensities at higher concentrations of Tm3+ ions has been found to be due to cross-relaxation mechanisms. The
Tm3+/Yb3+ co-doped glasses show upconverted emissions under 975 nm laser excitation. The mechanism of
upconversion has been explained based on the pump power dependence of upconversion luminescence. The
results reveal that the co-doped glasses are promising for optical fiber amplifiers operating at the relatively low-
loss wavelength regions.

1. Introduction

In recent years, researchers focused on oxyfluoride glasses due to
their combined advantages of both oxide and fluoride matrices having
high stability and low phonon energies, respectively [1–3]. Oxyfluoride
glasses doped with trivalent rare-earth (RE3+) ions exhibit attractive
luminescence properties, with high transparency, and are found to be
potential materials for upconversion luminescence and optical ampli-
fication [4–8]. Trivalent thulium (Tm3+) is one of the most attractive
RE3+ ions that gives visible and infrared luminescence in glasses.
Particularly, 1.2 μm emission corresponding to the 1G4→ 3H4 transition
of Tm3+ ions is useful for optical fiber amplifiers [9].

Spectroscopic investigations on Tm3+-doped glass systems that in-
clude silicate [1,5,10–12], bismuth silicate [13], phosphorous silicate
[14], fluorophosphate [15–17], metaphosphate [18], borate [19],
fluoroborate [20,21], lead borate [3], phosphate [22–24], boropho-
sphate [25], fluoroindate [26], tellurite [27–30], bismuthate [31],
fluorozirconate [32], gallate‑bismuth‑lead [33], heavy metals [34] and
germinate [25,35–37] have been reported. Because of simple energy
level scheme, long lifetime and large absorption and emission cross-

sections, ytterbium (Yb3+) is used as a sensitizer in RE3+-doped glasses,
and co-doping of Tm3+ with Yb3+ significantly enhances the emission
intensities of Tm3+ ion [9]. Recently, Tm3+/Yb3+ co-doped glass sys-
tems that include phosphate [38], fluorophosphate [9,39], fluoride,
gallate, aluminate, germinate [39], silicate [39,40], tellurite [41,42],
leadfluoroborate [43] and fluorozirconate [44] have been reported. It is
worth noting that there are only a few reports on the 1.2 μm emission in
Tm3+ and Tm3+/Yb3+ co-doped oxyfluorosilicate glasses.

The concentration of hydroxyl (OH−) impurities to an acceptable
level in silica fibers has been optimized to minimize the losses
(~ 0.5 dB/km) at around 1.2 μm wavelength region [45]. However, not
much attention has been paid for the study of emission/amplification at
~1.2 μm wavelength region. Ytterbium fiber laser pumped Raman fiber
laser is a powerful method to generate ~1.2 μm laser action, but it is
not a broad band light source and requires a very long fiber Raman
cavity [27,46].

From the energy level diagram, Tm3+ ion has got two metastable
excited states, 1D2 and 1G4, which emits blue emission either from their
normal emission or by upconversion processes [3]. The latter processes
involves the conversion of near-infrared (NIR) light into visible one
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which attracts much attention, in recent times, in the design of optical
devices. In optical telecommunications, the RE3+-doped fiber ampli-
fiers are playing a vital role [15,41]. Silicate hosts are very interesting
because it is easier to integrate into existing silica fiber networks with
low transmission loss. Further, silicate glasses are chemically and me-
chanically stable and can be fabricated from bulk (rod) to a miniature
(fiber) size [6,11,47]. In addition, oxyfluoride glasses possess combined
advantages of oxide as well as fluoride glasses like low phonon energy,
excellent chemical durability and high mechanical strength. Recently,
Zhou et al. [27,46] demonstrated the optical amplification at around
1.2 μm based on Tm3+: 1G4→ 3H4 emission in tellurite and gallo-
germanate glasses.

The present work reports the absorption and emission spectra, as
well as lifetimes of the emitting levels, of Tm3+ ions in single and
Tm3+/Yb3+ co-doped oxyfluorosilicate glasses, including the fluores-
cence characteristics of 1.2 and 1.6 μm emissions. Upconversion lumi-
nescence properties of Tm3+/Yb3+ co-doped oxyfluorosilicate glasses
with 0.1 mol% of Tm3+ and 0.1, 0.5, 1.0 and 2.0 mol% of Yb3+ have
also been studied.

2. Experimental details

Oxyfluorosilicate glasses with the composition (in mol%) of 41
SiO2+ 10 Al2O3+ (26-x) LiF+ 23 SrF2+ x Tm2O3 (x=0.01, 0.05,
0.1, 0.5 and 1.0, denoted as SALSTmx) and 41 SiO2+10
Al2O3+ (25.9-x) LiF+ 23 SrF2+ 0.1 Tm2O3+ x Yb2 O3 (x= 0.1, 0.5,
1.0 and 2.0, denoted as SALSTm0.1Ybx) were prepared by the con-
ventional melt quenching technique. Batches of 25 g chemicals were
well-mixed in an agate mortar and melted in platinum rhodium crucible
with lid at 1450 °C (1723 K) for 2 h. Then the glass melt was poured on
to a preheated brass mold and annealed at 450 °C (723 K) for 18 h and
then cooled down to room temperature to remove thermal stress and
strain. After cutting, grinding and polishing, these glass samples were
used for optical characterization. Densities of the prepared glasses were
measured by the Archimedes method using distilled water as an im-
mersion liquid. Refractive indices were measured using an Abbe-re-
fractometer using 1-bromonapthalene as contact liquid. Absorption
spectra in UV–visible-NIR region were measured using a spectro-
photometer (Cary 5000). Visible and NIR emission spectra were ob-
tained by exciting at 473 nm using diode pumped solid-state laser and
analyzing the emission with a 500mm focal length spectrograph
(Andor Shamrock 500i) equipped with intensified CCDs and InGaAs
cameras. Decay curves for the 1G4 and 3H4 levels were measured by
exciting at 473 and 776 nm laser, respectively, using optical parametric
oscillator (EKSPLA/NT342/3/UVE) and the signal was detected with
the help of a digital oscilloscope (Tekronix 2430). All measurements
were done at room temperature and were corrected from instrument
responses.

For computation of errors, all the above experiments are measured
three times and are used to compute mean and standard deviation (σ)
using the expression,

x y
N

( )
( )2

=
(1)

where x is the actual measurement reading, y is the mean reading and N
is the number of measurements.

3. Results and discussion

3.1. Optical absorption spectra and Judd-Ofelt theory

The absorption spectra of SALSTm1.0 and SALSTm0.1Yb0.1 glasses,
shown in Fig. 1, were measured in the wavelength range of
340–2000 nm. As can be seen, the absorption peaks at 356, 465, 658,
683, 790, 1210 and 1643 nm correspond to the transitions from 3H6

ground level of Tm3+ to the 1D2, 1G4, 3F2, 3F3, 3H4, 3H5 and 3F4 excited
levels, respectively. The absorption peak at 1210 nm corresponds to the
3H6→ 3H5 transition shows both electric and magnetic-dipole con-
tributions, whereas the other transitions show the electric-dipole con-
tribution only. The 3H6→ 3F4 transition is said to be hypersensitive in
nature [3], as it is very sensitive to changes in the local environment of
the optically active ion, i.e. it obeys the selection rules: |∆S|= 0,
|∆L|≤ 2, and |∆J|≤ 2. In addition, the intense band at 976 nm, ob-
served in Tm3+/Yb3+ co-doped glass, belongs to the absorption of
Yb3+ ions from the 2F7/2 ground state to the 2F5/2 excited state. The
Judd-Ofelt (JO) theory [48,49] has been widely used to predict the
spectroscopic properties of RE3+ ions. The JO intensity parameters
have been obtained from the absorption spectrum of 1.0 mol% Tm2O3-
doped glass. The experimental oscillator strengths, fexp, of all the ab-
sorption bands of Tm3+ are determined using the Smakula formula
[50]. These fexp values are in turn used to evaluate the JO intensity
parameters (Ω2, Ω4, Ω6) by a least-square fitting method [20]. The
expressions used for the calculation of JO parameters and other ra-
diative properties are given below [18,20,48,49].

The oscillator strength of an absorption transition (fexp) is directly
proportional to the area under the absorption curve and is expressed as

f d4.32 10 ( )exp
9= × (2)

where ɛ(ʋ) is the molar absorptivity of a band at a wave number ʋ
(cm−1).

According to JO theory, the calculated oscillator strength for the
absorption band corresponding to the electronic transition from the
ground state, ΨJ, (assumed that all the crystal-field levels of the ground
state are equally populated) to an excited state, Ψ'J', is given by

f mc
h J

n
n
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where ‘m’ is the mass of the electron, ‘c’ is the speed of light in vacuum,
‘υ’ is the wavenumber (cm−1) associated with the transition, ‘h’ is the
Planck's constant, ‘n' is the refractive index of the host lattice, n

n
( 2)

9
2 2+ is

the local field correction for the effective field induced by the host
lattice, ‘J' is the total angular momentum of the ground state, Ω2, Ω4

and Ω6 are called JO intensity parameters and ‖U(λ)‖2 are the squared
doubly reduced matrix elements evaluated from the intermediate cou-
pling approximation for a transition, ΨJ→Ψ'J'. The oscillator strengths
of the various observed transitions are evaluated through Eq. (2) and
are used in Eq. (2). A least-square fitting approximation is then used for
Eq. (3) to determine Ωλ (λ= 2, 4 and 6) parameters, which give the
best fit between experimental and calculated oscillator strengths. The
theoretical oscillator strengths (fcal) are then determined using Ωλ and
Eq. (2).

The radiative transition probability (A) for a transition ΨJ→Ψ'J'
can be expressed by

A J J
h J

n n S
h J

n S( , ) 64
3 (2 1)

( 2)
9

64
3 (2 1)ed md

4 3 2 2 4 3
3=

+
+ +

+ (4)

where, Sed and Smd represents the electric-dipole and magnetic-dipole
linestrengths, respectively between the ground state and particular
excited state. For electric-dipole transitions,

S e J U J( )ed
2

2,4,6

2=
= (5)

For magnetic-dipole transitions,

S e h
m c

J L S J
16

( 2 )md
2 2

2 2 2
2= + (6)

The total radiative transition probability (AT) for an excited state is
the sum of the A(ΨJ,Ψ'J') terms calculated over all the terminal states

A J A J J( ) ( , )T = (7)
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AT is related to the radiative lifetime (τR) of an excited state by

J
A J

( ) 1
( )rad

T
=

(8)

The branching ratio (βR) corresponding to the emission from an
excited Ψ'J' level to its lower level ΨJ is given by

J J A J J
A J

( , ) ( , )
( )R

T
=

(9)

The peak stimulated emission cross-section, σ(λp) (ΨJ,Ψ'J'), be-
tween the states ΨJ and Ψ'J' having a probability of A(ΨJ,Ψ'J') can be
expressed as

J J
cn

J J( )( , )
8

( , )p
p

eff

4

2=
(10)

where λp is the transition peak wavelength and Δλeff is its effective
linewidth found by dividing the area of the emission band by its
average height.

The Ωλ values thus obtained are used to calculate the theoretical
oscillator strengths fcal of the absorption transitions of Tm3+ ion. The
fexp and fcal values of absorption transitions in SALSTm1.0 glass along
with reported fexp values for SBZT10 [14], NBWT10 [15], PKBAT10
[18], PBAWTm [19], BZL [20] and AT10 [47] glasses are presented in
Table 1. Smaller root-mean-square deviation, (± 0.51×10−6), for the

SALSTm1.0 glass indicates the good fit between experimental and cal-
culated oscillator strengths. The evaluated JO parameters
(×10−20 cm2) are Ω2=5.55, Ω4=2.95 and Ω6= 2.20. The larger
value of Ω2 suggests more asymmetry at the Tm3+ ion site and the
larger Tm-O covalence in the SALSTm1.0 glass. The lower value of Ω6

indicates the higher rigidity of SALSTm1.0 glass matrix. The JO in-
tensity parameters and their trends in different Tm3+-doped glasses
that include TS3 [1], STE [2], SPL and SPS [10], NBWT10 [15],
PBAWTm [19], TPBL [27], TWTm [28], ZBLANTm [32], SLNS [39] and
GeBL [46], are compared in Table 2. As can be seen, the JO parameters
of the present glass systems are comparable to those of reported
Tm3+:glass systems.

The JO parameters are in turn used to determine radiative proper-
ties, such as radiative transition probabilities A, branching ratios βR,
and radiative lifetimes τR of the excited states of Tm3+ ions in SALSTm
glasses under study, and are listed in Table 3. As can be seen, the
spontaneous emission probability of the 1.2 μm emission (Tm3+:1G4→
3H4) is high (206 s−1), indicating its largest intensity.

The τR values for various excited emitting levels (1D2, 1G4, 3H4, and
3F4) in SALSTm1.0 glass is presented in Table 4, along with those of
other reported glass systems. As can be seen, τR value for the 1G4 level
in present glass is close to PKBAT [18], higher than that of NBWT10
[15], PBAWTm [19], BZL [20], TWTm [28], TNZLTm [29] and PBATm
[38], and smaller than ZBLANTm [32] and SCBLTm [40] glass systems.

Fig. 1. Absorption spectra of (i) SALSTm1.0 and (ii) SALSTm0.1Yb0.1 glasses in UV- visible-NIR regions.

Table 1
Transition energies (λ, nm), experimental (fexp) and calculated (fcal) oscillator strengths (± 5%, ×10-6) for SALSTm1.0 glass and fexp for some reported Tm3+-doped
glasses.

Transition λ(nm) SALSTm1.0
[Present work]

fexp

fexp fcal ZnTm
[14]

NBWT10
[15]

PKBAT
[18]

PBAWTm [19] BZL
[20]

AT10
[47]

3H6 → 1D2 356 3.34 3.81 0.41 – 2.13 – 1.91 –
1G4 465 1.67 1.33 0.49 0.84 0.96 0.52 0.70 0.99
3F2 658 0.52 1.04 0.13 – 0.20 – 1.48 –
3F3 683 4.34 4.89 0.96 2.44a 1.56 4.32a 7.88 7.43a
3H4 790 4.00 4.48 1.52 2.78 2.28 3.13 7.09 8.22
3H5 1210 3.51 2.66 0.45 1.65 2.00 2.09 4.50 3.91
3F4 1643 4.09 4.12 1.21 2.28 3.03 2.24 5.62 3.68

a The sum of oscillator strengths for 3F2,3 transitions.
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Higher τR value of a given level indicates its lower spontaneous emis-
sion probability and higher stimulated emission probability under sui-
table conditions. Hence, higher τR value of 1G4 level in SALSTm1.0 glass
compared to those of most of the compared systems indicates its higher
stimulated emission probability.

3.2. Visible and near-infrared spectra

The visible emission spectra, shown in Figs. 2 (a) and (b) in the
wavelength range of 600–900 nm, are measured under the 473 nm laser
excitation for the Tm3+ and Tm3+/Yb3+ co-doped SALS glasses with
different concentrations of optically active ions. Fig. 3 shows the partial
energy level diagram of Tm3+ and Yb3+ in SALS glass along with ex-
citation, de-excitation and cross-relaxation channels.

Emission spectra consist of two intense bands at around 650 and
790 nm corresponding to the 1G4→ 3F4 and 3H4→ 3H6 transitions, re-
spectively. As can be seen, in Tm3+ single doped glasses, with increase
in Tm3+ ions concentration from 0.01 to 0.5 mol%, intensities of both
~650 and ~790 nm emissions follow the same increasing trend but for
1.0 mol% doped glass, they decrease non-uniformly. The ~650 nm
emission decreases below that of 0.01mol% doped one and ~790 nm

Table 2
Comparison of Judd-Ofelt intensity parameters (Ω2, Ω4 and Ω6 ± 5%, ×10−20

cm2) and their trends in Tm3+-doped glasses.

Glasses ×10Ω2 Ω4 Ω6 Trend

SALSTm1.0 [Present work] 5.57 2.94 2.21 Ω2 > Ω4 > Ω6

TS3 [1] 3.08 0.99 0.40 Ω2 > Ω4 > Ω6

STE [2] 3.25 1.22 0.38 Ω2 > Ω4 > Ω6

SPS [10] 3.60 0.79 0.78 Ω2 > Ω4 > Ω6

SPL [10] 3.03 0.92 0.79 Ω2 > Ω4 > Ω6

NBWT10 [15] 5.28 2.32 1.16 Ω2 > Ω4 > Ω6

PBAWTm [19] 2.93 0.58 1.60 Ω2 > Ω6 > Ω4

TPBL [27] 4.72 1.35 1.21 Ω2 > Ω4 > Ω6

TWTm [28] 6.8 2.0 2.2 Ω2 > Ω6 > Ω4

ZBLANTm [32] 2.57 1.90 0.84 Ω2 > Ω4 > Ω6

SLNS [39] 3.26 1.20 0.46 Ω2 > Ω4 > Ω6

GeBL [46] 4.65 1.51 1.42 Ω2 > Ω4 > Ω6

Table 3
Emission transitions, energies (ν ± 2, cm−1), predicted radiative transition
probabilities (A ± 2, s−1), branching ratios (βR ± 2%) and lifetimes (τR, μs)
for the excited levels of SALSTm1.0 glass.

Transition ν A βR τR

1D2 → 1G4 6689 159 0.0068 42
3F2 12,859 885 0.0379
3F3 13,455 888 0.0380
3H4 15,401 1462 0.0626
3H5 19,760 125 0.0054
3F4 22,183 11,990 0.5137
3H6 28,011 7833 0.3356

1G4 → 3F2 6170 12 0.0061 501
3F3 6766 54 0.0272
3H4 8712 206 0.1030
3H5 13,071 668 0.3347
3F4 15,494 164 0.0821
3H6 21,322 892 0.4469

3F2 → 3F3 596 0 0 726
3H4 2542 13 0.0093
3H5 6901 228 0.1653
3F4 9324 505 0.3669
3H6 15,152 632 0.4586

3F3 → 3H4 1946 4 0.0016 425
3H5 6305 262 0.1117
3F4 8728 88 0.0377
3H6 14,556 1994 0.8489

3H4 → 3H5 4359 23 0.0207 885
3F4 6782 96 0.0850
3H6 12,610 1010 0.8943

3H5 → 3F4 2423 6 0.0278 4356
3H6 8251 223 0.9722

3F4 → 3H6 5828 208 1.0000 4814

Table 4
Predicted radiative lifetimes (τR, μs) for various transitions (1D2,

1G4,
3H4 and

3F4) in SALSTm1.0 glass along with those of reported Tm3+-doped glasses.

Glass 1D2
1G4

3H4
3F4

SALSTm1.0 [present work] 42 501 885 4814
NBWT10 [15] 34 454 642 4028
PKBAT [18] 36 515 932 4168
PBAWTm [19] 31 293 497 3636
BZL [20] 20 200 351 2078
TWTm [28] – 144 966 185
TZNLTm [29] – 164 316 1727
ZBLANTm [32] 56 774 1310 6020
PBATm [38] 29 430 882 906
SCBLTm [40] – 570 980 4990

Fig. 2. Visible emission spectra of (a) Tm3+-doped and (b) Tm3+/Yb3+ co-
doped SALS glasses under 473 nm laser excitation.
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emission is> 0.01mol% doped one but< 0.05mol% doped glass with
slight red shift in band position compared to those of other con-
centrations. The increase in intensities of the emissions with Tm3+ ions
concentration up to 0.5 mol% can be explained as due to availability of
more ions in the ground state for pumping to excited state. But when
the Tm3+ ions concentration reaches 1.0 mol%, cross-relaxation energy
transfer processes CR1 (1G4,3H6→ 3F4,3F2), CR2 (1G4,3H6→ 3H4,3H5)
and CR3 (3H4,3H6→ 3F4,3F4), shown in Fig. 3, becomes dominant re-
sulting in reduced and non-uniform emissions at 650 and 790 nm. The
CR1 channel populates the 3F2 and 3F3 thermalized levels, which in turn
populates the 3H4 multiplet through multiphonon relaxation and CR2
directly populates 3H4 level causing increase in the intensity of 790 nm
emission. This is also evident from the lowest intensity of the 1G4→ 3H4

transition at 1.0 mol% Tm3+ concentration [see Fig. 4(a)], as it will be
discussed later. But CR3 process depopulates the 3H4 level and popu-
lates the 3F4 level causing reduced emission at 790 nm. Energy migra-
tion among Tm3+ ions and then transfer to traps may also be the reason
for overall reduction of emissions of SALSTm1.0 glass. The visible
emission spectra of Tm3+/Yb3+ co-doped glasses, under 473 nm ex-
citation, is shown in Fig. 2(b) and are normalized to the maximum
intensity of the 1G4→ 3F4 transition. As can be seen, the intensity of the
3H4→ 3H6 transition undergoes only marginal changes with increase in
Yb3+ ions concentration which could be due to small variations in
energy transfer processes between Tm3+and Yb3+ ions.

The NIR emission spectra of Tm3+ and Tm3+/Yb3+−doped oxy-
fluorosilicate glasses with different concentrations of active ions are
measured under 473 nm laser excitation and are shown in Figs. 4 (a)
and (b), respectively. As can be seen from Fig. 4 (a), there is a broad and
intense emission at 1.2 μm associated with the 1G4→ 3H4 transition of
the Tm3+ ion. The intensity of this emission first increases significantly
from 0.01 to 0.05mol% of Tm2O3 and then decreases monotonically up
to 1.0mol% Tm2O3. The initial increase in intensity is due to avail-
ability of more number of Tm3+ ions for excitation in to the 1G4

emitting level. The decreasing of intensity of the 1.2 μm emission band
at higher Tm3+ ion concentrations is attributed to increase in the
strength of cross-relaxation CR1 (1G4,3H6→ 3F4,3F2), and CR2
(1G4,3H6→ 3H4,3H5) energy transfer channels (see Fig. 3). The CR en-
ergy transfer processes increase with Tm3+ ions concentration and lead
to the depopulation of the 1G4 level of Tm3+ ions. Zhou et al. also
observed similar result of decreasing intensity of the 1.2 μm emission
with increase in Tm3+ ions concentration in tellurite glasses [27].

In the NIR spectra shown in Fig. 4(a), there are three more

Fig. 3. Partial energy level diagram of Tm3+ and Yb3+ ions showing transitions of excitation, emission and cross-relaxation channels.

Fig. 4. NIR emission spectra of (a) Tm3+-doped and (b) Tm3+/Yb3+ co-doped
SALS glasses under 473 nm laser excitation. The inset of the Fig. 4 (a) shows the
variation of 1.2 μm emission intensity with Tm3+ ions concentration.
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overlapped bands at around 1.46, 1.52 and 1.64 μm regions, assigned to
the 3H4→ 3F4, 1G4→ 3F2 and 3F4→ 3H6 transitions, respectively [27].
With increase in Tm3+ ions concentration, the 1.64 μm emission in-
creases monotonically from 0.01 to 1.0 mol% which is clear evidence
for increase in CR process with increase in Tm3+ concentration as all of
them are populating the 3F4 level. The variation of 1.52 μm emission is
similar to that of 1.2 μm emission as they are from the same emitting
level. The 1.46 μm emission follows the same trend as that of 1.64 μm
up to 0.5 mol% of Tm3+ ions concentration and then decreases for
1.0 mol% of Tm3+ ions. This decrease could be due to activation of the
CR3 (3H4,3H6→ 3F4,3F4) channel [39].

To understand the energy transfer process from Tm3+ to Yb3+ ions
in co-doped glasses, emission spectra are measured, exciting at 473 nm,
in the range of 925–1750 nm and are shown in Fig. 4(b). The spectra are
normalized to the maximum of the 1.2 μm emission. As can be seen,
there are emission bands at around 1 μm corresponding to Yb3+ ions
emission (2F5/2→ 2F7/2) and their intensities increases continuously
with increase in Yb3+ ions concentration. The only source of Yb3+ ions
excitation is energy transfer from the Tm3+ ions. As CR1 and CR2
channels populate 3H4 level of Tm3+ ions, the most probable path of
energy transfer from Tm3+ to Yb3+ ions is Tm (3H4)+Yb (2F7/2)→ Tm
(3H6)+Yb (2F5/2). The amount of energy transfer is found to increase
with Yb3+ ions concentration, as evidenced from the increase in in-
tensity of the Yb3+ ions 2F5/2→ 2F7/2 emission at around 1 μm, which is
very much useful for enhancing the efficiency of silicon solar cells [51].
The 1.64 μm emission follows the same trend as the Yb3+ ions 1 μm
emission, with increase in Yb3+ ions concentration, as the energy of the
excited 1G4 level is the source of both the emissions. Intensities of both
the 1.46 and 1.52 μm emissions follow that of 1.64 μm emission up to
1.0 mol% and then decreases for 2.0mol% of Yb3+ ions due to increase
in strength of CR3 process. Overall, 1.2 μm emission is the dominant
one in both the single-doped and co-doped glass systems.

The stimulated emission cross-sections σ(λp) of the intense 1.2 μm
emission have been evaluated by using the expression [28],

cn
( )

8p
p

eff

4

2=
(11)

where λp is the peak wavelength; ‘n' is the refractive index of the glass;
Δλeff is the effective bandwidth; and ‘A' is the spontaneous emission
probability for the 1G4→ 3H4 transition.

The σ(λp) value for the 1G4→ 3H4 transition in SALSTm0.01,
SALSTm0.05 and SALSTm0.1 glasses are presented in Table 5 along
with those of reported Tm3+-doped TPBL [27], TWTm [28], GeBL [46]
and AT10 [47] glasses. As can be seen, the σ(λp) values of the present
glasses decreases with the increase in Tm3+ ions concentration and are
higher than those of reported ones in TWTm [28], GeBL [46] and AT10
[47] glass systems. For efficient lasers, figure of merit i.e., product of
emission cross-section and lifetime (FOM=σ(λp) x τexp) should be as
high as possible. Its value is proportional to the slope efficiency and
inversely proportional to the threshold pump power of the laser. The
FOM of 1.2 μm emission has been evaluated for three concentrations of
Tm3+-doped glasses and are presented in Table 5. As can be seen, FOM

for the 1.2 μm emission is maximum for SALSTm0.01 glass. These re-
sults indicate that the present glasses are useful for optical amplification
applications at around 1.2 μm wavelength.

3.3. Luminescence decays

Decay curves for the 1G4 level of Tm3+ and Tm3+/Yb3+ co-doped
glasses under 475 nm laser excitation are shown in Figs. 5(i) and (ii),
respectively, whereas Figs. 6(i) and (ii) show the decay curves for the
3H4 level of Tm3+ and Tm3+/Yb3+ co-doped glasses, respectively,
under 776 nm laser excitation. From Figs. 5 and 6, it is noticed that all
the decay curves exhibits non-exponential behavior, indicating the
presence of energy transfer processes.

Experimental lifetime (τexp) values for the 1G4 and 3H4 levels in
Tm3+-doped glasses and the 2F5/2 level of Yb3+ ions in Tm3+/Yb3+ co-
doped glasses have been evaluated from the measured decay curves
using the Eqn. [18],

tI t dt
I t
( )
( )

=
(12)

At higher concentrations of Tm3+ ions, the interactions between
them increase, resulting in a quenching of lifetimes of the 1G4 and 3H4

levels. The difference between the values of τexp, obtained at low con-
centrations, and τR can be understood by the presence of non-radiative

Table 5
Comparison of stimulated emission cross-sections (σ(λp) ± 0.2, x10−21 cm2)
and figure of merit (FOM, x10−24 cm2s) for Tm3+: 1G4→ 3H4 transition in
Tm3+-doped glasses.

S. No. Glass σ(λp) FOM

1 SALSTm0.01 [present work] 3.12 1.43
2 SALSTm0.05 [present work] 3.08 1.16
3 SALSTm0.1 [present work] 3.06 0.85
4 TPBL [27] 4.70
5 TWTm [28] 5.8
6 GeBL [46] 2.85
7 AT10 [47] 1.2

Fig. 5. Decay curves of the 1G4 level of (i) Tm3+-doped and (ii) Tm3+/Yb3+ co-
doped SALS glasses under 475 nm laser excitation.
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processes between the transitions [15]. In co-doped samples, lifetime of
the 2F5/2 level of Yb3+ ions decreases with increase in concentration.
This could be due to concentration quenching of Yb3+ ions due to en-
ergy transfer processes between them and then transfer to traps/de-
fects. The decrease in lifetimes of the 1G4 and 3H4 levels of Tm3+ ions in
co-doped systems, even though the concentration of Tm3+ ions is kept
constant at 0.1 mol%, could be due to the existence of following energy
transfer channels from Tm3+ to Yb3+ ions:

Tm ( G ) Yb ( F ) Tm ( H ) Yb( F ) phonons1
4

2
7/2

3
5

2
5/2+ + +

Tm ( H ) Yb ( F ) Tm ( H ) Yb ( F )3
4

2
7/2

3
6

2
5/2+ +

To know the energy transfer from Tm3+ to Yb3+ ions, the energy
transfer efficiency η is an important parameter and it can be calculated
using the Eqn. [40],

1
0

=
(13)

where, τ and τ0 are the experimental lifetimes of the 1G4 level in co-
doped and 0.1mol% Tm2O3 single-doped samples, respectively. The η
value for SALSTm0.1Yb2.0 glass is 53% and is higher compared to 32%
for zinc barium glass (0.75Tm3+/2Yb3+) and 40% for zinc lanthanum
glass (0.75Tm3+/2Yb3+) [44].

To understand the energy transfer processes effectively, decay

curves for the 2F5/2 emitting level of Yb3+ ions are measured exciting at
918 nm and monitoring the emission at 1.0 μm in co-doped glasses, and
are shown in Fig. 7. The decrease in lifetimes with increase in Yb3+ ions
concentration is an evidence for the energy transfer from Yb3+ to Tm3+

ions and/or concentration quenching of Yb3+ ions.

3.4. Upconversion luminescence

The upconversion (UC) luminescence is observed in Tm3+/Yb3+ co-
doped glasses exciting at 975 nm in the wavelength range of
325–700 nm and is shown in Fig. 8. Four emission bands are observed
at 362, 450, 474 and 650 nm, which correspond to the 1D2→ 3H6,
1D2→ 3F4, 1G4→ 3H6 and 1G4→ 3H4 transitions of Tm3+ ion, respec-
tively. Among these four emission bands, it is observed that the red
emission at 650 nm is relatively weaker than the blue at 474 nm. From
Fig. 8, it is observed that the UC luminescence intensity increases with
the Yb3+ concentration up to 1.0 mol% and decreases thereafter. The
variation of 474 and 650 nm UC emission intensities with Yb3+ con-
centration is shown in inset of Fig. 8. For both wavelengths, the UC
emission intensity is highest for 1.0mol% of Yb3+ ions and decreases
thereafter. The increase in UC luminescence intensity up to 1.0 mol% of
Yb3+ ions can be explained as due to increase in the efficiency of en-
ergy transfer processes from Yb3+ to Tm3+ ions. The decrease in UC
luminescence intensity at higher concentrations of Yb3+ ions is caused
by concentration quenching through energy migration among the Yb3+

ions and then transfer to traps.
In upconversion processes, the relationship between upconversion

emission intensity and the intensity of the excitation is given by
I I n

IRUP , where n is the number of IR photons absorbed per visible
photon emitted. The graph between log upconversion intensity (log IUP)
and IR excitation intensity (log IIR) shows a straight line with slope n.
Fig. 9 shows the plot for log IUP versus log IIR for the 362, 474 and
650 nm emissions. The values of 2.7, 2.0 and 1.9 are obtained for the
slopes of 362, 464 and 650 nm emissions, respectively, indicating that
emission from the 1D2 level is a three photon process and emissions
from the 1G4 level is a two photon one [42].

The mechanism of upconversion can be explained using the partial
energy level diagram of Tm3+ and Yb3+ ions shown in Fig. 10. The
pump power dependence of UC emission indicates that 1G4 and 1D2

levels are populated by absorption of two and three NIR photons, re-
spectively. When the co-doped samples are excited with 975 nm laser,
Yb3+ ions are excited to the 2F5/2 level and energy is transferred to
Tm3+ ions by three different routes. First one is energy transfer to 3H5

Fig. 6. Decay curves of the 3H4 level of (i) Tm3+-doped and (ii) Tm3+/Yb3+ co-
doped SALS glasses under 776 nm laser excitation, monitoring the emission at
850 nm. In Fig (ii) the excitation cutoff has been shifted for clarity.

Fig. 7. Decay curves for the 2F5/2 level of Yb3+ ion in SALSTmYb glasses under
918 nm excitation, monitoring the emission at 1000 nm.
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level by ET1 process followed by nonradiative relaxation (NR) to the
3F4 level. Energy transfer upconversion from this level (ETU1) popu-
lates the 3F2,3 levels followed by NR to the 3H4 level. Another possibility
is energy transfer from Yb3+ ions directly to 3H4 level of Tm3+ through
ET2 process and from there another NIR photon populates 1G4 level
(ETU2 or ET3). The 1G4 level can also be populated by two photon
absorption (TPA) at 975 nm from two Yb3+ ions [52]. Both processes
supports that excitation to the 1G4 level is a two photon process, re-
flected in the slope value of 2.0 for the 474 nm emission (Fig. 9). From
the 1G4 level two main radiative decay processes takes place resulting in
650 (red) and 474 nm (blue) emissions corresponding to the 1G4→ 3F4
and 1G4→ 3H6 transitions, respectively.

The ET3 energy transfer from Yb3+ ions 2F5/2 level causes ETU3
from 1G4 to populate the 1D2 level, although energy matching in this
case is poor compared to those of ETU1 and ETU2. Alternatively, the

cross-relaxation (CR) channel, 1G4, 3H4→ 3F4, 1D2, may also populates
the 1D2 level because of a better energy matching. The 1D2 level also
gives two radiative emissions at 362 and 450 nm corresponding to the
1D2→ 3H6 and 1D2→ 3F4 transitions shown in Fig. 8. However, in-
tensities of emissions from the 1D2 level are relatively weaker than
those of the 1G4 level. This could be due to the weaker efficiency of the
excitation processes that populates the 1D2 level. The three photon
excitation process of the 1D2 level is also reflected in the value of slope
(2.7) of the 362 nm emission (Fig. 9).

The dynamics of upconversion has also been investigated by mea-
suring decay curves of the 1G4 level, exciting at 475 nm and monitoring
the emission at 650 nm (Stokes emission); and exciting at 975 nm and
monitoring the emission at 475 nm (upconversion), and are shown in
Fig. 11 for the SALSTm0.1Yb0.5 glass. As can be seen, in the case of
Stokes emission, the lifetime of the 1G4 level is 253 μs and in the case of
upconversion, there is clear rise time of 165 μs and the decay time is
1070 μs, around 4 times more than the normal lifetime. The upcon-
version decay time reflect population change of feeder level, i.e., 3F4,
which populates 1G4 through upconversion process. The rise time of
upconversion emission reflect the time scale of energy transfer pro-
cesses [37]. From the above results, it is evident that there is transfer of
energy from Yb3+ to Tm3+ ions under 975 nm excitation because NIR
level with longer lifetime (3F4) is involved in the upconversion process.
On the other hand, if the 3F4 level is involved in the upconversion, the
slopes should be about 3 and 4 for the levels 1G4 and 1D2, respectively,
but in the present case they are only about 2 and 3. This is because of
saturation effect in Yb3+-Tm3+ upconversion processes which causes
population and depopulation of the 3F4 level [53,54].

4. Conclusions

Oxyfluorosilicate glasses doped with different concentrations of
Tm3+ and Tm3+/Yb3+ ions have been prepared and investigated their
absorption and emission spectra, lifetimes of the luminescent levels and
upconversion properties. From absorption spectrum of the 1.0 mol%
Tm2O3-doped glass, intensity analysis has been made using the Judd-
Ofelt theory and calculated various radiative properties of the emitting
levels and compared with those of similar reported systems. Relative

Fig. 8. Upconversion spectra of Tm3+/Yb3+ co-doped SALS glasses under 975 nm laser excitation. Inset shows the variation of 474 and 650 nm upconversion
emission intensities with Yb3+ concentration.

Fig. 9. Pump power dependence of up-converted emissions at 362, 474 and
650 nm in Tm3+/Yb3+ co-doped SALS glasses.
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variations of the visible and NIR emission spectra with change in con-
centrations of active ions have been explained as due to variations of
different cross-relaxation processes. Lifetimes of the 650 and 790 nm
emissions have been measured and are found to decrease with increase
in Tm3+ ions concentration in single-doped glasses, due to concentra-
tion quenching, and with the increase of Yb3+ ions concentration in co-
doped glasses due to energy transfer from Tm3+ to Yb3+ ions. The
1.2 μm emission band in NIR spectra of single as well as co-doped
glasses is very broad and intense and finds application in optical am-
plifiers. The NIR emission spectra of co-doped glasses show emission at
around 1.0 μm which increases with increase in Yb3+ ions concentra-
tion. The decrease in lifetimes of the 2F5/2 level of Yb3+ ions with in-
crease in Yb3+ ions concentration is explained as due to energy transfer
process/concentration quenching. The 1.0 μm emission is useful to
enhance Si solar cell efficiency. Finally, the Tm3+/Yb3+ co-doped
glasses show upconversion emissions under 975 nm excitation. Relative
variations of upconversion emissions, their pump power dependencies,
mechanism and dynamics have been explained based on energy transfer

processes. Overall, the visible, NIR and upconversion emissions of the
studied glasses are very much useful for the design of photonic devices.
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A B S T R A C T

Oxyfluoride glass-ceramics containing SrF2nanocrystals have been prepared by a CO2 laser treatment on the
glass prepared by high temperature melt quenching. The optimized scan speed and laser power produced na-
nocrystals with sizes of ~10 nm. Energy dispersive spectroscopy mapping analysis showed that Dy3+ and Yb3+

ions are highly populated inside the SrF2 nanocrystals. We also report a substantially enhanced down-converted
visible emission from the 4F9/2 state of Dy3+ ions, including some violet emissions from the higher energy
states under 365 nm excitation in the glass-ceramics, as compared to the as-made glass. Moreover, 980 nm laser
diode excitation produced strong green and red emissions from the 4I15/2 state and blue and yellow emissions
from the 4F9/2 state. A model has been proposed to interpret the upconversion emissions through the multistep-
excitation of Dy3+ ions and energy transfers from, efficient sensitizers, Yb3+ ions to Dy3+ ions.

1. Introduction

Rare-earth ion doped glass-ceramics may become potentially useful
for optoelectronic applications. Glass-ceramics offer the ease of melt
processing like conventional glasses, but rare earth ion segregation to
crystalline regions results in spectral and laser properties similar to
those of single crystals and ceramics [1]. Oxyfluoride glass-ceramics
have attracted much attention due to their combined advantages of
oxide glasses and fluoride glasses [2,3] and their maintenance of good
chemical and thermal stabilities [4]. Thus, numerous studies on oxy-
fluoride glass-ceramics containing fluoride nanocrystals doped with
rare-earth ions have been reported thus far [3,5–8]. Fluoride nano-
crystals have much less phonon energy (~360 cm−1) [9], yielding a
large quantum efficiency.

Most oxyfluoride glass-ceramics are fabricated using controlled heat
treatments in an electric furnace in order to form nanocrystals in the
interior of glass [10]. Recently, the laser annealing of glass has been
reported as an alternative method for glass-ceramics formation with the
advantage of spatially selected structural modification and crystal-
lization inside glass with ultraviolet, visible, near-infra-red, and mid-
infrared lasers [5,11–13]. Laser-heated glass-ceramics formation with
an infrared laser hold some potential for optical device applications of
oxyfluoride glasses with fluoride nanocrystals, because the infrared
laser can treat selective regions upon the surface of the glass.

The infrared-to-visible up-conversion behavior of the glass-ceramics
codoped with (Yb, Er) [14], (Yb, Tm) [15], (Yb, Ho) [16], or (Yb, Eu)
[17] prepared by furnace treatment has been recently reported for
display and solar-cell applications [18]. However, only a few studies on
glass-ceramics co-doped with (Yb, Dy) have been reported thus far [19],
and the blue-violet emissions still need further investigation before
their origin can be clarified. Dy3+ ion exhibits intense blue and yellow
colors as well as white light emission, and Yb3+ ions are widely used in
infrared-to-visible upconversion applications [20]. In this work, CO2

laser-induced crystallization technique has been used to a multi-com-
ponent SiO2-Al2O3-SrF2-LiF oxyfluoride glass doped with rare-earth
ions prepared by the melt-quenching process [15]. We report the pre-
cipitation of spatially selective glass-ceramics containing SrF2 nano-
crystals doped with Dy3+ and Yb3+ ions, as well as the enhancements
of down-conversion and upconversion emissions of Dy3+ ions. The
optimized conditions were achieved for emission enhancement by
controlling the power and scan speed of the laser beam.

2. Experimental

The nominal composition of precursor glass (as-melted) used in this
study was 40SiO2-12Al2O3-23SrF2-24LiF-0.5Yb2O3-0.5Dy2O3 (mol.%).
The raw materials used for preparation were fine grained powders from
high purity (3 N) commercial chemicals. The starting batches were
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thoroughly mixed and melted at 1450 °C for 1 h in a covered platinum
crucible under normal atmosphere. The melt was then cast into an iron
mold prior to being annealed at 530 °C for 10 h, in order to release inner
stress. Finally, the glass was cut and polished into the glass samples
with a thickness of 1mm. For thermal treatment to induce SrF2 nano-
crystals, we used a CO2 laser employing various powers ranging from
0.9 to 1.3W and scan speeds ranging from 0.1 to 0.3mm/s.

The samples studied here are glass-ceramics prepared by the laser
treatments of 1.3W_0.3 mm/s, 1.3 W_0.2mm/s, 1.3W_0.1 mm/s, or
0.9W_0.3 mm/s, denoted by G1, G2, G3, and G4, respectively. The laser
beam was focused on the surface of the glass. The selective area had a
~100 μm diameter. We employed micro-x-ray diffraction (μ-XRD, D/
MAX RAPID-S) analysis for the irradiated regions in order to examine
the formation of SrF2 crystals. Furthermore, in order to clarify the size
and crystallization of nanocrystals, we performed transmission electron
microscopy (TEM, Titan G2 60-300) and EDS (Energy Dispersive
Spectroscopy) analysis for the laser-treated surface. Photoluminescence
and upconversion emission spectra for Dy3+ ions under 365 nm LED
and 980 nm LD excitations were measured respectively for both uni-
rradiated and irradiated glass area in order to confirm whether the ions
are doped inside the nanocrystals.

3. Results and discussion

Micro- x-ray diffraction patterns of the glasses exposed to CO2 laser
with 0.3 mm/s scan speed and 1.3W and 0.9W powers (GC1 and GC4)
are shown in Fig. 1, indicating the diffraction pattern of SrF2 crystalline
phase [21]. The XRD peaks were observed only in the CO2 laser exposed
area. The sharp and relatively intense peaks of the exposed area of glass
can easily be assigned to the diffractions from the (111), (200), (220),
(311), (222), (400), (331), and (420) planes of spinel SrF2 phase
(JCPDS No. 06-0262). This implies that the treated volume of the glass
by CO2 laser irradiation was changed into glass-ceramic. Although the
x-ray beam has a slightly smaller size than the laser beam of ~100 μm
on the surface and penetrates through the sample, the laser thermal
treatment is only effective on the surface because of the low thermal
conductivity of glass.

The average size of the nanocrystals has been calculated using the
Scherrer formula [22] for XRD data of the lattice plane (hkl), using the
full width at half maximum β, diffraction angle θ, and x-ray wavelength
λ,

=D hkl λ
β θ

( ) 0.9
cos (1)

The sizes of nanocrystals obtained with GC1 and GC4 are estimated
at 15 and 13 nm, respectively. This implies that the laser thermal en-
ergy increases the sizes of the nanocrystals. The increase of XRD peaks
indicates the increased density of nanocrystals in the glass. This implies
that with increase in laser exposure time nucleation continues and the
volume concentration of crystalline SrF2 increases. In the TEM image of
Fig. 2(a), the round-shaped nanocrystal with a size of ~300 nm can
observed, with the background corresponding to the glassy phase. It is
not a single domain, but seems to consist of many nanocrystals. In order
to confirm the crystalline phases, high-resolution transmission electron
microscopy (HRTEM) was employed. The HRTEM image in Fig. 2(b),
which was collected by focusing an electron beam on the dark domain
of Fig. 2(a), shows a well-defined lattice structure of the SrF2 crystal
with random orientation. The average size of nanocrystals is about
8 nm, which is smaller than the estimated value obtained from the
Scherrer equation. A large temperature gradient in the laser-treated
region originates from the inhomogeneous thermal distribution due to
the use of the Gaussian laser beam. It produces various sizes of nano-
crystals depending on the position [23]. Thus, the CO2 laser irradiation
energy was not sufficient to grow large nanoparticles of a single do-
main. Thus, we suggest that the larger crystallite size in Fig. 2(a) is due
to the aggregation of nanocrystals.

The spatial distributions of Sr, F, Dy, and Yb ions are verified by
EDS, as shown in Fig. 2(c)–(f), respectively. Fig. 2(c) and (d) show a
large portion of Sr and F ions in the crystal displayed in Fig. 2(a), re-
vealing the formation of SrF2 crystal. It has been reported that the real
fluorine concentration is somewhat lower than the nominal one, owing
to the volatility of fluoride components at high temperature and the
escape of fluorine from the melt [24]. Thus, a relatively low con-
centration of fluorine ions is expected as compared their initial doping
concentration. Dy and Yb ions are located in the SrF2 crystal domain as
well as on the surface of the crystallites. The absorption spectrum of the
glass in Fig. 3 shows the absorption peaks of Dy3+ and Yb3+ions, im-
plying that both ions have the absorption at 980 nm.

The emission spectra in Fig. 4 are obtained under 365 nm excitation
reaching the 6P5/2 state of Dy3+ion. Laser heating could help to po-
pulate the 6P7/2 state. The dominant blue (482 nm) and yellow
(574 nm) bands are attributed to the transitions from the excited state
of 4F9/2 to the lower states of 6H15/2 and 6H13/2, respectively. Beyond
that, we also observed weak emissions at 409, 418, 430, 445, 456, 660,
and 725 nm, which correspond to 6P7/2–6H13/2, 6P5/2–6H11/2, 4G11/

2–6H15/2, 4I13/2–6H13/2, 4I15/2–6H15/2, 4F9/2–6H11/2, and 4F9/2–6H9/2

transitions from the glass-ceramics. Most of these violet emissions have
not been reported under ultraviolet excitation for Dy3+ and Yb3+ co-
doped glass or phosphors [25,26] because of the nonradiative relaxa-
tion from the 6P5/2 and 6P7/2 excited state to the 4F9/2 state. This is
further evidence for the emissions from nanocrystals doped with Dy3+

ions. The relatively strong blue and yellow emission intensities in-
creased with laser exposure in the glass-ceramics (from GC1 to GC3).
The GC3 shows more than 17 times enhancement of the overall visible
emissions as compared to those from the untreated glass. The increase
in emission intensities with laser exposure is evidence for the formation
of Dy3+-doped SrF2 nanocrystals which causes lowering of nonradiative
relaxation of rare-earth ions incorporated into SrF2 nanocrystals with
very low phonon energy [9]. In addition, energy transfer can effectively
occur among the neighboring Dy3+ ions inside SrF2 nanocrystals be-
cause of the shorter distance between doped ions. The blue emission of
the 4F9/2–6H15/2 transition is mainly magnetically allowed and in-
sensitive to the crystal field around the ions, whereas the yellow
emission of 4F9/2–6H13/2 transition is a forced electric dipole transition
and allowed only at low symmetries with no inversion center. Dy3+ ion
can be incorporated in the interior of SrF2 nanocrystals because the
radius of Dy3+ ion is smaller than that of SrF2. However, its site
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Fig. 1. XRD patterns of SrF2 nanocrystals precipitated in glass by CO2 laser
irradiation with the power of 1.3 and 0.9W (GC1 and GC4) and the same scan
speed of 0.3 mm/s.
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symmetry regarding the crystal field may not have inversion symmetry
due to a charge compensator which is needed for charge balance, as is
the case in CaF2 [27]. Furthermore, some Dy3+ ions can be populated
on the surface of SrF2 nanocrystals, resulting in low site symmetry. Thus, the yellow emission is stronger than the blue emission. The en-

ergy level diagram in Fig. 5 shows the possible transitions for the

Fig. 2. (a) TEM micrograph of crystallites, (b) HRTEM image of crystalline area, and (c-f) EDS element maps of Sr, F, Dy, and Yb ions in the area of (a) in the GC3
precipitated by CO2 laser irradiation.

Fig. 3. Absorption spectrum of the as-made glass. Fig. 4. Down-conversion emission spectra of Dy3+ obtained under 365 nm
excitation of glass and glass-ceramics. The emissions of A, B, C, D, and E in-
dicate the transitions of 6P7/2–6H13/2, 6P5/2–6H11/2, 4G11/2–6H15/2, 4I13/2–6H13/

2, and 4I15/2–6H15/2 respectively.
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observed emissions under 365 nm excitation.
Upconversion emission spectra of the glass-ceramics obtained under

the excitation of the 2F5/2 state of Yb3+ at 980 nm are shown in Fig. 6.
The GC3 produced much stronger visible upconversion emission from
the surface, as compared to the as-made glass. The strong upconversion
emission from the limited surface region is further evidence for the
effective nanocrystal formation. Through the incorporation of Dy3+

and Yb3+ ions into the SrF2 crystal phases, the energy transfers can also
effectively occur among the neighboring Dy3+–Yb3+ ions, because of
the shorter distance between doped ions inside nanocrystals. It is well
known that the incorporation of Yb3+ ions into rare-earth ion doped
optical materials is beneficial for infrared-to-visible upconversion
emission because Yb3+ ions have a strong and broad absorption band
around 980 nm. The feature of the upconversion emission spectra is
much different from that of the down-conversion spectra in Fig. 4. First,
the strongest emission at 542 nm corresponds to the 4I15/2–6H13/2

transition. The other emissions of the 4I15/2–6H15/2 and 4I15/2–6H11/2

transitions also appear at 456 and 610 nm. As shown in Fig. 7, the
980 nm excitation populates both the 6H5 (Dy3+) and 2F5/2 (Yb3+) le-
vels, although the 6H5 has a very weak absorption at 980 nm. The
electrons reached to the 6H13/2 level by nonradiative relaxation from
the 6H5 can absorb both the 980 nm pump photons and the transferred
energy from the 2F5/2 level of Yb3+ ion, reaching the 6F1/2 level of
Dy3+ ion. Another absorption process from the 6F1 to the 4G11/2, fol-
lowed by weak emissions of the 4G11/2⟶

6H15/2,
6H13/2 and 6H11/2

transitions. The rapid relaxation from the 4G11/2 to 4I15/2 level is fol-
lowed by several emissions from the 4I15/2 level, showing the relatively
strong emission of the 4I15/2–6H13/2 transition. Much of the enhanced
emission is due to the crystal environment of Dy3+ ions. The non-
radiative relaxation from the 4I15/2 to 4F9/2 level enables the well-
known blue and yellow emissions of the 4F9/2–6H15/2 and 4F9/2–6H13/2

transitions. However, the yellow emission (574 nm) appears to be
weaker than the blue emission (483 nm), which differs from the down-
conversion in Fig. 4. We must consider the cooperative upconversion
emission at 490 nm [28] to explain the difference. The virtual state of
Yb3+ ions reached by two-step excitation via Yb3+-Yb3+ energy
transfer produces 490 nm emission, which is transferred to Dy3+ ions
and overlapped with the blue emission from the 4F9/2 level. This implies
that the Dy3+ site still has non-inversion symmetry.

The band-width of the strongest emission at 542 nm is about 6 nm,
which is one-third of the band-width of the yellow or blue band in the
down-conversion emission in Fig. 4. The narrower band-width implies
that the excited-state absorption and energy transfer are effective only
for some subgroups matching the excitation of 980 nm among in-
homogeneously distributed sites of Dy3+ and Yb3+ ions. The main
energy transfer channels between Yb3+ and Dy3+ ions and two excited
state absorptions in Dy3+ ions are suggested for the blue, green, yellow,
and red emissions as displayed in Fig. 7.

4. Conclusions

Dy3+/Yb3+ co-doped glass ceramic containing SrF2 nanocrystals
has been prepared by the CO2 laser surface treatment of 40SiO2-
12Al2O3-23SrF2-24LiF-0.5Yb2O3-0.5Dy2O3 glass. In this glass ceramic,
SrF2 nanocrystals are embedded in the glass matrix and Dy3+/Yb3+

ions are incorporated into the SrF2 nanocrystalline phase. The Dy3+

ions in SrF2 nanocrystals exhibit much enhanced emission intensity,
including new emission bands in the 400–460 nm range along with
well-known blue and yellow emissions from the 4F9/2 level under
365 nm excitation. The upconversion visible emission also showed
stronger intensity than the precursor glass under 980 nm excitation,
including 430–460 nm blue emission and strong green emission from
the 4I15/2 level. The substantial enhancement of the emission in glass-
ceramics indicates the proper incorporation of Dy3+ and Yb3+ ions into
a nanocrystalline environment. Detailed upconversion mechanisms for
the observed emissions are suggested based on the observed emissions.
The results may be applied to the patterned white-light imaging tech-
nology on the Dy3+-Yb3+ co-doped thin glass.

Fig. 5. The energy level diagram to explain the possible transitions for the
observed emissions under 365 nm excitation.

Fig. 6. Upconversion emission spectra of Dy3+ obtained under 980 nm ex-
citation of glass and glass-ceramics.

Fig. 7. Energy level diagram of Dy3+ and Yb3+ions explaining the main energy
transfer processes of Dy3+-Yb3+ ions and excited state absorptions in Dy3+ ions
under 980 nm excitation (ESA: excited state absorption; ET: energy transfer; dot
lines: nonradiative relaxations).
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Abstract 

 

Neodymium-doped magnesium phosphate glasses with various concentrations of 

active ion are prepared by melt quenching method and characterized their spectroscopic 

properties using absorption and emission spectra and decay measurements. Using the Judd-

Ofelt analysis, various spectroscopic parameters such as intensity parameters (, λ = 2,4,6), 

radiative transition probabilities, branching ratios and radiative lifetimes are evaluated. The 

near infrared emission spectra are measured by exciting the samples at 808 nm. In the 

emission spectra, maximum intensity is observed at 1054 nm which corresponds to the 
4F3/2→4F11/2 transition of Nd3+ ion. The branching ratio, band width and stimulated emission 

cross-section for the above transition are found to be 0.51, 25 nm and 3.2610-20 cm2, 

respectively. The decay curves for the 4F3/2 fluorescent level are single exponential nature 

with decreasing lifetime from 346 to 57 s with increase in Nd3+ concentration from 0.05 to 

4.0 mol%. The results suggest that PMN glasses could be useful as infrared laser sources at 

around 1.05 m. 
 

Key words: Neodymium, phosphate glass, Judd-Ofelt analysis, spectroscopic properties, NIR 

luminescence 
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1. Introduction 

Lanthanide (Ln3+) doped glasses are quite preferable in the scientific community due 

to their several technological applications as solid state lasers, waveguide lasers, light 

emitting diodes, flat panel technologies, sensors, optical amplifiers, optical detectors, optical 

fibers, opto-electronic and photonic devices [1-5]. Among the Ln3+ ions, Nd3+ ion has 

become one of the popular active ion for developing high power terawatt solid state lasers at 

1.05 m wavelength that corresponds to the transition 4F3/2 → 4I11/2 of Nd3+ ion. These lasers 

are useful in the fields of communication, radar, high energy weapon, medical, etc. [6-8]. 

Apart from this important emission at 1.05 m, Nd3+ ion also exhibit laser transitions 4F3/2 → 

4I9/2 and 4I13/2, that gives raise to luminescence bands at ~ 0.9 and 1.3 μm, respectively. The 

laser band at 1.3 μm is useful for O-band optical amplifiers [9] while the laser band at 0.9 μm 

is useful to manufacture a device that emits blue light through the monolithic integration of 

laser emission [10]. Nd3+-doped materials are also considered to be next generation near infra 

red (NIR) emitting scintillators [11]. In addition to these well-known NIR emissions, the 

upconversion (UC) emission from NIR to visible is also possible in the case of Nd3+-doped 

glasses [12,13]. For example, infrared to visible UC in the regions of blue, green and orange 

has been observed from the 4G7/2 level of Nd3+ ion in ZnO-Li2O-Na2O-P2O5 glasses [14]. 

Jimenez and Sendova have reported lasing action in the near ultra violet region in the Cu, 

Nd:co-doped phosphate glasses [15].  

It is obvious that, optical properties of Nd3+ ion depend on the concentration of active 

ion and the composition of glass [16,17]. Hence, finding a suitable glass matrix that brings 

together advantageous of glass forming ability and excellent optical properties become the 

research hotspot in the areas of Lasers and fiber amplifiers. In this connection, phosphate 

glasses are more attractive because of their peculiar properties. New phosphate glasses are 

being developed enormously because of their excellent characteristics including wide range 

of the thermal expansion coefficient, low melting, high electrical conductivity, low cost and 

softening temperatures [18,19]. These glasses are also important due to their structural 

versatility to allow several cation and/or anion exchanges. Such type of properties make them 

worth-full candidates for laser hosts, fast ion conducting material, glass to metal seals and 

biocompatible materials. Addition of modifier oxides such as MgO into the glass matrix 

improves the chemical durability of the phosphate glasses by depolymerising the long 

phosphate chains as well as replaces the P-O-P bonds by more chemically stable bonds by 

forming the non-bridging oxygen ions [20]. Presence of MgO also tightens the glass network 
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compared to CaO due to its high ionic field strength values (~ 5 Å) and thereby enhances the 

glass mechanical strength and density [21]. Magnesium phosphate glasses are attractive due 

to their low density, high viscosity, high polarizability and high field intensity [22]. It also 

enhances the luminescence intensity [23,24]. 

In view of the above advantageous, Nd3+-doped phosphate glasses have been prepared 

and characterised to realize their concentration dependent optical and laser properties. In 

addition, standard Judd-Ofelt (JO) analysis has been performed to calculate the JO 

parameters, line strength, radiative and non-radiative decay properties and efficiency of the 

Nd3+ ion in the present glass matrix. Specifically, luminescence properties of the phosphate 

glasses with the MgO as single modifier have been explored, which have not been reported so 

far to the best of authors’ knowledge.   

 

2. Experimental Methods 

2.1 Preparation of glasses  

Nd3+-doped magnesium phosphate (PMN) glasses with the composition (50-x/2) P2O5 

+ (50-x/2) MgO + x Nd2O3 (where x = 0.05, 0.1, 0.5, 1.0, 2.0 and 4.0 (mol%))  were prepared 

by the conventional melt quenching method similar to that described in our previous paper 

[25]. Highest pure chemicals (Sigma-Aldrich) of magnesium metaphosphate (Mg(PO3)2) and 

neodymium oxide (Nd2O3) were used as starting materials. The glass samples were labelled 

as PMN005, PMN01, PMN05, PMN10, PMN20 and PMN40, for 0.05, 0.1, 0.5, 1.0, 2.0 and 

4.0 mol% of Nd2O3, respectively.  

2.2. Characterization of glasses 

The optical path lengths of the PMN glasses were measured by digital Vernier 

callipers and refractive indices were meausred by using Abbe refractometer at the wavelength 

of 589.3 nm. Densities of all the glasses were measured with Archimedes’ drainage method 

in distilled water. The physical properties such as path length, density, refractive index and 

concentration of Nd3+ ions of the PMN glasses are given Table 1. The UV-visible-NIR 

absorption spectra of the PMN glasses were measured on an Elico SL210 double beam 

spectrophotometer with a spectral repeatability of ± 0.2 nm. The NIR emission spectra and 

decay curves were recorded using Edinburgh UV–VIS–NIR (FLS 980) spectrophotometer 

using 808 nm pulsed laser diode as the excitation source. All the measurements were made at 

room temperature. 
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3. Results and Discussion 

3.1 Optical absorption and covalency of Nd-O bond 

 Physical properties of Nd3+-doped PMN glasses of the present study such as optical 

path length, density, concentration and refractive index are presented in Table 1. As can be 

seen and as expected, density, concentration of Nd3+ ions and refractive index increases with 

increase in concentration of Nd3+ ions. Figure 1 shows the UV-visible-NIR absorption spectra 

of PMN glasses measured in the wavelength range of 300-1000 nm which is similar to the 

reported results in the literature [26,27]. The observed bands in the absorption spectrum 

corresponds to the 4f3 → 4f3 transitions from the 4I9/2 ground state to different excited states 

of Nd3+ ion in the glass matrix. As can be seen the band at 808 nm is very intense, indicating 

that this glass can be effectively excited at this wavelength. The intrinsic absorption cut-off 

sideband of the present glass is observed at 325 nm below which no absorption band can be 

seen. In addition, intensity of the transition 4I9/2 → 4G5/2, 2G7/2 observed at 582 nm is very 

high since it is a hypersensitive transition (HST) following the selection rule |ΔS| = 0; |ΔL| ≤  

2 and |ΔJ|  ≤  2. Generally, HSTs are very sensitive to the local field around the Nd3+ ion in 

the glass host. The nature of bonding between the Nd3+ ion and the ligand can be known from 

the values of Nephelauxetic ratio () and bonding parameter (). The formula for  is given 

by [28], 

    𝛽 =
𝑐

𝑎
       (1) 

where ‘c’  is the energy of a specific absorption transition of the Nd3+ ion in the given glass 

host and ‘a’ is the energy of the same transition in the aqua solution. Energy levels of the 

Nd3+ ions in the glass host and the aquo-ion were assigned based on the reports of Carnall et 

al. [29].  

The bonding parameter  can be evaluated from the average values of  (referred as ), using 

the below expression, 

     𝛿 = [
1−̅

̅
]  100    (2) 

the positive and negative values of  indicate the covalent and ionic nature of the metal-

ligand bond, respectively [30]. In the present case the positive value of  (0.6036) indicates 

that the Nd3+−ligand bond in the PMN10 glass is covalent nature.  

The Judd-Ofelt (JO) [31,32] analysis can be used to determine JO parameters and 

radiative properties of Ln3+ ions in different host materials like glasses and crystals. Reader is 

suggested to refer our earlier papers for the necessary theory [33,34]. Table 2 presents the 
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experimental (fexp) and calculated (fcal) oscillator strengths of the absorption bands along with 

their peak positions (λP) of PMN10 glass. Least square fit between the fexp and fcal has been 

used to obtain the three JO parameters,  ( = 2,4,6). The obtained JO parameters (×10-20 

cm2) for the PMN10 glass are Ω2 = 2.55, Ω4 = 3.74, Ω6 = 4.12 with the root mean square 

error of about 0.79 x 10-6, which confirms the accuracy of calculation. These errors in fitting 

arise due to the difference in the reduced matrix elements and absorption spectrum. Among 

these JO parameters, 2 represent the covalency of metal-ligand bond and depends on the 

intensity of HST. It also represents the asymmetry in the surroundings of Nd3+ ions in the 

glass host. The other two parameters, 4 and 6 represent the viscosity and rigidity of the 

glass matrix, respectively [35]. Table 3 presents  values in various phosphate glasses 

[14,25,26,33,34,36-47] for comparison (here we excluded fluoro-phosphate glasses). In this 

table the composition of the glasses are presented in the increasing order of the Ω2. As can be 

seen from Table 3, magnitude of Ω2 for the present PMN10 glass is smaller than those of all 

other glasses including commercial laser glasses LG-750, LHG-8, LG-770 and LHG-80 [36], 

except CBP [38], ZLNP [14], PCBS [40] and PABKLiNbLa [41] glasses. Therefore, the 

smaller value of Ω2 indicates moderate covalence of the Nd3+-ligand bond [35] and lower 

asymmetry or higher symmetry around Nd3+ ions in the PMN10 glass. The covalency nature 

of the metal-ligand bond is also consistent with the result obtained from the Nephelauxetic 

effect. Also, the JO parameters in the PMN10 glass follows the trend as 6 > 4 > 2. This 

trend is similar to that of commercial laser glasses [36]. Further, from Table 3, the effect of 

modifier is more on the environment of Nd3+ ions in the phosphate glass which in turn 

determines most of their optical properties. From the values of 2 given in Table 3, it is 

observed that the addition of modifiers such as Al2O3/K2O/TiO2 results in increase in the 

value of 2 in phosphate glasses which in turn increases the covelency of the metal-ligand 

bond and asymmetry around Nd3+ ions. 

One of the important laser parameters is spectroscopic quality factor () which is 

given by the ratio of Ω4/Ω6. This parameter is useful to estimate the intrinsic intensity of the 

4F3/2→4I11/2 transition [48]. In the case of Nd3+:4F3/2 transitions, the reduced matrix elements 

〈‖U2‖〉 are zero, hence stimulated emission parameters are directly influenced by the Ω4 and 

Ω6 but not the Ω2. Previous reports suggest that if  is less than 1, the intensity of 4F3/2 → 

4I11/2 laser transition will be higher than that of the 4F3/2 → 4I9/2 transition in the glass host. 

Additionally, larger  value indicates a stronger emission at 1.06 m (4F3/2 → 4I11/2). In the 

present work the  value is 0.91 (less than 1) indicating that 4F3/2→4I11/2 is the dominant 
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lasing transition. The present  value is compared with those of phosphate glasses shown in 

Table 3. As can be seen from Table 3, the  value is similar to PZAL [45] and commercial 

LHG-8 [36], LHG-80 [36] glasses, smaller than PANK [42], PBN [25], PAN [46] and 

PAKBPb [39] glasses and higher than that of the remaining glasses. But in the PBN, PAN 

and PAKBPb glasses  value is even more than 1, hence these are not suitable for lasers at 

1.06 m. Figure 2 shows the variation of  value in different phosphate glasses in which the 

glass composition is arranged in the increasing order of  value. It is worth noting that the 

magnitude of  value in the MgO based phosphate glasses varies in the order MgTP < 

PKMAN < LG-770 < PMN glasses. This could be due to the higher symmetry around the 

Nd3+ ions in PMN glass which varies in the order PMN > LG-770 > PKMAN > MgTP 

glasses. Therefore, the present PMN glass can be used as a diode-pump 1.05 m laser.    

Radiative properties such as radiative transition probability (AR), radiative lifetime (R 

= 1/AR) of the 4F3/2 level and branching ratios (R) are evaluated using JO parameters [34], 

and are also reported in Table 4. Some of these values are compared with those of the other 

phosphate glasses in Table 3.  

 

3.2. NIR Luminance properties 

Nd3+ ions get excited from the ground state (4I9/2) to the excited state (4F5/2) with the 

808 nm excitation, which are then relaxed to the 4F3/2 metastable state non-radiatively. NIR 

luminescence spectra of Nd3+-doped PMN glasses are shown in Fig. 3. Three discrete 

emission bands at 876, 1054 and 1323 nm are observed, corresponding to the 4F3/2 → 4I9/2, 

4I11/2 and 4I13/2 transitions of Nd3+ ion, respectively. As expected, band corresponds to the 

4F3/2 → 4I11/2 transition at 1.05 m is the sharpest and strongest compared to other two 

transitions. The luminescence intensities of these bands in most of the metaphosphate glasses 

varies around 30-40%, 50-60%, 5-10% and 0.5% for the radiative transitions 4F3/2 → 4I9/2, 

4I11/2, 4I13/2 and 4I15/2, respectively. The luminescence intensities of all these bands are increase 

consistently with increase in Nd3+ ion concentration up to 0.5 mol% and then quenched with 

further increase in concentration. As can be seen from the Fig. 2 the band at 876 nm consists 

of two parts centred at 876 and 894 nm, respectively. This rare phenomenon may be related 

to the specificity of the glass host. 

The laser parameters such as effective bandwidths (Δλeff), stimulated emission cross-

sections (σ(λp)), spontaneous transition probabilities (AR), gain band widths (σ(λp)  Δλeff), 

measured (βmes) and calculated (βR) branching ratios are calculated and are given in Table 4. 
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From Table 4 and Fig. 3, the 4F3/2→4I11/2 transition is found to be the most efficient for lasing 

action, due to its higher stimulated emission cross-section. The σ(λp) value of PMN glass is 

higher than that of CBP [38], PABKLiNbLa [41] and PBN [25] glasses and is slightly lower 

than that of the MgO based phosphate glasses [26,36,37]. But the Δλeff is comparable to those 

observed in the MgO based phosphate glasses.    

Similar to  parameter, the radiative branching ratios (βR) of the 4F3/2→4I11/2 transition 

depends only on Ω4/Ω6 ratio and independent of Ω2 parameter because of zero value of 〈‖U2‖〉 

matrix element of the 4F3/2 level [49,50]. The βR for Nd3+-doped crystals and glasses can also 

be calculated based on the  value using the following equations given by Lomheim and 

Shazer [51],  

R (4F3/2→4I9/2) = 
0.3194+0.0767

0.4247+0.4567
 

R (4F3/2→4I112) = 
0.1053+0.2874

0.4247+0.4567
 

R (4F3/2→4I13/2) = 
0.0902

0.4247+0.4567
 

R (4F3/2→4I15/2) = 
0.0023

0.4247+0.4567
 

The R values calculated using the above Eqs. are comparable to those values calculated from 

the JO theory (Table 4).  

 On the other hand, for continuous wave laser operation, the input pump power is 

directly proportional to the saturation intensity Is, that can be calculated as Is =hc/λ σ(λp) exp 

[52]. From the above Eqs. it is obvious that, the glass matrix with higher optical gain will 

have lower threshold power for laser operation. The Is value for the 4F3/2→ 4I11/2 laser 

transition in the present PMN10 glass is 1.39 x 108 W/m2 which is slightly higher than those 

of LHG-80 (1.33 x 108) and LG-770 (1.38 x 108) commercial glasses [36]. In view of the 

above results, it can be concluded that the Nd3+-doped PMN10 glass can be used as a 

potential NIR laser with relatively lower threshold power.  

 

3.3 Luminescence decay curves 

 Fluorescence lifetime is one of the key parameters to accomplish laser gain media. 

Longer fluorescence lifetime indicates the possibility of attaining higher population inversion 

and hence stimulated emission. In order to measure lifetimes of the 4F3/2 level, decay curves 

are measured for all the PMN glasses. Figure 4 shows decay profiles of the 4F3/2→4I112 

transition. All the decay curves exhibit single exponential nature indicating the absence of 

energy transfer between donor and acceptor ions. The single exponential nature of the decay 
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curves could be due to either fast decay of excited Nd3+ ions or the effect of ligands is 

minimal on Nd3+ ions [53]. In the present glass systems, experimental lifetimes (exp) are 

found to decrease considerably from 346 to 57 s with increase in Nd3+ ions concentration 

from 0.05 to 4.0 mol%. The exp values for all the PMN glasses are reported in Table 5. 

Figure 5 represents the graph between lifetime verses concentration of Nd3+ ion in PMN 

glasses. The reason for decrease in lifetimes could be due to the onset of fast Nd3+−Nd3+ 

diffusion processes [54], wherein energy is migrated from one Nd3+ ion to another and finally 

to traps. The lifetime values of the 4F3/2 level in PMN10 glass is comparable to those of 

reported ones presented in Table 3 [14,25,26,33,34,36-47]. As can be seen, measured lifetime 

value for the PMN10 glass is found to be higher than those of ZLNP [14], PNL [44], PZAL 

[45], PKMAN [26], PKSAN [34], PKBAN [33] and PNK [44] glasses.  

From the values of radiative and fluorescence lifetimes, the non-radiative decay rate 

can be determined by the relation,  

    𝑊𝑁𝑅 = (
1

𝑒𝑥𝑝
−

1

𝑅
)  

 The non-radiative decay rates in the PMN glasses, calculated from the above Eq. are 

increase from 350 to 14960 s-1
 as shown in Table 5 and Fig. 5.  

In phosphate glasses, shortening of radiative lifetime is mainly due to four non-

radiative decay processes, given by 

WNR = WET + WMP +WCQ + WOH 

where WET, WMP, WCQ and WOH denote the non-radiative decay rates corresponding to the 

energy transfer, multiphonon relaxation, concentration quenching, and hydroxyl groups, 

respectively. The exponential decay curves of the present PMN glass system indicate the 

absence of direct energy transfer between donor and acceptor. From the literature, phosphate 

glass is found to have phonon energy of ~1300 cm-1 [55]. Nearly four to five phonons are 

needed to bridge the gap between the 4F3/2 level and its lower 4I15/2 level which is around 

5500 cm-1. Hence, multiphonon relaxation may contribute to the increase of non-radiative 

decay rate in the present Nd3+-doped PMN glasses. Increase in Nd3+ ions concentration may 

also cause non-radiative decay by concentration quenching. In general, there are two 

relaxation mechanisms involved in the concentration quenching. The first one is cross-

relaxation in which two neighbouring ions (donor and acceptor) exchange energy and the 

second one is migration of the excitation energy (donor to donor and then to traps or hopping 

mechanism) where the energy moves from one ion to the other till it finds the trap. Therefore, 
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concentration quenching due to energy migration from one Nd3+ ion to the other and then to 

traps plays a significant role for the fast decrease of lifetimes in the present PMN glasses.  

The quantum efficiency (), defined as the ratio of exp and R of the emitting level, 

depends on absorption and emission cross-sections, transition probabilities, ligand-field and 

concentration of active Ln3+ ions [56]. The variation of quantum efficiency in PMN glasses is 

shown in Table 5 and in the inset of Fig. 5. The quantum efficiencies of PMN glasses are 

found to decrease from 88 to 15% when the concentration of Nd3+ ion increase from 0.05 to 

4.0 mol%, which is due to the increase in concentration quenching. The  values in various 

phosphate glasses are compared in Table 3. The product ((λp)  exp) represents ‘figure of 

merit’ (FOM). For the PMN glasses, the evaluated ((λp)  exp) values for the 4F3/2 → 4I11/2 

transition are presented in Table 5. The FOM of PMN glasses are also compared with those 

of other phosphate glasses in Table 3. As FOM is proportional to the slope efficiency and 

inversely proportional to the threshold pump power, higher value of FOM is required to 

achieve high gain for a laser material [57]. That means, the higher value of the FOM shows 

better potentiality of PMN glasses for NIR laser applications.   

 

4. Conclusions 

 Various concentrations of Nd3+-doped megnesium phosphate glasses have been 

prepared by melt quenching method. The spectroscopic and laser properties of these glasses 

have been evaluated. The absorption and NIR emission spectra of Nd3+ ions in PMN glasses 

are identical to those of reported Nd3+-doped phosphate glasses. The spectroscopic 

perameters of Nd3+-doped PMN glasses have been compared with those of reprted Nd3+-

doped phosphate glasses. The smaller value of 2 indicates weak covalency of metal-ligand 

bond and higher symmetry around Nd3+ ions in the PMN glasses. The  value is found to be 

around 0.91 which indicates that there is intense emission from the 4F3/2 → 4I11/2 laser 

transition. The effective bandwidth and stimulated emission cross-section for the present 

PMN10 glass are in the same range as that of the LG-750 and LHG-8 commercial laser 

glasses. The maximum NIR lumineiscent intensity is obtained for the 0.5 mol% of Nd3+ ions 

in PMN glasses. In the present work, of all the glasses studied, 4F3/2 level of Nd3+ ion exhibits 

single exponential decay. This is also followed by shortening of lifetime of the 4F3/2 level 

with increase in Nd3+ concentration due to the increase in concentration quenching.  
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Table 1. Physical properties of the Nd3+-doped PMN glasses 

S.No.  Glass 

label 

Optical path 

length (mm) 

Density 

(gm/c.c) 

Concentration  

(x 1020 ions/c.c.) 

Refractive 

index 

1 PMN005 4.06 2.4023 0.0013 1.564 

2 PMN01 3.85 2.4270 0.0066 1.569 

3 PMN05 3.67 2.4470 0.0134 1.577 

4 PMN10 3.50 2.4564 0.0670 1.581 

5 PMN20 4.39 2.4949 0.1356 1.585 

6 PMN40 3.73 2.5191 0.2718 1.587 
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Table 2. Experimental energies (Eexp,cm-1), experimental (fexp) and calculated (fcal) oscillator 

strengths (× 10-6)  and JO intensity parameters of PMN10 glass. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aσ indicates root mean square deviation between experimental and calculated energy  values and N represents 

the number of energy levels used in the fitting. 

Transition Energy 
Oscillator strengths 

4I9/2 → Eexp 

  fexp fcal 

4F3/2 11429 1.54 1.93 
4F5/2+2H9/2 12453 5.89 5.82 

4F7/2+4S3/2 13405 5.78 5.96 

4F9/2 14663 0.63 0.46 

2H11/2 15949 0.16 0.13 

4G5/2+2G7/2 17182 13.20 13.29 

4G7/2 19048 4.48 2.74 

4G9/2 19531 3.01 1.23 

4G11/2+2D3/2+ 2G9/2 + 2K15/2 21186 1.30 1.03 

2P1/2+2D5/2 23310 0.46 0.49 

4D1/2+4D3/2+4D5/2 28011 8.56 9.10 

σ (N)a  ±0.79 (11) 

2 2.55 ×10-20 cm2  

4 3.74 ×10-20 cm2  

6 

 

 

 

4.12 ×10-20 cm2  
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Table 3. Comparison of JO parameters (λ,  10-20 cm2), spectroscopic quality factor (), radiative (R) and experimental (exp) lifetimes (s), quantum efficiency  (, %), 

branching ratio (R), bandwidth (λeff, nm), emission cross-section ((λp),  10-20 cm2), figure of merit (FOM,  10-20 cm2 ) in various Nd3+-doped phosphate glasses. 

S.No Host Modifiers mol/Wt 

% 
2  4  6  λ   R 

 

exp 

 

  R λeff  (λp)  FOM Ref. 

1 CBP CaO, BaO 1 1.09 1.97 3.37 6.43 0.58 595 - - 0.69 - 0.92 - [38] 

2 ZLNP ZnO, Li2O, Na2O 1 1.58 1.10 3.47 6.15 0.32 693 206 30 0.53 36.7 69.22 14259 [14] 

3 PCBS CaO, BaO, SrO 0.5 2.17 2.46 3.07 7.7 0.80 354 284 80 0.65 27.5 3.90 1108 [40] 

4 PABKLiNbLa Al2O3, Li2O, K2O, BaO, 

Nb2O5, La2O3 

3 2.47 4.25 5.30 12.02 0.80 332 300 90 0.50 23.4 0.79 237 [41] 

5 PMN MgO 1 2.55 3.74 4.12 10.41 0.91 394 232 59 0.51 25 3.26 756 PW 

6 PBN BaO 1 2.62 5.47 4.24 12.33 1.29 313 -  0.54 24 2.79 - [25] 

7 PANK Al2O3, Na2O, K2O 1 2.62 2.87 2.92 8.41 0.98 ~375 ~360 96   4.12 1483 [42] 

8 PAKBPb Al2O3, K2O, BaO, PbO 1 3.08 6.31 5.45 14.84 1.16 644 - - 0.47 20.6 4.43 - [39] 

9 LHG-80 -  3.6 5.0 5.5 14.1 0.91 326 - - - 23.9 4.2 - [36] 

10 PABKLiNbLa Al2O3, Li2O, K2O, BaO, 

Nb2O5, La2O3 

2.2 3.9 4.6 5.3 13.8 0.87 330 ~360 109 0.48 25 4.0 1440 [53] 

11 LG-770 Al2O3, K2O, MgO  4.3 5.0 5.6 15 0.89 349 - - - 25.4 3.9 - [36] 

12 PNL Li2O, Na2O 1 4.32 3.66 6 13.98 0.61 - 79 - 0.52 36.23 3.73 295 [44] 

13 LHG-8 Al2O3, K2O, BaO  4.4 5.1 5.6 15.1 0.91 351 - - - 26.5 3.6 - [36] 

14 PZAL Al2O3, ZnO, La2O3 2 4.53 3.67 4.02 12.22 0.91 320 117 37 0.49 28.4 - - [45] 

15 LG-750 Al2O3, K2O, BaO  4.6 4.8 5.6 15 0.86 367 - - - 25.3 3.7 - [36] 

16 PAN Al2O3, Na2CO3 1 4.7 6.0 5.4 16.1 1.1 330 - - 0.46 - - - [46] 

17 PKMAN Al2O3, K2O, MgO 1 6.22 5.95 6.83 19 0.87 262 194 74 0.68 28.8 4.41 856 [26] 

18 PKSAN Al2O3, K2O, SrO 1 6.74 3.86 6.35 19.44 0.61 319 172 54 0.75 27.95 4.05 697 [34] 

19 MgTP TiO2, MgO 1 7.11 3.62 5.60 16.33 0.65 339 244 72 0.52 27 4.71 1149 [37] 

20 CaTP TiO2, CaO 1 7.49 3.88 5.64 17.01 0.69 323 243 75 0.51 27 4.55 1106 [37] 

21 PNK Na2O, K2O 1 7.68 8.96 11.71 28.35 0.77 - 40 - 0.52 41.5 8.67 347 [44] 

22 SrTP TiO2, SrO 1 7.75 4.74 6.05 18.54 0.78 282 238 84 0.50 26 4.89 1164 [37] 

23 PKBAN Al2O3, K2O, BaO, 1 9.23 7.00 8.74 24.97 0.80 214 144 67 0.59 25.5 6.48 933 [33] 

24 PZP2 ZnO, PbO 1 13.06 6.83 11.64 31.53 0.59 - - - - - - - [47] 
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Table 4. Emission band positions (λp, nm), effective bandwidths (Δλeff, nm), radiative 

transition probabilities (AR, s-1), peak stimulated emission cross-sections (σ(λp), ×10-20 cm2), 

gain band widths (σ(λp) × ∆λeff, x10-26 cm3) experimental and calculated branching ratios (R) 

for 4F3/2  → 4IJ (J = 9/2, 11/2 and 13/2) transitions in PMN10 glass. 

*Lomhein and De Shazer method values 

 

 

Table 5. Lifetimes (exp, s), non-radiative decay rates (WNR, s-1), quantum efficiencies (, 

%) and figure of merits (FOM) ((λp)  exp,  10-26 cm2s) of PMN glasses. 

Glass Label exp WNR   FOM 

PMN005 346 350 88 1128 

PMN01 315 630 80 1027 

PMN05 300 800 76 978 

PMN10 232 1770 59 756 

PMN20 170 3340 43 554 

PMN40 57 14960 15 186 

 

 

 

 

 

 

 

 

 

 

Transition 

4F3/2  → λp ∆λeff AR σ(λp) 

 

σ(λp) × ∆λeff 
βR 

 

βR
* 

 Exp. Cal.  

4I9/2 876 37 1045 0.88 3.26 0.41 0.41 0.44 

4I11/2 1054 25 1243 3.26 8.15 0.51 0.49 0.45 

4I13/2 1324 51 245 0.78 3.98  0.08 0.10 0.11 
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Fig. 1. Absorption spectra of Nd3+ ions in PMN glasses. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Comparison of spectroscopic quality factor values in various Nd3+-doped phosphate 

glasses. 
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Fig. 3. Emission spectra of PMN glasses doped with different concentrations of Nd3+ ions. 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Normalised decay curves of the 4F3/2 level of Nd3+ ions in PMN glasses doped with 

different concentrations of Nd3+ ions.  
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Fig. 5. Variation of lifetime, non-radiative decay rate of the 4F3/2 level and the in the inset 

quantum efficiency with respect to concentration of Nd3+ ions in PMN glasses.  
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a b s t r a c t 

The thermophysical behavior of the binary mixtures trans-cinnamaldehyde (CA) with al- 

cohols namely, methanol (MO), ethanol (EO), propanol (PO), isopropanol (IPO) has been 

studied through the measurement of density ( ρ), speed of sound ( u ), over the entire mole 

fraction range at T = (298.15, 303.15, 308.15, 313.15) K under atmospheric pressure. Ex- 

cess volume ( V E ) and excess isentropic compressibilities ( κE 
S ) were also calculated and cor- 

related with Redlich–Kister equation. Except for CA with MO and EO, the remaining in- 

vestigated systems exhibit positive values of V E and all the four systems exhibit negative 

κE 
S values over the entire composition range. Moreover, all the systems behave differently 

when the temperature is raised. Besides, ATR-FTIR spectroscopy is used for finding molec- 

ular interactions in component molecules. 

© 2019 Elsevier B.V. All rights reserved. 
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Subject area Chemical thermodynamics, chemical engineering 

Compounds Cinnamaldehyde with methanol, ethanol, propanol, isopropanol 

Data category Physicochemical properties, density, speed of sound 

Data acquisition format FTIR spectral analysis 

Data type Calculated, analyzed 

Procedure Density measured by using Rudolph Research Analytical Digital Densimeter 

(DDM-2911 model), Speeds of sound ( u ) estimated with single crystal 

ultrasonic interferometer (model F-05) from Mittal Enterprises, New Delhi, 

India 

Data accessibility Data is with this article 

1. Rationale 
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widely applied in chemical, pharmaceutical, garment, tannery and other industries. Thermodynamic data plays an important

role in many industrial applications such as the design and separation of solvents in chemical industries; oil refinery and

gas industries for flow assurance and purification of oils; and solvent extraction in pharmaceutical and polymer industries

[1] . The sign and magnitude are important parameters for binary mixtures to find out the specific interactions between

the component molecules [2,3] . The study of molecular interaction in organic mixtures containing alcohol as one of the

components is very important because alcohols are strongly self associated with a three dimensional network of hydrogen

bonds [4] as well as capable to associate with any other group having degree of polar attraction [5] . 

The trans-cinnamaldehyde (CA) which consists of a phenyl group attached to an unsaturated aldehyde has greater signif-

icance as an intermediate in pharmaceutical industry because of its stability due to extended conjugation and strong polar

nature of aldehyde group. The capsules of CA are used in food supplements to reduce blood sugar levels in diabetic pa-

tients. Furthermore, the study of the properties of mixtures containing CA becomes significant because of their extensive

use in agriculture as pesticides and fungicides, in nuclear energy industries, pharmaceutical industries, engineering and in

textile industries [6] . Alcohols are polar, self-associated liquids and the dipolar association of alcohols decrease when they

are mixed with polar compounds due to the existence of specific intermolecular interactions between the hydroxyl group

of alcohols and polar molecules. Alcohols are inexpensive and easily available at high purity [7] . Further, versatile alcohol

solvents are widely used in a variety of industrial and consumer applications such as perfumes, cosmetics, paints varnish,

drugs, fuel, explosives, fats, waxes, resin, plastics, rubber, detergents, DDT etc. The molecular interaction in binary liquid

mixtures of CA and a series of alcohols namely methanol (MO), ethanol (EO), propanol (PO), isopropanol (IPO) has been

studied in this present work. A survey of the literature [9] had reported that speed of sound, density and viscosity data at

303.15 K were measured for the binary systems of cinnamaldehyde and a series of alcohols namely methanol (MA), ethanol

(EA), n-propyl alcohol (NPA), iso-propyl alcohol (IPA), n–butyl alcohol (NBA), iso-butyl alcohol (IBA), secondary butyl alcohol

(SBA) and tertiary butyl alcohol (TBA). 

Our study has attempted to demonstrate the nature of interactions between CA with alcohols through density and speed

of sound measurements at temperatures ranging from 298.15 K to 313.15 K. The measured data is used to calculate the

excess quantities like excess volume ( V 

E ) and excess isentropic compressibility ( κE 
S 

) which are then fitted to Redlich–Kister

polynomial equation [8] to estimate the coefficients and standard error. The experimental results were interpreted in terms

of intermolecular interactions between component molecules, supported by ATR-FTIR spectral studies. 

2. Procedure 

2.1. Reagents 

The chemicals CA (Avra, India, ≥0.980), MO (Sigma-Aldrich, India, ≥0.999), EO (Changshu Hongsheng Fine Chemicals,

China, ≥0.999), PO (S.D. fine chemicals, India, ≥0.995) and IPO (Sigma-Aldrich, India, ≥0.995) of Analytical Reagent (AR)

grade are procured and used without further purification. The specification of pure components are shown in Table 1 . To

verify the purity of chemicals, their densities ( ρ) and speeds of sound ( u ) were experimentally determined and compared

in Table 2 with the literature values [9–33] . The chemicals were stored over 0.4 nm molecular sieves for about 72 h to

reduce water content, if any and then degassed just before use. The binary liquid mixtures of CA with MO, EO, PO, IPO

were prepared gravimetrically in glass bottles with air tight stoppers in order to minimize losses by evaporation. The mass

measurements were performed on digital electronic balance (Afcoset, ER-120A, India) with an uncertainty of ±1 × 10 −4 g.

The resulting uncertainty in mole fraction was found to be less than 5 × 10 −4 . The properties of the freshly prepared liquid

mixtures were measured on the same day to prevent evaporation loss. 

2.2. Measurements 

Densities ( ρ) of the pure solvents and their mixtures were measured by using Rudolph Research Analytical Digital Den-

simeter (DDM-2911 model). The instrument has a built-in solid-state thermostat and a resident program with accuracy in

temperature of ± 0.02 K. The densities were automatically measured at the specified temperature by transferring the homo-

geneous and bubble free sample into the U-tube of the densimeter with the help of a medical syringe. The uncertainty in
Table 1 

The CAS number, source, mass fraction purity, water content and molar mass of pure liquids used in the present study. 

Components CAS number Source Purity in mass fraction a 
Water content in 

mass fraction 

Molar mass 

(g mol −1 ) 

CA 14371-10-9 Avra, India 0.980 0.002 132.16 

MO 67-56-1 Sigma-Aldrich, India 0.999 0.0 0 03 32.04 

EO 64-17-5 Changshu Hongsheng Fine 

Chemicals, China 

0.999 0.001 46.06 

PO 71-23-8 S.D. fine chemicals, India 0.995 0.002 60.09 

IPO 67-63-0 Sigma-Aldrich, India 0.995 0.001 60.09 

a As received from the supplier. 
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Table 2 

Comparison of experimental and literature values of density ( ρ) and speed of sound ( u ) of the pure liquids along with their molar heat capacity ( C p ) at 

298.15 K ≤ T ≤ 313.15 K. 

components T /K 10 −3 ρ/(Kg m 

−3 ) u /(m s −1 ) C P / (J K −1 mol −1 ) 

Exp. Lit. Exp. Lit. 

CA 298.15 1.06309 – 1542.6 – 221.67 a 

303.15 1.05893 1.05890 [9]1.0427 [24] 1538.6 1537.6 [9]1543.0 [24] 223.63 a 

308.15 1.05475 – 1534.5 – 225.59 a 

313.15 1.05055 – 1530.6 – 227.53 a 

MO 298.15 0.78709 0.7869 [25]0.786710[26]0.7868 [11]0.78720 [23] 1104.3 1104.23 [22]1104.30[19]1104 [23] 81.11[10] 

303.15 0.78222 0.7822 [11]0.78199 [27] 1086.1 1086 [11]1088.5 [15] 82.12 [10] 

308.15 0.77736 0.7772 [29]0.77703 [13] 1073.4 1073 [11] 83.17 [10] 

313.15 0.77247 0.7723 [12]0.77221 [14]0.77231 [22] 1054.5 1054.49[22] 84.28 [10] 

EO 298.15 0.78524 0.78525 [29]0.78528 [16]0.78530 [17]0.7852 [11]0.78506 [22] 1142.7 1142.5 [17]1142.8 [18] 113.38 [17] 

303.15 0.78096 0.78096 [16]0.7809 [21]0.78080 [29] 1125.3 1125.5 [17] 115.29 [17] 

308.15 0.77667 0.77661 [16]0.77650 [21]0.77643 [31] 1108.8 1108.6 [17]1109.1 [18] 117.46 [17] 

313.15 0.77228 0.77223 [16]0.77250 [22]0.77220 [29] 1091.5 1091.8 [17] 119.70 [17] 

PO 298.15 0.79991 0.80 0 01 [19]0.79977 [20]0.79975 [30] 1206.1 1205.93[19]1206.17[20]1207 [33] 144.47 [19] 

303.15 0.79594 0.79597 [19]0.79560[13]0.79548 [14] 1189.1 1189.26[19] 147.80 [19] 

308.15 0.79196 0.79189 [19]0.79158 [13] 1172.2 1172.37[19]1171.41[18] 150.05 [19] 

313.15 0.78797 0.78777 [19]0.78754 [20] 1155.4 1155.53[19]1155.36[20] 153.58 [19] 

IPO 298.15 0.78089 0.78070 [12]0.78136 [30]0.78098 [28] 1139.3 1138 [12]1140 [33] 154.59 [13] 

303.15 0.77692 0.77695 [14] 1122.3 1122 [11] 157.93 a 

308.15 0.77294 0.77306 [13]0.77246 [14]0.77275 [32] 1097.5 1097[11] 160.18 a 

313.15 0.76895 0.7678 [12]0.76896 [13] 1085.6 1085 [11] 163.71 a 

The standard uncertainties are u ( ρ) = ±5 × 10 −5 g cm 

−3 , u ( u ) = ±0.5 m s − 1 , u ( T ) = ±0.02 K for density, u ( T ) = ±0.05 K for speed of sound and u ( p ) = 1 k Pa. 
a Estimated using group contribution additivity. 
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Fig. 1. Plot of excess volumes ( V E ) vs mole fraction ( x 1 ) for binary liquid mixtures of CA + MO at T = 298.15 K ( �), T = 303.15 K ( • ), T = 308.15 K ( � ), and 

T = 313.15 K ( � ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

density was found to be ± 5 × 10 −5 g cm 

−3 . All the density measurements were made at atmospheric pressure. The calibra-

tion of the instrument was done on each day with air, double-distilled and de-ionized water as standards. 

The speeds of sound ( u ) were estimated with single crystal ultrasonic interferometer (model F-05) from Mittal Enter-

prises, New Delhi, India, and operated at a 2 MHz frequency at the specified temperatures. The temperatures were controlled

to ±0.02 K with the help of circulating well-stirred water around the cell form the thermostat. The uncertainty of speed of

sound is ±0.5 m s −1 . 

3. Data, value, and validation 

3.1. Excess volumes ( V 

E ) 

The excess volumes ( V 

E ) are calculated for the investigated binary mixtures by using the following equation: 

V 

E / m 

3 . mo l −1 = 

x 1 M 1 + x 2 M 2 

ρ
−

[ 
x 1 M 1 

ρ1 

+ 

x 2 M 2 

ρ2 

] 
(1) 

where, x 1 , x 2 , ρ1 , ρ2 , M 1 , M 2 represents the mole fraction, density, molecular weight of components liquids namely CA and

alcohols respectively and ρmix is the density of the binary mixture. 

The mole fraction ( x 1 ) of CA, experimental densities ( ρ), excess volumes ( V 

E ) for the binary mixtures of CA with MO, EO,

PO, and IPO were presented in Table 3 . An examination of curves in Figs. 1–4 reveal that V 

E data is negative for the binary

mixture of CA with MO and the property exhibits an inversion of sign with EO. The V 

E data is completely positive over the

entire composition range in mixtures of CA that contain PO and IPO. 

The mixing behavior of these binary systems with composition has been qualitatively explained by considering the fol-

lowing possible opposing factors: (i) Disruption of self-associated molecules through dipole-dipole or hydrogen bonding

interactions due to the addition of second component (ii) Formation of strong interactions like dipole-dipole, hydrogen

bonding or complex formation between unlike molecules and (iii) packing effect between the component molecules due to

their difference in the size and shape. The factor (i) causes expansion in volume and factors (ii) and (iii) leads to contraction

in volume of the binary mixtures. 

The sign and magnitude of excess volume of a binary system depends on the relative strength of volume expansion and

volume contraction factors between two liquid components. If the volume expansion factors outweigh the contraction fac-

tors, then V 

E becomes positive. On the other hand, if the volume contraction terms dominate the expansion factors then V 

E 

becomes negative. In CA + MO system, the negative V 

E values suggest that volume contraction factors dominate the expan-

sion factors. The positive experimental V 

E data of CA with PO, IPO over the entire composition range at all the investigated

temperatures suggests that volume expansion factors outweigh the contraction factors. The inversion of sign of V 

E for the

binary mixtures of CA with MO indicates that both the factors are competing with each other in varying degrees. The ad-

dition of polar solvents like alcohols to CA leads to breaking of the dipolar-dipolar associates. It is assumed that positive V 

E 
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Table 3 

Mole fraction ( x 1 ) of CA (1) density ( ρ), experimental and predicted excess molar volumes ( V E ), speed of sound ( u ), isentropic com- 

pressibility ( κS ) and experimental and predicted excess isentropic compressibility ( κE 
S ) for the binary mixtures of alcohol (2) at 298.15 K 

to 313.15 K. 

x 1 10 −3 ρ (Kg m 

−3 ) V E Expt. V E Redlich–Kister u (expt.) (m s −1 ) κS (T Pa −1 ) κ s 
E Expt. κ s 

E Redlich–Kister 

10 6 /m 

3 mol −1 T Pa −1 

CA + MO298.15 K 

0.0351 0.82177 −0.3757 −0.3756 1140.1 936.2 −42.57 −42.56 

0.0757 0.85568 −0.7365 −0.7364 1182.5 835.7 −79.56 −79.67 

0.1231 0.88854 −1.0704 −1.0704 1231.2 742.4 −109.20 −109.09 

0.1792 0.91998 −1.3616 −1.3615 1284.2 659.1 −128.43 −128.21 

0.2467 0.94970 −1.5893 −1.5891 1337.3 588.8 −134.35 −134.31 

0.3294 0.97744 −1.7278 −1.7276 1385.8 532.7 −125.61 −125.36 

0.4331 1.00307 −1.7466 −1.7464 1423.9 491.6 −101.48 −101.95 

0.5671 1.02660 −1.6060 −1.6058 1460.4 456.7 −70.89 −70.82 

0.7466 1.04775 −1.2069 −1.2068 1515.1 415.8 −45.87 −45.80 

303.15 K 

0.0351 0.81757 −0.4155 −0.4155 1123.1 969.6 −47.32 −47.30 

0.0757 0.85207 −0.8111 −0.8110 1167.3 861.3 −88.54 −88.53 

0.1231 0.88535 −1.1726 −1.1724 1218.1 761.2 −121.26 −121.23 

0.1792 0.91702 −1.4814 −1.4813 1273.8 672.1 −142.53 −142.51 

0.2467 0.94675 −1.7142 −1.7140 1329.9 597.2 −149.24 −149.34 

0.3294 0.97428 −1.8428 −1.8428 1380.7 538.4 −139.33 −139.48 

0.4331 0.99954 −1.8369 −1.8369 1421.3 495.2 −113.44 −113.64 

0.5671 1.02270 −1.6627 −1.6627 1459.2 459.2 −80.03 −79.32 

0.7466 1.04366 −1.2362 −1.2361 1514.5 417.7 −51.55 −51.74 

308.15 K 

0.0351 0.81394 −0.4856 −0.4856 1110.9 995.4 −51.61 −51.64 

0.0757 0.84940 −0.9392 −0.9391 1156.4 880.4 −96.75 −96.74 

0.1231 0.88331 −1.3426 −1.3425 1209.2 774.3 −132.66 −132.65 

0.1792 0.91522 −1.6730 −1.6728 1268.0 679.5 −156.71 −156.27 

0.2467 0.94476 −1.9031 −1.9029 1327.3 600.8 −164.31 −164.36 

0.3294 0.97175 −2.0042 −2.0039 1381.2 539.4 −154.23 −154.53 

0.4331 0.99632 −1.9521 −1.9519 1424.8 494.3 −127.22 −127.59 

0.5671 1.01895 −1.7349 −1.7347 1465.2 457.1 −92.00 −91.52 

0.7466 1.03991 −1.3017 −1.3015 1523.4 414.3 −61.81 −61.88 

313.15 K 

0.0351 0.81021 −0.5543 −0.5543 1092.3 1034.5 −56.02 −56.09 

0.0757 0.84661 −1.0649 −1.0648 1138.6 911.1 −105.29 −105.18 

0.1231 0.88114 −1.5097 −1.5096 1193.0 797.3 −144.57 −144.42 

0.1792 0.91329 −1.8618 −1.8616 1254.1 696.2 −170.69 −170.41 

0.2467 0.94267 −2.0904 −2.0901 1316.7 611.8 −179.54 −179.65 

0.3294 0.96916 −2.1657 −2.1655 1374.1 546.4 −169.03 −169.51 

0.4331 0.99309 −2.0707 −2.0707 1421.4 498.4 −140.54 −140.67 

0.5671 1.01526 −1.8146 −1.8146 1463.3 459.9 −101.99 −101.51 

0.7466 1.03623 −1.3769 −1.3769 1522.9 416.0 −68.37 −68.40 

CA + EO298.15 K 

0.0498 0.80363 0.7243 0.7242 1182.4 894.9 −23.09 −23.29 

0.1055 0.82767 1.0409 1.0407 1222.3 816.6 −44.08 −43.93 

0.1682 0.85691 0.9504 0.9502 1263.5 741.7 −61.45 −60.99 

0.2393 0.89045 0.4956 0.4957 1301.1 671.6 −73.82 −73.37 

0.3206 0.92663 −0.2115 −0.2115 1341.9 607.6 −79.90 −79.77 

0.4144 0.96274 −0.9626 −0.9622 1384.7 550.9 −78.50 −78.80 

0.5240 0.99503 −1.4307 −1.4311 1425.5 502.5 −68.71 −69.23 

0.6537 1.01988 −1.2306 −1.2307 1461.5 462.4 −50.36 −50.65 

0.8094 1.03765 −0.2526 −0.2526 1501.1 428.9 −25.22 −24.96 

303.15 K 

0.0498 0.80 0 04 0.6752 0.6751 1166.3 924.5 −26.32 −26.44 

0.1055 0.82471 0.9409 0.9409 1207.5 840.6 −49.70 −49.57 

0.1682 0.85451 0.7995 0.7996 1250.2 760.8 −68.67 −68.36 

0.2393 0.88852 0.2961 0.2962 1289.1 686.7 −81.88 −81.64 

0.3206 0.92509 −0.4548 −0.4547 1331.3 619.4 −88.08 −88.09 

0.4144 0.96144 −1.2386 −1.2386 1375.3 560.1 −86.13 −86.37 

0.5240 0.99374 −1.7206 −1.7205 1417.4 509.4 −75.19 −75.44 

0.6537 1.01822 −1.4980 −1.4981 1454.7 467.8 −55.14 −55.17 

0.8094 1.03513 −0.4377 −0.4376 1495.7 433.2 −27.82 −27.70 

308.15 K 

0.0498 0.79686 0.5923 0.5921 1150.7 954.1 −29.81 −29.86 

0.1055 0.82255 0.7726 0.7721 1192.8 864.5 −55.80 −55.70 

0.1682 0.85332 0.5435 0.5439 1236.2 780.1 −76.55 −76.41 

0.2393 0.88821 −0.0439 −0.0439 1275.9 702.0 −90.73 −90.72 

( continued on next page ) 
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Table 3 ( continued ) 

x 1 10 −3 ρ (Kg m 

−3 ) V E Expt. V E Redlich–Kister u (expt.) (m s −1 ) κS (T Pa −1 ) κ s 
E Expt. κ s 

E Redlich–Kister 

10 6 /m 

3 mol −1 T Pa −1 

0.3206 0.92551 −0.8709 −0.8711 1319.0 631.5 −97.13 −97.28 

0.4144 0.96234 −1.7133 −1.7132 1363.9 569.6 −94.65 −94.82 

0.5240 0.99465 −2.2191 −2.2193 1406.8 517.2 −82.49 −82.45 

0.6537 1.01848 −1.9606 −1.9605 1445.1 474.3 −60.57 −60.35 

0.8094 1.03382 −0.7584 −0.7584 1486.9 439.1 −30.80 −30.86 

313.15 K 

0.0498 0.79356 0.5096 0.5094 1135.2 985.4 −34.43 −34.36 

0.1055 0.82028 0.6042 0.6037 1178.9 888.7 −63.79 −63.71 

0.1682 0.85199 0.2896 0.2888 1224.1 798.3 −86.72 −86.82 

0.2393 0.88777 −0.3828 −0.3831 1265.6 715.3 −102.01 −102.34 

0.3206 0.92581 −1.2862 −1.2862 1310.4 640.9 −108.51 −108.87 

0.4144 0.96311 −2.1867 −2.1864 1356.9 576.0 −105.24 −105.28 

0.5240 0.99546 −2.7163 −2.7167 1401.7 521.4 −91.45 −90.95 

0.6537 1.01865 −2.4214 −2.4215 1441.6 477.1 −67.19 −66.56 

0.8094 1.03243 −1.0777 −1.0782 1485.2 441.0 −34.41 −34.72 

CA + PO298.15 K 

0.0629 0.82203 0.3998 0.3998 1239.5 794.6 −18.63 −18.41 

0.1312 0.84519 0.7095 0.7091 1273.0 734.7 −32.39 −32.48 

0.2057 0.86946 0.9217 0.9214 1307.9 679.2 −41.62 −42.05 

0.2872 0.89482 1.0328 1.0327 1339.0 627.8 −46.63 −47.12 

0.3767 0.92124 1.0426 1.0425 1373.6 580.4 −47.65 −47.85 

0.4755 0.94862 0.9556 0.9554 1410.1 536.7 −44.92 −44.59 

0.5851 0.97677 0.7834 0.7832 14 4 4.5 496.5 −38.61 −37.93 

0.7074 1.00545 0.5467 0.5465 1474.1 459.7 −28.91 −28.45 

0.8447 1.03433 0.2748 0.2747 1507.4 426.0 −15.98 −16.31 

303.15 K 

0.0629 0.81848 0.3577 0.3577 1223.8 819.0 −20.83 −20.57 

0.1312 0.84199 0.6330 0.6328 1258.6 755.0 −36.10 −36.21 

0.2057 0.86647 0.8205 0.8201 1294.8 696.1 −46.24 −46.76 

0.2872 0.89195 0.9165 0.9165 1327.3 641.8 −51.63 −52.22 

0.3767 0.91835 0.9227 0.9226 1363.1 591.9 −52.59 −52.82 

0.4755 0.94560 0.8431 0.8434 1400.8 546.1 −49.40 −49.02 

0.5851 0.97353 0.6905 0.6905 1436.6 504.1 −42.32 −41.51 

0.7074 1.00190 0.4826 0.4827 1467.5 465.8 −31.57 −31.03 

0.8447 1.03045 0.2447 0.2448 1502.1 430.8 −17.38 −17.77 

308.15 K 

0.0629 0.81524 0.2857 0.2856 1208.2 844.1 −23.54 −23.21 

0.1312 0.83927 0.5060 0.5061 1244.3 775.6 −40.60 −40.73 

0.2057 0.86407 0.6576 0.6573 1281.7 713.1 −51.75 −52.40 

0.2872 0.88966 0.7363 0.7362 1315.5 655.8 −57.51 −58.27 

0.3767 0.91601 0.7425 0.7425 1352.6 603.4 −58.31 −58.65 

0.4755 0.94304 0.6800 0.6797 1391.7 555.5 −54.53 −54.14 

0.5851 0.97063 0.5569 0.5565 1428.6 511.8 −46.52 −45.60 

0.7074 0.99861 0.3876 0.3877 1460.8 471.9 −34.58 −33.94 

0.8447 1.02672 0.1946 0.1945 1496.7 435.6 −18.98 −19.44 

313.15 K 

0.0629 0.81196 0.2137 0.2134 1192.6 870.1 −26.44 −26.06 

0.1312 0.83650 0.3808 0.3809 1230.1 797.0 −45.38 −45.56 

0.2057 0.86161 0.4975 0.4979 1268.8 730.6 −57.58 −58.37 

0.2872 0.88730 0.5610 0.5608 1303.9 670.2 −63.70 −64.60 

0.3767 0.91358 0.5676 0.5676 1342.3 615.2 −64.32 −64.69 

0.4755 0.94042 0.5195 0.5190 1382.5 565.1 −59.93 −59.39 

0.5851 0.96773 0.4207 0.4204 1420.8 519.4 −50.96 −49.80 

0.7074 0.99535 0.2843 0.2839 1454.3 478.0 −37.78 −37.01 

0.8447 1.02307 0.1315 0.1317 1491.5 440.4 −20.70 −21.30 

CA + IPO298.15 K 

0.0644 0.80427 0.4811 0.4809 1179.3 899.3 −28.33 −28.24 

0.1340 0.82891 0.8464 0.8462 1219.5 819.2 −4 9.4 8 −49.53 

0.2097 0.85480 1.0923 1.0921 1261.1 746.4 −63.27 −63.74 

0.2921 0.88193 1.2187 1.2184 1299.0 679.2 −71.42 −70.96 

0.3823 0.91021 1.2299 1.2296 1340.3 620.4 −71.20 −71.54 

0.4815 0.93951 1.1359 1.1357 1383.4 565.8 −66.54 −66.17 

0.5909 0.96963 0.9521 0.9519 1424.5 517.3 −55.94 −55.81 

0.7123 1.0 0 035 0.6972 0.6970 1460.8 472.6 −41.35 −41.48 

0.8478 1.03148 0.3844 0.3843 1500.7 431.1 −23.52 −23.53 

303.15 K 

0.0644 0.80073 0.4378 0.4377 1163.6 928.0 −31.78 −31.60 

0.1340 0.82569 0.7678 0.7677 1205.1 843.0 −54.69 −55.18 

( continued on next page ) 
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Table 3 ( continued ) 

x 1 10 −3 ρ (Kg m 

−3 ) V E Expt. V E Redlich–Kister u (expt.) (m s −1 ) κS (T Pa −1 ) κ s 
E Expt. κ s 

E Redlich–Kister 

10 6 /m 

3 mol −1 T Pa −1 

0.2097 0.85182 0.9876 0.9874 1248.0 764.7 −70.83 −70.67 

0.2921 0.87905 1.0984 1.0982 1287.2 695.1 −78.25 −78.22 

0.3823 0.90733 1.1055 1.1053 1329.7 633.1 −78.02 −78.38 

0.4815 0.93651 1.0197 1.0194 1374.1 576.1 −72.71 −72.05 

0.5909 0.96640 0.8562 0.8559 1416.5 526.2 −60.26 −60.45 

0.7123 0.99681 0.6315 0.6313 1454.1 478.9 −44.98 −44.82 

0.8478 1.02760 0.3542 0.3541 1495.4 436.0 −25.46 −25.53 

308.15 K 

0.0644 0.79747 0.3637 0.3636 1140.9 970.8 −36.43 −36.41 

0.1340 0.82294 0.6392 0.6391 1184.5 876.8 −63.52 −63.54 

0.2097 0.84936 0.8242 0.8241 1229.4 792.0 −81.41 −81.25 

0.2921 0.87671 0.9191 0.9190 1270.7 716.8 −89.53 −89.79 

0.3823 0.90492 0.9280 0.9280 1315.3 649.3 −89.97 −89.76 

0.4815 0.93389 0.8589 0.8589 1361.7 590.4 −81.70 −82.25 

0.5909 0.96348 0.7237 0.7237 1406.2 535.8 −69.11 −68.71 

0.7123 0.99352 0.5354 0.5353 1445.9 486.7 −50.82 −50.65 

0.8478 1.02390 0.3005 0.3006 1489.3 441.5 −28.58 −28.67 

313.15 K 

0.0644 0.79417 0.2915 0.2914 1129.8 994.7 −39.34 −39.33 

0.1340 0.82012 0.5140 0.5138 1174.2 896.3 −68.34 −68.43 

0.2097 0.84683 0.6650 0.6648 1219.9 807.6 −87.57 −87.23 

0.2921 0.87428 0.7441 0.7439 1262.0 729.4 −96.13 −96.04 

0.3823 0.90245 0.7533 0.7533 1307.4 660.7 −95.19 −95.61 

0.4815 0.93123 0.6983 0.6983 1354.6 598.9 −87.23 −87.2 

0.5909 0.96055 0.5875 0.5875 1399.8 543.5 −72.85 −72.59 

0.7123 0.99026 0.4316 0.4316 1440.4 493.1 −53.36 −53.43 

0.8478 1.02024 0.2383 0.2383 1484.6 446.1 −30.33 −30.33 

The standard uncertainties are u ( x ) = ±1 × 10 −4 , u ( ρ) = ±5 × 10 −5 g cm 

−3 , u ( T ) = 0.02 K and the combined expanded uncertainties 

Uc are Uc ( V E ) = 0.002 cm 

3 mol −1 , Uc ( κ s 
E ) = 0.03 T Pa −1 (0.95 level of confidence) respectively. 

Fig. 2. Plot of excess volumes ( V E ) vs mole fraction ( x 1 ) for binary liquid mixtures of CA + EO at T = 298.15 K ( �), T = 303.15 K ( • ), T = 308.15 K ( � ), and 

T = 313.15 K ( � ). 

 

 

 

 

 

 

 

data arises from the breakup interactions between like molecules namely, depolymerization of hydrogen bonded network

of alcohols and the loosening of the dipolar interactions between CA molecules. The transition V 

E < 0 to V 

E > 0 from MO

to IPO reveal that a steric effect increases the mixture volume. The degree of association [34] in alcohols decreases as the

carbon chain length increases from MO to PO. The strength of the hydrogen bond between CA and alcohol molecule should

follow the sequence: MO > EO > PO. This may be conveniently explained by considering CA as a proton acceptor forms

hydrogen bond more effectively with MO, which is a good proton donor when compared to PO, which is a poor proton

donor due to their bigger alkyl group size [35,36] . A similar trend was reported in the literature [37,38] for the mixtures
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Fig. 3. Plot of excess volumes ( V E ) vs mole fraction ( x 1 ) for binary liquid mixtures of CA + PO at T = 298.15 K ( �), T = 303.15 K ( • ), T = 308.15 K ( � ), and 

T = 313.15 K ( � ). 

Fig. 4. Plot of excess volumes ( V E ) vs mole fraction ( x 1 ) for binary liquid mixtures of CA + IPO at T = 298.15 K ( �), T = 303.15 K ( • ), T = 308.15 K ( � ), and 

T = 313.15 K ( � ). 

 

 

 

 

 

 

 

 

 

 

of N,N-dimethyl formamide with n-alkanols and toluene with n-alkanols. The comparison of V 

E data between PO and IPO

suggests that the later mixture exhibit more positive deviation. This may be attributed to the branching of the alkyl group

in IPO, which increases the steric hindrance [39] for the favorable cross hydrogen bonding formation between IPO and CA. 

As the chain length of alcohols molecule increases from MO to IPO, the strength of hydrogen bonding formation de-

creases. The self-associated polymer aggregates of higher alcohols are relatively easier to break with increase in chain length

of alcohols. The more negative V 

E for the binary mixture containing MO suggest that the cross hydrogen bonding interac-

tions between oxygen atom of CA and hydroxyl group of MO supersedes the structure breaking of polymer aggregates of

MO. Positive to negative V 

E values for CA + EO suggests that the structure breaking and structure making factors are compet-

ing with each other in varying degrees. The initial addition of CA molecules results in the disruption of self associated EO

molecule leading to the positive V 

E . With increase in the composition of CA, it results in the formation of cross H-bonding

between CA and EO molecules leading to negative V 

E values. The positive V 

E for the binary mixture of CA with PO and
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Fig. 5. Plot of excess isentropic compressibilities ( κ s 
E ) vs mole fraction ( x 1 ) for binary liquid mixtures of CA + MO at T = 298.15 K ( �), T = 303.15 K ( • ), 

T = 308.15 K ( � ), and T = 313.15 K ( � ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IPO suggest that the disruption of self-associated PO and IPO outweighs the cross hydrogen bonding between the unlike

molecules. 

A comparison of V 

E values for the binary mixtures of CA with 1-alcohols namely MO, EO, PO and IPO with the data

reported earlier [40] for the binary mixtures of furfural with the same alcohols indicate that, the unlike interactions are very

effective and stronger in the latter case resulting in the formation of intermolecular complexes through hydrogen bonding. 

The perusal of Figs. 1 and 2 shows that the excess volumes ( V 

E ) for the binary mixtures of CA with MO and EO become

more negative with the increase in temperature. Figs. 3 and 4 illustrate that the excess volumes ( V 

E ) for the binary mixtures

of CA with PO and IPO become less positive with the increase in temperature. This may be attributed due to fact that the

interactions between two like molecules might decrease more with temperature than the interactions between two unlike

molecules. Further, increase in temperature enlarges the interstices, which lead to more efficient packing between unlike

molecules.This result in increased contraction in volume leading to more negative V 

E values in CA with MO and EO, and less

positive V 

E values in CA with PO and IPO. 

3.2. Excess isentropic compressibility ( κE 
S 

) 

The isentropic compressibility ( κs ), and excess isentropic compressibility ( κE 
S ) values for each mixture were calculated

from u and ρ of pure liquids and mixtures with the following expression: 

κs = ( u 

2 ρ) −1 (2)

The excess isentropic compressibilities ( κE 
S ) were calculated as 

κE 
S = κS − κ id 

S (3)

where, κ s 
id is the ideal isentropic compressibility value, which was calculated from the following equation recommended

by Benson and Kiyohara [41] and Douheret et al. [42] 

κs 
id = 

2 ∑ 

i =1 

φi 

[
κs.i + T V i 

(
αi 

2 
)
/ C p.i 

]
−

⎧ ⎨ 

⎩ 

T 

( 

2 ∑ 

i =1 

x i V i 

) ( 

2 ∑ 

i =1 

φi αi 

) 2 

/ 

2 ∑ 

i =1 

x i C p.i 

⎫ ⎬ 

⎭ 

(4)

In which the φ i , κ s.i, V i ,C pi and αi are the volume fraction, isentropic compressibility, molar volume, molar heat capacity

and the thermal expansion coefficient respectively of the pure component i, T represents temperature and x i represents the

mole fraction of i in the binary mixture. The values of C p for the investigated liquids were obtained from the literature

[10,13,17,19] . 

The experimental speeds of sound ( u ), isentropic compressibilities ( κ s ) and excess isentropic compressibilities ( κE 
S 

) for

the binary mixtures over the whole range of composition at T = 298.15 −313.15 K were presented in Table 3 . The plots of

κE 
S 

against x 1 , for the binary mixtures of CA with MO, EO, PO, IPO at T = 298.5 −313.5 K are depicted in Figs. 5–8 . From the

Table 3 and Figs. 5–8 , it is evident that κE values are negative over the entire composition range for the mixtures of CA

S 
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Fig. 6. Plot of excess isentropic compressibilities ( κ s 
E ) vs mole fraction ( x 1 ) for binary liquid mixtures of CA + EO at T = 298.15 K ( �), T = 303.15 K ( • ), 

T = 308.15 K ( � ), and T = 313.15 K ( � ). 

Fig. 7. Plot of excess isentropic compressibilities ( κ s 
E ) vs mole fraction ( x 1 ) for binary liquid mixtures of CA + PO at T = 298.15 K ( �), T = 303.15 K ( • ), 

T = 308.15 K ( � ), and T = 313.15 K ( � ). 

 

 

 

 

 

 

 

 

with MO, EO, PO, and IPO at all the investigated systems. The sign and magnitude of excess isentropic compressibility data

of any liquid mixtures may be explained in terms of dipole-dipole interactions and charge transfer complex formation be-

tween CA and alcohol molecules leading to increase in sound velocity and decrease in isentropic compressibility. As already

suggested by many researchers [41,43,44] that the sign of excess isentropic compressibility is the result of several opposing

effects. A strong molecular attraction through charge transfer, dipole induced dipole and dipole- dipole interactions, inter-

stitial accommodation and orientational order in component molecules lead to a more compact structure which contributes

to negative deviation in excess isentropic compressibility. The breaking up of solvent structure due to dipole–dipole associ-

ation and the rupturing of hydrogen bond in the liquid structure contributes to the positive deviation in excess isentropic

compressibilities. 

The algebraic data of κE 
S for the binary mixtures of CA with alcohols fall in the order. 
MO > EO > IPO > PO 
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Fig. 8. Plot of excess isentropic compressibilities ( κ s 
E ) vs mole fraction ( x 1 ) for binary liquid mixtures of CA + IPO at T = 298.15 K ( �), T = 303.15 K ( • ), 

T = 308.15 K ( � ), and T = 313.15 K ( � ). 

Fig. 9. Partial ATR-FTIR spectra of (CA + MO) binary mixture. 

 

 

 

 

 

 

The negative κE 
S values for all the systems imply that solvent molecules around the solute are less compressible than the

solvent molecules in the bulk. The above order indicates that on the addition of an interactive molecule to CA, decluster

the molecular order of the other, releasing several dipoles causing cross-molecular interactions. Thus, the structural arrange-

ments of molecule results in increasing the negative excess isentropic compressibility as the chain length of alcohol molecule

increase from MO to PO. As the size of the alkyl group of 1-alcohol increases, the steric hindrance increases leading to less

efficient packing between bulkier CA and the smaller 1-alcohol molecules. Hence, the less negative κ s 
E values for CA + MO
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Table 4 

Coefficients a 0 , a 1 and a 2 of the Redlich–Kister type polynomial equation ( Eq. 6 ) 

and the corresponding standard deviations σ ( Y E ) for the binary systems CA with 

alcohols. 

Excess function T (K) Redlich–Kister 

a 0 a 1 a 2 σ ( Y E ) 

CA + MO 

V E × 10 6 /m 

3 mol −1 298.15 K −6.779 2.136 −2.69 0.0 0 02 

303.15 K −7.071 2.647 −3.163 0.0 0 01 

308.15 K −7.429 3.301 −4.438 0.0 0 02 

313.15 K −7.811 3.893 −5.706 0.0 0 01 

κ s 
E × 10 −10 /T Pa −1 298.15 K −342.1 473.4 −548.8 0.2440 

303.15 K −382.1 522 −611.9 0.3205 

308.15 K −434.3 548.4 −671.3 0.3312 

313.15 K −480.4 595.6 −719.3 0.3214 

CA + EO 

V E × 10 6 /m 

3 mol −1 298.15 K −5.508 −5.707 19.33 0.0 0 02 

303.15 K −6.664 −5.801 19.37 0.0 0 01 

308.15 K −8.655 −5.994 19.45 0.0 0 03 

313.15 K −10.64 −6.185 19.53 0.0 0 05 

κ s 
E × 10 −10 /T Pa −1 298.15 K −287.8 213.1 −15.32 0.4108 

303.15 K −313.9 239.4 −36.09 0.2294 

308.15 K −343.3 267.3 −57.86 0.1530 

313.15 K −379.1 304.4 −89.63 0.4080 

CA + PO 

V E × 10 6 /m 

3 mol −1 298.15 K 3.689 −2.853 0.783 0.0 0 03 

303.15 K 3.255 −2.545 0.769 0.0 0 02 

308.15 K 2.624 −2.045 0.565 0.0 0 03 

313.15 K 2.001 −1.625 0.26 0.0 0 04 

κ s 
E × 10 −10 /T Pa −1 298.15 K −173.3 109.8 −56.27 0.4882 

303.15 K −190.3 124.5 −65.31 0.5756 

308.15 K −209.9 142.8 −77.27 0.6909 

313.15 K −230 161.8 −92.45 0.8507 

CA + IPO 

V E × 10 6 /m 

3 mol −1 298.15 K 4.437 −2.975 1.264 0.0 0 03 

303.15 K 3.983 −2.665 1.272 0.0 0 02 

308.15 K 3.358 −2.189 1.021 0.0 0 01 

313.15 K 2.73 −1.781 0.736 0.0 0 01 

κ s 
E × 10 −10 /T Pa −1 298.15 K −258.7 168.2 −84.08 0.3512 

303.15 K −281.4 190.8 −101.7 0.3975 

308.15 K −321 223.6 −117.3 0.3224 

313.15 K −340.2 243.6 −132.9 0.2493 

 

 

 

 

 

 

 

 

and the more negative κS 
E values for CA + PO systems. The more negative κE 

S for CA + IPO than CA + PO is attributed to the

fact that more branched IPO fit into the voids of the CA more easily than linear PO. 

The κ s 
E values become more negative with increase in the temperature for the studied systems. The increase in temper-

ature enlarges the interstices, which lead to more efficient packing between CA and alcohols. As a result, the binary systems

become more resistant to compression resulting in more negative κ s 
E values. 

The experimental excess volume and excess isentropic compressibility values were correlated with Redlich–Kister 

[8] equation. 

Redlich–Kister equation:

Y E = x 1 ( 1 − x 1 ) [ a 0 + a 1 (2 x 1 − 1) + a 2 (2 x 1 − 1) 2 ] (5) 

where, Y E is any excess property ( κE 
S 

or V 

E ) and x 1 is the mole fraction of CA. The adjustable parameters a 0 , a 1 and a 2 in

Redlich–Kister equation were obtained by the method of least squares and were reported along with values of standard

deviation between the experimental and calculated values of the respective excess functions in Table 4 . 

The standard deviation σ ( Y E ) values for the studied excess parameters were calculated by using the following relation:

σ
(
Y E 

)
= 

[ ∑ 

(
Y E exp − Y E cal 

)2 

n − p 

] 

1 
2 

(6) 

where, n is the number of data points and p is the number of adjustable parameters. 

The calculated values of V 

E and κ s 
E from Redlich–Kister equation were also included in Table 3 . From comparing the

experimental and calculated excess properties, it was clear that Redlich–Kister model correlates the experimental data sat-

isfactorily. 
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Fig. 10. Partial ATR-FTIR spectra of (CA + EO) binary mixture. 

Fig. 11. Partial ATR-FTIR spectra of (CA + PO) binary mixture. 
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Fig. 12. Partial ATR-FTIR spectra of (CA + IPO) binary mixture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. ATR-FTIR spectral studies 

Among the spectroscopic techniques, ATR-FTIR is an effective tool used to investigate the intermolecular interactions like

hydrogen bonding between the component molecules of the binary liquid mixtures by analyzing the position and shifts

of the absorption band [45,46] . In the present investigation, the negative excess properties observed in the CA + MO and

CA + EO systems may be attributed to intermolecular H-bonding between CA and alcohols. The strength of these chemical

interactions in the studied systems can be analyzed by the comparison of the shift in stretching frequency of carbonyl group,

v (C 

= O) of CA with the corresponding v (C 

= O) bands in their pure states. 

In general, the polar C 

= O group produce a large change in dipole moment and hence results in a more intense v (C 

= O)

absorption band. From the IR spectra of CA [47] , it can be observed that v (C 

= O) band appear at 1685 cm 

−1 , v (C 

= C) at

1630 cm 

−1 , and v (C 

–O) at 1120 cm 

−1 . ATR-FTIR spectra of equimolar binary mixtures of CA with alcohols were recorded and

the partial ATR-FTIR spectra of CA + alcohols in the v (C 

= O) region were shown in Figs. 9–12 . The absorption bands of car-

bonyl group v (C 

= O) in Figs. 9–12 , revealed a shift of stretching frequency ( �ν) to lower frequency. The stretching frequency

of v (C 

= O) bands for the equimolar mixtures of CA with MO, EO, PO and IPO were found to be 1668 cm 

−1 , 1669 cm 

−1 ,

1671 cm 

−1 ,and 1672 cm 

−1 respectively and their corresponding �ν (C 

= O) values were in the order of −17 cm 

−1 , −16 cm 

−1 ,

−14 cm 

−1 , and −13 cm 

−1 respectively. 

The red shift of stretching frequency was a measure of the strength of hydrogen bond [46] . The red shift of ν (C 

= O)

peak strongly reveals that intermolecular H-bonding exists in the above systems investigated. The higher shift in v (C 

= O)

absorption band in CA + MO, suggests the existence of stronger intermolecular H-bonding (C 

= O �H 

–O) than in the other

three systems leading to more volume contraction and more negative excess volume. Hence, it can be concluded that the

results of the excess thermodynamic properties have been supported by ATR-FTIR spectroscopic studies. 

4. Conclusions 

The densities ( ρ), speed of sound ( u ), excess volume ( V 

E ), excess isentropic compressibility ( κE 
S 

) of binary mixtures of

CA with MO, EO, PO, and IPO were measured at T = (298.15, 303.15, 308.15, 313.15) K over the entire composition range.

The values of V 

E and κE 
S are well correlated with Redlich–Kister equation. The excess properties were analyzed in terms

of intermolecular interactions between component molecules. The thermodynamic conclusions of the binary systems have

been supported by ATR-FTIR spectral studies. 
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A B S T R A C T

Tungsten tellurite glasses (TeO2-WO3-ZrO2) doped with various concentrations of Yb3+ ions have been prepared
by the conventional melt-quenching method and systematically studied their spectroscopic and laser properties.
The spectroscopic properties and some of the laser parameters have been evaluated from the measured ab-
sorption and emission spectra. Emission cross-sections evaluated from the McCumber and the Fuchtbauer-
Ladenburg methods are found to be in good agreement. The absorption and emission cross-sections are found to
be in the range of 2.78–1.30 (×10−20 cm2) and 3.64–1.83 (×10−20 cm2), respectively, when Yb3+ ions
concentration increases from 0.01 to 3.0 mol%. A significant change in luminescence spectral profile for higher
concentration (> 0.1 mol%) of Yb3+ ions has been explained as due to reabsorption effects. An initial increase
of lifetime for the 2F5/2 level up to 0.5 mol% and decrease thereafter for higher concentrations (> 0.5 mol%) of
Yb3+ ions has been explained with a suitable mechanism. The results of spectroscopic and laser parameters
indicate that tungsten-tellurite glasses have potential applications as gain media for lasers and optical amplifiers.

1. Introduction

In recent years, an increasing importance of trivalent rare-earth
(RE3+)-doped glasses as possible lasing materials have created a sig-
nificant interest in the study of optical and spectroscopic properties for
their applications in glass [1], fiber [2] and waveguide lasers [3].
Among the RE3+ ions, ytterbium (Yb3+) ion has attracted a great in-
terest for its excellent properties such as (a) low non-radiative decay
rate, (b) simple electronic structure, i.e., the 2F7/2 ground state and the
2F5/2 excited state, which can avoid non-radiative processes such as
excited-state absorption and upconversion, (c) very good sensitizer for
other 980 nm pumped RE3+ ions [4] and (d) broad absorption and
emission bandwidths. These properties can be utilized for the devel-
opment of high-power (> 50 W cm−2), high-efficiency (> 50%) and
ultrafast laser emission [5]. Very recently, the Yb3+-doped glass-cera-
mics have been utilized for laser cooling of solid state as they exhibit
lower maximum phonon energy, higher photoluminescence quantum
efficiency and lower background absorption compared to their parent
glasses [6,7].

Among different types of glass hosts such as borate, phosphate, si-
licate and tellurite, the latter have many advantages such as (i) a wider
transmission range (0.35–5 μm) compared to silicate glasses
(0.2–3 μm), (ii) better corrosion resistance than fluoride glasses [8],
(iii) high linear refractive indices (1.8–2.3) and (iv) lower phonon en-
ergy among oxide glass hosts (800 cm−1), and (v) high solubility of
dopant RE3+ ions [9]. The Yb3+-doped tellurite glasses have better
spectroscopic properties such as large absorption and emission cross-
sections as well as wide fluorescence effective line widths compared to
other oxide glasses, and are considered as ideal host materials for fiber
lasers and amplifiers [10]. The higher value of linear and non-linear
refractive indices and the lower value of phonon energy make the
tellurite glasses better suitable for non-linear laser and amplifier ap-
plications [7,11].

Tellurium dioxide (TeO2) is a conditional glass former, the TeO2

alone cannot form a glass, unlike other glass systems such as silicate
and phosphate, because of lone pair of electrons in one of the equatorial
positions of the [TeO4] polyhedron [12,13]. A metal oxide or a tran-
sition metal oxide is necessary as an intermediate network modifier to
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form tellurite glasses [14]. Addition of network modifier oxides such as
WO3 and ZrO2 increases the glass forming ability of the TeO2 [14,15].
The physical and optical properties of undoped glasses [16] and visible
upconversion and broadband near-infrared luminescence properties of
Er3+-doped tellurite‑tungsten glasses [17] were reported in the litera-
ture. However, in the present study spectroscopic and laser properties
of Yb3+ ions in these glasses are investigated to check their suitability
for laser and optical amplifier applications.

In this paper, the effect of Yb3+ ions concentration on spectroscopic
properties of Yb3+-doped tungsten-tellurite glasses has been in-
vestigated by considering the reabsorption effects. From the measured
absorption spectra, emission and laser performance properties are
evaluated. The emission cross-sections, evaluated from McCumber and
Futchbauer-Landenburg methods, have been compared to those of
other reported Yb3+-doped glasses. The better emission and laser
properties show that these glasses are promising candidates as gain
medium for high power solid state laser applications [18].

2. Experimental

The starting chemicals of TeO2, WO3, ZrO2 and Yb2O3 with a purity
of 99.99% (Aldrich, USA) were weighed in an electronic balance, with
an accuracy of± 0.0001, according to the molar composition of
70TeO2-(25-x)WO3-5ZrO2-xYb2O3, where x = 0.01, 0.05, 0.1, 0.5, 1.0,
2.0 and 3.0 mol% and hereafter referred as TWZYbx. A 30 g batch was
fairly mixed in agate mortar for getting a homogeneous mixture. The
well-mixed powder was taken in a platinum crucible and melted in the
temperature range of 940–980 °C (± 1 °C), depending on the Yb3+

concentration, for 50 min using a high temperature furnace. Glasses
were suddenly quenched on preheated brass mold at 320 °C. Annealing
was done at 320 °C for 16 h and then allowed to cool down to room
temperature (RT) in steps of 20 °C per hour. Finally, the samples were
cut and polished with a size of 20 × 20 × 2.15 mm3 for optical and
spectroscopic measurements.

Densities of TWZYb glasses were measured by Archimedes' method
using water as an immersion liquid with an accuracy of± 0.0001 g.
The refractive indices were measured by Brewster's angle method using
diode laser (λ = 650 nm) with a precision of 0.01. Optical absorption
spectra were measured with a Perkin Elmer Lambda-950 spectrometer
in the wavelength range of 870–1040 nm with a spectral resolution of
1.0 nm. The near infrared emission spectra were measured in the wa-
velength range of 900–1070 nm with 0.5 nm spectral interval by ex-
citing the samples with 910 nm wavelength from a Ti: sapphire laser
(Spectra Physics 3900S) pumped by a 10 W cw Ar+ laser (Spectra
Physics). The decay curves for the 2F5/2 level were measured by exciting
with a 950 nm laser from optical parametric oscillator (EKSPLA/
NT342/3/UVE) and the signal was detected with the help of a digital
oscilloscope (Tekronix 2430). All the measurements were made at RT.

3. Results and discussion

3.1. Absorption and emission cross-sections

Densities, refractive indices and nominal Yb-Yb inter-atomic dis-
tances of TWZYb glasses are collected in Table 1. As can be seen, the
density increases from 4.788 to 5.634 with increase in Yb3+-ion con-
centration from 0.01 to 3.0 mol%. This can be explained by considering
the molecular weight of Yb2O3 (394.08 g/mol), which is higher than
TeO2 (159.6 g/mol), WO3 (231.84 g/mol) and ZrO2 (123.22 g/mol).
With the gradual replacement of WO3 by Yb2O3, the average molecular
weight increases which results in higher densities. Decrease in inter-
atomic distances also supports higher density of the glasses at higher
Yb3+ concentrations. The values of refractive index of the TWZYb
glasses are found to be in the range of 2.01–2.22 at 650 nm, which are
found to be higher than those of TeO2-ZnO (2.02–2.10 at 643.8 nm)
[19] and TeO2-LiNbO3 (2.06–2.11 at 632.8 nm) [20]. The higher

refractive index of TWZYb glasses might find application in optoelec-
tronic devices [7,11,21].

The potential laser performance parameters of Yb3+-doped glasses
can be evaluated from the absorption and emission spectra [18]. The
absorption spectra of present glass samples for different Yb3+-con-
centrations in the NIR region are shown in Fig. 1(a). All the TWZYb
samples show peak absorption centered at 977 nm corresponding to the
2F7/2 → 2F5/2 transition. The absorption coefficient of the 977 nm peak
increases with increasing Yb3+ concentration and is shown in inset of
Fig. 1(a). A linear dependence in intensity confirms the incorporation of
the Yb3+-ions into the TWZ glass matrix [22]. Owing to positional
disorder, the RE3+ luminescence centers in TWZ matrix are char-
acterized by a marginal change in spectroscopic parameters resulting in
small inhomogeneous broadening of spectral lines [see Fig. 1(a)]. The
local environment of Yb3+ centers in the TWZ glass network also
consists of O2– anions with statistically-distributed structural para-
meters (rare earth ion oxygen inter-atomic distances and coordination
numbers) in the first coordination shell (positional disorder) that is seen
in the inhomogeneous broadening of the optical absorption and emis-
sion bands. Moreover, a glass network is characterized by a short-range
order which in the second (cationic) coordination sphere around the
luminescence centers leads to the further inhomogeneous broadening of
spectral lines [23]. The Stark splitting for the ground and excited state
manifolds of Yb3+ ions is shown in Fig. 1(b). Moreover, some of the
important spectroscopic parameters are determined by using either the
reciprocity method [24] or the Futchbauer-Landenburg formula [25].
On the basis of the reciprocity method described by McCumber [24],
the emission cross-section can be obtained from measured absorption
spectrum. The absorption cross-section for the 2F7/2 → 2F5/2 transition
of Yb3+ ions can be obtained by using the following Eqs. [26,27],
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( )
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where N is the Yb3+ ion concentration (in ions/cm3) and l is the
thickness (in cm) of the glass sample. The emission cross-section can be
calculated using the reciprocity method described by McCumber [24]
from the measured absorption cross-section (σabs),
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where Zi and Zu are the partition functions of the lower and upper le-
vels, respectively, and EZL is the zero line energy, which is equal to the
energy gap between the lowest Stark components of the upper and

Table 1
The glass label, molar composition and their physical properties (density (d ± 0.1%, g/
cm3)), Yb3+ ions concentration (C ± 0.1%, ×1020 ions/cm3), nominal Yb3+-Yb3+

distance (r ± 1%, Å) and refractive index (n ± 1%, at 650 nm) of Yb3+-doped tungsten
tellurite glasses.

Label Glass composition d C ri n

TWZYb001 70TeO2 + 24.99
WO3 + 5ZrO2 + 0.01Yb2O3

4.7882 0.0336 66.75 2.01

TWZYb005 70TeO2 + 24.05
WO3 + 5ZrO2 + 0.05Yb2O3

4.8105 0.1661 39.18 2.06

TWZYb01 70TeO2 + 24.9
WO3 + 5ZrO2 + 0.1Yb2O3

4.8248 0.3318 31.11 2.11

TWZYb05 70TeO2 + 24.5
WO3 + 5ZrO2 + 0.5Yb2O3

4.8376 1.6487 18.23 2.15

TWZYb10 70TeO2 + 24
WO3 + 5ZrO2 + 1.0Yb2O3

4.8651 3.3029 14.46 2.18

TWZYb20 70TeO2 + 23
WO3 + 5ZrO2 + 2.0Yb2O3

4.9625 6.6759 11.44 2.20

TWZYb30 70TeO2 + 22
WO3 + 5ZrO2 + 3.0Yb2O3

5.6342 11.2668 9.61 2.22
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lower levels of the Yb3+ ion. The constants h and K are the Planck's and
Boltzmann's constants, respectively, and c is the velocity of the light.
The ratio of the partition functions becomes the degeneracy weighing of
the two states corresponding to the 2F7/2 → 2F5/2 transition and, since it
does not change significantly with the change of the chemical

composition and Yb3+ concentration, it is equal to 4/3 at RT. Ab-
sorption and emission cross-section spectra obtained through
McCumber theory [Eqs. (1)–(3)] for TWZYb10 glass is shown in Fig. 2.
The line shapes of the absorption and emission cross-sections spectra
are similar for the remaining samples. The broad absorption and
emission cross-sections of Yb3+ ions are due to electronic transitions
involving the Stark sublevels of the 2F7/2 and 2F5/2 levels. The evaluated
absorption and emission cross-sections through McCumber theory are
listed in Table 2. As can be seen from the Table 2 with increase in Yb3+

ion concentration, a linear decrease in absorption and emission cross-
sections has been observed for TWZYb glasses. The same behavior has
also been observed in TPNxYb (60TeO2-30P2O5-10Na2CO3-xYb2O3)
glasses [18]. Fig. 3 shows the normalized emission spectra for
TWZYb001, TWZYb01, TWZYb05 and TWZYb10 samples. To obtain the
full Gaussian shape of the emission spectrum, all TWZYb glasses were
excited with 915 nm instead of the intense absorption peak (~980 nm).
As can be seen from Fig. 3, with increase in Yb3+ ions concentration,
the emission spectral shape of TWZYb glasses changes which is due to
reabsorption of emitted energy by the ground state Yb3+ ions as there is
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Fig. 1. (a) Absorption spectrum of TWZYb10 glass. Inset shows the variation of absorption coefficient with Yb2O3 concentration. (b) Energy level diagram of Yb3+ ions in TWZ glasses.

Fig. 2. Absorption and emission cross-sections of TWZYb01 glass, calculated from
McCumber theory along with error bars.

Table 2
Comparison of emission cross-sections (± 1%) calculated from the Füchtbauer-
Landenburg (F-L) and McCumber (McC) methods at primary (λp) and secondary (λs)
wavelengths and their ratios for TWZYb glasses.

Glasses Emission cross-section (×10−20 cm2) σems/σemp

F–L
(σem-p(λp))

McC
(σemp (λp))

F–L
(σem-s (λs))

McC
(σems (λs))

F–L McC

TWZYb001 3.78 3.64 1.85 1.63 0.49 0.45
TWZYb005 2.40 2.41 1.37 1.36 0.57 0.56
TWZYb01 2.11 2.24 1.10 0.92 0.52 0.41
TWZYb05 1.84 2.10 0.85 0.85 0.46 0.40
TWZYb10 1.42 2.07 0.75 0.75 0.53 0.36
TWZYb20 1.10 1.87 0.68 0.73 0.62 0.39
TWZYb30 1.08 1.83 0.67 0.68 0.62 0.31

Fig. 3. Normalized emission spectra of TWZYb glasses for different concentrations of
Yb2O3 (λex = 915 nm).
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maximum overlap of absorption and emission bands. The emission
cross-section (σem) of the 2F5/2 → 2F7/2 transition of the Yb3+-ions can
also be obtained by using the Futchbauer-Landenburg model with the
help of emission spectra shown in Fig. 3 [28], expressed as

=−σ λ
λ A

πcn Δλ
( )

8em p s p s
p R

eff

4

2 (4)

where AR is spontaneous transition probability of the 2F5/2 → 2F7/2
transition and is determined from the absorption spectrum using the
following expression [29],

∫= =
′ +

+
A

τ
π c n J

λ J
α λ dλ1 8 (2 1)

(2 1)
( )R

rad p

2

4 (5)

where J′ and J are the total angular momentum for the upper and lower
levels, respectively, λp is the absorption peak wavelength, α(λ) is the
absorption coefficient at the wavelength λ, n is the refractive index and
τrad is the radiative lifetime. The Δλeff is the effective linewidth ex-
pressed as

∫=Δλ I λ dλ
I

( )
eff

max (6)

where I(λ) is the intensity at the wavelength λ, and Imax is the intensity
at the peak wavelength.

The stimulated emission cross-sections are also evaluated by using
the Futchbauer-Landenburg theory (Eqs.(4)–(6)) in order to confirm the
validity of the evaluated results from the McCumber method [24].
Table 2 presents the calculated emission cross-sections at the primary
(σem-p at 977 nm) and the secondary (σem-s at 1007 nm) peaks on the
basis of above two methods. As can be seen, both McCumber and
Futchbauer-Landenburg methods are in good agreement for lower
concentrations (≤0.5 mol%), which may be due to the negligible effect
of radiation trapping at these concentrations [30]. From Table 2, it is
observed that the absorption and emission cross-sections at primary and
secondary peaks decrease with increasing Yb3+ concentration.

The other evaluated spectroscopic parameters such as absorption
cross-section at primary, σabs(λp), and secondary, σabs(λs) peaks, Δλeff, AR

and τrad for the TWZYb glasses are listed in Table 3. As can be seen from
Table 3, there is a systematic decrease of radiative transition prob-
abilities with increasing Yb3+ concentration. The absorption cross-sec-
tion at λp and λs decreases from 2.78 to 1.30 (×10−20 cm2) and 0.38 to
0.18 (×10−20 cm2), respectively, with increasing Yb3+ concentration
from 0.01 to 3.0 mol%. It is found that TWZYb05 glass exhibit higher
absorption and emission cross-sections of 1.51 × 10−20 cm2 (at λp) and
2.10 × 10−20 cm2 (at λs), respectively, compared to those of the com-
mercial Kigre QX/Yb glass: 1.06 × 10−20 (at λp) and 0.9 × 10−20 cm2

(at λs) [31]. The Δλeff values increase from 18 to 40 nm with increasing
Yb3+ concentration which are comparable to those of commercial YB1
(51 nm) [32] and YP1 (52 nm) [32] laser glasses. The magnitude of AR

decreases from 2188 to 1484 s−1 with increasing Yb3+ concentration
from 0.01 to 3.0 mol%. The same trend is noticed for the values of

σabs(λp), σem(λp) and AR with increasing Yb3+ concentration in the case of
other reported telluro-phosphate: 60TeO2-30P2O5-10Na2CO3-xYb2O3

(where x = 1, 3 and 5 mol%, referred as TPNxYb) [18], phosphate:
(59-x/2)P2O5-17K2O-(15-x/2)BaO-9Al2O3-xYb2O3 (where x = 0.05, 0.1
and 1.0 mol%, referred as PKBaAlxYb) [30], 80TeO2-15(BaF2-BaO)-(5-x)
La2O3-xYb2O3 (where x ranges from 0.1 to 5.0 mol%, referred as TBa-
BaFLaxYb) [33] and silicates: (60SiO2-20Al2O3-20CaF2-xYbF3, where
x = 0.2, 0.4 mol%, referred as SACaFx) [34] glasses.

3.2. Laser parameters

The complete assessment of Yb3+-doped laser glasses involves de-
termination of several significant parameters which characterize the
lasing performance of the material [18]. First important laser parameter
is βmin, which is defined as the minimum fraction of Yb3+ ions that are
excited to balance the gain with the ground state absorption at lasing
wavelength λs and is given by [25],

⎜ ⎟=
+

= ⎧
⎨⎩

+ ⎛
⎝

− ⎞
⎠

⎫
⎬⎭

− −

β σ λ
σ λ σ λ

Z
Z

E hcλ
kT

( )
( ) ( )

1 expmin
abs s

em s abs s

l

u

ZL 0
1 1

(7)

where the laser wavelength is considered as λs = 1007 nm. The cal-
culated βmin values for TWZYb glasses are presented in Table 3 and are
more or less similar. As can be seen from Tables 2 and 3, both emission
and absorption cross-sections decreases with increase in Yb3+ ions
concentration by a factor of 2 to 3.

The other important parameter is the pump saturation intensity, Isat,
that characterizes the pumping dynamics and requires an accurate
measure of the absorption cross-section at the pump wavelength,
σabs(λp), and the fluorescence lifetime, τexp, of the Yb3+ ions and is
given by [25],

=I hc
λ σ λ τ( )sat

p abs p exp (8)

where peak absorption wavelength, λp = 977 nm. As can be seen from
Table 3, Isat values increases with increasing Yb3+ concentration, which
can be explained by the decrease of σabs(λp) values.

The minimum absorbed pumping intensity, Imin, which characterizes
the transparency to be achieved at the lasing wavelength, and is cal-
culated by the following expression [25],

= ⋅I β Imin min sat (9)

By using Eqs. (7) and (8), Imin values are determined and are shown
in Table 3. As can be seen, the magnitude of Imin values increases with
Yb3+ ions concentration. This may be due to the increase in Isat values
with increasing Yb3+ ions concentration. The same trend was also re-
ported for PKBAxYb ((54-x/2) P2O5-14 K2O-10KF-(13-x/2) BaO-
9Al2O3-xYb2O3, where x = 0.1, 1.0, 2.0 and 4.0 mol%) [30] glasses.

Further, storage of optical energy in a laser material is also crucial
for laser application perspectives. However, this can be feasible if the
laser material satisfies high fluorescence lifetime, high Yb3+ ion

Table 3
Spectroscopic and some of the laser properties, (absorption cross-sections at primary peak (σab (λp)± 0.01, ×10−20 cm2)), absorption cross-sections at secondary peak (σab (λs)± 1%,
×10−20 cm2), radiative transition probability (AR ± 0.1%, s−1), radiative lifetimes (τrad ± 0.5%, μs), experimental lifetimes (τexp ± 0.5%, μs), quantum efficiency (η ± 1%),
fluorescence effective line width (Δλeff ± 1%, nm), the minimum fraction of Yb3+ ions excited to laser wavelength λs (βmin ± 1%), pump saturation intensity (Isat ± 1%, kW/cm2),
minimum absorbed intensity (Imin ± 1%, kW/cm2), pump intensity (Usat ± 1%, W/cm2) and minimum pulse duration (τmin ± 1%, fs) for different concentrations of Yb3+-doped TWZ
glasses.

Yb (mol%) σab (λp) σab (λs) AR τrad τexp η Δλeff βmin Isat Imin Usat τmin

0.01 2.78 0.38 2315 432 344 80 18 0.19 22.40 4.27 10.10 186
0.05 1.97 0.25 2237 442 349 78 26 0.17 28.44 4.42 12.67 128
0.1 1.69 0.19 2212 452 350 77 28 0.17 30.33 5.19 18.38 119
0.5 1.51 0.19 1848 541 418 77 26 0.17 32.87 5.75 19.62 93
1.0 1.50 0.18 1822 549 401 73 38 0.19 32.38 6.27 21.64 88
2.0 1.34 0.17 1786 560 357 64 40 0.19 33.84 6.39 22.68 83
3.0 1.30 0.18 1751 571 293 51 24 0.20 28.71 6.01 24.30 76
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concentration and low emission cross-sections. These factors decide the
depletion of stored energy due to spontaneous emission and pump
power. The pump intensity required to create population inversion in a
laser material is given by [35],

=
+ −

U hc
λ σ λ σ λ[ ( ) ( )]sat

p abs s em s s (10)

The Usat values are calculated by considering the values of σabs(λs)
and σem-s(λs), and are presented in Table 3. The Usat value is found to be
around 19.6 W/cm2 for TWZYb05 glass and is higher than 14.02 W/
cm2 reported for niobium-tellurite (80TeO2-10Nb2O5-5K2O-5Li2O-
0.5Yb2O3) glass [36]. In addition, the minimum pulse duration is an
important parameter to use the materials for ultrafast lasers. The
minimum pulse duration is represented by the time bandwidth product,
τmin = 1/Δυ [35] where Δυ is the emission bandwidth. The value of τmin

decreases from 186 to 76 fs with increasing of Yb3+concentration from
0.01 to 3.0 mol% in TWZ glasses.

The spectroscopic parameters of TWZYb glasses are compared with
different Yb3+-doped systems in Table 4 [18,30,33,34,25,37,38]. As
can be seen, the magnitude of σabs(λp) of TWZYb05 glass is found to be
higher than that of telluro-phosphate glasses [18] and comparable with
phosphate glasses [30]. It is lower than that of oxyfluoride [33], lead
silicate (PbSiAl1Yb; 40PbO-6Al2O3-54SiO2-1Yb2O3) [37] and heavy
metal oxide (PbBiGaYb; 46PbO-42Bi2O3-12Ga2O3-0.53Yb2O3) [38]
glasses. The order of magnitude of σemp(λp) for the reported glasses is
following the trend as telluro-oxyflouride glass (0.1 mol%)
[33]> heavy metal oxide glasses [38]> phosphate glass (0.1 mol%)
[30] ≥TWZYb05> lead silicate [37]> telluro-phospahte [18]> si-
licate [34] glasses. The value of Δλeff gradually increases with in-
creasing Yb3+ concentration and the same trend was also observed in
reported systems [30,33,25]. On the other hand, the value of Δλeff for
the TWZYb01 glass is higher than Yb:YAG crystal [25] and lower than
phosphate [30], telluro-oxyflouride [33], and silicate [34] glasses.

Laser parameters Imin and σemp(λp) together provides a spectroscopic
measure to estimate the overall effective performance of the laser
medium in the pulsed or CW operation [18]. From the laser operation
point of view, it is favorable to have higher emission cross-section for
larger gain, longer excited state lifetime to permit high inversion

density that relates to amplification, and higher absorption cross-sec-
tion at pump wavelength for efficient pumping. The Imin should be as
small as possible to minimize the threshold for Yb3+ laser material
engaged in an oscillator type configuration, and also to offer the best
extraction efficiency at the lasing wavelength [29,39]. Table 4 presents
the comparison of some of the laser parameters of TWZYb glasses with
other reported Yb3+-doped systems [18,30,33,34,25,37,38]. As can be
seen from Table 4, the Imin values for TWZYb glasses increase with in-
creasing of Yb3+ concentration. The same behavior was also observed
in telluro-phosphate [18], phosphate [30], TBaBaFLaxYb [33], and si-
licate glasses [34]. As can be seen form Table 4, the value of Imin for
TWZYb05 glass is comparable to tellurophosphate glass [33].

Usually, the measured fluorescence lifetimes can be expressed as
[40],

= = + −τ
W W W1

tot rad non rad (11)

where Wtot is the sum of radiative, Wrad, and non radiative, Wnon-rad,
transition probabilities. On the other hand Wnon-rad is the sum of con-
tributions from all non-radiative processes [41]

= +
= + + +
−W W W

W W W W W
,non rad MP ET

ET Yb OH TM RE (12)

where WMP is the multiphonon relaxation and is a critical loss para-
meter that depends on the temperature and glass matrix [42] andWET is
the total energy transfer probability and is the sum of four terms given
in Eq. (12). WYb represents the contribution of Yb3+ ions concentration
quenching and caused by the energy exchange between Yb3+ ions due
to possible clustering effect. WOH, WTM and WRE refers to the interac-
tion between Yb3+ ions and OH– group, transition-metal ions, and other
RE3+ ions, respectively. Even though the starting materials are taken in
high purity form, there is a possibility for some impurities in the present
glasses [43]. If there exist some transition-metal or rare-earth im-
purities in a glass, then the system losses are given as a sum of the
individual ion contributions [44].

The fluorescence decay curves for the 2F7/2 level of Yb3+ ions are
shown in Fig. 4. It is found that decay curves for all the concentrations
exhibit single exponential nature. The excited state lifetime of the 2F5/2
level has been estimated by finding the first e-folding times of the

Table 4
Comparison of spectroscopic and laser performance parameters of Yb3+-doped glasses (Yb3+ ions concertation (mol%), absorption cross-sections at the pump wavelength (σabs(λp)± 1%,
×10−20 cm2), emission cross-section at the laser wavelength (σems(λs)± 1%, ×10−20 cm2), radiative transition probability (AR ± 0.1%, s−1), experimental lifetime (τexp ± 0.5%, μs),
fluorescence effective bandwidth (Δλeff ± 0.1%, nm) and minimum absorbed intensity (Imin ± 1%, kW/cm−2)).

Yb3+ glass systems Yb3+ ions concentration σab (λp) σems (λs) AR τexp Δλeff Imin

TWZYb001 [present work] 0.01 2.78 3.64 2315 344 18 4.27
TWZYb005 [present work] 0.05 1.97 2.41 2237 349 26 4.42
TWZYb01 [present work] 0.1 1.69 2.24 2212 350 28 5.19
TWZYb05 [present work] 0.5 1.51 2.10 1848 418 26 5.75
TWZYb10 [present work] 1.0 1.50 2.07 1822 401 38 6.27
TWZYb20 [present work] 2.0 1.34 1.88 1786 357 40 6.39
TWZYb30 [present work] 3.0 1.30 1.83 1751 293 24 6.01
TPN1Yb [18] 1.0 wt% 1.26 0 840 1260 – 1.79
TPN3Yb [18] 3.0 wt% 1.16 1.55 474 1150 – 2.14
TPN5Yb [18] 5.0 wt% 1.12 1.50 781 940 – 2.70
PKBAYb001 [30] 0.01 4.49 6.08 1195 1040 52 0.60
PKBAYb005 [30] 0.05 1.74 2.35 585 1090 54 1.05
PKBAYb01 [30] 0.1 1.71 2.31 535 1150 54 1.89
PKBAYb10 [30] 1.0 1.47 2.06 521 850 58 2.93
TBaBaFLa0.1Yb [33] 0.1 2.06 2.80 3246 432 55 3.79
TBaBaFLa0.5Yb [33] 0.5 1.98 2.68 2922 536 72 3.05
TBaBaFLa1.0Yb [33] 1.0 1.93 2.65 2701 634 76 2.74
TBaBaFLa3Yb [33] 3.0 1.78 2.33 2608 625 71 3.17
TBaBaFLa5Yb [33] 5.0 1.46 2.00 2498 449 66 5.14
SACF02 [34] 0.2 1.19 0.98 613 129 33 2.43
SACF04 [34] 0.4 1.17 0.61 506 143 42 1.51
Yb:YAG [35] 0.5 – 0.80 – 108 18 1.53
PbSiAl1Yb [37] 0.4 2.34 1.02 – 102 – –
PbBiGaYb [38] 1.0 wt% 2.00 2.50 – 350 – 2.4
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measured decay curves. A variation of lifetime with concentration is
shown in inset of Fig. 4. It is found that lifetime initially increases from
0.01 to 0.5 mol% and then decreases for higher (≥0.5 mol%) con-
centrations with increasing Yb3+ concentration. The initial rise in the
lifetime is due to the reabsorption or radiative trapping and decrease of
lifetime could be due to the radiative energy transfer between adjacent
Yb3+ ions [45,46]. From Eqs. (11) and (12), the decrease in lifetime at
higher concentration could be due to energy transfer between Yb3+

ions/to transition metal ions/RE ions/to OH– groups directly coupled
with Yb3+ ions in the TWZYb glasses.

Overall, laser glass should possess higher value of product of
σems (λs) and τexp as large as possible to act as the gain media [47]. From
Table 4, the product of σems and τexp decreases from 1.25 to 0.54 pm2 ms
with increasing Yb3+ concentration from 0.01 to 3.0 mol%. The value
of σems × τexp is found to be 0.88 pm2 ms for TWZYb05 glass and is
comparable to those of phosphate (0.63 to 0.18 pm2 ms) [30],
SACFYb04 (0.87 pm2 ms) glass [34], Yb:YAG crystal (0.87 pm2 ms)
[35], PbSiAl1Yb (0.14 pm2 ms) [37] and PbBiGaYb (0.88 pm2 ms) [38]

although it is lower than telluro-oxyfluoride (1.20 to 0.89 pm2 ms) [33]
and telluro-phosphate (2.14 to 1.41 pm2 ms) [18] glasses. From the
spectroscopic and laser performance parameters, it can be concluded
that TWZYb glasses in general are useful as a gain media for high-peak
power and high average power lasers [47,25]. From the above eval-
uated σems and τexp values TWZYb05 glass shows the higher lifetime
(418 μs) and moderate emission cross-section (2.10 × 10−20 cm2) than
rest of TWZYb glasses, which shows that TWZYb05 glass is better one
for laser gain media.

The internal gain coefficient G(λ) at wavelength λ can be estimated
by using the formula

= − −G λ γ N σ λ 1 γ N σ λ( ) ( ) ( ) ( )em abs (13)

where σabs and σem are the absorption and stimulated emission cross-
sections obtained from McCumber theory at wavelength λ and γ de-
notes the population inversion which varies from 0 to 1. Fig. 5 shows
the wavelength dependence of the gain coefficient for the 2F5/2 → 2F7/2
emission transition calculated for the TWZYb05 glass by varying the γ
value from 0.0 to 1.0, with an increment of 0.1. It is worth noting that
the gain coefficient is positive when γ is higher than 0.4. From Fig. 5, it
can be concluded that a wide tunable range of 980–1050 nm is expected
whenever the value of γ is> 0.4. The spectroscopic and laser perfor-
mance properties indicate that the TWZYb05 glass is promising candi-
date for amplification and laser gain media.

4. Conclusions

Ytterbium-doped tungsten-tellurite glasses have been prepared and
studied their concentration dependent spectroscopic and laser proper-
ties. The McCumber theory has been applied for evaluating absorption
and emission cross-sections for the 2F7/2 → 2F5/2 and 2F5/2 → 2F7/2
transitions, respectively. The emission cross-sections evaluated from the
McCumber and Futchbauer-Landenburg methods are found to be in
good agreement for lower concentrations (≤0.5 mol%). Change in
fluorescence spectra of Yb3+-ions at higher Yb3+ ions concentrations
(> 0.5) has been explained as due to increase in emission intensity to
other Stark levels and to the reabsorption effect. An initial rise in life-
time (≤0.5 mol%) and decrease thereafter (> 0.5 mol%) can be ex-
plained as due to the reabsorption and radiative energy transfer be-
tween the neighboring Yb3+ ions. The 0.5 mol% Yb3+-doped glass
possesses moderate emission cross-section of 2.10 × 10−20 cm2 and a
higher lifetime of 418 μs. In addition to the spectroscopic properties,
the minimum pulse duration (186–76 fs) and bandwidth (18–40 nm)
suggest that these TWZYb glasses have potential applications as gain
media for ultra short lasers and amplifiers.
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Abstract 

Concentration dependent spectroscopic properties of Ln3+ (Ln= Nd, Sm, Dy and Yb) -doped fluorophosphate glasses have been 
investigated. From the absorption spectra, Judd-Ofelt (JO) intensity parameters have been evaluated which are in turn used to 
predict radiative properties for the fluorescent levels of the said Ln3+ ions. For example, three JO intensity parameters (Ω2, Ω4 
and Ω6) for the Dy3+ ions in fluorophosphate glass are found to be Ω2 = 12.34 × 10-20 cm2, Ω4 = 2.67 × 10-20 cm2 and Ω6 = 2.30 × 
10-20 cm2. Using FTIR spectra, OH- content in 1.0 mol % Nd2O3 -doped samples, responsible for quenching the lifetimes of Nd3+ 
ions, is found to be 2.01×1020 ions/cm3 which is very much less compared to other reported glass systems. The decay profiles for 
the 4G5/2 level of Sm3+ ions in the flurophosphate glasses are found to change from single exponential (0.1 mol%) to non-
exponential (0.5, 1.0, 2.0, 4.0 and 6.0 mol%) with shortening of lifetimes. The Yb3+ -doped fluorophosphate glasses possess high 
absorption (2.55 cm2) and emission (3.44 cm2) cross-sections and high figure of merit (3.33). The analysis of the results confirm 
that the Ln3+ -doped fluorophosphate glasses could be useful for the development of photonic devices. 
© 2018 Elsevier Ltd. All rights reserved. 
Selection and/or Peer-review under responsibility of 3rd International Conference on Applied Physics and Materials Applications. 
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1. Introduction 

Research on lanthanide ions (Ln3+) -doped optical quality transparent glasses are of great interest as they find 
applications in solid state lasers, optical amplifiers, upconverters, optical sensors, quantum cutters for solar energy 
harvesting, and phosphors [1-2]. The performance of these devices is limited by fast energy transfer, non-radiative  
de-excitation probabilities, clustering of Ln3+ ions at higher concentrations [3-4]. In order to improve their 
performance, it is necessary to limit the clustering of Ln ions. In this regard, the selection of chemical composition 
and concentration of Ln3+ ions plays vital role in the formation of clusters in glasses [5]. 

The optical properties of Ln3+ ions in glasses depend on the chemical composition of the glass, which determines 
the structure and nature of the bonds. Among different host materials, fluorophosphate (FPh) glasses are promising 
hosts because these glasses can combine the advantages of both fluoride and phosphate glasses such as lower 
phonon energy, better moisture resistance, physical and chemical stability, lower nonlinear refractive index and 
higher transparency from near UV to mid IR spectral range [6-8]. It was also found that a relatively higher degree of 
line broadening and smoother line shapes can be obtained [9] with FPh glass. These properties contribute to the 
applications of FPh glasses as Ln3+ -doped fiber laser. Many researchers have showed that Ln3+ -doped FPh glasses 
have promising features as laser gain media [10–12]. It is well known that the spectroscopic parameters such as 
absorption cross-section, emission cross-section and fluorescence lifetimes for metastable states of Ln3+ ions depend 
on their local environment in the glass matrix [13,14]. For FPh glasses, the local structure of Ln3+ ions can be 
modified over a large extent by varying P/F ratio and/or introducing other special ions [15,16]. 

2. Experimental details 

Lanthanide (Ln3+) -doped transparent fluorophosphate glasses with molar compositions of P2O5 +K2O + MF + 
SrO + Al2O3 + Ln2O3 (where MF = KF/MgF2/SrF2/AlF3; Ln = Nd/ Sm Dy/Yb) (x = 0.1, 0.5, 1.0, 2.0, 4.0 and 6.0 
mol %) were prepared by conventional melt quenching technique. The method of preparation and experimental 
techniques for spectroscopic measurements [17]. 

3. Results and discussion 

3.1. Absorption spectra 

From the absorption spectrum, the experimental oscillator strengths of various absorption transitions are 
evaluated. A least-square fitting procedure has been used to determine the JO parameters following the procedure 
described elsewhere [17]. As can be seen from Table 1, the trend of the JO parameters is Ω2 > Ω6 > Ω4 for 
PKMFAN10 glass and Ω6 > Ω2 > Ω4 for PKSFAN10 glass. The larger value of Ω2 is due to the relatively higher 
value of the oscillator strength of the hypersensitive transition. The parameter Ω2 is affected by the covalency of the 
Ln-O bond as well as the asymmetry around the Ln3+ ion site. In the present case, the higher value of Ω2 indicates 
less centrosymmetric coordination [18] and a strong covalence [19] nature of metal-ligand bond. The condition Ω6 

>> Ω4 favours the intense 4F3/2  4I11/2 transition at 1.06 m and Ω6 << Ω4 favours the intense 4F3/2  4I9/2 transition 
at 0.89 m [20] compared to other transitions in the emission spectra. For present glass systems, the spectroscopic 
quality factor (χ = 4/6) values are 0.70 (PKMFAN10) and 0.74 (PKSFAN10) which are presented in Table 1. For 
the PKFSASm10 glass system, the trend is Ω2 > Ω4 > Ω6, the higher value of Ω2 indicates that PKFSAS10 glass has 
stronger covalent nature while the other parameters, Ω4 and Ω6 are related to the rigidity of the host. It is observed 
that the 4G5/2 → 6H9/2 transition exhibits higher σ(λp) value for PKFSAS10 glass, which signifies the rate of energy 
extraction from the laser material. For the PKBAFDy10 glass, the larger value of Ω2 indicates larger degree of 
covalency between the Dy3+ ion and the surrounding ligands and/or lower symmetry of the coordination structure 
surrounding the Dy3+ ion. As can be seen from Table1, for the PKBAFDy10 glass, the quantum efficiency exceeds 
100%. This inconsistent result is attributed to the inherent uncertainty involved in the approximations of the JO 
theory. 
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Table 1. Refractive indices (n), concentrations (N0, 1020 ions/cc), Judd-Ofelt parameters (Ωλ,  x10-20 cm2),  radiative (R) and experimental (τexp) 
lifetimes (s), quantum efficiencies (η)  and stimulated emission cross-sections (σ(λP), x10-22 cm2) for 1.0 mol% Ln2O3-doped  fluorophosphate 
glasses. 

S.No. Glass n N0 Ω2 Ω4 Ω6 Trend τR τexp η % σ (λp) 
1. PKSFANd10 1.540 2.48 5.24 4.30 5.81 Ω6 > Ω2 > Ω4 326 211 65 3.29 
2. PKMFANd10 1.524 2.55 4.41 2.88 4.06 Ω2 > Ω6 > Ω4 491 200 41 1.81 
3. PKFSASm10 1.515 2.69 8.36 7.42 4.37 Ω2 > Ω4 > Ω6 1840 1773 96 14.12 
4. PKBAFDy10 1.539 2.46 12.34 2.67 2.30 Ω2 > Ω4 > Ω6 669 732 109 4.76 

3.2. Decay curve analysis  

Luminescence decay curves of the Sm3+ ions have been measured by exciting with 476.5 nm laser and 
monitoring the 645 nm emission. The concentration dependent decay profiles for the 4G5/2 level of Sm3+ ions in 
PKFSASm glasses are shown in Fig. 1. As can be seen, the decay curves change from single exponential to non-
exponential with increase in Sm3+ ion concentration. Hence, the experimental lifetimes (τexp) of the 4G5/2 level in 
PKFSASm glasses have been calculated as per the method described in Ref [17]. The τexp values of the 4G5/2 level 
are found to be 2699, 1863, 1773, 1177, 331 and 108 µs for 0.1, 0.5, 1.0, 2.0, 4.0, 6.0 mol% Sm2O3 -doped PKFSA 
glasses, respectively. The observed non-exponential nature with shortening of lifetimes could be explained by the 
presence of an excitation energy transfer and cross-relaxation channels: (4G5/2, 

6H5/2)  (6F5/2, 
6F11/2) and (4G5/2, 

6H5/2)  (6F9/2, 
6F7/2) from Sm3+ ion being in the excited 4G5/2 state to another one in the ground state. Later the two 

ions relax non-radiatively to their ground state, 6H5/2. This transfer can occur either by exchange coupling or by 
electric multipolar interactions. 

 
 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 

Fig.1. Decay curves of the 4G5/2 level in (a) PKFSAS01 (b) PKFSAS10 (c) PKFSAS20 and (d) PKFSAS60 glasses. 

3.3. FTIR spectra 

The presence of OH- impurities in the studied glasses plays a key role in photonic device performance. In order to 
know the OH- concentrations in the glasses, the FTIR spectra are measured for 1.0 mol% Nd2O3 -doped glasses and 
are shown in Fig. 2. 

From the FTIR spectra, OH- concentrations in 1.0 mol% Nd2O3 -doped glasses, responsible for quenching the 
lifetimes of Nd3+ ions, are calculated to be 2.01×1020 and 0.98×1020 ions/cm3 in PKMFAN10 and PKSFAN10 
glasses, respectively, which are very much less than 5.82×1020 ions/cm3 reported for 0.1 mol% Er2O3-doped zinc 
tellurite glass [21]. From this analysis, it is clear that PKSFAN10 glass is having lower OH- content resulting in smaller 
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quenching effect on Nd3+ ions fluorescence in this glass. This is one of the reasons for the higher lifetimes of the 4F3/2 level 
in PKSFAN glasses compared to PKMFAN glasses for all the three Nd3+ ion concentrations studied in the present work 
(Table 1). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. The FTIR spectra of PKMFAN10 and PKSFAN10 glasses. 

3.4. Laser performance parameters  

In order to assess the potential of PKFSAYb glasses for laser devices, the laser performance parameters such as 
absorption (ab) and emission (em) cross-sections, lifetimes (), min  (minimum fraction of Yb3+ ions that must be 
excited to balance the gain exactly with the ground state absorption at a laser wavelength), Isat (pump saturation 
intensity) and Imin (minimum absorbed pumping intensity) have been determined following the procedure described 
elsewhere [22] and are shown in Table 2.  As can be seen from Table 2, radiative lifetime (R) increases with 
increase in Yb2O3 concentration in PKFSAYb glasses. The values of min , sat  and min are in the range of 0.133 - 
0.463, 9.52 - 100.4 kW/cm2, 2.46 - 15.57 kW/cm2, respectively. There is a considerable change in the value of min for 
the PKFSAYb glasses. It is desirable for sat

 
to be as low as possible to minimize the minimum pumping intensity (

min ) as the emission cross-section is proportional to absorption cross-section. For a good laser glass, figure of merit 
( exp em ) and energy extraction efficiency are generally desirable to be as large as possible to provide high gain 
and the min to be as small as possible to minimize the pump losses. From Table 2, it is noticed that PKFSAYb01 
glasses possess higher figure of merit value of 3.33, compared to reported glasses. Hence, PKFSAYb01 glass is 
more suitable for laser applications. 

Table 2. Spectroscopic and laser performance parameters of Yb3+ -doped fluorophosphate glasses. 

S. No. Glass label n ab 

(cm2) 
em 

(cm2) 
R 

(ms) 
exp 
(ms) 

min 
Isat 

(kW/cm2) 
Imin 

(kW/cm2) 
emi x 
exp 

SFL 

1. PKFSAYb01 1.515 2.55 3.47 1.02 0.96 0.463 9.52 4.41 3.33 0.755 
2. PKFSAYb05 1.516 1.74 2.31 1.14 0.86 0.159 15.51 2.46 1.99 0.809 
3. PKFSAYb10 1.517 1.63 2.18 1.19 0.64 0.142 22.27 3.18 1.39 0.440 
4. PKFSAYb20 1.517 1.61 2.16 1.30 0.47 0.133 30.54 4.07 1.01 0.251 
5. PKFSAYb40 1.526 1.29 1.72 1.53 0.29 0.140 62.51 8.75 0.50 0.057 
6. PKFSAYb60 1.529 1.10 1.48 1.46 0.21 0.155 100.40 15.57 0.31 0.020 
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4. Conclusions 

The fluorophosphate glasses doped with various Ln3+ ions have been prepared by conventional melt-quenching 
technique and studied their concentration dependent spectroscopic and laser performance parameters. The 
spectroscopic quality factor for the present PKMFAN10 and PKSFAN10 glasses indicate that there is more 
probability for the 4F3/2 → 4I11/2 emission transition at around 1.06 μm. The larger value of Ω2 indicates the larger 
asymmetry at the Sm3+

 ion site as well as strong covalent nature of Sm-O bond in the PKFSAS10 glass. It is 
observed that the 4G5/2 → 6H9/2 transition possess higher emission cross-section (σ(λp)). The radiative properties 
derived from the JO theory as well as concentration dependent lifetimes of the 4F9/2 level have been reported. It is 
found that the PKFSAYb01 glass possess higher absorption and emission cross-sections and higher figure of merit. 
The measured lifetime of 2F5/2 level decreases from 0.96 to 0.21 ms in fluorophosphate glasses when Yb2O3 
concentration is increased from 0.1 to 6.0 mol% due to energy transfer between Yb3+ ions and OH- ions. 
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Abstract  

In the present paper, we report new experimental data on density (ρ) and speed of sound 

(u) in binary liquid mixtures of 1-ethyl-3-methylimidazolium hydrogen sulphate, [emim][HSO4] 

with polar protic solvents ethanol (EtOH) and 1-propanol (n-PrOH) and aprotic solvent, dimethyl 

sulphoxide (DMSO) over the complete range of mole fraction at 298.15 K ≤ T ≤ 313.15 K, every 

5 K, and 0.1MPa pressure. The mixing behaviour of the binary systems of [emim][HSO4] with 

EtOH, n-PrOH, and DMSO has been studied by computing the excess volumes (VE) and 

excess isentropic compressibilities (κs
E) utilizing the measured densities (ρ) and speeds of sound 

(u). Further, the excess functions VE and κs
E are correlated with mole fraction, using Redlich-

Kister equation to derive the fitting parameters. For the systems studied, the excess 

thermodynamic properties (VE and κs
E) are found to be negative over the whole range of 

composition at investigated temperatures. Also, the experimental results are discussed in terms of 

ion-ion, ion-dipole, hydrogen bonding interactions and interstitial accommodation between 

component molecules in the binary liquid mixtures. Moreover, the temperature dependence of 

the physicochemical and excess properties has been studied. 

 

Keywords: 1-Ethyl-3-methylimidazolium hydrogen sulphate, Dimethyl sulphoxide, Excess 

volume, Speed of sound, Ion-dipole interaction. 
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1. Introduction 

Ionic liquids (ILs) are a new class of chemical compounds with low melting points, mainly 

below 373.15 K. They consist of larger and asymmetric  cations like quaternary ammonium, 

imidazolium, thiazolium, pyridinium, piperidinium, pyrrolidinium, morpholinium, phosphonium 

and sulphonium ions bound with inorganic anions such as halides, hexafluorophosphate, nitrate, 

tetrafluoroborate, thiocyanate, dicyanamide, perchlorate, bis(trifluoromethylsulphonyl)imide,

hexafluoroantimonate, or organic anions like acetate, benzoate, alkyl sulphate, tosylate, triflate 

etc. Their distinctive properties include negligible vapour pressure, wide liquid temperature 

range, non-flammability, high heat capacity, high polarity, high thermal stability and 

conductivity, good solvation capacity for organic and inorganic substances and potential 

recoverability [1, 2]. In particular, ILs have the ability to fine-tune their physicochemical 

properties for a specific application by the careful selection of the side chain length or the 

substituents and its position on the ring or chain, the possible combination, and size of organic 

cations and anions. This added advantage has led to term these liquids as “designer solvents” [3]. 

Mixing of two ionic liquids or an ionic liquid and organic solvent to form binary mixtures is an 

alternate approach to tune their remarkable properties. Ionic liquids are unique complex 

molecules in which, in addition to stronger Coulombic forces and covalent interactions, there are 

important hydrogen bonding interactions, π-stacking, and Van der Waals forces, which are not 

generally present in conventional organic solvents [4]. 

Their distinctive properties make ILs widely useful in catalysis as remarkable 

environmentally benign catalysts [5] and solvents [6] in the area of green chemistry. They are 

used increasingly in the field of nanomaterials as either solvent for the synthesis or stabilization 

of nanomaterials [7]. Since ILs contains ions, they have been used in a variety of electronic 

applications, including electrolyte materials for rechargeable batteries [8], electrochemical 

capacitors [9], fuel cells [10], dye-sensitized solar cells [11] and charge storage devices, as well 

as in light-emitting materials. In addition, they have also been employed in bio-catalysis [12], 

biomass dissolution, separation, and extraction technologies [13] and in the field of spectroscopy 

[14]. Similarly, ILs are finding their way in the area of polymers as solvents for polymerization 

and as modifiers of polymer morphology.  They have been explored as materials for embalming 

and tissue preservation, adsorption films, thermal fluids [15], liquid crystals [16], fuel additives 
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and lubricants [17]. Further, they find application in protection from corrosion, evaporation, 

leakage and flame prevention [18].  

The diverse applications of ILs in certain areas have been limited because of their high 

viscosity which in turn hinders its performance within reaction media. To go through this 

difficulty and expand the applications of ILs, the effective alternative method is dilute ILs by 

suitable co-solvents [19]. One of the main barriers to the design and development of ILs for 

novel industrial applications is the scarce knowledge of the thermophysical properties like, 

density, melting point, surface tension, speed of sound, viscosity, electrical conductivity, 

refractive index and self-diffusion coefficient etc of the pure ILs and its binary liquid mixtures 

with different solvents, in wide pressure and temperature ranges. Therefore, there is a clear need 

for systematic investigation of thermophysical properties of pure ILs or their mixtures to make 

them available for use as green solvents or as new materials for different industrial applications 

and also to design new ILs for specific purposes. The knowledge and understanding of structure-

property relationships of binary systems through volumetric and acoustic properties is 

indispensable in many industrial, engineering and technological processes in designing and 

development of new processes and products, reliable correlations and predictive physical models 

in solution theories [20, 21]. The study on thermophysical properties of ILs and its solutions is 

required to contribute a quite large data to thermodynamic data bank [22]. However, the accurate 

experimental data on excess properties of (IL+ molecular solvents) is challenging and essential 

in understanding the nature and extent of interactions between them [23]. 

Among the commercially available ILs, the most prominently studied ILs are based on 

imidazolium cations with different anions such as [X] −, [BF4] −, [NTf2]−, [PF6] −, [CF3COO] −, 

[CF3SO3] −, [ClO4] −, alkyl sulphonates or alkyl sulphates. The imidazolium ILs, based on alkyl 

sulphate anions like [HSO4] −, [MeSO4] −, and [EtSO4] − are easily synthesized in an atom-

efficient and halide-free way. They also present an anion with a low toxicity in comparison with 

other ILs and are also suitable for applications in the large-scale because of their affordable 

prices. Moreover, they are hydrolysis-stable except under high temperatures and highly acidic 

conditions. They are the interesting green alternatives for polar solvents in industrial process and 

applications. Their solvent properties can easily be tunable by varying the alkyl chain length of 

the substituents at the nitrogen atoms on the imidazolium cation as well as the counter-ions.  This 

allows for a fine manipulation of their polarity and hydrophilic-hydrophobic balance, which 
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makes them the real designer solvents. Alkyl sulphate based acidic ionic liquids have received a 

considerable interest to the catalysis community because they are hydrolysis-stable, water 

soluble, non-corrosive, recoverable and contain halogen-free anions [24, 25]. Imidazolium-based 

acidic ILs containing the sulphate anion, have been currently evaluated as eco-friendly catalysts 

in different organic reactions like esterification, carbonylation, polymerization, Friedel–Crafts, 

Beckmann and Diels–Alder reactions, biomass saccharification with excellent yield and 

selectivity [26]. The Bronsted acidic ILs with hydrogen sulphate anions possessing the 

favourable properties of solid and liquid acids have shown their potential applicability in various 

chemical reactions as catalysts and solvents and replace conventional acids like H2SO4 and HCl 

[27].  

Dimethyl sulphoxide (DMSO) is a versatile colourless, polar aprotic solvent miscible 

with wide range of organic solvents [28]. Because of its good solvating capacity and non-

toxicity, DMSO is commonly used as a solvent for chemical reactions notably for nucleophilic 

substitutions and polymerization reactions [1], in biological processes and in the field of 

medicine [29]. DMSO molecule has a trigonal pyramidal geometry with a non-bonded electron 

pair on the sulphur atom. It is a self-associated liquid through dipole-dipole interactions in its 

native state as shown in Figure1(a) due to its high dielectric constant (ε = 46.7 at T = 298.15 K) 

[19] and dipole moment (μ = 3.96 D) [30]. The resonance structure of DMSO with a highly polar 

S=O group is shown in Figure 1(a). On the other hand, the self-association in DMSO is weaker 

when compared to the high degree of self-association through hydrogen bonding in alcohols in 

their pure state. On the other hand, it acts as a hydrogen bond acceptor due to its electron 

donating capacity [31].  

1-Alkanols are polar protic solvents and self-associated liquids through intermolecular H-

bonding in their pure state [32]. In its self-association, the hydroxyl group (-O-H) of alcohols act 

as hydrogen-bond donors as well as acceptors. The self-association of 1-alkanols presents 

equilibria consisting of a mixture of monomers, dimers and so on with cyclic as well as linear 

structures. But mostly, 1-alkanols exist as linear chain species as shown in Figure 1(b). The 

strength of the H-bonding in alcohols may differ depending on its concentration in the liquid 

state, the position of the functional group (-O-H), alkyl chain length, and on temperature [32-34]. 

Further, it was reported that the extent of self-association decreases with increase in the alkyl 

chain length of 1-alkanols [35, 36]. Due to its low cost and easy availability with high purity, 
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alkanols are mainly used as all-purpose solvents in varied applications, including chemical 

reactions and technological processes [37]. They are also used as fuels and as important 

precursors for many other organic compounds. They are considered as amphiphilic materials of 

great importance in the fields of biology, chemistry, and industry [38]. Hence, both the types of 

solvents, viz., DMSO and 1-alkanols are considered as “super solvents” due to their wide 

applications in industrial and medical fields [39]. 

Considering the above mentioned favourable and attractive properties of alkyl sulphate 

based ILs, DMSO and 1-alkanols and their wide range of applications, we are greatly motivated 

to investigate mixing behaviour of [emim][HSO4] with a polar aprotic solvent (DMSO) and  

polar protic solvents (EtOH, n-PrOH) through excess thermodynamic properties derived from 

experimentally measured physicochemical properties. The present study aims at investigating the 

nature and extent of self and cross-association taking place between the [emim]+ cation and 

[HSO4]─ anion of IL with an addition of molecular solvent through volumetric and acoustic 

properties. Further, the objective of the present investigation is to understand the effect of 

composition and temperature on the thermodynamic properties and on the strength of self and 

cross-association taking place in the binary systems. 

An exhaustive survey of recent literature reveals that the physicochemical properties of 

[emim][EtSO4] with water and ethanol [40], methanol, 1-propanol, and 2-propanol [41], (C6-

C9)1-alkanols [42], acetonitrile, propylene carbonate, acetone, and dichloromethane [43], 
ethanoic and propanoic acid [44], 2-propoxyethanol [45], nitromethane [46] have been 

published.  Further, some data is available on volumetric and acoustic properties of 

[emim][MeSO4] with (C1-C5)1-alkanols and 2-propanol [47, 48], ethanoic and propanoic acid 

[49]. Excess thermodynamic properties of [bmim][MeSO4] with ethanol [50] and nitromethane 

[46, 50] have been reported in the literature. However, currently there are no systematic 

measurements of volumetric and acoustic properties of [emim][HSO4] with DMSO, EtOH, and 

n-PrOH as a function of composition and temperature. In the present study, the selected 

thermophysical properties (ρ and u) have been precisely measured for pure [emim][HSO4] and its 

binary mixtures with DMSO, EtOH, and n-PrOH at 298.15 K ≤ T ≤ 313.15 K, every 5 K. 

Further, excess volumes (VE) and excess isentropic compressibilities (κs
E) for the binary liquid 

systems are computed and the corresponding values are correlated with Redlich–Kister equation 

[51] to derive the fitting parameters. Moreover, ion-dipole interactions, intermolecular hydrogen 
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bonds and the structural factors between [emim][HSO4] and molecular solvents resulting in the 

binary mixtures are discussed by using the experimental results of excess thermodynamic 

functions. Likewise, a discussion about the temperature dependence of excess thermodynamic 

properties has been carried out. 

2. Experimental 

2.1. Materials 

The Ionic liquid [emim][HSO4], is obtained from Alfa Aesar, UK with mass fraction purity ≥ 

0.980. The structure of the studied IL is presented in Figure 1(c).The physicochemical properties 

of ILs are very sensitive to water content and impurities present in it and hence [emim][HSO4] is 

further subjected to vacuum at T = 343.15 K for 36 hours and the liquid salt is tightly sealed in 

an amber bottle under nitrogen gas prior to its use. The mass fraction of water content in the 

[emim][HSO4] before and after vacuum drying, estimated by using Karl–Fischer Titrator are 

0.0017 and 0.0005 respectively. The chemicals dimethyl sulphoxide (DMSO, Merck, purity ≥ 

0.999), ethanol (EtOH, Merck, purity ≥ 0.999), 1-propanol (n-PrOH, Sigma-Aldrich, purity ≥ 

0.997) of high purity are procured. All these molecular solvents are not further purified. The 

chemical names, acronyms, CAS numbers, molar mass, supplier, purification method, molecular 

purities and water content of the liquids used are reported in Table 1. The purity of the liquid 

solvents is further checked by comparison of the measured density (ρ) and speed of sound (u) 

data at 298.15 K ≤ T ≤ 313.15 K with literature values [1, 52-61] as recorded in Table 2. It can 

be observed that the values of ρ and u for pure chemicals well agree with the values of literature. 

2.2. Apparatus and procedure  

2.2.1. Sample preparation 

The binary homogeneous solutions of [emim][HSO4] with the molecular organic solvents are 

prepared gravimetrically in airtight glass bottles with screw caps by using a digital analytical 

balance (ATY 224, Shimadzu, India) with a precision of ±110-4 g. The uncertainty in x1 of each 

mixture is calculated as being about u(x1) = ± 610-3. Experimental measurements of ρ and u are 

done immediately after preparation of sample solutions.  

2.2.2. Density (ρ) and speed of sound (u) measurements 

The density (ρ) and speed of sound (u) measurements of pure components and the binary liquid 

mixtures of [emim][HSO4] with DMSO, EtOH and n-PrOH are carried at temperatures ranging 

from 298.15 K to 313.15K, and at 0.1MPa pressure, using digital densimeter (Rudolph Research 
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Analytical, DDM-2911, USA) and ultrasonic interferometer (Mittal Enterprises, F-05, India) 

respectively. The working frequency for the speed of sound (u) measurement is 2 MHz. The 

desired temperature of the sample is maintained by a thermostat within u(T) = ± 0.02 K. Further 

details about the experimental apparatus and procedure can be found in our previous papers [62]. 

The uncertainty in density (ρ) measurements and excess volumes (VE) calculated from densities 

is estimated to be ± 110-3 g·cm-3 and ± 510-3cm3·mol−1 respectively. The uncertainty in the 

measured speeds of sound (u) and the derived excess isentropic compressibility (κs
E) values are 

found to be ± 0.5 m·s-1 and ± 0.05 TPa−1 respectively. 

3. Results and discussion 

3.1. Densities (ρ) and excess volumes (VE) 

Volumetric properties of mixtures containing ILs are complex properties which are 

sensitive to the composition, temperature, nature and extent of specific interactions, even on the 

shape, chemical nature, and size of the solute and solvent molecules [63]. The experimental 

densities (ρ) at 298.15 K ≤ T ≤ 313.15 K, at 5 K interval for pure liquids [emim][HSO4], DMSO, 

EtOH, and n-PrOH are compared with published literature values [1, 52-61]  in Table 2. It is 

observed that the experimental density values correlate with the published data. The complete 

experimental density data (ρ) is presented in Table 3 and Figures 2-4 illustrates the density (ρ) vs. 

mole fraction of [emim][HSO4] (x1) for mixtures of (IL + organic solvents) at T= 298.15 K to 

313.15 K. As expected, the densities increased with x1 in all the studied mixtures because 

[emim][HSO4] is much denser compared with organic solvents. This might be ascribed due to 

strong ion–ion or ion–dipole interactions in the binary mixtures. At a fixed temperature, ρ 

increases with an increase in x1 and for a fixed composition (x1), the values of ρ decrease with an 

increase in temperature for all the systems. With higher IL composition and lower temperature, 

the efficiency of packing between components increases in the mixture, resulting in high ρ 

values. Moreover, at the same temperature and composition, the ρ values are higher for the 

{[emim][HSO4] + DMSO} mixture, moderate for {[emim][HSO4] + EtOH} and lower in 

mixtures of the {[emim][HSO4] + n-PrOH}. The high densities of the {[emim][HSO4] + 

DMSO}system is attributed to stronger specific interactions between molecules of 

[emim][HSO4] and DMSO. Further, with increasing temperature, the molecular agitations in 

binary solutions increase which weaken the intermolecular interactions, ensuing in a decrease in 

density values. 
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The excess volumes (VE) for the liquid mixtures containing [emim][HSO4] are calculated 

from the experimental densities (ρ) through the known relation:  

                                1 1 2 2 1 1 2 2

1 2

E x M x M x M x MV
  

 
   

 
                                                (1) 

where ρ depicts the density of the binary system; 1 1, x , M1 and 2 2, x , M2 represent the density, 

mole fraction and molar mass of [emim][HSO4] and organic solvents, respectively. 

The VE values rely on the balance between the following competing effects [32, 49, 63]:  

(a) Chemical effect: Formation of the hydrogen bonds, ion-ion interactions, stronger dipole-

dipole, ion-dipole interactions, donor–acceptor complexes, n-π interactions, π-π interactions 

among the components of the mixture contributes to the negative VE values. The disruption of 

interactions between the constituents of mixture results in the positive values of VE. 

(b) Physical effect: The non-specific interactions caused mainly by weak Van der Waals forces 

or London dispersion forces between the components will mainly result in positive VE values. 

 (c) Structural effect: Packing of smaller component molecules into others interstices because of 

their variation in shape, size, free volumes and molar volumes result in the negative VE. On the 

other hand, a positive VE is an indication of an ill-fitting between the mixed components. 

The excess volumes (VE) for {[emim][HSO4] + organic solvents} against x1 of 

[emim][HSO4] at 298.15 K ≤ T ≤ 313.15 K are displayed in Table 3 and Figures 5-7. It is noticed 

that VE values are negative across the complete composition (x1) at four studied temperatures. 

The VE vs. x1 curves of the above systems are asymmetric with their minima skewed towards 

organic solvents-rich mole fraction (i.e., at x1 between 0.3 and 0.4.). When the (IL + organic 

solvent) mixtures are compared, the absolute values of VE at the same temperature and 

composition are found to be:  

[emim][HSO4] + DMSO > [emim][HSO4] + EtOH > [emim][HSO4] + n-PrOH. 

In [emim]+ of IL, the carbon atoms C4- and C5- are almost neutral whereas C2-H is 

positively charged due to the electron deficiency in the C=N bond. The large positive charge is 

responsible for the highly acidic nature of hydrogen atom of C2-H in the imidazolium cation of 

IL. The repulsive interactions due to C=C bond explain the considerable electron releasing 

behaviour of C4- and C5- atoms [64]. The association within the pure [emim][HSO4] liquid is 

mostly due to ion–ion attractions between the larger [emim]+ and the smaller [HSO4]- and π-π 

interactions between the imidazolium cations. After mixing the IL with an organic solvent, the 
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interactions between anions and solvent molecules and between cations and solvent molecules 

are generated. The excess volumes (VE) for the three systems under study are influenced by the 

balance between the expansion and contraction effects arising due to mixing of ILs with polar 

organic solvents: (i) expansion of self-associated DMSO and alcohol due to disruption of  dipole-

dipole interactions and hydrogen bonds respectively (ii) expansion of associated [emim][HSO4] 

due to weakening of ion-ion interactions and π-π interactions (iii) contraction due to ion-dipole 

interaction and H-bonding between [emim]+ cation and oxygen atoms of organic solvents (iv) 

contraction due to ion-dipole interaction and H-bonding between [HSO4]─ anion and hydrogen 

atom of alcohol or sulphur atom of  DMSO as illustrated in Figure 8, and (v) contraction due to 

the size difference between [emim][HSO4] and organic solvents. The molar volumes (Vm) of 

[emim][HSO4], DMSO, EtOH, n-PrOH are (152.47, 71.33, 58.67 and 75.13) cm3·mol−1 

respectively at T/K = 298.15. This significant difference in Vm values causes molecular 

arrangement of a relatively smaller organic molecule into the interstices of [emim][HSO4] upon 

mixing. The negative VE value suggests that the volume contraction factors (iii), (iv) and (v) 

outweigh the volume expansion factors (i) and (ii) in the mixtures. Hence, the structure making 

factors like ion–dipole interactions, cross H-bonding formation and also the molecular 

arrangement via packing effect between [emim] [HSO4] and organic solvents govern the 

negative values of VE in all the three systems. The minima in VE for the three binary systems can 

be found in the organic solvent-rich region which might be interpreted as the favourable 

combination of strong inter-molecular bonds between the components in the mixture and a high 

degree of occupation of smaller organic solvent molecules into the interstices formed by the 

[emim][HSO4] network [65]. 

In general, polar solvents of high dielectric constants (ε) show better miscibility and 

stronger inter-molecular interactions with ionic liquids [19]. The more negative VE values of 

{[emim][HSO4]+DMSO} than {[emim][HSO4] + 1-alkanol} systems suggests the relatively 

stronger ion-dipole and cross H-bonding interactions between highly acidic proton of C2-H in 

the [emim]+ cation and an oxygen atom of S=O group of DMSO. The higher dipole moment and 

dielectric constant for DMSO (ε =46.7, at T/K = 298.15) [19] than EtOH (ε = 24.2 at T/K = 

298.15) and n-PrOH (ε =20.1 at T/K = 298.15) may be responsible for its stronger inter-

molecular interactions with [emim][HSO4] which in turn results in more negative VE. The VE 

values of (IL + ethanol) are more negative than (IL + 1-propanol) system. This indicates that the 
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(ion + dipole) interactions and packing efficiency decrease with increase in the alkyl chain length 

of 1-alkanol. Gonzalez et al. [41] found the similar result for the {[emim][EtSO4] + alcohol} 

systems. In addition, similar behaviour was reported by Requejo et al. [47] and Wang et al. [48] 

for {[emim][MeSO4]+ alcohol} systems. 1-Propanol has a lower dipole moment, lower dielectric 

constant, slightly hydrophobic and lesser capability to donate protons than ethanol. The larger 

aliphatic propyl (-C3H7) group in (IL + 1-propanol) system offers some steric hindrance for the 

interaction of -O-H group of 1-propanol with cation and anion of IL. This weakens the 

interactions between unlike molecules and results in lesser negative VE than (IL + ethanol) 

system. Moreover, the more negative VE of (IL + ethanol) system can be attributed to the fact 

that small ethanol molecules can effectively fill the free volume between the ionic networks of 

the ILs [66].  

The temperature dependence of VE is most evident in all the three IL mixtures with 

organic solvents. With an increase in temperature, the VE values become more negative over the 

complete composition for the binary systems. The hydrogen bonds are more sensitive to 

temperature than the Coulombic interactions. At high temperatures, the Coulombic interactions 

might be stronger, but the hydrogen bonding interactions become weaker [67]. The more 

negative VE values with increase in temperature may be ascribed due to the predominant 

weakening of the self-association between like molecules than the intermolecular interactions 

between [emim][HSO4] and organic solvents. Further, the more negative VE is also attributed to 

the more effective packing between [emim][HSO4] and organic solvents due to enlargement of 

voids of IL molecules with temperature [43]. 

It may be expected that hydrogen sulphate ( 4HSO ) anion of [emim][HSO4] reacts with 

ethanol and 1-propanol to produce ethyl sulphate ( 4EtSO ) and propyl sulphate ( 4PrSO ) 

respectively: 

                       2 3 2 3 2R CH OH HO SO R CH OSO H O                                                     (2) 

The possibility of reaction of 4HSO anion with alcohols is checked through 1H-NMR 

spectral studies. 1H-NMR spectra of the samples are recorded at 400 MHz by using JEOL, JNM-

ECS400 NMR spectrometer. In this analysis, chemical shift (δ) values are reported and D2O (H: 

δ = 4.6910-6) and CDCl3 (H: δ = 7.3310-6) are used as a solvents. 
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The 1H-NMR spectra of pure [emim][HSO4], ethanol and 1-propanol are shown as 

Supplementary Information in Figures S1-S3. The 1H-NMR spectra of the equimolar binary 

mixture of [emim][HSO4] with ethanol and 1-propanol after 12 h of mixing are shown as 

Supplementary Information in Figures S4 and S5 respectively. The corresponding 1H-NMR 

chemical shift (δ) values of the pure components and their equimolar binary liquid mixtures are 

as follows: 
1H-NMR ([emim][HSO4]): δ=8.51 (C2-H,1H), δ=7.29-7.22 (C4,5-H,2H), δ=4.03 (N-CH2, 

2H), δ=3.69 (N-CH3,3H), δ=1.29 (NCH2CH3,3H), and the proton of HSO4
− is exchanged with 

D2O; 1H-NMR(ethanol): δ=3.68 (O-CH2-,2H), δ=3.11 (-O-H,1H) and δ=1.22 (CH3-CH2-,3H); 
1H-NMR (1-propanol): δ=3.57 (O-CH2-,2H), δ=2.61 (-O-H,1H) , δ=1.57 (CH3-CH2-,2H), and 

δ=0.92 (CH3-CH2-,3H).1H-NMR([emim][HSO4]+ethanol): δ=8.47 (C2-H,1H), δ=7.26-7.19 (C4,5-

H,2H), δ=3.98 (N-CH2,2H), δ=3.65 (N-CH3,3H), δ=3.37 (O-CH2-,2H), δ=1.24 (N-CH2-CH3,3H), 

δ=0.91 (CH3-CH2-,3H), and the protons of -OH and HSO4
− are exchanged with D2O; 1H-NMR 

([emim][HSO4]+1-propanol): δ=8.51 (C2-H,1H), δ=7.27 (C4,5-H,2H), δ=4.03 (N-CH2,2H), 

δ=3.69 (N-CH3,3H), δ=3.35 (O-CH2,2H), δ=1.34-1.28 (N-CH2-CH3,3H and O-CH2-CH2,2H), 

δ=0.68 (CH3-CH2-,3H), and the protons of -OH and HSO4
− are exchanged with D2O solvent.  

The formation of alkyl sulphate anions by the reaction of 4HSO  with alcohols may be 

indicated by the appearance of a new peak for the 2 3CH OSO   protons in 1H-NMR spectra of 

the equimolar binary mixture of [emim][HSO4] with alcohols. In 1H-NMR spectra of mixtures, 

no new peak corresponding to 2 3CH OSO   protons of alkyl sulphates are observed, which 

suggest the absence of formation of alkyl sulphate anions at the investigated temperatures. 

Moreover, this type of reaction is not reported in the liquid-liquid equilibria studies of ternary 

systems containing {[emim][HSO4] + ethylacetate + ethanol} carried out at 313.2 K by 

Naydenov et al. [68]. It is also found in the literature that, in the esterification reaction of ethanol 

and 1-propanol with acetic acid in [emim][HSO4] at temperatures of 60 °C and 80 °C 

respectively, alcohol may react with the 4HSO  anion to produce very small amounts of 

corresponding alkyl sulphate anions in 24 h of reaction time [69]. 
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3.2. Speed of sound (u) and excess isentropic compressibility (κs
E) 

The speed of sound (u) has been claimed to be one of the important experimentally 

measured thermodynamic properties with good precision at different temperatures. It can be 

related with isentropic compressibility (κs) and excess isentropic compressibility (κs
E), which is 

frequently called for the design and development of several robust industrial processes. The 

results of the speed of sound (u) for {[emim][HSO4] + organic solvents} as a function of 

composition and temperature are incorporated in Table 4. The variations of u against x1, at 

298.15 K ≤ T ≤ 313.15 K for the three binary solutions are shown in Figures 9-11. The increase 

in u values with an increase in x1 suggests the increase in compactness of that system. This may 

be attributed to the geometrical effects which allow the accommodation of organic molecules 

into [emim][HSO4]  network due to the significant variation in their molar volumes. A perusal of 

u data for the above systems reveals that the property decreases with increase in temperature. 

This may be attributed to the fact that with an increase in temperature, the availability of spaces 

for the interstitial accommodation of smaller organic solvent molecules into voids created by 

larger IL molecules increases. 

Laplace-Newton’s equation [70] is used to compute isentropic compressibility (κs) values 

of (IL + organic solvents) to assess molecular compactness: 

                      2

1
s u




                         (4) 

The excess isentropic compressibility (κs
E) values are derived from the ideal isentropic 

compressibilities (κs
id) by using the relation:  

        κs
E = κs - κs

id                        (5) 

The ideal isentropic compressibility (κs
id ) is calculated through the following relation 

[71]: 
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id
s Cx /αVxTC / αTVκκ                    (6) 

where xi, Vi, κs,i, i , αi and Cp,i represents the mole fraction, molar volume, volume fraction, 

isentropic compressibility, thermal expansivity and molar heat capacity of ith component in the 

binary mixture respectively. The molar heat capacity (Cp,i) values for the pure components are 

obtained from the literature [53,56,58,60] and are presented in Table 2. The isobaric thermal 

expansivity (αi) of the investigated liquids at specified temperatures is evaluated from density (ρ) 
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data using eq (5). We obtained the αi values of the studied liquids from the slope of the linear 

fitting of ln ρ versus T (R2 > 0.99) and these values are shown in Table 2. 

                   1 1 ln
i

P P P

V
V T T T

 




         
           

         
                                                      (7) 

Table 4 also includes the experimental κs and κs
E values of {[emim][HSO4] + organic 

solvents} over the complete composition at 298.15 K ≤ T ≤ 313.15 K. The values of κs
E as the 

function of x1 for the three binary series are plotted in Figures 12-14. The κs
E values have the 

same sign as that of the VE values. The negative values of κs
E for the three binary solutions reveal 

that their structural order is higher and are less compressible when compared to ideal mixtures 

due to the stronger intermolecular interaction between the IL and organic solvents [72].  

The magnitude of negative κs
E for the liquid mixtures follows the order: 

[emim][HSO4] + EtOH  > [emim][HSO4] + n-PrOH  > [ emim][HSO4] + DMSO  

It can be observed that curves of κs
E vs. x1 are asymmetric with a minimum in κs

E values 

skewed toward organic solvent-rich compositions, which are common in the binary systems 

containing component molecules with a large difference in their molar volumes. The negative κs
E 

values for the {[emim][HSO4] + organic solvent} systems results from the contributions from 

chemical and structural effects of component molecules. The chemical effects include the 

disruption of self-associated pure liquids on mixing and simultaneous formation of new ion-

dipole and H-bonding interactions between [emim][HSO4] and polar organic solvents. This 

decreases the compressibility and in turn, leads to negative κs
E values for these liquid mixtures. 

The structural effect which involves the favourable geometrical fitting of organic solvents into 

the structural network of bigger [emim][HSO4] molecules because of the considerable difference 

in molar volumes (Vm) of [emim][HSO4] (=152.47 cm3·mol-1), DMSO (=71.33 cm3·mol-1), EtOH 

(=58.67 cm3·mol-1) and n-PrOH (=75.13 cm3·mol-1) also leads to the negative κS
E values. The 

more negative values of κS
E for {[emim][HSO4] + EtOH} than the other two systems are the 

account of the better packing efficiency between the smaller EtOH molecules and bulkier 

[emim][HSO4]. The less negative κs
E values for {[emim][HSO4] + DMSO} system might be 

attributed to the fact that the large size of the sulphur atom in DMSO causes less efficient fitting 

into the interstices of [emim][HSO4] [55]. 
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At a fixed composition, the κs
E decreases with rise in temperature for all the investigated 

mixtures due to the decrease in solute-solute and solvent-solvent interactions more with 

temperature than that of solute-solvent interactions [73]. Moreover, increase in the temperature 

results in the enlargement of interstices, which in turn increases the packing efficiency between 

the dissimilar molecules [43, 74]. 

 
3.3. Correlation of derived properties 

The experimental excess functions (VE and κs
E) of {[emim][HSO4] + organic solvents}  at 

T = (298.15, 303.15, 308.15, and 313.15) K are correlated with mole fraction, using the 

following form of Redlich-Kister polynomial equation [75]:   

                 1 1 1
0

(1 ) 2 1
n

iE
i

i
Y x x A x



                                                                                           (8)                                                         

where EE E
sY orV  ; x1 is the mole fraction of pure [emim][HSO4].  

The values of adjustable parameters Ai of each excess property are evaluated by following the 

procedure of least-squares. The fitting parameter values together with respective standard 

deviations σ(YE) are gathered in Table 5.  

The standard deviation σ(YE) is determined from the equation given below [76]:  

                 
 
 

1
2 2

exp
E E

calE
Y Y

Y
m n



 
 
 
 

                                                                   (9)  

where m and n represent the number of experimental measurements and adjustable parameters 

respectively.  

The low values of standard deviations obtained at the investigated temperatures for 

{[emim][HSO4] + organic solvents} systems indicate that the experimental excess properties are 

consistent.  

4. Conclusion:   

We report here on the composition and temperature dependence of density (ρ) and speed of 

sound (u) for the liquid mixtures of 1-ethyl-3-methylimidazolium hydrogen sulphate, 

[emim][HSO4] with polar protic solvents ethanol (EtOH) and 1-propanol (n-PrOH) and polar 

aprotic solvent, dimethyl sulphoxide (DMSO) at T = (298.15, 303.15,  308.15 and 313.15) K. 
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The experimental values of ρ and u increase with the mole fraction of IL (x1) and decreases with 

the temperature. From the experimental ρ and u data, excess volumes (VE) and excess isentropic 

compressibilities (κs
E) are computed for {[emim][HSO4] + organic solvents} systems. The VE 

and κs
E values are negative at all the investigated temperatures for the systems. We have 

discussed the thermodynamic behaviour of the mixed solvents in terms of ion-dipole, cross H-

bonding interactions and packing effects of component molecules. Moreover, we explained here 

the effect of temperature on the excess properties. It is deduced that the non-ideality of the 

investigated liquid mixtures increases with temperature. 
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Figure captions 

Figure 1 (a) Self association and resonance structure of DMSO (b) self-association of 1-alkanols 

and (c) chemical structure of 1-ethyl-3-methylimidazolium hydrogen sulphate. 

Figure 2 Densities () of the {[emim][HSO4] (1) + DMSO (2)} system against mole fraction (x1) 

at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼). 

Figure 3 Densities () of the {[emim][HSO4] (1) + EtOH (2)} system against mole fraction (x1) 

at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼). 

Figure 4 Densities () of the {[emim][HSO4] (1) + n-PrOH (2)} system against mole fraction 

(x1) at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼). 

Figure 5 Excess volumes (VE) against mole fraction (x1) for liquid mixtures of {[emim][HSO4] 

(1) + DMSO (2)} at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼). 

Figure 6 Excess volumes (VE) against mole fraction (x1) for liquid mixtures of {[emim][HSO4] 

(1) + EtOH (2)} at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼). 

Figure 7 Excess volumes (VE) against mole fraction (x1) for liquid mixtures of {[emim][HSO4] 

(1) + n-PrOH (2)} at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼). 

Figure 8 Ion-dipole and cross hydrogen bonding interactions between [emim][HSO4] and 

DMSO or 1-alkanols in the binary mixtures. 

Figure 9 Speeds of sound (u) of the {[emim][HSO4] (1) + DMSO (2)} system against mole 

fraction at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼). 

Figure 10 Speeds of sound (u) of the {[emim][HSO4] (1) + EtOH (2)} system against mole 

fraction at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼). 

Figure 11 Speeds of sound (u) of the {[emim][HSO4] (1) + n-PrOH (2)} system against mole 

fraction at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) and 313.15 K (▼). 
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Figure 12 Plot of excess isentropic compressibilities (κs
E) vs. mole fraction (x1) for binary 

systems of {[emim][HSO4] (1) + DMSO (2)} at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) 

and 313.15 K (▼). 

Figure 13 Plot of excess isentropic compressibilities (κs
E) vs. mole fraction (x1) for binary 

systems of {[emim][HSO4] (1) + EtOH (2)} at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) 

and 313.15 K (▼). 

Figure 14 Plot of excess isentropic compressibilities (κs
E) vs. mole fraction (x1) for binary 

systems of {[emim][HSO4] (1) + n-PrOH (2)} at T = 298.15 K (■), 303.15 K (●), 308.15 K (▲) 

and 313.15 K (▼). 

 

 

 
 

Figure 1 



  

21 
 

 
Figure 2 

 
Figure 3 

 



  

22 
 

 
Figure 4 

 
Figure 5 



  

23 
 

 
Figure 6 

 
Figure 7 



  

24 
 

 

 
 

Figure 8 

 
Figure 9 



  

25 
 

 
Figure 10 

 
Figure 11 



  

26 
 

 
Figure 12 

 
Figure 13 



  

27 
 

 
Figure 14 

 
Table 1    
Chemical name, acronym, CAS number, molar mass, source, purification method, mass fraction 
purity and water content of the pure liquids used in the present study. 
 

Name of the 
chemical Acronym 

CAS  
Number 

Molar 
mass / 
g·mol−1 

Source 
Purification 

method 

Mass 
fraction 
purity 

Water 
content 
by KF 
/(%) 

1-Ethyl-3-

methylimidazolium 

hydrogen sulphate 
[emim][HSO4] 

412009-

61-1 

 

208.24 
Alfa Aesar, 

UK 

Vacuum 

drying 
0.980a* 0.05 

Dimethyl 

sulphoxide 
DMSO 67-68-5 78.13 

Merck, 

India 
None 0.999b* 0.05* 

Ethanol EtOH 64-17-5 46.07 
Merck, 

India 
None 0.999b* 0.01* 

1-Propanol n-PrOH 71-23-8 60.10 

Sigma-

Aldrich, 

India 

None 0.997b* 0.05* 

aIon Chromatography analysis by supplier , bGas Chromatography analysis  by supplier, *Specified by supplier            
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Table 2   
Comparison of experimental and literature values of density (ρ) and speed of sound (u) of the 
pure liquids along with their molar heat capacity (Cp) and thermal expansivity (α) values at 
298.15 K ≤ T ≤ 313.15 K and 0.1MPa pressure. 
 

Pure 
compound 

T/ K   /g·cm-3  u /m·s-1 
CP /J·K-1·mol−1

 α*/k·K−1 
Exp. Lit  Exp. Lit 

[emim][HSO4] 

298.15 1.36575 1.36577a  1982.8 - 295.5l 0.4554 
  1.36579b      
  1.3674c      

303.15 1.36262 1.36267a  1962.9 - 297.0b 0.4565 
  1.36263b      
  1.3643c      

308.15 1.35953 1.35959a  1943.1 - 299.4l 0.4575 
  1.3611c      

313.15 1.35641 1.35690a  1923.2 - 302.0b 0.4586 
  1.35627b      
  1.3578c      

Dimethyl 
sulphoxide 

298.15 1.09533 1.095387d  1485.0 1485.97d 151.5f 0.9130 
  1.09542e   1486.26e   

303.15 1.09032 1.090367d  1468.3 1468.15d 152.2f 0.9172 
  1.09040e   1469.20e   

308.15 1.08531 1.085348d  1451.1 1451.28d 152.9f 0.9214 
  1.08539e   1452.66e   

313.15 1.08029 1.080327d  1434.2 1434.50d 153.7f 0.9257 

Ethanol 

 

298.15 0.78526 0.78528g  1142.7 1142.5h 113.3h 1.1018 
  0.7853h   1142.8i   
  0.78510i      

303.15 0.78098 0.78096g  1125.3 1125.5h 115.3h 1.1078 
  0.7810h      

308.15 0.77666 0.77661g  1108.8 1108.6h 117.5h 1.1140 
  0.7767h   1109.1i   
  0.77644i      

313.15 0.77228 0.77223g  1091.5 1091.8h 119.7h 1.1203 
  0.7723h      

1-Propanol 

 

298.15 0.79996 0.80001j  1206.1 1205.93j 144.47j 1.0198 
  0.79977k   1206.17k   
  0.79956i   1205.37i   

303.15 0.79592 0.79597j  1189.1 1189.26j 147.80j 1.0250 
308.15 0.79182 0.79189j  1172.2 1172.37j 150.05j 1.0303 
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Standard uncertainties are u(ρ) = 1x10-3 g·cm−3, u(u)= 0.5 m·s−1, u(α)=0.002 k·K−1, u (T) = 0.02 K and u (P) = 1 kPa 
a Reference [52] 
b Reference [53]  
c Reference [54] 
d Reference [1] 
e Reference [55] 
f Reference [56]  

g Reference [57] 
hReference [58] 
i,Reference [59] 
j Reference [60] 
k Reference [61] 
l Estimated using group contribution additivity. 
*Derived from our measured densities. 
 
Table 3   
Mole fraction of [emim][HSO4] (x1), densities (  /g.cm-3) and excess volumes (VE /cm3.mol-1) for 
the binary liquid mixtures of [emim][HSO4]  with DMSO, EtOH and n-PrOH at 298.15 K ≤ T ≤ 
313.15 K and 0.1MPa pressure. 
 

 1
   /g·cm-3  V E/cm3·mol-1 

T/K=298.15  303.15  308.15  313.15   T/K=298.15  303.15  308.15  313.15  

[emim][HSO4] (1) + DMSO (2) 
0.0000 1.09533 1.09032 1.08531 1.08029  0.000 0.000 0.000 0.000 
0.0494 1.12882 1.12411 1.11940 1.11468  -0.430 -0.445 -0.461 -0.476 
0.1349 1.17573 1.17137 1.16699 1.16254  -0.895 -0.923 -0.950 -0.973 
0.2377 1.21912 1.21491 1.21085 1.20672  -1.161 -1.185 -1.218 -1.248 
0.3638 1.25943 1.25551 1.25166 1.24785  -1.231 -1.256 -1.285 -1.320 
0.5219 1.29719 1.29361 1.29003 1.28651  -1.101 -1.129 -1.155 -1.190 
0.6517 1.32097 1.31758 1.31421 1.31090  -0.875 -0.900 -0.925 -0.957 
0.7261 1.33242 1.32914 1.32590 1.32264  -0.707 -0.732 -0.757 -0.783 
0.8081 1.34371 1.34051 1.33732 1.33410  -0.510 -0.530 -0.548 -0.566 
0.9182 1.35703 1.35389 1.35073 1.34761  -0.225 -0.236 -0.240 -0.252 
1.0000 1.36575 1.36262 1.35953 1.35641  0.000 0.000 0.000 0.000 

[emim][HSO4] (1) + EtOH (2) 
0.0000 0.78526 0.78098 0.77666 0.77228  0.000 0.000 0.000 0.000 
0.0281 0.82967 0.82550 0.82128 0.81700  -0.279 -0.293 -0.306 -0.320 
0.0878 0.91066 0.90670 0.90270 0.89863  -0.684 -0.719 -0.753 -0.788 
0.1779 1.00745 1.00374 0.99998 0.99614  -0.988 -1.040 -1.091 -1.142 
0.3378 1.12995 1.12652 1.12306 1.11954  -1.104 -1.164 -1.223 -1.282 
0.4731 1.20392 1.20065 1.19738 1.19405  -1.054 -1.112 -1.170 -1.228 

  0.79146i   1171.41i   
313.15 0.78773 0.78777j  1155.4 1155.53j 153.58j 1.0356 

  0.78754k   1155.36k   



  

30 
 

0.5770 1.24874 1.24556 1.24238 1.23913  -0.966 -1.019 -1.072 -1.122 
0.6689 1.28187 1.27869 1.27552 1.27231  -0.852 -0.893 -0.934 -0.975 
0.7759 1.31438 1.31118 1.30800 1.30478  -0.668 -0.692 -0.717 -0.741 
0.8797 1.34071 1.33751 1.33434 1.33114  -0.420 -0.430 -0.440 -0.450 
1.0000 1.36575 1.36262 1.35953 1.35641  0.000 0.000 0.000 0.000 

[emim][HSO4] (1) + n-PrOH (2) 
0.0000 0.79996 0.79592 0.79182 0.78773  0.000 0.000 0.000 0.000 
0.0519 0.85954 0.85559 0.85162 0.84765  -0.276 -0.292 -0.311 -0.330 
0.1097 0.91850 0.91464 0.91080 0.90693  -0.490 -0.517 -0.552 -0.584 
0.2473 1.03463 1.03095 1.02723 1.02351  -0.761 -0.801 -0.841 -0.883 
0.3301 1.09159 1.08801 1.08439 1.08078  -0.805 -0.848 -0.890 -0.934 
0.4250 1.14759 1.14415 1.14069 1.13724  -0.768 -0.813 -0.860 -0.909 
0.5348 1.20262 1.19935 1.19607 1.19277  -0.640 -0.689 -0.738 -0.787 
0.6634 1.25673 1.25360 1.25050 1.24733  -0.416 -0.462 -0.511 -0.556 
0.8160 1.31071 1.30754 1.30442 1.30131  -0.162 -0.184 -0.208 -0.236 
0.9035 1.33805 1.33487 1.33173 1.32862  -0.064 -0.072 -0.081 -0.096 
1.0000 1.36575 1.36262 1.35953 1.35641  0.000 0.000 0.000 0.000 

The standard uncertainties are u (x) = 6x10-3, u (ρ) = 1x10-3 g·cm−3, u (T) = 0.02K, u (P) = 1 kPa and the combined 

expanded uncertainties Uc are Uc(VE) = 0.005 cm3·mol−1 (0.95 level of confidence). 

 
Table 4 
Speeds of sound (u), isentropic compressibilities (κS ) and excess isentropic compressibilities 
(κS

E) for the binary mixtures of [emim][HSO4]  with DMSO, EtOH and n-PrOH  as a function of 
mole fraction of [emim][HSO4] (x1), at T = (298.15 to 313.15)K and 0.1MPa pressure. 
 

 1
 u /m·s-1 κS /TPa-1

 κs
E/TPa-1  1

 u/m·s-1 κS /TPa-1
 κs

E/TPa-1 

[emim][HSO4] (1) + DMSO (2) 
T/K=298.15                                                            T/K=308.15  

0.0000 1485.0 414.0 0.0 0.0000 1451.1 437.6 0.0 
0.0494 1530.5 378.2 -15.0 0.0494 1495.9 399.2 -16.3 
0.1349 1600.5 332.0 -29.3 0.1349 1564.8 350.0 -31.7 
0.2377 1672.7 293.2 -35.2 0.2377 1635.9 308.6 -38.1 
0.3638 1746.9 260.2 -34.3 0.3638 1709.3 273.5 -37.1 
0.5219 1823.3 231.9 -27.6 0.5219 1784.9 243.3 -29.9 
0.6517 1875.5 215.2 -20.4 0.6517 1836.6 225.6 -22.1 
0.7261 1902.0 207.5 -16.0 0.7261 1862.8 217.3 -17.3 
0.8081 1928.7 200.1 -11.1 0.8081 1889.3 209.5 -12.0 
0.9182 1961.0 191.6 -4.6 0.9182 1921.5 200.5 -5.0 
1.0000 1982.8 186.2 0.0 1.0000 1943.1 194.8 0.0 

T/K=303.15  T/K=313.15  

0.0000 1468.3 425.4 0.0 0.0000 1434.2 450.0 0.0 
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0.0494 1513.4 388.4 -15.6 0.0494 1478.6 410.4 -17.0 
0.1349 1582.9 340.7 -30.4 0.1349 1547.0 359.4 -33.0 
0.2377 1654.4 300.7 -36.5 0.2377 1617.6 316.7 -39.7 
0.3638 1728.2 266.7 -35.6 0.3638 1690.5 280.4 -38.7 
0.5219 1804.2 237.5 -28.7 0.5219 1765.7 249.3 -31.2 
0.6517 1856.1 220.3 -21.2 0.6517 1817.1 231.0 -23.0 
0.7261 1882.4 212.3 -16.6 0.7261 1843.2 222.5 -18.1 
0.8081 1909.0 204.7 -11.5 0.8081 1869.6 214.4 -12.6 
0.9182 1941.2 196.0 -4.8 0.9182 1901.6 205.2 -5.3 
1.0000 1962.9 190.5 0.0 1.0000 1923.2 199.3 0.0 

[emim][HSO4] (1) + EtOH (2) 
T/K=298.15  T/K=308.15  

0.0000 1142.7 975.3 0.0 0.0000 1108.8 1047.3 0.0 
0.0281 1190.1 851.0 -73.3 0.0281 1152.1 917.3 -74.8 
0.0878 1289.8 660.1 -167.8 0.0878 1245.3 714.3 -173.7 
0.1779 1416.2 494.9 -211.3 0.1779 1370.9 532.1 -224.6 
0.3378 1577.8 355.5 -185.9 0.3378 1538.6 376.1 -202.6 
0.4731 1698.6 287.9 -148.7 0.4731 1653.0 305.6 -159.9 
0.5770 1780.2 252.7 -118.3 0.5770 1731.4 268.5 -126.1 
0.6689 1836.4 231.3 -89.9 0.6689 1796.0 243.1 -97.8 
0.7759 1893.6 212.2 -58.8 0.7759 1850.2 223.3 -63.2 
0.8797 1943.4 197.5 -31.3 0.8797 1900.8 207.4 -33.4 
1.0000 1982.8 186.2 0.0 1.0000 1943.1 194.8 0.0 

T/K=303.15  T/K=313.15  

0.0000 1125.3 1011.2 0.0 0.0000 1091.5 1086.9 0.0 
0.0281 1170.6 884.0 -74.1 0.0281 1132.9 953.7 -75.8 
0.0878 1267.3 686.7 -171.1 0.0878 1222.8 744.2 -176.9 
0.1779 1393.3 513.2 -218.1 0.1779 1348.0 552.5 -232.0 
0.3378 1558.4 365.5 -194.5 0.3378 1516.6 388.3 -210.9 
0.4731 1675.8 296.6 -154.3 0.4731 1630.3 315.1 -166.3 
0.5770 1755.7 260.5 -122.2 0.5770 1707.9 276.7 -130.8 
0.6689 1816.2 237.1 -93.8 0.6689 1773.8 249.8 -101.7 
0.7759 1871.9 217.7 -61.0 0.7759 1828.5 229.2 -65.6 
0.8797 1922.1 202.4 -32.4 0.8797 1879.5 212.7 -34.6 
1.0000 1962.9 190.5 0.0 1.0000 1923.2 199.3 0.0 

[emim][HSO4] (1) + n-PrOH (2) 
T/K=298.15  T/K=308.15  

0.0000 1206.1 859.3 0.0 0.0000 1172.2 919.1 0.0 
0.0519 1272.3 718.7 -77.8 0.0519 1237.1 767.3 -84.2 
0.1097 1342.3 604.3 -128.5 0.1097 1305.9 643.8 -139.0 
0.2473 1486.2 437.6 -164.6 0.2473 1448.3 464.1 -178.2 
0.3301 1561.1 375.9 -159.4 0.3301 1522.1 398.0 -172.4 
0.4250 1640.8 323.7 -143.8 0.4250 1601.4 341.8 -155.7 
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0.5348 1724.4 279.6 -119.1 0.5348 1684.2 294.8 -128.8 
0.6634 1808.4 243.3 -85.6 0.6634 1767.3 256.0 -92.3 
0.8160 1892.0 213.1 -44.9 0.8160 1850.6 223.9 -48.3 
0.9035 1937.7 199.0 -23.2 0.9035 1898.1 208.4 -25.2 
1.0000 1982.8 186.2 0.0 1.0000 1943.1 194.8 0.0 

T/K=303.15  T/K=313.15  

0.0000 1189.1 888.6 0.0 0.0000 1155.4 951.0 0.0 
0.0519 1254.7 742.4 -80.9 0.0519 1219.7 793.0 -87.7 
0.1097 1324.0 623.7 -133.4 0.1097 1288.1 664.5 -144.9 
0.2473 1467.1 450.7 -171.0 0.2473 1429.1 478.4 -185.2 
0.3301 1542.0 386.5 -165.8 0.3301 1502.6 409.8 -179.3 
0.4250 1621.3 332.5 -149.5 0.4250 1581.7 351.5 -161.9 
0.5348 1704.9 286.9 -123.8 0.5348 1664.9 302.5 -134.1 
0.6634 1788.3 249.4 -88.9 0.6634 1747.8 262.4 -96.2 
0.8160 1871.6 218.3 -46.6 0.8160 1830.1 229.4 -50.1 
0.9035 1917.9 203.7 -24.2 0.9035 1878.1 213.4 -26.2 
1.0000 1962.9 190.5 0.0 1.0000 1923.2 199.3 0.0 

The standard uncertainties are u(x) = 6x10-3, u(u) = 0.5 m·s−1, u(T) = 0.02 K, u (P) = 1 kPa and the combined 
expanded uncertainties Uc is Uc(κS

E ) = 0.03 TPa−1 (0.95 level of confidence). 
 
 
 
Table 5  
  
Fitting parameters (Ai) for the Redlich–Kister equation (6) along with the corresponding standard 
deviations for excess functions σ(YE) for the binary mixtures at 298.15 K ≤ T ≤ 313.15 K and 
0.1MPa pressure. 

Temperature A0 A1 A2 A3 A4 σ (YE) 

[emim][HSO4] (1) + DMSO (2)  VE /cm3·mol-1 
298.15 -4.523 2.506 -1.194 1.152 -0.845 0.0014 
303.15 -4.625 2.480 -1.289 1.314 -0.930 0.0012 
308.15 -4.732 2.476 -1.466 1.514 -0.817 0.0013 
313.15 -4.883 2.487 -1.344 1.593 -1.124 0.0022 

[emim][HSO4] (1) + DMSO (2)  κs
E/TPa-1 

298.15 -115.1 96.38 -60.52 58.15 -39.47 0.1438 
303.15 -119.6 99.85 -62.79 61.01 -41.57 0.1493 
308.15 -124.8 103.9 -66.55 64.12 -43.51 0.1683 
313.15 -130.1 108.0 -67.57 67.12 -46.45 0.1748 

[emim][HSO4] (1) + EtOH (2)  VE /cm3·mol-1 
298.15 -4.143 1.463 -2.213 1.859 -1.430 0.0017 
303.15 -4.370 1.574 -2.239 2.019 -1.445 0.0012 
308.15 -4.597 1.684 -2.238 2.176 -1.498 0.0012 
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313.15 -4.822 1.793 -2.247 2.332 -1.544 0.0012 

[emim][HSO4] (1) + EtOH (2)  κs
E/TPa-1 

298.15 -561.4 561.5 -520.2 773.6 -600.6 0.7327 
303.15 -583.3 596.5 -565.8 753.0 -538.7 0.6006 
308.15 -605.4 629.2 -597.3 730.6 -493.0 0.6624 
313.15 -629.5 663.5 -631.3 711.4 -448.6 0.6567 

[emim][HSO4] (1) + n-PrOH (2)  VE /cm3·mol-1 
298.15 -2.760 2.624 0.380 0.175 -1.025 0.0025 
303.15 -2.956 2.594 0.379 0.414 -1.008 0.0029 
308.15 -3.149 2.541 0.283 0.729 -0.926 0.0022 
313.15 -3.345 2.525 0.238 0.904 -0.993 0.0023 

[emim][HSO4] (1) +  n-PrOH (2)  κs
E/TPa-1 

298.15 -509.9 461.1 -319.8 343.3 -238.8 0.2461 
303.15 -530.6 479.8 -324.7 354.9 -258.2 0.2640 
308.15 -551.7 502.5 -340.9 365.4 -267.1 0.1886 
313.15 -574.1 521.3 -352.8 384.0 -281.4 0.1361 
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Highlights:   
                                                                                                                                  
 Densities and speeds of sound are measured for [emim][HSO4] with ethanol, 1-propanol, and 

DMSO. 
 Excess properties (VE and κs

E) are derived for the studied binary systems. 
 The experimental results are analyzed in terms of ion-dipole, H-bonding interactions and 

structural effects. 
 Temperature dependence of the excess properties is discussed. 
 Excess functions are correlated with Redlich–Kister equation.   
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A B S T R A C T

Trivalent dysprosium (Dy3+) ions -doped calcium silicate (Ca2SiO4) phosphors have been synthesized by
utilizing agricultural waste of egg shell and rice husk through solid-state reaction method. The synthesized
Ca2SiO4 powders thus obtained are crystallized in monoclinic structure with unit cell parameters of a = 5.53 Å;
b = 6.67 Å; c = 9.13 Å; β = 87.43° and irregular shape morphology. Luminescent properties of Dy3+:Ca2SiO4

phosphors were studied by varying active ion concentration. The phosphors emit characteristic blue and yellow
emissions of Dy3+ ions corresponding to the 4F9/2 → 6H15/2 and 4F9/2 → 6H13/2 transitions, respectively. Color
coordinates evaluated from emission spectra are found to fall in the white light region. Decay curves for the 4F9/2
level of Dy3+ ions exhibit single exponential nature and turn into non-exponential with shortening of lifetime
from 739 µs to 510 µs when Dy3+ ion concentration is increased from 0.001 to 0.5 mol%. All these results
confirm that Ca2SiO4:Dy3+ phosphors are suitable for the use as low cost white light emitting phosphors.

1. Introduction

In recent years, the conversion of agricultural waste into low cost
luminescent materials is a challenging task to reduce environmental
pollution by converting waste into useful low cost materials [1–8]. The
trivalent lanthanide (Ln3+) ions-doped luminescent materials have at-
tracted much attention due to their superb applications in the fields of
lighting, display, optical sensors, solar energy harvesting, bio-imaging,
and so on [9–14], in particular for the development of light emitting
devices. Among all the light emitting devices (LEDs), the white light
emitting devices (WLEDs) are deemed to become important sources
because of their low power consumption, higher brightness, longer
durability, fast response, environment benign, etc. [15–17]. The WLEDs
are normally fabricated by the combination of a blue LED with a yellow
emitting phosphor (YAG:Ce3+). But the yellow phosphor show che-
mical instability, low absorption cross-section and moreover they are
synthesized with commercial chemicals [18,19]. Hence, the quest to
identify/develop new phosphors with low cost, chemically stable and
high luminescence efficiency is a daunting task.

Hence, the present investigation is aimed at synthesis of low cost
white light emitting phosphors by utilizing agricultural waste materials
such as rice husk and egg shells. Nowadays recycling of agricultural
residues such as rice husk and egg shells into luminescent materials is

attracting much attention as there is twofold advantage in it. One is
prevention of environmental pollution and second one is development
of luminescent materials at the low cost. Therefore, the main objective
of the present study is not only to reduce environmental pollution but
also to make use of them effectively for the development of phosphors
with better luminescence properties by using agricultural waste mate-
rials (rice husk and egg shells). Rice husk is a renewable agricultural
material and contains an active form of silica (SiO2) of about 98%,
substitute for commercial SiO2. Another key waste material is egg shell
(ES), which is comprised of calcium oxide (CaO) of about 96%, sub-
stitute for commercial CaO.

Among Ln3+ ions, Dy3+ ion is capable of emitting a white light
since its emission spectrum consists of blue and yellow emissions
[20–36]. The 4F9/2 → 6H13/2 transition is hypersensitive in nature and
its emission intensity strongly depends on the local environment
whereas the 4F9/2 → 6H15/2 transition is magnetic-dipole in nature and
its intensity is almost independent of surrounding environment. Hence,
Dy3+-doped phosphors are capable of emitting white light by varying
the chemical composition of the host.

In recent years, RE3+-doped phosphors such as vanadates [20],
molybdates [37], tungstates [38,39], silicates [40], and aluminates
[41,42] besides RE3+-doped glasses [21,35,43] have been investigated.
Among these host materials, silicates are attractive class of inorganic
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phosphors due to their higher physical and chemical stabilities, and
wide transparency [44]. The main objective of the present investigation
is synthesis of Dy3+-doped Ca2SiO4 phosphors using the agricultural
waste materials such as rice husk ash and egg shells and study their
structural, morphological and luminescent properties for the develop-
ment of low cost white light emitting phosphors.

2. Experimental procedure

Ca2SiO4:xDy3+ (x = 0.001, 0.005, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4 and
0.5 mol%) phosphors were prepared by a conventional solid-state re-
action method in three steps and the detailed procedure is shown in the
following sections.

2.1. Synthesis of SiO2 from rice husk

Rice husk (RH) was washed with normal tap water for removing soil
and dust. After that RH was dried at normal room temperature for 24 h,
and placed uniformly in aluminum rectangular tray with large surface
area. Flat trays were chosen for uniform distribution of rice husk
powder so as to have sufficient air circulation. The tray containing RH
was placed in a furnace at 600 °C for 6 h and then 1000 °C for 8 h for
sintering, finally white rice husk ash (RHA) was obtained which was
grinded very well to obtain fine powder.

2.2. Synthesis of CaO from egg shells

White egg shells (ES) were washed with tap water to remove all
adhering albumen, dried at room temperature for 12 h, after that the ES
were crushed into small pieces. These crushed ES were placed uni-
formly in aluminum rectangular tray with large surface area for suffi-
cient air circulation. The tray containing ES was placed in a furnace at
900 °C for 4 h for sintering and finally white ES powder was obtained
and then well grinded to obtain fine powder.

2.3. Synthesis of Dy3+- doped Ca2SiO4 phosphors

Calcium silicate (Ca2SiO4) phosphors doped with Dy2O3 ions was
prepared with the following chemical equation:

8CaO + 4 SiO2 + 2Dy2O3 → 4 Ca2SiO4Dy + 3O2 ↑

With the help of above chemical equation, the stoichiometric ratio
of Ca2(1−x)SiO4: xDy3+(where x = 0.001, 0.005, 0.01, 0.05, 0.1, 0.2,
0.3, 0.4 and 0.5 mol%) have been synthesized by using solid state re-
action method.

The stoichiometric quantities of CaO from egg shells, SiO2 from rice
husk and Dy2O3 (99.99%) from Sigma-Aldrich were weighed and grinded
using an agate mortar. The grinded powders were pre-sintered at 1250 °C
for 8 h with several intermediate grindings and finally sintered at 1250 °C
for 8 h. The structure of the prepared powders were characterized by
using X-ray diffractometer (RIGAKU, Miniflex-600) using Cu kα radiation
(1.5406 Å). The morphology of these phosphors was studied by scanning
electron microscope (SEM) and elemental analysis was carried out using
energy dispersive spectroscopy (EDS), by using CARL ZEISS EVO MA15
SEM. The excitation and emission spectra and decay curves were re-
corded using Edinburgh UV–vis–NIR (FLS 980) spectrometer equipped
with xenon arc lamp (450 W) as an excitation source.

3. Results and discussion

3.1. Structure and morphology

The XRD patterns have been measured for undoped and Dy3+-doped
Ca2SiO4 phosphors. These XRD patterns along with their planes ( h k l )
have been shown in Fig. 1 for undoped and 0.5 mol% Dy3+-doped

Ca2SiO4 phosphors. These patterns matches well with the standard
ICDD card no. 01-083-0464. This clearly indicates that Dy3+-doped
Ca2SiO4 phosphors are crystallized in monoclinic structure with unit
cell parameters of a = 5.53 Å; b = 6.67 Å; c = 9.13 Å; β = 87.43°; and
volume of 340 Å3. The particle size was calculated using the Scherrer's
formula and is found to be 33 nm. The morphology of the
0.001–0.5 mol% Dy3+-doped Ca2SiO4 phosphor has been characterized
by SEM and is shown in Fig. 2 for 0.2 mol% Dy3+-doped Ca2SiO4

phosphor. As can be seen from SEM images, particles of irregular in
shape are distributed non-uniformly in synthesized phosphors. Further,
elemental analysis has been carried out using EDS for all synthesized
phosphors and is shown for 0.1 mol% Dy3+-doped Ca2SiO4 phosphor
(see Fig. 3). As can be seen from EDS spectrum, all the elements, i.e.,
calcium (Ca), dysprosium (Dy), silica (Si) and oxygen (O) have been
identified in their respective proportions.

3.2. Luminescence spectra

The luminescence excitation spectra for the Dy3+-doped Ca2SiO4

phosphors have been measured by monitoring the yellow emission at
573 nm. The excitation spectrum for 0.5 mol% Dy3+-doped Ca2SiO4

phosphors are shown in Fig. 4 and exhibited three intense bands at
351 nm (6H15/2→

6P7/2+4M15/2), 366 nm (6H15/2→
6P5/2) and 387 nm

Fig. 1. X-Ray diffraction patterns and their ( h k l ) planes for undoped Ca2SiO4 and
0.5 mol% Dy3+-doped Ca2SiO4 phosphor powders.

Fig. 2. Scanning electron micrograph of 0.2 mol% Dy3+-doped Ca2SiO4 phosphors.
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(6H15/2→
4I13/2+ 4K17/2) as well as two moderate bands at 325 nm

(6H15/2→
6P3/2), 453 nm (6H15/2→

4I15/2) and three feeble bands
at 337 nm (6H15/2→

4I9/2), 428 nm (6H15/2→
4G11/2) and 473 nm

(6H15/2→
4F9/2). As can be seen from Fig. 4, high intensity bands are

observed in the near UV and blue regions for Ca2SiO4:Dy3+ phosphor,
which is prerequisite for the development of white-light emitting
devices using commercial blue InGaN/GaN LED chip.

The emission spectra for Dy3+-doped Ca2SiO4 phosphors have been
measured under 351 nm excitation. It consist of four emission peaks in
blue (460–500 nm), yellow (555–600 nm), feeble red (650–685 nm)
and deep red (740–780 nm) regions. These blue, yellow, feeble red and
deep red emissions are assigned to the 4F9/2→6H15/2, 4F9/2→6H13/2,
4F9/2→6H11/2 and 4F9/2→6H9/2 transitions, respectively, as shown in
Fig. 5. The blue emission corresponding to the 4F9/2 → 6H15/2 transition
is magnetic-dipole in nature and its intensity is almost independent of
local surroundings of the active ions. The yellow emission due to the
4F9/2 → 6H13/2 transition is hypersensitive and is allowed only at low
symmetries with no inversion center. Therefore, in the present Ca2SiO4

phosphor, the Dy3+ ions are placed in such low symmetry sites of
monoclinic and hence the 4F9/2 → 6H13/2 transition is prominent in
their emission spectra. From the Fig. 5, it is found that the blue and
yellow emission bands are splitted into two components due to the
partial lifting of degeneracy by the crystal-field around the Dy3+ ion.
With the increasing concentration, the crystal-field splitting increases
due to the increase of surrounding Stark effect. As can be seen from the
Fig. 5, it is observed that there is gradual increase in emission intensity
with increase in Dy3+ ion concentration from 0.001 to 0.5 mol%

[23,45,46]. It clearly indicates that the Ca2+ (r = 240 pm) ions are
replaced by Dy3+ (r = 235 pm) ions which are the luminescence
centers.

The (Y/B) intensity ratios of luminescence spectra have been eval-
uated. It is possible to generate white light by tuning of these colors
(yellow and blue) emitted from the Dy3+ ions. In general, the Y/B ratio
is sensitive to the chemical composition of the host but little changes
are observed with the variation of Dy3+ ions concentration in the
present study (See Table 1). From the Y/B ratios of Ca2SiO4:Dy3+

phosphors, the maximum value of 1.92 for 0.01 mol% and minimum
value of 1.27 for 0.05 mol% of Dy3+ ions have been noticed. These
small changes in Y/B ratios can be explained by the structural changes
in the vicinity of Dy3+ ions [21,22,47,48]. The concentration depen-
dent variations of Y/B ratios as well as excitation wavelength depen-
dent variation of Y/B ratios are very small in the present Ca2SiO4:Dy3+

phosphors and hence the later experimental results are not shown.
These results indicate that the Dy3+ ions occupy lower symmetry of
monoclinic structure in the Ca2SiO4 powders as evidenced from XRD
results.

The evaluated Y/B ratios of Ca2SiO4:Dy3+ phosphors are compared in
Table 2 with those of other commercially available Dy3+-doped lumi-
nescent materials [13,14,27–30,36,48–51]. As the Y/B ratios of the pre-
sent Ca2SiO4:Dy3+ phosphors are higher than those of Dy3+-doped
Y2CaZnO5:Dy3+ (0.5 mol%) [14], Ba5CaAl4O12:Dy3+ (0.10 mol%) [27],
Sr3Y(PO4)3:Dy3+ (4 mol%) [28], Ca3Si2O7:Dy3+ (0.1 mol%) [29],
Na3SrB5O10:Dy3+ (7 mol%) [30], KY(1−x)BO3:Dy3+ (0.3 mol%) [36],
NaLa(MoO4)2:Dy3+ (0.02 mol%) [49], YAl3(BO3)4:Dy3+ (0.5 mol%) [50]
and Ca3Gd7(PO4) (SiO4)5O2:Dy3+ (0.10 mol%) [51], whereas lower than
those of BYF5:Dy3+ (1 mol%) [13] and Lu3Ga5O12:Dy3+ (2.0 mol%) [48].

Element Weight% Atomic% 

C  40.17 54.38 

O K 33.07 33.61 

Si K 7.42 4.29 

Ca K 18.90 7.67 

Dy L 0.44 0.04 

Totals 100.00  

Fig. 3. Energy dispersive spectrum for 0.2 mol% Dy3+-doped Ca2SiO4 phosphors.

Fig. 4. Excitation spectrum for 0.5 mol% Dy3+-doped Ca2SiO4 phosphors.

Fig. 5. Luminescence spectra for Dy3+-doped Ca2SiO4 phosphors.

Table 1
Y/B ratio, color coordinates (x, y) and lifetimes (τ, µs) for different concentrations (C, mol%)
of Dy3+-doped Ca2SiO4 phosphors for 351 nm excitation.

S. no. C Y/B ratio (x, y) τ

1 0.001 1.52 (0.284, 0.286) 711
2 0.005 1.34 (0.239, 0.258) 739
3 0.01 1.92 (0.286, 0.288) 713
4 0.05 1.27 (0.264, 0.272) 712
5 0.1 1.31 (0.276, 0.292) 660
6 0.2 1.47 (0.299, 0.324) 573
7 0.3 1.47 (0.313, 0.338) 541
8 0.4 1.49 (0.317, 0.342) 515
9 0.5 1.33 (0.320, 0.349) 510
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3.3. Color coordinates

The color coordinates are necessary to know the nature of color
emitted by phosphors. The color coordinates have been determined
using the emission spectra and are inturn used to calculate the corre-
lated color temperatures (CCTs) [52]. The evaluated color coordinates
for the Ca2SiO4:Dy3+phosphors are shown in Fig. 6 and also presented
in Table 1. From Fig. 6, it is observed that the color coordinates of
present phosphors fall within the white light region and are close to the
“ideal white light” (x = 0.33, y = 0.33) in the chromaticity diagram.
The color coordinates for the present and reported systems are com-
pared in Table 2. As can be seen, the color coordinates obtained for
Ca2SiO4:Dy3+ are comparable to those of the reported systems
[13,14,24,26–33,36,48–51,53,54,56,58–61]. The CCT values for
Ca2SiO4:Dy3+ phosphors are found to vary from 4989 to 6369 K. From
these observations, it is worth noting that the present phosphors made

from the agriculture waste materials (rice husk and egg shells), exhibit
white light luminescence [24,31,53] and are comparable to those of
other reported phosphors [31,49,55]. Hence, the Ca2SiO4:Dy3+ phos-
phors synthesized from the utilization of agriculture waste could be
useful for the fabrication of low cost white light-emitting devices.

3.4. Luminescent decay curves

The concentration dependent luminescent decay curves for the 4F9/2
luminescent level of Dy3+ ions in Ca2SiO4 phosphors measured under
351 nm excitation by monitoring 573 nm emission, are presented in
Fig. 7. For lower concentrations (0.001, 0.005, 0.01, 0.05 0.1 and
0.2 mol%), the decay curves are found to be nearly single exponential
and as the concentration increases they turned to non-exponential
nature (≥ 0.3 mol%). Hence, the effective lifetimes (τeff) for both the
near single exponential and non-exponential decay curves have been
evaluated using the expression,

∫
∫

=τ
tI t dt
I t dt

( )
( )eff

(1)

The effective lifetimes for 4F9/2 level of Dy3+ ions are found to be
711, 739, 713, 712, 660, 573, 541, 515 and 510 µs for 0.001, 0.005,
0.01, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mol% Dy3+-doped Ca2SiO4

phosphors, respectively, and are shown in Table 1. It is found that the
lifetime for the 4F9/2 level increases upto 0.005 mol% Dy3+ con-
centration and then decreases. The increase in lifetime with increase in
Dy3+ concentration from 0.001 to 0.005 mol% is due to the process of
reabsorption. It is well known that for lower concentrations, the life-
time is higher and increases slightly with increase in concentration due
to reabsoption of emitted photons. Beyond certain value, the lifetime
starts to decrease with increase in concentration due to energy transfer
between the luminescent ions. As can be seen from Table 1, in the
present work also, lifetime increases with increase in concentration and
then starts to decrease. The effective lifetimes are found to decrease
with increase in Dy3+ concentration due to energy transfer between
Dy3+ ions through cross-relaxation processes [13,48] and/or energy
transfer to luminescence quenching centers (impurities). Similar de-
creasing trend with increase in Dy3+ concentration was reported for
other Dy3+: phosphors [25,26,30,31,55].

Lifetimes for the 4F9/2 level of Dy3+ ions in different phosphors have
been compared in Table 2. The effective lifetimes observed for the
present Ca2SiO4:Dy3+ phosphors are found to be higher than those of
BYF5:Dy3+ (1 mol%) [13], Ba10F2(PO4)6:Dy3+ (0.40 mol%) [26],
Na3SrB5O10:Dy3+ (7 mol%) [30], Li2SrSiO4:Dy3+ (0.5 mol%) [32],

Table 2
Comparison of Y/B ratio, color coordinates (x, y) and lifetimes (τ, µs) for Dy3+: phosphors.

S. no. Host Y/B
ratio

(x, y) τ

1 Ca2SiO4:0.5 Dy3+ [Present work] 1.33 (0.320, 0.349) 510
2 BYF5:1 Dy3+ [13] 1.98 (0.354, 0.402) 1300
3 Y2CaZnO5:0.5 Dy3+ [14] 1.12 (0.378, 0.438) 458
4 YVO4:1 Dy3+ [24] – (0.39, 0.44) 290
5 Ca9La(PO4)5(SiO4)Cl2:0.20 Dy3+ [25] – – 477
6 Ba10F2 (PO4)6:0.40 Dy3+ [26] – (0.300, 0.357) 688
7 Ba5CaAl4O12:0.10 Dy3+ [27] 1.09 (0.333, 0.361) –
8 Sr3Y(PO4)3:4 Dy3+ [28] 0.876 (0.330, 0.366) –
9 Ca3Si2O7:0.1 Dy3+ [29] 0.765 (0.33, 0.33) –
10 Na3SrB5O10:7 Dy3+ [30] 0.89 (0.305, 0.317) 570
11 NaPbB5O9:0.02 Dy3+ [31] – (0.33, 0.36) 349
12 Li2SrSiO4:0.5 Dy3+ [32] – (0.259, 0.289) 902
13 Sr3Bi(PO4)3:0.07 Dy3+ [33] – (0.327, 0.353) –
14 KY(1−x)BO3:0.3 Dy3+ [36] 1.20 (0.29, 0.32) 130
15 Lu3Ga5O12:2.0 Dy3+ [48] 2.57 (0.386, 0.391) 1450
16 NaLa(MoO4)2:0.02 Dy3+ [49] 1.63 (0.336, 0.392) –
17 YAl3(BO3)4:0.5 Dy3+ [50] 0.9462 (0.2838, 0.3101) 565
18 Ca3Gd7(PO4) (SiO4)5O2:0.10 Dy3+ [51] 1.14 (0.328, 0.343) –
19 Sr2SiO4:6 Dy3+ [53] – (0.351, 0.389) 59.3
20 KLa(PO3)4:0.5 Dy3+ [54] – (0.215, 0.221) 870
21 Gd(BO2)3:0.06 Dy3+ [55] – – 12
22 Ca9Y(VO4):0.1 Dy3+ [56] – (0.339, 0.417) 226
23 Sr2MgSi2O7:0.5 Dy3+ [58] – (0.310, 0.328) –
24 ZnWO4:0.5 Dy3+ [59] – (0.2681, 0.3091) –
25 Sr3Gd(PO4)3:0.08 Dy3+ [60] – (0.2461, 0.2784) –
26 LaBSiO5:0.008 Dy3+ [61] – (0.3145, 0.3943) –

Fig. 6. CIE chromaticity graph for Dy3+-doped Ca2SiO4 phosphors.

Fig. 7. Decay curves for 4F9/2 level of Dy3+ ions in Ca2SiO4 phosphors.
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Lu3Ga5O12:Dy3+ (2.0 mol%) [48], YAl3(BO3)4:Dy3+ (0.5 mol%) [50],
KLa(PO3)4:Dy3+ (0.5 mol%) [54], whereas lower than those of
Y2CaZnO5:Dy3+ (0.5 mol%) [14], YVO4:Dy3+ (1 mol%) [24],
Ca9La(PO4)5(SiO4)Cl2:Dy3+ (0.20 mol%) [25], NaPbB5O9:Dy3+

(0.02 mol%) [31], KY(1−x)BO3:Dy3+ (0.3 mol%) [36], Sr2SiO4:Dy3+

(6 mol%) [53], Gd(BO2)3:Dy3+ (0.06 mol%) [55], Ca9Y(VO4):Dy3+

(0.1 mol%) [56].
The non-exponential decay curves of Dy3+-doped Ca2SiO4 powders

arises due to multipolar (dipole-dipole, dipole-quadrupole, quadrupole-
quadrupole) interactions between active ions. To know the type of the
multipolar interaction in our phosphors, Inokuti-Hirayama (IH) [57]
model has been adopted. According to this model, the decay of lumi-
nescence intensity, I(t), is

⎜ ⎟= ⎧
⎨⎩

− − ⎛
⎝

⎞
⎠

⎫
⎬⎭

I t I t
τ

Q t
τ

( ) exp
S

0
0 0

3/

(2)

where ‘t’ is the time after excitation, τ0 is the intrinsic decay time of the
donors in the absence of acceptors. Q is the energy transfer parameter,
which depends on dipole-dipole (S = 6), dipole-quadrupole (S = 8)
and quadrupole-quadrupole (S = 10) interactions. As can be seen from
Fig. 7, the best fit has been obtained for S = 6, which indicates that the
mechanism of energy transfer between Dy3+ ions is of dipole-dipole
type. The energy transfer parameter (Q) increases with increase in
concentration of Dy3+ ions. The lifetime values decreases with increase
in Dy3+ ions concentrations (see Fig. 8).

4. Conclusions

A series of Dy3+-doped Ca2SiO4 phosphors have been successfully
synthesized from agricultural waste by the solid-state reaction method
and investigated their structural, morphological, and luminescence
properties. The synthesized Dy3+-doped Ca2SiO4 phosphors are crys-
tallized in monoclinic structure. The morphology of the Dy3+-doped
Ca2SiO4 phosphors are of irregular in shape with different sizes. The Y/B
ratios are found to vary from 1.52 to 1.33 when Dy3+ concentrations
vary from 0.001 mol% to 0.5 mol%. The color co-ordinates obtained
from emission spectra are found to fall within the white light zone. The
fluorescence decay curves are found to be nearly single exponential in
nature for lower Dy3+ ions concentration and turns into non-exponential
for higher concentrations (≥ 0.3 mol%) due to energy transfer between
Dy3+ ions through dipole-dipole interactions. The results obtained in-
dicate that the Ca2SiO4:Dy3+ phosphors are suitable for fabrication of
low cost white light emitting devices.
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