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1. Rationale
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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 (C3-Cs) 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 (C3-Cs). In addition, the ternary
VE,3 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 (p) 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? was utilized for density measure-
ments. Excess volume (VE;,3) 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 4+ 0.01 K. All the measurements were made at constant temper-
ature employing a thermostat. The measured ternary excess volume data (VE;,3) were accurate to + 0.003 cm? mol~'.

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~')  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. 741 71-36-3 99.5%
1-pentanol Merck, India. 88.1 71-41-0 99.5%
Table 2
Density (p) and speed of sound (u) of pure components at 303.15 K and atmospheric pressure.
p (gem=3) u (ms1)
Compound 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;), p-xylene (x,), 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.

VE (cm3. mol-1)

X1 X2 Experimental  (Redlich-Kister) = Kohler = Tsao-Smith Hwang AVE 53*
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
02224  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 03429  -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 03429  -0.265 -0.277 -0.273  -0.377 -0.297 0.012
0.0992 04126 -0.236 -0.249 -0.249  -0.369 -0.271 0.013
0.1115 05012  -0.196 -0.211 -0.217  -0.354 -0.239 0.015
0.1124 05624  -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 02709 -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 05436 -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 07126  -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

AVEjp3 = VEi53(Exp) - VEpp3(be)
Where VE,3(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 (VE»3) 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:

Vs = D VE (i, x)) 1)
i<j

n
where sz = X;Xj ) (As);j(x; —x;)° and x;,x; are the mole fractions of the components in a ternary mixture.

s=0
Kohler Expression [7]:
Vhs = (X1 +X2)%VE + (x1 +x3)2VE + (X2 +X3)V5 (2)

Xi
Xi+X;j

n
E _ 3/ / / e /N / /
where V,.j = XX} EO (As)ij(x'; —x';)° at composition (x';,x';), such that x; =1 - X = where x; and x; are the ternary

mole fractions.
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Fig. 1. Excess volumes (VE;,3) data for N-methylcyclohexylamine (NMC) (1) + p-xylene (2) + 1-propanol (3) at 303.15 K.
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Fig. 2. Excess volumes (VE;,3) data for N-methylcyclohexylamine (NMC) (1) + p-xylene (2) + 1-butanol (3) at 303.15 K.
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Fig. 3. Excess volumes (VE 53) 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 o' (VE) at 303.15 K.
Redlich-Kister Hwang
=N a a a(VE) by by b, o(VE)
System cmmol-!
N-methyl cyclohexylamine (1)+ p-xylene (2) -0.122 1220 0.009 0.002 -0.125 1.464 -1.440 0.008
p-xylene (2)+ 1-propanol (3) -0.076 0560 0463 0.000 -0.230 1285 -0.050 0.006
p-xylene (2) + 1-butanol (3) 0.125 0576 0359 0000 0005 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 0417 0.002 -5.382 1.695 -0.580  0.003

Tsao-Smith expression [7] is of the form:
VEs =x(14+x1) 'VE +x3(1 = x1) " 'VE + (1 —x1)Vh 3)
where sz, Vf3 and VZE3 are the binary excess volumes at composition (x';, x';), such that x; = x; for 1,2 and 1,3 binary systems
and x, = "2~ for 2,3 binary system.

Xg+X3
Hwang et al. equation [9]:

VRO jemPmol T = xixy (B + b{”xd + +byPxa? )+ xixa (0 + BVt 4 +b7)
+x0x3 (b + b2%3 + +bTVx3) (4)

The quantity AVE,,, 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 o (VE).

The sign and magnitude of VE;,; data depends upon the resultant of the following factors [18]:

i dissociation of associated alkanols in solution systems
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ii donor-acceptor interaction between m-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 VE;»; 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
VE 3 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--Hese7r type hydrogen bond between NMC and electrons in
aromatic ring of p-xylene also contribute significantly to negative VE;,; data of the studied ternary mixtures [12].

A perusal of Table 3 clearly indicates that VE;,; 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£;,; data can be considered using the effective dipole moment. The negative VE;,; 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 VE 53
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 (k¢;>3) was calculated from the expression

-2 -1
Ks123 = U “1230  mix123 )

where uyy3 and pix123 indicate speed of sound and density of ternary mixtures respectively.
The density of a ternary liquid mixture (p,ix123) Was computed using the expression

Pmixi23 = X1M1 + XaMa + X3M3/V + VE 53 (6)

where X, X, and x3 represent mole fractions and M;, M, and M3 are the molecular weights of NMC, p-xylene and 1-alkanols
respectively; V is the molar volume of the mixture and VE;»; is ternary excess volume.
The deviation in isentropic compressibility («/,,;) was estimated using the relation

K5/123 = k123 — 01ks1 — 02ks; — 23ks3 (7)

where 9; 0, 03, k1, ks and k3 are the volume fractions and isentropic compressibilities of the pure components 1, 2 and
3 respectively. The quantity Ak 3, the difference between measured value of ks ;3 and that of computed from binary data
Ks/m b has been calculated using the relation

Aks123 = K{ 123 = K{ 123 ) (8)
The latter quantity, Ks'123(b) was computed using Redlich-Kister relation [8]

K5/123 by = Ks12 + Ks13 + K523 9)

where 4y ki3 and kgy3 denote the deviation in isentropic compressibilities for the three binary mixtures and these are
estimated using the smoothing equation

Ksij = 01820 + a1 (81 — 82) + 42(81 — 82)° ] (10)

where ay, a; and a, are the constants obtained by the method of least squares. Further, the binary parameters that were
required to compute ks'm(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 o (Aks).

The speed of sound (u), density of the mixture (0ix123), isentropic compressibility (ks13), deviation in isentropic com-
pressibility («/;,5) and the quantity Akg;s, the difference between measured data of ks 123 and that of computed from the
constituent binary data KS/123 () Were presented in Table 6. Moreover, the deviation in isentropic compressibility (Ak;23) for
the three ternary mixtures was also graphically represented in Figs. 4-6.

An examination of Akgys 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 (Aksz3) data for N-methylcyclohexylamine (NMC) (1) + p-xylene (2) + 1-propanol (3) at 303.15 K.
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Fig. 5. Deviation in isentropic compressibility (Aki»3) data for N-methylcyclohexylamine (NMC) (1) + p-xylene (2) + 1-butanol (3) at 303.15 K.
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The standard deviation o (ks) values of all the binary systems computed from Redlich-Kister
equation at 303.15 K.

ap a a o(ks)

System 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 (¢;), p-xylene (¢,), density (p),
speed of sound (up3), isentropic compressibility (ks;»3), deviation in isentropic
compressibility (ks1»3), deviation in isentropic compressibility computed from
constituent binary data (ks3p)) and Akspz values for ternary systems N-
methylcyclohexylamine (NMC) (1) + p-xylene (2) +1-alkanols (3).

P U Ksi23 Ks123 Ksizzp) — DKsizz
P1 D2 (g.cm3) (m.s~1) 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 (Ax;»3) 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 (Aksip3) data for N-methylcyclohexylamine (NMC) (1) + p-xylene (2) + 1-Pentanol (3) at 303.15 K.

Table 7
The standard deviation values o (AVE ;) and o (Aksjp3) for ternary systems of N- methylcyclohexylamine (NMC) (1) + p-xylene (2)+1-alkanols
(3).

A B C A B C
system cm?® mol~! o (AVE 53 ]Pa-! o(Aksi3)
NMC (1) + p-xylene (2)+ 1-propanol(3)  0.639 2.026 -11.054 0003 24351 609.37  -429223 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 2022044 0

the balance between these two opposing effects. The experimental Akg;»3 values indicate that structure breaking effect is
dominant in all the three ternary mixtures.
The experimental AVE;,; and Ak,;y; data were fitted to the following equation proposed by Redlich-Kister [8]:

AVE 53 /cmPmol ™! = x1x2%3 [A +Bx1 (X2 —X3) + C X2 (xp — X3)2] (11)

Aksi23/TPa~" = 010,03[A + B 91 (0 — 83) + C 07 (0, — 23)° ] (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 o (YE,3).

5 172
o (Yfs) = [2 (Y*123 exp = Y123 car) /(M — ”)] (13)
where o(YE 153) = AVE 53 (or) Akgyos

‘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
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303.15 K and atmospheric pressure. Experimental excess volume data were found to be negative as a function of compo-
sition. The negative VE;,; data for the studied systems follow the order: 1-propanol > 1-butanol >1-pentanol. Whereas
(Akgpp3) data were found to be positive for all the ternary mixtures. The experimental ternary (VE;»;) 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 VE;,; A3 parameters were analyzed interms of intermolecular inter-
actions between component molecules.
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ABSTRACT ARTICLE HISTORY

In the present work, experimental density (p) and speed of sound (u) data Received 28 February 2020
for the binary mixtures of benzyl alcohol with acetic acid, propionic acid, Accepted 7 August 2020
and n-butyric acid have been reported over the complete range of mole KEYWORDS

fraction a'F 29815 KEs T<313.15 K Excess volumes (Vi) excess isentropic Benzyl alcohol; acetic acid;
compressibilities (k; ), excess partial molar volumes (V;), and excess par- propionic acid; n-Butyric

tial molar volumes at infinite dilution (V;"*°) have been computed from acid; excess volume;
the experimental data. The excess thermodynamic properties are found to hydrogen bonding
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.

1. Introduction

The sound knowledge on structure-property relationships of binary liquid mixtures through
accurate density (p) 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 (p and ) and thermodynamic properties (V*
and «°) 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

CONTACT N.V.V. Jyothi @ nvvjyothi73@gmail.com
Supplemental data for this paper can be accessed here.
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Figure 1. Self-association of carboxylic acids through hydrogen bonding.

(>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 (C,-C,) 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
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properties (V% 5, V" and V") 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 (C,-C4) 1-alkanols [20], (C5-C,,) 1l-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], (C,-C,)
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 (p) and speeds of sound
(1), excess volumes (VF), excess isentropic compressibilities (x.F), excess Epartial molar
volumes (V) and excess partial molar volumes at infinite dilution (V; ) over the
whole range of concentration for the binary solutions of Bn-OH and (C,-C,) 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 (p) 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 p 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 CASNo  Molar mass (g-mol™") Source Mass fraction purity by Water content by KF
chemical GC* (%)
Benzyl alcohol 100-51- 108.14 Merck, India > 0.995 <0.1
6
Acetic acid 64-19-7 60.05 Merck, India > 0.998 <02
Propionic acid 79-09-4 74,08 Sigma-Aldrich, > 0.995 <0.2
India
n-Butyric acid 107-92- 88.11 SRL, India > 0.995 <0.1
6

*The purity is reported by supplier.
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Table 2. Experimental density (p) 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) plg.cm™) u(ms™)
Exp. Lit Exp. Lit
Benzyl alcohol (Bn-OH) 298.15 1.041271 1.041216° 1525.21 1525.172
1.04138°
1.04134 ¢
303.15 1.037374 1.037352° 1509.59 1509.34°
1.03750°
1.03745 ¢
308.15 1.033481 1.033474° 1493.71 1493.62°
1.03363°
313.15 1.029586 1.029583° 1478.09 1478.03°
1.02961°
1.02971 ¢
Acetic acid (AA) 298.15 1.043931 1.04413¢ 1134.19 1135.7¢
1.0427¢
303.15 1.038262 1.03848¢ 1117.41 1118.4¢
1.0371¢ 11175 °
1.03844 f
308.15 1.032623 1.03283¢ 1100.62 1101.2¢
1.0314° 11024 f
1.03261f
313.15 1.026981 1.02718¢ 1083.43 1084.0¢
1.0258° 1084.4 f
1.02704 f
Propanoic acid (PA) 298.15 0.988111 0.98794¢ 1146.51 1146.0¢
0.9882°¢ 1146.7 9
0.98848 9
303.15 0.982809 0.98254¢ 1127.39 1127.1¢
0.9829° 1127.7 9
0.98307 9
308.15 0.977468 0.97714% 1108.61 1108.3¢
0.9774° 1108.9 9
0.97767 9
313.15 0.972122 0.971759 1089.78 1089.6¢
0.9721° 1090.2 9
0.97227 9
n-Butyric acid (n-BA) 298.15 0.952791 095281 " 1176.68 11769 "
0.95282'
303.15 0.947892 0.94794 " 1158.09 11582 "
0.94784' 1159.0
0.94789
308.15 0.942904 094292 " 1139.41 1139.7 P
0.94288' 1140.1 f
094319 f
313.15 0.937966 0.93805 " 1121.08 112130
0.93791 11220
0.93856

%Ref [7,35]. "Ref [34]. Ref [16]. “Ref [36]. °Ref 37. Ref [38]. 9Ref [39]."Ref [40]. Ref [13].
Standard uncertainties are u(p) = 5x107° g.cm™, u(u) = 0.5 m.s",and u (T) = 0.01 K.

2.2. Methods

2.2.1. Sample preparation

The homogeneous binary mixtures of Bn-OH with (C,-C,) 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 x 107> 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(x;) of mixtures was
estimated to be less than + 5 x 107°.



PHYSICS AND CHEMISTRY OF LIQUIDS (&) 5

2.2.2. Density and speed of sound measurements

The densities (p) and speeds of sound (u) of pure Bn-OH and its mixtures with (C,-C,) 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 (p)
of the sample. The speed of sound () 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 (p) and speed of
sound (u) values is found to be + 5 x 107> g.cm™ and + 0.5 m.s ™' respectively.

2.2.3. Infrared measurements

Fourier-transform infrared (FTIR) spectra of the pure components and the equimolar binary
mixtures of benzyl alcohol with (C,-C,) 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™" with
4.0 cm™" spectral resolution.

3. Results and discussion
3.1. Densities and excess volumes (V)

Densities (p) are measured for the binary mixtures Bn-OH with (C,-C,) 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 p values are listed in Table 3. At a fixed
temperature, the densities (p) of the investigated binary systems increase with an increase in the
concentration of Bn-OH (x;) except for the (Bn-OH + AA) system as Bn-OH is much denser than
carboxylic acids. The increase in p values with an increase in x; is due to the strengthening of Bn-OH
and carboxylic acid interactions. From Table 3, it is observed that the p values of (Bn-OH + AA)
increases, reaches a maximum at x; = 0.3750 and then decreases continuously. This suggests that the
specific interactions between Bn-OH and AA are relatively stronger between 0.25 < x; < 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 x;, p 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 (V*) were evaluated for the three investigated mixtures containing Bn-OH
and (C,-C,) carboxylic acids according to the equation:

VE

M M M M
_x 1+ X 2_{961 1+x2 2} (1)

P P1 P2

where M; and M), x; and x,, p; and p, represent the molar mass, mole fraction, and density of Bn-
OH and (C,-C,) carboxylic acids respectively, p,, represents the density of the binary mixture.



6 P. BHANUPRAKASH ET AL.

Table 3. Experimental values of densities (p/g.cm'3) and excess volumes (V£/cm>.mol™") as a function of mole fraction of Bn-OH
(x;), 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.

X p/gem™3 v E/em®mol™

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
09110 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~%, u(p) = 5x10~> g.cm >, u(T) = 0.01 K, and u (V£) = 0.005 cm>.mol™

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 (V) against the mole fraction of Bn-OH (x;) 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
V* 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 (V*) at a fixed
temperature and composition varies in the following order:

Bn—OH + PA > Bn—OH + n—BA > Bn—OH + AA
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Figure 2. Plot of Excess volumes (V%) vs. mole fraction (x;) for Bn-OH (1) + AA (2) binary system at T = 298.15 K (m), 303.15 K (e),
308.15 K (A) and 313.15 K (V).

The negative V* 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---m interaction between Bn-OH and carboxylic acids [20] and (d)
interstitial accommodation (packing effect) of carboxylic acids in - 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
V¥ 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 V* data is found to be more negative for Bn-OH + PA system than Bn-OH + AA and Bn-OH
+ BA systems. The magnitude of V* for the mixtures follows the same order as pK, 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 V¥ values has been reported for the mixed solutions of carboxylic acids with methanol [47],
acetonitrile [48] and acetophenone [49]. The dimerisation constant (Kg) 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 (Kg =2.301 at T = 298.15 K) than that of AA (K4 = 1.982
at T = 298.15 K) could reduce the positive contribution to V¥, resulting in more negative V* for Bn-
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Figure 3. Plot of Excess volumes (VE) vs. mole fraction (x;) for Bn-OH (1) + PA (2) binary system at T = 298.15 K (m), 303.15 K (e),
308.15 K (A) and 313.15 K (V).

OH + PA. The more negative V* for Bn-OH + PA than Bn-OH + AA is attributed to more positive
inductive effect (+I) of the larger — C,Hjs 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 V* for Bn-OH + BA
due to the larger +I-effect of its - C;H; group. But, the V* 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 V values for Bn-OH +
n-BA. The larger - CsH; 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 V* values than BnOH + PA. Hence, the observed trend in V* 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 V¥ 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 V* values. The more negative V* 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 V* values.



PHYSICS AND CHEMISTRY OF LIQUIDS (&) 9

0.0

05 /
06| NN
L v
07 ; ] ; ] i 1 ; ! ;
0.0 0.2 0.4 06 0.8 10
|

Figure 4. Plot of Excess volumes (V5 vs. mole fraction (x;) for Bn-OH (1) + n-BA (2) binary system at T =298.15 K (m), 303.15 K (),
308.15 K (A) and 313.15 K (V).

3.2. Excess isentropic compressibilities (k.F)

The speeds of sound (z) measurements and evaluation of excess isentropic compressibilities (k)
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
(k.F) 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 (C,-C,) 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 (x,) are calculated from density (p) and speed of sound () data
by using the Laplace-Newton’s equation:

1
Ks = qu (2)

The excess isentropic compressibilities (k,") are computed for the mixtures containing Bn-OH and
(C,-Cy) carboxylic acids by using the relation:

KSE = Ks— Ksid (3)
where, x, represents the ideal isentropic compressibility.

The ideal isentropic compressibilities (k%) were evaluated from the expression suggested by
Benson and Kiyohara [52]:
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Z@l[mﬁ C}E, } { <Zx ) (i@imf/éxicp,i} (4)

i=1 =

The ¢;, V;, x;, ks, &; and C,, ; represents the volume fraction, molar volume, mole fraction, isentropic
compressibility, thermal expansion coefficient, and molar heat capacity of i component respec-
tively. The C,, ; values for the pure liquids are collected from the literature [12,15,40] and «; values
for the pure components are calculated from the experimental density (p) data according to the

relation:
_(L\/OVN _ Op Olnp
« () (), -G ), (), g

The experimental k, and k," 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 k" as a function of x; for the
investigated binary series is plotted in Figure 5-7. An examination of curves in Figure 5-7 reveals
that x.F data are negative from x; = 0.1 to 0.9 at 298.15 K < T < 313.15 K for the solutions of Bn-OH
with (C,-Cy) carboxylic acids. The trend in «; E correlates with that of V¥ for the investigated systems
at four different temperatures. The negative x,* 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 «,” values at a fixed tempera-
ture for the binary solutions fall in the following order:

Bn—OH + PA > Bn—OH + n—BA > Bn—OH + AA

The negative «,” values could be attributed to two factors namely (i) formation of cross H-bonding
interactions between Bn-OH and (C,-C,) 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 «® 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 x,” 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 x,° 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 - CH; group in AA, resulting in less negative «,” values for Bn-OH + AA.

The negative x,° 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 (C,-C,) carboxylic acids. Hence,
the binary solutions become more rigid and difficult to compress leading to more negative «,"
values.

3.3. Correlation of derived properties

The experimental VE and «.F of Bn-OH + (C,-C,) 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 = X1X2 ZAi(le — 1)1 (6)

i=0
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where  YE = VEorxf; x, is the mole fraction of pure benzyl alcohol.

The adjustable parameters Ay, A}, and A, 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 o(Y*). These deviations for the investigated excess properties are determined by using
the expression:

1
Sk

(m —n)

o(YF) = )

where m is the number of experimental measurements and n is the number of correlation
parameters; Y2 and YZ  are the calculated and experimental values of excess functions respectively.

The low o(Y*) 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 V* and «,” 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 (V;) and (C,-C,) carboxylic acids (V3), in these mixtures over the complete
range of composition were computed by using the following Equation [15, 55]:

— oVE

Vi=VE4+V)—x (—) ®)
8362 TP

— ovE

V,=VE4+ V) +x <> ©)
%2 ) rp

where x;, V? and x,,V) represent the mole fractions and molar volumes of Bn-OH and (C,-C,)
carboxylic acids respectively.

o)

-15 \
X \ /)
~-20 |
IN
A
£ -25
R N
=
=30’ |=
35 |=
40 |
45 ! 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Xy

Figure 5. Excess isentropic compressibilities (k,F) for Bn-OH (1) + AA (2) mixture against composition (x;) at investigated
temperatures: 298.15 K (m), 303.15 K (@), 308.15 K (A) and 313.15 K (V).
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0.0 0.2 0.4 0.6 0.8 1.0

Figure 6. Excess isentropic compressibilities (KSE) for Bn-OH (1) + PA (2) mixture against composition (x;) at investigated
temperatures: 298.15 K (m), 303.15 K (®), 308.15 K (A) and 313.15 K (V).

The (—) term in Equation 8 and 9 is calculated by differentiating Equation 6, which leads to
the following expressions for V; ViandV, respectively:

Vi=V045) Al —2x%) +2(1—x)x Y A(i)(1 - 2x)"! (10)
i=0 i=0
Va=Vi+(1-x)"> Al —2x) —2(1—x)x Y Ai(i)(1 —2x)" (11)
i=0 i=0

To study the changes in the association patterns between components of the binary mixture, the
excess partial molar volumes of Bn-OH (V; ) and (C,-C,) carboxylic acids (V,"), have been
computed using the following Equation [56].:

Vii=Vi- W (12)

V=V (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 (C,-C,) carboxylic acids (V ) and C,-C,) carboxylic acids in Bn-OH (V, ) have been
evaluated with the help of the R-K coeflicients by using the following expressions [56 57]:

= V)4 A1) (14)
i=0
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0.0 0.2 0.4 0.6 0.8 1.0

X

Figure 7. Excess isentropic compressibilities (KSE) for Bn-OH (1) + n-BA (2) mixture against composition (x;) at investigated
temperatures: 298.15 K (m), 303.15 K (®), 308.15 K (A) and 313.15 K (V).

n
=Vi+) A (15)
i=0

In addition, the excess partial molar volumes of Bn-OH (\_/f’oc) and (C,-C,) carboxylic acids (\_/f’oo)
at infinite dilution are evaluated with the following Eq

ViR =V = V) =) A1) (16)

V=R V)= A (17)

The values ofV1,V5, V; and V" of Bn-OH+AA/PA/n-BA are collected in Table S1 in the supple-

mentary material. The variation of VlEand WEvalues with mole fraction (x;) 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 V:"and V" values 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 (V) of each component in the binary solution were less than their corresponding
pure molar volume (V7).

The overall negative me}Egmtude of Vi follows the order:

V" (Bn- OH + PA) > V;' (Bn-OH + n-BA) > V; F(Bn-OH + AA)

The negative V;" 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
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between dissimilar molecules. The increase in V| data at lower x; and decrease in V, values at
higher x; is clear evidence of disruption of the hydrogen-bonded Bn-OH and CA self associates

respectively. The observed negative V; data indicates of the dominance of cross H-bonding
formation between Bn-OH and CA over the structure breaking effect between like molecules.

The negative Vi"and V" 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

V;"and its variation with temperature were similar to those of V.

From Table S2 in supplementary material, it is evident that the partial properties at infinite
dilution (V' and V") are lower than the respective pure molar volumes (V%and V?) 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 meand Vf’oc 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 Vi'and V5" are also equally

. . . . —E E.
attributed to the packing effect in Bn-OH + CA. The more negative V,“and V, values
for Bn-OH + PA is attributed to energetically more favoured solute-solvent interactions at

infinite dilution. The values of VlEand VZE 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 V* and «,* data for the investigated binary
systems.

(cms.mol")

VE

0.0 0.2 0.4 0.6 0.8 1.0

X
1

Figure 8. Plot of excess partial molar volumes of Bn-OH in AA (715) and AA in Bn-OH (VZE) atT=298.15 K (m and [J), 303.15K (e
and o), 308.15 K. (A and A\), and 313.15 K (¥ and V) respectively.
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(cm’.mol ™)

VE

X
1

Figure 9. Plot of excess partial molar volumes of Bn-OH in PA (715) and PA in Bn-OH (VZE) at T=298.15K (m and (), 303.15K (e
and o), 308.15 K. (A and A), and 313.15 K (¥ and V) respectively.

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™ ! and H-bonded v(-O-H) shows a broad band around 3550-32,000 cm™" [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'.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™’,
2983.9 cm™!, and 2968.5 cm™' 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 x; = 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
32925 cm™, 3232.7 cm™! and 3273.2 cm™! respectively. The red shift (Av) of -O-H stretching
frequency of Bn-OH in AA/PA/n-BA is calculated and incorporated in Table 6. The red shift
(Av) of v(O-H) peak position of Bn-OH in equimolar mixtures of carboxylic acids fall in the
order:
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V:(em’.mol™)

13
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Figure 10. Plot of excess partial molar volumes of Bn-OH in n-BA (V_1E) and n-BA in Bn-OH (VzE) at T =298.15 K (m and ),
303.15 K (e and o), 308.15 K. (A and A\), and 313.15 K (¥ and V) respectively.

Bn-OH + PA (-79.1 cm™) > Bn-OH + n-BA (-38.6 cm™') > Bn-OH + AA(-19.3 cm™ )

The red shift of v(O-H) absorption band appeared in the range of 3292.5 — 3273.2 cm™'
for the three binary mixtures studied shows the existence of cross H-bonding between the
hydroxyl group of Bn-OH and (C,-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 (p) and speeds of sound (u) have been measured for binary solutions
of Bn-OH with (C,-C4) carboxylic acids for the whole concentration range at
298.15 K < T < 313.15 K under atmospheric pressure. The various excess properties (V%
xF, V', and V;"™) are evaluated from the experimental p 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 (C,-C,) 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
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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 x;

the binary systems of (b) Bn-OH + AA; (c) Bn-OH + PA; and (d) Bn-OH + n-BA.

=0.5in

(VE), excess isentropic compressibilities (x.F) 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.

Table 6. Experimental ATR-FTIR vibrational frequencies, V,q (cm™") of the pure and equimolar binary mixtures of Bn-OH with (C,
-C,) carboxylic acids at ambient temperature.

System

Pure Bn-OH
Pure EA

Pure PA

Pure n-BA
Bn-OH + AA
Bn-OH + PA
Bn-OH + n-BA

Vibrational band

-0-H--0-H (e)
-0-H-0-H (f
-0-H--0-H (g)

Experimental vibrational frequencies
-1
Viax (€M)

3317.8
3018.6
2983.9
2968.5
32925
3232.7
3273.2

Shift of vibrational frequencies
AVinax (Cm_l)

—25.3 (e-a)
—85.1 (f-a)
—44.6 (g-a)
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Abstract

The measurements of experimental densities (p) and speeds of sound (u) of binary mixtures of 1,
2, 4-trichlorobenzene (1,2,4-TCB) with alkyl acetates namely methyl acetate, ethyl acetate, propyl
acetate, butyl acetate and pentyl acetate have been done over the entire composition range at four
different temperatures (T = 303.15, 308.15, 313.15 and 318.15 K) and pressure (P = 0.1 MPa). The
intermolecular interactions present in these mixtures were briefly explained through the
calculated excess molar volume (V;¥), excess isentropic compressibility (%) and excess speeds of
sound (u®). The ideal and excess parameters were correlated with Redlich-Kister polynomial
equation. Different theoretical models such as PFP theory, CFT and FLT have been used to
analyze the experimental results of V;¥ and u values respectively. The strength of intermolecular
interactions between the component molecules have been confirmed using the excess properties

and the results were further analyzed with FT-IR spectroscopic technique.
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Abstract

Visible to near-infrared quantum cutting and 26 near-infrared emissions have been
obtained in H3'7Yb®*" co-doped oxyfluoride transparent glass-ceramintaining cubic Caf
nanocrystals, under 473 nm excitation. The fornmatmf CaF, nanocrystals and the
incorporation of H3"7Yb®" ions into these nanocrystals have been confirmeoh fx-ray
diffraction and photoluminescence studies, respelgti Lifetime of 1.2um emission has
been enhanced by three orders of magnitude in ldes-geramic compared to that of the
precursor glass. Time-resolved near-infrared quantwtting emission of Y8 ions at
different delay times under 532 nm laser excitatias also been obtained. Studies reveal that
the infrared quantum cutting emission of *Yand HGS" ions in the Caf nanocrystalline
glass-ceramic could improve the efficiency of cajlgte-Si solar cells, and that the Jugh

emission could be useful for further enhancinggnaission windows using optical amplifiers.

K eywords: Oxyfluoride glass-ceramics; FdYb®" ions; Cak nanocrystals;
Downconversion; Near-infrared ijusn cutting
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1. INTRODUCTION

A transparent oxyfluoride glass-ceramic (TGC) istwa-phase material containing
fluoride nanocrystals that precipitate in an amorghenvironment during the controlled thermal
treatment of the precursor glass. In recent ydde&;s have attracted great deal of interest due to
their potential applications in diverse fields aiesice and technology [1-3]. Alumina-silicate
based glasses are most suitable for precipitatidiuoride nanocrystals due to their excellent
thermal, chemical and mechanical properties contpr@hosphate or fluoride glasses. Further,
in these TGCs, the host for the trivalent lanthan(idr") ions corresponds to fluoride crystals
with low phonon energy and, hence, low multiphopoobabilities, which results in increasing
the luminescence efficiency of these materials @enp to their precursor glasses [3].*Lions
doped TGCs are widely investigated as they exhibdth upconversion (UC) and
downconversion (DC) processes besides excellefit lon solubility [4]. Recently, TGCs
containing fluoride nanocrystals have been expldoedaser cooling applications as they show
extraordinary properties, including high photoluesnence quantum yield and low background
absorption [5-7].

Trivalent holmium, H3", ion is suitable for infrared-to-visible upconviers since it has
two pumping energy levelSFs and®l,, along with a relatively long lived intermediatreegy
level, °I;, that acts as a good population reservoir for opewsion processes. As a result, in
recent times there is significant amount of intered10**-doped glasses and crystals as possible
upconversion materials. Further, Hlaloped glass fibers are found to emit continuousewa
upconversion laser under red light pumping [8].atidition, YB* ion has a relatively simple
energy level structure with tHé&, level as ground state and tf&, level as excited state. Its

broad emission, ranging between 900 and 1100 nerjaps with the crystalline silicon’s band
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gap of ~1.12 eV, making Yb ion an important candidate for near-infrared (NERjantum
cutting (QC) materials to improve the efficiency afystalline-silicon (C-Si) solar cells [9].
Materials co-doped with Y% ions and other LH ions are attractive for the development of
upconversion devices. In the specific case of (Br*, Tm®* or Ho*") ions, resonance energy
transfer is facilitated by the energy matching ludit excited states with that of ¥bion [10].
The YB* ion is found to be efficient sensitizer for Hidasers [2], due to considerable energy
match between YH and H3" ions and hence, HYb®*" couple is a good choice for NIR QC
investigations [11]. The NIR QC, which converts da#¢-blue photon into two NIR photons of
~1.0 um, has attracted more attention for theirliegjon in plasma display, mercury free
fluorescent tubes, and solar cells [11,12]. In méd¢ames, more emphasis has been focused on
NIR QC in different systems with the combination different Lr** ions with YB* ions, for
example, N&/Yb®* [13], TE*'/Yb®" [14-17], EFT/YL®* [18,19], Tn?'/YD®*" [20], PP*/Yb®*
[13,21] HO'/Yb®* [9,22,23], and YB/Yb®* [24] to enhance the efficiency of solar cells. tha
other side, solid state laser working in the irdchregion at 2 pm is attracting increasing interest
for its wide range of applications such as remetesig, optical parametric oscillators, eye safe
LIDAR, biomedical applications, environmental semsietc. [2,25]. Among the Ehions, HG*

is one of the important active ions that can e pm through th&l;—"lg transition.

In the present work, H&Yb*" codoped TGCs containing Caffanocrystals have been
synthesized through post-thermal treatment methatl their visible, QC and NIR emissions
have been measured exciting at 473 nm. NIR QC @nssre observed at 1.0 and 1.2 um
wavelengths under 473 nm excitation and their pbssnechanisms are discussed. The NIR

emission spectra at 2.0 um have been measure@ss ghd GCs and explained their variation



with respect to size of the nanocrystals. Absorpamd emission cross-sections and figure of

merit for the 1.2 pum and 2.0 pm emissions havela¢em calculated.

2. EXPERIMENTAL DETAILS

Precursor H8/Yb*" co-doped oxyfluoride glass, with composition (imlft) 45SiQ -
20Al,03- 8Ca0 - 24Caf~ 2Yh,0O5 - 1H0,03, was prepared by the melt-quenching technique at
1400°C for 2 h using a covered platinum crucible. Thdtmas poured onto a pre-heated brass
mold kept just below the glass transition tempeg(ily), at which glass samples were annealed,
and slowly cooled to room temperature to avoidrtifa@rstress and strains. Finally, glass samples
were annealed for 4h at 650, 675, 700 and “I2%hereatfter referred to as GC1, GC2, GC3 and
GC4, respectively), close to the onset of crysafion temperature .T(675 °C) of Cak
nanocrystals to transform them into glass-ceran8tsictural differences between the precursor
glass and glass-ceramics were identified by usifrgyXdiffraction technique, performed with a
Thermo ARL X'TRA powder diffractometer with Cugl¢adiation (1.54 A).

Visible and NIR quantum cutting emissions were migtd by pumping with a cw laser at
473 nm and the emission was collimated and foadlimean optical fiber coupled to a ANDOR
spectrograph, a SR-303i-B equipped with a NewtodEBICCD camera for the visible range,
and an SR-500i-B2 with a iDusInGaAs photodiode yafoa the NIR range. The time-resolved
fluorescence was obtained by exciting the sampléls an EKSPLA 10 ns pulsed Optical
Parametric Oscillator (OPO) laser and recording ltimainescence with a Jobin-Yvon 320
spectrometer equipped with a Hamamatsu NIR-exteptietbomultiplier connected to a Lecroy

digital storage oscilloscope.



3. RESULTSAND DISCUSSION
3.1. X-ray diffraction spectra

X-ray diffraction (XRD) patterns of H&/Yb®*"-doped precursor glass and glass-ceramics
are shown in Fig. 1. The profile of the precurslaisg contains two broad curves typical of an
amorphous structure, whereas the GCs contain deadditional sharp peaks related to the
diffraction pattern of a crystalline structure, waiiican be identified as the Gadtibic phase with
Pm3m(a = = y= 90°) space group, by comparing with standard data QECard No. 35-
0816). These crystals form nanostructures thatfewed to precipitate from the precursor
aluminosilicate glass through a suitable thermegdtiment that, from the XRD peak widths and
using the Scherer’s formula [26], sizes of the maystals are found to be around 8, 10, 13 and
18 nm for GC1, GC2, GC3 and GC4, respectively. Sasngxhibit only the cubic phase and no
second phase is detected in the XRD pattern, itidgahe successful formation of GaF
nanocrystals.
3.2. Emission spectra and decay curves
3.2.1Visible emission spectra

Visible emission spectra of glass (G) and glasaroers (GCs) are measured exciting the
°|lg—°F; transition of the HY ion under 473 nm laser excitation, and are shawifig. 2.
Spectra consist of three bands centered at ~5423 afd ~752 nm corresponding to the
°S,, F4—°lg, °Fs—°lg and®S,,°F,—°l; transitions, respectively. When samples are exchi®*
ions reach théF; level, from which a fast non-radiative decay tajéce and ions reach the
>S,,°F, metastable multiplets, resulting in green emissibr542 nm and red emission at ~752
nm. From the’S,,°F, levels further non-radiative deexcitation procegsasulates théFs level,

resulting in °Fs—°lg emission at ~648 nm. Mechanisms of excitation @missions are
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shown in Fig. 3. Liret al [27] obtained similar emission spectra in*H&b** co-doped GC with
YF3 nanocrystals under 488 nm excitation. Out of thésee transitions, the green emission is
more intense than the other two. As can be seen Fig. 2, the emission intensity and splitting
of the bands increases from glass to GC4, indigatie progressive incorporation of Hdons
into the Cak nanocrystals and the increase in size of the ngsiads.

3.2.2. Quantum cutting and 1.2 pum emission spectra

As already mentioned, when the samples are exuitdda 473 nm cw laser, the Efo
ions are excited to tH&s; level, followed by a non-radiative relaxation hetS,,’F; level. From
this level, the following resonant cross-relaxatiemergy transfer, denoted as CR1 in Fig. 3,
occurs:

5%, °F4 (HO™) +2F72 (Y0*) — ®ls (HO™) + °Fsp2 (YD)
and one HY 1180 nm photon (from thd¥g level) and one Y85 980 nm photon (from th&Fs),
level) are emitted.

Further, non-radiative multiphonon relaxationsnirthe®S,,°F, levels populate thaFs
one and, from this level, another resonant crossc@ion energy transfer, shown as CR2 in Fig.
3, takes place as follows:

°Fs (HO™) + 2Fo12 (YB®*) — ®l7 (HO™) + °Fs2 (YD)
resulting in the emission of one H®.0 um photon (from thd; level) and one Y& 980 nm
photon (from théFs;, level). All these excitations, CR and emissionartfels are shown in the
partial energy level diagram of Yband HS" ions in Fig. 3. It is worth noting that Zhet al.
[26] and Linet al. [27] proposed similar mechanisms to explain QCcesses in Ho/Yb**

codoped glass-ceramics.



Emissions from Y& (*Fs>—2F0) and HS™ (°S;,°F4—°lg) ions overlap giving a wide
band in the range of 950-1100 nm, as shown in &ighdditionally, Yo' emissions consist of
two peaks, a sharp one at ~980 nm and broaderteri®a0 nm, attributed to emission from the
lowest Stark level ofFs, multiplet to the lowest and next higher Stark levaf the?F,, ground
multiplet, respectively [28]. The intensity of Ybemissions increases, due to the change of the
Ln** local structure, from glass to glass-ceramic G&8] then decreases marginally for GC4,
which could be due to back transfer processes frdii to HO'* ions. The’lg—"lg transition
gives emission at ~142m and is also shown in Fig. 4 for the glass and.@@sir intensities are
higher compared to those of 1ubn, and increase monotonically from the glass todlass-
ceramic GC4 with the increase in size of the naystals and the progressive incorporation of
Ho®" ions into low phonon energy Caffanocrystals.

As can be seen from Figs. 2 and 4, in moving fréasggto GC4, the enhancement factor
of the intensity is higher for th#s — °lg emission band compared to tt8,°F, — °I; band of
Ho®" ions. This can be explained taking into accouat the energy difference between the
°S,,°F4 and °Fs levels is ~3020 cih whereas the difference between fihegand®l; levels is
~3540 cnit (from absorption spectrum). Larger energy gap ltesim lower multiphonon
relaxation from the upper level. In moving from ggato GC4, phonon energy of the host
progressively decreases. As a result of this, tieg@ogressive increase in radiative emission
from the’lg level compared to thiS,,°F, level in moving from glass to GC4. Another reagmm
higher enhancement factor of thg— °lg emission could be increase in CR1 process, in mgvi

from glass to GC4, which depopulates t8g°F, level and populates the; one.



Quantum cutting (QC) is a process in which oneti@hof high energy converts into two
photons of lower energy. This process in the*Hons, where each photon at 473 nm that is
absorbed can produce two NIR photons, giverffay—>F7» & °lg—°lg (1.0 & 1.2um) and
Fso—"F7i2 & °17—°lg (1.0 & 2.0pm). The low energy photons (~1.2 and ~@r@) are more
intense and efficient as they occur only betweefi' itms, whereas the former ones (~jr))
involves energy transfer from Ffoto Yb** ions and, hence, they are weaker.

The effect of YB' ions can be analyzed using the decay curves diRhdevel of YB*™*
ions in glass and GC3. These decays are measurexkdiyng them with a 944 nm laser
radiation and monitoring the emission at ~1020 mmere there is shoulder in the ¥hons
emission, and are shown in Fig. 5. Both decay curaee clearly non-exponential and the
average lifetimes [11] are found to be ~15 and p88or glass and GC3, respectively. It is
interesting to note that the lifetime in GC3 in@ea significantly, almost by a factor of 2, due to
the presence of Y¥bions in a low phonon energy Gafanocrystalline environment.

Decay curves for th8g—"lg transition of H3" ions at 1.2um measured in the glass and
the glass-ceramics, under 473 nm laser excitatignshown in Fig. 6. As can be seen, all decay
curves are non-exponential in nature and consistshort and long components. The short
component corresponds to ions that reside in thesgiatrix and are not incorporated in the
nanocrystals. But, as can be seen from Fig. 6,dbimsponent is reduced from GC1 to GC4.
Lifetime of the long component of 1.@2m decay, which is due to ions present in £aF
nanocrystals, increases with the increase in the & nanocrystals from 1% (Glass/GC1) to
1.586 ms (GC4). It is worth noting that the lifeinm GC4 is three orders of magnitude (~1006
times) longer compared to that of the glass, duthéopresence of Hbions in low phonon

energy Caf nanocrystals. The present lifetime of the {ir® emission of HY ion in GC4 is
8



longer compared to other reported*Hdoped matrices, such as Ca3cceramic [29] or water-
free fluorotellurite glasses [30].

Fig. 7 shows the time-resolved NIR QC emission bf*Yons at different delay times
after exciting with a 532 nm laser light, resonaiith the °ls—°F4,°S, transition of H3" ions.
The emission spectra consist of overlapped bands88@4, ~911, ~980 and ~1020 nm due to
Stark’s splitting of the excited Yh?Fs, multiplet and théF,,°S,—l¢ transition of H3" ions at
~1010 nm. The energy transfer from*H@ns is responsible for the emission of*Yns. The
emission intensity and full width at half maximurhtbe 980 nm emission band increases with
the increase in delay time, due to population déffiees among the thermally coupled levels of
Yb* ions in the matrix.

In order to study the energy transfer process raocerately, luminescence decay curves
are obtained by excitings—°F4,°S, transition at 532 nm of the Bloions and monitoring the
emissions at ~975 and ~1010 nm, respectively, asrshn Fig. 8. The decay curves indicate
that the energy transfer process is predominahighier delay times because the*Yns are
excited through CR1 or CR2 processes fromi*Hans. The rising edge in the decay curve (975
nm) of Fig. 8 indicates the slow population procesthe?Fs), level of YB* ions through energy
transfer from H3" ions. This provides a strong evidence for the gnémansfer from the H3 to
Yb** ions [31]. On the contrary, in the emission at H1®&m, associated with th€,,°S,—"lg
transition, predominates the emission coming frooi'ibns initially excited.

The emission cross-section between a high enexgy &d a lower energy level can be

derived using the McCumber [32] theory,



h —
)= 0ulh) Zrend M~ 8

where o, is absorption cross-sectioaa=a( /N, where a(A)is the experimental absorption
coefficient andN is the concentration of Hbions; z, andz, are the partial functions of lower
and upper levels, respectivelig is Boltzmann’s constant; — E = hv — B is the energy
separation between the two levels; dfg is the zero liné energy, i.e. the energy of the
transition from the lowest Stark sublevels of upged lower manifold.

Absorption and emission cross-sections (¥1@nf) are calculated for the 1.2m
emission of the HB ion and are found to be 0.93 and 5.2 for the peeru glass and 1.16 and
6.7 for the glass-ceramic GC4. Values of emissimss:sections of glass and GC4 are much
larger than those of TZNF60 glass (0.63 Xient) [30] and oxyfluoride nano glass-ceramic
(0.27 x10%° cnf) [33]. Figure of merit (FOM), defined as the product opesimental lifetime
and emission cross-section [34], for the L emission is found to be 0.08 x ¥0cm?s for
glass and 10720 x T&cms for the glass-ceramic GC4. The FOM for GC4 isitbto be about
1000 times higher than that of glass. The high&revaf FOM indicates higher gain for the 1.2
um emission in GC4.

3.2.3. 2.0um emission spectra

NIR emission spectra of the oxyfluoride glass dmel glass-ceramics at around 2
are measured by excitinty— Fs transition using a 473 nm laser light and are shawFig. 9.

As can be seen, the intensity of the bands incsefasm the glass to the glass-ceramic GC3 and
then decreases slightly for GC4. This could be udecrease in the magnitude of the cross-
relaxation processes, CR2 in GC4, which feddslevel, due to decrease in multiphonon

relaxation from°S,,°F, to °Fs level. The full width at half maximum (FWHM) of ¢hall the
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emissions of the present study, from glass to G€4&und to be around 153 nm (386 tn
which is slightly larger than 149 nm found in TZNIFglass [26] but less than 171 nm found in
germinate glass [35].

Absorption and emission cross-sections (1enT) of the 2.0um band calculated using
Eq. (1) are found to be 2.1 and 5.39 for the premuglass and 2.09 and 5.79 for the glass-
ceramic GC4, respectively. The absorption and eéamissross-sections (x¥8 cnf) of the
present study are larger than those found in ogryiflie glassd,—= 0.498,0en= 0.47) and glass-
ceramic GC Cdu= 0.56,0en= 0.66) [2] and TZNF60 glass{~= 0.68,0en= 0.72) [26].

The wavelength dependent gain cross-section caxressed as:

7, (0)= 10, ()- - Yo 1) o
whereoem andayp, represents emission and absorption cross-sectiesigectively, ang (0 to 1
with an increments of 0.1) represents the populatibHo® ions. Gain cross-section spectra of
the°lg—l; transitions of HY ion at 2.0um as a function of population inversion for a glass
the glass-ceramic GC4 are shown in Figs.10 (a)(epdespectively. Gain is positive when the
population inversion is equal or greater than Bl@wever, broadening is more predominant for
GC4 compared to glass. The gain is found to be &i9for GC4 which is higher than that of
glass, 5.35 cifi The value of gain is very high compared to thofseeported tellurite [35] and
fluorophosphate [37] glasses. It is observed frown gain spectra that a tunable wavelength
range of 1900-2100 nm is expected when the populativersion is greater than or equal to 0.5.

These results reveal that thetdoped glass-ceramics have potential for opticaildiers.
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4. CONCLUSIONS

The HJ*-Yb*" co-doped transparent oxyfluoride glass and glasargics containing
Cak, nanocrystals have been investigated. X-ray diffoacpatterns confirm the formation of
Cak nanocrystals in the glass matrix. The size ofrtarocrystals increases from 8 to 18 nm
with increasing the thermal treatment temperatdirda® precursor glass. Near-infrared quantum
cutting as well as 2.um eye safe emissions are obtained in**Ylons and H3' ions,
respectively by exciting with 473 nm laser at the level of HG* ions. The similar emission is
also achieved at different delay times by excitimg’F, level of HG'" ions at 532 nm. The decay
curves of YB" emission evidences the energy transfer processHfto’* to Yb** ions. It is worth
noting that lifetime of 1.2um emission has been enhanced by three order ofitndgrin GC4
sample compared to that of the precursor glassnset YB* and HG* near-infrared emissions
indicate that the present oxyfluoride glass-ceransantaining CafFnanocrystals have potential

application in realizing the solar spectrum to erdeethe efficiency of c-Si solar cells.
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Fig.1. X-ray diffraction patterns of the oxyfluoride glaassd glass-ceramics.

16



Fig. 2.

LU B B N B B B B B N B B B B B N B B B B N B R B B B B B

Exc.=473nm _Glass

—GC1

GC2
—GC3
—GC4

. 5¢ 5¢_o5
g Sy F7~7l7

Intensity (arb. units)

Q
W

L—K'__A\
e T W I R Y S o e W B T T N M

650 700 750
Wavelength (nm)

Visible emissions of Hbions in the oxyfluoride glass (G) and glass-

ceramics (GC) under 473 nm laser exoitat

17



25+ 5 5. 5
G5 GG: F1
. 5. 3
-------- F.:'K
> 2" g
~ \ F
! 5a .5
CE) \ 5F SZ F4
o " 154 5I5
S AE ¢
X 2e olo |
~ 10- 5/2 “ 55
> £ |
2 < °
o
c s zlgl |2 R
w ofe S £
5 I
od?F y < v VY9
N 712 € £ E £ E 8
Yb3+ H°3+ [ ; :
N 0 N
F¥Ees
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Resear ch Highlights:

> Ho>*-Yb** 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 um emission has been enhanced by three orders of magnitude in GC
compared to precursor glass.

» 1.0 pm QC emission of Yb*" ions could improve the efficiency of Si solar cells,

» 1.2 um QC emission of Ho*" ions could be useful for enhancing transmission windows of

optical amplifiers.
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Strontium phosphate glasses with various concentrations of Nd,O3 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 hlghest 1ntens1ty has been noticed
for the band at 1056 nm that corresponds to the “Fg5 — *Fiy, transition of
Nd?* ion. Laser parameters such as branching ratlo band Wldth stimulated
emission cross section and gain bandwidth for the *Fgp — F11/2 transition
are found to be 0.52, 28 nm, 2.31 x 1072° ¢cm? and 6.5 x 10°2¢ cm?, respec-
tively. Decay curves of the F3/2 level of Nd3* ions exhibit a single exponentlal
nature at lower concentrations, while they become non-exponential at higher
concentrations (= 0.1 mol.%) due to non-radiative energy transfer processes.

This feature i is also associated with shortening of lifetime from 307 us to 82 us
when the Nd>* 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 um.

Key words: Nd>* ion, strontium phosphate glasses, JO parameters,
NIR luminescence, laser applications

INTRODUCTION

Trivalent lanthanide (Ln®') 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.’™ Owing to the optical properties of
the Ln®*-doped glasses and with the prompt evolu-
tion of the diode-pumped solid-state lasers,

(Received February 21, 2020; accepted July 31, 2020)

Published online: 25 August 2020

investigation on newly developed laser glasses has
galned more attention.*” Among the various Ln?*
ions, Nd3* ion is one of the important and most
extens1vely 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 “Fsu — Iy (J =9, 11, 13 and 15)
trans1t10ns respectlvely Out of these four transi-
tions, the *Fss — *I;1» 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.®” Nd>*-doped glass amplifiers are bein
used to develop these ultrahigh-intensity lasers.
But the commercially available Nd**-doped silicate
and phosphate®!? glasses and even the hybrid glass
structure'! 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)*2 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.'®

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
Ln®* ions resulting in less clustering, extensive
transparency in the ultraviolet-infrared (UV-IR)
spectral region, etc.!®'® 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.”

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
sin§1e modifier. Spectroscopic investigations of
Nd°*-doped BaO (P305-BaO-Nd,Os: PBN) and
MgO (P205-MgO-NdyO3: PMN) modified phosphate
glasses have already been reported earlier'®'® by
our group. In this report, absorption and NIR
photoluminescence properties of Nd**-doped SrO
(P205-SrO-Nd,0O3: 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
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the composition dependent luminescence properties
of phosphate glasses.

EXPERIMENTAL TECHNIQUES

Nd3*-doped strontium phosphate (PSN) glasses of
composition (50 — x/2) P305 + (50 — x/2) SrO + x
Nd,O03 (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.'® High-purity chemicals of strontium
metaphosphate (Sr(POs);) and neodymium oxide
(Nd203) from Sigma-Aldrich were taken as initial
materials. Prepared glass samples were labeled as
PSNO005, 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 NdyOgs, 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 Nd®* ion in the
PSN10 glass were found to be 3.298 g cm ® and
0.2641 x 10%° jons 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
Nd,O5-doped BaO (PBN10) (1.598)'® and higher
than MgO-modified (PMN10) (1.581)'° 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.'®
Optical absorption spectrum of Nd**-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 wultraviolet (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, Nd®* ions are pumped
from the ground state (*Io) to the different excited
levels of 4f°—4f% electronic transitions. Eleven bands
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Fig. 1. Optical absorption spectrum of Nd**-doped PSN10 glass.

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
spe(itrum, \thich are %ssigneg to the “Igp — (le/
2 + 4D3/2 + "Ds/2), (4P1/2 + “Dso), 4( Gorz + Dy,

+ "Gz + Kisp), “Gop, “Grp, (CGsp + “Grp),
Hie, “Fo, (*Fre + *Sai2), (“Fs2 + *Hop) and *“Fap
transitions, respectively. The absorption spectrum
is similar to those of the reported Nd**
glasses,> 121819 except for small changes in their
relative peak positions, intensities and broadening
due to changes in the ligand field around the Nd>*
ions in different glass matrices. The Nd3**—ligand
bond influences the position of the absorption band
due to the nephelauxetic effect. The nephelauxetic
ratio () and bonding parameter () are calculated
using the following expressions:2%?!

ﬁzv—: (1)

V,

5= [1%‘8“00] (2)

where v, and ‘v, are the energies of the respective
transitions in the glass system and aqua solution.
The assignment of energy levels of the Nd®* ions in
the PSN10 glass and the aquo-ion are made using
the reports of Carnall et al.?? as these values are
host-independent. The f is the average of all the f§
values of the observed transitions in the absorption
spectrum. Positive or negative values of J specify
the covalent or ionic nature of the Nd**—~O bond,
respectively.?® The experimental energies and o
values are given in Table I. A positive value of § in
this PSN10 glass shows that the bonding of Nd**
ions with their surrounding ligand field is covalent.
It is noticed that the ¢ value is lower compared to
those of PBN10'® and PMN10'? 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, ‘Igs — (*Gge
+ 2Gq9) is the most intense and is hypersensitive
transition (HST). Generally, the HST is more sen-
sitive to the chemical surroundings of the Nd>* 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 Nd°* ion in the
PSN10 glass are evaluated by integrating each band
as given in Ref. 24. Using these f.x, values, Judd—
Ofelt (JO)?>*® analysis has been performed for the
PSN10 glass to obtain the calculated oscillator
strengths (f.,1)) and intensity parameters (Q,,
J = 2,4,6) following the least square method.?* The
value of root-mean-square deviation [¢(/V)] indicates
the quality of the fit. The values of oy, fea1 and (V)
are given in Table I and are compared to those of
PMN10'® and PBN10'? glasses. From Table I, it is
noticed that the value of o¢(IN) is &+ 0.87 x 10°©
which indicates that f., and f.a 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 PBN10'® 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 (Qq, Q4 and Qg)
from JO analysis for the present PSN10 glass are
presented in Table II along with the values of other
reported Nd3*-doped glasses.’®192731 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 Ln®" jons) and are used to evaluate
radiative properties of the emitting levels of Ln?*
ions. It is reported that Qp 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.>?> As can be
seen from Table II, it is observed that the Q, value
is decreasing in the order STPN®° > PKSAN?’ >
PKSAFN* > PKSABFN*” > PKSFAN® > LG-750°"
>LHG-8" > LG-770*" > LHG-80*' > PBN'® > PMN"
> PCBSN* > PSN. It is clear that the Q, value in
PSN10 glass is lowest compared to those of the glass
systems presented in Table II, 8192731 guggesting
that there is higher symmetry at the Nd>* ion site and
weaker covalence of the Nd®>*—ligand bond. The higher
symmetry at the Nd®>" ion site (due to the close
packing of oxygen atoms around the Nd>* 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 Nd>* ions in the PSN10 glass experience rela-
tively weaker covalence, and both approaches give the
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Table I. Experimental energies (Eqyp, cm™'), experimental (fexp) and calculated (f..1) oscillator strengths
(x 107% and bonding parameter (5) of PSN10, PMN10 and PBN10 glasses

Transition Energy Oscillator strengths
PSN10 PMN10 PBN10

4I9/2 - Eexp f exp f cal f exp f cal f exp f cal
“Fa 11,456 2.56 1.85 1.54 1.93 2.20 2.67
4Feso + 2Hgpo 12,469 4.43 4.74 5.89 5.82 7.34 6.79
“Fujo + *Sa 13,405 451 4.46 5.78 5.96 5.85 6.34
“Foyo 14,663 0.51 0.36 0.63 0.46 0.43 0.51
2Hi10 15,974 0.15 0.10 0.16 0.13 0.09 0.14

Gs/o + 2Gqje 17,212 9.55 9.61 13.20 13.29 16.30 16.34
4Grje 19,084 3.54 2.39 4.48 2.74 4.22 3.58
4Gy 19,531 3.11 1.08 3.01 1.23 2.58 1.57
4G11/2 + “Dajg + 2Gog + 2Kisje 21,008 1.69 0.89 1.30 1.03 1.74 1.29
2P0 + 2Dyo 23,310 0.38 0.50 0.46 0.49 0.74 0.72
“Dyjg + Dajg + *Dsjy 28,090 7.77 9.05 8.56 9.10 12.68 13.07
o(N)® (x 1079) +0.87 (11) +0.79 (11) +0.48 (11)

5 0.3714 0.6036 0.4016

2g(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 (22;, x 1072° cm?), spectroscopic quality factor (y), radiative (g, pus),
experimental (rexé,, us) lifetimes, quantum efficiency (i, %), bandwidth (Ales, nm), emission cross section
[6(ipl, X 1072 ecm®], gain band width [Adeg X 6(Jp), X 1072 cm®] in various Nd**-doped phosphate glasses

Glass Composition Q2 Q4 Q5 1 TR Texp N Ahest 6(Ap) Alege X 6(ip) References
PSN P50s5, SrO, Nds03 1.16 3.78 3.00 1.25 451 256 57 28.2 231 6.5 Present
work
PBN P505, BaO, Nd,0O3 2.62 547 424 129 331 180 54 24.0 2.79 6.7 18
PMN P5,05, MgO, Nd,O3 2.55 3.74 4.12 091 394 232 59 25.0 3.26 8.2 19
PKSAN Py05, K50, SrO, Al,03, 6.74 3.86 6.35 0.61 319 172 54 27.95 4.05 11.3 27
Nd;O03
PKSFAN P05, K50, SrO, SrF, 524 430 5.81 0.74 326 211 65 326 3.29 10.7 28
Al,03, Nd,O3
PKSAFN P.0Os5, K50, SrO, Al,03, 6.63 5.07 598 0.85 290 188 65 23.7 5.08 12.0 27
loF'3, Nd2O3
PKSABFN P,0j5, K;0, SrO, Al;03, 6.50 4.64 5.99 0.77 306 194 63 23.5 4.72 11.1 27
BaF, Nd203
PCBSN P;0s5, CaO, BaO, SrO, 2.17 2.46 3.07 0.80 354 284 80 27.5 3.90 10.7 29
Nd2Og3
STPN SrO, TiOs, P2Os, 7.75 474 6.05 0.78 282 238 84 26.0 4.89 12.7 30
ds03
LHG-80 - 36 50 55 091 326 - - 239 420 10.0 31
LHG-8 P,0s, Al,Os, K,0,BaO 44 51 56 091 351 - — 265 3.60 9.5 31
LG-770 P505, Al,03, K;O,MgO 43 50 56 089 349 - - 254 390 9.9 31
LG-750 P50s5, Al;,03, K;O0,BaO 46 48 56 086 367 - — 253 3.70 9.3 31

33

same conclusion. Chanthima et al.”® also observed fluorine content®?® and TiO.>° to the phosphate

that the asymmetric nature around the Ln®* jon 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 K0, Aly03,%7

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

It is also well known that Q4 depends on the long-
range effects and is related to the bulk properties of
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glass, and Qg is related to the rigidity of the glass
host, which are influenced by the vibronic transi-
tions of the Ln®* ions bound to the ligand atoms. As
can be seen from Table II, the Qg 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 Nd?* i lons, a h1gher value of Q4 parameter favors
an intense *Fso — *Ig transition, while the Qs
parameter improves intensity of the *Fgo — ;150
transition. In fact, the ratio of Q4/Qg, called spec-
troscopic quality factor (y), is a very important
parameter, and it prov1des the 1nf0rmat10n about
the means through which *F3 level of Nd3* ion can
relax to the ground state In order to get the highest
luminescence for *Fs5 — *I;12 transition, Qg
should be slightly greater than Q4. In the PSN10
glass, the y 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, Qg> Q, for all the reported glasses,
except for PSNlO and PBN10'® glasses; conse-
quently, the y value is greater than that for the
PSN10 and PBN10 glasses This result is similar to
those found in borate,®* LiPbAIB,*® Nb1,%¢ tellu-
rite,?” ﬁuorophosphate and ZBSN439 glasses.
Hence, in these glasses, the F3/2 - g9 trans1t10n
also plays an important role in relaxing the *“Fg
level. Moreover, this high-intensity laser at 875 nm
corresponding to the *Fy5 — *Ig transition is also
useful to produce blue light-emitting devices by the
monolithic integration of laser emission.

Further, the JO intensity parameters (QQ;) are used
to evaluate the radiative properties like radiative
transition probability (Ag), branchmg rat1o (fr) and
radiative l1fet1me (rR) for the *Fgp — 19/2 11/2,13/2
transitions of Nd ion in the PSN10 glass Radiative
lifetime for the *Fs, level of Nd3* ion in the PSN10
glass is found to be 451 us 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 part1al energy level
diagram of the Nd>* ions is shown in Fig. 3 which
explams the mechanism involved in NIR lumines-
cence in the Nd**-doped PSN glasses When excited
at 808 nm, initially, the Nd®* ions were pumped to
the *Fgs level from which they made fast non-
radiative trans1t1on and reached a “*Fgp
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

Fap — IJ/2 J =911 and 13) trans1t1ons respec-
tively. Among them, the 4F3e — *I;15 transition at
1056 nm is the most intense and prominent one
which has many practical applications as a four-
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Fig. 2. NIR luminescence spectra of Nd*>*-doped PSN glasses under
808-nm excitation.

25
2 2
P1r2+ D612
2 2 2
‘Gm * Dm o Kw
20 Gm
4
i ‘gm+ ‘G
- sz m
L7 15k 4,112
g AlNR 4:m+ :S
- L 472 2302
o S Fm" Hm
= : 4
xwofk E|g|ele]| Fia
> © n | Yl ~ g
g 3| % 8|8 '\ CR
g i ‘l
w 4 1572
J 5 L \ ¢ 4
] 1372
| i Y
: "
oL . ‘I

Nd™
Fig. 3. Partial energy level diagram of Nd®* ions in PSN glasses.

level laser system. The emission band at 875 nm
split into two bands, which describes the specificity
of the glass host. Intens1t1es 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 Nd * 1ons via Cross- relaxatlon channelsi
through “Fap + “Iop — *“Iise + “Iise  (Fig. 3).*
Therefore, 1.0 mol.% is the optimum concentration
in the present Nd?*: PSN glasses. Further, the
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Table III. Emission peak position (i,, nm), effective
bandwidth (Ales, nm), radiative transition
probability (Ag, s~ 1), peak stlmulated emission
cross section (6(iy), X 10~ =20 ¢m?) and ex Perlmental
and calculated branching ratios (ﬁR) for ‘Fsp — %,
(J = 9/2, 11/2 and 13/2) transitions in PSN10 glass

Br
Transition
Fee — Jbp  Meg Ar o(i,) Exp. Cal
Toyo 875 36.26 1012 0.86 0.40 0.46
Ti10 1056 28.21 1010 2.31 0.52 0.46
. PPN 1327 46.74 182 0.63 0.08 0.08
relatlve intensity ratio of “*Fgp — *Ioo/*Fspm

— “I,1» transitions is also high at 1.0 mol.%
concentration of Nd3* ions, as shown in Fig. 4b.
From the NIR lummescence spectra, effective
bandwidth (A/leff, nm), radiative transition proba-
bility (Ag, s !), peak stimulated emission cross
section [O'(AP) x 10720 cm2] and experimental
branching ratio (ﬁR) for *Fsp — 59 (J =9, 11
and 13) transitions in PSN10 glass are evaluated
and are given in Table III. As can | be seen, radlatlve
trans1t10n probabilities for both *Fss — *Igs and
41,12 transitions are more or less similar, which
indicates that the *Fse — “Igs transition is com-
peting with the *Fs5 — “I;12 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 fg 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 g values are obtained
from the JO analysis. It is noticed that the
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experimental and calculated fr values are in good
agreement. It is observed from the hterature that
the fr values for 19/2 11/2,13/2 levels of Nd3* ion in
many glasses are appr0x1mately in the ratio of
35:55:10, respectively. In the present case, calcu-
lated fr values are in the ratio of 46:46:8 (Table III)
as observed in the case of lanthanum sodium zinc
tellurite glass.*® This is also evident from the values
of y and Agr. However, experimental ﬂR values are in
the ratio of 40: 52 8 mdlcatmg that the “Fsp — *I;10
transition of Nd** ion in PSN glass is dominant and
is more efficient laser transition than the other two
transitions. Furthermore, experimental fr values
(hence the intensity of emission bands) varied
marginally in the PBN10,'® PMN1019 and PSNlO
glasses. However, the fg value for *Fgo — *Igs
transition is slightly decreased in the order of
PMN > PSN > PBN, while it is increased in the
order of PMN < PSN < PBN for the ‘F3s — ;150
transition of Nd3* ion. This trend indicates that
with 1ncreas1ng catlonlc radius of the network
mod1ﬁer 1ons (Mg?* < Sr?* < Ba®"), the intensity
of *F35 — *I11/» transition increases. This may be
due to greater depolymerlzatlon of BaO network
modifier oxide.*

A low value of Al and high value of (/) are
preferable for an efficient laser transition. In the
present case, lower Alogr and hlgher a(/tp) values for
the *Fge — 41,15 transition of Nd3* jon in PSN10
§lass co ;)ared to other two transitions infers that

Fs35 — “Ii12 transition is a sharp and efficient
laser transition. Therefore, based on the above
observations, the potentlal laser transition at
1056 nm in the Nd?*-doped PSN glass can be used
for low-threshold and hlgh -gain apphcatlons The
Alogr and a()p) values for *F3s — *I;15 transition of
Nd°* ion in PSN10 glass are comgared with those
reported for the other glasses'®%273! 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
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Fig. 6. Decay curves of the “Fa0 level for different concentrations of
Nd®* 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.

of Algsr is slightly higher in the PSN glass compared
to those of other glasses, including commercial
glasses except for PKSFAN glass®® (see Fig. 5).
Hence, based on the higher radiative lifetime and
emission bandwidth values, the present PSN
glasses doped with Nd®* ions can find application
as high-energy ultrashort pulse laser material.
However, the value of a(4,) for the Fae - M1
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 Al
in the PSN glass. However, the magnitude of o(/,) is
found to be higher in the PSN glass than that of
barium fluorophosphate,*” phosphate,*® LG-650,8
L-41,*® lead fluorosilicate?® and NaF-Na,0-B503%°
glasses, indicating the importance of PSN glass as a
potential laser host material. Further, the product
of Alesrx 0(4p), known as gain bandwidth, is an
essential parameter for the design of optical ampli-
fiers. The gain bandwidth is found to be 6.5 x 1026
cm? for the *Fse — *I;15 transition of Nd®* 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
TiOs, K50, Al,O5 and AlF; modifiers® 3% 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,’! fluoroborate®® and zinc phos-
phate®® 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 *Fs5 level of Nd3* ion in PSN glasses are
measured. Figure 6 shows the decay curves of the
4Fs5 — *I;1 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 expression®® (see the supplemen-
tary Figures S1 to S6):

I(¢) = Aqiexp <— i) + Agexp <— i) (3)
71 T2
where A; and A, are constants; t; and 7, 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
(Texp) Or average (7,yg) lifetimes of the 4Fy/5 level in
these glasses are computed by using the following
expression and are presented in Table IV.

Alf% +A2‘E§

R T v @

As can be seen from Table IV, the experimental
lifetimes of the *Fg level initially increases from
0.05 mol.% to 0.1 mol.% of Nd** ions and then
decreases for higher concentrations. This initial rise
and then fall in lifetimes with increasing concen-
tration was also observed for tellurite® and PKBA®®
glasses. This could be due to either radiative
trapping®® or differential site occupancy. Variations
in the ligand fields around the Nd®* 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 7., values of PSN glasses are compared with
those of PBN'® and PMN'? 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 PBN'® and PMN' glasses. This
could be due to the higher symmetry and weaker
covalence experienced by the Nd®* ion in the PSN
glass compared to PMN and PBN glasses. The 7.,
value is found to be higher in PSN10 glass compared
to those of other glasses shown in Table II except for
PCBSN.?° It is observed that addition of K50, AloO5
and fluorine content®”*® may lower the lifetime,
while CaO + BaO?® and TiO.*° may enhance the
lifetime in the SrO-based phosphate glasses.

On the other hand, in PSN10 glass, considerable
variation between tey, and 1y for the 4Fy/5 level has
been observed, which emphasizes that some non-
radiative energy transfer processes (W,,) are
involved. W, values in the PSN glasses are pre-
sented in Table IV, which are evaluated using the
following expression:

Texp TR
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Table IV. Lifetime (texp, us), non-radiative energy transfer rate (W,,, us™1), quantum efficiency (1, %), ener
transfer parameter (@), critical distance (R,, A°) and donor-acceptor interaction parameter (Cpa, x 10~%°

cm® s7!) of Nd3*-doped PSN glasses

Concentration Texp

(mol.%) (ions cc™Y) PSN PMN PBN War 1 (%) Q R, Cpa

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
In the present case, the former is playing a domi-
nant role and is evident from the decrease of
400 T T emission intensities with @ncreasing concentration.
ol PMN Finally, the non-exponential behavior of the decay
—A=PBN curves represents the presence of energy transfer.
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Fig. 7. Variation of lifetime (texp) Of the *Fao level of Nd®* ion in PSN,

PMN and PBN glasses. The inset shows the decay profiles of Nd**
ion in PSN10, PMN10 and PBN10 glasses.

As can be seen from Table IV, W,, 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 '*’, and,
hence, four to five phonons are required to overcome
the gap between the *Fg level and its lower *I;5
level (~ 5250 cm™!). 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 Nd** 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 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 Nd®* 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
(@), critical distance (R,) and donor-to-acceptor
energy transfer interaction parameter (Cp,) are
given in Table IV, which are important to assess the
strength of the interaction between donor and
acceptor. Generally, with increase in R, value, @
and Cp, parameters will increase. As can be seen
from Table IV, the @ value is increasing consis-
tently with increase in Nd®* ion concentration,
while the values of R, and Cpa 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 *Iy55
level of Nd>* 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.’®%° The diffusion-
limited process represents strong self-quenching,®”
whereas the fast diffusion process represents weak
self-quenching®® between Nd®* 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
expression
«(N) = 1402

1+3 (1%)

and self-quenching by fast diffusion can be calcu-
lated by the expression®®

(6)
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where N is the concentration of Nd3* ion, 7, is the
experimental lifetime at very low concentration, NN,
is the critical sensitizer concentration for self-
quenching, N, is the critical concentration for the
diffusion step between active ions, f is the expo-
nential parameter for multiphonon-assisted energy
transfers in the considered host and AE is the
energy gap between the “Fgs, and *I;55 levels of the
Nd>* ion.

In the present study, N, was taken to be equal to
N, (3.5 x 10%° jons/c.c.), which is calculated from
the Eq. 6 for 1.0 mol.% of Nd3* ions by taking
7, = 307 us (experimental lifetime of 0.1 mol.%
Nd?**-doped glass). The f value (2.0 x 1072 cm)
was calculated from the equations given in Ref. 61,
by taking the values of phonon energy as
1300 cm °"?® and the electron phonon coupling
constant (g) as 0.054.°” By substituting the appro-
priate values, Eqs. 6 and 7 are used to simulate the
lifetimes of the “Fss level for different Nd** 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 Nd>* ion concentrations. This
indicates a gradual decrease of the diffusion-limited
process and onset of the fast diffusion processes at
higher Nd?* ion concentration in the PSN glasses.

Quantum efficiency (1, %) can be known from the
ratio of experimental and calculated lifetimes
(= Texp/TR) 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 5 calculated using
the above relation are given in Table IV. It is
noticed that the magnitude of # is decreasing as a

function of concentration. The 5 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,%* bismuth borate,’"%® fluo-
roborate,”®  fluorophosphate,®® lead borate,®*
BiZNd® and borate sodium® glasses. Finally, the
important laser parameter, figure of merit (FOM),
defined as the product of o(/,)x Texp, 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 x 10**  em®s)< PSN  (10.42 x 10 **
ecm? s) < PMN (12.84 x 10°2* cm?s). The FOM
value is found to be increasing with decrease in
the cationic radius of the network modifier.

CONCLUSIONS

Nd?*-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 analgysis has
been carried out on the 1.0 mol.% of Nd°*-doped
PSN glass to derive intensity parameters and in
turn to determine radiative properties. Both JO and
nephelauxetic parameters show that Nd* 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 ¥, calculated fig and Ag reveal that “Fge — *Igs
transition is competing with the *Fso — *Ii1s
transition of Nd* ion in the PSN10 glass. A higher
value of g for the *Fso — *I31» transition indi-
cates that the excited level of Nd®' ion slowly
depopulates in the PSN10 glass that favors the
population inversion.

The NIR luminescence spectra consist of three
bands in which the *Fss — *I;1» transition at
1056 nm is the most intense one. Luminescence
intensity is found to be higher for the 1.0 mol.%
Nd?*-doped PSN glass. Higher values of experimen-
tal fr (> 50%) and o(4,) and lower value of Al for
the *Fg5 — *I11/2 transition compared to other two
transitions infer that the *Fs5 — %112 transition
of Nd** ion in PSN10 glass is a sharp and efficient
laser transition. The value of Aldeg of the *Fgo
— %1,y 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 Nd>*
ions is of a dipole—dipole type. Diffusion-limited
processes are responsible for the observed decrease
in the lifetimes of the *F5/5 level of Nd3* jon in PSN



glass. Higher values of the FOM show better
potential of PSN glasses for NIR laser applications.
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ARTICLE INFO ABSTRACT

Keywords: Dysprosium-doped fluorophosphate glasses (P20s-CaFa-BaFo-TiO2-Dy203) have been prepared using melt-
Oxg’gl_lorophosphﬁte glasses quenching technique and characterized their optical, structural, thermal and photoluminescence properties.
Dy™" ions Thermal stability (128 °C) of 0.5 mol% Dy>03-doped glass has been estimated using Differential thermal analysis.
FTIR . Functional groups for 0.5 mol% Dy303-doped glass have been studied by Fourier Transform Infrared spectrum.
Photoluminescence

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 Dy34r ions
and analyzed for white luminescence. Intense emission has been observed for 0.5 and 1.5mol% of Dy;03-doped
glasses under 387 nm excitation. The *Fg,5 — ®Hy3/5 transition at 573 nm has unveiled a high stimulated
emission cross-section (osg) of 41.52 x 10722 cm? for 0.5 mol% Dy»03-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.

Decay curves
White light tunability

1. Introduction for exploring the luminescence properties owing to their usage in laser
devices [6], telecommunication [7] and color display applications [8].

In the present market, white light emitting diodes (WLEDs) are Moreover, Dy3+ ions exhibit intense yellow emission due to the 4F9/2 -

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
(Ln®") ions are active centers of luminescence in photonics and
opto-electronics device applications. However, researchers are moti-
vated extensively towards Ln®*:glasses for evolving the devices such as
plasma displays, lasers, amplifiers, optical temperatures and WLEDs [5].

Trivalent dysprosium (Dy>*) (4f°) ion is one of the exciting Ln>"ions

6H13/2 (electric dipole) transition than blue emission due to the 4F9/2 -
®H, 5, (magnetic dipole) transition [9-13]. Consequently, at the suitable
ratio yellow-to-blue (Y/B) intensity ratio, Dy>" ions are more fascinated
for WLEDs. Therefore, it is recommended to use Dy>* ions for white light
sources.

Phosphate (P2Os) glasses are the prominent host materials for
embedding Ln>" 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 CaFy have
been discussed for WLEDs [2]. Photoluminescence (PL) studies have
been performed for Dy>*-doped oxyfluorosilicate glasses modified with
BaF, [16]. In this work, Dy®>-doped titania fluorophosphate glasses are
obtained by modifying phosphate network with CaF5 and BaFs.
Dy>*-doped glasses with various glass formers and modifiers are
made with different molar ratios for the WLEDs applications, which
include tellurite glasses: 47Te0,—25WO3 — 25Lis0-3Dy203 (TWLD3 o)
[2], germinate glasses: 30B;03-40GeO; - 29Gd203-1Dy203 (BGGD1 )
[17], silicate glasses 35.7Si02 - 25.5B203-17BaO - 3.4K503-4Al,03
-15BaCl; -0.5 Dy303 (SBBaKABIDy( 5) [18], borate glasses: 50B203 -
xLiF - (30-x)CaO-20Bi,03-1.0Dy,05 (BLfCBiDy;0) [19], phosphate
glasses:  70P205-10Bip0O3 - 10NapCO3-9SrCO3 - 1.0Dy,0s3
(NaBiStPDy o) [20], 69.4P,05-5B,03 — 25Ba0 - 0.6Dy,03 (PBBaDy.¢)
[21], 65P305-17NaF - 17Gd203-1.0Dy»03 (PNfGdDy;o) [22],
44P,05-17K20 —9AI1,05 - 28 Nby0s — 2.0Dy,03 (PKANbDYy3 o) [23].
The present research aims to examine the influence of Dy>* ion
concentration and excitation wavelengths on photoluminescence prop-
erties in particular white light tunability. From the differential thermal
analysis (DTA) spectrum of PCBTD 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 Dy>" 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 Dy>* 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 P20s5 (99.9%) - 20 CaF; (99.5%) - 15
BaF3 (99.0%) - 5 TiO2 (99.0%) - xDy203 (99.8%) (x = 0.5, 1.0, 1.5, 2.0
and 2.5 mol %). The glasses were designated as PCBTDq 5, PCBTD; o,
PCBTDLS, PCBTDZO and PCBTD2_5 for 05, 10, 15, 2.0 and 2.5 mol %
Dy20s3, 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 ™)) by a Thermofisher Scientific (model:
Nicolet 6700 FTIR spectrometer). Absorption spectrum of PCBTD, g
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 (p) and thickness (t) of the
glasses are found to be 3.11 gm/cm® and 0.37 cm respectively.

Optical Materials xxx (xxxx) XXX

3. Results and discussion
3.1. Thermal studies

The DTA curve of PCBTDg 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 (T.). The onset crystallization temperature (Tx at 629 °C) of
PCBTD 5 glass is assessed by plotting a tangent in the straight section of
the crystalline peak. The thermal stability (AT) of the glass, Tx-Tg, is an
essential parameter for the optical fiber drawing. The glass should
exhibit AT as high as possible to decrease scattering losses thereby in-
crease optical performance of the fiber. The thermal stability (AT) 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 PCBTDy 5 glass at RT in the energy region
of 500-3900 cm™! is shown in Fig. 2. The spectrum shows numerous
absorption bands around 752, 902, 1091, 1563, 1635, 2331, 3440 and
3755 cm ™. Usually, the IR bands in the range of 1200-1300 cm ™ is due
to P = O bonds from phosphate polymerization units. Phosphate (P-O")
stretching bands reflected the energy range of 900-1100 cm™! because
of non-bridging oxygens (NBOs) and band at ~ 750 cm™! owing to the
bridging oxygens (BOs) of P-O-P vibrations [26]. The peaks at around
~3755 and 3440 cm™! 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 ™! is owing to asym-
metric stretching vibrations of the O-H bond. The absorption bands at
1590 cm ! and 1695 cm ™! 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 HoO molecules although the sample
under investigation does not contain HO 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 em ™ is accredited to the end groups
(QO) species of symmetric vibrations of (PO3). The vibration of Ca/B-
a-O-P bonds is assigned to the band at 902 cm™! due to asymmetric
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Fig. 1. DTA thermograph of PCBTD, 5 glass.
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Fig. 2. FTIR profile of the PCBTDgys glass in the energy range of
500-3900 cm ™.

stretching from metaphosphate of (PO4)* groups. In addition, the band
at 752 cm~ ! is for P-O-Ti symmetrical stretching mode [28].

3.3. Optical properties - optical absorption spectrum

The optical absorption spectrum (UV-Visible-NIR) of PCBTD3 o 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, Mg /25
*Ki7/2, *G11/2, *is/2, *Fos2, ®Fasa, Fs /o, ®F7/2, ®Fosa + ®Hy o, CF11/0 +
6Hg /2 and 5H,; s2 of Dy3+ ions, respectively. From these bands, the 1268
nm band with an energy of 7886 em ! corresponds to the 5,5 /2 — 5F11 /
2 + SHo, transition which is referred as hypersensitive transition
because of its highest intensity compared to rest of the bands. It follows
the selection rules (|AS| = 0, |AL| < 2 and |AJ| < 2) owing to the degree
of asymmetry about Dy>* ions [1,2]. Further, the strength of the Hys o
— ®F11/5 + ®Hg» transition is highly sensitive to the ligand field of the
Dy>* ions. This absorption band shows the interaction of electric and
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Fig. 3. Absorption spectrum in the UV-visible-NIR region of PCBTD, glass.
Inset shows the transmittance spectrum of the same glass.
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magnetic dipoles, which leads to the transfer of energy (ET) during
mutual relaxation (CR) between Dy3+ ions. In addition, the PCBTD3 g
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 PCBTDy 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 Dy>" ions are associated to the JO parameters 2, (A = 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 (fxp) and calculated
(fcaD) oscillator strengths is estimated as 4 0.287 x 10~ which indicates
a good quality of fit between fex, and fca1. In addition, it shows a trend of
Qs > Q4 > Qg 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 Dy>" -doped phosphate glasses follow a similar
trend in JO parameters.

Some of the evaluated parameters of the PCBTD, o glass such as
radiative lifetime (traq), experimental lifetime (teyp), emission cross-
section (osg, cm?) and gain bandwidth are presented in Table 2. The
gain bandwidth (osg X Aleff, 10728, cm®) for the 4F9/2 — 6H13/2 transi-
tion of Dy>* ions shows higher for the PCBTDy 5 glass among the glasses
under study. It is found that the *Fg/5 — ®Hj3/5 transition displays a
higher peak emission cross-section of 41.52 x 10722 cm? at 573 nm for
PCBTDy 5 glass among the glasses in the present investigation. This value
obtained is found to be higher compared to 9.53 x 10722 for YCaSBDyg 5
[331, 20.93 x 10722 for BGGDy o [17], 21.3 x 10722 for BaBPDyg 4 [21]
and 39.4 x 1022 for PPBGaDyy 5 [38] glasses whereas lower than 42.95
x 10722 for TZPPNDy; o [36], 61.28 x 10722 for DyNaFGdP; o [22],
62.86 x 10”22 for ZTFBDg 5 [37], 64 x 10722 for PKANbDy, ( [23] and
90.1 for NaBiSrPDy; o [20] glasses, as shown in Table 2.

3.5. Photoluminescence excitation

The excitation (lex) spectrum of PCBTDgs glass is measured by
monitoring the emission at 573 nm and is depicted in Fig. 4. The Dy>*
ion bands perceived in the excitation spectrum are centered at 350, 365,
387, 425, 452 and 472 nm and their associated transitions are ®Hig 2 —
®P7/2, °Ps/2, *M1o/2 + *Ki7/2 + *Ma1/2 + *lizjz + *Fr/2, *G1/2, *lis /2 and
*Fo 5, 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 ®H; 5/2 = 4M19 /2
+ 4K17/2 + 4M21/2 + 4113/2 + 41:“7/2 resolved in the inset of Fig. 4.
Moreover, the band at 387 nm is selected for exciting the Dy>* ions in
PCBTD glasses.

Table 1
Assessment of Judd-Ofelt (JO) intensity parameters (Qg, Q4 and Qg, X 1072
cm?), their trend for the PCBTD, glass and other reported Dy3+: glasses.

Glass Ref. Qs Q4 Q¢ Trend

PCBTD, o [PW] 20.25  9.61 8.92 Q> Q4 > Qe
TWLD3 o (Tellurite) [2] 16.00 2.39 3.75 Qo > Qg > Q4
MgB203Dy,_; (Borate) [9] 23.02 12.86 1217 Q3> Q4> Qg
BGGD; o (Germanate) [17] 3.65 0.65 1.57 Q> Qg > Qy
NaBiSrPDy, o (Phosphate) [20] 2.48 0.82 0.61 Qs > Q4 > Qg
BaBPDyj_ 4 (Phosphate) [21] 4.47 1.27 0.99 Qo > Q4 > Qp
DyNaFGdP; , (Phosphate) [22] 16.83 8.87 6.25 Qo > Q4 > Qg
PKANbDDY, ¢ (Phosphate) [23] 23.01 0.72 3.53 Q> Q6 > Q4
GePbfDyf;, (Germanate) [32] 6.41 1.02 2.25 Qo > Qg > Q4
YCaSBDyy. s (Borate) [33] 2.84 0.15 0.95 Q> Q6 > Q4
AYCBSMTD; ; (Tellurite) [34] 3.09 0.88 2.19 Q> Q6 > Q4
PbAISiDy; o (Silicate) [35] 15.71 0.92 2.83 Qo > Qg > Q4
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Table 2

Comparison of radiative (t;aq, ms) and experimental (Teyp, ms) lifetimes of “Fo o
level, stimulated emission cross sections (ogg, x 10722 cm?) and gain bandwidth
(6sE X Adegr 10728 cm?) of *Fy 5 — ®Hy 3, transition and Y/B ratios of Dy>"-doped
PCBTDy 5 glass with other reported Dy>*:glasses.

Glass matrix Ref. TR Texp Oem X Y/B Osg X Adefr
(ms) (ms) 1022 cm? 10728 cm®
PCBTDy 5 [PW] 0.78 0.15 41.52 3.10 39.77
TWLD3 o [2] 0.075 0.05 - 2.46 -
BGGD, o [17]1 0.84 0.38 20.93 2.25 40.83
NaBiSrPDy; o [20] 0.13 0.06 90.1 - 126
BaBPDy, 4 [21] 2.01 0.65 21.3 - 28.71
DyNaFGdP, o [22] 0.61 0.53 61.28 1.94 -
PKANbDDYy>, [23] 0.44 0.17 64.00 5.08 118.97
YCaSBDy s [33] 1.78 0.69 9.53 1.30 17.08
TZPPNdy o [35] 0.37 0.33 42.95 - 59.25
ZTFBDg 5 [36] 0.89 0.40 62.86 1.11 45.11
PPBGaDy, s [38] 0.55 0.44 39.4 2.05 58.3
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Fig. 4. PL excitation spectrum of PCBTDy 5 glass upon monitoring the emission
at 573 nm.

3.6. Photoluminescence spectra

The luminescence spectra of the Dy>" 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 (4J = 3) is due
to magnetic-dipole (MD) that gives blue emission with low emission
intensity and the 4F9/2 - 6H13/2 transition (4J = + 2) is due to electric-
dipole (ED) that yields highest intensity, among the other transitions,
known as hypersensitive transition [19,20]. Moreover, the PCBTDg 5
glass gives intense yellow emission for the *Fg/5 — SHjs,y transition.
Gradual decrease in the intensity of yellow emission was noticed with
the increase of Dy>" ions up to 2.5 mol% concentration from 0.5 mol%.
The PCBTDg 5 glass is optimum under 387 nm excitation as it gives
intense emission for 0.5 mol% of Dy,03, 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 (PCBTDy ) is excited by several excitation
wavelengths. In fact, for PCBTDy 5 glass exhibits an intense emission that
can be excited under different wavelengths which include 350, 365, 387,
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Fig. 5. PL emission spectra of two transitions of Dy3+ ions in PCBTDy 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.

425, 452 and 472 nm. When the excitation wavelength increased from
350 to 387 nm, the peak position for the 4F9 /2 = oH, 3/2 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 PCBTDy 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 Dy>* 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 Dy>" ion concentration is influ-
enced by different excitation wavelengths, as displayed in Fig. 6.
Consequently, 0.5 mol% of Dy203 -doped glass conveyed high emission
intensity under 387 nm excitation, however for 1.0 mol% Dy,03-doped
glass high intensity was perceived for the excitation wavelength of 365
nm compared to 387 nm. Moreover, the glass with 2.5 mol% Dy,03
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 Dy>* ions.

For various Dy°>" ions concentrations, the shift of peak positions
under several excitation wavelengths is presented in Fig. S2. Intense
yellow emission at 573 nm for the Ty /2 — 5Hy4 /o 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 Dy>* ions concentration. A red shift
known as Stokes shift towards higher wavelengths from 573 nm to
574.09 nm (A2 = 1.09 nm) is observed for 1.0 mol% of Dy»03 -doped
glass under different excitations. Furthermore, at higher concentrations
of 2.0 and 2.5 mol% of Dy,0s, the yellow emission was shifted in the
range of 571.9-573 nm (A1 = 1.1 nm) and 571.99-574 nm (41 = 2.0 nm)
that is towards blue shift known as anti-Stokes shift which may be owing
to increase of Dy>" ions. Shift in the peak positions is around 2 nm which
is significantly more at higher Dy>* ions concentration (2.5 mol%)
compared to 0.51 nm at low concentrations (0.5 mol%). Over all, a red
shift is observed when Dy>* 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
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Fig. 6. PL emission spectra for several concentrations of Dy3+-d0ped PCBTD glasses upon different 1., = 350, 365, 387, 425, 452 and 472 nm.
excitation wavelengths in the range of 350-472 nm for PCBTDy 5 glass.
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centration beyond 1.5 mol% Dy50s3. This is due to concentration
quenching which leads to the ET between the Dy>" ions. Similar results
were discerned for the other glasses [40].

Energy level diagram of Dy>* 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 Dy>* ions. Under 350 nm
excitation, Dy3+ ions are excited to the 6P7 /2 from the 5H, 5/2 level. They
de-excite to the 4F9 /2 Mmeta-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

6
—5H
Excitation [Emission| [Cross relaxation|
Fig. 7. Partial energy level structure of Dy>' ions in PCBTD glasses. The
various excitation, emission and CR channels are also shown along with non-
radiation processes. RET: Resonance energy transfer.

case the Dy3+ ions are excited resonantly to 4F9/2 level. From the 4F9/2
level, radiative emission transitions, “Fq /2 — 6H15/2, 6H13/2, 5Hy, 2 and
Hg,5 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
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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: °F3p, ®Hysp . Fopp + *Hyp, *Hiip
CR2: °F3p5, *Hyspp - SFiip2 + ®Hop
CR3: *Fop, *Hy3p2 - SF3pa, ®Fopa + *Hop

Resonant energy transfer (RET) is established among the Dy>" ion
levels 4F9/2 « ®Hs /2 and vice versa. The luminescence properties are
changed due to RET, CR1, CR2 and CR3 with an increase in the con-
centration of Dy>* 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 *Fg/; of Dy>* 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 Dy>' ions. This is due to ET
attributable to dipole-dipole interactions among the Dy>" ions via CR
channels. These curves were fitted using the following Eq. (1),

I(t)=A,exp(—1/7) +Ayexp(—1/12) 1)

where A; & A3 and 7; & 75 are the constants and decay times correspond
to the slow and fast components of the decay curves, respectively. 7exp is
experimental lifetime for the 4F9/2 level, evaluated with the following
Eq. (2),

. _AIT% +A2T§
AT+ Ay

(2)

Decrease of 7eyp values for Dy3+ ions are noticed with increase of
Dy3+ ions concentration which are found to be 151, 145, 129, 35 and 20
us for the PCBTDo.s, PCBTDL(), PCBTD1.5, PCBTDZAO and PCBTD245
glasses, respectively. The PCBTDy 5 glass discloses a higher lifetime of
151 ps compared to the rest of the studied glasses. In the case of glasses
doped with RE>" 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 Dy®* ions [40].
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Fig. 8. Decay profiles for the excited state, *Fq/5 of Dy>* ions in PCBTD glasses
under 387 nm excitation. Solid lines are fittings of the non-exponential curves
to the I-H model.
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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.,

t £\
1=new{ -:-0(1) | ®

where S = 6, 8 and 10, t is the time afterward excitation, 7( is the
intrinsic decay time of the activators in the absence of acceptors, Q is the
ET parameter given by Eq.,

4
0= (1%)%1%3 @)

where S = 6, 8 and 10 for dipole-dipole (I'(x) = 1.77), dipole-quadrupole
(I'(x) = 1.43) and quadrupole-quadrupole (/'(x) = 1.3) interactions,
respectively. Ny is activator ion concentration and Ry is the critical
transfer distance between the activator and sensitizer. The activator-
sensitizer interaction parameter (Cpp) is defined by Eq.,

S
Con=2 ®)

To
The decay curve is well correlated with Eq. (3) when S = 6, which
shows that the ET in CR among the Dy>" ions in the PCBTD glass is
dipole, as shown in Fig. 8. The energy transfer parameter (Q), activator-
sensitizer interaction parameter (Cpa) and critical distance (R() are
evaluated for 2.0 mol% Dy,03 doped glass and are found to be 0.433,

4.45 x 107*? cm®/s and 8.5 A, respectively.

3.8. CIE color coordinate diagram

Emission color of Dy>*-doped PCBTD glasses is examined with CIE
(Commission Internationale de ’Elcairage) 1931 chromaticity diagram.
The color coordinates of CIE (%, 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 PCBTD s,
PCBTD; o, PCBTD; 5, PCBTD,, and PCBTD, 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 = — 449n° + 3525n* — 6823n + 5520.33 (6)

where n = (x-x¢)/(y-ye) is the converse slope line, x, = 0.332 and y. =
0.186 are the epicenter. Table 3 presents the color coordinates and CCT
values of Dy>"-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 PCBTDy 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 PCBTD, g 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
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Table 3

CIE chromaticity (x, y) coordinates and CCT values of PCBTD glasses at several excitation wavelengths.
Aex (Nm) PCBTDg 5 PCBTD; o PCBTD; 5 PCBTD3 PCBTD, 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

0.0 : : ‘ —
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X

Fig. 9. Position of emission color Dy>* -doped PCBTD glasses through CIE
diagram. Inset shows the magnified region of the color coordinates.

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 Dy®>" ions compared to the Dy*>" ion concentrations.
The 2.0 and 2.5 mol% of Dy>" ions doped glasses are most significant
samples for the fabrication of w-LEDs. Effect of different excitation
wavelengths on emission properties were reported for Dy>*-doped
oxyfluoride silicate [31, borogermante [171, calcium
alumina-borosilicate [5], oxyfluoride glass [42] and sodium-aluminum
phosphate [44] glasses.

4. Conclusion

Dy>*-doped titaniafluorophosphate (PCBTD) glasses have been
fabricated by usual melt-quenching procedure and investigated their
structural, optical and photoluminescence properties. DTA analysis of
PCBTDg 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 PCBTD, 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 Dy>' ions concentrations and excitation wavelengths which
show feasibility for the extraction of white light. Fluorescence decay
rates of the *Fg/; level of the Dy>' ions show a progressive non-
exponential behavior associated with quenching of lifetimes with in-
crease in Dy>" ions concentration due to the increase in ET process
between Dy3* ions. Effect of different excitation wavelengths and
various Dy>* 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.
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Fig. 10. Location of CIE color coordinates of PCBTD, s and PCBTD,  glasses under different excitation wavelengths.
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ARTICLE INFO ABSTRACT

Keywords: The dysprosium ions-doped zinc oxyflluorotellurite glasses of three different compositions have been synthesized
Oxg’f“‘)romllurite glasses and analyzed their vibrational, thermal, optical and white light emission properties. The differential thermal
Dy”" ions

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 “Fg/ 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 *Fq, 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

Luminescence properties
White light

change in ZnF; 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 TeO, 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 Rl ions
because of their lower phonon energies (700-800 em ™)) 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 RE>" ions. Further, tellurite glasses have
additional merits such as better transparency in the 0.35-6 pm region,
better glass stability and RE>" ions doping. Oxyfluoride tellurite glasses
are characterized by the favourable properties such as lower phonon
energies and a relatively higher thermal stability, higher chemical
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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 Dy®" 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 Dy>*
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 = 6H1 5,2 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 Dy>* ions concentration and/or with glass composi-
tion. At a suitable ratio of Y/B, the Dy>" ions will produce white lumi-
nescence [13]. The emission at 1.32 pm is useful for application in fiber
amplifiers used in optical communication systems [14,15]. Dy>-doped
BaYFs nanoparticles are found to have potential application as
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temperature sensor [13]. Further, the DySJr ions can emit mid-IR lumi-
nescence from 2.9 to 4.4 pm [14-16] with proper excitations.

In view of the importance of tellurite glasses and interesting lumi-
nescence properties of Dy>t ions, several authors investigated Dy>*-
doped tellurite glasses of different compositions and Dy>" ion concen-
trations [1-10,20-34]. Kibrisli et al. [2], studied Dy,03-doped tellurite
glasses, with the composition of 50Te05-25W03-25Li50, for solid state
lighting applications through physical, thermal, structural and optical
spectroscopy. They concluded that lower Dy,03 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 Dy>*-doped titanium-tungstate-tellurite
glasses were investigated and found that the glasses were suitable for
generation of white light [3]. The Er®-doped tellurite glasses of the
composition, TeOo—ZnO-NayO-Ery03, 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 Dy®>" 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-Tl;0-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 Dy>* and Eu®" 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
Dy>*-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
Dy>*-ions. Several other authors were also investigated RE>*-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
Dy>*-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 Dy>*:glass
systems.

2. Experimental details

Three different compositions of Dy>" in oxyfluorotellurite (TZNDy)
glasses having a composition (in mol %) of (74-x) TeO2 + 20 ZnO + x
ZnF; + 5 NagO + 1 Dy30s3, x = 0, 10 and 20, referred as TZNDyj o,
T10ZofNDy; o and T20ZofNDy; ( 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
N, 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.
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3. Theory

The intensities of absorption bands are expressed in terms of exper-
imental oscillator strengths (f.,) by the expression [2,10,12,35],

fop = 4.318X10’9/6(1/)d1/ 1)

where ¢(v) is the molar absorptivity at energy v(cm™!) which can be
obtained by Beer-Lambert’s law [10].

Theoretical oscillator strengths (f.4) 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],

8a2mev  (n? +2)° 2
=~/ Q|| U 2
Jea 3027 +1) 9n ;;6 U7 2

where J is the total angular momentum of the ground state, n is the
refractive index of the material, £2,(1 = 2,4, 6) are the JO intensity pa-
rameters and ||U*||*are the squared doubly reduced matrix elements of
the unit tensor operator of the rank A = 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 (Ag),
branching ratio (fg), calculated lifetime (zg), peak stimulated emission
cross-section (6(4p)) can be calculated from the JO intensity parameters
as follows:

Radiative transition probability (Ag) from an initial level, ywJ to a
final level l,l//Jj can be obtained using the following expression [2,3],
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where S¢q is electric dipole and Sp,q is the magnetic dipole line strengths
of a given transition. Seq and Spq values can be determined using the
expressions [2],
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Calculated branching ratio f,;, can be determined using the

following relation [2,3,35],
o Ar(pd W)
W, W J ) =————— (6)

Bealydw J) A7)
where A7 is the total radiative transition probability which is the sum of
all Ag values from an excited state. The experimental branching
ratio f§ oxp, 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],

1

A7) 7

Teal =
Peak stimulated emission cross-section, a(ip), can be calculated for
each emission peak wavelength using the expression [2,3,35],

4
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where Al 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 TZNDy;o to T10ZofNDy;, and then decrease for
T20ZofNDy; 9. The ‘d’ and ‘n’ values of TZNDy are slightly lower
compared to those of 49TeO, + 25WO3 + 25Lis0 + 1Dy203 (TWLDy1 o)
[2] and 74TeO3 + 10TiO2 + 15WO3 + 1Dy»03 (TTiWDy1 o) [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 Ty and Ty (called thermal stability
factor, AT = Tx-Tg) of TZNDy glasses are shown in Fig. 1 and also in
Table 1. It is found that, with the replacement of TeO, by ZnF; from O to
20 mol %, both Tg and Ty are gradually increased whereas the value of
AT decreased from 122 to 119 °C. The thermal stability factor AT is one
of the most important criterion for fiber drawing. The larger the value of
AT, better the glass stability [23]. Larger value of AT minimizes the
scattering loss caused by the crystallization of drawn fiber [3]. In gen-
eral, glass host with AT > 100 °C is suitable for drawing conventional
fiber. The present results indicate that the TZNDy; o 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 ™' 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 ZnF; content. The broad band at 3490 cm™!
corresponds to the OH stretching (von). 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™! belong to the symmetrical stretching and
bending modes of continuous chains of corner sharing sites of TeOs,
TeO4 and TeOs 1 polyhedra [25,26]. This indicates that in these glasses,
the vibrations of the Te-O-Te linkage are caused by the transformation
of TeOy4 into TeOg groups. The band at 702 cm ™! corresponds to the
asymmetric vibrations of the continuous network structure by the
joining of TeOy4 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!
are observed at around 1090 and 1635 cm ™, 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, Hys,5 to different excited
states (shown in Fig. 3) belong to the 4f° (Dy3+) electronic configura-
tion. As can be seen, the profile and the peak position of each transition
remain unchanged with the addition of ZnF, content. The absorption
level peaked at 1281 nm, corresponds to the 6H15/2 - F; /2 transition,

Table 1

Densities (d, gcm"g’), concentrations (C, x 10%° ions/cc), refractive indices (n),
glass transition temperature (Tg,OC), onset of crystallization temperature (Ty,°C)
and glass stability factors (AT = TX—Tg,OC) of TZNDy glasses.

Glass Label d C n Tg Ty AT = Ty-Tg
TZNDy1 o 4.63 1.975 1.96 292 414 122
T10ZofNDy; o 4.81 2.136 2.00 296 416 120

T20ZofNDy; o 4.50 2.181 1.89 309 428 119
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Fig. 1. DTA curves of TZNDy glasses.
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Fig. 2. FTIR spectra of TZNDy glasses.

is dominant and obeys the selection rule, |AL|<2, |AS| = 0 and |AJ|<2.
This is called hypersensitive transition (HST) and its intensity is more
sensitive to the local environment surrounding the Dy>* ions.

At first, the experimental oscillator strengths (feyp) for the absorption
transitions of Dy>" 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 (f.o) oscillator strengths. The
fexp and fcq) 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 SHyg /2 — 5F1; /2 transition as it is a HST. The fey;, values of
HSTs of TZNDy glasses varies with glass composition as T10ZofNDy; o >
T20ZofNDy; o > TZNDy; ¢ and are higher than those of the reported
Dy3+: glasses [2,3,28,29]. These variations in fex, values of HSTs are due
to change in environment in the vicinity of the Dy>* ions in the glasses.
For other transitions, fey, values of the titled glass systems are compa-
rable to those of reported ones. Finally, three important parameters,
called JO (), A = 2, 4 and 6) parameters are calculated from the
electric-dipole and magnetic-dipole components of fex, and fc, using
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Fig. 3. Optical absorption spectra of Dy>* ions in TZNDy glasses.

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 RE>* ions. The JO
parameters of TZNDy glasses are shown in Table 3 along with those of
studied Dy3+-d0ped tellurite based glasses: TWLDy; o [2], TTiWDy; o
[31, 39H3BO3 + 30TeO, + 30PbF, + 1Dy»03 (BTPnyLo) [28], 76TeO4y
+ 10ZnO + 9PbO + 1PbF, + 3NayO + 1Dy,03 (TZPofNDy; o) [29],
60TeO4 + 12Pby0s5 + 20ZnF3 + 3Nb2Os + 5Dy203 (TPbZ{NbDys o) [30],
59B,03 + 10TeOy + 15Ca0 + 10NbyOs + 5ZnO + 1Dy303
(BTCNbZDy; o) [31] and 40TeOy + 29B,03 + 15MgO + 15Kp0 +
1Dy,03 (TBMKDy1 o) [32]. Generally, the parameter Q; is related to the
effects of short-range coordination and the other parameters Q4 and Qg
depend on the effect of long-range. The Q; is a measure of the symmetry
of ligand field in any glass host. The Q; value depends on the covalence
nature of RE-ligand bond while Qg 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 Q3 > Q4
> Qg for both T10ZofNDy1 o and T20ZofNDy; o glasses, whereas they
follow Qp > Qg > Q4 trend for TZNDy; o glass indicating that the
addition of ZnF, changes the surrounding ligand field of Dy®*:glass. The
larger value of Q; is an indication for the higher asymmetry and cova-
lency of local environment around the Dy’“"ur ions [33]. From Table 3, one
can notice that the magnitude of Q3 (x1072° cm?) increases from 5.94 to
11.62 with the increase in ZnFs component from 0 to 20 mol %. More-
over, larger variation in Q, parameter indicates its strong dependence
on the surroundings of the Dy>* ion than the other two parameters (Q4
and Qg). The value of Qj in T20ZofNDy1 o glass is found to be higher
than those of TZNDy; o and T10ZofNDy ( glasses as well as those of
reported Dy>T:glasses [2,3,28-32] shown in Table 3, indicating the

Table 2
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existence of higher covalance between Dy>* ion and surrounding ligand
environment. On the other hand the Q4 and Qg 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 (fr)
and lifetimes (tR) associated with transitions from the 4Fg 2 luminescent
level to the next lower lying ®Hy (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 T10ZfNDy; o glass
and minimum values for TZNDy ¢ glass. The calculated pg values for all
the three TZNDy glasses are in the order of 4F9/2 - %Hy; /2 < 4F9/2 -
6H15/2 < 4F9/2 - 6H13/2. The quantity of radiative (calculated) lifetimes

Table 3
Judd-Ofelt parameters (€,+5%, x102° cm?) of TZNDy glasses along with those
of some reported Dy>":glasses.

Glass Q, Q4 Q¢ Trend

TZNDy1 o [Present work] 5.94 1.39 1.87 Qo > Qg > Q4
T10ZofNDy, ¢ [Present work] 10.56 3.00 2.95 Qp > Q4 > Qg
T20ZofNDy, o [Present work] 11.62 2.88 2.48 Qs> Q4 > Qg
TWLDy, o [2] 5.90 0.93 1.22 Q> Q> Q
TTiWDy1 o [3] 3.37 0.30 1.07 Q> Q6 > Q4
BTPfDy; o [28] 7.75 2.31 2.70 Qp > Qg > Q4
TZPofNDy; o [29] 5.66 0.84 2.17 Q> Q6 > Q4
TPbZfNbDys o [30] 2.32 0.64 4.64 Q> Q> Q4
BTCNbZDy ¢ [31] 11.30 3.30 2.60 Q> Q4 > Qe
TBMKDy o [32] 9.23 1.15 1.56 Qo> Qg > Q4

Table 4

Effective bandwidths (Alegr 0.1, nm) of the emission bands under 355 nm
excitation, radiative transition probabilities (Ar+2%, s, peak stimulated
emission cross-sections (6(Ap)+0.2, x 1072 cm?), experimental and calculated
branching ratios (Br£2%) for the “Fq /2 = ®Hy (J = 11/2, 13/2,15/2) transitions
and radiative lifetime (tr+2%, ps) of the “Fo/, level of Dy*" ions in TZNDy
glasses.

Glass Adest A o (\p) Br TR
ransion Bp. Gl

TZNDy; o

SHy1/0 12.23 155 0.86 0.03 0.08

SHys/n 10.83 1299 4.52 0.64 0.73 483
Hys/o 12.26 333 5.97 0.33 0.19
T10ZofNDy, o

SHy1 0 12.80 589 1.40 0.03 0.08

®Hy3/9 10.91 2445 8.13 0.62 0.74 267
Hys/2 12.26 589 0.86 0.35 0.18
T20ZofNDy, o

%Hy1 0 11.21 240 1.56 0.02 0.09

Hy3/9 10.95 2059 7.64 0.62 0.76 326
SHys/2 12.79 411 0.69 0.36 0.15

Absorption levels, band positions (A,, nm), experimental (f.,,) and calculated (f.,) oscillator strengths ( x 1079 of TZNDy glasses and experimental oscillator strengths

of some reported Dy>*:glasses. All the transitions are from the ground state, °Hys .

Level Ao TZNDy1.0 T10ZofNDy1 o T20ZofNDy, o TWLDy, o [2] TTiWDy1.0 [3] BTP{Dy; o [28] TZPofNDy ¢ [29] TPbZ{NbDys o [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
SHS,5 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
SHS5 oo 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
Fs/a 804 0.56 1.05 2.20 1.72 1.86 1.30 0.34 0.10 1.38 1.69 0.28
F3/5 752 1.18 0.20 0.46 0.32 0.37 0.25 0.06 0.29 0.19 0.23 0.21

Srms +0.49 +0.33 +0.33
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of the 4Fg /2 level first decreases and then increases with increase in ZnFy
component. This could be caused by the structural modifications in the
surrounding of the Dy>" ions.

4.4. Luminescence properties

Selection of proper excitation wavelength is an important parameter
to analyze the emission properties of any RE>' jon. 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 T20ZofNDy, o glass, monitoring the well known
emission of the Dy3+ ion at 577 nm which belongs to the “Fy /2 = “Hig /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, 4113/2,
6G11 /2 4115/2 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 — 6H1 3,2 at 575 nm (due to electric-
dipole) and a relatively feeble band, 4F9 /2 — 5Hy; ,2 at 666 nm. It is well
known that the yellow emission of Dy>* belongs to the HST follows the
selection rule |AJ| < 2, and is highly sensitive to the surroundings of the
active Dy>" ions. The blue emission marginally varies with the crystal-
field effect surrounding the Dy>* ion. When Dy>* 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 Dy>* 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

10F A =575 nm
em

L 15/2

06 - 4|

04+ I37/2 912

Normalised intensity

1300 350 400 450 500
Wavelength (nm)

Fig. 4. Excitation spectrum of T20ZofNDy;, glass monitoring the 577
nm emission.
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Fig. 6. Luminescence spectra of TZNDy glasses under 355 nm laser excitation.

% Dy3+-doped glasses [1-3,29,31], 41P205 + 17Ko0 + 8Al,03 +
237ZnF, + 10LiF + 1Dy,03 (PKAZfLfDy;) [41], 30KH,PO, + 24
(NaPOs)s + 25TiO; + 20CaCl, + 1Dy,03 (PKNTIiCIDyio) [42],
30KH2PO4 + 24(NaPO3)g + 25TiO; + 20SrCly + 1Dy203 (PKNTiSIDy o)
[42], (60-x)TeOy + 25WO; + 15PbF, + 1Dy,03 (TWPfDyqo) [43],
46.7Si02 + 35.9BaO + 1.0Al;03 + 4.03(Li2O + NaO + Kp0) +
11.22Y503 + 1.15Dy03 (SBALNKYDyj 15) [44] in Table 5. Among the
reported glasses shown in Table 5, laser excitation was used only for
TTiWDy; ¢ [3] and TZPofNDy; o [29] and for the remaining systems,
broadband excitation was used.

From the PL spectra, other radiative properties such as experimental
branching ratio, effective bandwidth (A)eg), and stimulated emission
cross-sections (6(A,)) 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, Al values of the 4F9/2 - 6H13/2 band are
lower compared to those of other two bands. Also, the values of o()p)
and calculated branching ratios (Bca1) for the 4F9/2 — 6H13 /o (HST) are
higher than those of other transitions. Moreover, the 6(A,) ( x 1072
cm?) value of this HST changes from 4.52 to 8.13 with change in ZnF,
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 pr>60% is relatively more potential for laser
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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 % Dy>*-
doped glasses.

System Y/B Chromaticity co-ordinates CCT (K)
X Y
388 nm Excitation
TZNDy1.0 0.83 0.341 0.387 5222
T10ZofNDy o 0.71 0.321 0.366 5950
T20ZofNDy o 0.74 0.325 0.372 5782
355 nm Excitation
TZNDy, o 1.93 0.394 0.429 4003
T10ZofNDy o 1.77 0.390 0.420 4040
T20ZofNDy; o 1.76 0.385 0.427 4187
Reported
TWLDy; o [2] 2.40 0.38 0.43 4221
TTiWDy; o [3] 2.02 0.38 0.41 -
TZPofNDy; o [29] 0.88 0.38 0.43 4312
BTCNbZDy, ¢ [31] 0.65 0.31 0.36 6439
PKAZfL{Dy, o [41] 0.77 0.32 0.37 5992
PKNTiCIDy, o [42] 1.23 0.33 0.34 5609
PKNTiSIDy; o [42] 1.38 0.33 0.34 5609
TWPfDy, o [43] 1.02 0.34 0.40 5270
SBALNKYDy; 15 [44] 2.03 0.385 0.437 4233

action. As can be seen from Table 4, there is reasonably good coinci-
dence between calculated and experimental pr values which indicates
the accuracy of the calculations. The value of g (both experimental and
calculated) for the *Fg/y — ®Hyz/s 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 Alesf, 6(Ap) and Peq of the 4F9/2 S /2 level as well as radi-
ative predicted lifetime (tg) of the 4F9 ,2 luminescent state of Dy3Jr ion in
various tellurite based glasses [3,28-32] are compared in Table 6. As can
be seen, relatively larger value of 6()p) for “Fq /2 — 6H13/2 channel in
T10ZofNDy; ¢ glass, compared to already studied Dy>*:glasses, indicate
that this glass is a suitable gain media for potential laser emission in
yellow spectral region. The value of Ty is found to decrease from 483 to
267 and then increase to 326 ps when ZnF; increased from O 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 A).sr and higher 6();)
values. The B, values of TZNDy glasses are higher than all the compared
glass systems except that of BTCNbZDy; o [31] glass. Calculated life-
times of the *Fg 5 state in the present glasses are comparable to those of
TZPofNDy; o [29] and TPbZ{NbDys o [30] glasses and are less than those

Table 6

Effective bandwidths (Aleg#0.1, nm) of the emission bands under 355 nm
excitation, stimulated emission cross-section (c(A;)+0.2, x 102! ¢m?) and
calculated branching ratio (Bea) of *Fo 2 — ®Hys, transition, radiative lifetime
(Tr£2%, ps) of the 4F9/2 level, gain bandwidth (6(Ap) X Adegr), x10"% and optical
gain (c(Ap) X Tg), x10~2* of the *Fo,, level of Dy>" ions in various tellurite based
glasses.

Glass Adest c Bear TR o(hp) X o(hp) X
Alett TR

TZNDy o [Present 10.83 4.52 0.73 483 4.90 2.18
work]

T10ZofNDy; o [Present 10.91 8.13 0.74 267 8.87 2.17
work]

T20ZofNDy, o [Present 10.95 7.64 0.76 326 8.37 2.49
work]

TTiWDy1. [3] 16 2.4 053 - 3.84 -

BTP{Dy o [28] 16 2.86 0.63 - 4.58 -

TZPofNDy; o [29] 14.56 4.07 0.63 374 5.93 1.52

TPbZfNbDys ¢ [30] - - 0.61 453 - -

BTCNbZDy, o [31] 17.06 3.22 0.83 999 5.49 3.22

TBMKDy o [32] 13.11 6.05 0.69 778 7.93 2.51
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of BTCNbZDy; o [31] and TBMKDy; o [32] glasses.

The parameters, optical gain (6(A,) x Tr) and gain bandwidth (c(})
X Adef) are very essential ones to predict the amplification of the RE>*
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, 6(Ap) x Tr and 6(Ap) x Alefr of the titled TZNDy are nearer
to those of the Dy3+:tellurites [3,28-32]. Out of all the glasses compared
in Table 6, T10ZofNDy; ¢ and T20ZfNDy; ( glasses show higher values of
gain bandwidth.

4.5. CIE chromaticity coordinates

The emission spectrum of Dy>" 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 Dy>* 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 % Dy>*-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 Dy>*:glasses. Further, the color coordinates of T20ZofNDy o
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Fig. 7. CIE 1931 chromaticity diagram showing the chromaticity coordinates
(%, 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 = —4491° + 35250 — 6823n
+5520.33 9)

Here n = (x-X¢)/(y-ye) indicates the inverse slope line where x, =
0.332 and y. = 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 % Dy>*-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
TWLDy; o [2], TZPofNDy; ¢ [29] and SBALNKYDy; 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 *Fg/, state of Dy>" 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 (t) is determined
using the below Eqn.,

t(t)dt

sor = [ T (1)

and are found to be 145, 166 and 163 ps for TZNDy; o, T10ZofNDy; ¢
and T20ZofNDy,  glasses, respectively. It is observed that there is no
significant variation in experimental lifetimes with increase in ZnFy
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 RE>" ions-
doped systems, it is taken as the ratio of Texp to g for the given states
n = %‘"XlOO). The quantity of 7 for the 4F9/2 state of Dy3+ in the pre-
sent TZNDy1 o, T10ZofNDy; o and T20ZofNDy; ( glasses are found to be
30, 62 and 50, respectively. Out of the three glasses, %’ is maximum (62)
for the T10ZofNDy1 ¢ glass and minimum (30%) for the TZNDy  glass.
The ‘7’ values of the present Dy>" glasses are comparable to those of the

studied ones, PKAZ{LfDy; o (55) [41] and TWLDy; o (61) [2] but less
than that of TTiWDy; ¢ (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 TeOy by ZnF; 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, *Fo/9, 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
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Fig. 8. Decay curves for the *Fo,, level of Dy®* ions in TZNDy glasses.

388 nm broadband excitation. Among the glass systems studied, the
color coordinates of the T20ZofNDy ¢ glass are very nearer to the equal
energy point. The decay curves of the “Fy  state of Dy>* ions show non-
exponential behavior for the studied glasses. Quantum efficiency for the
*Fo,, state is found to be maximum for the T10ZofNDy ¢ glass. The
results obtained in the present study can find potential applications in
the design of optical display devices.
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