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Abstract. We have measured refractive indices of water, ethanol and
glycerol in the temperature range 25-50 °C using the digital Abbe
refractometer attached with a recirculating water chiller. Based on these
observations, some important thermo-optic parameters such as mean
molecular polarizability, polarizability density, optical dielectric constant
are calculated. The temperature coefficients of these parameters are also
estimated. It is observed that all parameters except mean molecular
polarizability show a systematic decrease with temperature. The analysis
also indicates that water is maximally stable against thermo-optic variations,
ethanol is maximally sensitive, while glycerol has intermediate response.
Remarkably, the mean molecular polarizability shows a nonlinear thermal
dependence. We have attempted to interpret all these observations using
macroscopic as well as microscopic behaviour of water, ethanol and
glycerol. The results in this study clearly suggest applications of water,
ethanol and glycerol in liquid-based-photonic-systems such as fiber-optic
temperature sensors, tunable optical components, and thermo-optic
modulators.

1 Introduction

Liquid-based-photonics, where some typical liquids are used for manipulation, control and
generation of light, is acquiring a unique place in upcoming technologies. Many liquids offer
reconfigurable and tunable properties, which make them useful in applications such as
displays, sensors, light modulators, tunable lasers, photonic crystals etc [1-3]. Water, ethanol
and glycerol are often used in photonics for numerous applications due to their nonlinear
optical properties (intensity dependent refractive index and absorption). Owing to its unique
properties like a relatively high and tunable refractive index, high transparency in the visible
spectrum and responsiveness to external stimuli, water has become an attractive medium for
tunable, low-cost, and flexible photonic devices, such as photonic water structures, optical
waveguides, THz generation and sensing platforms, and desalination systems [4-6]. Ethanol,
acts as a sensitive analyte and tunable solvent in waveguides, colour changing and colour
controlling sensors, solvent in smart photonic indicators and photonic crystal fibres [7-9].
Glycerol is widely used in photonics, due to its high refractive index, high transparency for
visible and near IR wavelengths, and its ability to match refractive index with glass and other
optical materials. Its typical applications include liquid core optical fibres, tunable lenses and
devices and random lasers [10-12].
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In many photonic applications, refractive index of a liquid and its temperature
dependency play a key role because it governs phase velocity of light, directing optical
signals and device tuning. Research indicates that the temperature gradient of the refractive

index (2—?) is the key parameter that can be manipulated through material composition or

temperature control to optimize device performance. This finds applications in LCDs, lasers,
sensors and material characterization [13-15]

In this work we have measured the refractive indices (n) in three polar and hydrogen
bonded liquids namely water, ethanol and glycerol in the temperature range 25 °C to 50 °C
by using a digital Abbe refractometer supported with a recirculating water chiller. From these
measurements, the thermo-optic parameters such as mean molecular polarizability (@),
polarizability density (ag) and optical dielectric constant (e,.) are calculated. The variations
of these parameters with temperatures are analysed by using relevant graphs. These graphs
have been used to estimate three thermo-optic coefficients, namely temperature coefficient
of refractive index (Z—T;) , temperature coefficient of polarizability density (%), and

temperature coefficient of optical dielectric constant (%). We interpret the behaviour of

these thermo-optic parameters by using structural characteristics of these liquids

2 Experimental

Distilled water (H,0) was obtained from the distilled water unit in the lab. Ethanol (C,H,0)
and glycerol (C3Hg03) were obtained from Zenthol and HPLC companies respectively. An
Abbe refractometer (Lab Junction: Model LJ-4374) connected with a Recirculating Water
Chiller (LABMAN , Model RWC320) was used to measure refractive index at various
temperatures. The light source used in the Abbe refractometer was a FANELL328-340 lamp
operating at a wavelength of 589.0 nm. The instrument was pre-calibrated with water as a
reference medium. Measurements were carried out with the recirculating water chiller set at
25, 30, 35, 40, 45, and 50°C. Sufficient time was given for the prism temperature of Abbe
refractometer to acquire equilibrium with recirculating water chiller temperature. At each
temperature the refractive index was measured three times from which the average was
calculated. The mean molecular polarizability (e), polarizability density (a,;) and optical
dielectric constant were calculated using Eqn (1), (2) and (3) respectively. Eqn (1) is a well-
known Lorentz Lorenz relation which connects refractive index with mean molecular

polarizability [16].
_ 3g,M (n? -1
C= N, \n2 12 ()

where,

a = mean molecular polarizability
N,
N = number of molecules per unit volume = pWA
n = refractive index of the liquid
p = density of liquid
N, = Avogadro's number
M = Molar mass of liquid
&, = permitivity of vacuum

From a, the polarizability density () was calculated using following relation [17],
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ag = T

where,

Vi, = molar volume = —

The optical dielectric constant was calculated from refractive index by using a relation [18]
€ =n? ...(3)

From the graphs of nvst,a; vstande, vst , the temperature coefficients of these
parameters were calculated by estimating the slopes. The values of density and molar mass
required for calculating various parameters were obtained from literature [19-22].

3 Results and Discussion

A collective look on the data tables (Tables 1,2,3,4) and related graphs (Figure 1,2,3,4,5)
indicate that the parameters like refractive index (n) , polarizability density (a,) and optical
dielectric constant (€,) show a systematic decrease with the temperature in the range 25°C
to 50°C. The temperature coefficients of these parameters are minimum for water, maximum
for ethanol and intermediate for glycerol. As against these trends, it can be seen that the mean
molecular polarizability («) shows a nonlinear dependence on temperature.

These observations can be attributed to the macroscopic and microscopic
behaviour of liquids under temperature variations. n, @; and €, are macroscopic parameters
while a is a microscopic parameter. As temperature increases, the kinetic energy of the
molecules in the liquid increases, which results into increase in intermolecular distance. Due
to this, the overall density falls with temperature. Due to creation of voids, gaps and empty
spaces in the thermally excited molecular network, light passes with a greater speed due to
reduced scattering. This explains why refractive index decreases with temperature. This can
also be explained using Lorentz-Lorenz equation (Eqn 1) which clearly correlates the
refractive index with the number density of molecules. Eqn (2) indicates that polarizability
density is inversely proportional to molar volume. The thermal decrease in density results in
an increase in molar volume. Due to this, the number of polarizable molecules per unit
volume decrease. As a result, the polarizability density systematically decreases with the
temperature. The decrease in optical dielectric constant with temperature is also a signature
of decreased overall polarizability with temperature. The propagation of light through a liquid

is governed by the induced polarization of the molecules by the electromagnetic field of the
o . . dn d d

incident light. We also observe that the temperature coefficients (d—?,% and %) are all
negative, indicating that these parameters decrease with increasing temperature. Remarkably,
the rate of decrease is minimum for water, maximum for ethanol and intermediate for
glycerol. This directly relates to the macroscopic arrangement of molecules and
intermolecular forces in these liquids. All three liquids in this study are polar and possess
hydrogen bonded network. However, in water, the hydrogen bonded and highly structured

molecular arrangements is more stable against thermal variations.
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Table 1: Thermo-optic parameters of water
. . Mean
R"facg)e Density Molecular | Polarizability |  Optical
Temp index P Polarizability Density Dielectric
o (Average of o
C three Kg a ay (C.m™2%) Constant
readings) —= C.m2. V1 x 10736 €r
g m X 10—40
25 1.3325 997.05 1.637041 9.060294 1.77556
30 1.3323 995.65 1.638448 9.055346 1.77502
35 1.3316 994.03 1.637979 9.038023 1.77316
40 1.3312 992.22 1.639169 9.028120 1.77209
45 1.3305 990.21 1.639342 9.010785 1.77023
50 1.3288 988.04 1.635411 8.969477 1.76580
Table 2: Thermo-optic parameters of ethanol
. . Mean
Befractwe Density Molecular Polarizability Optical
Temp index (1) p Polarizability Density Dielectric
°C (Average of C.m-2 C
three Kg a a; (C.m™*) onstant
readings) — C.m2y1 x 10736 €r
g m X 10—40
25 1.3614 785.22 5.730774 9.767568 1.85332
30 1.3588 780.97 5.725191 9.705236 1.84634
35 1.3561 776.6 5.717958 9.638737 1.83892
40 1.3538 777.2 5.681282 9.584311 1.83286
45 1.3519 767.7 5.722783 9.536316 1.82754
50 1.3494 763.2 5.720134 9.476028 1.82088
Table 3: Thermo-optic parameters of glycerol
. . Mean
Refractlve Density Molecular Polarizability Optical
Temp index (n) p RS ! . .
Polarizability Density Dielectric
°C (Average of , C
three Kg a ay (C.m™2) onstant
readings) —= C.m?. V1 x 10736 €,
g m X 10—40
25 1.4727 1258 9.053785 1.236662 2.16885
30 1.4717 1255.1 9.058242 1.234419 2.16590
35 1.4708 1252.2 9.064360 1.232399 2.16325
40 1.4693 1249.2 9.061279 1.229028 2.15884
45 1.4674 1246.3 9.050776 1.224754 2.15326
50 1.4661 12433 9.050925 1.221826 2.14945
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Table 4. Temperature coefficients of n, ay, €, for water, glycerol and ethanol
Liquid Temperature Temperature coefficient Temperature
Coefficient of of polarizability density | coefficient of optical
. d d ; ;
Refractive Index (_")’ (ﬂ) Deg~' x 1073° dielectric constant
dt dt der D -1 10_4_
Deg™!' x10~* ) Peg X
Water —1.37905 -3.41526 -3.67086
Glycerol —2.70857 -6.08834 -7.96171
Ethanol —4.92571 -11.5365 -12.8
133307 -~
AN Water
1.3325 . \.
1.3320 - RRNN
1.3315 | AN
2 1.3310 .
g At
5 1.3305 4 Linear Fit _—" >«
S N
;0:3 1.3300 (Slope = -1.37905E-4)
1.3295 |
13290 - )
1.3285 T T T T T T
25 30 35 40 45 50
Temperature (°C)
(a) Water
Ethanol
13624 .,
1.360 D
1.358 - N
5 ] N
° 1556 Na Linear Fit
o ] \o.< (Slope = -4.92571E-4)
g 1.354 - X NN
© NS
i S
1.352 -
LY
1.350 - A
1.348 . : T T T T AN
25 30 35 40 45 50
Temperature ( °C)

(b) Ethanol
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Figure 1. Graphs of refractive index (n) vs Temperature (t) for (a) water (b)

ethanol (c) glycerol
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Figure 2. Graphs of Mean molecular polarizability () vs Temperature (t) for (a) water (b)
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Figure 5. Graphs of temperature coefficients for (a) water (b) ethanol (c) glycerol

On the contrary, in ethanol, the linear hydrogen-bonded network is weaker and more flexible,
making it more susceptible to thermal variations. The hydrogen bonded structure in glycerol
is also strong enough, but less ordered due to high viscosity. Thus, its temperature
coefficients are intermediate. Another remarkable observation in this study is that while the
macroscopic parameters such as n, a; and €, systematically decrease with temperature, the
variations of a microscopic parameter—the mean molecular polarizability, has a slight
nonlinear dependence on the temperature. The mean molecular polarizability, being an
intrinsic property of a molecule, is expected to remain temperature independent. However,
its nonlinear dependence on temperature for all three liquids suggests that the local field due
to electron cloud of the individual molecule is changing non-trivially with temperature. A
further explanation is the nonlinear response of the overlapping electron clouds of
neighboring molecules to thermal variations. This is because the hydrogen bonds break and
reform with temperature in a random manner. This affects the environment and hence the
local behaviour of individual molecule in a nonlinear manner [15, 16, 23, 24]

4 Conclusion

This study leads to three definite conclusions. One is that the refractive index, polarizability
density and optical dielectric constant systematically decrease with temperature, which is
attributed to thermal expansion of liquids. The temperature coefficients of these parameters
are minimum for water, maximum for ethanol and intermediate for glycerol. This corelates
with the strength of intermolecular hydrogen bonding in these liquids. The slight nonlinear
variation on mean molecular polarizability indicates that the environment of an individual
molecule changes nonlinearly with temperature. These results indicate the applications of
water, ethanol and glycerol in various liquid-based-photonic systems. A few examples
include thermo-optic sensors, liquid-core optical fiber systems and thermo-optic modulators.
While the liquids like water with least thermo-optic coefficient can serve stable and reference
optical media, the liquids like ethanol having high thermo-optic coefficient can be used for
refractive index tuning systems [25-27].
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