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ABSTRACT

Using the experimental technique of Raman and Venkataraman for
the determination of the adiabatic piezo-optic coefficients of liquids,
the adiabatic piezo-optic coefficients of three acetates and cyclohexanol
have been determined. The temperature variation of refractive index
of the above liquids has also been studied using a Pulfrich refracto-
meter. The data obtained for the above four liquids have been dis-
cussed in the light of deviations from refraction formulz, temperature
coefficient of refractive index at constant density and the relation between
the adiabatic and the isothermal piezo-optic coefficients.

1. INTRODUCTION

The change of refractive index of liquids with pressure has been the subject
of several investigations, though most of them concern the change under isothermal
conditions. For small values of this applied pressure, i.e., upto say one atmosphere,
the resulting changes in refractive index are so small that interferometric methods
alone lead to accurate results. It is therefore not surprising to find that Jamin
(1857-58) with the refractometer designed by him was the first to undertake such
studies. Subsequently Mascart (1874), Rontgen and Zehnder (1891), Himstedt

and Wertheimer (1922), Eisele (1925) and a few others have carried out investiga-
tions on the isothermal piezo-optic coefficients of liquids and among these the

most extensive is that of Réntgen and Zehnder.
The changes in refractive index at high pressures have also been investigated

and a dependence of :;’-’ on pressure p sought for. Important work in this field
P

has been done by Rosen (1949), Poindexte
Gibson and Kincaid (1938) and Poulter,

The studies mentioned above being of an isothermal nature are nec‘essanly
slow, due to the fact that the heat of compression must be allowed tlf pass z_:wta;ﬁ
and also the pressure has to be applied slowly by small*steps. ltl has ec:ss?gll?ﬁcs
out by Tyrer (1913-14) in the determination of the isothermal compr

' f the liquid due to
Iqu : lved due to the contraction of th
of liquids, that the latent heat evo long time for it 10 pass away

a small change of volume is so small that it takes a s

r (1935), Poindexter and Rosen (1934),
Ritchy and Benz (1932).
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and im fact it is extremely difficult to bring the liquid back to the nrigina'l tempera-
twre. It is therefore obvious that the adiabatic coefficient can he _dctcr_mmcd mpch
more casily and with a higher accuracy. The calculation of adiabatic cocfﬁc?cqt
from the isothermal cocfficient is also not an easy maller. We also find that it is
the adiabatic coefficient which is involved in several optical problems such as the
diffraction of light by ultrasonic waves, the diffusion of light due to Debye waves
in liquids and so on. Raman and Venkataraman (1939) were the _ﬁrst to n_‘lake
such measurements. They have determined the adiabatic piezo-optic coeflicients
of 11 liquids including a group of alcohols.

The present investigations were started from where Raman and V_cnka_lara‘man
(loc. cit.) had left off and an interferometric measurement of the adiabatic piezo-
optic cocfficients of three acelates and cyclohexanol has been made. The results
have been discussed in the light of deviations from refraction formulz, change in
refractive index with temperature at constant density, etc.

Due to the ambiguity in the values of jf available 1n the literature a neces-
sity for determining the same was felt. Accordingly the temperature variations
of the refractive indices of the above liquids have also been included in this paper.

2. EXPERIMENTAL DETAILS

Owing to its sensitiveness the interferometric technique has been employed
widely for the determination of the piezo-optic coefficients. Even a small pressure
Shifts the interference fringe system appreciably and this enables one to make accu-
rate measurements. even when the external pressures applied are small.

In their experiments. Réntgen and Zehnder. and others used two long parallel
metal tubes joined along their length, and also joined at their erds by optically
worked glass plates. The pressure was applied with the help of a mercury mano-
meter. 1he resulting refractive index changes were measured with a Jamin's inter-
ferometer after taking adequate precautions to ensure isothermal conditions of
measurements. On the other hand. Raman and Venkataraman used the Rayleigh
refractometer with the 1 metre cell filled with the liquid for the determination of
the adiabatic piezo-optic coefficients. The pressure was applied from a mercury
manometer. The instantaneous application and removal of the pressure was

effected with the help of a three-way stopcock introduced between the cell and
the manometer.

The apparatus used in the present investigation consisted of the same Rayleigh
refractometer but with a newly constructed pressure applying arrangement, and
a separate manometer was incorporated in the new design to improve the accuracy
of the measurements. A schematic diagram of this pressure applying system 1is

shu-n"m Fig. 1. Care was taken to see that the mercury remained clean and did
»ot stick to the glass walls of the manometer.

A water-bath was arranged inside the interferometer so as to keep the inter-

ferometer cells at a certain temperature and also for steadying the fringes. ‘Onoti-
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Fic. 1. Ariangement for the application of pressure to the liquid.

cally plane Pyrex glass plates were used as the end windows. The interferometer
was set up inside a specially selected dark room which had minimum temperature
fluctuation. In addition the measurements were carried out during that part of
the day when the temperature did not fluctuate rapidly.

The interferometric cells were cleaned with alcohol and dried by connecting
them to a vacuum pump. Then it was filled with the liquid after being twice rinsed.
To prevent the contact of liquid in the cell, with the water in the pressure applying
system, the small U-tube fused to one of the two tubes of the cell was filled with
mercury. The cell was inserted into the bath and clamped in position with tne
help of two sliding platforms and four screws attached to the water-bath. The cell
was then connected to the manometer. The farther ends of the tubes of the cell
were stoppered tightly. The whole system was left to itself for sometime for attain-
Ing temperature equilibrium.

The source of light used was a Philips sodium lamp with an outer jacket which
prevented undue heating of the instrument. The light was passed through a cell
of alum solution which absorbed the heat rays and then condensed by a lens on to
the slit of the collimator. A clear system of fringes was obtained by adjusting

the cell inside the water-bath.
The movable limb of the pressure changing system was raised and the pressure
applied to the liquid inside the cell by quickly opening the three-way stopcock.

The shift in the number of fringes of the upper system with respect to the stationary
ower system being noted, the stopcock was immediately closed putling the c=ll
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in contact with the atmosp.l'lere.
number of fringes was obtained

The pressure necessary for shifting an integral
from the readings of the levels of the manometer,

The readings were made using a cathetometer. This press_ure wazshghtl;y 1nc1te?sed
and then decreased so that a deviation from an integral fringe shift was just visible,
The mean pressure was thus recorded. This was taken as the mean value of the
pressure for shifting a certain integral number of fr!nge_s. A correction due to the
change in water level in the fixed limb after the application of thc pressure was also

applied. This correction was found to depend on the pressure ap?lied. The cor-
rfction for a pressure of 1 cm. of mercury was found and the correction for a certain

pressure computed therefrom.

The temperatures near the manometer and the water-bath were recorded at
intervals. The temperature of water-bath was constant throughout and a change
of +4° C. was observed near the manometer. The temperature of the water-bath
was always less than the temperature near the manometer. The.mean temperature
near the manometer was used for correcting the pressure obtained to 0° C., sea-

level and 45° latitude.
Supposing L be the length of the cell, N the number of fringes shifting due to

the application of a pressure p and A is the wavelength of light used then j;)¢

is given by NA/Lp, where (j;) is the adiabatic piezo-optic coefficient. The
¢

change in refractive index due to the application of 1 atmospheric pressure under

. . d .
standard conditions will be &g)¢ = (NA/Lpy) x76, where p, is the corrected

pressure to 0° C. sea-level and 45° latitude.

Since an analysis of the (dn/dp), values in terms of the theoretical predictions
of Lorentz-Lorenz refraction formula needs an accurate knowledge of the tempera-
ture dependence of the refractive index and as such accurate values are not available
in literature an experimental study of the variation of # with temperature was made
with a Pulfrich refractometer in the range of temperature 20 to 50° C. Temperature
regulation was attained by the use of a Gallenkamp water thermostat with a 1000

watts heater fed from a 0-260 variac. Temperature corrections for the readings
of the instrument were also applied.

3. RESULTS AND DISCUSSION

In t!w present study a set of three acetates and a viscous liquid cyclohexancl
are considered. Cyclohexanol was distilled twice under vacuum to ensure purity.
Mc?hyl and Amyl acetates were pure reagents. Ethyl acetate was prepared and
purified by the Organic Chemistry Department.* The purity was checked by the

determination of the refractive inde Iqui
_ ! x of the liquids and compari *
that given in the literature. I S

* The author’s sincere thanks are due to P
_ rof. D. K.B '
Department, for kindly supplying the purified liquid. ah
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Since the method of determining the mean value of

described by Venkataraman (1939) only

in Tables 1, II, III and IV.

A | —— T —

TABLE 1. Ethyl Acetate at 24-2° C,

——— o — —r
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the pressure has been
the final values for the liquids are given

| Fringes Mean pressure coFr:*ggied pif:ia;[iicc |
pressure coefficient
] | 1-987 1-973 | 2270
2 3-976 3-949 l 2269
' 3 5-966 5:925 2268
! 4 | 7-979 7-924 22-61
' 5 9-948 9850 22467
6 11-933 ) 11-851 ; 2268
7 13-928 13-832 2267
[ Mean (212-67 + -01)x 10-¢
TABLE II. Methyl Acetate at 24-6° C.
Final l Adiabatic
Fringes Mean pressure C;'l:;cl::;l I::Lecz%glc’;‘t‘:
1 | 1-533 1-522 2943
2 3.060 3-039 29-47 :
3 4-612 4-580 Lk
4 6171 6-128 2923
s 7-698 7-644 29430
" 9-163 9-099 2953
. 10-674 10-599 L
8 4 12-186 12-101 2961
0 13.798 | 13-701 : 29:42
- 15-396 | 15-288 | .
"Mean (29+42 +-03) x107¢
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Ampyl Acetate at 24-2°C.

TasLE IIL
s Pl . | Adiabatic 1'5
Fringes Mean pressure ?r;r:s(ﬁfg ; iigﬁ%ﬁﬂfff
|

; 1-732 1-720 25-99

; 3.471] 3-447 26-07

3 5-190 5-154 26-04

4 6-886 6-839 26:20

" 8650 8590 26-07

] 10-464 ' 10392 | 25-86

. 12:162 7 12078 ! 25-96

8 13-931 | 13-835 i 25-90

9 15-637 15-529 l 25-96
R Mean (26-01 £ -02) x10-¢

TasLE IV. Cyclohexanol at 23° C.

Fringes Mean pressure col:;zgtled ! p?ei?-zapt:ii
| pressure coefficient

I 1-983 1-970 22-73

2 3-950 3-924 22-83

3 5-949 5-909 22-74

4 7-883 7-830 2287

5 9-864 9.798 25-86

6 11-859 11-780 22-81

¥ 13853 13-761 2278

: ::'214 15-808 22-67

o 933 17-814 22-63

Mean (2277 + +02) % 10~

e m ——— i —— i
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The temperatures and the corresponding indices of refraction for the wave-
length 5893 A of Sodium are tabulated in Tables V, VL, VII and VIII. In the
temperature range studied the graph connecting the temperature and the refractive
index was found to be a straight line in the case of all the above liquids. By the
method of least squares equations of the form n, = n, + bt were fitted to the values
obtained for the refractive indices at different temperatures.

TABLE V. Ethyl Acetate

t Temp. °C.

2247
237

25-8
2747
32-1
381

n obs.

1-37091
042
1-36950
865
667
390

|

n caled.
I

' —

1-37G91
045
1-36950
864
664
392

n, = 1-41066 - 43-58 x 10~5x ¢

TABLE VII. Amyl Acetate
Temp. °C. n obs. n calcd.
! |
22.7 1.40075 @ 1-40077
25-3 136960 1-39963
28-3 832 828
33-3 620 615
33-8 595 | 593
39.0 361 366

e 1-38120 — 4535 X 10781

TABLE V1. Methyl Acetate

Temp. °C.

222
23-0
264
306
33-85
346
3825
42-2

|

n obs.

35603
572
434
242
108
075
134931
784

1

—_ Ao mm - mm amEEC — e ——r

n calcd.

1-35601
568
426
252
117
085
1-34934
779

e

TabLe VIII. Cyclohexanol

> — a b —

I
i Temp. °C.

22-8
24+1
257
30-0
36-5
432
47-4

n obs.

1-46301

254
198
030

1-45791

547
376

ny = 147156 - 37-43x 10-3x1

———

n caled.

1-46303
254
194
033
1-45789
239
382

ng w |'36524 — 4]-58 % 10-8X 1



120 C. K. NARAYANASWAMY

For a discussion of the
refractive index, an accuratc knomf
sibilities at the temperature at whi
specific heat at constant pressure and t
sary. The available data for the above

results in addition to the temperature coefficient of
ledge of the adiabatic and isothermal compres-
ch the piezo-optic coefficient is determined, the
he thermal dilatation of the liquids are neces-
have been collected and mean of the reli-

able values are used wherever possible. The data for a the cubical expansion ha_ve
been calculated from the equations connecting volume and temperature, and density
and temperature. The density temperature relat{ons are taken from the /nter-
national Critical Tables and the Landolt-Bornstein Tabellen. The values taken
from the latter agree well with the calculated values. Tht_: values of C, have
been taken from the results of various authors. Table IX gives the data collected

for the various liquids studied.

- - e, e — — >
e . W — - -

In the case of Cyclohexanol, the isothermal compressibility was calculated from
the value of the adiabatic compressibility known from the sound velocity measure-
ments. Knowing the value of C, the specific heat at constant pressure, « the cubical
expansion, T the absolute temperature, J the mechanical equivalent of heat and

p the density at a temperature T, B, was calculated from g using the thermodynamical
relation

L
v IXC,Xp

J the mechanical equivalent of heat was taken

calorie. to be equal to 4-186 x 107 ergs per

Elasto-optic and Piezo-optic coeffi
refractive index on the application
pressure or the consequent change i
optic coefficient,

cfents.-—&ccording as the variation in the
of pres_sure Is regarded in terms of the applied
n density we have the piezo-optic or the elasto-

TABLE IX
Data for the Liquids Studied
| J dn 5 . ; y ds
Liguid Formula TSPy authorlgy X 197 1ax10°| €, |Byx10%| By x 10° (;.3) X 10¢ (ﬁ?})fmu
' author ' w , calcd.
Ethyl | CH,COOU.H, 24:2 | 1-3702 14535 | 134-7 4632 119 | 87 22.67 33.91
Methyl CH,;COOCH; 246 | 1:3550 —41.58 | 140-3 | 4633 116 = 82-7 29-42 3943
acetate | |
|
Amyl CH;COO(CH,) 4 Uy, 2442 1:4001 —43-58 | 115-4 ll 28-01
acetate : '1 I
{cmo- CoH,10H 23.0 | 1.4630 |—37-43 | 81.4 | 5011 53-3[ 49-6 922.77 | 2678
hexanol i I ;
_ 1'
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For the adiabatic process we have therefore

(4_" N 4!') QP) __(dn
dp/e \dp/g\dp/y 3;)¢5¢P
Similarly for the isothermal process we have

() =2 ().

The ratio of the two coefficients (piezo-optic) is not equal to the ratio of the cor-
responding compressibilities due to a finite difference between the two elasto-optic
coefficients on account of the existence of a pure temperature effect on the refrac-

tive index and also because there is a very small rise of temperature during adiabatic
compression (Raman and Venkataraman. loc. cit). This difference is given by

: (2% gl (3’;), > (frf)p (j;);;, Bs.

Expressed in terms of the piezo-optic coefficients this becomes

dn) _ dn) §_¢+ (dfz) dt)
dp/g \dp/i B, ~ \dt/p\dp/g
The isothermal piezo-optic coefficients have been calculated for the above liquids.

For want of data it has not been possible to calculate the isothermal piezo-optic
coefficient for amyl acetate.

On the basis of the Lorenz-Lorentz and other refraction formulz one can obtain
expressions for the elasto-optic coefficients by differentiation. Since the basis of
the Lorenz-Lorentz formula is that » is a function of density alone we find that

p?—l should be the same whether for a change in density due to change of
p
temperature at constant pressure, or due to variation of pressure at constant tempera-

ture or constant entropy.

- d") = (ff'! - (ff" =P(d’!)
a \dt " ﬁ¢ dp ¢ ﬁ: dp/. dP Lorentz

dn (=1 +2)
P ab)Lﬁrlnl:

6n
As found by Raman and Venkataraman the values calculated from the Loren?-
Lorentz equation are always higher than the measured values of the change In
refractive index for pressure changes. The experimentally measured values of

Hence

and

— 1 ( dn) are also less than the values from the Lorenz-Lorentz formula.
a\dt /,
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Further one can notice that except for Methyl acetate the values of

; (4’—’) are numerically greater than either the adiabatic or isothermal values
T a\dl 9
1

of - d’!) In view of the fact that in the case of crystals a refraction formuia
B\dp/ |
of the type n* — 1 = constantXp explains their optical behaviour, the calculated

values on the basis of refractivity equations have also been included in Table X.
Formula n? — | = constant Xp gives reasonable values for Ethyl acetate whereas

Gladstone and Dale relation leads to better results in the case of Cyclohexanol.
It is interesting to note that cyclohexanol which can be expected to show some

association has nearly the same value for

__'-(‘f.{‘) 1 ‘E{”)
a\dt/," Be\dp/g

(e
B, dap/,

although all of them differ much from the value given by Lorenz-Lorentz formula.

and

. 1 7d
According to Raman and Venkataraman the difference between 35)
t

and that given by Lorenz-Lorentz formula should be entirely due to the polarisation
field alone.

TABLE X
Deviations from Refractivity Formule

|
C D

Liquid |Temp.°C.| A B E l F | G

e 1 AN r l : '
Ethylacetate  24-2 | 3367 . -2603 -4138 | -3202  -3702 | -3909 -2793

Methylacetate  24-6 | -2964 | -3557 -3945 | -3085 | -3550 | -3743 3720

! |

Amylacetate | 242 | -37%6 .. 4527 | 3429 4001 | 4236 | .. |

Cyclohexanol | 23-0 | -4598 | -4591 . -5379 | -3897 | -4630 -4928 4595
! | I | l |

; 1 ¢dn 1 ydn 72— 2
Note: A = - = (T) . B=_ () . c =1 (n*+2) nt— |
“(df)p' ® Bo (¢)¢,C_..-___6£_____; D=——; F=n-1;

(7*—1) (n+-4) I ¢d
= — plai’ n
F @+ Bnr 1) and G = Y (T )‘ (calculated).

o ::zﬁ:;amﬂ{'e variation of refractive index at constant density.—The pure
p Cliect namely the change in refractive index with temperature alone
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may be evaluated by comparing the variation of refractive index with temperature

at coFstant pressure with the change produced by isothermal or adiabatic com-
pression. These are given by

i), =L+ (@), +5(),]/»
i), = [+(5), + ()] [=(5), + #]

These can also be written as

i), = (@)~ (&),
i), = 12 @) =2 @)1/ Ta+ (&), 2]

dr\ . . : . :
where ( Ep) is the small change in temperature due to the adiabatic compression
P

by one atmospheric pressure and is given by

dt Ta
= 3 = 710132
dp)q:. jC, 1/01325 107
Table XI contains the values of the temperature variation of the refractive index
at constant density calculated from the above using the values of the adiabatic

piezo-optic coefficients.

and

and

TABLE XI
Temperature Variation of Refractive Index at Constant Density
e e i =4
iqui ? o an) '(‘—m) x 10 obs.
qul“d { Tcmp C' dt )px lOﬁ dt )lblalutl df P

, h .

Ethyl acetate .. 242 —7-8 —37-55 —45-33

i

Methyl acetate .. 246 +6-1 —47-68 —41-58 i
Amyl acetate .. 242 —43-30 |

Cyclohexanol 23-0 —0-1 —37-33 —37-43

reement with what has been stated earlier we find that Ethyl acetate which

In a ;
- renz-Lorentz refraction formula has large pure

shows large deviations from Lo
temperature coefficient.
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