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An interferometer has been used to m easure t he change in index of r efracLion wiLh change 
in pressure or temperatm e. Absolu te indices of refraction are l'eporLcd Lo fi v(' dec imals 
for benzene, carbon tetrachloride, a nd water a t eight diffcren t wavelcngths it} t he v i ~ibl e 
region of the sp ectrum at pressures as high as 1100 bars an d tempenl,tu res as high as 55 0 C. 
The data for benzene and carbon tetrac hloride have been fi tted Lo one Lcrm, dispersion 
equation s of t he Dru de and Lorentz-Loren z types. The observed changes in in dex of r efrac t ion 
for t hesc two liquids have been attribu ted to change in density p lus a shift in t he fundamental 
a bsorption frequ ency, assuming t hat the oscillator strength remain s consLant. The data 
for water have been Lreated and ex plain ed in t he same lTlann er but wiLil Lhe addi t ional 
postulate that water consists of two different molecular types. 

1. Introduction 

An inLerferometric technique has been described 
for use in precision measurements of index of r efrac
tion of liquids at pressures as high as 1100 bars in 
the range 0 °C to 55 °U by observing the shift in 
interference fr inges as pressure and temperature are 
varied [I].! Data r eported on the indices of benzene, 
carbon t etrachloride, and water at one waveleng th 
were of such 11 mtture ,1S to wal'1'ant additional s tudy 
of the effect of pressure and temperftture upon the 
optical dispersion of these liquids. The presen t 
r eport describes the modifications of the instrument 
to permit simultaneous observation of the shift in 
interference frin ges for eight spectral lines spaced to 
permit cttlculatioll of the change in index through
out the visible range of the spectrum. Data on 
indices for th e three liq uids, benzene, cftrbon tetra
chloride, and water are reported and some of the 
implications of th e results are discussed. 

2. Experimental Method 

The general experimental method has been de
scribed fully [1] and will be outlined only briefly here. 
It consists of placing an interferometer containing 
the liquid of interest inside a high pressure vessel 
equipped with glass windows. The shift in interfer
ence fringes is recorded photographically ftS the pres
sure is deer'eased from an elevated vaJue to 1 bar. 
The refractive index is calculated from the relation
ship 

IJ./L = !:mA j2t sin e (1) 

where IJ./L is the change in r efracti ve index; IJ.n , the 
number of hinges passing a r eference poin t during 
the pressure change; A, the wavel ength of the ligh t 
employed; t, the distance between the optical flats; 
and e, the angle of in cidence of light which, in these 
experiments, was 90 °. 

1 Figures in brackets indicate tbe Iiteraturc references at t he cnd of this paper . 

In the interferograph developed by Saunders [2], 
light from the discharg tube is dispersed into its 
component spectral lines by a, prism. Ordinarily all 
lines except the one in use ftre r eflected by a mirror 
while the desired lin e passes through ft slit in the 
mirror and is detected photographically. By rotat
ing the camerlt thro ugh 90 ° and inserting a s top 
about 3 mm in width at the object position, several 
smftll imftges, one for each spectmlline, ftre permitted 
to fall on the sli t in the minor a nd thus be detected 
by the film. The stop r estricts the width of each 
line image and prevents overlapping. Thus each 
spectmlline produces its own system of interference 
frin ges, these systems being displaced ver ticftlly on 
the film . Each set of fringes will move as the pressure 
is varied , and a permanent r ecord of the frin ge shift 
is obtained on the fLlm . The number of frin ges can 
then b e coun ted at leisure after the film is de\Teloped. 

Using extremely high speed film it WftS found that 
the h eliuom lines, 6678. 15, 5875.62, 5015.68, and 
4921.93 A could be photographed successfully . To 
obtain additional lines a cadmium lamp was placed 
directly behind the helium tube and cadmium lines 
at 6438.47, 5085 .82, 4799.92, and 4678.16 1 were 
also used. With the high speed fLlm, it was found 
necessary to perform all experiments in a dark room 
to cut down the effects of extr aneous light. It was 
also essential to shield the camera from the light 
emanating from th e discharge tub es. Becftuse of the 
great intensity of th e helium yell ow lin e at 5875.621, 
a small filter was placed at the exit sli t of the minor 
where this radiation fell on the photogmphic fLlm. 
A typical photographic r ecord is shown in fi.gure 1. 

As shown by eq (1) only the changes in refractive 
index were measured , the initial indices at one bar 
were obtained from published data for benzene [3] 
and water [4]. Data of the required precision do not 
appeal' to be available for carbon tetrachloride, and 
its index was measured by the method of minimum 
deviation, the liquid being enclosed in a hollow glass 
prism [4]. 
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FIGURE 1. Photograph of the shift in interference fringes for water from an elevated p;'essure to one atmosphere at constant 
temperatU1 e. 

Fringe shifts for eight spectral lines are shown: (1) A faint line, helium red of 6678.15 A; (2) a strong line, cadium red of 6438.47 .:l..; (3) a very strong line, helium ycllow 
of 5875.62 A; (4), (5) two strong lines closely adjacent to each other, eadium green of 5085.82 A and heliu m green of 5015.68 A; (6) a very faint line, helium blue-green 
of 4921.93 A; (7) a strong line, cadium blue of 4799.92 A; (8) a strong line, cadiwn violet of 4678.16 A. 

3 . Experimental Results 

The experimental data for refr active index are 
given in tables 1, 2, and 3 as a function of pressure, 
temperature, and wavelength. It should be noted 

that the indices reported are absolute values. From 
previous experiments i t has been found that the 
standard deviation of the index values is 0.00005 
which corresponds to a limit of reproducibility of 
± O.OOOI [1] . 

T ABLE 1. Absolute refractive index of benzene as a function of pressure, temperature, and wavelength 

rremper- ~waVeleUgth Specific 
ature pressure~ 6678.149 6438.4696 5875.618 5085.82 5015.675 4921.929 4799.92 4678.16 volume 

b ars 

°C ml/g 
1 1. 49316 l. 49455 l. 49859 l. 50704 1.50802 1. 5C941 l. 51137 1. 51350 1.14433 

250.1 1. 50465 l. 50616 l. 51031 1. 51891 1. 51995 l. 52139 l. 52338 1. 5255i 1.11973 
24.80 489.0 1. 51413 1. 5156l 1. 51982 1. 52873 1. 52969 1.53113 1. 53320 l. 5,54'1 1.10057 

666.1 1. 52021 l. 52168 1. 52593 1. 53488 l. 53593 1.53743 1. 53952 1.54180 1. 08828 

1 l. 48684 1. 48822 1. 49221 1. 50050 l. 50151 1. 50284 l. 50477 1.50690 1.15805 
246.2 1. 49879 l. 50025 1. 50438 1. 51286 l. 51391 1. 51532 1. 51724 l. 51946 1.13187 

34.50 484.8 l. 50882 1. 51029 1. 51445 l. 52316 1. 52421 1.52557 1. 52762 1.52986 1.11138 
757.2 l. 51844 l. 51991 1. 52418 1. 53305 1. 53415 1. 53555 1. 53761 1. 53992 1. 09192 

1107.7 1. 52903 1. 53052 1. 53489 1. 54401 1. 54514 1. 54657 1. 54867 1. 55102 1. 07112 

1 1. 47390 1. 47521 1. 47910 1. 48729 1. 48817 1. 48949 1. 49128 1.49334 J.l8757 
274.5 l. 4~888 1. 49016 1. 49422 1. 50271 l. 50361 l. 50498 1. 50681 l. 50894 1.1E350 

54.34 484.4 1. 49832 1. 499;2 1. 50382 1. 51251 1. 51340 1. 51483 1. 51672 1. 51889 J.l3305 
770.2 1. 50913 1. 51060 l. 51478 1. 52362 1. 52460 1. 52606 1. 52798 1. 53018 l. Jl0J4 

1124.5 1. 52059 l. 52202 1. 52633 1. 53546 1. 53644 1. 53790 l. 53988 1. 54214 l. 08705 

TABLE 2. Absolute refmctive index of carbon tetrachloride as a flmction of pressure, temperature, and wavelength 

Temper- ~ Wavelength Specific 
atu re pressure~ 6678.149 6438.4696 5875.618 5085.82 5015.675 4921.929 4799.92 4678.16 volume 

hars 

°C ml/ g 
1 1. 45476 1. 45556 1. 45791 1. 46270 1. 46322 1. 46400 1.46511 1. 46626 0.630927 

276.9 1. 46762 1. 46846 1.47089 1. 47583 l. 47635 1. 47721 1. 47831 1. 47951 .614859 
24.80 523.6 1. 47706 1. 47790 1. 48037 1. 48542 1. 48598 1. 48674 1. 48794 1. 48917 .603465 

797.4 1. 48599 1. 48683 1. 48934 1. 49404 1. 49509 l. 49591 1.49712 1. 49835 .592991 
1116.7 1. 49502 1. 49591 1. 49847 1. 50371 1. 50429 1. 50515 1. 50639 1. 50767 .582760 

1 1. 44890 1. 44965 1. 45197 1. 45675 1. 45723 1. 45802 1. 45908 l. 46020 .638553 
255.4 1. 46164 1. 46243 1. 46481 1. 46975 1. 47022 1. 47104 1. 47214 1. 47329 .622336 

34.50 480.9 1. 47102 1. 47182 1. 47426 1. 47928 1. 47980 1. 48059 1. 48172 1. 48292 .610937 
756.1 1. 48045 1. 48130 1. 48381 1. 48896 1. 48949 l. 49031 1. 49146 l. 49271 .599476 

1119.9 1. 49098 1. 49186 1. 49441 1. 49973 1. 50028 1. 50109 1. 50229 1. 50360 .587098 

1 1. 43763 1. 43844 1.44067 1. 44534 1. 44581 1. 44663 1. 44774 1. 44879 .654959 
248. 7 1. 45181 1. 45266 1. 45493 1. 45978 1. 46025 1. 46110 1. 46225 1. 46335 .636227 

54.34 452.7 1. 46107 1. 46193 1. 46428 1. 46924 1. 46975 1. 47059 1. 47176 l. 47289 .624227 
751. 9 1. 47281 1. 47371 1. 47616 1. 48118 1. 48172 1. 48257 1. 48376 1. 48497 .610060 

1059.2 1. 48280 1. 48371 1. 48617 1.49135 1. 49190 1. 49281 1. 49402 1. 49520 .598302 
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TABLE 3. Absolute refractive index of water as a f1tnction of preSS1lre, temperatw'e, and wavelength 

~~elength I 
Temper· Pressure A 6078, 149 6438.4696 5875, 618 

ature bars ~ 
~ 

°C 
1 J , :33077 1.33136 1. 33293 

259,6 1. 33438 1. 33499 1. 33653 
24 .80 <lii3,6 1. 337 14 1. 33780 1. 33943 

762,8 l. 34JC6 1.341(,3 1. 34322 
1108,6 I. 34521 1.34581 1. 34748 

I 1. 32963 1. 33020 1. 33177 
259, 3 1.33319 1.33375 1. 3353 \ 

34,50 -180,9 1. 3:1614 J.03679 ),33832 
799.2 1. 34007 1. 34069 1. 34228 

1110.0 1. 34367 1, 34429 1. 34589 

1 1. 32655 1. 32712 1. 32866 
24 1.6 1. 32985 1. 33043 1. 33192 

54,34 489.7 l. 33307 1. 3336) 1. 33518 
785, I 1. 33567 1. 33725 1. 33883 

1127,7 1. 34053 1.34JI6 1. 34274 

1 1,33220 I. 33279 1. 33438 
269.5 1. 33635 1. 33(;97 1. 33857 

1. 56 507,4 \ ,32989 1. 34047 1. 34212 
768, 5 1. 3 1350 1. 344 15 1. 34579 

1049,7 1. 34721 1. 34785 1. 34947 

1 1,33204 1. 3:;263 I. 33422 
25(;.1 l. 33580 1,33645 l. 33804 

7,64 497.8 l. 33940 I. 34002 I. 34 160 
730,7 I. :),1267 I. :34:)24 1, :34494 

1088.9 l. 3' 698 1.:14764 l. 34928 

It will be noted in tables 1- 3 t hai t he beba\'ior at 
each wavelength is similar to th at reported earlier for 
observations using the helium yellow line, i,e" index 
increases with increasing pressure and decreases with 
increasing temperfl.ture, In addition it can be noted 
t hat in all cases the change in index with pressure is 
greater in the violet end of the spectrum t han in the 
red end with the effect of wavelength being much 
smaller in water than in the organic liquids. There 
is some indication that the effect of wavelength is 
greater at bigher temperatures for all t hree liquids. 
These results will be discussed in detail later. 

4. Discussion 

The data gi \~en in tables 1 through 3 can be 
analyzed by various methods. The obvious treat
ment is by one of the well-known dispersion relation
ships. From quantum mechanical considerations 
of the interaction between radiation and matter 
Kramers and Heisenberg have derived the equation 

(2) 

where fJ. is the index of radiation of frequency v, 
N ; the number of oscillators per unit volume, j; the 
oscillator strength and e fl.nd m t he charge and rest 
mass of the electron. This relationship takes the 
same form as the older, classical relationship devel
oped by Drude where t he optical electrons were 
regarded as being quasi-elastically bound to the 
nucleus. Despite the formal similarity of the two 
equations, the interpretation for Pi in each case is 
different. In the Drude formulation the Vi represent 

Specific 
5085,82 50J 5,675 4921.929 4799,02 4678,16 vol ume 

ml/y 
1. 335m l. 33624 1. 33670 1. 33734 1. 33802 J ,00288 
1. 33953 1. 33987 1. 34030 1.3-1096 1. 34167 0,99152 
1. 34240 1. 34278 1. 34324 l. 34389 1. 34458 , 98318 
1. 34630 1. 346iiO 1.347 JO 1. 34778 1. 348-16 ,97180 
1. 35053 1.35085 I. 35133 1.35201 ),35271 ,95973 

1.33474 1. 33506 l. 33552 1.33615 1. 33683 1. 00580 
1. 33830 J,33865 1. 33908 1,33974 1,340-13 0,99463 
1.341 32 1.34163 I. 34213 I. :1427<1 1, :143-14 ,98572 
1,34537 1. 34567 1.346 13 1. 34676 1.34747 ,97385 
1. 34897 1. 34928 \,34974 1. 35042 1. 35116 ,963 18 

1. 33159 1. 33191 1. 33236 1.3:J299 1. 33366 1.014 15 
1. 33490 1,33523 1,33567 1. 33633 1. 33698 0.00372 
1. :33813 1. 33849 1. 33893 1. 33960 1. 34028 0,99371 
1.34 18. 1.31216 1. 34258 1. 34327 l. 34396 ,98267 
1. 34577 I. 3,1609 l. 34656 1. 34718 1. 3479\ ,97089 

1. 33739 1. 33772 I. 33832 L 3:3882 1. 33951 1,00004 
1. 34161 1.34197 1. 34254 I. 3430[, 1. 343;4 0,98712 
1. 345 17 1.34552 1. 346J 5 1.346(:3 1. 34734 ,97662 
1. 34887 1.34923 1. 34985 l. 35034 1. 35106 ,96577 
1,35255 1. 35296 1. 353,19 1. 35408 1. 35479 ,95522 

l. 33724 1. 33757 1. 33803 1. 33867 1. 33935 1. 0001l 
1.34 108 l. 3-11 39 1.34186 l. 34252 [ .34;{2!) 0,98820 
1,3446(; I. 34502 1. 34,\44 L 3'1614 1. 34588 ,97788 
1. 34801 1. 34828 1. 34877 \ ,34944 1. 35U73 ,9(' 53 
1. 35243 1. 3,\27:1 1. 35318 1.3539\ 1. 35-162 ,95682 

resonance frequencies of d~fferent electrons with 
different binding energies. In t he Kmmers-Heisen
berg treatment the V i are values of the transition 
frequencies between states for the electronic system . 

When an electric field at optical Jreq uencies is 
applied to a dielectric the eA'ecti \re field which acts 
upon a given oscillator at t he interior of the medium 
consists of the applied field plus t he field created by 
the surroundin g dipoles, In the usual derivation 
of the Drude formula no specific value is assigned 
to this polarization field, but Krishnan and Roy [5] 
have pointed out th at the v/s, t he fundamental 
absorption frequencies of the medium include the 
effect of the polarization field. On t he other hand, 
according to the well-known Lorentz-Lorenz formula, 
the polarization field for a medium having cubic 
symmetry (or completely random symmetry as in 
a liquid) has been calculated to ha\'e t he value 
(4/3) 71'P where P is the polarization or t he medium. 
Accepting this calculation the Lorentz-Lorenz equa
t ion has the form 

(3) 

where the characteristic frequencies, the Q/s that 
appear, correspond to those of isolated oscillators 
unaffected by the polarization field. 

Thus the Drude and the Lorentz-Lorenz equations 
are alternative formulas 1'01' the refractive index of 
a dense medium as a function of the frequency, the 
effect of the polarization field being taken into 
account in each equation in a different way. In 
order to visualize the effect of intermolecular inter
actions, it was decided to try to fit the experimental 
data to each of these dispersion formulas. 
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4.1. Benzene and Carbon Tetrachloride 

If only a single term of an equation of the Drude 
type is used, the equation can be transformed into 
the following linear form 

(4) 

where ' .va is the absorption frequency and v, the 
frequency at which /1- applies; the factors other than 
(v:-v 2) which appear in eq 2 have been designated 
by A. U sing the measured values of /1- and the 
known frequencies it was found that :tor both ben
zene and carbon tetrachloride eq (4) satisfactorily 
represented the data with a residual standard devia
tion of 1/( /1-2- 1) of about 1 X 10- 4 based on 6 deg of 
freedom. The curve fitting which was done on the 
computer yielded the values for the constants of 
eq (4) shown in tables 4 and 5 for benzene and 
carbon tetrachloride. 

TARLE 4.- Parameters of the D 1"ude dispersion equation fOT 
benzene 

A A ( V ,,) Funda- Funda-
x 10- 31 X 10- 31 mental mental 

T em- Pre~su rc Specific lcycles! [cycles! frequ ency, wavc-
perature bars volume sec]' SCCJ2 

x ml!g 
110 x 10- 15 length. AD 

--------- -------

' C mZjo cis A 
1 L 14433 0.543360 0.621783 2. 149S 1394.6 

250.1 L 11973 .555574 .622093 2. 1441 139S.2 
24.80 489.0 L 10057 .565792 .622694 2. 1399 140LO 

666. 1 L 0882S .572260 . 622i79 2.137l 1402.8 

1 L 15805 . 537099 .621987 2. 1537 1392. 0 
246.2 L 13187 . 549012 .621410 2. 1463 1396. S 

34.50 484.8 L 11138 .561588 .624138 2. 1451 1397.6 
757.2 1. 09192 .571678 .624227 2. 1402 1400.8 

1107. 7 L 07112 .5S1631 .62299, 2. 1329 1405.6 

1 1. 18757 .522458 . 620455 2. 1583 1389.0 
274.5 1. 15350 .538693 .621382 2.1517 1393. :l 

54.34 481. 4 L 13305 .547908 . 62C807 2.1455 1397.3 
770.2 L 11014 ,55\)95.\ .621624 2.1413 1400. 1 

1124.5 L 08705 . 571543 .621296 2.1349 1404.2 

T A BLE 5. Parameters of the D rude dispersion equation f01' 
carbon tetrachlor ide 

A A ( Vp) Fund a- Func1 a-
x 10- 31 x 10- 31 lnenta l mental 

Tern- Pressure Specific [cycles/ [cycles/ frcquency , wavc-
I)Crature bars volume scc]' secl' 

x ml/g 
lIo x 10- 15 len gth, AD 

----------

°C mZ/o cis A 
1 0.630927 O. 79919 O. 50423 2. it3l 1l05.0 

276.9 .614859 .81931 .50376 2. 7022 1l09.4 
24. SO 523.6 .603465 .83860 .50607 2.7015 1109.7 

797.4 .592991 .85571 . 50743 2.6991 1110.7 
1116.7 .582760 .86741 .50549 2.6879 1115.3 

1 . 638553 .78865 . 50359 2.7159 1103.8 
255.4 .622336 .81091 .50466 2.7089 ll06.7 

34.50 480. 9 .610937 .82840 .50610 2.7055 1108. 1 
756.1 .599476 .83943 .50322 2. 6918 1113. 7 

1119.9 .587098 .85388 . 50131 2.6802 1118.5 

1 .654959 . 76030 . 49797 2.7072 1107.4 
248. 7 .636227 . 78591 . 50002 2.7012 1109. 9 

54.34 452. 7 .624227 .79956 . 49911 2.6922 1113.6 
751. 9 . 6l006~ . 82203 . 50149 2.6893 11l4. 8 

1059.2 .598302 .83820 .50150 2.6822 1117.7 

The derived yalue of the constant, A will ,"ary with 
the density through its dependence on N. If it is 
assumed that A(Vp ) is constant where V p is specific 
volume, then . the density dependence can be elim
inated and the values so obtained are given in 
column 5 of the tables. It can be observed from 
these values that there is no apparent systematic 
trend with either P or T. Because the lack of such 
a trend means that the oscillator strength is constant 
within the limits of error of the evaluation, it seems 
reasonable to assume that the oscillator strength is , ' 
in fact, constant. On the other hand the values of 
vo , the absorption frequency, derived from eq (4) and 
given in column 6 show a systematic shift to lower 
frequencies with increasing pressure. The values of 
the absorption frequencies derived are in the region 
where absorption is to be expected [6] and the shift 
with pressure is of the order of 10 A/kb. However , 
this rate of shift is approximately twice the value 
observed by Oksengorn [7] fOT the benzene band in 
the region of 2500 A although it is in the same direc
tion. There do not appear to be data available for 
carbon tetrachloride for shifts with pressure. 

From these findings it is apparent that the change 
of index with pressure can be describ ed quantitatively 
by an equation of the Drude type in which the oscil
lator strength remains constant, but the apparent 
absorp tion frequency shifts to longer wavelengths at 
higher pressure. By plotting the fundamental waYe
lengths cleriyed from eq (4) against the specific 
volume, an attempt was made to find the effect upon 
the fundamental absorpti.on wavelength due solely 
to temperature. These plots are shown for benzen e 
and carbon tetrachloride in figures 2 and 3. It wrtS 
not found possible to evaluate the purely temperature 
effect in either case b ecause of the scatter of the data. 
From the figures, howO\' er, it seems noL unlikely that 
temperature effects of a small order of magnitude 
exist. These effects are to be attributed to the 
changes in the local field due to interaction b etween 
neighboring molecules at constant density. 

The data for benzene and carbon tetrachloride 
were also fitt ed to a single term equation of th e 
Lorentz-Lorenz type by inserting into the followin g 
linear form. 

(5) 

where £1 0 is the fundamental absorption frequency 
of an isolated oscillator. The factors other than 
(£1 ;-v2) which appear in eq (3) have been designated 
by B. The fittings were poorer than those obtained 
in using a single term Drucle-type equation, because 
in each fitting of the data for a set of eight spectral 
lines the residual standard deviations of (,u2 + 2) / ' 
(/1-2-1) varied from 2 X IO- 4 to 4 X 10- 4 for benzene 
and from 1 X 10- 4 to 4X 10- 4 for carbon tetrachloride 
which deviations are outside the experimental error . 
The values of the constants appearing in eq (5) are 
given in tables 6 and 7. In column 5 of these tables 
values of B(Vp ) are given, and it may be observed 
that there is no systematic t rend with either P or I 
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carbon letmchloride at three di.O·erent temperatures. 

T so that it may be inferred again that the oscillator 
strength is constant within the limits of error of the 
evaluation. Although there IS some scatter In the 
results , i t appears that the values of Qo gIven In 
column 6 show a trend to ward higher frequencies 
with increasing pressure, III which case the shift IS 
opposite in direction hom lhat found earlier USll1g a 
Drude-type equfLtion . 

TARLE 6. PaTameters oj the Lorentz- L oren z dispersion 
eqllati on for benzene 

H 8 ( 1',,) Fund H- F'undn-
Pressure x 10- 31 x 1O-;J I Illcntal nH'ntnl Tcmpcra- S peci fi c 

ture bars volume le,'el('s/ lc, 'riPs/St'e] , fn'qul'ncy, wav('\(>ngth 
sec] , x ml lg 110 x 10 l~ AO 

------------

A °C ml/o c/., 
1 1. 14403 0.18 11 21 0.207262 2.5363 1182.0 

24.80 250. I I. 11923 . 185 191 .207364 2.5:39." 1180. 5 
489.0 1. 100.07 . 188597 .207564 2.5427 1179.0 
666.1 1. 08828 .190755 . 207595 '2 .5445 11 78. 2 

1 1. }!)805 . 179033 .20i:J29 2.5355 1182.4 
240.2 1. 101 87 · 1 ~3004 .2071:37 2 . .5671 1181. 6 

34. ,,0 484.8 I. 111 38 · 187 191i .208040 2 . .5442 1178. 3 
757. '1 l. 09 192 . 190559 · :ZOR07!) 2.54(;8 11 77.1 

1107.7 1. 0711 2 . 193877 · :107ti(jt) 2.547'2 1Iii.O 

L 187!)7 · ] 741 5:3 .206819 2. £1'298 11 8.0.0 
274. [) 1. 1:-0.\0 . 179564 · 'l07 I '27 2 .. \:348 1182 .7 

54.34 484.4 1.1 0:305 . 182606 .20(19:36 2.5:5.16 1182.3 
770. '2 1. 11014 .180(;50 · 20710~ 2.5400 II SO.o 

11:24 .5 1. 08705 .190514 .207098 :2.54:1:2 1179.3 

T AR LE 7.- Paralllelcrs oj'the LOTentz- LOTcn z riisperhion equation 
f01' car/,on tetrachloride 

' j'e ln pcra- :Prrss urc 
ture bars 

S pl'Cifi c 
vol ume 

H 
x 10 ·3 1 

[eyel,·s/ 
sceF 

B ( I 'p) Fun d,,- Funda-
x 10- 31 IIwntni IIH.-'ntni 

[c.\'cit's/St'cj2 frequency, \\ av('le n gth~ 
x 1I11 jg Ho x 10- 15 AO 

----------------------- \----

m//u C/" A 
1 . 600927 . 266398 O. 168078 :3. J(i(j~ 946. 9 

276 9 .6 14859 . 27iJ104 · 167920 3. 1675 946.7 
24.80 520.6 .6003465 .279532 · 168688 3.1771 9'13.6 

797.4 .59299 1 .285237 · 16914il 3.1840 94 1. 6 
11 16.7 .582760 .289136 · 168497 0. 18C6 942. 6 

1 .639553 .262884 · ]67865 3.163 1 947.8 
255.4 . 622306 .270304 · 168220 ;l.1688 946. I 

04 .. \0 480.9 . 6 10907 .276132 . 168699 ~. li50 944.2 
756.1 . 599476 .279182 . 167363 3.1692 946.0 

1119.9 .587098 284625 .107100 3. 1670 946.6 

1 .654959 .253433 · 1659S8 3.1406 954 . () 
24S.7 .636227 261969 . 16677:2 :3. 14!)0 95:2.0 

54 . 34 452.7 .624'227 .266519 · lG6068 :3 . 1485 952. :! 
75 1. 9 .610060 .274010 . 167160 ~. 1579 949.0 

1059.2 .598302 .279401 · 167166 3. 1604 948. (j 

4 .2 , Water 

A single term Drude-type dispersion equaLion will 
not fit the data for water within th e exp el' iJl} ental 
ermr, even though the disp ersion for water is less 
than for the organic liquids. The results of lhe fi t
ting processes showed that Llle r csidu al slandard 
deviations yari ed from 2 X 10 - 4 Lo 3 X 10- 4 • ] n order 
to obtain a sfLtisfactory fit a second term was 
required invoh -ing all absorp tion in the infrared. 
This frequency and its shift with pressure and tem
p erature was obt fLin ed from the data of Giguere and 
I-hrycy [8] and Fishman and DTikamer [9] . Using 
the two-term equation, the data were fitt ed to within 
the exp erimental error and the deriyed valu es arc 
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given in table 8. In contrast with the results ob
tained for benzene and carbon tetrachloride there is 
no systematic trend in the absorption frequency, and 
there appears to be a random fluctuation in the 
9.el'ived values. The effect of pressure on dispersion 
IS much smaller than in the organic liquids and 
apparently the effect is lost by internal compensation 
in the curve fitting process. 

TABLE 8. Parameters of the Drude dispersion equation for water 

Tem- Pressure Specific A 
A( Vp ) 

X lO-31 Funda- Funda-
perature bars volume X 10-31 [cycles! mental mental 

[cycles! sec]' fre5<ufo~r" Po wave-
sec] 2 Xml/g length, :>'0 

---
°c rnZlg cis A 

1 1. 00288 0.75220 0.75437 3. 1293 958.0 
259.6 0.99152 .75116 .74479 3.1278 958.5 

24.80 463.6 .98318 . 74886 . 73626 3.1086 964.4 
762.8 .97180 . 76509 . 74351 3.1215 960.4 

1108.6 .95973 . 77690 . 74561 3.1235 959.8 

1 1. 00580 .73536 .73963 3.1204 960.8 
259.3 0.99463 . 74742 .74341 3. 1265 958.9 

34.50 480.9 .98572 .75922 .74838 3.1349 956.3 
799.2 . 97385 . 76336 . 74340 3.2290 960. 0 

1110.0 . 96318 .77383 .74534 3.1253 959.2 

1 1. 01415 .73179 .74214 3.1293 958. 0 
241. 6 1. 00372 .74346 .74623 3.1360 956.0 

54.34 489.7 0.99371 .75017 .74545 3.1328 956.9 
785.1 .98267 76033 .74715 3.1345 956.4 

1127.7 . 97089 .77127 .74882 3 1363 955.9 

Likewise, it was not found possible to fit the data 
for water to a single term equation of the Lorentz
Lorenz type; the residual standard deviations were 
found to vary from 6 x 10- 4 to 10 X 10- 4• No at
tempt was made to fit the data to a Lorentz-Lorenz 
equatio~ with two terms. Krishnan and Roy [5] 
have pomted out that the fundamental frequencies , 
the v/s that appear in the Drude equation are the 
experimentally observed absorption bands, and al
though it would have been possible to take the data 
of Giguere and H arvey [8] and Fishman and 
Drikamer [9] and convert the v/s to the Q/s of the 
Lorentz-Lorenz equation, it appeared that the re
sults would be too tenuous. The data on water can 
be considered from a somewhat different viewpoint 
as follows: 

Many of the abnormalities of liquid water can be 
rationalized by the concept initially advanced by 
Rontgen [10] that water could be considered as a 
mixture of molecules of different degrees of associa
tion. In its simplest form this concept considers 
two types of water molecules, one having a greater 
density than the other with the relative proportions 
of the two types being influenced by temperature 
and pressure. The less dense form may be con
sidered as analogous to the ice molecule which forms 
from water with an increase in volume. Many 
workers [11] have attempted to estimate the per
centages of the types of molecules, but there is no 
agreement on ei ther the size or percentage of the 
various species as the temperature is varied. It is 
generally accepted that the relative proportion of the 
less dense icelike molecules decreases with increasino' 

temperature [11, 12]. Bridgman [1 3] from studie~ 
of viscosity at elevated pressure and T ammann from 

PVT data on water [14] concluded that the propor
tion of the less dense species also decreased with 
increasing pressure_ Insofar as the index of refrac
tion is concerned, there is no anomaly at the maxi
mum density point and it is possible to regard the 
index of water as arising from the indices of its 
components using certain assumptions regarding the 
refractivity of the components [see Cheneveau, 12] . 
Such computations have been made with the present 
data and produce results in general agreement with 
those of previous workers [11 , 12]. These data will , 
not be reproduced here. It will suffice to note that, 
as shown earlier, for the wavelength of the helium 
yellow line [see reference 1, fig. 4] a plot of index 
against specific volume for water shows that the data 
separate into definite isotherms. At a constant 
specific volume the decrease in index with rising 
temperature is in full accord with the concept that 
there is a decrease in the relative proportion of the 
less dense molecules which have the higher refrac
tivity. 

4.3 . Theore tical Considerations 

These data on index of refraction are suitable for 
an analysis of the type proposed by R amachandran 
[15, 16] who studied the thermo-optic behavior of 
solids. He assumed that the oscillator strength is 
invariant with changes in density and temperature, 
an assumption verified in part by the data of tables 
4,5, and 8 for the liquids studied here. He attributes 
the change in index with changing temperature to, 
partly, a change in the number of oscillators per unit 
volume (density effect) and partly a change in the 
absorption frequency arising from either change in 
density or change in temperature. 

The data may be treated in a simpler manner 
and more analytically according to the method of 
Ramachandran and Radhakrishnan [16 , 17] where 
the analysis proceeds as follows: starting with a 
simplified . Drude equation applicable to a single 
wavelength they divide dl-l/dT, the observed change 
in index with temperature into three parts defined 
as (1) the change due to the number of oscillators 
per unit volume, (2) the change in polarizability of 
the oscillators arising from the change in density 
and (3) the change in polarizability due solely to the 
temperature change. Denoting these by P, Q, and 
R respectively they deduce the following values. 

P =_y (1-l~1-l 1) (6) 

Q= -y [p (~~)-I-l~1-l IJ (7) 

R = dl-l/dT+ yp(dl-l/dp) (8) 

where p is the density, p. the index, T the temperature 
and 

1 dp 
y = -p dT and dl-l/dT= P + Q+ K 
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In figures 4, 5, and 6 values of (J.L2-1) / p for the 
three liquids are given as a function of wavelength 
at 34.50 °0. This temperature was chosen because 
of the fact that the pressure range for benzene at 
24.80 °0 is limited by the freezing of benzene. The 
fact that the curves do not coincide for any of the 
liquids is indicative of the fact that the polarization 
field has changed due to the change in intermolecular 
spacing at the elevated pressures. The fact that 
the values for the higher pressures always are above 
the values at one bar can be explained by the fact 
that the increase in density brings about an increase 
in the strength of the polarization field acting upon 
an individual scattering center. The shift to longer 
wavelengths of the absorption frequency as the 
pressure increases in benzene and carbon tetrachlo
ride is another manifestation of the same phenome
non. It is of interest to note that although no shift 
of absorption frequency could be detected in table 8 
for water, figure 6 shows the same general picture 
for water as for the other liquids, the effect being 
much smaller with water. In fact, his discrepancy 
arises in part from the lower compressibility of water, 
but if comparisons are made for equal changes in 
volume it will be found that the separation of the 
curves for water is still much less than for benzene 
and carbon tetrachloride. The overall picture indi
cated by these figures can be obtained quantita
tively by the use of eqs (6), (7), and (8). Such 
values are given in table 9 along with comparable 
values for cubic crystals [16, 17] . 

It will be noted that P , the purely density con
tribution, is much larger for the liquids than for 
most crystals. This is due largely to the fact that 
the expansivities of the liquids m:e larger than the 
crystals in most instances. 
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WAVELENGTH, l. 

FIGURE 4. (p.2 - 1) /p versus wavelength at one bal' and an 
elevated pressure for benzene at 34.50 °C. 

Q represents the change in refractive index arising 
from change in the pO]aJ'izability of an oscillator 
which is brought abou t by change in volume. Q 
must also include the change in the polarization 
field acting upon a given oscillato[' which is likewise 
induced by change in volume. Q is opposite in 
sign for the liquids and the crystals. The values 
of Q for benzene and carbon tetrachlo['ide aJ'e much 
Im'ger in absolute value than values of Q for the 
solids, a fact probably due to the disparity in the 
values of the expansivities of liquid and solid. The 
value of Q for water is inordinately low in com
paJ'ison with the Q values fOT the other two liquids. 
This observation may be explained by the fact that 
(1) the water is l ess compressible than the other 
two liquids, and there is a correspondingly smaller 
change in the local field, and (2) there is a smaller 
percentage of icelilce molecules at higher pressures. 
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FIGURE 5. ( 1'2 - 1) / p versus wavelength at one bar and an 
elevated pressw'e for carbon tetrachloride at 34.50 °C. 
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FIGURE 6. (p.2 - 1) / p versus wavelength at one bar and an 
elevated pressure for water at 34.50 °C. 
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TARLE 9. Values of ,)" P , Q, and R for c1'ys/als and liquids* I Tilton [4]. At the specific volume of 1.00007.m1/g, 
which occurs at 1 °e and 7 °C, the change 111 re
fracti ve index ,vith temperature is found to be 
( f.Ll oc- f.L7 ,c) /6= 2.18 X 10- s/oe. At t~e corresponding' 
specific volume for the temperature mterval 1.56 °e 
to 54.34 °e. Where the specific volume is altered 
by compression [see ref. 1, fig. 4] a \Talue of (f.L l.56 oc
f.L~ 34 ,cl /52.78= 2.37 X 10- s/oe, is obtained. The 
ao·i'eement between these results indicates that the 
s~me phenomenon is responsible for th~ data in the 
t wo cases. It is of interest to note that 111 the case of 
water both P and Q are zero at 4 °e because 'Y is 
zero at this temperature. Therefore, at 4 °e the 
quantity R is the only contributing f~ctor to the 
chano'e in index. From the data of Tilton [4] the 
valu~ of the change in index with temperature at 
4 °e is ascertained to be -';U X lO-s/oe. Simil ar 
values of R based on the present data are at 1.56 °e, 
R = - 2.1 X 10- 5;oe; at 7.64 °e, R = - 2.2 X 10- 5/oe; 
and at 24.80 °e, R = - 2.4 X lO- s;oe . The agree
ment between these data and the trends may be 
taken as indicati've of the change in R with tempera
ture. 

Crysta ls 'YX 10' PX1()5 QX lO' RX 10' 

LiF 10.2 -3. 4 2. 4 - 0.3 
NaCI 12 - 5. 4 2.5 - 0.9 
KCl 11. 4 - 4.7 2.1 - 1.0 
KBr 12 -5.6 1.4 - 0.2 
KI 13. 5 -7. ~ 1.4 + 0. 8 

CaF2 5. 7 -2. 1 0.7 +0.2 
MgO 3.9 -2.2 3.6 +0.2 

Diamond 1. 3 - 1. 3 1. 66 + 0.6 

Liquids 

C,lf, 122.1 -50.S - 14.4 0 
CCI. 123.1 -47.5 - 13.6 4. 1 
H 2O 25.2 - 7. 4 -0.6 -2.4 

l\TOTE: The values for the crystals were derived from mCJlsvromcnts made at 
5893 A while measurements on theliq uicis were macle at5S76A, but the d ifferences 
incc'rred are negligible. 

*'rhe data on crystals which arc given iu this table are taken from the book 
by R . S. Krishnan. Sec reference [16]. 

1l in table 9 represents the contribution to re
fracti ve index which may be attributed solely to 
temperature ch ange. It has been found heretofore 
for crystfl.ls that R may be of either ~ign and is usually 
two or three tImes smaller than Q 111 absolute value. 
In accordance with these result s R is much less than 
Q for carbon tetrachlo~'ide and R wa~ not measurable 
for benzene although It probably eXIsts . For water , 
the hio'h absolute value of R in comparison with the 
absolute value of Q is in keeping with the thought 
that at constant specific volume an increase in 
temperature causes a decrease in the proportion of 
icelilre molecules with their high refracti vity. 

Some idea of the consistency of the data may be 
obtained as follows: a graph of index versus specific 
volume of water at one 'bar for the helium yellow line 
is gi ven in figure 7. The data used were reported by 
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FIGURE 7. R efractive index versus specific volume for wate?' in 
the vicin ity of the maximum density point at a pressure of one 
bar. 

In figures 8,9, and 10, values of (f.Lz-:- 1)/( f.Lz+ 2)p 
for the three liquids are given as a functIOn of,wave
length at 34.50 °e. In these ~)lot~ ~h~ effect of 
density has been accounted for In chv~chng. by the 
factor p. 11oreo,'el', it must be borne 111 mH~d t~at 
in the Lorentz-Lorenz treatment the polanzatron 
field is assio'ned the calculated yalue of (4(3)7rP. 
The fact that the two curves do not coincide on each 
plot may best be explained by assumi~g t.h.at an 
increase of density decreases the polanzabIhty of 
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FIG U R E 8. (1J.2- 1)((1J.2+ 2) p versus wavelength at one bar and 
an elevated p1'essU?"e for benzene at 34 .50 °C. 
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~ -'I -'I-rl--'-~I -'1- 1 1-'-1----'1 -'I-r-O-I-'I -'I-rl---'~I -'1- shown that for optical glasses the use of the Lorentzl Lorenz equation gives a considerably larger change 
., of the index of refraction with density than do 

~I calculat ions made on t he bftsis of photoelastic data . 
This discrepancy has also been noted in the study 
of crystals [21]. In fact for diamond [22] and MgO 
[23] t he photo elastic data indicate t hat an increase 
in density results in an actual decrease in refractive 
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_, index; i.e. , in t hese crystals tlte contribution from 
decrease in polarizability of t he ions must be even 

~ greater than the contribution from the increase in 
l the number of ions per unit volume. 
- Mueller [24] has suggested t llat these changes in 

l polarizability of solids are due to changes in energy 
levels and transition probabilities of optical electrons. 
Because the data for benzene and carbon tetra

- chloride indicate that t he oscillator strengths (or 
t ransition probabilities) are constant within the 
limits of error of the evaluation, rmd because the 
fundamental absorption frequencies appear to show 

FIGURE 9. ( p.2- 1) / ( p.' + 2)p versus wavelength at one bar and 
an elevated pressur'e for em'bon tet1"achloride at 34 .50 ° C. 

a trend toward higher values (see tables 6 and 7), 
it may be inferred that the failure of t he curves to 
coincide in figures 8 and 9 is attributable essentially 
to changes in the energy levels, i.e., an increase in 
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density creates a widening of the gap between the 
energy levels which determine the v,tiue of the 
fundamental absorption frequency . 
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1n order to get a better understanding of the effect 
of density change at constant temperature in con
densed phases one may compare an anttlysis of the 
daLa according to the Drude equaLio n with an 
analysis according to the Lorentz-Lorenz e quation, 
and then consider the situn,Lion both for the liquids 
studied here and for cubic crystals where data are 
Iwailable. j In figures 8, 9, and 10 (Lorentz-Lorenz equation) 

J the curve r epresenting the data ftt ono bar lies ftbove 
--1 the curve for the data at a n elevated pressure. The 

reverse of this order is shown by the curves in figures 

N~203 -

.202 -

.20 1 

~ 4, 5, and 6 (Drude equation) . In tables 6 and 7 
(Lorentz-Lorenz equation) the fundamental absorp
Lion frequencies seem to show shifts t,owards higher 

~ , "ftlues with increasing density ; a shin in the opp osite 
l direction with increasing den sity appetLrS to be the 

case in tables 4 and 5 (Drude equation) . 

5000 5500 6000 6500 
WAVELENGTH, A 

FIGURE 10. (p.2 - 1) / (p.2 + 2)p ver'sus wavelength at one bm' ancl 
an elevated pressure for water at 34 .50 °C. 

the molecules. This assumption is a generalization 
of the rules or F ajans and Joos [18]; it is well known 
that the refraction of ions decreases as t ile di stance 
of nearest neighbors gets smaller. Further, the 
assumption is in accord with the work of Ten 
Seldam [1 9] who has shown that t he quantum 
mechanical theory or the atom-in-box moclel leads to 
a polarizability which decreases witlt increasing 
pressure. 

It is interesting to compare these results with the 
results of investigations on solids. Pockels [20] has 

736-65 7-64-~G 

Tn Table 9 (which represenLs an analysis according 
to Drude's equation but confined to one waYelength) 
the values of Q for crystals are always positiye while 
the Q values for liquids ar e always negative. Burstein 
and Smith [21] have shown that for cubic crystals 
the experimentally determined change in refractive 
index is always smaller timn Lhe change calculated 
from either the Lorentz-Lorenz 01' Drude formulas. 

From this e,"idence one might conclude that for 
both solids and liquids co nsidered he1'e a change in 
density produces two competing effects- a change 
in the pohrization field and <t change in the polariza
bility of the indi,ridual oscillator; in the liquids it is 
the fir st effect which is more important, while for the 
crystals the second effect is dominant. This situa
tion is what one might reasonably e)"'Pect considering 
the greater compressibility of the liquids. 

497 



The authors are indebted to Mr. Irving Malitson 
of the Refractometry Section of the National Bmeau 
of Standards for his measmements of the refractive 
indices of carbon tetrachloride at one atmosphere. 
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