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An interferometer has been used to measure the change in index of refraction with change

in pressure or temperature.

Absolute indices of refraction are reported to five decimals

for benzene, carbon tetrachloride, and water at eight different wavelengths in the visible
region of the spectrum at pressures as high as 1100 bars and temperatures as high as 55 °C.
The data for benzene and carbon tetrachloride have been fitted to one term, dispersion

equations of the Drude and Lorentz-Lorenz types.

The observed changes in index of refraction

for these two liquids have been attributed to change in density plus a shift in the fundamental

absorption frequency, assuming that the oscillator strength remains constant.

The data

for water have been treated and explained in the same manner but with the additional
postulate that water consists of two different molecular types.

1. Introduction

An interferometric technique has been described
for use in precision measurements of index of refrac-
tion of liquids at pressures as high as 1100 bars in
the range 0 °C' to 55 °C' by observing the shift in
interference fringes as pressure and temperature are
raried [1].! Data reported on the indices of benzene,
carbon tetrachloride, and water at one wavelength
were of such a nature as to warrant additional study
of the effect of pressure and temperature upon the
optical dispersion of these liquids. The present
report describes the modifications of the instrument
to permit simultaneous observation of the shift in
interference fringes for eight spectral lines spaced to
permit calculation of the change in index through-
out the visible range of the spectrum. Data on
indices for the three liquids, benzene, carbon tetra-
chloride, and water are reported and some of the
implications of the results are discussed.

2. Experimental Method

The general experimental method has been de-
seribed 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 as the pres-
sure is decreased from an elevated value to 1 bar.
The refractive index is calculated from the relation-
ship

Au=An\/2t sin 0 (1)

where Au is the change in refractive index; An, the
number of fringes passing a reference point during
the pressure change; X\, the wavelength of the light
employed; ¢, the distance between the optical flats;
and 6, the angle of incidence of light which, in these
experiments, was 90°.

! Figures in brackets indicate the literature references at the end of this paper.

In the interferograph developed by Saunders [2],
light from the discharge tube is dispersed into its
component spectral lines by a prism. Ordinarily all
lines except the one in use are reflected by a mirror
while the desired line passes through a slit in the
mirror and is detected photographically. By rotat-
ing the camera through 90° and inserting a stop
about 3 mm in width at the object position, several
small images, one for each spectral line, are permitted
to fall on the slit in the mirror and thus be detected
by the film. The stop restricts the width of each
line image and prevents overlapping. Thus each
spectral line produces its own system of interference
fringes, these systems being displaced vertically on
the film. Kach set of fringes will move as the pressure
is varied, and a permanent record of the fringe shift
is obtained on the film. The number of fringes can
then be counted at leisure after the filin is developed.

Using extremely high speed film it was found that
the helium 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 A were
also used. With the high speed film, it was found
necessary to perform all experiments in a dark room
to cut down the effects of extraneous light. It was
also essential to shield the camera from the light
emanating from the discharge tubes. Because of the
oreat intensity of the helium yellow line at 5875.62 A,
a small filter was placed at the exit slit of the mirror
where this radiation fell on the photographic film.
A typical photographic record is shown in ficure 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
appear 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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Ficure 1. Photograph of the shift in interference fringes for water from an elevated piessure to one atmosphere at constant
tempmafwe
Fringe shifts for eight spectral lines are shown: (1) A faint line, helium red of 6678.15 A 2)a stronglmo cadium red of 6438. 44 A (3) a very strong line, helium yellow

of 5875.62 \ (4), (5) two strong lines closely adjacent to each other, cadium green of 5085.82 A «md helium 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 .\ (8) a strong line, cadium violet of 4678.16 A

3. Experimental Results that the indices reported are absolute values. From

previous experiments it has been found that the

The “Xperimental data for refractive index are | standard deviation of the index values is 0.00005

given in tables 1, 2, and 3 as a function of pressure, | which corresponds to a limit of reproducibility of
tenq)eldture, and wavelength. It should be noted | +0.0001 [1].

Tasre 1. Absolute refractive index of benzene as a functzon of pressure, lmupmulun' unrl 11(11(1('771/[}1

\ 1
Temper- . Wavelength |

\ —
| | [ Specific
Sivitn | [P S 6678.149 | 64384696 | 5875.618 5085.82 5015.675 | 4921.929 | 4799.92 | 4678.16 | volume
bars i | | | ‘ ‘ | |
| | | | |
°C ‘ i ! mlfg
‘ 1 1.49316 | 55 | 1.49859 1. 50704 1.50802 | ; 511 il 1.14433
‘ 250. 1 1.50465 | | 1.51081 | 1. 1. 51995 ; 1. 1.11973
24.80 | 489.0 1. 51413 |k 1.8 1 1. 52544 1.10057
666. 1 1. 52021 1.6 1.5 1.t ‘ 1. 54180 1.08828
; 1.48684 | 1.4 1. 1. 50050 | | 1.5 1. 50680 1.15805
; 1. W 1.8 1. 5128 | [ 1. 1. 51946 1.13187
34.50 1.5 | 1.¢ 1.5 1 [ I 1. 1.11138
| L.518 1.8 1.52418 | 1 | | 1L L. 1. 09192
| | 1.52903 1.8 | 1.53489 1.: | 154867 | L. 1.07112
1 1.47390 | 1. | L47910 ‘ | | 1.
274.5 1. | L 1.4 [ 1.
54.34 484.4 1. | 1. 1.5 ‘ 1.1330
L5 1 1.t | 111014
1.6 1.¢ 1.6 | 1.08705
| | | |
TasLe 2. Absolute refractive index - pressure, te 11)1’1(11‘147(, unrl uuz'rlrm/lh

Temper- 3\“*;lwh"lgl h! } | ‘ | | | Specific
ature ‘Prossuro\ 6678.149 | 6438.4696 | 5.618 | 5085.82 | 5015.675 | 4921.929 J 4799.92 | 4678.16 | volume
‘ bars “ | | | | | | [
| | | [ [ [

2 | | | | | | [ ml/g
| 1.45476 1 ) 1. 45791 1 2 1. 46400 1. 46511 1. 46626 27
| 1. 46762 1. 46 1. 47089 1 | 1.47721 | 1.478: | 1.47951
24. 80 | 1.47706 | 1.47790 | 1.48037 i 1 | 1.48674 | 1.487 | 1.48917
1. 48599 1.48683 | 1.48934 il 1.4 1.49712 il
1. 49502 1. 49591 1. 49847 1.5 s .le)lu 1. 50639 1. 50767
1 1. 44890 1. 44965 1. 45197 1. 45 | 1. 4 1.45802 | 1.45908 1. 46020
255. 4 1.46164 | 1.46243 1. 46481 | 1. 11 1.47104 | 1.47214 1.4 )
34. 50 | 480. 9 1. 47102 i 1. 47182 1. 47426 ‘ 1 ‘ i | L 48059 | 1.48172 il 5 37
| 756. 1 | 1.48045 | 1.48130 | 1.48381 ik [ | 1.49031 1.49146 1 . 599476
| . 9 | 1.49098 ‘\ 1.49186 | 1.49441 11, | 1.5 1. 50109 1. 50229 1 . 587098
[
| ‘ 1.43763 | 1.43 1. 44067 1.44534 1 | 1.44663 | 1.44774 1
7 1. 45181 | 1.4 1. 45493 1. 45978 1l | 1.46110 1.46225 1.
54,34 7 1.46107 ‘ il : 1. 46428 11 il | 1.47059 | 1.47176 11 .6
.9 1.47281 | 1.47371 | 1.47616 1l 1.48172 | 1.48257 1.48376 1 . 610060
2 1. 4828C 1. 48371 1 1. 48617 1. 4¢ 1.49190 | 1.49281 1. 49402 1. 49520 . 598302




TaBLE 3. Absolute refractive index of water as a function of pressure, temperature, and wavelength

‘Wavelength Specific
Temper- |Pressure A° 6678.149 6438.4696 5875.618 5085.82 5015.675 4921.929 | 4799.92 4678.16 volume
ature bars T~ | ‘
\ o N B ‘

oc | “mllg

1 1.33077 1.33136 1. 33293 33591 1. 33624 1.33670 1.33734 1.33802 1. 00288

259. 6 1.33438 1 9 1. 33653 . 33953 1. 33987 1. 34030 1. 34096 1.34167 0.99152

24.80 463. 6 1.33714 | 1 18 5 1. 34240 1. 34278 1.34324 1. 34389 1. 34458 . 98318

762.8 1. 34106 1.34163 1. 34322 1. 34630 1. 34660 1.34710 1.34778 1.34846 ! L 97180

1108. 6 1. 34521 1. 34581 1.34748 1. 35053 1. 35085 1.35133 1. 35201 1.35271 | . 95973

1 1. 32963 1.33020 1.33177 1. 33506 1.33552 il ’ 1. 60580

259.3 1.33319 1 75 1.33531 1. 33865 1. 33908 1. 3 ‘ 0.99463

34.50 480.9 1.33614 1 79 1. 33832 1.34163 1.34213 1.: . 98572

799.2 1. 34007 1.34069 1.34228 1.34567 1.34613 1.¢ . 97385

1110.0 1.34367 1. 34429 1. 34589 1.34928 1.34974 1.35042 L 96318

1 1.32655 1.3 1. 32866 1.33191 1 1. 33299 ! 1.01415

241.6 1. 35 1 1. 3: 1.33523 1 1. 33633 | 0.00372

54.34 489.7 1. 7 1 1.3 1.33849 1 1. 33960 ‘ . 99371

785.1 1.33667 1 1. 3: 1. 34216 1.3 1.34327 ‘ . 98267

1127.7 1.34053 16 1.8 1. 34609 1.34656 | 1.34718 | . 97089

1 1. 3: 1.33772 | 1.33832 | 1.33882 1 1. 00004

| 1 1.3 | 1.34197 1.3 1.34305 | 1.34: | 0.98712

1.56 | | 1.34047 1.2 |- 2 | 17 1. 34663 1.34734 . 97662

| 768. 5 | 1.34415 1.8 | | 1.34923 1 | 1.35034 | 1.35106 ‘ . 96577

| 1049. 7 1.34785 115 [ | 1.35296 | 1.2 ‘ 1.35408 | 1.35479 | . 95522

1 1 } 1.33422 1. | 1.33867 | 1.00011

256. 1 1 | 1.33804 1. | 1.34252 | 0.98820

7.64 4 1 | 1.34160 1. | 1.34614 S
730. 7 1 2 | 1.34404 1. | 1.34944 E

1088. 9 1.34764 | 1.34928 1. | 1.35391 . 95682

It will be noted in tables 1-3 that the behavior at
each wavelength is similar to that reported earlier for
observations using the helium yellow line, i.e., index
increases with increasing pressure and decreases with
increasing temperature. In addition it can be noted
that in all cases the change in index with pressure is
greater in the violet end of the spectrum than 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 higher temperatures for all three liquids.
These results will be discussed in detail later.

4. Discussion

The data given 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

wo1=3) I

7 mw(i—v?)

2)

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

resonance frequencies of different electrons with
different binding energies. In the Kramers-Heisen-
berg treatment the »; are values of the transition
frequencies between states for the electronic system.

When an electric field at optical frequencies is
applied to a dielectric the effective field which acts
upon a given oscillator at the interior of the medium
consists of the applied field plus the field created by
the surrounding 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 that the »/s, the fundamental
absorption frequencies of the medium include the
effect of the polarization field. On the 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 have the value
(4/3) =P where P is the polarization of the medium.
Accepting this calculation the Lorentz-Lorenz equa-
tion has the form

e _fiANi

w1
w2 S,:' 3mw (Q—v?)

()

where the characteristic {requencies, 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 for the refractive index of
a dense medium as a {unction 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

1 1
P11 A (vo—v?) 4)

where "y, 1s the absorption frequency and », the
frequency at which p applies; the factors other than
(v'—»?) which appear in eq 2 have been designated
by A. Using the measured values of u and the
known frequenues it was found that for both ben-
zene and carbon tetrachloride eq (4) satisfactorily
represented the data with a residual standard devia-
tion of 1/(x*—1) of about 1<X10~* 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 Drude dispersion equation for

benzene
A A(Vp) Funda- Funda-
x 1031 x 10-31 mental mental
Tem- Pressure | Specific | [cycles/ [eyeles/ frequency, wave-
perature bars volume sec]? sec]? v, X 1071 length, Ao
| x ml/g [
| _
| -
2¢] mllg | A
1 1.14433 | 0. 546&(»0 : 1394. 6
250. 1 1.11973 . 55557 | 1398.2
24. 80 489.0 1.10057 1401. 0
666. 1 1. 08828 1402. 8
1. 15805 . 537099 1392.0
1.13187 | . 549012 1396. 8
34. 50 1.11138 . 561588 | 1397.6
1. 09192 . 571678 | 1400. 8
1.07112 581631 | 1405. 6
1. 18757 458 ‘ 1389.0
i) 1. 15350 5 3 1393.3
54. 34 34 1.13305 . 547908 1397.3
770.2 1.11014 . 559951 o 1400. 1
1124.5 | 1.08705 . 571543 . 621¢ 296 1404.2
| |
TaBLE 5. Parameters of the Drude dispersion equation for
carbon tetrachloride
| | | | |
| | A | AV Funda- Funda-
x 1031 | x 103 mental mental
Tem- Pressure | Specific | [cycles/ | [cyeles/ | frequency, wave-
perature bars volume sec)? ‘ snc]” ‘ v, X 1071 length, Ao
| ‘ X m]/g |
- ! | = I \
LG ‘ mlfg ‘ c/s | A
‘ 1 0.630927 | 0.79919 0. 50423 i 2.7131 ‘ 1105. 0
276. 9 .614859 | . 81931 . 50376 2.7022 1109. 4
24.80 523. 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 1106. 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 . 610069 . 82203 . 50149 2. 6893 1114.8
1059. 2 | . 598302 . 83820 . 50150 2. 6822 1117.7
|

The derived value of the constant, A will vary with
the density through its dependonce on N. TIf it is
assumed that A(V, ») 1s constant where V, is specific
volume, then the dens1ty dependence can be elim-
inated and the values so obtained are given 1in
column 5 of the tables. It can be observed from
these values that there is no apparent systematic
trend with either 7> or 7. 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
v,, the absorptlon 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 dbSOl‘pthD 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] for 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 described quantitatively
by an equation of the Drude type in which the oscil-
lator strength remains constant, but the apparent
absorption frequency shifts to longer wavelengths at
higher pressure. By plotting the fundamental wave-
lengths derived from eq (4) against the specific
volume, an attempt was made to find the effect upon
the fundamental absorption wavelength due solely
to temperature. These plots are shown for benzene
and carbon tetrachloride in figures 2 and 3. It was
not found possible to evaluate the purely temperature
effect in either case because of the scatter of the data.
From the figures, however, it seems not 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 between
neighboring molecules at constant density.

The data for benzene and carbon tetrachloride
were also fitted to a single term equation of the
Lorentz-Lorenz type by inserting into the following
linear form.

=g @) (5)

where Q, is the fundamental absorption frequency
of an isolated oscillator. The factors other than
(Q7—»?) which appear in eq (3) have been designated
by B. The fittings were poorer than those obtained
in using a single term Drude-type equation, because
in each fitting of the data for a set of eight spectral
lines the residual standard deviations of (u’+2)/
(u>—1) varied from 2X107* to 4X10~* for benzene
and from 1107 to 4 X 10~* 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(V,) are given, and it may be observed
that there is no systematic trend with either P or
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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, it appears that the values of Q, given in
column 6 show a trend toward higher frequencies
with increasing pressure, in which case the shift is
opposite in direction from that found earlier using a
Drude-type equation.

TarrLe 6. Parameters of the Lorentz-Lorenz dispersion

equation for benzene
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Figure 2.

Fundamental wavelength versus specific volume for

Specific Volume, ml/g

benzene at three different temperatures.
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Frcure 3. Fundamental wavelength versus specific volume for

carbon tetrachloride at three different temperatures.

TARLE 7.-

|
| | B B(Vy) Funda- | Funda-
Tempera- | Pressure | Specific | x 10731 x 10-31 mental | mental
ture | bars volume | [eyeles/ |[eyeles/sec]?| frequency, | wavelength
[ 1 sec] 2 ‘ x ml/g Qx 10-1 ‘ o
‘ 1 \
O mllg | |
1 | 1.14433 0. 181121 0.207262 | |
24. 80 250.1 1.11923 | .185191 . 207364 ‘ 1
| 489.0 1. 10057 . 188597 .207564 |
| 666.1 | 1.08828 | .190755 .207595 | i
1
1. 15805 . 179033 . 207329 | ‘
| 1.13187 | .183004 . 207137 |
34.50 L 11138 | 187196 . 208046
1 92 | .190559 L 208075
| romz | e :
T
274.5 | 112 ‘
54. 34 484.4 ‘ 1. 13305 | ‘
770.2 | 1.11014 | 1
1124.5 | 1.08705 | 207098 |
| | |

Paramelers of the Lorentz-Lorenz dispersion equation
for carton tetrachloride

i | Specific | B B(Vy) Funda- | Funda-
Tempera- | Pressure | volume | x 103! ‘ x105°1 mental | mental
ture | bars | [eyeles/ | [eyeles/sec)?| frequency, ‘\\:n'(-lvnpi h,
| ‘ sec)? x ml/g Qo x 10-1 Ao
S ,‘ S pre e i - — S e —— e S——"
. ‘ \ \ 0
C | mllg A
| 1 | . 266398 ‘ 0. 168078 946. 9
| 276.9 | . . 273104 . 167920 946.7
24. 80 | 523.6 | .6003465 | . 2 . 168688 | 943.6
797.4 ) R (S 7 . 169143 941. 6
1116.7 | . 289136 . 168497 | 942. ¢
| |
] . 262884 ‘, . 167865 [ 947.8
| 255.4 | .¢€ 6 | . | 168220 [ 946.1
34.50 | 480.9 | 610937 .27 | . 168699 944. 2
| 756.1 . 599476 | 167363 946. 0
i 1119.9 . 587098 284625 i . 167103 3. 1670 946. 6
| 1 ‘ . 654959 ‘ . 253433 [ 3. 1406
248.7 . 636227 261969 | 3.1490
54. 34 452.7 . 624227 | .266519 3. 1485
751.9 . 610060 . 274010 3. 1579
1059. 2 . 598302 ‘ . 279401 . 167166 3. 1604 ‘
4.2. Water

A single term Drude-type dispersion equation will
not fit the data for water within the experimental
error, even though the dispersion for water is less
than for the oreanic liquids. The results of the fit-
ting processes showed that the residual standard
deviations varied from 2 <X 10"* to 3>X10~* In order
to obtain a satisfactory fit a second term was
required involving an absorption in the infrared.
This frequency and its shift with pressure and tem-
perature was obtained from the data of Giguere and
Harvey [8] and Fishman and Drikamer [9]. Using
the two-term equation, the data were fitted to within
the experimental error and the derived values are
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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
derived values. The effect of pressure on dispersion
is much smaller than in the organic liquids and
apparently the effect is lost by internal comp ensation
in the curve fitting process.

TABLE 8.  Parameters of the Drude dispersion equation for water
A(Vy)
Tem- | Pressure | Specific A X 1073t Funda- Funda-
perature bars volume | X 10731 [cycles/ mental mental
[eycles/ sec] 2 frequency, » wave-
sec] 2 X ml/g X 1015 length, Ao
“o ml/g c/s A
il 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. - . 74341 3. 1265 958. 9
34.50 480.9 o 72 . 74838 3. 1349 956. 3
799.2 . 74340 3.2290 960. 0
1110.0 . 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 LT17127 . 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 107* to 10 x 10~*. No at-
tempt was made to fit the data to a Lorentz-Lorenz
equation with two terms. Krishnan and Roy [5]
have pointed out that the fundamental frequencies,
the »;/’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 Giguére and Harvey [8] and Fishman and
Drikamer [9] and convert the »/s to the /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 either 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 increasing
temperature [11, 12]. Bridgman [13] from studies
of viscosity at elevated pressure and Tammann 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 Chéneveau, 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
vellow 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. Theoretical Considerations

These data on index of refraction are suitable for
an analysis of the type proposed by Ramachandran
[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 du/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 polaruablhty due solely to the
temperature change. Denoting these by P, ¢, and
R respectively they deduce the following values.

P (5) ®
==+ (3)-*5"] L
R=du/dT+~p(du/dp) (8)

where p is the density, u the index, 7" the temperature
and

G T% and du/dT=P+Q+R.
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In figures 4, 5, and 6 values of (u’—1)/p for the
three liquids are given as a function of wavelength
at 34.50 °C. This temperature was chosen because
of the fact that the pressure range for benzene at
24.80 °C 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 {requency 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 2, 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 are larger than the
crystals in most instances.
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Ficure 4. (u2—1)/p versus wavelength at one bar and an

elevated pressure for benzene at 34.50 °C.

@ represents the change in refractive index arising
from change in the polarizability of an oscillator
which is brought about by change in volume. @
must also include the change in the polarization
field acting upon a given oscillator which is likewise
induced by change in volume. @ is opposite in
sien for the liquids and the crystals. The values
of @ for benzene and carbon tetrachloride are much
larger in absolute value than values of  for the
solids, a fact probably due to the disparity in the
values of the expansivities of liquid and sohd. The
ralue of @ for water is inordinately low in com-
parison with the @ values for the other two liquids.
This observation may be explained by the fact that
(1) the water is less compressible than the other
two liquids, and there is a correspondingly smaller
change in the local field, and (2) theve is a smaller
percentage of icelike molecules at higher pressures.
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Ficure 5. (u2—1)/p versus wavelength at one bar and an
elevated pressure for carbon tetrachloride at 34.50 °C.
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Tarve 9. Values of v, P, Q, and R for crystals and liquids*

Crystals ¥ X108 \ PX10% QX103 RX105
LiF 10.2 —3.4 2.4 —0.3
NaCl 12 —5.4 2.5 —0.9
KCl1 11.4 =457 2.1 —1100)
KBr 12 ‘ —5.6 1.4 —0.2
KI 13.5 —7.2 1.4 +0.8
CaF, 5.7 | —2.1 0.7 ‘ +0.2
MgO | 3.9 l —2.2 3.6 +4-0.2
Diamond | 1.3 —1.3 1. 66 1 —+0.6
Liquids ‘
CsHs | 1221 —50.8 —14.4 0
CCly | 123.1 —47.5 —13.6 4.1
H,0 25.2 —7.4 —0.6 —2.4

|

NotE: The values for the crystals were derived from measvrements made at
o

5893 A while measurements on the liquids were made at 5876 A, but the differences
inevrred are negligible.

*The data on crystals which are given in this table are taken from the book
by R. S. Krishnan. See reference [16].

I in table 9 represents the contribution to re-
fractive index which may be attributed solely to
temperature change. It has been found heretofore
for crystals that £ may be of either sign and is usually
two or three times smaller than @ in absolute value.
In accordance with these results 22 is much less than
) for carbon tetrachloride and /2 was not measurable
for benzene although it probably exists. For water,
the high 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
icelike molecules with their high refractivity.

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 given in figure 7. The data used were reported by

- T T T T T
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FIGURE 7. Refractive index versus specific volume for water in
the vicinity of the maximum density point at a pressure of one
bar.

Tilton [4]. At the specific volume of 1.00007 ml/g,
which occurs at 1 °C and 7 °C, the change in re-
fractive index with temperature is found to be
(1 oc— p700)[6=2.18 X107%/°C. At the corresponding
specific volume for the temperature interval 1.56 °C
to 54.34 °C. Where the specific volume is altered
by compression [see ref. 1, fie. 4] a value of (u; 55 oc—
Was 31 0c) [52.78=2.37X1075/°C, is obtained. The
agreement, between these results indicates that the
same phenomenon 1is responsible for the data in the
two cases. It is of interest to note that in the case of
water both P and @ are zero at 4 °C because v 1s
zero at this temperature. Therefore, at 4 °C the
quantity R is the only contributing factor to the
change in index. From the data of Tilton [4] the
value of the change in index with temperature at
4 °C is ascertained to be —2.1x<107°/°C. Similar
values of /2 based on the present data are at 1.56 °C,
R=—2. 1><10_'/°C at 7.64 °C, R=—2.2X107%/°C;
and at 24.80 °C, R=—24X10"°/°C. The agree-
ment between these data and the trends may be
taken as indicative of the change in R with tempera-
ture.

In figures 8, 9, and 10, values of (u*—1)/(u*+2)p
for the three liquids are given as a function of wave-
length at 34.50 °C. In these plots the effect of
densny has been accounted for in dividing by the
factor p. Moreover, it must be borne in mlnd that
in the Lorentz-Lorenz treatment the polarization
field is assigned the calculated value of (4/3)rP.
The fact that the two curves do not coincide on each
plot may best be explained by assuming that an
mcrease of density decreases the polaruablhty of
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Ficure 8. (u2—1)/(u2+2)p versus wavelength at one bar and
an elevated pressure for benzene at 34.50 °
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an elevated pressure for carbon tetrachloride at 34.50 °C.
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Ficure 10. (u2—1)/(u2+2)p versus wavelength at one bar and
an elevated pressure for water at 34.50 °C.

the molecules. This assumption is a generalization
of the rules of Fajans and Joos [18]; it is well known
that the refraction of ions decreases as the distance
of mearest neighbors gets smaller. Further, the
assumption is in accord with the work of Ten
Seldam [19] who has shown that the quantum
mechanical theory of the atom-in-box model leads to
a polarizability which decreases with increasing
pressure.

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

736—657—64—6

shown that for optical glasses the use of the Lorentz-
Lorenz equation gives a considerably larger change
of the index of refraction with densr[y than do
calculations made on the basis of photoelastic data.
This discrepancy has also been noted in the study
of erystals [21].  In fact for diamond [22] and MgO
[23] the photoelastic data indicate that an increase
in density results in an actual decrease in refractive
index; i.e., in these crystals the contribution from
decrease in polarizability of the ions must be even
greater than the contribution from the increase in
the number of ions per unit volume.

Mueller [24] has suggested that these changes in
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 the oscillator strengths (or
transition pr obabilities) are constant within the
limits of error of the evaluation, and because the
fundamental absorption {requencies appear to show
a trend toward higher values (see tdbles 6 and 7),
it may be inferred that the failure of the curves to
coincide in figures 8 and 9 is attributable essentially
to changes in the energy levels, i.e., an increase in
density creates a widening of the gap between the
energy levels which determine the value of the
fundamental absorption [requency.

In order to get a better understanding of the effect
of density change at constant temperature in con-
densed phases one may compare an analysis of the
data according to the Drude equation with an
analysis <1(‘('()1(11no to the Lorentz-Lorenz equation,
and then consider the situation both for the liquids
studied here and for cubic erystals where data are
available.

In figures 8, 9, and 10 (Lorentz-Lorenz equation)
the curve representing the data at one bar lies above
the curve for the data at an elevated pressure. The
reverse of this order is shown by the curves in figures
4,5, and 6 (Drude equation). In tables 6 and 7
(Lorentz-Lorenz equation) the fundamental absorp-
tion frequencies seem to show shifts towar ds higher

values with increasing density ; a shift in the oppoqne
dil'octi()n with increasing density appears to be the
case in tables 4 and 5 (Drude equation).

In Table 9 (which represents an analysis according
to Drude’s equation but confined to one wav vl(\noth)
the values of @ for crystals are always positive while
the @ values for liquids are always negative. Burstein
and Smith [21] have shown that for cubic crystals
the experimentally determined change in refractive
index is always smaller than the change calculated
from either the Lorentz-Lorenz or Drude formulas.

From this evidence one might conclude that for
both solids and liquids considered here a change in
density produces two competing effects—a change
in the polarization field and a change in the polariza-
bility of the individual oscillator; in the liquids it is
the first effect which is more important, while for the
crystals the second effect is dominant. This situa-
tion is what one might reasonably expect considering

| the greater compressibility of the liquids.
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The authors are indebted to Mr. Irving Malitson
of the Refractometry Section of the National Bureau
of Standards for his measurements of the refractive
indices of carbon tetrachloride at one atmosphere.
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