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ABSTRACT

We have developed several experimental methods for the quan-
titative determination of absorption band intensities in the in-
frared. These methods have been applied in a quantitative study

of the infrared properties of water and aqueous solutions of

strong electrolytes. Copies of the major journal articles repor-

ting our results are included in this report.




ACKNOWLEDGEMENTS

We should like to express our sincere appreciation to the following

individuals who have played important roles in this work:

Professor Basil Curnutte Dr. Paul E. Rhine

Dr. Harry D. Downing Dr. Charles W. Robertson
: Dr. David A. Draegert Dr. Alvin N. Rusk
é Dr. Kent F. Palmer Dr. Joel W. Schaaf
Z Dr. Lary W. Pinkley Dr. Prochy P. Sethna

Dr. Marvin R. Querry




I. Summary of Work on Water

The major program undertaken at the beginning of the work was in-
volved with the devslopment of methods of determining the quantitative
features of the infrared spectrum of water. The quantitative descrip-
tion of .the optical properties of any substance in condensed states is
given by a statement of its complex index of refraction &(v) = n(v) + ik(v),

where n(v) is sometimes called the refractive index and k(v) is simi-

larly called the absorption index of the material. The quantities n(v)

and k(v) are also known as the optical constants of the substance.

The absorption index k(v) is related to the Lambertlabsorption
coefficient a(v) by the equation k(v) = a(v)/4mv, where v is expressed
in wave numbers cm-l. It would appear that a(v) could easily be deter-
mined by measurement of the fractional transmittance T(v) of a thin
layer of the absorbing material and use of the relation Lambert T(v) =
exp[-a(v)X], where x is the thickness of the absorbing layer. Actually,
for a strongly absorbing substance like water, this simple exponential
expression cannot be exployed without extreme care (1) because of re-
flections at the front and back surfaces of the sample, which are usually
in contact with the windows of an absorption cell; (2) because the thick-
ness X of the absorbing layer is so thin that optical interference effects
set in; and (3) because small amounts of stray radiation produce spurious
effects that become extremely important at the centers of strong ab-
sorption bands.

In the early stages of the present work, Dr. Marvin Ouerry and
Dr. Alvin Rusk attempted to determine the optical constants of water
by careful measurement of the reflection of polarized radiation at two

carefully measured angles of incidence. Although Dr. Querry in his




later work at the University of Missouri has been able to obtain satis-~
factory results by this method, we were never completely satisfied with
the efficiency of the polarizers that were available at the time of

our initial work.

In a later stage of our work on water, we made precise measure-
ments of the spectral reflectance R(v) of water at near-normal incidence,
for which case polarization effects are unimportant. On the basis of
measured spectral reflectance at near-normal incidence Kramers-Kronig

phase-shift analysis can be used to determine both n(v) and k(v).

The following paper by Rusk, Williams, and Querry gives values of
the optical constants of water as determined from measured values of R(V)
at near-normal incidence and values of the spectral reflegtance of polar-
ized radiation at an angle in the vicinity of Brewster's angle. Experi-

mental uncertainties are discussed in some detail.
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Optical Constants of Water in the Infrared*
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The infrared reflectance of water in the region 5000-300 cm~! has been measured at near-normal incidence
and at an incidence angle of 53°. On the basis of the measured valucs of spectral reflectance and the existing
data on spectral transmittance, we have obtained values for the real and imaginary parts of the refractive
index of water. The resulting values, which are presented in both graphical and tabular form, are compared

with recent determinations by other investigators.

InpEx HEADINGs: Refractive index; Water; Infrared; Reflectance.

On the basis of a critical survey of the existing literature,
Irvine and Pollack! pointed out the lack of reliable
values for the real »n, and imaginary x; parts of the
refractive index of water in the infrared. A knowledge
of these quantities is of great importance to an under-
standing of the earth’s heat balance and to the effective
application of Mie theory to calculations of the trans-
mission of infrared radiant flux through fog and cloud
layers in the earth’s atmosphere.

In principle, the value of i; can be determined from
the relation n;=k\/4mr, where & is the Lambert absorp-
tion coefficient for radiation of wavelength \ and is
based on laboratory measurements of spectral trans-
mittance 7= (1—p) exp(—+kx), where x is the thickness
of the water layver and p is the fraction of the incident
radiant flux that is reflected at the cell windows. In
practice, the necessity of providing extremely thin but
accurately measured absorbing layers makes the deter-
mination of n; very difficult at the centers of strong
absorption bands. Determination of n; from trans-
mission studies in much of the infrared is further
complicated by the lack of transparent, insoluble cell
windows of high optical quality.

However, in spectral regions where »; is known from
transmission measurements, the corresponding values
of n, can be determined from ;; and from measured
values of spectral reflectance. At the time of the
Irvine-Pollack survey,' no detailed experimental studies
of reflectance had bevn reported for nearly two decades.
Since that time several pertinent investigations have
been made.

Pontier and Dechambenoy? have published a table
of optical constants based on transmission measure-
ments in the spectral range 10 000-250 cm™ and mea-
surements of the reflectance of polarized radiant flux
at incidence angles of 50° and 60° in the spectral range
10 000-360 cm™. Querry, Curnutte, and Williams?® have
measured the spectral reflectance of polarized radiant
flux for incidence angles of 70° and 75° in the spectral
range 5000-400 cm™'; these authors used their re-
flectance measurements to determine hoth u, and n;
in spectral regions of strong absorption and their own

reflectance measurements, along with the Irvine-
Pollack! values of #;, to obtain n, in other spectral
ranges.

Still more recently, Zolatarev ef al.* have used a
variety of techniques to obtain values of #; and n, at
selected points in the spectral range between the visible
and radiofrequency regions. Their experimental work
included transmission measurements in the 5000-230-
cm™! region, attenuated total reflection measurements
in the 3000-1000-cm™ region, and reflection measure-
ments at an incidence angle of 12° between 5000 and
200 cm™. They used their own results, along with those
of several other investigators, to compute values of #;
and 71, by means of Kramers-Kronig methods; although
their calculations involve a hypothetical ultraviolet
band centered at 100000 cm™, they assert that the
choice of parameters for this “model band” does not
influence the calculated values of 7, in the infrared.

Although there is now fair agreement of the optical
constants »; and », reported by different investigators,
certain discrepancies still remain. The present work
was undertaken with the purpose of resolving some of
the remaining disagreements and of obtaining more
detailed information in the 5000-300-cm~! region. Qur
major purpose was to obtain reliable experimental data
that would permit calculations of 1, and n; by methods
not involving the use of band models of any kind.

EXPERIMENTAL MEASUREMENTS

The reflectometers employed in the present study are
shown schematically in Figs. 1 and 2. Radiant flux from
Globar A is directed by mirrors B and C to the water
sample or to a reference-mirror surface at D; the
reflected flux is directed by mirrors E and F to the
spectrometer entrance slit at G. In the reflectometer
used for near-normal incidence, which is shown in
Fig. 1, converging mirror C was masked in such a way
that the maximum incidence angle in the cone of
radiant flux reaching D was 7° and the angle of inci-
dence for the central ray was approximately 4°; for
this arrangement the Cauchy relation giving reflcctance
in terms of n, and n; can be used with confidence. In
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F16. 1. Reflectometer used for near-normal incidence.

the reflectometer used for oblique incidence, which is
shown in Fig. 2, converging mirror C was equipped with
a slotted mask. For the slotted mask used in most of
the work, all radiant flux reaching D had incidence
angles in the range 53.0°+0.8°; however, for the
lowest-frequency region covered, we sometimes widened
the slot in order to increase the radiant flux reaching
the spectrometer; and with this arrangement, the
incidence angles were in the range 33.0+1.5°. The
geometry of the oblique-incidence reflectometer per-
mitted the insertion of a polarizer in the beam between
F and G; the polarizer consisted of six AgCl plates
otiented at Brewster’s angle with respect to the beam
direction.

In earlier studies, Pontier and Dechambenoy? deter-
mined water reflectance by comparing the radiant flux
reflected by water with the flux reflected by a high-
quality front-surface mirror, which was assumed to be
a perfect reflector. Querry et al? made absolute mea-
surements of water reflectance by repositioning two
plane mirrors in their reflectometer; although direct
measurement of absolute reflectance is desirable, the
difficulties of achieving exact repositioning of mirrors
introduced more scatter in the resulting data than in
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those of Pontier and Dechambenoy. In the present
study, we first obtained vadues of nominal reflectance
Ry by comparing the reflectance of water with that
of an aluminized reference mirror. Then, by means of
an auxiliary reflectometer, we made absolute measure-
ments of the mirror reflectance u; from thes: two
measurements, we obtained the water reflectance R
from the product uRy. For normal incidence, values of
uo for the reference mirror ranged from 0.930 at 5000
cm™! to 0.975 in the low-frequency region; for an
incidence angle of 33° values of us were somewhat
higher. For both incidence angles, the probable error
in 4 was approximately 19,; checks of x4 were made
from time to time in the course of the investigation.
We used a cathetometer to match the vertical positions
of water and mirror surfaces at D in Figs. 1 and 2 and
employed an auxiliary laser beam to cnsure that the
surface of the reference mirror was horizontal.

We used a Perkin-Elmer model 112 single-beam
spectrometer employing a Reeder thermocouple with a
CsBr window as a detector; we used LiF, CaF., NaCl,
and CsBr prisms in various spectral regions. The
spectrometer was used in its double-pass mode with an
internal radiation chopper. Because water reflectance
for most of the infrared is small compared with that of
the reference mirror, the voltages produced at the
thermocouple by radiant flux from the water sample
are much smaller than the voltages obtained with the
reference mirror. In their measurements, Pontier and
Dechambenoy? relied on amplifier linearity and made
use of amplifier-gain steps in comparing amplified
signals. In the present work, we used the scheme
employed by Querry et @l.’ and Zolatarev et al.* and
placed a rapidly rotating calibrated sector wheel in
front of the spectrometer entrance slit when the

FiG. 2. Reflcctometer used for an incidence angle of 33°.
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reference mirror was in position, so that the flux
reaching the detector from the reference mirror was
not greatly different from that reaching the detector
from the water surface when the sector wheel had been
removed. Without change of amplifier gain controls,
the two output signals were compared by noting
recorder-chart detlections from a zero position recorded
when a shutter interrupted the heam leaving the source.
Because the rotating sector wheel was somewhat
warmer than its surroundings, the shutter-zero trace
with the wheel running was displaced from its normal
chart position; therefore it was necessary to run one
shutter-zero trace for the reference-mirror measure-
ments and a second shutter-zero trace for water mea-
surements. An opaque metal shutter was used in the
5000-800-cm™! region and, in order to minimize the
effects of possible stray radiation, a glass shutter was
employed at lower frequencies.

Because Brewster’s angle for water is near 53°, the
radiant flux reflected by the water surface at this angle
is nearly completely polarized; its eiectric vector Ey is
parallel to the horizontal water surface and is also
horizontal in the path through the spectrometer.
Because the beam reflected by the metallic surface of
the reference mirror is largely unpolarized, it might be
thought that the reflectance Ry for horizontal polar-
ization could be determined directly from the recorder
tracings for water and reference-mirror reflections.
However, initially unpolarized flux entering the spec-
trometer is partially polarized by the time it reaches
the detector, chiefly as a result of preferential reflection
of vertically polarized radiant flux by the prism sur-
faces. Therefore, it was necessary to determine the
discrimination factor of the spectrometer. We did this
in an auxiliary arrangement by placing a 12-plate
AgCl polarizer in front of the entrance slit and com-
paring chart detlections obtained with V-polarized flux
with those obtained with an equal flux having H
polarization. Assuming negligible leakage of undesired
flux through the 12-plate polarizer, we obtained the
spectrometer discrimination factor a from the relation
Dy =aDy, where Dy and Dy are chart deflections when
equal quantities of V-poiarized and H-polarized flux

QR IC AL CONSTANTES QEF

FREQUENCY (cm™) x10°
55 4540 35 25 20
0 ¥ T T f g 3 A T
0.04 i .
L
oo3 t (N 4
Ru \\"‘-‘.‘.
002 Sttt s, A
r ""N;\" ,
001 L LiF Prism p
- A A A A ode A " - '} A . e A e

18 16 14 12 10 8
DRUM READING

= x‘loz

F1c. 3. Nominal spectral reflectance at near-normal incidence
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Fic. 4. Nominal spectral reflectance at near-normal incidence
as determined with a Cal; prism.

pass through the entrance slit. The measured values of
a are a function of {requency and depend upon the
prism used in the spectrometer; the largest values of «
were obtained with the LiF prism and the lowest with
the CsBr prism, as would be expected if preferential
reflection at the prism faces is the dominant effect
involved.

In spectral regions for which #.>>n; the radiant ux
reflected by water at an incidence angle of 33° has
nearly complete H polarization. This condition is
realized throughout most of the near infrared except in
the vicinity of strong absorption bands. We made
measurements of refectance without the use of polar-
izers throughout the entire spectral range covered in
the investigation and, in regions of large u;, also made
measurements with the 6-plate AgCl polarizer in the
beam. When a polarizer is employed, the effects of
leakage of undesired flux must be considered. Although
Pontier and Dechambenoy? assumed zero leakage for
their 6-plate polarizer, Querry? showed that leakage A
through such a polarizer can be as great as 0.1. With
the 6-plate polarizer used in the present study, A was
considerably less than 0.1 for frequencies greater than
400 cm™. The discrimination characteristics of our
spectrometer serve to reduce still further the effects of
V-polarized flux.

The distilled deionized water samples employed were
at a temperature of 25°C. Care was taken to avoid
contamination of the free surfaces during the course of
the reflection measurements.

REFLECTANCE MEASUREMENTS

The results of our measurements of nominal re-
flectance at near-normal incidence are shown in Figs.
3-6 for each prism used in the study. Each point shown
in these plots represents the mean of at least four sets
of independent measurements; the probable errors are
given by the error bars at various points in the plots.
The uncertainty is somewhat larger in spectral regions
where spectral reflectance is changing rapidly and we
attribute the increased uncertainty in Ry to slight
failures to reproduce prism settings on successive runs.
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Fic. 5. Nominal spectral reflectance at near-rormal incidence
as determined with an NaCl prism,

The probable errors are quite small in most spectral
regions but become larger in the low-frequency region
in which we used the CsBr prism; these increased un-
certainties are duc in part to the low emissive power of
the source and in part to the reduction of flux produced
by the pure rotational lines of water vapor in the
atmospheric path through the retlectometer and spec-
trometer. It was impossible to obtain reliable data in
the vicinity of the strong v; band of atmospheric carbon
dioxide; however, inspection of Fig. 3 indicates that
reliable values of Ry can be obtained in this region by
interpolation.

Nominal-reflectance measurements of water for an
incidence angle #=33° are summarized in the plots of
Figs. 7-10; the general features of these curves are
similar to those noted in Figs. 3-6. We maintained the
same schedule of slit widths for corresponding nominal
reflectance spectra shown in these two sets of figures.
Because of the slotted mask on mirrer C, the radiant
flux in the oblique-incidence measurements was smaller
than that available for the normal-incidence measure-
ments, and it was necessary to use higher amplifier-gain
settings in obtaining the results shown in Figs. 7-10.
However, the scatter of the data points shown in the
two sets of figures is approximately the same; this result
is attribc table, at least in part, to the increased water
reflectance for oblique incidence.

The data shown in Figs. 3-10 were obtained without
the use of a polarizer in the reflectometer. Because the
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F16. 6. Nominal spectrai reflectance at near-normal incidence
as determined with a CsBr prism,

~

assumption that the reflection of Ve-polarized flux is
neglicible is of doubtful validity in spectral regions
where s, is signiticantly diiferent from 1.3 and where
i is larger, we also measured the nominal reflectance
Ry’ for H-polarized tlux in the vicinity of absorption
bands. The results were essentially similar to those
shown in Figs. 7-10; however, the nominal reflectance
Ry’ was, of course, numerically different from the values
of Ry in Figs. 7-10. Because the use of AgCl polarizing
plates involves a significant loss of radiant flux, the
scatter of points in plots of Ry’ is somewhat greater
than the corresponding scatter in Figs. 7-10.

The measured values of fractional spectral reflectance
Ry are summarized in the lower curve in Fig. 11 and
represent the product of mirror reflectance wo and Ry
as given in Figs. 3-6. There are slight differences
between the values of Ry as determined by the CaF
and NaCl prisms in the vicinity of 1600 cm™ and by
the NaCl and CsBr prisms in the vicinity of 900 cm™.
The uncertainty of spectral retlectance at normal inci-
dence is given by the expression 6Ro=[(Rydouo?
+ (udRy)*]}, where Suo and 6Ry are the probable
errors of uo and Ry, respectively. Except at low fre-
quencies, the uncertainties 6R, were too small to plot
in Fig. 11 but were tabulated for use in subsequent
computations of 1, and n..

Our later computations involved expressions for
these optical constants in terms of Ro and Rz, where
Ry is the spectral reflectance for //-polarized fux at
incidence angle §=33°. On the assumption that at this
angle the water reflectance for V-polarized flux is
negligible and that the retlectance up of the metallic
reference mirror is the same for H- and V-polarized
flux, we obtain '

Ron=us(14+a)Ry, (1

where Ry is the measured nominal reflectance plotted
in Figs. 7-10 and « is the discrimination factor of the
spectrometer. Because us, a, and Ry were measured
independently, the uncertainty 6Rsy is given by the
expression

6Rer = {[ Ry (1+a)dus P+ [us(1+a)dRy
+ (eRnéa)'}, (2)
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16, 7. Nominal spectral reflectance at an incidence angle of
53° as determined with an Lil* prism.
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where 6Ry, dus, and éa are the probable errors. The
results obtained for Ryy are given by points in the
upper curve of Fig. 11,

Also shown in Iig. 11 are points based on measure-
ments in which the polarizer was employved. With the
polarizer set to transmit Z-polarized flux, we obtain

Ron=pe(1+Na) Ry'— Ryva, 3)

where Ry’ is the nominal water reflectance as deter-
mined with the polarizer in the beam, \ is the leakage
factor of the polarizer, and Ryv is the water reflectance
for V-polarized flux. On the assumption that \<0.1,
the last term in Eq. (3) can be safely neglected because
«<0.5 for all prisms and independent tests with the
polarizer set to pass V-polarized flux showed that Rer
was too small for measurement. In computing the
values of Ryy plotted in Fig. 11, we also assumed that
the product \a was small compared with unity and
used the expression Rapy=peRy'".

The proper computation of the uncertainty 6Rsm
should include consideration of the uncertainties of all
quantities in Eq. (3). However, since the uncertainty
8\ is difficult to establish, because the measured un-
certainty da involves the assumption that A=0 for a
12-plate polarizer, and since Ry is itself too small for
accurate measurement, we used the expression

8Rou=[(Rn'5u0)*+ (usdRy')* 1. #)

Although this expression probably underestimates
8Rey, the computed values of this quantity are in
general larger than those given by Eq. (2) and become
very large at low frequencies.

As indicated in Fig. 11 the values of Ry determined
from Ry and Ry’ agree to within %39, of their mean
values in all spectral regions except for frequencies
below 700 cm~!. Because the spectral transmittance of
AgCl decreases for the lowest {requencies studied, the
uncertainties of the plotted Rey values in this region
are large. Since the refractive index of AgCl decreases
rapidly with decreasing frequency in this spectral region
and the AgCl plates are no longer oriented at Brewster’s
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Fic. 8. Nominal spectral retlectance at an incidence angle of
53° as determined with a Cal’y prism.
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I16. 9. Nominal spectral reflectance at an incidence angle oi
33° as determined with an NaCl prism.

angle, our neglect of the term \a in Eq. (3) is open to
question in the low-frequency region.

COMPUTATION OF OPTICAL CONSTANTS

Because reflection measurements can, in general,
provide accurate values of s, but can give reliable
values of n; only for large values of this quantitys:
(a) We first used our measured values of R, together
with values of 5; based on transmission studies to
obtain one set of 5, values. (b) Then we used a com-
puter program to obtain both », and »; from our mea-
sured values of Ryand Ryx. (c) We next obtained a set
of weighted-mean values of ., based on plots of this
quantity as given by the earlier steps; these best values
of n. are our final tabulated values. (d) Using the
final values of 1., and our measured values of Ry, we
obtained a set of n, values. (e) Our final tabulated
values of 1; are based on our computed values in regions
of strong absorption and on transmittance studies in
regions of weak absorption. As a consistency check of
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IFie. 10. Nominal spectral reflectance at an incidence angle of
53° us determined with a Cslir prism.
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Fic. 11. The reflection spectrum of water in the infrared for R
and Ry. Spectral slit widths, indicated by the vertical bars, are
noted for various spectral regions. Uncertainty bars are placed on
the solid curves in regions where they are sutliciently large to be
observable on the plots. The points shown near the Ry curve
represent data obtained with a polarizer in the beam. The light
curve for Ry in the 300-600-cm™' region represents data taken
with an inetficient polarizer.

the tabulated values of n, and n;, we used them to
compute values of Ro and Rsy for comparison with our
measured values of these quantities.

In step (a) we obtained #, from the expression

(14+Ro) 4R,
'*[ 3)

}
n,= 1 -'l.'"}
(1—=Ro) L(1=~Ry)*

obtained from the Cauchy relation. The values of n;
are based on the transmittance measurements of Plvler
and Griff® in the 4000-1400-cm™' range, on those of
Plyler and Acquista’ in the 1400-1000-cm™ range,
and on those of Draegert ef al.® in the 1200-300-cm™
range; at frequencies higher than 4000 cm™ », is neg-
ligible, compared with the other quantities in Eq. (5).
Plyler and his associates used CaF, absorption cells in
the 4000-1000-cm™! region and KRS-3 cells in the 1000-
250-cm™! region ; probably as a result of the use of non-
uniform layers, their results for frequencies less than
1000 cm™! gave complex values of », when substituted
along with our values of Ry in Eq. (3). The results of
Draegert et al. were obtained with water samples in
AgCl and polyethylene cells, which like KRS-5 cells,
are not entirely satisfactory for the purpose; although
their values for n; had uncertainties as large as 259,
their results were compatible with Ry and gave real
values of n, when used in Eq. (3).

The values of 1, obtained in step (b) were based on
a computer program leading to a consistent set of values
of n,>1 and ;>0 that were compatible with measured
values of Ry and Ren

(n,—1)*4n,*
0—(n,-+-l)’-+-n.‘-‘

(6)
(Q—=cos)*+ 1
O
(Q+-cos)*+P?

8
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where P=nn, (), and

-
i)

2 =n 2 =sin®04(n,2 = n,2 =sin*0+4u,2n, )
Q=[ 2 2

In step (c) we plotted the values of n., and u,,
obtained in steps (a) and (b) as functions of frequency
and drew a smooth curve through the plotted series.
The agreement between the curves f{or n,. and n,, was
nearly perfect in the 3000-3000-cm™ range; in the
3300-2800-cm™" region, the curves were within =297
of their unweighted mean; agreement between the two
curves was excellent in the 2800-850-cm™ range.
Between 850 and 630 cm™', the agreement was poorest ;
in this region n,, and » ., differed from their unweighted
mean by as much as 8%, with u#,,> n,.. Between 630
and 430 cm™, there was fair agreement between the
n.s and 7,5 curves, but between 430 and 330 cm™' the
curves again diverged, so that they were separated from
their unweighted mean by as much as 3%, with
Rra> Nrp.

Inspection of the plots of 1., and #.s as functions of
frequency indicated that the scatter of individual s
values from the smooth curve was approximately twice
as great as the corresponding scatter for n,, points.
Therefore, in completing step (c), we arbitrarily selected
the weighted mean (2n,,+#.5)/3 as the best value of
n,, where n,, and n.s are the values of these quantities
read from the smooth curves. These best values of .
are plotted in the lower panel of Fig. 12 and are listed
in Table I.

In step (d), we substituted our best values of n, along
with the measured values of R, in the Cauchy equation
to obtain

ne={[(#-+1)?Ro= (1, =12 1 =R)}. (8

oat =11
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F16. 12. The optical constants of water obtained in the present
study. The crosses on the curve for n, are based un transmission
measurements. Estimates of uncertaintics are given in the text.
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TasLe 1. Optical constants of water.
vincm™ ne Ainum vincm™! ",

3000 1.300 v 2.00 2440 1.343 .
4920 1.299 cee 2.03 2400 1.339 !
4840 1.297 cee 2.07 2360 1.336 L
4760 1.296 e 2.10 2320 1.334 L
4680 1.294 cee 2.14 2280 1.330 :
4600 1.292 e 217 2240 1.329 i 1
4520 1.290 s 2.21 2200 1.327 i 4.54
4440 1.286 e 2.25 2180 1.326 { 4.59
4360 1.283 cee 2.29 2160 1.324 4 4.63
4280 1.280 e 2.34 2140 1.324 ; 4.67
4200 1.275 v 2.38 2120 1.324 i 4.72
4160 1.273 e 2.40 2100 1.323 .015 4.76
4120 1.271 cee 243 2080 1.323 ‘ 4.80
4080 1.267 cee 2.45 2060 1.322 .015 4.85
4040 1.264 e 2.47 2040 1.321 i 4.90
4000 1.260 0.003 2.30 2020 1.320 ; 495
3960 1.255 0.003 2.52 2000 1.319 i 5.00
3920 1.249 0.003 2.55 1980 1.318 ‘ 5.05
3880 1.241 0.003 2.58 1960 1.316 I 5.10
3840 1.232 0.004 2.60 1940 1.314 A 5.15
3800 1.220 0.004 2.63 1920 1.312 I 5.21
3780 1.215 0.004 2.65 1900 1.308 0.0 5.26
3760 1.206 0.005 2.66 1880 1.305 0.009 532
3740 1.200 0.005 2.67 1860 1.302 0.008 5.38
3720 1.186 0.009 2.69 1840 1.294 0.008 5.43
3700 1.174 0.015 2.70 1820 1.288 0.008 5.50
3680 1.160 0.021 2.72 1800 1.280 0.008 5.56
3660 1.146 0.032 2.73 1780 1.270 0.009 5.62
3640 1.135 0.0435 2.75 1760 1.262 0.009 5.68
3620 1.136 0.067 2.76 1740 1.253 0.023 5.75

1.140 0.083 2.78 1720 1.240 0.026 5.81
3580 1.145 0.104 2.79 1700 1.234 0.047 5.88
3560 1.150 0.126 2.81 1680 1.235 0.072 5.95
3540 1.159 0.148 2.82 1660 1.257 0.114 6.02
3520 1.175 0.173 2.84 1640 1.302 0.139 6.10
3500 1.190 0.199 2.86 1620 1.338 0.120 6.17
3480 1.207 : 2.87 1600 1.350 0.077 6.25
3460 1.227 ; 2.89 1580 1.345 0.064 6.33
3441 1.245 i 291 1560 1.338 0.054 6.41
3420 1.274 ’ 2.92 1540 1.333 0.046 6.49

1.297 A 2.94 1520 1.325 0.042 6.58
3380 1.320 5 2.96 1500 1.323 0.038 €.67
3360 1.345 } 2.97 1480 1.320 0.033 6.76
3340 1.367 ; 2.99 1460 1.316 0.033 6.85
3320 1.385 ; 3.01 1440 1.314 0.032 6.94
3300 1.405 ; 3.03 1420 1.312 0.030 7.04
3280 1.420 2 3.05 1400 1.310 0.029 7.14
3260 1.436 : 3.07 1380 1.308 0.029 7.25
3240 1.447 x 3.09 1360 1.306 0.029 7.35
3220 1.457 ) 3.11 1340 1.303 0.029 7.46
3200 1.465 ; 3.12 1320 1.301 0.029 7.57
3180 1.468 ; 3.14 1300 1.298 0.029 7.69
3160 1.465 ; 3.16 1280 1.296 0.030 7.81
3140 1.464 ; 3.18 1260 1.293 0.030 7.94
3120 1.460 A 3.20 1240 1.290 0.031 8.06
3100 1.455 0.098 3.23 1220 1.286 0.031 8.20
3080 1.450 0.086 3.25 1200 1.282 0.032 8.33
3060 1.445 0.075 3.27 1180 1.275 0.032 8.47
3040 1.440 0.065 3.29 1160 1.272 0.034 8.62
3020 1.432 0.054 3.31 1140 1.269 0.036 8.77
3000 1.426 0.048 3.33 1120 1.264 0.037 8.93
2960 1.415 0.035 3.38 1100 1.258 0.038 909
2920 1.407 0.025 3.42 1080 1.254 0.042 9.26
2880 1.397 0.017 3.47 1060 1.246 0.045 9.43
2840 1.389 0.013 3.52 1040 1.238 0.047 9.61
2800 1.383 0.009 3.57 1020 1.222 0.058 9.80
2760 1.376 0.007 3.62 1000 1.216 0.054 10.0
2720 1.370 0.006 3.67 980 1.200 0.067 10.2
2680 1.366 0.006 Sl 960 1.187 0.075 10.4
2640 1.361 0.005 3.79 940 1.475 0.079 10.6
2600 1.356 0.005 3.85 920 1.164 0.091 10.9
2560 1.353 0.005 3.91 900 1.150 0.110 11.1
2520 1.349 0.005 3.97 880 1.142 0.132 11.4
2480 1.345 0.005 4.03 860 1.134 0.160
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TAuLE [ (continued)
yin cm™! ", " Ain gm vin cm™! "e " \inum

840 1.130 0.193 11.9 560 1.435 0.416 17.9
820 1.132 0.228 12.2 540 1.459 0.415 18.5
800 1.137 0.201 12.5 520 1.469 0.415 19.2
78 1.142 0.295 12.8 500 1.476 0.413 200
7 1.150 0.324 13.2 480 1.494 0.411 20.8
740 1.168 0.343 13.5 460 1.509 0.408 21.7
720 1.190 0.364 13.9 440 1.518 0.405 22.7
700 1.225 0.378 14.3 420 1.523 0.402 23.8
680 1.260 0.392 14.7 400 1.527 0.397 25.0
660 1.300 0.398 15.1 380 1.527 0.392 26.3
640 1.330 0.407 15.6 360 1.528 0.387 27.8
620 1.348 0.402 16.1 340 1.531 0.383 29.4
600 1.353 0.415 16.7 330 1.535 0.380 30.3
580 1.393 0.416 17.2

Computation of the uncertainty of n; associated with
uncertaintics of Ry and n, shows that the uncertainty
of n;is inversely proportional to ; and thus 5 becomes
unacceptably large for small values of ;. Thercfore,
in our final tabulation of n;, we used values of this
quantity based on transmittance measurements in all
cases for which 1;<0.05. We also adopted »; values
based on transmittance in the region 3200-3000 cm™,
where the values of 1, given by Eq. (8) are in the range
0.05-0.15 but have uncertainties greater than the un-
certainties of the values of n; based on transmittance
measurements. Our best values of 1; are plotted in the
upper panel of Fig. 12 and are listed in Table I.

The determinations of #; by reflection methods com-
plement determinations based on transmittance studies,
from which it is diflicult to determine large values of
n; at the centers of strong absorption bands. However,
we note that our values of 1; are in excellent agreement
with those obtained by Plyler and Griff® in their careful
studies of the 1640- and 3400-cm™ absorptien bands.

e R
~
O3k /-;\ /
e 4
n, 02 /T /
ot SR st
OO0p——— " o T s
50 42 34__26 18 12 08 04,03
FREQUENCY (cm-1)
2 Al T M T 5 i T o vv- T
1.5 -,..! | fé"
1.4} /_\, ]
- | e Al
Ae ) L BN AL ] | t/ 1
i { A ! i ]
[y = e | - | m Ld
ol 5 30 L 0 3 R
50 4.2 34 26 18 12 o8 04x1 o3

FREQUENCY (cm-!)

Fic. 13. Comparison of present values of n, and ny, given by
the solid curves, are compared with the results of Ponticr and
Dechambenoy given by crosses and with those of Zolatarev et ul.,
given by solid circles.

We note also that our present value of the maximum
value of #; at 3400 cm™ is nearly 709, greater than
some of the values cited by Irvine and Pollack on the
basis of their survey.! Values of #; in the 1006-300-cm™!
region cannot be determined with precision from
existing transmittance data.

When the values of the optical constants in Table I
were used to calculate values of Ry and Ry, the calcu-
lated values of these quantities agreed with the mea-
sured values well within the limits of experimental
error. Agreement between the ohserved and calculated
values serves essentially as a check of the internal
consistency of our measurements and computations.

DISCUSSION OF RESULTS

In estimating the uncertainties in the tabulated
values of the optical constants, it is necessary to con-
sider not only the scatter of the original reflectance
measurements but also possible systematic instru-
mental errors of various kinds. Detailed analysis of
the data leads to the following uncertainties in n,:
+19%, in the 3000-3700-cm™' region, %29, in the
3700-2900-cm™! region, +=1.5%, between 2900 and 900
cm™, and 29, in the 900-330-cm™ region. In the
case of n; values based on reflectance data, we estimate
an uncertainty of 7% in the peak value at 3400 cm™,
+10% in the peak value at 1640 cm™, and £3%, in
the 600-cm™ region. Because the smaller n; values are
based on measurements of published transmittance
curves, the tabulated values are accurate to perhaps
+10%,.

In Fig. 13 we compare the results obtained in other
recent studies with the present results, which are given
by the solid curves. In the case of n,, the values ob-
tained by Pontier and Dechambenoy*® are in excellent
agreement with the present results over the entire
range betwcen 35000 and 900 cm™'; the maximum

deviations, which occur near 3134 and 910 cm™, fall
well within the limits of uncertainty stated in the two
investigations. Between 900 and 330 cm™!, the 2, values
listed by Pontier and Dechambenoy are consistently
lower than the present values but there is some over-
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lapping when the estimated uncertaintics are con-
sidered. The n, values of Zolatarev et alt are con-
sistently lower than the present values between 5000
and 3300 cm™ and consistently higher than the present
results between 3300 and 2300 ¢cm™; there is good
agreement between our values and the Zolatarey results
between 2300 and 900 em™i The Zolatarev values are
lower than ours near 800 em™, are in excellent agree-
ment with ours between 700 and 430 cm™!, and become
progressively greater than ours for frequencies less
than 450 cm™. Zoltatarev ef al. placed special emphasis
on their low extreme of 1.11 for 2, near 3500 cin™ and
their high extreme of 1.50 near 3170 cm™!; the present
study did not confirm these extreme values.

For u, there is good agreement between maximum
values for the absorption bands at 3400 and 1640 cm™.
However, there seems to be some disagreement re-
garding the shape of the 3400-cm™ band; this band,
as defined by the four values listed by Pontier and
Dechambenoy, appears to be somewhat narrower than
the band shown by the solid curve in Fig. 13; this band,
as mapped by Zolatarev, has the same width as that
noted in the present study but seems to be shifted
slightly toward higher frequencies. For the band in the
vicinity of 600 cm™ Zolatarev ef al. report a rather
sharp peak at 665 cm™ followed by rapidly decreasing
values of n; at lower frequencies. Pontier and
Dechambenoy report the maximum value of 5; at the
same frequency as the maximum cbtained in our study
and obtain a general band shape similar to that we
obtained.

At the lowest frequencies, the Pontier values of #;
are in general slightly higher than ours and the
Zolatarev values are considerably lower.

Although the recent studies have provided values of
optical constants that are sufficiently accurate for use
in Mie-theory calculations and for calculations of
emissivity, further improvements of accuracy are
desirable. Pending the development of improved optical
attenuators or amplifier-detector systems of improved
linearity, it appears unlikely that 6Ro/Ro can be made
appreciably less than 0.01; however, even with this
limitation, the ratio 61, 5, could be reduced to values
smaller than our present value of 0.01 in the high-
frequency region, where »; is less than 0.01. The value
of n,/n, in other spectral regions is now limited by the
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value of duei/iey obtained in transmittance measurements.
Dr. C. Robertson of our laboratory is using an ab-
sorption cell of novel design to obtain values of #, that
are more precise than those listed in Table I his results
can, in turn, be used with our present values of Ry to
provide more precise values of u,.

[n view of the necessity for using polarizers and in
view of the influence of Af, for oblique angles of inci-
dence 0Ryu/Rour 1s greater than §Ro/Ry. However, if
improved polarizers can be developed, it is possible that
more accurate values of the optical constants can be
obtained from reflection measurements at some of the
special angles suggested by Humphrey-Owens.®

We close by noting that several computer techniques
have been developed for obtaining 1, and », from mea-
surements of R, alone. Spitzer ¢/ al.*-'® have successfully
used the so-called dispersion analysis, which involves
the assumption of band models, to obtain the optical
constants of quartz. Gottlieb! has successfully used
Kramers-Kronig relations to obtain the optical con-
stants for LiF from R, measurements. Although, in
the present study, we have not used these techniques,
it is possible to use our R, values in such computations
and to use our Rey values to test the validity of the
validity of the computed values of the optical constants.
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At this stage of the work Dr. Charles W. Robertson joined our group
and developed a wedge-cell that made it possible to make accurate deter-
minations of the Lambert absorption coefficient a(v) of water. The

technique involved is described in the following paper by Robertson
and Williams, which lists a(v) and k(v) for the spectral range 43N0 cm-l

to 300 cm-l.
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Lambert Absorption Coefficients of Water in the Infrared*

CrARLES W. ROBERTSON AND DubLEY WILLIAMS
Department of Physics, Kansas Slate Universily, Manhattan, Kansas 66502
(Received 23 April 1971)

By use of a wedge-shaped cell providing an absorbing layer tapering in thickness from less than one
wavelength of visible light at one end to approximately 20 um at the other end, we have measured the
Lambert absorption coefficient for water in the spectral region between 4000 and 288 cm™'. After proper
initial alignment of ‘the cell windows had been established by the observation of interference fringes in the
visible, we measured film thicknesses at various positions along the wedge by interferometric methods,
employing convenient wavelengths in the infrared. We present the results of the study in graphical and

tabular form.

InpEX HEADINGS: Water; Infrared; Absorption; Spectrophotometry.

The fractional spectral transmittance 7'(») of a liquid in
an absorption cell of thickness z is given by the expression

T(v)=(1~=R)(1—A)e oz (1)
where R is the fraction of the radiant flux reflected at

the cell windows, .1 is the fraction absorbed by the cell
windows, and a(») is the Lambert absorption coeflicient

“ of the Tiquid. In their survey of the existing literature

dealing with the optical properties of water in the
infrared, Irvine and Pollack! pointed out some of the
practical difliculties in obtaining accurate values of the

Lambert absorption coefficient of water from con-
ventional transmittance measurements.

In regions of strong absorption, the required values of
2< 10 um are so small that it is difficult to form uniform
water films of accurately measured thickness between
plates of the available nonsoluble optical materials that
are transparent in the infrared. Uncertainties of ab-
sorbing-tfilm thickness thus limit the precision with
which a(v) can be determined in spectral regions of
strong absorption. Stray flux from other spectral regions
can also lead to serious overcstimation of 7°(v) near the
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centers of strong absorption bands and thus lead to
additional uncertainties of the resulting values of a(v).
In view ol these diflicultics, absorption coclt.cients at
the centers of strorg bands can be determined more
reliably from reflection measurements than from typical
trunsmill;m('c measurements.

There are also experimental diiiculties in «(v) de-
terminations in spectral regions ol low absorption, where
reflection techniques cannot be readily applied. Irvine
and Pollack! noted that many investigators have
assumed that the factor (1=R)(1—.1) in Eq. (1)
represents the [ractional transmittance of the empty cell.
Such an assumption is incorrect because the presence of
the water changes the reflectance of the inner surfaces of
the cell windows; use of (1=Rj(1—.1) as the trans-
mittance of the empty cell introduces serious errors
when measured values of 7°(v) are close to unity and
thus introduces corresponding large errors of a(v) in
spectral regions of low absorption, unless large cell
thicknesses z are employed.

One method of av oiding the problems imposed by the
uncertainties of the refiectance correction is that em-
ployed by Dracgert et ¢l.? in their far-infrared study of
water absorption; these authors measured nominal
spectral transmittance for water films of ditlerent thick-
ness z and obtained a(v) from the slope of a semilog plot
of measured 7(») vs z. An equivalent technique was
used in the near infrared by Pontier and Dechambenoy,?
who used two cell thickness z; and 2. and determined
a(v) from the ratio of transmittances: Ta(v)/T1(»)
=¢G00, in taking the ratio, they eliminated the
factor (1—R)(1—.1) from Eq. (1). These authors report
an uncertainty of a(v) amounting to only a few percent
in spectral regions of weak absorption but increasing to
13%,~20% near most band centers and to 509, at the
center of the strong band at 3400 cm~'. This gencral
method is thus lmited by the diflicultics in establishing
and measuring small difTerences of film thickness z.

PRESENT WORK

The present study is essentially an extension of earlier
methods®? in which we employed an absorption cell
providing a wide range of thicknesses z which can be
measured by interferometric methods. The cell windows
were rectangular plates of width .X'=30 mm and height
¥'=25 mm. The windows were in optical contact at x=0
and were separated by a 20-um spacer at x=X and
therefore provided a water film ranging in thickness z
from less than 1 um at x=0 to 20 um at v=X. In the
initial assembly of the cell, the windows were aligned to
give straight interference fringes parallel to the y axis
when viewed in light from a He-Ne laser; thus, at a
given value of x, cell thickness z showed little variation
with v.

The empty cell was placed in a holder that could be
moved laterally along ways parallel to the x axis. One
spherical mirror produced an image of 4 Nernst glower
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1. 1. (a) Typical chart record, giving deflection as a function
of cell thickness. (b) Chart record for the 3400-cm™* region, in
which detlections do not extrapolate to shutter zero lor large cell
thickness.

at the cell position and a second spherical mirror
directed radiation transmitted by the cell to the entrance
slit of the spectrograph. The effective width of the
convergent beam traversing the cell was thus ecstab-
lished by the width of the entrance slit of the spectro-
graph and was never greater than Av=0.62 mm. With
the spectrograph set for a convenient wavelength in the
infrared, the cell holder, driven by a synchronous
motor, was moved laterally in the x direction through
the beam and interference fringes were observed on the
recorder chart. From the spacing of the observed
interference fringes, variations of thickness z as a
function of x could be determined accurately in terms
of the selected infrared wavelength. Lateral positions x
of a pointer attached to the movable cell holder were
noted from a small engraved scale attached to the ways.
Thus, motion of the cell holder through a distance
x—xy along the ways produced a corresponding varia-
tion z—g, in cell thickness at the position of the Nernst-
glower image.

With water in the absorption cell, the spectrograph
was set to pass a sclected spectral frequency. The cell
was moved slowly along the ways with the recorder
running; the display on the recorder chart thus gives a
record of deflection D, proportional to transmitted fluy
I, as a function of cell position v, proportional to cell
thickness 2. The detlections D were, in general, measured
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Fic. 2. Lambert absorption coeflicients for regions
of strong absorption.

from a shutter-zero trace recorded with an opaque
shutter in the beam.

Typical recorder traces are shown in Fig. 1(a). If we
select a given detlection D, corresponding to some cell
thickness z;, we may determine the Lambert absorption
coefficient a(») by taking the ratio of the deilection D
at any larger value of z to Dy

D/Dy=1/I = ¢
or
a(v)=La(l,1), (z=21), (2

where (z—2z;) is known from interferometric measure-
ments of the empty cell. In practice, a(v) was based on
average values given by Eq. (2) for observed values of
(1/1:) obtained at numerous values of (z—z,) as in the
work of Draegert et al.* rather than on a single pair of
values of /1 and 7 as in the study of Pontier and
Dechambenoy.? :

In spectral regions of extremely strong absorption,
where very high ampliticr gains were needed, we noted
that a recorder plot of D as a function of z like that
shown in Fig. 1(b) did not extrapolate to shutter zero as
2 becomes large. We attribute this to a slight amount of
stray radiant flux from other spectral regions. In this
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situation, which was encountered only near 3400 ¢ /|
we measured chart detlections from the extrapolated
value of 2 rather than from the shutter zero level
established with an opaque shutter in the beam from the
source. Failure to identify and eliminate stray fiux may
account in part for ditlicultics encountered in the
3400-cm~! region by carlier investigators.

The absorption cclls used in the 4000-1000-¢cm=!
range were cquipped with Cal’s windows of high optical
quality. We observed no interference fringes when these
cells contained water. The cells used in the 1000-300-
cm~! region were equipped with selected KRS-3 plates.
Because of the high refractive index of KRS-5 relative
to water, interference fringes could be observed for
water-filled cells in spectral regions where a(v) is small;
we made appropriate corrections for this effect in
computing a(v) from the recorder tracings.

The water was held in the cells by means of neoprene
strips pressed against the edges of the plates when the
cells were initially fabricated. We used freshly distilled
de-ionized water in order to avoid the formation of air
bubbles and made numerous checks of cell thickness
z vs v in the course of the study.

We employed a Perkin-Elmer Model 112 spectrome-
ter equipped with a Reeder thermocouple and used LiF,
CaF,, NaCl, and CsBr prisms in appropriate spectral
regions. In all regions, the spectral slit width was small
as compared with the spectral features being studied.

We note that, although Egs. (1) and (2) apply
strictly to parallel beams traversing an absorption cell,
we actually emploved a nonparallel beam. In the con-
vergent beam entering the cell, the extreme rayvs made
an angle 8=38° with the central ray; this results in a
maximum spread of absorption path lengths Az=z4,/cosd
—20=0.01z0. In vicw of the fact that the interferometric
s measurements were made with the cell in sifu and thus
provide an average value of s, we have ignored the
variations of z imposcd by the nonparallel beam.
Similarly, we have ignored the spread Az imposed by the
finite width Ax of the glower image at the position of the
absorbing layer.

EXPERIMENTAL RESULTS

In the course of the work we determined av) at
approximately 300 frequencies in the 4300-300-cm=!
region and made approximately three independent de-
terminations at cach of these frequencies. The results of
the study are summarized in Iigs. 2 and 3, in which we
present a(v) vs v by smooth curves that were drawn
through plots of the individual a(r) values. The length
of the uncertainty bars shown in the figures represent
the scatter of indiv idual a(v) values and were determined
from the averages of probable errors in cach region.

Figure 2 gives a plot of a(v) vs », which shows the
major absorption bands. The maximum value of a(») at
the center of the 3400-cm~! absorption band is 11 900
per centimeter, with an uncertainty of =300 per
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Taree L Nbsorption coctlicients of water in the infrared.

Lambert
absorption

Imaginary part
ol refractive

Lambert
absorption

Imaginary part
of refractive

Frequency coctlicient index Wavelength Frequency coetlicient index Wavelength
cm™! cm™! n; um em=t cm™! " wm
4300 46 0.0009 2.326 1650 2670 0.1288 6.061
4200 62 0.0012 2.381 1640 2738 0.1329 6.098
4100 81 0.0016 2,439 1630 2566 0.1253 6.135
4000 100 0.0020 2.500 1620 2139 0.1051 6.173
3900 18 0.0024 2.564 1610 1760 0.0870 6.211
3800 192 0.0040 2.632 1600 1465 0.0729 6.250
3700 762 0.016+ 2.703 1580 1025 0.0516 6.329
3650 2270 0.0495 2.740 1550 806 0.0414 6.452
3600 4070 0.0900 2.778 1500 667 0.0354 6.667
3550 6020 0.1349 2.817 1400 584 0.0332 7.143
3500 8750 0.1989 2.857 1300 559 0.0342 7.692
3450 10 850 0.2503 2.899 1200 541 0.0359 8.333
3420 11 600 0.2699 2.924 1100 542 0.0392 9.091
3400 11 850 0.2774 2.941 1050 566 0.0429 9.524
3380 11 870 0.2795 2,959 1000 631 0.0502 10.000
3350 11 880 0.2822 2.985 980 673 0.0546 10.204
3300 10 000 0.2411 3.030 960 745 0.0618 10.417
3250 8270 0.2025 3.077 940 832 0.0704 10.638
3200 6010 0.1495 3.125 920 970 0.0839 10.870
3150 4320 0.1091 3.175 900 1112 0.0983 11.111
3100 2840 0.0729 3.226 880 1294 0.1170 11.364
3050 1840 0.0480 3.279 860 1557 0.1441 11.628
3000 1120 0.0297 3.333 840 1890 0.1790 11.903
2950 780 0.0210 3.390 820 2210 0.2145 12.195
2900 503 0.0138 3.448 800 2600 0.2586 12.300
2800 220 0.0063 3.571 780 2825 0.2882 12.821
2700 123 0.0036 3.704 760 2980 0.3120 13.158
2650 112 0.0034 3.774 725 3090 0.3392 13.793
2600 115 0.0035 3.846 700 3115 0.3541 14.286
2500 146 0.0046 4.000 675 3125 0.3684 14.815
2400 197 0.0065 4.167 650 3130 0.3832 15.385
2300 268 0.0093 4.348 625 3120 -0.3973 16.000
2200 376 0.0136 4.345 600 3080 0.4085 16.667
2160 412 0.0152 4.630 575 2990 0.4138 17.391
2140 419 0.0156 4.673 550 2780 0.4022 18.182
2120 418 0.0157 4.717 325 2600 0.3941 19.048
2100 410 0.0155 4.762 500 2415 0.3844 20.000
2000 317 0.0126 5.000 475 2240 0.3753 21.053
1900 237 0.0099 3.263 450 2050 0.3625 22.222
1850 242 0.0104 5.405 425 1880 0.3520 23.529
1800 289 0.0128 5.556 400 1700 0.3382 25.000
1750 451 0.0205 5.714 375 1530 0.3247 26.667
1700 1200 0.0562 5.882 350 1335 0.3035 28.571
1680 1840 0.0872 5.952 325 1200 0.2938 30.769
1660 2430 0.1165 6.024 300 1100 0.2918 33.333

centimeter; this value is to be compared with 11 940
+830 per centimeter based on recent reflectance
measurements.® It represents a marked improvement
over the transmittance measurements of Pontier and
Dechambenoy,® whose peak value at 3400 cm™ had an
uncertainty of 509,. The peak values of a(») near 1640
and 630 cm™! are in good agreement with the corre-
sponding values obtained in recent reflectance studies.**
This agreement between the present values and those
based on reflectance studies is gratifving; we attribute
it to our improved methods of determining the incre-
mental thickness (z—z,) of the absorbing layvers and to
improvements in identifying and correcting for stray
flux at the centers of absorption bands.

We note that the strong band with maximum at 3400
cm~!is not a simple band. The observed change of slope
near 3700 cm~! is real and is established by cight indi-

vidual a(v) determinations in this region; the asym-
metrical wing extending toward lower frequencies is also
well established by the data. The 3400-cm~! band is
usually attributed to the vy, v3, and 2v, bands of the
H,0 monomeric unit in the liquid structure. The flat top
and asymmetric shape of the band at 650 cm™! also
suggest a complex structure; this band is usually at-
tributed to librational modes v, of HsO monomers in the
water lattice and two of these modes would be expected
to be strongly infrared active.

Figure 3 gives a plot of a(») vs » with the a(y) scale
expanded by a factor of 10 as compared with the plot in
Fig. 2. We note that in regions of small a(») the scatter
of individual determinations is small even on this
expanded scale. These uncertainties of a(v) are con-
siderably smaller than the uncertainties of a(v) as de-
termined from reflectance measurements alone. Some of
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the recent retlectance studies have been augumented by
transmittance data in regions where a(v) is low ; because
these were not reported in detail,™* it is not possible to
make detailed comparisons with these studies; other
sets of optical duta!* make use of a(v) values obtained
from published transmittance curves, in which even
careful measurements of small-scale plots in the journals
may introduce errors as large as 2=10%,.

The peak frequency of the associational water band
appears at 2133 cm~!. This band is usually interpreted as
a combination band v,=va+vr, where vy, is a librational
mode; the required frequency of the librational mode is
485 cm™! and there is no absorption peak at this fre-
quency in Fig. 2. However, the present results are in fair
agreement with the suggested® assignment v,=va+vy
—vr, where vr is the hindered translation band?® near
175 cm™!; with this assignment »,= (16404 630—173)
cm'= 2115 cm~! as compared with the observed value
of 2130 cm™!. However, the earlier assignment cannot be
excluded because the requisite librational mode v, =483
cm~! may be inactive in the infrared but may contribute
to the observed Raman bands in this region.”

Because Irvine and Pollack! have stressed the im-
portance of the publication of tabulated values of the
optical constants obtained in quantitative studies of
water, we are including an abbreviated listing of our
results in Table I. In this table, we list our values of
a(v) along with the corresponding value of the imaginary
part of the refractive index n;=\a/4r; interpolations
between listed vaiues can be made with the aid of Figs.
1 and 2.

Since reflectance is not strongly influenced by »; in
spectral regions of weak ahsorption, the values of #; in
Table I are more accurate than n, values based on
reflectance measurements alone in all cases in which
1;<0.10. As noted earlier, the present results are in
gratifyingly good agreement with those obtained by
reflectance measurements near the absorption peaks at
3400, 1640, and 630 cm~'. At frequencies below 500
cm~!, the n; values listed in Table I become pro-
gressively lower than those based on reflectance
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studies'** and are approximately 239, lower at 300
cm~!. This divergence could be due in part to stray
radiant (lux in the present study, although checks of
shutter-zero levels with opaque shutters and glass
shutters failed to reveal it. Another possibilits is that
the polarizers used in the reflectance studics, consisting
of stacks of AgCl plates, become ineflicient in the low-
frequency region where the transmittance and the
refractive index of AgCl are decreasing. Some support
for this suggestion is given by a Kramers-Kronig
analysis of the normal-incidence reflectance measure-
ments of Rusk et al.,# for which no polarizer was used:
preliminary Kramers-Kronig results give values of 2, in
excellent agreement with their published values in all
spectral regions above 300 cm™! but considerably below
the published values at the lowest frequencies.

Determinations of the Lambert absorption coefficient
of water by the type of cell developed in the present
work can be extended from 300 to 250 cm™' with
selected KRS-3 windows and from 200 cm™! to the
extreme infrared with quartz windows. The only readily
available window material for use in the gap between
250 and 200 cm™' is polvethylene, a material not
normally adaptable for use in a cell of the type we have
used. Fortunately, n; is sufficiently high in the far
infrared to be measured accurately by the application of
Kramers-Kronig techniques to normal-incidence re-
flectance measurements.
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The infra-red spectrum of water?
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The Lambert absorption cocfficient of water has been measured in the
far infra-red spectral region 800 to 50 cm~!. The results, along with earlicr
measurements in the necar infra-red, provide values of the imaginary part % of
the refractive index over the spectral range 4400 to 50 cm-!. Kramers-Kronig
techniques have been used to obtain values of the corresponding real part n
of the refractive index over this spectral range. The values of these constants
provide a complete quantitative description of the optical properties of water
in the infra-red.

1. INTRODUCTION

Although the infra-red spectrum of water has been the subject of numerous
investigations dating from the early days of infra-red spectroscopy, a critical
survey by Irvine and Pollack [1] revealed many inconsistencies in published
results and emphasized the desirability of further quantitative studies of trans-
mission and reflection with the purpose of obtaining more precise values of the
real » and imaginary & parts of the refractive index in the infra-red. Several
such quantitative studies have recently been reported [2-6].

In the present study we have measured the Lambert absorption coefficient
«(7) in the range 800 to 50 cm~! in the far infra-red. The results, along with
those reported earlier [6], provide values of & in the spectral region 4400 to
50 cm~!.  We have applied Kramers-Kronig techniques to obtain values of n
from our measured values of «(s). The resuiting values of 4 and n provide a
quantitative description of the optical properties of water in the infra-red.

2. FAR INFRA-RED MEASUREMENTS

In the absence of multiple reflections, the spectral transmittance T'(7) of a
liquid in an absorption cell of thickness Z is given by the expression

T(»)=[1=R(7)][1 - A(7)] exp [—«(¥)Z], (2.1)

where R(¥) is the fraction of the radiant flux reflected at the inner and outer
surfaces of the windows, (7) is the fraction absorbed by the cell windows, and

+ Supported in part by the Office of Naval Research, U.S.A., and in part by the Kansas
Agricultural Experiment Station.
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The Lambert absorption cocfficient of water has been measured in the
far infra-red spectral region 800 to 50 cm~!. The results, along with earlicr
measurements in the near infra-red, provide values of the imaginary part 2 of
the refractive index over the spectral range 4400 to 50 cm~!. Kramers-Kronig
techniques have been used to obtain values of the corresponding real part n
of the refractive index over this spectral range. The values of these constants
provide a complete quantitative description of the optical properties of water
in the infra-red.

1. INTRODUCTION

Although the infra-red spectrum of water has been the subject of numerous
investigations dating from the early days of infra-red spectroscopy, a critical
survey by Irvine and Pollack [1] revealed many inconsistencies in published
results and emphasized the desirability of further quantitative studies of trans-
mission and reflection with the purpose of obtaining more precise values of the
real n and imaginary & parts of the refractive index in the infra-red. Several
such quantitative studies have recently been reported [2-6].

In the present study we have measured the Lambert absorption coefficient
2(7) in the range 800 to 50 cm~! in the far infra-red. The results, along with
those reported earlier (6], provide values of % in the spectral region 4400 to
50 cm~t.  We have applied Kramers-Kronig techniques to obtain values of n
from our measured values of «(5). The resulting values of & and n provide a
quantitative description of the optical properties of water in the infra-red.

2. FAR INFRA-RED MEASUREMENTS

In the absence of multiple reflections, the spectral transmittance T'(¥) of a
liquid in an absorption cell of thickness Z is given by the expression

T(7)=[1 - R()][1 - A(5)] exp [~ () Z], (2.1)

where N(7) is the fraction of the radiant flux reflected at the inner and outer
surfaces of the windows, () is the fraction absorbed by the cell windows, and

1 Supported in part by the Office of Naval Research, U.S.A., and in part by the Kansas
Agricultural Experiment Station.
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«(7) is the Lambert absorption cocfficient of the liquid.  In much of the infra-
red region, the values of Z <10 pm required for measurement of the transmit-
tance of water are so small that the preparation of uniform layers of accurately
measured thickness presents serious difficulties ;  uncertaintics in absorbing-
film thickness thus limit the precision with which «(7) can be determined.
Stray radiant flux from other spectral regions can also lcad to serious overestima-
tion of 7'(¥) near the centres of strong absorption bands.

In our carlicr study [6] we described a technique for avoiding these diffi-
cultics. By using a wedge-shaped absorbing layer with thickness Z ranging
from less than one visible wavelength at one end to approximately 20 um at
the other end, we were able to measure 7'(7) for various values of Z; the align-
ment of the cell windows and the measurement of Z involved the use of inter-
ferometric techniques. By taking ratios of the transmittance T(5) for various
values of Z we were able to obtain values of «(#) without measuring the reflection
R(?) and absorption A(¥) factors of the cell windows; the detection of and
correction for stray flux at the centres of strong bands could also be accomplished.

v 2 A
ot cm-t k n pm
800 2620 0-260 1442 12-5
760 3040 0-318 1155 132
720 3230 0-357 1-19 139
630 3310 0-387 1:23 147
640 3290 0-409 1227 156
600 3200 0-425 1-32 16-7
570 3080 0-430 1-35 17-6
560 3020 0-429 1:37 17-8
520 2780 0425 1-41 19-3
480 2490 0413 1:45 20-8
440 2210 0-400 1-48 227
400 1930 0-385 1:30 250
360 1660 0366 1:52 27-8
320 1430 0-356 1452 32
280 1330 0-378 1:52 357
240 1320 0-439 1:52 416
180 1410 0-624 1-65 556
170 1360 0:636 1-69 588
140 1065 0-605 1-80 715
100 680 0-540 1-92 100
50 370 0489 2:00 167
50 320 0-309 203 200

Lambert absorption coefficients and optical constants in the infra-red.,

In the present study we employ a similar wedge-cell technique to determine
values of «(7) in the far infra-red. Cells cquipped with KRS-5 windows were
used in the range 800 to 228 cm~!; crystalline quartz windows were used in
the range 170 to 50 cm~!. We employed a Perkin-Elmer NModel 301 spectro-
graph. Since no insoluble windows of the required optical quality were available
# the spectral range 228-170 cm~!, we used the transmittance data of Dracgert
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et al. [7] as a basis for interpolation in this range ; these authors used polythene
windows and made attempts to measure mean values of film thickness. We
estimate that, in general, the uncertaintics in the values obtained for «(#) at the
24 discrete frequencies listed in the table were +£35 per cent. The values of
2(7) obtained in the present study were in good agreement with our earlier
values (6] in most of the spectral region common to the two investigations
except in the vicinity of 300 ecm~!, where the signals obtained with the CsBr
prism spectrometer used in the carlier study were small.

3. ABSORPTION SPECTRUM

In figure 1 we give a plot of x(%¥) as a function of 7 in the spectral range 1200
to 50 cm~!. The spectrum in the far infra-red is dominated by a strong, broad
absorption band for which x(7) reaches its maximum values of 3300/cm near
680 cm~!.  Although this broad band shows no evidence of any complex
structure, it is clearly asymmetrical ; it rises rapidly on the high-frequency side
and decreases gradually on the low-frequency side. A second weaker band
appears as a shoulder in the vicinity of 200 cm~!. The absorption coefficient
is decreasing rapidly at 50 cm~L
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Figure 1. The Lambert absorption coefficient for water in the far infra-red ; =(¥) in cm-'.

The spectral transmission of a 10 um layer of water as computed from our
measured values of «(7) in the 800-50 cm~! region and our earlier [6] values of
«(7) for the 4400-800 cm~! region is piotted in figure 2. A layer of this thickness
is essentially opaque in the 3400 cm~! absorption band generally attributed to
monomeric fundamentals v, and v; and transmits less than 10 per cent at the
centre of the 1640 cm~! band, which is attributed to monomeric fundamental v,.
The broad, intense band near 680 cm~! is usually attributed to a librational mode
of oscillation vy, of the monomer in the field of its neighbours ; the weaker band
near 200 cm~! is similarly attributed to a hindered translational lattice mode v.p.
The easily recognizable associational band near 2120 ecm~! is usually interpreted
as a combination of v, with one or more latticc modes. The extremely weak
band ncar 4000 ¢em~!, which appears as a depression of the transmission curve
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suggested by the dashes in figure 2 was first reported by Collins [8] ; the location
of this band depends upon assumptions regarding the background and was
listed as 3950 + 30 cm~! by Collins.
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Figure 2. The spectral transmittance of a 10 um layer of water in the infra-red.

Water is actually highly absorbing over the entire spectral range represented
in figure 2; the value of x(¥) at 3400 cm~! is nearly 10° times that of water in
the most transparent portion of its spectrum in the visible region. The bands
shown in figure 2 are thus merely peaks superposed on a background of intense
absorption. Ray [9] has recently made a survey of existing data on water
absorption from the near infra-red to the millimeter and microwave region and
has been able to account for the background absorption in terms of Debye
dipole resonance absorption giving its maximum contribution tc k(7) in the
centimeter region.

4, THE OPTICAL CONSTANTS OF WATER

The imaginary part k() of the index of refraction can be determined from
the Lambert absorption coefficient (v) by means of the relationship

k(7) = a7) /4. (4.1)
Using the present values of x(7) along with those in [6], we have obtained the

values of &(7) plotted in figure 3 and tabulated in the table for the low frequency
region. For every peak for «(#), there is a corresponding peak for k(#) in

o8
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Figure 3. The imaginary part k() of the refractive index of water in the infra-red.
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figure 3 ; however, because of the presence of 7 in the denominator in ¢quation
(+.1), the appearance of the A(7) curves is quite different from that of the «(7)
curves.  ‘The maximum values of A(¢) in the low frequency region are higher
than the maximum value for the intense absorption band ncar 3400 em™t;
the peak values of k(#) appear at lower frequencies than the peak values for
2(v).  The extremely broad band in the low-frequency region in figure 3 has
its maximum at 570 cm~! and corresponds to the vy, band at 680 cm~! in figure 2 ;
the narrower band has its maximum at 170 cm~! and corresponds to the vy
band ncar 200 ¢cm~! in figure 2. The curve for k() in figure 3 connects smoothly
at low frequencices with the k(%) plot given by Ray [9].

The real part # of the refractive index can be obtained from the Kramers-
Kronig relation

w(5)=1+(1/27)P { —("—)-%da' (4.2)

provided x(¥) is known at all frequencies ; since we have measured «(5) only
in the range 4000 to 50 cm~!, we cannot make direct use of equation (4.2).
Fortunately, the nature of the integral in equation (4.2) is such that excellent
approximate solutions can be obtained in the range 4400 cm~!> v > 50 cm™!,
since there exists some knowledge of the variation of x(7) outside this range.
Bertie et al. [10] have shown that the values of n(¥) for 7 within the range of
actual measurement are relatively insensitive to approximate values of «(7)
outside the range in the high-frequency region.

In making use of equation (4.2), for v > 4400 cm~! we used Palmer’s measured
values (1] of «(5) in the range 4400 to 8400 cm~!; we assumed that x(v)
decreases linearly with 5-! from the measured value at 8400 cm~! to the value of
1:5x 10~4/cm at 16 960 cm~! [12] and approaches zero at higher frequencies
except for a hypothetical narrow, strong absorption band centred at 40 000 cm~!
introduced to take account of the effects of ultra-violet bands, which have not
been measured with high precision [12]. This separate treatment of the ultra-
violet bands can be justified by considering the contribution Ap-vn(?) of to n(v)
at some frequency of intercst in the infra-red ; this-can be expressed as

1 2 auy(v) dv’
Apen(r) =5 P | 2D

For an ultra-violet absorption band centred at some high frequency vy and
limited to a range 7, to #,, the limits of the integral in (4.3) can be changed to
v, and 5,. For i<y and (v, - 7,) < ¥y, we can, in second order approximation,
write

4.3)

Aoy =35 | ci1‘”—”’—/[1- )]

= constant/[1 — (7/7y)*]. (4.4)

The constant in (4.4) was chosen to give n=1:300 at 7=5000 cm~!; this value
is based on dircct reflection measurements (2, 5].

In using equation (+.2) we used «(7) values given by Ray [9] for the region
5<50cm~!; Ray’s values in this region are based largely on the work of
Chamberlain et al. [13] together with microwave measurements.
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On the basis of these values of «(7) below and above the range of our measure-
ments together with our measured values of x(7), we used a computer programme
for the evaluation of n(7) from cquation (4.2) for the region 4400 to 50 cm~*.
The resulting values of u(7) are plotted in figure 4 and tabulated in the table for
the low frequency region.  On the basis of considerations similar to those given

20
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Figure 4. The real part n(%) of the refractive index of water in the infra-red.

by Bertie and Whalley [10] and those involved in Ahrenkiel’s treatment [14] of
subtractive Kramers—Kronig integrals, we believe that the errors in n(5) intro-
duced by our methods of evaluating the integral in (4.2) amount to less than + 1
per cent in the range 4400-200 cm~!; in the range 200-50 cm~!, our values of
n(7) are significantly influenced by the values of «(5) in the range ¥< 50 cm™!
and by the grid size used in the computer programme employed for the numerical
integration in equation (4.2) ; these may introduce an uncertainty of + 10 per
cent in 7(7) at 50 cm~!. We estimate that uncertainties in our measured values
of «(7) lead to uncertainties of less than + 3 per cent in values of n(5) listed in
the table.

Since the values of k(7) have been previously tabulated [6] for v>800 cm~!
and since our present values of n(7) for ¥> 800 cm~! agree to within + 1 per cent
with previously tabulated values based on reflection measurements at two angles
of incidence [5], we give values for k(¥) and n(¥) only in the region 800 to 50 cm~!
in the table.

5. REFLECTION SPECTRUM

The optical constants # and & can be used in the Fresnel cquations to compute
the spectral reflectance R(¥) of water for any angle of incidence. In the casc
of normal incidence, the expression for reflectance assumes the simple form

R=[(n—1)2+k)/[n+1)2+A2]. (5.1)

A plot of normal-incidence spectral reflectance at a free water surface based on
the values of the optical constants obtained in the present study is shown in
figure 5. In the range 4400 to 400 cm~! the values of spectral reflectance
shown in the figure are in close agreement with earlier [5] directly measured
vaiues ; the computed values shown in the figure may be somewhat more
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reliable than dircctly measured values in the vicinity of the R(¥) minima at
3640 cm~! and 910 cm~! and in the vicinity of the v, band of atmospheric water
vapour near 1626 cm~L.

008} -
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Figure 5. The normal-incidence reflectance spectrum of water in the infra-red.

The spectral reflectance curve shown in figure 5 is of considerable meteoro-
logical significance. As indicated in figure 2, any infra-red radiant flux pene-
trating a water surface is absorbed in the surface layers. As indicated in figure 5
nearly all normally incident flux penetrates the surface at 3640 and 910 cm~1;
thus at these frequencies and at normal incidence a water surface closely approxi-
mates that of a black body. For radiant flux emitted vertically upward, the
spectral emissivity at 910 cm~ of a quiescent water surface is 0:993 ; measure-
ment of upward-directed flux can thus be used to measure surface temperature.
Since there is an ° atmospheric window’ in the vicinity of 910 cm~?, satellite
monitoring of sea temperatures is possible. Because reflectance increases with
increasing angle of incidence to unity at 90°, the black-body approximation
becomes poorer for a turbulent water surface.

6. DISCUSSION OF RESULTS

A comparison of the present results in the far infra-red with those obtained
in earlier studies is given graphically in the expanded plots shown in figure 6,
in which our present results are given by the continuous curves and the accom-
panying uncertainty bars.

The curves in Panel A arc based dircctly on our transmission mcasurements.
In the range 800-300 cm~! our values of k(¥) agree within the indicated limits
of uncertainty with the values of Pontier and Dechambenoy [2], which are based
on measurements of absorption and of reflection at two angles of incidence, and
with those of Rusk et al. [5], which are based on reflectance at two angles of
incidence. Robertson's carlier values [6] based on absorption mcasurements
agrec with the present results over the range 800-600 cm~! but are lower than
the present values for 7< 600 cm=!; the stated uncertaintics in Robertson’s
results overlap those involved in the present study. The &(v) values given by
Zolatarev et al. [3] represent results based on transmission, reflection, ATR
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measurements, and, for the region 7<400 em™?, the results obtained by others
[7, 13]; their values are outside our limits of uncertainty in certain spectral
regions.
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Figure 6. Optical constants of water in the far infra-red. Present results are given by.

the continuous curves ; uncertainties in present results are indicated by error bars.
Previous values as presented in the references are as follows : [2] by triangles, [3]
by open circles and diamonds, [6] by +'s, [5] by squarces, and [13] by filled circles.

Our values of n(7) based on Kramcrs-Kronig analysis shown in Panel B of
figure 6. The uncertainties in the range 800-200 cm~! are bascd chicfly on con-
siderations of the uncertainties of x(7) measurements ; our computer programme
for the numerical evaluation of n(v) in equation (3.2) employed a 10 cm~! grid
and contributed to the progressively larger uncertainties in the region 200-
50 cm~!, where ¢ becomes comparable with the programme grid. DPresent
values of a(#) in the region 800-300 em~! are somewhat lower than those based
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on dircct transmission and reflection measurements [2,5] and those reported
by Zolatarev et al. [3]; the estimated uncertainties of various investigators
overlap through this region.  For 7<300 em~Y, the values given in [2] fall
below those obtained in the present study ; there is general agreement in the
300-50 c¢m ! region between our results and carlier Kramers—Kronig values [3].
The value of u(#) given by Chamberlain et al. [13] for 85 cm~! is 5 per cent
larger than our Kramers-Kronig value and thus is within our large limits of
uncertainty, which arc #* 10 per cent at this frequency.

The results summarized in figure 6 emphasize the desirability of further
experimental work in the region v< 300 cm~t.  Although further quantitative
studics of absorption would be desirable and would provide data for Kramers—
Kronig computations employing a smaller computation grid, the major need is
for quantitative measurements of rcflection. We join Irvine and Pollack (1] in
encouraging future investigators to give their results in tabular form, since the
usual graphical representations alone do not provide values sufficiently accurate
for use in calculations of optical constants. Although a thorough knowledge of
k(v) and n(¥) for v< 200 cm~! is not of major importance to meteorology, it is of
considerable importance to our understanding of the molecular properties of
water.

The authors wish to express their thanks to Mr. Thomas Duell for assistance
with the computer programme used in the Kramers-Kronig analysis.
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The real a(v) and imaginary & (v) parts of the complex refractive index N=n +ik of water at 27 °C have
been determined {rom measurements of spectrai retlectance at near-normal incidence and from
measurements of the transmittance of water in carefully constructed absorption cells. Values of n (v) are
reported in graphical and tabular form for the spectral region 3800-27 300 cm™'; values of the Lambert
absorption coetiicient a(v) are presented graphically and in tabular form, along with k (v) for the region
3800-14 500 cm~'. Upper iimits of k (v) are established for the region 14 500-27 800 cm~'. The results

are compared with eariier studies.

Index Headings: Refractive index; Absorption; Water; Reflectance; Infrared; Spectra.

Since the time of the Irvine-Pollack survey,! which
emphasized the dearth of reliable values of the optical
constants N(v)=n(v)+ik(v) for water, there have
been numerous studies*~® of the spectrum of water in
the frequency range below 4000 cm™. In the present
paper, we report new results for n(v) in the range
3800-27 800 cm™; these are based primarily on reflec-
tance measurements. We also give values for the
Lambert absorption coefficient a(v) based on trans-
mittance measurements and list the corresponding
values of &(v)=\a(v)/4r.

In the course of our work, we employed a double-pass
prism monochromator equipped with a type DF-2
glass prism calibrated in terms of atomic emission
lines in the visible region and water-vapor bands in
the near infrared. A Reeder thermocouple was employed
as a detector. We used a carefully monitored tungsten
iodide lamp as a source.

REFLECTANCE MEASUREMENTS

The general procedures that we employed for the
near-normal reflectance measurements were similar to
those described in earlier reports®$; we measured the
ratio of the reflectance of water at 27°C to that of a
reference mirror, the absolute reflectance of which was
determined in an auxiliary experiment by use of a
Strong reflectometer. Because water is relatively
transparent in the visible and near infrared, we used
water samples contained in a glass optical horn, the
exterior of which was painted dull black in order to
minimize spurious reflections from the walls of the
container ; the curved horn was constructed of 6-cm-o.d.
Pyrex, had a tapered length of 16 cm, and ended in a
point. We were unable to detect radiant flux reflected
from the interior of the horn. As in the earlier work, we
used a rapidly rotating sector disk when measuring
radiant flux from the reference mirror; use of such
a calibrated optical attenuator eliminates the neces-
sity of undesirable changes of amplifier gain-control
adjustments.

A plot of measured fractional spectral reflectance R(v)
as a function of wave number is given in the curve

labeled R in Fig. 1; the curve has a slope that is small
and nearly constant over most of the indicated spectral
range. However, the spectral reflectance decreases
rapidly in the region of 4000 cm™, owing to the proxim-
ity of the strong fundamental water bands near
3400 cm™". The reflectance curve shown in the figure is
the smooth curve drawn through points representing
many individual determinations; we believe that the
fractional uncertainty 6R/R is 0.02 over most of the
range, where R includes the standard deviation of the
measurements of samples and reference mirror and the
restrictions imposed by the calibration of the sector
wheels. '

TRANSMITTANCE MEASUREMENTS

In order to obtain accurate values of the Lambert
absorption coefficient a(v), it is necessary to have
accurately measured values of the thickness x of the
absorbing layers of water and to eliminate the effects of
reflection and absorption by the windows of the absorp-
tion cell.” In the present study, in the 5500-14 500 cm™!
region, we employed a set of precision absorption cells
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Fic. 1. Curve R gives fractional reflectance at near-normal
incidence as a function of frequency in cm™!. Curve n gives a plot
of refractive index n(») as a function of frequency.
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F1c. 2. Lambert absorption coefficient a(») as a function
of frequency expressed in cm™'.

1
140

of Infrasil quartz that provided path lengths of 1, 2, 5,
10, 20, 30, 40, and 50 mm; these cells, which were
supplied by Markson Science, Inc., were fabricated from
a single batch of fused silica in order to avoid differences
of optical properties of the cell windows. In measuring
the transmittance of water samples in these cells, we
used a collimated beam of radiant flux.

The measured spectral transmittance T'(v) of water
in an absorption cell of length x is given by the
expression

TG)=[1-R'()L1—4"()IJexp[—a()z], (1)

where R’(v) is fraction of the incident radiant flux
reflected from the inner and outer window surfaces of
the filled cells and A’(v) is the fraction of the flux
absorbed by the windows. By taking the ratios of the
spectral transmittances of water-filled cells of different
lengths, we eliminated the influence of R’(v) and 4’(v)
and obtained accurate values of the Lambert coefficient
a(v).

In the range 3800-5500 cm™!, we used a Beckmann
variable-path-length cell with fused-silica windows;
the path length can be accurately and continuously
adjusted in the range 6 mm to 30 um.

The values of the Lambert absorption coefficient
that we derived from our measurements are shown in
Fig. 2. As indicated in the figure, the values of a(v) at
14 000 and 4000 cm™ differ by a factor of 10*; un-
certainty bars for various spectral regions are indicated
in the figure. Values of a(») are listed in Table I. In
arriving at each value of «(v) given in the table we
measured the transmittance of 6 to 12 absorbing layers

that had diilerent thicknesses x. The fractional un-
certainty da(v)/a(v), based on the standard deviation
da(p), is fairly small in the range 1000-3500 em™; at
higher irequencies a(r) becomes smaller and the mea-
sured absorptance /A (v)=1=T(») of the water for the
absorption cells employed becomes too small to provide
accurate values of (v) ; thus, the fractional uncertainty
increases. At frequencies less than 4000 cm™!, the values
of a(v) are so great that even with the thinnest cell
employed A (v) becomes too great for accurate deter-
mination of a(v); for these low frequencies, the wedge-
cell techniques described by Robertson? are to be
preferred.

OPTICAL CONSTANTS

Values of the imaginary part k(v) of the complex
refractive index based on measured values of a(v) are
listed in Table I. A plot of £(v) vs » for the region
covered in the present study joins smoothly with the
curve based on Robertson’s results’ for lower frequency
ranges. -
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F1c. 3. The continuous curve in the upper panel gives values of
n(v) sbtained in the present study; the continuous curve in the
lower panel gives values of a(v) obtained in the present study.
The crosses indicate values tabulated by Irvine and Pollack;
the circles indicate values tabulated by Hale and Querry.
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TasLe I. Optical constants of liquid water from the near infrared to the ultraviolet.
vincm™  a(v) in cm™ k(») n(v) \in um vincm™  afp) in cm™! k(») n(y) A in um
3 800 1.93X102 4.04X1073 1.239 2.632 8 600 1.18 1.09 1.326 1.163
3 900 1.11 2.26 1.257 2.564 8 700 9.70X 10! 8.87X10™¢ 1.326 1.149
4000 9.57TX10 1.90 1.268 2.500 8 800 5.48 4.96 1.326 1.136
4100 6.35 1.23 1.276 2.439 8 900 3.23 2.89 1.327 1.124
4200 4.18 7.92X107¢ 1.281 2.381 9 000 2.32 2.05 1.327 L1
4 300 2.93 5.42 1.285 2.326 9 100 1.92 1.68 1.327 1.099
4 400 2.30 4.16 1.291 2.273 9200 1.66 1.44 1.327 1.087
4 550 1.93 3.38 1.296 2.198 9350 1.48 1.26 1.328 1.070
4700 2.36 4.00 1.301 2.128 9 500 1.64 1.37 1.328 1.053
4 800 3.10 S.14 1.303 2.083 9 600 1.90 1.57 1.328 1.042
4900 4.50 7.31 1.305 2.041 9700 2.31 1.90 1.328 1.031
5000 6.92 1.10X107? 1.306 2.000 g 800 2.85 2.31 1.328 1.020
5100 109X 10° ng igg; }gg; 900 3.51 2.82 1.328 1.010
519 1.24 L & 1
5300 57510t 8.63x10~¢ 1310 1.887 10000 4.16 3.31 1.328 1.000
5400  1.08 1.59 1.311 1.852 10100 4.69 3.70 1.328 0.990
5500  9.44x10° 137 1312 1.818 10200  5.02 3.92 1.328  0.980
5550 9.48 1.36 1.312 1.802 10 280 5.14 3.98 1.328 0.973
5600  9.18 1.30 1.313 1.786 10400 471 3.60 1328 0.962
5700 7.60 1.06 1.314 1.754 10 500 3.22 2.44 1.328 0.952
5800 623 8.55x10% 1314 1.724 10600  2.14 1.61 1329 0.943
5900 5.65 7.62 1.315 1.695 10 700 1.58 1.18 4 1.329 0.935
6 000 5.65 7.49 1.316 1.667 10 800 1.19 ’ 8.77X10~ 1.329 0.926
6100 6.07 7.92 1.317 1.639 11 000 7.50X 10" 5.43 1.329 0.909
11 200 6.09 4.33 1.329 0.893
6200 6.80 8.73 1.318 1.613 11 400 5.06 3.53 1.330 0.877
g% 8.(6); }.02)( 10~¢ l.glg 1.52;
9. .20 1.31 1.5

6500  121X10' 148 1319 1538 na e i
6600 1.6 1.88 1320 1315 i o 136 055
6 700 2.17 2.58 1.320 1.493 : : i ;

3 12 200 1.99 1.30 1.330 0.820
6 800 2.85 3.34 1.321 1.471 12 300 1.91 124 1.331 0.813
6930 317 3.64 L3211 1443 T o s
7000  3.10 352 L3201 1429 o 6 i 3 1%
7100 2.5 241 1322 1408 e a b 181 et
7200 9.3x10° Lot o 1322 1.389 13000 251 154 1331 0760
7300 5.45 5.94X10™ 1.323 1.370 13 2% %gz {g }gg% 8;22
7400 387 4.16 1.323 1.351 133 81 . « ik o
7500 2.5 2.39 123 138 13400 275 1.6 1332 0746
7 600 1.67 175 1.324 1.316
71700 1.34 1.38 1.324 1.299 13 600 2.38 1.39 1.332 0.735
7800 1.13 115 1.324 1.282 13 800 1.34 7.73X107 1.332 0.725
7900 1.07 1.08 1.324 1.266 14 000 9.8%107* 5.6 1.332 0.714
8 000 f.11 1.10 1.325 1.250 14 250 6.9 3.8 1.332 0.702
8 100 1.17 1.15 1.325 1.235 14 500 49 2. 1.332 0.690
8200 1.22 1.18 1.325 1.220 18 000 1.333 0.556
8 300 1.25 1.20 1.325 1.205 22250 1.337 0.449
8 400 1.25 1.18 1.325 1.190 24 500 1.344 0.408
8 500 1.23 1.15 1.326 1.176 27 800 1.353 0.360

Values of the real part n(v) of the complex refractive
index can be obtained by use of the Fresnel expression
for normal-incidence spectral reflectance

R=[(n—=1*4+~/[ (n+1)2+k2]. 2)

Over much of the spectral region covered in the present
work, &(v) is so small that it can be neglected; in this
case, n(v) can be obtained in excellent approximation
from

n= (14+RY)/(1-RY). 3)

We plot n(v) vs v in curve » in Fig. 1 and list values of
n(v) in Table I. The fractional uncertainty én(»)/n(v) is
approximately £0.01 over most of the spectral region
covered.

'

DISCUSSION OF RESULTS

The present study covers a region intermediate
between the region of extremely high absorption in the
infrared and the region of great transparency in the
visible and near ultraviolet. A portion of this region
was covered in the Irvine-Pollack survey!; our results
are in much closer agreement with the Irvine-Pollack
values in this region than were our earlier results in the
intermediate and far-infrared regions.*=*

Recently Hale and Querry’ have made a critical
survey of the existing literature dealing with the
optical properties of water and have attempted to
select a set of best values. In the region of present
interest, these authors base their values on the work of
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Kondratyev," Curcio and Petty,"* and Zolatarey of ol
In Fig. 3, we compare our values of 2 and a, as «iven by
the continuous curves, with the resuits of the frvine-
Pollack survey given by crosses and the Haie-Querry
survey given by circles. I geaceal, there is Gadr agree-
ment; some of the disagreements can possibiv he
attributed to slight differences of frequency cuitbration
of the dispersing instruments, rather than to real
ditferences of » and £ values.

Although the values of the optical constants that we
list in Table [ are suthiciently accurate for use in Mie-
theory calculations of scattering, more-precise values of
n(») in much of the range covered can be obtained from
measurcments of the angular deviation of beams passing
through a hollow prism filled with water. The values of
k(v) progressively decrcase with increasing frequency in
the visible region and attain a value of approximately
10~ in the 20 000-22 000 cm™ range. Extremely long
absorption path lengths must be employed, and extreme
care must be taken to avoid spurious effects associated

AND D,
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with scattering, if improved values of %(v) are to be
obtained in the frequency range above 135 000 cm™,
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After the experimental work done by Rusk, by Robertson, and by
Palmer reported in the preceding papers, we had a wealth of quantitative
knowledge of the reflection spectrum in the range 15,000 cm_l to 300 cm”1
and the absorption spectrum of water from the visible region to a fre-
quency of 50 cm-l in the far infrared. Over most of this range the
optical constants n(v) and k(v) could be determined directly from exper-
imental measurements. Throughout this region values of n(v) could also
be determined by Kramers-Kronig analysis of absorption meaSurements;
both n(v) and k(v) could be determined by Kramers-Kronig phase-shift
analysis of reflection measurements. Dr. Harry D. Downing made a cri-
tical survey of the amassed data and the consistency of n(v) and k(v)
as determined by various methods. The results of this survey are in-

cluded in the following paper by Downing and Williams, which consti-

tutes our definitive work on the spectrum of water at 27°C.

Note: Some of the data in the paper for frequencies below 100 cm-1
are based on British work at the National Physical Laboratory in Ted-
dington. Newer data from that source are somewhat different; thus, the
tabulated values of n(v) and k(v) for very low fredquencies are somewhat

in question.
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Optical Constants of Water in the Infrared
p

HarRrY D. DOWNING AND DUDLEY WILLIAMS

Department of Physics, Kansas State University, Manhattan, Kansas 663506

The results of our earlier studies ol reflection and absorption in various spectral regions are reviewed
and then used to provide values of the complex index of refraction & = n + ik of water at 27°C in the
spectral range 5000~10 ¢m ™', corresponding to wavelengths in the runge 2 um to | mm. Values of n, k. and
the Lambert absorption coeflicient a, which are presented graphically and in tabular form, should prove
useful in studies of the scattering of infrared radiation by water droplets in the atmosphere and in studies

of radiative heat bulance at water surfaces.

Although the infrared spectrum of water had been the sub-
ject of numerous investigations, /rvine and Pollack [1968]
made a critical survey of published results that revealed many
inconsistencies and a general paucity of quantitative data on
which to base values of the real and imaginary parts of the
complex index of refraction ¥ = n + ik. In view of the impor-
tance of n and & in calculations of the transmission, scatter-
ing, and absorption of electromagnetic radiation by water
droplets in the earth’s atmosphere, our iaboratory group has
devoted considerable attention to the quantitative determina-
tion of the optical properties of water in the infrared. We have
based our earlier listings of the optical constants n and & on
quantitative measurements of various types in various spectral
regions. The purpose of the present paper is to give a critical
review of our earlier studies with the purpose of providing a set
of ‘best values’ for use in atmospheric studies.

In our initial study, covering the 5000- to 400-cm™"' region,
Querry et al. [1969] attempted to measure the reflectance of
polarized radiation at two large angles of incidence and to
determine n and k& by solution of the generalized Fresnel
equations. In the range 5000-330 cm~'. Rusk et al. [1971]
employed reflectance measurements at near-normal incidence
and at an angle of 33° near Brewster's angle. Although there
was fair agreement in the values of 7 and & obtained in these
two studies, serious uncertainties were introduced as a result of
the imperfect polarizers employed at nonnormal incidence in
the first study and the failure to achieve Brewster's angle in the
vicinity of absorption bands in the second study.

In view of these uncertainties, Hale et al. [1972] applied a
Kramers-Kronig (KK) phase shift analysis to obtain values of
the optical constants from Rusk’s measurements of reflectance
at near-normal incidence. The values of n based on the KK
analysis represented an improvement on the earlier values; the
KK analysis gave good values of k in the vicinity of strong ab-
sorption maximums but was unreliable in spectral regions
where k is small. [n general, reflectance measurements can give
reliable vafues for n and aiso for large &; they thus complement
careful absorption measurements, which can provide reliable
values for small k but somewhat questionabie values for large
k.

Our next study by Robertson and Williams (1971] was the
quantitative measurement of the Lambert absorption
coelficient o detined by / = /[, exp [—ax]: in this work we used
a wedge-shaped absorption cell designed by Robertson. and
we covered the spectral range 4300-300 ¢cm ~'. The values ol &
= Aa/d4r based on absorption measurements were more
precise than those based on reflectance in spectral regions of

Copyright © 1975 by the Amenican Geophysical Umon.

small k and agreed. within the stated limits of uncertainty. in
the centers of absorption bands where k is large: in the spectral
range v < 600 cm~' the uncertainties in k became larger
because of limitations imposed by the spectrometers
employed. The values of k were measured in this low-
frequency region by Robertson et al. {1973], who used a far in-
frared grating instrument to determine « in the spectral runge
between 800 and 50 cm~'; these authors also obtained values
of n by means of a KK analysis of measured values of a.

In the spectroscopy of the remote infrared, interferometers
used with Fourier transform techniques have marked advan-
tages over conventional grating instruments. Using interfero-
metric methods, John Chamberlain and his associates at the
National Physical Laboratory (NPL) have obtained values of
n and £ in the range 100-20 cm~"; in the course of this work,
Davies et al. [1970] employed absorption techniques, and Zafar
et al. [1973] employed reflection techniques. Existing water
data in the microwave and radiofrequency regions have been
summarized by Ray {1972].

PRESENT STUDY

In preparing the present summary of our work on water we
have based our values of the optical constants primarily on (1)
Robertson's absorption measurements and (2) Rusk’s
measurements of spectral reflectance at near-normal incidence.
In extensions of these primary data to the near-infrared and
visible we have made use of the recent work of Palmer and
Williams (1974]; in the extreme infrared we have used the NPL
results in the 100- to 20-cm~" region and results taken from
Ray's survey in the frequency range below 20 cm™". In spectral
regions where accurate values of absorption coefficients and
reflectances have been determined independently we have ob-
tained values of n and k from Fresnel's equation: in other
regions we have employed KK methods.

The refractive index 7 can be determined from the KK reiu-
tion

p -y

nw) =1 4+ (1, 2,1")Pj oL ek (1)

where a represents the Lambert absorption coefficient, for
which we have values in the range between the radiofrequency
region and 14,500 cm =" in the visible. In order to obtain values
of n in the infrared from (1) it is sufficient to take account
of ultraviolet contributions by assuming a single far ultraviolet
band which will give the proper value of n at some fre-
quency for which it is accurately known from independent
measurements; we chose charactenistics for the hypothetcal
ultraviolet band that would yield a value n = 1.206 at 3000
cm”™' in agreement with all our own earlier measurements.
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On the basis of a evaluated from (1) and of direct ex-
perimental values of A = Aee e we caleulated the values of the
normal incideice rellectance R in the range S00-120 ecm ™",
these calculated values of R served o check Rusk’s values in

the 800- to 350-cm~' range and to provide values of R in the

350- to 120-cm~! runge, where no reflectance measurements
have been made. In the 120- to 90-¢cm~! range we jowned our
calculated values to a rellectance curve lor the 90- 1o 10-cm ™!
range calculated from the NPL optical consiants and those
listed by Ray. On the basis of measured and calculated vulues
of reflectance over the whole runge from the near ultraviolet to
the radiofrequency range, we then employed the KK phase
shift theorem
In

Mn:wwwf-$¥%gw, o

where [R(»)]"/? is the modulus of the complex reflectivity R =
k

{R(v)]"? exp [ip(v)]. In terms of ¢ and R the values of #» and
at any frequency are given by the relations
n= (1 —R)/( +R— 2R cos ¢) (3)
k= (=2R"*sin¢)/(1 + R — 2R cos )  (4)

We have used (2) along with (3) and (4) to provide n and k over
the entire frequency range of present interest.

In the computer programs used for the solution of (1) and
(2) we have employed methods based on Simpson’s rule with a
basic increment of [0 cm~' except in the vicinity of the
singularity at », where analytic solutions invoiving quadratic
approximations of a(v) and In [R(v)]'’? were used. The 10-cm~"
mesh is satisfactory over most of the range of present interest
but becomes coarse at the lowest frequencies.

OpTicaL CONSTANTS

In Figure | we give our final values of the absorption index
k as a function of frequency in waves per centimeter and wave-
length in micrometers. The values represent the weighted average
of k based on direct measurements of @ and on KK analyses;
greater weight is given to the values based on direct measure-
ment. The error bars shown in the figure represent the max-
imum differences between measured values and values based
on (1), (2), and (4); the error bars thus give a measure of the in-
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Fig. 2. Refractive index n as a function of wave number and

wavelength.

ternal consistency of our work. In general, the actual un-
certainties, which have been estimated in our earlier papers,
are comparable with those given by the error bars except in the
vicinity of the strong absorption band near 3400 cm~*, for
which Robertson and Williams (1971} list an uncertainty of
+4% in k; thus since transmission measurements tend to give
an underestimate of k at the centers of strong absorption
bands, our results indicate that k& may be as large as 0.294 at
3390 cm~t.

Our final values of the refractive index n are plotted as a
function of wave number and wavelength in Figure 2. The
curve shown represents a weighted average of direct deter-
minations in regions where a and R have been determined
directly by experiment, of KK determinations from (1), and of
KK determinations from (2) and (3); greater weight has been
accorded to direct determinations. It should be noted that our
values of n in the range 350-120 cm~"' are based entirely on
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Fig. 3. Lambert absorption coefficient a as a function of wave
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ment of absorption.
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KK analyses, since we have made no reflection measurements TABLE 1. (continucd)
in this range. The error bars on the curve in the figure are a s —
measure of the sell-consistency of our work and at a given n(v) k(v) &%)
frequency represent the maximum differences between noas
delcrminchby varnous lgchniqugs: the large uncertantics in- o 134y 0.0927 iare.0 f ot
spectral regions where 2 is changing rapidly are probably due 35090 1.144 0.102 4420.0 2.786
in part to spectrometer calibration problems and in part to the 3580 1.149 0.112 4750.9 2.793
. . . ) by 3570 1.154 0.121 5110.0 2.301 ;
size of the increments employed in the KK analysis. 3360 1.158 0.131 5530.0 2,309
3550 1,161 0.142 6020.0 2.817
3540 1.165 0.154 6510.0 2.825
TABLE 1, Optical Constants of Water in the Infrared 3530 1.171 0.167 7070.0 2.853
3520 LAl 0.180 7670.0 2.841
3510 1.183 0.194 8230.0 2.849
v n(v) k(v) a(v) A 3500 1.191 0.206 8750.0 2.857 :
3490 1.199 0.218 9270.0 2.865
3480 132102 0.229 9660.0 2.874
5000 1.303 0.00110 69.2 2.000 3470 15220 0.239 10120.0 2.882
4950 1.301 0.000900 56.0 2.020 3460 1.233 0.249 10500.0 2.890
4900 1.301 0.000731 45.0 2.041 3450 1.246 0.258 10850.0 2.899
4850 1.300 0.000617 37.6 2.062 3440 1.258 0.265 11150.0 2.907
4800 1.298 0.000514 31.0 2.083 3430 1.271 0.271 11370.0 2.915
4750 1.298 0.000452 27.0 2.105 3420 1.282 0.276 11600.0 2,924
4700 1.296 0.000400 23.6 2.128 3410 1.293 0.280 11780.0 2.933
4650 1.299 0.000359 21.0 2,151
4600 1.294 0.000341 19.7 2.174 3400 1.308 0.281 11850.0 2.541 1
4550 1.293 0.000338 19.3 2.198 3390 1.317 0.282 11900.0 2.950
3380 1.329 0.282 11870.0 2.959
4500 1.291 0.000345 19.5 2.222 3370 1.342 0.27 11720.0 2.967
4450 1.289 0.000376 21.0 2.247 3360 1.353 0.276 11600.0 2.976
4400 1.287 0.000416 23.0 2.273 3350 1.364 0.272 11400.0 2.985
4350 1.285 0.000465 25.4 2.299 3340 1.376 0.267 11150.0 2.994
4300 1.282 0.000542 29.3 2.326 3330 1.386 0.262 10920.0 3.003
4250 1.280 0.000652 34.8 2,553 3320 1.398 0.255 10570.0 3.012
4200 1.227 0.000792 41.8 2.381 3310 1.407 0.250 10300.0 3.021
4150 1.274 0.000968 50.5 2.410
4100 1.270 0.00123 63.5 2.439 3300 1.417 0.243 10000.0 3.030
4050 1.265 0.00156 79.5 2.469 3290 1.426 0.236 9670.0 3.040
3280 1.434 0.228 9300.0 3.049
4000 1.261 0.00190 95.7 2.500 3270 1.442 0.220 8950.0 3.058
3990 1.260 0.00195 97.5 2.506 3260 1.450 0.212 8570.0 3.067
3980 1.259 0.00200 100.0 2.513 3250 1.457 0.204 8270.0 3.077
3970 1.257 0.00205 102.0 2.519 3240 1.465 0.195 7820.0 3.086
3960 1.256 0.00207 103.0 2.525 3230 1.471 0.183 7320.0 3.096
3950 1.255 0.00210 104.0 2.532 3220 1.476 0.173 6830.0 3.106
3940 1.254 0.00212 105.0 2.538 3210 1.480 0.163 6400.0 3.115
3930 1.252 0.00215 106.0 2.545
3920 1.250 0.00219 108.0 2.551 3200 1.483 0.153 6010.0 3.125
3910 1.249 0.00224 110.0 2.558 3190 1.486 0.144 5610.0 3.135
3180 1.487 0.134 5210.0 3.145
3900 1.247 0.00227 V1.0 2.564 3170 1.487 0.125 4840.0 3.155
3890 1.246 0.00231 113.0 2.571 3160 1.487 0.117 4550.0 3.165
3880 1.243 0.00234 114.0 2.577 3150 1.486 0.110 4320.0 3.175
3870 1.241 0.00239 116.0 2.584 3140 1.485 0.0994 3890.0 3.185
3860 1.240 0.00243 118.0 2.591 3130 1.482 0.0920 3620.0 3.195
3850 1.238 0.00248 120.0 2.597 3120 1.479 0.0855 3390.0 3.205
3840 1.235 0.00257 124.0 2.604 3110 1.477 0.078S 3120.0 3.215
3830 1.232 0.00270 130.0 2.611
3820 1.230 0.00298 143.0 2.618 3100 1.474 0.0716 2840.0 3.226
3810 1.227 0.00330 158.0 2.625 3090 1.472 0.0653 2590.0 3.236
3080 1.467 0.0600 2390.0 3.247
3800 1.224 0.00402 192.0 2.632 3070 1.464 0.0550 2190.0 3.257
3790 1.221 0.00437 208.0 2.639 3060 1.461 0.0504 2010.0 3.268
3780 1.218 0.00482 229.0 2.646 3050 1.457 0.0462 1840.0 3.279
3770 .214 0.00536 254.0 2.653 3040 1.454 0.0422 1680.0 3.289
3760 1.210 0.00627 296.0 2.660 3030 1.451 0.0385 1530.0 3.300
3750 1.205 0.00732 345.0 2.667 3020 1.448 0.0348 1390.0 3.311 &
3740 1.200 0.00855 402.0 2.674 3010 1.444 0.0315 1260.0 3.322
3730 1.195 0.0105 490.0 2.681
3720 1.191 0.0127 593.0 2.688 3000 1.441 0.0297 1120.0 3.333
3710 1.185 0.0145 677.0 2.695 2990 1.437 0.0279 1050.0 3.344
2980 1.434 0.0262 980.0 3.356
3700 1.179 0.0164 762.0 2.703 2970 1.431 0.0250 933.0 3.3067
3690 1.172 0.0186 862.0 2.710 2960 1.427 0.0229 850.0 3.378
3680 1.166 0.0205 946.0 2,717 2950 1,425 0.0210 780.0 3.390
3670 1.157 0.0282 1300.0 2.725 2940 1.421 0.0193 713.0 3.401
3660 1.149 0.0380 1930.0 2.732 2930 1.418 0.0177 650.0 3.413
3650 1.144 0.0462 2270.0 2.740 2920 1.415 0.0163 599.0 3.425
: 3640 1.139 0.0548 2600.0 2.747 2910 1.413 0.0151 551.0 3.436
: 3630 1.138 0.0649 2970.0 2.755
: 3620 1.138 0.0744 3340.0 2.762 2900 1.410 0.0138 503.0 3.448
| 3610 1.139 0.0836 3720.0 2.770 2890 1.407 0.0128 466.0 3.460
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TABLE 1. (continued) TABLE 1. (continued)
v n(v) k(v) a(v) A v n(v) k(v) a(v) A
2880 1.408 0.0118 428.0 3.472 2180 1.327 0.0145 396.0 4,587
2870 1.403 0.0110 398.0 5,484 2170 1.327 0,0149 406,0 4.608
2860 1.400 0.0101 363.0 3,497 2160 1,327 0,0152 412.0 4.630
2850 1.398 0.00941 337 .0 3.509 2150 1.327 0,0154 417.0 4,651
2840 1.396 0.00866 309.0 3,521 2140 1.326 0.0156 419.0 4.673
2830 1.394 0.00807 287.0 3.534 2130 1.326 0.0157 419.0 4,695
2820 1.392 0.00737 261.0 3.546 2120 1.526 0.0157 418.0 4.717
2810 1.390 0.00683 241.0 3.559 2110 1.325 0.0157 416.0 4.739
2800 1.388 0.00625 220.0 3.571 2100 1.32 0.0155 410.0 4.762
2790 1.387 0.00579 203.0 3.584 2090 1.325 0.0153 402.0 4.78S
2780 1.385 0.00S38 188.0 3.597 2080 1.32 0.0151 394.0 4.808
2770 1.383 0.00506 176.0 3.610 2070 1.325 0.0148 386.0 4.831
2760 1.382 0.00473 164.0 3.623 2060 14325 0.0146 377.0 4.854
2750 1.379 0.00449 155.0 3.636 2050 1.524 0.0143 368.0 4.87
2740 1.378 0.00424 146.0 3.650 2040 1.324 0.0140 359.0 4.902
2730 1.377 0.00405 139.0 3.663 2030 1.323 0.0137 349.0 4.926
2720 1.375 0.00389 133.0 3.676 2020 1.322 0.0133 338.0 4.950
2710 1.374 0.00376 128.0 3.690 2010 1.322 0.0129 327.0 4.975
2700 1.372 0.00363 123.0 3.704 2000 1,321 0.0126 317.0 5.000
2690 1.371 0.00355 120.0 S7LT 1990 1,320 0.0122 306.0 5.025
2680 1.370 0.00347 117.0 3.731 1980 1,319 0.0118 294.0 5.051
2670 1.369 0.00340 114.0 3.745 1970 1,318 0.0115 284.0 5.076
2660 1.367 0.00335 112.0 3.759 1960 1.318 0.0110 272.0 5.102
2650 1.366 0.00336 112.0 3.774 1950 1.317 0.0108 264.0 5.128
2640 1.365 0.00335 111.0 3.788 1940 1.316 0.0105 255.0 5.1S§
2630 1.363 0.00339 112.0 3.802 1930 1.314 0.0103 249.0 5.181
2620 1.361 0.00340 112.0 3.817 1920 1.313 0.0101 244.0 5.208
2610 1.361 0.00348 114.0 3.831 1910 1,311 0.0100 240.0 5.236
2600 1.360 0.00352 115.0 3.846 1900 1,310 0.00993 237.0 5.263
2590 1.358 0.00363 118.0 3.861 1890 1.308 0.00990 235.0 5.291
2580 1.358 0.00370 120.0 3.87 1880 1.306 0.00995 235.0 §.319
2570 1.357 0.00378 122.0 3.891 1870 1.304 0.0100 236.0 5.348
2560 1.355 0.00389 125.0 3.9066 1860 1.302 0.0102 238.0 5.376
2550 1.354 0.00399 128.0 3.922 1850 1.299 0.0104 242.0 5.405
2540 1.353 0.00410 131.0 3.937 1840 1.297 0.0107 247.0 5.435
2530 1.352 0.00422 134.0 3.953 1830 1.294 0.0110 253.0 5.464
2520 1.351 0.00433 137.0 3.968 1820 1.291 0.0115 262.0 5.495
2510 1.350 0.00450 142.0 3.984 1810 1.288 0.0120 274.0 5.525
2500 1.349 0.00465 146.0 4,000 1800 1.285 0.0128 289.0 5.556
2490 1.348 0.00479 150.0 4,016 1790 1.282 0.0138 511.0 5.587
2480 1.348 0.00494 154.0 4.032 1780 1.278 0.0150 336.0 5.618
2470 1.347 0,00512 159.0 4,049 1770 1.275 0.0166 370.0 5.650
2460 1.346 0.00551 164.0 4.065 1760 1273 0.0185 409.0 5.682
2450 1.345 0.00549 169.0 4.082 1750 1.267 0.0205 451.0 5.714
2440 1.344 0.00568 174.0 4.098 1740 1.262 0.0242 529.0 5.747
2430 1.344 0.00586 179.0 4.115 1730 1.256 0.0293 637.0 5.780
2420 1.343 0.00608 185.0 4.132 1720 1.251 0.0332 734,0 5.814
2410 1.342 0.00631 191.0 4.149 1710 1.247 0.0429 947.0 5.848
2400 1.341 0.00653 197.0 4.167 1700 1.242 0.0544 1200.0 5.882
2390 1.340 0.00673 202.0 4.184 1690 1,241 0.0688 1515.0 $.917
2380 1.340 0.00696 208.0 4.202 1680 1.241 0.0840 1840.0 5.952
2370 1.338 0.00722 215.0 4.219 1670 1.247 0.1021 2175.0 5.988
2360 1.337 0.00749 222.0 4.237 1660 1.265 0.117 2430.0 6.024
2350 1.337 0.00779 230.0 4,255 1650 1.289 0.130 2670.0 6.061
2340 1.335 0.00806 237.0 4.274 1640 1.511 0.132 2738.0 6.098
2330 1.334 0.00833 244.0 4.292 1630 1.332 0.124 2566.0 6.135
2320 1,334 0.00864 252.0 4,310 1620 1.349 0.106 2139.0 6.173
2310 1.333 0.00896 260.0 4.329 1610 1.354 0.0880 1760.0 6.211
2300 1.332 0.00927 268.0 4.348 1600 1.356 0.0740 1465.0 6.250
2290 1.332 0.00966 278.0 4.367 1590 1.354 0.0618 1200.0 6.289
2280 1.331 0.0100 287.0 4.38 1580 1.350 0,0535 1025.0 6.329
2270 1.330 0.0104 297.0 4.405 1570 1.345 0.0484 934.0 6.3€9
2260 1.330 0.0108 308.0 4.425 1560 1.341 0.0447 863.0 6.410
250 1.330 0.0112 318.0 4.444 1550 1.337 0.0420 806.0 6.452
2240 1.328 0.0117 330.0 4.464 1540 1.333 0.0398 758.0 6.494
2230 1.329 0.0122 342.0 4.484 1530 1.330 0.0383 726.0 6.536
2220 1.329 0.0126 352.0 1.508 1520 1.326 0.0373 703.0 6.579
2210 1.328 0.0131 364.0 4.525 1510 1.324 0.0370 683.0 6.623
2200 1.328 0.0136 376.0 4.545 1500 1.322 0.0366 666.0 6.667
2190 1.327 0.0140 386.0 4.566
37
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TABLE 1. (continued) TABLE 1. (continued)
v n(v) k(v) a(v) A v n(v) k(v) a(v) A
1490 1.320 0.0363 652.0 6.711 780 1.142 0.292 2883.0 12.821
1480 1.319 0.0360 638.0 6.757 770 1157 0.305 2969.0 12,987
1470 1.318 0.0357 624.0 6.803 760 el 0.317 3040.0 13.158 '
1460 12317 0.0355 612.0 6.849 750 1,182 0.328 3100.0 13.333
1450 1.316 0.0352 602.0 6.897 740 1.189 0.338 3150.0 13.514
1440 2.515 0.0350 593.0 6.944 730 1.201 0.347 3192.0 13.699
1430 1.314 0.0347 582.0 6.993 720 121 0.356 3231.0 13.889
1420 1.313 0.0346 575.0 7.042 710 1.223 0.365 3263.0 14.085
1410 1.311 0.0343 564.0 7.092
700 1.236 0.373 3287.0 14.286
1400 1.310 0.0342 $58.0 7.143 690 1.249 0.379 3298.0 14.493
1390 1.309 0.0342 554.0 7.194 680 1.264 0.386 3307.0 14.706
1380 1.308 0.0342 550.0 7.246 670 1,277, 0.392 3308.0 14.925
1370 1.307 0.0343 547.0 7.299 660 1.289 0.397 3307.0 15.152
1360 1.306 0.0342 543.0 7.353 650 1.303 0.403 3301.0 15.385
1350 1.308 0.0342 540.0 7.407 640 1.313 0.408 3291.0 15.625
1340 1.303 0.0342 537.0 7.463 63C 1.324 0.412 3276.0 15.873
1330 1.302 0.0342 535.0 7.519 620 1.335 0.417 3259.0 16.129
1320 1.301 0.0342 532.0 7.576 610 1.348 0.420 3234.0 16.393
1310 1.300 0.0344 530.0 7.634
600 1.361 0.423 3203.0 16.657
1300 1.298 0.0345 $30.0 7.692 390 1.37 0.425 3167.0 16.949
1290 1.296 0.0346 529.0 7.752 580 1.385 0.427 3126.0 17.241
1280 1.295 0.0349 528.0 7.813 570 1.396 0.428 3077.0 17.544
1270 1.294 0.0351 527.0 7.874 560 1.407 0.427 3022.0 17.857
260 1.293 0.0351 526.0 7.937 550 1.419 0.427 2964.0 18,182
1250 1.291 0.0351 525.0 8.000 540 1.431 0.426 2903.0 18.519
5 1240 1.288 0.0352 524.0 8.065 530 1,441 0.425 2842.0 18.368
1230 1.286 0.0356 524.0 8.130 520 1.451 0.423 2779.0 19.231
1220 1.285 0.0359 523.0 8.197 510 1.462 0.421 2709.0 19,608
i 1210 1.283 0.0361 $23.0 8.254
500 1.470 0.418 2638.0 20,000
1200 1.281 0.0362 522.0 8.333 490 1.480 0.415 2565.0 20.408
1190 1.27 0.0366 522.0 8.403 480 1.488 0.411 2494.0 20.833
1180 1.27 0,0370 523.0 8.475 470 1.496 0.408 : 2423.0 21,277
1170 1.274 0.0374 523.0 8.547 460 1.504 0,404 2347.0 21.739
1160 1.271 0.0378 523.0 8.621 450 1.510 0.401 2 2280.0 22.222
1150 1.269 0.0383 524.0 8.696 440 1.515 0.397 2210.0 22,727
1140 1.267 0.0387 525.0 8.772 430 1.521 0.394 2143.0 23.256
1130 1.264 0.0392 527.0 8.850 420 1527 0.390 2072.0 23.810
1120 1.261 0.0398 529.0 8.929 410 1,552 0.386 2004.0 24.390
1110 1.259 0.0405 532.0 9.009
400 1,537 0.382 1933.0 25.000
1100 1.256 0,0411 536.0 9.091 390 1.541 0.377 1862.0 25.641
1090 1.253 0.0417 540.0 9.174 380 1.545 0.372 1793.0 26.316
1080 1.249 0.0424 546.0 9.259 370 1.549 0.368 1724.0 27.027
1070 1.246 0.0434 553.0 9.346 360 1.552 0.363 1658.0 27.778
1060 1.242 0.0443 561.0 9.434 350 1,552 0.359 1593.0 28.571
1050 1.238 0.0453 571.0 9.524 340 1.552 0.356 1532.0 29.412
1040 1.234 0.0467 533.0 9.615 330 1.550 0.352 1472.0 30.303
1030 1.230 0.0481 596.0 9.709 320 1.546 0.353 1432.0 31.250
1020 1.224 0.0497 613.0 9.804 310 1.543 0..357 1401.0 32.258
1010 1.220 0.515 631.0 9.901
300 1.541 0.361 1374.0 33.333
1000 1.214 0.0534 651.0 10.000 290 1.539 0.368 1351.0 34.483
990 1.208 0.0557 673.0 10.101 280 1.537 0.375 1331.0 35.714
980 1.202 0.0589 702.0 10.204 270 1,534 0.385 1317.0 37.037
970 1.194 0.0622 733.0 10.309 260 1.532 0.398 1311.0 38.462
960 1.189 0.0661 770.0 10.417 250 1.529 0.414 1310.0 40,000
950 1.181 0.0707 817.0 10.526 240 1528 0.436 1323.0 41.667
940 1.174 0.0764 866.0 10.638 230 1.528 0.469 1364.0 43.478
930 1.168 0,0828 927.0 10.753 220 1.542 0.508 1407.0 45,455
920 1.162 0.0898 993.0 10.870 210 1.567 0.539 1434.0 47.619
| 910 1.156 0.0973 1064.0 10.989 200 1.600 0.571 1445.0 50.000
| 900 1.149 0.107 1165.0 11.111 190 1.640 0.597 143?’.0 s‘.r_;,z
‘ 143 0.118 1270.0 11.236 180 1.689 0.618 1412.0 §S.>S6
l 890 Li2 Lo . 170 1.746 0.62¢ 1358.6 58.824
| 880 1.139 0.130 1396.0 11.364 = % &
| e o 160 1.801 0.622 1266.0 62.500
870 1.135 0.144 1533.0 11.494 - “
150 1.848 0.608 1165.0 66.667
| 860 1.132 0.159 1682.0 11.628 - * 5
% p » > 140 1.890 0.593 1065.0 71.42y
350 1.132 0.176 1833.0 11.765 130 1.929 0.597 967.0 26.923
840 1.131 0.192 1987.0 11.905 120 1”960 0'?5;. 872.0 4% 355
330 1.132 0.208 2143.0 12.048 110 1 983 0'231 73.0 90'363\
820 1.130 0.226 2309.0 12.195 =i = e = g
810 1.130 0,243 2467.0 12.346 100 1.997 0.507 678.0 100. 000
’ 300 £.354 0.260 2618.0 12.500 b 2018 3'??.; g g
790 1.138 0.277 2760.0 12.658 . ¥ N L e
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TABLE 1. (conttnued)

v n(v) Xlv) a(v) A

70 2.020 0.450 429.0 142,857
60 2.040 0. 444 360.0 166.667
50 2.070 0.438 290.0 200.000
10 2.110 0.300 240.0 250.000
30 2.150 0.527 210.0 333.333
20 2,225 0.718 192.0 500.000
10 2.600 1.0902 137.0 1000.000

Frequencies v are expressed in waves per centimeter
(cm=*), n(v) and imaginary x(v) parts of the dielectric
constant ¥ = n + X are dimensionless, the Lambert absorp-
tion coefficient :(v) defined by the relation I = Iy exp
[-ax] is expressed in waves per centimeter (¢m~'), and
wavclengths |\ are given in micrometers (um). The values

of n(v), %(v), and a(v) are given for water at 27°C,

Although the values of n and k provide all the information
acwaily required for a quantitative description of the optical
properties of water, & set of values of the Lambert coefficient
« is of.direct use 1in provid' =z information of importance to

We have therefore inciudzd a plot of a versus v in Figure 3;
values of a given in the piut are based entirely on direct
measurergents and thus diffz: siiahtly from « values calculated
from our averaged values of x. The values of « given in Figure
3 would apply in good approximation to clear freshwater lakes
and can provide rough approximations of the properties of
clear seawater, as suggested by Hobson and Williams (1971).

Irvine and Pollack have emphasized the importance of
presenting optical constants in tabular as well as grapiucal
form. In Table | we list our best values of k, n, and « at fre-
quency intervals of 10 cm~' over most of the range between
5000 and 10 cm~'; the values in the table correspond to those
plotted in Figures 1-3 and involve the same uncertainties.
These values apply to water at a laboratory temperature of ap-
proximately 27°C; values at other temperatures can be es-
timated from the plots given by Hale et al. [1972]. A molecular
interpretation of the water spectrum was given by Robertson et
al. [1973].

CoMPARISON WITH OTHER STUDIES

Our values for the optical constants can be compared with
those obtained in earlier studies by Pontier and Dechambenoy
[1965, 1966] in France and by Zolatarev et al. [1969] in
Russia. The present results for k are in excellent agreement
with both of these studies in the range 5000-4000 cm~" but are
in somewhat serious disagreement in the vicinity of the strong
absorption band near 3400 cm~', where plots of the earlier
studies differ by several percent from those in Figure |. The
peak values of k in the two studies are 0.305, a value somewhat
higher than our present highest estimate and 8% higher than
the value given in our plot; the absorption band obtained by
the French workers is centered at a slightly lower frequency
than the frequency given in the other studies.

In the frequency range 2800-800 cm~' there is truly excellent
agfecment between the present & values and those reported by
the Russian group: throughout most of this region the French
values of k are significantly higher than our values. At frequen-
cies lower than 800 ¢m-' the French values are generally

greater than ours, and the Russian values gencrully lower:
through the entire region beiow 800 cm ! the k values reported
by the other groups fall within =10% of the values we give in
Figure 1.

In comparing our present values for n with the earlier
studies we find that in the 5000- to 3600-cm~' region our
values are in good agreement with the values obtained in the
French study: throughout this region the Russian values are
considerably lower than ours and are in serious disagreement
in the 3800- to 3600-cm ™! range, where the Russian values are
much lower than ours. In the range 320000 cm ~! the n values
obtained in the earlier studies generally fall within £1% of our
values as plotted in Figure 2; however, at the minimum near
840 cm~' the earlicr results are lower than ours by 1.5%. At
frequencies below 400 cm~' we have continued satisfactory
agreement with the Russians, who based their values in this
region on published resuits of others including Draegert er al.
[1966] which are shown by the points in Figures | and 3 for »
< 200 cm~'. In the region » < 400 cm~' the French results fall
below our values and are apparently in serious error; they are
based on prism spectrograpn results, which we find are subject
to stray radiation problems in the low-frequency region.
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The next subject to be investigated involved a study of the influ-
ence of temperature on the optical constants of water by Dr. L. W. Pinkley

and Dr. P. P. Sethna. The results of that study are given in graphical

and tabular form in the following paper by Pinkley, Sethna, and Williams.




Optical constants of waier in tie

infrared: Influence of temperature®
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We have compared the near-nonnal-incidence spectral reflectance of water at 1,

16, 39, and 50°C with the

corresponding spectral reflectance of water at 27°C, at which temperature the optical constants n(v) and
k(v) have been previously determuned. By applying Kramers-Kronig analyses to the resuiting values of
spectral reflectance we have obtained the optical constants of water at each of the above temperatures. We

present the results in graphicai torm for the spectral region 400-5000 cm~™

' and in tabular form in the

vicimty of major absorption and dispersion features. The bearing of our results on the intermolecular structure

of water is discussed.

In an earlier investigation! wve measured the near-nor-
mal-incidence spectral reflectance R(v) of water in the
infrared by comparing the refiectance of a water surface
with that of a calibrated reference mirror; we employed
water samples at 5, 27, and 70 °C. By the use of con-
ventional Kramers-Kronig phase-shift analysis of the
spectral reflectance, we obtained values of the real n(v)
and imaginary %(v) parts of the complex index of re-
fraction N(»)=n(v) + ik(v) in the infrared.

Since the time of the earlier study we have made
more detailed studies of the optical properties of water
at 27°C by additional measurements of reflection and
by quantitative measurements of the Lambert absorption
coefficient a(v) =47k(r)/\ in the spectral region between
the near ultraviolet and the remote infrared. The sub-
sequent studies have been discussed along with related
results in the submillimeter and microwave regions in
a critical survey by Downing and Williams, % who pre-
sented an extensive table of the values of n{v) and #(v)
in the infrared. On the basis of these tabulated values,
the near-normal-incidence spectral reflectance of water
at 27°C can be computed from the Fresnel relation

[n() =17 +[k(v)?
rn(v)e-l]Z{-[k(u)]z

By the use of the resulting computed values of R(v)g for
water at 27°C as a standard we can now determine R(v)r
for water at other temperatures by direct comparison.
This technique has the advantages of avoiding possible
errors in the positioning of a reference mirror in the
reflectometer and in the measurement of the absolute
spectral reflectance of the reference mirror itself. Be-
cause the spectral reflectances of water at other tem-
peratures are comparable in magnitude with the spec-
tral reflectance of water at 27 °C, comparisons can be
made without the use of optical attenuators or of changes
in amplifier gain settings that are required when a
metallic reference mirror is employed.

R(v)= (1)

In view of these advantages, we have undertaken a re-
examination of the influence of temperature on the opti-
cal constants of water by making direct comparisons of
near-normal-incidence reflection of water at various
temperatures with that of water at 27°C. Inthe present
study we have employed water samples at 1, 16, 39,
and 50°C,

The measured ratios of the spectral reflectance of
water at other temperatures to the reflectance of water
at 27°C are shown in Fig. 1. The measured ratios
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shown in the figure are reproducible to within = 1% of
the plotted values over most of the infrared and can thus
be of future value when values of the optical constants of
water at 27°C more exact than those tabulated by
Downing and Williams® become available. On the basis
of the values of the ratios plotted in Fig. 1 and our stan-
dard values of R(v) for water at 27°C as computed from
Eq. (1), we obtain the values of spectral reflectance
shown in Fig. 2, The most obvious change in R(v) with
temperature occurs in the vicinity of 3200 cm™; as in-
dicated in Fig. 2, R(v) in this region decreases mono-
tonically with increasing temperature. Even larger
changes in spectral reflectance with temperature occur
in the vicinity of 600 cm™, where increasing tempera-
ture is also accompanied by decreasing spectral reflec-
tance; changes near 600 cm™! are associated with a
shift of the librational band to lower frequencies with
increasing temperature.® Changes in temperature pro-
duce smaller changes in R(v) in other spectral regions.

In arriving at values of the optical constants of water
at various temperatures we have made use of the fact
that n(v) and k(v) are well known® for water at 27°C and
that spectral reflectances R(v)r of water at other tem-
peratures were determined in terms of the spectral re-
flectance of water at 27°C. We treat the spectral re-
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FIG. 1. Ratio of the near-normal-incidence spectral reflec-
tance of water at various temperatures R(v) r to the spectral

reflectance R(v)y; of water at 27°C. The ratios are given by
the light continuous curve, 1°C; dotted curve, 16°C; dashed
curve, 39°C; and dash-dot-dash curve, 50°C,
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flectance at
dard R(v)s.

(1) as a stan-

27°C as computed from Eq.
Because we know the values of R(v)s for
frequency ranges! well outside the present measurement
range, 330-5200 cm™, we can arrive at a value of the
phase shift for water at 27°C from the Kramers -Kronig
relation

2
d>(u)s,=2—”Rf M”—)S-];I— av, )
T veé=y
where [R(v)]*/? is the modulus of the complex reflectivity
R(v) =[R()]*/?exp[i®(v)]; the resulting values of (v,
are extremely close approximations of ¢(v)s as com-
puted directly from tabulated values® of n(v) and k(v).
The values of @(v)s, obtained from Eq. (2) can be con-
sidered as the sum of three parts

®(V) sk =0(V) sr-mre + O(V)sp-u+ ¢£”>s1r-t.n S )

where the subscript M indicates the cc::.r;tribftions to
®(v)sx associated with values of R(v) in the present
range of measurement and the subscripts HFE and LFE
indicate contributions associated with kigh-frequency
extrapolation and low-frequency extmpolatzcm respec-
tively.

From our present values of R(v)y for water at other
temperatures 7, we can obtain corresponding values of
®(v)p ¢ based on Eq. (2) and write

(V) rx =@ (Vrg-are + O(Wre-u+ P(V)rr-Lre. 4)

By using R(v)r = R(v)s in the HFE and LFE ranges for
all temperatures, we obtain values of the differences
A(v)p between @(v)py and @(v)s, that are based only on
actual measurements: A(v)r=®(V)pru—P(V)gpu. Thus,

' we can write ¢(v)pg=d(V)sp+A(v)r. Inorder to obtain

a still more precise value for ¢(v)r we may write
S()r =65+ AWy, e

where &(v) is the value of the phase shift for water at
27°C as computed directly from tabulated values® of
n(v) and k(v) supported by measurements of absorption
as well as reflection. On the basis of the phase shifts
given by Eq. (5) along with the experimental values of
R(v), we proceed to obtain values of n(u) and 4(v) by
well known relationships.

The values of the refractive index n{(v) are plotted as

- a function of v in Fig. 3. The dispersion features ex-
hibited by the curves in Fig. 3 are, in general, similar
to the corresponding features in the plots of spectral
reflectance given in Fig. 2. The influences of tempera-

ture changes on n(v) are greatest near 3200 and 600 .
-1

emo.,

The values of the absorption index k(v) as a function
of frequency v are shown by the curves in Fig. 4. The
strong absorption band near 3400 cm™ is associated
with the v; and v, fundamentals of the water molecule
with some contribution from 2v,. The peak values of
k(v) as well as the band strength S=/[ k(v)dv for this
band decrease monotonically with increasing tempera-
ture, while the frequency at which %(v) is a maximum
increases in similar fashion with increasing tempera-
ture. The sharp absorption band near 1640 cm™ is as-
sociated with the v, fundamental of the water molecule
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and is virtually unaffected by temperature over the
range covered in the present study. The strong absorp-
tion band in the vicinity of 600 cm™, which is associated
with the librational motion of the water molecule in the
field of its neighbors, shifts to lower frequencies with
increasing temperature without appreciable change in
the maximum value of #(v). The band strength S

=[ k(v)dv computed on the assumption that the band is
symmetrical about its peak is nearly constant. The
weak associaticnal band near 2200 cm™ shifts toward
lower frequencies with increasing temperature and
shows an apparent decrease in strength S=/ k(v)dv at
the higher temperatures; because of the low values of
k(v) involved, this associational band can best be studied
by absorption methods.® The absorption in the spectral
region between the v, fundamental and the librational
band shows little change with temperature.

DISCUSSION OF RESULTS

The results of the present study are those typical of
intensity spectroscopy as contrasted with conventional

frequency spectroscopy. We have obtained quantitative

values of the optical constants of water at the expense of
some [0ss in information regarding precise band posi-
tions and band contours, which can be obtained more
reliably from absorption studies provided corrections-
are made for reflections at absorption cell windows and
for interference phenomena in the thin absorbing layers
that are required. The present work gives more pre-
cise information regarding the intensities of strong ab-
sorption bands; more reliable information regarding
weak bands can be obtained by absorption studies pro-
vided the thinkness of absorbing layers are carefully
measured and provided proper corrections for reflec-
tons at cell windows are made.

The present study provides quantitative values of the
refractive index n(v) that are not directly available
from absorption studies. In many spectral regions
values of n(v) for water at other temperatures can be
obtained from the values tabulated® for water at 27°C.
The Lorentz-Lorenz relation between n(v) and density
p can be conveniently expressed in the form

(npf-1) 1

(n(v)*+2) »p
On the basis of the tabulated values for water at 27°C,
we find that the Lorentz-Lorenz relation provides val-
ues of n(v) that agree to within + 0. 005 with our experi-
mental values in the spectral range 5200-3650 cm™ for
all temperatures covered in the present study. Agree-
ment to within +0. 01 is provided in the spectral ranges
2650-1700 cm™ and 1600-820 cm™. The Lerentz-
Lorenz relation can probably be used in these regions
for temperatures considerably above 50°C.

=const. o 6)

The values of n(v) in the vicinity of the major disper-
sion features in Fig. 3 are presented in Table I along
with the corresponding values of #(v). Values of the

optical constants of water at other temperatures in the

range 1-50 °C can be obtained by interpolation from the
values tabulated for the temperatures covered in the
present study; some extrapolation to higher tempera-
tures is possible.
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FIC. 2. Near-normal-incidence spectral reflectance R(v) for
water al various temperatures: light continuous curve, 1°C;
dotted curve, 16°C; heavy continuous curve, 27°C; dashed
curve, 39°C; and dash-dot-dash curve, 50°C,

‘In Tabie 1l'we-present.a summary of our results for
each of the major absorpuoa bands of water. The table
gives a listing of the frequency v, at which the absorp-

ion index attains its maximum value %.,,, Which is also
indicated in Table II. ‘The band strength or integrated
absorption S=[ #(v)dv is listed for each band along with
an estimation of the corresponding bandwidth parameter
'I', which gives. the full width of the band between the
frequencies at which the absorption index is 3kp... We
note that the values of S and I listed for the librational
band v, are based on the assumption that the band is
symmetrical about vna,; other studies indicate that this
assumption is valid except for a sharp band due to hin-
dered translation vy that appears as a shoulder on the
low-frequency wing of the-librational band. ?

1 Also listed in T;{ble II are values of integrated ab-
sorption [ k(v)dv for the spectral regionbetween v, ; and
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FI1G. 3. Refractive index n(v) for water at various tempera-

tures: light continuous curve, 1°C; dotted curve, 16 °C; heavy
continuous curve, 27°C; dashed curve, 39 °C; and dash-dot-
dash curve, 50°C,
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v,, in which the weak associational band occurs, and
for the spectral interval between v, and v;. Although
k(v) never attains large values in these interband re-
gions, the integrated absorption in the two regions is
not negligible and is indeed comparable with the value
of S for the v, band.

RELATION TO THE INTERMOLECULAR STRUCTURE
OF WATER

Although no entirely satisfactory theoretical descrip-
tion of the intermolecular structure of liquid water has
yet been developed, the local-lattice model of Bryan
and Curnutte® has many features that provide an insight
into an interpretation of our present results. These
authors interpret the far-infrared spectrum in terms of
the hindered motions of a water molecule connected
tetrahedrally by hydrogen bonds to a rigid cage of neigh-
boring molecules., When a single molecule is enclosed
in a rigid cage of four neighboring molecules, there are
three modes of librational motion in the range 450-720
cm™! and three modes of hindered translational motion
in the vicinity of 165 cm"!; the computed frequencies
for a molecule in an incomplete cage are generally low-
er. Extendingthis modeltothe case of a nonrigid central
unit of five water molecules inside a larger rigid cage
of surrounding molecules, Bandekar and Curnutte’ find
a larger number of librational modes in the range 450~
720 cm™! and a large number of hindered-translational
modes in the range 160-220 cm™! along with three new
modes in the vicinity of 75 cm™; in the actual water
structure there are presumably motions occurring at
still lower frequencies.

Although earlier studies®®® have failed to reveal any
well-defined infrared absorption bands in the spectral
range below 100 ¢cm™, clear evidence of a hindered
translation band has been obtained; at 27 °C this band is
associated with a maximum®® in k(v) at 170 cm™ and
shifts toward lower frequencies with increasing tempera-
ture.® The hindered translational absorption band ap-
pears as a weak shoulder on the much stronger libra-

-
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FIG. 4. Absorption index k(v) for water at various tempera-
tures: light continuous curve, for 1°C; dotted curve, 16 °C;
heavy continuous curve, 27°C; dashed curve, for 39°C; and
dash-dot-dash curve, 50 °C.
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TABLE 1l. Absorption regions in the water spectrum.

Temp. e S= [k v P
(C) Band em™) ks (cm™) (cm™)
1 3380 0,32 124 358
16 vy 3390 0,29 114 360
27 3390 0.28 112 365
39 3400 0.27 103 367
50 3400 0.25 97 378
1 ~ 2100 8
16 ~ 2100 6
27 ~2100 8
39 ~ 2100 4
50 ~ 2100 4
1 1640 0,12 17 118
16 1640 0.13 16 100
27 vy 1640 0,13 17 100
39 1640 0.13 15 90
50 1640 0,14 15 86
1 16
16 17
27 14
39 15
50 14
1 590 0,42 222 514
16 590 0.43 222 485
27 L 570 0.43 224 520
39 555 0.43 228 524
50 560 0,43 218 500

tional band in a plot of the Lambert absorption coeffi-
cient a(v)=47k(v)/X=47vk(v) as a function of wave num-
ber v; in a plot of #(v) vs v, the translational band is
narrow and well defined with a value of k(V)nq,, that is
50% larger than that of the librational band. Further
studies of the translational band by reflection or ATR
(attenuated-total-reflection) techniques at various tem-
peratures are highly desirable.

The shift of the observed librational band toward lower
frequencies with increasing temperature has been noted
in our earlier study of absorption® and is probably as-
sociated with a weakening of the hydrogen bonded local
lattice. It is interesting that %(v)gay at the band center
and the band strength | #(v)dv remain nearly unchanged
over the entire temperature range covered in the present
study. The strength of the interaction between the hin-
dered rotational motion of the water molecule and the
electromagnetic field associated with the radiation thus
seems to be largely independent of the molecule’s im-
mediate environment,

The sharp v, fundamental absorption band near 1640
em™' which is associated with the bending motion of the
water molecule, remains nearly unchanged in frequency
Vmaz and its strength [ k(v) dv decreases by only 11% as
does its corresponding value of #(V)qax aS the water tem-
perature is changed from ! to 50°C. The v, band
strength at 1°C is nearly the same as that of the corre-
sponding band'® in ice at - 7°C.

The influence of temperature on the overlapping v, ,
bands of water near 3400 cm™ is considerably different
from its influence on the other characteristic bands.
With increasing temperature the observed maximum
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shifts to higher frequencies, away from the lower fre-
quencies of the corresponding bands in ice and toward
the higher frequencies of the corresponding hands in
water vapor. More impressive is the 227 decrease in
k(Y)max and in [ k(v)dv as the water temperature in-
creases from 1 to 50°C. As both the v, and v, funda-
mentals of the water molecule are “valence vibrations”
involving changes in the distances between the hydrogen
atoms and the oxygen atom in the water molecule, the
changes in intensity can be interpreted on a semictiassi-
cal basis in terms of a greater amplitude of the motion
of the proton in the modified potentials involved in the
hydrogen bonding between adjacent water molecules.
Alternatively, the observed changes in band strength
might be interpreted in terms of larger numbers of in-
completely hydrogen bonded molecules in water at the
higher temperatures; there may be difficulties in re-
conciling this latter view with the observed behavior of
the librational band.

The absorption in the interband region 1100-1600 cni!
is interesting in that [ k(v)dv for the region is nearly
independent of temperature. Since there is no absorp-
tion maximum in the region, it is impossible to attribute
the absorption to a single mechanism. The general ab-
sorption in this region is probably due to many overlap-
ping bands representing harmonics and combinations of
various librational modes. It is possible that some of
the absorption may be due to hot bands representing
transitions from molecules in the low-lying librational
and translational states to the first excited level of the
v, bending vibration of the water molecule.

Absorption in the second interband region between
1800 and 2800 cm™! decreases with increasing tempera-
ture and is characterized by a maximum near 2100 cm™
This so-called associational band, which has no counter-
part in the spectrum of water vapor, is usually attrib-
uted to a combination of v, with a librational mode of
vibration. At 27°C the observed band maximum occurs
at 2120 cm™; if we employ the frequency of the peak of the
observed librationalband as the required frequency for
the combination with v,, we obtain v, =v, +v; =(1640
+570 cm™ =2210 cm™ as the frequency of the combina-
tion band. The frequency of the associational band de-
creases with increasing temperature®; in view of the
observed decrease in the frequency of the librational
band, this behavior is to be expected if the associational
band is actually a combination band. However, since
the band strengths of v, and v, remain nearly indepen-
dent of temperature, the decrease in the strength of the
associational band presents problems. It is possible
that the coupling between the bending motions of the
water molecule and its librational motion decreases with
increasing temperature as a result of the decrease in
anharmonicity of the proton potential with increasing
oxygen-oxygen separation in the hydrogen bonded liquid
structure.

Absorption studies have revealed the presence of two
more weak associational bands in the spectrum of liquid
water. One of these vy appears'! near 2950 cm™ and
the other vg appears'? near 5600 cm™, These can be
accounted for in terms of the combinations: vg=v, + v,
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=3950 em™ and ve =v, + vy + v, = 5590 em™, It should be
noted that in selecting values for v, we nave chosen the
frequency at which #(v) is a maximum and not the fre-
quency at which a(v)=4rvk(v) is a maximum; the dif-
ference between these {requencies becomes large for
broad bands at low frequencies.> We note that earlier
interpretations of v, vz, and v¢ in terms of ¥(v) maxi-
ma have been unsuccessful unless combinations in-
volving hindered translation frequencies as well as
librational frequencies are involved.

Other investigators“'ls have reported phenomena that
suggest sudden changes in the structure of water occur-
ring at 35 °C. The greatest and most reliably measured
effect of temperature on the infrared spectrum of water
obtained in the present study is the change in the
strength S=[ k#(v)dv of the v,,; band. In the range 1-

50 °C the strength of this band decreases monotonically
with increasing temperature with no indications of sud-
den change in the vicinity of 35°C. Inorder to check
the reported effect further we have made isochromatic
spectral reflectance measurements near 600 and 3200
cm™ over the temperature range 1-70 °C without detect-
ing any discontinuities in the R(v)-vs-T curves. Al-
though studies of the infrared spectrum of water as a
function of temperature provide significant information
regarding the water structure, we have not been able

to observe any swdden spectral changes at 35°C or at
any other temperatures in the range covered in the pres-
ent work.

We should like to thank Professor Basil Curnutte for
his helpful advice and criticism of the present work.
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The results given in the immediately preceding papers can be used

in the Mie theory of scattering to predict the transmission through
aerosols consisting of water droplets. The results thus have an impor-
tant bearing on problems involving infrared signal transmission as well
as on meteorological problems. However, because ice particles are some-
times present as aerosols, it is desirable to have a knowledge of the
optical constants of ice at a temperature of meteorological importance.
A study of the reflection spectrum of ice was carried out by Dr. Joel

W. Schaaf in connection with his doctoral dissertation. The results of

his study are summarized in the following paper by Schaaf and Williams.
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Optical constants of ice in the infrared*
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The normal-incidence spectral reflectance of ice at —7* C has been measured in the range 300-5000 cm~".
A Kramers-Kronig phase-shift analysis of the measured spectral reflectance has been employed to provide
values of the real and imaginary parts of the refractive index. The resulting values of these opticai
constants are suitable for use in Mie-theory computations of scattering by ice particles in pian=tary
atmospheres. The optical constants of ice at —7° C are compared in detail with those of liquid ~ater at
several temperatures and with those recently determined for ice at —170° C.

Index Headings: Refractive index; lce; Infrared; Reflectance.

Irvine and Pollack! have made a critical survey of the
existing literature*~" dealing with the optical properties
of ice in the infrared and have attempted to establish
values of the real n, and imaginary n; parts of the
refractive index for use in the Mie-theory calculations
of the scattering of infrared radiation by ice particles
in the earth’s atmosphere. In view of the difficulties
involved in matching results obtained by different
investigators working under widely different conditions
and in different spectral regions, Irvine and Pollack
emphasized the importance of further quantitative
studies of ice in the inirared. The present work was
undertaken with a view to obtaining pertinent values of
the optical constants in the near and intermediate
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F1c. 1. Schematic diagram of sample holder.
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infrared for ice at a temperature of meteorological
importance.

Since the time of the Irvine-Pollack survey, Bertie,
Labbé, and Whalley" have determined values of #; in
the spectral range 4000-30 cm™ for ice at —170 °C
from measurements of the transmittance of thin layers
of ice formed by the condensation of water vapor on a
cold transparent substrate. These authors then used
Kramers-Kronig techniques for the determination of
corresponding values of n.. Although they apply to ice
at a temperature considerably lower than those com-
monly encountered in the earth’s atmosphere, the re-
sults obtained by Bertie e/ al. represent the most
complete single study of the properties of ice in the
infrared.

The purpose of the present study was to measure the
near-normal-incidence reflectance of ice at —7 °C in
the range 5000-300 cm~ and to use a Kramers-Kronig
phase-shift dispersion analysis of measured spectral
reflectance to obtain values of 7, and n,. It was hoped
that the results, in combination with the low-
temperature results of Bertie et al.,'* would provide
satisfactory values of optical constants for use in
Mie-theory calculations.

EXPERIMENTAL WORK

The reflectometer and spectrometer used in the
present study are those used in our earlier studies of
the near-normal-incidence reflectance of water.” The
experimental methods employed were essentially similar
to those employed in the earlier work. The first step was
the measurement of the nominal spectral reflectance R,
of ice relative to a reference mirror. After the absolute
spectral reflectance u of the reference mirror had been
determined by means of a Strong reflectometer,'® the
spectral reflectance R of ice was obtained from the
relation R=uR,.

In the course of the reflectance measurements, the
ice sample under study was positioned in the reflectom-
eter by means of the device shown schematically in
Fig. 1. The ice sample S was mounted in an aluminum
receptacle R, which was surrounded by an ice-salt
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mixture 1in a metal container, which was encased in a
polystyrene-foam sheath IF. The plance retflecting surface
of the ice sumple could be positioned vertically by means
of a laboratory jack | and could be made horizontal by
means of the leveling screws shown in the figure. An
auxiliary He-Ne laser beam was emploved te advan-
tage in the process of positioning the ice sample and the
reference mirror. The temperature of the ice-sait
mixture was continuousiy monitored by means of an
ordinary thermometer and was maintained in the range
—11+£4°C; the corresponding temperature of the ice
sample, which was monitored by means of an embedded
thermocouple, was in the range —74+4 °C. All reflect-
ance measurements were made during winter months
when the humidity of the surrounding air was low;
during summer, formation of frost on the sample surface
made retlectance measurements impossible.

The polycrystailine ice samples were prepared from
freshly boiled distilled de-ionized water samples, which
were frozen against ilat Plexiglass plates in the ice tray
of a commercial refrigerator. In a laboratory cold room
at 5°C, we removed an ice sample from the tray,
snapped off the Plexiglass, and cemented the sample to
the bottom of the pre-cooled sample receptacle R with
a layer of water. In comparing the reflectance of ice
with that of the reference mirror, it is necessary to use
a plane ice surface of good optical quality. After a
sample had been cemented to the cold receptacle, the
entire receptacle-bath assembly was tilted to approxi-
mately 40° with the horizontal ; with the sample in this
position, we pressed the surface of a highly polished
aluminum block at approximately 5 °C gently against
the sample surface so as to melt the surface layer, after
which a thin layer of liquid water was observed to flow
along the surface. After several applications of the
polished aluminum block, we were able to produce a
crack-free surface capable of producing undistorted
images by reflection at large angles of incidence. The
close agreement between the values of nominal reflec-
tance R, subsequently obtained with different ice
samples indicates that our procedures resulted in
satisfactory sample surfaces.

REFLECTION SPECTRUM

The spectral reflectance of ice at near-normal
incidence is shown in Fig. 2. The reflectance curve
shown in the figure is based on eight completely
independent sets of reflectance measurements; the error
bars shown in the figure are based upon the standard
deviations involved in the determination of nominal
reflectance R, and in the determination of reference-
mirror reflectance u. The uncertainties represented by
the error bars are largest in spectral regions where the
spectral—retlectance curve has a large slope; the increase
of uncertainty in these regions is associated with the
spectrometer’s failure to reproduce prism settings. The
spectral slit widths used in different parts of the

spectrum are indicated by vertical baes in the ficure
and were, in general, small compared with the dispersive
features shown in the retlectance curve.

A major dispersive feature in the spectral-reflectance
curve is centered at 3385 cm™; the retlectance has a
minimum value of 0.0011 at 3530 cm~! and a maximum
of 0.0866 at 3240 cm='. A barely identifiable intlection
occurs at 3415 cm™' and a clearly visible shoulder
appears at 3180 cm~'. A less-prominent dispersive
feature centered at 2225 cm™ has a minimum retlectance
of 0.0208 at 2285 cm™! and a reflectance maximum of
0.0220 at 2165 cm™'. A comparzble fecture centered near
1648 cm™' has a reflectance minimum of 0.0137 at
1725 cm™ and a reflectance maximum of 0.0198 at
1570 cm™!. A second major dispersive feature centered
near 848 cm™! exhibits a refiectance minimum of 0.0033
at 950 cm™! and a reflectance maximum of 0.0608 at
745 cm~!. There are some indications of shoulders at
600 and 510 cm™!. Values of spectral reflectance for
selected frequencies are listed in Table I; Fig, 2 provides
a basis for interpolation between the tabulated values.!”
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F1c. 2. Normal-incidence spectral reflectance of ice at —7°C,
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Tansre I. Retlectivity and optical constants of ice at —7°C.
¥ A v A
(cm™) R ny 7 (um) (cm™) R 7y n; (um)
5000 0.0143 1.272 0.000 2.000 1750 0.0159 1.287 0.035 5.714
4800 0.0138 1.267 0.000 2.083 1740 0.0158 1.285 0.038 5.747
1600 0.0133 1.260 0.001 2,174 1730 0.0138 1.284 0.042 5.780
+00 0.0128 1.252 0.001 2.273 1720 0.0158 1.283 0.046 5.814
4200 0.01135 1.241 0.003 2.381 1710 0.0158 . 1.283 0.052 5.848
4000 0.0102 1.225 0.004 2,500 1700 0.0161 1.285 0.057 5.882
3900 0.0092 1.212 0.004 2.564 1650 0.0180 1.301 0.069 6.061
3800 0.0077 1.192 0.005 2.632 1630 0.0188 1.309 0.070 6.135
3700 0.0056 1.162 0.008 2.703 1600 0.0195 1.316 0.067 6.250
3600 0.0027 1.108 0.020 2.778
3550 0.0013 1.065 0.038 2.817 1590 0.0197 1.318 0.065 6.289
1380 0.0197 1.320 0.064 6.329
3540 0.0012 1.056 0.044 2.825 1570 0.0198 1.321 0.062 6.369
3530 0.0011 1.046 0.052 2.833 1560 0.0198 1.321 0.039 6.410
3520 0.0012 1.037 0.060 2.841 1550 0.0198 1.321 0.057 6.452
3510 0.0013 1.027 0.068 2.849 1540 0.0196 1.320 0.056 6.494
33500 0.0016 1.016 0.079 2.857 1520 0.0193 1.317 0.035 6.57
3480 0.0031 0.995 0.110 2.874 1500 0.0191 1.315 0.057 6.667
3460 0.0055 0.979 0.146 2.890 1480 0.0193 1.317 0.058 6.757
3440 0.0100 0.960 0.193 2.907 1450 0.0194 1.318 0.057 6.897
3420 0.0171 0.967 0.257 2.924 1420 0.0194 1.318 0.055 7.042
3410 0.0192 0.978 0.276 2.933 1400 0.0194 1.318 0.055 7.143
3400 0.0217 0.987 0.295 2,941
1380 0.0193 1.318 0.054 7.246
3380 0.0266 1.004 0.331 2.959 1360 0.0192 1:317 0.052 7.353
3360 0.0321 1.021 0.367 2.976 1340 0.0190 1.315 0.052 7.463
3340 0.0395 1.035 0.411 2.994 1320 0.0189 1314 0.052 7.576
3320 0.0494 1.064 0.466 3.012 1300 0.0189 1.314 0.052 7.692
3300 0.0603 1.104 0.522 3.030 1280 0.0189 1.314 0.050 7.812
3280 0.0732 1.170 0.584 3.049 1260 0.0187 1.313 0.047 7.937
3270 0.0797 1.217 0.612 3.058 1240 0.018S 1.311 0.043 8.063
3260 0.0841 1.273 0.627 3.067 1220 0.0179 1.306 0.039 8.197
3250 0.0838 1.330 0.625 3.077 1200 0.0170 1.297 0.037 8.333
3240 0.0866 1.334 0.614 3.086 1180 0.0165 1.292 0.039 8.475
3230 0.0858 1.432 0.393 3.096 1150 0.0156 1.282 0.040 8.696
3220 0.0839 1.469 0.564 3.106 1120 0.0147 1.272 0.042 8.929
3210 0.0826 1.499 0.539 3.115 1100 0.0141 1.265 0.044 9.091
3200 0.0816 1.527 0.515 3.125
1080 0.0135 1.258 0.045 9.259
3190 0.0809 1.533 0.491 3.135 1050 0.0122 1.244 0.046 9.524
3180 0.0803 1.578 0.465 3.145 1020 0.0102 1.219 0.047 9.804
3170 0.0797 1.603 0.438 3.155 1000 0.0085 1.197 0.051 10.0
3160 0.0786 1.623 0.406 3.165 980 0.0068 1.167 0.065 10.2
3150 0.0771 1.640 0.372 8.178 970 0.0061 1.150 0.075 10.3
3140 0.0750 1.630 0.336 3.185 960 0.0053 1,132 0.088 10.4
3120 0.0700 1.633 0.267 3.205 950 0.0055 1.113 0.108 10.5
3100 0.0648 1.641 0.210 3.226 940 0.0062 1.097 0.134 10.6
3050 0.0544 1.593 0.121 3.279 930 0.0082 1.088 0.168 10.8
3000 0.0467 1.545 0.074 3.333 920 0.01i1 1.085 0.204 10.9
2950 0.0416 1.511 0.041 3.390 900 0.0197 1.101 0.280 11.1
2900 0.0370 1.476 0.024 3.448
2850 0.0337 1.449 0.015 3.509 880 0.0292 1.150 0.341 11.4
2800 0.0311 1.428 0.009 3.571 860 0.0370 1.202 0.379 11.6
840 0.0445 1.259 0.409 11.9
2750 0.0290 1.410 0.008 3.636 820 0.0504 1.320 0.422 12.2
2700 0.0275 1.398 0.007 3.704 800 0.0558 1.387 0.422 12.5
2600 0.0230 1.376 0.007 3.846 780 0.0587 1.445 0.403 12.8
2500 0.0234 1.361 0.010 4.000 770 0.0598 1.472 0.389 13.0
2400 0.0219 1.348 0.012 4.167 760 0.0606 1.496 0.374 13.2
2350 0.0214 1.343 0.015 4.255 750 0.0608 1.517 0.354 13.3
2300 0.0209 1.337 0.020 4.348 740 0.0608 1.534 0.335 13§
2280 0.0209 1.337 0.023 4.386 730 0.0607 1.549 0.315 137
2250 0.0210 1.338 0.026 4444 720 0.0607 1.563 0.294 13.9
2220 0.0213 1.340 0.029 4.508 710 0.0603 1.575 0.271 4.1
2200 0.0217 1.344 0.030 4.545 700 0.0592 1.581 0.246 1.3
2170 0.0220 1.347 0.025 4.608
2150 0.0219 1.347 0.021 4.651 680 0.0564 1.583 0.198 14.7
660 0.0524 1.565 0.164 15.2
2100 0.0213 1.341 0.015 4.762 650 0.0509 1.538 0.152 15.4
2000 0.0198 1.327 0.012 5.000 640 0.0497 1.552 0.142 13.6
1900 0.0182 1.312 0.014 5.263 620 0.0471 1.536 0.128 16.1
1800 0.0167 1.296 0.024 5.556 610 0.0463 1.531 0.125 16,4
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TanLe L. (continued)

v A v A
(cm™Y) R n, ne (um) (cm™) R n, " (um)
600 0.0164 1.532 0.123 16.7 500 0.0412 1.504 0.067 200
590 0.0-464 1.534 0.116 16.9 490 0.0404 1.300 0.055 20.4
580 0.0461 1.534 0.107 17.2 480 0.0393 1.492 0.045 20.8
550 0.0433 1.519 0.079 18.2 450 0.0352 1.461 0.029 222

400 0.0289 1.408 0.030 25.0
530 0.0406 1.498 0.072 18.9 350 0.0227 1.350 0.053 28.6
520 0.0402 1.495 0.076 19.2 300 0.0167 1.274 0.106 33.3
510 0.0408 1.500 0.075 19.6

KRAMERS-KRONIG ANALYSIS

The real and imaginary parts of the refractive index
of a material are given by the expressions

n,=[1—R]/[1+R—2+/R cos¢], (1)
n;={—=2+/Rsing]/[1+R—2+/R cos¢], (2)

where R is the normal-incidence reflectance and ¢ is
the phase angle used in expressing the complex reflec-
tivity # in polar form: 7=+/Re*¢. The phase angle ¢(vo)
at frequency vy to be used in Egs. (1) and (2) can be
calculated rigorously from the Kramers-Kronig integral

 Inv/R(v)dv
so=@p[ SO
0 yoz_yz
where P denotes the Cauchy principal value, provided
that the reflectance R(») is known for all frequencies.
If values of R(v) have been accurately measured for a
finite frequency interval, Eq. (3) can be used to provide
values of phase angles ¢ within this interval, provided

TasLe II. Band characteristics at various temperatures.

Water* Ice
70 27 5 -7 —-170
Band Characteristics °C °C C (O 7Ge
iy M 1126 1119 1104 0958 1015

vemin (cm™) 3620 3590 3360 3430 3430
7r max 1.440 1484 1.501 1.653 1.861
vemax (cm™) 3150 . 3150 3155 3125 3120
75 max 0.236 0.297 0316 0.627 0.815
vi max (cm™) 3450 3395 3380 3260 3230
r (ecm™) 380 390 370 260 180

vy Mrmin 1.218 1.232 1.246 1.283 1.310
vrmin (cm™) 1680 1680 1680 1715 1713
7 max 1.338 1349 1338 1321 1.337
vemax (cm™) 1590 1600 1585 1565 1445
75 max 0.107 0.137 0.109 0.070 0.060

vi max (cm™!) 1640 1650 1640 1640 1600
r (cm™) 80 110 120 220 330

vy, e mia 1.113  1.116 1.086 1.085 1.105
ve mia (cm~!) 840 840 845 920 950
e max oo 1.553¢ 1.5444 1.584 1.565
e max (cm™) cee 3304 3304 690 760
% ¢ 0.430 0.443 0438 0462 0395

v.-r::(cm") 510 380 390 810 830
y 5404 5004 5004 230 195

« Reference 18.

b Present study.

¢ Reference 14,

4 Estimated value.

that approximate values of R({v) can be established
outside the frequency interval.

Because our measurements were confined to the fre-
quency range 300-5000 cm™!, it was necessary to use
estimated values of R(v) outside this range. For the
far-infrared region 10<»<300 cm™!, we assumed values
of R(v) based primarily on the low-temperature data of
Bertie ef al.'4; their values were scaled to —7 °C on the
basis of considerations given by Irvine and Pollack!
together with the earlier far-infrared data of Bertie
and Whalley.? Our initial estimates of R(v) were
adjusted to match the absorption feature at 215 cm™!
reported by Zimmerman and Pimentel® forice at —7 °C
and were also adjusted for a smooth match at 300 cm™
with our spectral-reflectance curve. For the low-
frequency region 0<»< 10 cm™!, we assumed that the
value of R(v) was constant and equal to its value
at 10 cm™t.

In selecting values of R(v) for use in Eq. (3) in the
range »>35000 cm™!, we extended our redectance
measurements to 7800 cm~!. The resulting values were
then matched to values of R(v) based on the Irvine-
Pollack survey in the range 8000-10 000 cm™. At fre-
quencies higher than 10 000 cm™, R{v) was assigned a
constant value equal to its value at 10 000 cm™.

Values of ¢(v) were obtained from Eq. (3) by means
of a computer program written by Hale and Querry and
used in our earlier study of water'®; the resuiting values
were tabulated at 10-cm™' intervals throughout the
range 300-5000 cm~'. Since the value of &(v,) at fre-
quency v depends on values of R(») at all frequencies
covered by the integral in (3), evaluation of the uncer-
tainties in ¢(vo) presents difficulties; however, for the
range of uncertainties in measured reflectance indicated
in Fig. 2, computer results indicate an average uncer-
tainty d¢(vo) ==0.003 rad for most of the frequency
range covered in our experimental work. Values of ¢(vy)
for most of the range for which we have measured R(»)
are relatively insensitive to detailed assumptions
regarding values of R(v) cutside the range provided
that the assumed spectral-reflectance curves are
matched smoothly to the measured curve.

OPTICAL CONSTANTS

Values of the optical constants n, and n; were ob-
tained from Egs. (1) and (2) by use of measured values
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F1c. 3. Real part n, of the refractive index of ice
as a function of frequeacy, in wave numbers.

of reflectance R and values of ¢ given by the Kramers-
Kronig integral in Eq. (3). Values of optical constants
are listed for selected frequencies in Table I and are
presented graphically as a function of wave number in
Figs. 3 and 4; the curves in the figures provide a basis
of interpolation between values of n, and »; listed in
the table.

The plot of n, in Fig. 3 shows a major dispersive
feature centered at 3278 cm™ with 7, nin=0.958 at
3430 cm™ and 7, max=1.6533 at 3125 cm~!. The minor
dispersive feature centered at 2223 cm™! is characterized
by 7, min=1.337 at 2285 cm™ and #, me=1.348 at
2160 cm™!; the minor feature centered at 1640 cm™! is
characterized by #n, min=1.283 at 1715 cm™! and
7, max = 1.321 at 1565 cm™. A second major dispersive
feature centered at 805 cm~!' is characterized by
7tr min=1.085 at 920 cm™" and 7, mee=1.584 at 690 cm™!;
two small shoulders appear near 593 and 3510 cm~l.
Estimated uncertainties in n, are indicated by the
error bars in Fig. 3.

In Fig. 4, our values of n; are plotted as a function
of wave number; over the range 50004000 cm™!, values
of n; based on our reflection measurements are not
significantly different from zero. The »u, plot in the
upper panel is dominated by the strong absorption band
with 7, max=0.627 at 3260 cm~!; the bandwidth
parameter I' giving full width at half-maximum is
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260 cm™' for this band. The much-weaker band at
2210 cm™ has peak value 1y max=0.030 and bandwidth
parameter I'=260 cm™; a second weak band at
1640 cm™ has 1#; mex =0.070 and ' =290 cm™'. A second
major absorption band centered at 810 cm~' has
i max =0.425 and '=225 cm™!; two small shoulders
can be distinguished at 590 and 3520 cm™!. Uncertainties
in n; are indicated at various points along the curve.

DISCUSSION OF RESULTS

The results of the present study are compared in
Figs. 5 and 6 with the values of #, and »; listed by
Irvine and Pollack! on the basis of their survey of carlier
work; the continuous curves in these figures give the
present results and the points represent values obtained
in the earlier survey. The most-serious disagreements
between the present results and those of Irvine and
Pollack occur in the vicinity of the strong absorption
bands near 3260 and 810 cm™!; these are the regions in
which reflectance data are most useful, because it is
extremely difficult to prepare the thin films of uniform
thickness required for quantitative measurements of
transmittance. Comparison of the results for 1, shown
in Fig. 5 indicates best agreement in the region between
5000 and 3730 cm™ and rather poor agreement in other
spectral regions; in Fig. 6 our values for n; are much
larger at the centers of the strong absorption bands but
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F16. 4. Imaginary part n, of the refractive index of ice
as a function of {requency, in wave numbers.
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are in fair aoreement with the Irvine=Pollack values in
the region hetween 3000 and 1000 em™, In view of the
fair agreement between our values of #, and those based
on the survey in the region between 5000 and 3750 cin™!,
it is probable that the Irvine-Pollack values of n; in
this region, which are bascd largely on transmittance
measurements, are satisfactory for atmospheric calcu-
lations; our retlectance measurements gave no valid
values of i, in this region of weak absorption.

The strong absorption band centered near 3260 cm™!
in Fig. 6 occurs in the region where OH groups have
characteristic vibration bands and is usually attributed
chiefly to the », and v; fundamentals of H.O monomers
in the lattice. The weaker band centered at 1640 cm™ is
similarly attributed to the bending »» fundamental of
the H.O monomer. The strong absorption band with
maximum at 810 cm™ is attributed to a hindered-
rotational or librational mode ». of the H.O monomer
in the field of its neighbors. The weak band with maxi-
mum nea. 210 cm~! is usually referred to as an
associationai ver 2.2 attributed to a combination of
va with a ubralwne. mone [t is of interest to consider
the variation of-these bar~< ~ith temperature changes
in water ami in ice.
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Fic. 5. Comparison of present results for n,, given by the
continuous curve, with values of n, listed in the Irvine-Pollack
survey given by points.
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continuous curve, with values of n; listed in the Irvine-Pollack
survey given by points.

Table II gives a summary of major-band character-
istics as a function of temperature in water and ice. The
absorption band, which is designated as »,; since it is
primarily due to the monomer fundamentals »; and »;,
shifts to lower frequencies and becomes narrower as
the temperature is decreased; the value of #; max and
the difference 7, max—", mia Increase monotonically
with decrease of temperature. The v» band in liquid
water remains virtually unchanged in position and in
peak values of absorption #; max with change of tem-
perature; in ice, the frequency and the value of 7; nax
decrease as the temperature decreases. In both water
and ice, the bandwidth parameter I' increases as the
temperature is reduced. The frequency of the librationai
band v increases monotonically with decreasing tem-
perature; the phase change from liquid to solid is
accompanied by a sudden increase of the frequency
of v.. The peak value of n; for the vz band is nearly
independent of temperature in both water and ice;
however, a marked narrowing of the band accompanies
freezing.

The data for the associational band centered at
2210 cm~! in Fig. 6 are not included in Table II; the
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frequency of this band increases to 2240 cm~! and the
bandwidth nearly doubles in ice as the temperature is
reduced to —170 °C.

The values of #, and u; given in Table I should be
of use in calculations of the scattering of infrared
radiation by ice particles in the lower telluric atmo-
sphere. For ice in planetary atmospheres at lower tem-
peratures, it is possible that interpolation between the
optical constants at —7 and —170 °C may provide
useful values of », and n:. Some of the features of
Table II should be useful in making the interpolation.

It is highly desirable that quantitative reflectance
measurements be made in the vicinity of the hindered-
translational band near 215 cm™ to serve as a supple-
ment to earlier transmission studies of this band.
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Of special importance to meteorological studies of the earth's heat
balance is a knowledge of the optical constants of sea water. Sea water
is also an important component of marine aerosols at altitudes near
the surface of the sea. A knowledge of the optical constants of sea
water is of obvious importance in many naval problems. Therefore, we
made an investigation of this subject, which is summarized in the fol-

lowing article by Pinkley and Williams.

-




Optical properties of sea water in the infrared*

Lary W. Pinkley and Dudley Williams
Kansas State University, Manhattan, Kansas 66506
(Received 11 December 1975)

We have made quantitative measurements of the ratio of the infrared spectral reflectance of standard sea
water at near-normal incidence to the corresponding spectral reflectance of pure water at 27°C. The infrared
spectral reflectance of standard sea water was determined from the measured ratio and the known optical
constants for pure water. The real n(v) and the imaginary k(v) parts of the complex index of refraction of
standard sea water were then determined by Kramer-Kronig methods. The results obtained for the standard
sea water are compared with previous results obtained for pure water and with previous studies of sea water.

In view of the fact that three-quarters of the earth’s
surface is covered by sea water, the optical properties
of sea water have an important bearing on the earth’s
radiative heat balance; because the emission spectrum
of the earth is largely in the intermediate infrared, a
knowledge of the optical constants of sea water in this
spectral region is of special importance. Detailed
knowledge of these constants is also of importance to
remote sensing of the earth’s atmospheric and surface
features from satellites and to infrared signal trans-
mission through the atmosphere near the surface of the
sea, where droplets of sea water are an important
aerosol component of the atmosphere.

The present infrared study of sea water is a part of a
research program dealing with the infrared properties
of water, in which we have used quantitative measure-
ments of absorption' and reflection® to determine the
real n and imaginary k parts of the complex index of re-
fraction ¥ =n+ik. 1Ina critical summary® of earlier
work, we compare the n and i values obtained by Kra-
mers-Kronig (KK) analyses of separate reflection and
absorption measurements with the values of these con-
stants based on a combination of absorption and reflec-
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tion measurements. In general, KK analysis of reflec-
tion measurements provided excellent values of n and
yielded good values of & in spectral regions of strong
absorption. In the present study we have determined
the reflectance R at near-normal incidence and have
employed KK analysis to obtain » and % for sea water in
the infrared.

In earlier studies we have investigated the influence
of temperature* and various inorganic solutes® on the
infrared reflectance of water; the results have a bear-
ing on the spectrum of sea water, which, apart from
its particulate and biologic components, is merely a
dilute solution of certain salts. Hobson and Williams®
have compared the spectral reflectance of sea water
from various geographical locations with the reflection
of pure water and with the reflection of the solutions of
saits known to be present in sea water; the presence of
the SO{" ion produces readily observable effects in sea
water. Querry and his associates’ have also studied
the reflection spectra of sea water from various
sources and have made a detailed investigation of the
influence of NaCl on the spectrum of water.

Because the concentration of the solutes in ocean
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water varies with geosraphic locittion, various varie-
ties of standard sca water (SSW) have been devised and
used in laboratory studies, In the present investigi-
tion we nave empioyed SSW prepared from the complete
prescription of Lyman and Fleming,® which provides an
extremely close approximation to clean ocean water,
Friedman® has made a detailed study of SSW in which
he measured spectral reflectance at large angles of
incidence and, in certain spectral regions, made com-
parisons of the spectral transmittance of SSW and pure
water. The SSW empioyed by Friedman included only
MgCl, - 8H,0, NaCl, MgSO, - TH,0, and CaCl,, which
are the major components of the Lyman-Fleming pre-
scription; the concentration of minor components is so
small that their contributions to the observable spec-
trum of sea water is probably completely negligible. In
the course of his work, Friedman also employed solu-
tions having 0.5 the normal solute concentration (SSW-
0 3), along with multiples 1.5 (SSW-1.5) and 2 (SSW-2)
of the normal concentration; the use of these solutions
facilitated estimates of the effects of salinity on the
spectral properties of sea water.

In the present study we made a careful comparison
of the spectral reflectances of SSW and SSW-2 with that
of pure water at near-normal incidence in the spectral
range 350-6700 cm™'. The results are shown in Fig. 1
in which we plot the measured ratios R(v)ssy/R(v)y and
R(V)ssw.o/R(v)y as a function of wave number in the
range 400-5200 cm™', The length of the uncertainty
bars shown at selected wave numbers on the SSW curve
also apply to the SSW-2 curve. I[n most spectral re-
gions the uncertainty in the ratio plotted in Fig. 1
amounts to approximately +0.01 but becomes larger in
regions of low spectrai reflectance near 3700 and 900
cm! and in regions where spectral reflectance changes
rapidly with frequency. The results shown in Fig. 1
indicate that the spectral reflectance of sea water is
greater than that of pure water in most of the infrared
region but is significantly lower in the vicinity of 800
cemt,
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FIG. 1. Ratio of the near-normal-incidence spectral reflec-

tances of SSW and SSW-2 o that of water. Samples were at
27°C.
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FIG. 2. Near-aormal-incidence spectral reflectance R(v) of
standard sea water at 27°C.

The spectral reflectances R(v) for SSW and SSW-2
were obtained by using the measured ratios of their re-
flectance to water reflectance. In arriving at values
for the spectral reflectance R(v)y of water we used val-
ues of reflectance computed from tabulated values® of
n(v) and k(v), which in turn are based on numerous
quantitative measurements of reflection and absorption
covering the spectral range 28000 to 1 cm™', The re-
sulting values of R(») for SSW are shown in Fig. 2. The
low values of R(v) near 3600 and 900 cm™ were verified
by direct measurements involving a calibrated refer-
ence mirror. Except for small shifts in frequency, the
major features of R(v) for SSW bear a close resem-
blance to the reflectance spectrum of pure water. How-
ever, a clearly visible small feature near 1100 cm™
has no counterpart in the spectrum of pure water. We
also obtained the spectral reflectance spectrum of SSW-
2, which as expected from Fig. 1 is also roughly com-
parable with the reflectance spectrum of pure water.

The values of R(v) shown in Fig. 2 were used in KK
analysis to calculate values of the optical constants n(v)
and k(v) for SSW. In arriving at these values we em-
ployed the KK phase-shift theorem

_2v_ (" In[REOHIE
s0)=2p [ EE ()

where [R(v)]'/2 is the modulus of the complex reflectiv-
ity & =[R(v)]"?exp{i®(v)]. Interms of ¢ and R, calcu-
lated values of » and k& at any frequency are given by
the relations

n=(1=R)/(1 +R =2R'?cos0) , (2)
k=(=2R"?sine)/(1 +R - 2R cosd) . (3)

We have used Eqs. (1)=(3) to obtain values for n(v) and
k(v) for SSW and SSW-2 in the range 400-5200 cm™.

We have used a computer program based on Simpson’s
rule except in the vicinity of » where quadratic approxi-
mations of [R(v)]'’? based on measured values of R(v) in
the vicinity were used. Beyond the spectral range of
actual measurement, 6700 cm*' to = and 0 to 350 cm™,
we employed extrapolations based on R(v) for pure
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FIG. 3. Refractive index n(v) of standard sea water at 27°C,

water, ! which is known in the range 1 to 28000 cm™!,

The values of u(v) for SSW are plotted as a function of
wave number in Fig. 3. As in the case of R(v), the
general features of the n(v) curve strongly resemble
those of the corresponding curve for pure water. In
most spectral regions n(v) for SSW is slightly larger
than the corresponding value for water. There are
slight shifts in the major dispersion features near 3400
and 600 cm™' with respect to the corresponding features
for pure water. The small inflection near 1100 cm™ is
easily noted in Fig. 3. In general, the uncertainties in
the values of n(v) amount to approximately +0.005.

The values of the absorption index k(v) for SSW are
plotted as a function of wave number in Fig. 4. The
major absorption band near 3400 cm™! is attributed to
the v; and »; fundamentals of the water molecule along
with some contribution {rom the overtone 2v,; the posi-
tion and shape of this major band are strongly influ-
enced by temperature changes! and by the nature and
concentration of solutes® that modify the molecular sur-
roundings of the water molecule. In SSW the band is
shifted to slightly higher frequencies from its position
in pure water. The sharp absorption band near 1650
em™ is due to the v, fundamental of the water molecule;
although slightly altered in shape, its frequency in SSW
is the same as in pure water. The major absorption
band near 600 cm™! is associated with the librational or
hindered rotational motion of the water molecule in the
field of its neighbors; as in the case of the 3400 cm™!
band, the position of the librational band v, is depen-
dent on water temperature and on the nature and con-
centration of solutes.® In SSW it is shifted from its po-
sition in pure water to slightly lower frequencies.

The readily observable small absorption band near
1100 cm™! can be attributed to the v, fundamental of the
SO;” ion.'' Comparison of the spectrum of SSW-2 with
SSW reveals that absorption near 1100 cm*! increases
with increasing salt concentration. There are several
small variations in k(v) in the 1200-1500 cm™ region
but are not measurably different in the spectra of
SSW-2.
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In view of the direct dependence of the value of &(v)
on sing(») in (3), the absolute values of %(v) in regions
of low absorption are strongly influenced by uncertain-
ties in ¢(v) as determined by KK phase shift analysis
(1). We have found that 2(v) values based on KK analy-
sis are highly unreliable for £(v) =0.03 but become in-
creasingly reliable with increasing values of k(v). The
k(v) values in Fig. 4 are virtually meaningless in the
spectral ranges 3700-5200 cm™ and 2900-1700 cm™; in
these regions absorption measurements are needed.

Because the spectrum of SSW so closely resembles
the spectrum of pure water, Friedman has proposed
that its optical properties can best be provided by the
use of small corrections to the values of n(v) and k(v)
that have been established for pure water. In view of
the fact that we have measured the ratio of the reflec-
tance of SSW and SSW-2 to pure water, we have adopted
this procedure since the small corrections will remain
applicable in good approximation when more exact val-
ues of the optical constants of water become available.
In arriving at values of the small corrections we have
compared our own values of the optical constants® of
pure water with those obtained tfor SSW and SSW-2 in
the present study.

The curve shown in Fig. 5 gives the difference be-
tween n(v) for SSW and n(v) for pure water. In most
spectral regions n(v) for SSW is greater than that of
water. The two major exceptions to this statement are
associated with the minima near 3550 and 650 cm™!,
which are associated with changes in the frequency and
contours of the major band near 3400 cm-! and the li-
brational band near 600 cm™!, respectively. The cor-
responding curve for SSW-2 is shown in Fig. §; the
general features are similar to those for SSW except
for larger differences between SSW-2 and water over
much of the spectral range. Since the values of n(v) for
the solutions are based on the properties of water, the
iength of the uncertainty bars are closely related to
those shown in Fig. 1. The influence of the SO;” ab-
sorption band near 1100 cm™! is clearly discernable in
Figs. 5 and 6.
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FIG. 4. Absorption index k(v) of standard sea water at 27°C.
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FIG. 5. Difference hetween the refractive index n(v) for SSW
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The dashed curves shown in Figs. 5 and 6 represent
Friedman’s proposed corrections to the n(v) for water
that would give values of n{v) for SSW and SSW-2. The
present results are in close agreement with those of
Friedman between 3000 and 1500 em™'; our slightly
larger values in the 5000-3800 cm™ region may be due
to the fact that Friedman’s values are based on the n(v)
values of Pontier and Dachambenoy*? that differ from
our values in this region. Friedman’s corrections do
not include those associated with changes in the 3400
cm™! water band produced by the solutes.

In view of our criticism of the absoiute values of 2(v)
based on KK analysis (1) and (3) in regions where &(v)
is small, it would appear that the present study would
provide little basis for establishing corrections of k(v)
for water to give corresponding values of k(v) for SSW.
Closer examination of the actual computation of ¢(v)
from (1) indicates that it is possible to provide signifi-
cant corrections. In arriving at ¢(v) from (1), we ob-

WAELENGTH  (pm)
192 227 278 357 3500 8.33 25.00
003 == T T i =
bt = e
002 | e — |-
i J
0 s W5 I
Yo || mSu— R
S S | (0
: ) !
‘; 0.00 — S SRR S T | ‘-_J
2 I J -
< \
® o0 bt = -/__
e T e __t-—-.—~-d——4
0,02+ st —{
- -——— et if e
o | J | I ] 1
OONG 9a4 38 28 20 ke oM
WAE MUVBER  em™) 0>

FIG. 6. Difference between the refractive index n(v) for
double-concentration standard sea water (SSW=2) and that of
pure water,
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FIG. 7. Difference between the absorption index k(v) of SSW
and that of pure water.

tain a value of ¢(v) that is the sum of ¢(v)ypz based on
high-frequency extrapolation, ¢(v), based on measured
values of R(v), and ¢(v)_ gz based on low-frequency ex-
trapolation. In spectral regions where o(v) is small,
its value given by (1) is strongly influenced by the ex-
trapolations; this fact accounts for the large uncertain-
ties in the absolute values of k(v) in regions of low ab-
sorption. In spectral regions where ¢ is large, the
magnitudes of ¢(v)yrg and &(v) pg are small as com-
pared with that of &(v),.

However, if we employ identical extrapolations for
water and for SSW, we can obtain significant differences
k(v)ssw = k(v)y even though the calculated values of
these separate absorption indices may be unreliable.

In establishing these corrections, we note that ¢(v)ssw
- d’(V)w =[¢(V)H}-E “b(’/)y ?Q(V)Lyg]sw . [O (V)Hpg *Q(V)u
+0 (M re lw =0 (V) yssw ~ & (¥) 4w provided identical high~
frequency and low-frequency extrapolations are em-
ployed.

In Figs. 7 and 8 we show the results of values of
k(V)ssw = k(v )y and k(V)ggy., = k(v)y, respectively. inar-
riving at the values shown in these figures we used ex-
trapolations based on R(v)sew =R (v)y for v>8000 cm™!
and ¥<350 cm™. On the basis of uncertainties +0.01
R(v) in measured values of the spectral reflectance of
SSW, we estimate that the uncertainties .n the differ-
ences in absorption indices plotted in Figs. 7 and 8
amount to less than £0.002 over most of the spectral
range between 4000 and 400 cm™. For v >4000 cm™,
the calculated differences in absorption indices are in-
fluenced by the way in which the measured reflectance
curves for sea water are merged with the values of
R(v)y used in the high-frequency extrapolation.

Over most of the spectral region 4000--400 cm* the
differences between k(v) values for SSW-1 and SSW-2
and the values of k(v) for water are small and the dif-
ference amounts to less than £0.002. Differences
larger than this occur in the 3400 cm™ region and in-
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FIG. 8. Difference between the absorption index k(v) of
double-concentration standard sea water (SSW-2) and that of
pure water.

dicate a slight shift to higher frequency and possible
changes in the contours of the water band caused by the
influence of the solutes. Similar but larger differences
are noted in the 600 cm™ region and are associated with
a shift of the librational band to lower frequencies; the
dashed curve in this region represents the differences
in absorption index reported by Friedman on the basis
of absorption measurements. The sharp peak near
1100 cm™! is associated with the SO;” absorption band
mentioned earlier; the total absorption [ k(v) 4v associ-
ated with this band is roughly proportional to concen-
tration.

1

It is gratifying to note the general agreement between
the present results based on reflection measurements
at near-normal incidence and the earlier results of
Friedman,® who measured reflectance at large angles
of incidence along with transmission measurements in
certain restricted spectral ranges. In the present
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study we have extended quantitative measurements to
lower frequencies and fuive detected shifts in the 3400
cm™ water band not reported in Friedmman’s study.

On the basis of the refractive-index differences
plotted in Fig. 5 and the absorption-index differences
plotted in Fig. 7 one may obtain values of u(v) and /()
for standard sea water by adding these differences to
the values of these quantities tabulated by Downing and
Williams.® Comparisons of Figs. 5 and 7 with Figs. 6
and 8 provide a measure of the variations in n(v) and
k(v) with salinity. We emphasize that comparisons of
the reflection and emission of real sea water may be
somewhat different from those computed on the basis of
the present values of the optical constants for standard
sea water, which contains no particulate or biologic
constituents.

We should like to express our appreciation to Profes-
sor Basil Curnutte and to Dr. Harry Downing for help-
ful suggestions and to Keith Consani who prepared our
standard sea water samples under the supervision of
Professor William G. Fateley.
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IT. Summary of Work on Inorganic Hydrated Materials

Most of our work on hydrated materials has invelved studies of the
optical properties of aqueous solutions. The first such study was car-
ried out by Dr. David A. Draegert in work involved with his doctoral
dissertation. Draegert's study involved the study of the absorption
spectra aqueous solutions of strong electrolytes in the far-infrared re-
gions of the spectrum. This investigation, which was carried out by
means of the conventional techniques of infrared spectroscopy, is sum-

marized in the following paper by Draegert and Williams.
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Far-Infrared Absorption Spectra of Aqueous Solutions of Strong Electrolytes*

Davip A. DRAEGERT aND DUDLEY WILLIAMS

Kansas Slate University, Manhattan, Kansas
(Received 12 July 1967)

The infrared absorption of solutions of LiCl, KF, KCl, KBr, KI, NaCl, NaBr, NaI, NaNO;, NaClO;,
NaClOy, DCI, and NaOD in D,O has been studied in the spectral region 73 to 650 cm™; the absorption of HCI
and NaOH solutions in I{,0 in the region 75 to 1000 cm™! has also been investigated. Even for the highest con-
centrations, the solution spectra have a striking resemblance to the spectrum of the solvent. A broad, intense
band attributable to the hindered rotation of water molecules and a much less intense band attributable
to the hindered translation of water molecules appear in the spectrum of each solution. The frequencies,
widths, and shapes of these bands are compared in some detail with the corresponding bands in the spectrum
of pure water. Small but significant differences between the spectra of the solutions and the spectrum of

water are noted.

Because of their importance and their interesting
physical properties, aqueous solutions have been
studied by many experimental techniques, including
infrared' and Raman spectroscopy.’™® Most of the
earlier infrared investigations covered frequencies
higher than 1000 cm™, and the observed absorption
bands involved transitions between intramolecular
vibrational states. Information regarding the inter-
molecular structure of the liquids was obtained only
because the intermolecular forces have some influence
on the frequencies and intensities of intramolecular
bands. Direct transitions between states involving
motions of entire water molecules restrained by
relatively weak intermolecular forces produce absorp-
tion at frequencies lower than 1000 cm™'. Hence,
studies of the far-infrared absorption spectra of solu-
tions can, in principle, provide additional information
concerning the intermolecular forces and the effects of
solutes on the structure of water.

The present study of aqueous solutions is a con-
tinuation of our earlier work on the far-infrared spec-
trum of liquid water,® which revealed general absorp-
tion” throughout the region with at least two well-
defined absorption bands. One is a broad, intense band
with an absorption maximum near 680 cm™! in H,0 and
near 500 cm™" in D.O; the contour of this major band is
smooth but decidedly asymmetric. A much weaker band

* Work supported in part by the U.S. Air Force Cambridge
Research Laboratories and in part by the U.S. Office of Naval
Research.
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produces a shoulder on the low-frequency wing of the
major band. After allowance is made for the contour of
the major band, it appears that the shoulder band is
centered near 170 cm™ in H,O and near 165 cm™! in
D.0. Bands in these regions have been observed in
Raman® and in inelastic neutron-scattering studies.®
Because of their isotopic shifts, the major and shoulder
bands have been attributed, respectively, to hindered
rotations or “librations” and to hindered translations
of water molecules. For both H,O and D,O it was
found that the frequency of the absorption maximum of
the major band decreases with increasing temperature.
The major band also broadens, and the maximum
absorption coefficient appears to decrease with in-
creasing temperature. The central frequency and the
maximum absorption coefficient of the shoulder
band apparently decrease with increasing temperature.
The spectra of the electrolytic solutions observed in
the present study will be compared with the spectrum
of water.

The solutes selected for study included eight alkali
halides, three sodium salts with more complex anions,
hydrochloric acid, and sodium hydroxide. To permit
comparison of the effects of the different solutes, most
of the solutions were studied at a common concentra-
tion; since the observed spectral effects generally in-
crease with concentration, the highest common concen-
tration attainable (4M) was used. Concentration effects
were studied in detail in certain selected solutions.

EXPERIMENTAL METHODS

The far-infrared spectra were obtained with a
Perkin-Elmer Model 301 double-beam spectrophotom-
eter. The spectral slitwidth rarely exceeded 4 cm™ and
was usually considerably less. The ambient tem-
perature of the sample compartment was approxi-
mately 28°C.

The samples consisted of thin layers of liquid between
polyethylene windows spaced a few microns apart.

8 K. E. Larsson and V. Dahiborg, React. Sci. Tech. (J. Nucl.
Eng.) 16, 81 (1962).
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F16. 1. Normalized spectral transmittance curves for D,O and
4M solutions of strong electrolytes. The interval between marks on
the transmittance axis in this and subsequent figures is 0.1; the
upper curves have been displaced by multiples of this interval. In
general, spectral transmittance values based on independent
m??)\;rements differ from those given in the curves by at most
=0.03.

Liquid D.O was used as a solvent, because its interesting
spectral features occur in the frequency region below
650 cm™!, where polyethylene is transparent; most
other window materials dissolve or react with the
solutions. Reagent-grade salts were dissolved in 99.5%,
D,0 obtained from Coleman, Matheson, and Bell, Inc.
Solutions of 259, NaOD and 209, DCI in D,O were
supplied by Calbiochem, Inc.

Because of the experimental difficulties encountered
in our earlier quantitative study of the water spectrum,®
no precise measurements of sample thickness were
undertaken in the present work. Thus, absorption
coefficients were not determined. Each of the trans-
mittance curves shown in the figures is a composite,
based on four or more spectra of the same solution.
Several spectra for each solution were averaged after
they had been “normalized” by Lambert’s law to give a
minimum transmittance of 0.10; the minimum trans-
mittances actually measured were between 0.06 and
0.22. The normalization procedure facilitates com-
parison of frequency shifts and band shapes. However,
it should be noted that no comparison of the relative
absorption coefficients of 4i ferent solutions is possible.

EXPERIMENTAL RESULTS

Normalized transmittance curves for D,O and for
4M solutions of 11 different solutes are shown in Fig. 1.

DRAEGERT AND D.

WILLTAMS

The spectra of all solutions show a marked resemblance
to the spectrum of D.O. The major band in the potas-
sium and sodium halide solutions shifts to lower fre-
quencies as the halide ions increase in size. The shoulder
band is barely discernible in the bromide and iodide
solutions. In the lithium chloride solution, the mujor
band is narrow and well scparated from the shoulder
band. Careful examination reveals differences in the
shape of the major band for lithium, sodium, and
potassium salts in solutions having a common halide
ion. The shapes of the transmittance curves for sodium
nitrate and sodium chlorate solutions are similar;
replacement of nitrate ions by chlorate ions shifts the
entire curve to lower frequencies. The sharp bands
near 610 cm™! in the sodium chlorate solution and near
628 cm™! in the sodium perchlorate solution are due to
normal vibrations of the anion groups.

Normalized transmittance curves for D.O and for
different concentrations of potassium fluoride, potas-
sium iodide, and sodium perchlorate are shown in Fig.
2. The principal effect of concentration increase in the
potassium fluoride solution is a broadening of the major
band; the shoulder band is extremely broad in the 12/
solution. In the potassium iodide solutions the major
band shiits to lower frequencies with increasing con-
centration. Similar shifts are observed for the sodium
perchlorate solutions; the curve for the 8}/ solution
has an ‘““angular contour,” with definite changes in the
slope near 520 and 370 cm™.

Normalized transmittance curves for D,O and for two
different concentrations of deuterated sodium hydrox-
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F16. 2. Normalized spectral transmittance curves for D:O and
KF, KI, and NaClO¢ solutions with the indicated concentra-
tions.




FAR-INFRARED

ide and hydrochloric acid are shown in Fig. 3. In the
hydroxide solution, increase in concentration broadens
the major band. In the acid solution, increase in con-
centration shifts the major band to lower frequencies,
Because the major band is extremely broad, it is
difficult to dctermine the frequency of maximum
absorptance by casual inspection of the normalized
transmittance curves. This frequency, denoted by vz,
was determincd by the procedure suggested on the D.O
curve in Fig. 3. For this curve, »; and ». are the fre-
quencies at which the normalized transmittance is
0.2; the mean of » and », is denoted by 7(0.2). The
corresponding mean frequencies for smaller values of
transmittance, along with estimated uncertainties, are
also shown in Fig. 3. The frequency v, is given by the
limit of these mean frequencies as the normalized
transmittance approaches 0.1. The values of vy for
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F1c. 3. Normalized spectral transmittance curves for D,O and
NaOD and DCl solutions with the indicated concentrations.

deuterated solutions are listed in Table I; the indicated
uncertainties are based on consideration of band shape
and scatter in the original data points. The values of v,
for several solutions are plotted in the left panel of Fig.
4 as a function of concentration. The right panel of
Fig. 4 gives the values of vz for 4M solutions of the
indicated compounds of lithium, sodium, and potas-
sium.

It can be seen from Fig. 4 that the frequencies vy, for
all solutions are generally less than vy for pure D,O.
For 4 solutions of potassium salts, the frequency vg
decreases in the order: KF, KCIl, KBr, and KI; for 4M
solutions of sodium compounds, the corresponding
order of decrease is: NaOD, NaNQ;, NaClO;, NaClQ,,
NaCl, NaBr, and Nal. For the 4M solutions of chlo-
rides, bromides, and iodides, the frequency vy, is less for
sodium salts than for potassium salts; however, it
should be noted from Fig. 1 that the shapes of the
major bands in sodium and potassium salts are quite
different. In the 4} chloride solutions, vy, decreases in
the order LiCl, DCI, KCJ, and NaCl. For the solutions
studied at various concentrations, vz decreases rapidly

64
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TapLe L. The frequencics v, of the “major band” and vy of the
“shoulder band” for D.O solutions.

Concentration

172 vy
Solution (M) (cm™) (cm™)
DO 50010 165£10
KF 2 50010 18612
4 49112 16912
8 48410 18212
12 482+12 230-140+
KCl 4 441412 153+12
KBr 4 44010 1494+14
KI 2 47910 16612
4 423410 14014
6 40112 14014
NaNO; 4 45910 185+12
NaClO,; 4 45212 164412
NaClOq 2 464412 17612
4 43312 177+15
8 37112 14012
NaCl 4 412412 16612
NaBr 4 40812 162+14
Nal 4 39812 18314
LEi€l 4 48610 163+12
NaOD 4.3 47012 18612
8.7 47612 20212
DClI 3.2 454412 17612
6.4 412+12 177412

* A broad band with abrupt changes in slope near the indicated
frequencies.

with increasing concentration except for KF and NaOD
solutions. The lowest frequency v, observed was for the
8M solution of NaClOy; this frequency is 269 less than
the frequency of v in pure D,0.

As indicated in the normalized transmittance curves
in Figs. 1-3, there is considerable variation in the
width of the major band in the spectra of various
solutions. In view of the general far-infrared absorption
mentioned earlier, any definition of the bandwidth of
the major band is perhaps arbitrary. The frequency
difference »1—»y between the frequencies at which the
normalized transmittance is 0.2 was selected as a
measure of bandwidth; at this value of normalized
transmittance, the “width index” »—w, is large com-
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['1G. 4. The frequency »;, of maximum spectral absorptance. The
left panel gives »;, for several solutions as a function of concentra-
tion. The right panel gives »y for 41/ solutions of compounds of
lithium, sodium, and potassium; the anion is listed for each point.
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F1c. 5. The width index »y—wm of the major band, the asymmetry
index »,—#(0.2) of the major band, and the ratio ar/a; of the
absorption coefficients of the shoulder and major band are shown
as a function of concentration in the leit panels. These param-
eters, which are defined in the text, are shown in the right panels
for 441 solutions of the indicated salts.

pared with uncertainties in »; and »,. Absorptance by the
shoulder band is usually negligible in the spectral
region between »; and »», but was taken into account in
some cases before »» was determined.

In the upper part of Fig. 5, the width index »1—w,
is plotted as a function of concentration in the left
panel and is shown for 4} solutions of various com-
pounds of lithium, sodium, and potassium in the right
panel. The figure indicates that, with the exception of
LiCl, the width index for the major band is larger for
all solutions than for D,0. The width generally in-
creases with concentration, but for KI and NaClO, the
band appears to narrow as the concentration increases
beyond 4M. For 4 solutions of potassium halides, the
width index increases in the order: KCl, KF, KBr, and
KI; for 4M solutions of sodium compounds, the order
of increase is: NaNQO;, NaCl, NaClO;, NaClOy, NaBr,
Nal, and NaOD. Except for the positions of NaCl and
NaOD, these orders are identical with those for de-
creasing vz. For chloride solutions, the width index
increases in the order: LiCl, NaCl, KCl, and DCI. For
bromide and iodide solutions, the width index is larger
for the potassium than for the sodium salts.

In discussing the effects of various solutes on the
shape of the central portion of the major band in the
spectral region, where the normalized transmittance
is less than 0.2, it is helpiul to introduce an “asymmetry

index” v,—7(0.2). For a symmetrical band, this index
is zero. If the asymmetry index is positive, as in the
case of the D.O curve in Fig. 3, the integral of the
spectral absorptance from v to 7(0.2) is greater than
this integral from 7(0.2) to v.. Values of the asymmetry
index, which is seldom zero, are plotted in the central
portion of Fig. 5. As indicated in the leit pancl, with
increasing concentration the asymmetry index increases
for NaOD and decreases steadily for DCIl and NaClO
solutions. The plot in the right panel gives the asym-
metry parameters for various 4.J/ solutions. For the
sodium halides, the asymmetry index has large negative
values; for the potassium halides, the index is positive
and has large values for the fluoride, bromide, and
iodide. These ditferences in the asymmetry indices for
the sodium and potassium halides thus reflect the
marked differences in band contours noted in Fig. 1; a
decrease in the asymmetry index implies a relative
increase in spectral absorptance in the lower-frequency
portion of the band.

In assigning a central frequency vr to the shoulder
band, it is necessary to make some assumption regarding
the portiorn of the measured spectral absorptance that
should be att*‘buted to this band. The values of »r
listed in Table [ were obtained by drawing a straight
line Tp tangent to the normalized measured trans-
mittance curve Ty at the point of inflection between the
major and shoulder bands, as indicated in Fig. 3. The
frequency vr is the frequency for which the difference
Ts— Tar is greatest; the use of an analogous technique
involving logarithmic plots of transmittance gave oaly
slightly different values for vp. The estimated un-
certainties in »r listed in Table I take into consideration
the arbitrary manner in which the “boundary lines”
T were constructed on linear or logarithmic plots of
normalized transmittance.

Some of the values of »r for the solutions listed in
Table I are lower than vy for D.O; others are higher.
For the 4} solutions of potassium halides, »r clearly
decreases in the “usual order’”’: KF, (D,0), KCl, KBr,
and KI. Differences in the values of vr for the 4M
solutions of sodium compounds are smaller and in some
cases not significant; the observed order of decrease is:
NaNQ;, NaOD, Nal, NaClO,, NaCl, (D.0), NaClO;,
NaBr. For the 4M bromide and iodide solutions, vy
is less for potassium salts than for sodium salts; for the
chloride solutions, v decreases in the order DCl, NaCl,
(D.0), LiCl, and KCI.

Although no determinations of absorption coefficients
a(v) were made, it is possible to determine from the
normalized transmittance curves the relative values of
a(v) for various frequencies in the spectrum of a given
solution. The ratio of the part ar of the absorption
coefficient at vz attributable to the shoulder band to the
total absorption coefficient az at vy was obtained. For
a sample thickness ¢, Lambert’s law gives

drl= —-ln( TM/TB)

and apl=-—In(Ty),

(L)
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where T, has the value 0.1 in the normalized trans-
mittance curves. The ratio ar/ay is then given by the
expression

ar/er=In(Ts/Ts)/In(TL). (2)

The ratios ar/a, for various solutions are shown in the
lower portion of Fig. 5. Because of the arbitrary
method of selecting T's, the uncertainties in the ratio
ar/ar may be as great as =409%,.

For the 4M solutions of potassium salts, the ratio
ar/ay, decreases in the order: KF, KCl, KBr, and KI;
for the sodium compounds, ar/a;, decreases in the order:
NaNQ;, NaClO;, NaCl, NaOD, NaBr, NaClOy, and
Nal. For the chloride solutions, the ratio decreases in
the order: LiCl, DCIl, NaCl, and KCl; ar/a. is very
small for the iodide and bromide solutions of sodium
and potassium. The ratio ar/ar generally decreases with
increasing concentration to about 6}/ and then in-
creases for the more concentrated solutions of NaOD
and KT'.

For purposes of comparison with the deuterated
solutions, normalized transmittance curves for H,O
and solutions of NaOH and HCI are shown in Fig. 6.
The portions of the curves between 1000 and 530 cm™!
are based on data obtained with a Perkin—Elmer Model
421 spectrometer. For H;O and the less concentrated
HCI solutions, silver chloride cell windows were used
for frequencies as low as 400 cm™; the other solutions
reacted with silver chloride. Spectral data for fre-
quencies below 650 cm™! were obtained by the tech-
niques described earlier. Values of vz, vr, and ar/ay are
listed in Table II.

A comparison of the spectra of the acid and base
solutions shown in Figs. 3 and 6 is rather interesting.
The major bandwidth is large for both classes of
solutions and increases rapidly with increasing con-
centration. The frequency vy, decreases with increasing

TRANSMITTANCE
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F16. 6. Normalized spectral transmittance curves for H,O and
for solutions of NaOH and HCl.

TaBLE II. The frequency v, of the “major band,” the fre-
quency vr of the “shoulder band,” and the ratio ar/ar of absorp-
tion coetlicients for Hz20 solutions.

Concentration v

L vy
Solution (31) (em™Y)  (cm™Y) ar/ar,
H:0 coin 68010 17012 0.22:40%
NaOH 2 “ee 176 0.21
4 “ee 191 0.24
8 e 194 0.32
HCl 2 62012 166 0.22
1 624 173 0.24
8 eia'e 167 0.26
12 s 171 0.1

concentration—rapidly in the acid, slowly in the base.
With increasing concentration, the asymmetry index
rapidly decreases for the acid and slowly increases for
the base. The frequency vr is nearly constant in acid
solutions, but increases with concentration in the base.
In both acid and base, the ratio of absorption co-
efficients ar/ay is not significantly different from that of
water, except at the highest concentrations.

DISCUSSION OF RESULTS

The far-infrared absorption of pure water is pre-
sumably produced by rotational and translational
motions of molecules restrained by intermolecular
forces exerted by neighboring water molecules. X-ray
studies of water® have shown that, on a short time
scale, a given water molecule is likely to have four
nearest neighbors located at the corners of a tetra-
hedron. Motions of a given molecule are restricted
chiefly by hydrogen bonds linking it to its nearest
neighbors; displacement of a molecule from its equi-
librium orientation and position gives rise to restoring
forces.

Under these circumstances, it is to be expected that a
given molecule will have three modes of hindered
rotation about the principal axes of the molecule. Two
of these modes would be strongly infrared active, since
they invelve changes in the direction of the molecular
dipole moment; rotation about the symmetry axis
would possibly produce absorption by an indirect
process involving changes in molecular polarizations.
Because the water structure does not have the regularity
of a true crystal and is subject to change in times at
least comparable with and probably shorter than the
dielectric relaxation time ~10~" sec, broad absorption
bands due to hindered rotation are to be expected.

Although the observed water band attributed to

*J. Morgan and B. Warren, J. Chem. Phys. 6, 666 (1938);
G. Brady and V. Romanow, 7bid. 32, 306 (1960) ; M. D. Danford
and H. A. Levy, J. Am. Chem. Soc. 84, 3965 (1962).
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hindered rotation is asymmetric, we have not obtained
any dircct evidence that this band consists of unresolved
components. The clearest evidence for the existence of
more than one component has been obtained by Ter-
hune, Maker, and Savage® in their studies of inelastic
harmonic light scattering; Savage reports H.O bands
near 483 and 760 cm™!, which can be distinguished by
polarization measurements. The observed Raman band
has been analytically decomposed into two or three
components by Walrafen.!! Thus, it is probable that the
major far-infrared band of water consists of two or more
unresolved components.

Although there are three degrees of freedom for
hindered translation, no evidence of a multi-component
structure has been reported for the observed water band
attributed to motion of this type.

In view of current interpretations of the far-infrared
spectrum of water, the striking resemblance of the
observed spectra of solutions to the spectrum of pure
water is possibly surprising. In the most concentrated
solutions, in which there is one solute ion pair for every
four molecules, the restraining forces acting on a given
water molecule would be expected to be quite different
from the restraining forces acting on a molecule in pure
water. Because major bands and shoulder bands
grossly similar to those in water are discernible in all
solution spectra, it appears reasonable to attribute
these bands, respectively, to hindered rotation and
hindered translation of water molecules in the solutions.

In some superficial respects, changes in temperature
and the addition of solutes to water cause similar
spectral effects; both result in changes of v, and changes
in the width index of the major band. As indicated
earlier in our description of experimental results,
solutes with equal concentrations can be listed in a
definite order of increasing effectiveness in producing
spectral changes. Similar orders have been noted in
studies of other physical quantities,'? including the
frequencies of near-infrared absorption bands,! the
frequencies and intensities of Raman bands,*~* and the
shifts of NMR peaks.!* By comparing the effects of
various solutes with the effects produced by tem-
perature change, earlier workers have classified various
ions as “structure makers” and “structure breakers.”
From this point of view, the results of the present far-
infrared study of salt solutions indicate that Na* and
K+ should be regarded as structure breakers and Lit
and F- should be regarded as structure makers; in the
order of increasing effectiveness as structure breakers,
the other negative ions should be listed as follows:
NO;~, ClO5~, ClO4, Cl=, Br~, and I~. This classification
of various ions is in cssential agreement with those
based on studies of other physical properties.

19 R. W. Terhune, P. D. Maker, and C. M. Savage, Phys. Rev.
Letters 14, 681 (1963); and private communication.

1 G, E. Walrafen, J. Chem. Phys. (to be published).

1 F, S, Feates and D. J. G. Ives, J. Chem. Soc. 1956, 2798.

# J, C. Hindman, J. Chem. Phys. 36, 1000 (1962).
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Another scheme for comparing the cffects of various
solutes with the effects of temperature change involves
the concept of a ‘“‘structurc temperature,” which is
defined as the temperature at which pure water would
have the same properties as those of a given solution.
In the temperature range between 5° and 75°C, the
frequency v, in pure D.O shifts at the rate of approxi-
mately —0.8 cm™!/C deg. Use of this rate of change
leads to structure temperatures of about 105°C for
4M solutions of NaClO4 and NaI and 180°C for an 83/
solution of NaClO;. As these temperatures are above
the normal boiling point of water, it appears that the
concept of structure temperature is of questionable
value when applied to concentrated solutions of
electrolytes.

The present study provides evidence that the spectra
of solutions have certain features which cannot be
duplicated by changing the temperature of pure water.
Even casual observation of the normalized trans-
mittance curves in Figs. 1-3 reveals that the shapes of
the hindered rotational bands for some solutions are
different from the hindered rotational band in pure D.0O.
The sudden changes in the slope of the curve for the 8}/
solution of NaClO, suggest the existence of unresolved
components in the hindered rotational band in this
solution. The large negative values of the asymmetry
index for the sodium halide solutions indicate that the
low-frequency absorptance of the bands in these solu-
tions is relatively more intense than for the correspond-
ing band in D,0. With increasing concentration of
NaClOy, the asymmetry index decreases rapidly, but
the width index first increases and then decreases; this
behavior would be expected if one or more unresolved
low-frequency components gradually increased in
intensity until they dominated the spectrum, with
accompanying decrease in the intensity of high-fre-
quency components associated with the undisturbed
water structure. A somewhat similar variation of the
asymmetry and width indices is noted for the potas-
sium iodide solution. The observed major bands in the
spectra of solutions can thus be considered as having
unresolved components involving hindered rotations of
water molecules, some of which are closely associated
with solute ions. Walrafen has drawn similar conclusions
from his studies of the Raman spectra of solutions.*

Other evidence for hindered rotation of water mole-
cules associated with ions has been obtained by Van der
Elsken and Robinson' in their far-infrared studies of
crystal hydrates. For water molecules in the halogen
environment X-«-H-O-H-.:-X, the rotational fre-
quencies progressively decrease in the order X = Cl, Br,
I; for water molecules in the environment X-..H-
O-H: - -0, the rotational frequencies are higher than for
water molecules in the corresponding X+« +H-O-H. . -X
environment. These observations offer some support for

1 7, van der Elsken and D. E. Robinson, Spectrochim. Acta 17,
1249 (1961).
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the interpretation of the present results in terms of
unresolved components involving water molecules
associated with solute ions.

Whercas increase in temperature decreases the fre-
quency of hindered translation in pure water, some
solutes containing ions usually regarded as structure
breakers cause an increase in the observed frequency vy.
The observed shifts in vr can be interpreted in terms of
new unresolved components involving water molecules
associated with various ions. The sudden changes in
the slope of the very broad hindered translational band
for the 12 solution of KF are further evidence for the
existence of unresolved components.

In summary, the results of the present study show
that, even for the most concentrated solutions, the

407

observed spectra have a striking resemblance to the
spectrum of pure water. Although the observed differ-
ences may be attributed in part to a disturbance of the
general intermolecular structure of water by the ions
similar to those produced by temperature changes, they
also involve direct interaction of ions with the water
molecules responsible for the observed absorption; such
direct interactions become increasingly important as
concentration increases.
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The initial work on the far infrared spectra, which must be con-
sidered semi-quantitative so far as band intensities are concerned,
was followed by studies of the near-normaléincidencé reflection of solu-
tions of strong electrolytes. The reflection spectra of these solutions
and the optical constants obtained by Kramers-Kronig phase-shift analysis
are presented in the following articles by Rhine, Willimas, PFale, and
Querry. These articles are based on the doctoral dissertation of Dr.
Paul Rhine; the Kramers-Kronig analysis was carried out at the Univer-
sity of Missouri at Kansas City at a time when the necessary computing
facilities were not available to us here. Our thanks go to Dr. Marvin
Querry for the design of the original computer programs, which were later

refined here in the course of our subsequent studies.
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Infrared Optical Constants of Aqueous Solutions of Electrolytes. The Alkali Halides

Paul Rhine, Dudley Williams,*

Department of Physics, Kansas State University, Manhattan, Kansas 66506

G. Michael Hale, and Marvin R. Querry

Department of Physics, University of Missouri, Kansas City, Missouri 64110 (Received July 5, 1973)

The normal-incidence spectral reflectance of aqueous solutions of alkali halides has been measured in the
spectral range 350-5000 cm-1. From the measured values of reflectance we have used Kramers-Kronig
phase-shift analysis to provide values of the real and imaginary parts of the complex refractive indices N
= n + ik of the solutions. The plots of k(v) vs. v give quantitative measures of absorption band intensi-
ties as well as positions; we find that the negative ions produce greater changes in the absorption spec-
trum of the solvent than do the positive ions. Similarly, we find that the negative ions have greater influ-
ence on n(v) in the near infrared; all the halide ions increase n(v) to values above that of water but, at a
common concentration, the iodide ion has the greatest effect. The primary influence of the ions on n(»)
in the near infrared can be attributed to electronic bands in the ultraviolet. The influence of the ions on
the characteristic water bands is related to the influence of the ions on the intermolecular structure of

water.

Introduction

Although the infrared spectrum of water has been the
subject of numerous investigations dating from the early
days of infrared spectroscopy, a critical survey by Irvine
and Pollack! revealed many inconsistencies in published
results and emphasized the importance of further quanti-
tative studies of transmission and reflection for the pur-
pose of obtaining more precise values of the real and
imaginary parts of the refractive index N = n + ik in the
infrared. Several such quantitative studies of water have
recently been reported.?® These studies have revealed
that the values of the optical constants n and k& obtained

The Journal of Physical Chemistry, Vol. 78. No. 3. 1974

in much of the infrared by Kramers-Kronig (KK) analy-
3is® of near-normal-incidence-reflectance measurements
were in much of the infrared in essential agreement with
values based on reflectance measurements at two angles of
incidence and with values based on a combination of re-
flection and absorption measurements.5 The KK analysis
of reflectance measurements provides reliable values of n
in most of the range covered by the reflectance measure-
ments and good values of k in the vicinity of strong bands;
the fractional uncertainties in k increase as k decreases.

The KK theorem for phase-shift analysis of reflectance
R(v) data asserts that if the modulus p(») = {R(¥)]¥/2 of
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the complex reflectivity p(v)et®* is known for all
frequencies v, then the phase ¢(vo) at any frequency vg is
given by
Byy) = ‘:)ﬂpf M dv (1)
T o Voo —

where p(v) and ¢(v) must satisfy conditions that allow
contour integration in the complex plane. Although the
value of ¢(vg) in eq 1 is most strongly influenced by values
of p(v) in the vicinity of o, values of p(v) for all frequen-
cies must be known if the KK theorem is to apply with
rigor. Our earlier experience with water® has shown that
¢(vo) in the range 300~5000 cm~!, in which we had actu-
ally measured R(v) is relatively insensitive to the type of
extrapolation of R(v) to higher frequencies provided the
extrapolation joins smoothly to the measured reflectance
curve; values based on extrapolation to lower frequencies
have increasingly greater uncertainties as vo in eq 1 ap-
proaches the lower limit covered by experiment. In mak-
ing the extrapolation of R(v) to low frequencies, we found
it desirable to make use of approximate values based on
the experimental work of others.*.9

In the present study, we report the results of measure-
ments of the near-normal incidence spectral reflectance
R(v) of aqueous solutions of alkali halides in the range
350-5000 cm - ! and present the values of n and k& provided
by KK phase-shift analysis of the measured values of R.
In addition to providing some insight into the influence of
dissolved monatomic ions on the intermolecular lattice
structure of liquid water, the study provides results that
are of practical importance to meteorological studies of
the transmission of infrared radiation through aerosols en-
countered in fog and cloud formation near the surface of
the sea.

Experimental Section

The general experimental techniques have been de-
scribed in detail in earlier papers. We determined the
spectral zeflectance of a sample by comparing the radiant
flux reflected from the free liquid surface with the flux re-
flected by a reference mirror, the absolute reflectivity of
which was determined in an auxiliary experiment. In the
comparison of the sample with the reference mirror we
used a calibrated optical attenuator consisting of a rapidly
rotating sector wheel, which was placed in front of the
spectrometer slit when flux from the mirror was being

measured; by use of the attenuator we avoided the neces-

" sity of changing amplifier gain settings. In spectral regions
where the spectral reflectance of water had been well es-
tablished, we made direct comparison of sample reflec-
tance with the reflectance of water.

At least four independent measurements of reflectance
were made for each solution studied. We believe that the
averaged values of R presented in the figures have an ex-
perimental uncertainty of 1% of the plotted values; the
uncertainties may have been slightly larger in spectral re-
gions where R is changing rapidly with frequency and also
at the lowest frequency range covered 450-350 cm =1,

The computer program used to determine o(vo) from eq
1 employed a basic wave number interval of 10 em~?! for
numerical integration except in the vicinity of the singu-
larity at » = vo, where the wave number interval was re-
duced to approximately 1 cm~!. In providing values of R
for use in eq 1 outside the 350-5000-cm~! range covered
by actual measurement, we made use of the values of the
optical constants of water tabulated by Zolatarev, et al.;*

.
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the computed values of water reflectance were raised to
match and join smoothly with our R curves at 30(X) and at
350 cm-!. Since the gross features of the reflectance
curves for the solutions are similar to those for water, the
adjustment of the Zolatarev data probably gives a satis-
factory approximation of solution reflectance outside our
range of measurement. We further assumed that the re-
flectance of a solution was constant for » > 10,000 cm~-!
and equal to the retlectance at 10,000 cm -!; this elimi-
nated remote ultraviolet reflection bands from the inte-
gral. Similarly, we assumed that solution reflectance at
extremely low frequencies was constant and equal to its
reflectance at 0.37 cm~?!, thereby eliminating the effects
of bands at lower radio frequencies.

On the basis of our earlier work on water together with
considerations of uncertainties in our present work, we es-
timate that the uncertainty in ¢(vo) in eq 1 is £0.003 rad.
This indicates that uncertainties in n amount to 1% of
the values shown in our graphs over most of the frequency
range indicated but may increase to =2% at the lowest
frequencies. The numerical uncertainty 4k amounts to ap-
proximately *0.03 over most of the range; thus, our
uncertainties amount to *10% at the maximum of the
strong band near 3400 cm-!, £25% at the maximum of
the weaker band near 1640 cm~!, and +7.5% at the maxi-
mum of the strong band near 500 cm-!. These uncer-
tainties are large but are smaller than those involved in
values based on trapsmission measurements unless ex-
treme care is taken in the preparation of the absorption
cell.” For values of £ < 0.10, values of £ based on trans-
mission measurements are usually to be preferred provid-
ed suitable cell windows of high optical quality are avail-
able.

Reagent grade materials were employed. Reflectance
was measured for solutions at ambient laboratory temper-
ature, which was approximately 27°.

Results

The results of our study are summarized in the figures.
The top panel in each figure gives measured reflectance R
as a function of frequency. The center panel of each figure
gives a corresponding plot of n, and the bottom panel
gives k as a function of frequency. In each panel a light
continuous curve gives the corresponding parameter for
pure water at 27° for purposes of comparison.

A. The 5000-2500-cm -1 Region. Figures 1-4 gives plots
for the spectral region 5000-2500 cm-!, which is domi-
nated by the intense absorption band near 3400 cm~! in
water; this band, which occurs in a region where mole-
cules containing OH groups have characteristic absorp-
tion, is usually attributed primarily to the »; and »3 fun-
damentals of the H20 molecule but includes some contri-
bution from 2»4 of the molecule.

Figure 1 gives the results obtained with 4 M solutions of
three alkali bromides in the 5000-2500-cm -! region. The
general contours of the reflectance feature are changed
somewhat and the reflectances of the solutions are gener-
ally higher than those of water. The values of n for the so-
lutions in the 5000-4000-cm -1 region are practically indis-
tinguishable from one another; this indicates that the dif-
ference between n of the solutions from that of water in
this region is due primarily to the common halide ion Br~
and the alkali ions have relatively little effect on n. Simi-
lar results were obtained in studies of Li*, Na*, and K*
in the presence of the halide ions Cl- and [-; related but
less clear-cut results were obtained with alkali fluorides.

The Journal of Physical Chemistry, Vol. 78, No. 3. 1974
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Figure 1. Normal-incidence reflectance and optical-constant
curves for 4 M soiutions of LiBr (dashed), NaBr (dotted), and
KBr (heavy continuous). The light continuous curves give corre-
sponding piots for water.

In view of our uncertainty Ak = +0.03, k is not signifi-
cantly different from zero in the 5000-3800-cm -1 range; in
the vicinity of the 3400-cm-! absorption band of pure
water, the k& bands for the solutions are shifted to higher
frequencies and are narrower than the water band: the
slight shift of the peaks and the slight decrease in the
half-width are progressively greater in the order Li*, Na*,
and K*. The k peak heights are essentially the same
within the limits of uncertainty, but the KBr peak is
slightly lower than the other peaks shown in the figure;
the maximum value of k for the solutions is very nearly
equal to the & = (.30 maximum for water.

Figure 2 gives plots of R, n, and k& in the 5000-2500-
cm~-! region for 4 M solutions of potassium halides. The
values of R and n for the solutions differ markedly from
the corresponding values for water in the 5000-4000-cm -1
range; the vaiues of R and n increase in the order F-,
Cl-, Br-, and [-. The peak values of k for the bands in
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Figure 2. Normal-incidence reflectance and optical-constant
curves for 4 M solutions of KF (dash-doi-dash), KCI (dashed),
KBr (dotted), and Ki (heavy continuous). The light continuous
curves give corresponding plots for water.
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the solutions are lower than that of the 3400-cm-1! water
band and decrease in the order Cl-, Br~, and [~ for the
heavier halides; the half-widths of the band are less than
that of the water band and show a corresponding decrease
with increasing ion size; however, the frequency at which
maximum R occurs is greater than that of the water maxi-
mum and increases in the order Cl-, Br~, and [-. The
appearance of the & band in the KF solution is different
from its appearance in the other halide solutions; its peak
value is considerably lower than those in the other halide
solutions; its half-width is greater than that of the corre-
sponding band in pure water; the & peak is shifted to a
lower frequency than that of the water band.

On the basis of the plots in Figures 1 and 2 we conclude
that the influence of negative ions on the 3400-cm ~! water
band is greater than the influence of positive ions. The in-
fluerices of the [~ and F- ions are greatly different; the
smuller effects of Cl- and Br- are more nearly like those

1¢,

W‘ . . s
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Figure 3. Normal-incidence reflectance and optical-constant
curves for Kl solutions: 2 (dotted), 4 (dashed), and 6 M (heavy
continuous). The light continuous curves give corresponding
plots for water.

of I- than like those of F~. These conclusions have been
borne out in studies of alkali halide solutions other than
those shown in the figures.

In order to ascertain the influences of concentration on
the infrared spectra, we studied KI and KF solutions at
several concentrations. Figure 3 gives the results obtained
for KI. The difference between n for the solutions and n
for water in the 5000~4000-cm ! region is roughly propor-
tional to concentration. With increasing concentration: (1)
the frequency at which the k peak occurs shifts.progres-
sively to higher frequencies, (2) the maximum value of k
progressively decreases, and (3) the haif-width of the ab-
sorption band progressively decreases. The corresponding
results for KF solutions are shown in Figure 4. The value
of n in the 5000-4000-cm ~! region shows a smail monoton-
ic increase with increasing concentration. The peak value
of 2 and the frequency at which the peak occurs become
progressively lower with increasing concentration of KF;
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Figure 4. Normal-incidence reflectance and optical-constant
curves for KF solutions: 2 (dotted), 4 (dot-dash-dot), 8
(dashed), and 12 M (heavy continuous). The light continuous
curves give corresponding plots for water.

the half-width of the band becomes increasingly greater.
For the 12 M solution the shape of the band bears little
resemblence to that of the water band.

Consideration of Figures 3 and 4 reveals no anomalies
with increasing concentration. All effects noted in Figures
1 and 2 appear to increase monotonically, although not
necessarily linearly, with increasing concentration. Simi-
lar results have been obtained in concentration studies of
other alkali halide solutions not shown in the figures.

B. The 2500-350-cm-!' Region. In the 2500-350-cm -1
region in the spectrum of water occur the weak associa-
tional band v, near 2120 cm -1, the v» fundamental ot the
H20 molecule near 1640 cm-! and the strong, broad band
vy, attributed to the librational or hindered rotational mo-
tion of HoO molecules in the fields of their neighbors. The
librational band in water at 27° is characterized by a
maximum in k at 580 cm~!; the peak position of the u
band is strongly influenced by temperature. Our present
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Figure 5. Normal-incidence reflectance and optical-constant
curves for 4 M solutions of LiBr (dashed), NaBr (dotted), and
KBr (heavy continuous). The light continuous curves give corre-
sponding plots for water.

results in the 2500-350-cm-! region are summarized in
Figures 5-8. :

Figure 5 gives the results obtained with alkali bromide
solutions. The spectral reflectance R is nearly the same
for all the bromides and is greater for all solutions than
for water except in the 800-350-cm -! region, where the
reflectance curves of the solutions cross that of water;
similar behavior is exhibited by the n curves, in which the
minimum corresponding to the water minimum at 840
cm-! is shifted to lower frequencies. In the plot of k& the
small maximum associated with the associational band vs
is clearly visible near 2120 cm - !; however, in the view of
experimental uncertainties in k, we can, on the basis of
the present work, draw no conclusions regarding the influ-

_ence of solutes on the associational band, which can be

more readily studied by measurements of transmission.”
The position and shape of the vo fundamental are not
measurably influenced by the presence of the solutes. The
k peak position for the librational band in the alkali bro-
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Figure 6. Normal-incidence reflectance and optical-constant
curves for 4 M solutions of KF (dash-dot-dash), KC! (dashed),
KBr (dotted), and Kl (solid continuous). The light continuous
curves give corresponding plots for water.

mide solutions is shifted to lower frequencies, relative to
its position in the spectrum of water; the shift is large for
all the bromides but increases slightly in the order Li+,
Na+, K~.

Figure 6 summarizes our results for alkali halide solu-
tions. In the 2500-800-cm-! range the R and n curves for
the solutions are higher than the corresponding curves for
water; the difference between n for the solutions and n for
water in this region increases in the order F-, Cl-, Br-,
[-. In the 2500-800-cm -1 region, the k& curves for the solu-
tions coincide within the limits of uncertainty with the &
curve for water; we can conclude that the solutes have lit-
tle influence on vs. In the 800-350-cm ! regions, the R
and n curves cross; the minimum in n occurs at a slightly
higher frequency for KF and at increasingly lower
frequencies for the other potassium halides in the order
Cl-, Br-, I-. The position of the k peak for v, is strongly
influenced by the solute and is shifted to lower frequen-
cies in the order F~, Cl=, Br-, I~; there is a slight indica-
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Figure 7. Normal-incidence reflectance and optical-constant
curves for Kl solutions: 2 (dotted), 4 (dashed), and 6 M (heavy
continuous). The light continuous curves give corresponding
plots for water.

tion of a high-frequency shoulder on the KF curve. The
magnitude of & at the peak is greater than that for water;
peak values of k increase in the order F-, CI-, Br-, I-.
Figure 7 gives the results of our study KI solutions as a
function of concentration. In the 2500-800-cm-! region,
the R and n curves become increasingly higher than the
water curves as the KI concentration increases; the k
curves for KI nearly coincide with the water curve at all
concentrations. In the frequency range below 800 cm-!
the R and n curves cross; the minima in the n curves for
the KI solutions occur at progressively lower frequencies
as the concentration increases. The k& maxima of the
band in the soiution spectra shift to progressively lower
frequencies as the concentration of KI increases; {or the 6
M solution the & maximum may actually occur at a fre-
quency below our limit of measurements at 350 cm ~ 1.
Figure 8 gives the results of our study of KF as a func-
tion of concentration. In the 2500-800-cm -! region the R
and n curves are higher than the corresponding water
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Figure 8. Normal-incidence reflectance and optical-constant
curves for KF solutions: 2 (dotted), 4 (dot-dash-dot), 8
(dashed), and 12 M (heavy continuous). The light continuous
curves show corresponding plots for water.

~curves by a relatively small amount that increases with
increasing concentration of KF. The vp peak in the k
curve remains at the same frequency in the solutions, but
the peak value of k appears to decrease with increasing
concentration. Differences in the levels of the & curves for
the KF solutions can be noted in the relatively flat parts
of the curves between 1500 and 1000 cm~1. In the spectral
range below 1000 cm -1, the R curves nearly coincide until
the R maximum is reached; the reflectance maximum is
attained at a higher frequency for the 12 M solution than
for water or the less concentrated solutions. The mini-
mum in the n curves occurs at a progressively higher fre-
quency relative to the minimum in the water curve as the
KF concentration increases. The k peak position for the v,
band in the 2, 4, and 8 M solutions appears at slightly
lower frequencies than for water and at a slightly higher
frequency for the 12 M solution than for water. The height
of the v, peak in the k curves decreases with increasing
concentration; evidence for the existence of a high-fre-

The Journal of Physical Chermistry. Vol 78 No 3 1074




v

244

quency shoulder appears in the spectra of the more con-
centrated solutions.

Discussion

The results obtained for values of n in the infrared indi-
cate that this parameter is influenced more by negative
ions than by positive ions. [ts value in the visible and in-
frared is determined primarily by the intensities and posi-
tions of electronic bands in the ultraviolet; at a given fre-
quency in the infrared, the increase of n for the solutions
over n for water is directly proportional to the intensities
of the ultraviolet bands of the solutions and is greater for
electronic bands in the near ultraviolet than in the far ul-
traviolet. Since our values of n in the near infrared show
little dependence on the positive ions (Figure 1), we can
conclude that the ultraviolet bands of the tightly bound
electronic structures of the positive ions Li*, Nat+, and
K+ are either weak or located in the remote ultraviolet or
both; conversely, since our values of n are strongly depen-
dent on the negative ions (Figure 2), we can conclude that
the ultraviolet bands of the loosely bound electronic struc-
tures of the negative ions F-, Cl-; Br-, and I~ are either
strong or located in the near uitraviolet or both.

Our determinations of & have given good values of this
quantity at the centers of strong bands where values of &
= MAa/4r cannot be determined with high precision by
transmission techniques because of large uncertainties in
the Lambert coefficient « resuiting from difficuities in the
preparation of extremely thin absorbing lavers of uniform
and precisely measured thickness and because of the pres-
ence of small amounts of stray radiaticn in nearly all
spectrometers.” Because of our limiting uncertainty 6k =~
0.03, the fractional uncertainty k/k increases in the wings
of absorption bands and in other spectral regions where k
is small. Thus, we have not made any important contribu-
tions to existing knowledge of band contours; for example,
the 3400-cm-?! band of liquid water, which is actually a
complex region of absorption consisting of several overlap-
ping unresolved components, we have treated in our dis-
cussion of Figures 1-4 as a single band with characteristic
frequency, peak height, and half-width.

Earlier studies!®-12 of the infrared absorption of solu-
tions of aikali halides have revealed certain superficial
similarities between the effects of dissolved ions and the
effects of temperature on the positions of the absorption
bands of water. The comparison between these types of
effects was prompted by the early theoretical work of Ber-
nal and Fowler,13 who attempted to explain various phe-
nomena on the basis of disruptive effects of ions on the te-
trahedrally bonded intermolecular lattice of water; ac-
cording to this theory the disruptive effects were related
to the ratio of the magnitude of the lonic charge to ionic
radius; large ions such as [~ were supposed to have a
greater disruptive effect than small ions such as Li+. Ber-
nal and Fowler also introduced the concept of the equiva-
lent structural temperature of a solution; this equivalent
temperature of a solution is the temperature of a pure
water sample that would exhibit the same properties as
those of the solution. On the basis of these theoretical
considerations as modified by subsequent refinements and
extensions, some investigators have attempted to classify

_various ions as ‘‘structure makers,” which actually con-

tribute to the regularity of the water structure of the type
produced by decreasing the temperature of pure water,
and as ‘‘structure breakers,” which have the reverse ef-
fect.
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Our recent study of the optical constants of water at
different temperatures® and studies of ice'* make it possi-
ble to compare parameters other than band position in so-
lution with water at various temperatures. For the 3400-
cm~! water band a summary of our results given in Table
II of ref 14 indicates that (1) the peak value of k& de-
creases, (2) the frequency of the & peak increases, and (3)
the width of the band between points of half-maximum &
increases with increasing temperature. Qur present results
for alkali bromides (Figure 1) show little significant
change in the & peak height, a small shift of the band
maximum to higher frequencies with barely significant
differences produced by Li*, Na*, and K+, and a narrow-
ing of the absorption band with the width of the peak in
LiBr somewhat larger than for the other two solutions.
Thus, (1) the nearly constant peak value of &£ would indi-
cate a nearly unchanged equivalent temperature: (2) the
shift of the peak to higher frequencies would indicate an
increase in equivalent temperature; (3) the narrowing of
the absorption peak would indicate a decrease in equiva-
lent temperature. In the case of the potassium halide so-
lutions (1) the decrease in k& peak height is characteristic
of a temperature increase in the expected order for the
large ions Cl-, Br-, and I~ but is even greater for the
smaller F- ion; (2) the shift of the peak to increasingly
higher frequencies for the Cl-, Br-, and I~ would indicate
an increasing structural temperature, while the shift of
the band to lower frequencies in KF is characteristic of a
decrease in structural temperature; (3) the progressive
narrowing of the band for Cl-, Br-, and I~ would indicate
a progressive decrease in structural temperature, but the
greatly broadened peak for F- would indicate an increase
in structural temperature. These ambiguous interpreta-
tions are further emphasized in the analysis of Figures 4
and 5, which show the influence of concentration of KI
and KF, respectively.

Thus, it would appear that any interpretation of our re-
sults for the 3400-cm-! band in terms of an equivalent
structural temperature or in terms of various ions as
structure makers or breakers leads to such serious am-
biguities that it is of questionable value. It is, of course,
possible that future studies in which the individual com-
ponents of the 3400-cm~-! band are resolved can aiter our
present conclusion on this subject.

In the case of the v, band near 1640 cm -1 our studies of
liquid water and ice show that (1) the peak value of &
shows no significant change in temperature for liquid
water but is considerably smaller for ice; (2) the peak fre-
quency of 1640 cm ! is not significantly altered with tem-
perature change in water or in ice near the melting point
but shifts to 1600 cm =1 in ice at =170°;1% and (3) that the
width of the band decreases monotonically with increasing
temperature. Comparison of the results for the v» band in
Figures 5-7 indicate that solutes also have little influence
on the v2 band characteristics; the results shown in Figure
8 indicate some possible influences of KF on the v2 band,
but these marginally significant changes cannot be inter-
preted with clarity in terms of changes in structural tem-
perature.

In the case of the librational band v our earlier studies
of water and ice have shown that (1) the peak value of k&
does not change significantly with temperature; (2) the
peak shifts to lower frequency with increasing tempera-
ture; and (3) that the band width increases with increas-
ing temperature. For the alkali bromides (Figure 5), (1)
the peak values of k are all significantly larger than the &
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maximum for water: (2) the frequency of the band maxi-
mum is shifted to lower {requencies in the order Lir,
Na‘, K': (3) no vaiid conclusions can be drawn with re-

gard to band width. For the potassium halides (Figure 6).
(1) peak values of % are all greater than for water; (2) the
position of the peak is shifted to lower trequencics in the
increasing order F~, Cl=, Br~, and 1-; (3) no conclusions
can be drawn with regard to band width. With increasing
concentration of KI (Figure 7), (1) peak height increases
monotonically; (2) the peak position shifts to lower
frequencies; (3) there is some evidence of progressive nar-
rowing of the band. With increasing concentration of KF
(Figure 8), (1) the peak value of £ decreases monotonical-
ly; (2) the position of the peak shifts monotonically to
higher frequencies; (3) there is some indication of band
narrowing and there is increasing evidence of a high-fre-
quency shoulder. For the v, band, (1) there is thus no
temperature analog of the observed change in peak values
of k; (2) at a commoun 4 M concentration, the shift of the
bank peak to lower frequencies would indicate an in-
creased structural temperature; with increasing concen-
tration of KI the progressive shift of the peak to lower
frequencies would indicate an increased structural tem-
perature; with increasing concentration of KF, we might
conclude that the equivalent structural temperature of the
solution is initially greater than 27° but decreases to much
lower values at the highest concentrations; (3) the pro-
gressive narrowing of the librational band can be inter-
preted as progressive reduction of the structural tempera-
ture for increasing concentration of KF; no valid conclu.
sions can be drawn for the other solutions.

Thus, for the vy, band there seems to be no unique way
to interpret the observed solution spectra in terms of an
equivalent structural temperacure. The situation for the
v, band is worse than in the case of the 3400 cm ! in view
of the fact that the large observed changes in the maxi-
mum value of & for the v band cannot be produced by
either increase or decrease in the temperature of pure
water. )

In the Bernel-Fowler theory the concept of structural
temperature was introduced to account for perturbation of
the water lattice by ions; the concept should thus be ap-
plied only to dilute solutions in which the number density
of ions is small as compared with the number density of
water molecules constituting the lattice. In the more con-
centrated solutions used in the present study of reflection
and in earlier studies of absorption, this concentration
limitation has not been fulfilled; thus, it is not surprising
that the concept of structural temperature involving the
classification of various ions as structure makers and
structure breakers should fail. In the most concentrated
solutions used in the present study nearly every H;0 mol-
ecule interacts directly or indirectly with one or more
ions; Draegert and Williams!® have pointed out that it is
remarkable that the spectra of such concentrated solu-
tions bear any resemblence to the spectrum of water, par-
ticularly in the far infrared.

The present study has been concerned with the quanti-
tative measurements of the spectral reflectance and with
the determination of absolute values of refractive indices
n and absorption indices k from measured values of reflec-
tance. Our results for the absorption indices & are closely
related to the results of numerous earlier studies of in-
frared absorption spectra, which have recently been dis-
cussed in considerable detail by Verrail.??” Many of the re-
sults obtained in the present study have also been ob-
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tained in studies of ahsorption. However, unless extreme
care is taken in absorption measurements,”% it is difficult
to obtain accurate values of the Lambert absorption coef-
ficients « or the associated absorption indices £ in the vi-
cinity of strong absorption bands. In the vicinity of the
strong absorption band with maximum at 3400 cm~?! in
the spectrum of water, the difficulties are particulariy
great; under conditions of low resolution the observed
band center as given in a plot of spectral transmittance
can actually shift with cell thickness.!8 [nadequate controi
of absorption cell thickness in the early study of aqueous
solutions by Millet and Williams!? apparently led to spu-
rious results for the 3400-cm-! band but caused no dif-
ficulties in other spectral regions.?

Recent absorption studies have given valuable informa-
tion!7 concerning the iniluence of solutes on the v; and va
bands by making effective use of isotopic shifts. In HDO
the v1 and v3 are widely separated in frequency; by ab-
sorption studies of HDO as an impurity in liquid H,0 and
in liquid D20, the v; and v3 bands of HDO can be studied
separately under conditions where neither is overlapped
by the overtone band 2v,. Although the results of these
absorption studies have given valuable information con-
cerning interactions between ions and HDO molecules, it
is possibly doubtful whether the HDO results can be ap-
plied directly to quantitative studies of the optical proper-
ties of liquid H2O or of ordinary aqueous solutions. In lig-
uid H»O the frequencies of the molecular vibrations vy, v3,
and 2vp are so nearly the same that resonance effects pro-
ducing band splittings and intensity anomalies may occur.

However, it would possibly seem desirable to consider
various models for the association of monatomic ions with
individual water molecules. In the Bernal-Fowler theory,
the effects produced by ions depend on ionic charge and
ionic radius and not on the sign of the charge; although
this theory and subsequent refinements of it account sat-
isfactorily for many observed effects, it has failed in ex-
plaining the effects observed in the present study and in
studies of infrared absorption, which reveal that negative
ions have more influence than do positive ions; for exam-
ple, the influence of the F- ion is much greater than the
effects produced by the K+ ion even though the two ions
have nearly the same radius.

In the vy, v2, v3, and vy, modes of water, most of the ac-
tual motion is associated with H atoms rather than with
the more massive O atoms. In the association of a water
molecule with a negative monatomic ion, the effect of the
energetically favored close proximity of the negative ion to
the H atoms of the polar water molecule would be expect-
ed to be greater than the effect of a positive ion of the
same size, for which the energetically favored position
would be near the O atom of the polar water molecule.
Elaboration of a simple model of this type to include pos-
sible ion clustering might lead to an interpretation of
some of the observed effects of ions on the water spec-
trum.

We might close by pointing out that carefully executed
ATR measurements are capable of providing greater pre-
cision?® in the determination of n and k from directly
measured quantities without the necessity of emploving
KK analysis. ATR techniques should provide turther in-
formation regarding band contours. We hope that o:r
present results can soon be checked by ATR techniques. [t
would also be desirable to extend the measurements to
frequencies lower than our present limit of 330 ¢cm ! to
include the hindered-translation band® near 180 cm -1,

The Journal of Physical Chermistry. Vol 78. No. 2. 1974




246

Acknowledgments. We wish to express our appreciation
to the Office of Naval Research for support of the work at
Kansas State University and to the National Science
Foundation for support at the University of Missouri—
Kansas City.

References and Notes

(1) W. M. Irvine and J. B. Pollack. /carus, 8, 324 (1968).

{2) L. Pontier and C. Dechambenoy, Ann. Geopnys., 21, 462 (1965);
22, 633 (1966).

(3) M. R. Querry, B. Curnutte, and D. Williams, J. Opt. Soc. Amer., 59,
1299 (1969). .

(4) V. M. Zolatarev, B. A. Mikhailov, L. I. Aperovich, and S. |. Popov,
Opt. Spectrosk., 27, 790 (1969). [Translation, Opt. Spectrosc., 27,
430 (1969) ].

(5) A. N. Rusk, D. Williams, and M. R. Querry, J. Opt. Soc. Amaer., 61,
895 (1971).

R. M. Chatterjee, W. A. Adams, and A. R. Davis

(6) G. M. Hale, M. R. Querry, A. N. Rusk, and D. Williams, J. Opt. Soc.
Amer., 62, 1103 (1972).

(7) C. W. Robertson and D. Williams, J. Opt. Soc. Amer., 61, 1316
(1971). :

(8) C. W. Robertson, B. Curnutte, and D. Williams, Mol. Phys.. 26, 183
(1973).

(9) P.S. Ray, Appl. Opt., 11, 1836 (1972).

(10) D. Williams and W. Millett, Phys. Rev., 66, 6 (1944).

(11) G. R. Choppin and K. Buijs, J. Chem. Phys., 39, 2042 (1963).

(12) H. Yamatera, B. Fitzpatrick, and G. Gordon, J. Mol. Spectrosc., 4,
268 (1964).

(13) J. D. Bernal and R. H. Fowler, J. Chem. Phys., 1, 515 (1933).

(14) J. W. Schaaf and D. Williams, J. Opt. Soc. Amer., 63, 726 (1973).

(15) J. E. Bertie, J. J. Labbe, and E. Whalley, J. Chem. Phys., 50, 4501
(1969).

(16y D. A. Draegert and D. Williams. J. Chem. Phys., 48, 401 (1968).

(17) R. E. Verrall, “Water: A Comprenensive Treatise,” Vol. 3, F.
Franks, Ed., Plenum Press, New York, N. Y., 1973, Chapter 5. pp
211-264.

(18) E. K. Plyler and C. J. Craven, J. Chem. Phys., 2, 303 (1934).

(19) D. Williams and W. Millet, °hys. Rev., 66, 6 (1944).

(20) B. L. Crawford, private communication.

78




e AN A PP

{Reprinted from the Journal of Physical Chemistry, 78, 1405 (1974).]
Copyright 1974 by the American Chemical Society and reprinted by permission of the copyright owner.

Infrared Optical Constants of Aqueous Solutions of Electrolytes. Acids and Bases'

Paul Rhine, Dudley Williams, *

Department of Physics. Kansas State University, Manhattan. Kansas 66506

G. Michael Hale, and Marvin R. Querry

Department of Physics. University of Missouri. Kansas City. Missouri 64110 (Received January 7. 1974)

Publication costs assisted by Kansas State University and the University of Missouri—KC

The normal-incidence spectral reflectances of aqueous solutions of HCl, NaOH, and KOH have been
measured in the spectral range 350-5000 cmn~!. From the measured values of reflectance we have used a
Kramers-Kronig phase-shift analysis to obtain values of the real n and imaginary & parts nf the refrac-
tive indices of the solutions. The spectral reflectance and the refractive index n of the solutions in the
5000-4000-cm ~* region and in other spectral regions that are remote from characteristic water bands in-
crease monotonically with concentration. Plots of absorption index & for HCI as.a function of concentra-
tion indicate (1) a gradual decrease in the peak height and frequency of the 3400-cm-! water band, (2)
strong general absorption in the 3200-2000-cm-! region, (3) an apparent shift of the v, water band
toward high frequencies, (4) the appearance of a new band near 1100 cm~1, and (5) shifts of the libration
water band to lower frequencies. Plots of & for NaOH as a function of concentration reveal (1) a reduc-
tion of the k peak for water near 3400 cm~1, (2) the appearance of strong additional absorption near 2800
cm~1! along with strong general absorption in the 3000-1700-cm ~! region, and (3) shifts in the position of

the librational water band. The observed effects are discussed qualitatively.

Introduction

In an earlier paper? we have given the results of a study
of near-normal-incidence spectral reflectance of aqueous
solutions of alkali halides in the 350-5000-cm -1 region of
the infrared. By applying the Kramers-Kronig (KK) theo-
rem for phase-shift analysis, we obtained values of the
real n and imaginary k parts of the complex refractive
index N = n + ik for the spectral region covered in our
measurements of reflectance.

In the present paper we report a similar study of solu-
tions of the strong acid HCl and two strong bases, NaOH
and KOH. None of the alkali or halide ions involved in
our earlier studies had characteristic bands in the in-
frared. In the present study, the OH- ion was expected to
exhibit a characteristic vibrational band: the hydrogen
ions are presumably strongly attached to one or more
water molecules in such a way that new characteristic
bands could result.

Experimental Section

The experimental arrangements employed in the retlec-
tance measurements were sim:lar in all details to those
described in our previous paper; similar methods of carry-

ing out the KK analysis were also employed. The uncer-
tainties 6n in n amount to +1% of the plotted values over
most of the range but increase to as much as 3% in the
500-350-cm ~* region. The uncertainty 6k is approximately
+0.03 over most of the range but may increase to £0.05 at
350 cm -1,

Results

Our results are presented graphically in Figures 1-6.
The upper panel in each figure gives measured spectral
reflectance R at near-normal incidence; the center panel
gives the values of the refractive index n as given by the
KK analysis; the bottom panel gives the values of the ab-
sorption index k. In each panel, for purposes of compari-
son, we indicate the corresponding values for water by a
light continuous curve.

A. Hydrochloric Acid. The spectrum in the 5000-2500-
cm-1! region is dominated by a strong absorption band,
which appears in the vicinity of 3400 cm ! in the spec-
trum of water at 27°. Figure 1 gives our results for HC! at
the concentrations indicated in the legend. The values of
R and n for the solutions in the 5000-3800-cm - ! range are
greater than the values of water: the difference between
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Figure 1. Reflectivity, refractive index, and absorption index
curves for HCI solutions: 12 M, heavy continuous; 8 M, dashed;
4 M, dash-dot-dash; 2 M, dotted; water, light continuous.

the curves for the solutions and the curve for water in-
creases monotonically with increasing concentration. In
the vicinity of the resonance feature near 3400 cm~! the R
and n curves cross and the resonance feature becomes less
sharp with increasing concentration. In view of our uncer-
tainty 6k = 0.03, the values of the absorption index are
not measurably different from zero in the 5000-3800-cm !
range. The absorption peak at 3400 cm~! in pure water
shifts to noticeably lower frequencies with increasing con-
centration of HCI; the peak value of & becomes progres-
sively lower with increasing concentration. Although the &
peak appears to increase in width at half-height, this ef-
fect may be due to the greatly increased absorption in the
low-frequency wing of the band. General absorption oc-
curs in the region between 3200 and 2500 cm~! and in-
creases with increasing concentration; there is no evidence
of a separate peak in k associated with the general absorp-
tion.

The spectra of HCI solutions in the 2500-350-cm ! re-
gion are shown in Figure 2. The spectral reflectance of all
solutions is higher than that of water for all regions except
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Figure 2. Reflectivity, refractive index, and absorption index
curves for HC! solutions: 12 M, heavy continuous; 8 M, dashed:
4 M, dash-dot; 2 M, dotted; water, light continuous.

the 700-500-cm-! range, where all the measured reflec-
tance curves nearly coincide; the same is true for the n
curves. In both R and n curves, the resonance features in
the vicinity of the 1640-cm-! water band apparently be-
come broader and shift to higher frequency. An additional
resonance feature not present in the spectrum of pure
water produces a broad n maximum near 1000 cm~! in
the 8 and 12 M solutions.

The absorption characteristics of the solutions are
shown by the plots of & in the bottom panel. All solutions
exhibit stronger absorption than water in the 2500-1800-
cm -1 region; the absorption in this region is general and
is not characterized by clearly discernible peaks. The &
peak appearing at 1640 cm~-! in the spectrum of pure
water appears to increase in height, to broaden, and to
shift to higher frequencies with increasing concentration.
At the highest HC! concentrations a new broad band hav-
ing no counterpart in the water spectrum appears in the
vicinity of 1100 cm-!. The librational band with maxi-
mum & near 600 cm~! in the water spectrum shifts to pro-
gressively lower frequencies with increasing HCl concen-
tration.

B. Sodium and Potassium Hydroxide. The results ob-
tained for NaOH and KOH in the 5000-2500-cm ! region
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Figure 3. Reflectivity, refractive index, and absorption index
curves for NaOH solutions: 16 M, heavy continuous; 8 M,
dashed; 4 M, dash-dot-dash; 2 M, dotted; water, light continu-
ous.

are shown in Figures 3 and 4, respectively. In spectral re-
gions remote from absorption bands, the values of R and n
are slightly larger for KOH than for NaOH; in other re-
spects the contours of the R and n curves for the solutions
are similar for corresponding concentrations. In the vicini-
ty of the 3400-cm ~! water band, the dispersion features in
the R.and n curves for the 2 and 4 M solutions become
progressively less pronounced with increasing concentra-
tion. The curves for the 8 M solutions for both hydroxides
show clearly an additional small dispersion feature near
3000 cm-1; further evidence of this feature appears in the
n and R curves for the 16 M solution of KOH but is less
apparent in the corresponding curves for NaOH.

The plots of the absorption index k in the bottom pan-
els of Figures 3 and 4 indicate a progressive reduction of
peak height of the 3400-cm-! water band along with a
progressive broadening of the band toward lower frequen-
cies with increasing concentration. For the 8 M solutions,
there is some evidence of a second incompletely resolved
band near 2800 cm . [n the 16 M solution of KOH, there
is clear evidence of a peak near 2800 cm !, where the
value of k is greater than that of £ at 3400 cm - !. In the k&

R1

1407

0.04
0.03
R
0.02
0.01
5.0 4.5 4.0 3.5 3.0 xi03
WAVENUMBER  (cm)
T ) 4 G, | T
I ¢
1.50 b == ad
1.40
n
1.30 S
1.20 ‘ |l
| {
1.10 - L i A
1 1 L l
5.0 4.5 4.0 3.5 3.0 x103
WAVENUMBER  (cmi")
i 1
| i
| |
0.30 F— :
0.20 f—— -
k
0.10 | — -
‘ !
1 1 1
5.0 4.5 . 4.0 3.5 3.0 x03
WAVENUMBER  (cm")

Figure 4. Reflectivity, refractive index, and absorption index
curves for KOH solutions: 16 M, heavy continuous; 8 M dashed:
4 M, dash-dot-dash; 2 M, dotted: water, light continuous.

curve for 16 M NaOH, a single broad region of ahsorption
replaces the two peaks appearing at 3400 and .0 cm~!
in the spectrum of the 8 M solution.

The results obtained in the 2500-350-cm-?! region for
NaOH and KOH are shown in Figures 5 and 6, respective-
ly. In most of this spectral region, values of R and n be-
come progressively greater with increasing concentration;
however, in the 600~400-cm 1! region, the R and n curves
for the 16 M solutions cross the corresponding curves for
lower concentrations and attain lower values at 400 cm~1.
In the vicinity of the 1640-cm -1 water band all R and n
curves for the hydroxide solutions exhibit dispersion fea-
tures. However, for the 8 and 16 M solutions there is some
evidence of a narrower additional dispersion feature near
1500 cm~1; this narrow feature is clearly separated {rom
the 1640-cm -1 water band in the NaOH solutions but is
barely resolved in the KOH solutions. Except for the 16 M
solutions, the major dispersion feature ncar 600 cm-!
shifts to progressively lower frequencies with increasing
concentration; for the 16 M solution the maxima in R and
n appear at considerably higher frequencies than for the
less concentrated solutions.
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Figure 5. Reflectivity, refractive index. and absorption index
curves for NaOH: 16 M. heavy continuous; 8 M. dashed; 4 M.
dash-dot-dash; 2 M. dotted; water. light continuous.

The absorption indices & for the hydroxides are plotted
in the bottom panels of Figures 5 and 6. In the entire
spectral region between 3400 and 1640 cm~! the values of
k for all solutions are much greater than the correspond-
ing k values for water; for the more concentrated hydrox-
ide solutions the absorption indices k at all frequencies in
the interband region maintain values that are nearly half
the value of % at the center of the 1640-cm -1 band in pure
water. The value of k& at 1640 cm~! remains constant in
all solutions within our limits of uncertainty 6k = 0.03;
there is some evidence of a splitting of the band at higher
concentrations. The values of k for the 2 and 4 M solu-
tions in the vicinity of the 600-cm-! water band are also
within the limits of uncertainty equal to the k& value for
pure water. There is a small progressive shift of the 600-
cm-! band to lower frequencies in the 2, 4, and 8 M KOH
solutions but little change in band position for the corre-
sponding NaOH solutions: this band becomes narrower,
has a smaller maximum value of k., and shifts noticeably
to higher frequencies in the 16 M solutions.
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Figure 6. Reflectivity, refractive index. and absorption index
curves for KOH: 16 M. heavy continuous: 83 M. dashed: 4 M,
dash-dot-dash: 2 M, dotted: water, light continuous.

Discussion of Results

The major portion of the new information regarding so-
lutions obtainable from the present reflectance studies is
connected with the quantitative measurements of the re-
fractive indices n and the absorption indices k. Many ear-
lier measurements of transmission spectra of acids and
bases have provided only qualitative values of Lambert
absorption coefficients «(v), since the published curves
were labeled ‘‘absorption” or ‘‘transmission” with no
numbers on the ordinate scales: in view of the difficulties®
involved in preparing uniform absorption layers of well-
measured thickness, these earlier transmission studies
could not have been expected to yield quantitative results.
However, many of the features shown in the k(v) vs. »
plots of Figures 1-6 have been noted in earlier studies. No
earlier studies have provided values of the refractive index
n(v) for comparison with the present work.

A. Hvdrochloric Acid. In a beautiful piece of work Falk
and Giguere* have investigated the transmission spectra
of aqueous solutions of five mineral acids with the purpose

o
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of identifying spectral features characteristic of the H3O+
ion; these authors also reviewed earlier work on the
subject. Falk and Giguere observed increased absorption
associated with broad bands with maxima at 1205, 1750,
and 2900 cm~-!, which they attributed to the HzO+ ion,
and report that the lifetime of this ion in aqueous solution
is longer than 10-!3 sec. These band positions are in close
agreement with the positions of H3O+ bands reported in
earlier infrared studies of crystalline hydrates of strong
acids®-7 and in related Raman studies.8-?

In view of these results and other structural informa-
tion, the observed spectrum has been interpreted” in
terms of a pyramidal form of H3O+, which is isoelectronic
with NHj; the incompletely resolved vy and v3 fundamen-
tals are associated with the broad band near 2900 cm-1,
the v4 fundamental with the band near 1205 cm-1, and
the v2 fundamental with the band near 1750 cm~-!. How-
ever, Pavia and Giguere!® have shown that the spectrum
of perchloric acid dihydrate gives evidence of the ion
Hs02*. Gilbert and Sheppard!! have recently obtained
infrared spectra of crystalline mono- and higher hydrates
of HC! and HBr; the higher hydrates exhibit features not
clearly attributable to H3O+; in particular, in the di- and
trihydrates there is evidence for the HsO2* ion. In the
spectrum of the HsO2* ion, the existence of which is sup-
ported by X-ray diffraction measurements,12.13 bands cor-
responding to v2 and v4 in H30* in the monohydrate spec-
trum are split into sharp components in the dihydrate and
broaden in the trihydrate; the v; and vz bands in H30+
coalesce into a single somewhat narrower band in the di-
and trihydrate spectra.

The broad regions of absorption shown in our plots of &
for HCI shown in Figures 1 and 2 doubtless include contri-
butions from both H3O+ and Hs02* ions. However, at-
tempts to divide the integrals fk(v) dv or fa(v) dv be-
tween the two forms of hydrated H+ ions would at present
represent mere speculation; however, evaluation of these
integrals in restricted spectral intervals for various HCI
concentrations might be used in testing various possible
future theories.

We have also compared the reflection spectra of HCI
with HBr. Although HBr solutions have higher reflectivity
as a result of stronger Br- bands in the ultraviolet,? the
general shape of the two reflectance curves exhibit
marked similarity. Similarities in the spectra of HCI and
HBr crystal hydrates were also noted by Gilbert and
Sheppard.!?

The observed shift of the libration band of the solutions
in the 600-cm-1! region to lower frequencies with increas-
ing HCI concentration confirms the results obtained in the
earlier transmission study of Draegert and Williams.!4

B. Sodium and Potassium Hydroxide. Although there
has been little discussion of the nature of the hydration of
the OH~- ion, the general absorption of the hydroxides in
the region between the 3400- and 1640-cm-! water bands
is nearly as intense as the corresponding HCI absorption,
which we have attributed to the H;O+ and HsO,* ions.
The absorption spectrum of crystalline NaOH is charac-
terized by a sharp band at 3637 cm~-1 attributed to the
OH- ien;’® a simttar band at 3600 cm~1 occurs in the
spectrum of KOH.!6-18 Jones!? has reported an extremely
sharp OH- band at 3678 cm ! in crystalline LiOH; in the
hydrated crystal LiOH.-H,O Jones found a somewhat
broadened OH- band at 3574 ecm~! and an extremely
broad, intense band with a maximum at 2850 cm-!,
which he attributed to the overlapping v; and v3 bands of

1409

the strongly hydrogen-bonded water molecule of crystalli-
zation. The frequency of the band due to the water of
crystallization is even lower than that of the H20 mole-
cule in ice. In a Raman study of KOH solutions Busing
and Hornig?® report a band with a sharp peak near 3600
cm-! with an accompanying broad band extending to
frequencies as low as 2200 cm~1!; these authors attribute
the sharp peak to OH- and the broad band to three over-
lapping unresolved bands associated with molecules of the
solvent.

Although there is no evidence of a resolved sharp OH-
band in the bottom panels of Figures 3 and 4, the absorp-
tion index curves rise abruptly near 3700 cm~!; this
abrupt rise may correspond to the sharp band noted by
Busing and Hornig in their Raman study. However, if a
sharp OH- band is present in the infrared, its intensity is
small as compared with the broader bands at lower
frequencies. It would appear from Figures 3 and 4 that
there are two such bands with frequencies in the vicinity
of 3400 and 2800 cm~1, respectively; it is tempting to at-
tribute the former to the normally hydrogen-bonded mole-
cules of liquid water and the latter to water molecules
strongly hydrogen-bonded to OH~- ions. If this interpreta-
tion involving two types of differently hydrogen-bonded
molecules is correct, it might also account for the appar-
ent splitting of the band at 1640 cm -1 associated with the
va bending fundamental of the H,O molecule in liquid
water; this splitting is particularly pronounced in the 16
M solution curves in Figures 5 and 6.

We note that in the k(v) vs. v curves for the 16 M hy-
droxide solutions there is an apparent shift of the libra-
tional maximum to higher frequencies and a marked nar-
rowing of the band. The curves for the other less concen-
trated solutions are in general agreement with the earlier
work of Draegert and Williams,* whose study was limited
to hydroxide solutions with concentrations of 12 M and
less and was hampered by the lack of suitable absorption
cell windows.

We note that the influence of Na* and K+ ions on the
water structure is nearly negligible as compared with the
influence of the OH- ions, which are capable of forming
hydrogen bonds with water molecules. In the case of
acids, the influence of Cl- and Br- ions on the water
structure is similarly small as compared with the hydro-
gen ions that are responsible for the hydrates H30+ and
Hs02*, or possibly even higher hydrates.

The structure of the crystal monohydrate LiOH-H0
has been determined by Pepinsky?! on the basis of X-ray
diffraction measurements; his results indicate that the
distance between the oxygen of the H20 unit and the oxy-
gen of the nearest OH- unit is 2.68 A as compared with
the 2.76 A 0-O distance in ice. This short distance
implies strong hydrogen bonds H;0- - -OH~; thus, it seems
probable that the broad band with maximum near 2850
cm-! in the spectruin of the monohydrate crystal is in-
deed due to strongly hydrogen-bonded HzO molecules.
The increasingly strong absorption noted in this region in
the present study would seem to indicate increasingly
great numbers of strong H;0-...OH- hydrogen bonds as
the concentration increases. In the case of the 16 M con-
centration, there are no longer sufficient numbers of water
molecules to approximate a normal water structure; this
paucity of solvent molecules results in the marked de-
crease in k(v) in the 3400-cm -1 region and also near 600
cm-!, where stronger bonds to OH- units could also ac-
count for the apparent increase in the frequency of the li-
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bration band of water. If this interpretation is correct, the
lack of significant decrease of k(¢) near 1640 em ! togeth-
er with the apparent splitting of the v2» peak would indi-
cate greater transition probabilities tor the more strongly
bonded H20 units than for the H2O units in liquid water;
this would be in contrast to the situation in ice, for which
peak k(v) values in this region are somewhat smaller??
than for liquid water.

As for the mean lifetimes of the local environment of
hydrogen-bonded H,Q---OH - units, the reasonably well-
defined bands observed in the present study and in earlier
Raman studies indicate that local lattice structures exist
for times long compared with 10~ 13 sec. However, the fact
that single proton resonances®? are observed in nmr stud-
ies of concentrated solutions of strong bases indicates that
the mean lifetimes of local lattice structures are short
compared with 10~7 sec.

In closing, we note that many of our interpretations of
the observed spectra in the 2500-300-cm~? region can be
tested by extending studies of crystalline LiOH-H20 into
the far infrared and that more detailed information re-
garding band shapes can probably be obtained by ATR
studies of solutions.

We also note that Zundel and his associates?¢:25 have
recently discussed the properties of HsO2* ions. Their
theoretical work dealing with the hydrogen bonds involved
may provide an interpretation of some of the continuous
general absorption that we have observed in the spectra of
acids and bases in the present study.
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The initial work on solutions of strong electrolytes, which in-
volved solutions of alkali halides and strong acids and bases, was ex-

tended to include other salts by Dr. Harry D. Downing. The results of

his studies are summarized in the following publication by Downing

and Williams, which covers work on solutions of alkaline-earth halides

and certain other salts.




[Reprinted from the Journal of Physical Chemistry, 80, 1950 (1976).]
Copyright 1976 by the American Chemical Society and reprinted by permission of the copyright owner.

Infrared Optical Constants of Aqueous Solutions of
Electrolytes. Further Studies of Saits

Publication costs assisted by the Office of Naval Research

Sir: In earlier studies of reflection spectra we have used
Kramers-Kronig methods to obtain values of the real n(v) and
imaginary k(v) parts of the complex index of refraction for
aqueous solutions of the alkali halides! and of strong acids and
bases.2? Because our chief interest has been on the influence
of these solutes on the infrared spectrum and on the structure
of water itself, we have limited our studies to simple salts
which do not have characteristic absorption bands of their own
in the infrared. There are certain extremely intense bands in
the water spectrum that cannot be studied by absorption
methods without resorting to rather elaborate techniques;*®
for this reason we have employed reflection methods.

This note summarizes the results we have obtained with
solutions not previously studied by reflection methods. These
include solutions of several alkaline-earth halides, of cupric
chloride, and of sodium cyanide. Although the CN~ ion of
sodium cyanide has a single characteristic vibration band in
the infrared, the band is weak as compared with the major
water bands and occurs in a spectral region remote from the
major water bands.

Our methods of investigation were the same as those em-
ployed in earlier studies and involved measurements of
spectral reflectance at near-normal incidence in the range
5500-350 cm~!. Kramers-Kronig analysis provided reliable
values of n(v) and k(v) in the range 5000—400 cm~! within the

TABLE I: Valence Band®
vo, 3¢ Sk(v) dv,
Material Conen,M  cm~!  k(vp) cm~! cm~!
Water 3385 0.28 370 112
MgCl; 1.9 3400 0.31 380 122
3.8 3390 0.33 370 121
CaCly 2.2 3420 0.29 380 108
4.4 3420 0.30 320 100
CaBr; 2.0 3420 0.29 360 106
4.0 3460 0.31 280 98
CuCly 2.15 3390 0.27 410 122
4.30 3370 0.22 500 114
NaCN 4.0 3440 0.22 420 85
8.0 2440 0.18 400 76

o Values of vy and I" are stated to the nearest 10 cm~'; values
of k(vy) and [k(») dv are accurate to +£10%.

TABLE II: Librational Band®

Material Concn, M vg, cm ™! k(vo) v, cm~!
Water 570 0.43 830
MgCl, 1.9 560 0.43 820
3.8 540 0.45 800
CaCl, 22 540 0.48 760
4.4 530 0.46 760
CaBr, 2.0 540 0.46 760
4.0 540 0.48 720
CuCly 2.15 520 0.42 820
- 4.30 440°% 0.40 800
NaCN 4.0 500 0.46 790
8.0 4500 0.49 760

@ Values of vp and v are stated to the nearest 10 cm™!. The value
of k(vp) are accurate to £10%. * Indication of splitting.

ranges of uncertainty specified in reports of our earlier stud-
ies.

The two major features of the water spectrum are a very
strong absorption band occurring near 3400 cm~! and a second
band near 570 cm~! in water at ambient temperatures. Al-
though the band near 3400 cm™~! involves the v, v1, and 2vs
bands of water molecules, we shall for reasons of brevity refer
to it as the valence band. The band near 570 cm~! is the so-
called librational band and is associated with the hindered
rotational motion of the H,O molecule in the field of its
neighbors. The results of the present study are summarized
in Tables I and II, which apply to the valence band and the
librational band, respectively.

In Table [ we list the frequency vy at which the maximum
value of k(v) occurs, the value of the absorption index &(vq)
for this frequency, the full width I’ of the band at half maxi-
mum, and the integrated absorption fk(v) dv for the valence
band in each of the solutions studied; the concentrations of
the solutes are listed. The band maximum shifts to higher
frequencies relative to vo for water in all the solutions except
for the 4.3 M solution of CuCly, in which it is shifted to slightly
lower frequencies. The value of k(u) for all the alkaline-earth
halides is slightly higher than k(1) for water; in CuCl, and
NaCN solutions the value k(vp) is significantly lower than
k(vo) for water. As compared with water, the band-width pa-
rameter ' shows little change for MgCl,, CaCl,, and 2 M
CaBr, but is significantly smaller for 4 M CaBro; for the CuCl,
and NaCN solutions I' is significantly larger than for water.
Except for NaCN, the value of the integrated absorption J & (»)
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dv for the valence band in solution is within £12% of the value
for water; in the spectra of the NaCN solutions the value of
Sk(») dr is striningly smaller.

In Table I1 we list the frequency vo at which the maximum
value of &(v) occurs for the librational band and the value k(o)
noted for this frequency; also listed is the value »* at which k(v)
attains half its maximum value in the high-frequency wing of
the band. The librational band for all solutions is shifted to
lower frequencies relative to its position in the water spectrum
as indicated by the listed values for both v and »’. The vaiues
of k(vg) for the solutions are, in general, equal to or greater
than & (vp); the only exceptions to this are the CuCl; solutions,
for which k(») is slightly smaller than that for water.

In our earlier study of alkali-halide solutions we noted some
qualitative agreement with predictions based »n the Bernal-
Fowler® theory, but detailed analysis of the results led to
certain discrepancies between observations and predictions.
Bernal and Fowler introduced the concept of a structural
temperature involving an intermolecular, hydrogen-bonded
structure that is extensive and tightly bound at low temper-
atures and becomes less extensive and less tightly bound at
higher temperatures. According to their theory ions in aqueous
solution affect the structural temperature in a manner that
depends on the ratio of ionic charge to ionic radius; large singly
charged ions are supposed to produce a greatly increased
structural temiperature, while smaller ions are supposed to be
less effective in breaking up the normal water structure and
thus to have less effect on the structural temperature. In our
studies of the alkali halide spectra we found that negative ions
had greater effects on the water spectrum then did positive
ions.

In the case of the valence band, our earlier studies of water
have shown that (1) £(v) decreases, (2) vo increases, and (3)
I' increases with increasing temperature. The values of these
quantities listed in Table I are accurate to approximately 10
cm™! for vp and I' and to £10% for 2(vo) and [k (v) dv. For the
alkaline-earth halides listed Table I, we would conclude that
the combined effects of anions and cations (1) have little in-
fluence on the structural temperature as measured by & (vp),
(2) increase the structural temperature as measured by vy, and
(3) decrease the structural temperature as measured by I'. No
startlingly large effects can be attributed to multiply charged
cations of the alkaline earths as compared with the singly
charged cations of the alkalis studied earlier. With the regard
to the valence band, both CuCl, and NaCN greatly increase
the structural temperatures as measured by k(vy) and as
measured by I'; CuCl; greatly decreases and NaCN greatly
increases the structural temperature as measured by v.

In the case of the librational band, our earlier studies of
water have shown that (1) k(vp) does not change significantly
with temperature, (2) vy decreases with increasing tempera-
ture, and (3) the band width increases with increasing tem-
perature. Except for CuCly, all solutes listed in Table II have
values of k(vg) that are somewhat but not significantly higher
than k(vg) for water. All solutes increase the structural tem-
perature as measured by vo. All alkaline-earth halides listed
in Table II decrease the band width as estimated from »* = vy
and thus decrease the structural temperature as measured by
this parameter; CuCl, and NaCN increase the structural
temperature as measured by the band width parameter.

In view of various discrepancies between structural tem-
peratures of solutions as measured by various spectroscopic
parameters we can only conclude that the Bernal-Fowler
theory does not provide a satisfactory basis for interpreting
the spectra of solutions. Various effects are observed in the
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solution spectra that cannot be duplicated by merely changing
the temperature of water itself.

Recent progress has been made in quantum-mechanical
calculations of the energies of interaction between small ions
and water molecules and has recently been summarized by
Schuster et al.” These calculations also provide information
regarding the intermolecular configuration and electron
densities involved in the solvation complexes. They indicate
that specific properties of the ions other than the Bernal-
Fowler parameters of charge and ionic radius must be con-
sidered. In the hope that the newer calculations will eventually
be extended to the spectral changes produced by various ions,
plots of the reflection spectra R(v) vs. v, the values of n(v} vs.
v, and the values of k(v) vs. v are available as supplementary
material (see paragraph at end of text regarding supplemen-
tary material); the plots should be of use in testing new theo-
retical predictions.

In comparing the plots of k£ (v) vs. v with earlier plots of ab-
sorption spectra, it should be noted that absorption spectra
are usually presented as curves purporting to give fractional
transmittance T'(v) vs. v or as plots of the Lambert absorption
coefficient a(v) vs. v, where a(v) is defined by the relation T'(v)
= exp(—a(v)x), in which x is the thickness of the absorbing
layer. The absorption index k(v) is a dimensionless optical
constant related to a(v) by the expression k(v) = a(v)/4mv with
a(v) and v expressed in cm~!. The separation of the k(v) and
a(v) peaks becomes important only when ['/yg is large; for
example, the librational band of water occurs at 570 cm~! in
a k(v) vs. v plot and at 680 cm™~! in a plot of a(v) vs. v.

We note that k(») is a maximum for the frequency vnm at
which the matrix eiement |R"™|2 is a maximum. The spectral
absorptance is a maximum at the frequency for which
vam|R™™|2 is a maximum, and spectral emission is a maximum
at the frequency for which vpm*|R"™|2 is a maximum. Thus,
the peak in k(v) appears at the frequency most directly asso-
ciated with the matrix elements involved in the transition
probability.8
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Supplementary Material Available: Plots of R(v) vs. v, the
values of n(v) vs. », and the values of k(v) vs. v for the materials
shown in Tables I and II (40 pages). Ordering information is
available on any current masthead page.
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A further elaboration on our work on strong acids and bases is
summarized in the following publication by Downing and Williams, who
point out certain features of the solutions of BCl and HBr that can

+
be attributed to the H30 ion. Marked differences between the spectra

of acids and bases are emphasized.
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Infrared Spectra of Strong Acids and Bases'

Publication costs assisted by the Office of Naval Research

Sir: In an earlier paper on this subject? we reported the re-
sults of a study of the reflectance spectra of aqueous solu-
tions of strong acids and bases; from measured values of
spectral reflectance R(v) we used a Kramers—Kronig analy-
sis to obtain the real n(v) and imaginary k(v) parts of the
complex index of refraction N = n(v) + ik(v) in the spectral
region 400-5000 cm~!. With regard to major absorption
bands, our results were in general agreement with those ob-
tained in the earlier absorption study of Falk and Giguere,3
and we adopted their assignment of certain bands in the
spectrum of HCl solutions to the ion H30*.

It has been brought to our attention that our results and
this assignment are in disagreement with those obtained by
Ackermann,* who has made-a quantitative study of the
transmission spectra of strong acids and bases in the range
1100—4000 cm~!. Ackermann reported that the absorption
spectra of acids and bases are essentially similar and can be
interpreted as mere radical modifications of the spectrum
of water. In particular, he raised questions as to the assign-
ment of bands to the H3O™* ion.

In order to check our earlier results we have remeasured
the reflection spectrum of HBr at two concentrations and
are including our results for spectral reflectance R (v), n(v),
and k(v) in Figures 1’-7" (supplementary material; see
paragraph at end of text regarding supplementary mate-
rial). In order to determine the differences between the so-
lution spectra and the spectrum of water, we have also pre-
pared curves showing the differences between the absorp-
tion indices & (solution) and k(water) as a function of wave
number; the curve for a 48% solution of HBr is shown in
Figure 1. In spectral regions where k(solution) — k(water)
is negative, the solution is more transparent than water;
one such region occurs near 3400 cm~! and is probably as-
sociated with a shift of the strong valence-vibration band of
water; a second such region occurs near 700 cm~! and is
probably associated with a shift in the librational band of
water.?

Three strong maxima occur near 2800, 1750, and 1100
cm~! in the curve shown in Figure 1. Each of these maxima
is in close proximity to a band reported for the H,O* ion in
crystal hydrates.5% This agreement between the frequen-
cies of bands observed in solution and in hydrated crystals
is our major reason for attributing the solution bands to the
H3;0* ion. Since the Hy0* ion is isoelectronic with NHj
and is probably pyramidal, the observed bands appear in
the anticipated spectral regions.?

The value k(solution) = k(water) in Figure 1 is positive
throughout the entire spectral region between 3200 and 900
cm™!; this indicates that the HBr solution is more strongly
absorbing than water. Similar strong general ahsorption
was noted for solutions of HCI, NaOH, and KOH in our
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Figure 1. Difference between the spectral absorption index of a
48 % aqueous solution of HBr and the corresponding index of water
(T=25°C) E

earlier study.? With respect to this generally increased ab-
sorption for both acids and bases as compared with water,
our results agree with those of Ackermann. However, the

'shapes of the absorption curves for acids and bases are

quite different. No strong absorption maxima near 1750
and 1100 cm~! appear in the hydroxide spectra. Although a
region of strong absorption occurs near 2800 cm™! in the
hydroxide spectra, the shape of the hydroxide absorption
curve in this region is quite different from the shape of the
acid absorption curve.

We conclude by noting that our results agree with the ex-
perimental results of Ackermann with regard to generally
increased absorption of acid and hydroxide solutions
throughout most of the near infrared but disagree with his
results with regard to the shapes of the absorption curves.
Our interpretation of the peaks shown in Figure 1 in terms
of the H30* ion is in sharp disagreement with Ackermann’s
conclusions.

Supplementary Material Available: Spectral reflectance
at near-normal incidence, refractive index, and absorption

-

index for 24 and 48% HBr solutions (Figures 1'~7", 7 pages).
Ordering information is available on any current masthead
page.
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Communications to the Editor

Editor's note: Protessor Ackermann® has communicated to us his agroe-
ment with the assignment of the solution bands to H,O', based on these
new data obtained with an improved experimental technique. He fusther indi=
cates his conclusion that “there are two ditferent types of characteristic
changes in the infrared spectra of strong acids:

(i) The appearance of characteristic absorption bands, which can be at-
tributed to the H,0™* ion; ’

(i) A generally increased absorpfion, which can be observed in the in-
frared spectra of bases as well as acids.”

Department of Physics Harry D. Downing
Kansas State University Dudiey Wiillams*
Manhattan, Kansas 66506

Received February 13, 1976
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In the work covered thus far in this report, the bands attributed
to the H30+ ion in acid solutions together with the marked changes of
the shapes of the water bands in fluoride solutions represent the only
cases in which we have obtained evidence for stable on quasi-stable
groups involving association of solutes and water molecules. However,
we have recently obtained evidence for quasi-stable groups involving
association between the cupric ion Cu++ and water molecules. The f}rst

evidence for this type of association was reported in the following

article by Sethna, Pinkley, and Williams and was based on work done under

other sponsorship.
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Optical constants of cupric sulfate in the infrared*

P. P. Sethna, Lary W. Pinkley, and Dudley Williams
Department of Physics, Kansas State University, Manhattan, Kansas 66506
(Received 8 November 1976)

We have measured the spectral reflectance of a cupric sulfate single crystal for unpolarized radiation at near-
normal incidence. Values of the refractive index n(v) and the absorption index k(v) have been obtained by
subtractive Kramers-Kronig phase-shift analysis. The values of § k(v) dv for the characteristic SO, =~ bands
in the spectrum of the crystal are compared with values of f k(v)dv for these bands obtained by
extrapolation of values of k(v) determined for cupric sulfate solutions.

Elsewhere! we have reported a moderately successful
attempt to obtain a synthetic spectrum of crystalline
ammonium sulfate by extrapolating the values of 2(v)
characteristic of the NH,* and SO,™ ions in aqueous so-
lution to the number densities of these ions in the crys-
tal. The method offers some promise of providing ap-
proximate values of the optical constants n(v) and k(v)

in the infrared for soluble materials that cannot be easi-

‘ly obtained as single crystals sufficiently large for use

in absorption and reflection measurements.
One of the basic assumptions involved in the method

499 J. Opt. Soc. Am., Vol. 67, No. 4, April 1977

is that the value of [ %(v)dv for an absorption band char-
acteristic of a well-defined atomic group such as the
SO, ion depends only on the number density of the
group and is independent of the electric and magnetic
fields produced by neighboring atomic groups in a crys-
tal or in solution. In order to test this assumption fur-
ther we have attempted to make a quantitative compari-
son of [ k(v)dv for the SO, ion in a single crystal of the
hydrated salt CuSO, + 5H,0 with extrapolated values of

/ k(v)dv for the SO, bands in aqueous solution; absorp-
tion due to water of crystallization in the crystal intro-
duces some complications not encountered in the earlier

Copyright © 1977 by the Optical Society of America 499
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FIG. 1. Top panel: Spectral reflectivity R(v) of a single

cupric sulfate crystal for unpolarized radiation at near-nor-

mal incidence. Center panel: Refractive index n(v) of the

crystal. Bottom panel: Absorption index 2(v) of the crystal.

study. In making the comparison we have based our val-
ues of k(v) on a subtractive Kramers-Kronig (K-K)
phase-shift analysis of the measured spectral reflec-
tance R(v) for unpolarized radiation at near-normal in-
cidence. In the case of the single crystal this technique
eliminates birefringence complications that are not per-
tinent to the problem at hand.

We employed an initially unpolarized beam but recog-
nize that the radiation reaching the detector becomes par-
tially polarized during passage through the spectrograph.
Therefore, in order to eliminate the effects of birefrin-
gence in the crystal, we mapped the reflection spectrum
for several different orientations of the crystal in the
reflectometer. The composite of the resuits is shown
in the upper panel of Fig. 1, which gives a plot of R(»)
vs v for the crystal. The dispersion features near 3200

500 ~  J. Opt. Soc. Am., Vol. 67, No. 4, April 1977

and 1670 cm™ as well as the general rise in £(1) in the
low-frequency region can be attributed to the water of
crystallization. The sharper features in the 1200 o
400 cm™ region are associated with the SO, ion,

By subtractive K-K phase-=shift analysis of the reflec-
tance spectrum of the crystal, we obtained the values of
the optical constants n(v) and %(v) shown in the lower
panels of Fig. 1. The plot of #(v) vs v shown in the
middle panel has features similar to the R(v) vs v plot
in the top panel. The plot of the absorption index A(v)
vs v in the bottom panel shows certain peaks that can
be readily identified. The broad absorption band near
3160 cm™ is attributed to the vy, v;, and 2v, bands of
H,O in the water of crystallization; the weaker band
near 1650 cm™ is the corresponding v, band of H,0.
The sharp bands in the range below 1200 cm™ are as-
sociated with fundamentals? of the SO, bands: v; at
1090 cm™, », at 870 em™, y, at 630 cm™, and v, near
450 cm™. Because of uncertainties in our K-K analyses
our estimates of the shape and magnitude of the v, band
may be seriously in error even though this band pro-
duces readily observable features in the experimentally
observed reflectance spectrum, The sharp SO,~ bands
are superposed on 2 broad feature associated with the
librational motion of H,O molecules in the crystal lat-
tice. The dotted curve in the figure gives a qualitative
estimate of the contributions of the water of crystal-
lization in this region based on earlier studies of water,
ice, and water of crystallization in other crystals.®

For-comparison with our results for the single crys-
tal of CuSO, + 5H,0 we have studied the reflection spec-
tra of 0.75M and 1.25M solutions of cupric sulfate in
water and have subjected the results to K-K analysis in
the manner described in our earlier study.! The curves
shown in Fig. 2 give a plot of the difference between the
absorption indices for the 0.75M and 1.25M solutions
and the absorption index for water with [k(solution)

- k(water)] extrapolated to the number densities of the
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FIG. 2. Difference of absorption indices (k(solution) - k(water)|
for a 0. 75M and a 1.25M cupric sulfate solution as a function

of frequency in the infrared as extrapolated to the number
density of CuSO, * 5H,0 units in crystalline cupric sulfate. The
solid curve refers to the 1.25M solution; dashed curve to the
0.75M solution.
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TABLE I. Comparison of SO;” band strengths in the CuSO,
+ 5H,0 crystal spectrum and in the spectrum extrapolated from

solution.
[k(v) dv

Band Crystal Extrapolation

vy 1289 cm™ 132410 cm™
(114 +9)

Ty 28+14 245

(10+8)

v 6915 47212
(30+10)

v ) 22+ 8 1415
(13+8)

CuSO, - 5H,0 units in the crystal; there are marked
similarities between the plots in Fig. 2, which are a
measure of the absorption of the solute, and the plot
given in the bottom panel of Fig. 1.

The positive peaks near 3550, 3090, 1680, and 1600
cm™ differ from corresponding spectra obtained in our
earlier studies of alkali-halide solutions®; these peaks
may be due to H,O molecules in quasistable association
with Cu** ions in the solutions.*® We are making a fur-
ther study of this possibility in other solutions contain-
ing cupric ions. The vy, vy, and v, bands of the SO,
ion appear as sharp peaks superposed on a generally de-
creasing background, which is associated with a shift
of the librational water band to lower frequency in the
solution.* The v, band of SO, is incompletely resolved.
The gradual decrease of {(solution) - (water)] for low
frequencies is even greater in the plot for the 1.25M
solution than for the 0.75M solution,

On the basis of plots similar to the one in Fig. 2 we
have obtained estimates of [ k(v)dv for the SO, bands
and list the results in Table I, in which they are com-
pared with [ k(v)dv for the corresponding bands of the
CusO, - 5H,0 single crystal. For each band in the crys-
tal we list two values; the larger of these attributes all
of the observed absorption to the SO, ion, while the
smaller value given in parenthesis attempts to eliminate
absorption due to the water of crystallization as given by
the dotted curve in the bottom panel of Fig. 1. The ac-
tual value of [k(v)dv for each band probably falls be-
tween the estimated limits. The uncertainties in the

501 J: Opt. Soc. Am., Vol. 67, No. 4, April 1977

- certainties in the band intensities based on solution re-

values of [/(v)dv for absorption bands in solution are
attributable in large part to difficuities in estimating the
effects of the shift of the librational band of H,0 mole-
cules in the solvent with respect to the corresponding
band in pure water; the uncertainties in [ k(v)dv for the
bands in the crystal are associated in part with uncer-
tainties in the K-K analysis as well as uncertainties in-
volving absorption by the water of crystallization.

Despite the indicated large uncertainties involving cor-
rections due to absorption by the water of crystalliza-
tion, we regard the rough agreement between the values
of [k(v)dv for bands in the crystal and the correspond-
ing values of [k(v)dv extrapolated from the solutions as
sufficiently good to prompt further work on the general
subject. We believe that the use of more dilute solu-
tions along with the special K-K techniques that we em-
ployed in our study of sea water® should reduced the un-

sults. The use of crystals not containing water of crys-
tallization should eliminate some of the uncertainties
in the estimation of band intensities.

We should like to thank Professor Dana Johnson for
the crystal employed in the study and to express our
appreciation to Professor H. C. Moser and Professor
J. D. Petersen for helpful discussion of hydrates of the
cupric ion,
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We were rather surprised that the absorption bands associated
with water of crystallization in crystalline Cu504°5F20 remained clearly
visible in the spectra of solutions of this salt. Subsequent studies
of the spectra of solutions of CuCl2 and CuBr2 showed that similar bands

appear. We have attributed these bands to quasi-stable groups in the

solution that involve the attachment of water molecules to Cu++ ions
by ligands of the type involved in the crystal. The groups can be re-
presented formally by the ions (Cu-4H20)++ or (Cu-6H20)++. An article

on the subject is currently in press in the Journal of Physical Chemistry.

Similar association by ligands are possibly to be expected in solutions

of salts of the other transition elements.
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Although the major results of our project are given in the articles
included in the present report, we are including the following complete

list of our publications. Reprints of most of the publications listed

are still available on request.
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APPENDIX

Although the major work done under the present contract was an ex-
perimental determination of the optical prcperties of water and of aqueous
solutions of electrolytes, theoretical work under different sponsorship
has been going on under the direction of Professor Basil Curnutte, who has
also served as senior research associate under this contract. In the likely
event that this theoretical work will prove of useful interest to readers
of this report, we are adding several of Professor Curnutte's contributions
as an appendix to the report.

In earlier work Professor Curnutte and one of his graduate students
had made a studyv cf the influence of hydrogen bonding on the intramolecular
vibrations of HZO' Two of the following journal articles by Bandekar and
Curnutte deal with the influence of hydrogen bonding on the intermolecular
or lattice vibrations of water. Also included is an article by Curnutte
and Williams, who interpret the observed spectrum of water in terms of

several theories of the water structure.
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A Local-Structure Model for Calculation of Lattice Vibrations
in Liquid Water?

JAGDEESH BANDEKAR? AND BasiL CURNUTTE

Departiment of Plysics, Kansas State Universily, Manhaltan, Kansas 66506

The local-structure model of Bryan and Curnutte, which treated a single molecule in a
rigid cage, has been extended to include a central water molecule and its four nearest neighbors
surrounded by a rigid cage of next-nearest neighbors. The influence of the next-nearest
neighbors is accounted for by the average forces they exert on the five-molecule local-structure
group. \With parameters based on water at 25°C, we give calculations of the spectra of liquid
H:0 and D0 at 25°C and for ice . The results of the calculations are compared with observed
spectra and with recent molecular-dynamics calculations.

INTRODUCTION

The far-infrared spectrum of water vapor is that of an asymmetric rotator with
rotational lines extending from 800 cm™ to 1 cm™ and is well understood. When water
vapor is condensed, the absorption spectrum of the liquid as given by a plot of the
Lambert absorption coefficient a(v) in this same region consists of a strong broad band
with little structure having an absorption maximum at 685 cm™, a weaker band with
a maximum at 193 cm™! (1), and an inflection in the a(v)-vs-v curves near 10 cm™! (2).
From the isotopic frequency shiits observed in the spectra of D0 and H;0O, the absorp-
tion of liquid water in the region near 685 cm™ has been attributed to the librational
motion of individual molecules in a liquid lattice and the absorption at 193 ¢cm~! has
been attributed to hindered translational motion. The Raman spectrum of water shows
a broad band in the range 300~950 cm~* which Walrafen (3, 4) has analyzed into three
librational bands with maxima at 430, 530, and 722 cm™ and weaker Raman scattering
in the frequency range below 300 cm~! with maxima at 166 and about 60 cm~'. The
resolution of the Raman librational band into three broad, nearly Gaussian bands is
supported by inelastic neutron scattering (5) and hyper-Raman (6, 7) observations.

Considering the lack of spatial ordering as evidenced in X-ray scattering measure-
ments and the short lifetime of lattice structure in liquid water as inferred from dielec-
tric relaxation measurements, Bryan and Curnutte (§) proposed a simple model for
the calculation of the librational and hindered translational modes of the water lattice.
This model consisted of a single rigid water molecule, tetrahedrally hydrogen bonded
to its four nearest neighbors in their average positions. The force constants for the
hydrogen bonds were taken from the Lippincott-Schroeder (9, 10) potential function,
Vis(R, r,8), for a hydrogen bond. The Lippincott-Schroeder potential function gives

! Based on part of a dissertation submitted by J. Bandekar to the Kansas State University in partial

fulfillment of the requirements of the Doctor of Philosophy degree.
! Present address: Department of Biophysics, Indian Institute of Science, Bangalore—3560012, India.
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the binding energy of a pair of hydrogen-bonded water molecules as a function of the
oxygen-oxygen distance R, the oxygen-hydrogen distance 7, bond bending angle 8, and
parameters which characterize the dispersion forces between the oxygen atoms and the
covalent bonding between the oxygen and hydrogen atoms. In addition to these hydro-
gen bond forces it was necessary to include a term: representing the forces resulting from
the interaction of the dipole moment of the central molecule with the electric field due
to the clectric dipole moments of its neighbors. The potential was adjusted once at an
0-0 distance of 2.85 A to fit the measured Ruman scattering maxima of water at
25°C. The frequencies of major features in the spectrum of ice / were also reproduced
with the same potential when the O-O distances were set equal to 2.76 A with no other
changes.

The liquid was treated by assigning the distances to the nearest neighbors at random
in a Monte Carlo calculation and a frequency distribution histogram was obtained.
This calculation was successful in reproducing the vibrational and hindered transla-
tional frequencies for H.O at 25°C, H.O at 75°C, and D.O at 25°C with appropriate
bandwidths and temperature shifts. However, in this analysis no frequency maximum
was obtained for any frequency lower than that of the hindered translational band at
166 cm™.

Frequencies observed below 166 cm™ could be due to lattice modes involving more
than just one molecule since the dielectric relaxation time would permit correlated
motion of up to about ten molecules. The present calculation was undertaken to extend
the local structure model to include the motion of a central molecule in a nonrigid cage
of its nearest neighbors, surrounded by a rigid cage of next-nearest neighbors in order
to see what additional librational and translational frequencies would be obtained for
this more realistic local-structure unit.

The present calculations thus concentrate on the motion of the central molecule and
its four nearest neighbors as shown in Fig. 1. The internal vibrations are assumed to
take place independently of the intermolecular vibrations, so that the three internal
degrees of freedom will be neglected in this calculation. The five molecules, which con-
tribute to the kinetic energy of the local structure unit, have 30 degrees of translational
and rotational freedom in all. Since this five-molecule group is embedded in the average
fields of the next-nearest neighbors, all the 30 degrees of freedom contribute to nontrivial
solutions of the secular equation. In Fig. 1, complete tetrahedral hydrogen bonding is
shown between the molecules. We note, however, that after the O-O distance reaches
a distance of 3.5 A, the hydrogen bond may be considered to have broken. At greater
distances the hydrogen-bond force becomes nearly zero. The structure shown in Fig. 1
illustrates the situation for the case in which all the hydrogen bonds are of the same
length ; this does not occur in the liquid and this fact was accounted for in the calcula-
tions. The molecules in Fig. 1 are shown aligned with respect to the central molecule
and the dipole moments of the nearest molecules are all parallel to that of the central
molecule. This type of ordering of the hydrogen atoms does not actually occur; we show
later that the disorder of the dipoles has little effect on the observed spectrum.

COMPUTATION

A normal coordinate analysis was carried out by using a small-vibration treatment
similar to that of Bryan, except that the 30 external coordinates of five molecules are




LOCAL-STRUCTURE WATER MODEL 171

/e

Nt

F16. 1. Local structure unit, used to define nomenclature used in this calculation. The molecules are
shown for the most symmetricai, ordered arrangement. In the caiculations the sixteen O—0 distances are
assigned vaiues at random. The effect of the orientational ordering is discussed in the text.

now explicitly included in the analysis. The specific expressions for T and V in the case
of our local structure unit as shown by Fig. 1 were obtained. The expression for the
kinetic energy of the unit is (11)

5 3 . + .
2T = z [‘1[)‘R2 + Izanz - IﬂvRWz + It;R:;z],
=t
where R.;, Ry, and R.; denote rotational displacements from equilibrium in radians
about the x, y, and z axes, respectively, of molecule j and the quantity R; denotes a

translational displacement of molecule j from its equilibrium position. The valence-
bond form of the potential energy expression in the harmonic approximation is

16 5
2V = :Z kepg® + goog® + hgrg® + 2 (PE)a(Rza? + Rya®),
- awl

where the summation on f is over 16 bonds and the summation on « is over five mole-
cules; p, o, 7 represent the stretching, in-plane bending, and out-of-plane bending dis-
placements of hydrogen bonds from their positions of equilibrium and &, g, and / are
the corresponding force constants. The last term is the interaction energy of the electric
dipole moment of a molecule with the local electric ficld due to its neighbors (8). The
force constant & associated with the stretching of the oxygen-oxygen distance and the
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INTENSITY OR RELATIVE PROBABILTY

(e)

T %0 &0 30 200 L) B 3¢ 500 700 300 300 1000
WAVE  NUMBER (cm')

F1G. 2. Observed spectra (50-1000 cm™) and results of this calculation. {a) Frequencies caiculated
for the symmetrical local structure unit with allO-Odistances at 2.85 A are shown by arrows. (b) Results
of a 600-configuration Monte Carlo calculation for water at 25°C. (c) Raman scattering spectrum (7, 4).
(d) Neutron inelastic scattering spectrum (3). The solid curve is for scattering angle of ¢ = 45° at
T = 25°C, the dashed curve is for ¢ = 0° at T = 0°C. (e) Far-infrared spectrum (I).

hydrogen-bond bending constants g and / were obtained from the Lippincott-Schroeder
potential function (9, 10). Expressions for these quantities have been given in Ref. (8).

It was assumed that the local electric field E is constant at the site of the central
molecule and at the sites of each of the nearest neighbors. The product p-E, where p is
the dipole moment of a water molecule in the liquid state, was assumed to depend only
on the distances to the nearest neighbors and hence varied according to the average
value of the reciprocal of the O-O distances cubed, where the average is taken over the
four hydrogen bonds of the molecule of interest. The possible change in this contribution
due to angle bending was neglected.

The potential-energy expression was transformed from valence bond coordinates
p, 0, and 7, to cartesian displacement coordinates R; and rotational coordinates R; by
using the geometrical relationships between these sets of coordinates. The classical
Euler-Lagrange cquations were then constructed for the local structure unit.

Calculations of the vibrational frequencies for the model were first made for a sym-
metric configuration of H.O molecules with all OO distances set to 2.85 A. The values
of k, g, h, and pE were chosen so that the frequencies obtained agreed with the Raman
scattering maxima of water at 25°C given by Walrafen (3, 4) as shown in Fig. 2c. The
resulting force constants for Ry = 2.85 A and 7o = 0.99 & were: & = 1.92 X 10* dyne
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TABLE 1

Frequencivs and Symmetry Coordinates for Water in the Symmetric

Case with CZv Symmetry

Hindered Rotations

Liquid Water "Ice"
R=2.852 R = 2,768
Frequency Symmetry Symmetry Coordinate Frequency
(em™ ™) (en™h)
IIZO 020

450 319 A, 0.71(R,*+R ) 561
450 320 B 0.71(sz'Rz5) 563
450 318 Ay Rzl 561
452 320 B, 0.71(R23-R22) 563
452 319 A, 0.71(R 4+R ) 561
553 397 Ay 0.71(R“‘-Rx5) 651
553 399 B, 0.69(Rx‘+Rxs)+0.10(Rx3+Rx2) 651
554 397 A, 0. “(RxJ'RxZ) 653
554 398 lz 0.16(Rxh+Rx5)+0.69(R‘3+Rx2) 651
553 +397% B, Ra 653
722 538 By 0.69(RYA+KYS)+0.16(Ry34>ky2) 810
722 539 B Ryl 811
722 538 A, 0.71(Ry5-Ry4) 810
723 539 B, -0.16(Ry4+ky5)+0.69(Ry3*ky2) 811
723 538 A 0.71(Ry2-Ry3) 810
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am™, g/reRe = G = 2.40 X 10° dyne cm™, 4/roRo, = H = 2.375 X 10* dyne cm™!, and

pE = 0.119 X 10" erg.

The algebraic expressions for %, g, and /% obtained from the Lippincott-Schroeder
potential function (§) were then scaled by a simple constant multiplication to yield
these values of %, g, and /2 for R = 2.85 A. At all other O~O distances the force constants
were obtained from the potential function without further changes. The resulting fre-
quencies for the symmetrical configuration are given in the first columns of Tables I and
II. The normal coordinates for these symmetrical modes and their symmetry classes

under C,, symmetry are shown in the center two columns of Tables I and II.

The resulting frequencies in cm™ when the calculations were extended without change
of parameters to liquid D.O are shown in the second columns of Tables I and II and are
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TABLE IL
Frequencies and Symmetry Coordinates for Water in the
Symmetric Case with sz Symmetry

Hindered Translations

Liquid Water "Ice"
R = 2.85% R = 2.76&
Frequency Symmetry Symmetry Coordinate Frequency
(@™ (ea™h
H,0 D0
71 68 B, 0.72y1-0.-‘ol(x6+x5)*0.27(2(:5) 96
77 74 B, 0.72x,+0.41 (y3+y2)+0.27(z3-zz) 104
75 72 Al 0.27(xs-xa)+0.27 (,\'3-y7.)-0-0.32(2‘4'25)<"0.7].2l 101
164 157 8, 0.71 (xz+x3) 227
164 157 Ay 0.71 (xz-xB) 227
160 152 Ay O.71(y5-y5) 222
163 155 By 0.71 (ys+y‘) 225
164 157 A 0.59(x5-xk)+0.39(y2-y3) 227
162 154 8, 0'39()‘6*’(5)_0'59(:5-:6) 224
165 157 Al 0.5(224-:3-25-26) 228
165 157 By 0.39 (y3+yz)-0.59(z3-=2) 228
165 157 Ay -0.20(xs-x“)ﬂ).AJ(yz-y3)+0.37(z,‘+ 228
‘5"3"2)
217 206 B, 0.43 (xh+x5)+0.69y1-0.28(zb-zs) 303
219 208 By 0.71x1-0.42(y3+y2)-0.27(23*22) 303
219 207 A 0.27 (xs-xa)—0.27(y2-y3)+0.32(z4+zs)- 301
0.71z)

in good agreement with the maxima in the observed spectra for liquid D.O. The cal-
culations were also extended with no changes in parameters to H,O ice by calculating
the frequencies for the symmetrical case corresponding to an O-O distance of 2.76 A
and using the corresponding force constants. The values obtained, as given in the last
columns of Tables I and II compare very favorably with the values obtained experi-
mentally (12) except for the lowest two observed frequencies at 43 and 63 cm™ for which
no corresponding frequencies are obtained with this model.

The dielectric relaxation time for ice 7 and 0°C is about 2 X 10—¢ sec (13), a time
during which motions of a large number of neighbors might be expected to correlate
with those of a given molecule; thus, correlations of order higher than the ones in-
corporated in our model might give rise to the bands of ice at 45 and 63 cm™. The sym-
metrical configurations with O-O distance of 2.76 A of our local structure unit represent
the unit cells for ice as used in solid-state physics except that we have introduced
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boundary conditions at the edges of the unit cells, so that the molecules there are
assumed to be stationary.

An approximate distribution function for the O-O distance of the hydrogen bond in
liquid water was obtained from the experimental data of Narten ef al. (14) in the manner
discussed in Ref. (8). This approximate distcibution function was used as the basis for
a Monte Carlo calculation. The Monte Carlo technique consisted in picking the con-
figuration of the local structure unit at random by assigning lengths at random to the
16 hydrogen bonds in the model and calculating the corresponding frequencies. The
random lengths were chosen by using random numbers generated by means of an IBM
subroutine, RANDU (/5). Each two-digit number represents a particular interval out
of 100 equal intervals in the O-O distance distribution. The height of the distribution
function at each interval represents the probability that an O-H-O bond has the cor-
responding O-O length at equilibrium. If we assume that the hydrogen bond lengths
are all independent, the product of the 16 heights represents the probability of finding
that particular configuration. From the randomly selected O-O distances, the appropri-
ate stretching and bending constants were assigned for each bond by using the Lippin-
cott-Schroeder potential function as originally scaled; the potential-energy matrix was
then normalized with respect to the kinetic-energy matrix and was then diagonalized.
For each configuration a set of 30 frequencies was obtained along with the corresponding
probability of the configuration.

The histogram shown in Fig. 2b is the result of calculations of 600 randomly chosen
configurations. Until calculations for about 250 configurations were obtained, the trend
of the shape of the curve was uncertain. When the number of configurations was in-
creased to 350, there was a definite trend which remained unchanged as the number of
configurations in the calculations was increased to 600. The band at 75 cm™! is a well-
defined peak as are the three librational bands. The band at 220 cm™ is well peaked but
is broadened considerably to the high-frequency side. The 165 cm™ maximum is rather
broad; this is so because it has the highest, ninefold, degeneracy for the symmetrical
configuration.

It must be noted that the histogram gives just the probability of the occurrence of a
frequency without regard to any selection rules peculiar to the technique of study. The
intensity of the observed infrared or Raman band is related to the density of states
modified by the absorption or scattering probability of the fundamentals and overtone
and combination bands. Since the infrared absorption probability expression is pro-
portional to |M,,|* and to », the observed infrared absorption is enhanced toward high
frequencies. The Raman scattering intensity is proportional to (da/dQ)? and to 1/,
where a is the polarizability tensor and Q is a normal coordinate. Thus, the Raman
scattering curve is expected to be enhanced toward the low-frequency end of the spec-
trum. The neutron-scattering cross section depends on the momentum transfer, so that
the curve does not give a pure density of states. In view of the above selection rules and
limitations, only the peak positions and bandwidths should be compared with experi-
mental data.

The calculations reported here are for only one ordered orientation of the molecular
dipoles of the molecules. From a calculation of the largest and smallest values available
to the p-E term, one can estimate that inclusion of the disordering of the molecular
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dipoles would only give rise to an additional breadth of the librational bands of about
50 e,

COMPARISON WITH MOLECULAR-DYNAMICS STUDIES

It is instructive to compare the results of these local structure calculations with the
results of the molecular dynamics calculation of Rahman and Stillinger (/6).

The potential used in the Rahman and Stillinger calculations gives equilibrium posi-
tions at tetrahedral angles and at O-O distances of 2.76 A and was not adjusted to fit
any observed spectral data so that the comparison should be made for qualitative fea-
tures and not for precise frequencies. The best comparison is between the histogram of
Fig. 2b, which gives probability of occurrence of a vibrational frequency in the local
structure unit, and the Fourier transforms of various autocorrelation functions of Ref.
(16). The total angular momentum autocorrelation function yields a Fourier transform
(16, Fig. 29) which shows three well-defined maxima at 424, 636, and 850 cm™* which
can be compared to the three librational maxima at 425, 525, and 710 cm™! of Fig. 2b.
It is interesting that the 217-molecule unit of the molecular-dynamics study shows only
three broad maxima as do our local structure calculations.

Comparison of the Fourier transforms of the proton total velocity autocorrelation
function (16, Fig. 32), which has maxima at 33, 212, and 425 cm™!, inflections at 636,
850 cm! and is nonzero in the range 1000-1300 cm™, with Fig. 2b, which has maxima
at 70, 100-170, 200, 425, 525, and 710 cm™!, shows considerable similarity ; however, the
molecular-dynamics calculation shows no maxima in the 100-170 cm™! region and the
local structure model no vibrations above 1000 cm~. .

The occurrence of vibrations in the region 1000-1300 cm™ in the molecular-dynamics
calculations and their absence in the local structure model can be due to the fact that
the local-structure calculations are for fundamental modes only, while overtone and
combination frequencies involving translational and librational motion should be
expected in the molecular-dynamics calculation. The fundamental translational modes
in the region 100-170 cm™ in the local-structure calculation appear to correspond to the
212 cm™! peak in the molecular-dynamics calculation. The 200 cm™ peak in the local-
structure calculation appears to have no counterpart in the molecular dynamics unless
it is masked by the librational band.

DISCUSSION

One of the objectives in model calculations for any physical system is to identify those
features of the system which make important contributions to the observed phenomena
and those features which are not essential for understanding the phenomena under con-
sideration. From such model calculations one can discover what features of the physical
system can be studied by a given technique. It is also clear that a model which contains
only those details necessary to understand one kind of observation, such as spectral
measurements, may well not be sufficiently detailed to provide an understanding of
observations obtained with quite different techniques, such as thermal measurements. A
complete model would ideally contain all the details necessary to explain all possible
observations but should, upon suppression of detaiis not important to a particular kind
of observation, agree with more restricted models which are good representations of the
system for that kind of observation.
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The local-structure model qualitatively shows the same essential features as does the
molecular-dynamics study, which includes many more molecules, for the vibrational
spectrum of liquid water in the 50-1000 cm™ region. Thus the features of this local-
structure model appear to be sufficient to explain the gross appearance of spectral char-
acteristics in the librational and hindered-translational frequency region, such as the
number of maxima, their widths and positions; consequently, these spectral features
will only yield information concerning local regions of the liquid. For more detailed
comparison of model calculations with measured spectra, additional factors such as the
effect of the hydrogen bond lattice distortions on the dipole moments and polarizability
of the lattice and molecules would need to be included in the calculations. With our
present local-structure model, the frequencies of the lowest lattice modes are comparable
to the frequency of dielectric relaxation and the widths of the lowest calculated bands
are comparable with the band frequencies; thus it seems unlikely that an extension of
the size of the local-structure unit would yield additional physically meaningful vibra-
tional frequencies.
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NOTES
Incomplete Hydrogen Bonding and the Structure of Liquid Water

Previous calculations (J, 2) of the internal vibration of a water molecule in the liquid have been
successful in predicting the bond shift and width as a function of temperature, they were not, however,
able to account for shoulders on the high frequency side of the stretching bands. Further, a recent paper
by Rahman and Sillinger (3) reported a molecular dynamics calculation of the frequency spectrum.
These calculations give a surprisingly large number of hydrogens in such positions that the hydrogen-
bond network could not be completed. The failure of our previous attempts to explain the presence of the
high frequency shoulders in the OH and OD stretching bands and the incomplete hydrogen-bonding
indicated in Rahman and Stillinger’s work (3) persuaded us to attempt to include additional ““broken”’
hydrogen bonds in our continuum calculations. Thus, present work is a slight modification of the con-
tinuum viewpoint. ‘

The normal coordinate analysis treatment used in this work is similar to our previous treatment (2).
Except for a modification of the distribution of O-O distances in the liquid, the O-O distributions for
temperatures of interest were constructed from the x-ray pair correlation functions of Narten etul. (4)
as described in Ref. (2). These distributions were then used for Monte Carlo calculations.

The frequency distribution was obtained as follows: as was done previously (2, 4), the range of 0-O
distance for a given temperature was divided into one hundred equal parts and a random number sampl-
ing technique was adopted. [t was assumed, rather arbitrarily, that after the O-O distance reaches 3.5 i,
the hydrogen bond involved “‘breaks up.” This is a distance after which the H-bond force constant re-
mains almost unchanged irrespective of changes in the O-O distance (3, 6). One of the hydrogen bond-
lengths was kept at 3.5 i and the other one was assigned a length at random. This is equivalent to a
random configuration except for one “dangling”” bond. The corresponding values of #4, r, and R were
determined from the Lippincott-Schroeder potentiai function. The random lengths were chosen by
selecting two-digit random numbers generated with the help of a computer. The free bond corresponded
to the digit 100. Each two digit number represents a particular O-O distance.

For each configuration the appropriate values of the force constants were substituted into the po-
tential energy function and the secular equation was solved for the normal frequencies. A histogram of
the probability of the normal frequency was constructed using the resulting normal frequencies and the
relative probability of the corresponding configuration. This histogram was constructed over 15 ¢cm™
intervals. The calculations were repeated 300 times and with the assumptions regarding the height of
the pair correlation functions and the independence of the hydrogen bond-lengths as spelled out in Ref.
(2), the resulting histograms are assumed to represent the intensity distribution over each of the funda-
mental frequency regions.

In the intramolecular case, where we treated HDO, we had the choice of breaking either the OH or
OD bond. We did both so that we could get frequencies for a free OH and a free OD in HDO. The bands
corresponding to the “free” bonds were quite narrow. In order to get more direct comparison with .
experimental results, the distribution was smoothed over 75 cm™! intervals, a value which corresponds
to the interruption broadening width expected for systems with relaxation time of the order of 10~
sec. The results are summarized in Table L.

Table I shows that the Monte Carlo calculations of a completely H-bonded system can reproduce
peak positions of the main bands only and cannot explain the presence of shoulders. However, il we
assume that there exist simultaneously some “hroken” hydrogens and some completely bonded deu-
teriums in the case of DO, we can see that most of the bands listed in Table 1 can be accounted for.
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TABLE T
CALL BFSELTS PRRTAIS to o4y
INTRAMOLECELAR VI BRATLUNS

CALCULATED FREOUENCIES

CASE. 00 3and Puak Position (cm ') ON Gand Peak Position (cm ')

1 o Random 2510 80
W free 2510 1660

D free 2655 3465

2 LKD) Random 3300 1405 3495
= one H free 3300 3695 3660

OBSERVFD FREQUENCIES

Case 0D Sand Peak Posiction (cm™') M Sand Peak Position (cal)
1 Raman
HDO in uzn 2530 2650
2 Raman
HDO {a D,0 3435 3628
3 Raman H,0
Soontafieous 3060 3245 3420 3520 1630
Stimulaced 3300 3390
Stimulated
tn NaClo, 3280 3460 3550 3605
4 Raman HDO in
(H,0:0,0) by
vSlume
Spontaneous(l:1) 3280 3440 3550 3625
Stimulaced(l:1) 3540 3640
Stimulaced(1-5:1) 3300 3390
3 Infrared 4,0 3090 3220 3395 3540 1625

This same procedure, when repeated for the intermolecular vibrations using Bryan’s (7) model, by
keeping one of the atoms, either H or D, free and assigning the other three O...0 lengths at random,
yields resuits given in Table II. Table II shows that v, increases while v» and v; decrease slightly when a
hydrogen bond to the hydrogen atom is ‘“‘broken,” but vy, 5, and s all decrease appreciably in this
process. When we ‘““break” the hydrogen bond to an oxygen atom, », and vy decrease while »s increases
appreciably; vy, vs, and vs essentially remain unaltered in this process. Thus, breaking a hydrogen bond
to the hydrogen atom of a water molecule will cause a shift in the librational frequencies and leave the
translational band relatively unchanged while breaking the hydrogen bond to the oxygen atom will
cause the translational band to be lowered and will leave the librations unaffected. The decrease of the
»: frequency from 575 cm™ to 430 cm™ when the hydrogen bond to a hydrogen atom is broken might

TABLE I1
(ALL RESULTS PERTAIN TO 25°C)
INTERMOLECULAR VIBRATIONS

SPECIVEN  CASE v S v vy i oy oy vy Svg v tv

w0 Random 150 125 150 100 175 100 575 150 725 125 478 128
H free 200 150 125 75 125 100 450 100 625 125 350 100

0 free 100 50 175 100 100 100 5715 100 728 125 475 125

Random  “145 T145 “16% “400 “510 "0
n,o D free 175 125 125 100 100 100 300 125 450 125 125 100

N free 100 75 150 150 100 100 w0 175 500 150 150 100
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well account for the intensity in this region of the librtional band which corresponds to the vg mode
which is infrared inactive in the symmetrical configurations.

These calculations scem to indicate the need for a model which is a blend of the mixture and the
continuum models; the breadth of the bands cannot be accounted for by the broken-hydrogen bonds
alone while the presence of the bands at 2640 and 3628 cm™ with appropriate temperature dependence
cannot be readily explained by the continuum modet. A physically meaninglul way of assigning weights
to the spectral contribution of the “broken’” and “ynbroken’ hydrogen-bonds which is consistent with
the O-0 pair correlation function will be necessary hefore one can discuss the intensity distributions in
the stretching bands. We feel these results indicate a weakness in the ansatz we have previously used to
get the nearest neighbor distribution function {rom the x-ray paic correlation functions. There is at
present no way to distinguish the hydrogen positions in the 0-0 pair correlation functions. If the hydro-
gen atom is far enough out of line with the oxygen atoms, then the bond is so distorted as to be “‘broken”

and should be treated accordingly. At this point one can only say that the positions and breadths of the
major bands can be explained with appropriate temperature dependence on the basis of the viewpoint }
invoked in these calculations.
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11 INFRARED METHODS

III.1. THE FAR-INFRARED SPECTRUM OF WATER
Basil Curnutte and Dudley Williams
Physics Department, Kansas State University
Manhattan, Kansas 66506, U.S.A.

ABSTRACT

Studies of the far-infrared spectrum of water provide information concerning the
motions of hydrogen-bonded water molecules in the lattice structure of the liquid. A
plot of the Lambert absorption coefficient as a function of frequency has one maximum
at 680 cn-l associated with a broad absorption band attributed to hindered rotations
or librations of H20 molecules in the lattice and a second maximum near 200 c:m-1
associated with a narrower tand attributed to hindered translations of azo molecules

in the lattice; an inflection near 2 cn-l in the plot of the Lambert coefficient is
In the present

attributed to absorption associated with Debye relaxation phenomena.
paper we present the values of the indices of refraction and absorption based on

recent experimental work and attempt to interprec the results in terms of two recent

theories of the structure of water.




208 The Far-Infrared Spectrum of Water

The infrared spectrum of the water vapor molecule in its ground electronic state
is fairly well understood. In the far-infrared the absorption spectrum is that ;-
of an asymmetric rotor and is characterized by irregularly spaced pure rotational
lines in the entire spectral range between 800 cm'l and the microwave region. The

vibration-rotation spectrum is characterized by fundamentals v, and v, centered

1 3
at 3651 cn-1 and 3756 cil. respectively, in the spectral region where molecules
containing OH groups have strong absorption bands. The third fundamental Vo associ-

ated with the bending motion of the molecule, appears at 1595 cm-l.

Overtone and
combination bands are less intense and appear at higher frequencies. In addition
to rotational and vibrational energies, the water vapor molecule has translational
energy; at atmospheric pressure and below no observable absorption is associated

with changes in translational energy.

IIT.1.1. THE OBSERVED SPECTRUM

Liquid water i{s strongly absorbing throughout most of the infrared; the Lambert

1rcgion is nearly ].08 times a(v) in the

absorption coefficient a(v) in the 3400 cm~
center of the visible region, where water is most transparent. Because of the
strong spectral absorption of water in the infrared, it is difficult to obtain
quantitative values of absorption by simple transmission measurements; special tech-
niques must usually be employed (1-6). The gemeral appearance of the water spectrum
in the infrared is illustrated by Fig. 1, which gives the spectral cransﬁiccance
T(v) = exp[-a(v)x] as computed for a layer of thickness x = lOum on the basis

of Lambert coefficients obtained from a combination of transmission and reflection

measurements. A layer of this thickness is essentially opaque in the 3400 cm-l

1 region gives the spectral transmittance of

region; the upper curve in the 3400 cm
a water layer with a thickness of 1.125um, much smaller than the wavelength of the
radiation in this spectral region. In preparing the curves in Fig. 1 aad in most
of the subsequent figures, we have used values of a(v) based on our own measurements
(6) in the 5000-100 cm-lrangc. on those of Davies et al.(7) in the 100-20 e
range, and on those listed by Ray (8) for the 20-1 cm-l range.

Because of its proximity to the corresponding bands of water vapor, the strong

1

absorption in the 3400 cm ~ region is attributed primarily to the v, and vy funda-

1

mentals of the hydrogen-bonded H,0 molecule but also includes some contribution

from the overtone 2v2; the generfl contours of this composite band are strongly
influenced by temperature changes (9). Similarly, the sharp absorption band near
1650 cm-l is attributed to the fundamental vz; the vy band shows little change with
temperature, In addition to the fundamental bands there are two weaker associational
btands in the near infrared portion of the spectrum shown in Fig. 1; these associational
bands near 2120 and 4000 cn’l are attributed to combinations of far-infrared bands
with fundamentals and have no counterparts in the water vapor spectrum.

The far-infrared region of the liquid-water spectrum shown in Fig. 1 is dominated

by two major bands. The first of these is an extremely broad, intense band with

i1s
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minimum transmictance near 680 cm 1; this band shifts to 505 cm L in the spectrum

of liquid Dzo (10) . Because of this large isotopic shift, this broad band has been
attributed to the hinderad-rotation or librational motion of the Hy0 molecule in

the field of its neighbors. The second far-infrared band is much narrower and appears
A 20 the shoulder

band shifts only slightly to lower frequencies (10). This small isotopic shift

as a shoulder near 200 cm ~ on the strong libracional band; in D

is consistent with an interpretation of the weaker band in terms of the hindered
translational motion of the entire H20 molecule in the field of its neighbors.
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Fig. 1 The spectral transmission of a thin layer of liquid water in the infrared
at 25°C.

More detailed information regarding the absorption of water in the far-infrared
is presented in Fig. 2, in which we give a plot of the Lambert absorption coefficient
as a function of frequency. Absorption in most of this region is associated with
the strong librational band with a maximum near 680 cm-l; the general contours of
this broad band indicate that it is not a simple band but consists of several over-
lapping unresolved components. As noted earlier, the librational band has its maximum
at 505 cm-l in Dzo; it also has a somewhat smaller half width in Dzo. In an attempt
to locate the position of the hindered-translation band, Draegert et al.(10) have
arrived at the value of 170 cm-l by attempting to construct a contour of the over-
lapping librational band; their corresponding value for the hindered-translational
band in D20 is 165 cm-l.

The librational band shifts to lower frequencies and becomes broader with increas-
ing temperature (9,10,11); the peak value of a(v) shows little change with temperature.
In ice slightly below the melting point the peak of the librational band appears
at 830 ca!

and Pimentel (12) have located the hindered-translational band at 225 cm~

and is narrower than the corresponding band in water (11); Zimmerman
- in the
spectrum of ice. In a study of ice at liquid-nitrogen temperatures Bertie, Labbe”
and Whalley (13) have shown that the libration and hindered-translation bands have
several components.

The value of a(v) is not small anywhere in the entire range between the vy
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210 The Far-Infrared Spectrum of Water

fundamental and the librational band; as indicated im Fig. 2, the value of a(v)

at 1200 cm'l is nearly 20 percent of that of a(v) at the librational peak. Absorption
of water in this interband region varies with temperature (9). The value of a(v)
decreases rapidly with decreasing frequency for frequencies lower than that of

the hindered-ctranslation band; there are no indications of additional absorption
peaks. Our own studies (6,10) and the recent study of Zafar et al.(l4) in the
submillimeter range have given no evidence of an observable infrared peak near

60 cm’l, where Raman (15) and inelastic neutron-scattering studies (16) have revealed
a maximum. There is an inflection in the curve in Fig. 2 in the region between

10 <:m-l and 1 cm'l: this 1s associated with the so-called Debye absorption associated

with a low-frequency relaxation process (8).

LSl Gl Th aias i L SN NERE e ik
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Fig. 2 The Lambert absorption coefficien' a(v) as a function of frequency in the

intermediate and far infrared at 25°C.

Although infrared spectroscopists usually content themselves with a
plot of a(v) -vs= v, a complete description of the optical properties
of a medium like water actually requires a knowledge of its complex refractive
index. The imaginary part of the refractive index k(v) = X a(v)/4m = a(v)/4mv
glves a measure of absorption per wavelength; thus, even though a(v) becomes small
in the far-infrared, k(v) can remain large. By combining the results of measurements
of reflection and absorption, the real part n(v) of the refractive index can be
determined. In the remote infrared, known as the submillimeter region, both k(v)
and n(v) for water become large and join smoothly with values of these quantities
based on dielectric-constant measurements in the microwave
and radio frequency regions (8,14). Although for many purposes it is more convenient
to give values of optical constants as a function of frequency or wavelength in

a log-log plot, we find it desirable for present purposes to give a linear plot
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4 of these quantities in the far infrared.
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1 Fig. 3 The Lambert absorption coefficient a(v), the imaginary part k(v) of che

refractive index, and the real part n(v) of the refractive index in the
far-infrared for liquid water at 25°C.

: In Fig. 3 we give plots of a(v), k(v), and n(v) as functions of frequency in

the tegion between 800 cm > and 1 cm . The maximum value of k(v) for the broad

librational band appears at 570 cm'l. and the corresponding maximum for the narrow
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hindered translation band is at 170 cm-l; the peak value of k(v) for the hindered-
translation band is nearly 50 percent larger than the peak value of k(v) for the
libration band (6). At frequencies below 170 cm'l, k(v) remains large and reaches
a peak in the vicinity of 1 cm-l; this peak is associated with Debye relaxation
phenomena (8). The curve for n(v) exhibits dispersion features in the vicinities
of the libration and hindered-translation bands (6) and xtrapolates to a value
of approximately 9 at very low frequencies (8).

Although the libration and hindered-translation bands are strong in ice (11),

2 times che

values of k(v) for ice in the region 100 - 1 o ace only 1072 o 10°
corresponding values for water (8). A detailed knowledge of k(v) and n(v) in the
submillimeter region may therefore be extremely important to an understanding of

the differences of the prdpetties of water and ice on a molecular scale.

IIT.1.2.THEORETICAL INTERPRETATION OF THE SPECTRUM

Liquid water consists of a hydrogen-bonded network of HZO molecule units thac
remain hydrogen bonded to the same neighbors in the local lattice for appreciable
times compared with librational periocds. Any calculation of the spectroscopic proper-
ties of water involves not only the difficulties of tne calculation for a disordered
crystal lattice but also the additional difficulties imposed by a constantly changing
lattice structure. The presence of strong bands with frequencies close io those
of the water-vapor fundamentals indicates that individual H20 molecules making up
the water structure maintain their identities for times that are long compared with
their fundamental periods of vibration. All absorption at lower frequencies must
be associated with lattice vibrations of a system containing these units bound together
in various ways.

We shall attempt to interpret the observed far-infrared spectrum in terms of
two quite different theories. The first of these, developed by Curnutte and his
students (17,18), attempts to interpret the spectrum by means of a model involving
parameters fitted to the observed major spectral features of water at 25°C; the
theory is then tested by applying it without changes in parameters to water at other
temperatures and to ice. The second theory, developed by Rahman and Stillinger
(19), involves a molecular-dynamics study of a set of rigid H20 molecular models
subject to interaction potentials consistent with measured macroscopic thermodynamic
properties of water. By a computer study of the motions of a set of these uzo units,
these authors were able to obtain auto~correlation functions of various physical
quantities and to interpret these functions in terms of lattice frequencies; since
infrared absorption involves a change of the electric dipole moment of the absorber,
all characterisctic lattice motions do not necessarily produce features in the far-
infrared spectrum. Fortunately, the two quite different theories to be discussed

do not lead to basically conflicting conclusions.
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A. THE LOCAL LATTICE MODFEL THEORY

In their initial study Bryan and Curnutte (17) considered a single HZO molecule
held in position in a rigid tetrahedral cage of neighboring molecules by forces
given by the Lippincott-Schroeder potential, which had been developed (20,21) to
describe intermolecular hydrogen bonding, and by an electrostatic interaction between

the H,0 molecule's dipole moment and the electric intensity at the site of the molecule.

Such i hydrogen-bonded molecule has three fundamental librational modes and three
fundamental hindered-translational modes of oscillation in addition to its internal
vibrational modes. Starting with the most probable 0-0 distance as determined by
x-ray studies (22) and with the peak librational and hindered-translational frequencies
listed by Walrafen (15), Bryan and Curnutte adopted four empirical parameters needed
to give their tetrahedrally hydrogen-bonded molecule the observed peak frequencies.
After selection of the parameters they then used Monte Carlo calculations to determine
the spectral effects produced by the distribution of 0-0 distances as determined

by x-ray diffraction; they found that variation of the distance between the oxygen
atom of the central molecule and the oxygen atoms in the rigid cage over the observed
range established in x-ray studies resulted in a broadening of each of the librational
bands by approximatrely 220 cm'l and each of the hindered-translational bands by

approximately 120 ca-l. In view of the relaxation time t = 10_12

seconds given
by dielectric-constant studies (23), the lifetime of a molecular cage is limiced,
and this leads to a superposed uncertainty broadening Av = 1l/ct of the order of
35 cm‘l.

A plot of the results of the Monte Carlo calculations gave a frequency spectrum
that compared favorably in certain respects with the profiles of the observed Raman
and infrared spectra. However, the introduction of random 0-0 distances destroys
the original tetrahedral symmetry at the site of the central molecule so that little
can be said regarding definite selection rules or spectral intensities. After the
final selection of parameters for water at 25°C, the Bryan model was then employed
20. and
the spectrum of ice with generally satisfactory results in the vicinity of the observed

to produce spectra of water at other temperatures, the spectrum of liquid D

librational and hindered-translational bands from 0-O spacings given by x-ray studies.
The frequﬁncies of the lattice modes given by the model for water at 25°C are listed
in the first column of Table I; the frequencies listed represent peak values in
the spectrum of a single molecule connected by four tetrahedral hydrogen boands to
neighbors in a rigid cage; the 0-0 distances are randomly spaced over the range
established by x-ray studies.

Not all H20 molecules in liquid water have complete tetrahedral hydrogen bond-
ing; thus it becomes necessary to estimate the spectral effects of incomplete bonding.
The effects of incomplete bonding calculated for a central HZO molecule in a rigid
cage of neighbors on the basis of most probable 0-0 distances are listed in the
second and third columns of Table I. The second column lists the frequencies to
be expected from a molecule with one hydrogen bond to its oxygen atom broken; the

third column lists the frequencies to be expected for a molecule with a single
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unbonded hydrogen. The additional effects introduced by breaking a single hydrogen
bond include new hindered-translational modes at 100 cm-l and new librational modes
at 350 and 400 cm'l as indicated in the table. Incomplete intermolecular bonding

thus results in the general lowering of lattice frequencies.

TABLE 1

Calculated Frequencies in the Lattice Spectrum of Water at 25°C

Single Molecule in a Rigid Cage Five-Molecule Unit in a Rigid
Tetrahedral Bonding Free O Free H Cage

(Tetrahedral Bonding)

Librational Frequencies jcm-l)

450 475 350 450,450,450,452,452
551 575 450 553,553,553,554,554
722 725 625 122,722,1722,723,723

Translational Frequencies gcm'l)

165 100 200 77,217,164,164,164
165 175 125 71,219,160,163,165
166 100 125 75,219,162,165,165.

Recognizing that the assumption of a completely rigid cage of nearest neighbors
was somewhat unrealistic, Bandekar and Curnutte (18) extended the general method
to include a central molecule in a non-rigid cage of nearest neighbors -- i.e.,
a hydrogen bonded five-molecule unit -- connected by hydrogen bonds to a rigid cage
of next-nearest neighbors. A normal-coordinate analysis of the five-molecule unit
yielded a set of frequencies associated with its own fundamental vibrational modes
plus additional frequencies associated with hindered rotational and translational
motions of the entire five-molecule unit in the rigid cage of surrounding molecules.
With little change in the Bryan parameters, Bandekar obtained the sets of frequencies
listed in the final column of Table I. His treatment yielded a set of 5 frequencies
close to 450 cn‘l that can be associated with the original 450 cm-l librational
frequency of the single HZO molecule in the Bryan study; a set of 5 grcquenctes
near 555 cm™) associated with the original 551 el 1ibracion; and & set of § frequen-
cles near 720 em ) associated with the original 722 enl libracton. In the 150=
175 cn-l frequency range of hindered translation for the single H20 unit in the
Bryan study, the Bandekar treatment gives 9 frequencies in the narrow range 160-
165 cn-l; in addition, there are 3 frequencies between 71 and 77 cm-l that are associ-
ated with hindered translation of the entire five-molecule unit in its rigid cage;
finally, there are 3 new frequencies in the range 217-219 cm-l that can be classified

as out-of-phase translatory motions of parts of the five-molecule unit within its
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rigid cage. Absorption bands centered at the listed frequencies are broadened by
amounts comparable with those listed for the earlier single-molecule model.

This general type of analysis could be extended to include a larger non-rigid
group of molecules consisting of the central Hzo molecule with its nearest and next-
nearest neighbors inside a still larger rigid cage. However, even with the five-
molecule model, the computed lowest frequencies are comparable with the frequency
of dielectric relaxation; furthermore, the widths of the resulting absorption bands
are comparable with the band frequencies themselves. Thus, particularly in view
of the amounts of computer time involved in taking account of random 0-0 spacings,
the wisdom of extending calculations of this type is questionable.

In summary: The calculations based on this model, which was parameterized
to account for the major libration and hindered-translation bands observed in the
Raman spectrum of water at 25°C. also accounts satisfactorily for the variation
of these bands with temperature, for the corresponding bands observed in ice, and
for the corresponding bands appearing in the spectrum of liquid DZO' The calculations
further predict absorption at frequencies lower than that of the observed hindered-
translation peak and at frequencies in the region between the libration and hindered-
translaticn peaks; infrared absorption is indeed observed in these regions. In
order to account for the observed general absorption in the interband region between
the vy fundamental and the libration bands, it would probably be necessary to invoke
overtones and combinations of the major latrice bands; the possibility of difference

bands involving the v, fundamental and certain lattice modes might also be considered.

B, THE MOLECULAR-DYNAMICS STUDY OF RAHMAN AND STILLINGCER

Turning now to the molecular dynamics study of Rahman and Stillinger (RS), we
must firsc emphasize the basic difference between their treatment and the spectroscopic
treatment of Curnutte and his colleagues, who introduced certain parameters to account
for major spectral features previously observed; RS introduced no fitted parameters
to account for known spectral features in the far infrared or in the low-frequency
Raman spectrum. Thus, in considering the results of their theory we should not
expect quantitative reproduction of the observed spectrum but should look for qualita-
tive general agreement between predicted and observed spectral features. Closer
quantitative agreement could probably be accomplished by the introduction of fitted
parameters. 4

The RS procedure involved a computer study of the dynamical behavior of 216 rigid
"20 molecular models having a number density corresponding to that of water and
subject to a rather simple intermolecular potential proposed by Ben-Naim and Stillinger
(24). The temporal evolution of this system of rigid molecular units was studied
by the examination 2nd analysis of successive molecular arrangements generated by
the computer. By analysis of these computed molecular arrangements it was possible
to obtain auto-correlation functions for various properties of the system; Fourier

transforms of the auto-correlation function yield the prediction of the frequency
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spectrum associated with the properties involved. The Fourier transform plots present
a quantity related to the square of the amplitude of oscillation per unit frequency
interval as a function of frequency; for want of a better term we shall refer to
the ordinates of these plots as spectral demsity. If electromagnetic radiation
were involved, the Fourier transform plot would represent what the electrical engineer
calls a power spectrum.

In an analysis of the diffusive motions of the molecular centers of mass, RS
have obtained a center-of-mass velocity auto-correlation function; the Fourier transform
gives a spectrum that can be compared in a general way with what we have called
the hindered-translation spectrum. The plot of spectral density is essentially
flat from very low frequencies to approximately 212 cm_l; beyond 212 cm'l spectral
density decreases rapidly with increasing frequency. Superposed on the flat portion
of the spectral curve is an additional fairly sharp peak at 50 cm-l; the peak height
is 40 percent higher than that of the flat portion of the spectrum. The sharp peak
- 1 {n Raman (15) and

inelastic neutron scattering studies (16). By itself the Fourier transform of the

at 50 cm — may well be related to the peak observed near 60 cm

center-of-mass velocity auto-correlation function does not predict the absorption
peak observed near 200 cm-l.

A more favorable direct comparison with experimental results exists in the librational
region, where there is experimental evidence of three bands. The spectrum obtained
from the angular-velocity correlation functions for angular velocity about the three
principal axes of inertia of the monomer has well separated peaks in spectral demsity
at 395, 420, and 847 cm-l. The corresponding spectrum for total angular momentum

1

covers a broad spectral region extending from near zero to 1400 cm © with evidence

of component peaks at 424, 636, and 850 ea k.

The really important results given
by these spectra are that the spectral density involved in the rotational motion
of the molecular units covers an extremely broad range of frequencies and that three
separate peaks are prediccted.

The RS result most directly related to the absorpéion spectrum {s given by a
plot of spectral density as a function of frequency that is based on the proton
total velocity auto-correlation function. This composite spectrum combines features
of the center-of-mass velocity spectrum with a spectrum obtained from the velocity
auto-correlation function for proton motion relative to the centers of mass of the
nzo monomers . Th:lploc of spectral density is dominated by a broad banflwith a
maximum at 425 cm = and with inflection points at 636, 850, and 1110 cm = in the
high frequency wing, which exhibits appreciable spectral density for frequencies
as high as 1300 cm-l. A peak at 212 cm'l appears as a low-frequency shoulder of
the main band; a smaller additional sharp peak appears at 53 cm-l; and the spectral
density is non-zero at very low frequencies. Although the characteristic peak and ]
inflection frequencies are different from the frequencies observed experimentally,
the major portion of the broad band coincides with the broad librational band observed
in infrared absorption; the low-frequency shoculder band at 212 cm"1 corresponds

1

to the hindered-translation band appearing as a shoulder near 200 cm © in the plot

123




B. Curnutte and D.Willizuns 217

of observed a(v) = vs - v given in Fig. 2. The peak at 53 cm-l may well correspond

to the 60 cm-l peak observed by Raman and neutron-scattering techniques.

TIT.1.3. DISCUSSION OF RESULTS

The theoretical plots of Curnutte and his students, which were based initially
on Raman results, and those of RS based on a more general study of the molecular
dynamics of rigid H20 units subject to a particular form of intermolecular potential
show relative spectral density as a function of frequency. It is not necessarily
true that all features in these plots will appear in the infrared absorption spectrum,
since absorption occurs only when changes in dipole moment are produced by radiation
of the appropriate frequency. For example, rotational motion of an isolated Hzo
molecule about its symmetry axis would not be infrared active since no dipole moment
changes occur in the course of the motion. However, such a rotational motion of
a molecule surrounded by neighbors could become infrared active as a result of dipole
moments induced, primarily as a result of changes in hydrogen bonding, in the polari-
zable neigh$or1ng molecules. Any detailed theory of the absorption of infrared
radiation should take account of these and similar processes. Such processes are
not considered in detail in the formulation of the Curnutte theory and are pro-
hibited in the RS treatment by the assumption of unpolarizable rigid molecules.

A related phenomenon known as translational absorption has been suggested by
Litovitz (25) to account for a portion of the observed infrared absorption in the
extreme infrared. This type of absorption, which was discovered by Welsh and his
collaborators (26), can occur when two colliding polarizable molecules produce a
collision pair with a resultant dipole moment capable of interacting with incident
radiation; such a collision pair can absorb a quantum of radiant energy. When such
an absorption occurs, the members of the collision pair separate with greater tranmsla-
tional energy than they had prior to collision; since the energy absorbed in this
non-periodic process goes immediately into tramslational energy, the process is

termed_translational absorption. Typical translacional absorption bands are broad

and nearly structureless. Since translational absorption bands for colliding H20
molecules in liquid water may occur in the remote infrared, they could well account
in part for the almost continuous absorption observed in the 100-20 cm'1 range by
Davies et al.(7).

It is interesting to speculate on the nature of the absorption processes involved
in the rapid rise of the k(v) curve in Fig. 3 at frequencies below 10 cm'l. Little
detailed information on the subject i{s given by the RS curves because of the long
total observation times that would be required to give valid estimates of spectral
density at extremely low frequencies. The RS molecular-dynamics study does, however,
provide some estimates of the logarithmic decay of librational motion that occurs
with a time constant comparable with measured time constants for dielectric relaxation.

. Further detailed experimental and theoretical studies in the millimeter and sub-
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millimeter regions should prove to be of importance to an understanding of the liquid
structure.

As indicated earlier, the RS spectrum has non-zero spectral density at frequencies
considerably higher than those of the main librational peaks. Infrared absorption
has been observed (9) in the entire interband region between the librational band
and the vy fundamental. Since the observed absorption extends to frequencies higher
than those predicted by the RS plot, it seems likely that for the 1300 cm-l region
the observed absorption may indeed result in part from a difference band involving
the vy fundamental and lattice modes. If the rigid Hzo units in the RS scheme could
be replaced with units capable of vibration, this suggestion could be checked.

At the expense of greatly increased computation time other intermolecular potentials
might be used in the RS scheme to bring the predicted spectrum into closer quantitative
agreement with Raman and infrared observatioms.

The authors should like to express their thanks to the U. S. Office of Naval
Research and to the Kansas State Agricultural Experiment Statiom for support of
much of the research reported here.
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