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ON THE RELATIONSHIPS BETWEEN LOW-DENSITY
AMORPHOUS SOLID WATER AND ICE Ih

By StuarTt A. Rice, WiLLiam G. MADDEN, * ROBERT McGraw,t Mark G. Sceatsi and
MicHAEL S. BERGREN

(Department of Chemistry and the James Franck Institute, University of Chicago, Chicago,
Illinois 60637, U.S.A.)

ApsTrACT. New experimental and theoretical studies of low-density amorphous solid water (H,O(as))
and of polycrystalline ice Ih are reported and integrated with other available data, A variety of evidence is
put forward to support the conclusion that low-density H,O(as) is derived from ice Th by slightly increasing
the dispersion in the O—O separation and by introducing a distribution of O—Q—O angles (width ¢. 8°).
Our theoretical analysis focusses attention on the consequences of strong intermolecular coupling of OH
oscillators. The vibrational modes of both ice Ih and H,0(as) are found to be complex mixtures of molecular
motions, so the identification of regions of the Raman or infrared spectra of these materials with particular
isolated molecule modes is not useful. The theory developed gives a good, but not perfect, account of the
OH stretching regions of the observed Raman and infrared spectra of ice Th and, to a lesser degree of low-
density H,O(as).

RESUME. Relation existant entre la glace amorphe de faible densité et la glace Ih. De nouvelles études expéri-
mentales et théoriques concernant la glace amorphe de faible densité H,O(as) et la glace Ih polycristalline
sont présentées et associées a d’autres données déja connues. Un certain nombre de preuves sont avancées
pour étayer la conclusion selon laquelle le solide H,O(as) de faible densité est obtenu a partir de glace Th
par un léger accroissement de la dispersion des distances O—Q et par introduction d’une distribution des
angles O—O—O0 (d’amplitude c. 8°). Notre analyse théorique attire I’attention sur les conséquences d’un fort
couplage intermoléculaire des oscillateurs OH. Les modes de vibration de la glace Ih et H,O(as) apparaissent
comme un mélange complexe de mouvements moléculaires de telle sorte que Pidentification des diverses
parties des spectres Raman ou infrarouge de ces matériaux en terme de modes particuliers relatif a des
molécules isolées n’est pas adéquat, La théorie développée donne une définition satisfaisante bien qu’impar-
faite des régions attribuées aux vibrations des OH dans les spectres Raman et infra-rouge de la glace Ih et, a
un degré moindre, de la glace H,O(as) de faible densité.

ZusammenFassuNc,  Uber die Bezichung zwischen amorphem festem Wasser niedriger Dichte und Eis Ih. Neue
experimentelle und theoretische Untersuchungen von amorphem festem Wasser (H,O(as)) niedriger Dichte
und polykristallinem Eis Th werden dargestellt und mit anderen verfiigharen Daten vervollstandigt. Eine
Vielfalt von Beweisen wird vorgelegt, um die Folgerung zu stiitzen, dass F,O (as) niedriger Dichte von Eis Th
abgeleitet wird durch Erhéhung der Verteilung des O—O-Abstandes und durch Einfithrung einer Verteilung
der O—O—0O-Winkel (Verteilungsbreite c. 8°%). Unsere theoretische Analyse richtet die Aufmerksamkeit auf
die Folgen einer starken intermolekularen Kopplung von OH-Oszillatoren. Die Schwingungsmoden sowohl
von Eis Th als auch H,O(as) werden als verwickelte Mischungen molekularer Bewegungen festgestellt. Daher
ist die Zuordnung von Bereichen der Raman- oder Infrarotspektren dieser Stoffe zu besonderen vereinzelten
Molckiilmoden nicht brauchbar. Die entwickelte Theorie gibt eine gute, aber nicht vollkommene Beschrei-
bung der OH-Streckbereiche in den beobachteten Raman- und Infrarotspektren von Eis Th und in geringerem
Grad von H,O(as) geringer Dichte.

I. INTRODUCTION

About two years ago one of us (Rice, 1975) reviewed the information available concerning
the properties of amorphous solid water (H,O(as)) and speculated on the relationship
between the structures of the amorphous solid and the liquid phases. Since the preparation
and publication of that paper we have completed several experimental and theoretical
studies of H,O(as) and polycrystalline ice Th (Sivakumar and others, 1977, in press; McGraw
and others, 1977, in press; Bergren and others, in press; Madden and others, in press). This
paper summarizes the old and new data and combines them with the results of model
calculations to generate a consistent interpretation of the properties of H,O(as) and ice Ih,
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The amorphous solid state occupies an unusual, and poorly defined, position in the lexicon
of categories of condensed phases because it is only metastable. Although usually very long
lived, the fact that it is metastable immediately raises three questions:

(i) How are the structures of the amorphous solid and the stable crystal phases related ?
Can one be obtained from the other by physically realizable processes?

(ii) Does the amorphous solid represent a configuration to which a liquid would evolve
if crystallization could be suppressed, or are there intrinsic differences between the
amorphous solid and liquid phases?

(iii) Are the properties of the amorphous solid merely intermediate between those of the
crystalline and liquid phases, or are there some that are unique to it?

Presently available information provides partial answers to each of these questions, but in no
case complete answers.

In summary form, our analysis of the properties of H,O(as) and of polycrystalline ice Ih,
buttressed by model calculations, leads to the following conclusions. First, there is a low
density form of H,O(as) that is derived from ice Ih in the same way as are amorphous Si and
Ge from their crystalline parents (Paul and others, 1973). In each of the cited cases, both the
amorphous-solid and crystalline phases have local tetrahedral coordination with nearly the
same nearest-neighbour separation. Although there is some dispersion in the nearest-
neighbor distance in the amorphous solid, the source of disorder is to be found in the deviations
of the angles, e.g. O—O—0, from 109.5°. A distribution of angles with width of the order of
8° is inferred from experimental data (Narten and others, 1976), and this is sufficient to
destroy correlation between the orientations of molecules in H,O(as) separated by more than
7 A. Second, the OH stretching regions of the vibrational spectra of H,O(as) and poly-
crystalline ice Ih are very similar (Sivakumar and others, 1977, in press; Bergren and others,
in press), and can be interpreted in terms of the effects of strong intermolecular coupling
between OH oscillators (McGraw and others, 1977, in press; Madden and others, in press).
Because of proton disorder, the vibrational modes of polycrystalline ice Th do not have simple
representations in terms of the symmetric and antisymmetric OH stretching modes of an
isolated water molecule. The detailed shape of the spectrum derives from the variation in
properties of crystal vibrations. By virtue of the interactions between proton disorder, the
O—O separation distribution, and the O—O—O angle distribution in H,O(as), its vibrations
are even more mixed in character than in ice Th (Madden and others, in press). There
remains, however, a one-to-one correlation between features in the spectra of the two con-
densed phases and the temperature dependences of those features. The suggested interpreta-
tions of the spectra of H,O(as) and ice Ih are consistent with the known structures of the solids.
Third, the general similarities between the local structural and the spectroscopic properties of
H,O(as) and liquid H,O suggest that the considerations used to analyze the nature of the
amorphous solid have a place in the description of the liquid.

1I. PreparaTION OF H,O(as)

The only known method of preparation of H,O(as) is by slow deposition of water vapor
onto a cold substrate. An analysis of this process by Gurtzow and Avramov (1974), identifies
the following important parameters: The temperature of the substrate, the deposition rate
and the consequent surface temperature, the thermal conductivity of the substrate, the angle
of incidence of vapor on the substrate, the absence or presence of a surface film on the substrate,
and the existence of single crystal orientations of the substrate (or crystallite orientations of a
polycrystalline substrate) that favor the growth via epitaxy or nucleation of one or the other
crystalline modifications of the substance being deposited. In the course of preparation of the
many samples we have studied, a modest range of variation in these parameters has been
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explored. For example, since sapphire has almost the same thermal conductivity at 10 K
and 8o K, if all other parameters are held fixed the influence of substrate temperature on the
nature of the H,O(as) formed can be probed. The results of this and related experiments
require a re-evaluation of a previous suggestion concerning the influence of temperature and
rate of deposition on the nature of the H,O(as) deposit (Venkatesh and others, 1975). X-ray
diffraction studies of H,O(as) formed on an oriented single crystal of Cu reveal the existence
of two modifications, a low-density form deposited at 77 K, and a high-density form deposited
at 10 K (Narten and others, 1976). We have found that if deposition is onto fused sapphire
or a polycrystalline metal neither the temperature of the substrate nor the deposition rate
can be used to induce at will the desired high- or low-density form of H,O(as). At present the
most plausible explanation of the difference in nature of H,0(as) samples prepared for the
X-ray diffraction studies and for spectroscopic studies is that an oriented single crystal of Cu
can, at very low temperature, either by epitaxy or nucleation, promote the growth of the high-
density form.

This paper is concerned exclusively with low-density H,O(as) and its relationship with ice
Ih. Details of our preparation procedure are presented elsewhere (Sivakumar and others,
1978 ; Bergren and others, 1978). We find that with our deposition technique, using sapphire,
an alkali halide, or polycrystalline Cu as the substrate, the spectra of samples of low density
H,O(as) are the same independent of the temperature of deposition. With sufficient care,
amorphous solid water can be prepared up to a substrate temperature as high as 110 K, but
the samples formed at that temperature fracture very easily under the influence of even mild
thermal stresses.

ITI. STRUCTURAL STUDIES

Low-density H,O(as) has been studied by both X-ray and neutron diffraction (Narten
and others, 1976; Wenzel and others, 1975; Wenzel, unpublished). Figure 1 displays the
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Fig. 1. Oxygen-atom pair correlation function for polyerystalline ice Ih (lop) and for low-density H,0(as) bottom at 77 K.
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O—O pair correlation functions of polycrystalline ice and low-density H,O(as) ; the pertinent
separations between molecules, number of neighbors, etc., are listed in Table I. Figure 2
displays a combination of X-ray and neutron diffraction data designed to determine the
distance over which angular correlation between water molecules is important.

TaBLE I. STRUCTURAL PARAMETERS DESCRIPTIVE OF LOW-DENSITY H;O(as) aNp poLy-
CRYSTALLINE ICE Th

P -N:* R: 111' Nz: Rz [y

Mg m—3 A A A A
Ice Ih 77 K 0.93 (2) 4.0 (2) 2.751(3) 0.091 (3) 12 4.5 0.166 (3)
H;O(as) 77K o0.04(2) 3.8(3) 2760 (1) o.144 (3) 12 4.5  0.389 (5)

* Number of nearest neighbors.

1 Width of first neighbor peak.

* Number of second neighbours. The values of N, and R, were not varied in the
fitting of the diffraction pattern; the values quoted are assumed, while all other entries in
the table are fitted.

Ny Liquid D,0 298 K

e eyt asss s
0, e e e G T —f

Fig. 2. Atom pair correlation functions for D,0(as) and liguid D,0. The dotied curves are weighted sums of contributions
JSrom 00, 0D, and DD interactions, while the broken curves show the OO contributions only (derived from X-ray diffraction
data). The solid curves, obtained by difference, represent nearly evenly weighted sums of O.D and DD atom pair correlation
Junctions. Note the loss of orientational ordering for R > 7 A in D,0(as) and 4 A for liquid D,0.

From the data cited it is seen that local ordering in ice Ih and low-density H,O(as) is very
nearly the same. Both condensed phases have essentially four neighbors at 2.76 A, the
difference in near-neighbor distances and in bulk densities between them being of the order of
1%. As expected, the width of the nearest neighbor O—O distribution in H,O(as) is some-
what greater than that in ice Th. Furthermore, from Figure 2 we infer that in H,O(as)
angular correlation between water molecules is lost for R > 7 A, and from the width of the
second-neighbor peak in Figure 1 that there is a distribution of O—O—O0 angles with width
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of the order of 8°. Finally, comparison of intramolecular and intermolecular distances
inferred from the combined X-ray and neutron diffraction data suggests that an average the
hydrogen bonds in low-density H,O(as) are linear to within 5°.

A comparison of these observations with information about amorphous Si and Ge is
revealing. For those materials it is also found that the parent crystal and amorphous solid
have densities and nearest-neighbor separations the same to within about 1%, and that
disorder is generated by distortion of the Si—Si—Si angle, the width of the angle distribution
being of the order of 77 to 8°. It is very likely that low-density H,O(as) bears the same
relationship to ice Th that amorphous Si and Ge do to their parent diamond lattices (Alben
and Boutron, 1975). We adopt and expand upon this point of view in the remainder of this
paper.

Unlike Si and Ge, H,0O(as) is composed of triatomic molecules with an internal structure.
It is of interest to determine if the intramolecular bond length and bond angle are the same in
the amorphous solid and the free molecule (and other phases of water as well). The available
neutron diffraction data for D,O(as) extend only to 12 A~ in wave-vector transfer, so
intramolecular structural parameters cannot be obtained with great accuracy. We note that
within experimental precision there appear to be no differences between the OD bond lengths
and DOD angle of D,0 molecules in the vapor and the amorphous solid.

IV. SPECTROSCOPIC STUDIES

Details of recently completed extensive studies of the OH stretching region of the Raman
and infrared spectra of polycrystalline ice Ih and of low-density H,O(as) will ber eported
elsewhere (Sivakumar and others, 1977, in press; Bergren and others, in press) ; only the results
will be described herein.

We have found that the Raman and infrared spectra of low-density H,O(as) are the same
independent of the temperature at which the deposit was formed. Therefore, for the purpose
of describing the changes in the OH stretching spectrum as a function of temperature only the
temperatures of observation need to be specified.

It has been known for a long time that the OH stretching region spectrum of water can be
simplified by isotopic decoupling of the oscillators (Haas and Hornig, 1960). We show in
Figures 3 and 4 the Raman spectra of dilute HDO/D,0O and HDO/H,O mixtures in the
polycrystalline and amorphous solid phases. The infrared spectra of these decoupled OH and
OD oscillators are similar, as shown in Figure 5. The temperature dependences of the peak
position and full width at half maximum (FWHM) of the uncoupled OH and OD stretching
transitions are shown in Figure 6. Note that to a very good approximation the FWHM is
independent of the temperature. The apparent decrease in FWHM in the amorphous solid for
T = 100 K we believe to be an artifact, possibly caused by cracking of the samples.

R = r = R S S S T (= R

DEPOSITION AT |50 K
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r
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Fig. 3. Raman spectra at several temperatures of a decoupled oscillator in polyerystalline ice Ih. (a) HDO|D,0, (b) HDO|H, 0.
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Fig. 4. Raman spectra at several temperatures of a decoupled oscillator in amorphous solid water: (a) HDO|D,0(as), (b)
HDO|H,0{as).
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Fig. 5. Typical infrared spectrum of a decoupled oscillator in polyerystalline ice Ih: (a) HDO|D,0, (b) HDO[D,0(as),
(¢) HDO|H,0, (d) HDO|H,0(as).

If it is accepted that the FWHM of a decoupled OH oscillator in both the polycrystalline
and amorphous solid phases is independent of temperature, we must attribute the observed
width to some static structural property. We suggest, in agreement with Whalley (1968),
that in the polycrystalline ice phase there is an O—O nearest-neighbor distance distribution
which has a small width by virtue of proton disorder. That is, we suggest that proton disorder
creates local environments in which the O—O separations are slightly different. An estimate
of the width of this distribution can be obtained from the known correlation of OH stretching
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Fig. 6. Temperature dependences of the peak position and the FWHM of the decoupled oscillator transition in polyerystalline
ice Th and amorphous solid waler.

frequency and average O—O separation, which is dQgu/dRoo = 1 843 cm~' A—T and
dQon/dRoo = 1 362 cm T A1 for Rop = 2.76 A (Falk, [c1975]). The implied FWHM of
the O—O distance distribution in polycrystalline ice is then 0.014 A, much smaller than the
width of the first peak of the OO pair correlation function (see Table I). However, the peak
width in the pair correlation function contains contributions from the limited coherence
length in a polycrystalline sample and the limited resolution of the experimental apparatus.
At present our interpretation cannot be directly tested.

Application of the same argument to the data for the amorphous solid implies that the
distribution of O—QO separations has a FWHM of 0.046 A, again smaller than the width of
the nearest-neighbor distribution inferred from the X-ray data. That the O—O separation
distribution in H,O(as) is broader than that in ice Ih is clearly plausible. Indeed, several
models representative of the kind of amorphous solid derived from a diamond lattice, e.g. Si
and Ge, have about 19, dispersion in the bond lengths. In addition, some contribution to the
spectral width from the distribution in O—O—O angles is to be expected, although this
dependence is likely to be much weaker than the dependence on average O-—O separation.

Figure 6 reveals that the frequencies of the uncoupled OH and OD oscillators increase
slowly as T increases. We attribute the ohserved behavior of Qou(7) to thermal expansion.
As shown in Figure 7 there is quite reasonable agreement between the expected and observed
frequency shifts given the value of dQpn/dRoo quoted above and the known change in
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Fig. 7. Observed and predicted shift of the position of the 3 100 em™1 peak of polycrystalline ice Ih as a function of temperature.

lattice parameters with temperature (Brill and Tippe, 1967). It is obvious from examination
of Figure 6 that the explanation of the thermal effects on the decoupled oscillator transition
in the amorphous solid must be the same as for polycrystalline ice Ih.

Finally, we note that the limiting values of the frequency differences between amorphous
(a) and crystalline (x) ice, (Q2o0m2—£20EY) uncoupled and (Qop?— 20D*)uncoupled are 34 cm-!
and 27 cm—1, respectively. Again using the correlation between Qgom and Roo we infer that
the average O—O separation in the amorphous solid is about 0.02 A larger than in ice Ih.
This value is in agreement, within experimental precision, with that found from X-ray
diffraction data.
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Fig. 8. Raman spectra at several temperatures of polyerystalline ice Ih: (a) H,0, (b) D,0).
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Fig. 9. Raman specira at several temperatures of low-density amorphous solid water: (a) H,0, (b) D,0.
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We turn’now to examination of the properties of pure polycrystalline ice and amorphous
solid water. Typical Raman spectra are displayed in Figures 8 and g. The similarities and
differences in these spectra are easily seen in the superposition displayed in Figure 10. Typical
infrared spectra are displayed in Figure 11.

COMPARISON OF H,0los) DEPOSITED AT " 110 K

4000 110 AND POLYCRYSTALLINE ICE I AT 110 K ~

zl H,0(as) J ' | Polycrystolline

o 3000 / i1
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Fig. 10. Direct comparison of the Raman spectra of H,0 (as) and polycrystalline ice Ih.
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Fig. 11. Typical infrared spectra of (a) H,0(as) and (b) D,0(as).

Interpretation of broad and relatively featureless spectra is always difficult. We have been
guided by the results of detailed model calculations described in the next section. These show
that at the low-frequency end of the OH region of the vibrational spectrum there is one mode
which is dominantly of symmetric character, whereas in the middle of the density of OH
stretching states there is 2 maximum in the amount of antisymmetric character mixed into the
modes. We expect, then, that Raman scattering will be dominated by the contribution of the
lowest-frequency mode and infrared absorption by the modes in the middle of the band of
states. With this in mind we examine the observed Raman spectrum with respect to the
change with temperature of the properties of the prominent low-frequency peak. As shown
in Figures 12 and 13, this peak shifts and broadens as 7T increases. Note that to a very good
approximation the temperature dependences of the peak shift and peak width are the same for
polycrystalline ice Th and the amorphous solid. We also note the existence of spectral intensity
that is temperature-dependent on the low-frequency side of the peak under discussion.

The observed shift with increasing temperature of the low-frequency peak in the coupled
oscillator spectrum is slightly greater than that of the uncoupled oscillator for both the
polycrystalline and amorphous solid phases. Experimental uncertainties in the peak positions
are large enough that within the combined error of 44 cm™! the difference in temperature
shifts is zero for 7" << 120 K, but the systematic trends in the data suggest that the computed
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Fig. 13. Temperature dependence of the FWHM of the low-frequency peak in the Raman spectra of amorphous solid water and
polycrystalline ice Ih.

difference is real. At 150 K the excess change (AQon¥)coupled— (AQoHY)uncoupled 15 (6.3-+4)
cm™1; it is (4.54-4) cm™! for the OD oscillator. We attribute this residual shift to weak
coupling of the delocalized OH stretching vibrations and delocalized lattice vibrations. Our
model calculations show that despite proton disorder the low-frequency peak in the Raman
spectrum is delocalized, and the work of Bellows and Prasad (1976) shows that delocalized
lattice phonons exist even in heavily doped proton/deuteron-disordered H,O/D,O poly-
crystalline ice Th. Weak coupling of these vibrations will lead to a temperature dependence of
the width of the OH stretching transition and to a very weak shift of peak frequency with
temperature.
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The observation that the widths of the decoupled OH and OD oscillator transitions are
sensibly independent of the temperature, whereas those of the coupled OH and OD oscillators
increase dramatically as temperature increases, suggests that the dominant contribution to the
coupling arises from modulation of the interaction between those OH stretching modes which
are near resonance. Now, our data show that the residual width of the coupled OH oscillator
transition is smaller than that of the decoupled OH oscillator transition, the values being
19 cm~ ! and 26 cm~7, respectively. As mentioned earlier, we expect that proton disorder will
create local environments with slightly different O—O separations. By virtue of the correla-
tion between Qgu and Roo there will be a distribution of OH stretching force constants.
Model calculations show that this distribution of force constants is directly reflected in the
width of the decoupled oscillator transition, but that, in the case of the coupled oscillator
transition, the mixing of vibrations corresponding to force constants with positive and negative
deviations from the mean leads to a frequency distribution with smaller width than would be
expected just from consideration of the force-constant distribution without mixing of vibrations
McGraw and others, in press). We attribute the above-cited narrowing of the coupled-
oscillator OH stretching transition to this effect.

We now examine the temperature dependence of the FWHM of the low-frequency
symmetric OH stretching mode of ice Th. We have already indicated that model calculations
show this mode to have delocalized character, so we treat the interaction between it and a
phonon as a scattering event. The proton disorder in the ice Ih lattice prevents the develop-
ment of a systematic phase relationship between individual OH stretching motions, hence we
suppress what would be the wave vector of this vibrational exciton in a perfect crystal.
TFurthermore, we assume, for simplicity, that only one dispersionless optical phonon dominates
the scattering. The scattering described leads to a Lorentzian profile for each OH stretching
transition of the crystal. We do not know the form of the distribution of frequencies generated
by the induced local variations in OO separation induced by proton disorder. If that distribu-
tion is Gaussian, the observed line shape should be a Voigt profile. If it can be approximated
by a Lorentzian, the residual width and thermally-induced width are additive. In our
interpretation the width (Sivakumar and others, 1977) of the a priori distribution is indepen-
dent of temperature. In our original interpretation of the temperature dependence of the line
width, we took it to have the form

A = A, coth (ha/2kgT), (1)

with @ the frequency of the optical phonon responsible for the scattering. Aside from the
approximations of neglecting dispersion of the phonon frequency and assuming that only one
phonon branch is effective in scattering, Equation (1) is valid only if there are states of the
system at Qou-+a@. Our model calculations show that the density of states at Qop-t@ is
high for all & of interest. In contrast, the model predicts there are no states with Qog—a.
If we take the model seriously, scattering events that lead to Qgg—& must be excluded, and
the scattering time becomes

75t = |F|? [exp (hafksT) — 1], (2)

where |F|? measures the OH-vibration optical-phonon coupling and we have again assumed
that only one branch of dispersionless phonons is effective in scattering. The line width is then

A(T) = Bo+h7s, (3)

where A, is the residual width at 7 = o. Equation (3) fits our data, as shown in Figure 14,
with an effective optical phonon frequency of about 200 cm~'. The spectrum of ice Th shows
a large density of translational modes near 200 cm~', hence the effective optical phonon
frequency inferred from the fit to the FWHM data is consistent with other properties of the
spectrum of vibrations (Hobbs, 1974). It is necessary to repeat that this description of the
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Fig. 14. Observed and predicted FWHM for the 3 100 cm™" peak in the Raman spectrum of polyerystalline ice ITh.

line-broadening mechanism is grossly oversimplified. We believe that the coupling of OH
stretching and lattice modes to be much more complicated than can be described by a single
effective optical-mode interaction, but the model is useful for providing physical insight.

For @ = 200 cm~! we predict that the line widths at 7 = 173 K and 269 K are 68 cm™!
and 128 em™1, respectively, these values to be compared with those reported by Scherer and
Snyder (1977), namely 62 cm~! and 154 cm~!. Where our data overlap, their FWHM
exceed ours because they measure the full asymmetric line width whereas we double the low-
frequency side half width, attributing the asymmetry to non-scattering processes. Considering
the crudity of the model the agreement is reasonably good.

Whether our original or our present interpretation of the line width is to be preferred
depends on the weight one puts on the results of the model calculations. If it is accepted that
these accurately predict the general span and character of the density of OH stretching modes,
so that there are no modes below about 3 100 cm™ in ice Th, scattering to L2og—® cannot
occur and Equations (2) and (3) must be used in place of Equation (1). If the model is
inaccurate with respect to this question, the interpretation of the line width must be considered
uncertain since, within the experimental error, both Equations (1) and (3) fit our data (but
Equation (1) predicts much smaller widths at 173 K and 269 K than does Equation (3)).

We now note that there is a shoulder in the spectra of both polycrystalline ice Ih and the
amorphous solid at about Qom—wr, and this shoulder has the temperature dependence ex-
pected of a hot-band transition. It is, however, rather broad. The sum band transition, at
Qon+wr, which is less sensitive to temperature than is the difference band, might be part of
the spectral intensity near g 200 cm~! where the density of OH stretching states is predicted
to be very large. At present we have no evidence for the existence of a sum-band transition.
There is no need for the lattice phonon which dominates the scattering and that which
generates the hot band to be the same.

As seen in Figures 12 and 13, the behavior of amorphous solid water is very much like
that of polycrystalline ice Th, so we interpret the observed temperature dependence of the peak
position and FWHM in the same way. Of course, the residual width of the transition is
increased by virtue of increased dispersion of the O—O distance and by the presence of a
distribution of O—0O—O angles.

The location of the low-frequency peak of H,O(as) is 22 cm™! to the blue of that of
polycrystalline ice ITh; the shift is essentially the same for all temperatures studied. Note that
the difference in peak positions between the coupled oscillators of pure H,O(as) and ice Ih is
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less than the corresponding difference for decoupled oscillators (34 cm~'). At least two
interpretations for this reduction can be given. First, it is possible that it is due to small
differences in the values of the intramolecular and intermolecular coupling constants (see
next section). Second, it is possible that the variation in the OH stretching force constant in
the amorphous solid gives rise to a redistribution of Raman intensity such that the peaks in the
spectra of ice 1h and H,O(as) do not correspond to the same mode, and hence are shifted
differently relative to the peaks in the spectra of the decoupled oscillators in the corresponding
condensed phases (see next section). Model calculations show that both effects can occur.
We do not yet know enough about the microscopic structure of H,O(as) to assign definitely
the mechanism responsible for the reduction in peak frequency shift described ; probably the
effect arises from a combination of mechanisms.

V. THEORY OF THE VIBRATIONAL SPECTRUM

As is evident from the phenomenological analysis of Section IV, the similarities between
the infrared and Raman spectra of amorphous solid water and those of ice Th suggest that a
full understanding of the ice I vibrational spectrum at the microscopic level must precede any
interpretation of the corresponding spectrum of the amorphous solid. Historically, the features
of the OH stretching region of the vibrational spectrum of ice Th have been variously attri-
buted to Fermi resonance, coupling to the lower-frequency modes of the oxygen lattice,
inhomogeneities in the molecular environments, and strong intermolecular couplings of the
OH stretching motions. Nearly a decade ago Whalley (1968) argued that only the last of
these could account for all the major features of both the infrared and Raman spectra, and
that the remaining effects mentioned could only be expected to alter the spectra slightly.

Perhaps the strongest evidence for Whalley’s point of view comes from the decoupled
oscillator studies of Haas and Hornig (1960). In that work, a series of isotopic mixtures of ice
Th were examined. At the lowest concentrations the vibrational spectrum has only a single
peak (see Fig. 5) corresponding to isolated guest oscillators. As the guest isotope concentration
is increased, so is the probability that one HDO molecule will be hydrogen bonded to another.
Indeed, as isotope concentration is increased two distinct side bands are observed to develop
in the vibrational spectrum, indicating that the motions of neighboring guest oscillators are
coupled and split into in-phase and out-of-phase components. Using the positions of these
side bands, Haas and Hornig (1960) calculated an intermolecular coupling constant of
—o.123 mdyn/A (—12.3 N/m).

Whalley gave an intuitive description of how the intermolecular coupling might give rise
to the structure observed in the Raman spectrum of ice I and other condensed phases of water.
Unfortunately, this and other more recent interpretations rely too heavily on the spectra of the
free H,O and D,0O molecules. The intermolecular coupling constant calculated by Haas and
Hornig is larger than the intramolecular coupling in the free molecule. In addition, the effect
of the intermolecular interactions is further enhanced because ecach oscillator is coupled to
four other oscillators through the force constant determined by Haas and Hornig, while it
interacts with only one other oscillator via intramolecular coupling. Thus, there is no reason
to believe that any features of the free-molecule spectrum persist in the vibrational spectrum
of the crystalline phase.

It is somewhat surprising that no quantitative test of these ideas has been attempted.
Only a few calculations of the vibrational propertics of ice-like clusters have been reported
(Shawyer and Dean, 1972[a], [b]; Plummer, 1973; Hale and Plummer, 1974), but these
were directed primarily toward understanding the nature of the low-frequency modes of the
oxygen lattice and have not included the strong intermolecular couplings required to repro-
duce the spectrum in the OH stretching region.
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The calculation of the vibrational properties of ice Ih poses an unusual problem because,
in a sense, it is not truly crystalline. Though the oxygens lie in a reasonably well-defined four-
molecule unit cell, the hydrogen positions are restricted only by the Pauling ice rules and
exhibit no special symmetry.

In the course of the studies summarized in this paper we have examined a variety of
models of differing size and complexity. We believe that a model consisting of a large periodic
cell extracted from the oxygen network and decorated with protons can give an excellent
representation of the vibrational density of states provided that the cell is sufficiently large.
“Free” (non-periodic) clusters are not adequate in this application because a large number of
OH oscillators near the surface of the cluster are not tetrahedrally coordinated and introduce
anomalies into the vibrational density of states. It is possible, however, to eliminate these
surface anomalies by applying ad hoe boundary conditions which associate (couple) surface
oscillators with conjugate oscillators in a distant part of the surface in such a way that each
surface oscillator is coupled to other oscillators as if it were tetrahedrally coordinated. Since it
is always easy to define an oxygen lattice for the proton-disordered ices, there is no need to
resort to these “knotted™ clusters, but, as we will show later, there is no completely adequate
periodic model for the structure of the amorphous solid. Thus, the use of large clusters with
ad hoc boundary conditions may prove useful when applied to amorphous solids.

Though we examined models of various sizes, the only results we shall discuss herein were
obtained from a 64 molecule cell with orthogonal edges (8.98 A x 15.56 A x 14.67 A) and with
protons distributed so that the cell has a vanishing dipole moment. For convenience, the
intramolecular bond angle is assumed to be tetrahedral. Any other reasonable bond angle
can be accommodated by a minor adjustment of the force constants. A 64 molecule unit cell
contains 192 atoms and each calculation of its density of states would require the diagonaliza-
tion of a 576 x 576 dimensional matrix, a tedious and costly task. Since our attention is
focused mainly on the OH stretching motions, we have invoked a separation of high- and
low-frequency motions and have employed a reduced vibrational model (RVM) in which all
bending, librational, and low-frequency translational motions are discarded. Thus, the nine
degrees of freedom per molecule are reduced to two: the stretching motions of the two OH

bonds.
We have employed a modified valence force field of the form
N a N
2V = Z Z kg2t Z kaqirqiz-t Z_’ k3qiaqipt Z” kyqiaqsp, (4)
i=1a=1 =1 ) )
o p o, B

where k; is a bond-stretching force constant, &, is an intramolecular coupling constant, and
¢iy 1s the bond displacement coordinate for the «th oscillator on the ith molecule. The inter-
molecular coupling constant £, describes an interaction between those oscillators on nearest-
neighbor molecules. The singly primed summation sign indicates that only those oscillators
topologically connected through a hydrogen bond:

Hjp
v é
Oi_Hia_Oj

are to be included in the sum. The configuration specified by Equation (5) is unique and
includes half of the oscillators on the four nearest neighbors of the molecule containing
oscillator «. The doubly primed summation sign indicates that the remaining oscillators in the
system are coupled to « through a weak orientation-dependent force which is assumed to arise
from the interaction of two oscillating point dipoles. These coupling constants are taken to be

(5)

i)

ky = % [riy xip—3(riy xyp) (X535 T95) ], (6)
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where r;, and r;; are unit vectors along the appropriate OH bonds, ry; is a similar unit vector
in the direction of the O;—QO; segment, R is the separation between O; and Oy, and p’' is the
derivative of the dipole moment of the OH bond with respect to a change in the bond length.

In this section, the bond-stretching force constant £, is assumed to be identical for each
OH oscillator and may be obtained from the experimental infrared and Raman spectra of
the dilute HDO/D,0O and HDO/H,O ices. Test calculations on the 64 molecule cell indicate
that, when reasonable values are employed for k., k,, k;, and k,, the isotopic guest oscillator
is not completely isolated from the neighboring host oscillators. A series of calculations with
HDO impurities randomly inserted into a D,O lattice gave frequencies in the OH stretching
region approximately 10 em~! higher than would be expected if the isolation of the guest
oscillator were completely effective. A similar set of calculations in an H,O lattice yielded
frequencies in the OD stretching region which were about 5 cm—! lower than predicted for a
perfectly isolated guest molecule. Because of proton disorder, there was a small variation of
these frequencies when the oscillator was moved from site to site within the cell. After correc-
tion for this residual coupling, the experimental HDO/D,O and HDO/H,O spectra at
150 K yielded the bond-stretching force constants shown in Table II. The discrepancy
between the constant obtained for an OH oscillator and that obtained for an OD oscillator is
undoubtedly due to anharmonicities in the potential encrgy.

TasLe I1. PARAMETERS USED TO CALCULATE SPECTRA

Polyerystalline ice at 150 K Amorphous solid at 150 K
H.O D.O H.O D,O

ky (mdyn/A) 5.990 6.248 6.097 6.342
k. (mdyn/A) 0.13 0.15 0.13 0.13
ks (mnl{an) —0.15 —i0. 15 —0.15 —0.15
' (DIA) 4.0 4.0 4.0 4.0
AQ (cm™1)* 55 20 — =
Aky (mdyn/A)t 0.104 0.102 0.301 0.315

* A is the width of the broadening function used to simulate the continuous
spectra in Figures 16-19.

1 Ak, is deseribed in Section VII. It is not used in the calculations reported
in Figures 15-19.

In the free molecule the intramolecular coupling constant £, is —o.101 mdyn/A (—10.1
N/m). In our earlier work (McGraw and others, 1977) we assumed that this value could be
applied to the intramolecular coupling in the crystal. In that work, however, we were unable
accurately to reproduce the infrared spectrum, nor were we able to obtain the g 291 cm™ !
peak in the Raman spectrum of H,O ice (2 437 em ! in the D, ice). However, it is known
that the intramolecular force constant in symmetrically hydrogen-bonded hydrates is strongly
correlated to the value of the stretching force constant £; and becomes more positive as k,
decreases (Fifer and Schiffer, 1970). We therefore now regard k, as an adjustable parameter
which we employ to improve agreement with the experimental spectra. The valuc of k, shown
in Table 1I is required to give optimum agreement with experiment at 150 K. Note that the
sign of this interaction constant is altered in the condensed phase. Similar results were
obtained by Bertie and Bates (1977) who find that a positive value of &, is required to fit the
infrared spectra of ices 11 and II1.*

The intermolecular interaction constant £, is given by Equation (6) and differs according
to the separation and orientation of the oscillators involved. lkawa and Macda (1968) have
estimated from absolute infrared intensity measurements that the bond dipole derivative p' is

* Actually, they show that £, can be varied from +0.08 to — 0.08 mdyn/A without a significant change in
eigenvectors, frequencies, or intensities.
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4.0 D/A in ice Th. Formally, this interaction is of infinite range, but proton disorder leads to
an orientation averaging that makes the range of the interaction finite. In our model, we
must avoid spurious couplings of an oscillator to its own image in another cell, so we have
truncated the interaction after three near-neighbor shells.

The side bands observed in the isotope studies of Haas and Hornig (1960) are largely due to
intermolecular coupling via k,. In our previous work, we assumed that &, was given by their
calculated value of —o.123 mdyn/A. We now believe that this value represents a lower limit
to the actual coupling constant £,, because the sidebands observed by Haas and Hornig are not
completely resolved and must include intensity due to the weaker k, couplings which will tend
to enhance the intensity of the sidebands nearer to the central peak. The value of &, that we
use here (Table II), is approximately 20%, more negative than that calculated by Haas and
Hornig, but requires that the origin of each side band be placed only 5 em~! further from the
central peak.

The eigenfrequencies and eigenvectors for the coupled 128 oscillator system are calculated
using Wilson’s FG formalism (Wilson and others, 1955). In the RVM, the G matrix assumes a
simple 2 %2 block diagonal form in which Gy = po+pm and Gy, ¢ = Gy, i1y = po cos 0
where 6 is the intramolecular H-O-H bond angle and po and pg are the reciprocals of the
oxygen and hydrogen masses. The F matrix is built from the force constants described earlier
and the topology of the cell. The Raman intensities are calculated from a bond polarizability
model similar to those of Volkenstayn (1941) and of Long (1953), and the infrared intensity
from an analogous bond-dipole model. The only parameter required in these intensity
calculations is the ratio of the parallel to perpendicular components of the bond polarizability
tensor, which Scherer and Snyder (1977) have estimated at 5.6.

The results of these calculations using the force constants in Table II are presented in
Figures 15 through 19. We note the following:

(1) Neither the Raman nor the infrared spectra mirrors the density of states. In each case
the nature of the modes at each frequency plays an important role in determining the
intensity.

(i) The major features of the Raman and infrared spectra are reproduced.

(iii) An examination of the eigenvectors reveals that, in general, they cannot be readily
described in terms of the symmetric and antisymmetric stretching motions of the free
molecule. The major exception to this observation is the single mode responsible for
the intense, lowest-frequency feature of the Raman spectrum which, to a good
approximation, consists of all molecules executing symmetric stretches in phase.
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Fig. 15. The calculated density of states for a proton-disordered 64 molecule cell using the parameters of Table 11
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(iv) The intensity of the first peak of the Raman spectrum is excessively large. Nearly all
of the intensity of the polarized part of the Raman spectrum is confined to this peak,
and the calculated ratio of the polarized to depolarized integrated intensities appears
to be much too large.

(v) The width of the calculated infrared spectrum is smaller than that of the observed
spectrum and the shoulder at high frequencies is not well represented. We believe
that much of the intensity in this region may be enhanced by the presence of combina-
tion bands of the entire density of states with the lattice modes.

(vi) The first mode in the density of states is separated from the dense distribution of the
remaining modes by about 10 cm™!. Because the separation of this mode from the
body of the density of states appears to decrease with increasing cell size, we believe
it is an artifact of the boundary conditions and the finite size of the cell.

(vii) The intensity of the calculated infrared spectrum is peaked too sharply at g 265 cm—!
(H,O) and 2 445 cm™! (D,0). Though not arising from a single mode this is, in a
milder form, an analogue of the excess intensity in the first peak of the Raman
spectra.

In a preliminary report of our calculations (McGraw and others, 1977), we were not able
to reproduce the infrared intensity and the second feature of the Raman spectrum. This failure
was a direct consequence of our insistence that the intramolecular coupling constant &, be
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Fig. 16. The calculated and observed Raman spectra of polyerystalline H,0. The smooth curve is obtained from the histogram
by replacing the delta_function intensities with Gaussians of width AQo.
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fixed at its gas-phase value. It is impossible to fit the observed spectra unless this force constant
is permitted to change sign. In addition, we argued then that the features of the H,O and
D,O Raman spectra should scale everywhere just as the low-frequency peaks scale. This
argument was based on an earlier version of the RVM in which the G matrix was assumed to
be diagonal. As the results presented here demonstrate, the scaling argument does not hold
and is an artifact of the earlier model.

We may synthesize a continuous spectrum from the histograms of Figures 16b to 1g9b
by replacing each delta function intensity by a Gaussian of equal area. If this Gaussian is
regarded as arising from interactions with the lattice modes (via, for instance, the scattering
process discussed earlier) then the width of the broadening funciion may be determined from
the first peak of the Raman spectrum. In order to prevent the anomalous intensity in this
peak from swamping the other features of the spectrum, we have arbitrarily attenuated the
intensity in the first peak of the calculated spectrum by a factor of three. The results of this
procedure are displayed in Figures 16b to 1gb. The spectral contours thus produced eliminate
the noise in the calculated histograms and are in good agreement with experiment.
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Fig. 17. The calculated (a) and observed (b) infrared spectra of polyerystalline H,0.
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In essence, our calculations support Whalley’s contention that the features of the vibra-
tional spectrum of ice Th arise from strong intermolecular coupling, but the consequences of
that coupling are quite complex. Simple interpretations in terms of the molecular modes of
the free molecule are not viable. The extent of breakdown of the perturbed-molecule picture
(which identifies features of the solid spectrum with molecular vibrations) has not been fully
appreciated in the past. Given the resolution of the histograms obtained from calculations
based on the 64 molecule cell, it is impossible to state unequivocally that no other mechanism,
¢.g. Fermi resonance with the bending mode, contributes to the OH stretching spectrum.
However our calculations strongly suggest that any effects of these other mechanisms on the
observed Raman and infrared spectra are minor.

VI. COMMENTS ON STRUGTURAL MODELS FOR THE AMORPHOUS SOLID

Amorphous solid water is only one of a family of similar substances having approximately
tetrahedral coordination and no long range order. Alben and Boutron (1975) recognized the
similarity between the radial distribution function (RDF) of the low-density form of amor-
phous solid water and that of amorphous germanium. They were able to show that, with a
suitable rescaling of intermolecular distances, Polk’s hand-built computer-refined random
network (Polk, 1971) reproduced the available X-ray and neutron scattering data reasonably
accurately, but not perfectly. Polk’s model is a large free cluster assembled using ball and stick
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Fig. 18. The caleulated (a) and observed (b) Raman spectra of polyerystalline D, 0.

https://doi.org/10.3189/50022143000033657 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000033657

528 JOURNAL OF GLACIOLOGY

models. The coordinates were measured by hand, then refined on a computer by minimizing
the energy with respect to a tetrahedral potential devised by Keating (1966).

Most of the other models suggested for the low-density form of amorphous solid Si or Ge
are similar to Polk’s and need not concern us here. One, however, due to Henderson and
Herman (1972) differs considerably from Polk’s in that it is rather small—only 61 atoms—and
incorporates periodic boundary conditions. Weaire and Alben (1972), Alben and others
(1973), and Steinhardt and others (1974) have employed this model to explain the vibrational
spectra of amorphous Ge and Si. Despite its successes, we feel that the Henderson model has a
serious drawback. Unlike the free clusters discussed earlier, the distribution of bond lengths in
the Henderson model reproduces the first peak of the RDF of amorphous Ge. Most of the
width of that first peak, however, arises from a vibrational contribution to the X-ray scattering
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Fig. 19. The caleulated (a) and observed (b) infrared spectra of polyerystalline D, 0.
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and should not be present in a static model. This excessively wide distribution of near-
neighbor separations apparently had little effect on the low-frequency vibrational spectra
calculated by Alben and others, but it should have serious consequences for the spectrum of
H,O(as) in the OH stretching region.

The success of hand-built models in predicting the structural, vibrational, and electronic
properties of the tetrahedral amorphous semiconductors and the structural properties of low-
density H,O(as) led us to consider a similar approach in modeling the high-density form of
H,O(as). The density and short-range behavior of the RDF of the high-density amorphous
solid suggest that a random network based on one or more of the high-pressure polymorphs of
ice—most likely ices 1T and ITT—could provide a suitable model. R. McGraw and S. A. Rice
constructed a ball and stick model of the oxygen network of ice 11 as a preparatory step in the
generation of a high-density random network. They found, however, that the ball and stick
model did not assume the spatial symmetry of the ice I lattice (5,2), but rather relaxed to the
higher symmetry structure D4, In ice IT, there are two types of oxygen sites characterized by
the local symmetry. Each oxygen is surrounded by four bonded nearest neighbors between
2.75 A and 2.84 A and a fifth non-bonded near neighbour at 3.25 A. In the model, on the
other hand, all oxygens become equivalent, and the non-bonded near neighbor of each
oxygen is closer than the hydrogen-bonded neighbors. The striking differences between the
hand-built model and the observed structure of ice 11 result from the exclusion of proton
influence in the model. Indeed, it is the subtlety and complexity of the intermolecular forces
in the condensed phases of water which yield the startling variety of structures in the several
forms of crystalline and amorphous solid water. Thus, the observed ordering of the protons
in ice I1 is essential in producing a minimum in the free energy and cannot be represented by
any model, whether hand-built or constructed on a computer, which ignores the nature of the
walter molecule and hence those features of the intermolecular potential which distinguish the
ice networks from the simpler crystal structures of germanium and silicon.

The deficiencies discussed above do not imply that the construction of continuous random-
network models for the high-density amorphous solid is a futile effort. Indeed, such simple
structures can serve as a useful starting point from which more sophisticated models may be
developed. In order to improve on these simple models, however, it is necessary to determine
whether any existing parameterization of the water pair potential is sufficiently accurate to
generate the structural properties of the high-pressure ices which may also be present in the
high-density amorphous solid.

VII. THEORETICAL MODELING OF VIBRATIONAL SPECGTRUM OF H,O(as)

Itis useful to distinguish between two types of disorder in an amorphous material. The
first is global in character and consists of an irregular connectivity which cannot be identified
with that of any crystal structure. It is this global disorder that is most apparent in the various
random-network models of amorphous solids. The second type of disorder can be charac-
terized as a local spatial inhomogeneity; it leads to continuous distributions of the bond
lengths, bond angles, and molecular orientations, with non-zero widths. This local disorder
can be quite subtle and is difficult to predict and sometimes cannot be measured accurately.
Clearly, in the amorphous solid the two types of disorder are interdependent. However, it is
possible when modeling the various properties of the amorphous solid to ignore or minimize
one form in favor of the other.

For example, polycrystalline ice Ih, though not an amorphous solid in the sense of the
preceding section, exhibits both global and local disorder by virtue of the irregularity in the
positions of the protons. Whalley (1968) has suggested that this global disorder must yield
locally different molecular environments which lead to a narrow distribution of O—O
separations (and perhaps of O—H-O hond angles). In Whalley’s and our interpretation of

https://doi.org/10.3189/50022143000033657 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000033657

530 JOURNAL OF GLACIOLOGY

the band shape of the dilute HDO/D,O and HDO/H,O spectra, the global disorder (which
defines the F matrix of the 64 molecule cell) is ignored and the band shape is assumed to arise
from the existence of an ensemble of independent slightly different OH or OD oscillators.
In contrast, our calculations of the vibrational spectrum described in Section V supressed
the local inhomogeneities by using an identical bond stretching force constant at each site.
The dilute isotopic mixture calculations sketched earlier, where guest oscillators were inserted
in the 64 molecule cell, also did not include any local disorder. The failure to predict
accurately the peak frequency of the independent oscillator in these calculations suggests that
the neglect of the global disorder leads to some error, though it should be adequate for calcula-
tion of the band shape since the dispersion of the frequencies as the oscillator was moved from
site to site in the cell, was found to be quite small. In applying the model developed in
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(a) The experimental Raman spectrum for H0(as) at 130 K.

(b)  The calculated Raman spectrum oblained from the Henderson cell with no dispersion of ky force constants.

(¢)  The caleulaled spectrum obtained using the 64 molecule ice cell with no dispersion of ky_force constants.

(d) The calculated spectrum obtained using the Henderson cell and the distribution of ky force constants deseribed in the lext.
(¢) The caleulated spectrum obtained using the 6.4-molecule ice cell and the distribution of ky force constants described in the text.
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Section V to the amorphous solid we find that both the local and global disorder must be
considered.

Earlier, we remarked that the Henderson model for amorphous solid germanium contains
an excessively wide distribution of interatomic near-neighbor distances. As a result, when the
model is rescaled to give the average necar-neighbor distance in amorphous solid water, it
predicts a distribution of frequencies (via the correlation discussed in Section IV) which has a
breadth of over 500 cm 1, to be compared with the observed FWHM of 85 ecm~! in HDOY/
D,O(as). Despite this rather spectacular failure, the Henderson cell remains a useful model
for H,O(as) because its small size (61 atoms) and periodic boundary conditions permit an
easy calculation of the vibrational spectrum. However, when we decorate the Henderson cell
with protons and calculate the vibrational properties, we must ignore the actual distribution
of bond distances in assigning the force constants.

As in polycrystalline ice Th, the stretching force constant £, is assigned from the (corrected)
peak frequency of the Raman spectra of the HDO/D,O and HDO/H,O amorphous solids.
The inter- and intramolecular force constants we used are identical to those employed in the
calculations on polycrystalline ice Th (see Table IT). The predicted spectra of H,0(as) are
shown in Figures 20 and 21. Also shown are the results of a calculation using the force
constants for the amorphous solid in the 64 molecule cell employed in the studies of poly-
crystalline ice Th. Note that there is little difference between the results of the two calcula-
tions, and that the position of the first peak is predicted to be some 30 cm~! higher than that
observed. This discrepancy could probably be rectified by increasing the strength of the
intermolecular coupling. It is difficult to justify such an increase, however, because the
average OO distance is greater in the amorphous solid than in ice Th and if anything we
would expect the intermolecular coupling to decrease.

Suppose the contours observed in the spectra of the dilute isotropic mixtures are indeed
due to a variation of the force constant &, from bond to bond: it is not difficult to incorporate
that distribution into our model. Assuming that the observed intensity at any frequency is
proportional to the number of guest oscillators with that frequency, we constructed a histo-
gram of V frequencies which reproduced the observed band shape. Here, Nis the number of
oscillators in the cell (128 for the ice Th cell; 122 for the Henderson cell). These NV frequencies
are then converted to bond-stretching force constants and assigned randomly to the individual
oscillators of the cell. The resulting distribution of force constants is centered about the value
of &, obtained from the peak frequency; it has a half width Ak, related to that of the appro-
priate HDO/D,0 or HDO/H,O spectrum.

The FWHM of the HDO/D,O isolated oscillator peak is 26 cm ! in polycrystalline ice Lh.
This leads to a distribution of OH force constants with the FWHM shown in Table 11. The
FWHM of the distribution of OD force constants obtained from the HDO/H,O spectrum is
also shown. The resulting frequencies for pure H,0O ice 1h are only slightly different from
those obtained from our calculations without any distribution in £,. Indeed, the only major
change in an 8 cm~' downward displacement of the lowest frequency modes, a change which
improves agreement with experiment.

The FWHM of the peaks in HDO/H,O(as) and HDO/D,O(as) are considerably larger
than the corresponding values for the polycrystalline ices. These then lead to a substantial
distribution in the diagonal elements of the F matrix. The pure H,0 spectra obtained {rom
these force constants are shown in Figures 20 and 21. These spectra differ markedly from
those calculated without any distribution of force constants. The lowest-frequency peaks are
shifted downward by nearly 50 em~1, the density of states and both the Raman and infrared
spectra are substantially broadened, and the major features of both predicted spectra become
poorly defined. In addition, the nature of the modes at the lowest frequencies is changed.
No longer is there a single mode in which all molecules are stretching in phase, and the inten-
sity in the Raman spectrum is now shared among several modes separated by as much as
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(a) The calculated infrared spectrum for H,0(as) obtained using the Henderson cell and no dispersion of ky force constants.
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20 cm~". Again we find that, if the same distribution of force constants is used in the 64
molecule ice Ih cell, nearly identical predictions are obtained. Similar results are obtained,
but not shown, for D,O(as).

As a result of these studies we conclude that the vibrational spectra in the OH stretching
region are not sensitive to the global disorder in the system provided that a four-connected,
unbroken network is maintained. Indeed, the spatially regular 64 molecule cell obtained from
the oxygen lattice of polycrystalline ice Th seems to serve as well as the Henderson cell in
modeling the vibrational properties of the amorphous solid. We note, however, that the global
irregularity of the proton positions is essential in dispersing the vibrational states over the
region of interest. We also conclude that a modest amount of local disorder, as in ice Th, has
little effect on the OH stretching vibrational spectrum. On the other hand, the relatively large
local disorder in the amorphous solid has considerable importance and appears to be res-
ponsible for the major differences between the vibrational spectra of the amorphous solid and
that of ice Th.
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DISCUSSION

W. B. Kams: From your diffraction and spectroscopic data, can you say anything about the
fraction of broken (or dangling) H-bonds present in amorphous water?

S. A. Rice: Using the fact that the densities of ice Ih and low-density amorphous solid water
are very nearly the same, I believe there must be very few or no broken hydrogen bonds in the
low-density amorphous solid. Less is known about the high-density amorphous solid but if the
conjecture that it is related to a higher ice type is correct, I again conclude there are very few
or no broken hydrogen bonds.
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G. P. Jonar:: It might be of interest to you to know that your vibrational frequencies for
polycrystalline ice near 3 100 cm~! increase linearly with the square of temperature. The
slope is approximately 1 X 10~ em~! K-2, I am not certain at the moment as to what theoreti-
cal implications such a relation has.

Rice: T do not know whether your suggested fit is merely a representation of the temperature
dependence of the thermal expansion of ice or something else. The fit to the thermal expan-
sion model is at least physically motivated, so I prefer it until a better physical model is
proposed.

E. WhaLLEY: From a different approach to the interpretation of the OH stretching region of
both crystalline and amorphous ice, a somewhat more physical picture of the origin of the
bands can be obtained. The basis is first to predict the spectrum of ordered cubic ice and to
argue that the observed bands of disordered ice are what are left where the cubic ice is
disordered. The observed Raman bands can then be described as follows (Whalley, 1977):

3 083 cm™, », with all molecules vibrating nearly in phase;

3 209 cm™!, v, transversely dipolarized ;

3 323 cm™, v; longitudinally dipolarized;

3 402 cm™, v; with adjacent molecules vibrating nearly out of phase.
The »; vibrations are probably little coupled, and the width of the band is determined largely
by the v, vibrations. Although the symmetry of the hypothetical ordered ice Ic forbids
coupling of the »; and », motions at the zone centre, it is allowed at a general point in the
Brillouin zone, and will of course occur in disordered ice. To learn about the extent of the
coupling it is of course, necessary to do detailed dynamical calculations, as reported by Rice.
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