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

By STUART A. RICE, WILLIAM G. MADDEN, * ROBERT MCGRAW,t MARK G . S CEATS:l: and 
MICHAEL S. BERGREN 

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

ABSTRACT. New experimental and theoretical studies of low-density amorphous solid water (H 20 (as )) 
and of polycrystalline ice Ih a re reported a nd integrated with o ther available da ta. A variety of evidence is 
put forward to support the conclusion that low-density H 20(as) is d eri ved from ice Ih b y slightly increasing 
the dispersion in the 0 - 0 separation and by introducing a distribution of 0 - 0 - 0 angles (width c. 8°) . 
Our theoretical analysis focusses attention on the consequences o f strong intermolecula r coupling of OH 
oscillators . The vibrationa l m odes of both ice Ih and H 2 0 (as) a re found to be complex mixtures of molecular 
motions, so the identifica tion of regions of the R a man 01' 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 R aman a nd infrared spectra of ice Ih and, to a lesser degree of low
density H 2 0(as). 

R EsuME. Relation existant entre la glace amorphe de Ja ible detlsiti et la glace Ih . De nou velles etudes experi
menta les et theoriques concernan t la glace amorphe de faible d ensite H 2 0 (as) et la glace Ih polycristalline 
sont presentees et associees a d'autres donnees d eja connues. Uncerta in nombre d e preuves sont avancees 
pour etayer la conclusion selon laquelle le solide H 2 0 (as) de fa ible densite est ob tenu a partir de glace Ih 
par un leger accroissement d e la dispersion d es distances 0 - 0 et par introduction d'une distribution des 
a ngles 0 - 0 - 0 (d' amplitude c. 8°). Notre a na lyse theorique attire l'attention SUI' les consequences d'un fort 
couplage intermolecula ire d es oscillateurs OH. Les modes de vibration de la glace Ih et H 2 0 (as ) appa raissent 
comme un melange complexe de mouvements moleculaires de telle sorte que l'identifica tion des diverses 
parties des spectres R aman ou infrarouge de ces materiaux en te rme de modes par ti culiers re1atif a des 
molecules isolees n'est pas adequat. La theorie developpee donne une definition satisfa isante bien qu'impar
faite d es regions attribuees a ux vibrations des OH dans les spectres R aman ct infra-rouge d e la glace Ih et, a 
un degre moindre, de la g lace H 2 0 (as) de faib le d ensite. 

Z USAMMENFASSUNG. V ber die Beziehwlg z wischen amorphem Jestem Wasser Iliedriger Dichte mid Eis Ih. Neue 
experimentelle und theoretische U ntersuchungen von amorphem festem Wasser (H 20 (as )) niedriger Dichte 
llnd polykristallinem E is rh werden dargestell t und mit anderen verfugbaren Daten vervollstand igt. E ine 
Vielfa lt von Beweisen wird vorgeIegt, urn die F olgerung zu stutzen, dass H 20 (as) niedriger Dichte von Eis Ih 
abgeleitet wird durch Erhohung del' Vertei lung des O - O-Abstandes und durch Einfuhrung einer Verteilung 
del' O - O - O-Winkel (Ver teilungsbreite c. 8°). U nsere theoretische Analyse richtet die A ufmerksamkeit a uf 
die Folgen einer starken intermolekularen Kopplung von OH-Oszillatoren. Die Schwingungsmoden sowohl 
von Eis Ih a ls a uch H 2 0 (as) werden als verwickel te Mischungen molekularer Bewegungen festgestellt. Da her 
ist die Zuordnung von Bereichen del' R aman- odeI' Infrarotspektren diesel' Stoffe zu besonderen vereinzelten 
Molekulmoden nicht brauchbar. Die entwickelte Theorie gibt eine gute, aber nicht vollkommene Beschrei
bung d el' OH-Streckbereiche in den beobachteten Raman- und J nfrarotspektren von Eis Ih und in geringerem 
G rad von H 2 0 (as) geringer Dichte. 

1. I NTR ODUCTION 

About two years ago one of us (Rice, 1975) reviewed the information available concerning 
the properties of amorphous solid water (H 2 0 (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 ofH 2 0 (as) and polycrystalline ice Ih (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 a nd combines them with the results of model 
calculations to generate a consistent interpretation of the properties ofH20 (as) a nd ice Ih. 
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The amorphous solid sta te occupies an unusual, and poorly defined, position in the lexicon 
of categories of condensed phases because it is only metasta ble. Although usually very long 
lived, the fact that it is m etastable immediately raises three questions: 

(i) H ow are the structures of the amorphous solid and the stable crysta l phases rela ted? 
Can one be obtained from the other by physically r ealizable processes? 

(ii) D oes the amorphous solid represent a configuration to which a liquid would evolve 
if crystallization could be suppressed, or are there intrinsic differences between the 
a morphous 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 informa tion provides partial answers to each of these questions, but in no 
case complete answers. 

In summary form, our analysis of the properties of H 20 (a s) and of polycrystalline ice Ih, 
buttressed by model calcula tions, leads to the following conclusions. First, there is a low 
density form ofH20 (as) tha t is derived from ice Ih in the same way as are amorphous Si and 
Ge from their crystalline p arents (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. 0 - 0 - 0 , from 109.50. A distribution of angles with width of the order of 
80 is inferred from experimental data (N arten and others, 1976), and this is sufficient to 
destroy correla tion between the orienta tions of molecules in H 20 (as) separated by more than 
7 A. Second, the OH stre tching regions of the vibra tiona l spectra of H 2 0 (as) and poly
crystalline ice Ih are very similar (Sivakumar a nd others, 19 77, in press; Bergren and others, 
in press) , a nd can be interpreted in terms of the effects of strong intermolecular coupling 
between OH oscilla tors (M cGraw and others, 1977, in press; M adden and others, in press) . 
Because of proton disorder, the vibra tional modes of polycr ys talline ice Ih d o n ot have simple 
representa tions in terms of the symmetric a nd antisymmetric OH stretching modes of a n 
isola ted water molecule. The detailed sha p e of the spectrum derives from the variation in 
properti es of crystal vibra tions. By virtue of the interactions between pro ton disorder, the 
0 - 0 sepa ration distribution , and the 0 - 0 - 0 angle distribution in H 2 0 (as), its vibra tions 
are even m ore mixed in character than in ice Ih (M adden and others, in press). There 
remains, however, a one-to-one correla tion between features in the spectra of the two con
densed phases and the temperature dependen ces of those features. T he suggested interpreta 
tions of the spectra of H zO (as) and ice Ih a r e consistent with the known structures of the solids. 
T hird , the general simila rities between the local structura l a nd the spectroscopic properties of 
H 20 (as) a nd liquid H 20 suggest tha t the considera tions u sed to analyze the nature of the 
amorphous solid have a place in the description of the liquid. 

11. PREPARATION OF H 20 (as) 

T he only known method of preparation of H 2 0 (as) is b y slow deposition of water vapor 
onto a cold substra te. An a nalysis of this process by Gurtzow and Avramov (1974), identifies 
the following importan t p arameters: T he temperature of the substrate, th e deposition rate 
and the consequent surface temperature, th e thermal conductivity of the substra te, the angle 
of incidence of vapor on the substrate, the a b sence or presen ce of a surface film on the substrate, 
and the existence of single crystal orientations of the substrate (or crystallite orientations of a 
polycrystalline substrate) th a t favor the growth via epitaxy or nucleation of one or the other 
crystalline modifications of the substance being deposited. I n the course of p reparation of th e 
many samples we have studied, a modest range of varia tion in these pa ra m eters has b een 
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explored. For example, since sapphire has almost the same thermal conductivity a t 10 K 
and 80 K , if all other parameters a re held fixed the influence of substra te tempera ture on the 
nature of the H 2 0 (as) formed can b e p robed. The r esults of this a nd related experiments 
r equire a re-evaluation of a previou s suggestion con cerning the influence of temperature and 
r a te of deposition on the nature of the H 20 (as) deposit (Venkatesh a nd others, 1975) . X-ray 
diffraction studies of H 20 (as) formed on an oriented single crystal of e u reveal the existence 
of two modification s, a low-density form deposited a t 77 K , and a high-density form d eposited 
at 10 K ( arten a nd others, 1976). W e have found that if deposition is onto fused sapphire 
or a p olycrystalline m etal neither th e temperature of the substra te n or the deposition rate 
can b e used to induce a t will the desired high- or low-density form ofH2 0 (as). At presen t the 
m ost plausible expla nation of the difference in na ture of H 20 (as) samples prepared for the 
X-ray diffraction studies and for sp ectroscopic studies is that an oriented single crys ta l of e u 
can , a t very low tempera ture, either b y epitaxy or nucleation, promo te the growth of the high
den sity form . 

T his paper is concerned exclusively with low-den sity H 20 (as) and its relationship with ice 
Ih. D etails of our preparation procedure are presented elsewhere (Sivakumar a nd others, 
1978; Bergren and others, 1978). W e find that wi th our deposition technique, using sapphire, 
a n a lkali halide, or polycrystalline e u as the substrate, the spectra of samples of low d ensity 
H 2 0 (as) are the sam e independen t of the tempera ture of deposition . With sufficien t care, 
am orphous solid wa ter can be prep a red up to a substra te tempera ture as high as 1 IO K , but 
the samples formed a t that tempera ture fracture very easily under the influence of even mild 
thermal stresses. 

Ill. S T R UCTURAL STUDIES 

L ow-density H zO (as) has been studied by both X -ray and neutron diffraction (Narten 
and o thers, 1976; W enzel and others, 1975; Wenzel, unpublished ) . Figure I displays the 
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Fig. T. Oxygen-atom pair correlation function .for polycrystalline ice l it (top ) alld for low-density H 2 0 (as ) bottom at 77 K. 
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0 - 0 pair correlation functions of polycrystalline ice and low-density H zO (as) ; the p ertinent 
separations between molecules, number of neighbors, etc., are listed in Table 1. 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 
CRYSTALLINE ICE Ih 

P N I* 
Mgm-3 

Ice Ih 77 K 0.93 (2) 4.0 (2) 
H zO (as) 77 K 0.94 (2) 3.8 (3) 

* Number of nearest neighbors. 
t Width of first neighbor peak. 

R I t.t 
A A 

2.75 1 (3) 0.09 1 (3) 
2.760 ( I ) 0.144 (3) 

Nzt 

12 
12 

H , O (as) AND POLY-

Rz lz 
A A 

4·5 0. 166 (3) 
4·5 0.389 (5) 

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

o 
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Fig. 2. Atom pair correlation functions for D,O (as ) and liquid D zO. The dotted curves are weighted SUIllS of contributions 
from 00, OD, and DD interactions, while the broken curves show the 00 contributions only (derivedfrom X-ray diffraction 
data ). The solid curves, obtained by difference, represent nearly evenly weighted sums cif OD and DD atom pair correlation 
functions. Note the loss of orientational orderingfor R > 7 A in D zO(as ) and 4 Ajor liquid DzO. 

From the data cited i t is seen that local ordering in ice Ih and low-density H zO (as) is very 
nearly the sam e. Both condensed phases have essentially four n eighbors at 2.76 A, the 
difference in near-neighbor distances a nd in bulk d ensities between them being of the order of 
I %. As expected , the width of the nearest neighbor 0 - 0 distribution in H 20 (as) is some
what greater than that in ice Ih . Furthermore, from Figure 2 we infer that in H zO (as) 
a ngular correlation between water molecules is lost for R > 7 A, and from the width of the 
second-neighbor p eak in Figure 1 that there is a distribution of 0 - 0 - 0 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 20 (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 a lso found that the parent crystal and amorphous solid 
have densities and neares t-neighbor separations the same to within about I %, and that 
disorder is generated by distortion of the Si- Si- Si angle, the width of the angle distribution 
being of the order of 7° to 8°. It is very likely that low-density H 2 0 (as) bears the same 
relationship to ice Ih that amorphous Si and Ge do to their parent diamond lattices (AI ben 
and Boutron, 1975) . W e adopt and expand upon this point of view in the remainder of this 
paper. 

Unlike Si and Ge, HzO (as) is composed of triatomic molecules with an internal structure. 
It is of interest to de termine 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- I in wave-vector transfer, so 
in tra molecular structural parameters cannot be obtained with great accuracy. Wc note that 
within experimental precision there appear to be no differences between the OD bond lengths 
a nd DOD angle of D ,O molecules in the vapor a nd the amorphous solid. 

IV. SPECTROSCOPIC STUDIES 

D etails 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 zO (as) will ber eported 
elsewhere (Sivakuma r a nd others, 1977, in press; Bergren a nd others, in press) ; only the r esults 
will be described herein. 

We have found that the Raman and infrared spectra of low-density H zO (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 stre tching region sp ectrum 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 zO and HDO/H 20 mixtures in the 
polycrystalline and amorphous solid phases. The infra red spectra of these decoupled OH and 
OD oscillators are similar, as shown in Figure 5. The temperature d ependences of the p eak 
position and full width at half maximum (FWHM) of the uncoupled OH and OD stre tching 
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 . 

POLYC RY STAlll N( HOD/OzO 
DEPOSITION liT 150 K 

3360 3320 3280 3240 
flfcm-1

) 

3200 

·1- POlYC RY STAlllN( fiDO/HzO 
- O[POSlTIO N AT 150 K 

-'- . 

10 K 

80 K 

130 K 

252( 2480 2440 2400 
Ulcm') 

2360 2320 

Fig. 3. Raman spectra at several temperatures oJ a decol/pled oscillator ill polycrystallille ice Ill. (a) HDOID,O, (b) HDOIH , O. 
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Fig. 4. Raman spectra at several temperatures of a decoupled oscillator in amorphous solid water: (a) HDO /D 2 0 (as ), (b) 
HDO /H 2 0 (as ) . 
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Fig. 5 . Typical ilifrared spectrum if a decoupled oscillator in p olycrystalline ice lit: (a) HDO /D2 0 , (b) HDO /D 2 0 (as ), 
(c) HDO /H 2 0 , (d ) HDO /H2 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 0 - 0 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 0 - 0 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. T emperature depelldences of the peak position and the FWH M of the decoupled oscillator transition in polycrystalline 

ice l it and amorphous solid water. 

frequency and average 0 - 0 separation, which is dQoH/dRoo = I 843 cm- I A - I and 
dQoD/dRoo = 1 362 cm- I A - I for Ro o = 2.76 A (Falk, [cI975]) . The implied FWHM of 
the 0 - 0 distance distribution in polycrystalline ice is then 0.014 A, much smaller than the 
width of the first peak of the 00 pa ir 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 tes ted. 

Application of the same argument to the data for the amorphous solid implies tha t the 
distribution of 0 - 0 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 0 - 0 separation 
distribution in H 2 0 (as) is broader than that in ice Ih is clearly plausible. Indeed , several 
models representative of the kind of a m orphous solid d erived from a diamond lattice, e.g. Si 
and Ge, have about I % dispersion in the bond lengths. In addition, some contribution to the 
spectra l width from the distribution in 0 - 0 - 0 angles is to be expected, although this 
dependence is likely to be much weaker than the dependence on average 0 - 0 separation. 

Figure 6 reveals that the frequen cies of the uncoupled OH and OD oscillators increase 
slowly as T increases. W e at tribute the observed behavior of QOH ( T) to thermal expansion. 
As shown in Figure 7 there is quite reasonable agreement between the expected and observed 
frequency shifts given the value of dQoH/dRoo quoted above and the known change in 
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Fig. 7. Observed and predicted shift of the position of the 3 IOO cm- I peak of polycrystalline ice Ih as afunction 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, (OORa-OORx)uncouPled and (Oona- Qonx)uncouPled are 34 cm- I 

and 27 cm-I , respectively. Again using the correlation between Q OR and Roo we infer that 
the average 0 - 0 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. Ramal! spectra at several temperatures cif polycrystalline ice Ih: (a) H2 0 , (b) D2 0 ). 
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Fig. 9. Raman spectra at several temperatures of low-density amorphous solid water: (a) H2 0 , (b) D . O. 
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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 I I. 

1.50 

2 nk '.00 

,50 

Fig. 10. Direct comparison of the Raman spectra of H , O(as) and polycrystallille ice Ih. 

Amorphous Solid H,O 
77K 

2 nk 

1.00 -

.50 

A mOr phous Solid 0,0 

70 K 

03000 3'00 3200 3300 3400 3500 3600 3700 02200 2300 2400 25'00 
, 

2600 2700 
n [cm-I, il (cm" ) 

Fig. I I. Typical infrared spectra of (a) H , O(as ) and (b) D,O (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 a 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 1 3, this peak shifts and broadens as T increases. Note that to a very good 
approximation the temperature dependences of the peak shift and peak width are the same for 
polycrystalline ice Ih 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 ± 4 cm- 1 the difference in temperature 
shifts is zero for T < 120 K , but the systematic trends in the data suggest that the computed 
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difference is real. At ISO K the excess change ( ~nOHx)coupled- ( ~nOHX)uncoupled is (6 '3± 4) 
cm-I; it is (4.S ± 4) cm-I 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 HzO /DzO poly
crystalline ice Ih. 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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T he observation tha t the wid ths of the decoupled OH a nd OD oscilla tor transitions a r e 

sensibly independent of the tempera ture, whereas those of the coupled OH a nd OD oscilla to rs 
increase dramatically as temperature increases, suggests that the dominan t contribution to the 
cou pling a rises from m odula tion of the interaction between those OH stretching modes which 
a re near resonance. Now , our data show tha t the residua l width of the coupled OH oscilla to r 
transition is smaller tha n that of the d ecoupled OH oscilla tor transition, the values being 
19 cm - I a nd 26 cm- I, r espectively. As m en tioned earlier , we expect tha t pro ton disorder will 
create local environmen ts with slightly differen t 0 - 0 sepa ra tions. By virtue of the correla 
t ion between DOH a nd R oo there will be a distribution of OH stretching force consta nts. 
Model calculations show that this distribution of force constants is directly reflected in the 
wid th of the decoupled oscilla tor transi tion, but that, in the case of the coupled oscillator 
transition, the mixing of vibra tions corresp onding to force consta nts with posi tive and negative 
deviations from the mean leads to a frequency distribu tion with smaller width than would be 
expected just from consideration of the force-constant distribution without mixing of vibra tions 
(McGraw a nd others, in press). We a ttribute the a bove-cited narrowing of the coupled
oscilla to r OH stretching tra nsition to this effect. 

W e now examine the temperature d ependence of the FWHM of the low-frequen cy 
symmetric OH stretching m ode of ice Ih. W e have alread y indicated that m odel calcula tio ns 
show this m ode to have d elocalized cha racter, so we treat the interaction between it a nd a 
phonon as a scattering event. The proto n disorder in the ice Ih lattice prevents the develo p
men t of a systematic phase rela tionship be tween individua l OH stretching m otions, hence we 
suppress what would be the wave vector of this vibra tiona l exciton in a perfect crys tal. 
Furthermore, we assume, for simplicity, that only one dispersionless optical phonon domina tes 
the scattering. T he sca ttering described leads to a Lorentzia n profile for each OH stretching 
transi tion of the crys ta l. W e do not know the form of the distribution of frequencies genera ted 
by the induced local variations in 00 sepa ra tion induced b y proton disorder. If that distribu
tion is G a ussian, the observed line shape should be a Voig t profile. If i t can be approxima ted 
by a Lorentzian, the residua l width a nd thermally-induced width a re a dditive. In our 
in terpretation the width (Sivakumar a nd o thers, 1977) of the a priori distribution is indepen
dent of tempera ture. In our original interpreta tion of the tempera ture d ep endence of the line 
wid th , w e took it to have the form 

( I) 

with w the frequency of the optical phonon responsible fo r the scattering . Aside from the 
a pproxima tions of neglecting dispersion of the phonon frequency and assuming that only one 
phonon bra nch is effective in scattering, Equation (I) is va lid only if there a re states of the 
system a t D OH ± W. Our m odel calcula tions show that the density of states at DOH+ w is 
high for a ll w of interes t. In contrast, the m odel predic ts there a re no sta tes with DOH - w. 
If we take the model seriously, scattering events tha t lead to DOH- w must b t> excluded , a nd 
the scattering time becom es 

where WI2 m easures the OH-vibra tion optical-ph on on coupling and we have again assumed 
tha t only one branch of dispersionless phonons is effective in scattering. The line width is then 

where ~o is the residua l width a t T = o . Equation (3) fits our data, as shown in Figure 14, 
with a n effective optical phonon frequency of about 2 0 0 cm - I. The spectrum of ice Ih shows 
a large d ensity of tra nsla tional modes near 2 00 cm- I, h en ce the effective optical phonon 
frequen cy inferred from the fit to the F WHM data is consisten t with o ther properties of the 
spectrum of vibra tions (H obbs, 1974) . I t is necessary to repeat that this d escription of the 
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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 w = 200 cm- I we predict that the line widths at T = 173 K and 269 K are 68 cm- I 

and 128 cm- I, respectively, these values to be compared with those reported by Scherer and 
Snyder (1977) , namely 62 cm- I and 154 cm- I. 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- I in ice lh, scattering to QOH - W cannot 
occur and Equations (2) and (3) must be used in place of Equation (I). 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 ( I) and (3) fit our data (but 
Equation ( I) 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 QOH - WL, and this shoulder has the temperature dependence ex
pected of a hot-band transition. It is, however, rather broad. The sum band transition, at 
QOH + WL, which is less sensitive to temperature than is the difference band, might be part of 
the spectral intensity near 3 200 cm- l 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 poly crystalline ice lh, 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 0 - 0 distance and by the presence of a 
distribution of 0 - 0 - 0 angles. 

The location of the low-frequency peak of H 20 (as) is 22 cm- I to the blue of that of 
polycrystalline ice Ih; the shift is essentially the same for all temperatures studied. Note that 
the difference in peak positions between the coupled oscillators of pure H 20 (as) and ice Ih is 
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less tha n the corresponding difference for decoupled oscilla tors (34 cm - I) . At least two 
in terpre ta tions for this reduction can be given. First, it is possible tha t it is due to small 
differences in the va lues of the intramolecular and intermolecular coupling constants (see 
next sec tion). Second, i t is possible tha t the varia tion in the OH stretching force constant in 
the amorphous solid gives rise to a redistribution of R ama n intensity such tha t the peaks in the 
spectra of ice Ih and H 2 0 (as) do not correspond to the sam e mode, a nd hence are shifted 
differently relative to the peaks in the spec tra of the decoupled oscilla tors in the corresponding 
condensed phases (see nex t section). M odel calcula tions show that both effects can occur. 
We do not yet know enough about the microscopic structure of H 20 (as) to assign definitely 
the mecha nism responsible for the reduction in peak frequency shift described ; probably the 
effect arises from a combina tion of mecha nisms. 

V . T H EO R Y OF T H E VIBRA T IONAL SPECTR UM 

As is evident from the phenomenological analysis of Section IV, the simila rities between 
the infrared and R ama n spectra of amorphous solid water and those of ice Ih suggest that a 
full understanding of the ice I vibra tiona l spectrum at the microscopic level must precede any 
interpre ta tion of the corresponding spectrum of the amorphous solid . Historically, the features 
of the OH stretching region of the vibra tional spectrum of ice Ih have been variously a ttri
buted to Fermi resonance, coupling to the lower-frequency modes of the oxygen la ttice, 
inhomogeneities in the m olecular environments, and strong intermolecula r couplings of the 
OH stretching motions. Nearly a decade ago Whalley ( 1968) argued tha t only the las t of 
these could account for a ll the major features of both the infrared and R a m a n spectra, a nd 
that the remaining effec ts m entioned could only be expec ted to alter the spectra slightly. 

Perha ps the stronges t evidence for Whalley's point of view comes from the decoupled 
oscilla tOl" studies of H aas a nd H ornig ( 1960). In that work, a series of iso topic mixtures of ice 
Ih were exa mined. At the lowest concentra tions the vibra tional spectrum has only a single 
peak (see Fig. 5) corresponding to isolated guest oscillators. As the guest iso tope concentra tion 
is increased , so is the proba bility that one HDO molecule will be hydrogen bonded to another. 
Indeed , as iso tope concen tra tion is increased two distinct side bands are observed to develop 
in the vib ra tional spectrum, indicating that the motions of neigh boring guest oscillators a r c 
coupled a nd split into in-phase and ou t-of-ph ase components. Using the positions of these 
side ba nds, Haas and H ornig (1960) calculated an in term olecular coupling constant of 
- 0. 123 mdynf \ (- 12. 3 fm ). 

Wha ll ey gave an intuitive description of how the intermolecular coupling might give rise 
to the structure observed in the R aman spectrum of ice I and other condensed phases of wa ter . 
U nfor tuna tely, this and o ther more recent interpreta tions rely too heavily on the spectra of the 
free H 20 a nd D 20 molecules . T he intermolecular coupling constant calcula ted by Haas a nd 
Hornig is la rger than the intra molecular coupling in the free m olecule. In addition, the effec t 
of the in termolecular interactions is furth er enhanced because each oscilla tor is coupled to 
four other oscilla tors throug h the force consta nt determined by H aas a nd Hornig, while it 
in teracts with onl y one other oscilla tor via intramolecula r coupling. T hus, there is no reason 
to believe tha t any features of the free-molecule spectrum persist in the vibra tional spectrum 
of the crystalline phase. 

I t is somewhat surprising that no qua ntita tive tes t of these ideas has been a ttemp ted . 
Only a few calculations of the vibrationa l properties of ice-like clusters have been reported 
(Shawyer a nd Dean, 19 72[a] , [b] ; Plummer, 1973; H a le a nd Plummer, 1974), but these 
were direc ted primarily toward understa nding the nature of the low-frequency modes of the 
oxygen lattice and have not included the strong intermolecula r 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 a nd complexity. W e 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 la rge. 
"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 sta tes . It is possible, however, to eliminate these 
surface anomalies by applying ad hoc boundary conditions which associate (couple) surface 
oscillators with conjugate oscillators in a distan t 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 . T hus, the use of large clusters with 
ad hoc boundary conditions m ay 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.g8 A X IS.S6 A X 14.67 A) and with 
protons distributed so tha t 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 1 g'2 atoms and each calcula tion of its density of states would require the diagonaliza
tion of a S 76 X S76 dimensional matrix, a tedious and cos tly task. Since our a ttention is 
focused mainly on the OH stretching motions, we have invoked a separation of high- and 
low-frequency motions a nd have employed a reduced vibrational model (R VM) in which all 
bending, librational, and low-frequency tra nsla tional motions are discarded. Thus, the nine 
degrees of freedom per molecule are reduced to two: the stretching motions of the two OH 
bonds. 

W e have employed a modified valence force field of the form 
N N 

'2 V = I I k,qiaZ+ I k zqi,qiZ+ I ' k3qiaqjp + I " k4 qiaqjp, 
1= 1 0:= 1 i= r I,] 

a,{3 
i, j 

a, {3 

where k, is a bond-stretching force constant, kz is an intramolecular coupling constant, and 
qia is the bond displacement coordinate for the ath oscillator on the i th molecule. T he inter
molecular coupling constant k3 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: 

H jp 
/ (S) 

O i- H ia- O j 

are to be included in the sum. The configuration specified by Equation (S) is unique a nd 
includes half of the oscillators on the four nearest neighbors of the molecule containing 
oscillator a. The doubly primed summa tion sign indicates that the remaining oscillators in the 
system a re coupled to a through a weak orientation-dependent force which is assumed to arise 
from the interaction of two oscilla ting point dipoles. These coupling consta nts a re taken to be 

(6) 
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where r ia and r jp are unit vectors a long the appropriate OH bonds, r i ! is a similar unit vector 
in the direction of the Oi-Oj segm ent, R is the separa tion between Oi and OJ, a nd 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-stre tching force constant kl is assumed to be identical for each 
OH oscilla tor and may be obtained from the experimental infra r ed and R am an spectra of 
the dilute HDO jD zO and HDOjH zO ices. T es t ca lcula tions on the 64 molecule cell indicate 
that, when reasonable values a re employed for k l , k" k3' and k4' the iso topic gues t oscilla tor 
is not completely isola ted from the neigh boring host oscilla tors. A series of calcula tions with 
HDO impurities r andomly inserted into a DzO lattice gave frequencies in the OH stretching 
region approxima tely 10 cm- r higher than would be expected if the isola tion of the guest 
oscilla tor were completely effective. A similar set of calcula tions in an H 2 0 la ttice yielded 
frequencies in the OD stretching region which were about 5 cm - I lower than predic ted for a 
perfectl y isolated guest molecule. Because of proton disorder, there was a sma ll va ria tion of 
these frequencies when the oscillator was moved from site to site within the cell. After correc
tion for thi s residual coupling, the experimenta l HDO jD20 a nd HDOjH 2 0 spectra at 
I SO K yielded the bond-stretching force consta nts shown in T a ble II . The discrepancy 
b etween the constan t obtained for an OH oscilla tor and that ob tained for an OD oscilla tor is 
undoubtedly due to anharmonicities in the potential energy. 

TABLE II . P ARAMETERS USED TO CALCULATE SP ECTRA 

k, (mdyn/A) 
k2 (mdyn/A) 
k, (mdyn/A) 
fL ' (D /A ) 
6!1 (cm- ' )* 
j.k, (mdyn/A)t 

PoLycrystalline ice at 150 K 
}I20 DzO 

5.990 6.248 
0 .1 3 0. 13 

- 0. 15 - 0. 15 
4.0 4 .0 

55 20 
0 .104 0. 102 

Amorpholls solid at 130 K 
H 2 0 D20 

6.097 6.342 
0. 13 0.1 3 

- 0.15 - 0. 15 
4.0 4.0 

0.30 1 

* 6!1 is the wid th of the broadening fun ction used tosimul atc the continuous 
spectra in Figures 16- 19. 

t 6 k, is described in Section VII . I t is not used in the calcul a tions reported 
in F igures 15- 19. 

In the free molecule the in tramolecular coupling constant k2 is - 0. 10 1 mdyn jA (- 10. I 

N jm). In our earlier work (McGraw and others, 1977) we assumed that this value could be 
a pplied to the intramolecular cou pling in the crystal. In that work, however, we were unable 
accurately to reproduce the infra red spectrum, n or were we able to obtain the 3 23 I cm- I 

p eak in the R aman spectrum of H 2 0 ice (2 437 cm- I in the D zO ice) . However, i t is known 
that the in tramolecular force constant in symmetrically hydrogen-bonded hydra tes is strongly 
correla ted to the value of the stretching force constant kl and becomes more positive as kl 
decrease (Fifer and Schiffer, 1970) . We therefore now regard k2 as a n adjustable para meter 
which we employ to improve agreement with the experimental spec tra. T he value of k2 shown 
in T able II is required to give optim um agreem ent with experiment a t 150 K . Note that the 
sign of this in teraction consta n t is a ltered in the condensed phase. Similar results were 
obtained by Ber tie a nd Bates (1977) who fi nd that a positive value of k2 is required to fi t the 
infrared spectra of ices II and Ill. * 

T he intermolecular in teraction constant k4 is given by Equation (6) and differs according 
to the separation a nd orientation of the oscillators involved. Ika wa and Maeda ( 1968) have 
estimated from a b solute infra red intensity measurem ents that the bond di pole deriva tive p.. ' is 

* Actuall y, they show that k2 can be ya ri ed from + 0.08 to - 0.08 m d yn / A without a signi fica n t cha nge in 
eigenvectors, freq uencies, or intensities. 
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4.0 D jA in ice Ih. 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 k3. In our previous work, we assumed that k3 was given by their 
calculated value of - 0.123 mdynjA. We now believe that this value represents a lower limit 
to the actual coupling constant k3' because the side bands observed by Haas and Hornig are not 
completely resolved and must include intensity due to the weaker k4 couplings which will tend 
to enhance the intensity of the sidebands nearer to the central peak. The value of k3 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 cm- l 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 R VM, the C matrix assumes a 
simple 2 X 2 block diagonal form in which Cti = (-to + (-tH and Ci+ I, i = Ci, i + l = fLO cos 8 
where 8 is the intramolecular H-O-H bond angle and (-to and (-tH 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 ofVolkenstayn ( 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 11 are presented in 
Figures 15 through 19. We note the following: 

(i) 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. 

(ii) 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. 

H2 O 
6 DE NS I T Y OF STATE S 

N UMBER 

J~ JJ IL 
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Fig. [5. The calculated density o/states /or a proton-disordered 64 molecule cell using the parameters 0/ T able 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- I. 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 3265 cm- I 

(H 20 ) and 2 445 cm- I (D 20 ) . 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 k2 be 
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fixed a t 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 20 and 
D 20 Raman spectra should scale everywhere just as the low-frequency peaks scale. This 
argument was based on an earlier version of the R VM 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 artifac t of the earlier model. 

We may synthesize a continuous spectrum from the histograms of Figures r6b to 19b 
by replacing each delta function intensity by a Gaussian of equa l area. If this Gaussian is 
regarded as arising from interactions with the la ttice modes (via, for instance, the scattering 
process discussed earlier) then the width of the broadening function may be determined from 
the first peak of the Raman spectrum. In order to prevent the a nomalous intensity in this 
peak from swamping the other features of the spectrum, we h ave 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 19b. The spectral contours thus produced eliminate 
the noise in the calculated histograms and are in good agreem ent with experiment. 

3.00 
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2 nk 
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Po l ycrysto III ne 
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Fig. 17. The calculated (a) alld observed (b) i,yrared spectra of polycrystallille H20 . 
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In essence, our calculations support Whalley's contention that the features of the vibra
tional spectrum of ice Ih arise from strong intermolecular coupling, but the consequences of 
that coupling are quite complex. Simple interpretations in terms of the m olecular modes of 
the free molecule are not via ble. 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 , 
e.g. Fermi resonance with the bending mode, contributes to the OH stretching spectrum. 
However our calculations strongly sugges t that any effects of these other m echanisms on the 
observed Raman and infra red spectra are minor. 

VI. COMMENTS ON STR UCTUR AL MODELS FOR T H E AMORPHOUS SOLID 

Amorphous solid water is only one of a family of similar substances having approximately 
tetrahedral coordination a nd no long range order. Alben and Boutron (1975) recognized the 
similarity between the r adial 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, 197 I) reproduced the available X-ray and neutron scattering da ta reasonably 
accurately, but not perfectly. Polk's model is a large free cluster assembled using ball and stick 
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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 6 I 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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and should not be present in a sta tic model. This excessively wide distribution of near
neighbor separations apparently had li ttle effect on the Iow-frequency vibrationa l spectra 
calcula ted by Alben and others, but it should h ave serious consequences for the spectrum of 
H 20 (as) in the OH stretching region. 

T he success of hand-built m odels in predicting the structura l, vibra tional, a nd electronic 
properties of the te trahedral amorphous semiconductors and the structural properties of low
density H 20 (as) led us to consider a similar a pproach in modeling the high-density form of 
H 20 (as). T he d ensity and short-range behavior of the RDF of the high-density a m orphous 
olid suggest tha t a random network based on one or more of the high-pressure polym orphs of 

ice- most likely ices II and Ill- could provide a suitable model. R . McGraw a nd S. A. Rice 
constructed a b a ll and stick mod el of the oxygen n etwork of ice 11 as a prepara tory step in the 
genera tion of a high-density random network . They found, however, that the ball a nd stick 
model did not assume the spa tia l symmetry of the ice II la ttice (S62

) , but ra ther r elaxed to the 
higher symmetry structure D 3d 6. In ice Il, there a r e two types of oxygen sites cha racterized 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 n eighbour a t 3.25 A. In the m odel, on the 
other hand, a ll oxygens become equivalent, a nd the non-bonded near neighbor of each 
oxygen is closer than the hydrogen-bonded neighbors. T he striking differences between the 
hand-buil t m odel a nd the observed structure of ice II resul t from the exclusion of proton 
influence in the m odel. Indeed , it is the subtle ty a nd complexity of the intermolecula r forces 
in the condensed phases of water which yield the sta rtling vari e ty of structures in the several 
forms of crysta lline and amorphous solid water. Thus, the observed ordering of the protons 
in ice Il is essentia l in producing a minimum in the free energy a nd cannot be represented by 
a ny model, whether hand-built or constructed on a computer, w hich ignores the na ture of the 
water molecule and hence those features of the intermolecular po ten tial which distinguish the 
ice networks from the simpler crystal structures of germanium and silicon. 

T he deficiencies discussed a bove do not imply tha t the construction of continuous random
network models for the high-density amorphous solid is a fu tile effor t. Indeed , such simple 
structures can serve as a useful starting point from which more sophisticated m od els may be 
developed . In order to improve on these simple m odels, however, it is necessary to d etermine 
whether any existing parameterization of the water pair potentia l is sufficiently accura te to 
genera te the structural properties of the high-pressure ices which m ay also be present in the 
high-density a m orphous solid. 

VII. T H EO R ETI CAL MODE LI NG OF VIBRATIONAL SP ECTR UM OF H 2 0 (as) 

I t is useful to distinguish between two types of disorder in a n amorphous m a teria l. The 
first is global in cha racter and consists of an irregular connectivity which cannot be identified 
with that of a ny crystal structure. It is this globa l disorder tha t is m ost apparen t in the various 
random-network m odels of am orphous solids. T he second type of disorder can be charac
terized as a local spa tial inhomogeneity; it lead s to continuous distributions of the bond 
lengths, bond a ngles, and molecula r orientations, with non-zero widths. T his local disorder 
can be quite subtle and is diffic ult to predict and sometimes cannot be measured accurately. 
Clearly, in the a m orphous solid the two types of disorder are interdependent. H owever, it is 
possible when modeling the va rious 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 sec tion , exhibits both global and local disorder by virtue of the irregula rity in the 
positions of the protons. Whalley (1968) has sugges ted that this global disorder must yield 
locally different m olecular environments which lead to a na rrow distribution of 0 - 0 
separa tions (a nd p erhaps of O - H - O bond angles) . In WhalIey's a nd our interpreta tion of 
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the b a nd shape of th e dilute HDO jD 2 0 and HDO jH 2 0 spectra, the glob al disorder (w hich 
defines the F matrix of the 64 molecule cell) is ignored a nd the band sha p e is assumed to arise 
from the existence of a n 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 a n identical bond str etching force constant at each site. 
T he dilute isotopic mixture calcula tions sketched earlier , where guest oscilla tors were inserted 
in the 64 molecule cell, also did not include any local disorder. T h e failure to p redict 
accura tely the peak frequency of the independent oscilla tor in these calcula tions suggests tha t 
the n eglect of the global disorder leads to some error, th ough it should be adequate for calcula
tion of the band sha p e since the dispersion of the frequen cies as the oscilla tor was moved from 
site to si te in the cell, was found to be quite small . In applying the model developed in 
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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 H enderson 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 near-neighbor distance in amorphous solid water , it 
predicts a distribu tion of frequencies (via the correlation discussed in Section IV) which has a 
breadth of over 500 cm- I, to be compared with the observed FWHM of 85 cm- I in HDO{ 
D 20 (as) . D espite this ra ther spectacular failure, the H enderson cell remains a usefu l model 
for H 20 (as) because its small size (61 a toms) and periodic boundary conditions permit a n 
easy calcu la tion of the vibrational spectrum. However, when we decorate the H enderson cell 
with protons and calculate the vibrationa l properties, we must ignore the actual distribution 
of bond dista nces in assigning the force constants. 

As in polycrys talline ice Ih , the stretching force constant k[ is assigned from the (corrected ) 
peak frequency of the R a m a n spectra of the HDO/D 20 a nd HDO/H 20 a morphous solids . 
The inter- a nd intramolecu lar force constants we used are identical to those employed in the 
calculations on polycrystalline ice Ih (see T a ble Il) . The predicted spectra of H 20 (as) are 
shown in Figures 20 a nd 21. Also shown a re the results of a calcu la tion using the force 
constants for the amorphous solid in the 64 molecule cell employed in the studies of poly
crystalline ice Ih . Note that there is litt le difference between the results of the two calcu la
tions, and tha t the position of the first peak is predicted to be some 30 cm - I higher than that 
observed . This discrepa ncy cou ld proba bly be rectified b y increasing the strength of the 
intermolecular coupling . It is difficult to justify such a n increase, however, because the 
average 0 - 0 distance is greater in the a morphous solid than in ice Ih a nd if anything we 
would exp ect the intermolecula r coupling to decrease. 

Suppose the contours observed in the spectra of the dilute isotropic mix tures a re indeed 
due to a variation of the force constant k[ from bond to bond; it is not difficu lt to incorporate 
that distribution into our m odel. Assuming that the observed intensity at a ny frequency is 
proportional to the number of guest oscill ators with that frequency, we constructed a histo
gram of N frequencies which reproduced the observed ba nd shape. Here, N is the number of 
oscillators in the cell ( 128 for the ice Ih cell ; 122 for the H enderson cell ) . These N frequencies 
a re then converted to bond-stretching force constants and assig ned randomly to the individua l 
oscillators of the cell. The resulting distribution of force constants is centered about the value 
of kl obtained from the peak frequency; it has a half width /').k j , related to that of the a ppro
priate HDO{D 20 or HDO{H 2 0 spectrum. 

The FWHM of the HDO {D 20 isola ted oscillator peak is 26 cm- I in polycrystalline ice Ih. 
This leads to a distributio n o f OH force constants with the FWHM shown in T a ble II . The 
FWHM of the distribution of OD force consta nts obtained from the HDO /H 20 spectrum is 
a lso shown. The resu lting frequencies for pure H 20 ice Ih are only slig htly d ifferent from 
those obtain ed from our calcula tions without any distributio n in k l • Indeed , the only major 
change in a n 8 cm- I downwa rd displacem ent of the lowest frequency modes, a change which 
improves agreement with experiment. 

The FWHM of the peaks in HDO{H 2 0 (as) and HDO{D 2 0 (as) are considerably la rger 
than the corresponding values for the polycrystall ine ices. These then lead to a substantia l 
distribution in the diagona l elements of the F matrix. The pure H 20 spectra obtained from 
these force constants are shown in Figures 20 and 21. These spectra differ m arkedly from 
those calcula ted without a ny distribution of force constants. The lowest-frequ ency peaks a re 
shifted downward by nearly 50 cm- I, the density of states a nd both the Rama n and infra red 
spectra a re substantially broadened, and th e m ajor features of both predicted spec:tra becom e 
poorly defined . In addition, the nature of the modes at the lowest frequencies is cha nged. 
No longer is there a single mode in which a ll m olecule a re stre tching in phase, a nd the inten
sity in the R a man spectrum is now sha red a mong severa l modes separated by as much as 
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20 cm- I. 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 zO (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 Ih 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 a lso conclude that a modest amount of local disorder, as in ice Ih, 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 Ih. 
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DISCUSSION 

W. B. KAMB: 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. ]OHARI: It might be of interest to you to know that your vibrational frequencies for 
polycrystalline ice near 3 100 cm- I increase linearly with the square of temperature. The 
slope is approximately I X 10- 3 cm- I K - Z. I am not certain at the moment as to what theoreti
cal implications such a relation has. 

RICE: I 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): 

3083 cm- I, VI with all molecules vibrating nearly in phase; 
3209 cm- I, V3 transversely dipolarized; 
3 32 3 cm- I, V3 longitudinally dipolarized; 
3402 cm- I, VI with adjacent molecules vibrating nearly out of phase. 

The V3 vibrations are probably little coupled, and the width of the band is determined largely 
by the VI vibrations. Although the symmetry of the hypothetical ordered ice Ic forbids 
coupling of the VI and V 3 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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