Fournal of Glaciology, Vol. 21, No. B85, 1978

ORIGIN OF THE HIGH-FREQUENCY TRANSLATIONAL
BANDS OF ICE I*

By D. D. Kruc and E. WHALLEY
(Division of Chemistry, National Research Council, Ottawa, Ontario K1A oRg, Canada)

Asstract. The translational vibrations of hypothetical ordered forms of ice Ic and ice Ih have been
predicted and correlated with the known spectra of the actual disordered phases. The TO-LO splittings
have been predicted by assuming that the changes of mean refractive indexes across the translational band
is the same in all phases, and equal to the known change for ice Th. Both ordered phases are predicted to
have LO components at ¢. 275 and ¢. 310 cm™!. These predicted bands are assumed to be related to the
bands at the same frequencies in the disordered phases. These bands are therefore LO components corres-
ponding to the TO translational vibrations.

Risume. Origine des bandes haute fréquence correspondant aux modes de translation dans la glace Ih. Les vibrations
de translation des formes ordonnées hypothétiques de glace Ic et Ih ont été calculées et corrélées avec les
spectres connus des phases désordonnées existant habituellement. Le clivage TO-LO a été prévu en suppo-
sant que la variation de l'indice de réfraction de part et d’autre de la bande de translation est la méme dans
toutes les phases et identique 4 celle connue dans le cas de la glace Th. Les deux phases ordonnées sont
présumée: avoir des composantes LO a 275 et 310 em . Nous avons admis que ces bandes sont reliées aux
bandes observées aux mémes [réquences dans les phases ordonnées, Elles sont donc des composantes LO
correspondant aux vibrations de translation TO.

ZUSAMMENFASSUNG.  Herkunft der hochfrequenten Translationsschwingungsbanden von Eis Ih. Die Translations-
schwingungen hypothetischer geordneter Formen von Eis Ie und Fis Ih werden vorhergesagt und zu den
bekannten Spektren der tatsichlichen ungeordneten Phasen in Beziehung gesetzt. Mit der Annahme, dass
die Anderungen des mittleren Brechungsindexes iiber die Translationsschwingungsbande in allen Phasen
dieselbe und gleich der bekannten Anderung in Eis Ih ist, werden die TO-LO-Aufspaltungen abgeleitet.
Fir beide geordnete Phasen werden LO-Anteile bei etwa 275 em™! und 310 em ! vorausgesagt.  Diese
vorhergesagten Banden sind vermutlich mit denen der ungeordneten Phasen im gleichen Frequenzbereich
verkniipft. Sie stellen daher LO-Anteile dar, die den TO-Translationsschwingungen entsprechen.

1. INTRODUCTION

The infrared and Raman spectra of highly disordered solids are frequently discussed using
the spectrum of a related crystalline phase, and treating the disorder as a perturbation. Fre-
quently several crystalline phases can be used and the different phases may shed light on
different aspects of the spectra. The purpose of this paper is to discuss the spectrum of the
translational vibrations of ice from a point of view different from that originally (Bertie and
Whalley, 1967) adopted. The discussion indicates the origin of major features that have not
previously been understood. A similar point of view has recently (Whalley, 1977) been used
to discuss the O-H stretching vibrations of ice.

The translational vibrations of the molecules in ice occupy the range 0-318 cm~1 and their
infrared and Raman spectra are plotted in Figure 1 (Bertie and Whalley, 1967; Wong and
Whalley, 1976[a]). Up to about 245 cm~1, the vibrations are understood in some detail
by relating them to the vibrations expected for the hypothetical structure that has the diffrac-
tion symmetry of ice, namely P6,/mmc for ice Ih and Fd3m for ice Tc. In these structures the
hydrogen atoms are at the centers of the O—O bonds. None of the vibrations is infrared
active, and only one in ice Ic and two in ice Ih are Raman active. When the structures are
perturbed to form the actual disordered crystals by moving the hydrogen atoms off the bond
centers in accordance with the ice rules, all the vibrations become both infrared and Raman
active, and the vibrations below about 245 cm~' can be understood as the vibrations of the
P6, [mme and Fdgm crystals made active by the disorder, but not otherwise greatly perturbed.

There is however both infrared absorption and Raman scattering up to ¢. 318 cm—', and
the corresponding vibrations have also been detected by inelastic neutron scattering (Renker,
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Fig. 1. Infrared (upper frame) and Raman (lower frame) spectrum of the translational vibrations of ice Ih.

1973). The origin of these high-frequency vibrations has been discussed several times. It was
originally suggested (Bertie and Whalley, 1967) that they could be explained only if long-
range forces, of unspecified but presumably electrostatic origin, were introduced.

Several more or less detailed explanations have since been proposed, but none withstands
a detailed examination. Faure and Kahane ([¢1971]) and Faure and Chosson ([¢1971]) have
discussed a model of ice Th in which all the O-H bonds parallel to the ¢-axis have the same
orientation, but the hydrogen atoms in the O-H bonds that are inclined to the ¢-axis are
disordered and conform to the ice rules. They have now replaced it with a model in which
alternate molecules carry equal but opposite permanent charges (Faure and Chosson, 1978).
It has also been tentatively suggested that the O—O bonds parallel to the ¢-axis are much
stiffer than the others (Renker, 1973). This suggestion can also be dismissed, as supporting
evidence is lacking.

Prask and others (1972) and Bosi and others (1973) have attempted to explain the vibra-
tions up to ¢. 318 cm~ by valence force fields without taking account of the long-range
electrical forces. However, both are inconsistent with other data; Bosi and others’ force field
predicts a compressibility about 0.4 of the actual value (unpublished calculations by the
present authors) and Prask and others’ force field includes hydrogen—hydrogen repulsions at
distances at which hydrogen atoms normally attract one another (Wu and others, 1971), and
bending force constants which yield transverse acoustic boundary frequencies 20%, higher
than measured.
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The Lyddane-Sachs-Teller relation, which was originally proved for harmonic oscillators
of a cubic crystal (Lyddane and others, 1941) can be generalized to damped oscillators, and is
then independent of the degree of order of the systems and is valid for disordered solids,
liquids, and gases (Barker, 1975). An opinion to the contrary (Wong and Whalley, 1976[a]
is therefore invalid, and is withdrawn. It follows that the strong infrared vibrations at
229 cm™' have corresponding longitudinal vibrations. The approximate validity of the
Lyddane—Sachs—Teller relation,

v(LO) Ny
¥(TO) N’

where »(Lo) and v(10) are the longitudinal and transverse optic frequencies and n, and ne
the limiting low- and high-frequency refractive indices of the translational band (Wong and
Whalley, 1976[a]), is therefore not surprising, and strongly suggests that the absorption
up to ¢. 318 cm! is due to LLO vibrations. The existence of LO vibrations in disordered
solids and liquids is well established empirically. It has been observed in liquid carbon tetra-
fluoride (Fournier and others, 1968; Gilbert and Drifford, 1977), silicon tetrafluoride
(Bessette and others, 1970; Gilbert and Drifford, 1977), some molten salts (Devlin and others,
1970), vitreous silica and germania (Galeener and Lucovsky, 1976), and the O-H stretching
vibrations of ice (Whalley, 1977).

This interpretation is purely phenomenological, and is independent of the origin of the
229 cm™! band. It would be worth while to have a more detailed molecular interpretation,
and the purpose of this paper is to provide one. The approach adopted is to discuss the LO
and TO spectra expected for a related ordered crystal, and to discuss how these spectra are
related to the spectrum of real ice.

In an earlier discussion (Bertic and Whalley, 1967) based on hypothetical structures that
have the observed diffraction symmetries, the perturbation by which the infrared intensity was
introduced also changes the density of states in a major way. It does this by means of the long-
range electrical forces that necessarily accompany infrared activity and that in an ordered
crystal give rise to the longitudinal-transverse splitting of the optic vibrations. This can
readily be appreciated by considering the perturbation that takes the Fdgm ice Ic structure
into the hypothetical ordered ice Ic structure in space group No. 109, I4,md, C,,"" with two
molecules in the primitive cell. T'wo vibrations become infrared-active, the 4, and E, and
both will be split by the long-range field. Consequently, the cubic and hexagonal structures
having the hydrogen atoms at the mid-points of the O—O bonds are not the most appropriate
starting points for studying the details of the spectra that are caused by the long-range fields.

An unperturbed structure in which the infrared intensity is present and already causes an
LO-TO splitting would be an easier starting point than the P6,/mme and Fdgm structures.
The simplest suitable structures are the hypothetical ordered ice Ic in space group I4,md and
the hypothetical ordered ice Ih in space group No. 26, Pmc2,, C,,2 having four molecules in
the unit cell. Neither structure is known to exist, but two of the ordered cubic ice structures
oriented antiparallel to one another and interpenetrating one another form ice VIII (Kamb,
1969[a], [b]). The Raman spectrum of ice VIII is known (Wong and Whalley, 1976[b])
and can be used as a basis for predicting the spectrum of ordered ice Ic. These principles have
already been applied to the assignment of the O—H stretching vibrations (Whalley, 1977).

2. Ice Ic
2.1. Ordered ice Ic

The structure of ordered ice Ic in the four-molecule body-centered cell in space group
No. 109, I4,md, C,,' is illustrated in Figure 2. There are two molecules in the primitive cell on
sites of ('3, symmetry. There are three translational lattice vibrations belonging to the repre-
sentations 4, and E, and both are infrared and Raman active. They correlate with the Fig
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translational vibration of the hypothetical structure with centrosymmetric hydrogen bonds.
The force constant for O—O stretching vibrations is presumably not greatly dependent on
which end the hydrogen is at, and so a model of ordered cubic ice with only an O—O stretch-
ing constant should have 4, and E vibrations that are equal in frequency. This supposition is
supported by the corresponding bands of ice VIII, in which the two structures are vibrating
in the gerade form and are Raman active. They belong to species B,y and Ey, and appear to
have frequencies that are indistinguishably different from one another (Wong and Whalley,
1976[b]). The vibrations of the two structures against one another belong to the species B,y
and Eg,, and have frequencies differing by only 2.8 cm~'. It seems likely therefore that the
A, and E translational vibrations of ordered ice Ic will be nearly degenerate. A model (Wong
and Whalley, 1976[a]) which suggested that the coupling constants between neighboring
O—O0 bonds due to the transition moments could cause a splitting of g1 cm~' may be too
crude.

2

O
14,md,C,,

Fig. 2. Structure of an ordered form of ice Ie.

Both the 4, and E bands have a longitudinal optic component having a higher frequency,
and their values are given (Lyddane and others, 1941 ; Cochran and Cowley 1962) by

v(a,L0)  ne
V(aITO) i Nz i

(r)

v(eLO) Moz Moy

S o (2)

v(ero) T Neor Mooy

where n,; and 7z, etc., are the limiting low- and high-frequency refractive indexes for waves
propagating in the z, etc., directions. If both n, and ne were isotropic, each vibration would
have the same splitting. Experimentally, however, there are bands at 305 and 275 cm™,
and these can be explained as LO vibrations only if the refractive index is anisotropic. Two
assignments of the bands are possible, that »(a,L0) is at 305 cm™" and »(eLO) is at 275 cm™,

and the reverse.
If »(a,L0) is at 305 cm~7, then
Aﬂg/nwz = 0.336,
(3)
Angfngz = 0.201,
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where
Any = ngz=—nowz, etc. (4)

The change of refractive index across the translational band in ice lh is 0.347 (Bertie and
others, 1969) and the same value will be assumed for ordered ice Ic because the structures and
spectral shapes (Bertie and Whalley, 1967) are similar. It follows from this value and Equation
(3) that

0.402N 057 -0.336n0; = 1.041. (5)

The anisotropy of s of ordered ice Ic is not known. Ifit is assumed to be zero, Equation
(5) implies that

Moy = I.41.

The high-frequency refractive index of disordered ice 1h, which is obtained by adding the
contributions of the O—H stretching and the rotational vibrations to the optical refractive
index (Bertie and others, 1967) is 1.41, and because the densities of disordered ice Th and Ic
are the same within experimental uncertainty (Rabideau and others, 1968), the optical
refractive indexes should be the same. The similarity of ne for ordered ice Ic, calculated from
the TO-LO splittings and assuming the optical refractive index is isotropic, with that of
disordered ice Ih strongly supports the assignment of the spectrum. It is of course quite
possible that the optical refractive index of ordered ice Ic is anisotropic consistent with
Equation (5).

A similar treatment of the reverse assignment, that v(e¢,L0) = 275 cm™! and v(eLo) = 306
cm~! gives much too small a value of 74, and can be rejected.

This assignment implies that the microwave refractive index of ordered ice Ic is significantly
anisotropic, and that the integrated intensities of the 4, and E bands are significantly different.
The two vibrations are illustrated in Figure 3. If only the hydrogen-bond stretching contri-
butes to the dipole-moment derivative, and if the change of dipole moment when a bond
stretches is at an angle ¢ to the crystal axis as shown in Figure 4, then the ratio of integrated
intensities 4 is

A(ay)

— Z .

A0 2 cot? ¢ (6)
According to the Kramers—Kronig integral for the increment of refractive index,
1 K

An = ny—ne = i dv, (7)

band

A, E

Fig. 3. Ay and E vibrations of ordered ice Ic.
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Fig. 4. Illustration of the angle ¢ between the crystal axis and 8j|or. 8w/or is assumed to lie in the plane of the three oxygen
atoms, which are represented by large cireles. Oy is the letrahedral angle.

where K is the absorptivity per unit length at wavenumber v. If the absorptivities K(a,) and
K(e) of the 4; and E bands are approximated as delta functions at 229 cm~!, then

Any  Alay)

R — Al 1.672. (8)
Consequently, from Equations (6) and (8) ¢ = 48°, and, if the coordination is exactly
tetrahedral, the dipole-moment-derivative vector makes an angle of 7° to the bond, as is
illustrated in Figure 4. This can be compared with an angle of 9+ 5° between 3g/dr and
the CI-H—CI bond in the low-temperature phase of HCI obtained from a similar analysis
(Carlson and Friedrich, 1971).

2.2. Disordered ice It

When ordered ice Ic becomes disordered, the normal vibrations change and the absorp-
tion bands broaden, but probably only minor changes will occur in the density of states and
in the total absorption intensity. Consequently, the LO-TO splitting is expected to persist
in the disordered phase, perhaps modified somewhat from the crystal, and the assignment of
the infrared spectrum of disordered ice Ic can be made by analogy with that of ordered ice lc.
Hence the 305 cm~! band is what remains of v(e,L0) and the 275 cm~! band is what remains of
v(eLo) of ordered cubic ice when it is disordered.

3. Ice 1h
3.1. Ordered ice Ih

There are two ordered ice Ih structures with a four-molecule unit cell, and the more
symmetrical one is illustrated in Figure 5. Tt belongs to the space group No. 26, Pme2,, C,,2 and
the translational vibrations form the representation 34,-}34,+2B;+28,. If the inter-
molecular force field contained only one O—O stretching and one O—O—O bending force
constant, the frequencies in ice Ih and Ic would be similar. The zone-center frequencies of ice
Ih would be the same as the zone-center and some of the zone-boundary vibrations of ordered
ice Ic if the potential with two force constants were used. In Table I the relative intensities of
Cyp? ice Th for a simple O—O bond stretching model are listed along with the polarizations
and the correlations of the symmetries with those of a hypothetical ice Ih having the hydrogen
atoms midway between the oxygen atoms. The contribution of the translational vibrations
to the refractive index was assumed to be the same in the ordered and disordered ice Th and
was distributed in proportion to the calculated intensity divided by the frequency squared.
The calculated frequencies of the LO components of the infrared bands, using these contribu-
tions to the refractive index, are listed in Table 1.
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2
Pmc2,, C,,

Fig. 5. Structure of an ordered form of ice Ih.

TaBrLE I, PREDICTED FREQUENCIES AND RELATIVE INTENSITIES OF
ORDERED ICE [h

Vibration symmetry Relative

Den* Gt »(TQ) intensities »(LO)
cm™! cm™!

Ay A, 229 0.296 265

Eig B, 229 0.124 242

B, 229 1.000 315

Ezg Az 220 —= =

4, 220 0.148 223

Big By 164 0.148 179

Byu B, 190 —= =

Ezu AI 65 e —

A4, 65 = s

* The hypothetical ice Th having the hydrogen atoms midway
between the oxygen atoms.

T The hypothetical ordered ice Ih illustrated in Figure 5.
The transition dipole moments of the 4;, By, and B, vibrations are
parallel to the z, x, and y axes respectively.

When two bands have a resultant polarization in the same direction, i, theJgeneralized
Lyddane—Sachs-Teller relation (Cochran and Cowley, 1962)

v(Loy) v(Lo,)  mg
¥(TO,) ¥(TO,) ~ neoi’
and the sum rule (Kurosawa, 1961)
¥(L0;)? Ae;+v(L0,)? Ae, = no?[v(L0,)2—¥(T0,) 2+1(L0,)2—¥(T0O,)?],
where Ae; is the diclectric permittivity increment corresponding to Ang, were used to obtain

the LO frequencies »(Lo,;) and »(Lo,) from the corresponding TO frequencies v(To;) and
¥(TO,).

3.2. Disordered ice Ih

When ice Ih is disordered, as with ice Ic, the LO-TO splitting is not expected to change
greatly. Both the B, and 4, bands have their TO components at 229 cm~!, which is predicted
to be the strongest band in both ordered and disordered ice Th. Consequently the 305 cm~!
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band is assigned to the LO component of the most intense B, band, as modified by the
disorder, and the 275 cm~1 band to the LO component of the 4; band. The bands in the
disordered forms of ice would of course be broader due to increased damping.

4. SUMMARY

The infrared and Raman spectra of ice 1h and Ic arising from translational vibrations in
the region above 229 cm™' are due to LO vibrations corresponding to TO vibrations at
¢. 229 cm~1. This has been established by predicting the TO-LO splitting in hypothetical
ordered phases of both ice 1h and Ic and predicting the effects of disordering them.
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DISCUSSION

B. Kams: Could you explain the intermolecular force model that you used in your calculations
for ice Ic, and could you explain the source of the forces (if any) that lead to the increase in
frequency from 225 cm~! to about 305 cm~! that occurs in the LO-TO splitting ?

D. D. Kruc: The force field we use contains two short-range valence-force constants, one for
O—H-0 bond stretching and one for O—O—O bending. The appearance of absorption up
to 305 cm™! is due to the high effective charges (dipole-moment derivatives) which we know
are present from the infrared interaction. The presence of high intensity at 229 cm~ requires
that this band have a longitudinal optic component at 305 cm~! as given by the Lyddane-
Sachs-Teller relation.

J. Bertie: This is more a comment than a question. T feel that a difficulty is arising because
you are using the terms “LO” and “I'0O” modes. Your basis for this is the macroscopic
definition of LO and TO modes in terms of properties of the dielectric constant. But the
microscopic understanding of TO and LO modes is based on wave motion with a well-defined
periodicity, and this cannot exist in very disordered solids. You make the point that in
disordered solids one has absorption at about the frequencies of the TO and LO modes of the
corresponding ordered solids, which is an extremely interesting result, but I do think it will be
advantageous to use an alternative description to that used for ordered crystals.

Krue: I think that the best response is to refer to the literature where a detailed discussion of
this point is given (Barker, 1975). The existence of LO-TO splitting is a general result for
solids, liquids, or gases. Perfect crystals are not required and a microscopic description using
force constants and effective charges is unnecessary to prove the existence of LO and TO
modes. A simple physical picture is as follows: A peak in €’ in any material must indicate a
transverse polarization wave since this is where there is maximum interaction between the
polarization wave and the probing field (also a transverse wave). Application of the
Kramers-Kronig relations then yields the LO frequency where € — o.
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