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ABSTRACT

The.laser—exciﬁed Raman spectra of the O-H and 0-D
stretching and the léttiée vibrations of the ordered ices II
and IX at 35 K are reported. The temperature'dependencé‘to
100 K of Ehe‘fréquencies of the well-defined Raman features,

' and polarized spectra of near-single crystals of H,0 and D,0

~

L

ice II1 are also reported. The 18] y excitation makes the

spectra vastly sSuperior tovtﬁz
, . . 2 :‘:‘«m_ " %

_spectra reported in 1964 oy Y

yggﬁarc_excited Raman

*Whélley. Many weak
peaks 'and shoulders were obse;v;é in;addition4to the stronger
peaks that they repdrted. |

' The normal coordinate calculatioks'used b& Bertie and
Bateg in 1977 in their interpretation of the infrared spectra
of the 0O-D stretching vibrations ofrDzo ices II and IX
provided a credible interpretation of the Raman spectra.
This interpretatiog wa& further corroborated by the polarized
Raman spectra of ice IT and by Raman intensity calcuiations
under the bond'éolarizability qpproximation. These observed
features are théreforé pelieved to be -well understood. The
péaks due to the O-D sfreéching Vibrations are superimposed
on a.broéd feature that is much more intense in the infrared
trahsmissioh specfra than in. the Raman spectrum. It has
“been argued that the_previo&s‘interpreiation of the ihtense
breadth in the trgﬁémission spectrum is not correcg_and
LO-TO splitting has been offered as .a more likely explanétiop.

The frequencies 6f the translatiohal vibrations of ices

-

II and IX were calculaéed under the rigid molecule approxima-

-

v



tion with simple force fields based on the 0-:0 stretching'
and 0--0++0 angle deformation coordinates of the lattice,
and the absorbtion and scattering intensities of the normal
modes?were\calculated under the bond moment and bond polariz-
ability approximations. The observed and calculated spectra
were sufficiently similar'that it was possible to assign in
detail\néariy all of the featureé of the observed absorption
and scattering spectra of the translational vibrations of
ices II and IX. |

Exploratory work was carried out on the more difficult
calculatlon of both translational and rotatlonal lattice
vibrations from the same force field. Several parametrized
potontial functions were‘used'to‘descriggﬁi? ée§tor1ng
forces of the iattice, but none of these & reprodhcé o
both the observed isotope ratios and the observed ranges ofm’
frequenciés of both the trans}ational and rotatiobnal

YibratiOns. The potential function that was suggested by

¢@lementi et al in 1976 for the potential energy of interaction

of a waterAdimer‘was used/to express the restoring forces as
interatomic interactions between nearest—neighbour water
molecules of ice II, but the energy of the lattioe‘oould not
be minimized ﬁith the programs uéeo, and therefore imaginary
frequencies were calculated. Further work is needed before .
a suitable force field for the calculation of the

translational and rotational vibrations together is found.
”

vi
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CHAPTER ONE

¢ i

.. INTRODUCTION

.1.1 General-

A reinQestigatiéﬁ'of ths Raman specttra of the‘HZO and
Dzoxforms'of two\otdeféé'ice phases, ise IT and ice ix, is -
reported_in thfs tgssis,‘and‘a detailed intefpretation 1;
préposed.' The Raﬁan;scattering(by the O-H and O—D stretch-
ing v1bratlons is explained by an extension of the interpre-
tation of thelr infrared absorptlon, whlch was reported in

2'.Var1bus lattice

previous work from this 1aboratory.
dyaamisal caféulationsj&ére attempted to explain the spectra
of the rotatiohal aﬁd%translational lattice vibrations,~and
the restlts are repsrted here.

An oVery%éw of the Stractural and spectral studiss of

the ice phases is presented in this chapter, and more-detail

can be found in reviews.3 "%

The phass diagram and an'intro;
duction to-the ice phases ars-présentéﬁ in Section 1.2.

The Structurés of the ices, with emphasis on those ices of
particular ihterest in this work, are described in Section
1.3. Some aspects of.intramolscular ahd lattice vibratiohs
in crystals are discussed in Sectlon 1.4 before the accepted
interpretations of the v1bratlonal spectra of the ices are
described in Section 1.5._rFina11y, the objectives of the

present work are given in Section 1.6. M~

1.2 The Icé Phases

The phase diagram of ice, complete to 1980,3,%,% is



AT

. pressure form below ~180 K.''s

\
shown in Figure 1.1. The reglon 1abelled Ih is the region
of stablllty of 1ce.\P, and lncludes, at low temperatures,

the regions of ex1stence of 1ce.Ic and amorphous ice. Ices ..
' )

. Ih and Ic are called low-pressure ices and ice Ih is often

simply called ice. The phases, labelleﬂ II to IX can be
formed only under hlgh pressure and are called the hlgh—
%ressure ices. . ' R -

lhe only phase found naturally“on earth is ice Ih,
where the h refers»to.its hexaadhal structure. Amorphots
ice and, possibly, ice Ic prohably oocﬁr in_ohter'spacedbut
have not yet be&h positivel§(identified. Ice Ic, the c
denotihé its cubic structdre, was first made by condenfing

1o X-ray and electrontdiffrac—
~

tion patterns have shown that ice Ih is formed if the cold

water vapor ontO'a cold plate.

platexas above ~180 K, that ice Ic is formed if the plate
is between ~140 and 180 K, and that amorphous ice is formed
at condensation temperatures below ~140 K.? " Ice Ic slowly

transforms at ~170 K to ice Ih, the exact temperature

. depending on the'thermal history of the sample,!! but the

-reGbrse transformatlon has never been observed Ice Ic is,'
also formed when the hlgh pressure dces revert, to a low
12 pAlthough it has not yet

been proved that ice 1c is not the stable phase between 140

-and 180 K, 1t is generally believed that ice Ic simply

nucleates more readlly than does ice Ih and then persists

metastably below 180 K becanse the transformatioh to ice Ih

is extremely slow.’®
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In 1903 Tammann'? reported his measufements of the
isothermal voluﬁe chaége of H20 with preesures up to 3500
bars, at temperatures above 160 K. He reported the existence
of two new ice phases, ice II and ice III, which were dehser
than liquid water . >and a third phase, ice IV, which was

1% qpammann found!® that ice FI‘

less'dense'fhan liquid water.
and ice III are metastable et ~80 to 150 K and atmospheric
pressure. This me;hod;pf recovering high—ﬁressﬁre phases

of ice at atmospheric pressure is called the’quenching
technique.

In 1912 Bridgman‘é reported his detailed work on the
phase diagram of H,O ice to pressures of 20‘kbar. He con-
firmed the existence of ice II and ice III and observed two
new forms, ice.V and ice VI, at pressures higher than those
reached by Tammann. He was, howeve;, unable to prepare the

ice IV that'Tammannl“

observed above 0.5 kbar and below
268 K. Bridgman's careful measﬁrements enabled him to cor-
rect and extend Tammann's equilibrium lines in the phase
diagram and to report the missing II—fif eqpilibrium line.
Above 160 K ice II existed only in its :egion of stabiiity,
but each of the other ices could exist metastably in the
regions of stability of its neighbours, especially at pres-
‘sures and temperatures well removed from the triple p01nts. 4
In 1935 Brldgman17 reported the phase diagram of 99. 9%
D O to 12 kbar between 213 and 368 K. He observed all of

the phases known for HZO ice and a new phase of ice was

found to exist in the region of stab111ty of ice V, belng



totaily metastable with respect to ice V. Since the H20
phase that Tammann had named ice IV!" was still -unconfirmed,
it was replaced in the numbering scheme’by_this new, meta-
stable phase: the Héo form of which had never beén prepared.
'Otherwisé the phase diagrams for D20 and H2O were very sim-
ilar though ngf identical. The triple points for:the D20
equilibria occurred 2 to 3.5 K higher in temperature and

0.3 to 6.6%vhighe§ in pressuré‘than the corresponding points
for H20, with the difference\decreasing as the pressure was.
increased. ‘

In 1937'B;:idgman‘fB extended the phase diagram of H,0
to 44 kbar, discoYerinQ‘ice VII. = The melting curve of ice
 VII was éxtenaed t6_170 kbar by Pistorius et al!®?2?° with no
\iﬁdication,of new pﬂases at very high pfessures;

_ The rémaining-ice‘phases were discovered by methods
other than pressure-volume-temperature measuréments. Dielec-

22 have shown that ice VII

tric studies by Whalley et al?!:
and ice III undergo disorder-to-order transitions on cooling,
to yield ice VIII at 0°C?! and ice IX at ~-100 C2? respec-
tively. ) -.
Evans??® and Engelhardt and Whalleyz“ have used nucle-
ating compounds to promote the formation of H,0 ice IV, but
Nishibata2§ was able to prepare Hzo'icé IV several times
from ice VI without theif use. Reports of its structure?®
and infrared spectrum?’ have eliminated any doubt of the

existence of ice IV. Thus, ten crystalline ice phases are

" agreed to exist. The existence of three other phases»o?\
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ice has recently been suggested by experiment®s?2®/2° but
the evidence jis still inconclusive. There also exists one
amorphous phase’° and a second with greater density has been
1

reported once.’

The phase diagram provides information about the order

_or disorder of the ice phases through the entropy changes at

-
the transitions.?? The entropy change is calculated from the

phase diagram and the volume change at the transition via

the Clausius equation,

- dT _ AV

] —— i

The volume change is ﬁeggkive for all transitions which pro--

- ceed from low to high pressure, and is close to zero for all

transitions whose temperature is independent of pressure.
Thus the entropy change for)a transition that occurs with
incréasing pressure'is negative if dT/dp is positive, and
vice versa, is'nearly zero if dT/dp is very large, and is
very large if dT/dp is-verx small. Significant entropy

changes are usually attributed to changes in zero 'point

‘entropy, since changes in vibrational entropy are'usually

small. Ice Ih is disordered®?® and the above arguments
indicate that ices III, IV, V, VI and VII are disordered to
a similar extent, while ices II, VIII-and IX are much more

ordered. These indications are supported bybxfray diffrac-

. tion, 2% neutron diffraction,®:2%,3%=3% gJielectric relaxa-

tion,2!r22+/%0% and infrared measurements, 2+*!"*% and ice

II and ice VIII are believed to be fully ordered while ice »



IX is very near;y ordered.

Before leaving the phase diagram it is desirable to .
indicate the criteria that Whalley® used to extrapolate
sgyerél of the stable and metastable lines. The Ih-1I1I
line, the Ih-II; metastable line; the III -V metastable
line, the II-V% line, the V- VI metastable line, and the
VI-VIII line are linear extrapolations of the measurements.
The Ih- IX métastable line, the IX ~V metastable line, and
the IX-Vi metastable line have not been measured but their
slopes at the triple points are fixed by the cyclic condi-
tions on -the changes in state functions about the triple
points.

It is of particular intereét to the work in this
thesis that ice IX has no region of stability (Figurée 1.1).
It exists in the region of'stébility of ice II and sometimes
transforms'irreyersibljﬂto ice II.%?? The unmeasured equi-
librium lines defining the ice IX region of the phase dia-
gram indicate that ice IX can transform reversibly only to
the ices Ih, III, V and VI. Ice IX clearly exists only
‘becapse iﬁ does not‘trapsform readily to ice II. The only
trangformation;to ice IX that has ever been observed is the
IiI-riX, disorder -+ order, transition. It follows that the
‘only known method to prepare ice IX is through ice III, for

~example through the sequence Ih-+ II1I~+ IX.

1.3 The Crystal Structures of the Ices

The fundamental differenée between theée ice phases is,

of course, the crystal structure, that is, the location of



both the oxygen atoms and the hydrogen or deuterium atoms

%n the crystal lattice. The structure of a phase must be
known if its vibrational spectra are to be fully interpreted.
Therefore_the structures of the ice phases are discussed in

~
hd £

this section. A more cqQmplete and detailed treatment can

be found in reviews.,3"?

é

The crystalline ices are classified as either ordered
or disordered, meaning orientationally ordered or orienta-
tionally disordered. In thé ordered phases, each water
molecule in a unit cell generates corresponding moleculeé
"in other unit cells through translational symmetry opera-
tions, and the o?{;nﬁa£ions of all corresponding, or trans-
lationéily equiv;&ent, molecules are identical. Thus the
crystallographic unit cell, which is determined by diffrac-
tion studies, of.ordered crystals is the same as the unit
cell that is repeated exactly throughout the crystal. In
the disordered ices, molecules are still related to corres-
ponding molecules through translational operations, but‘
-several;orientatipns occur with equal (for totally disoidéred
_crystals) or preferred (for partially ordered c;}stals) prob-
ability within each set of translationally-equivalent mole-
cules. The crystallographic unit cell ‘of a dis?rdered crys-
tal is the weighﬁed average of the unit cells thét actually
form the crystgl. The ‘crystallographic space group reflects
this averaging over the crystal ;hat necessarily occurs in
structural determinations. A AN |

The third type of 'ice'! is,amorphous ice or amorphous



solid water,*"

for which there are no translationally equiv-
alent molecules and therefore no unit cell. Obviously the
structure of amorphous ice is not known in as much detail

as those of the crystalline ices, and it will not be dis-
cussed further here.

Orientational disorder occurs in those phases for
which several orientations of a water molecule have the same,
or nearly the same, energy. In each of the ices, each water
molecule is hydrogen bonded to four surrounding molecules.
The central water molecule is the donor molecule in two of
the hydrogen bonds and the acceptor in the other two hydro-
gen bonds in which it is involved. The four molecules are
arranged nearly tetrahedrally about the central molecule in
all of the ice phases, although the exact angles vary fromf
one phase to another. There are, then, six possible orien-
tations for each molecule. The diffraction symmetry indi-
cates that all six orientations of a molecule in ice Ic have
the same energy, provided that the orientations of the neigh-
bouring molecules adjust éooperatively.‘ Thus ice Ic is
disordered at 80 K"® and is expected to be disordered at all
temperatures. In ice II one orientation for each transla-
tionally-equivalent set apparently has a much lower energy
than -all other orientations, because ice II is ordered at
all t:e=_~n,1perature/s.3":""r"6 Ices-V and VI are disordered at
high temperatures"® but show some orderiﬁg at 100 K,®r2°

suggesting that there is only a small energy difference

between orientations in ices V and VI which becomes signifi-
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‘cant with decreasing temperature.

Ice Ih is composed of planes of 51x-membered puckered
rings that have the chalr conflguratlon in the planes |
:perpendlcular to the crystallographlc c*ax1s and the"ﬁoat'
c0nflguratlon in the pl’!es parallel to the c—ax1s -(Flgure
l.2a). The oxygen ‘atoms farm the wurt21te structure in ice
Ih, and thus there are longi open, hexagonal channels paral—
lel to the c-ax1s and narrowerwchannels normal to the c-axis.’
The. structure of 1ce Ic 1s 51mllar except that all six-mem-
. bered rings have the .chalr conflguratlon (Flgure l 2b) and
so the oxygen‘atoms form the dlamond structure._ Thus ice Ic
’ haslnarrow channels in several directions and.avyery open.
’*structure. In splte of the dlfferent structures, ice 1Ic has
“ the same dens1ty asalce Ih““"8 and each water molecule in |
:both ices is tetrahedrally surrounded by four hydrogen-bonded
nearest nelghbours and twelve- second nearest nelghbours, the -
0+++0 distances, 2.755+ 0.008 and 4.50 ¢ 0.01 A hetween 120
and 220 K, 33 belng the same for both phases. The okygen
atoms are arranged w1th nearly C3v symmetry in ice Ih and
‘nearly Td symmetry in :ice Ic.. Therefore the dlffractlon
'151te symmetry is C3" for molecules in ice Ih and Td in 1ce
Ic. The nearest nelghbour dlstances are required under
diffraction symmetry to be equal in ice Ic, but there is no
symmetry requlrement rh ice Ih that the O+++0 dlstances

parallel to the c- axls are the same as those in planes perpen-.

dicular to the c-axis.. In fact, since the ratio c/a=1.6280¢*

- <

0.0002 for 'ice Ih between 13 and 193 K“?‘does not equal-1.6330,

Lt
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b) The structure

a) The structure of ice Ih.

Only the oxygen positions are shown.

- of ice Ic.



the ratio requlred for tetrahedral coordlnatlon, then elther
) the O---O distances parallel to the c-axis are shorter than
those 1nc11ned to 1t or the o-§-o---o angles in planes
;arallel to the c- ax1s are smaller than those in planes
perpendlcular to c.” However, the deviation is’ very small
‘for‘either of these'cases, so the, nearest—nelghbour geometry.
is essentlally the same for ices Ih and IZ.

‘Ice Ih and ice Ic are orlentatlonally disordered at
all temperatures, so the hydrogen atom p051t10ns always
average in structural determlnatlons to fall exactly on the
honded O-:-O line w1th‘half of & hydrogen atom srtuﬁted
1.01 A‘from. each oxygenratom.3{» The HfO‘H angle is thus'

given as 109.5°, the tetrahedral angle.'-The second moments

12

of the proton magnetic'resonance‘spectra of icesgIh,.Ic,'II«#

rand IX are con51stéé% w1th an average H-O H angle of 104 +1°

0 .

in each ice. The D—O -D angles in 1ces II and IX have

51nce been measured by neutron dlffractlon, +3% and the
average D-0-D angles of 105 4° in ice II and 105 35° in ice
IX ‘are in reasonable agreement w1th the pmr result. The

H-O -H angle in 1ces Ih and Ic is- therefore llkely close to

1 .

the gas phase value of 104 5 The H -0~ H angles can be

compared in Table 1.1, where some structural parameters of

ices Ih, II and.IX are glven..A

"

The hlgh pressure phases are denser than ice I, even

though the hydrogen—bonded O---O dlstances are greater than

.+

in ice I. The den51ty 1ncrease results from decreases ln/p g

the non-bonded 1ntermolecular dlstances, whlch are accom—f
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. ‘Table 1.1

Structural data a'for ices Ih, II and IX

1

t

crystal system

space group

density (g'cm-3)
(1 bar, 110 K)

cell parameters

(l.ban, 110 K)

no. of molecules

'per‘unit cell

‘site symmetries

nearest-neighbour

O+++0 (0-D).
distances

non-bdnded (oLE R L]

‘distances

" D~0-D angles

O+*++0%++0 donor
; angles

other 0+ *+0°++0
angles

ice- Ih b ice 11 € ice IX d
hexagonal ;hoﬁbohedral tetragonal
e 4 T2 b
?§3/mmc(96h) R3(C3i) .P41212(D4)
b’ ’
0.931 1.18 1.16
=a_=4.499 A =a.=7.78 A b=6.73 A
al—az— . > A al—az—a3— .78 A a=b=6.73 5
c=7.324 A a=113.1° c=6.83 A
4 AT 12 12
€30 - €1r & C1r G
I: 2.803(0,956) = 1: 2.750(0.977)
2.755(1.008) 2.768(0.975) © 2.763(0.972)
" II: 2.781(0.937) 2: 2.797€(0.979)
2.844(1.014) '
4.50 3.340, 3.416, 3.451, 3.645,
° 3.513, 3.596,¢%¢ 3.726, 3.939,c9¢
104.5°(?) I: 103.2° 1: 106.0°
: II: 107.6° 2: 104.7°
- 109 50‘ I: 87.9° 1: 99.17°¢
' II: 99.6° 2: 100.84°
109.5° I: 83.8°, 115.1°, 1: 91.85°, 96.85°,
I 116.0°, 126.2°, 99.18°, 112.67°,
. 130.4° 143.68°
II: 81.0°, '108.9°,  2: 90.94°, 106.08°,
118.7°, 121.9°, 106.08°, 128.07°,
127.7° 128.07°

d

a distanéés in A.

Reference 4. O0°+°0 and O-D distances from Reference,33. Non-bonded
"O**+0 distances calculated from data of Reference 33.

qiReference 34. I and II refer to molecule type.

Reference 39;

1 and 2 refer to molecule type. Non-bonded O°**0
distances calculated from atomic positions in Reference 39.

€ recalculated from data in Reference 39.

13



plished~in several.ways.sl In the phases that exist at pres;
sures’betweeh 2 and 6 kbar (Figure 1.1), the large empty
.channels in the ice Ih structure (Figure l.Zaf become occﬁ-
.pied and the nearest neighbour‘coordination is distorted

to increase the

from tetrahedral?®s2°s3%.35,38,39,46,52

packing efficiency.. The molecular packing efficiency is
. furthér increased in the very high pressure phases, ices VI,

VII and VIII, in which two open sublattices interpenetrate

but do not interbond."“s ®:37,53, 5%

For example, each of the

interpenetrating sublattices in ice VII are. the same as the

ice Ic lattlce - The molecular orientations are totally dis-
ordered in ice VII, but an ordered version of the same

- structure is found in ice VIII, where the molecular dipoles
in each sublattice are"aligned and opposed ;n'direction to
the dlpoles on the other sublattice.

" The 1nterest1ng structures of the disordered ices Iv,26

V35,36, 55 angd VIF:53rare much more complicated and are not

of immediate concern to this thesis and will not be discussed.

The structure of i¢e“III%®® is the orientationally disorde}ed-
| . , e
form of the ice IX structure,®®r?®:5%? so most of the remarks

about the ice IX structure also .apply to ice III, if the
symmetry is understood'to mean the diffraotion symmetry.
The structures.of”the_ordered ices:II and IX are déScribed
in the reﬁainder of this section. ) ‘
Ice II crystallizes in the space group R3 (Cgi) with
two occopied sets of general (C ) positions, i.e. two,-

-~
. "~

occupied sites of symmetry Cl and mu1t1p11c1ty six, for a

14
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~ ‘tdtal of twelve molecules in the primitive unit cell. 3%, *¢
‘Thé structure as viewed along the Sg (§)va¥is is illustrated
in Figure 1.3. The hydrogén'afgms are fully ordered in the
positions shown. .There are, thus, four different 0O~H.:..0
hydrogen bonds in the structure, with six of each type per
unit-cell. The water moleculeslon each six-fold site form
a six-membefed puckered ring that sits on the origin of the
rhombohedral cell for the type i molecules or on the éenter
of the cell for the type II molecules. Béth types of rings
lie in planes~perpendicu1ar to the SG axis, which is along
the rhombohedral céll diagonal. The six-memggred rings
, suggestvthe.structure‘of ice Ih, but they are fiattened-more
in ice II*®* and the bonding between rings is quite different,
,,s; the relation between the ice Ih and ice II structures is
not obvious. |
Ice IX crystallizes in the tetragonal space group

P41212 (Dz) wifh eight molecules (type'l) on one set of gen-

eral positions;>i.e.,one.eight—fold site of symmetry C,» and

four molecuies (type 2) oh one four-fold site of symmetry C2,

.for a‘tbtal of twelve moleculés in the‘prihitive unit -

" cell.B?8, 39,52 pjqure 1.4 shows the structure as viewed
along the unique axis, the crystallographic c—-axis. The
six-membered rings of ice Ih énd:ice II have béen replacéd
by fivé;,fseven— anE_gight-membered rings in ice IX, but |

_these rings are not ; very distinc;ive part of the ice IX

struéfure. ‘&he structure is characterized'by spiral Ehains

v

of water molecules (type 1) around the 4i screw axes that



Figure 1.3 The unit cell of ice II. Type I molecules are

i

7 to 12, Six molecules from neighbouring cells
are included.

numbered 1 to 6, type II molecules are numbered -
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‘Figure 1.4 The unit céil éf ice IX. Type 1 molecules are

numbered 1 to 8, type 2 molecules are numbered
9 to 12. Seven molecules from neighbouring
cells are included.



bisect the a and b cell edges. The spirals are linked
together by the type 2 molecules. 1In their refinement of

the structure of ice IX, LaPlaca, Hamilton, Kamb and

18

Prakash?® found evidence‘for about 4% disorder in some posi-

tions of the deuterium atoms. This disorder is real,
but it is small enough to be undetectable by mostbexperi—
ﬁental méthods. Therefore ice IX is normally considered an
orderéd ice with the hydrogen atoms arranged as shown.
There are three different O-H+::O bondsliq the siructure,‘
and eight of each type in the unit cell. .
As shown in Table 1:1, the nearest-neighbour 0+++0
distances are larger in both ice IT and ice IX‘thah»in iée
Ih bﬁt some-non-hydrogen—bonded distances'are subst&ntially
shortef than the shortest in ice Ih, which explains the
increase in densitx. Although the O+++0+++0 doﬁorféngles
are distorted by 10° to 20° from the tgtfahedral ahgle, the
coordination about each molecule is still quasi-tetrahedral.

The D-O-D angles do not equal the O¢++0O¢++0 donor angles,

so ‘the hydrogen bonds are pent;

-~ s

1.4 vVibrations in Molecular Crystals

The vibrations of molecular crystals are classified as
either intramolecular or ;ntermolecular vibrations. The. "
intramolecular vibrations are vibrations of the gas phase
molecules that have been perturbed.by interholecular fotces.

The'static and dynamic intermolequlaf potentials shift the

frequencies and_couple molecular motions so that the frequency

of the crystal vibration may be considerably higher or lower.
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than the frequency of the analogous vibration in the gas
phase molecule. Single peaks‘in the specﬁrum of the gas
%ften appear as multiplets in the spectfum of the crystal
because of site splitting, Davydov splitting and longitu:
dinal optic—trénsverse optic splitting. The intermolecular
vibrations, which are aiso calléd lattice vibrations, are
derived from the zero-frequency rotations and translations
of the gas phase molecules, which are trpnsformed by the
intermolecular potential into vibrations with non-zero
frequency. These effects are considered in this section,
and the consequences of orientationalpdisorder are discussed.
There ére three symhetry groups that are importaht in
discuésion#hof the vibrations of a molecular crystal: the
‘point group of the free molecule, the site group, and the

unit-cell group. The point group of the free molecule®%75?

"is the well-known group formed by the symmetry elements
that leave the gas phase molecule invariant. The site

$§7,59

group is the group férmed,by those symmetry elements

that leave the site in the crystal invariant. The unit-cell

7,59

! is isomorphous with the

group, ér the faétor group,5
crystal class, i.e. the point group of symmetry operations
that describes the symmetry éf a unit cell.’® The crystal
class' can be found by dropping the supers;ript on the
Schoenflies symbol thatfaccompanies the Hermann-Maugin
symbol in the standard space group notation for a crystal,'
e.g. in P4,2,2 (D:) the‘crystal class is D4;

The symmetry of a molecule in a crystal is the site



\
symmetry and is described by the site group. The site group
is determined by ﬁhe intra- and intermolecular forces and is
eitﬁer the point group of the free molecule or one of its
subgroups. In the latter case, the degeneracy of a vibra-
tion of the gaé phase molecule may be reduced in the crystal,
causing site éplitting. Thé intermolécular forces also
cause the fréquency of a molecylar vibratioq in the crystal
to differ from that in the gas phase, and this is called’the
site shift. An example of a site shift occurs in the ices,
in which the 0O-H stretching frequencigs are much lower than
in gaseous water because>of the O-H+:+0 bonds.5°-62 The
site shift can also cause a form of site splitting, which
may be called multiple site splitting, because a non-degen-
erate vibrafion of a gaseous molecule can have two or more
different frequencies in the crystal if two or more sites are
occupied. éite splitting, multiple site splitting and site
shifts are all caused by the static intermolecular potential,
i,e. by‘the preéence and not the motion of other molecules,
and are called static field effects.®’

157+5% containing m molecules

In a primitive unit cel
6n{pne site, each site group intramolecular vibration is
m-fold degenerate under the static intermolecular éotential.
Howéﬁer, an iﬁtramolecular vibration is also affected by
the dynamic intermolecular potential, i.e.‘byvthe motion of

other molecules and in particular by the relative phase of

the same vibration in other mélecules.‘ Therefore the m-fold

20
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degeneracy is removed when the m vibrations couple to form

- m unit—cell—éroup vibrations, usually called the unit-cell-

group, or factor-group, components. The splitting of a site-

group vibration into unit-cell-group components is known as

Davydov splitting or correlation splitting, and the effect

of site splitting and Davydov splitting together is known

as unit-cell-group or factor-group splitting.37:3?°

The frequenéy difference bef@een the unit-cell-group
components is détermined by the magnitude of the dynamic
intermolecular forcés, i.e. by the magnitude of the inter-
molecular coupling. Wﬁenxthe coupling is sufficiently

large, the unit-cell-group components can be resolved.

"When the intermolecular coupling is small, the unit-cell-

group Compéhents hay'not be resoived and the vibrations of
each‘moléEule aré essenfially uhaffécted by those of its
neighbours. In the latter case it is common and useful to
assign the spectrum to site-group vibrations.

The intermolecular vibrations of a crystal arise from
the rotational and Eranslational degrees of‘freedomvof the
molecules. Thus, for a cfystal with m non-linear molecules
in the primitive unit cell there are 3m rotational and 3m
translatiénal laﬁtice vibrations, and the frequency is
necessari}y zZero énly for the three translational latticg
vibrations thatiéorréspond toAtranslations of the entire

unit cell. The non-zero frequencies of intermolecular

vibrations are solely due to intermolecular .forces, so they

. ; - ‘
are highly coupled vibrations and are only usefully described

k-
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as unit-cell-group vibrations. '

R ﬁgﬁx‘gfthlhdiscussion has focussed on the vibrations
of a éinglé molecule in the solid (static field effects)
and on thu'ef;act of coupling of- the vibrations of the
molecules in one unit cell (unit—ceil-group splitting). The
final consideration is the coupling of vibrations in differ-
ent unit cells. The actual crystal vibrations extend
throughout the crystal and are spatially periodic with wave-
length A because of the periodicity of the potential energy.
A crystal vibrational state is characterized by its vibra-
tional frequency, v(k) or v, and by its spatial periodicity,
which is specified by ité wavevector k, where |k|=1/) and’
the direction of k is the direction of propagation of the
vibration-wave. The ploté of v(k) versus k are -«called the
dispersion curves. The dispersion curves in two directions
for a covalent crYstal‘with the diamond structure and two
atoms in the unit™cell are shown in Figure 1.5. These are
also the dispersion curves fo; the’translational lattice
vibrations of any molecular crystal with the diamond struc-
ture, e.g. ice Ic with the wa&er molecules treated as point
masses. The origin of the wavevector axis is called the
‘Brillouin zone center, and it represents those.vibratiOns
that have the same phase in all unit cells of the crystal.
The positions of maximum unique wavevector, E = (2a)7?,
where a ié the cell length in the direction of propagation,
defipe the Brillouin zone boundafy and represent those’

vibrations that are 180° out of phase in neighbouring cells

[N
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Figure 1.5 The dispersion curves in the {[100) and [lIl]
directions for a covalent crystal with the

diamond structure., Redrawn from Reference 63.-~
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- with atom dlsplacements a10ng the propagatlon dlrectlon

along the dlrectlon of propagatlon

H

Each v1brat10n of a 51ngle unlt cell glves rlse to a.

»

separate branch 1n the dlsper51on cﬁ@ve dlagram. Each

branch contalns N dlscrete polnts, where N?lS the number of

~unlt cells along the dlrectlon of propagatlon, but, 51nce N

is very large, each branch lS essentlally contlnuous.-There

,are 3m branches of translat10na1 v1bratlons for a. covalent '

crystal with m atoms 1n the unlt cell,‘as shown 1n Flgure -

1.5 for dlamond w1th two atoms 1n the prlmitlve unlt cell

The three branches for whlch the frequency 1s zero at k-'O\

vare called acbustlc branches whlle the others are optic

branches The longltudlnal acoustlc (LA) and longltudlnal'.‘

optic (LO) branches in Flgure 1 5 correspond to v1bratlonsl]*~~ﬁ

Theé ‘vibrations in the transverse acoustlc (TA) and trans-‘~f

verse optlc (TO) branches in® Flgure l S\are doubly degen-

~ erate and'correspond to. v1brat10ns with- atom dlsplacements, .

perpendicular to the propagatlon dlrectlon. s

A

The dispersion curves for a molecular crystal are.

< oA

‘similar to those 'for a covalent crystal (Flgure 1. 5) but

inciude optlc branches due to the rotatlonal v1brat10ns and ‘

the 1ntramolecu1ar v1brat10ns. If there are ‘m N- atom1c1‘

-molecules per prlmltlve unlt cell there are m(3N 6)branches

[m(3N-5) for linear molegules] of dlsper51on “curves due to
1ntramolecular v1brat10ns and 3m branches [2m for 11near

molecules] due to rotational vibrations, in addition to the o

"3m - 3 optic and 3 acoustic branches‘due-to,tranSlationalb
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%&%vibrations; The-crystal vibrations at the Brillouin zone:
'center are the same as the vibrations of one primitive unit -
néell, which'were discussed earlier. Thus, at the,zone

center the frequencies of the~intramolecular vibrations are

perturbed from those of the isolated molecules by siteshifts,

~

and.are split into unit-cell-group components by site spli®-
ting, multiple site.Splitting and Davydov splitting within

each Pange, with the frequency separations between the

;_resultant unit-cell- —-group components dependlng on the inter-

) the wavevector dependence of the frequency, of each branch

'3As examples, the dlsperSLOn curves of ices Ic, Ih, II and

L molecular coupling. Away from ‘the zone center, the inter-

{molecular forces determlne the amount of dlspers1on, i.e.

IX are dlscussed in the follow1ng paragraphs.

For ice: Ic the water molecules have been represented63

' _by p01nt masses so that the dlsper51on curves of the trans-

*latlonal v1bratlons are approx1mated by Figure 1.5. The ‘

"wd'dlsper51on curves of the ‘translational vibrations of an

;ordered model of ice 1Ic 1n which the hydrogen atoms were not

1'.neglected have also been calculated and were fgund to be
'51m11ar to those in Flgure 1.5, but the vibrations in the

‘transverse branches weve no longer degenerate.“ In both the’

p01nt-mass and the ordered-molecule models the dlsper31on

curves of the translatlonal vibrations of ice Ic span the

‘0 to ~325 cm -1 frequency range.. No 1nformatlon exists about
the higher frequency branches of ice Ic but,,for.an ordered'

‘model;of lce Ic, they must consist of six optic branches of



: branches'around 3200.cm

¢

.optic branches around 3%99 cm

rotational vibrations, probably in the 400 to 1000 cm-l'

range, two optlc branches around 1600 cm -1 due to the bend-
e
ing V1brat10n Vo of the water molecules, and four optic

-1 of ‘the symmetr1c~and antlsymmetrlc

O-H stretchlng v1brat10ns vl and v3

Ice Ih has four molecules in the prlmltlve unlt cell.

Therefore its dispersion curves are more~comp11cated than

those for ice Ic, with twice“thebnumber of‘branches iq_the
same spectral ranges.“The‘inelastic neutron scattering‘by
the v1brat10ns of the dlsper510n curves of ice Ih A
has been measured65 ¢¢ and the. dlsper51on curves of. the e

translational v1bratlons have been calculated55'71‘u51ng

varlous force flelds Wlth reasonable agreement between

workers, partlcularly below 240 cm l.: The curves calculated

'bv Wong, Klug,and ,Whalley67 are‘shown indFigure 1l.6. Bosi

et al®® have calculated the'dispersion curves of the rota-
tional v1bratlons of an. ordered model of 1ce Ih and. reported
low;dlsper51on~1n this reglon.' Nothlng is, known about the ~'
dispersion curves.of.the intramolecular v1brat10ns of ice Ih.
The dlsper51on curves for 1ce II or 1ce IX, each w1th

twelve molecules in the prlmltlve unit cell, have 108
branches, w1th 3 acoustlc and 33 optlc branches below 325
cmf} of translatlonal v1bratlons, 3§ optic_ branches between .
400 and 1000 cm -1 of rotatlonal v1brat;ons,’12 optic

-1

branches_around léOO cm of bending vibrations, and 245

-1 of O-H stretchingvvibrations.

It follows that the dispersion curve diagrams for ice. II and

[
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Figure 1.6 Ca]culated'dispersfok.curves in high éymmetryv
diteétions for ice Th. Modified from Reference’
67:'_Transversefoptic-anqwlongitudinal optic
branchés are labelled T'and L;. transverse
acopustic and longitudinal acoustic branches are
labelled TA and LA. o
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ice IX are complex, but the curves_hsve neither been
measured nor calculated:. However it is hot necessary to
know the dispersion curves of an ordered crystal to inter-
" pret its optical spectra, and this is now shown.

| The vibrations tﬁat are observed in the opticalspéctra
of a crystal are tggse that obéy the‘selection rules for
infrared or Raman sctivity. .The first seléstion rule
requires that'thére'be energy conservation, so that tﬂe
energy gain by the crystai equals the energy loss of the
photon. The second selection rule requires that there be
cdnSéfvation>;f momentum, so that the gain in crystal momen-
tum hkp72 equals the loss of photon momentum. In ordered :-
crystals this can occur in absorption only if the wavevector
of the excited crystal vibration equals the wavevector ofi;;
.the incident photon; in Raman scattering ths wavevector of
-the incident photon mustAeqdal'the vector sum of the wave-
vecﬁors of the scattered phofon and the e#citedbcrystal
vibration. Thus, in eithér absorption or scatteriné.only
one ﬁibration‘per-branch can satisfy the momentum selection
rule, so the number of.translatiOnal, rotational and intra-
vmolecﬁla; vibrations of an ordered crystal that are poten-
tiéllykobservable equals the number of branches of dispersion
cprves.' Fu%thermore, the Qavevectors of infrared and visible
light dictate that the wavevectors of vibr;ticns excited by‘

o

vabsorptlon must be less than ~10 cm_l, while the wavevectors

. .of vibrations excited in Raman scatterlng must be less than

~10 cm-1, In both cases the wavevector of the,actlve

\
<



vibrations is small compared to thé wavevectors of ~108 cm;;
: \

for vibrations at the zone boundafy. The approximation

usually used is that the optically—activé vibrations of an

ordered crystal must have zero wavevector.

In orientationally-disordered crystals, on the otger
hand, there is no momentum selection‘;ﬁle, so all of the
vibrations are optically active. The infrared or Raman
'spectrum is then I(v)-g(v), where I(v) is the. infrared or
Raman intensity function for é vibration with frequency v

.

and g(v) is thé‘density of statesifunction, which describes
the number of vibrational states with frequency v. f;é A
‘density of statesxis,.theréfore) extremely important in
‘interpreting the spectra of disordered c;yétals. Theée
points are discussed later in this section. ?

For 6rdered crystals;the wavevector selection rule is.
a necessary but not sufficient condition for optical ac£iv—
ity. The zero-wavevector approximationvmeéns that the forms
of the vibrations are\subject to the symmetry of the unit-
cell group, Jjust as the vibrations'of molecules in the gas \
Iphase are subject to the symmetry of the molecular point
group. The infrared-active vibrations hust have a nén-zero
dipoie"momeqt change (BE/QQ)rfOI iﬁmauahtum mechanical -

-, language a non-zero transition momenﬁ, so they must have
; S

the same symmetry under the unit-cell group as a component

of the dipole moqent p. The Raman-activk vibrations must

have a non-zero polarizability derivative @a/aQ), so they )

) .

must havefthe_same'Symmetry under the unit-cé;llgroup as a

Ll v
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_component of the polariﬁability o. The infrared-.and Ramaﬁ-
active.vibrations of a crystal are readily determined
fhrough Ehe correlation ﬁéthod59'73 by which‘the represen-
t;tions'formed by the vibrations, gotations and translations
undér the point Qroup of an isolated molecule arevcorrelated
to the representations of the intramoleculaé and intermolec-
ular vibrations under the unit-cell group‘ofvthe_crystal,
through the site group.‘ In the following paragraphs this
method "is applied to ice II and icé IX. »
In‘the’firSt step of the corfelation method, the

representation of the degrees of freedom of the .isolated

molecule are determined. These are given in Table 1.2 for h

a water molecule. The three_vibrational, three rotational

and three translational degrees of freedom form the repres-

entations 2A14-Bi, A24-Bl4:B2 and‘Al4-B14;B2 respectively
Under the point group C2v' The two O;H strétching displace-
ments fofm a to;ally symmetric (A15 vibration and aﬁ anti-
symmetric (Bl) vibrationfunder the poin£ group, and these
ére labelled vllaﬁd v, réspeétive1§.7f The benaing vibra-
tion, which is also totally symmetric, is labelled7v2.7“

The representations under the point group afé_then
¢orre1ated to the representations under thé site}groupvand
the unit-cell grOup:‘ The unit-cell group of'ice I1 is
isomorphous with' the point group Cj; = Sg. Tﬁe twelve mole-
cﬁies in tbe unit cell.occupy.two sets of general positions,
[-Te] the;site,group is C1 for each type, I and II, of wafer

57 ,59

molecule. The correlation table®®: for ice 1I is

30



Table 1.2
. Representations of the degrees of f;eedom of
“ © a water molecule in the gas phase °
- normal modes a "intermolecular a representation
of vibration =~ degrees of freedom under sz
Vir Vo z A
- . . 4 A2
vy o T+ R B,
Ty, Rx B2

)

a The normal modes of vibration of the water molecule
are:

- E . ‘H/ \H \H/‘\H/ H/«/ \H

/ vl(Al) \ .\Jz(Al) . , v3(Bl) \

axis convention:

31
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'showp in Table 1.3. Eéch degree of freedom of the isolated
 molecqle yields Fhe regular representation T =Ag +Eg-;Au-+Eu
under the unit-cell group. The combined contributions from "
type I and type 1II molecules to the vibrationgl representations

are given in Table 1.3, where FOH is the total representation

is the represen-

formed by the 0-H stretching vibrations, Fv

: : 2
tation formed by the intramolecular bending.vibrations, and

FR and FT are the representations formed by the rotational

and translational optic vibrations. T is the:

_ acoustic
repreSgntation'formed by the acéustic translational vibrations,
which have zero;frequency at zero wavevector and_thus are not
observed. ?he inffared-active vibrations have A or E,
'symmetryiundér’the.unit—cell group, while the Raman-active

. g
that are infrared or Raman active are given in Table 1.3 for

,vibratioﬂs have A_ or Eg symmetry. The number of vibrations
each type of vibréfion. No.vibrations are active in both the
infrared and Raman because the unit-cell group is centro-
symmetrfc; »

| The unit-cell gfoﬁp-of ice IX is isomorphous to the
pointwgroup Dy Eight molecules (type l)_océupy one set of
general positions and four molecules (type 2) occupy one C2

site, so the site group is Cl‘for type 1 molecules and C2
for type 2 moleéules.’ From the correlation table 5657759
for ice IX in Table 1.4, each degrée of freedom of type 1
moleculgs yields the régular representation T = A, + A, + By +
82 + 2E, while the degrees of freedom of type 2 molecules with

symmet;y A, or A2 under sz (i.e. Vir Var Tz'anq Rz) yield
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Table 1.3

Correlation table and vibrational rep;esentations of ice II

Correlation table for each type of water molecule in ice II

molecular site unit cell

point group group ~_group
: a
Cov © S6
~ Al 'Ag
A2 A Eg
B1 Au
B2 Eu

Vibrational representations of ice II

no. of active vibrations

. ) infrared Raman ir and
active? active? Raman active
T' =4A + 4E + 4A + 4E . 8 8 0
OH g g u u ‘ ‘
T =2A +2E + 2A + 2E , 4 4 0
v, 9 g u v - ,
I =6A + 6E + 6A + 6E 12 S 12 0
R g g u u
' .=6A + 6E_+ 5A + 5E .10 127 0
T g g u u - -
acoustic -~ Pu t By i_ - - =

Ag and Eg vibrations are Raman active. Au and Eu vibrations are

infrared active.



Table 1.4

Cdrrelation table and vibrational representations of ice IX '

Correlation tables for ice IX

&

Molecules of type 1

i

" Molecules ‘of type 2///

unif cell

molecular site unit cell molecular site
point group  group group point group group ‘group
a,b : a,b
Cov 1 Py Cov % Py
A A
A 1 A, . 1
1 1 .
A T A
.A2 2 A2 2
B A By B B,
1 1l
B B B
B, 2 . B, 2
» E ) E
Vibrational representations of ice IX
‘ - no. of active vibrations
infrared Raman ir and
_ active? active® Raman active
ron = 3Al + 3A2 + 331 + 3B2 + 6E 9 15 - _ 6
sz = 2Al + A2 + Bl + 232 + 3E 4 8 3
TR = 4Al + 5A2 + SB1 + 4B2 + 9E 14 22 ) 9
L}
= + .
TT 4Al 4A2 + SBl + 432 + B8E 12 21 ‘ 8
= + < e~y - - -
acoustic A2 E

a

2
Raman active.

b "
C2 of D4

A_ and E vibrations are infrared active.

is at 45° to the a axis of Reference 39.

‘All except A2 vibrations are

34
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symmetry B, or B, under Coy (i.e. Vi, Ty, Ty, R

I = A, + B, + E under the unit-cell group and those with
« and Ry)
yield T - A, '+ B, + E under the unit-cell group. The total
vibrational repfesentations for ice IX and the number of vi-
brations that are active in the infrared ;;d Raman are given.
in Table 1.4.

--1As noted above, the k=0 selection rule, on which the
above unit-cell-group symmetry analysis is based, is an
approximation to the correct k=K selection rule, where K is
the wavevector of the incident light. A clear indication
that this approximation is imperfect is the observation of
longitudinal optic-transverse optic splitting in the Raman
scatterihg by vibrations that af% infrared active. If k=0
the vibration wave does nbt»propagate through the crvstal.

If k=K the vibration wave does propagate in the direction of

K, even though K is very small, and the dipole moment change

1
/

'that accompanies an inffared—acfive vibratién can be either
parallel to k, yielding a longitudinal optic mode, or perpen-
dicular to k, yielding a transverse optic mode. Because of
the intefattion between the.oscillating dipole moments, which
extends over a loné range, the frequency of the longitudinal
optic mode is greater.than that of the transverse dptic mode.
‘Specifically, fo: cubic érystals, vib - v%o «
to the infrared intensity. The longitudinal optic mode is not

(3u/30) 2, i.e.

infrared active because Ebis parallel to K in all absorption
processes and therefore the dipole moment change accompanying

the vibration is parallel to K for a longitudinal optic



mode and it cannot interact with the electric vector of the
radiation that is perpendicular to K. The dipole moment
change accompanying vibrations excited in Raman sdattering,
however, may be perpendicular or parallel to k. Thus both
the longitudinal and transverseQiific modes are Raman active

under certain polarizations and, of course, appear as separ-

ate peaks in the spectrum instead of the single peak predicted

by the unit-cell-group analysis. It éhould be noted that
this definition of longitudinai‘optic and'txansyerse optic
modes is quite different from that used to describe branches
of the dispersion curve diagram due to tfanslational vibra-
, tions‘(Figure>l.5), which is based on the direction of dis-
placement of the oscillating masses being parallel or per-
pendicular to k. | » ' —/
The approach taken in the treatment of the vibratig@s
of an orientationally disordered crystal depends on whether
the potential energy_gove;ning the form of the vibrations
is periodic (regular) or irregular. The approximately feg—
ular pqsitioning of the moiecular centers of mass in an
orientationally dis;rdered crystal indicates that the part
of the intermolecular potential energy that determines the

molecular positions in the'cfystal is approximately periodié.
Since this part of the potential energy also determines the
‘translational lattice vibrations, then as long as the trans-
lational vibrations do not couple significantly with othef

vibrations of the crystal they must be approximately mechan-

ically regular, and can bé represénted as plane waves and

36
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described by a wavevector. It is therefore expected that the
translational vibrations of an orientationally disordered
crystal, and hence the dispersion curves of the translational
vibrations, are approximately the same as those of the
ordered cryséal that has the diffraction structure of the
orientationally disorderéd one. The other vibrations of an
orientationally disordered crystal, i.e. the rotational and
intramolecular vibrations, are determined by an irreqular, or
ﬁon-periodic, potential energy and thus are mechanically
irregular vibrations that can neither be characterized by a
wavevector nor described by a dispersion curve. A much
different approach must therefore be taken for these'vibra-
tions.

The following theory of mechanically regqular vibrafions
iﬁ orientationally disordered crystals, which was f#pﬂt
described by Whalley and Bertie,’® has been used to treat the

translational vibrati

q!‘\?f an orientationally disordered

crystal, e{b. in Ref, §~ According to the theory, the

Ty

infrared or Raman spvu of the translational vibrationé

of an orientationally disordered trystal is the combination
of an%brder—allowed spectrum and a disorder-allowed spectruﬁ.
- The order-allowed speétrum results from the regular part of
the dipole moment or polarizability Qeri§ative, and is con-
fined to the zero-wavevector vibrations éf the diffraction
structure that are allowed by the diffraction symmetry of. the

crystal. The disorder-allowed spectrum arises from the

irregular part of the appropriate derivative, which activates



| tional v1bration with frequency v is proportlonal to v

R Klug, Wong and Whalley

511.~1023 vibratiohs per mole of crystal.' The‘absorption or
'scatterfng intensity at frequency v byftheseAdisorder-allowed
;dbrations is given by I(v)-g(v), where g(v) is the dehsity
of states-function and I(v)'is the infrared-absorption or

: ;o .

Raman-scatterlng 1nten51ty functlon. v L_

The 1nten51ty functlon I(v) descrlbes the relative

.intensity of a disorder-allowed vibration as a~function of

“w -

. its frequency and I(v) descrlbes the lnten51ty of a dlsorder—

allowed v1bratlon relatlve to that of an order—allowed vi-

. bration. The absorptlon 1nten51ty of one dlsorder-allowed

vibration is a flrst-order effect of the dlsorder, ’¢ and is
apprbxlmately 1/N of the 1nten31ty of order— llowed v1bra—
tlons, where N is the number of unlt cells in the crystal.
Although each dlsorder-allowed vibration 1s weak, sO many

are actlve that the absorptlon 1nten51t1es of the order-
allowed-and dlsorder-allowed portions of the spectrum are
5 ' .

expected .to be comparable. The scatterlng intensity of

the dlsorder-allowed spectrum, however,'ls a second—g\\er

o

effect of the dlsorder andJJ;expected to be weak compared to"

76

the order-allowed spectrum. 4The Raman'spéctrum of the.

translat10na1 v1brat10ns of an’ orlentatlonally dlsordered

?crystal is therefore expected to be: domlnated by the order—

“allowed spectrum SR , | . - 7.

) Whalley and Bertle showed that to zerothvapproximation :

Athe intensity of absorpt1on of a dlsorder-allowed Eransla-

2

i

showed that to zeroth approxlma— »j%ﬁ\

R ey

67,76

-
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' tlon the 1nten51ty of Raman scatterlng is proportlonal to
v,\‘leferent assumptlons durlng the derlvatfdhs can lead to
other 1ntenslty.f~unct10ns77 but hF is clear in all cases that
the features in the disorder-allowed spectrum reflect features
ln the density*of states. -An'approximatiou to the density
of states can thus be obtained by dividing the‘disorder—

'allowed Raman or infrared spectrum by v or v2.

The den51ty of states g (v) descrlbes the number of
vibraticnal states with frequency v, and can be found for
mechanically-regular vibrations from'their dispereicn curves.
The density of states is'inlgeneral a slowly»varying fuuction
but exhibits m;xima or abrupt changes Of‘slope (inflection
points) at frequenc1es correspondlng to crltlcal p01nts in’ &
the Brlllouln 'zone, where a crltlcal p01nt is defined as a
position‘cn/the dispersion curves where all derivatives
dv/3k vaniEh 78" Thus,—a max1mum af 1nf1ect10n point in- the
dlsorder allowed spectrum is a551gned to a vibration about .
which the dlsper51on branch is nearly flat, "and this norm—’\
ally occurs at the zone center or at the zone boundary -
Minima in the den51ty of states occur between crltlcal
p01;ts, at frequencies for whlch there are few or no v1bra—r

“tlonal%statesvof anyﬁhavevector. As a check to the assign-
.mehts)the,frg?uenciesjof the vibrations at Critical points
in the Brillculn ?one‘can be calculated.using mcdel potential
functlons. ¥ i . |

| ~The mechanlcally 1rregu1ar v1brat10ns of a disordered

“crystalwmust be treated.qulte dlfferently because they are
not describeg 5y‘a'wavevector so that dispersion curves can

©
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‘not be defined for them. One approach has been’®”%! to
calculate the frequencies and normal coordlnates of the vi%
‘brationsof a large, representatlve sample of an orientatlon—
ally disordered crystal that has been constructed so that
the sample satlsfles cycllc boundary condltlons similar to
those of the unlt cell of an ordered crystal. The 1nfrared
or Raman 1nten51ty of each v1brat10n can then be estlmated
through the bond moment or. bond polarlzablllty approx1matlon.
Inia successful calculatlon, the calculated infrared and
Raman spectra reproduce the basic features of the observed
spectra, and the calculated normal coordlnates are then be-
lieved to qualltatlvely reproduce the actual normal .coor -
dlnatesof the crystal to ‘good approxlmatlon. Whether this
1s actually accompl‘ghed depends on whether the structural
and potentlal energy models falthfully represent the struc—.

"ture and forces of the crystal. Few suchecalculatlons have \\\\
been reported, and thus the spectra of the mechanlcally ‘

1rregu1ar v1brat10ns of orlentatlonally dlsordered crystals

have normally been assigned in a very general, qualitative

way .
1.5, The Vibrational Spectra of the Icgs . )
| Because of the fundamental 51gn1f1cance of 1d£/;h, its

vibrational spectra have been exten51vely studled, but the

1nterpretat10n,of the spectra has been hampered by the dlf-

'flculty of treatlng orlentatlonally\dlsordered and hydrogen—

bonded@crystals thedretlcally.. The spectra of the other
é@

¥
LN W

© Ry



B

phases of ice are therefore potentially very useful since
their spectra must reflect the structure of the ice and‘nay
be easier ,to interpret than~those of ice Ih. ’In particular,
the spectra of the ordered ices, II, IX and VIII, hold prom-
ise of being understood in deta11 since the problems arising

from disorder are not present. Thus, as the simplest phases

[y

'of a simple hydrogen—bonded molecule, ices II, IX “and VIII y

are especiaily_important in the attempt to determine the

~

important 1ntermolecu1ar 1nteract10ns ‘and to understand the
spectra of the ices and hvdrogen bonded crvstals in general

The exper1menta1 facts and the accepted interpretations of

LN

the spectra of t;

‘ B vﬁ
more complete hlstorlcai account can be found in varlous

reviews.3r5,82=8%4

The spectra of the gas phase molecule are the starting

points for the interpretation of the spectra'OfACOndensed
phases, so the vibrations of a gaseous water molecule are
given in Table 1.5. The band due to the~symmetric'd-Hv
stretching nibration, vi, isvstrong.and the bands due to the
H—O—h bending vibration, .é, and the antlsymmetrlc O-H
stretching slbratlon, V3, are weak in the Raman spectrum
while the reverse is true in the infrared.’ vlsand~v3 have
.different symmetries in .the gas phase, but this is not gen-

. erallyvthe case in the solid. hBecause of this and. the fact -
that vy and v3 occur at simiiar frequencies,'the vl'and Vs

vibrations are dlscussed together as the O~ H stretchlng vi-

bratlons in this sectlon. The O-H stretchlng, H-0- H bendlng,

e
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Table 1.5

The vibrations of a water molecule in the gas phase

. . . symmetry" a _— a
vibration : x . (C,.) HO DO HDO
. 2v 2 2 ‘
v, symmetric O-H stretch A 3657 2671 , 2727
v, H-O-H angle bend L Ay 1595 1178 1402
‘ , “ ,
v, antisymmetric O-H stretch - Bj 3756 2788 3707

a .
From Reference 83.



rotational ana translational vibratigns have quite differeht"
\ oo -

frequdncies in the ices, ~3250, ~1600, ~800 and ~200 cm ;‘

4 .

respectively, as shown in Figure 1.7 r ice Ih,»so each type

of vibration will be considered separaﬂely in this section.’

h'The disc 551ox\for each type begins w1th the spectra of the
e

disordered ic

Ih and continues ‘'with thoge of the high
pressure ices. |

The infrared and Raman spectra of the,O-H and O-D

stretchlng ibrations of ice Ih consist of 5r0ad bands span-

nlng seve{pl'hundr a wavenumbers,‘as shown 1n Figure 1.7.

There has’bee much speculatlon about the orlgln of the breadth

. (e.g. Ref. 82) ut it is' now known to result ma;nly from -

'-strong coupllng f the O-H oscillators.®!r®3,86 \Perhaps the

O-H or O0-D oscillators, wh;ch occur

in dilute mixtures pf HDO in DZO or Héo ice, and whlch are
. \

descrlbed as v (HDO and v (HDO) for brev1ty. These\are ' \\

: .
shown in Flgure 1.8 £br ic Ih\and other ices. The spedﬁra

§
of these osc1llators hive provided an 1mportant key to under—

‘standing the spectra of \the c upled.osc1llator and are the
startlng point of this discussion.

///— A correlation betweén v DO) or vy (HDO) “and the

oD "

0--+0 distance (R,,.,o) in Yiydrog n-bonded crystals has 1eng

been recogniz’d;°° The most\recent study®’ yielded \

- -1,% . = 88
_ dvoﬂ/d 0+ ++0> 1843 cm ~/A an dYOD Ry..e.0 1362 cm /A \

\

for R, = 2, G“ﬁ, the separation in ice Th. The frequency\

o-.oo

inéreases with the distance due ¥o an ipcrease in the O-H or \
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Figure 1.7 The v1brat10na1 spectra. of Hzo ice Ih at 100 K.

. 2) Infrared spectrum. B) Raman spectrum.
s . From Reference 85,
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figure 1.8 vOH(HDO) and vOD(HDO) of ice Ih, ice 1I, ice IX
o and ice V at 100 K. From Reference 41.
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0-D bond strength at the expense of the H-*-0 or De++0
hydrogen bond strength. - _ g

The appearance of a single peak due to vOH(HDO) and a
fsingle peak due to vOD(HDO) of ice Ih (Figure 1.8) implies

a single 0+ ++0 distance and hence that all oscillators are

equivalent, even though the diffraction symmetry predicts a
difference between O-H+-°O bonds parellel and inclined to

the c-axis. The spectroscopic evidence actually agrees with
the structure since the predlcted difference is known to be
small.® The HDO frequen01es and bandwidths for ice Ih at
three temperatures are given in-Table 1.6. The infrared
absorptlon by vOH(HDO) below 100 K has not been reported,

" but the méasurements so far have indicated that vOH(HDO) is
broader than vOD(HDO) at all temperatures,'in bpth the infra-
red and Ramanispectra; It should be noted that v, (HDO) and

vOD(HDO)‘are broader in the infrared than in the Raman. The

25 cm™ ! halfwidth of the absorption by Vop (HDO) in ice Ih

-1

must be compared with its halfwidth of ~5 cm in the ordered

ices, II and IX.!r“! The greater halfwidth in ice Ih has

been attributed to the small range of 0+++0 distances in ice

Th that must be present because of the disorder.®®:°® From -

the correlations between v, and Ry the halfwidths of

ee(’f
(HDO) and of Vo (HDO) suggest a range of O-++-0 distances

of ~0.015 A, which is consistent with the results of the

31

diffraction experiments. The increase in VOH(HDO),and in

vOD(HDO) with temperature has been attributed to an increase

in the O++<0 sepgratien, résulting-from the thermal expan—



- Table 1.6

y HDO frequenciesa (bandwidthsa) in ice Ih

Infrared Raman
VOH(HDO) vOD(HDO) vOH(HDo) vOD(HDo)
<10 K 2413.5 (25)b 3264.8 (25.8)c' 2413.2 (17.3)°€
&- .
100 K 3270 (35)d 2416 (20)d 3272.2 (27.0)c 2418.4 (18.0)C
269 K 3300 (60)d 2445 (40)d

3314 (58)° 2448 (31)°
. [

2 Units in cm-l. Bandwidth is the full width at half height.

Reference 2. 2% HDO.

© Reference 88. 1.5 to 2% HDO.

Read from graphs .in Referénée 89.

0.3 to 0.5% HDO.

€ Reference 90. Bandwidths estimated from spectra. 3% HDO.
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sion.%+®® fThe increase in the halfwidth with temperature

has not been satisfactorily explained, but it is likely due
to anharmonic effects.
It may be noted here that Scherer snd Snyder observed

two weak features to high frequency of the VOH(HDO) and

(HDO)‘peaks in the Raman spectrum that maintain the.came
1nten51ty relatlve to the main peak for concentratlons up to
‘25% HDO.°° They attributed these peaks to comblnatlons of

(HDO) or v, (HDO) with translational lattlce vibrations.
This is the only reasonably definitive evidence that such
combinations influence the spectra of ice, although the struc-
ture aseociated'With X-H stretching bands in hydrogen-bonded
X- —HesoY systems has long been attributed to combinations of

the type Vv(XH) 2 v(X---Y), an a551gnment that is deflnltlveb

*
oy

for gaseous complexes %1 put much less so in solids.’
Haas and Hornig®® studied the'infrared absorption by

HDO as a function of HDO concentration, at -190°C. At 18%

" HDO in HZO they observed two distinct shoulders at 2393 —

and 2442 cm-l, symmetrically displaced about the main peak

at 2416 em~l. The shoulders were attributed to the in-phase

e

and_out—of-phase vibrations of céhpled 0-D oSci}lators on
heighbouring'HDO moleculest From the frequencies and‘relatiVe
imtensxties Haas and Hornig deduced that the 1ntermolecu1ar'
O-D'--O D coupling conetant for ice Ih is =0. 123 mdyne A 1.

In summary, the studies of. vOH(HDO) and Vo (HDO) in

jce Ih showed that all of the osc1lTﬁtors are essentlally

equivalent, and yielded the frequency of the ;nter- and 1ntra—

48
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molecularly uncoupled oscillator. The strength of the O-H
or O0-D bond was found to increase with temperature, and there

was evidence of combination bands of Vou or Vop with trans-

lational vibrations. Finally, the value of the intermolecular
0-D- ++O-D coupling constant for ice Ih was found to be

o_ _
~0.123 mdyne A L.

Ritzhaupt, Thornton and Devlin®?' recently prepared

intermolecularly uncoupled D20 in HZO ice Ic by simultaneous

'

cpdeposition of a dilute beam of D,0 with a dense stream of
H20 molecules onto a thin film of HZO ice Ic held at 135 K.

Uncoupled HZO in D20 ice Ic was prepared by a similar method ?°

and the infrared and Raman spectra of both samples have been

9k 95

reported. ' The peaks that were observed at 3200 and

3270 cm_l.in the spectrum of uncoupled H.O at 90 K (2367 and

2

2444 cm T for D,0) were assigned®*:%% to v, and v, respectively,

1
and the peak at 1732 cmfl (1230 cm—1 for DéO)'has been assign-
ed®*,%% to v,. The frequency difference between v, and

2
vOH(HDO) at 3270 cm

3

Lat 90 k (2418 em™'  r v (HDO))®®

suggests, after allowance is made for anharmonic effects, Y.
that the harmonic intramolecular stretch-stretch interacbjﬂﬁﬁm

Ny
in ice I, which

°—

is ~0.06 mdyne A los, 96

force constant k__,

o .
compares to ~0.101 mdyne A 1 for the 'gaseous water molecule.’®
The asymmetric splitting of vy and v, about véH(HDO) and
vOD(HDO) has been attributed to Fermi resonance of 2v2 with

°5,%% 'and this is the only direct evidence that Fermi

Vi
resonance does influence the spectra of the ices. The results

of this experiment were not available for any of the calcu-
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lations that are discussed in this section, but the results
support the previous indications'/?:®! of a more positive
value of Frr; in the ices than in the gaseous molecule.
The O-H or O-D stretching bands in the spectrum of

Hzo or Dzo ice Ih arise from the coupled HZO or DZO stretching
vibrations, and are described as vOH(HZO) and voD(DZO). The

‘ vibrations are mechanically irregular, as explained in Section
1.4, so the interpretation of their spectré ﬁas been largely
‘gualitative, speculative and simplistic,malthough two assign-
.ments based on calculations have been‘reported.”r81 The
current status of the interpretation of vOH(HZO) and

Y D(DZO) is presented nexﬁ, firstvfor fhe gualitative approach
and then for the quantitdfive approach. Finally the behavior

of the frequencies and halfwidths of the stretching vibrations

is discussed.

£ ' .
In the most detailed of the qualitative studies, Whal-

84

ley correlaj:d’features in the spectra of disordered ices

to the featurek in the spectra of corresponding (and sometimes
hypothetical) ordered ices, on the justification that he ex-
pected unit-cell-group-allowed vibrations to dominate the

spectra of even the. disordered ices, with the disbrder-allowed

vibrations broadening the peaks and contrlbutlng to a broad

ratios. The pr1nc1pal.features 1n'the$b-§ aquo—D s;;eggh}néwl

~
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bands on the basis of céiculation has.resulted from a clas-

51

bands of ice 1h can be seen in Figure 1.9, and Whalley's
assignments are listed in Table 1.7, where the bands are
assumed to be due to mixtures of vibrational types, and the
assignments merely indicate the principal compdnent of the
band. The assignment of the 3083 cm“l Raman peak to the

in-phase v, vibration, i.e. to the crystal yibration in which

1
all of the molecules undergo their symmetric stretching motion

in phase, is consistent with the long-accepted assignment

L9
of the peak to a component of v1°3'T7 but the assignment of

one feature to the longitudinal optic and one to the trans-
verse optic vibrations due to ) has not been proposed before.

——

It has been disputed ®'! and defended,’® and is of uncertain

reliability. The discrepancy between the frequencies of

corresponding peaks in the infrared and Raman spectra was

9

explained by Wong and Whalley, ®° who argued that maxima in °

[ 4
the infrared intensity occur when the amplitudes of the
molecular displacements are strongly correlated with the
molecular orientations, whereas maxima in the Raman intensity

occur where the molecules vibrate as nearly as possible in
*u

phase.

The only attempt to assign the O-H and O-D stretching

~

20 e ;
sical mechanical calculat;oﬁfof the vibrational frequencies

and intensities of a disordered model of ice Ih, ca;;}ed out

- by McGraw, Madden, Bergren, Rice and Sceats.’' The/model

consisted of a 64 molecule proton—disordered sample satisfy-

ing cyclic boundary conditions, having no net dipole moment,
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~Figure 1.9
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' Raman and infxa:ed spectra of Hzo\hnd 020 ice

Ih in the OfH‘and_OQD:stfétching regions, at

100 XK. From Reference 84. o l .
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Table 1.7
* . Features of the O-H and O-D stretching bands of ice 1h @
_ H,0 | . D0
. o ‘Raman infrared Raman infrared whalley's assignment a

B o 3083 3150 2295 2332 v, in-phase |
3209 3220 2427 2425 vy 7O
3323 3380 o 2485 v, 10 »
3420 2547 \ V) out-of-phase

ty
a
Reference 84.
. . -5 X Sy
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and lncludlng tetrahedralfs‘brogen-bondlng aboutleach mole-

cule. Their treatment, which they called the 'reduced vibra- ¥
tional ‘model', included only the;§tretch1ng dlsplacements,
of each molecule, and the force field included intramolecular;

Py

near st#nelghbour lntermoledﬁlar, and long range intermolec-

ular, oupllng between osc1lla§prs. The O-H and 0-D stretch-

'1ng force constants were known f%om studles of vOH(HDO) and

b'(HDO), the nearest—neighbour intermolecular. coupling
constaht was set to -0 15 mdyne A 1, which they argued was

4
within the experrmental error of the observed value, —0 123

.. mdyne A-l'93 and the long-range 1ntermolecular coupllng

constants were calculated by assumlng the o-H bonds to be'
(\,Q

p01nt dlpoles, so that the potential energy (and its derlv-

atlves) was calculable for each conflguratlon of O-H

oséillator pairs in the model. The' only parameter 1eft»to’

“be varled was the 1ntramolecular coupling force constant,

whlch could not be established by 1ndependent data at that
time. The denslty of states for the 128 v1bratlons was found

through the Wilson (or GF) formulatlon of the molecular normal

g mode*problem,56 and the 1nfrared and Raman spectra were ob-

talned from bond momen%hand bond polarlzablllty calculatlons.

There was good agreement between the observed and calculated

Raman Spﬁctrén but agreemen, less gbod with the 1nfrared
spectra. They argued that this resulted from approxrmatlons
that are not as rellable as those in bo&d polarizablllty

calculatlons, 81 so that the poorer agreement w1th the infra-

\red spectra ‘arose pr1nc1pally from the intensity, and not the
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ng-» ST

frequency, calculation. The results suggest “that the calcu-
lated density of states is represenktative of that of the true

crystal, and that the character ofriibrations in ice Ih can

be assigned®by analogy With the character of the calculated
vibrations. The calculated eigenvectors indicated that the
lowest frequency band is due to the in-phase vy vibration,

in agreement with the accepted assignment, but with Varying
amplitude from one oscillator to another.: All of the other
vibrations are mixtures of symmetric,’vi, and antisymmetric,
Vg molecular vibrations, and therefore_cannotabe simplyrh
assigned to either‘\)l or vi. ~However, the vibrations at both’
ends‘%f the frequency range of the denSity of states mainly ,
involve Vyv while the Vibrations in the middle (near 3270 cm -1
in"H O) mainly inVolve v3“' A . | ‘

| The breadth of the O H and 0-D bands calculated by Rice

c A

et al81 resulted mainly from intermolecular coupling, as was

8 6.

'long believed to be the case, whiIe the distribution of

frequenCies within the range was strongly affected by the

intramolecular coupling constant.‘ The long-range intermolec—

ular .coupling appeared to have little effect on the spectra,‘
except pOSSlbly to add to their diffuseness, thus implying

that longitudinal optic-transverse optic splitting had little\
S G
effect on the spectrum, in contrast to Whalley s suggestion

‘ -1

‘A'weak, broad shoulder about 100 cm to low frequency of the:

main peak in the Raman spectrum, which increased in relative

8% was aSSigned to a difference

intensity w1th«the temperature,
combination transition withﬁa Vo

',ﬁ% p

: e’l 88
— \)T'

Vibration, '

\’OH
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but all of the other features in the infrared and Raman

[y

spectra of the O-H and O-D stretching vibrations were assigned

to fundamental transitions.®’ .

: ' RNEN o
vOH(HZO)_and vODJDzo) of ice Ih increase with tempera-

ture for the same reason that Voy (HDO) and v, p (HDO) do, i.e.
because of thermal expansion. ' The increase in temperature

ie also accompanied by a broadening‘of the peaks and‘features
in the spegtra. For example, the halfwidth of the main Raman

peak is 19 em L (13 em™! for D,0) at 10 K,%% 44 em™t

-1

(26

1) at 130 K,°° and 154 cm ~ (72 cm~ 1) at 269 XK.?° The

increase. between 10 and 150 K was attributed to scattering’

of the symmetrlc O-H stretchlng v1brat10n by opt1ca1 phonons

-1

of effectlve frequency v =~ 200 cm to comblnatlon states of

frequency vOH + V. Above 150 K some addltlonal mechanlsm

ee@s to contribute to the breadth.®®

<SP

o ’ Thus, the origin and behav1or of the features in the

infrared and Raman spectra of the O-H and O-D stretchlng
v1brat10ns .of ice Ih appear to be reasonably well understood

The interpretation of the spectra of ice Ic is likely to be

‘ > similar since the spectra of ice ic are identical to thoée

of ice Ih in all but the absorptlon by the translatJOnal

vibrat;ons. 00 Indeed, the s1m11ar1ty between thé spectra

of iees Ih and Ic has ofteh been an important feature in

gualitative iqterpretatidns of the spectra of ice Ih (e.qg.

| Ref. 84).

None of ‘the high pressure 1ces has been studied as

extensively as ice Ih.. As a result, their spectra are only
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qualitatively interpreted, \with the exceptions of \ice II and

ice IX for which normal coordinate and intensity calg¢ulations

have been used to interpret the infrared spectra of Jhe O-D

2

stretching vibrations,!r2? and ‘the simplest phase, ice VIII,

whose Raman spectrum has been agsigned largely on symmetry

considerations.! ®!

The infrared spectra of the \uncoupled voﬁ(HDO) and
vgp (HDO) vibrations in ice II, ice\IX and ice V, which are

shown in Figure 1.8 (p. 45), are typical of the high pressure
iées. fhe peaks occur 50 em Y or mork to high frequency of -
the ice Ih pe.ak,“l which indicgtes slightly weaker hydrogeﬁ
bonding in thé high éressure ices in agreement with the
diffraption result of greater nearest-neighbour O--fO dis-
’tances in the high pressufe ices. The uncoupled yibrations

have not been observed for the ordered jce VIII, but for the -

other ordered ices, II and IX, four and three peaks respec-

1, were observ

tively, with halfwidths of ~5 cm_ in the

infrared speétra.”’ The multiple peaks reflect site splitting
or multiple site splitting only, i.e. they reflect he number
of non—eqﬁivalent.hydrogen bonés in fhe structure. 'Tiey are
assigned toxthe O-H-+-0 bonds of different 1ength$ so that

the frequency increases as the lengfh increases.!
The peaks in the spectra of ice V have’halfwidths of ~150 c¢

1 for \)OD(HDO),'01 so are even broader

,‘for VOH(HDQ) and QO'cm
than those in the spectra of ice Ih,.probably reflecting
both the multiple site Splitting and the broadening due to

-slight variations in the'O-'-O\distances as a result of

i [ ) S g
_ : -

3
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dlsorder.

o

L

The Raman spectra of the coupled O-H and 0-D Str@“&hlng
vibrations of ices Ih, II, Ix, v, VI and VIII are shown in’

Figuyre 1.10. Each Raman spectrum is dominated by a strong,
-1 -1 in the bzo ices)

and contains one or more hlgher—frequency features of lower

low-frequency peak near 3150 cm (2350 cm

intensity. In all of the ices the low-frequency Raman peak
| haﬁ%ﬁn 1sotope ratio vOH(HZO)/vOD DZO) of 1.35 to l 37, is
1ntense in the Raman spectrum, and" occurs in a region of
low absorptlon in the infrared spectrum. 7el 02 ‘Thus, the
low-frequency Raman peak has similar propertles to that of.
vy in gaseous water, and therefore is generally a551gned
‘to the 1n—phase vy v1bratlon of the ice. The hlgher-frequency
‘O-H or 0-D stretchlng bands in, the Raman spectra of the hlgh—«u*'
pressure ices have been 1nterpreted in detail only for ice
VIII. In thms case the symmetrlc, Vqr and antlsymmetrlc, v3,
v1bratlons of a water molecule are completely uncoupled, by
symmetry,_and the 3477 cm 1Aandf3448 cm -1 peaks of H20 ice
' VIII were assxgned to vy and v3rrespectively, on the basis
of isotope ratios of 1.365 and 1.342 respectively.'’’ The
isotope ratio of~higher—freguency'features in the other high-
| ~_ pressure ices is typicall.y':~1.33,"’;r1°2 suggesting that they
are due to ﬁainly\ﬁgvibrations‘ hut symmetry does not restrict
mixing ofvvi and‘v3 v1brat10ns in’ these ices. o ' v -
There have been only two previous reports of the Raman \

spectra of ice II and ice IX (or quenched ice III). Taylor

and Whalley'7 reported the mercury-arc-excxted Raman spectra

3
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ICE VIl _RAMAN
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F;gure 1.10 Raman spectra in the O-H and 0-D stretching
regions of ices VIII and Ih®%; ices II, IX and
"v97; and ice VI,102 from top to bottom. At
100 X. The Raman peaks of ices II, IX, V and
VI are indicat?d by arrows. |
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(2353) cm ! and 3314 (2489) om
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" of the 0-H and O-D stretching vibrations of ice II and ice IX

quenched to 77 K and atmospheric pressure, and the spectra

are reproduced in Figure 1.10. Peaks were observed at 3194
-1 in the spectrum of H20 (Dzo)
\ '

-1

ice II, and at 3159 (2327) cm  and 3281 (2457) cm © in'the

spectrum of H,0 (D 0) ice IX (reported. as jce III before the
*
phase was identified as ice IX). The peaks were assigned®’

as above. Kennedy et all!?®® reported laser-excited survey
Raman spectra of the D20 ices II and III at temperatures and

&

pressures within their regions of stability. The frequencies

- were not listed, but two peaks were observed in. each spectrum

at frequenc1é§ normally assigned to O-D stretchlng v1brat10ns.
The peaks were of equal intensity in the spectrum of D20 1ce
II; but the low-freguency peak was stronger 1n the spectrum

of D20 ice III. The spectra were not interpreted

The infrared spectra.of the O-H or O-D stretchlng vibra-
tions of ices Ih, II, 1V, V, VI and IX are shown in Flgure
l.ll. The 1nfrared spectrum of each ice phase contains a
strong, broad band centered near 3250 cm -1 in the H,0 ices’
and‘neer‘2400 em™t in_che D,0 ices. In general, the spectra

of the ordered ices show morexstructure than those of the

disordered ices, and the spectrum of a DZO'ice is better

resolvedithan that of the corresponding Hzo,ice.v Thus,
. LY

between 2340 and 2550 cm 1, six bands were cbserved in the

| infrared ‘spectrum of D20 ice II and five bands in Eﬁe Ainfra-

red spectrum of D,0 ice 1x'+2+*1 and 51m11ar.structure was

observed in the infrared spectra of HZO ice II and ice IX,
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although the bands were not as well resolved."! oOnly two,

broad features were ohserved in the spectra of ices IV, V and

vI between 3100 and 3500 em ! in the H,0 ices ‘and between

2300 and 2600 cm'—l in the D,0 ices2? /4,43 .
The infrared spectra of the O-H and 0O-D stretching
vibrations of the disordered high-pressure ices have not been

‘1nterpreted, tHe only qualitative a551gnment belng for H20

62

ice IV, which Engelhardt and Whalley suggested?’ was dominated

by v, with“important contributions from Vyr particularly in

the wings of the band, . following Whalley's assignmenta“ of the

1nfrared spectra of the 0-H stretching vibrations of ice Ih.
In contrast to the necessarily inconclusive assignment
of the spectra of the high- pressure dlsordered jces, the O-=H
and 0-D stretching bands in the infrared spectra of the
ordered ices should be due +o the vibrations of one unlt celi,
and therefore are ﬁuch more suitable for calculations. For
example, Bertie and Bates'’? interpreted in detail the infra-
red,spectra of the O-D stretching vibrations of D20 ice II
‘and D,0 ice IX thr9ugh calculatioh‘of the zero-wavevector

2
normal coordinates® and frequencies and the relative intensi-

)

ties of the 0-D stretching vibrations. Their calcclation
model included only O-D stretching displacements, and the
force field included intramolecular and nearest-neighbour
intermolecular interactions. The intramolecular coupling
constants were determined frcm’the FS correlation3°“r‘°s The
nearest-neighbour intermclecular cocpling constants were

calculated by the method that Rice et al®! later used to cal-

L
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»

culate the long-range intermolecular interaction constants
- of ice Ih, as described earlier, but Bertie and Bates scaled
the calculated coupling constants by the factor necessary to
.correct the value calculated for the nearest-neighbour
,OeD---O—D interaction‘in ice Ih to the obsei'ved93 value,
—0.123,hdyne g-l.’ The infrared intensity patterns for ice II
and ice IX that were determineg through bond moment calcula-
tions agreed well with experiment if the diffuse b;eadth of
the observed bands was ignored. The eigenvectors indicated
that almost all of the 0-D stretching vibrations that absorbed

appreciably were mixtures of symmetric and antisymmetric

stretching vibrations, and"so only one feature could be

- assigned simply to v, or v3.Athe very strong peak at 2462 cm -1
in the spectrum of ice IX at 10 KX, which was a551gned to the
strongiy~abso;bing Vg vibration calculated at 2464 cmfl. The

infrared sPectrum of ice VIII, the only other ordered ice,
has never been reported, but should contain only two peaks,
one due to a vy vibration of Ay symmetry and the other due

8 b ‘Hence the infrared

~to a v, vibration of E, symmetry.
spectra~of the O-H and 0-D stretching vibrétions of ice VIII
should be particularly easy to interpret. -

The bendlng, or V2' v1bratlons of the ices are consid-
ered next. Features near 1650 cm (1200 cm. ) in the infra-
red and Ramee spectra of the HZO (D20) ices have been attrib-
‘uted to the H-OQH (D-0-D) bending vibrations, by enalogy with
the‘spectra of watet.vapcr (Table 1;5), end from the ratio
of the frequencies of the'HZO and Déo ipes; which is 1.362

&

?
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ice Ih, shown in Flg

weak, broad and generally featureless.m

spectrum is further complicated bY»a,probabLe overl . of the
U u

bands due to Vo vibrations with overt e and comblnattpn*h‘;

bands of the lattice vibrations, partlcularly 2v . Asﬁ% .kim

result, there have been no detalled 1nterpfetatlons of thﬁ$
%'
region for any of the ices. | b

&

The spectra of the rotational lattice vibrations are

observed between 450 and 1000 em 1 for the H,0 ices and

-1

between 350 and 725 cm for the D20 ices. The observed

2O and D20 are in the

range 1.34 to 1.41,%',*3,99%,%%, 101 jpn good agreement with

ratios of the peak frequencies of H

the isotope ratios calculated for the three rotational vibra-

tions of an uncoupled water molecule, which are the inverse
ratios of the square roots of the appropriate>moments of
inértia. The good agreement suggests that the peaks are due
to vibrations that are almost purely rotational 1n character,
with little or no translat10nal character.

The spectra of the rotational lattice vibratiohé of
Héo rée Ih are shown in Figure 1.7 (p. 44). The infrared
spectrum'is a broad band with poorly resolved shoulders and

a halfwidth of ~175 cm !

» and the Raman spectrum is similar.
These characteristics are typical of the spectra of the

rotational vibrations of the disordered ices. The spectra
' ¥ 4

The région of the _f“fl E
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% of the rotational vibrations of the ofdered ices, however,
show considerable\structure, with peaks as sharp as 5 cm-l
@, in halfwidth in the Raman spectrum of ice VII;Ahnd as sharp

as 10 cm 1 in halfwidth in the infrared spectra of D,0 ice

hl

II and ice IX.!s The frequencies %§ the peaks due to

the rotational v1brat10ns of D20 ice II and ice IX decrease

by 4 to 8 cm -1 Aq the temperature increases from 10 to 100 K.
.

*\\_;~b£/peaks also broaden slightly with lncreaSLng temperature,

resulting in poorer resolution at higher temperatures.':?

Becﬁise of the complexity of the spectra and of the
structures, the spectra of the rotational vibrations have not
been interpreted in detail for any ice. 1In fact, apart from

N Bertie and Whalley's assignment of the sharp features in the

spectra of ices II and IX to zero-wavevector fundamentals"!
the only assignment of the rotational vibrations that exists

is for the simplest phase, ice VIII. There are only three

101

Ramaﬁéactive rotational vibrations of ice VIIi, of symmetry

'; , : 101
2g f_QEg~under D4h’

the*548 4 cm =1 (398.9 cm-l) peak- in the Raman spectrum to

and Wong and Whéfley have assigned

thg;Bzg vibration on the basis of the isotope ratio. Two

’oéhér sharp peaks appear in the Raman spectrum of the rota-

~tfoﬁa1 vibraticns of ice VIII and were assigned to the two
7Egv;6taéidnal vibrations. '°! '

. . }"ﬁ-“
'wuwf“ : The translational v1brat10ns of the ices give rise to

14

‘the features betWeen 10 and 325 em -1 in the far-infrared and

n35;lowffrequency Raman spectra of the.ices.' The translational
”‘_Vibrations result from the,oscillaﬁibqg\of the mglecular

&



- for the hypothetical harmonic vrbrations. The observed

of ice 1c 100 (Figure 1.12). ' o ; 1 e

(el
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centers of mass about their equilibrium pos1tions in the

lattice. The, frequency is therefore 1nverse1y proportional
to the square root of the molecular mass, and the ratio of

the peak frequencxes of nzo and. Dzo is calculated to be l 054

isotope ratios are . l. 02 to 1. 05 “2 “3 5"‘°‘ indicating that

the vibrations are almost purely translational in character.

»‘The departure from the ratio of the harmonic vibrations+<has .

'been attributed in part tO'different effective 1ntermolecular

potential constants of HZO and DZO'
The far—infrared spectra of the translational Vibrations
of ices Ih, Ic, V, VI, II and IX and the Raman spectra of the

translational Vibrations of ices Ih and VIII are shown in

-Figure 1.12. . The appeafance of sharp features in this region,

which can be seen in the spectra of ices 11, IX and’ VIII, is

oy

~clearky characteristic of the ordered phases, while the -

~spectra of the disordered ices are typically broad. It;.’iti_%

3

should be mentioned here that the only known difference ' ¢

between the v1brational spectra of ice Ih and ice Ic occurs

.

in the far-infrared spectra of the translational V1brat10ns,

where a doublet near 160 cm -1 -in the spectrum of ice Ih at

4.3 K corresponds to a srnglet at 160 cm -1 in. the spectrum .

T
&

" The far-infrared and Raman spectra of the translational

'vibrations 8f ice Ih are quite similar. corresponding fea-

,'tures in ‘the two spectra have almost the gAme frequenciesf"

100, 108 although the relative intenSLties iffer considérably
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(Figure 1, 12) partlculafﬁy above 240 cm_ -1 ‘According to

Klug, Wong and Whalley, 76, 198 the frequency of the strongest
peak due to the translational v1brations is the same-in the

infrared and Raman spectra thin experimental error.

_ However, Bertie and Jacobs '°° suggested that the frequency

o

of the strongest pgak in the far 1nfrared spectrum is closer
to that of the shoulder at 229 em? in theRamanspectrum and
therefore that the origin of these two’features is the same.

| The theory of the translational vibrations of orienta-

'h“

'tLOnally disordered crystals that is described in Section

1.4 is particularly suitable for 1nterpretations of the

spectra of the disordered ices, since the isotope ratios

.indicateythat the translational vibrations are totally

uncoupled from the rotational vibrations. In fact, it was

‘in the first application of‘this theory that Bertie'and

‘ Whaliéy63 1nterpreted the far-infrared spectra of ice Ic and

ice Ih. The zero-wavevector‘61brations of each crystal are

inactive in the. 1nfrared but some are active in the Raman,
Q \

under the diffraction symmetry Therefore the far-infrared

absorption by ice Ic or ice Ih is solely the disorder-allowed‘

absorption, but the 1ow-frequency Raman scattering by ice Ic

or ice Ih combines both the dlsorder-allowed and the order—

: allowed scattering.

Bertie ‘and Whalley" 1dent1f1ed the maxima, minima and
inflection points in the far-infrared spectra of ice Ic, and

assigned the frequencies of maxima and inflection points to

critical points in the Brillouin zone. The frequencies were

v

\,
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fltted to a slmple harmonlc potentlal functlon which 1ncluded
only force constants for nearest-nelghbour 0e¢++0 bond—stretch—
1ng and O+++0+++0 angle-bending, from which the frequenc1es “
of the critical p01nts were calculated through relations

available for the.diamond structure. The calculated and

experlmental frequenc1es agreed well helow 240 cm 1; but’

there was no egplanatéon for the fundamental vibf%tional

states between 240 and 325 cm .

L ’ . . . . . %
The far—infra:ed spectrum of ice Ih was analyzed in a

63

‘similar way. - The relations between the frequenc1es of

crltlcal p01nts and the force constants were not then known ‘
for the wurtzite structure except at the zone center, but an

exact correspondencevekistsxbetween the- zone center frequen-

{

cies of wur21te0an¢ the frequenc1es at. the zone center and’

the zone boundary of dlamond. Therefo;e, the peaks in the

'ﬁﬁe-a551gneﬁ to-critical points at.thevzone
center for ice 1IN, and the ﬁ;equencies were calculated using
the same potep

agreement below 240 cm_-'l was good, but the,interpfetation“

al energy function as for ice Ic. “Again the

failed to xplain the existence of translational %ﬁbrations.

above'24l:

The features helow 24oapm-; in the Raman spectrum of

ice.Ihyar?'alsolwell explained by this.theory. Under the

Déh'diffraction symmetry, three zero-wavevector vibrations,
of Alg' Elg‘and'Ezg symmetty, are Raman active anq therefore
give rise to an order-allowed spectrum. Wong and Whalley

-1

,argued-that-the strong Raman peak.at 227.7 cm must résult

'}ﬁij?ﬁ ’ . : N
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| from some of these vibrations, since the order-allowed Raman

spectrum is- expected to be con51derably more prominent “than
_the dlsorder-allowed Raman spectrum (Sectlon 1.4). .The -
5cattering below 200 cm -1 is very weak and 11kely due to -

disorder—allowed vibrations, Accordingly, the features below

~100 cm -1 76 and the shoulder at 229 cm l,"the frequency of.

the strongest" peak in the infrared spectrum,l°° were assigned

to critical p01nts in the Brlllouln zone. Just as for the
1nfrared spectrum,‘however, the Raman scatterlng above 240
cnfl was not explalned by the dlsper51on curves.

| There haVe been ‘two basic approaches ‘to the 1nterpre-
tatlon of the absorption az%;scatterlng of 1ce 'Ih between

-~ 240 and 325 cm l. One -approach has been to vary the forge

-

licoustants and to 1nclude additional ones to 1ncrease the
£

freguencxéﬁ*at the Brlllouln zone center and Brlllouln zone

6 b sslse 71,

boundary. Thls usually resulted ig an lmproved

e
fit to the features above ZQQ cm. -1 but requlred potentlal

functlons that were unrqﬁllstib when gpplled to other phys-

&

ical measurements such as the compressfbllltwﬁl°s In the i

-1

‘other -approach, the vibrations above 240 cm have been'

attr1b£ted7°1°“”°° to long-range, generally electrostatic,_
g

oy

70

forces, as had been orlglnally §uggested\by Bertie and \‘Eg

Whalley. ¥ To 1mp1ement this, Faure et al have used one

,model that 1nc1udes orderlng of the hydrogen bonds along the '

c-axls 97 and another model that ‘places equal but OppOSlte

charges on neighbouring molecules}°° but there is no support-
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~iug evidence for either model. Wong and Whalley noted that

- "the scatteringﬂintensity above ~240 em™t is relatively
| : | | ‘ ‘ [

strong, (which) suggests, but certainly does not prove, that

it is connected in some way w1th the order—allowed Alg Elg

and Epo vibrations." f“ They. argued that the coupllng
constants between neighbouring O-:-0 bonds due to trans}tion
moment interaction can account for orderjallowed vibraé?ons
poth at 310 cm™® and at 220 cm Y, and they suggested that

longltudlnal Optlc transverse optlc spllttlng is not p0551ble

r'

in disordered sol!ds. Klug and Whalley 06 suggested that the’

model used by Wong and Whalley’® may be too crude, w1thdrew

the suggestlon thatvlongltudlnal opt %ﬁtzqﬁg jerse opt1c spllt-

it RN

¥ &%ggp;g;nd ar%ged that"
3 MR

'tlng is not possible in dlsordereu
%

absorptlon above

. v1brat10ns corresgy to transverse optlc vibrations
v .comprising the st ! aman peak at 229 cm-l.
N B ] & ‘ ’V . .
There is considerable discussion®®s!°® about the signif-

" icance of the terms longitudinal optic and transverse optic

modes for disordered crystals. - In ordered'crystais the’

longitudinal optic—transvér% ' ptic'splittingdarises from

. o

the long-range 1nteractlons of tran51tlon dlpoles, which are
spatially periodic 574#9 In disordered crystals the‘same

interactions exlst, but the transition dlpoles can not be

~

'pe;%odlc because of the dlsorder and the effect on the fre-

s

o )
(s Y0 .

quenc1es of'such lnteractlons is unclear. On th| other hand,

~ from a phenoménologlcal deflnltlon”9 longltudlqal optlc and

o ‘ . B E | ‘ _ [
. ‘ s , N

. X . v .
“&' “ . . ‘ﬁ- K . - N °
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transverse optlc modes necessarlly ex1st for any strongly
absorbing v1bratlon in any condensed phase. . Further, calcu-
latlons for liquid systghthave 1nd1cated that 1ntramolecular
VLbratLOns in liquids can sometimes yield v1brat10n frequen-

cies ranglng from near to the gas phase frequency to severalV

" tens of wavenumbers above it, due to long range transltlon

dipole—tran51tlon,d1pole lnteractlons 110 thus belng s1m11ar
to the.effect that Xlug and Whaliey called longltudlnal optic-
transverse optic splittlng in ice 1I. - ’

There have been no attempts to 1nterpret thé spectra

3

of the translat10§a1 vibrations of dlsordered ices othery“q$:ﬂ
than 1ces Ih and Ic, but treatmegnts similar to those used o
for the spectra of ices Ih and Ic would apply to them. The
treatment of 1ces Ih and Ic also suggests that the 1n1t1al

”ra of the translatlonal.v1bra-

attempts to explain the s:?
tlons of the ordered ;cesﬁﬁy calculatlon should use potential
fields that con51der nearest-nEAghbour O---O stretching and
0--—0---0 angle bendlng coordinates, but that long-range
eleﬁtrostatlc forces may cause longi nal optlc-transverse\
optic splitting whlch :ould manifest 1tself by yleldlng two

Raman bands for vibratlons that also absorb strongly.v Long~

1tudlna1 optmc-transverse optlc splitting may be seen in the

Raman speptrum of ice IX, since the E vﬂgiatlons are both g

) 0
1nfrared and Raman actlve, but’ thls cannot be seen in the
7
Raman spectra of iceg II and VIII 51nce they are centrosym—
metric and Raman-actlve v1bratlons are 1nact1ve in the

infrared.

e
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- of ice II and ice IX have been well determined!’

The spectra of the translational vibrations of the

ordered ices have not been interpreted in detail except for

101

the Raman spectra of ice VIII. Wong and whalley observed

four peaks below 300 cm—} in the Raman spectrum of H20 ice

VIII, at 258.2, 214.3, 172.0 and 169.2 cm L. These were
tentatlvely assigned to an.overtone, superlmposed Blgvand fg
fundamentals, an Alg fundamental, and to the second Eg fun-

damental, respectively, on the Q&sis of isotope shifts and

. ™~ 1 3
relative intensities. The far-infrdred spectra of ices II

and Ix are sharp and show considerable structure, with nine

features obserVed in -the spectrum of ice II and eight 1n the
a

spectrum of ice Ix. The Raman spectra of the translatlonal

v1brat10ns of .ices II and IX are relatlvely poorly character-

Lzed° Taylor and Whalley observed two»peaks below 300 cm -1

'1n the Raman- spectrum of H,0 (D O) 1ce II at 77 K, at 151

-1 -1

(146) cm ~ and. 261 cm and a. peaktat 166 oI Ijln the’ Raman

spectrum of DZO ice Ig&at 77 K. Several sharp features can

 be seen below_SOO cm -1 in the Raman spectrum of DZO ice II -

reported by Kennedy et al,!’’ but the frequencies were not

’

listed.’

1.6 Objectives of this Work -

The ordered ices provide the opportunity to study the

vibrational spectra of hydrogen-bonded crystals of the very

simp;e'ﬁater molecule,'withont the complications due to the

N

orieﬁﬁational disorder in rormal ice. The infrared spectra

2"‘2;and .

L

. - A
, -
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Bertie and Bates!r2 have interpreted in detail the infrared
spectra of deuterated ice II and ice IX in the_O-D stretch-
ing‘regiOn. The Raman spectra of ice 1II and ice IX are
comparativelyvpoorly'known and are interpreted only qualita-
tively.’® . |
The first.objective of the present work uas to examine

“in deta11 the 1aser-exc1ted Raman spectra of quenched samples

of normal and’deuterated'ice II and ice IX. Improved exper—?;

imental procedures and Bpectroscopic equlpment were expected é’
to result in spectra that are vastly better than the arc-
+ @xcited spectra of Taylor and Whalley:® 97 The methods and

apparatus are descrlbed in Chapter‘Two, and the experlmental

R L
;esults, ';ulfllled the expectations, arejpresented in
o AT T = s .
. ¥ Cﬁdﬁier Thr
1?‘”‘35 . 3 . ) o ‘\,, J‘% o
e The second objectlve was to determlne whether the

pectra ‘of the 0-D stretchlng v1bratlons of ice II and 1ce

“ -
’47 IX also explalns the Raman spectyaz is 1s dlscussed 1n‘
| E Chapter Fourﬁ\\ | 'f A - ) g _
e o . Vg‘ Whalley hag explained the spectra of the O0-H and O-D

N streichrng vrbratlons of 1ce Ih through longltudlnal Optlc—
'transverse optlc sphlttlng of the antlsymmetrlc stretcuhng

| ?vibratlons,°“ 8 but this 1nterpretat10n,has been dlsputed

_ *&t should be eas1er to p051t1vely 1dentify the 1nf1uend!
‘of 10ngitud1na1 optic vibrat1ons in the Raman spectra of the.

ordgred ice II and ice Ixé Thus the thlrd objective of this

'work was to determxne the influence of the longltudlnal Opth

,_%"‘.' L
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vibratiOns on thefRaman spectrum of ices‘iI and IX gnd, thus,
-their likely influenbe,on that of icéhl.

The final objective was to try to interpret the spectra
of the rotational and translational yibrations,§f ic; II and.
ice IX. A sﬁécessful interpretatiOn of the spectra of the
latﬁice vibrations of éhe ordgred_phases should also provide
valuable clues to the interpretation of the gpectra of ice
Ih and the other disordered phases. This work is described‘

+

in Chapter Five.



2.2 Preparation of Ice II and Ice IX

Ice III transformed to ice IX i

CHAPTER TWO

EXPERIMENTAL TECHNIQUES

2;1 Introduction

The major experamental goals in.this work were the
measurement of the Raman sﬁéctra of normalrand deuterated
ice II and ice IX and of the temperature 3ependence of the
frequenc1es of the spectral features. The experimental
procedures and apparatus used are presented in this chapter.

'

Samples of ice II‘ang ice IX were prepared by methods

describeé elsewhere,!! using apparatus developed“or previous

2

stqples, +4 with small modifications. Briefly, ice Ih was

cooled.xo %§ approprlate temperature (about 200 K to prepare

‘1ce II and about 245 K- for ice IX) and pressurlzed to 3 kbar

’ “to transform the sample'to ice II or ice III. The transformed

sample was quenched to 77 K and the pressure was released.

A\

ng,?? and the product

@

"was ice II'or ice IX mgtastable at athsPheric pressure and

Since the probability of nucleation andﬁtne rate’of N
transformation ihbreasetwith temperatnr‘, ice samples for
Raman" studies were prepared at as low a emperature as
possible. This enabled the sample to transform slowly about
a small number of nucleatﬁng centers, ‘which generally

resulted in a better opticai §am§1e. As seen in the phase

diagram (Figure 1.1), ice II can be formed between 180 and

&

76



77

- 241 K without uncertainty, and a good, semi-transparent
sample was prepared by pressurizing ice Ih at 200 K. Ice
III can be fermed between 241 and 253 K. The recovered ice
IX samples from preparations at 245 K were wh;te and'eaeily
crumbled, and there was no'noticeétle opticallimprovemeﬂt
in the ice IX samples successfully prebared closer to 241 K.
The attempts closer to 241 K often resulted in ice II
instead of ice ix, because of the temperatufe uncertainty.»
Bridgman reported the'preﬁaration\of,clear ice 1Xx,!°
apparently ﬁ§.taking advantage of the extensioh : '
of the Th-III equilibrium line into the region of stability
of ice II to as!low as 210 K. This is possible as long as"
ice IITI is present before entering the regioh end_ige II has
not been present in the sample recently.!'®

The apparatus used to prepare the semples is shown in
cross-section in Figure 2.1. lég;\pressure vessel was a -
19 mm i.d. cylinder, C, with hatching pistons, A and ﬁ, and
}brass back-up rlngs, D. The cyllnder, the plstons, the
spacer, H, and the retaining block, E, were made of Vascomax
350 18% nlckel maraglng steel, heat—treated to a hardness of
54 Rockwell C. The pressure—dlstrlbuting p;ates,vF and J,
were SOft qteel, while the thermostat can; G, and its lid
were stainless steel. ) "m'

The first samples were prepared as described previous-
ly. "2"’ The retaining block, which held the cyllnder,~the
bottom plston and its back-up rlng, rested on a pressure- '

dlstrlbuting plate in the thermostat can. Liquld nltrogen




10 em

Figure 2.1
- ~~

AY

Pressure'apparatusﬁ A,‘toplpiston; B, bottom
piston; C, cylinder; D, back-uﬁ‘rings; E,
retaining block; F, pressure-distributing

plate; G, thermostat can; H, spacer; J, pressure-
distributing plate; K, gas entrance port; L,

gas exit port. o '

<

78



79

L]

was poured into the thermostat can to cool the cylinder and
piston. One m1 of water was syringed into ‘the pressure
vessel and froze almost immediately on contact without leak-
ing past the bottom pieton. The top preton‘with its back-up
ring in place was inserted to complete the'pressuredvessel
A copper—constantan thermocouple was 1nserted lnto the hole
runnlng along the axle of ¢he ‘top plston to within one milli-
meter of the,plston face in contact with the ice sample. -
The lld was positioned on the thermostat can, and the spaeer_ﬁ_
was placed on the top plston through tﬁe hole in the 1lid. -A
pressure-distributing plate was placed on the spacer. Tne
pressure apparatue waé_centered; on a fibreglass plate, on
the bottom platen of the press, and another fibreglase plate
was inserted between the apparatus and the top platen, for
thermal insulation from the prese. Styrofoam around the
thermostat can helped to thermally insulate it. The entrance:
port of the thermostat can was connected to a tube that car-
ried the cold gas from boiling liquid nitrogen.' The temper—,
ature was Changed by varying the voltage applied to a pencil
heater in the liquid nitrogen, and once set was constant to
2 K. "
The_temperature was adjuSted to 245 K.,in the ice IX
preparations or 206 K'in icevII preparations. The pressure
at the sample was increased to 2.1 kbar and maintained for
30 minutes to ensure that heat generated by\the compression -

was dissipated. The pressure was then alowly'increasedﬁto

3.0 kbar to transform the ice ‘Ih to ice III or ice”II,‘vith

-




&

1¢ at nearly constant

a reduction in volume of about 20%“.
pressure; The transformation-to ice III is fast at all tem-
peratures between 241 and 253 K, so one. hour at 245 K and
3 hpar was suff1c1ent time to ensure that the sample had -
completely transformed The transformatlon to ice II is
slow at 200 K; - therefore the sample was. allowed to warm up
slowly, typlcally over one to two hours, from 200 to 225 K
at 3 kbar to ensure complete transformat;on.ﬁk |

The tranSformed ice sample'was rapidly quenched to
77 K by'passing‘liquid nitroéen‘intorthe thermostat'jacket '
while maintaining the pressure at 3 kbar. After one—half
hour at 77'3 the Ppressure was released, and-the pressure
vessel was moved to the cold can. - ' \.‘ N

The cold can 1s an unlnsulated metal can that contains
a work table and b0111ng liquid nltrogen around the table,
to provide- ,a dry atmosphere for handllng samples at 77 K.?ll
The sample is handled from above the cah,‘w1th extended
_ tweezers and 30 cm long spatulas. In the.cold can, the
pistons were removed from the cylinder with a piston extrac-
tor that fastens to one of the pistons and tw;sts and pulls
the piston relative to the cylinder. The sample was_removed.
by pushing it through the cylinder,’ which“caused it to crack
| badly. Pieces cut to fit the Raman sample tube were fractured
further, yleldlng poor samples for Raman studies.

The modlfxcation of the preparation introduced in this

work con51sted of Teflon pleces piaced in the pressure vessel

to shape the sample during preparatlon and to support the
P ’ )



sample as it was pushed out of the cylinder. The Teflon

pieces are illustrated in Figure-2 2a. The twd Teflon semi- ;
cir¢les and the small Teflon blocks were placed on the bottom
plston as shown in Figure 2.2b, forming a 1. gXl 9%17 mm |

rectangular\cav1ty. Thefcyllnder and bottom piston were

pre-cooled as before,,and water was syringed into the cavity

*; where 1t froze. The Teflon dlSk was placed over the cav1ty,

and water was syrlnged 1nto the one mllllmeter hole throughe
the dlsk and on top ‘of the disk, where it froze to prov1de
a pressure linkage between the\top plston and the ice in the
rectangular cav1ty. | |

The remalnder ofﬁthe preparatlon proceeded as above.-
The\plstons weneéextracted,as'before and - the back up rings
were removed. The top_piston'was.re-inSerted into,the'
cylinder,vwhich was_placed onftop of a metal cupbinside the
cold thermOStat can. Liquidsnitrogen was added to the |
thermostat can, which was tgken to a hand press and the
sample was pushed“out. The préssure necessary to push the
sample out of the cyllnder badly fractured the ice agalnst
the top plston, but the ice in the rectangular cavity was -
- protected by the Teflon pieces.~‘Some tissues in the bottom’
of the cup prevented the'falling sample'fronubreakiné. "The
Teflon pieces were then separated-from the\icerample with
’little‘disturbance to the sample, since the adhesion of ice
‘to Teflon is weak. There was ho need to cut the samples to
siae.Since the rectangularly-shaped chunks‘bfAice fitted

into the square glass’tubing that was used to contain the

I



Figure 2.2 a) The Tefloh pieces A to }C use#t to shapc;I the
sample in the pressure vessel. b) The assembly
of the Teflon pieces. % the pressure vessel.

‘D is the bottom piston and E the back-?up ring. -
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‘Raman sample. Therefore, the use of the Teflon pieces
during preparation resulted in better Raman samples of both

ice II and ice IX than those prepared without the Teflon.

v
-

2.3 Characterization of the Ices ,Q
The samples of ice were characterized by their behav-

ior during transformation, by their appearance,once quenched,

,by their pbwder X-ray diffraCtion patterns, anf by their.

Raman spectra. ' T

The behavior of the sample during £he‘transformatioh
from iée Ih at 2.1 kbar to the high pressure ice at 3 kbar
was chafécteristic of fhe phase formed. »The);ransformation
between 200 and 240 Kbto ice II began at 2.0 to 2.3 kbaf,
and thé pressure‘femained constant during compression until
the‘ice‘was.tofally'trans%ormed. Dufing the preparation of
ice III (which yielded ice IX) at 245 k, however, the pres-
sure. incréased to 2.5 kbar, then fell abruptly when the
transformatlon,started, to 2.1 kbar where it stayed until
thé‘ice'was tofally trané?ormed to ice III ahd’the pressure
increaged again.> |

Further evidence of the phase prepared was the éppeér—
ance of the'Sample after the preséure vessel was disassembled

at 77 K. Ice 1I appeared clear to translucent unless it was

, sﬁbjected to a mechanicél shock which shattered it; the

crystal separated into thin plates, rather than chunks,. during

handling and manipulation with he spatulas. Ice IX, however,
o b ’ ’ _

was alwéyS'white, and crushed eagily into a powder during

handling.

83



‘"The samples were most definitively characferized,by’
their powder X-ray diffraotioh patterns. The‘deteiled
method of preparing and transferring X-ra;‘.Pmples~has been
described else;vhere.l ,Briefly, a portion of each early
preparation was ground at’li§uid?nitrogen temperature using
a stainless steel mortar and pestle, and loaded ioto a 0.5
millimeter i.d Lindemad gi;ss capiilary. The capillary was
transferﬁed ro a goniometer'head that has.mounted dh a
Jarrell-Ash precesbioo‘oamera.Set'at zero degrees preeessioh,
anddwhich was precooled by a streém of cold nitrogen gas to
produce‘i/;emperature of 100 K at the position of the sample
The patterns produced on the flat- plate powder X-ray photo-
graphs were compared to the patterns rn the llterature ! to -
verify the ice phase.prepared. | o

' Once the Raman spectra ofiices II and IX were esrablished
for ice semples thar had been identified throuﬁh powder X—ray
photographs, the phase of a sample was 1dent1f1ed by its
~ Raman spectrum. This 1dent1f1catlon agreed with that deduced

from the behavior of the sample under pressure and from the

appearance of the quenched sample.

2.4 The'Raman Cryostat

The Raman cryostat (Figure 2.3) was a modification of
a design by Dr. S.M. Jacobs. The cryostat eonSisted of a
liquid helium storage dewar, A, a flexible liquid-helium |
ﬂtransfer%tube, C, the optical cell, E, andftwo flowmeters, F.
The'sample_was held in a short length of glass tubing on the

end of a Sample.holderqrotator, which fitted into the optical
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Figure 2,3

Schematic view of the Raman cryostat: A, 50 2
iiquid-helidﬁ storage dewar; B, Hoke valve;

C, flexible liquid-heliuﬁ,transfer.tube;j

D, Dewar adapter; E, optical cell;:F, flow meters.
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cell. The optical cell was cooled by cold helium gas flowing
through the transfer tube from the liguid helium storage
dewar. .The two flowmeters were used to measure the helium
gas flow rate, which determined the temperature of the saméle{
~and which was controlled by the valves on the flowmerers

and by the pressure in the dewar. The Raman spectrum was

excited by a laser beam which was focussed on the sample

o,

though a flat“glass wall of tha‘ ical cell, and the light

that was scattered at 90°;mgz$ tg¢d and analyZed by a *
. Tag M
SPEX spectrometer. “ ‘% »a)l* 4%

Two different types of giass tubes were used to contain
the sample. They were 2 5 cm long and either 2 mm i.d. round
Pyrex tublng or 2 mm square Pyrex tublng, and were sealed at
one end, rinsed in methanol and dried thoroughly before use.

The sample holder-rotator is shown in Eigure 2.4, 1t
consisted of an adapter, A, to hold the glass tube and a
' rotator, C, which fitted into a Teflon sheath, B, and was
used to rotate and ﬁesition the sampie during the Raman
exPeriment: ‘ | |

The adapter was a 6 cm length of 5.5 mm diameter Delrin,
with one end machined to snugly fit into the rotator and the
. other end machined to accept the sample tube. The glass tube
‘extended‘l cm into the adapter. and was held in place by
frozeﬁ oil or water.  The adapter extended 4 mm into the
sample rotator and was held in place by friction. |

The sample rotator was made of Delrin and screwed into

a Teflon sheath that fastened to the Raman optical cell and
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Figure 2.4 Sample holder-rotator and junction ring: A,

qdapter;‘B, Teflon Sheath;_c, rotator; D,

A junction ring.
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had a thréaded hole along its axis. The 7 cm long screw
(X" - 20 A.N.C.) enabled the sample to be translated by
3 cm. The maximum diameter of Delrinrextending into the
opticél cell was less than 7 mm. ;
The Teflon sheath was tapered to seal a?ainst the
19/30 ground\glasé female cone.in'the original design of the
optical cell (Figure 2.5a). Elastic bands held the sheéth
in place in the cone and this p;ovided a ' good,seal. However, /
the diffe:ent thermal expansions of glass and Teflon caused
tﬁe sheath to be pressed further into the hole as -the cell
cooled and to become stuck, or'to break the cell, when the
cell warmed. To overcome this problem, the optical cell ‘
was moaified (Figure 2.5b)‘3with an o-ring seat replacing
the ground glass female cone. A Teflon junction ring ‘(D,
Figu&e 2.4), which had a groove on each side to také a #112
fluorosilicone o-ring formed the seal Setween tﬁg Teflon
sheath and the optical cell,’wifh the elastic bands again
holding the sheatﬁ onto the cell. Flﬁorosilicone was found
to be the best o-rihg material available, since it would
form a seal at tefwperatures as low aé 210 K.

' 'The Ramaﬁ opﬁical cell, shown in Figure 2.5b, was an
unsilvered dewar cell constructed by the glass shop in this
-Depaftment. The inner wall oﬁ‘ggg cell was 10 mm square and
roﬁnd Pyrex And thé outer wall was 27 mm square andq;;\hm
round Pyrex tubing. The space between the two walls was

permanently evacuated, and the sample and helium gas went

inside the inner tube.



Figure 2.5

Origlnal (A) and modified (B) Raman optlcal cell
with ground—glass female cone and o-ring seat
at end C, respectively. D is the Dewar adapter
and E is a 8/19 ground-glass ball joint. |

s
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In operation, the optical cell was firmly clamped in \
the sample compartment of the spectrometer, and was orient-
ed with the ground glass ball (E in Figure 2.5) pointing up
to receive the transfer tube (Figure 2.3). The transfer
tube was connected to the optical cell by a silvéred—glass
dewar adapter, which contained a 8/19 socket at its lower
end and was stuck to the transfer tube at its upper end with
silicone fubber cement. Silicone grease on the ball joint
sealed the optical cell to the transfer tube édapté;.

To control the sample temperature through the hélium
gas‘flow rate, the pressure in the liquid-helium storage . .____
dewar (A in Figure 2.3) was controlled by the Hoke valve,

B, and thé flow rate was further controlled by the valves
onathe flowmeters, F (Matheson 604) . The flow rate was
adjustable from 0 to 80 l/mln. The temperature at the sample
position was monitored by a coppér—constantan thermocouple
and by a germanium resistance thermometer (Scientific Instru-
ments Inc., model no 2G(3-L)) located 1 cm downstream from
the laser beam. The sensitivity of a copper-constantan
thermocouple ;increases nearly linéarly from 0.017 V/K at 85 K
to 0.036 V/K at 250 K, and the ]unctlon potent1a1 could be
read to #0.002 V. The sensitivity of a germanium resistance
‘thermometer increases with decreasing temperature much fast-
er than linearly, from 0.2 Q/K at 100 Kvto 1.2 9/K at 50 K,
4.5 0/K at 25 K, and greater than 400 2/K at 4 K, and the

resistanqe was measured to 0.1 Q. The copper-constantan

thermocouple was used above 85ﬁK, while the germanium



resistance thermometer was used between‘S.S and 100 K with
high sensitivity at low temperatures and lower sensitivity
near 100 K. Temperatures were controlled to g1 K at 25 K,

rising to t3 K between 40 and 100 K.

2.5 Sample-Handling Procedures

The procedures for loading the Raman samples into the
iow-temperature cell are described in this section. The
sample was loaded into a glass tube in the cold can, attached
to the adapter of the sample holder-rotator and stored in
liq;id—nitrogen. The Raman cryostat was precooled to 100 K
and the sample was transferred to it. After the cryostat
temperature had been adjusted, Raman spectra of the sample
were recorded.

To load the sample into the glass tube, the cold can
and table were cooled with ligquid nitrogen, and a glass
‘Petri dish containing the empty glass tube was placed on the
table and allowed to cool. The ice sample was poured into
the Petri dish with the liquid nitrogen from the sample
bottle, and a chunk of sample was selected. When necessary,
the chunk was cut with the edge of a cold spatula or with a
cold X-Acto knife to the diameter of the glass tube; the cut
faces were irregular, not smooth. ‘The ice was loaded into
‘the tube with a spatula, which was bent into a right angle
5 mm from its tip to form a horizontal platform when the
spatula was held in its normal, vertical position. The ice

sample was placed on the platform of the spatula and a

second spatula was used to push the ice into the tube, which
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lay on its aidé in the Petri dish. The tube was carefully
lifted by its opén end so that thd sample slid into the
tube. Often a iecond piece of jice was put into the glass
tube, for a total sample length of 5 to 10 mm. The tube was
then positioned vertically in a brass stand on the table.

A Teflon core{ 1.5 mm diameter and about 1.5 cm in length,
was pushed into the tube to wedge the sample in place. The
core protruaed a few millimeters out of the tube.

The recessed end of the adapter (Section 2.4 and
Figure 2.4) was moistened and the excess water was shaken
out. The warm adapter was quickly pushed as far as it would
go over the open end of the sample tube in the cold can.
Within several seconds the water in the adapter froze, bond-
ing the two pieces together. The adapter and sample tube
were then immersed in a pool of liquid nitrogen in the table
to finish cooling the plastic adapter to 77 K. The sample
and adapter could then be stored in a bottle under liquid
nitrogen iﬁdefinitely, or could be used immediatef{.

When ready to examine the sample, the junction ring
afid the two o-rings (Secﬁion 2.4 and Figure 2.4) were fas-
tened to.the pre-assembled rotator and sheath of the‘sample
rotator, and the r tor was pushed onto the a@apter in the
cold can. The safple was then immersed in an unsilvered
dewar of liquid n4 én, which had been placed in the cold
can so thaﬁ no confensation onto the sample tube occurr;d
during the transfer. The dewar was then removed from the

cold can. The sample holder-rotator was positioned in the



dewar with the sample in the liquid nitrogen and the Teflon
'junction\ring‘andlo-rings above the rim of the dewar, so w*
. . O s
* that the o-rings did not freeze.

Before the sample was transferred from the dewar to

the cryostat}‘the~cry®stat was precooled to 100 K using'the

' Cﬁfqllowing procedure. The cryostat was assembled as in

Pl

Figtre 2.3, but withgﬁt the transfer»tubel The o-ring end
of therptical’cell (Figufe 2.5); where the sample holdéf—
‘rOtator.eventuélly sétgwas cappéd by a 25 mm Teflon diSk
Qith a 1§'mm groove‘and matching fluorosilicone o—riné,
which was héld”in place by &lastic bands looped around glass

p{ojeétions on the celi.: Silicomne grease was applied to .

_the ball of the dewar cell: ~One end of the transfer tube

was inéertgd'into the liguid helium storaée deWar; élowly,

to flush the transfer tube énd to cool it efficiently.
When‘tﬁe dewar adapter (Figure 2.5) on tﬁe transfer tﬁbe
reached the level of the obtical'é@ilﬁ the spckét of the
dewar adapter was piaCed over the ball of the cell and . :
fastéhed with‘elastic bands{;

'o‘Thq Hoke valve was juét‘cracked‘%t this point and the-
valve ‘on each flowmeter was opened about 1.5 turns. Initial-
ly the hélium.éas flow‘was erratic, but when the cell had
cooled tova sté;dy ;taﬁe the gas floy Stabilized. The pres?
sure injthe storage dewar was adjusted'te yiéld a steady

temperature in the cell of 100 K. ’Tgé pressure»could,,of‘

course, be decreased by opening the Hoke valve and it spon-

taneously increqsedvquite rapidly when the Hoke valve was
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closed. If the temperature was too low the o-rings on the
'sample rotator froze before séaling. The flowmeters were
not adjustéd at this point. When the correct temperature

wés;reaqhed the gas flow registered about 30 on a scale of

150 on the meter, indicating a flow of about 4 %/min. tﬁ?ough.
each meter, _The cryostat was then ready for the sample.

| The suécess of the sample transfer‘}rom the dewar of
liquid nitrogen to the cryostat dependgd largeiy on thé speed
of the operation. “The elastic bands that held the Teflon
cap and o—;ing to the Raman optical cell were releaseé, whilé
- the cap was held in placé; The elastic band holding the
junction ring and o-rings to thé'sheath of the rotator was
removed, whlle the'rlng was held in place. The Teflon cap
and o-ring were then quickly removed from the optical cell
and the. sample was inserted so that the o-rings and the
junctlon ring :esealed the optlcal cell. 'It was essential
to prevent coﬁdensa£iqn_onto'the sahple tube as far as
possible. Further, if this step was done too slowly, the
cold gases fioze the o-rings before the seal was made, caus- /
ing a gas-ieakage about the o-ring that Q§ually spoiled the 
attémpt ﬁo obtain spectra.. .

After the sample was inserted'into the qell, the;sample

holder-rotator was secured to the cryostat with elastic
bands. Any liquid nitrogen on the sample tubé quickiy.evap-
| orated and was flushed away by helium gas at 100 K.

The sample temperature and its steadiness depended on

the rate and steadiness of the helium gas flow through the



cell, and, therefore on the storage dewar pressure and its
_stabillty.‘ However, unless enough gas ‘was bled from the
storage dewar the pressure in 1t‘tended'to 1ncrease steadily
- which caused a steady decrease in sample temperature. The
Hoke valve (B in Figure 2.3) was used to avoid this. For a
particular storage dewar pressure the flowmeter valves could
be adjusted to yield the minimum coristant temperature possi-
ble for‘thatApressure. Fer any-’higher temperature the‘gas
flow was more grea{ly restricted and the excess pressure
evolved in the de&ér was bled through the Hoke valve.

The lowest temperaturenthat was reached by this proce-
‘dure was 25 K, con51derab1y hlgher than the 4 3 K temperature
‘of b01llng llquld hellum, because gross fluctuatlons in- the
gas flow rate 1ncreased w1th the dewar pressure and resulted
in considerable variation in the sample temperature. - There—‘
- fore, spectra were recorded with the sehsor temperature

betWeen’ZS and 100 K in this werk.
. . 4
: S

2.6 Raman Instrumentatlon s

LB

The Raman 1nstrumentatlon consisted of a laser as. the\
exc1t1ng llne source, optlcs to-filter, direct and focus the
laser beam onto the sample, 'OpthS to forus onto the mono-
chromator slit‘the light scattered by fhe sample at 90° to |
the exeiting beam, a dOuhle monochromator, a detector andf
_ photon—countlng electrcnlcs to ‘measure the 1nten51ty of light

112-114

of each frequency. An iodine filter was sometimes

used to reduce the intensity of radiation at the laser wave-

length from the scattered beam, i.e. to reduce stray light
P
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and thus to improve the‘visibility.of Raﬁan features at low
frequency shifts.

The excitation line source»was‘a Coﬁerenﬁ Radiation
CR-5 Ar' laser, fitted with a éR—G or a éR-B laser tube.

-] (-]
" The exciting lines were the 4880 A and 5145 A ar’ lines,

~

115,116

’

‘which have vacuum wavenumbers of 20456,608 em™t
and 19429.73 cm-lZ11°'117 respectively. The laser was
single-moded with a Coherent Raéiation model 423 Fabgy-Perot
etalon when the iodine filter was used. The laser power was
vnofmally set to 100 td 200‘mwtat the sample, although occaé.
SionaIIY-400 nW was used. "In single-moded operation'the |
maximum i;ser power that could be obtained wés used, i.e.

100 to 150 mW atnthe‘sample.

Lighf from the laéer'passed through a béam éxpander

(SPEX 1452) and then through a Claassen filter (SPEX 1453)
which consists of a prism and a slit to spafially separate
lihes of different frequencies, in oraer to' remove non~-lasing
eﬁissibns froﬁ the laser. The filtered exciting‘light wés

then focusséd~onto the sample. Light scattered by the .

sample at 90° to the inc;dent beam‘waé éolléctéd and focussed
~through a polérizﬁtioﬁ ;nalyzer, whén desired, and through

‘a ﬁoiarization.scrambler onto the eptrénce slit of the
monochromator. When the iodine absorption cell was used it
was placéd between the polarization scrambler and the entrance
slit. The iodine cell was é 10 cm élass cell containing
iodine solid and vapor at ?0°c.

. The monochromator was a SPEX 1401 double monbchromator



con51st1ng of two 0. 75 meter monochromators in series, each
fitted w1th a 1221 grOOVes/mm ruled ‘grating, with a spatlal
filter (SPEX 1478) between the ex1t slits of the two mono-

chromators. The 1nten51ty of llght 1eav1ng the second mono-

- chromator was measu:ed with a photomultiplier tube (RCA

C31034) which was cooled to -3d°C. Harshaw photon-counting

electronics .converted the signal from the photomultiplier

" tube to a vdlteée(proportional to the number 6f photons

detected in unit time, and consisted of ‘a preamplifier, an

‘amplifier, a pulse-height analyzer'and a linear ratemeter.

The voltage output from the ratemeter was recorded with a

Hewlett-Packard 7100B strlp chart recorder.:

h]

Spectral resolution was typically 0.5 to 4 cm } and

the ratemeter 1ntegratlon time constant was 0.5 or 2 seconds.
. The scanning speed w%s 5 to 25 cm /mln and was legs than

R/ (4-T), where R is the spectral resoﬁftiqn and T the time

constant.

2.7 Calibration of the Raman Spectrometer

A Raman spectrum is a plot of the intensity of light
that is scattered at each frequency in the spectral range.

The Raman spectrum that is obtained from a conventional Raman

"spectrometer can be converted to the true spectrum by cali-

brating the spectrometer, that is by correcting the frequen-

cies provided on the wavenumber scale of the spectrometer,

which are accurate to only a few wavenﬁmbers, and by deter-

mining the way in which the ﬁntensity'réspdnse,of the instfuf

ment varies with frequency. This latter correction is often

1

\

.
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neélecteé.

Tp obtain accurate frequencies the emission spectrum of
heon orkAr+ was supérimposed on the Raman spectrum and the
vacuum wavenumber of a Raman line was determined from the
knqwn vacuum>wavenumbersA6f‘the twelve to fifteen emission

118=11% py interpolation. The neon line

lines of neon or.Ar+
source was an Oriel C-13-41 pen lamp, while ‘the Ar' lines
appeared in Raman spectfa when the Claassen filter was not
used. The intensity center of a Raman or reference line was
determiqéd by biseéﬁing'the'peak'at different heights, drawing
a line through‘the points and extrapolating tpe line until it

cut the curve at the peak. The absolute fregquency, of the

VR
~ Raman line was determined from the chart scale and the dis- .
tance from a reference'l#ﬁe to the‘ﬁaman line (equation 1,
Figufe 2.6). This f;equency, Vgs was then subtracted from the

vacuum wavenumber, v_, of the exciting line to give the Raman

o’
shift (equation 2, Figure 2.6). The shift of each Raman line
was méasured-witb respectvfo as many reference lines as possi-
ble, and the avefage and standard deviation of the measurements
was found (equation 3, Figure 2;6). Measufements for each_ 
Raman line were made relative to bétween three'aﬁd eight
reference lines on each of three oi four spectra.

Two methods for determiningfthe chart scale are inﬁicated‘
in Figure 2.6. In Method 1 it}is assumed that the chart scale
is constan£ over the reéérded spectrum, wﬁich‘does not take

. » . . . 3
account of the small variations in the chart scale over short

frequency ranges. 1In Method 2 it is assumed that the chart
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Figure 2.6

. Methods for frequency calibration of Raman

spectrometer. v, vR, vief, and v;ef

vacuum wavenumbers of the exciting line, the

are the

Raman line, and the two reference lines. N-is
the number of reference lines. di is the signed

distance from reference line i to the Raman line.
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scale is conétant between any two referénce lines, ya;ch is
probably better than the assumption-in Method 1 but is still
not perfect because the chart scale over a given frequency
region varies with the pair of reference lines used to
calculate it.‘ In practice the average freduencies from the
two methods Qere almost identical while the standard devia-

1 smaller from Method 2 than

tions were only about 0.1 cm
from Method 1. . o,

The frequency dependence of the inténsity response of
the instrument was detefmined by recording the spectrum of a
lamp for which the intensity was known as a function of the
frequency. The spectrum fhét is recorded in a Raman experi-
ment describes the number of photons scattered in unit time
by the sample at each frequency as measured by the detector,
but the true Raman spectrum describes the actual number of
ﬁﬁbtons scattered‘iﬁ unit timef;t each fregquency. The inten-~
-vsify of scattered light is proportiénal to the number of
photons séattered in unit time, £hrough’h°f, where h is
Planck's cqnsﬁant and £ is the frequehcy. The detected light
intensity'ﬁepends_not only on’ the intensity of light that is
scatéered but'alﬁo on fhe response ' of the.monochromator and
photoﬁuitipiier tube to radiation of different frequencies.
The‘reéponse of the ménochfbmator and the photohultiplier
tube together -is called the intensity response of the instru-

, .

ment. Once-determined; the intensity response of the instru-

‘ment is used to correct the observed apsolute or relative

intensities of spectral features to the true absolute or
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relative intensities. however, the relative intensities are
easier to obta%n than the absolute intensities, and are also
the quantities normally of interest in Raman spectroscopy.
The standard lamp was supplied by the manufacturer
- with a listing of the power, P, emitted by the lamp in a
10 A interval about each spectral wavelength, under certain
~constant conditions that are not important for relatlvet
intensity determinatlons. It can be shown that B(v), the
intensity emitted by the standard lamp in unit wavenumber
interval at wavenumber v, is proportienal to-P/vz. c'(v),
the relative infensity responee funcfion of the instrument,

is thus
C'(v) = k'II_, (V)/B(VMY : (2.1)

where I_, (v) is the intensity of the standard lamp measured
by the detector, and k' is an arbittary constant. The rela-
tive intehéity correction function, C(v), is the recipfocal
of the relative inteneity‘response of“the %nstrument at v,
C;(v). The ‘detected Raman intensity, R_(V), 'is thenvmulti-

plied by the relative inteﬁSitj correction function to yield

the true relative Raman intensity, R(v). Thus
'R(v)v= Rr(v)-c(v) = Rr(v)-k-[B(v)/Isl(v)] ©(2.2)

where k -1 k'. Thus, through equation (2,2), the true
1ntens1ty spectrum, i e, the energy that 1s scattered by the

sample through un1t area in unit time at each frequency, was
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calculated from the observed spectrum, i.e. the number of
photons scattered at each frequency as modified by the

instrument response.



CHAPTER THREE

EXPERIMENTAL RESULTS

3.1 Intr%duction" !

The expefrimental results of this work are described in
this chapter. The ice phase that’was obtained in a prepara-
tion, and its purity, were determlqed from its powder X- ray
diffractioh pattern and its Raman spectrum, aswd;scussed in
Section 3.2. Section 3.3 describes the corrections that were
applied to the temperature indicated by the germanium resis-
tance thermometer, to give the true temperature bf the Raman
sample. Section 3.4,deéc£ibes the intensity response of the
instrument, which was applied to the recorded spectra to
obtain the true relative Ramah‘inﬁensities. Sectibn 3.5
presents the frequencies, half-widths and relative intensities
of the features in the ﬁamén séectra of H,0 and D,0 ice 11

and ice IX for samples between 35 and 100 K at atmospheric

pressure, and polarized spectra of ice II.

s

3.2 Characterization of the Samples

\

The four ices gxamined in this study were H,0 and DZO
ice 1I, andﬁHZO»and D20 jce IX. At least two samples of each
ice.were prepared, and the powder X-ray diffraction pattern‘
and the Raman spectrum yere obtained for at ‘least one samplel
of each ice. Other samﬁles‘of the same ice were then identi-
fied through their Raman spectra., Th; amount of hydrogen

isotope impurity in the liguid pzo starting material was

determined from the P-H stretching region of the Raman spectra
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of two samples of D20 ice.

The X-ray diffractieon pattern of a powdered ;ample
consists of a set of concentric circles, and each circle
results from X-ray diffraction by particular crystal planes.
The interplanar spacings, called the d-spacings, were calcu-
lated from fhe circle diameters and compared to the listings

'+11 The d-spacings are temperature depen-

in the literature.
dent butbvgry slowly enough that precise knowledge of the
temperature wasvunhecessary for identification of the phase.
In‘fwo experiments$s, however, the temperature was accurately
measured before and after recording the X-ray pattern. In
the first experiment, two photographs of one sample of H20

ice 1I were recorded, each was measured once, and the average

d-spacinds were determined. Each d-spacing was assigned to

'the most intense X-rgy reflection contributing to the circle’

of D

and the cell parameters were refined with the program DREFINE
to fit the d-spacings. The péfameters of the hexagonal cell
of ice II refined to a = 12.95 & and ¢ = 6.25 A for a sample
at' 115+1 K. This>compares well with the previoﬁs determina-
tions of ﬁhe cell parameters by Bertie, Calvert and Wha;ley11
(a=12.92 &, ¢ = 6.23 A at ~90 k); Kamb“® (a = 12.97 A,

¢ = 6.25 A at 123 K), and Bates! (a = 12.91 A, c = 6.24 A at
100 K). In:the SeCOnd_expériment, one photograph of a sample:
20 ice IX at 11833 K was recorded and the d-spacings were
measured;onée. The parameters,of the tetragonal celi of ice

IX'refinedlto a=6.75 A and ¢ = 6.81 ﬁ, which compares well

with the cell parameters determined by Bertie, Calvert and
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Whalley!' (a = 6.75 A, c ='6.79 A a£ ~90 K), Kamb and
‘Prakashsz (a = 6.73 A, c = 6.83 A at 98 K), and Bates'
(a=6.74 A, ¢ = 6.77 A at 100 K).

The most likely contaminants of ice II or ice IX)|are
ice Th, ice Ic, and either ice IX or ice II, and the sé}ong-
esg reflections of these impurities should be readily
observable in the X-ray patterns if the contaminants are
present in sufficient quantity. No ewidence of impurity was
observed for the ice II samples, but the 111 reflection of
ice Ic was present very weakly in the diffraction pattern of
the ice IX samples. This trace of ice Ic was detacted in
bothesamples'of ice IX tested bx this method.

Ice Ic impurity in ice IX at 100 K would affect the
Raman spectrum"most.noticeably at the frequencies of its most
intense Raman lines, 3083 and 227.6 em ! for H,0 76,99 and
2295 and 218.6 cm * for Dzo.”:99 The lower frequency peaks,
with half-widths of =10 cm *,7® are much sharper than the
higher frequeneg peaks, and occur in spectral regions. where
ice II and 1ce IX scatter very llttle. Howev®r, no scatter-
-1

ing was observed at 227.6 cm -1 in HZO ice IX and 218. 6 cm

in Dzb ice IX, even in the spectra of those samples that were
shown by the X-ray evidence to contain traces of ice Ic. It
is concluded, therefore, that either ice Ic formed while ;he
X-rxay samples were prepared or ice Ic was present in the
samples in spectroscopically undetegtable amounts.

The hydrogen 1sotope content of the liquid D20 that was

used to prepare the ice samples was 0.5%0.1% H,!!° but the
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hydrogen content of each D,O0 ice sample could be somewhat

2

higher because the liquid was exposed to atmospheric water
vapor during the preparation. The hydrogen content of two
deuterated ice samples was tested by measuring the intensity
of vOH(HDO), the band due to the uncoupled 0-H oscillator,

relative to that of vOD(Déﬂ, the band due to the coupled 0-D
1 1

oscillators. (HDO) absorbs at 3326 cm ~, 3318 cm = and

1

v oH

in D,0 ice IX at 100 K,"'' and the corresponding

Raman scattering is expected at the same frequencies. A very

3288 cm

weak, broad peak was observed at -~3315 cm-1 in the Raman

spectrum of a sample of D,0 ice IX with an area that was

2
~1.6% of the integrated area of the VOD(D20) band. Since
scattering by an O-H oscillator is twice as intense as that
by an O0-D oscillator, the sample contained ~0.8% H. The same
experiment was performed with a D20 ice II sample but the
scattering by‘voH(HDO), which is expected at 3373 cm'l,

3357 qm—l and 3323 cm'l\,101 was not observed, so the hydrogen
content of tQat sample Qas presumably close to 0.5% H, the
value for the starting liquid. It is clear that the prepara-
tion of the ice samples did not introduce a significant
amount of hydrogen into the D,O samples.

3.3 Determination of the Sample Temperature

— -
The accuracy with which the germanium resistance- ther-

) s
mometer indicated the true temperature of the sample was

checked by comparing the temperature it gave with the tempera-

ture obtained from the relative intensity of a corresponding
N



"

pair of Stokes ana anti-Stokes Raman lines. The Stokes/anti-
Stokes intensity ratio .is given by

. » o L. : ~ "

L oy heby N

S = [_S . e . ' °(3.1)
v _ : :

as v;p . o

where h=3-if the spectrum is a plot of ‘the nupber of photons

AR
o H
W
0

scattéred at frequency v per second, and n=4 if the spectrum
. . R - ’ _ .

is a plot_of‘the scattered iptgnsity at v. The‘fﬁtensity

ratio IS/Ias is the ratio of the- areas under the Stokes and

anti-Stokes peaks, Av is the Ramah shift of each peak, v, and

v o are the absolute frequencies of the Stokes and anti-Stokes

peaks, and T is the absolute temperature of the sample. The

~

ratio k/hc, of the Boltzmann constant to Planck's constant

times the velocity of light in vacuum, equa15;0.69501cm_14k-1.
Equation (3.1) can be rearranged to.
T = AV/0.6950 , »(3'2)
s/as | Is A vs
. &n T - n*%n 5 .
, as : ‘as
where T is the Stokes/anti-Stokes temperatUre, that is

T s/as

'the'saMple teamperature determined from the'Stokes/anti-Stokes

~—

intensity ratio.

The inténsity ratio, Is/Ias, can be measured most accu-
rately,'and thus yields the most accurate témperatures,~if it

is less than ~10. For temperatures below 100 K this requires
) ) _ L ]

' that strong Raman peaks below 100 cm ~ be used. For .ice II

P

“ar
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(Section 3.5) the optimum peak occurs at 373 em™ ! (~70 em”

~ . 108

(Section 3.5) the most favorable peak occurs at ~71 cm

(~69 ¢m°l for D,0) and, although less favorable, the peak at

1l 1

~103 cm” - (~100 cm = for D,O) can be used. For ice IX

1
for DZO)' since the 35 cm”t peak (34 em 1 for DZO) is normally
difficult to measure accurately, due to intense Rayleigh
scattering.

T and T are compared in Table 3.1 and Figure 3.1
s/as Ge -

for thirteen determinations at eleven temperaturéé between

40 and 100 K. The average of up to six measurements of

1 was used to calculate T . The standard deviation
s/as : s/as
of I. was about 10% of I , so the standard deviation
s/as s/as N
of Ts/as is less than 1 K at 40 K, and about 3 K at 100 K.

The data were fitted by an unweighted least-squares analysis

to the straight line

Teorr =.0.819‘-T’Ge + 15.5 K, : (3f3)

2

which is shown in Figure 3.1. The standard errors of thé

‘ slope and the intercept are 0.064 and 4.6 K respectively, and

the covariance of the slope and intercépt is ~0.284 K. The

correct temperature, T for each value of TGe is given

corx’
3

~in Table 3,1 with its standard error. 'The temperatures

quoted for'spectral samples in this thesis are the qorrect'

temperatures.

" A necessary concern of Raman spectroscopists is laser

-

heatihg-of theAsample, which occurs if the frequency Qf the

exciting laser line coincides with an absorption band of the
. _ T, ‘
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\\ : \ _ .. Table 3.1
Results of the calibration of the N

germanium resistance thermometer

b

TGea/K Ts/as /K Tc&srrc/K

' 40 . 49.1 48.2(2.2)

a1  44.0 49.0(2.1)

46 53.9 153.1(1.9)

50 55.6 56.4(1.7)

60  67.0.  64.6(1.3)

] 71 69.3 73.6(1.2)

75 ©76.0 76.9(1.3)

'79\ R 84.0 80.1(1.4)

, y 87 "~ 88.4 82.6(1.5)
N 82 85.5 ~ 82.6(1.5)
91 '90.2  90.0(1.9)

o8’ "86.5 95.7(2.2)

.a Témperature indicated by\ﬁhe germaniumvreéistor.
b R '» ‘A R . : . .
Temperature determined from the stokes/anpl-Stpkes
. intensity ratio. > . . ' L

€ = 0,819°T, + 15}5 K. The standard error is
“gorr Ge .

given in parentheses.
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The temperature of Raman samples measured from
the intensity ratio of Stokes and anti-Stokes
lines plotted against the temperature ‘measured
by &2 germanium resistance thermometer.
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sample. The Napierian absorption coefficient, a= 2-1°£n(I°/IJ'
where I_ and I _ are the intensities of light‘before And
after traversing the distance. % in the sample, of ice Ih is

1 at 20487 em t

' only 0.0008 cm ,'2°% so that less than 0.02%'Qf.
»4880 ifexciting radiation is absorbed by a 2 mm thick sample
of icé Th. The visible absorption coefficients of ice II and
ice IX have never been reported, but they are likely.sihilar
to that of ice Ih. Therefore laser heating of ice II or ice
IX is éxpeéted toé?e small, but not zero.

‘To teSt'thiS‘experimentally, thevspectra'USed for ﬁem_
perature calibratioh were excited with four diffefentipow%r
| 1e9elsibetween 85‘and 600 mW. If laser heating\had been a
- problem, the poiﬁts»sbtained with highe; laser powers would
Be consistently aboﬁe»those Qgtaihed with lower laser powers
Ain Figure 3.i, and this is not obserQed. “Thus laser heating

of the sample appears not to have been significant even at

a power of 600 mW.

3.4 The Intensity Requnse.of the Insﬁrument

N Thelépectrum of a standard lamp was recorded between
21000 and 11500 cm™ Y, at a qonstant_slit.width of 50 um. The
relative iﬁtensi;y response fuhcﬁion of the instrument, C'(v),
and the relative inteﬁsity correction, C(v), (Section 2.7)
that wefe calculated from the'spectrum’aré‘given in Figure

N .

' 3.2, where k and k';of quationS»(Z,l) and (2.2) have been

1

adjusted to give\C'&V) = C(v) = 1.0 at 20487 cm. The
>red ] LoV '

observed spectrum was multiplied by Cc(v) to correct the
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Figure 3.2

The intensity response C'(v) of the Raman
instruljent and its reciprocal, the relative
intensity correction curve C(v).
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relative intensities for the instrﬁment response. The'values
of C'(v) are accurate to within 15%, judging from the noise‘
on the spectrum of the standard lamp. Those'pOrtions‘of the .
curves that apply to Stokes Raman spectra excited with'4880.
and 5145 i iaser,lines are indicated,ﬁnder theAwavenﬁmber |
axis, and the wavenumber ranges over yhich spectra of ice
" were recorded’in this work are indicated by horizontel bars.

It %s concluded from:Figure 3.2 that the correction
function C(v) is constant to witﬁin 3% between 0 and 900 cm-;,
and to within 10% between 2300- and 2600 cm t.. Thus the
uncorrected relative intensities of features within either
of these ranges are correct w1th1n exper1mental error.
However, between 3100 and 3500 cm -1 away from 4880 or 5145 A
excitation, C(v) increases by 15 or 20% respectively. Thus
data within this range must be corrected.

It‘is further coﬁcluaed from Figcre 3.2 that the‘value
of the‘correction‘function is ~1.0 at 900 cm'l, ~1.1 at 2400
em™! and ~1.35 at 3300 cm” ! for 4880 A excitation, but -1.4
at 2400 cm ' and ~1.9 at 3300 em” ' for 5145 A excitation.
Therefore the intensity of scetﬁering by the O-B or O-H -
stretching vibrations relative to that by the iatt'ce vibra-
tions must be corrected.

The figures reported in Section 3.5 have not been
corrected for the instrument response, buF ccrrections that

are larger than 15% have been applied to the relative i“tenfl‘

sities {eported in the tables of Section 3.5.

v
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3.5 The Raman Spectra of Ice II and Ice IX

" The Raman spectra of ﬁzoband D20 ices II and IX between
35 and 100 K at atmospheric pressure are reported in this
section. The features of the spectra are assigned to O-H or
O-D stretching vibrations, H~O-H or D-0-D bending vibrations,
rotational lattice vibrations, and translational,latfice
_vibrations based on tﬁe ratios of the frequencies of the -
cdrrespondihg features of the Hzo‘and D,0 ice, i.e. on'the
isotope ratio, and on the previoﬁs assignments for other ices
(Section 1.5). The strongest Raman band of each of the four

ices lay between 3100 and 3500 em™ !

for the H20 ices and
between 2300 and 2600 cm * for the D,0 ices. This band is
as;igned to the O-H and O-D stretching vibrafions. A series
of weaker and Sharper peaks was observed befween 30 and 325
em™! for each ice and is assigned to the translational vibra-
tions. Avmuch weaker series of peaks of various widths was»

observed between 480 and 900 cm'1 in the spectra of the Hzo

ices and between 350 and 700 cm Y in the spectra of'the Déo
ices, and is assigned to the fotational.vibrations. Weak
scattering that was observed between 1060 and 2000 cmfl,.but
is-ndt feported heré begause of its non—reproducibility, is
likely due to the H-O-H bending vibratibﬁs. | |

The spectra changed little betweén 35 and 100 K. - The
most pronouncéd effects were small frequen;y shifts and a
sharpening of features as the temperature decreased, so that

the weaker features were better defined and the comppnents

of the closely-spaced doubiets were better resolved at lower
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temperatures. Therefore the spectrum of each of the ices is
summarized fer a sample temperature of 35 K, the lerst
temperature attained, and the temperature dependence of the
frequency apd half-width of the well-defined featufes is
given in separate tables, with the other features expected to
behave.similarly. Tﬁe relative intensities of the features
are tebulated for a c:usﬁed sample, The spectra of ice II
presented in the figures, however, afe largely of uncrushed
samples that are believed to be near-singlé crystals. 

The Raman spectra of Hzo ang\b‘o ice II are shown in
Figures 3.3, 3.4 and 3.5, and are summarlzed for a sample
temperature of 35 K in Table 3.2. The corresponding features
in the spe%tfa of the two isotopie species are usually.readily
identified. Exceptions:éo this are the highest frequency |
features due te the'O?H énd O-D stretching vibrations; but
these features can be related with the aid of the polarized
sPectrawof‘near—single crystals, which are repofted later in
this section. |

Seven features-are assigned to O-H or O-D stretching
vibrations of ice II»(Table 3.2). Between 35 and 160 K’the
frequenc1es 1ncreased by ~0.2%, as shown in Table 3. 3 and
Flgure 3.6, and the half-widths increased by ~-30%, as shown
in'Table 3.3. As a result of this broadening, the bands of
the D2° doublet at 2476/2486 cm -1 became unresolvable ab6ve
~-80 K. The features were underlaxn by very broad, weak Raman
scattering thatAextended from.-3000 (2220) to =~3700 (2700)

em™! for H,0 (D,0) ice II at 90 K.



Figure 3.3

ICE 11

5145 A

RAMAN INTENSITY

CRYSTAL
48 K
3em?!

PO“N*R
59 K
4 cm’)

2700 2 - 2300
' Dl

Raman spectra of O-H and O-D stretching
vibrations of ice II crystals (H,O0 and upper
curve for Déﬁ) and powder (lower curve for Dzo)
under Y(2,Z+Y)X scatterlng geometry. The sample
temperature, resolutlon and exciting line are
shown. Features marked G are due to grating
ghosts.. ’
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Figure 3.4 Raman spectra of rotational laftice vibrations
of ice 1I crystals under Y(z;Z+Y)X scattering
geoﬁétfy. The sample temperature, resolution
and excitingAline are shown. ‘



- Figure 3.5

~ ICE 11
H,O
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Raman spectra of translational lattiCe vibrations
of ice II crystals under Y(Z,Z+Y)X scattering
geometry. The sample temperature, resolution
and exciting line are shown. The feature

marked Ar® is due to an argon ion plasma line.
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Table %% mmw hedad scattering by ice II at 35 x.*
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H,0 D,0 X
_Intensity” _ntenaity®
\)/cm-1 height Rxeh - FUHMC/cm-l \)/c:m-1 height area !’wm‘lc/cm_1 VOH/VOD Assignment
3465 (10) 10 br. sh 1369 v (A) +Vg(E)
3400 (5) 1w [ >20 2530.5(1.5) 13 26 1.344(3)
3340 35 }-60 sh 2475.9()) a8 ]50 <10 1.349(3) v, ()
3306.0(0.4) 64 . 29 2486.1(1) 46 <10 1.3296(7) v ((E )
2445(5) 15 sh vy, ()
3270 21 2420(5) 1 sh 1.351(3) v ,(E)
~3225 ww n 2380(5) <18 sh 1.355(3) v (A )
3188.8(0.4) 100 100 2349.8(0.4) 100 100 19 1.3571(4) v ()
N\
~950 ~10 -5 ~695 w " \br 137 A?
~8457 ~5 sh ~620 w 1.36 Vo (hg?)
-775 ~15 36110 ~575 15 - 25 12 1.348 VR(E (43 7))
. “ 544 sh Ve
. 530.3(0.5) 55 100 12 1.349(2) V(£ )
714.8(0.5) 40 8 22 518.8(0.5) 35 50 12 1.378(2) V()
685 -15 sh Ve
648.1(0.5) 7 8 482.9(0.5) 15 - 15 1:342(2) vy(A)
617.0(0.5) 13, B 6.7 452.6(0.5) 20 25 1.363(3) V(£
597(0.7) 6 7 7 438(0.6) 15 10 64 1.363(4) V(A
5§72.6(0.5) 23 15 @~ 418.6(0.5) 45  4Q_ 4% 1.368(3)  Vp(E_(+A2)
495.2(0.5) 100 ]100 4 360.0(0.4) 100 }100 ” 1.376(3) vp(A))
.489.0(0.5) 100 37 ~357(1.0) 1.370(5) Vg (E)
322.1(1.0) <5 10 6\ 310(1.0) 5 8 1.039(7) v (E_(+AD))
272.8(0.4) <5 ; Vp (A
268.2(0.3) 20 25 5y 257.1(0.4) 20 35 s 1.043(3) V(&)
262 5 sh 245 ) 2 sh Vo 7
199.8(0.3) 35 37 2.7 194.6(0.4) 35 50 2 2.02708) vy (A
186.5(0.3) . 20 20 24 181.9(0.4) 20 20 2% 1.025(4)  Vp(E (+AN)
151.5(0.3) 100 100 2 147.5(0.4) 100 100 1% 1.02605) vy (EQ)
104(1.0) 20 20 <3 100.2(0.4) 30° 20 1% 1.04(1) vy (E_ (A7)
71.6(0.3) 45 35 1.7 69.1(0.4) 50 30 1% 1.035(10) Vy(E()

’

a
The uncertainty in the last place is in parentheses.

b : -
Intensities for polycrystalline samples, measured as the heights or areas of the
features above the scattering to either side of the feature, relative to the

strongest peak in each region as 100.

c ) ‘
Full width at half-maximum intensity, measured or, for imperfectly resolved bands,

estimated. S5lit v;dth was 2 ch?l for bands due to O-H or O~D stretching

i =
vibrations and rotational vibrations:; 1 cm

vib;ations. Units are cm-l.

1

for bands Que to translational

o A
Coay
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Table 3.3

Temperature dependence of the frequencies and hal f-widths

of the well-defined features in the Raman spectra of joce II.

Frequencies (half-widlths)/cm-1 a

10 & 35 X 60 K 80 X 100 X
Vo (H,0) 33058  3306.0 (29) 3307.0 (32) 3309.1 (39) 3313.0 (48)

OH 2 3188.7 3188.8 (31%) 3189.8 (33.7) 3191.9 (38) 3195.4 (42%)
Vg (H,0) 715.6 714.8 (22) 713.8 712.6 L711.2 (27)
649.6 648.1 (8) 646.2 644.5 ' 642.7 (11%)
618.4 617.0 (6.7) 515.0 613.0 610.9 (9%)
573.4 572.6 (4%) 571.2 569.4 567.4 (7)
495.8 495.2 (4) 491.5 490.8 489.8 (5%)
490.0 489.0 (3.7) 487.7 - 486.2 484.0 (5.7)
V. (H,0) 322.5 322.1 (6%) 321.5 320.8 319.9 (10)
268.4 268.2 (5k) 267.8 267.4 266.7 (7%)
199.9 ., 199.8 (2.7) 199.5 ‘ 199.2 198.9 (4%)
186.7 186.5 (2%) 186.3 186.0 185.6 (34)
152.0 151.5 (2) 150.0 150.3 149.7 (3%)
~104 ~103.8 (<3) 103.4- 102.9 102.4 (3)
71.6 71.6 (1.7) 71.6 71.6 71.6 (2%)
: ) ©
Vop (P,) 2484.4C 24B6.1 (<10) 2487.8c 2489.1c 2490.4c
2481,3" 2481.4F€ 2482.1 2483.6 2486.5
2474.6  2475.9 (<10) .2477.2 2478.2 2479.3
2349.6  2349.8 (18%) 2350.6. (20) 2352.3 (21%) 2354.9 (22%)
Vg (D,0) 531.0 530.3 (12) 529.5 528.7 527.8 (14)
519.8 518.8 (12) 517.5 516.4 515.1 (14%)
484.2 482.9 (5) 481.5 480.2 478.8 (8.7)
453:7 452.6 (7) 451.3 450.1 448.6 (9)
419.8 418.6 (4%) - 417.4 416.2 414.8-(6%)
360.7  360.0 (~5%) 358.8 357.7 356.2 (5%7?)
Vv (D,0) 257.3 257.1 (5%) 257.0 256.9 256.8 (6.7)
; 194.9 194.6 (2%) 194.1 193.6 192.9 (4%)
182.4 181.9 (24) 181.4 180.8 180.0 (3%)
148.2 147.5 (1Y) 146.9 146.2 “7145.6 (3)
100.4 100.2 (1%) 100.2 99.8 99.6 (2)
69.2 69.1 (1%) 69.0 68.9 68.8 (2)

2The frequencies are believed accurate to 10.5 cm-l. except for the
components of the doublet (2476/2486) of D.O ice IX.which are believed
acturate to 1 cm 1. 'The half-widths are believed accurate to *10%.
bFrequencies obtained by extrapolation.

c'xfhese'frequencies are the center of the partially resolved doublet.
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Figure 3.6 'Theftempergturéfdependence.pf'the frequencies
e | '~ of the Well—defined-Raman features due to the.
0=<H and 0O-D stretchingfvibrationg of ice II.
The triahgieS‘indigate frequencies obtained
with single measurements. The error bars
represent the average of ten to thirty '
héasﬁrements + one Standard'déQiation.v The D,0
“curve at 2481 cm'l,at 0 XK-is for the average
frequency of the observed doublet.
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”DZO'ice II, and to a lesser extent of H
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Ten features in the Raman spectrum of HZO ice II and

eléven“features in the spectrum of Dzo ice II are assigned to

‘Jgotational vibrations (Table 3.2). Between 35 aﬁd,loo K

Viﬁhéir freqqencies décreased by ~1% (Table 3.3 and Figure 3.7),

s

and their half-widths increased by ~25% (Téble 3.3). The

' sz doublet at 489/495 cm-‘;L was resolved between 35 and 100 K

but the correspondihg D,O doublet at 357/360 cm-; was not
resolved above 65 K. |

Eight features in the spectrum of ﬂzo ice II and nine

- features in the sﬁectrum of D20 ice II are assigned to

translational vibrations {(Table 3.2). Between 35 and 100 K

their‘frequbhcies decreased by 0.5 to 1% (Table 3.3 and

Figure 3.8) and their half-widths increased by -50% (Table
3.3). The weak'Dzo feature at 272_cm-1 was well-defined,

particulérly in the spectra of single crystals with polarized

light, but the correspbnding Héo feature was not observed.
Taylor and Whalley®’’ observed four peaks, at 3314, 3194,

261 and 151 em Y, in the spectrum of H,0 ice II and three

péaké; at 2489, 2353 and 146 cm-l, in the épectrum of DO ice

2
II, at 77 K. Thus they saw the most intense peaks found in

‘this'wdrk, except for those that must have been hidden by a

mercury line at 186 cm t.%7

The relative intensities of the spectral features of

2O'ice II, varied

markedly when uncrushed samples Were examined; they varied
with the sample, with the position of the ‘sample in the beam,

and with the polarization of “the exciting light., In contrast,

™~ 1
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"Figure 3.7 The temperature'dependence of the frequencies

of the well-defined Raman features due to the

rotational vibrations of ice II. The triangles

indicate frequencies obtained with single
measurements. The. error bars represent the
average of lve to thlrty-two measurements
+ one standard deviatlon.
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the spectra of crushed samples were independent of the sample,
- its position in the beam and the'polarization. Thus the
uncrushed samples contained single crystais of sufficient

size toiyield polarization data. The qualitative usefulness
of this can be seen in Figure 3.3, where the shoulders at

2420 and 2445 cm % are barely visible in the Spectrum of the

' D20 powder but are well defined in the spectrum of the crys-
tal. The differences between spectra of'uncrushed samples
recorded.with different polarizations of the incident and
scattered 1ight were sometiﬁes even more informative, and(are
reported next. The scattering geometries are denoted by the
Porto notation, 21 y(aB)X, where Y and X are the propagation
directions of the incident.and collected light and a and B
are their respective polarizations, witn reference to orthog-
onal laboratory axes.- In this work o is either Zlor X-while
B is Z or ¥, .or Z-+Y‘when the polarization of the collected
light was not analyzed.

The spectra of D,O ice II under Y(Z z +Y)x and

2
i(x,z-+Y)x polarizations are shown in Figures 3.9, 3 10 and
3.}1 for the O-D stretching vibrations, tbe rotatiOnai vibra-
tions,)and the traﬁslational vibrations. The‘spectra in

- Figures 3. 9 and 3.1l were recorded on one sample at one orien—.
tation. The sample was unaVOidably moved before the Spectra
of Figure 3.10 were recorded, but was realigned to nearly
reproduce the spectra of Figure 3.11 before Figure 3.10 was -

recorded Thus the orientation of the sample for Figure 3.10

- is believed to be very close to that for Figures 3. 9 and 3.11.
: e . _
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Figure 3.9 ‘Raman spectra of the O-D stretching vibrations

"of a single crystal of D,0 ice II undeq

differeﬁt polarizations. The sample temperature,
resolution, and exciting wavelength are, shown.
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~ Figure 3,10 . Raman spectra of the rotational lattice
vibrations of a single crystal of D,0 ice 11
under different polarizations. The sample

' temperature, resolution, and exciting wavelength
are shown. . ' |
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* Figure 3.11 Raman spéctra of the t:ansiational lattice
’ vibrations of a single‘crystal‘of,nzo ice 1I
under different polarizations. The sample
temperature} resolution, and exciting quelength

are shown.
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The sample was ;leari& a near-single crystal since nearly
complete extinction of some spectral peaks was seen when gﬁe
pola:izétion of the incident iight was rotated by 90°. The
spectra were not exémiped with the analyzer and therefore
the information that is obtained is potentially ambiguous.
Neverthelesé}\under the two poiarizations of the inéideﬁ
light many ofrthe.features exhibited one of two behaviours.
Thus the features at 2476, 2380, 2350,\519, 4§3, 438, 360,
273, and 195 cm-1 were strongest under.Z,Z +Y polarization
but weak or nearly extinguished under X,Z +Y. In contrast
the features at 2531, 2486, 2445, 2420, 575, 530, 453, 419,
357, 310, 257, 182, 148 and 69 cm ' were either equally

intense under all polarizations, or were more intense under

X,2 +Y polarizations. The features at‘695'3ﬁ§ 620 cm-1 were

too weak to be classified; and the feature at 100 cm™ ! was

only slightly weaker under X,Z2+Y and so did not fall into
¢ |

"either classification. It should be noted that the shape of

the feature at 2531.cm"1 is slightly aiffereht under the two

polarizations (Figure 3.9),' The .spectra that. are presented

represent the most definitive polarization-data that was
obtained for.DZO ice II. All of the other, less definitive,
polarization datatalso indicated the result that is clear

from Figures 3.9, 3.10 and 3.11.

Yhe pblafizgé/;gégifa of the 0O-H siretching vibrations

and of the rotational lattice vibrations of Héoiﬁcé II are
shown in Figures 3.12 and 3.13. A different sample was used

for each region. It is clear from these spectra that the
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Figure 3.12

Raman spectra of the 0O-H stretchzng v1brat10ns
of a single ‘crstal of H2° ice II under ,
different polarizations. The sample temperature,
resolution and exciting wayvelength are shown.
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Raman spectra of the rotational lattice
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féatures at 3189, 648, 597 and 495 cm-1 are strongest under
parallel (22) polarization, while the features at 617, 489,
and, possibly, 573 cm_l are strongest under the perpendicular
polarizations. Somé;hat ambiguous behaviour was,observed for
the peak‘at 3306 cm” ' but there seems lfttle doubt that it

is perpendicularly polarized. No useful polarizatfion data
were obtained for the translational lattice vibrations of
H20 ice II.

The polarized spectra of ice II were often of margin&l
quality, mainly because the conditiohs of good extinction,
which‘indicated that the sample was a near-single crystal,
were met largely by chance. Definitive polarized Raman
spectra would'be‘recoraed with an analyzer, and the orienta-
tion of the crystal axes with respect to the laboratory
axes would be known. The spectra wouid also bé corrected'

for the convergence error, ®°

which causes light of the wrong
polarization to appear in a spectrum and is caused by the
'focussing of . the laser beam on the sample and by the finite

: s
collection aperture. Clearly the spectra of Figures 3.9

to 3.13 are not defin;tivé, but they are the best that were
recorded and a good deal of usefui'information can still be
obtained from them.'

The Raman spectré of Héo and DZO ice Ié’are shdwn in
Figufes 3.14, 5.15, and 3.16, and ;re‘summarized for 35 K in:
Table 3.4. The corfesponding features in the spectra of HZO
and D20 iée IX are readily ddentified in all three regions .

of the spectra. Unlike the case of ice II, the relétive

L
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RAMAN INTENSITY

\

Figure 3.14

Raman spectra of the O-H and 0-D stretching

.,vibrations of polycrystalline ice IX under

N

N

Y (2,2+Y)X scattering geometry. The sample
temperature, resolution, and exciting wavelength
are shown. Features marked G are due to
grating ghosts. '
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Figure 3.15

] 2
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AV/cm
Raman spectra of the rotational vibrations' of
polycrystalline ice IX under Y(2Z,Z+Y)X
scéttering geometry. The sample temperature,
resolution, and exciting wavelength are shown.
Features marked S are spurious.
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scattering geometry. The sample temperature,
resolution, and exciting wavelength are §hown.
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) .."‘»4 L .
2 The uncertamty in the: Wt Place is in Jjparentheses.
b
Inténsities for polycrysunine lmplcs. -ulurod as t.he heights or areas of the.

features above t.he -c-ttetinq to sither. lide of the featurs, relative to the
stxongest peak in uch u&;on as 100.

ltull width at hélf-maximum intensity, measured or, for iwerfectly resolved bcnd-.
utdmted " §lit width was 2 om -1 for bands due to O~H ox .0~D stretching
vibrations and rotational vibrations; 1 ca for bands due to translational.

vibrations. Units are m-l.

S~

" Table 3.4

r Features of the Raman scattering by ice IX at 35 x.® f]&‘%

) H2° - D20

ntensity® |  _meensig®
\J/em-‘l heights area FWHM €/om -1 .\J/‘:n—1 height mrea. M-lMc/cmfl vOHNOD Assignment '
: _ “ : » QQI(AI).v7(al).

13440(5) 10 ] br. sh. 2513 (1) 9 >15 1.36903) | o T

, 40 02" ""13
3360(5) 17 >40 2492 (3) 9 sh 1.348(4) v (E)

‘ - ve(al) WV (B,
3274.0(0.4) 70 50 204 2454.0(0.4) 85 50 10 1.3342(4) s ‘E"“le‘ﬁ’f
3151.2(0.4) 100 100 31 | 2325.4(0.4) 100 100 17 1.3552(4) v, (A))

885 15 25, 21 650 .15 85 35 1.362
. 820 15 50 45 605 10 25 @ 22 1.355 . v (E)"
- 717(1.%) 15 40 30 7531 T 20 25 ok 1.350(5) vp
679.7(0.8) 80 95 16 510.3(0.3) 95 105 9% 1.332(2) v,
€64.7(0.7) 100 100 13 490.9(0.3) 100 100 8 1.354(2) Vg (E?)
632(1.5) 15 10" -1 462(3) 10 10 10:4 1370 v
604.4(0.5) 35 30 104 . 444.9(0.6) 35 40 10 1.358(3) Vg(E)
574.6(0.4) 12 8 8y 418.5(0.6) 15 .10 6k 1.373(3) v
ses(1) . 12° 8 - 8 ' 411.0(0.6) 15 - 10 . 6k 1.375(4) Vp(E) -
539.8(0.3) 20 10 64 . 1392(1.5) . 20 20 8 1.377(6) v (E)
/519.2(0.4) 100 . 35 5 378.4(0.5).100 55 a 1.372(3) v
3w s 10 10 297(1) 5 13 10 1.044(7) v (E)
245(0.4) 10 15 L 234.3(0.5)- 7 64 3 1.045(4) v,
209.6(0.3) €5 B0 3% 204.2(0.3)° 80 80 .34 1.026(3) V. (E)
195.4(0.3) "'10 sh. - . 189.6(0.3) 20 S 1.03103) v,
186.8(0.3) 100 100 3% 184.2(0.3) 100 100 L 1.014(3) v,
179(0.3) 20 13 2y 173.6(0.3) 15 - 12 2 1.031(4) v,
103.0(0.3) 90 45 . SUI . 99.0(0.3) 60 37 2 1.040(6) v, g
87.0(0.3) 15 10 3 1 84.9(0.3) ‘10 10 4 1.025(7) vy
76.6(0.3) 18 13 74.4(0.3) 30 20 | 2 1.030(8) v,
73.5(0.4). 50 2 71.0(0.3) 65 45 2 {A.035(10) V(E)
©35.610.4) 20 8 1 . 34.3(0.3) 15 10 3? 1.04(2) v
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intensities in the spectra of ice IX were virtually indepen-
dent of the sample orientation'and the_polerization ef the
laser so the samples of ice IX-were clearly polycrystalline.
Four features are assigned to O-H or O-D stretching
vibrations (Teble;3.4l. Between 35.and 100 K their frequen_
ciee increased,by ~0.2% as shown in Table 3.5ﬂand Figure 3.17
for the two'pronfnent features, whose half—Widths increaeed
by ~30 to 50%-(Tableh§;5), The features were underlgin by week
Raman scattering that extended £rom 3000 (2220) to 3650 (2850)
em™ ! for HZO'(DZO) ice IX at 90 K. | |
Elevenwfeatures»are.assigned to‘retetional vibrations
(Table 3.4). Between 35 and 100 K, the frequencies of the
main features decreased by 1% (Figuree 3.18 and Table 3.5).

£

The weak.HZO doublea'a¢‘565/575_cm'1 qsually appeared as a

single broad band above 50 K, while the corresponding DO
doublet at 411/419 cm—l'(Figure 3.15);Was sbdit even at 90 K.\\\\
-1

Slmllarly the H20 doublet at 664/679 cm ~was barely resolved

above 60 K, whlle the correspondlng D20 doublat at 491/510

- cm 1 was’ well resolved even at 100 K.
Eleven features are assigned to the translat10na1 vibra-
tions of ice IX (Table 3.4). Between 35 ‘and 100 K, their

fregueﬁcies decreaeed by -1% (Table 3.5 afid Figure %{lg) and -

R

their half—w1dths increased by -30% (Table 3, 5).'The split-

ting of the doublet at '74/77 em™* (71/74 cm™! for the D )

was strongly dependent on the spectral Sllt w1dth, with the

-1

features beLng unresolved w1th a Sllt deth of 2 ‘cm — but

%

AN

resolv%guwfth sPit w1dths of 1 cm™ ! or less.

AN
a4 %,'L"

&

ey
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Table 3.5

Temperature dependence of the frequencies and half-widths

of the well-defined features in the Raman spectra of ice IX.

3

Frequencies (half-widths) /cxn--l a - . ‘

10 X2 35 K 60 X 80 X 100 K

Vo (H20)  3273.9  3274.0 (20%) 3275.2 (22.7) 3277.5 (26.7) 3280.9 (31)
. 3149.9  3151.2 (31) 3152.7 (33)  3155.9 (37%) 3161.0 (42)
vy, (H,0) 681.4 679.7 (16) 677.1 674.6 , 672 (18)
666.1 664.7 (13) 662.8 660.4 657 (17)
7 605.9 ’%0u04£§;Q1ﬁMJ 601.7 599.0 595  (12%)
520.0 - 5194 j[ﬁw; 518.0 516.0 .- 512.5 (6)
. ’an“'gﬂ,fw o ‘ ‘
vy (H,0) 210.0 209.6 (3%) ~ 209.1 . 208.4 207.3 (6)
187.2 186.8 (3%), 186.2  ° -185.6 184.7 (5)
103.5 103.0 (1%) 102.3 101.7 100.8 (2%)
76.7 J6.6 (1%) 76.4 76.2 75.9 (2)
73.5 73.5 (2) 73.3 ] 73.1 72.8 (2%)
Vop(P,0)  2453.7  2454.0 (10)  2454.9 (11)  2456.1 (124) 2457. 6 (14)
- 2325.0  2325.4 (17)  2326.8 (18%) 2328.7 (20) 2330.9 (22)
R(DZO) '~ 510.8 510.3 (9%) 509.2 507.5 504.3 (15)
: 4922 490.9 (8) . 489.2 . 487.8 © 485.8 (13&)
445.9 444.9 (9%) _ . 443.7 = 442.5 441.0 (12)
.~ 378.8  378.4 (4%) 377.7 376.7 374.9 (6.7)
Vv D,0) 234.5 234.3 (3) 233.7 .232.7 230.5 (4%)
S 204.6  204.2 (3%) 203.7. 203.0 : 202.0 (4%)
184.5.  184.2 (3%) 183.8 - 183.2 182.4 (4%)
99.2 99.0 (2) - 98.6 98.0 : 97.0 (2k)
74.5  74.4 (2) 74.2 73.9 73.6 (2%)

71.1 T71.0 (2%) 70.9 ' 70.6 70.2 (3)

The frequencies are believed accurate to _O 5 cm 1. the,halﬁ-widths-are
belleved accurate to $10%. . -

b L,
Frequenc1es ob;alned by extrapolation.
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Figure 3.17 -Témperature dependence of the frequenciés‘of
the well-defined Raman features due to the O-H
and O-D étietching vibgatibns of ice IX, The
triangle?fndicates a frequency obtained with a
“single measurement. The error bars represent
the average of six to twenty-four measurements

+ one standard deviation.
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_ ‘Figuré 3.18 Teﬁﬁerature dependence of the frequencies of
the well-defined RAmgn features due to' the
‘rotational vibrations of ice IX. The error
bars represent the'avérage of nine to twelve
measurements : one standard deviation; ‘
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Figure 3.19 Temperature dependence of the frequencies of
' . the well-defined Raman features due to the
translational vibrations of ice IX. A triangle
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measurement. The error bars represent the
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Taylor and Whalley®’ ebserved’two peaks, at 3281 and

3159 cm Y, in the spectrum of H,0 iee IX and three peaks, at
2457, 2327 and 166 cm ’, in the spectrum of D,0 ice IX, at
77 K. Clearly the strongest peak due to the translational
vibrations (Table 3.4), at 183 cm™ ! at .80 K (Table 3.5), must
have beea masked in their spectra'by thevmercury emission at
186 cm 1.97 Their peak reported at 166 em b °7 must have
been an artifact of this»mercury emissiég/er of the noise on
their speetrum. ,

~All of the featﬁres.that are reported here for iee.II
and ice IX (Table; 3.2 and 3.4) were observed at all tempera-
tures between 35 and 100 K, and there is no doubt of thelr
: ex1stence. Other, very weak features may ex1st, partlcularly_
due'to rptatlonal lattlce vibrations whlch scatter weakly and
typically had low signal-to-noise ratios. Any undetected
feature due to translational.vibrations mest~either be
unresolved at 35 K or must have a height that ie less than
0.01 of the height of the peak at 152 cm™! of H,0 ice II'er

at 187 cm-l of H20 ice IX, or_less than 0.02 of the height:

of the correspondlng peak of. the D,0 ices.

The 1ntens1ty.of the scatterlng in each reglon of thex
Raman spectra of ices IT and IX relatlve to that of the O-H
or O-D stretching reglon, corrected for the instrument
:response, 'is given in Table 3.6. The relative areas are
1ndependent of temperature between 40 and 100 K within expere.
1menta1 error. Further, the intensity of scatterlng by the

tranklational lattice vibrations and by the rotational

N

'3' r



Table 3.6

Relative intensities'of the Raman scattering due to thé O-H or O-D

stretching vibrations, the translational vibrations and the

-

rotational vibrations of ice II.

H:O ice
© D,O ice

H. O ice

D.O ice

I1

11
X

IX

Relative areas

Relative heights ‘(peak frequenqzlpm—l)

/100 (2325)

Vousop Vv VR . Vou/oD Vi Vr
100 7.3 3.0 100 (3189) 50 (152) 8.9 (492)
100 7.3 3.3 100 (2350) 30 (148) 4.4 (358)
100 7.5 2.3 . 100 (3151) 39‘(187) 4.1 (519)
100 8.3 3.2 .22 (184) 8y

2.4 (378)
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lattice vibrations is 7.6 +1.2 % and 3.0 + 0.7 % respectively
of that of\the'OfH or 0O-D stretching vibrations fo: all four
] - / 1
ices, ‘

The relative heights of the strdngest features in each
region a{; also given in Table 3.6, since these are more

easily compared visually than are relative areas. It must be

noted, however, that it is the}area and not the height of a-
feature that is of theoreticallsignificgnce.

| The baselines used to obtain the intensities reported
in Table 3.2, 3.4 and 3.6 were found by interpolation of.the
scattering to eithef side of the overall band of overlapping
features. This was sometimes cleérlyrunsatisfactory for the

. ;

rotational vibrations because a broad and non—reproduéible
band ffeqﬁently.uhderlaid the sharper R#man peaké and shoul-
ders. Therefore the uncertainty in the relative ar;as is
~15% for the O-H or O-D étretching vibrations and the trans- ‘

lational vibrations, but is ~20% for the rotational vibra-

tions. ' .



CHAPTER FOUR

DISCUSSION OF THE RAMAN SPECTRA OF THE

O-H AND 0-D STRETCHING VIBRATIONS OF ICE II AND ICE IX

4.1 ‘Introduction

The Raman spectra of the O-H and O-D stretching‘vibra-
tions of ice II and ice IX were reported in Chapter Three.
Seven features were observed for ice II and four for ice IX,
and there was a weak, broad scatterlng underlylng the prom-
ylnent features in each of the spectra The relatlve lnten—‘
sities of the peak§ and shoulders are independent of temper-
. ature between 35 and 100 K, which supports the assignment of
these features to fundamental vibrations.

In Section 4.2 the Raman spectra of the O-D stretchilg
Vibtatidns of the D,0 ice II and IX are assigned from the
results of the normal coordlnate analyses12 that explamed12
the 1nfrared spectra of these 1ces, and the polarlzed spectra

of D.0O ice II are con51dered in light of this .assignment.

2
The spectra of the- HZO ices II and IX are assigned by analogy.
The Raman intensities of the 0O-D stretchlng vibrations have '
been calculated under the bond polarlzablllty approx1mat10n

.~ and are reported in Section 4.3. -The force fields used in
the hlrmal coordlnate analyses were altered to correct‘slight
‘frequency mismatches, and the results of these attempts are
discussed in-Sectidn 4.4. ,The effects of disorder,‘longltu-

dinal optic*transverse optic splitting,,and Fermi resonance

on the_Raﬁan spectra of ices II and IX are discussed in

.145
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Section 4.5.

4.2 Assignment of the Raman Spectra of the O0-H and O-D

Stretching Vibrations of Ice II and Ice IX

Bertie and Bates''? used normal coordinate and bond
moment.calculations-to interpret the infrared spectra of the
O0-D stretching vibrations of deuterated ice II and ice 1IX
(Section 1.5). The normal coordinates were described in
terms of the symmetric, Vie and antisymmetric, Vg 0-D

_gtfetching displacements of the twelve water molecules in the
unit cell of each ice, and tne'force fields were constructed

- using O-D stretchlng force constants, intramolecular 0-D,0-D'
interaction constants, and nearest nelghbour 1ntermolecu1ar
O-D---O'—D' 1ntera;t on constants. The force fields that
were used for each 1ce\q\ffered slightly in the interaction

constants. The frequenc1\s\and eigenvectors were calculated

'mplemented in the computex

using the Wilson GF method,®® a

22 ti .+ intensities of

program VSEC,!?? and the relative abso
~the v1brat10ns were calculated under the pond mement approx-=

Fﬁ‘ .

imation,'2%/'2% through the program DMUDQ written by
‘J.E.'Bertie. The details of these calculations are found L
elsewhere.'r? |

The vibrational representatlon of the O-D stretchlng
vibrations of ice II is ‘4Ag+~4Au4-4Eg+-4Eu (Table 1.3), with
the A, ‘and E, vibrations infrared active and the Ag and Eg

vibrations Raman active. The vibrational frequencies, rela-

tive absorption intensities, and eigenvectors that were

Y
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calculated 1,2 for D.O ice II using two force fields are

2
reproduced in Table 4.1 and the experimental and calculated
spect%a are compared in Figure 4.1. The effect of the inter-
action \constants of the force field on the calculated infra-
red spectrum is significant (Table 4.1 and figure 4.1), but

the results demonstrate that the spectrum of ice'II is char-

dcteristic ofthe structure and not of the force field. This

result was also und'+? for the spectrgp’of ice IX. The

N

intensi 'distributishxgnd features of the spectrum of D20
ice.II are w described\by.the calculated spectrum, with 5
the most serious dfgéregggsy being the calculation near the
observed minimum at ~2400 cm'1 of an intensé absorption which
is believed'’? to contribute to the peak at ~2418 em™ L.
The Raman spectrum of Déb ice 1II, which was not well‘
known when'the normal ¢oordinate analysis was published,2
ﬁﬁst also ‘ngplained by the calculations.™ The seven
featureé C:zt were observed in the Raman spectrum can be

readily assigned as in Table 3.2 from the calculatedb2 fre-

'quenc1es (Table 4.1): 'From the eigenvectors (Table 4.1), it

can be seen that Vg (A ), the v1brat10n to whlch the 1ntense

lowest-frequency peak is a551gned (Table 3. ZYff

in-phase symmetric O-D stretchlng v1brat10h df*'

A,;

assignment that is consistent (Sectlon l 57 w1th tha

iR
Ih,®!s%* jce VIII,'’' and amorphous xce.lzi. g‘iﬁ
of t;;\ﬁﬁmag spectrum (Table 3. 2) is éﬁpported by the polafl' :

;{} 126) 1nswbxch the -

zatlon data for DZO ice II (Flgure 3%9,
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Table 4.1

The calculated frequencies, infrared and Raman relative intensities,
And.nliqmunu, of the k = 0, O-D stretching vibrations of ice II at 10 x.

Force Pleldbk‘ Force Field Bb
-1 Raman® Infrarodd -1 ananc Infrnrodd .
Mode v/cm intensity intensity Vv/cm intensity intensity Assignment
Vl(Ag) 2534 4 0 2527 12 0 -O.lsl+0.2:2+0.4111-0.6.l2
v2(Ag) 2487 17 0 24?3 18 0 0.61!1*0.4112
vJ(Aq) 2398 6 0 2399 11 0 O.5:1-0.5;2+0.llsl-0.3132
VR 2360 100 0 2350 100 0 0.58 +0.58, v
vs(Au) 25'44 0 - 15 2568 0 8 o.5.1+o.2-2+0.4n1-o.4u2 .
\)6(Au) 2522 . 0‘ 9 2517 0 1 0.3-100.532-0.nsl+0.3a52
v7(Au) 2487 0 2 2474 0 0.2 0.1:1-0.1l2¢0.5.-100.6as2
Ve(Au) 2397 0 48 2410 0 55 -0.5:1+0.552+0.3!!1-0.1as2
vg(zg) 2546 10 0 2554 9 [o] 0.231-0.23240.2111-0.23s2
Vlo(Eg) 2504 38 0 2494 40 o 0.131-0.152+0.2nsl+0.2as2
vy (Ep) 2445 6 0 2454 12 0 -0.25,-0.35,-0. 188, +0. 2as,
V12(£g) 2415 11 0 2416 10 0 0.3!1-0.282-0.2181-0.1&32
VlB(Eu) 2520 0 3 2518 0 46 0.131+O.132+0.2a51-0.4552 .
vld(Eu) 2502 o} 26 2494 0 6 0.151-0.1524»0.3181'*0.2&52
&e vls(Eu) 2428 0 26 2431 0 20 -0.3sl+0.352+0.1581+0.2a62
’ vle(Eu) 2374 o] , 59‘ 2370 0 70 -0.3-1+O.352+0.lusl-O.las2
2 Fl = 6.3518, F2 = 6.5184, FJ = 6.4557, F4 = 6.3259, Fs - 0.04: FG = ~0.02, F7 = 1.029'F8
= 0.850'!’9 = 0.964&:10 - 1.019'1’-‘11 - 0.982'?12 - 0.931'F13 - 0.915'?1‘ = ~0,108, F15 = 0.09,
F16. 0.076. Units are mdyne £-1. The force field is defined in References 1 and 2. 3 .
. N .
b As force field A, except Fs = 0.11, FG = 0.013, F7 - FB - FIO - Fll - F12 = -0.10,
F, = =0.16, FlJ =F, " -0wls, FlS,.:-.»q-'o“ !‘1'6 = 0.12.
e . ‘
€ Arbitrary units; RF = a,'/a,' = 7.5. The intensities of the two components of the
degenerate modes have ‘been added. ~
. ¢ ‘5
a, 2 ) SO -
%'(au/an) , vwhere 4, is the degeneracy of % ation k and the units of Bu/DQk are
1, & A

(.
DeA “eamu °,

e !iqenvectog elements, asi/an, for force field A, wvhare si is a symmetry coordinate. The
magnitude of the a and b symmetry coordinates have been added for the zq and !u modes .

e
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Figure 4.1

#

I
o
o . 1 . |
2600 2400 2200
v/cm) ’ ”
\5‘/

Comparison of the calculated and observed
infrared absdrption by v, (D,0) of ice II,
reproduced fronm References 1 and 2.
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“features at 2350, 2380 and 2476 cm™! were more intense underﬂb~"

¥(2Z)X polarization than under perpendicular polarization.
_ ‘ ‘ R

'This data suggests that these three features shofild be
assigned to Ag vibrations, sincehthe Ag vibratigns of ice II
. ‘ rj .

are active under xx, yy and zz polarlzatlonsss'57 while the

four Eg v1bratlons are actlve under all but zz polarlzatlon,

where 7z is the direction of the 3 axighfif™ ne crystal and

lower case letters refer'to crystarﬁ;w,:”

It is obv1ous from Flgure 3. 3 (p 116) ‘that the intense,

-1 1n the spectrum of HZO

ice II corresponds to the peak at 2349 cm -1 in the spectrum

lowest frequency peak at 3189 cm

- of DZO ice 11, and therefore can ‘be assigned to an Ag vibra-

tion. The relatlon of the other features is not so apparent,
N*but is aided by the opp051te polarlzatlon (Flgure 3. 12) of
bthe 3306 cm -1 feature to that of the 3189 cm™! peak, which

'suggests 1ts assxgnment to. an Eg v1brat10n. Thus the, 3306

peak corresponds to the hlgh frequency, Eg, component

-1

. of the 2476/2486 cm doublet in the spectrum of'D20~ The

”g.p01arizati0n data does not exclude the possibility that the

_peak at 3306 em™} contains an Ag component'in addition to the

‘Eg component, and in fact allows little more to be said-about
the symmetries of the features. A definitive assignment of

- the remaining Hzo’features would require better polarization

data from a crystal of known orlentatlon, but on the basis

A

of the avallable informatlon a tentative assignment is pro-

/posed in’ 'rablea.z.~ The nzo analogue of the low-frequency,

Ay, compopent of the D,0 doublet at 2476/2486 cm © is

SAle



believed to coincide with 3306 cm—lfpeak, basedfon_the<
relative intensity of the DZO feature. Alternateiy, the DZOV

peak could be related to the H'O'ﬁboulder at 3340 em™ 1, but

Pl

this is con51dered less likely because of the dlfferences
in 1nten51t1es and half-w1dthﬂ* Some of the polarlzed
spectra of H g ice II suggest thgt»the features at 3306 and
3270 cm” "1 are both of Eg symmetry“ However this is not élear
in Figure 3.12, which contains the best‘polarized:spectra'of

H20 ice II'that were obtained, and therefore the symmetry of
‘the 3270 cm ~feature is un%ertaln.b ‘The feature at 3270 cm’l

vls belleved to be related to the 2420 cim -1 shoulder.of,D2O,

‘w1th the H,O: analogue of the 2445 em” l shoulder presumably:
Y )

being bur&ed in the broad peak at 3306 cm 1, The HZO features

at 3465 and 3400 cm -1 appear to be both derived from the D20
'.feature at 2530 cm_l.‘ The isotope rdtlos of the v1bratlons

Rl

of ice II are’ thus between ‘1. 33 and 1. 37 (Table 3. 2) and
therefore are con51stent with those found for other forms of
ice-B,l,a ,9 ,101,125\ ‘

" The vrbratlonal representatlon of the k—'O Q¥D
histretchang v1brat10ns of 1ce IX is 3A14-3A24f331443B2ﬂ;6E,
w1th the- A2 and E v1brat%§ns 1nfrared actlve, and all , -
‘but the A2 vibratlons Rarian active. The v1brationa1 frequen_a
cles,,relatf?e absorptlonilntef Ftres,_and eigenvectors;thaé

e

were calculated’'r? for D,0 ice IX are’ given in_Table,4.2 as -
ForcebField A, and the experimental and calculated absorption

spectra are compared in Flgure 4.2. The agreemént is consid—

2

‘eredlf to be excellent. The four features that were observed

‘151
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) dk'(au/BQk)z. where dk is the degeneracy of vibration k, and the units of au/an are

152
A
; Table 4.2 i
The calculated frequencies, infrared and Raman relative int;nsities,'
_ and assigrments, of the k= 0, O-D stretching vibrations of ice IX at 10 K.
1 i
fjor!! Field A .___Force Field B®
-1 Raman® Infrarea® -1 Raman® Infrarea®

. Mode v/cm ©  intensity intensity V/em intensity intensity : Assignmente
vl(Al) 2522 § o (o] 2521 - - » 8 0 9.351-0.452-0.6351
“2(Af) 2417 ., 2 0 2416 0.7 o] O.3i&—0.5§2+0.5§51
va(Ai)‘ 2341 ,100 L0 - 2325 100 0 0.65,+0.4s,.
v4(A2) 42497 (o] 24 2509 o] o 33 - 0.;51f0.3a51-0.7q52
vs(Az) 2464 [o] ¢ 31 2461 o] 23 0.7asl—0.3352
vG(Az) ‘ 2357 4 2356 o] ; 0.7sl+0.;|.asl+o.las2
v7(Bl) 2527 0.2 0 2533 0.01 . o] 0.45}+073351T0i5352
vg(B)) 2468 30 0 2468 27 o 0.6as 40.4as,
\)g(Bl) 2412 4 ] 0 v 2422 . 8 o] 0.651-0.3asl+0.3a52
vlo(Bz) 2513 o] 2511 4 [¢] 0.251-0.352+0.6a51
“11‘?2) Z§S7 0.7 0 2463 0.06 p -O.7sl+0.2asl
vlz(Bz) 01 0.5 0 2396 0.6 o] 0.652+0.3asl
le(E) 2516 6 . 12 . 2520 10 7 0.451*0.252-0.4351-0.Sasz
314(5) 2492 7 24 2486 6 15 ‘ \ 0.lsl+0.252—0.9asl+0.3a52
vlS(E) 2464 . 13, 0.3 2466 , ‘ 5 0.lsl+079asl-0.4352
v16(£) 2462 11‘ .9 . 2461 20 ‘ 0.07 , —0.551+0.552+O.3asl+0.1as2
V17(E) ’ 2395 .2 48 B 2402 0.8 54 0.7sl+0.2asl+0.Zas2
vla(E) . 2360 0.04 E §5 2353 0.08 . 76 0.?sl+0.552+0.2asl-0.1as2
. ;

= 6.3053, F, = 6.3518, F, = 0.03, Fy = 0.01, Fg
= 0.074, Fy; = 1.081°F

F, = 6.2950, F

= 1.113°F_ = 0.967°F
1 : 7

8 o

2
Jnits are mdyne°A 1-‘

= Q.983-F9 = 1.07,3'F10 = Fll = —0.:‘L18‘, F12 4 12°
The force field is defined in References 1 and 2. N
b As force field A, except F4 = 0.0894,‘}‘5.- 0.0023, F6 = -0.1388, F,_ = 0.0389.

12

< . - .
Arbitrary units; Rp = ul'/u2;~ = 7.5. The intensities of the two components of the

degenerate modes have been added.

e

[ 28 -
DA 1'!!!11 ".

e i Co o ' ’ o ¥
Eigenvector elements, si/ .Q)c' for force field A, where Si is a symmetry coox:dii%ate.‘g_'l‘he .
knagnitude of the eigenvector elements of the a and b symmetry coordinates have been ‘added ‘
for the E modes, ' !

W

\\
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Comparison of the calculated and observed
infrared absorption by vop(D,0) of ice IX.
The observed spectrum and bar graph A are

 reproduced from References 1 and 2.
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absence of distinct features between 2417 ana 2360 cm ".

154

in the Raman spectrum of D,0 ice IX can be assigned as in

Table 3.4 from the calculate‘d"2 frequenciés in Table 4.2,

provided that v, (A ), Vg(By), v, ,(B,), v,,(E) and vl&}E) are

sufficiently weak in the Raman spebtrum to explain the
‘ 1

The assignment of the four Raman features'of\Hzodice IX is.

made by comparison with those for'DZO_ice'IXj and the iso-

©

tope frequency ratios (Table'3.4) are consistent with those

81, B4s 97, 101, 125

réported for other ice phases. Once again,

the intense,_lowéstrfreqﬁency peak, at 2325 cm-l in the

2

spectrum of D.O and at 3151-cm-1:for H,

O, is assigned (Table"

©3.4) to the ihrphase O-D or O-H stretching vibration, which

is an'Al'vibration in ice IX (Table 4.2).
It is clear from Figures 3.3 and 3.14 that for ice II
and ice IX the Raman spectrum of the D,0 ice consists of

sharper, better resolved anturés than that of the Hzo'ice,

1

as is the case for the infrared spectra."“! This must result

from the greater effect of anharmonicity on +the spectradof

the'HZO'ices, and indicates that interpretation by calcula-

RN

‘tions based on harmonic force fields and first derivatives of

the dipole moment and polarizability with respect to normal °

and internal coordinates is more suitable for the spectra of

DZO ices than for HZO ices. Accordingly, these calculations

are used to interpret the spectra of the D,0 ices (Sections

4.3 and 4.4) and the spectra of the HZO ices are not discussed

. further hete,

v

-
]
oA

[
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. ' : o
4.3 Ccalculation’ of the Raman Spectra of the O-D Stretahing

Lo . i
Vlbratlons of Ice II and Ice IX .ﬂui

To further test the’ rellablllty of the assignments
_given in Tables 3.2 and 3.4 the relatlve Raman 1ntenslt1es of
the O-D stretchlng vibrations of polycrystalllne samples of
D20 ice II and D,0 ice IX have been celeulated under the bond
polarizability approxlmatlon. In this approximation the
poﬁ;;;zab111ty*der1Vat1ves with respect. to a normal coordi-
nate are expressed as the sum of the polarlzablllty deriva-
tives_with respecit to dlsplacement of the 0-D bonds weighted

by the eigenvectors. The mathematical expressibn of the bond

polarizability approximation is

2 ='§ st ik ' (4.1)

~ where o ‘is the polarlzablllty tensor of the crystal, 1ik\ls
the it® element of the elgenVector of the k norhel coerdif
natelQk of the crystal and the summatlon is over all 1nterna1 ’
coordinates r , which in the present case are the dlsplace—
ments of the O-D bonds, In such calculatlonS, thé "eigenvec-
tors of the crystal vibrationg, which deSC;ibe the displace-
ments of the bonds in the crystal dUring each vibration. end
a model for the dependence of the poIarlzablllty of each bond -
on- the dlsplacement of the boeg are needed The bond polar—
| 1zab111ty approxlmatlon has been applled with good success

to the v1brations of 51ngle crystal ice ‘Th by Scherer and

Snyder°° and to polycrystalllne jce Ih by Rice et al.
3 - v SR
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“

The change in tﬁe polarizability of the bond with
fdisplace@ent of the bond may be represented by a', a 3x3
tensofhcalled the polarizability.derivative tensor of the
bond. - The Xy element of a' (d')x§ = /Bri, descrlbes
the dhange in the Xy po‘l'lzablllty of’ &he bond with unit
dlsplacement ri of the bond. The x, y and z‘axes of bond i
are the prineipal axes éf‘the pola}izabiiity ellipsoid™ of .
bond i, and are dlfferent for each bond.’

The dlrectlon cosine matrix T of bond i is given by.

~ [cos(X;,x) ‘éos(Y,x) - cos (Z,x)
7, = | cog(x,¥) cos(¥,y) cos(Z,y) 4.2y

cos(X,g) ‘ eos(Yfz) " cos(Z,2)

where X, Y and 2 are the crystal axee,’and COS(X,yf-is the

cosine of the angle between the X aXis‘Lf the crystal and
4 - N . .

the y axis of bond i. T; and its transpose ?if are used to

transform a' to ai' thiough

,'l= +. .. . ‘ . ) . ‘ ) .

gt =T et Ty | C43)
B - -

The XY element of o, (gi')xY = /ar , gives the change

in the XY polarlzablllty of the crystal with unlt dxsplace-

ment of bond 1.’,di' depends on the orlentatlon of bond i

~

with respect to the crystal axes,Aand 50 may be different

%

even for bonds with the same pqlarlzablllty der;vative tensor .

\

d' L) . h \‘
bel . ) -

[ ]
(a )j
crystal with respect to nbormal coordinate j, and the XY

is the polarizability derivative tensor of the
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component is given by

"(C!xy')j = E (ai')_XY.'Q'ij = z 330, - (4.4)

where the summation is dver all bonds i of the erystal.' The
2ijtare the eigenvector elements for‘normalvcoordinate Q. and
are available from normal coordlnate analyses. A similar
~summation is carrled out to flnd each of the nine compOnents

of the polarlzablllty derlvatlve tensor for the crystal for

each,horm l.coordinaté'03 of the crystal.

In is applicationvof the bond §olarizabi1ity'approxi—

n to ice'II ana ice IX, the*i—principalhaxis of the
~polarlzab111ty e111p801d of each bond is assumed to be_coih?
c1dent with the bond axls, so that all of f- d1agona1 elements
of the polarlzablllty der1Vat1ve tensor u' are zero. Further,
,the e111p501ds are assumed to be cyllndrrcally symmetrlcal,
so that the xx and vy elements of the polarlzablllty derlva—
‘tlve tensor are equal and have. the value az Thus, the only
vunique elements.of g' are al', the component parallel to the
bond, and a", the*value'ef each of the two components.
perpendlcular to the bond. ‘The'poiarizability derivative

" tensor a is assumed to be the same for all 0-D bonds in the
,crystal, even though there ‘are four non-equlvalent types of |
O-D bond in 1ce II and three in ice IX. Thus the ratio

u} z‘»\;
/a is the only varlable in the. calculatlon of the’

.

relative Raman 1nten51t1es under a partlcular force fleld for

each ice.
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H

The Raman intensity of vibration j is related to the
components of (a')j, the polarizability derivative tensor of
the crystal with respect to the normal coordinate, 1n a way
whlch_depends on-the orientations of the polarizations of the -
incident ‘and scattered light with respect to the crystal axes.
For a sample.of randomly oriented crystéllites the incident
1ightbmay be fbtally-5cfambled,with respect to polarizetion
and propagation dlrectlon on pa351ng through the sample. !?®
If thlS happens, the spectrum is the same under parallel and
perpendicular polarlzatlone. This was experimentally
obeerved for crushed samples of ice II and for all samples

of ice IX (Section 3.5). . For this case, the intensity I(vj)

of vibration j is given by !?®

~

v [(v;-vj)é/vj] : — o,
I(vj) < 7o exp(-hyj/kT)] -(45(aj )<+ lO(yj )71 (4.5)

where &j"and Y;' are the 1sotrop1c ‘and anlsotroplc invar-
1ants of the polarlzablllty derlvatlve tensor for vibration
3j at frequency vj; vo'ls the Raman exc1tat10n“frequency,‘T

is‘the absolute temperaﬁure, end'h and k are the Planck and,

Boltzmenn constants. The isotropic invari‘ant is defined as
' —. 1 ] ‘v. . [} B .
a' = 3 (a + « + a ) (4.6)

and the anisotropic invariant is defined as

| -l _' b‘ lb | (] 2 ) -|‘0 |“2
") _.%{‘GXX T Oyy ) +'(ayy -ayt)

2
+ | I
(azz Oy )

2 .2 2
] ] + ' . 4-7
+ G(axy + oy, @,y ) } ( )
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E;, Y and the scattering intensities of the vibrations,
glven by equatlon (475), relative to that of the in-phase
symmetrlc O—D stretchlng V1brat10n, are given in Appendix I
for RP=5.6, 7.5, 10, 20 and 50 for force fields A and B of

D,0 ice II'+? (Table 4.1), and for force field A of D,0 ice

2
Ix!s? (Table 4.2) and for force field B of D,0 ice IX, which
is aescribeo in the following section. R .

The scattering intensities of the 0-D stretching vibra-
tions of ices II and IX are plotted as a function of. RP in
Figures 4.3 andv4:4, where it can be seen that the inteneitﬁ
of each vibration increases relative to that of the symmetric
'O;D stretching vibration of each ice as RP increases. The
value of RP was chosen to glve the best fit to the relative
1nten51t1es of the three strongest peaks of 1ce II and the
two strongest peaks of ice IX. For a polycrystalllne sample

of D,O0 ice II the integrated area of the.doublet at 2476/2486

2
1*(v2(Ag)/vlo(Eg” is 0.52+ 0.1 times that of the bands at -

1

2350 cm~ (v4(Ag)), and for polycrystalline ice IX the inte-

grated area of the band at 2454 et (vg(B)) 4 vy (B,), v < (E),
1¢(E)) is 61521 0.1 times that of the band at 2325 em”?
(vy(a))). From Figure 4.3 the calculated intensit§ ratio for
ice II 1s>0 5 at RP=6. 7 for force fleld A and at 6.3 for :
force fleld B, and the ranges of RP that span the experlmental
uncertalnty are 5.4 to 9. 4 for force fleld A and 5.0 to 8.3 |
vfor force fleld B. From Flgure 4. 4 the calculated intensity

ratlo for ice IX is 0.5 at RP=6.7 for force field A and at

RP = 7 6 for force fzeld B, and the experlmental range is
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spanned by RP= 5.2 to 9.0 for force field A and 6.0 and 11.0

:??or force field B. The"average of the four values of RP that

‘ #h# give an intensity ratio of 0.5 for the two ices is 6.8, and

the average of the eight values of RP tﬁai reproduce the 4
extrémes:of the %gperimental ranges of the intensity ratio

"is 7.4. Aiﬁtv L

The relative intensities that were calculated with the
‘ratio RP= g5 are listéﬁ in Tables 4.1 and 4.2, a the |
relative intensities calculated with RP= 50 are shown as bar
graphs in Figures 4.5 and 4.6. The relative peak heights in ‘
the Raman spectra of D20~ices II and IX are rather well
reproduced by the intensities calculated with RP = 50, but

the relative peak areas are better reproduced wgsh'RP={7.S.

It is, of course, the peak‘areas that are theoretically

impertant. It is encouraging that the Raman spectra are .

) : &

explained rather well by the normal coordinate and bond
polarizabikityvéalculations that use the fofce»fields

142 to explain the infrared spectra. It is

desqribed earlier
2‘paf¥£cularly impressive that the calculations that have®
exﬁlalned the 1nfrared spectrum of ice IX so well indicate
uhy*only four features ‘are observed in the Raman spectrum of
1ce IX*whén 15 0-D stretchzng vibrations are Raman active.
T ~ The calculatlon of the Raman 1ntenslt1es allows the
QRaman features of : ice IX to be agsigned in more tall( by
wiasslgnment of the observed features ts the vibrations with
the largest calculated scattering intensities. These assign-

ments of the Raman features and the assignments o2 of the

(

&
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- ~ 0-D stretching vibrations of D,0 ice IX.
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infrared spectrum are glﬁ”% in Table 4 3. The modes. in

parentheses in the table undoubtedly contrlbute to the
&

'asSLgned feature but are weak enough . (Table 4. 2) that they

'P
do not determlne its frequencx. The 1ntensxt1es of the

Vibraiions v, (A0, vg(By) . v, (B)) s vg(By)s vy, (B,) and

(B ) appear to. be.too small to allow any exper1menta1

'1nd1catlon of their: frequencles.

-The a551gnment of the Raman spectrum of D,0 ice II is

~ that given in Table 3.2, and is comblned with the a551gnment

wﬁ N

of the lnfrared spectrum '2-Ln Table 4. 4
The values of RP found prev1ously in studles of the

Raman spectra of gaseous water vapor and 51ngle crystal and

-polycrystalllne ice Ih should be compared to those found here.

Murphy found127 3. 1 to be, the most probable value of RP for

' gaseous HZO "SCherer and Snyder9° found the value RP = 5,631

from a least-squares reflnement of the relatlve gntegrated
- )d.“\}g >
1nten51t1es, under various polarlzatlons, of the Raman scat—

.terlng by O-H and O-D stretchlng modes of HDO' molecules

’ ot

1solated an slngle-crystal Dzo or HZO’ 1ce Ih at ~4°C. ‘The~
uncertalnty 1n RP resulted from the uncertalnty in- the 1nten-
51ty measurements and from the approxlmatlons of harmonlc
osc111ator theory which cannot s;multaneously explaln the

1nten51t1es of O- H and 0-D osc1llators precxsely, due to- the

) effects of electrical and/or mechanlcal &nharmonlcxty. Rice

et al® found that the valueORP=:5 6 gave the intense, lowest-

frequency Raman peak due to the O-H or 0-D motion in H20 or

, DZO ice Ih an 1ntegrated area that is three times too 1arge

v



Table 4.3

Assignments of the features due to the O-D stretching vibrations - *

in the infrared and Raman épectra of Dzokice ‘'IX at 10 K.

A

¥

\J/cm-1
Inffared Raman - L Assignment
2517 ,.\’13(33 - o _ |
2513 v (A [+ Va(By) + V() + Vo ()]
T v v, m)]
- 2492 vy, (E) . ) !
2462 RS Vg (A) [V (B) + V) (B)] |
Vg(By) [+ vy, (By) + v g(E) + vy (E)]
2403 Vi4(E) ~
Vg (E) [+ ve(a,)]
. \’3’(A1)
.

a

TS
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-

Table 4.4

As's’i‘ﬁgm'nents of tﬁe features -
due to the 0-D stretching vibrations
ih the infrared and Ramaﬁ spectra
of D0 ice II at 10 K.

, — o
" /et |
Infrared Raman & Assignment =
v2550 - »vs(Au)
2530.5 vl(Ag) + vg(Eg)
‘ ‘ SO Y + v,
2524 | @ v6(_Au) . \)13(Eu) ”
| 2501 ; '\)14(}3“) | : RER o
S .. 2485.8 V. (E) '
3‘ - : . , 10Eg
. Coa ] o o 2475.5 _VZ(Ag) o
V? (Au) . e
. 2445 N Xli(Eg) a - _
2380 V(A ) By : , N
- 3 g b % S . ) ?gr:&
2370 o \)16 (Eu) . ' _ “ ad |
2349.6 V, (Ag) ‘ '
&

) a : v v . B ;( -
Extrapolated from froquencn_'.es at'higher : &
temperatures. _ : . %

p | \
‘ b -
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‘relative to that of the higher-frequency part of the bang,
but did not explore the effect of changing. RP. It is

‘concluded that the value of RP found here for 1ces II and IX

27

is definitely larger than that of gaseous water! and is

comparable to the averaged value ofg5.6 found for ice Ih.®°

4r4 Refinement of the Force Flelds for D:O Ices JII and QB
Fogce fields A and B for qu ice. II and A for D20 ice

IX were reportedl "as those that best reproduced the infra--

red frequencies of‘the 0-D stretching vibrations. ¢On1y‘the
two strongest-Raman features of each ice had been observed -
‘known. It

A

The maln def1c1ency of the calculations for ice IX is
that the’ frequencxes of the two ‘strong Raman peaks are calcu—
lated abOut 15 em™ ! too hlgh *dlagonal, 0- D stretc‘ﬁlng.
"force constants are known w1th gertainty from the speotrum

of OD(HDO) in H;0 ice Iﬁg'and therefore ‘were not varied.

2.
The‘intermolecular coupling conStant between two bonds,cri

& L

ndeﬁg on dlfferent molecules was calculated1 as
9 V/ar or, 5 where V is the potent1a1 energy of interactlon

J

,The coupling,cong;ant between the two oscillators was then
. a LR} P . B . , N R ' \ :

of effectlve charges on the deuterium atoms of ri and 'r..
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evaluated from tnelr local geometry. Force contants F to

Fll arise from the conflgexatlon in whlch one osczllator is"

hydrogen bonded to the molecule contalnang the osc111ator

with which it is 1nteract1ng. Force constants F12 and F

account for the 1nteractlon of two osc111ators that are

hydrogen'bonded to a common atom.. In vary;hg,the,lntermolec-

ular coupling constants in_this'work,‘the reiative va]:ues"r2
6

of F‘ to Fll were”assumed to be correct, but the‘scaling
factor that determines their absoluteyvalues was'adjusted-'

>

the same approach was taken with the 1ntermolecu1ar ‘coupling

g
.

constants-of the sedﬂnd type (F12 and F13)' Flnally, the :

"

values of the two, 1ntramolecular coupllng constants (F and

F )} were adjusted 1ndependently. Thus, four parameters were R

adjusted to 1mprove the fit o nlne frequencxes (Table‘4.3)

Thﬁﬁresultlng force constants,>

by the program FPERT., ?

frequenc1es, and 1nfrared am& Ramen 1nten51t1es are shown 1n

'Table 4.2, under Force Fleld B, and the calculated spectra

are compared w1th those from force fleld A1 2 and w1th the
obserdgé infrared and Raman'spectra in jﬁﬁires)4.2 and 4.6.
The eigenvéctorsﬁcalculated withbforce fieldkB are similar f
to“thoSe<giVen in~Tahle"4-é for,force fielde.' Force field
B does correct the freqnency mlsmatch for gQ(A.l) at 2325 cm -1
but st111 pfedlcts the second 1ntense Ramanqpeak, at 2454
em™?, to be about 10 cm } too hlgh, and does not’ explaln the
1nfrared spectrum qulte ‘as well as does,force fleld A (Flgure
4.2). This could not be 1mproved further. | '

For ice II, the calculated frequenc1es of Vg (E ) and

N



. discussed in\this’section. The broad absorption underlying

C iy .
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v3(A3),are ~15 cm']'higher than.the observed frecuencies, and
those of v, (E ) and v, (A ) are ~10 em™ ! too high (Tables 4.1
and.4.§)ﬂ Various attempts were'made to improve the agree-

ment between the observed;and calculatel frequencies, withouyt

’
[d

improving on the results given by force field B (Table 4:1);

The setS’of force constants that provided the best

agreement between ‘the calculated and observed spectra of D2®

Nt N
oy

ices II'%nd\IX are those given in References 1 and 2 and in
Tables 4.1 and 4.2. _The aéreement can be considered to be
'excellent in v1ew ofithe limited force-fields and harmonic
”theory However it must be recognized that other sets ofﬁ

‘;force constants that are similar to those presented (Tables

¢ B 3
v‘\ e c,

h 4 I and ‘4,2) are’ able to reproduce the spectra nearly as well,

dand that under somewhat expanded force flelds the 1nd1v1dual

Le r
4 imen 2oy,

force constants would likely. be’ somewhat dlfferent. There-

fore no undue 51gn;f1c‘hce should,be attached to -values of

\

individual force constants given here.

4.5 Discussion of the Effects~of'Disorden, LObTOA§plitting_

and Ferml Resonance on the Spectra of Ice 11 and Ice IX

Ice II is centrosymmetrlc and fully ordered but ice ‘IX

’1s non-centrosymmetrlc and is ~4% orlentatlonally dlsordered

‘The spectrum of ice IX. could therefore be affected by longi-

tudlnal optlc-transverse optic (LO-TO) spllttlng, and the

dlsorger could c0nce1vab1y broaden the peaks 1n the spectra :

- of ice IX relative to those of ice II. These effects are

the infrared spectra of the 0-D stretching vibrations of ice
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IT and ice IX has been attributed!s ? to Fermi resonance of
the fundamentals wlth hlgh-order overtone and combination
states, and this explanation is-now dlscussed in llght of

the Raman spectra of these ices.. N

‘ Orientational dlsorder of a crystal should broaden ‘the
peaks of the v1bratlona1 spectra because of the de4tructlon

of the k=0 selection rules, and therefore the peaks in the

Raman spectrum of ice Ix mlght be expected to be broader

&han'those of ice I1. However, from Tables.3.2 and 3.4 it -

'can be seen that the strongest peak in the Raman spectra of

w“f

N

.“ ,f

the O0-H and O—D stretchlng v1bratlons of both ice II and ice

'

xX‘Have‘thecﬂ

qﬁaﬂ%for D :ﬂ ‘
at’ 100 Ry urther, the half-wrdth of the strongest peak

half-w1dths, i.e. ~30 cm. -1 for Hzo and ~18
-1

f t 35 K and ~40 and 22 cm respectlvely

%f ice Ih, which is as dlsordered as is p0551b1e, is 19 cm

ER

gﬁ%ﬁhzo and 13 cem™ ! for DZO at 20 K,%® and 36 cm =1 99 (or

-1 90

4€*cm 1'9° for Hzo and ~25 cm or 32 ‘em l)99 for 'D,0 at’

~100 K, and the . half—wxdths of thfe two str gest peaks of

,the fully-ordeiéd ice VIII'®! at 100 x are 50 and 20 cm "1 for

O a?d 48‘and 14 cm -1 for D2 Thus, there does not seem

-~

~to be a correlatlon between the breadth of the strong, low-
£

‘frequency peak in the Raman spectrum of the O-H or O—D

)"

' stretchlng v1brat10ns and the degree of order of the ice.

Fb is true that the Raman’ spectra of the’ ordered ices VIII,v
II and IX show sharper feazi es in the hlgh-frequency part

C.
of the band than does the ectrum of the drsordered 1ceIh

~

but these hlgh-frequency features in the Raman spectra of

~ S £

¢

~
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ice iI and ice IX are of comparable breadth (Figures 3,3 and
3.14). A comparison of the Raman and infrared (Figures 4.1
and 4.2) spectra of ices II and IX and the succgss with which
tﬁey hé&e been interpreted indicates that no effect of the
slight disoider in ice IX can be identified at present in
the infrared and Raman bénds due to the O-H or 0O-D stretching
vibrations. | » | |
Ice'ix ié_non-centrosymmetric, and‘so the E vibrations
of ice IX-a:eWSCtiVe in both fhe infrared and Raman. Accord-
ingiy; the”iOnéitudinal'optic (LO) mbdé of the‘E vibrations
may . be considefably highér'in-frequenéy than the transverse
optic'(TO).modé; and bbth the longitudinal optic and trans-
Qefsq optic E modes are potentially observable in‘the RaMan
“spectrum of ice IX. The’frequensies of longitud@nal optic ' ﬂ\

and transverse optic modes derived from the zero-wavevector

normal mode k of an isotropic material are related by'?®

® _ , o
' : x 2, \2 o B
(Vi - (vI% = N2'<n“ +2)'» (3“—> : (4.8
. . - mco 3§ . an . -y .
~ ) . ) A.. -+ L N
" The number dénsity of 6sci11atofs, N, which ‘may be c&léulatéd

. from the‘diffractian.data, i§ 3.23 x 1021 emﬁ3 fbr;ice ix and
3.29xﬂ1621‘cmi3 ﬁgr ice 11, ¢ isvthetvelocity of light-in
vacuum and n is the,réfractive indek at the frequency of
§ibration k.%.The,squared derivative of the’éipéle_moment
with respect to tﬂé'zerq—w?vevéctéf normal coordinate k;

(ﬁﬁ/an)z,‘was’calcplated,under thelbond moment apprbxi@ation

for ices II and IX, éhd can be obtained by dividing the infra-
(. ' c |
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: degeneracy of v1brat10n
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red intensities reported in Tables 4.1 and 4.2 by d, . ‘ehe

o

k. In fact, ice II and ice Ix are

uniaxial, not 1sotrop1c, crystals, but equatlon (4.8) glves

a useful estlmate of tﬁe splitting.

The refractive lndlces‘

are not known for ices 11 and IX, but n varies’between 1.0

and l 9 for radiation between 2800 and 3600 cm

Ih and between‘ZOOO and
range of the refractive

ice IX. Between n=1.0

l.in HZO iee
o

2700 o -1 in D20 ice Ih, and the

index is likely simjilar in dice II and

and n=2.0 the functlon [(n® 4-2)/3n]

where the units of @u/a%k)

varies by only ~11% and. jis a mlnlmum at n-[f. Therefore

n= /2 is used hefe'to_calculate the minimum LO-TO splittings

df the infrared-active vibrations of\ice IT and IX. Thus,
£or ice IX_eqnation (4.8) beeomes :
4 , S ' .. ‘ .
(Vi) g (v ) s 6_1.20 (3u/23Q, ) -(4,9)
and for ice II if’beCOmes.4e
(Vi) % - (v = 6230+ (3u/3Q 2 (4.10)

2'~ ‘ - " oy
are D amu -, In Table 4 5,

the frequenc1es -of the txansverse optic v1bratlons of the

infrared-active O—D Stretchlng fundamentals are ‘the ;Leé;ved"”
1nfrared'and Raman frequencles, and the 1 ngltudlnal optic
frequeﬁséeélare estimaéedvfrom equations {4.9) and (4.10).

The longitudinal optic frequencies are, ofi course, only as

reliable as the,lntenslty calculatlons.b' s
Large LO-TO spllttlngg—are calculated for some of the

1nfrared-act1ve vibrations of ice II and for the A v1brat10ns‘



Calculated 10-TO splittings of the 1nfrared—act1ve
# O-D stretclung vibrations of D20 ices II and IX.

Table 4.5

Mode dk-(au/an)2 a raman V1o v;o o _

ice II v Vg (h) 12 0 2550 2564 (4) 14
Vg (A) 10 0 2524 2536(2) 12

v, (a) 1 0 2470 2472(2). 2

Vg (A) 52 0 2418 2484 (5) 66

vy, (B 38 0 2520 2547(5) 23

Vi By 16 o 2501 2511(6) 10

vy (B) 23 0 2418 2433(2) 15

V. (E) 65 0 2370 241204) a2

ice IX v, (B,) 28 0 2499 2534 (6) 35
Vg (A)) 27 2462 2495(5) 33

Vg (A 4 0 2350 - 2355(1) 5

v 4B 10" J10 2517 2522(2) 5

V4 () 20 8 2432 2504(3) 12

v, (E) ¥ 10 2460 2462(2) 2

v, (B) 5 20 2460  2463(3) 3

v, 4.(E) 51 2 2403  2435(2) 32

Vg ® 70 0.1 2348  2394(4) 46

2
The values of d‘k (au/an
- caleulated from force fields A and B for each ice.

given here are the averages of those

174
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| 5 |
of ice IX. However all of these vibkations are forbldden in
the Raman spectrum and only the transvgrse optic mode can be *
observed in the 1nfrared spectrum. The E v1brat10ns»of 1ce,
IX are actlve in both the infrated and Raman spectra.-'Hew—
ever only v (E) is totally responsible for a feature 1n'the
Raman spectrum, the weak feature at 2492 cm'l (Table 3.4),
while v13(E)} vls(E) and le(E) are expected to eontribute

to the Raman features at 2513 Cmfl'and 2454_cm:},

and le(E) appear to be'toe weak to be observed in?
spectrum.’ - | . - lﬁgﬁﬁ"

The only peak in the Raman spectrum of ice jx to which ,
the lopgltudlnal mede of v, ,(E} could contrlbquiis the weak"

-1

peak at 2513 cm ~, but thie peak is edually well assigned to

(A ) with contributions from other v1brat10ns (Table 4, 3)

It is more llkely that the longitudinal optlc mode of vl4(E)

contributes to the Raman scattering near 2504 cm'l, i.e. to

“-the region between the weak Raman features at 2492 and 2513
A N : - - .

I
y

cm-l, and therefore cannot be asSigned to any specific

L]

feature. The.iongitudinal“optic mode of vla(E) is calculated

to be ohly 5 cm_'l hlgher 1p frequency than the TO mode, 80
bofh modes probably contribute to the %513 cm™! feature.
vls(E) and vlé(E) are relatively intense.in‘the Raman, but
theylare calculated to have negligible LO-TO splitfing. ‘Thus,

no specific features”in the Raman spectrum of D20 ice IX can

be assigned to a 1ongitudinel optic mode,'end'all of the

Raman features of ice IX can be, readily assigned without

<

inveking the influence of 1ongitudinal optic modes. This is,
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however, a ‘direct.result of the low Raman inteﬁsity of :
strongly absorbing vibrations, which may be peculiar to the
case of ice IX, and therefore one should be cautious in
.taking. this as evidence of the probable influence of longi-
tudinal modes ‘on the Raman spectra of other. phases of. ice.
The breadth of the 1n§£ared absorption peaks due to
the O D stretching v1brations of D 0 ice 11 and D 0 ice IX
and a broad absorption that underlies the peaks (Figures 4.1
| a;d 4.2) have been attributed"’ to brdadening of the O-D
stretching fundamental transitions by Fermi resonance between
thefﬁsndaHEntal statesfend the continuum of iSOenergetic,
Qigh-order.overtone_and compination stateﬁ of the lower fre-
quency translational,_rotationaluano, possibly, D-0-D bendiné
modes;« The Fermi resbnance interection between fundementals
and combinations (or overtones) that influences the infrared
spectrum must also influence the Raman spectrum, although the
effect on the intensities in the two spectra can differ.
However, the peaks in the'Raman spectra of ice II and ice IX
are much sﬁarper than those in the infrared spectra, and the
broad underlying'feature is about ten times less intense rel-
ative to the peake in the Raman epectra theﬂ i; the infrared
spettra. .The question is whether\such large differencee
between the spectra canibe explained by reasonable differences

in the fectors that determine the degree of Fermi-resonance

enhancement of the intensities of the combination and overtone

o N . -
transitions. , ' : : -

The differences that can occur between the two spectrh

+

- ’
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can'ﬁe estimated thrdughxdegenerate perturbation theory.'?%13°0
If ¥v* ana Wu are the wavefunctions of the perturbed and
unpertyrbgd‘higher energy states, and ¥ and Wl ﬁre the per-
turbed and unperturbed lower energy states, then |

- AE-EE : | .
_0 ¥, (4.11)
2AE ) ‘

. AE_+ AE
T : y
2AE u

I+

andA

<
.’ ' i
e :
oy
t1
Nl B
>
t > .
5
oo
e
e -
+

[JBE_+BE o o
——y, (4.12)
- 2AE o o

where AE°é=E;F?E2, the difference between the 'unperturhed
energies, and AE==E+-E_, the difference between the perturbed
energies, and it is assumed that <¥uTH'|WuS=5<WE|H'IW2>? 0.

BN I

Then. I' /1, the ratio of the intensities of the upper and

lower perturbed states, is inén*by- .
MmN\ M\
(AE_+ AE)s | =) + (AE=- AE )% 2+| 2| +/AEZ = E2
1 : o . TIT Mz : o -Ml o -
I’— . (Mu)2 . Mu) - .
(AE - A'EQ). iq + (AE +‘A-E°) F2 .(M—R *YAE - Eé
O » (4.13)

where M =<¥ |M|¥ > and M,=<¥,|M|¥ >. In equations (4.11)
N u u' o L o

to (4'13)f the upper slgns}are used if W, =<¥ |H'|¥,> is

positive, and the -lower signs are used if wfc_is negative.

"Thus, the intensity gained by a combination or overtone

'rtranSitionkthrough Fermi resonance depends on Mu/Ml,“the

ratio of the moment of the transition to the unperturbed
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combination or overtone state to that of the trangztion to
7 | . / |

the fundamental state. The intensity ratio I+/If was
calculated for varlous values of M /M with AE/Aé between
15 and 1. 25, and the results are tabulated in Appendlx II.

‘To account for the observed dlfferences between the |
breadths of the infrared and Raman spectra of the ices by
Fermi resonanpe, the ratio of the infrared 1nten51t1es of the’
perturbed combination (qr overtone) bands to that of thé
perturbed fundamental band must be ten timee larger than the
correspondlng ratlo of Raman :nten51t1es. Frem Appendix II
this requlres the "infrared intensity of the unperturbed fun-
damental tran51t10n to be greater than ten tlmes that of the
unperturbed comblnatlon or overtone, and the Raman 1ntensrty
of the unperturbed fundamental to be only one to three times
v the‘intensity of themunperturbed combinatiep;‘ Normally,
,hewever, the unperturbed“intensities of combinationsbbr over-
tones are much weaker than those 6f fundamentals. It is |
therefore unllkely that the’ unperturbed combination tran51—
'tlons are so 1ntense 1n0the Raman, and in such avs;tuatlon
_the bands would be broad anyway, even.wrthout Fermi resonance;
For the more normal situation\in whiCh the unperturbed fund%f N
mental.transitien ie-greater,than about ten times aa‘intenae
as the:unperturbed'ebmbination.transition, the calculations
reveal that I+/I-,uaries'at most by a'factor of t&o for the
cases considereq, it_is concluded that no reasonable differ-
ence in'Mu/Mlbwill explain the observed differences between
the infrared and Raman 5pectra,‘ahthhys that Fermi resonance

s '

@ ‘ A . -
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is probably not the cause of the breadth in the infrared
spectrum. ‘ .

The significént LO-TO splittings estimated in Table 4.5
suggest. that at»least part of the breaath of the infrared
bands may be due to reflection effects associated with large
chahges in the refractive index in the region of the absorp-
‘tion bands, as described by classical dispefsion theory.!3!
Unfortunately the infrared reflection quptra of ice II and
ice IX have not been reporfed. " These refleé ion effééts
bould not, of cqursé, affect thé breadth of e'Raﬁan bahds F
because the ¥adiation involved in the Ramaﬁ spectrum is not

at the frequency of the absorption bands.

-



CHAPTER FIVE '

\ . ’ el

DISCUSSION OF THE RAMAN SPECTRA OF THE

LATTICE VIBRATIONS OF ICE II AND ICE IX

-

5.1- Introduction

" The trahslational and rotational lattice vibrations of

ices II and IX are discussed in this chapter. 1In,
the Raman spectra of the lattics vibrations aée assigned
from the polarizatioﬁ data for ice II and from the coincident
infrared and Raman frequencies of ice IX, but the assignment
'is necessarily incomplete. . The remainder>of the chapter
deals with the normal coordinate célculations'useq to further
'the‘iﬁierpretation.f’ln Section 5.3 the method offcalculaﬁion
\Pf the laFtice vibrations used in this work is‘described‘ahd
compa#ed‘with‘the methdd used for the molecular vibrations
of free ﬁolecules. 15 Section 5.4 the calculations that are
reporfed in this éhapter sre discussed in general terms, and
the m;dels for the strucgureland'potential energY‘of eaéh
calculation are aefined. - ' -
It was anticipa;ed that it would be much easier to:
calculate the frequencies of the tfanslational’vibratibns
alone than to calculate the frsquencies of both the sranslaQ
"tional and rotational vibrations from the same force .field.
Thus two sets o% calculations are reported in this chapter,
~In Section 5.5 calculations of the gquencies-and intensities

. t ® . . “
of the translational vibratiops of ifes II and IX are reported,

and detailed assignments are made on the basis of these ’

180
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calculations. In Sections 5.6 ;nd 5.7 frequency calcula--

tions of both the translatioﬁalﬂend rotational vibrations of
ices I1 and IX are reported for several sets of coordinates,
in exploratory work whose aim 1s to flnd a very simple model

to describe the potential energy of the lattice O©f the ices.

<

5.2 . Discussion of the Low-Frequency Raman Spectra of Ices

IT and IX

I3

=1 in the Raman spectra of

< The features below looblcm
ices;II and IX are assigne in this section on the basis

of. their frequencies, isotope ratios and the polarized
spectra. The frequeqciee of rotetional vibrations of the
ices are expected to be between 450 and .1000 cm_l.for H,0

and between 350 and'700,cm"l %or ﬁ;o, and the ratio of .
frequencies of corresponding rotational viorations of H,0

and Déo, i.e. the isotope ratio, is calculated from~the
moments o;rinertia to.be about 1.35 (Sectiop‘l.S). Features
due to the translational vibrations are expected below, 325

em™!, with isotope ratios of about 1.05 (Section 1.5).

Based on the;e criterta, ‘twelve featﬁres in tge Raman
spectrum of~ioe II are assigned in Table 3.2 to‘rotational
vibrations, and nine features are assigned‘to translational
vibrations. The relative intensities of these features are
independent of temperatﬁre within experimental error and
therefore all of‘the observed features are assigned to

19

;transitiohs from the ground\state to fundamental states.
The sharp feature at ~950 em” (~695 em™ ! in Dzo)A(Figure 3.4)

is presumably analogous to the sharp peak that was observed®®
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at 1085«cm—1 in the Raman spectrum of HZO ice Ih and was
tentatively assigned99 to the rotationhal band. This frequency

k]

is, however, rather high for a rotational vibration;g and

this dssignment is not def%nitive. The unobserved HZO ana-

) N . ' ;
logue- of the D,O peak at 273 om 1 presumably is buried under

2
the sz«peak at 268 cm:l (Figure 3.5).

The symmetries of the'Réman peékg due to the transl;:
tignal and rotational vibrations are assigned'inuTable 3.2
by the argﬁménts used in Section 4.2 for the 0O-D stgzzchinb_
vibrationss. Thus ‘in the unanalyzed polarized spectra ”
«(Fiédfes 3.9 to 3.11) both Ag ax;d'Eg vibrations are active
in the Y (Z,2+Y)X spectrum while only Eé vibratiqns are active
in the Y (X,Z+Y)X spectrum. Inlthg analyzed spectfa (Figures
3.12 td.3.13) only Ag components shpuld appear in .the 2ZZ
spectrum, if it is assumed that the crystal c-axis was.nearly
aligned Qith the 2 labofatory axis. Througﬁ the convergence
err6r9° Eg ;omponents could appeér in the 22 spectrum, but
presumably they would be s®ronger in the.perpendicularl§—
polarized spéctrum than in the 22 spsptrum.‘

Thus, éf tﬁe nine features assigned to translational
wibrations of ice II, six of Eg symmetry and two to five of
-Ag symmet’ry haveibeénAidentified (Tabie 3.2). Of the
features assigned ég-rotational‘vibratiqns, five of-Eg sym-
four to seven of Ag_symmétry'have been ;deﬁtified

|
(Table 3.25. The observed number of vibrations of each

metry and

symmetry is’ therefore in fair agreement with the numbers

predicted (Table 1.3), 6A_+ 6E for the rotational vibra- .
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tions and 6,Ag+ 6Eg for the translational vibrations.

The frequencies of the lattice vibrations observed in

1,2,41,42,132

the Raman and absorption spectra of D,0 ice II

2
are combined in Tables 5.1 and 5.2. Twelve!r? features in

‘the infrared sbectrum of DZO ice II have been assigned to

2, 42 32

’

rotatlonal v1brat10ns, and ten' features have been

a551gned ‘to translational v1brat10ni“z"32 The symmetry,

~

.A or E of the vibration respggsiq%!‘fqy a partlcular

absorption is unknown. "2'*’1$ﬂm* Pt is at present no
‘ﬁ-imu

evidence that any of the features 1lsted in Table 5.1 are

due to overtone or combination transitions so they are all

assigned to fundamestal transitions.

For ice IX, eleven Raman features ;re assigned to rota-
tional vibrations and eleven Raman features are assigned to
translational vibrations in Table 3.4, on the;Sasis of their
frequencies end isotope ratios. As for ice II, all of these
_are assigned to fundamental transitions. Thus the number of
observied Raman transitions éf ice IX is much less thanlthe
number predicfed,:that is twenty-two rotational and twenty-
one translationel vibrations.

No polarization information was obtained for ice IX,
because the samples were.polycrystélline (Section 3.5), so
tﬁe Raman spectra give no indicatioh'of the symmeﬁries of
the vibrations respoﬁsible for the observed features.
However, the E vibratidns's;e active in both the infrared and

o

Raman spectra, so coincident peaks in the two spectra are
. N

tentatively assigned accordingly.
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Table 5.1

LS

Summary of observed Raman and infrared frequencies

of the rotational vibrations of D20 ice II.

Raman infrared

10 35 K 100 K 10 © 35 X© 100 P
713+ 5 713 . 705%5
~695  ~695
~620 ~620
" 610£2 609 606+ 2
| 595 + 2 595 5924 2
. ~577 ~575 . ~570 '
| 563 + 2 559 + 2
~545 ~544 ~543 , N -
'531.0  530.3%£0.5  527.8t0.5 Il L “g‘ﬁ
' 528 + 3 528 528+ 3 T
519.8  518.8%0.5  515.1%0.5
1511 % 2 510 507+ 2
484.2 482.9+ 0.5  478.8% 0.5
‘ 476 + 2 476 471 2
453.7 °  452.6% 0.5 448.6% 0.5 '
| 444+ 2 443 43922
439 438+ 0.6 . ~434 .
419.8  418.6% 0.5  414.8% 0.5
| 407+3 405  402% 3
S 365+ 3 364 361+ 3 .
. 360.7  360.0%¢0.4  356.2%0.5  360%3 L
358 ~357 ~353 o
3284 3 328 . 324+ 3
7 ,
a E;xtrapo;at.ed value.
b .

Reference 2.

¢ Interpolated value.
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Table ~5.2
{

Summary oﬁ\obserﬁed Raman and infrared frequencjes

of the translational vibrations of D.O ice II.

; , 2
Raman ' _infrar€d
10 x° 35 K : 100 K 4.3 &° 100 k©
~311 310+ 1 307£1.5
L ‘ 284.5+ 0.5 279.6+ 0.5
~273 272.8% 0.4 272+ 1 -
257.3 25‘577.11 0.4 256.8% 0.5
~245 ~245 (sh) ' 248.5+ 0.5 242.5+ 0.5
233.6* 0.5 229.9+* 0.5
205+ 1 (sh) .
194.9 194.6* 0.4 192.9+ 0.5 195+ 0.5 (sh) 191%1 (sh)
| 185.5% 0.5 .
182.4 181.9% 0.4 180.0% 0.5 ° 182.5"t 0.5 180.4% 0.5
149.0% 0.5 146.6* 0.5
148.2 147.5% 0.4 145.6* 0.5
135.0+ 0.5 133.0% 0.5
106.0* 0.5 104.3+ 0.5
100.4 100.2+ 0.4 99.6+* 0.5
69.2 " 69.1%0.4 68.8t 0.5

a Extrapolated value.
Reference 132.

€ Reference 42.
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W1, 42,132

The features in the infrared''? and Raman

spectra of DO ice IX that are assigned to rotational. and

2
translational vibrations are collected in Tables 5.3 and 5.4.
An unassigned absorption pgak may result from either an A2
vibration or an E vibration that écatters too weakly to be
.observed in the Raman spectrum. An unassigned Raman peak

may result from an Al"Bl or B2 vibration, a transverse optic
E vibration that is too wsak to be observed in the infrared,
or a longitudinal optic E mode (Sections 1.4 and 4.4). The
spectra of the lattice vibrations of ice IX cannot be
assigned further from the available experimental evidence.

A discussion of the relative Raman intensities of the
rotational, translational, and génd-stretching vibrations in
Hzo and D20 ice II and ice IX concludes this section. The
relative 1ntegrated scatterlng intensities, corrected from
observed counts—per—second to calibrated energy per sguare
centimeter per second, are reported in Section 3.5; The
integrated scattering, intensity of the rotational vibrations
relative to that of the bond-stretching viSrations is
0.030 +0.007, while that of the translational vibrations
relative to that of the stretching vibrations is 0.076 0.012,

for both H.O and D.,O ices II and IX.

2 2
The near equality of this ratio for the translational
el
vibrations of an ice is unexpected, based on the theory of
absolute scattering intensities. Under the harmonic approx-

imation the scattering intensity of a vibration is propor-.

tional to (ag/an)z,56 where_Qk is the mass-weighted normal



Table 5.3

Summary of observed Raman and infrared frequencies

of the rotational vibrations of D_O ice 1IX.

187~

2
Raman infrared N
10 X 35 K 100 X 10 35 kK 100.%°
678t 3 678 674 ¢ 3
~651 ~650 ~635
633* 4 632 627 % 4
~606 ~605 ~600 607 ¢ 3 607 602+3 E
' 595+ 3
, 549 +.2 548 545 % 2
~532 ~531 ~525 .
510.8 510.3+ 0.3 504.3% 0.5
492.2 490.9* 0.3 485.8% 0.5 489 % 2 488 48542 E?
~463 462% 3 ~459 "
445.9 444.9+ 0.6 441.0% 0.5 445 2 444 441+2 E
~420 418.5%* 0.6  ~411 421t 2
~412 411.0* 0.6 412+ 2 411 4082 E
~393 392 1% 389 393+ 2 392 3892 E
378.8 378.4% 0.5 374.9% 0.5 '

a Extrapolated value.

b Reference 2.

¢ Interpolated value.



Table 5.4

Summary of observed Raman and infrared frequencies

of the translational vibrations of DZU ice TX.

1 At e

Raman
a

10 Kk 35 K 100 K
~298 297+ 1 ~292

234.5 234.3*+ 0.5 230.5* 0.5
204.6 204.2* 0.3 202.0% 0.5
~190 189.6* 0.3 ~187

184.5 184.2+ 0.3 - 182.4* 0.5
~175 173.6* 0.3 ~172

99.2 99.0% 0.3 97.0 0.5
~85 84.9% 0.3 ~83

74.5 74.4* 0.3 73.6* 0.5

71.1 71.0%£ 0.3 70.2% 0.5
~35 34.3*2 0.3 ~34.3

infrared

4.3 P 100 K©
295 ¢+ 1 295 (sh)
274.8+ 0.5 270.2* 0.4
246 .5* 0.5 242.8* 0.9
234 +1 (?)
208 (sh)
205.3% 0.5 201.5% 0.7
187 (sh)
161.5* 0.5 159.92* 0.1
159 (sh) (?)
136.8* 0.5 134.7+ 0.1
70.8% 0.5 70.2* 0.7

\

E

E?

a
Extrapolated value.

b-Reference 132.

¢ Reference 2.

184
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coordinate. Thus, to good approximation for the vibrations
of molecules or crystals, the intensity of scattering by a
vibration is proportional to the G-matrix element of the
principal coordinate contributing to the normal mode .**

The appropriate'G~matrix elements for the bond-stretch-
ing, rotational and translational vibrations are the reduced
masses of the O-H and O-D oscillators, the inverse moments
of inertia, and the inverse molecular masses respectively.
Therefore the absolute scattering intengities of the bond-
stretching and rotational vibrations of a 020 ice are
expected to be about 0.5 of those of the corresponding HZO
ice, while those of the translational vibrations of the H20
and DZO ice should be almost equal. It follows that the
intensity of the rotational vibrations relative to that of
the bond-stretching vibrations should be the same for the

2 2
vibrations relative to that of the bond stretching berations

H.O and D.O ice, and the intensity of the translational

of the DZO ice should be almost twice that for the HZO ice.

As n@ted above, this is not observed.
Marechal et al observed a similar anomaly in the
absolute absorption intensities of the isotopic forms of

gaseous dimers of carboxylic acids!'?’

and of crystalline
formic acid.!?®' They attributed!?® this behavior to the
effects of the mechanical and electrical anharmonicities of

the hydrogen bond.

.

5.3 The Normal Coordinate Calculation of Lattice Vibrations

In the previous chapter the absorption and scattering
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L.

of:radiation by the O-D stretching modes was interpreted in

large measure by the results of normal coordinate and

intensity calculations. There is little doubt that the

‘interpretation is essentialiy correct, although imperfect,

¢
because the calculatlons were based on a simple force field

,whose force constants were given values that are known to be

ofAthe_correct magnitude. Further, the intensity calcula—

‘tions were based on the simplest model that is undouhtedly

correct in essence if not in detail. 1In short, the‘inter—

pretation is the more credible because simple models that

vused phy31ca11y reasonable parameters were used

- In this chapter the spectra of the translatlonal and

’

rotational vibrations are investigated theoretically in the

‘same way. WAs will be seen, the infrared and Raman spectra

due to the translatiOnal vibrations are quite well explained

by simp1e7m6dels for the forces and intensities. However

1t has not been possible.to flnd a simple short—range force

fleld that reproduces the correct 1sotope ratlos when the

?\rotatlonal and translatlonal v1bratlons are treated together,

yet still generates the correct ranges oqurequenc1es of

9.

the translational and rotational vlbratlons.
’ . 3

In the calculations of the previous chapter the poten-

tial energy-was written @és a function of internal coordinates
A

'R by supplylng parameters to represent the force constants,
>

i.e; -the second derlvatlves of ‘the potentlal energy with
respect to the 1nternal coordinates. These parameters. formed

thg#F matrix and the kinetic energy was wrltten as a functlon

[

AT
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of the internal coordinates through the G matrix,ffollowing
p . ' :

the GF matrix method of Wilsgn, Decius and Cross.°® The GF

matrix was then diagonalizea to give the frequencies and

eigenvectors, the latter relating the internal and normal

coordinates.

~ Algebraically the method can be summarized as

. 2v==r'FR - (5.1)
= pT .
2T =P GP . (5.2)
where §+ is the transpose of R, and P is the matrix of

momenta conjugate to the internal coordinates. The secular

egquation is
JGF - EA =0 (5.3)

whefe‘g is a unit matri# and ) is a diagonal matrix of the
eigenvaiues. Solufion of the secular equation yiel?s‘the
freduencies and the eigenvectors,'wﬁiCh form the L matrix in
§==g 9; where’? is the vector of normal coordinates. The 9
énd glmatrices may, if desired, bé fransformed to theiri'

>

symmetrized forms

. G, =U cut ) (5.4)
+ :
F =UFU /(5.5)

where U is défined By S=UR, and § is the column vector of -

‘symmetry coordinates. ' Thus the secular equétion

. . ! . . -1-
: -|GBF;-3EAJ= 0 may be solved to yield the eigenvectors L_=U L
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N

, in tefms of the symmetry coordinates, so that S = és.g‘ This
use of symmetry is, however, a convenience, not an‘essential
part of. the method.

The normai éoordinate c#lculatiéns of lattice vibra-
' tions are based on theAsame prinéiplés, but appear to be
mare'complex because ﬁhe éotential energy is most easily
_written‘ig terms of ohe set of coordinates but the eigen-
-vectors are more useful if the matrices that are diagonalized
are wriﬁten in terms of a different set. The coordinates in
which the matrix'to be diagonaiizéd,;and'heﬁce the eigen- |
‘vectors, are written are called Ege problem coordinates in
this thesis..

The pfoblem'coordinates of the calculatibns of this
chapter make use of a simple approximation Cailea the rigid

molecule approximation.!??

Under this app;oxiqgtion'the
molecules are treated as rigid bodies that can translate and
rotate but cannot deform. Thus the lattice vibrations are
calculated»w;thout considefation of the intramolecular
vibrations: Tﬁe rigid m§lec§1e approximation is parficularly
well suited to calbulations*fbruthevices, for it is Qell
‘establishgd (Section 1.5) that the intermolecular vibrations
are’virtuallyfindependént of the intramoléculaflvibrations
because éheir~frequencie. ére so different.

The problem coordinates of these calculations are then

the normal coordinates Q that represent‘rotation and trans-

TR
lation of the rigid molecules. Since the calculations are

restricted to zero wavevector vibrations in this work, Q..

TR
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is of dimension 6 times the number of molecules in the cell.

Thus we seek the matrices FQ and G_ which are deflned by

29
2v=0"F o (5.6)
‘ T XTR-Q <TR : ’ .
27 =plg P | ©(5.7)
2029 Zo o

where PQ_is the vector of the momehta»conjugate to the
normal coordinates of the rigid molecules. Then the secular
equation G

q 16, F
and the eigenvectors, which form the matrix L_ defined by -

QTR'- LQQC where Q is the column vector of the normal L

‘goordanates ef the crystal. Again, symmetry may be used

during this procedure if desired.
The matrix G, is trivial by the definition of normal

coordinates,?®

~Q
matrix one chooses a model to define'the forces that act in

being the unit matrix E. To flnd the F

the crystal when certain selected distances and angles
chaﬁge;- fhese selected distances and angles aré intermqlec-
ular, and their displacements from equilibrium form a set of
coordinatés that is here designated-by the'Vector‘Q and
called Ehe intermolecular goordinates. The-ggtential.energy

is then written q§
D . . B . (5.8)

The construction of FD is usually done in orle of two
ways, which may be mixed. First, the elements of‘FD can be
regarded as parameters that are chosen to have physically‘

reasonable values. This approach .is the dominant one in

Y

-EA| = 0 is solved to find the frequencies
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this work. It is limited by the number‘of parameters for
which one can choose phys;cally reasonable vaiues with
confidence, and is usually restricfed-to short-range féfbes[
as in this work. The second method of conséructing FD is t?
use interatomic potential functions, which are most commonly

of the types'?®

Al

V= -a/rf + Bexp(-Cr) (5.9)

or V = -A/r® + B/rl? ) - (5.10)

»

The fprce qdnstants in FD which correspond to changes in, say,
intermcdlecular hydrogén;hydrogen'distances can be calculated
from such a function for all equilibrium distances, thus

greatly reducing the number of parameters at the expense of
Ny ~

‘the assumption that the form of the potential function is

co:rect. This method is also used in this work, using a
potential function for a pair of water molecules calculated

by Clementi et all?’? from the results of ab initio calcula-

tions. This method is more éomplicated than the first one,
because the chosen pafameters or‘the crystal structure}must
be adjusted to ensure that the epergy’of the crystal given

"by the function is a minimum with respect to the vé}iables

in D at the geometry chosen. | |

Thé conversion of FD to FQ is as follows. The matrix

3

B, defined by D=B Y, defines the coordinétgs D in terms of .

crystal-fixed Cartesian displacémént coordinates of the atoms,

. | o . ¥ .
Y, so that the potential energy:in terms of these coordinates

is ‘given by

AN
]



. 195

2v=y"B"F B ¥ . (5.11)

The normal coordinates of the rigid molecule can be related
to the Y through Cartesian displacement coordinates of each

atom based-on molecule-fixed axes. Thus,’L§3 relates the

~

normal coordinates of the rigid molecule Qg to Cartesian

1

displacement coordinates of the atoms with respect toe the
inertial axes of the molecule, X, through X = I&B Qig -

The elements of LiR are the same for all equivalent molecules

in the crystal. The molecule-fixed and crystal-fixed

Cartesian coordinates are related by Y = TX,  where ?' is
different for %ach‘molecule in the cell. Thus Y =T giRiQTR,
so that.

_ ~T R}t At T TR

ZV_QTR[(E'X)?g EDg?E‘x‘]QTR
=of ' /
Qrr EQ Qg . ' (5.12)

s When symmetry-adapted linear combinations of the

normal coordinates of the rigid molecules,“defined by

sTR = yTR g

TR’ are used, as in this work, the expression for |

~

the potentiél energy in terms of these coordinates 1is

toof ot

2V = (§TR)+ [QTR (I:')I('R) ?. B EDI}.T%')P(R (QTR)'f‘] §TR
= (TR p__ SR (5.13)

N ~Qs =

Calculation of EQ or EQS by this method assumes that
the transformation from R to Y is linear. It has been
suggested that this is an objectiaqn to the method!®®r'?*® and

programs that do not make this assumption have been written.

.
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In some tested cases?? little difference between the two

methods has beennﬁoted, lthoug% for a-N, the error in the

2

frequencies of the rotational vibrations ranges from 25 to

44 % ,1% "'%1 The error can, of course, be effectively

\
\

corrected by adjustingfthe parameters of th potential

8.

model, !?® although the physical meaning of the revised force

constants may be décreased by this procedure.

The method described above is applied to the calcula-
tions reported in fhis chapter through the programs AXSMZ
and LSMX written by Shimanouchi and his t:olleague's.‘“‘2 The
programs were tested with a calculation df the lattice
vibrations of crystaliine benzene, whiCh érystaliizgs in the
space grouplecan(D%gi with four moleéules in éhe unit cell,
on Ci sites.!*3 'fhe chaﬁges ?n the intefmolecular hydrogen-
hydrogen distances whose equilibrium lenéths aré 3.0 A or
less formed the set.of intermolecular cooréinates. The
atomic.positions, T matrices aﬂd intefmolecular force

o and the

constants were given by Harada and Shimanouchi,1
LTR matrices!®’ were computed from their data. The values

~X
-6f the parameters were therefore the same as those used‘by
Harada and SQimanouchi in their calculation’*" of the

" intramolecular and lattice vibrations'of’crystalli&e benzene.
The effect of the inframoledular normal coordinates on the
intermolecular normal cqordinates, which they included, '**
is expected'*® to be small, and therefore the calculated

frequencies from the two calculations 'should be very similar.

The results are compared in Table 5.5. The small differences

196
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Table 5.5

Comparison of calculated frequencies of

the latticg vibrations of benzene at 269 K.

1g

2g

3g

Harada and

This work Shimanouchi
*78.6 79
60.0 57
28.3 28
103.1 100
70.2 72
64.3 - 60
78.5 76
67.8 69
5772 56
105.5 102
70.0 D 70
) Y
36.0 33

lu

2u

3u

Harada and

This work Shimanouchi®
6l1.2 58
49.8 49
26.6 26
44.8 44
31.1 30
0.0 -
60.8 57

31.7 31
0.0 -
60.0 58
33.8 34
0.0 -

Reference, 144.

o
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between the two sets of frequencies can be attributed to

the combined effects of the inclusion of intermolecular-
Aintramolecular vibrational interactions by Harada and
Shimanouchi,!“* and a probable difference in precision
between their reported!** and actual numbers used in the
calculation. The reasonable agreement in Table 5.5 strongly
suggests that the programs AXSMZ and LSMX implemented in |
this work function ae intended.

Harada and Shimanouchi's vibrational calculation for
benzene!“" Qas the first "full molecule” treatment of
benzene, and has been followed by reports of a nnmber of
similar celculations,~differing in the method of calculation,
the crystal structure ana the potential function. The far-
infrared!*® and low-frequency Raman!‘’ spectra were also
re-examined. Our understanding of the lattice vibrations -
has therefore progressed beyond Harada and Shimanouchi's
interpretation, the results of which appear in Table 5.5.
The calculation by Califano ef all*s for benzene at 138 K
was particularly successful. Their method was similar to
that of Harada and Shimanouchi, !** 71*8 put they extended
the interaction radius from 3.14'“% to 6 A and made use of
two intermolecular atom-atom potentials empirically obtained
by Williams.!%%,150 fThe results of Califano et all'*® were
similar to those of Harada and Shimanouchi'*® for benzene

-

at 138 K and were in good agreement with the experimental

results. 146 , 147
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5.4 General Discussion of the Calculations of the Lattice

Vibrations of Ices II and IX

The magnitudes of the force constants used in any
normal coordinate calculations are of vaious iwportance in
determining the frequencies and,eigenve;tors. Another
important aspect is the matrix that transforms thé GF or
F matrix from the intirnal or intermolecular coordinates to
the probiem coordinates. For the lattice vibrational calcu-
lations reported ﬁére, this transformation matrix is defined
by the matrices B, . T, EiR and QTR (equation (5.13)). The
structural model for the crystal and the model fbr the
potential,énergy, i.e. the choice of intermolecular coordin-

. ' 5
ates, determines B, °*

the structural model alone determines
T and LiR (Appendix III), and the choice of problem coordin-
ates, i.e. the choice of symmetry coordinates, determines ’

TR (Appendix III). 1In this section the structural model,

9
the set of intermolecuiar coordinates and the symhetry
coordinates are defined for each normal coordinate calcula-
tion that is reported ;n'Sections 5.5 to 5.7.

| Thé.calculations reported in this chapter are summar-
ized in Table 5.6.' The calculations in the first group

R to only those symmetry.coordinates'

were restricted in g?
that deécribe translétional deg;eés of freedom of the
molecules. These will be called the translational‘symmetfy
| coordinates. These calculations are reported in Sections

5.5. The second group of calculations used the full QTR \\

matrix, i.e. both the rotational and translational symmetry

~
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Table 5.6

summary of normal coordinate calculations
of lattice vibrations of ices II and IX.
Location of discussion and frequency
' tabulations for each force field.

Translational vibrations

true structure model point ma-; mode'l
(Section 5.5) (Section 5.5)
Agf: 0++0 stretch éﬁ: MM ltreéch
0+-0++0 deformation M+ *M:+M deformation

0++0', 0O*+0' interaction ice II: p.205; Table 5.7

ice I1I: p.205; Tables 5.7, 5.8 ice Ix: p.216; Table 5.11
(intensities: Table 5.9)

< ice IX: p.216; Table 5.11
(intensities: -Table 5.12)

»

H--0 stretch:
Q++0-+0 deformation

ice 1I: p.205; Table 5.7

- Translational and rotational vibrations
true structure model linear structure model
(Section 5.6) (Section 5.6)
ACX (H--0-H): _ A°* (H. <0-H) :
0°-0 stretch . . 0°++0 stretch
0°+0°*+0 deformation 0++0°-+0 deformation
H* *0-H deformation H++0-H deformation
ice 11: p.225; Table 5.15 ice IX: p.227: Appendix VI

ice IX: p.227; Appendix VI

A% (0e0-H): .
0++0 stretch
”o-zo--o deformation
0++0-H deformation

ice 1I: p.228; Table 5.16
ice IX: p.230; Appendix VI

¢

A%* (H-H') : A% (0-H-+0, H-H'):
0++0 stretch 0:+0 stretch
0++0-+0 deformation 0°*+0°*+0 deformatjion
H-H' interaction 0—H°;O linear angle bend
ice 11: p.231; Table 5.17 H-H' interaction
« ice IX: p.231; Appendix VI ice IX: p.233; Table 5.18

(Section 5.7)
CP: H-H', H-M , H-0, /
0-0, M -M~ '
“jce I1: p.237; Table 5.19

1 ' v
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coordinates. These calculations are reported in Sections
5.6 and 5.7.

The calculations for which the problem coordinates
wéfe the translational symmetry coordinates are discussed
first in this section. One structural ‘model that was used
is the true structure of the ice’®"'s?® assuming the molecules
to be rigid. The mass of each molecule is distributed over
all three atoms, but the model in fact behaves as if the
total mass of each molecule is concentrated at the position
of the oxygen atom, particularly with intermolecular coord-
inates involving only interactions between the oxygen atoms.
In the other model, which is called the point mass model,
the total mass of each mofécule was placed at M, the posi-
tion of the centgr of mass of the molecule in the true
structure. vUnde; the point mass model, therefore, the
structural models for H2Q‘and DéO crystals of the same ice
-are not identical, but the differences are in fact small.

For these calculations, the potential energy due to

the translational vibrations was given by

2V, = I (k) r2 + I (x
b Al | 1 r

V.. . r,
T i . i r''ij i73
. -2 .
I Hg)y g, 3,00 (5.14)

where the intermolecular coordinates r, and ek2> must still
be specified for each force field. 1In equation (5.14) r,
is the'displacement of distance i, ekl is the c¢hange in the

angle formed by the two distances of equilibrium lengths
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a . and a

, (k) and (H,.) arce the stretching and angle
k! R '

0kt

) . is the interaction

deformation force constants, and (er .

force constant between two_Ftretchinq coordinates. Two scots
of coordinates were used with the true structure model
(Tablg 5.6). In coordinate set A°% the r. were 0--0

stretching coordinates and the Okk were O++0++0 angle

deformation coordinates. In coordinate set AD the OkQ were

as in on, but the r, were He -0 stretching coordinates.
Under the point mass model the coordinate set AM, which is
analogous to AOX, is usgd. Thus, the r, were M-++M stretch-
ing coordinates and the ek2 were M:«+M:+M angle deformation
coordinates. *

The suitability of each of these force fields depends
on its ability to reproduce the translational lattice motions
of an ice without introducing significant rotational
character into the eigenvectors even when the broblem
coordinates include the rotational symmetry coordinates.
Rotational motion *s not possible under the point mass médel.
It is, however,‘possible under the true structur;\model, and
therefore both coordinate sets A°* and AD were tested
(Section.5.5) by including the rotatioﬁal as well as trans-
lational symmetry coordinates in QTR.

The calculations of the translational and rotational
vibrations together are reported in Sections 5.6 and 5.7.
In the true structure model (Téble 5.6f) the rigidaHZO or
D20 molecules had the equilibriﬁm molecular configurations

of the true crystal structure,3* 3% and thus the hydrogen
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bonds were distorted from lincarity by 2 to 14° for ice 11
and by 5 to 15° for ice IX. 1In the linear structure model,
each hydrogen or deuterium atom was repositioned by up to
0.015 A so that it lay on the line joining the oxygen atoms
of the donor and acceptor molecules of the hydrogen bond.
To ensure that the calculated rotational vibrations
are uncoupled from the translational vibrations, as is
Oobserved experimentally (Section 3.5), the potential energy
due to the rotational vibrations must be written in terms
of intermolecular coordinates that reorient the HZO or DZO
molecules but do not significantly translate them. It was
not obvious which coordinates meet this requirement. Four
sets of coordinates were constructed by combining the
coordinate set on, which was found to be adequate to v
describe purely translational motion, with intermolecular
coordinates chosen for their abilities to reorient molecules.
Coordinate set AOX(H-°O—H), in which the H-++0-H angle
deformation coordinates were the intermolecular coordinates
for reorientation, was used with both structural models.
Coordinate set AOX(O-~O—H), which used the set of 0--0-H
angle defo;mation coordinates, was tested with the true

structure model only. Under both AOX(H-'O-H) and on(o--o H)

~
the rotational potential energy was given by

2 : (5.15)

where ¢k2 is the angle deformation coordinate and the

meanings of the symbols are the same as in equation (5.14).
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Coordinate set A?x(O—H-rC; H-H') used the O-H++0 linear

an¥le deformation coordinates and the set of nearest-

-

neighbour H;H"interactions and can only be applied to the

- v

linear structure model. Under this model‘the'potential

‘2 LH 2 . ' e
(Hpdyy Opp +. Ik Ty - | (5.16)
k2 ' i ~

\

energy%waskgiven by

2vy = I (H

where rikis the change in the distance between the ith pair

of hydrogen atoms on nearest—neigthur water moleculee,

¢k2'i5'the O-He+*0 angle deformation coordinate, and kg, and

(HA)kR are thg corresponding force constants. (H has

| )
the dimensions of energy in equation (5.16).
.Coordinate set on(H-Hl), with the set of nearest-

neighbopr H,Hl interactions, was used with the true structure

" model. The'expreSSion for the rotational potential energy

under A X (8- H' ) was thus the Second summatlon in. equat%on

(5.16). The calculatlons uSlhg these four coordinate sets

~are reported in Section 5.6.

A fifth coordinate set, CP, expressed all of thé,inter—
molecular forces as 1nteractlons between the oxygen atoms,
hydrogen atoms and the centers of negative charge (M ) of
hydrogen -bonded " nearest-nelghbour water molecules. Tne

1

137 for the potential

expre351on glven by Clementl et al
energy of 1nteraction.of two water molecules was used for
this calculation{'and therefore the H-H', H=M , Hfo, 0-0'
and M-—M_ inreractionslwere considered. The expression for

the potential energy due to trgnslationalvand rotational

k4
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vibrations was thus

2V =Lk, r? (5.17)
. 1 1
1 I
where r, is the dhange in the interatomic distance, ki is
- 7 3
the second derivative of the potential energy with respect
to tHe. interatomic distance of interest, and the summation

is over all interactions.

5.5 Discussion of the Calculations of the Translational

Vibrations of Ice II and Ice IX

5.5.1 Ice II

Ice II crystallizes with twelve molecules in the unit

7

cell, on two non-equivalent six-fold sites of.C1 symmetry

(Section 1.3). Thus the structure‘ébﬁtains four non-equiv-
alent types of hydrogen bonds and twelve non- equlvalent
types of 0..0..0 angles in each unit cell.

The 51mplest force field is con51dered first. In force

field TiI a single force constant kr =0.22 mdyne A"t was

associated with‘all twenty-four hydrogen-bond stretéhing
: cq&rdinates and a second force constant’§2:50.0075 mdyne ifl'
associated with all sevehtyftwo éngle»deforhation coordinates
(equéEiOn (5.14));. the stretch-stretch interactién force

.constant kr was set to zero.. The frequencies that were

r'
caldglated'fof ice II with two structural models and three
coordinate sets A®%, AP ana aM are listed in Table 5.7. .The
problem coordinates were limited to the translational

symmetry coordinates. For this and all other calculations

of the lattice vibrations of ice II the normal coordinates

-



206

Table 5.7

. , L D
Calculated frequencies for ice II, with on, A and AM

. and with translational problem coordinates.

true structure model __point mass model
_ Cpo% | R oM
force fieid® Kpao=0-22 Xp.o=0-22 Ky, =0-22 .
ot Ho.0.0=0-0075  Ho 0,0=0.0075 H . =0.0075
. S ’
" no. H0 D0 H,0 D,0 H,O DO /v
A, 7 278.6  264.2 $278.2 263.9  279.4 265.8 1.051
’ 8  '208.5 197.8  206.4 195.7 - 209.0 198.6 1.052
9 164.5 156.0  164.3 155.8  163.4 153.9 1.062
10 102.8  97.5-  100.9  95.7 102.6  97.1 1.057
11 . 87.3  82.8  87.4 8.9 88.2  B84.5 1.044
12 78.6  74.6 79.3  75.2 . 78.8  74.9 1.052
A 19 297.8  282.5  299.6 284.1  297.6 282.1 1.05%
Y 254.0 240.9  254.3  241.2  254.9 242.5 1.051
21 222.0 210.5  222.0 210.6  220.9 208.5 1.059
22 154.4  146.4 (3 156.2 . 148.2  154.2 1459 1.057
23 122.9 116.6  121.6 115.3  122.2 115.1 1.062
) 24 0 0 0 o o 0 -
E 31 286.0  271.3  287.7. 272.9  286.5 272.2 1.053
e 237,8 225.5  237.4  225.2  237.7 225.3 1.055
33 196.4 186.3  194.9 184.8  196.0 185.5 1.057
34 177.3 -168.2  179.1 169.8 = 176.5 166.6 1.059
35 94.4  89.5 94.0  B89.1 94.2 89.2 1.056
36 66.7  63.2 66.3 . 62.9° . 66.7  €3.2 .1.055
) E, a3 249.3  236.4  251.4 '238.5  249.8  237.5 1.052
44 241.5 229.1  239.0 226.7 - 242.4 230.8 1.050
45 10.7 . 180.9 - 189.9 180.1  190.0 179.4 1.059
46 134.9  127.9  133.7 126.8  133.9 126.1 1.062
47 110.5 104.8  110.7 105.0 110.5 104.8 1.054
48 0 0 °o o - o . o -

a °-1 , .
Units are mdyne A . N
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that are numbered from 1 to 12 are of A symmetry, those

g
from 13 to 24 are of Au symmetry, those from 25 to 36 are of \

ﬁg symmetry, and those from 37 to 48 are of Eu symmetry.

Under the true strncture model, the isotope ratios vH/vD are,
and must be, equal to (mH2O/mD20)% - 1.0544 where mfi2° is the
total mass of an'Hzo molecule. .Underithe point mass model

the isotope ratios are'l‘OS+ 0.01, the range apparently
resulting from the different p051tions of the center of mass
2O and D20. Clearly (Table 5.7) the calculated transla-
tional frequenc1es are nearly ‘the same under all of the

in H

structural models and coordinate sets considered here.

By extending the set of problem coordinates to include
the rotational symmetry coordinates, the molecules are
.allowed to respond to forces that tend to reorient them.

The effect of this is shown in Table 5.8, Wlth force field
TiI. When no reorienting forces are included in . a force field
the first six frequenc1es in each block should be exactly
‘zero ‘and the other frequencies should be the same with. and
without the rotational symmetry coordinates. Thie was, and
must be, the case with the point mass model, and was nearly
the case: Wlth coordinate set A°% under the true structure
model but it was far from true with coordinate set AD under
~the true structure model. Thus coordinate set A%% was used
in'the remainder of the calculations of the translational
vibrations, since it approached a description of purely
translational motion and, in contrast to coordinate set AM

under the p01nt mass model could be expanded to include

J
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Table 5.8

Calculated freguencies and i.otobe ratios for ice 1I, with A°* ana AD
and with translational and rotational coordinates.

on AD
k. o=0-22 Xp.o=0.22
Hg.o.o=0-0075 Hy.0.0=0+0075
mo. “H0 D0 NyMNp H)0 D0 VN
Ag .
1 1.4° 1.8 68.7 © 50.1 1.371
2 * * 39.8  30.6 1.301
3 DR 14.4  10.5 1.371
4, » 3.9 2.8 1.4
5 - . * * -
6 * - * .

"7 282.0 270.6 1.042 306.3 285.0 1,075
8 216.4 212.3 1.019 258.8 241.4 1.072
9 171.4 168.7 1.016 -185.5 178.7 1.038

10 106.7 104.7 1.019 106.8 104.5 1,022

11 87.8 83.5 1.051 93.4  B86.6 1.079

12 80.8 78.4 1.031 B7.1 82.6 1.054
A, '

13 2.2 2. 55.0 42.0 1.310
14 1. 1. 36.1 26,7 1,352
15 * * 12.1 8.7 1.39
' 16 * * 4.3 3.1 1.4
17 * * w * -
18 - * * * -
19 297.9 282.6 1,054 3095.0 289.1 1.069
20 257.9 248.1 1,040 278.3 258.4 1.077
21 230.8 226.8 1,018 255.0 243.7 1.046
22 161.0 158.4 .1.016 196.0 182.6 1,073
23 127.5 124.7 1,022 128.5 125.8 1,021
28 0 0 - ) 0 -

no.

try

26
27
28
29
30
3
32
33
34

36

37
38
39
40
41
42
43
44
45

46

47
48

on AD

K. o=0-22 Kp.o=0- 22

Hy, 5.o=0-0075 BG.p.o"0-0075

Hzo' DZO VH/vD HQO D2° vH/VD-
1.9 1.3 " 41.4 31,6 1.310
1.4 . 28.8 21.3 1.35

* * 14.0 10.1 1.39

- * 3.4 2,5 1.4

* * " * - *

* * . * * -
288.3 275.6 1.046 305.4 286.9 1.064
242.3 234.1 1.035 266.6 248.2 1.074
203.7 199.7 1,020 '226.2 214.5 1.055
11.6 175.4 1.035 211.0 194.9 1.083

97.8 95.6 1.023 99.9 96.8 1.032
69.3 67.9 1.021 69.8 68.0  1.026

2,1 1.8 49.7 38.2 .1.301

1.4 * 38.8 28.6 1.357

* * 22.6  16.3 1.39

. . . 6.8 4.8 1.4

* * * * -

L ] i: - * -
253.3 244.3 1.037 2B7.9 266.6 1.080
246.1 237.3 1,037 271.7 254.9' 1.066
196.3 190.7 1.029. 211.5 200.0 1.058
140.6 138.3 1.017 156.3 147.2 1.062
113.9 110.8 1.028 115.4 112.0 1.030

0 - 1} 0 -

0

* less than 1 cm™ 1.

1

Units of force constants are

ndyne A~

1
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intermolecular coordinates for rotational motion.
The infrared and Raman 1nten51t1es of the normal
coordinates of translation were calculated with BMBP the

program described in Section 4.3. The elgenvectors Lk

required for use with BMBP are given by

_ _ TR TR, T '
R = LgQ = @?E‘x (u™™) )I:‘sg (5.18)

where the matrix in parentheses is given by the program AXSMZ,

LS‘iS‘the eigenvector matrix from LSMX and is defined by

S = LS Q, R and S are the vectors of intermolecglar and

~

symmetry coordinates, and .Q is the vector of the normal

coordinates of the crystal.

——

The infrared intensities calculated under force field

‘TiI for DZO ice II are given in . Table?5.9 for u'(r) =1.44 D A
-1 '

and H'(Q) = 0.0 D, and for nu'(r) = 1.44 D A

-1

and
u'(6) = 0.26 D, where h'(r) is the dipole.moment derivative
Awith respect te bqnd stretching coordinates r and p'(6) is
that resulting from the angle deformetion coordinate ©.
Wﬁalley151 has estimated ehat p'(r) is about 1.44 D A~l. 1f
the dipole moment change on displacement of an oxygé;'atom
parallel to the)él-o bond, u'(r), is an order of magnitude
larger than that foﬁ motion perpendicular to the bond, ¥°2
then u'(6) is about 0.26 D per radian. The direction of

u' (6) was taken to be alor# the biseetor of‘the O+« 0++0 angle

N

and u'(r) was assumed to p01nt along the bond. |

The polarizability e111p501ds were assumed to be

cyigg;;lcally symmetrical about the bonds and about the
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Table 5.9

Calculated frequencies and infrared and Raman intensities
for D,0 ice II, with AOX and two force fields.

Force field TiIAz Force field 'rgl k =0.22 mdyne AL,
k_=0.22 mdyne A\, kg=0.0075 mdyne A X=0.0075 mdyne A”' k_ ,=-0.022 mdyne A™
Calculated intensities? Calculated intensities?
- 1nﬂ’ared Raman . infrared Raman “
wir) alr) : p(r) alr)
no. Vealc p(r) +3 (8) a(r) +a(8) Veale  plr) +u(8) a(r) +a(f) '
) Ag 7 264.2 0 0 42.0 18.8 285.8 . 0 0 36.5 17.4
. 8 197.8 0 o 45.1° 28.3 213.4 0 0 *43.6 30.0
9 156.0 0 0 1.20 1.30 . 143.6 0 0 0.76 1.07
10 97.5 (¢} 0 0.74 2.09 96.6 0 0 0.84 2.17
11 82.8 0 0 +2.51 . 0.15% " 81.8 0 0 2.07 0.18
) 12 74.6 0 0 5.82 0,69 - 74.7 0 0 5.15 0.41
' Au 19 262.5 0.003 0.004 0 0 308.4 0.00? 0.005 0 0
20 240.9 0.014 0.016 0 0 262.4 0.012 0.014 0 0
21 210.5 0.231 0.228 .0 0 2.8 0.226 0.223&. .0 0
22 146.4 0.497 0.429 0 0 137.2 0.498 0.426 " ,0. 0
23 116.6 0.003 0.016 0 0 116.5 0.008 0.024‘ 0 0
24 0 0 0 0 o 0 o " 0 0 0
E. 31 27]..3r 0 0 44,4 26.5 294.0 0 0 36.9 24.3
g 32 225.5 . 0 0 100. 100. 238.5 0 0 100. 100.
33 186.3 0 0 20.2 27.9 184.8 0 -0 24.5 37.3
34 168.2 0 0., 43.1  _47.9 157.2 0 0 35.0  45.9
35 89.5 0 0 2.15 21.0 89.4 0 0 2.08 22,0
. 36 63.2 0 <0 0.29 7.6 63.3 0 0 0.25 8.3
Eu 43 236.4 0.180 0.180 0 0 252.9 0.154“_ 0.172: 0 0
oo 44 229.1 0.030 0.032 0 0 ‘241.4 0.240 0.216 0. 0.
" 45 180.9 0.966 0.948 0 0 170.1 0.736 0.724 0 0
46 127.9 0.482 0.442 0 0 112..3 0.526 0.484 0 0
47 104.8 0.002 0.004 0 0 104.8 0.004 0.006 0 0
48 0 - [+} 0 0 0 0 0 0 V] 0
A N

2 The intensities reported 1n the column headed u(r) were calculated with u(r)-l 44 D
and with p(8)=0.0 D. Those in the column headed u(r) +u(8) were calculated with
u{r)=1.44 D A and u(8) =0.26 D. The Raman intensities in the column headed a(r)
were calculated with RP(r) = 10 and a (6) =a,{68) =0. Those in the column headed
a(r) + a(8) were calculated with R?(!:) =RP(8) = 10 and a " (r) = u'” (8) = 1. )
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bisectora of the O++0:+0 angles. There is at present no
indication of the magnitudes of the elements of.g'(r) and
g'(e), the polarizabilitx dérivative tensors with respect to
bond stretch%ng and angle deformation coordinafes. The
relative Raman intensities calculated for DZO ice II under'
force field TiI are given in Appendix IV for RP(r) =2, 5, 10
and 20 with ad(e) =ai(e) = 0.0, where RP(r).= aﬁ(r),(ai(r).
It is clear from Appendix IV that the‘relative intensities
were rather insensitive to RP(r) for RP(r) between 5 and 20.
A value of RP(r) = lO‘was somewhat arbitrarily chosen for
further calculations, and the same value was assumed for
RPKG). The calculated Raman intensities aré given in Table
5.9 for RP(r) =10 with a/(6) =a/(8) =.0.0, and for
RP(r)=RP(6) =10 with af(x) =al(8).

Force field TéI_is the same as TiI, but the atretch—

J

~stretch interaction force constant krr, was -0.022 mdyne A1,
Only the interactions between 0..0 bonds with a comﬁon'
»oxygen‘atom were cdnsidered, and the-seveﬁty-two'of these in
ice II wére assumed to be'equiﬁalent. .The'frequencies and

the infrared and Raman intensities calculated for DZO ice I1I

are given in Table 5.9. The range of frequencies above ~120

cm in each block was greater by 26 to 33 $ under TII

2
. I1°, . L. II II
under Tl but the intensities under T1 and T2 were very

similar. In fact, other calculations with kr between 0.20

than

‘and 0.30 mdyne A-l and He between 0.0050 and 0.0075 mdyne A1l

!

showed the calculated infensities to be much less sensitive

-than the calculated ffequencies to the force field. The
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symmetrized eigenvectors calculated with force fields I{;
and T%I are given in Appendix V and are quite similar.

The observed infrared!®?” and Raman spectra of the
_ translational vibrations of D20 ice II are compared in
Figure 5.1 to three of the calculated spectra from Table 5.9.

‘Table 5.10 shows the assignment that is deduced’ from this
comparison, for force fields T{I and TéI.

The assignment of the\;nfrared spectrum is largely

unambiguous and the simpler force field TiI
better than T;I.‘ Differences in detail exist;_of courée,‘

because the force field and intensity models are exceedingly

bl

fits the data

‘éimple. Thefonly difference that is particularly disturbing
is the factor of about 100 between the calculated and

experimental intensitieé at 106 cm_1 and a similar factor,

about 30, between the intensities at 284 em L. of less, but

'still some, concern is the inability to explain the shoulders

at 185 and. 205 cm Y. Otherwise the frequency and intensity

fit is good enough to suggest that the assignment under T{I

in Table 5.10 is essentially correct.

‘" The assignment of the Raman spectrum under force field

T{I is also acceptable’ (Table 5.710). It is usually easy to

assign the experimehtal features to a vibration of the .

symmetry that was deduced from the polarization measurements.
: : >

The only major defects are the frequency mismatch of ~13 %

between the experimental features at 148, 257 and 310 cm-l,

N i . \\ \..
and the calculated frequencies for modes 34, 32 aﬁd 31, to

which they are assigned. Force field T;I corrects this
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R L LI 1
A
infrared Experimental Raman
\
L 1] | l I l
B
u'(r) =1.44 Calculated RP(r) =10
F_=0.22~ ‘
r .
Hg =0.0075
L] .
C
1 - =
Wir) =1.44 Calculated RP(r) =10
F_=0.22
r .
Hg =0.0075
F._,=-0.022
}, rr
| '
D -
' = = =
H (F) 1.44 . Calculated RP(r) =RP(8) =10
' = ' =
u'(6) =0.26 Fr'=0'22 a”(r) a“(e)
Hg =0.0075
F__, ==0.022
rr l
1] L
w1 2 | J 1 i 1 | |
300 200 100 70 300 200 100 0
v/cm™~! . * .Av/cm™!
)
Figure 5,1 Observed and calculated infrared and Raman spectra
II.

of the translational vibrations of DZO'ice
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Table 5.10
s Assignment of the infrared and Raman spectra due to
translational vibrations of Dzo ice 11 at 10 K.
. .
observed ‘calculated
Til . T;x
\)/cm-l intensity p2 mode? v/cm'l intensity® mode® \J/cm.l intensity®
infrared: i v
106 L 47 105 0.003 — - — 47 105 0.005
23 117 0.01 v
135 m e — - 46 128 0.4 - - - 46 112 0.5
' 23 116 0.01
149 m e = - - - 22 146 0.4 -——22 137 0.4
182 '8 -————— 4s 181 1.0 - — - 45 170 0.7
1B5S sh
195 W e = - - - - 21 210 ©0.2 -—-21 228 .. 0.2
205 gh s
' ' R 44 229 0.03 -~ - 44 241 0.2
234 s TE- ol 43 236 0.2
248 [ S 20 241 0.01 ~— — 43 253 0.2
20 - 262 0.01
284 R 19 282 0.003 - - —19 308 0.05
Raman: ‘
: 69 m Eg —— - - - 36 63 0.3-8 ~— —36 63 0.2-8
: 12 75 6-1 12 75 5-0.4
n 83 2-0.1 11 82 2-0.2
. _ 35 90 2-20 —--—--35 89 2-20
100 m EgUrg?) T _ o 98 1 ——-10 97 1
- 9 156 1 9 144 1
148 s Eg -~ --- 34 168 "as - — - 34 157 40
182 m Eg(+Ag?) - - 33 186 25 ~ - -133 185 30
195 ms Ay =~ - 8 198 35 -—-~- 8 213 40
245 sh .
257 ms Eg = - -- - 32 225 100 = 32 239 100
273 w A === = 7 264 30 —-———-7 286 25
310 w Egagh) - - 31 271 © 30 ~-— =231 294 . 30
a

b

C

are D A-

1

(amu) "~

Vibrational symmetry deduced from polarization data.
Modes 7 to 12 are Ag, 19 to 24 are Au’ 31 to 36 are Eg, and 43 to 48 are Eu.

Infrared: dk(au/aoka, where dk is the degeneracy of the vibration and the units
L]

. a
. «
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defeet to some extent but worsens fhe overall fit to the two
spectra.

It is concluded that the calculated’spect:a of ice II
agree well with the observed spectra in view of the extremely
simple force fields and intensity models that were used.
Table 5.10 is believed to give an assignment that gives a

~

useful indication of the origin of the spectra even if the

‘ details are modified by future, more sophisticated calcula-

tions. There is little”merit to using more complicated
parametric force fields because the values of the parameters
can not be supported by.independent evidence. Thus future
calculations to extend this work W1ll probably be most
satisfactory 1f they are based on one of the many intermolec-
ular potentlaQs for water-water interactions that are being

\ .
developed by other methods. ! , 153,154

5.5.2 TIce IX

Ice IX contains twelve molecules in the unit cell, on

one eight-fold site of Cq symmetry and one four-fold site of

215

C2 symmetry (Section 1.3). Thus it has three non- equ1valent

types of hydrogen bonds and ten non~equ1valent types of
O¢+0++0 Oor MesM-*M angles. In force field Tix, a single.
fofce constant kr =0.20 mdyne“;\_l was used for all of the 1
three types 6f hydrogen-bond stretching coordinates and

Hg =0.0075 mdyne A1 vas used for all ten typeé of angle
deformation coordinates. ‘

The frequencies calculated with Tix and the transla-



A

tional”vmgblﬁﬁﬁéﬁﬁrdi;;tes are given in Table 5.11 for coord-
inate set A”® under the true structure model‘and for coordin-
ate set A" undes Ahe point mass model. Normal coordinates
‘of ice IX that are numbered from 1 to 8 are of Al symmetry,
f;oh 9 to 18 are of A2 symmetry, from 19 to 28 are of B1
symmetry, from 59 to 36 are of 82 symmetry, and from 37 to

54 are of E symmefry. The isotope ratios VH/VD of the trans-
lational vibrations of ice IX were 1.0544~under the true
structﬁre model, as for ice II, and 1.05 # Q.OZ under the

point mass model. The true structure model with coordinate

set A°% was used in all further calculations of ice IX

216

reported in this and the following section. The Raman inten-

sities calculated with RP(r) =2, 5, 10 and 20 are giveh in
Appendix IV. As for ice II, the relatiye Raman iqtensities
were rather insensitive to RP(r) for RP(r) between 5 and 20,
and so a value of RP(r) =10 was arbitrarily chosen for
further -calculations. The infrared and Raman intensities
calculated under force field Tix‘and the true structure
model are given in  Table 5.12, where the values of p'(r),
p'(e), o'(r) and 9'(9) were the same as used for ice II in
Table 5.9.

;X used a single force constant for the

Force field T
0..0..0 angle‘deformation coordinates, but three force
‘constants for the hydrogen-bond stretching coordinates. To
reflect the relative strengths of the hydrogen bonds,'thosé
for which the oxygen-oxygen distances‘are 2.7504 5, 2.7628 ﬁ,

and 2.7971 A were assigned force constants of 0.21, O.ZOand



Table 5.11

Calculated frequencies for ice IX, with A®* and AM

and with translational problem coordinates.

true structure model

point mass model

on éf
. a . .
force i;eld Kg. .= 0.20 Kpg. oy =020
T
1 By .geeo™0.0075 Hy..p..y =0-0075
no. H20 020 vH/vD H20 020 vH/vD
A 5 260.8  247.4 1.054 263.7 252.0  1.046
6 181.2  171.9 1.054 180.5 170.6 1.0%8
7 J100.5 95.3  1.055 99.9 94.4 1.058
8 85.5 81.0 1.056 88.1 85.5 1.030
A 14 238.6 226.3 1.054 237.7  224.8 1.057
15 220.6 209.3 1.054 220.5 209.0 1.055
; 16 145.7 138.2 1.054 143.6 134.5 1.068
17 78.3 74.3  1.054 79.6 76.6  1.039
18 0 0 - 0 0 . -
B 24 253.2 240.2  1.054 249.8  234.3  1.066
25 207.4 196.7 1.054 207.1  197.0 1.051
26 201.4 191.0 1.054 202.4  191.7 1.056
27 105.8 100.3  1.055 105.0 99.0 1.061
28 64.1 60.8 1.054 64.4 61.2 1.052
B, 33 255.0 241.8 1.055 253.1  238.7  1.060
34 223.5 212.0 1.054 228.0 219.6 1.038
3s 169.8 161.1 _ 1.054 169.3 160.0 1.058
36 83.4 79.1  1.054 83.4 79.2 1,053
E 46 254.1 241.0 1.054 255.6 243.8 1.048
47  "246.5 233.8 1.054 246.0 232:7 1.057
48 225.2  213.6 1.054 224.5 212.4 1.057
49 213.1  202.1 1.054 213.4  202.9 1.052
50 168.0 159.3  1.055 ©167.3 157.9  1.060
51 150.4  142.6 ° 1.055° 150.6 142.7 1.055
52 92.7 88.0 1.053 91.4 85.6 1.068
53 75.7 71.8  1.054 76.1 72.5  1.050
54 0 0 e - 0 0 -
a 1

Units are mdyne A~
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Table 5.12°

Calculated frequencies and infrared and Raman intensities .
of the f.z:aaslatxonal vibrations of Dzo ice ﬂ ’

.

‘i}u‘!h AOX and two force fields. - -

2

&

Force field Tix.

Force field T

IX

2 ¢ kr-0.19 to 0.21

0

X -o .20 mdyne 2 Hg= 0.0075 mdyne A" ‘mdyrie A~Y, Hg=0.0075 mdyne A~}
] Calculated intensities® Calculated intensities®
_infrared Raman .- _infrared Ranan’
v u(r) . a(r)’ v o u(r). a(r)
no. _calc p(r) +u(8) a(r) +a (8) calc plr) +u(6) a(r) +a (8)
A, 5 247.4 o 0 32.8 53,6 246.8 0 0 29.7  49.0
6 171.9 0 0 IS 1.50 171.3 0 0 3.9 0.78
“7 95.3 0 0 27.3,  28.9 95.3 0 0 25.6 26.0
8 810 0 0 26.6 2.3 81.3 0 0 24.2 2.0
A, 14 226.3  0.23&  0.260 0 0 225.2  0.090 ©0.108 -0 0.
15 209.3  1.045 1.005 0 0 208.0 1.197 1.167. 0 0
16 138.2  0.074°  0.112 0 0 133.1  0.064 0.099 0 o
17 74.3 0.008 0.017 0 0. J4.1 0.009 0.019 0 0
18 0 0 0 0 0 0 0 0 0 0
, 24 26002 0 0 0.014  0.096 243.9 0. 0 0.006  0.016
' 25 196.7 0, 0 22.2 . 13.2 192.8 0 0 66.2 43.2
26 191.0 0" 0 €0.2 42.7 - 191.5 0 0 9.0 7.5
27 100.3 0 0 0.38 0.16 100 4 0 0 0.31 0.126
28 60.8 .0 0 0.36 - 4.43 60.8 ° 0 0 0.32 4.0
B, 33 241.8 0 0 2.1 2.5 245.0 0 0 2.8 2.5
34 212.0 0 0 10.7 1.18 S 211.4 o’ 0 .8.6 0.75
35 161.1 0 0 1.4 0.013 159.6 0 0 - 1.56 0.019
36 ¥9.1 0. 0 0.057  0.002 9.2 0 0 0.046  0.002
E 46 241.0  0.032  0.036 3.4 6.0 241.5  0.026 ~0.034 4.3 7.0
47 233.8. 0.050 0.038 3.3 4.7 236.3  0.058 0.044 5.5 7.3
48 213.6 . 0.122 0.202 loo. 100. 209.9  ©0.126 0.192  100.  -100.
49 202.1  0:008- 0.044  21.5 25.6 201.8  0.006 0.042 8.4 10.7,
50 159.3 . 1.078 1,152  '6.0. 1.23 160.3  1.046 1.130 5.3 1.11
51 142.6  0.276 © 0.302 0.43. 5.6 142.3  0.302 =~ 0.332 0.040 3.4
‘52 88.0° 0.016 0.034 0.41 5.0 88.0 0.014 0.032 0.27 5.1
$3 71.8  0.002  0.001 2.0 25.1- 1.8 0.002 © 0.001 1.86  22.6
54 0 0 o 0 0 0 0 0 0

1))

% The infrared intensities in the column headed u(r) were calculated with u'(r) -1’.41 p A°! )

und u' (6) =0.0 D. Those in the column headed u(r) +u(6) were calculated with’

u (r) =1.44 D A and p'(8) =0.26 D. The Raman intenlities in the column headed a(r)
were calculated with RP(r) =10 and a) (6) -u'_; (8) = 0. Those in the column headed
a(r) +a(6) were calculated with RP(r) =RP(8) =10 and o} (r) =a'y (6) =1,

-1
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O.lﬁwﬁdyne A1 respectively. The frequencies, and infrared
/

- » !
and Raman intensities calculated under force field Tgx are

9

glven in Table 5.12, The frequencies and intensities_were
t31m11arvto those calculated under force field Tix, with the
greatest changes occurring to modes 25 and 26 which.apparently ~
switch‘positicns. The symmetrlzed eigenvectors from force ?

IX IX
1 and T2

The obgerved infrared'®? .(Figure 1.12) and Raman

fields T are given in Appendix V.

(Figure 3 16) spectra of the translational vfﬁratlons of DZO
ice IX are compared in’ Figure 5.2 with three of the calculated
spectra from Table 5.12, and the observed frequencies are-

assigned in Tablé,5.13.

The infrared spectrﬁm can be readily assigned dp to
250 cm except for the shoulders at 159, 187 and 234 cm—l.
The two highest-frequency features, at 275 and 295 cm-l, can
not be assigned reasonably. The calculated modes that are
not assigned to spectral features are calculated to haVervery
low intensities. " The'mainrdefect in the calculated spectrnm
is the-inténsity calculated near 73 cm ¥, which;should'be
about ten times~£arger than it is.  Otherwise the main

N ‘¢

spectral features are reproduced rather well.

All of the featnres in the Raman spectrum can ne readilj
assigned tobcaicdlated modes;of the correct relative intensity
(within a factor of about 3), except for the Highest-vand ’
lowest4frequencytfeatures, at 297 and 34 cm-l. The latter

is a very low frequency 0¢:0.-0 deformatlon vibration in a

large unit cell, and it is 11ke1y ‘tRat the omission of
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' Calculated RP (2) _10'
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Observed and calcgggted 1nfrared and Raman spectra
‘of the translatlonal vibrations of D20 ice IX.
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X . . Table 5.13
Assignment of the infrared and Raman spectra due to
translational vibrations of D,0 ice IX at 10 K.
observed calculated
* T;x
g/cm'1 intensity mode® ![gm'l intensity® mode® !/cm'1 intensity?
infrared: : 53 72 ~0.002 53 72 0.002
t i 71 B - - - - 17 74 0.01 - — — 17 74 "0.01
» . 52 88 0.02 52 88 0.03
f ‘ __ 16 138 0.1 - —-16 139 S 0.1
/ ' 137 L ! 143 © 0.3 ——=-51 142 0.3
‘ . 159 sh . ,
\ ' ' 161 8 —-— - 50 159 1.1 - - - 50 160 1.1
187. sh '
| . 49 202 0.02 . 49 202 0.04
Vo 205  e----15 209 1.0 ---15 208 1.2
| o - 208 sh— - — - 48 214 0.1 - - - 48 210 . 0.2
\ ‘ 234 sh . :
\ 246 . B--—=14 226 0.25 - — - 14 225 0.1
l . ' 47 234 0.05 a7 237 0.06
» _ ' . 46 241 0.04 46 © 241 0.03
i 27% w
. 295 shorw
} Raman: 34 AJ . ‘
: © 28 0.4 -¢ 28 61 0.3-4
] 71 T m - - - - 53 72 2-25 - - - 53 72 2 -23
/ o : : 36 79, 0.06 36 79 0.01
, 74 mo— - - 8 81 27-2 ——--8 81 24 -2
| . 85 W82 88 0.4-5 - —— 52 88 0.3 -5
_ 99 m—— - 7 95 29 -== 7 . 95 - 26
27 100 .0.3 27 100 0.2 .
51 143 0.4 -6 51 , 0.04-3
" 50 159 6-1 50 5-1
- 35 161 1-0.01 35 2-0.02
' 178 R 172 3 -——— 6 2
- —26 191 50 - 26 8
184 P -ol2s 19% " 20 -— =25 50 .
190  sh — — — _ 49 202 B0 — - — 49 9
- -34 212 NW=1ls -~~~ 48 100
204 P -l s 214 T - 34 9-0.08
. o 47 234 4 47 6 .
' 24 240 0.1 46 5
' o 46 241 5 2 ~ 0.0l
: 33 242 2 33 - 245 3
234 W - 5 247 40 -——= 5 247 40

297 o

2 Modes 5 to 8 have A; symmetry, 14 to 18 have A,, 24 to 28 have Bl{

33 to 36 have Bz, and 46 to 54 have E.
)
_b,Infzdrid: dk(ag/aok)z, where dk is the degenexacy of mode k. The units

1

are p A" ! (amu)~h




second- and third-nearest neighbour interactions affects it
strongly. The 297 cm'-l mode presents.the same problem as
for ice Ih (Seption 1.5), and for ice IX it may or may not

be a fundamental. The calculations do explain why twenty-
one translational vibrations are not observed spectroscopic-
ally, giving very low 1nten51t1es to: several modes and group-
ing others together. .

As was the case for ice II, the calculations are

believed to reproduce the speétra very well.for such simple

.~ models, and to yield a useful assignment. More sophisticated
| force fields will have to be supported by'independent'evidence
. before their use to improve -upon the assignment in Table 5.13

is justified.

5.5.3 LO-TO Splitting of the Translational Vibrations of

Ices II and IX s

The longitudinal optic frequenciesnof the infrared-

active translational vibrations of ice 11 and IX were calcu-
lated from the frequencies ofvthe transverse optic modes,
the_digole moment changes with respect to the normal coord-
inates, and equations 1.9y and-(4.10), Theynare listed in
Table 5.14. The frequencies ofuthe transverse optic modes
are the observedvfrequeneies, as assigned in Tables\S.loﬂand
5.13, or were estimated.from the calculated frequencies.

The dipole moment derivatives that were used are the averages‘
.of the four values calculated under two force flelds in

Tables 5.9 and 5. 12. The longitudinal optlc modes are

observable only in the Raman spectrum, so only the LO modes
o _
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Table 5.14

Calculated LO -TO splittings of the infrared-active
translatiqnal vibrations of D20 ices II and IX.

Mode vTo=v°bs (BE/an)z vLO vLo-vTo
19 285 0.004 285.0 0
200 - 248 - 0.014 248.2 0
21 195 ©0.227 199 4
22 149 0.463 158 9 s
23 116 0.013 116.3 0
24 0 .0
L . \ )
. 43 240 0.086 241 1
44 - 234 0.065 235 1
45 "182 0.422 189 7 %
a6 135 '0.242 140.5 5
47 106 0.004 106 0
48 0 0
, 14 e 10.173 248 2
15 205 1.104 221 16
16 - 137 0.087 139
17 71 - 0.013 71.6
18 0 0
46 298 0.016 1298 0
47 275 : 0.024 275 0 .
48 205 0.080 206 - 1
49 . 190 0.012 190 0
50 162 0.551 172 10
51 137 0.151 140 3
52 85 : 0.012 85 0

53 71 0.001 71
54 .o 0 '
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of the E vibrations of ice IX hay be observed. Howgy@r,
of these vibrations, LO-TO sblittings greater. than i cm"l
occur only for vSO(E) and vSl(E), and neither of these was
calculated to Ramap—scatter strongly enough to contribute to
observed peaks in the Raman spectra. Thus, as for the spectra
of the O-D stretching vibrations (Section 4.5) no observed
feature in the spectra of the tfanslatioqal vibrations of
| ice ;X éan'be assigned exclusively to a longitudinal optic
mode. ‘ . |

In Section 4.5 it wagzsuggested that the breadth of
the absorption due to the 0-D stretching vibrations of ice II
and ice IX is caused by the LO-TO splittings of many of the
-infrared-active vibrations,-ﬁhich were ca;culated to be lérgeﬁ
Tﬁe peaks of thexfar—infrared spectra of these ices, however;
are sharper, and in factvthe sharpness of these features has
served*? as an indicéﬁor of the deéree\pf’order of the ice.
The caléulated LO-TO spiittings of the translational vibra-
tions are much smaiier than those of the OFD stretéhing
vibrations (Table'4.5), which is consistent. The quantitative
usefulness of Table 5.14 is, of course, questionable in light
of the obvious defects of the frequency-énd iqtensiﬁy calcu-
lations (Figures 5.1 and 5.2) andlthe approximations of the .
bond momeﬁt calculations. Ho&ever the largest calculated
LO-TO §plitting, which is about 15 cm—l, can be regarded as
a reasonable estimate of the maximum splifting that would be
_ observed for any of the infrared-active translational vibra-

tions of ice II .or ice Ix.
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5.6 Calculations of the Translational and Rotational

Vibrations of Ices II and IX using Parametrized

~Potential Functions

For these calculatlons, the potentlal energy due to
the lattice vibrations was expressed in terms of hydrogen-
bond-stretching coordinates, angle-deformation coordinates
.and interatomic hydrogen-hydrogen interaction coordihates.
As discussed in Section'5.4, the four sets of intermolecular
coofﬁinages that are reported in this section were constructed

from coordinate set A®X (Section 5.5) and a set of intermolec-

o~
SN

ular coordinates that describes mainly rotational motion.

In coordinate set AOX(H--O—H), the reorientational
motion was described by the forty-eight H:-O—H vaience angle
bending coordinates of one unit cell of either ice. There
are eight different types of H-oOFH angles in ice II and six
types in ice IX, but the~simplest possible force field was
aésumed. Therefore the same force constant H¢ (equation
(5.15)) was used for all of the H..O-H deformatlon coordin-
ates of the 1ce.

The frequenc1es that were calculated for ice I1 under
the true structure model and coordlnate set AOX(H-oO—H) with
H¢ =0.160 mdyne A"1 ang k and He as in TiI
given in Tabie 5.15. The isotope ratlos of the six highest-

(Table 5.9) are

frequency normal coordinates of each block are ~1. 35, except
for modes 5, §, 17, 18, 29, 30 and 42. The low isotope
: ratlos for these modes, and the elgenvectors, show consider-

able translat10nal character in addition to the predcminantly
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Table 5.15

Calculated frequencies of the translational and

rotational vibrations of the true structure model

of ice II, with coordinate set on(H°'O-H)

“w

a

a..

no. 120 D,0 1/Vp no. 12° DO /Yy
1 1162.0  847.2  1.372 Eg 25  1162.8  837.9 1.388
"2 1133.2  813.6  1.393 26 922.7  690.5 1.336
3 1015.4  732.5  1.386 27  893.7  671.3 1.331
4 912.3  673.9  1.354 28  743.8  550.7 1.351
5  672.2. 515.3  1.304 29  651.9  502.0 1.299
6  514.3  441.0  1.166 30, 463.9  364.2 1.274
7 270.7  247.3  1.095 31 290.3  265.6 1.093
8  204.0 184.1  1.108 32 © 240.0  222.7 1.078
J9  160.5  143.4  1.120 33 190.2  173.3 . 1.098
10 137.9  128.7 ,1.071 34, 172.8  159.4 1.084
11 105.1 96.9  1.085 35\\\ 94.6 83.0 1.140
12 75.8 68.4  1.108 36 67.8 62.7 1.081
13 1065.7  782.2  1.362 E, 37 1173.5  842,8 1.392
14  997.3  737.9  1.352 38  1042.0  758.3 1.374
15 797¢4  591.0  1.349 39 1011.7  741.5 1.364
16 766.4  572.9  1.338 40  803.7  611.6 1.314
17 560.5  435.2  1.288 41  752.3  567.3 1.326
18 437.2  355.2  1.231 42 423.9  361.8 1.172
19 298.6 277.3 1.077 43 250.2 231.7 1.080
20  256.4  241.0  1.064 44  238.4  218.0 1.094
21 220.3  199.9  1.102 a5 186.6  171.1 1.091
22 154.5  137.5 1.124 4é""143,2 131.4 .1.090
23 99.4 82.3  1.208 47  106.4 88.2 1.206

24 o o - - a8 o o0 -

1] »
0.0075 mdyne Al

~~

'H

¢

. o
a Force field: kr= 0.22 mdyne A l, He=

o1
= 0.160 mdyne A .

’
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rotational nature of these modes. Thg isotope ratios of
~1.10 of many of the six lowest-frequency normal coordinates
of each biock, and their eigenvectors, show thesqﬁnofmal
modes to be predominantly translational but with non-negli-

. y
gible contributions from rotational motion. Similar results
L '

were calculated with H ' less than 0.16 mdyne A"}, except

¢

that the isotope rattés of the rotational vibrations are
lower and those of the translational vibrations are greater

than those calculated with H, =0.16 mdyhe A", with H

¢ ¢
greater than 0.16 mdyné A<l the isotope ratios might approach
the correct values but the range of caleulated rotationai |
fréquencies woﬁld be higher than the observed range of
frequencies.

~ ~—_Similar mixing of the normal modes was found for ice IX
with AO%XH"OfH). The frequencies and isotopé ratios that
were calculated with H¢ =0.16 mdyne A~1 ana kf and H

§]
T{X (Table 5.12) for both the true and linear structure

as in

models (Table 5.6) are given in AppendileI. Freéuency
differences of up té 45 cm~ ! for modes 2, 4, 12 and 40, and
of up to 20 cm_l for the others, result from the different
structural models. Although the c;lculated frequencies were
nofJindependent of the structural modél, the isotope ratios

in Appendix VI show .that the amount of mixing of translational
and rotational motions was .very sihilér for both sﬁructural
models. Thus, calculations with the linear structure model
can be usefpl although the.details of the.result may be .,

unreliable. This is important because at least one calcula-

¢
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.
1 has used

A

linear angle deformation coordinates, and a similar coordin-

tion of the lattice vibrations of ice Th®®,

ate set was used in this work and is reported later in this
section. N |

The above results show that considerable mixing of'
rotational and ﬁranslational motion occurs in the normal
coordinates of ices_II and IX that wer; calculated with
. coordinate set quf;i°O—H) and the force field discussed.above.
No simple change to the force field can correct this problem,
and there is no obvious justification for considerably
different and more complex force fields based on coordinate
set A°%(H..0-H). " |

The‘next coordinate set, AOX(O--O—H), used the set of
forty—eight O..0-H angle deformation coordinates of ore unit
cellvd$\ice 1T or ice IX,,in’addition to the iﬁtermolecular
coordibates of A?x. For the calculations reported here the
force constant H¢. =0.060 mdyne ifl‘was used with all eight
or six tyées ef 0-.0-H angle deformation coordinates of ice
Ii or ice IX and the valPes of'kr and H¢ were és in force
il or Tix (Tables 5.9 and 5.12). The frequencies and

isotope ratios calculated under the true structure model for

field T

H, O and DZO ice II are given in Table 5.16. No isotope

2
ratios are between 1.28 and 1.11, showing the calculated

- normal modes to be of nearly pure transIatiQnal or rotational

character ind the eigenvalues confirmed this. The.calculated

rotational frequencies all lie within a range of ~100 cm-l,'

which is much less than the observed rangerf ~400 to 500 cm-1
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Table 5.16 T
Calculated frequencies of the translational“and o
rotational vibrations of the true structure model
of ice II, with coordinate set on(Q.' *O-H)

no.  H07 D,0° v/ Cho.  H0° p,0% v/
A, 1 624.7 482.7  1.204 E, 25 634.3 493.4  1.286
2 614.2 474.1  1.29 26 602.3 463.3  1.300

3 570.2 422.5  1.350 27 576.3 425.9—1.353 .

4  ssg.8 411.6  1.358 28 563.3 415.6  1.355
5  549.5 401.0  1.370 29  -552.5 399.5  1.383
6  545.5 387.8  1.407 30 537.7 387.9  1.385
7 272.3 251.0  1.085 31 280.4 260.0  1.078
8  200.9 182.6  1.100 32 235.0 218.2  1.077
9 159.7 146.5  1.090 33.  189.1 172.0  1.099
10 103.5 96.0  1.078 34 173.1 159.4  1.086
11 93.8 88.1 - 1.065 35 92.7 85.5  1.084
12 " 78.9 73.3 . 1.076 36 5.8 61.0  1.079
a 13 636.1 494.3  1.287 - E, 37 629.2 484.7  1.298
14  '603.1 = 465.1  1.297 . 38 606.7 467.9  1.297
15 575.6  426.9  1.348 39 573.4 427.6  1.341
16  565.0 413.5  1.366 40 560.1 - 412.0  1.359
17 552.0  398.4  1.386 . 41  550.8  401.6  1.372
18 534.3 387.0  1.381 - 42 544.2  388.7  1.400
19 297.2 280.3 1.060 43 244.9 227.5  1.076
20  251.8 234.3  1.075 44 236.9 217.1  1.091
21 214.7 194.7  1.103 45  184.3 168.1  1.096
22 146.6 132.7  1.105 46 130.7  119.8  1.091
23 116.5  105.3  1.106 . 47  110.5 101.2  1.092

2 o0 0 - . 48 o 0 -

: . -
? Force field: k_=0.22 mdyne A 1 Hy =0.0075 mdyne A ',

. O
Hyr =0.060 mdyne A L
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for H,0 ice II and 200 to 300 cmn1 for the D,0, and, thus,

2 2
poses a problem. A similar result was observed for ice IX.
Thus this force field neglected the mechanism that couples
‘the rotational vibrations. The O++0-H deformations could be
coupled more directly through interabtion terms in the
potential energy or indirectly throuéh the inclusion of
intermolecular coordinates such as\ the interatomic hydrogen-
hydrogen interaction, but neither approach was taken with
A%%(0--0-H).
| In coordinate set A°X(H-H') the ninety—six interactions
- in one unit cell between hydrogen atoms on nearest-neighbour
water molecules were added to the coofdingtes 6f a%x, The
values of the second derivéfives kH of the potential energy
With respect to the distance between hydrogen atoms Ty-H
(equation (5.16)) were calculated from the functioﬁ given by
Clementi et al'3’ for the potential energy of interaction
bétween water molecules. The discussion of Clementi's

complete potential function'??’ ¢ is postponed until the

following section since only the second derivative with

e

. ' : . y H .
is of concern here. The expression for k= 1is

respect to rH-H

H _ .2 2 ' 9 w2/, 3 2 _
k' =3 s:/BrH_H = 2q/rH_H + a, b, exp(-b; ry ) (5.19)

where Tu-H is in atomic units of distance and q?, a, and b2

have values'?’ of 0.514783, 1.061887 and 1.460975 a.u. ' Thus

for ry . = 2.329 A, k" is 0.01573 a.u. or 0.2449 mdyne A l.

For the calculations reported here, similar values of

kH were grouped and the average value was used. In ice II
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there are sixteen non-equivalent H-H interactions between
hydrogen-bonded molecules. The equilibrium H-H distances
fall into the groups 2.33 R, 2.43 to 2.50 &, 3.16 to 3.38 A,
and 3.70 to 3.93 A and those in a group were given the force
constant values k' of 0.24, 0.20, 0.072 and 0.044 mdyne A-!
respectively. 1In ice IX there are twelve non-equivalent
H-H interactions. The equilibrium H-H distances fall into
the groups 2.24 to 2.26 &, 2.33 to 2.34 &, 2.45 to 2.52 R,
3.33 to 3.52 A and 3.80 to 3.85 A and those in a group were
- given the force constant values kH of 0.28, 0.24, .0.19, 0.06,
and 0.043 mdyne A1 respectively.

Under the true structure models, the frequencies and

.-

isotope ratios that were calculated for ice II with the

above values of kH and force field TiI (Table 5.9) are

i

given in- Table 5.17, and t e calculated for ice IX with

the above valueéfof x? ang e field T1* (Table 5.12) are
given in Appendix VI. jjogen-hydrogen interaction .

translational vibrations to be

igfger than, when calculated simply with TiI or T{X (Tables

caused the frequencies of th

5.9 and 5.12), and the potential energy distributions showed
that the H-H interactions provide the Principle restoring
forces to many of the translational vibrations. The eigén-
;ectors showed that the vibrations in all of the symmetry
blocks were generally mixtures of translational and.rofational
motions and furthermore, they'were often quite different in
the H,0 and D.O ice. These two efﬁects are reflected in the

2 2
isotope ratios. The mixing of modes was not corrected by

Vs
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| Table 5.17 - . .
. - :
v Calculated frequencies of the translational and

rotational vibrations of the true structure (model

—

of ice.II, with coordinate set A°X(§-g').

-

a a

no. B0 - D0 YaVp © po.  BQO DO v/
A, 1 737.0 543.0  1.357 B 25 7237 532.3 1.360
~ 2 703.2  507.8 . 1.385 26 654.7  508.0  1.289
3 670.5  482.8  1.389 27 601.9 ~463.6.- 1.298 -
4 582.9  441.0  1.322 28 530.8  43.6  1.221
5 518.7 -417.5°  1.242 29 476.6 ~ 363.3  1.312°
6  467.8  376.0  1.244 30 452.8  356.2  1.271
7 402.6  311.1  1.294 31 ° 399.4  308.4 . 1.295
8 208.7  191.3 1,091 32 346.5  288.4  1.201
©  192.7 185.6 1.038 - 33 - 213.5 . 202.8  1.053
10 125.2  116.6  1.074 34 -198.7  182.7  1.088 .
11 110.2. 104.2 .1.058 - 35  116.7  109.2  1.069
12 103.7  96.6  1.073 . "3 76.3 70.6  1.081
A 13 ‘719.5 §35.2  1.344 - E 37 738.4. 538.6 1.371
14 '657.4  510.9  1.287 38 679.6  509.1  1.335
15 552.6° 475.6  1.162 39 627.4  458.1  1.370
16 . 535.3 427.6  1.252 . 40"  584.3  430.4  1.358
17 s12.2  393.7  1.300 . 41 . 522.1  414.2  1.261
18 427.9  339.3  1.261 42 425.6  359.0  1.186
.19 - 392.7  308.4 .1.273 . 43 383.9  310.2  1.238
20 334.6  244.4  1.369 44 306.9  246.3  1.246
21 '221.1 -201.1  1.099 45 2156 199.0  1.083
22 179.3  175.4 1022 = 46  168.9  166.2 _ 1.016
23 144.8  120.5  1.118 47  144.3  137.8  1.047
24 o o - 4 0 0 -
| : | - |
® Porce field: k_=0.22 mdyne 2L, Hy =0.0075 mayné'i'l, T

o H ‘ . . 0=]
k =0.044 to 0.24 mdyr_)e A~

’ k)
. .
. ‘X g "E . *
. 2 SR
s . 2 A
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) changlng the value of k from 0.22 to 0.11 mdyne Al for ice

1%?‘,1
II, even though the frequencies of modes 8, 9, 19, 21, 22,

31, 33, 34, 42, 44, and 46 decreased by 10 to 40 cm -l
The results obtalned with coordlnate set A° (H—H'g

clearly do not agree with experiment, and there is no simple

. way to modify the force field to correct this. The problem

-

seems to arise from the influence of the H-H interaction on
the translational vibrations. It.might be corrected by
varying the potential function and so changing the dependence

of 3 g/arH g On Ty_gr but it mey also require the inclusion

' of -interactions other than H-H', which were neglected ‘in

coordinete setngx(H—H');
| 'The fihal coordinate set to be discussed in this section,
X(O—H.;O,‘H-H:), used A for the translational motion and
for the reorlentatlonal coordinates combined the hydrogen-
hydrogen 1nteratom1c 1nteractlon coordlndtes discussed above
with the set of.foxty-elght linear angle deformatlon coordin-

ates of one unit cell. The linear structure model (Section

'5.4) was therefore used. There are eight‘nonfequivalent

O-H. .0 deformatlon coordinates in.ice II and six in ice IX,

©

:jw1th half of each descrlblng deformation within E%é planes

\,

“of the water molecules and half describing deformatlon in

plenes perpendlculag@to thoseyofbthe water molecules. The

force cdonstant (equation (5.16)) H, =0.04 mdyne A was

A
assihhed to all of the O-H..O0 deformation coordinates, and

. htﬁg § lues of‘kH were determined as discussed above for
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When the frequencies for ice IX were calculated
IX
1 A

of the H-H' force constants set tq zero, the isotope ratios

with force field TiX (Table 5.12), H, =0.040 mdyne & and all

were'clo5e to those observed, i.e. 1.32 to l.41_balculated
for the normel modes;of rotation aﬁd'l.03 to liOB for,the
normal modes of translation. The frequencies of the trans-
lational normal'modes.Were normally up to 5 em™ L, but
occasionally up to 12 cm_l, higher than those reported'in
Table 5. 12 for force field Tix and the true structure model,
but most of thls difference was probably due to the dlfferent
structural model used here. The elgenvectors showed llttle
mixing of translatlonal and rotational motion in the normal
modes. The ptoblem.with this force field was.that‘all‘of the!
rotational frequencigﬁgk were oelculated between.409 and
432 em™ 1 for sz ioe IX and between 289 and 323 cm © for D,0
bice IX,‘in disagreement' with the obsefved ranges (Tables 3.4
and'5.3). | | |

The frequencies given in Table 5.18 are caf%ulated for
0 and D,0 ice'lX, ueing

2 ¢ P2

=0.0025 mdyne A, H, =0.040 mdyne A,

the .linear gtructure models of H
_ ' °-1

kr-—0l12 mdyne A 7, He | v |

and the values of kH-set'as with coordinate set AOX(H—H').
- ' %

The 0..0 stretching force constant kr and the 0..0..0 igéie

deformation force COnstant He werefsmaller thén when kH

equalled zero to partlally offset the increase in the
4'} .
frequen01es of the translatlonal normal modes caused by the
\
. H-H' 1nteractlons. The 1sotope ratios were\Q}mllar to those

1

s

calculatedgﬁ%ﬁh k §et to zero, with none between 1.11 and

A ) L ‘g-‘sm\
&



Table 5.18

Calculated frequencies of the translational and

rotational vibrationq of the linear structure model
of ice IX, with coordinate set A®X(0-H::0, H-H')

no. H,0 “DZO vH/va no.

Ay 1 901.4 654.1 1.378 B, 29

2 820.4 585.7 . 1.401 30

3 725.4  520.9 - 1,393 31

4 653.1 481.4  1.357 32
- 427.3 384.8 1.110 33

© 6 226.0  217.0 1.041 33

7 117.7 1144 1.029 35

8 99.5 94.1 1.057 36

Vs

A, ¥ .976.7 704.1, géaiggg o E 37

10 902.2  ese/BITvENy 38

11 740.4 5255 ¥ 0 Abe 39

12 696.7 494.9 1,408 40

13 558.9  420.5 1,329 41

14 324.9  298.6 1.088 ‘ 42

15 217.5 210.2 1.035 43

16 140.9  136.9 1,029 44

17 98.9 95.2 1.039 45

18 0 o - .46

) ‘ ' 47

B, 19 944.2  670.6  1.408 48

20 855.3 618.5 1.383 49

21 808.7 ° 589.2 1.373 50

22 620.5 462.4 © 1.342 .51

23 612.4 435.4 1.407 52

24 . 401.6 - 375.4 © 1.070 53

25 251.1 238.3 1.054 54

26 207.8  198.6  1.046
27 107.5  105.3 1.021

28 64.5  61.6  1.047

© 0

H20 D20 VH/\)D\
932.1 664.5 1.403
880.7 645.6 1.364
629.4 455.6 1.381
582.3 422.3 1.379
405.3 374.4 1,083
363.1 337.7 1.07%
188.6 181.8 1.037

97.9 . 94.0 .1.041
963.8 691.2 1.394.
915.5 661.5 1.384
902.9 650.8 1.387
824.3 587.7 1.403
778.2 574.8 . 1.354
684.6 495.3 1,382
664.4 480.0 1.384
621.4°  449.1 - 1.383
570.7. 414.6 .37
398.1 370.5 1.074
357.7 328.8 1.088
330.6 308.5 1.072°
237.3 224.3 “1.058
183.5 177.9 1.031
160.9 158.6 1.015

96.6 93.3  1.035

89.0 86.3 1.031.

o -

® Porce field: k_=0.12 mdyne A"l, K, =0.0025 miyne A~

’

iuA'-o.M mayne A, k"=0.043 to 0.28 mayne A 1.
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1.33, but the rotational frequencies ranged from 560 to 975
‘ 1

cm_1 ~ for Héo.ice'IX and from 420 to 700 cm - for D,0 ice

IX, in much better agreement with experiment. However the

1

frequency range of 0 to 427 cm — that was calculated for the

Atranslational-modes is higher fﬁaﬁ the observed range of 0

to 325 cm ¥

. This range can 051§“£é:aeéréé§ed By decreaSing
the values of kH, since the highest translational frequencies
wege determined ﬁainly by thecH;H' inferactions, but this
would alSQ decrease the calculéted range of rotational
frqguenciés.] It:is not clear how:go correct this Problem.

It is an equally serious’problemhéhat the calculated ffequen—
cies do not matéh those that are observed for thé"rotationall
Qibr;tions. -Such a fit depends on the values of xH, buty
thése can be ﬁeaningfully refined only through the parameggrs
of the potential function (qz, a, and b2 in Clementi's funcf

tion and in equation (5.19)). This’capg&ility does not exist

in the programs that Were,used'here.' 0f course such a fit.

would not be physicélly’meaningful if important interactions

other than the H-H' interactions were omitted and the
refinement would mere;y compensate for their\omission.

The simple_éarametrized forpe fiéﬁds that were examined
in this section have beenvpoorpﬁo fair in reproducing tge
observed feafures of the-infra;ed and ﬁamah spectra due to
the rotational vibrations of ices II ;nd Ik.\ More complex_,
parametrized force fields~th§t perforﬁ‘beﬁter can undoubtedly
be deQised,,but with the neéessary increase in the number of

parameters the result is less likely to be physically

236
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significant.

5.7 Calculation of the Lattice Vibrations of Ice II using

Clementi's Interatomic Interaction Potential Function

for wWater Molecules

The use in normal coordinate anelyses of functiqns that
describe the lattice energy‘of the crystal iﬁ terms of inter-
étomic interactions between the molecules of the crystal has
met.with good success. in the treatment of non-hydrogen-bonded
moleculer crystals such as benzene (Section 5.3). Therefore
in this section a normal coordinate calculation of the lattice
vibrations of the true structure model of ice II which used
~ the potegtlal functlon developed by Clementi et a1137 for
the 1nteraction'of two water molecules is reported.

- Clementi et all3? calculated the potentlal energy
of two water molecules in 51xty-51x dlfferent geometrical
conflguratlons with an ab initio conflguratlon -interaction

quantum mechanical method, and they fitted the results to

a function of the interatomic distances, i.e.

-2 q%rl + A g 1')
' 18

- <

+ a; exp{—b].rse)

+ a, [exp (- b2 13)»+ exp(-bz rl4) + exp(-—b2 r23)

+‘exp (-b2 r24)]



+ é3[exp(—b3 rle) + exp(—b3 r26) + exp(—b3 r35)

)1

+exp(—b3 Tys)

- a4'[exp(-b4 rlG) + gxp(-b4 r26) u+~expf-bz~rzg)

+ exp(-b, r )] (5.20)

)
Tﬁis fqnction wili be referred to as the Clementi pair
potential. Points i=1,2,5 and\7 are on one molecule, points
3=3,4,6 and 8 are on the other molecule, and the distances .
rij are in atomic units. The hydrogen atoms (1 to 4) carry
a charge of +gq, atoms 5 andi6 are oxygen atoms, and the M
points (7 and 8) carry a charge of -2 é. The constants g2,

a; and b, (i=1 to 4) were~evalﬁated137 for the calculated -

; - e .
- potential energies including both the inter- and intramolec-

Y

ular corrélation'energies (eCI) ‘and also including only the

intermolecular correlation emergy (e ). There was some

INTER

evidence .that ¢ underestimates the correlation effect at

CI

short 0-0 distances,!?’

and therefore the parameters for

EIthR (Appénaix VII) were used for‘these calculations on,

ice II. |
The second derivatives of the Clementi pair potential

with respect to the interaction distances are

2 2 - 2,3 - 2 - :
9%e/dry o = 2g7/ry 4 + ay by exp(-b, ry ,) (5.21)
2, /np2 2 -
3%e/erf = -4 a¥ry o, (5.22)
g _

-~

, ; e B ) ) R
9%e/dry. o = a, b3:,exp(. byry o) - a, byexpl b4 I,'H-O)
(5.23)
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aze/aré_o =‘albiexp(-—bl ro-o) . (5.24)
8% /0ry v = 8a¥rd_, | (5.25)

Only the interactions between nearest-neighbour water
molecules in. ice II were considered here, yielding sixteen
non-equivalent types each of H-H', M -H and H-O interactions

and four non-equivalent types each of 0-0' ané/;-—M_~inter4

actions, for a total of 56 types of interactions._ Because of

the 86 symmetry of the rhombohgdral céll cf ice II, there are

239

Six equivalent intéractions for each type of interaction, for

"a total of 336 interaction coordinates. The 56 interaction
distances for thé true structure ﬁodel.of ioe II and the
corresponding interaction constants that were used in the
normal,coordiﬁate calculation are given in Appendix VII.

| The frequencies that were calculated for ice II from
" the second“deiivatives of the Clementi pair potential are
given in Table 5.19.; Theré are three.serious problems with

these results., The most obvious of these is the calculation

of seven imaginary fregquencies. This is a common problem in- °

1’ - ' ' .
normal coordinate -calculations using interatomic potentials,

- and occursvbeoause-fhe molecular positions in the crystal
are not minima in the potenhtial eneréy described by thé
function.‘ To correct this problem either the constants of
the potential function or the molecular poSitions must be

refined, "’

but neithervis possible with the programs
AXSMZ and LEMX. A second problem is the mixing of transla-
tional and rotational motions in many of the normal modes,

N
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Table 5.19

Calculated frequencies of the translational and
, rotational vibrations of the true structure model

of ice II, with the Clementi pair potential.

o H,0° Dzoa V/Vy o H 20a p,0° vy /g
g L 570.0  404.7 1.408 E 25  512.4 37,1  1.381
2 518.2 370.5 1.400 26  414.6  314.6 1.318
3 441.7 323.8 1.364 27 349.2  285.2 1.224
4  348.6 288.3  1.209 © 28 299.5  259.1 1.156
‘5 285.7 246.6 1.159 29 255.1  228.6 1.116
6  217.0  203.1 1.068 30 220.7  188.7 1.170
7  158.2  146.3 1.081 31 202.0  176.6 1.144
8 ~ 153.5  131.7 1.166 32 177.2  155.9 1.137
9 70.2 61.8 1.136 33 117.6 87.1 1.350
10 27.1 25.6 1.059 . 34 67.3 63.5 1.060
11 52.2i 42.8i 1)220 35 23.23i °21.3i 1.089
12 86.71i 67.7i 1.281 36  147.6'i 106.0i  1.392
| , . - |
L 13 455.2 338.6 1.344 ~ E_37  551.0  393.0 17402
14 411.9 317.5 1.297 38 476.9  344.1 1.386
15 323.3 296.1 1.092. 39 442.3  327.5 1.351
16  304.2  256.0  1.188 ' 40  284.2  255.5 1.112
17 284.7 221.7 1.284 41  258.6  233.3 1.108
18 254.7 212.0  1.216 - 42 239.5 210.0 1.140
19 213.9 184.1 1.162 43 185.8  163.5 1.136 .
20 137.1 127.2  1.078 44 - 167.5  140.4 1.193
21 96.2 92.6 1.039 45 95.9 79.8 1.202
22 0 0 - 46 44.5 4.7 1.067
23 122,81 88.1i 1.394 47 o . o . - -

24 191.74i 135.73% 1.413 ‘48 86.3i 61.4i 1.406

a_Force constants are given in Appendix VII.

.
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as shown by the isotope ratios and the eigenvectors. A
third problem is that the calculated range of frequencies
is considerably less than the observed range.

The results of this calculation are_clearly unsatis-
factofy. Further progress can only be made with the

refinement capability discussed above.

5.8 Conclusions

The frequencies and intensities of the translational
iattice‘vibrations of ice II and ice IX have been calculaﬁed
under\the'simplest possible models. .The reasonable agree-
ment between the calculated and obkerved infrared and Raman //ij'

- [

spectra suggests that the assignments made in Sectien 5.5
are useful and in general correct, though pegxhaps not in
detail. |

- Similar normal coordinate calculations of the retational
‘lattice vibrations of ices II and IX have not heen successful.
The amount of translational and rotatlonal motion in the
normal modes was found to depend on the cerdlnates used to’
describe the forces wﬁich oppose the reorientational motion
and therefore several coordinate sets have been tested.
With‘some of'the'coordinafe.sets the mixing of translational
and rotational motions was much greater than 1nd1cated by
experiment, while for others the amount of mixing was much
nearexr to‘that-observedvbut the observed ranges of the trans-
lational and rotational vibratioﬁs were not reproduced.
‘Thus thevsimple force fields assumed here are inadequate to

describe the restoring forces that determine the rotational

2
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vibrations of the ices. Thus the. development of interatomic
pqtential functions to describe the intermolecular forces
between water molecules, and the inclusion of such fOrces-
between non-nearest neighbours, is likely to yield the
.greatést'progress in calculations of the rotational vibrétions

of the ices.
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Appendix I

Calculated mean-value and squared anisotropic invariants of the
polarizability derivatives, a' and (Y')z. and relative Raman

intensities of the 0-D stretching vibrations of ices II and IX

D_.O ice II force field A

2
Mode \)/cm'1 RP=5,6 RP=7.5 RP=10. RP=20 - RP=50
1 vy(ag) 2534.5 a' .0.142 0.132 0.126 0.115" 0.109
(y)? 0.393 0.437 0.471 0.525 0.558
Int. 3.6 4.5 5.2 6.7 7.8
v, (A ) 2487.3 a'  -0.004 ~0.003 -0.003  -0.003 -0.003
(vy)?2 1.694 1.883 2.031 2.263  2.408
Int. 13.2 - 16.8 - 20.1 26.7 - 31.7
v3(A ) 2398.5 o' =-0.053° -0.049  -0.047 - -0.043 -0.041
(Yy)?  0.527 0.586 . 0.632 0.705 0.750
Int. 4.4 5.6 6.7 8.9 10.6
v4(Ag)' 2360.2 Q' -1.624  -1.517  -1.437  -1.317  -1.246
(y)? 0.013  0.014  0.015 0.017 0.018
Int. 100 100 100 100 100
bg(Eg) 2545.6 &' 0.0 0.0 0.0 0.0 . 0.0
(vy')? 0.505 0.562 0.606 0.673 0.716
Int. 7.6 9.6 11.6 15.3 - 18.2
V1o(Eg) 2504.2 a' 0.0 0.0 0.0 0.0 0.0
(v)2 1.924 2.138 2.306 2.571 2.736
Int. 29.6 37.6 45.2 .60.0 - 71.3
Vi1 (Ey) 2444.6 a' 0.0 0.0 0.0 0.0 0.0
(v)?0.319  0.355  0.383  0.426 0.454
Int. 5.1 6.5 7.8 10.3 12.3
'vlé(zg)‘2414.9 a' 0.0 0.0 . 0.0 0.0 0.0
(v)? 0.523 0.582 0.627 0.697 0.742
Int. 8.5 10.8 13.0 17.2 . 20.5
. -~
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Mode

Vi

A
( g)

vz(Ag)

v3(Ag)

v4(Ag)

‘vg(Eg)

10

12

11

E
( g)

E
( g)

E
( g)

v/cm

2527.4
2482f9
2398.9

s

2349.7

2554.2

2494.1

2453.7

2416.1

8.0

Dzo ice I1 force field B
RP=5.6 RP=7.5 RP=10 RP=20  RP=50
0.266 0.248 0.235 0.216 0.204
0.835 °  0.930 1.003 1.117 © 1.189
9.7. 11.6 13.4 16.9 19.5
-0.125 -0.117 -0.111 -0.101 -0.096
1.596 1.776 1.916 2.134 2.271
14.3 18.2 21.7 28.5 33.7
-0.466  -0.434  -0.412  -0.377  -0.357
0.148 0.164 0.177 0.198 . - 0.210
10.2 10.6 10.9 11.5 12.1
-1.537  ~1.434 -1.359 -1.245 -1.177 .
0.045 0.050 0.054 " 0.060 - 0.064
100 100 100 100 100
0.0 0.0 0.0 0.0 0.0
0.446 0.496 0.535  0.59 0.635
7.3 9.4 11.2 14.9 17.7
0.0 0.0 0.0 0.0 0.0
1.826 e 2.032 2.193 2.442 2.599 °
31,2 39.9 47.8 63.3 75.3
0.0 0.0 0.0 . 0.0 0.0
0.551 0.613 0.661 0.737 0.784
9.7 T 12.3 14.8 1 19.6 23.3
0.0 0.0 0.0 0.0 0.0
0.444 0.494 0.535 0.594 0.632
10.2

12.3 16.2 19.2
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Appendix I, continued

D20 ice IX force field A

Mode Vv/cm 1 . RP=5.6 RP=7.5 RP=10 = RP=20 RP=50
v (a))  2522.5 a' -0.003 -0.002 -0.002 -0.002.  -0.002
(v')? o.813 0.904 0.975 1.086 1.156

o Int. 6.0 7.7 -« 9.2 12.1 14.4
V,(a;)  2416.9 q -0.081 -0.076 -0.072 -0.066 -0.062
(v')? o0.145 0.161 0.174 0.194 0.206

Int. 1.4 1.7 2.0 25 3.0
v3(A1) 2341.3 q' 1.629 1.521 - 1.441 1.321 1.249
(¥y')? o0.0% 0.107 0.115 0.128 0.137

' Int. 100 100 100 100 100

Vo(B))  2526.8 a 0.0 0.0 0.0 0.0 0.0
(v)? o0.024 0.027 0.029 0.032 0.034

Int. 0.2 0.2 0.3 0.4 0.4

Vg(B) 2467.8 W' 0.0 - 0.0 0.0 0.0 0.0
(v)? 3.119 3.467 3.738 4.165 4.433

. Int. 23.9 30.4 © 36.5 48.1 57.1"

'vg(Bl) 2412.1 o' 0.0 0.0 0.0 0.0 0.0
(v)* o0.445 0.495 0.534 0.595 0.633

Int. 3.5 4.5 5.4 7.1 8.5

Vio(B,) 2513.4 @ 0.0 0.0 0.0 0.0 0.0
(v')%2 0.349 0.388 0.419 - 0.467 0.496

, Int 2.6 3.3 4.0 5.2 6.2

Vi, (B,) 2457.3 Q' 0.0 0.0 0.0 " 0.0 0.0
’ (v')? o0.075 0.083 0.090 0.100 0.107

Int. 0.6 0.7 0.9 1.2 1.4

Vi, (By) 2401.4 a' 0.0 0.0 0.0 0.0 0.0
; ' (v')? o0.049 0.055 0.059 0.066 0.070

Int. 0.4 0.5 0.6 0.8 0.9

V,4(E)  2516.0 @ 0.0 0.0 0.0 '0.0 0.0
(v)? o0.29 0.323 0.348 .0.388 0.413

Int. 4.3 5.5 6.6 8.7 10.3

Vig(E)  2492.2 o 0.0 0.0 0.0 0.0 0.0
(¥)? o0.360  0.400  0.431 . 0.481 0.511

Int. 5.4 6.9 8.3 11.0 13.0

Vig(E)  2464.0 o' 0.0 0.0 0.0 0.0 0.0
(v')? o0.680 . 0.756 0.815 0.908 0.966

Int. 10.4 '13.3 15.9 21.0 25.0

Vig(B)  2461.7 o' 0.0 0.0 0.0 0.0 - 0.0
: (v')? o.575 0.640 0.690  0.768 0.818

~ Int. 8.8 11.3 13.5 17.8 21.2

Vi7(E) 2395.2 q' 0.0 0.0 - 0.0, 0.0 0.0
S (v)? o0.121 0.134 0.145 0.161 0.172

. © Int. 1.9 2.5 3.0 3.9 4.6

Vig(E) 2360.1 a' = 0.0 0.0 0.0 0.0 0.0
(v')? o0.002 0.002 0.002" 0.002 0.002

Int. 0.03" 0.04 0.04 6.05 0.06

/
!
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Appendix I, continued

T AR YT
. PMEEE
D20 ice IX force:fie ﬂ B" "\’ _‘.'
- - Ay s " ™ - .
Mode  v/cm 1 "7 me=5.6 RP=7.5  RP=10 RPE30 - RPe50 .. f
v,(n))  2520.8 o' 0.029 0.027 0.026 L y0.Q22
(y"? 0.909 1.012 1.091 . 1.794
: Int. 6.7 8.5 10.2 . 16.0
V,(A))  2416.3 o 0.012 0.011 0.011 o . 0.009
(y)2 o0.071 0.079 0.085 . 0.100 -
Int. 0.6 0.7 0.9 . 1.3 .
vy(a))  2325.5 a 1.632 1.523 1.443 ~1.250,
(y)? 0.073 0.081 0.088 7 0.1047,
Int. 100 100 100 - . 100 s
v,(B))  2532.9 o 0.0 0.0 © 0.0 0.0 o
| (yv)?2 0.001 0.001 0.001 0.001
Int. 0.01 0.01 0.01 "~ 0.01
Vg(B,) ~2467.8 o 0.0 0.0 0.0 0.0
' (y)? 2.828 . 3.148 3.395 4.026
. Int. 21.4 27.3  32.8 51.5
vg(B))  2422.1 o' 0.0 , 0.0 0.0, 0.0
(v'y?  0.754 0.839 0.905 1.073
‘ Int. 5.9 7.5 9.0 14.1
Vio(By) 25109 a' 0.0 0.0 0.0 0.0 .
(y) 0.410 0.457 0.492 0.584
Int. 3.0 3.9 4.6 7.3
vy, (B,) 2463.1 o' 0.0 0.0 0.0 0.0
: ") 0.006 0.007 0.007 0.008
Int. 0.04 0.06 0.1 0. L=
Vy,(B,) 2396.4 a' 0.0 0.0 0.0 0.0
y) 0.057 0.064 0.069 0.081
; Int. 0.5 0.6 0.7 1.1
Vi ;(E) 2519.8 o \ 0.0 0.0 ™ 0.0 0.0
: : oY) 0.546 0.608 0.656 0.778
: Int. 8.0 10.2 12.3 19.3-
V), (B)  2486.4 o 0.0 0.0 0.0 0.0
(y')? 0.302 0.336 0.363 0.430
- Int. 4.5 5.6 6.9 10.9
Vig(E) 2466.0 o' 0.0 0.0 0.0 " 0.0
(y")? o0.104 0.116 0.125 0.148
‘ © Int. 1.6 2.0 2.4 3.8
Vig(E)  2460.7 a 0.0 0.0 0.0 0.0
(y')? 1.026 1.142 1.231 1.460
‘ Int. 17.6 20.0 23.9 37.5
Vy,(E) 24016 a 0.0 0.0 0.0 0.0
: : (y*)? 0.043 0.048 - /0.052 0.061
. Int. - 0.7 0.8 /1.0 _1.6
 Vyg(E)  2353.3 a’ 0.0 0.0 0.0" - 0.0
: (y)?2 0.004 0.005 0.005 0.006
Int. 0.06 0.08 0.1 0.2

~
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Appendix II

S
Inffnsities of a Fermi diad derived from degenerate pew.rbation theory
|  AE/AES=15 o AE/AE =S AE/AE =2 AE/AE =1.25
. : : Y W
?X,"Xf‘ “ '\Mf&/ Wive W _ve Yive "_ve Wive "_ve “ive W_ve
(-Mu/ Ml) (w-ve) (w+ve (w—ve \(w+ve) (w-ve (w+ve) (w-ve (w+ve)
1000 1.15 144 1.51 1.49 3.0 3.0 9.1 8.9
500 1.15 1.13 1.51 '1.49 3.0 3.0 9.1 8.9
200 1.17 1.12 1.53 1.47 3.1 2.9 9.3 8.7
100 1.19 1.10 1.56 1.44 3.1 2.9 9.6 8.4
50 1.24 1.05 1.63 1.38 3.3 2.7 10.3 7.9 .
20 1.40 0.94 1.84 1.23 3.8 2.4 12.9 6.%\
10 1.71 0.77 2.3 - .1.00 4.9 1.94 19.6” 5.0°
7.5 1.95 0.67 2.6 0.88 '5.9 * 1.69 27 4.2
5 2.6 0.51 3.6 0.68 8.7 1.29 64 3.1
a 3.2 0.42 4.5 0.56  12.2 1.07 169 2.5
3 4% 0.2 6.9 0.40 24 0.79 o 1.78
2 '11.4. 0.138  19.8 0.20 278 0.44 49 1.00
1.5 36 . ' 0s055 106 0.094 240  0.24 13.4 0.60
1.0 898 0.0011 98 0.010  13.9 0.072 4.0 0.25
0.75 - 32 0.0119 16.3 0.0017 5.5 0.015 _ 2.1 0.111
*. 0.0+ ‘7.3 0.088 5.0 0.050 2.3 0.0036  1.00 0.020
| o.zo.lfﬁ_ixgs 0.38 1.48 0.28";  0.77 0.11 0.33 0.016
‘0.10 1.30 0.58 1.00 '0.44 0.52 0.20  0.20 0.051
5 0.05 ,:1$67'fp;52 - 0.82 0.54  0.42 0.26 0.15° 0.078
o 00,02y 0.95 0.81 0.72 0.61 0.37 0.30 0.13 0.097
0.01  0.91 0.84  0.69 0.64  0.35 0.32 0.12 0.104
0.87 0.67 0.66 0.33 0.11/ 0.110

“ 0.001.

oA
k)

0.88

e b
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Appendix'IiI

Details of the Lattlce Frequency Calculations

for Ices II and Ix ;

Crystal-leed Cartesian Axes ', . _ ; ,

. The crys:?I\I}xed Carte51an axes Y that have been
'deflned for thef normal coordinate calculatlons for ice II.
- were orlented relatlve to the axes of the rhombohedral ce113“

'.as follows’

Cartesian '

rhombohedral .

_The orlglns of the two sets of axes were coxnczdent. from.

vector algebra, the relatlon for each atom between. the

dlstance coordlnates (x Y, Z) with-respect to these crystal—

fixed Cartes1an axes and the fractional coordxnatesa“

(x,y,z) w;th respect to the rhombohedral cell 1s

7.495595 43.747799' 73.747798
0.0 6.491376 -6.491376
2. 061335 2.084335 2.084335/

The crystal-fixed Carteslan axes for ice IX were

c01nc1dent w1th the axes of the. tetragonal cell38 of ice IX.

continued .»,?%}‘l
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Appendix IIX, continued

. o Ty
The Cartesman coordlnates of all atoms that were used

“ﬁn the true structure models of ices II and IX can be

\

generated by symmetry from the fractional coordinates for the
structures and the above axis conventions. |

~ The Cartesian coordinates of the oxygen atoms of the
linear structure models of ices II and IX were the same as
those of the,true structureymodels,‘and.those of the hydrogen

‘atoms can be generated by symmetry from the following

coordinates:

. |
~ - | PN
Crystal-fixed Cartesitn N jﬁu"*q:
) : : o & - R IR T
coordinates [(A) > m}v G f
’ . -X . Y 5 . Z '
ice II typa I Hy  1,733206  1.667339  0.099507°
, Hyg 2.351060 1.361437  1.248473 .
* type IT H, '-1.217329 2.108089 . 3.178011 '
“U.. Hy, -0.874493  3.492509  2.744866
ice IX ‘type 1.;51 ©0.003839 . 2.241273  1.349196
| "By 0. 730678°  1.068892 1. 866688 7 .,

. b Al S o . of
type 2 Hy. 1«97§§2§= 2.427834 ., 0. 682503 ,

// H21 1 2,427834 ;.975326 A_0.682593::
The Carteslan coordlnates of all p01nt masses that were

used in the point ‘mass models can be _generated from the

following eight points- s : ' | o £y

v cdntinued'{ . ;’“_>‘ : ”.
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- appendix III, continued

¥

-

el t

Crystal—fixedeartesian

coordinatesl(ﬂ)-

T\

-

Molecule-leed Carte51an Axes

prlnc1pal 1nert1al axes of each molecule

and the axis perpendlcular to the molecular plane was the

molecular v-axis.

a crystallographlc 51te are symmetrlc with respect to. the

interchange group155 of crystal symmetry operatlons.

13

*

Y 2

1) H,0 2.447659 1.162703  0.347231

D,0 . 2.413848 1.194375  0.374160
11) H,0 -0.563800  2.726449 3.248871
. D,0 -0.605747  2.735848  3.220465
1) H,0 = 0.690839 1.986488  1.928648
© D,0° 0.655696 1.952462 - 1.910023
2) ﬁéo 2.594899  2.594899 0.0
 Dy0° 2.557173  2.557173 0.0

The molecule-flxed Carte51an axes X c01nc1Qe with the
The ax1s that

" roughly blsects the H-O-H angle waséﬁhe molecular z—ax1s,

L

The molecule-flxed Carte51an axes of the moleculesﬁbn

For'

262

o

o

both. types of molecules of 1ce 1T the 1nterchange group mustu

6'

be‘elther C4 or D2.

C2 was used 1n,thls work.

cohtinued,,
; v

&

and for type 1 molecules of ice IX it must be D4.

;For the type 2 molecules of ice Ix the 1nterchange group can
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' Appendix III, continued ’ ‘ .

The T Matrices

Under the above axis conventions, thgjcrystal-fi#ed

Cartesian coordinates Y of molecule 1 (a typeli molecule) of

the true structure model of HZO icé II were

‘ ' e
X Y | z
0, 2.490037  1.123008  0.313484
~H§ 1.721363  1.580650 -0.025012
1, 2.501280 1.374873  1.255187

19
and the molecule-fixed Cartesian coordinates X of all type I

molecules of thé true structure model of ice II were

a
k)

U‘C

a’' '’ ___©S_ o
0(1)"b.002972‘ 0.067105 =, |
H(2) 0:732745 " -0.551203

 -0.513812

H(4) =0.779909
: < & N/ | » ‘
The moments of inertyd about the a, b and ¢ molecular axes

were 0.644298, 1.79

&

8574, and 1.154275 amu A’ respectivelys,
The transfof ation matrix ?kfor_this ﬁolecule, defined

by  ¥="£)~( ,.was found from the abovee;:oordinates to be

. ~-0.4D9434 0.568523  0.653718

IS
[}

. 0,121279  0.793014 =-©.597009
| -0.857821 -0.218885 -0.465009

"continued . & o
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é.ppendix 11T, ‘cohtinued
The I:.;Ic‘R Matrj;‘c‘:es
ThewI:zR matrix, deéined by 15=§.TR9TR, is given by135 '
M¥ o o0 0 c;/ (1)  -b/(1 )
0 M 0 | e /(T 0 a I
0 0 M bi/(Ia)% ~a /(1,)" 0
whei'g M 1s f_he mass of the mole;cule}, a, bi and c; are the
coordiﬁfﬁ#tes". ."of atom i wiéh'reSpect to the molecule-fixed
Cartesian axéé, and ‘Ia’ I, and I, are the moments about the
inertial axes. For the above molécule (a\nd for al‘l type I :
mole_cule‘s‘)uofu H,0 ice II, I~_.,T(R was ﬁ *
' B ' ‘ - » '
b356#3 . 0 . . 0. 0 0.050037 ~ 0
”’Q.-, 1“3«23553@&~f"o' ~ "-0.083601" 0 0.99276§ 
| o 0 J,‘Eﬁg3§533h 0 -0.002216 §f¢
£ 0.235633 0 " ' k~1,h0{§§' io.4;1oo§ 0
0 0.2356337 0 - Q4686702 %, 0.682021
o o  0.235%33 "0  -0.54637 @ - "o
0.235633 0 . 0 0 -0.383125 0 !
0 0.235633 0 0.640119 0 - -0.725921 @
0o 0 0.235633 0 ° =0.581541 . 0 B
*
A 3 . .
‘ - continued.. . .




. ‘equal to unity. The nun
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‘Appendix III, continued « ' ) w

The Symmetry Coordinates

‘The symmetry coordinates constrncted for the calculations
of the lattice vibrations ofﬂices II ang. IX are given on the
followrng pages. The normal coordinate of translation or i
rotation of the rigid molecules (QTR) that is involved in gﬁ
each symmetry'coordinate is given in the - second column of
each table. T or R refers to. the translational or ro+atlonal
normal coordinate of thg rigid molecule, the subscript (a,

b or c) specifies the molecule-fixed axis along which the

fi tgﬂﬁ , and

molecule is translating or about which 1t 1

d =
the type (Section 1. 3) of the molecules ig
B ' Q " . ]

symmetry cé%rdinate. Th" tent of a term in the

symmetry coordinates is parentheses when it is’ not

ok
‘B

v

. E ’ & 4"-.‘3 . Y . : .
metry coordinates is the S8amé as in Figures 1.3 and 1.4.

For example, the short-hand notation in the following
table for the symmetry coordinates of . ice II for coordinate

number 4 of Eg symmetry is more expﬁ‘ﬁftly written as
o

34 =127% (2 T, (a) = Tg(a) —@Tg(a) + 2T
- Tyy(@) - Ty5(a)]

A%,

 wheré’ ‘I‘ is the unit displacement of molecule 7 along | .

~the a direction with respect to its molecule-fixed axes.

. e continued . . . .
i g | : . , “ ‘ ) AN
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Appendix III, continued &

10

#Gl1

12

Symmetry cooxdinates for ice II

>~  Symmetry coordinates

&

Qg By Ay

_Ti H[1+2+3+4+5+6]..k 6™ [142+3-4-5-6]
‘rg 6™ [14243+4+5+6] 6™ ¥ [1+243-4-5-6]

T¢I: . l“[°+2+3+4+5+6] "[1+2+3-4-5-6]‘ -
T:I 677 [748+9+10+11+12] 5[7+a+9 -10-11-12]
T;I I’[7+s3<+9+10+11+12] 6~ (74849~ ~10-11-12]
e *[7+a+9+1o+11+12] H[7+s+9-1o-11—121
R; : H[1+2+3+4+54i§ % ¥[1+2+3-4 5-6]

R, H[1+2+3+4+5+Q§‘ 67 [1+2+3-4-5-6]

Rz I’[1+2+3+4+5+¢5] ~ 5[1+2+3-4-5-6]
Rilu N 748404104114+12] 6™ I[748+9- -10-11-12]
nil l’[7+e+9+10+11+12] 671 %10-1;-12,}
RiI %[7+8+9+10+11+12] 6 % [7+48+9- 10-11-12]

“ ,&S

continued . . .i

1266
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x%%tAppendix III, continued

Symmetry coordinates for ice II, continued

no. grn_ Fq ' Ey
11l 227Y((2)1-2-3+(2) 4-5-6] 127%[(2) 1-2-3- (2) 4+5+6)
2 'Tg 1279 (2) 1~2-34 (2) 4-5-6] l’[(2)1-2--3--(2)4+5+<s] )
3o 1279[(2) 1-2-3+ (2) 4-5-6) 1277 [(2) 1-2-3-(2) 4+5+6]
4 T;I 1279((2) 7-8-9+ (2) 10-11-12] ;2‘*((2)7-8-9-(2)10411+12]
I ! '¥[(2)7-8—9+(2)10511-121 127%4(3) 7-8-9- (2) 10+11412]
- 6 T 5[(2)7-8—9+(2)1o~11-12] 127 (2) 7-8-9- (2) 10+11+12]
7R 12723234 (2)4-56) 127%1(2) 1-2-2- (2) 4+5+6]
8 R; 312 &[(2)1-2—3+(2&A-5 6) H[(2)1-2-3 (2)4+5+6]
o 9 R 12 [ (2) 1-3-3+ (2) 4-5-6). 5[(2)1-2-3—(2)4+5+6]
*Vyg}O}ég?;igv%l% L’[(2)7-3—9+(2)1o~11—12] B[(2)7-8-9-(2)10+11+12]
S S i égiﬂ (297 8—9+(2)10~11-12] lj[(2)7-8-9 (2)10+11+412]
- 12 R 12 b | (2) mBegt (2) 10~ 11-12] I’[(:»)7-&3—9-(:z)lo+;11+121
13 11k [2:345-6] | | | % [2§3 5+s]
14 Tg | % [2-3+45-6] @ X [2-3-5+6]
15 Tk (2-345-6] ) [2-3-5+6]
16 Tk [8-§+11—12; X (6-9-11+12)
17 ot % [8-9411-12) % [8-9-11+12]
18 TL X [8-9+11-12] |y (8-0-11+12]
19 R: X [2-3+5-6] ’ % [2-3-5+6)
20 gg» k [2-345-6] % [2-3-5+6)
¢ 21 RD % [2-345-6] k [2-3-5+6]
2 R Y & [a-9+11¥12]_ X [8-9-11}12j
23 Rk [8-9+11-12] Ty [s-s-11+12]
24 ﬁil % (8-9+11-12] | % [8-9-11+12]

continued o o
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continued

Symmetry coordinates for ice IX

gTR S?mmet:yucoordinates
, ) - B,

Ti \ S-H[l+2+5+4+5+6+7+8] 8-k[l+2-3—4+5+6—7-8]‘w
; _ 8'5[1+2+3+4+5+647;8] 87 [142-3-4454+6-7-8] }.
i B [14243+445+647+8] - 8™ [142-3-4+5+6-7-8]
2y [9+10+11412] 3 [9410-11-12]

.R; 3'5[1+2+3+4+5+6+7+81 8™ [142~3-4+5+6-7-8]

R; » 8—¥[1+2+3+4+5+6+7+8]. 8™ 42-3-4+5+6-7-8]

b 87 [1+2-3-4+5+6-7-8] &

’ﬁc'; 3 [9410~11-12]

A, B

Ti | 8'511+2+3+4-s-6:7381 8'5[1+2+3-4-5-6+5+8]

; 8—&fl+2+3+4-5-é-7-8] 8 1+ 7+8]

Ti 8’%[1“ +3+4=5-6=7-8) g™ ;+2-3-4-5-6+7+8]

z iy [9+:§:}1;12] ' % [9+ib-;1-1z]

3 & [9+10+11+12] % [9+10-11-12] -

R: ' 8'5[1+243+4-57547—81 3'5[1+2-3-4-5—6¢7+a]

3§ é55[1+2+3+4-5;6¥z~83 8~ [142-3-4-5-6+7+8]

klgi ) 8T [1+42+3+4-5-6-7-8] 3'5[1+2-3—4-5-§+7+a}_

R % [9+10+11+412) 3 [9+410-11-12)

é i [9+10+11412] é!;‘ [9+10-11-12] K

continued . . .

268



. Appendix III, continued

Symmetry coordinates for ice IX, continued

no.

10
11
12
13

14

15

16
17

18

gTR Symmetry coordinates
Ea %
S [1-245-6] % [1-2-546]
‘Ti X [3-4+a-7] k [3-4-8+7)
iz 2" %[9-10] 277 [11-12]
T}]): J [1-245-6] % [1-2-5+6]
T; ‘5 [3;4¥8-7] k [3-4-8+7)
2 511-121  27%(e-10)
Ti 5 [1-2+5-6] ¥ [1-2-5+6]
T % [3-4+8-7] K fp=4-8+7]
2 27 11-121 27¥e-10)
Aﬁ; 3 [1-245-6] ¥ [1-2-546]
ﬁi L [3-44af7] X [3-4-847)
R 27%[e-101  27¥(11-12)
R % [1-245-6] % [1-2-54]
, Rg’ L [3-4+8-7] X [3-4-8+7]
”ng 2711-12) 2'5;9-}01
fniw » % [1-245-61 & [1-2-546]
Rk [3-448-7] g.[3;4-e+7] -
‘Ri C27m-121 27%[e-10]

f

EY

269



Appendix IV

Feo.

Relative Raman intensities of the translational vibrations of ’
ice II and ice IX, calculated with various values of RP(r).
_ RP(r)?2
no. = Yealc 2 5 10 _20
D,0 ice II 77 264.2 53.3  42.9  42.0  41.7
Tix 8 197.8 62.9 46.7 45.0 44.6
9 156.0 .. 4.1 ° 1.5 1.2 1.11
10 97.5 5.6 1.2 0.74, 0.59
11 82.8 22.% 4.3 2.5 1.90
12 74.6 24.8 7.5 5.8 5.2
31 271.3 44.4 44.4 44.4 44.4
32 225.5  100.0. 100.0 100.0 100.0
33 186.3 20.2 20.2 20.2.  20.2-
3¢ 168.2 43.1 43.1 - 43.1  43.1
35 89.5 - 2.2 2.2 2.2 2.2
36 63.2 0.29 0.29/  0.29 0.29
- -
D,0 ice IX 5 247.4 . 40.5 3315h 32.8 32.6
&IX 6 171.9 34.2 6.8 4.1 3.1
1, 7 95.3 245, 46.9 27.3  20.6
b B s 81.0. 239,  -45.8  26.6  20:1
24 - 240.2 0.014 ©0.014 0.014 :0.014
25 196.7 22.2 22.2 22.2 22.2
26 191.0 60.2 60.2 60.2 60.2
27 100.3 0.38 ¢0.38 0.38
. ' 28 60.8 0.36 0.36 0.36
¢ 33 241.8,% 2.1 2.1 2.1 2.1 S
3¢ 212.0  10.7 10.7  10.7 10.7 ’
35 161.0 1.41 1,41 1.41 1,41 el Ly
- 36 79.1 0.057 0.057 0.057 ' 0.057 -
1 _ '
. 46 241.0 ° 3.4 3.4 3.4 3.4
« 47 - 233.8 3.3 3.3 3.% 3.3
Se.o- . 48 213.6  100.0 100.0 100.%  100.0
49 202.1 21.5  21.5  21.5\ 21.5
. 50 159.3 6.0 6.0 6.0 6.0
51  142.6  0.43  0.43  0.43  0.43 '
. _ 52 88.0 41 041 0,41 0.41
53 71.8 - 2.0 2.0 2.0 ° 2.0
. 54 0 0 0 0 o S
‘a

o) (8) =aj (6) =0.0

9 - ©
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Appendix V.

I1I

Symmetrized eigenveétors for D0 ice II, calculated under force field Tl'

2
The order of the symmetry coordinates is the order of the

" translational syMmetry coordinates given in Appendix III.

é}L~\~zsy6> = 264.2 CM-1 0.3692 0.2200 70.5672-. -0.4050 0.2555 -0.5141

i . N

B ///rﬁrq. = 197.8 CM-1 0.6178 -0.3903 -0.1417 0.4183 0.5179 0.0477
1 ’ .

FREQ. = 156.0 CM-1 -0.3258° 0.6007 0.1301 ‘0.5799 0.4157 -0.0838
FREQ. = 97.5 CM-1 .° -0.5280 -0.3429 -0.2417 -0.3563 0.6126 -0.2075

”FREQ. = 82.8 CM~1 . =0.1365 -0.1706 0.6288 -0.0957 0.2188 0.7070

FREQ. = 74.6 CM-1 -0.2801 -0.5402 0.4329 0.4337 -0.2658 -0.4285
A FREQ. = '282.5 CM-1 0.0269 -0.0305 ©0.7511  0.1421 0.0072 _.Q.6434
u ] )
FREQ. = 240.9 CM-1 0.1592 ©0.2575 -0.4764 -0.4212 0.2819 0.6515
FREQ. = 210.5 CM-1 © 0.4893 0.5799 -0.1321 0.5250 -0.3580 O.0494
FREQ. = 146.4 CM-1 -0.5025 ©0.3919 -0.0321 0.4546 0.6208 -0.0303
FREQ. = 116.6 CN-1 | -0.3408, 0.6472 0.2834 -0.5156 -0.3005 -0O.1686
FREQ. = 0.0 CM-1 0.608% 0.1548 0.3318 -0.2330 0.5621 -0.3602
E FREQ. = 27%1.3 CM-1 -0.1574 0.2308 0.1692 ' -0.2625 -0.0641  0.2870
g ' 0.0132 -0.0758 0.6424 0.2356 0.1033 0.%032 .
FREQ. = 271.3 CM-1 0.0132 -0.0758 0.6424 0.2356 0.1033 0.5032
'0.1574 -0.2308 -0.1692 0.2625 0.0641 -0.2870
FREQ. = 225.5 CM-1 '0.1938 -0.1737 0.1362 -0.1909 -0.1660 O.1975
' - 0.2412 0.2384 -0.4826 -0.2436 0.3018 0.5589
FREQ. = .225.5 CM-1 0.2412 0.2384 -0.4826 -0.2436% 0.23018 0.5589
~ -0.1938 ©0.1737 -0.1362 O0.1908 0.1660 -0.1975
FREQ. = 186.3 CM-1 ' 0.4662 0.2959 -0.0874 0.4457 -0.4887 0.1431 .
P . : 0.2715 0.2831 0.2127 -0.017{ -0.1601 -0.0670
v' FREQ. = 186.3 CM-1 0.2715 0.2831 0.2127 -0.0171 - -Q.1602 =-0.0670
-0.4662 -0 o -0.1431

.2959 0.0874 -0.4457 .4887

continued . . .
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R ' Appendix V, continued
‘}%\ ~ J}-i . ,i- N
- 1(\ N 5 ' :’ .
N . . Iy - B .
. b " FREQ. = 168.2 CM-1 -0.1080 0.5298 ~ 0.0103 0.4337 O©0.1605 -0.1636
* ( \ -0.2479 -0.0792 -0.3801 0.2886 -0.0385 0.4123 .
. v . “ //
FREQ. = 168.2 CM-1 0.2479 0.0791  0.3801 -0.2866 0.0385 -0.4123 -
-0.1080 0.5298 0.0103 0.4337 0.1605 -0.1636
FREO. = B89.5 CM-1 0.1779  0.0171 -0.2225 ©0.1363 0.2759 -0.2786
0.5653 -0.2899 0.1157 0.1768 0.5457 -0.0133

FREQ. = B9.5 CM-1 , 0.%6%53 -0,2899 0.1157 0.1769 0.5457

-0.1779 -0®171  0.2225 -0.1363 -0.27%9

FREQ. = 63.2 CM-1 - 0.2999 -0.3824 -0.1888 -0.0676_ -0.4481

. -0.2721 -0.4108 -0.1061 0.5050 -0.0142

FREQ. = €3.2 CM-1 0.2721  0.4108 0.1061 -0.5050 ' O.0142

0.2999 -0.3824 -0.1888 -0.0676 -0O.4481

E FREQ. * 236.4 CM-1 0.1347 0.3133  0.5871 -0.5117 0,0639
. u 0.0158 -0.0384 -0.2533 -0.1467 -0.2375 «8,1255
FREQ. = 236.4 CM-1 -0.0158 0.0384 0.2539 0.1467 0.2375 ©.1255

o 0.1348 0.3133 0.5871 -0.5117  0.063%" «0.3365

¥

FREQ. = 229.1 CM-1 0.5181 -0.2024 0.0869 0.1006 0.3224 -0.4653

! 0.1354 -0.1685 0.3680 0.22%58 0.0993 0.3309

. FREQ. = '229.1 CM-1{ ~-0. 1354 0.1685 -0.3680 -0.2258 -0.0993 -0.3309

‘ 0.5181  -0.2024 0.0869 Q. 1006 0.3224 - ~0.4653

FREQ. = 180.9 CMm-1{ 0.0507 . 0.3708 -0.2067 0.1186 0.4239  0.2236

0.4312 -0.1960 -0.2775 -0.3643 -0.0626 0.3673

o . FREQ. = 180.9 CM-1 -0.4312 0. 1860 0.2775 0.38650 0.0626 -0.3673
. a . ' : 0.0507 0.3708 -0.2067 0.1186 . 0.4239 0.2236

: . . %}M P . » . . .

FQ‘O. = 127.9 CM-1 | -0.0063 0.1048 <0.0716 -0.0799 0.0954 0.1170

- ) 0.39824 0.5540 0.0908 0.4985 -0.4866 0.0151

vooon FREQ. = 127.9 CM-1 -0.3924 -0.5540 -0.0908 -©.4985 0.4866 -0.0151

' =0.0063 0.1048 -0.0716 -0.0799 0.0954 o770

’ 3, . .

FREQ. = 104.8 CM-1 ' 0.0796 0.3045 -0.3324 0.1166 0.5470 -0.1708

. N -0.5281 0.0802 -0.0966 0.1301 -0.0701 -0.3632.

" ¥ «i? .

FREQ. » 104.8 CM-1 0.5281 -0.0802 0.0966 -0.1301% 0.0701 §?°.3632

' 0.0796 0.3045 -0.3324  0.1166 0.5470 -b.1708

FREO. = 0.0 CM-1 0.2445 -0.0216 ~0.4356 -0.1435 -0.2992, -0.3740

-0.0852 0.4874 -0.0720 -0.4497 -0.0502 0.2127

- o ’
FREQ. = 0.0 CM-1 -0.0852 0.4874 -0.0720 -0.4497 -0.0501 0.2127
) © -0.2445 0.0216 0.4356 0.1435 0.2992 0.3740
-

N . £ .
. , continued . . .
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Appendix V, continued
Symmetrized eigenvectors for Dzo ice 11, calculated under force field T;I.
The order of the symmetry coordinates is the order of the

translational symmetry coordinates given in Appendix III. , .
. g o . . , :

Ag FREQ. = 2858 CM-1 '0-5433: »0.2353 -0.%778 o.aoag; lo“2494 0.5167
y o
FREQ. = 213.4 CM-1 0.6115 -o.s%s§‘ -0.1211. ©0.4273  0.5330 0.0215
FREQ. = 'iaa.s cu—ti},f -0.3110  0.6285 9:11%3‘__9+§9ﬂ7 0.3526 -0.09Q0
FréQ. = 96.6 CM-1 ‘~o.5525 -0.3086 * -0.2459 -Q.3139  0.6193 -0.2387

,FREO_. = 81.8 CM-t ~0. 1439 . -0.1244 0.%5929 -0. 1095 0.2696 0.7263

rneoa;; 74.7 CM-1 0.2919  0.5428 -0.4750 -0.4260 0.2705 ©.3740
A; FREQ. = 308.4 CM-1 0.0358 -0.0324 0.7504 O.1388 -0.0021 0.6445
FREQ. = 262.4 CM-1 -0.1547 -0.2613 0.4800 ©0.4074 -0.2938 -0.6520
FREQ. = 227.8 CM-1 0.4854 0.5819 -0.1341 0.5279 -0.3567 0.0435
FREQ. = 137.2 CM-1 -0.4918 0.3541 -0.0261 0.4835 0.6306 -0.0265
' FREQ. = 116.5 CM-1_ 0.3625 -0.6654 -0.2790 0.4980 0.2698 O.1648 .
FREQ. = 0.0 CM-1 0.6049 ©0.1548 0.3318 -0.2330 0.562%1 -0.3602
E FREQ. = ' 294.0 CM-1 ~0.0709 ©0.0654 - 0.6259 0.0412 0.0370 0.5925
g ‘ , 0.1437 -0.2255 0.2124 ©0.3258 0.1224 , 0.0836
FREQ. = 294.0 CM-1 ~0.1437 0.2255 --0.2124 -0.3258 -0.1224., -0.0B36
-0.0709 0.0654 0.6259 0.0412 - 0.0370 0©.%925
) A ]
FREQ. = 238.5 CM-1 0.3251 0.2287 -0.3630 -0.3502 -0.2583 0.4963
-0.2024  0.2655 -0.2080 ©0.1465 0.3057 -0.0706
FREQY = 238.5 CM-1 0.2024 -0.2655 0.2080 -0.1465 -0.3057 0.0706
0.3251  0.2287 -0.3630 -0.3502 O.2583 O.4963
FREQ. = 1B4.8 CM-1. 0.3752  0.2829 -0.1189 0.4322 -0.3474  ©.0906
’ 0.3269 0.4199 0.1372 0.2479 -0.2913 -0.0318
FREQ. = 184.8 CM-1 0.3269 0.4189 0.1372 0.2479 -0.2913 =-0.0319
) -0.3752 -0.2829 0.1189 -0.4322 0.3475 -0.0906
- /’/ X .
' continued . N, _
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Appébdix V, continued

" FREOQ.
/. erea.

FREQ.

-
FREQ.
.FREOQ.

FREQ.

—

E " FREQ.
u c

FREQ.

FREQ.

FREQ.

FREQ.

FREQ.
FREQ:
' FREQ.
p . FREOQ.
FREQ.
FREQ.

FREQ.

= 157.2 CM-1
= 157.2 CM-1{

= 89.4 CM-t

3

- 89.4 %M1
= §3.3 CM-1
=  63.3 CM—1
= 252.9 CM-1
= 252.9 CM-1.
= 241.4 CM-1
= 241.4 CM-1
= 170.1 CM-1
= 17001 cM- 1
= 912.3 cm-1

: o
= 112.3 cM-1
= 104.8 CM-1

B s

= 104.8 CM-1
= 0.0 CM-1
. 0.0 CM-1

\\\\_

-0.1052
~0.2307

~ .
-0.2307
0. 1052

. 1886
5618
5618
. 1886

.3196
. 2497

.2497

.0495
.0687

|
00 OO0 OO0 00 00

~0.0686

-0.0485.

-0.3948
0.4486

.4486
. 3948

. 1882
.2964

L]

v
OO0 00 00 00 00 00 00 00

2964
1882

. 1498
.3633

.3633
1497

. 1818
.5079

.5078
.1819

.2377
. 1027

. 1027
.2377

]
[o o]

.3196

o

-0.

[e N}

OO0 00 00 OO OO OO0

.2918
.0094

. 3556
.4348

4348
-0.

3556

3822

1426

.1426

~
=3
0
)

. 1863
.0473

.0473

1863

. 1397

.3369

.3369
. 1397

.2650 .
.8397
.5397
. 2650

. 2060
. 1335

. 1336
. 2059

. 3457
. 3442

. 3442

. 3457

.

00 00O

] -
[oNe

1
(o o]

OO0 OO0 00O OO0

[eRe)

1
OO0 0Q 00 QOO0 00 o000

: .
continued .. . .

.2041
-0.

. =0.
-0.

0.2170
4532 = 0.3799
4532 0.3799
2041  -0.2170
.2113°  0.1361
.1316  0.1753
. 1316 0.1753
.2113 -0, 1360
.1790 . 0.Y024
.1185

'-0.4987

- v

1185 -0.a987
.1790 -0.1024

.3144 -0.5812
.4601.  -0.0941

.4601 0.0941.

.3144 -0.5812

.3534 - 010361
.1474- -0.0952

1474 '-0.0952

.3534 -0.036t
.4526 -0.0854
1071 " -0.3331
.1071 - 0.3330
.4526 -0.0854
.0474  0.0516
.0843 . 0.5339
.0543 -0.5339
.0474 00,0516
.2961 -0.0219
L1870 . -0.1172
L1970 0. 1172
.2961  0.0218,
. 2720 -0.1987

¢

.3478
.2720 -0.1987

.3478  .0.4282

~0.4282

v "

=0.4475

~-0.0900

oo 0o

) o
N
~}
w

00 OO0 OO0
1,
A
N
(]

-0.2107

-0.1317

-0.0075

~0.4176

“0:0075

-0.5914

-0. 1054

~0.3341
0.4209

0.4209
0.3341

274

Z0.2814

-0.0261

=0.0261
'0.2814

0.0413
-0.1052

~0. 1052
-0.0413

-0.2079

-0.2535

0.2535
-0.2078

-0.0968.
-0.5046

-

-0.5046 -

0.0968

0.5183
0. 1038

-0.1038
0.5183

0.1174
-0.0538

0.0538.
d.1174

0.0713
0.3770

0.3770

-0.0713

0.4183
0.0966

-0.0966
0.4193
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Appendix V, continued

' X |
Symmetrlzed elgenvectors for D20 ice Ix, calculated der force fleld Tl , |

The “order of the symmetry coordinates is the order of the

translational symmet;y_coordinates‘given in Appendix III. ‘ »
] ‘ .
Al " FREQ. = 247.4 CM-1 0.5310 -0.0973 0.4659 -0;7011 f'
EREQ. = 171.9 CM-1 _o:§059 0:7168 -0.0228  0.3443
. ~ EREOQ. = 95.3 CM-1 -0.5238 ' 0.4871 0.7186 0.0175 . ' -
FREQ. = 81.0 cn-1)~ 0.2763 -0.5174 0.5158 0.6242 E
AZ FREQ..= 226.3 CM-1 0.4621 -0.@751 0.4544  0.5497. -0.4495
“ FREO.‘- 209.3 CM-1 -0.5199 30.5911 ;~0.2375 0.5223 0.2259
- FREQ. = -138.2 CM-1 0.6467 0.0069° -0.2756 0.2362 0.6708
anb. = T4.3 cu-} -0.0911 -0.2832 0.7607 -0.2829 0.5028 .
.FREé. = 0.0 CM-1 . -0.2003 0.7033 ©0.2872 0.5378 0.2099
Bl FREQ. = 240.2 CM-1 -0.0557 ° 0.4Q7o 0.8158 -0.1661 .0.3225
. CFREQ. = 19§.7‘cﬁ-1 0.1498" -9;5696 0.4040 0.6845 o.1éso
” FREQ. = 195.6 CM-1 0.7308 -0.1262 -0.1695 -0.2888 0.5812
FREQ. = 100:.3 CM-1 " '0.0179  0.6136 -0.3356 , 0.6347  0,3282 ;
FREQ. = 60.B GM-1 -  -0.6634° -0.2886. -0.1731 -0.1325 ©0.6551 '
BQ . FREQ. = 241.8 CM-{ —oﬁoiio 0.5308 0.7411 0.4083 -
. FREQ. = ‘212.0 6M-1 ’ o.a?osA 0.1734 -0.4880 - 0.7145 2
- FREQ. = 161.1 CM-1 -Q;éézs y0.6219 ;p 4591 -0.0480 o » 7 o
o FREQ. =  79.1 CM-{ ,©0.6134 ‘o;saso -o 0424 -0.5662
E FREQ. = 241.0 CM-1 '-0.1516 0.5124 ' 0.5792 ©0.1942 0.1998 0.2070
a. - : . -0.4070 0.2668 -0. 1472 - :
" FREQ. = v233.a cM-1 o.easzvv;o.o4€9 0:2251 0.2874° 0.0009  -0.3522
. — - 0.2636, 0.4894 - 0.1120 A
FREQ. = 213v6.GM-1  -0.2295 0.1855 0.2315 =-0.0216 -0.6310 -0.0498
- I 019617‘” 0.0013 0.583;
FRE®. = 202.1 CM-1 0.4098 6755jd*- -0.4417 -0.4080 .o:osfa -0.0920
-0.3517" 0.0395 '0.178%1° -
. : N aes L
PFREQ. = 159.3 CM-1 0.1163 -0.3451 -0.1935 -0.0423 -0.2706" ‘0.6514
‘ -0.2395  0.5224  0.0192
FREQ: = 142.6 6M—1 ' -0.i555 - 0.0386 0.2485 -o.746é 0.1850  0.0511.
o ' 0.4535 '0.3332 -0.0403
. continued. . . .
‘ 3
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~Appendix V, continued

FREQ.
FREQ.
FREQ.

E FREQ.
FREQ.
FREQ.
FREOQ.
FREQ.
FREQ.
_FREQ.

: FREQ.

FREQ.
S

88.0

71.8

241.0

233.8.

213.6

202 .1

159.3

142 .6

88.0

71.8

CM-1
CM-1
CM-1

CM- 1

CM-

CM-1

CMm-1

CM-1

CM- ¢

CM-1

CM- 1

CM-1

o

-0.
.5917

~-0.
-0.

-0.
-0.

.0798 -
. 1323

0514

5404
0823

5124

2667

.0468
.4894

. 1855
.0013

5514
.0395

.3451 °
.5224

.0386
.3332

.0495
. 1400

.5232
.0501

.0028
-0.

5308

-0.
-0.

-0

-0.
-0.

-0.
=0.

0.
~0.

-0.

-0

1399

0495 -0.0123 0.1413

0.6351

continued..

.0501 -0.1983
.0028 -0.4082 0.1857
.5308 0.1484
1517  0.5791. -0.1998
4071  ©.1472 <« -
.6462  0.2282° -0.0009
.2635 -0.1119
.2295 ' -0.2315
.0617  0.6833
.4098  0.4417+
.3517  0.1781
1163 . 0.1936
.2395  0.0192
1555 . 0.2484
.4535 0403
0798 - 0.0123 06284
1323 _ 0.6352
]
0514  0.3127 -0.1398
5317 -0.1992
5404 -0.4082 -0.2271
.0823 -0.1485
¢
-

.

0.6284

s

0.

0.

-0.

.5232  -0.3127 0.3148 -6’ 1399

2270

1942

. 2875
0216
.4080
.0423

. 7466

3147

. 1857

0.3683

-0

.3390
. 3803
.2071

. 3522

.6513

.0512

.3391

.3803

276

0498

.0920

3683

Pk
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) IX

Fymmetrized eigenvéctors for D,0 ice IX, calculated under force field T,

he order of the symmetry coordinates is the order of the -

translational symmetry coordinates givén in Appéndix i11.

FREQ.

A, = 246.8 CM-1-
FREQ. = 171.3 CM-1
\\\ FREQ, = 95.3 CM-1
‘ FREQ. = ,81.3 CM-1’
Aé " FREG. = 225.2 CM-1
' FREQ. = 208.0 CM-1
‘ FREQ. = 139.1 CM-1
) FREQ. =  74.1 CM-1
FREQ. = 0.0 CM-1
B, FREQ. = 243.9 CM-1
FREQ. = 192.8 CM-1
FREQ. = 131.5 cu-{
FREQ.'= 100.4 CM-1
FREQ.. = 60.8 CM-1
B, | FREQ. = 245.0 CM-1
' FREQ. = 211.4 CM-1{
FREQ. = 159.6 CM-1
FREQ. = 79.2 CM-1
E FREQ. = 241.5 CM-1
a0, .
FREQ. = 236.3 CM-1
FREQ. = 209.9 CM-1
o a
FREQ. = 201.8 CM-1
FREQ. = 160.3 CM-1
FREQ. = 142.3 CM-1
=  88.0 CM-1

FREQ.
(

~,
Y

o -

Q0 00 00 0(5 Q0 QOO 00 O

.5535
5965
5174
.2654
.5487
.4458
.6342
L0817 ,
.2993
.0838
.5686
.4782
.0155
.6639
.0915
.4866
6163
.6125

. 1560
.4496

.6555
.2215

.2582
.1182

.3843
.3140 -

1134

.2662

1350

.4386

.0770
.132¢

-0

-0.
-0.

-0.
.5150°

.0701

.7065

.4716

.5230
. 1695
.6279°
.0043 -
.2870
.7033

-4357

.5215

.2763
.6155
.2882
.5061
.2043
.6324
.5497

5543
2365

0236
. 1260
.0293

.5367

.0070

.3295
.5018

.0408
. 3495

0.4660 -0.6867
.0451  Q.3781 .
0.7140 0.0197 “
‘0.520§ '0.62085 - -
0.4843  0.4550 -0.4781 ' )
1550 0.6051 ©0.1299
.2825. 0.2452 0.6766
0.7610 -0.2783  0.5026
0.2872 o\ggjé 0.2099 .
0.8338 -0.1374  0.2983
0.2181 0.3596 0.4774
0.3416 0.6569 - -0.3830
.3329 0.6345 _ 0.3280
L1723 -0.1331% .0:6549
0.7890 0.3362
.3950 0.7520 ,
.4689 -0.0194
.0401 -0.5667
0.5250 -0.1439 -0.2101 =-0.2202
0.1458 _ » ..
0.2393 0.2948  0.0348 --0.3230
0.0758
0.3176 0.0318 -0.6105 -0.0540
0.6521
0.4521’ 0.4034 0.0588 ©.1295
0.2798
0.2145 0.0390 0.2822 -0.6540
.0306 C
.
0.2257 -0.7566 0.1885 . 0.0668
.0476
.0081 ©0.1412 0.6266 ©.3668
0.6376 :

. .
continued . . .
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Appendix V, continued \
FREQ. = 71.8 CM-1 -0.0498 0.5244 -0.3133 0.3166 -0.1383 0O.3407
x 0.5905 0.0495 -0.1943
FREQ. = 0.0 CM-1 0.5404 0.0028 ©0.4082 -0.f857 -0.2270  0.3803 ’ -
> 0.0823 -0.5308 -0.1484 . -
E FREQ. = 241.5 CM-1 -0.5543 -0.1562 - 0.5250 -0.2101 ©O.1438 -0.2203
b -0.2363 -0.4497 0©O.1458 ¥
FREQ. = 236.3 CM-t © 0.Q235 0.6555 0.2394 -0.0348 0.2948 0.3230
-0.5151 0.2214, -0.0758 »
FREQ. = 209.9 CM-1 0.1260  0.2582 -0.3176 -0.6105. -0.0317 -0.0540
0.0283 -0.1182 0O.6524 :
FREQ. = 201.8 CM-1 0.5367 -0.3843 0.4521 -0.0588 0.4034 -0.1295
-0.0070 0.3140 . 0.2798
FREQ. = 160.3 CM-1% -0.3285 -0.1134 ©0.2146 -0.2822 0.0389 0.6540 .
: 0.5018 0.2662 0.0306
FREQ. = 142.3 CM-1% -0.0407 -0.1350 ©0.2257 -0.1885 -0.7566 -0.0668
~0.3495 0.4385 ©0.0475 - =
f -

FREQ. = 88.0 CM-1 . =0.0555 '-0.0770Q, 0.0081 0.6266 -0.1412 0.3668
. ~0.1406 -0.1324 0.6376

FREQ. = 71.8 CM-1 0.5244 0.0498 0.3133 -0.1382 -0.3166 0.3408
0.0494 -0.5905 -0.1943 '

' FREQ. = 0.0 CM-1 - 0.0028 -0.5404 -0.4082 -0.2271 0.1857 0.3803
-0.5308 -0.0823 -0.1485 '

o -
-l



Appendix VI

¢
Calculated frequencies of the translational and rotational vibrations

-

" of the true and linear structure models of ice IX

under three coordinate sets.

Coordinate set on(H"O-H)Lgfrue structure model

\

i
{

+ 279

k, =0.20 mdyne A%, Hy =0.0075 mdyne ATl H, =0.160 mdyne A™}

continued . . .

1

no. Hy0 D0 AL no. H,0" D,0* )
1 1 1156.8 838.9> 1.379 B, 29 1236.3 876.6 1.410
2 875.7 ° 650.0 1.347 30 924,2 685.2 1. 349
3 810.1 °  584.8 1.385 31 651.3 506.8 1.285
4 718.8  525.4 - 1.368 32 440.0 © 331.6  1.327
5 277.5  261.6 1.061 33 257.6  242.9  1.061
6 183.3  170.5  1.075 34 243.1  226.9  1.071
7 134.8  126.9 - 1.062 35 158.4  139.9  1.132
8 '93.2 86.4 - 1.079 36 91.0 82.5  1.103
Ay, 9 1170.2 853.3 1.371 E 37 . 1228.5  878.3 1.399
10 1119.9 822.5  1.362 38 1153.8  836.5  1.379
11 792.2  591.2  1.340 39 1049.0  778.1  1.348
12 693.5 ° 544.7  1.273 40 893.8  667.1 - 1.340
13 463.0.  381.6  1.213 41 B43.9  623.6  1.353
14 236.6  221.6  1.068 42 727.4  542.8  1.340
15 21119 175.9 1,205 43 616.9  '489.2  1.26l
16 131.0 114.4 - 1.145 44 593.9 462.2 1.285
17 98.1 92.1  1.065 45 474.1  367.2  1.291
18 0 0 - 46 260.4  243.3 1,070
" 47 253,2  233.5  1.084
B, 19 1133.6 Bl4.4  ©1.392 48 231.7 214.9  1.078
20 929.2  © 702.0 “1.324 49- 211.2  188.4  1.121
21 879.6  659.9  1.333 50  160.7  142.1  1.131
22 685.3 _ .571.0 1,315 ., 51 148.0  131.7  1.124
23 519.6 _ 425.8  1.220 52~ 115.9  108.2  1.071
24 247.0 229.2  1.078 53 78.0 70.6 1,105
25 201.8  188.1  1.073 54 0 0 -
26, 172.3 145.8 1.182 '
27 132.6 121.3  1.093 .
28 66.6 61.4  1.085 .
a



Coordinate set on(H-°O-H), linear

‘Appendix VI, continued

structure model

no. .

1
2
3
4
5
6
7
8

9
10
11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28

b

b

. "P '

no.

B, 29
30
31
32

Syy

M

2

38
39
40
41
42
43
44
45
46

47
48
49
50
51
52
53
54

H20 DZO vH/vD
1178.3 854.8 1.378
840.4 615.4 1.366
801.4 576.1 1.391
650.8 483.2 1.347°
276.0 260.5 1.060
184.2. 171.2 o086
130.7 123.8 :
95.5 88.3 ,&?ﬁzg;gg ¥
1198.1 873.0 1.372
11109.4 811.0 1.368
762.2 584.3 1.304
664.0  507.5  1.308
d45.0 377.3 1.187
232.7 217.4 1.070
196.9 159.3 1.236
134.1 118.7 1.130
94.4 88.9 1.062
0 0 -
1130.1 813.9 1.388
912.8 684.8 1.333
866.2 649.4 1.334
711.8  543.2 1.310
529.2  431.0 . 1.228
247.7 230.5 1.075
201.7 188.2 1.072
172.5 145.9 1.182
120.7  111.6 1,082
65.8 60.5 1.0868

- M{

Hzob D2Ob
1206.1 854.9
. 920.2 676.8
650. 6 510.7
455.7 341.3
256. 2 242.1
240.5 225.6
157.4 138.2
91.1 83.2
1215.7 870.6
1158.5 840.7
1038.8 766.9
867.1 639.8
822.5 611.6
736.9 554.8
616. 3 482.1
584.8 456.5
467.9 363.5
259.7 243.5
248.4 228.8
224.4 209.3
213.5 190.6
159.8 142.2
147.2 130.8
107.0 99.6
77.2 69.9
0 0

v.,/V

1.411
1.360
1.274
1.335

1.058.

1.066
1.139
1.095

1,396
1.378
1.355
1.355
1.346
1.328
1.278
1.281
1.287
1.067
1.086
1.072
1.120
1.124
1.125
1.074
1.104

b

°o_ -
k, =0.20 miyne A", Hg =0.0075 mdyne A

+

1

continued . -.

+ Hy=0.160 mdyne A”

1
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Appendix VI, COntinugp

Coordinate set AOX(O--O-D), true structure model

281

no. Hzoc Dzoc Vu/Vp no. Hzoc Dzoc Vu/Vp
A 1 638.1 474.8 1.344 29 659.1 502.5 1.312
2 597.6 433.0 1.380 30 593.0 424.7 1.396
3 585.2 416.7 1.404 - 31 581.1 416.2 1.396
4 477.0  359.8 1.326 32 483.6 364.6 1.326
5 262.2 245.9 <+ 1.066 33 252.8- 237.0 1.067
6 176.1 161.2 1.092 34 228.9 216.9 1.055
7 102.7 96.1 1.069 35 - 161.0 144.6 1.113
8 89.7 84.0 1.068 36 81.7 75.7  1.079 -
.
B, 9 649.3 498.9 1.301 37 500.4 1.308
10, 635.7 480.8 1.322 38 491.9 1.319
.11 595.2 434.6 1.370 39 488.1 1.316 e~
12 509.4 384.1 1.326 . 40 429.3 1.385
13 477.7 358.3 1.332 41 427.7 '{f321$‘3" ;
14 233.6 216.0 1.081 42 417.1 1.480 ﬂ%‘ é“-\
15 206.7 181.9 1.136 43 ©386.6 1.319. 77 %
16 136.2 122.1 1.115 " 44 367.2 1.318
17 83.0 78.6 1.056 45 480.8 362.9 1.325
18 0 0 - 46 249.8 232.8 1.073
‘ 47 241.1 220.6 1.093
B, 19 659.6 502.4  1.313 . 48 217.0 199.4 1.088
20 644.6  496.7 1.298 49 210.5 - 190.5 1.105
21 583.4 422.5 1.381 50 160.2 145.4 1.102
22 510.4  388.7  1.313 51 144.5  130.9  1.104
23 487.4 369.5 1.319 52 93.3 86.4 1.080
24 ' 248.6 231.,5 1.074 53 77.5 72,1 1.075
25 201.1 184.5 1.090 54 - .0 0 -
26 187.2 165.5 1.131
27 105.4 96.6 1.091 ®
28" 63.2 58.5 1.080
c 1 1 )

k, =0.20 mdyne A”

continued .

, Hg=0.0075 mdyne A”', H,, =0.060 mdyne Al



Coordinate set AOX(HAH')l

Appendix V1, continued

true structure model

o]
[o]

10
11
12
13
14
15
16

T17

18

19
20
21
22
23
24

.25
26
27
28

4

qa

@©® NV s W N

H20 D20 vH/vD
823.0  578.9  1.422
720.4 500. 6 1.439
587.0  464.6  1.263
549.4  421.7  1.303
399.9  338.2 1.182
254.1  228.1  1.114
"151.4 147.3 1..031
120.8  118.6  1.019
886.4  645.5 1,373
808.8  578.0  1.399
614.4  443.4  1.386
562.7  406.3  1.385
447.1  381.4  1.172
264.3  215.8 1,225
230.3  211.4  1.089
172.1  169.4  1.016
104.3  104.1  1.002

0 0 -
n

854.4  618.4 1.382
748.9 550.5 1.360
686.5  510.5  1.345
511.9  445.5  1.149
432.4  386.3  1.116
426.1  303.6  1.403
246.7  234.8  1.051
206.1  191.1  1.078
138.3.  137.9  1.003
74.1 67.6  1.096

no.

29
30
31
32
33
34
35
36

37
38
39

40°

41
42
43

44

45
46
47
48
49
50
51
52
53
54

H,0 Déo C;/vD
857.8 617.2 1.390
792.3 , 596.1 1.329
476.1 433.8 1.098
435.0 376.6 1.155
410.6 307.1 1.337
364.6 994.1 1.240
198.9 202.8 0.981
103.1 93.8 1.099
877.6 635.7 1.381
830.2 597.5 1.389
812.4 587.0 1.384
728.1 526.0 1.384
656.7 505.9 1.298
551.0 436.2 1.263
520.4 406.9 1.279
507.7 391.4  1.297
437.6 364.6 1.200
401.8 326.4 1.231
340.2 ° 293.0 1.161
322.7 287.6 1.122
233.3 218.7 1.067
190.7 188.4  1.012
183.7 176.4 1.041
115.3 110.6 1.042

89.4 82.4 1.085

0 0 -

d

k, =0.20 mdyne A"

1

, Hy=0.0075 mdyne A~

1

x? =0.043 to 0.28 mdyne A~
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Appendix V11

Second derivatives of the Clementi pair potential

evaluated at the equilibrium interatomic distances

Constants of

[ :
INTER

g? =0.514783 a.u.

al =1734.196000 a.u. a3
bl =2.72669§ a.u. b3
32 =1.061887 a.g. a4
b2 =l.46097§ a.\* b4

Interaction distances ri

interatomic interactions

=2.319395 a.u.
=1.567367 a.u.

and force constants ki for the

of 1ice II:

=0.436006 a.u.
=1.181792 a.u.

56 types of

no. ri ki no. ri . ki
1 2.328948 0.244915 33 1.811354 ©.248%533
2 2.498130 0.188012 34 3.038447 0.000240
3 2 337529 0.241521 35 3.024765 0.000361
4 2.427755 0.209296 36 1.864388 . 0.207149
5 2.467546° 0.196889 37 3.178096 -0 .000600
6 2.475487 0. 194531 38 3.461850 -0.001036
7 2.439091 . 0.205658 39 3.227035% -0.000765
8 2.441437 0.204916 a0 3.370602 -0.001007
9 3.163242 0.080723 41 3.443615 -0.001035
10 3.767962 0.045468 42 3.455686 -0.001036
11 3.375129 0.064941 43 3.337204 -0.000976
12 3.801139 0.044222 44 3.333647 -0.000972
13 3.853709 0.042344 45 1.844818 0.221723
14 3.751533 0.046 104 46 3.222346 -0.000751
15 3.932235 0.039743 47 3.149833 -0.000478
16 3.685195 0.048381 a8 1.843862 0.222460
17 2.02332% -0.573469 49 2.768267 0.128141
18 2.028362 -0.%69207 50 2.802591 0.107368
19 3.185615 -0. 146936 51 2.844217 0.08664 1
20 3.245418 -0.138962 52 2.7804 18 0.120364
21 2.065322 -0.539192

22 2.052900 -0.548039 53 2.782096 0.44 1185
23 3.406252 -0.120192 54 2.798572 ©0.433439
24 3.4%6775 -0. 114999 55 2.8937F75 0.392051
25 2.938241 -0.185361 56 2.858109 0.406912

26 3.294350 -0.1328¢61 v

27 3.030456 -0.170680

28 3.238218 -0. 139891

29 3.293063 -0. 133017

30 3.273811 -0 135377

KB 3.250646 -0.138292

32 3.183930 -0.147169

Coordinate types 1 to 16 are H-H' interactions, 17 to 32 are H-M
33 to 48 are H-0 interactions, 49 to 52 are 0-0'
interactions, and 53 to 56 are M-M~ interactions.

interactions,

]
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