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Infrared Spectroscopy at High Pressures: Polarized
Spectra of Single Crystals of Acetonitrile

R. J. Jakobsen and Y. Mikawa

Single ervstals of three polymorphs of acetonitrile and acetonitrile-d; have been grown nteder pressire in

a diamond anvil cell. While still under pressure polarized mid-infraved spectra of these three o
erystals have been obtained.  In addition, low temperature far-infrared spectra have hee

veeareded

polyerystals of two of the polymorphs. These dut: have been nsed to prediet likely erverul soviemres

for the three crystalline phases.

Introduction

One of the advantages of the commereially available
disimond-window hich pressure cell is the ease and
speed of growing single ervstals. Using pressure to
grow such single erystals means that the sample ean be
monitored under a microscope for possible  phase
changes, and ir speetra ean be obtained at any point in
the pressurization process.  Beeause of these advan-
tages we are now engaged in o continuing study of the
polarized iv specetra of single erystals of organiec mole-
cules.  Acctonitrile is one such molecule and  was
seleeted beeause we wanted to determine if the strong
dipole in acetonitrile affeeted orientation in the erystal
structure.

* Background

Vapor and liquid speetra of acetonitrile and aceto-
nitrile-ds have been reported by several authors.!'—S
As a result of these investigations, all of the fundamen-
tals of acctonitrile have been satisfactorily assigned
with the exception of §,Cll;, the CHy degenerate de-
formation. Two absorption bands were observed be-
tween 1400 em~—' and 1500 em™' and the various
authors' 3 do not agree as to which band was §,C'1; and
which was 2 combination band.  Milligan and Jacox®
obtained the solid state speetrum (low temperature) of
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both acetonitrile and acetonitrile-d; in hope of clariiyv-
ing thix point. However, they conclude thiat coupling
through Fermi resonance makes it impossible 1o give
definite assiecnment for 8,CII;.  In addition they con-
cluded that the ir multiplet structure of CH.CN anl
CD,CN in the olid phase indieated that the moleenles
had to crvstallize in the orthorhombic, tetragonsd. or
triconal syvstems,

Pace and Noe' also studied the solid stute poly-
ervstal speetra (low temperature) of acetouitrile wud
acetonitrile-;.  They coneluded that aeetoniiriie exists
in two (a and 3) polymorphic forms. They obtaitied
powder x-ray data on one form at liquid nitrecen
temperatures and from this they concluded that the o
form of acetonitrile is a primitive orthorhomic erysiul
with eight molecules per unit eell.  Coupled with the
observed ir multiplet structure (which differed from
that observed by Milligan and Jacox®i. they conehule
that the a form of acetonitrile had either w Db or D27
space group.

Experimental

The technique for growing a single crystal in the
diamond-window high pressure cell has been deseribed
previoushy! wnd will only be briefly mentionad here.
Liquid acetonitrile ix =ealed in the pressure celi berween
a metal wket and the diamond anvils, Prossmre is in-
creased on the sample until solidifieation 1o @ polverys
tal oceurs.  The pressure is then decreased until only
one seed ervstal remains at which point the pressure is

n

slowly inereased nutil the single erystal 1~ mlly wrown
Acetonitrile is one of the more diflieult ~ingle erystals 1o
grow, but even <o the entire process only took whout
1 hr. Weare not concerned in this work with the exact
pressures involved, bhut we ean estimate it the ~inele
ervstal is fully srown at 20 30 kKbar. sl pressure i
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Fig. 1. Infrared spectra of single crvstals of 3, @, and 7 forms of
CH;CN. No polarization.
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Fig. 2. Pressure vs frequency, CH;CN.

inereased on this sample. a single erystal-single crystal
phase transformation takes place near 30 kbar.  This
phase change cannot be mistaken when viewed under a
microscope.  The spectra of the two phases (IFig. 1)
are quite similar, but the existence of different poly-
morphs was even more definitely established when it
was demonstrated (to be discussed later) that we could
obtain speetra of two crystal faces of each polymorph.

Single erystals of the third polymorph are produced
by increasing the pressure on the single ervstal of the
sccond polvmorph.  Newr the extreme upper limit
(~80 kbar) of our pressure range, striations appear n
the ervstal. This slight physical change ix similar to
et observed for the tran<ition to the high pressure
phase of benzene. This henzene transition has been
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definitely established by x-ray data'? For acetonitrile
the presence of a third ervstalline phase can be estab-
lished by the drastie speetral changes (Fig. 1) and by the
change in slope of the pressure vs frequeney curve
(Fig. 2) at the phase fransition point. At low pres-
sure, phase 1 (8 form) changes to phase 2 (« form) which
is stuble over a considerable pressure range. It is only
at high pressure that phase 3 (y form) appears.  The
presenee of a third polymorph has not been reported in
any previous study.

Previously we mentioned  that we had  obtained
speetra on two eryvstal faces of cach polymorph.  Dif-
ferent faces are obtained by ximply melting the erystal
and repeating the growing process while attempting to
seleet n sced erystal of different physical appearance.
This random process eventually will produce a erystal
with a different ervstal face perpendicul:r to the inci-
dent radiation of the speetrophotometer. This can be
seen in Vigs. 3 and 4 that show the polarized speetra
of two erystal faces of the B ervstal of acetonitrile.
Figures 5 and 6 show the similar speetra for the v
erystal.  The polarized speetra of two faces of the «
erystal are not shown sinee the polarization effeets here
are identieal to those scen for the g erystal. The polar-
ized speetra of the B form of CD,CN are shown in Vigs. 7
and 8.% Infrared speetra were obtained for the « and v
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Fig. 3. Polarized ir speetra of a single erystal of the 8 form of

CILCN (22 or yz erystal fuee perpendicular to the incident radia-

tion).  In this and Figs, 4-12, parallel "y and perpendicular (1)

refer (o the direetion of the electric veetor of the polarized radia-
tion with respect to one of the erystal axes.
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Fig. 4. Polarized ir speetra of a single erystal of the 8 form of
CILCN (ry erystal face perpendienlar to the incident radiation).
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* For CDLCN, the only absorption hands above 1250 ¢~ are
the CD and CON stretehing frequencies. T'hese vibrations have
frequencies near 2200 em ™« vegion that is masked by dia-

mond window absorption.
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Fig. 5. Polarized ir speetra of a single erystal of the y form of
CILON.
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Fig. 6. Polarized ir spectra of u single erystal of the form of
CHLOCN (second erystal face).

forms of CD,CN on only enc erystal face and are not
shown here.

The samples of acctonitrile and acctonitrile-d; were
commereinl products used without further purification.
The mid-infrared speetra were obtained on a Perkin-
Elmer Model 521 speetrophotometer with the diamond
cell mounted in a 6X beam condenser.  Beeause of
diamond window absorption, »ON, the CN stretching
vibration near 2250 em~! could not be observed in the
Pressure measurements. A wire grid polarizer was used
for the polarized speetra.  The far-infrared spectra
were obtained on a Perkin-Ilmer Model 301 speetro-
photometer using a dewar-type low temperature cell.

Results

The observed frequencies for CI1LON and CD.ON
are listed in Tables T and 11, respeetively. We label the
first {wo erystalline phases B and «, beeause the fre-
quencies of the observed bands and the frequeney shifts
between the speetra of the two polymorphs agree
roughly with those found by Pace and Noe.' There-
fore we adopt their notation for cach ervstalline phase.
Further confirmation that we are sceing the same (wo
phases as Pace and Noe comes from comparison of the

temperature and pressure bhehavior of the two erystals.
Pace and Noe found that the g phase existed over only
a short temperature range before changing to the a
phase which was <table over a long temperature vanae.
In Iig. 2, it can be seen that the 8 form only exists in
short pressure range while the a form exists over i wide
Prossure rnge.

Pace and Noe!® obtained ir speetra of the a form of
acetonitrile at three temperatures: —65°C, - 11570,
and —192°C. The speetrum obtained at —192°C i~
quite different from those run at —65°C and —115°C.
At the two higher temperatures, half of the fund:-
mentals are singlets and half are doublets. At —192°C,
one fundamental is a quartet and four are triplets. The
triplet splitting is quite <imilar to what we observe in
the polarized speetra of the v form. Thus we believe
that there is a phase change between —115°C aund
—192°C and the speetrum at —192°C is really of the
» phase rather than the « form. Thisis quite important
for the only x-ray data' available was taken at —1967C
and will be of the sume form.

The polarized speetra of Figs. 3,4, 7, and 8 (8 forny
and the frequencies of Tables 1 and IT confirm the argu-
ments of Milligan and Jacox® concerning the assign-
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Fig. 7. Polarized ir spectra of a single erystal of the 3 form of
CD;CN.
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Tig. 8. Polarvized ir speetra of a single erystal of the 3 form of
CDLCN (second erystal faee).
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Table I. Observed Frequencies for CH CN Single Crystals
B Muidee 5 @ ”
b - 1, wCC 4 »CON SITS O SIsn 5235
- S016 0 Sols 3061
3 - 3013 01t H051
... ve CI S0 - Boa2
B | ' 2056 20N 2085
1. Wi 2054 204N 2080
2075
B D sy 1453 1461 1401
i s CCN + r CII; 1451 1450 1483
by 419 142y 1456
1.2 5 1416 1426 14143
.. 5 &lls 12 1423
X . 1576 370 1370
B b Ul e 136s 1368
1564
(3% 1045 1042 1054
3 . 1043 1040 1047
;. r Clly 1038 1039 1014
060
B.. 020 w24 e
i e o w8
i : 955
B:. 2 (8CCN) T ™ By B
S10
B — 402 —
3, 8CCNe — 302 -

+ Polutized spectra obtained on only one crvsial face.

ment of the bands in the 1400-em~* recion of the
speetra. In CDyCN, the combination band (1200
cm~ . ~hould be free of Fermi resonance coupling with
6.CD 1010 em™1). Bused on the Coomolecular sym-
metry. the combination band should be split into an 44
and £ component.  We appear to be obzerving the A,
component because no matter what ervstal face we ob-
~erve there ix some direction of the polarizer which
brings about complete extinetion of the 1200-cm—!
baud.  Such polarization behavior has not been ob-
served for either of the two bunds in the 1400-1450-
em~* recion of CHECN. These differences can only be
explained by a eoupling throuch Fermi resonunce of
5.CH: and the eombination band 6CCN and » CIIy)
lewding 1o mixed modes for both the 1450-em~1! and
1420-em~* abzorptions.

Discussion of Crystal Structure

As can be seen in Tigs. 3 and 4 and Tables T and TI
cach vibrational mode of the 3 und « forms of CILCN is
polurized into cither a doublet or a triplet. Bused on
the moleeule symmetry (Cs) each 1y mode is split
into wodoublet in the ervstal spectra and cach £ mode
intozciriplet. All the factor groups which will give such
splittinee require a Cy site group. Combining the split-
ting requirement with attenipts to construet a unit cell
ot wectonitrile of the proper symmetry limit the factor
aroup possibilities to Cy, Cy. Do and Dy The far-
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infeared  frequencies for polyvervstalline CHLON and
CDLON e Disted inc Table THL "The vatio of the fre-
quencey ol CHLON to the frequeney of CDOCN ean be
used to identify the lattice modes as rotational or
translational. "Uhis is also shown in Table 1L The
only reason we ean visualize for not observing the weak
high frequeney bands (near 135 em = Vin CHLCN) in the
deuterated moleeule is that they have shifted far enough
to be hidden by the very strong bands near 115 em- L
If this ix true these modes are also rotational modes.
Three or possibly four Eattice frequeneies have been ob-
served for both the a and 8 forms of CILCN. The
predieted number of ir active lattice frequencics for the
possible factor groups is six except for the D, factor
group which should show fifteen lattice frequencies.
While it is possible that two or three lattice modes
could have frequencies below the 45-em=! limit of our
speetrophotometer, it is not possible that there are
cleven or twelve frequencies below 50 em='. Thus the
poszible factor groups are limited to (s, iy, and Doy
At this point, seleetion of a factor group must rely on
chemical intuition rather than spectro=copic  facts.
Not only ix the polarization behavior identieal between
the a and 8 forms of acetonitrile; but the frequeney dif-
ferences between the two forms are remarkably small.
If we take speetra just before and vight after the « to g
phase change (at nearly equal pressures or tempera-

Table Il. Observed Fregquencics for CD,CN Single Crystals
D, Mode ] a® o
B SFAReN? . 1210 j222 1233
“.-.u 0( CN +' r (/I)u 1205
B o 1102 1105 1S
B %G1, 1099
B 1011 1019 1054
Bau . 1038 1037 1051
B by oy 1031
B 850 833 877
B, r Chy 816 852 872
B 812
B ‘ 836 843 8§72
B e 831
Bi. 2 (5CCN) 692 711 —

o Polarized spectra obtained on only one erystal face.

Table Ill. Observed Frequencies for CH.CN and CD,CN
Polycrystals (~—120°C)

CHLOCN CION CH; CN . CD,CN "T'ype
I8} a B a B @

134 139 —_ - R
116 119 12 117 1.06 1.02 T

73 ST 62 77 1.18 1.13 R

H0 a0 Hl a0 1.00  1.00 T
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Fig. 9. Proposed erystal strueture for the g form of CI1;CN.
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Fig. 10, Proposed ervstal straeture for the o form of CILON.

Actial erystal has eight moleenles perunit cell with a plane of four

moleenles identieal to the four shown in the figure. This second

pline of four moleeules is parallel to the first plane, cither above it
or below it.

tures) we find that only the 1120-cm ' and 1370-em™!
bands show significant (>5 em ™) frequencey differences.
This would scemingly indieate @ minimum change in
intermolecular forees as o result of the phase change.
The easiest way 1o do thisis for the phase change to be
hetween different spaee groups of the same factor group
(i.c., Do > Dy*) rather than between different factor
groups (i.c., the two moleeules of a €y, unit cell going
to the three moleeules of a Cy, unit eell). However we
cannol construet two erystal structures in the same
factor group for many factor group but Dy, The two
proposed struetures are shown in Figs, 9 and 10. The
Dyt erystal only requires four molecules per unit ecll,
but the Dy® erystal requires cight molecules per unit
cell in order to have Dy, symmetry.  Only four mole-
cules. are shown in Fig. 10. A similar layer of four
molecules is above or below the first layer and parallel
to i, Transition from D2 to Du,' only requires a rota-
tion of half of the moleeules in the unit eell. It is in-
teresting to note (Table 1) that the rotational lattice
modes show a Lurge frequeney differenee between the g
and « erystals, while the translational Jattice modes do
not show much of a difference. Figure 11 shows the
correlation diagram of o CILON erystal of Dy sym-
metry.  Here it ean be scen that each /Ay vibration
splits into a doublet in the erystal and each £ vibration
into a triplet. Figure 12 shows that the direetion of the
{ransition moments of the vibrations of a D, factor
group will be along the o, y, or z axis. Thus it can be
deduced that in Fig. 3 we ave either looking at the az or
yz erystal face and in Fig. -1 we are looking at the @y
crystal face,

Therefore we feel that the « and g forms of aceto-
nitrile are likely (o have a Dyt or Dy? space group.

From a comparizon of the two ervstal struetures it
seems as if the CI vibrations would be less stevieally
hindered for vibrations of the Da,? space group than for
vibrations of the Dy, space group.  Also it ean be pre-
dicted that inereasing pressure would bring about bhigeer
frequency shifts (g, 2) for Du!' vibrations than for
D2 modes. These last two statements suggest that the
a crystal has a Du? space gronp while the Dy space
group fits the B erystal.

For the & ervstal little ean be said about the factor
group. The splitting of both Ay and £ vibrations into
three components means that the site symmetry has to
be lowered from g to €. With a €y site symmetry
almost any factor group is possible.  However, remem-
ber that the low temperature (—192°C) speetrum ob-
tained by Pace and Noe also shows splitting into a
triplet except for one band which shows four compo-
nents.  This fourth component could be explained as a
combination band leaving only triplets. Then the low
temperature speetrum is the same as our high pressure
speetrum of the v form.  Pace and Noe™ also obtained
x-ray powder data on CILON erystals at —1967C and
found this form to be a primitive orthorhombie erystal
with cight molecules per unit eell.  Assuming this ix the
v erystal means that the factor group is limited to
Cyoy Dy, or Dy.  With the present data we have no
means of limiting the factor group any further.

Conclusions

While we cannot definitely establish the erystal strue-
tures of CILON, likely structures have been proposed
for two of the polymorphs and limitations have heen
placed on the erystal structure of the third polymorph.
None of the proposed structures positions the dipole of
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Fig. 11.  CIHLCN correlation diagram.
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Fig. 12, Direction of transition moments for a Doy evystal.
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the C N roup in a fashion that allows complening o

a dimer (or higher polymer) as has been proposed for
liquid nitriles. Thus any ovientational effeets that
exist in the liquid do not appear to carry over to the
solid.
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Two recent books, one hy Goodman and one by Smith, deal
with that part of modern optices associated with optieal processing
and holography.  They both rely on the use of spatial Fourier
tran<forms in the deseription of optical fields. Toa certain ex-
tent, the hooks tend to complement each other and it thus seems
appropriate to review the books together, even though areview of
Goodman has already appeared--sce Appl. Opt. 8, 1148 (1969).

Introduction to Fourier Optics is anexcellent. texthook.  The re-
viewer used the book as a text in o graduate course during the
spring of 1969 and it was very well received by the students in the
conr=e.  After a brief introduetory chapter, the sccond chapter
deals with the analysis of two-dimensional linear systems. Al-
thoueh the book is specifieally directed toward persons with
eleetvical engineering backgronnds, it should not be limited to
sich people. Tiousing the hook with aeross seetion of engineer-
ing students, this reviewer found that some review of one-dimen-
sional Fourier analy=iz was useful when studying Chap. 2. THow-
ever, this poses no real problem in using the book.  Two appen-
dices in the book deal with Dirae delta functions and the deriva-
tion of several Fourier transform theorems.

Chapter 3 is devoted to the forndations of scalar diffraction
theory. The Ielmholtz  equation is solved using CGreen’s
theorem.  The derivation of the Fresnel-Kivehho!T diffraction
formula using a free-space Green's funetion and the derivation of
the Rayvleigh-Sommerfeld diffraction formula nsing an alternate
“eelf-consistent” Green's function are both carried out in detail.
A generalization of the Ravleigh-Sommerfeld theory to nonmono-
chromatie waves and a treatment of diffraction in terms of an
angular speetrum of plane waves are also included in Chap. 3. In
Chap. 1 the Fresnel and Fraunhofer approximations ave applied
to the diff raction integrals and a number of Iraunhofer diffraction
patterns are ealenlated using the two-dimensional Fourier trans-
form techniques of Chap. 2.

Chapters 5 and 6 form the heart of the book and deal with the
difivaction theory of image formation.  The Fourier transform-
i properties of lenses are derived in Chap. 5. Although several
configurations are considered they all involve plane wave il-
lumination.  While this is the simplest to conxider theoretieally,
spherieal wave illumination is often used experimentally and some
disetission of this ense would improve this chapter. Tmage fovma-
Vion with monochromatic illumination is also discussed in Chap. 5,
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and an impulse response is derived as the Fourier transform of the
pupil funetion. Chapter6 is devoted to the frequeney analysis of
optical imaging systems. The coherent transfer funetion i< de-
vived and its relationship to the optieal transfer funetion of an
incoherent imaging system is carefully developed. The general
treatment of nonmonochromatie dlumisation may seem Hisiae
factory to some students. - While one i< certainly svmpathetie to
the problems associnted with taking < vather long detonr throngh
the theory of partial coherenee™ the in~ight enined by showing
cohoerent and ineoherent illumination s limiting en~e< of the
propagation of mtnal intensity might nuke o modest effor along
these lines worthwhild,  Another possible sonree of confuston in
Chap. 6 arises from the faet that the cutoll fregueney for eoherent
Mumination is referred to the image plave. Thus i osystem
with magnification, this number wonld not he the maximum spa-
tinl frequeney of the object which s tran: mitted hy the system.

Chapters 7 and S deal with applications and make up the last
half of the book.  Spatial filtering and optical information pro-
cossing are disenssed in Chap. 7 wsing the Fourier transform
methods developed in the candier chapters, Topies covered in this
chapter inelude photographic filim charneteristies, incoberent and
coherent  processing  syvstens, complex spatial filtering and
matehed filtering, and synthetic=aperture vadar data processing.
Chapter N is devoted 1o holography.  Both the Gabor ad the
Leith-Upatnicks holograms are deseribed using the ideas of
spatial frequeney speetra, The effeets of film charneteristies,
nonlinearities, and emulsion thickness are dizetzed aloug with
generalizations to incoherent light and moving objects,

Goodman's book e be highly recommended as aotest for a
course in Fourier opties.  There is an average of abont ten prob-
lems at the end of each chapter, many of which are challenging
and effective.

Prineiples of Holography by 11. L Smith is a different type of
book from Goodman's. Tt is more of a monograph whose main
purpose “is to present a unified and complete treatment (of he low-
raphy) under one cover.” The book is not written as a text—
there are no problems — and it would be diflienlt 1o 1se the book as
the basis for an introductory course in the ficld.  As the author
states in the preface “it is assumed that the reader has a knowledgze
of several aspects of optics, such as modulation transfer funetions,
spatial frequency, phase, coherence, diftraction, and so on”
Goodman’s book goes a long way toward providing thi= back-
ground.

Smith attempts to bring order out of the chaos in the holug-
raphy literature up through 1968, To a large extent he has
cueceeded although the goal of a complete treatment i virtually
impossible in sueh w rapidly growing field,  The first two chapters

continued on page 33




