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

R. J. Jakobsen and Y. Mikawa

Single erystals of three polymorphs of acetonitrile and acetonitrile-d; have been grown ieder press e in
a diamond anvil cell.  While still under pressure polarized mid-infraved spectra of these three ~ble
erystals have been obtained.  In addition, low temperarure far-infrared spectra have heer veorded for
polyerystals of two of the polvmorphis. These data have been nsed to prediet likely ervaral v iemives

for the three erystalline phases.

Introduction

One of the advantages of the commereially available
dismond-window hich pressure cell s the ease and
speed of growing single ervstuls,  Using pressure o
grow such single erystals means that the sample ean be
monitored under o 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 v speetra of single ervstals of organie 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-d; have been reported by several authors.'—3
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' *do not agree as to whieh band was 8,C1H; and
which was a 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 ¢lurify-
ing this point. However, they conclude thit coupling
through Fermi resonance makes it impos<ible 1o give
definite assicnment for §,CII;.  Im addition they con-
cluded that the ir multiplet structure of CH.CN and
CD,CN in the =olid phase indieated that the moleenles
had to crvstullize in the orthorhombic, titraeconad. or
trigonal =y~tems.

Puce and Noe' also studied the solid ~tute poly-
erystal speetra (Jow temperature) of acerauitrile
acetonitrile-;.  They coneluded that aectoniirite exists
in two (a and 3) polymorphic forms, They obtained
powder x-ray data on one form at liguid nitrozen
temperatures and from this they concluded that the a
form of acetonitrile is a primitive orthorhomic erystal
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 b or Dos
space group.

Experimental

The technique for growing a single crystal in the
diamond-window high pressure cell has been deseribed
previously't and will only be briefly mentionad here.
Liquid acctonitrile is sealed in the pressure eeli berween
a metal meket and the diamond anvils. Prossnre is in-
creased on the sample until <olidifieation 1o« polverys-
tal occurs.  The pressure is then deercascd until only
one seed ervsta remains at whieh point the pressure is

slowly inereased nntil the single ervsral i~ iy arow
Acetonitrile i< one of the more difficult =inele ervstads 1o
grow, but even ~o the entire process only ook ahout
1 hr. We are not concerned in this work with the exuaet
pressures involved, but we ean estimate vl the single
ervstal is fully erown at 20 30 Kbar, A< the prossure is
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Fig. 1. Infrared spectra of single ervstals of 3, @, and v forms of
CH;CN. No polarization,
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Fig. 2. Pressure vs frequency, CH;CN.

increased on this sample. a single ervstal-single erystal
phase transformation tikes place near 30 kbar. This
phase ehange cannot be mistaken when viewed under a
microscope.  The speetra of the two phases (Fig. 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 eould
obtain speetra of two crvstul faces of each polymorph.
Single erystals of the third polvmorph are produced
by inereasing the pressure on the single erystal of the
sccond polvmorph.  Newr the extreme upper limit
{ ~80 kbar) of our pressure runge, striations appear in
the ervstal. This slicht physical change is similar to
that obzerved for the tran<ition to the high pressure
phase of benzene. This benzene transition has been
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definitely established by x=ray data' For acetonitrile
the presence of a third ervstalline phase ean be estab-
lished by the deastie speetral ehanges (Ig. 1) and by the
change in slope of the pressure vs frequeney curve
(Fig. 2) at the phase transition point. At low pres-
sure, phase 1 (8 form) changes to phase 2 (« form) which
is stable over a considerable pressure range. It is only
at high pressure that phase 3 (y form) appears. The
presence of a third polymorph has not been reported in
any previous study.

Previously  we mentioned  that we had  obtained
speetra on two ervstal faces of each polymorph.,  Dif-
ferent faces are obtained by simply melting the ervstal
and repeating the growing process while at tempting to
seleet o seed erystal of different physieal appearance.
This random proeess eventually will produce a erystal
with a different erystal face perpendicular to the inci-
dent radiation of the speetrophotometer.  This can be
seen in Iigs. 3 and -+ that show the polarized speetra
of two erystal faces of the g ervstal of acetonitrile.
Figures 5 and 6 show the similar speetra for the ~
crystal.  The polarized speetra of two faces of the «
crystal are not shown sinee the polarization effeets here
are identieal to those scen for the g erystal. The polar-
ized speetracof the g form of CDyCN are shown in Figs. 7
and 8.*  Infrared speetra were obtained for the a and 5
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Fig. 3. Polarized ir speetra of a single erystal of the 8 form of

CILOCN (xz or yz erystul fuce perpendicular to the incident riudia-

tion).  In this and Figs. 412, parallel (1) and perpendienlar (L)

refer to the direetion of the eleetrie veetor of the polarized radia-
tion with respeet 1o one of the erystal axes.
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Fig. 4. Polarized ir speetra of a single erystal of the g form of
CILCN (ry ervstal face perpendicular to the incident radiation).

* For CDCN, the only absorption hands above 1250 ¢m =t are
the CD and CN stretehing frequencies.  These vibrations have
frequencies near 2200 em =Y a0 region that is masked by dia-

mond window absorption,
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Fig. 5. Polarized ir speetra of a single erystal of the 5 form of
CILON.

v

_J | f
1325 1075 925 ¢m

iﬁ

s S P el

Fig. 6. DPolarvized ir speetra of w single erystal of the 5 form of
CILON (second erystal face).

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

The samples of acetonitrile and aectonitrile-d; were
commereial producets used without further purification.
The mid-infrared speetra were obtained on a Perkin-
Ilmer Model 521 speetrophotometer with the diamond
cell mounted in a 6X beam condenser. Because of
diamond window absorption, »CN, the CN stretehing
vibration near 2250 em=! could not be observed in the
pressure nlcusln(‘.lnvnla. A wire grid polarizer was used
for the polavized speetra. The far-infrared spectra
were obtained on a Perkin-IShuaer Model 301 speetro-
photometer using a dewar-type low temperature cell.

Results

The obzerved frequencies for CIHLCN and CD;CN
are listed in ‘Pables T and 11, respeetively. We label the
first {wo erystalline phases 8 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 each erystalline phase.
Further confirmation that we are sceing the same {(wo
phases ax Pace and Noe comes from comparison of the

temperature and pressure hehavior of the two ervstal-.
Pace and Noe found that the g phase existed over only
a short temperature range before changing to the o
phase which was stable over a long temperature vanee.
In Iig. 2, it can be seen that the 8 form only exists in a
short pressure range while the a form exists over a wide
pressure range.

Pace and Noe'® obtained ir speetra of the a form of

acetonitrile at three temperatures:  —65°C, 1157,
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, hall of the fund-
mentals are singlets and half are doublets. At —192°(",
one fundamental is a quartet and four are triplets. The
triplet splitting is quite similar to what we observe in
the polarized spectra of the 4 form. Thus we believe
that there is a phase change between —115°C aud
—192°C and the speetrum at —192°C is really of the
v phase rather than the o form. This is quite important
for the only x-ray data'® available was taken at —196°(
and will be of the sume form.

The polarvized speetra of Figs. 3,4, 7, and 8 (3 form)
and the frequencies of Tables I and IT confirm the wmrgu-
ments of Milligan and Jacox® coneerning the assign-
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Tig. 7. Polarized ir spectra of a single crystal of the g form of
CD;CN.
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Fig. S, Polarized ir speetra of a single erystal of the 8 form of

CDLCN (second erystal face).
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Table I. Observed Frequencies for CH CN Single Crystals
* Nuselse ; a .
5L~ B CC 4 »CON SITS O 3IN 3235
.. 5016 D016 3061
i-. ’ Suld S0l S5054
B.. gl S0l . 052
$ss i ' D2U55 20N 2085
. n Cl 2051 204N 2080
2075
B. 2 1453 1461 1491
B.. BELAN # FCH 151 1450 1483
e 1419 1425 1456
B . 1416 1426 1443
3., 8 Cll, 1412 1423
2 . 1376 1370 1370
B.. ol 1360 1365 1368
1564
3. 1045 1042 1054
3. 1043 1040 1047
' r Gl 1038 1039 1044
060
B. 20 a2 =i
& »CC o owg 08
o 955
B:, 2 (CCN) nH 0 S5
S10
By. — 402 —
[ 6CCNa -— 302 —

* Polutized spectra obtained on only one crvsial face.

ment of the bands in the 1400-em~* region of the
speetra. In CDyCN, the combination band (1200
e~ ~hould be free of Feri resonance coupling with
6.CD 1010 em™Y). Bused on the oo molecular sym-
metry. the combination band should be splitinto an 44
and £ component. We appeur 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—!
buud.  Such polarization behavior has not been ob-
served for either of the two bunds in the 1100-1450-
em~* recion of CHECN. These differences ean only be
explained by a eoupling through Fermi resonunce of
6.CH: and the combination band 3CCN and » CIIy)
leading o mixed modes for both the 1430-em~! and
1420-em~* absorptions.

Discussion of Crystal Structure

As exn be seen in igs. 3 and 4 and Tables T and 11
cach vibrational mode of the 3 und « forms of CTLCN is
polurized into cither a doublet or a triplet. Buased on
the noleculr symmetry (C0 each L1y maode is split
into o doublet in the ervstal <pectra and cach £ mode
intowiriplet. All the factor groups< which will give such
splittine require a C; site group.  Combining the split-
ting requirement with attempts to construet a unit cell
ol wectoultrile of the proper symmetry limit the factor
aroup possibilities to Ca,y Cy. Doy and Do The far-
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infrared  frequencies for polyvervstalline CHLON and
CDLCN e Bisted in Table TH The ratio of the fre-
queney ol CHLON to the frequeney of CDOCN can be
used to identify the Lattice modes as rotational or
translational. This ix also shown in Tuable I The
only reason we can visualize for not observing the weak
high frequeney bands (near 135 em ~Vin CHLCN) in the
deaterated molecule is that they have shifted far enough
to be hidden by the very strong bands near 115 em- 1,
If this is true these modes are alzo rotational modes.
Three or possibly four Iattice frequeneies have been ob-
served for both the a and 8 forms of CILCN. The
predieted number of ir active lattice frequeneices for the
possible factor groups is six exeept 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
possible factor groups are limited to Cy,, Cy, and Day,.
At this point, seleetion of a factor group must rely on
chemieal intuition ruther than  speetro~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 hefore and rvight alter the « to g
phase change (at nearly equal pressures or tempera-

Table Il. Observed Fregquencics for CD,CN Single Crystals
l);»/. Mode i w?® bk
By ARG R 1210 §222 1233
B, CCN + r Cl)y 1205
B % 1102 1105 LIS

o3 (C1);

Bia Rially 1099

B 10t 1019 1054
B . 1038 1037 1051
B by Gkl 1031

B 850 853 877
B rChy 816 552 NT2
B 842

B . 836 843 8§72
Bau e 831

B 2 (CCN) 692 711 —

@ Polarized speetra obtained on only one erystal face.

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

CH.OCN CIEN Clh-ON, CIDEN  Lype
3] a B a B @

131 139 _— - R
116 119 112 7 1.00 1.02 i

73 ST 62 77 1.18 a3 R

o0 o) a0 a 1.00 1.00 1
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Fig. 9. Proposed erystal structure for the g form of CILCN.
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Fig. 10, Proposed ervstal straeture for the o form of CHLCN.

Actual erystal has eight moleenles per unit cell with a plane of four

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

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

tures) we lind that only the 1120-cim- " and 1370-¢m ™!
bands show significant (>5 em?) frequency differences.
This would scemingly indieate @ minimum change in
intermolecular forees as a result of the phase change.
The casiest way to do thisis for the phase change to be
hetween different space groups of the sume Taetor group
(i.c., oyt o Do) rather than between different factor
groups (i.c., the two moleeules of a Cyy unit cell going
to the three moleeules of o Cy, unit cell). However we
cannot construet two erystal structures in the same
factor group for any factor group but Dy, The two
proposed structures are shown in Figs. 9 and 10. The
Dyt erystal only requires four moleeules per unit cell,
but the Dy® erystal requires eight molecules per unit
cell in order to have Dy, symmetry.  Only four mole-
cules. are shown in Fig. 10. A similar Iayer of four
molccules is above or below the first layer and parallel
to it. Transition from 1,2 to D.," only requires a rota-
tion of hall of the moleeules in the unit eell. It is in-
teresting to note (Tuble T that the rotational lattice
modes show a Large requencey differenee between the 8
and « erystals, while the translational lattice modes do
not. show much of a dilference. Figure 11 shows the
correlation diagram of a CILON erystal of Dy sym-
metry.  IHere it ean be seen that each oAy vibration
splits into o doublet in the erystal and each 22 vibration
into a triplet. Figure 12 shows that the direetion of the
transition moments of the vibrations of a Dy, factor
group will be along the ., y, or z axis. Thus it ean be
deduced that in Fig. 3 we are cither looking at the @z or
yz erystal face and in Fig. 1 we are looking at the ay
erystal face.

Therefore we feel that the « and g forms of accto-
nitrile wree likely to have a Doyt or Da® space group.

Irom a comparizon of the two ervstal struetures it
seems as if the CI vibrations would be less sterieally
hindered for vibrations of the 1., space group than for
vibrations of the Dy, space group.  Also it can be pre-
dicted that inereasing pressure would bring about higeer
frequency shifts (Fig. 2) for Du' vibrations than for
D22 modes. These last two statements suggest that the
a crystal has a D.? space group while the D! space
group fits the 8 crystal.

For the & erystal little ean be said about the factor
group. The splitting of both A, and £ vibrations into
three components means that the site symmetry has to
be lowered from €5 to . With a €} site symmetry
almost any factor group is possible.  However, remem-
ber that the low temperature (—192°C) spectrum 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.  Puce and Noe' also obtained
x-ray powder data on CILON erystals at —1967C and
found this form to be a primitive orthorhombie erystul
with cight molecules per unit eell. Assuming this is the
v erystal means that the factor group is limited to
Coyy 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 been
placed on the erystal structure of the thivd polymorph.
None of the proposed struetures positions the dipole of
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Fig. 11.  CILCN correlation diagram.
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Vg, 12, Direction of transition moments for a D, ervstul,
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the € N wroup in a fashion that allows complesing to

a dimer (or higher polymer) as has heen proposed for
liquidd nitviles. 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 optics associated with optical processing
and holography.  They both rely on the nse of spatial Fourier
tran~forms in the deseription of optical fields.  To a certain ex-
tent, the books tend to complement each other and it thus seems
appropriate to review the books together, even thongh a review of
Goodman has already appeared--see Appl. Opt. 8, TTAS (1969).

Introduction lo Fourier Opties is an excellent texthook.  The re-
viewer used the book as a text in a graduate course during the
spring of 1969 and it was very well received by the students in the
course.  After a brief introdnetory chapter, the sccond chapter
deals with the analysis of two-dimensional linear systems. Al-
though the book is specifieally directed toward persons with
eleetvical engineering backgrounds, it should not he limited to
sitech people. Tiousing the book with o eross seetion of engineer-
ing students, this reviewer found that zome review of one-dimen-
sional Fourier analy=is was useful when studying Chap. 2. Tow-
ever, this poses no real problem in uzing the book.  Two appen-
dices in the book deal with Dirae delta funetions and the deriva-
tion of several Fourier transform theorems.

Chapter 3 is devoted to the foundations of scalar diffraction
theory.  The IHelmholtz  equation s solved using Green's
theorem.  The derivation of the Fresnel-Kirehho!T diffraction
formula using a free-space Green's funetion and the derivation of
the Rayleigh-Sommerfeld diffraction formula nsing an alternate
“self-conzistent”” Green’s funetion are both carried out in detail.
A generalization of the Rayleigh-Sommerfeld theory to nonmono-
chromatie waves and a treatment of diffraction in terms of an
angular specetrum of plane waves are also included in Chap. 3. In
Chap. -1 the Fresnel and Fraunhofer approximations arve applied
to the diff raction integrals and a number of Fraunhofer difivaction
patterns are calenlated 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
diffraction theory of image formation.  The Fourier transform-
ing properties of lenses are derived in Chap. 5. Althongh several
confignrations are conzidered they all involve plane wave il-
lumination.  While thiz is the simplest to consider theoretieally,
sphierical wave illumination is often used expevimentally and some
diseussion of this ease would improve this chapter.  Lnage forma-
tion with monochromatie ilhmination is also discussed in Chap. 5,
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and an impulse response is derived ax the Fourier transform of the
pupil function. Chapter 6 is devoted to the frequeney analysis of
optical imaging systems. The coherent transfer funetion i< de-
vived and its relationship to the optieal teansfer Dunetion of an
incoherent imaging svstem is earefully developed, The general
treatment of nonmonochromatie illumisation may seem unsaiis-
factory to some students.  While one i= cevtainly svinpathetie 1o
the problems associated with taking “a vather long detonr throngh
the theory of partial coherenee’ the insight gained by showing
coherent and incoherent illumination as hmiting cnses of the
propagation of mutaal intensity might make o modest effort along
these lines worthwhiled,  Another possible souree of confuston in
Chap. 6 arises from the faet that the catoll frequeney for eoherent
illumination is referred to the image plave. Thus inoa system
with magnifieation, thiz number would not he the maximim spa-
tial frequeney of the objeet which s transmitted by the system,

Chapters 7 and S deal with applications and make up the luse
hall of the book.  Spatial filtering and optical mformation pro-
cessing are disenssed in Chap. 7 using the Fourier transform
methods developed i the earlier chapters, Topies covered in this
chapter include photographie filim charaeteristies, incolierent and
coherent processing  svstems,  complex spatial filtering and
matehed filtering, and syuthetie-apertare vdar data processing.
Chapter S is devoted 1o holography.  Both the Gabor and the
Leith-Upatnicks holograms are deseribed  using the ideas of
spatial frequeney speetra, The effeets of (il charmeteristies,
nonlinearities, and emulsion thickness are dizenssed along with
generalizations to ineoherent ght and moving objects,

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

Principles of Holography by 11. N Smith is a different type of
book from Goodman’s. It is more of @ monograph whos=e main
prrpose “is to present a unified and complete treatment (of holog-
raphy ) under one cover.”  The book is not written as a text—
there are no problems  and it would be diflieult 1o ise the book as
the basis for an introductory conrse in the ficld.  As the author
states in the preface “itis assumed that the reader has acknowledge
of several aspects of opties, sneh as modulation transfer functions,
spatial frequency, phase, coherence, difivaction, and so on.”
Goodman’s book goes a Jong way toward providing this back-
ground.

Smith attempts to bring order out of the c¢haos in the holog-
raphy literature up throngh 1965, To a large extent he has
sueceeded although the goal of a complete treatment i virtually
impossible insneh a rapidly growing Geld. The first two chapters

conlinued on page 33



