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This review is concerned with the effect of phase a nd pressure changes on 
infrared and Raman vibrational spectra . The rev iew will be concerned with work 
published between 1963 and 1':170 inclusive and it is worth. while firs t of all 10 

mention some of the significant spectroscopic advances which have occurred during 

the period under rev iew. 

The mosl significanl development has undoubtedly been the introduction 
of the laser as a Raman sou rce and the consequent availability of commercial 
Raman spectrometers. As a result of this development many publications now 
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report bOlh the infrared and Raman spectra of compounds and in some cases the 
spectra of compounds in the ga5eous.liquid and solid states are also reported. The 
introduction of the laser sourel! has abo meant that the Raman spectra of .)ingle 
crystals I and of compouncb in the g;c,cous phase 2 can be reau ily obtained. 

Otbct developments during this period which Ihe author regards as being 
significant ha\lc bt.~n the avail,ability of commercial far-infrared spect rometers 
and the use of the matrix isolation techn ique 10 study not only the spect ra of 
unstable species such as fn.."C radicals. but also the ~pcclra of isolated molecules. 

Although it is hoped that the review is a comprehensive one, certain reSlnc· 
tions have boen imposod on the subject maner, and these will be explained at the 

beginning or each !>ecOon. 

2. PHASE CHANGES 

A. Intr<xhiction 
T~ phase change~ considered in this rcvie:w are the gaseous to solid or Ihe 

liquid /~olu'ion to solu! phu~ changes. The review is restricted to pupt'rs dealing 
with molecular cry~tals or complex ions in crystals. Thus tOPICS such as the VI bra· 
t ional ~p.·'Clra of semi<onductors and the alkali hal ides will not be di~ussed. 

Prt\i'ous reviews on the Raman effect in cry~lals have been "'ritten by 
Menzies' (1953) and by Loudon' (1964). wh ile the infrared spect ra of crY'tals 
have bee" reviewed by Vedder and Horlllg ' (1%1). by Dows· (1963 and 1965) 
and by lIIitr.l and Giclissc' (1%4). This rov,ew w,lI be concerned with work 
publishedsmce 1963. and it will thus parlla lly overlap with the reviews of Loudon 

and of Milra and G ielisse. 
Considerable differences ca.n be observed between the vibrational spectra 

of the gaseous. liquid and solid states and these can be classified as: 

(a) F"quency shifts 
It is well known that vibrational frequencies arc usually displaced to lower 

wave num""r on changing phase. the usual order being "(gas)> "(liquid)> ,'(solid). 

(b) Loss of rOIOI;Ollol fine Siructure 

One of the main differences between the spectra of compounds in the gaseous 
and other slates is the absence of the rotational fine structures 01 vibrational 
bands pn:sent in gaseous phase. spectra. Some compounds such as Ihe methyl 
halides ll do. however, exhibit wings on either side or vibrational bands in the 
liquid ph.....,. and this has been attributed to rotational motion in the liquid state. 

(e) "'it~ group splilling 
The ,ibrdtional bands corr~sponding to the degenerale \librations in the 
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gaseous state can appear as doublets or triplets in the solid state spectrum if the 
site symmetry in the solid is of lower symmetry than the pOint group of the ISolated 

molecule. 

(d) FaClor group splilling . 
In the solid state spectra of some compounds the bands correspondIng: to the 

nOIl-degenerafe vibrations of the i,olalcd molecule can b:: ~plit into a number or 
components. To account for thi:, dreet onc mu!.t consider not only the slle sym
metry but also the numb:r of mo lecules in the unit cell and its space group. 

(n solid state spectra the activities of vibrational modes are governed by the 

site symmetry and the factor group. Since these can differ irom the POlOt group of 
the isolated molecule. It is not surprising that solid state :,pectra can contain fre
quencies due to vibrations which are normally inactive for the isolatcd molecule. 

(~) Th. apJWarana of lal/ice dbrations 
Solid state spei.:tra contain lattIce vibrations which arise from the trans

lational and rotational motions or the isolated moleculc. Bands due to lattice 
vibrations can b:: distinguished rrom those due to intramokocular vibrations Since 

they are charactorized b)' the follo",ing properties : 
(i) they are absent from the vibrational spectra of the gaseous and liquid" 

states; 
(ii) they have low frequency values", usually less than 200 cm -': 
(iii) their frequency and intensity are temperature I I and pressurcl~ depen

dent. 

(f) Po/rmorphism 
The soiid may exist in different crystalline phases. and since each phaso will 

have a characteristic \librational spectrum. the Sf\eCtrum will change at the tran:!.i· 

tion temperature between the two phases ll . 

(g) Rotational isomtrs 
In some instances the vibrational spectrum may be simplified on solidifica

tion. This usually signitks thal the liquid consists of a mixture of rotational 

• Low frequency bands ",hkh are not vibrational fundamentals can be obscrnd in the infr'.ued 
and Raman spcctr::l of §orne liquid.s. For a I:omprehensln diSCUSSion of the ori,," of th~ bands 
see refs. 9 and 10 and rderences therein . 
•• The I:Htice modes of hyd roj;cn·containmg compoundS can be classllied as bcin, of translational 
or rotational orisin from a study of the elrect ofdeutcr..ltion on the band frcqucn~II .. -s. The: freque."
ties of translationallauice modC$ arc Inversely proportional to the moss of the molecule. "'hlle 
the frequencie.s of rotationall:utlce modes are Inversely proportional to the nwm,.,.11 U, In,.rllU of 
the molecule. This method ha .. been used to chtSSlfy the laulce mooC'~ of species such u'\ aCCl) lene 
(ref. 114), ethylcnc lO'. the ammonium ion u , and the phosphonium 10n U I

• Single crystal Raman 
Spectroscopy can also be used. to classify lattice modes lll

• 
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isomers, while only one of these isomers is fa voured in the solid stale l " . 

A consideration of the above effects shows that. in general. the solid state 
gives rise to a more complicated vibrational spect rum than the liquid or gaseous 
states. SpectroscopIc !. Iudics. both Infrared and Raman . in which some or a ll of 
the above effects have been o bserved will now be discussed. The compounds ar~ 
classified according to the number of atoms they contain or to the coordination 
number of the species. 

B. Diafomic moh'clltes 

An anaJ~~ls of the Raman ~pect rum of liq uid hydrogen I 5 suggested that the 
molecules can undc:rgo rmatlonal motion In the itqll1d sl.He. The rotational Ra man 

spectrum of'iol id hyd.rogen comol~ls of 1" 0 line~ \\ hlle the fundamenta l \ Ihra lional 
band consists of four lines I o. Thl!' frequencics and shap.:~ of tht: \ ibralJonal Raman 
lines have bt.."'Cn stud ied for a !i.CrlCS of orrho'para ratios' 1 . The infrared ~p~ct r~t of 
solid H 2 • HD and D l ha\c abo bt:en ob~ned'8. ' '''. 

The infrared spectra ofsolld::t and fJ oxyge n! o. and the far infrared spectrum 
(ref. 21) of solid % o,)"£en ha\e been rcport<d. The Infrared spectrum of the, 
phase is con~istc nt with a SHc ~ymmetry ofC:h In a space grour ofC~h ' Thl' Raman 
spectra of each of the fou r con<.Jcn~cd phascs havc been ob"-l.·ncd 2 !. 

The 10\10' frequency Raman1 J and far infrarcdH ",pcl.:lra of solid x.nitrogen 
have bee n reported. 

The Raman spectra of cry ... tai llne chlonncB . lo and bromine! 7 have been 
observed. The ~t retching frequencies show fine sl ructure duc to both isoto pic 
splitting and to intcrmoit.-cular cou pling. ~tnd Ihe lattice and intramolecular fre
quencies indicate strong.:r intermolecular forces in solid bromine than in solid 
chlorine. The intensilies of Ihe infrared active lattice modes of crystalline e1

2
• Brl 

and 12 have b:cn n:poTtedll. and a weak a bsorption has been observed in the 
infrared in the region or the stretching frequency of solid bro mine and .odine 2Q • 

The hydrogen ha l idc~ have been the subjects o f severa l Spel.:lroscop'c studies. 
both on the crystalline compounds and on the matn x Isolated specic~. 

The.infrarcd JO and Raman J 
I sp.:ctra of crystalline'" F and DF both consist 

offour bands in the intramolecular stretching region . Direct observation ofa lattice 
band near 200 cm - I enabled t\l"O oft hc bands to b: assigned as combina l ion bands. 
The infrared Jl

- J4, Rama n"·,· and far infrared J7 spectra of crystalline HCI. DCI. 
HDr and DBr have been repo rted by sc.:vl! ral "orkcrs. These st udies ind icate tha t 
the low temperature orthorhombic phase contai ns non planar. hydrogen-bonded . 
zig-zag chams. The hig h temperature cubiC pha'\c shows no slrong b.1t1icc bands 
and gives very broad Ra man bands in the st retching region. 

The infrared" specl ra of HF in no ble gas matrices in the region of tht: 
fundamenta l vibralional frequency suggests tha t rota tion occurs in these matrices. 
Direct observation of the J = I - J = 0 frequency in the far infrared JQ spect rum 
provides additional evidence that both HF and DF rotate in noble gas matrices. 
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Ther. is ample evidence to support the view that HCI. DCI. HBr. DBr and 
HI rotate in noble gas matr ices from infrared spectra in the intramolecular streIch· 
ing region4 0

-""" and from direct observation or the J = I +- J = 0 frequency III 

the rar infrared ) pL"(;lra~'. There is conflicting c\ idencc for nitrcgen matrices. 
Harvey and Shurvell" b clai m that Hel and HBr do roHue in a nitrogen matTIX , 
but recent work. by Ha llam and his co- \o\orkers,,"' ··i1 fi nds no e\ ide-nce for rOtallo n 

in a nitrogen matrix. There is also evlde ncc .. '· .. • to s uggl!~l thaI He!. H Br a nd HI 
rotate in CH •. CF4 and SF6 malricl!s. but that rotat ion IS prevented 10 CO. COl 

and C2 H. matrices. 
Recent far infrared' .. ·H and Raman '6 studies on jI-qulllol clathrate com· 

pounds (Fig. I) indicate that both HCI and HBr can rotate in the p-quinol 
host lattice. 

(0) 

t 

P-
t 

. em-1 1400 1200 600 

1'''1 ,~,:",) 
J",00'DOO2OOO\900 2900 2700 

Fig. I. Raman sp~ct ra or Bu~l mol«ul~s In /1-quinol clathrales. ta I SO J. Kr '68~ A C't'ltlllKln. 
23 mW at sample. SO, bands marled t; Ib) C, ti 1 : (e) tiel . Ii) sample a l room tcmpcrlliurc . III. 
sample at 77 K. Sp«lra tb) and h:' used Kr .SlOS A ucilatlon, 30 m\\ at ~mplc . All ~pc:clr.t 
were recorded usina 3 em - ' slit widlh . (Reproduced rrom J. E. O. Da\· i~. Ch~m. Cummult .• 
11971) :!70. , 

Bands due to isolated molecules in matnces arc only observed at high 
mi.ltrix/absorb~r ratios. Increasing the concentration of the absorb:r results in the 
appearance or new bands in the infrared spectra a nd these can be assigned to 
dilllcrs, Irimers and other multimeric specics.1 .. · .& 9-51. 

Carbon monoxide docs not rOlate in argon 51. krYPlon H or sulphur hexa
ftuoride~s matrices. but there is evidence to suggest that it does rotate in a xenon 
mmrixH. 

J. Mol. Smlcl".r~. 10 (1911) l-lO 



6 1. E. D. DAVIES 

C. Triatomic" and 2·coort/inQte spedes 

The far infrart.:d spectra of HlO in noble gas malrices H and the infrared 
spectrum of DlO in a nitrogen matrix '8 indicale that both molecules rotate in thcSt 

matrices. Th..: intcn:,IlY of the Infrared band~ due to the st retching modes of y,at<r 

in the polycrystalline solid Wa, found to be about 30 times that of the vapour pha 
value and considerably higher than the liquid phase value'". 

Solid HIS and DIS CXI~t 10 three m~.lItic;ations. The Raman speclrabo of 
the two higher lcmpcraWr\! pha;.;cs arc! consi~tent with their kno"," disordered cr~ s. 

lal struCture). The Ramantlo and far infrarcdb' sp~c[ ra of the lowest lcmj1l:ralu rc 
phase suggest a C 1 si te sy mmetry. The infrared spectra of HIS and D~S in argonf)~ . 

krypton .. 2, ;'lOd nilrog~n6J malrtCC) hav!! been cc!portcd. \\hils l the Raman fee· 

quency of the '·,(0,) mode of H,S in the /I-qulnol clathrate i, closer to the ga' 
phase value than to the liqUid or ~olid !tlatc values~b. 

The Raman bamho" of cry~tallinc 502 show a fine structure duC' to factor 
group splitting and to i!'ootopic "pJilllllg. The infrand spectra of the \fanOU:t l~otOpl~ 
species of 502 trapp~u in krypton matClces have b~en obsenedos. and the Rama n 
spectrum of the SO, /I-quinol clathrate has abo been reported '·. 

The Ramun ~[ll."Ctrum of pol)cr~ :tta llinc CO2 has bt:l!n reportcdOb.67• Com· 
parison of the infrared and Raman spectra of polycrystalJine CS l sho\A.s no coin· 
cidences between the [rcquench .. "" indicating that the c{ntrc of symmetry 1~ presl,' r\,cd 
even in the crystalline slalco •. The infrured spectrum of polycryst..l l1inc carbon~ I 
sulphide contains a broad. as~mmetrH: "j band. A !tlUdy of the matnx·i~olat('d 
molecule indicates that the asymmetry can be al1ribUlcd to the differenl IsotOPIC 
species of the molt:cukb9

• The Raman sfK."'Ctrum of polycrysla lline nitro u!t OXIUt. 

has bt.'en rcportcdb7 and bands due to the \ar ious ismoplc sJXcies have b':ll1 
observed in the infrared spectrum of the polycrystalline solid ":'0. 

The Raman 7t and far Infrared " spectra of polycrystallinc HCN and DCI' 
show that the solid exiMs in t\\U phases. The Infrared spectra of HeN adsorbed 
on alkali halide Jilms 1 J and of the matrix isolated molecule 7 ", have been n> 
ported. 

The g;lSeous pha.c Raman spectra of the dihalides ofmercury( U)and zinc( II ) 

and of the mixed mer..:ury dlhalidcs are consistent with a linear structure for the: 
monomeric molecules H. The Raman ~pcctrum 75 or gaseous "Gael}" conSists of 
bands due to Gael and Gael). \\ hilst in the hquiJ ' to and sol :d 17 slates the Raman 
spectra of ··Gaelz·· are consistent With an IOnic structure Ga· Gael; . 

The red to yellow phase transition of solid mercuric iodide above 126 ha (' 
been followed by mean, of Raman spectroscopy". There arc marked difference, 
between the sp.."Clra of non~mo1ccuJar red Hgl.! and the molecular yellow phasL' 
(Fig. 2). 

The gaseous phase Raman spectra 7. of GoCi,. TeCi,. SnCI,. PbCI, and 
PbBrl show that the monomeric species are non·linear in the gaseous phase. The;: 
solid state Raman spectrum of stannous ehloridc80 differs conSiderably from the 
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Fig. 2. Cal Raman ~pcct rum or roonHcm[lCr:nurc red Hgl~ . fbi R:lman .. pcctrum of the red lnlJ 
yello,., Hgl: mi,ture:lt thc pomt of 1R.:()mplcle ph,,"c coO\ct'\lon . Ie. Raman "'p ....... uum of ~c now 
Hgil jus t abO\c the tr"n\ltlon polRt . RC\IJuall r,,'c of red Hgl : l'i IRdl~alcd. I Reproduced Ir.om 
A. J. ~'khcgcr. R. K. Khanna. B. R. Gu..cott:tnJ E. R. LlpPIR,OIl. 100'11· Ch~m .• 7 111J61l) I ... . ~. ) 

gaseous state spectrum since the solid state structure coasists of halogen·br"j~cd 
SnCI, units . 

• The infrared spectra of a number of metal dihalide monomeric srll .. •dcs 

isolated in noble ga~ matr ices have b:cn reported: the dichlorides of manganese. 
iron. cobalt and nickel 81 : the dlOuorides of cobalr. nIckel and zinc~Z.: the diha lldes 
of cadmium and mercury"}; the difluor ides lJ •• 1J5 • dichlorides IS6

. " . dibromid·:.," .. · ·7 

and di-iodides86 of the alkaline earth elements. 
O ther triatomic species which have been studied spectroscopically are 

hydrated ma.nesium chloride and bromidc". the dihydralc of copper( II) di
chloridc89 • s~lid olone'iO at 10 OK. matrix isolated 91 HOCI and HOBr. matrix 

isolated"' CsOH and CsOD and matrix isolated" RbOH and NaOH. 
The infrared spectrum Df ammonium thiocyanate displays splilllng' '" all 

the degenerate modes of the NHl and NCS - ionsq
". The infrared and Raman 

spectra of solid methyl mcrcury(lI) thiocyanate conwin no coincidences. sug~est· 
ing that the unit cell is centrosymmctncQs . The Raman spectrum of K.SC~ at 
room temperature displays the expected factor group splilling of the CN vibrall<'nal 
mode-·. The IR spectra of gaseous and solid HNCS and DNCS have boen rcp"'ted 
(ref. 97). The shift in frequency of\"(N-H) and ,·(N-D) upon solidification suggests 

a very short. strong hydrogen· bond. 
The vibrational spectra of potassium98 and ca.esiumQ9 azide are consistent 
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with a D 7 , site symmetry for the azide ion, but the spectra of barium azide'oo 
suggest the presence of an asymmetric azide ion in the unit cell. 

The vibrational pL"Ctra of a number of dkY301d..: complexes have been 
r~ported. The vibrational spcctra of pOlassium coppcr(l) dicyanuJe ' OI indicate a 
non· linear st ructure for th..: Cu(CN); ion. The vibraltonal spect ra of Ihalliu m 
gold(J) d icyanidc

l01 
indicate a !.Ignlfkant non·,onic interaction b.:twcen th:lIltum 

and thc Au (CN), group. Th is i, in contraS! to KAu(CN), where Ihe anion i, 
lincar bOlhin ,olulion and in Ihe solid Slale. The v,bral,onal spcctr~ of KAg(CN), 
have been Interpreted In terms ora D,..tt site symmetry' OJ. a C, ~IIC ~ymmetrylU 
and a C 2 si te ) mmelryI 05 ~ 

The si ngle crY!.tal R;lman spectrum l06 and vanable tcmpcr:uurc Raman 
spectral01.IOI of sodium nitrile have been reponed. The infrarc-d ~p..~trJ. of the 
metaboratc ion . 80;. i~olated in al"-ali halide latl iCC'S I 0':1,1 10 h;l\c- h::cn rc-portt!'d. 

together with the infrared ~pcctr3 of matrix i ~olatcd a l"-ali mctal mClaboralc~ l ll . 
The infrared :r.pectra of the alkali metal mC'tathloboratc~. which arc i:r.o1\tructural 
with the corrc:r.ponding metaboratcs. have abo been rcportcdill. 

D. T~"a-al{Jmic and )-coordinQtt .species 

The infrared II J, I14 and Raman II j sp!Ctra of crystalline acetylene and 
deutcrated spC'Cic~ indicate the prc:r.encc of two crystalline modifications. The low 

lc~pcratufl: .modlfication belongs to the D~: ~pacc group. with C~h si te s}mmet ry . 
while the high-temperature modification b:!longs 10 the ~ !'Ipat·~ group. The 
pola~izcd infrared ~pcctrum of slOglc c ry:r. tals of diacetylcne has been reported l ib. 
The Infrared s~tra of solid h~drog:n p:ro'(idc " 1 and hydrog:n di30ulphiJ.e' J 8 

have: b:cn r~p"rted. Th..: infrared sp:-ct ra of crystalline cyanogen and cyanogen
I ~Nl exhibit u factor group splitting of the " J band 111'-111. 

The infrared spectra of crystalline pho:r.phlneIH.llJ and a rsine ' .!4 at 8:! "K 
are consistent with a C). or CJ slle symmetry. whlft! SbH, has a C

J 
or C, si te 

symmetry. 

The far infrar~d sp:ctrum I B of crystalline NI-f) is con1\;stent \\ ilh a T~ 'pace 
g.roup. whils,[ the infrar~d sp:ct rum of matrix isolated 12b NH ) exhibits a !'Iharp 
Single rl band. The temperature u-: p::ntltnt cha1H~~S ohszrvcd in th;: band conlours 
~f '.he infrared spectra of a numb;:r of ~olid. s~'m;lcs With coord inated NH .l groups 
indicates a rotation of the NH J groups rdative to the rest of the moleculel2 1. 

The gas phase Rama n spoctra of the tnhal ides of aluminium. calliunt and 
indium al high temperatures arc consistent wilh the presenc: of the-monomeric 
MX J sp-:cies

l
.z8. In th·,: liqu id and solid stalcs the spcC:lra arc consistent "ith lhe 

presence of M;Xb dimer species. GaBr~CI and GaCI!Br can be idcnltlied in the 
gaseous pha:r.e Raman sp.:ctra of mix.tures of Gael) and GaBr, at high 
temperatures H. The equilibrium M" ~ 2~:1! for phosphorus and arsenic have also 
been studied using gas phase Raman spectroscopylJ9. 

Thc trihalides of the Group V clements have C Jy point group in sol ution. 
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The Raman spectra of polycryslalline arsenic trichloride and tribromide arc consis
tent wilha C, site sym metry ' 3D, while that ofarscnic tr iiodidc is consistent" llh an 
56 factor groupI31.1l2. The Raman spectra of polycryslallinc antimony IJ;.IH 

and bismuth trilooidc lJ2 are also COn!)l:r.lcnt with an St. fi.u.:tor group. "hi! ;! the 
Raman spectrum of ~olid Sbel, has been interpreted In terms of a dimenc )[ ruc
ture!J4. The vibrational sf>'!ctra of the solid mercurou~ halides I B and of matrix 

isolated"· elF J. BrF J and IlrF, have a"o b:en reponed. 
The frcc nilrate ion is of nUl symmetry, but the vibrational spectra of n itra tes 

in solution 0 7 -I 'OJ and as melts 1",0 di~play considerable broa<L:OIng. and In !lome 

cases a splitting. of the degenerate st retching mode, con~istent ,,"h ion-ion ,nter

actions. 
The liolid ~ta le spc..~tra of nitrate salts show considerable splitti ng tlf the 

vibrational banos and numerous studlc) have: been reported. Single cry:r.tal \ Ibra
tional studies ha\.c been reported for tne lithlum l",I.'''l (fig. 3). !todlum IU

• 

caesium' ...... and s tronlium ' "'~ :r.alts. The \. ibrat ional :r.pc.."'t:tra of po"dcrs of thc rare 
earth nitralc~' "b. the alkali metal nllratc~ 141.1 '" and the aJkaline earth nllr:.a tcs I a 
have been reported. The effect of phase transitions on vibrational spt.'Clr..t have 
been investigated for !tooium "'tr~ttcl ~o - 1:52. potas:r.ium nitrate I 53 -, "to. amm\)n ium 

nilratc lH and nitrosonium nitrate ' $II. 

The solid state infrared spectra of the main group and transition metal 
carbonates I ~Q.'oo. of rare earth carbonates 161 and of I.:oroll( III) carbon.He com

plexes,ol show numerous deviation, from the spectra expci.:tcu for a carbonate 

anion of D .\h pOint group. The ad\'antages of using plane polaflll:d laser raJ lation 
over mercury arc sour.;es "as demon:r.tratcd "hen ucpolarilallon mCJ!,.urcments 
on calcite using la!'lcr excitation \\cre found to tx fully .;o",islent \\ith the known 
structure l6 ' . Prcvious measurements usIOg mercury arc e;\CI1.s.lion had given 
anomalous results. 

The vibrational sp:clra of a series of SnCl l salts show a marked cation 
dependence. \Vith large cat ions l6 ", such as A~Ph:. the solid Slate spectra a fl: very 
Similar to the ~pcctrum oran ethereal ~l)lutionlb ~ ofSnCIj. bUl \\ith sm~lll.:allons 
(ref. 80) such 3' K ... . the nh,cned sol id :r.tate spectrum bears little rcscmbl.1nce to 

that of ethereal SnClj. Indicating con,idcrablc coupling bel" CI.'I1 the lattICe modes 
and the intramolecular fundamentals. 

E, Pema-aromic and 4-coordinole species 
The infrared l66 and Rama n 1b1 spectra of methane indicate that lh~ mole· 

cule can undergo hindered rolation in both the liquid and soli d states. The infrared 
SJX,'"Clra of Cl-f4 and CD ... isolated in noble gas matrices indicate a fI..lt ational 
rnolion '6M,'69. while the Raman spcctrum l 10 of methane in a krypton matrix 
also supports the concept or frl..'e rotation in this matrix . 

The infrared and Raman spectra'" of Phase 1 01' pol)'crYSlalline CF. are 
vcrysi milar (0 the liquid Slate spectra. whereas the ~pectra of Pha~e 11 an! indicative 
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Fie. 3. Rama~ Sp«1r .. or LINO J in the four un ique polarizalion Orlentallons. (Reproduced rrom 
R. E. Miller, R. R. Getty. K. L Trcuil and G . 1:. Lcrol. J . eliI'm. Phys .• 51 (1969) I.lS5. ) 

of an S. site symmelry. The 1',(01) band of carbon tetrachloride can be reso lved 
into tnree components in the Raman speclrum of the polycryslall inc solid. Ito 
assigned these bands as being due to isotopic spl itting rather lhan to faclor group 
splittingl1l. This assignm~nt has been confirmed recently since the Raman spec
trum of solid CJ "CI ... di3play~ only one "omponcnt for the \'I(a,) balld l7J . 

X-Ray dilTract ion s(Udie~ hay!! s hown that crystalline melhyl chloride has 
a Cl site symmetry a.nd Ci; space group. The vibrational spectra are in accord 
with such a structure. and the spec.tra of the crystalline bromide and iodide 
suggest that these two compounds havc a Similar structure to that of the ch lor ide 
(refs. 174, 175)(Fig. 4). 
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F' 4 Rama.n bands or polycry\lalhne CH JCI at high rC'Wlulton C < I .O em - I sp«'lralllhVo idth I. 
(:~pr~uCCd from C. W. BroVon and E. R. Lippincott. J. Clr~m. Ph.II .• 52 (1970. 786). 

The infrared l16 - 11l and Raman","··"1 spec-Ira of the polycrystallinc 

methylene halides havc been in\'c~tigated by several wor~ers. The !!Ipcctroscopic 
data indicate that the site symmetries are C 1 • C, and C:z. \ for the chlOride. bro mide 

and iodide. respectively. 
Sevcral infrared ~tudies o n polyery~talline chlorofornl have been reponed 

(refs. 183-186). Ito origInally reported two components for the dl)ubly d<gcn<r
ate modes in the Raman spectrum 1 '1.4 of solid CHCI ). but rccent \\I'\ rk has sho\\ n 
that lhree components arc prc~cntI81 . Comparison of the Infrared and Raman 

spectra suggests a C. site symmetry in a D~: space grouJ''' . 
The infrared spectra of several matrix-isolated chlOrinated tetrahedral 

molecules have b:cn studied and isotopic splitting of SC\'cral bands "cre obs,cn~d 

(ref. 188). 
Crystalline osmium tetroxide is known to have C.! site symmetry and space 

group C!h' The Raman spcctruml89-ICII of the solid is consistent "ith this Sl nK-

ture. RuO. gives a similar Raman spectrum ""hich suggC!iits a similar crystal st ruc-

The infrared and Raman spectra of liquid. crystalline and matrix isolated 
carbon suboxid('~.z. and the gas phase Raman spectruml'}J support a quasi linear 

structure for the molC'Culc. 
The infrared and Raman spectra of a number of sulphate salts have been 

reported, and attempts have been made to correlate the ob~ervcd spectra \\ Ith the 
known crystal structures. The \ ibrational spectra of numerous anhydrous sulphate 
(refs. 194-203) salts have been reported together with low temperature Infrared 
speetra' •• of single crystals of K,SO • . BaSO • . SrSO. and PbSO •. 

ture. 

Several hydrated sulphate salts have also been invcsllg:'llcd20~-llO. An 
interesti ng observation is that the ",(a l ) mode of 50;- appears as a triplet in the 
solid state speetra of some rare earth sulphate pentahydrates'·'. 

The spectra of several alums l ' l • double sulphalcs1ll
• langbe initcs

11 
J and 

TUllon salts11 l,ll. have b:cn reported together With a single crystal Raman 

studylll of several alums . 
Phosphale salts have also b:en examined. and the spectra arc in accord with 

a DId site symmctryl l5 ror the phosphate ion in YPO,*, and YbPO .. : a C I site sym
metryll6 in Cil8H

1
(PO"')6' 5H.lO; C l ... site symmetry in strontium and barium 
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phosphate1l 7
; C~ site symmetry in Huorapatitell8,ll9, Cu ,0(PO")6F

1 
and in 

chiorapatite" ·. Cal .( PO,).CI,. 

Other oxoanions which have been examined are perchlorates:11- 225, 

molybdates and lung~latcs.!lO- 2J", perrhenalesJ B-2 J8. pcrmangana lcs139 - 24I. 

pcrtechnatcs24Z - 1
-U. chromales(V/""' - 146, chromales(VJ)147 - 2.u, selenates 

(refs. 249, 250) and garnets' ''- 'H. 

The vibrational ~peclra of ~everal ammonium 25 '-1S9 and phosphonium 
(refs. 260-263) salts have been examined. and deuteratio n studies ha'e been used 
to classify the laulec modes into translatory and rotatory modes. 

Tccrahcdral lU-111 and >quarc planar 2 -2 tctrahalo salts have been examined 
together ~ith borohyu.ndc !tahsl71 and sllicates1i "'. 

The follo\\ ing tClracoordi natc species ha ve b.:en examined: the lClracvano-
nickelate(ll) ion ' " . tetracyano<t hylene ' a - "'. trans-bi,(dimethylsulpltidejdi_ 
bromoplatinum( 11)' 19: tetrakis( th ioacetamidc)copper( 1) chloride"· and tetrakis
(thiourea)nickcl( 11) dichlOride " " 

F. f1~xQ--alomic alld 5-coordinale sJWch's 

The gas phase Raman 'poctra of the pentachlorides and pentabromid", of 
Sb, .N~~ITa and M~ arc consi~tcnl with the presence of trigo na l bipynlm idal 
specie. . In the solid state TaX,. NbX, a nd MoCl, exISt as /\f,X

I
• rumers ' ''. 

Solid NbF, and SbF, conSI!.l of (';J· F· bridgcd polymcrs~liIJ. wh ibt malr ix.isolalcd 
SbF, is reported as b:ing o f e •. point group"'. So lid SbCl , ex i,ts in t"o modifica
tions, the sp::ctrum of the high-temperature phase r<sembling that of the liquid 
(refs. 285. 286). The vibrational :,pC'f.:lra 01 cry:,taJllne hydrazine 287 - !tl9 a rc Con

sistent with a ci space group. \\ hde the spectra of liquid tctrafluorohydrazine 

t 
~ 
o .:: 
o .. 

----2000 

2.75 30 
pm 

Fia. 5. OH sireichin, mode or CH JO H In argon at various conccnlrd.lions. (Reproduced from 
A. J. Barnes and H. E. Hallam, Tru"s. Fclrudcl), Suc., 66 (1970) 1920.) 
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indicate the presence of both lhe Irons and the gauch~ isomers
HO

-
l91

• 

The infrared and Raman speclra of B, CI, and B, F, suggest a staggered D" 
configuration in the gascousJ:91 and liquidH4 sta les. \\hllst S ICI. posse~:,es the 
planar Dlh configuratio n in the solid stale : ~iJ . Oxalyl chloridi!.!Q!5 is reponed to 
have e

lb 
site symmetry whilst glyoxal~"b has a. C i :,itc :,ymmctry. The low tempera· 

ture modificat ion of acetonitrile has e ither the Dill or D~b spaf.:c groupsl91, whilst 
triftuoroacetonitr ile has a C , site symmetry and a C h f:.lCWf group 2.,15. 

The infrared spectrum of matrix.-isolated methanol monomer ha,:, b:en 
obtained. Concentra tion studies res ulted in the -idcntllica tion of the open chain 
dimer, trimer and tetramer sp::cies '·' (Fig. 5). The infrared sJX'Ctrum of the high 
temperature phru,c of crY!tlaJlinc mcthaneth iol indicates an orthorhombic unit cdl 
containing eight molcculc:, loo . The site symmetry in cry:,tallinc carbonyl cyanide IS 
reported to b.: either C, or C z In a C!.lalticc lO' . The infrarc:d and Raman spectra 
of crystalline H R!o!O ... arc consi:,lent \\ ilh the C .h structure HOReO) . Aqueous 

solutions (~ ISO "0) contain only the ReO; anion
1 0 1

. 

Dculeralion studies have b:cn used to ci:bslfy the lattice modes of solid 
ethyleneJOJ - lO'. The Single cry~tal Raman spectrum of the fj\'e coordinate species 
bis(trimethylamin<)lrlchloromdlum( Ill) ha, been reported , ••. 

G. Species K';11r Jet'tn or more olonu 
The Raman sp~"Ctra of Xe Fb ha"e b.:en studied in the gaseous, liquid and 

solid stalcsJ01 • The rl!suits indicate that either the ground state vapour phase 
molecules possess a symmetry lo" cr than Oil; or they have some very unusual elec· 
tronic properties that markedly Influenc! the Vibrational spectrum. 

The vibratio nal !lo p::clra of POI)cryslalhne U F 6 Indicate a D4.h site ~yl11melry 
(ref. 308). The inrrared sp~"Clrii of crY!ttalllnC' ·HJ~ CrFo • MU~6' and O;t F6 also 
indicate a distortio n of the regular octahed ral structure found In the vapour pha).t. 

The Raman spectrum of solid SF. shows a splllllng of all three fundamentals 
into a number of componcnls Jlo. C"mparison "ilh pre\inus infrared data in· 
dicates tha t a centre o f symmetry j:, maintained al the !loit..: . There arc suhsta ntial 
differences between the sl.Jlution J I I and solid stale J 

Il Raman frequc:ncics of WC1o ' 

The vibrational sp:ctra of a , a ncty of hcxahalomctallatcs have been reported 
(refs. 313-320.) Splillings of several of the fund;imcntal bands have been observed 
in the sol id Slate spectra. 

The infrarcdJ11 - J1J and R:.lman l 2.i - 316 spectra of single crystals of sodium 
nitroprusside have b<cn reported and assigned. Other hexacoordinate salts which 
have b:en studied have b:!f'n hexanllfO saJtsJ27 and ruthenium nilrosopenlahalid.es 

(ref. 328). 
The Raman spectrum or sulphur vapour lH at 180 "C indicates the presence 

of the 56 ' 5, and S8 species. The Raman sp.:ctra of polycryslallineJlY . .uo and 
single crystal JJ I samples of rhombic sulphur show si te and factor group splitting 
Oflhc fundamental bands. The Raman spectrum of solid Si,CI. displays five of the 
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seven expected isotopic compOilcnts for the symm~tric Si-CI stretching modelJ..! , 

. The .Ra~n spectrum of RC 10 1 is consistem with (he presence of a mono
meric Species 10 th o: gaseous and lIquid states. whil)1 the completely different solid 
state spectrum IS indicative of the po lymeric nature of the solid ' JJ (Fig. 6). The 
solid Slate sp .. 'ctra of s:vcral dichromate saltsHo8 show evidence of site a d r 
group splitting. n actor 

Co) 

Cb) 

1000 800 600 

,dvCcm-') 

j~' ~ ';' The Raman Spcl.:lrum or ~Jid RelOl . (b) The Raman spect rum or liquid Rc .Q o.t 
Rcprodul:cd rrom I. R. BC>Jtlu: >Jnd G. A . O.dn. J . ellt"tn. 5fJC •• A. (19M, 2615.)· ., 

The vibrational spcctra ll4-,JH of several eight coordinate ions such as 
Mo(C~): - a~ld W(CN):- are con~istent with a squa re antiprismatic structure 
(D .. ) In solution, and wilh a dodecahedral struclure (D,.) in Ihe solid state. 
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H. Compouncls of phosphorus( V). sele"illm(lV) ancl lellurillm(lV) 
Halide compounds of P(V). Sc(IV) and Te(IV) are discussed separ-dtely 

since they show similar properties to those of phosphorus penlachloride, VIZ. 

whilst it has the covalent Siruclur\! in non-polar solvents il CXI!.ts in the ionic form. 
PC!: PCI. -, in Ihe solid state. 

The gas phase Raman spectrum of PCI 5 is consistent with the pre:)encc of 
the trigonal bipyramidal Dlb speci~s. With increasing temperature new bands 
appoar in the spectrum due to the PCI, "" PCI,+CI, di5>ociation'''. 

The vibrational ~pcctr..1 of b.:nzcne and methylcne chloride solutions of PCI, 
are consistent with the presence of the covalent (orm Jlb. The covalent form can 
also be trapped in the ~olld by deposit ion of the vapour onto a cold ",indo,", at 
-185°C. As the temperature is allo"cd to increase the ~pct.:trum changl!s as dl:-.· 

proportionation from the covalent PCI, 10 the Ionic form occurs ll ' . Tht! single 
crystal Raman spectrum of PCI, exhibits splitllngs of Ihe degenerate bands due 
to the low site ')mmctry of the PCI; and PCI; ion~lJ' . 

The vibrational !.p:ctra of CHlPCI", !:tuggcst the IOOIC formulation 
CHlPCI;CI- in the :-.olid state ..... hllst in non·ionizlng :)ol\ents the compound 1:-' 

monomericll~. Vibrational sJ>L"Ctra abo !:tuggl.:-.t IOniC formulation5 for the folio",· 
ing compounds: Pllr,(PBr; Br - )HO; PBr, (PBr; IIr; )"0; P,Br.F.(I'Br; PF; )H" 

and for the addition compound:. formed bet\\ecn'PCI, and ~ICI. , MCI. and MCI, 
speciesHI . 

The solid state vibrational sJXctra of Ihe letr.halide, of Se(IV) and Te(lV) 
have b.!en interpreted in terms of ~tn ionic ~'lX; X- formulation Ul

- H"'. although 
one pap~r favours thc co\alent structure for the ~olid slateJ.l ' . The solution vibm· 
tional spectra differ from the :o,olltl State ~pt."'"Ctra and they !:tuggcsl that the tetra· 
halides ~xist as the monomeric C.: .. ~pecll!S at low conccmrationsl '&o - HI . The 

vapour phase Raman spectrum of TeCI4- is conl;istcnt "'Jlh Ihe prc,ence of the 
monomeric Cl~ Spe1.· IC~H". but the gas phase Raman spectrum of SeC I ... indicates 
complete dissooiationJ>o to SeCl, and CI , (Fig. 7). 

I. Miscellaneous studies 

(i) Bell:ene, subsfitUlet! ben:eues Qlld cOlld,'nsed arolllatics 
The Raman spect ra of cry~tallirte benzene and benzcne.t/6 rulve b:!cn reported 

(refs. 351. 352). Splittings are observed for all the Raman active degenerate 
vibrations but for nonc of the non·degeneratc vibrations B

",. The low frequency 
Raman bands ha\'c bL-en assigned to rotational lanice moocsHJ. whereas the low 
frequency infrared bands arc dUI! to translational lanice modes l S5 • The infrared 
spectra of C()H6/C()D6 mixed crystalsHo - H 8• and polarised inrrarcd speclra B Q 

of C.H. and C.D. have abo b~en reported. 
Solid Slate vibrational spectra have b~n reported for a variety of phenols 

(refs. 360--363), for a scries of monosubstituted b.nzene"'·····" and for benzoyl 
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II (a) 

fia· 7. The Sas·ph;a~ Ram .. n 'P«lrum ofselcnlum fC'tnchlondc vapour at JSO "c and a pressure 
orappro~imalcl)' I ;aIm In lhe cell. la' P.tfalld PO'oIrlLJl!on and (bl crossed polarization me-dsurc
menls, ,ho .... lni Ihc--=omp!clc dl.)~laIJOn 10 )Clen.urn t.h..-hlondc and chlorlnc. I Reproduced flom 
G. A. 0"," and A. V. VO\:I. CI,,,,". CO",lf/un .• 11'J70, "96. , 

chloride
J66

• Spectra have also been reponed for such disubslilUtcd compounds as 
p-dichlorobcnzeneJ$l. guaiacol J6i1

, p-toluidlnc JO". 0- and m-toluic add J1 O. ()- and 
p-lolunitrilc

l 11
• and a series of o-haJoaryl compoundsJ1J • The ,>orid state COflCCtra 

of iododurcnel7J
• tctrachloro- and p:ntachlorotolucne J "'. hav~ al"o b.::n r~ported. 

The vibrational sp .. "I,;tra of polycrystalllneJ 7
.5 -111 and of single crystals J " 

of naphthalene. naphthalene·d, ';Y. and of I .5·dimethylnaphthaicne"o have been 
reported. The infrarcdJ1n .JU and RamanJHJ,JU ~pcc(ra of single crystals of 

anthracene and the infrared spC"Clrum l81 of anlhrac.:ne-d,o have b:cn reported. 
Other condensed aromat ic mol~culcs "ho c soltd slate "JlCctra have been reported 
3rc pyrencll '. pcryJeneJ8t.. biphen) IJlll,Jllt. (crphcnyIJ8 G

• qU3tcrphc.nyIJQo. 

blnzilHI. 9.IO-anlhraqulnoneJ9l. bcnzophcnone JYl. fluorcnc J9 .... accnaphthene 

(refs. 395- 397). paracyclorhane''', biphcnylene''', triphenylcne·oo, and 
carbazole"o I • 

(ii) Ht!(er«ydiC' compounds 

The inf)-an:d ... Ol
.4.

0
" and Raman""OJ .• 04 sp.!Ctra of crystalline pyridine indicate 

the existence of two coc,isling crY'ilallinc forms of symmetry D~h and Ditt. The 
vibrational spectm of crystalline hydrogen-bonded pyridinium h:IJ idc,:, have been 
reporlcd~o,. Cr)1ila.lline pyrimidine~o6, pyrazinc"(I7,..a.o8 • phenazinc",09. quinoline 
(rer. 4(0). and imidazole'" 11 .-412 h;lvc also been examined. Both cyanuric tri~zidc..a.l;) 

and cyanuric chloride'"'' b;:long [0 the C~h space group. 

The vibrational sp::ctra or p-dioxanc indicate the ex.isrence of two crvslalline 
phases·' ' . The solid state vibrational spcctm of ethylene oxide. ethylene s~IJlhide. 
and trimethylene oxide ha\c been t:xamincd..a. If) . Crystalline state infrared spectra 

(refs. 417-419) or thiophene. furan and Jl\'rrol. exhihit bands due to the Q, vibra
tional modes. These modes are IR inactiv~ ror the C::!" point group of the j-soklted 
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molecules. and the spectra arc compatible with a C~ : space group. CrY':'lall~ne 
thictane exists in two crystalline pha~s420. and the infrared sp:ctrum of cr~~tallmC' 
p-dithiane has b:en reporh:d",zi. 

(iii) Cycloa/kanes . . 
Polycrystalline cyclopropane has C, Slle symmetry and the space group IS 

onc of eight primitive D2h groups-411.,uJ. Cyclopcntanc I.!XI)tS In three cry'tal~,"e 
modifications42-&--4Z1 with the transition tcmperalure~ at 122 K. and 138 lK. 
Cyclohexane'J,-4:Z8 ,·u9 exi!otts in two cry~talline forms Vonh a tran~llIon at 186 K. 
The high temperature form has four molecules In the unit edl. \10 hllst there arc 

eight molecules in the unit cell of the low temperature form. 

(iv) Tilt Raman spectra of adsorb.d spuies . 
The usc of infrared spectroscoJlY for the study of adsorb:d S!,<-'CIOS has boon 

well documented-4JO and I .... ill not ~ di:,eu3sc::d in thb review. During the period 

under review several publications appeared cL:scnbing the usc of Raman "pcctrClS
copy for the study of ad,orhcd sp!.'Cle~. and the:-c "III he di~~' u~~('d bndl~ . 

Pershina and Ra"~ln"JI ':'lud l ~J the Raman ~pcclr;& 01 )C\cral OIlborb; d 

species and found that the !<Ipcctra could be cla~'IIh:d Into three grou~: 
(i) No ch;lngcs were ob~ervcd In the SJ)Cctra or compounds such as benzenc. 

naphthalene. and biphenyl on adsorpt ion. 
(ii) The spectra of compounds with a polar group (C H ,CN. C.H,COC H .,. 

CH,NO,) sho"cd shifts of 1(}"15 cm - ' in the frequenc,,,, of the C-O. C _N and 

NO} groups on adsorption. . . 
(iii) The >peelra orSbCl" SbDr, and dichloroclhanesho"edh'gh,hlltsofall 

Raman bancb on adsorption. 
Pcrshina and Raskin concluded Ihat the di lTerenccili in the Raman 'I'~ctra of 

the adsorbed species corresponded to the changes in the Raman spectra of the 

compounds during the liquidicryslal phase transition. 
Using laser excitation. Hendra and Loadcr..a.Jl .. have found that the sp:ct ra 

of adsorbed CCI. is similar to that of the liquid. while .<borbed Br,. and CS, 
give frequencies similar to the gas phase values. The Raman spectrum 01 !l~sor~d 
rrall$-dichloroethvlcne docs not contain any band~ due to the Raman IOactl'-"C 

modes. indicating that the adsorbed molecule retains its ccntr~ ~r sym~~~~y. Vo 
The Raman spectrum of ae<taldehyde adsorb,d onto "llca gel sho s 

none of the bands of liqu id aceta ldehyde. the carbonyl band b:lI1g noticeably 
absent. The adsorbed spectrum closely resembles that of paraldehyde. and thl! 

data suggest tha t condensation or acetaldehyde has b.!Cn cataly~cd at thl! sur race. 

leaving a physically adsorbed cyclic product. .... . 
The Raman spectra"')) of pyridine adsorb:.:d onto alumina, tatamum dloxl.de. 

magnesium oxide and silica gel have been u;;ed to distinguish be:t\\ccn phYSical 
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Fil· 8. The Raman 5J)C(:lrum of PYridine Dd~rbc:d on 10 'ralumlna. 13) 0.1 17 ,. Ib) 0.1.'18. Ie, 
0. 111 C pyrllJIIl~ on 1.19 I alumin:&. (dl afler C:\:JI;'Ua llo n Oil ')(} C. (RcprO\iuccd (rom P. J. Bendra, 
J. R. Horder and E. J. Loader. Gu"",. Cummun. , (1'110) j6J. ' 

and chemical adsorption. and to indicate the nature of the bonding of pyridine to 
these surfaces (Fig. 8). 

T he Raman spectrum ofact:ione aUliorbcd onto}' alumina"l.& exhibits bands 
at 1575. 1625 and 16~5- 1 703 em -I "hich are not pr<sent in the sp-""trum of liquid 
acetone. The first \\10'0 bands arc due to an electron donor-electron ac~plOr com
plex. The band at 1685- 1703 em- I i< attributed to a hydrogrn-bridge bond b:tween 
the C-O group and a surface hydroxyl group. 

(t.) Th. Ramall spectra of hlark compounds 

A restrictive requirement of Raman spectroscopy is that the sample should 
not absorb the exciting \\'~lvclcngth . Thi~ restriction resulted in all studies using 'he 
mercury arc 4358 A exciting linc b':lng confined to colourless samples. The ath'ent 
of tuneable laser sources has almost totally overcome the "colour problem". 
nevertheless black compounds still prc~cnt an exciting challenge 10 the Raman 
spectroscopist. 

The usual technique for oblaining the Raman speClra of black compounds is 
the back scanering method., in which the slime surfac~ IS used for excitation and 
for collection or the Raman scancrcd radiation. Due to the absorption character
istics of the material the ob~er\'cd spectra art!' indu("ccd in a thin s urt~lI;C layer. and 
it is thus surprisingly possible to eX~llc the sp:!Clra of black samples with any 
exciting wavelengrh provided it is of sufficic nl po\\cr. 

The first report of the Raman spectrum of an opaque material appeared in 
1965 when Russell r~ported the Raman spectrum of silicon using Hc/ Nc:excilation 
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Beallie and Gilson have recently reponed the Raman spectr~ of the 
(ref. 435). . Fe,O, and Cr,O, using bOlh He/ No and Ar (green nearly opaque matenals 
5145 A) excitation"'. 
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r (al strc!»·anncalctl pyrolitc gr,lphitc.lb' a commer· 
Fig. 9. Compari~n ort.he: Raman spectra 0 odu cd from F. Tuinstra and J . L. Kocnlg. J . Cllt'm. 
cial graphite and (e) activated charcoal. (Repr c 
Ph.", .• 53 (1970) 1126.) · 
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The complex formed b:tween niobium letrafluoride and pyridine is a black 
compound, whose Raman spectrum has b::en obtained uSing He/ Ne excilalion4J7• 

Comparison oflhe low frequency infrared and Raman spectra suggests lhat the 
complex has tht trans-NbF", · 2py st ructure. 

The Raman ~p:ctra of si ngle cry~tals of graphite and olher graphite materials 
have b".n obtained using blue Ar' 4HHO A excitation'" (Fig. 9). Single crystals of 
graphite show a single band al 1575 em-I. Olher materials like stress-annealed 
pyrolytic graphite, commercial graphiles. activated charcoal. lampblack and 
vitreous carbon. give an additional band at 1355 cm -1" The intensity of Ihe 
additional band is inversely proportional 10 the crystallite size 3nd can be u'Oed to 
estimate the crystallite size in thro: ~urface layer of any carbon sample" 

The compounds Re,(O,CCH,),C1 •. 2H,O and Re,(O,CCH ,), Br, . 2H,O 
are extremely dark blue and dark green. respectively. so much so that," bulk they 
appear to b. black compounds. The Raman spectra have been obtained using Kr 
6471 A excilalion"'J9. The ~pcclra contain a st rong band at lHO em-I. which is 
possibly due to the Vibrational mode of the Re-Re bond, which is thought to have 
a bond order of Ihe order of four. 

3. PRESSURE CHASGES 

Lippincott cl al. ,440 first described a high-pressure diamond an\'il cell for use 
in infrared sp=roscopy in 1959. During the period under review. this type of cell 

has been adapted for use in Raman and far·infrared spectroscopy and a number 
of intere~ting prcssur~-induccd changes have b::cn reported. 

Several publications have appeared concerned with the effect of pressure on 
far·infrared spectra. It has been shown that the internal modes of vibration of a 
polyatomic species show only small minor shifts under h igh prc!tsurc. while lauice 
modes show much larg" shifts". Thus the 1',(/,) band of Na,SO. 31622 cm- I is 
displaced to 625 em - . on incrc3-,ing the pressure to 35.000 atm. while [he lanicc 
mode at 183 em-I shifts 10 235 em-I. It has also bxn obscrv<d that changes in 

band shap:s an"d intcnsilies occur; in general. bands become broader with in
creasing prc.-ssure", ,,u."'41. 

Pressure cff\."CIS (up 10 50.(X)() a tm) upon the sym metric and anlisymmctric 
metal halogen stretching modes of coordination compounds have b.en measured 
(ref. 443) (Fig. 10). The frequencies are relatively insensitive to pressure, but the 
intensities of the symmetric bands dt."Crease to a much grl!a{er extenl than th~ inten4 
sities of the antisymmctric bands. This technique has rhus been proposed a~ a 
method of distinguishing symmetric ami antisymmetric metal- halogen stretching 
modes. 

The red -+ yt!lIow phase lransi tion in mercuric iodide can be induced at a 
pr~ssur~ of 13 kilobars. This transition has b.:cn followed using Raman spcclros. 
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Fig. 10. Pt-CI stretching bands ... s a (unction of pressure in (NBDIPtCI l • :a square-plan:.( strue
tun:. (NBD ,.... noroornad,,;nc, Cur\'(S IHC' d,'plolccd ,"C'meally: (A, almo .. phcoc prC'o"lurc 1.341. 
322 em 41); (8, 6000 31m (3",S" 3::!:5 em - '}" lei I:!.OOO aim ()-'3. 316 em - I J; 10, 18.000 ;a1"I ()43. 
326 em-'): lEI 24.000 ;11m IHS. )15 em · I I. I Reproduced from C. Poslmu!!o, K" Nahmoto and 
J. R. Ferraro. IIW'(/' r:h~m". 6 (1961, 2194., 

copy .......... , and the spectral changes are similar to those observed durmg the 
lemperature-induced" red _ yellow phase transi tion at 116 "C. The effect of 
pressure on the Raman spectrum of ,:-quartz has been rcportcd"'.i

6
• together wilh 

lhe pres5ure.induccd phase transitIOn in thallous io(ilde"· 7. . ' "" • .u~ 
The effect of pressure on the IOfran:d sJX~lra of coordination . comr 

plexe. containing (CH,hS. p),razIOc and 2.2 '·bip),ridyl have been ob"c,ncd. It IS 
found that certain molecular vibrations of the ligands 3re much more pressure 
sensitive than others. The frequencies of the lattice mode:,. of square planar and 
octahedral platinum and palladium compounds have been found to be much more 
pressure dependent (han the rrcqucncles of the internal modes"'so" A hish4rressure 
spectroscopic study of hydrogen.bondeu compounds has shown that increasing 

pressure shortens the hydrogen bond"'SI.4H. 
Pressure studies on calcium carbonate indicate thai a new polymorph is 

produced at pressures greater than 50 kilobars having a vateritc-IYpe struclure"n 
Trioxane is thought to undergo a change in molecular conformation from C ,. to 

DJb at high pressure· 5 04
" • 

The I iquid and sol id phase Raman spectra of Br, and CS, have been oblalOed 
at high pressure"' . Single crystals of three polymorphs of CH,CN ailll CD,CN 
have been studied at high pressure and the data have been u>cd to predict likely 
crystal structures for the three cf)'stalline phascs"'5b. The effect of pressure on the 

Fermi resonance doublet in the infrared spectrum of NH; isolated in Cs8r has 

been reported"'S1" 
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MOLECULAR STRUCTURE OF NITROGEN TRICHLORIDE AS DETER
MINED BY ELECTRON DIFFRACTION 

H. 8. BURGI, O. STEO)tAN ASD L. S. BARTELL 

D~po"m~n' 0/ Ch,.", isu}· und Iflslltu/~ uf Sd,,,ct und T~c"ltOl(}g)'. TIr~ U"lrr"ilJ' of Michigult. A"" 
Arbor, Mich. 4810-1 (U .S.A.) 

(Received Oclober 2Jrd, 1970) 

ABSTRACT 

Nitrogen trichloride was found 10 have a bond length of,. = 1.759 ± 0.002 A 
and a CI-N- CI angle of 107.1 ±0.5 ' . The bond angle is larger than that f"und in 
NF" consistent "lIh the (r<'Centl)' revised) Irend., di , pla)ed by the trihal 'dcs of 
phosphorus and arsenic. but much lower than the 120 ' angle reported for Ihe 
isoelectronic molecule N(SIH .dJ' Mo reovcr. a c'ompanson bct\\cen select.:d com
pounds reveals Ihat the N- Cl bond lenglh IS appreciably greater. relali\d) . than 
the N- Si bond length. Accordingly. Ihe bond angles and bond lengths , uggc>1 a 
greater reluctance of the nitrogen lone pairs to dclocalizc onto Cilhan onto SiH J 

groups. Mean amplitudes of vibration of NCI J "cre derived both from the diffrac
tion data and from recently published infrared and Raman frequencies . The values 
agree with.in the estimated unccrtainlics. 

-

INTllODUcnON 

Nitrogen trichloride. a simple molecule. has long invited specUlation aboul 
its unknown structure. On Ihe one hand it is isoelec tronic wilh N(SiH J), ,. a planar 
molecule. On the other hand. it is «peeled to be pyramidal according to the 
Valencc-Shel1-Elcctron-Pair-Rcpulsion (\'SEPR) model of Sidgwick and Powell. 
and Gillespie and Nyholm'. Indeed, the VS£PR poslulatcs call fm bond 
angles smaller than tetrahedral aml smaller, evcn . than those in NH J bt."Cause of 
the high eleclronegalivity or chlorine. Until recently. the propensilY of the com
pound to explode discouraged direct structural studies. Improved techniques for 
handling the material led to infrared and Raman work in the liquid and vapor 
phasesJ - s, in which the compound was diluted by inert subslances. Thesc investiga
tions revealed that Nel, .is pyramidal rather than planar. They have also suggested 
that lhe bond angle is in Ihe vicinity of 108 ' . It looked possible to . "cnd Ihe d ilu-
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