
J.G. Grasselli eta!.,Applicationsof Ramanspectroscopy 281

H H/
c==c~

Ph...- / \ ~Ph

H I
I //C~..)~

N—--—Fe---——N

H/C C_.~_C.~H

/ I I \
Ph \ / Ph

C= C/
H H

Fig. 45. Structureof iron tetraphenylporphine(Ph= phenyl). (From ref. [173].)

The original work on cytochromeC and hemoglobinhasstimulatedmuchwork on other proteins
and modelsystems.Only a few representativestudiescan be cited here.This work hasled to detailed
discussionsof vibronic effectswhich havenot beenpreviouslyobserved.Someof the resonanceRaman
spectrahavebeenreviewedby Spiro [171]andCarey [172].

Fig. 45 shows the structureof the synthetic porphyrin, iron tetraphenylporphine(FeTPP). This
compoundis known to form a dimer with a bridging oxygen atom (Fe(TPP))2O.Fig. 46 showsthe
spectraof this compoundin CS2 solution, excited by both 457.9nm and 571.6nm radiation [173].
Clearly the relative enhancementof various modesdependson the exciting frequencies.Polarization
data allow modesto be separatedinto threedifferent symmetry classifications.Thosewith p <0.75
belongto Aig, p >0.75 areA2g, andp = 0.75 are Big Or B2g modes.
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Fig. 46. ResonanceRaman spectra of [Fe(TPP)loOin CS2, concentration 1 mg/mI. (From ref. 1173].)
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This work providesa good illustration of the analysisof excitationprofiles from resonanceRaman
spectra.These are obtainedby tuning a dye laser over the range of the visible spectrum while
measuringthe intensityof severalRamanbandsrelativeto an internal standard.Resultsare shownin
fig. 47. Strekaset al. [174] havediscussedsomeof the cautions to be observedin measuringsuch
profiles. One sees a variety of Franck—Condonfactors at work here, as well as other vibronic
mechanisms.Particularly striking is the enhancementobservablefor the Fe—O—Festretchat 363cm~1
(assignmentconfirmed by isotopicsubstitution).Spiroet a!. havediscussedhow this mayoccur through
interactionswith a C—N ring modeat 1359cm~1.

Spiro,Burkeet al. [175]havestudiedthe so-calledpicket fenceporphyrin.This is the only synthetic
iron porphyrin currentlyknownto form an isolable 02 complex.The Fe—0

2stretchingvibration for this
molecule is proven to occur at 568cm

t (confirmed by removal of 02 and 1802 substitution). Its
frequencyis virtually identical with the 567cm_i observedfor oxyhemoglobin.This is a significant
finding, sinceX-ray work hasestablishedthat theFe—O—Olinkageis bentfor picketfenceporphyrin. In
that case,the identity of the frequenciesfor Fe—Ostretching(and0—0 stretchingas establishedfrom
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Fig. 47. ResonanceRamanexcitation profiles of [Feffl’P)1
20.The visible absorptionspectrumis shownat bottom of figure. Ramanintensity is

correctedfor self-absorption.(From ref. [173].)
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Table 15
Structure-sensitivebands of iron TPP and

T
01<PP complexes°

A B C

Fe(III)h.s.” 1555 1366 390
Fe(1II)l.s.° 1568 1370 390
Fe(III)02’

1 1563 1366 384

Fe(II)i.s.° 1565 1370 392
Fe(II)l.s.1 1557 1354 382
Fe(II)h.s.4 1537 1342 372

°Frequencies in cm~all threebandsare
polarized.

bHigh~spin Fe(III): Fe(TPP)Cl,

Fe(T
55PP)Br,andthe~s-oxodimers.

°Low-spinFe(LII): bisimidazoleadducts.
dFefl~pivPP)(1-MeIm)Oi.
°Intermediatespin: four-coordinateFeTPP

and FeT5<PP.1Low-spin Fe(II): bisimidazole adducts.
~High-spinFe(II): 2-methylimidazole ad-

ducts.

infrared spectroscopy)gives excellent assurancethat the linkage is bent in hemoglobin as well,
confirming Pauling’s proposal [176].

Spiro et a!. havedeterminedthe sensitivityof severalbandsin TPP and picket fenceporphyrin to
both oxidation stateand spin stateof the iron. A summaryis shown in table 15. This sensitivity is
somewhatdifferent from that found for the naturally occurring hemes.Of particular note is the low
valueof 1537cm~which occursin the one five coordinateiron case.This may be diagnosticfor five
coordination.

Ferris et a!. [177] have examined resonanceRaman spectra of copper—sulfur complexes.The
biological significancehereis the potentialof thesecomplexesas modelsfor a seriesof proteinsknown
as bluecopperproteins.Anotherquestionis justwhich sulfur ligand is coordinatedto copperin these
proteins. Four possibilitiesare shown in fig. 48. By analysisof Cu—S stretchingfrequencies,excitation
profiles, and otheraspectsof the electronicspectrum,the authorshaveconcludedthat proposal2 (fig.
48), a methionineligand, is responsiblein all of the bluecopperproteinswhich containmethionine.

A rather different useof resonanceenhancementwas madeby Brown et a!. [178].The protein
lysozymewas amongthe first studiedby laserexcitedRamanspectroscopy.Brown etal. haveexcited
this spectrumin the ultraviolet region (363nm) to selectively enhancethe bandsdue to tryptophan
residues.They havethenusedthis selectiveenhancementto elucidatethe role of tryptophanresiduesin
the binding of lysozymeto glucose.Relativeintensitychangesareobservedin the lysozymespectrumas
a result of this interaction.Again, referenceis made to vibronic interactions as they affect the
polarizability tensorin orderto explainthe observedchanges.

Carey and co-workers[172] haveutilized the resonanceRamaneffect in biological systemsin yet
anotherway. They use small chromophoricmoleculesas labels of non absorbingbiologically active
molecules.

The resonancelabel can be a carefully designedmoleculeso that its vibrationalspectrumcan yield
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Fig. 48. Four possiblemodesof coordinationof sulfur ligandsto copperin a Cu—Sprotein.(From ref. [1771.)

the maximum informationabout the biochemically active site. Essentially,as with naturally occurring
chromophores(porphyrin in hemoglobin),only the label spectrumis seen.

A numberof generalclassesof this approachhavebeenstudied,including drug—enzymeinteractions
in which the drugis the resonanceRamanchromophore,antibody—antigeninteraction,and enzyme—
substratereactions.In the enzymereactions,time dependenceor unstableintermediatescan sometimes
bedetected.
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Fig. 49. ResonanceRamanspectraof: (A) 4-amino—3-nitro-trans-cinnamoyi-a-chymotrypsinat pH 3.0 (top) and pH 5.9 (bottom); (B) methyl
4-amino—3-nitro-trans-cinnamate.The spectrumof the unstableintermediateat pH5.9 wasobtainedin a flow system.Essentiallyidenticalspectra
wererecordedin the rangepH 5.9 to 7.0. (From ref. [172].)
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An exampleof the technique is shown in fig. 49. The acyl label is attachedto the enzyme
chymotrypsin, asshown in the figure. This labeledenzyme is actually an intermediatein theenzyme
substratereaction.The spectrumat pH 3 shownin fig. 49A is identical to thatof thesubstrateshownin
fig. 49B. This enzymesubstratesystemis stableatpH 3, but when thepH is raised,reactionoccurs.
Using a flow system,CareyandSchneiderobtainedthe lower spectrumin fig. 49A. The majorchangeis
a decreasein the intensityof the 1625 cm~’mode,primarily C=C stretching.The authorsexplainthis
decreasein termsof a twisting of the

/C=CO

unit out of the plane. Such distortion has often been postulatedfor substratereactionsbut never
observedexperimentally.

From the very first work of Spiro andStrekas,it hasbeenclear that resonanceRamanspectraof
biomoleculesrequiresa detailedknowledgeof thebasicphysicsinvolved in the transitions.As work in
this areahasprogressed,this aspecthasnot changed.ResonanceRamanspectroscopyis not aroutine
tool for the biologist. Ratherit requiresa careful spectroscopicanalysis.Theseanalysesare solving
biological problemswhile extendingour knowledgeof vibronic effects.

8.4. Lipids and membranes

Infraredspectroscopyhasbeenusedfor someyearsto study soapsandrelatedlipids. More recently
theRamanwork hasshowngreatpromisefor revealingdetails aboutmembranestructure.

Fig. 50 showsa schematicportionof a cell membranein crosssection.Lipid molecules,consistingof
polar headsand hydrophobic tails (usually long chainhydrocarbons),assemblein a bilayer in which
proteinsareimmersed.Nutrientsmustpassthroughthis bilayer into the cell, wasteproductsout.

It is known that lipid-water gels undergophasetransitionsastheratio of lipid to water is changedor
as the temperatureis increased.It is also known that the principal endothermicphase transition
observedon heating is a melting of the hydrocarbonchains. Below this transition the chains are
primarily in an all trans, extended format; above the transition a significant number of gauche
conformersexists.The melting of the hydrocarbonchainsgreatlyaffectsthe fluidity of the membrane,
hencethe transportproperties.Ramanspectroscopyhasbeena goodprobeof this transition. Indeed,

IUsMIhIhi
~

Fig. 50. Schematiccross sectionof a biological membrane, showing lipid bilayer with immersed proteins.
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Fig. 51. Structureof lecithin or phosphatidylcholine. Fordipalmitoyl phosphatidylcholinethealkyl groupsareasindicated.

becausetheseare phasesof intermediateorder and fluidity, Ramanspectroscopyis one of the few
techniqueswhich can give information atthemolecularlevel regardingthemelting process.

The original Ramanspectroscopicwork on the phasetransition was carried out by Bulkin and
Krishnamachari[179]and by Lippert and Peticolas[180].While thesensitivity of the spectrumin the
C—H and C—C stretchingregionsto trans-gaucheratio in the hydrocarbonchainshasbeenclear for
sometime, therehasbeenconsiderablerecentdiscussionover the assignmentsof thevarious modes
observedand the reasonsfor their sensitivityto thechainconformation.

For dipalmitoyl phosphatidylcholine(dipalmitoyl lecithin), whosestructureis shownin fig. 51, there
are two thermal phasetransitionsobservedfor the gels containing30% or more water. The main
transition,alreadydiscussedabove,occursat41°.At 35°,however,thereis a muchweakerendotherm.
As shown in fig. 52, using data tabulatedfrom spectra,this transition is also observableby Raman
spectroscopy[1811.Indeed, the Ramanmeasurementshave beeninterpretableas showingthat the
transitionis a rotationof apposedhydrocarbonchainswith respectto one another.This type of phase
transitionand its thermodynamicpropertieshasmanyanaloguesin othersolids.

Oo

~4O5O 60

T(°C) —p

Fig. 52. The effectof temperatureon theRamanspectrumof dipalmitoyl lecithin: 30% watergels; a,relativepeakheightsin CH stretchingregion;
b, relative peakareasin C—C stretchandCH2 twistingregions. (Unpublisheddataof Bulkin andYellin.)
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Fig. 53. Effectof addition of carbontetrachlorideon theRamanspectrumto a dipalmitoyl lecithin: 30% watergel; upper,relativepeakheightsin
CH stretchingregion; lower, relativepeakareasin C—Cstretch andCH2 twistingregions. (From ref. [1851.)

Realbiological systemscontain mixturesof lipids aswell as proteins.Therehavebeena numberof
attemptsto study suchsystems.MendelsohnandMaisano[182]showedthat if one of the lipids had its
hydrocarbonchainsdeuteratedin themixture, one could easily observethe phasetransitionsof both
speciesin the Ramanspectrum.The conformationof eachcomponentcan thus be monitored. They
studied two very similar lipids, differing only in the chain lengths of the hydrocarbonchains. By
contrast,work of Bulkin and Krishnamachari[183]on ratherdissimilar lipids, in which polar head
groupsvaried, indicatedthat the behaviorof themixed lipid systemwas more complicated,involving
both eutecticandperitecticphases.

Lis etal. [184]investigatedthe interactionof amino acids,simple peptides,andproteinswith lecithin.
As expected,all the small moleculeswhich they addedto the lipid bilayersincreasedtheconcentration
of gaucheconformers.This problem,the effect of small moleculeson crystallinity or fluidity, hasalso
beenstudiedby Bulkin andYellin [185],who investigatedthe inductionof themain phasetransitionin
lecithin—watergels using carbontetrachlorideand chloroform. Fig. 53 showsthat the fluidity increases
over a broad concentrationrange. In this range there is a two phaseregion, as predicted ther-
modynamicallyfor a first orderphasetransition.Resultssuch asthesemay havesomeimportanceto
elucidationof themechanismof anesthesia.

Membranesand fragmentsof membraneshavebeeninvestigatedby severalgroups[186]following
the first reportof a spectrumof hemoglobin-freeerythrocyte(red blood cell) ghostsby Bulkin [187]in
1972. Milanovich et al. [188]examinedsarcoplasmicreticulum membranes,with a typical spectrum
shown in fig. 54. They concludedthat this membranewas probablymore fluid thanthe erythrocyte
membranes.An important complication in severalof the reports is low levels of carotenoidswhich
exhibit resonanceenhancedspectra.In the systems we discussedin 8.3 under resonanceRaman
spectroscopy,the presenceof the chromophoricgroup is well known. In biological systems,however,
where thereis a mixture of many different components,a chromophoremay be presentat a level of
iO~below that of the speciesof primary interest, yet interfere strongly with the spectroscopic
results.
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Fig. 54. Ramanspectrumof sarcoplasmicreticulummembranesin H
20. Maximumsignal,3 x io~photons/s;wavelength,488.0 nm; power,200 mW:

resolution,4 cm~time constant,30 s; temperature,10°C.(From ref. [1881.)

9. Liquid crystals

Infrared and Raman spectroscopyhavebeen used for many years to study strongintermolecular
interactionssuch as hydrogenbonding.It is naturalthat manyresearchgroupsshouldhave thoughtto
apply thesetechniquesto the studyof liquid crystals.

Although studiesof the vibrationalspectraof liquid crystalsbeganmanyyearsago,therehasbeena
flurry of activity in theyearssince1968. Work in this areahasbeenthe subjectof severalreviews[189].

The applicationof vibrational spectroscopyto mesophaseshasproceededin stages.In the early
work, and in some of the work still being publishedtoday, the main contribution has been the
observationof phenomenain the spectra— — intensity changes,frequencyshifts, etc. — — which occur
atornearthevariousphasetransitions.Also, asis characteristicof theapplicationof spectroscopicstudies
to liquid crystals,acertainamountof attentionhasbeenfocussedon measurementof orderparameters.

Therenow seemsto be sufficient backgroundof this sort available,however,to beginto makesome
generalizationsabout the sort of expectationsone hasfor the vibrational spectraof liquid crystals.
Further,we canbeginto makesomequantitativeassignmentof thephenomenaobservedto changesat
themolecularlevel.

Liquid crystals areordered,fluid phaseswhich occurfor severalthousandorganiccompoundsand
polymersbetweenthecrystallineand isotropicliquid phase.Suchphasesarealso presentin mixturesof
compounds.Forcertainof the lattercases,the individual compoundsmaynot in themselvesform liquid
crystals, while the mixture, at certain concentrationsand temperatures,does.These are known as
lyotropic liquid crystals,while materialswhich, whenpure,show liquid crystallinebehavior,areknown
asthermotropicliquid crystals.Metastableliquid crystallinephasesalso exist, i.e. a materialmay show a
simplephasetransitionform crystal(c) to isotropicliquid (I) on heating,butexhibitaliquid crystallinephase
on cooling. Theseareknownas monotropicliquid crystals.

Liquid crystalscan bedivided into severalclasses,accordingto the typeof long rangeorderwhichis
present.In general, crystallinephasesare characterizedby threedimensionalorder,whereasliquid
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Fig. 55. Schematicview of moleculararrangementsin the (a) smecticand (b) nematic liquid crystalline states.There areothersmecticphasesas
well; for example,thosein which themoleculestilt in the layers.

crystallinephasespossessat most two dimensionalorder. Fig. 55a shows a schematicdiagramof the
orderof moleculesin a smecticliquid crystal.Here themoleculesarearrangedin layers with theirlong
axes parallel within the layers. No other order exists within the layers, however. The figure also
introducesthe ideathat themoleculesmustbe anisotropicin shapefor liquid crystallinebehaviorto be
found.

Fig. 55b showsa different type of liquid crystal, the nematicphase.In thisphasethe long axesof the
moleculesareparallel,but no otherorder exists. It is perhapsnot surprisingthat somemolecules on
heating showfirst a smecticandthena nematicphasebeforebeingconvertedto the isotropic liquid. A
third generalclassof liquid crystalsarecholestericliquid crystals, in whichthe moleculesarearranged
in two dimensionallayers which look like a cut through a nematic phase;but successivelayers are
twistedwith respectto oneanother,so that if one wereto follow the direction of the long axesof the
moleculesthrough successivelayersit would describea helix. While somework hasbeendone on the
vibrational spectraof cholestericphases[190],it will not be discussedin this article.

The questionof chainfluidity in nematicandsmecticphaseshasbeenthe subjectof severalRaman
investigations[191].Schnur[192]hasstudiedthe alkoxy azoxy benzenes(fig. 56) in all spectralregions;
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0

Fig. 56. Structuresof somemoleculeswhich form liquid crystals: (A) The alkoxyazoxybenzeneseries;(B) 4,methoxybenzylidéne,4’n-butylaniline
(MBBA); (C) 4,methoxybenzylidene,4’cyanoaniline(BBCA); (D) 4,4’bisterephthal,bis, butylaniline (TBBA).
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but with particular emphasison the region from 200 to 400cm1, where it is assertedthat an
accordion-likevibrationof a short(3—8 carbon)all transhydrocarbonchain attachedto a benzenering
should occur. An approximatecalculation [191]was carriedout to confirm the assignment,although
againonemust assumethat thereis somemixing with ring modesand othermodesof the chain.

The resultof thesestudiesindicatethat nearthe crystal—nematic(c—n) transitionand,to someextent,
in the nematicphaseas well thereare conformationalchangestaking place in the end chains.An
illustration of the changesobservedfor the C

6 homologis shownin fig. 57. Of course,thesecompounds
alsoshowotherspectralchangesasdiscussedabove,but the changesobservedby Schnurseemto have
a distinct phaseand temperaturedependence.In someof the compounds,solid phasepolymorphism
exists andthis seemsto drasticallyaffect theintensityof the accordionmode.An exampleis shownfor
the C4 homolog in fig. 58. Note that this might be interpretedas a pretransitioneffect in the crystal
ratherthana distinct solid phase.

Additional evidenceregardingchainfluidity comesfrom a paperby Bulkin et a!. [1931,who showed
that in thenematicphaseof MBBA the CH stretchingvibrationsshow anincreasein bandwidth,so that
the entirecontourof the CH stretchingmodesappearsto lose resolution.As temperatureis increased
until just below the nematic—isotropicphasetransition, the bandssharpenwith a slight shift in the
position of the frequencymaxima. This behaviorwas interpretedas arisingfrom a reorganizationof
butyl chain conformationson the time scaleof the infrared measurement.Since the two time scales
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Fig. 57. Tracingof observedRamanspectraof dihexyloxyazoxybenzene(C6). (From ref. [1921.)
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Fig.58. Therelative integratedintensity in logarithmicunits of the accordionbandin C4 versusreciprocaltemperature.The integratedintensity of
the340 cm~bandwascalculatedrelativeto theadjacent320cm~bandwhich appearedto remainreasonablyconstant.(From ref. [1921.)

(internal rotation and CH stretching)overlapfor a short temperaturerange,broadeningis observed.
Suchphenomenaare commonin nuclearmagneticresonance.Similar reorganizationof conformersin
MBBA was deducedfrom ultrasonicmeasurementof Jahnig[1941andis consistentwith thesedata.

Lugomer and Lavrencic [195] have reexaminedthe Raman intensity data for a wide variety of
nematicmaterialswith different lengthcarbonendchains in an attemptto interpretthesedatain terms
of the elasticconstants.They havepresentedevidencethat the Ramanintensitiesfollow the so-called
universalcurve of Gruler [196] for the bend/splayelastic constantratio K33/K11, which showsa very
strangetemperaturedependencein the nematicphase.

At thenematicto isotropic (n—I) transition,therearefew, if any, realchangesobservedin the spectra.
One likely candidateis the changein intensityof the accordionmode observedby Schnur [1911.There
hasbeenconfusion‘on this transition from Ramanspectroscopicobservationsin the past.

This confusionarisesas follows: In the Ramanspectrumof a low symmetry,nematogenicmolecule,
the Ramanbandsare all polarizedbut mayhavewidelyvarying depolarizationratios. In an unaligned
or imperfectly alignedsample,the Ramanexciting radiation andthe scatteredlight havetheir electric
vectorsrotated due to refractive index discontinuities.Such an effect is well known in the Raman
spectrumof powders[197].When the n—l transitionoccurs, this scramblingof polarizationdisappears
andthe result is a differentsetof relativeintensities.This hasbeendocumentedin a morequantitative
fashionby Bulkin et a!. [198].Thus,anychangesin relative intensityof bands(andchangesin apparent
frequencymaxima which may occur from overlappingbandschangingin relative intensity) must be
carefully checkedto correctfor the bandpolarization.The effects can also be checkedby studyof the
infraredspectrain most cases.

The questionof measuringpolarizationin the Ramanspectrumof liquid crystalshasbeena difficult
one.Someinitial attemptswereunsuccessful,with authorsobservinga depolarizationratio of 1.0 in the
nematicphase.This is indicative of completescramblingof the radiation.If changesfrom a ratio of 1.0
areobservedat the n—l transition,as hasbeenreported[199],thenthis is not surprising.
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The most thoroughtreatmentof orientednematics in the Ramanhasbeendone by Pershanand
co-workers[200—201].They haveshownthat it is, in principle,possibleto measureboth thefirst (cos20)
and second(cos40) terms in the order parameteror distribution function from the Ramanspectrum.
Experimentally,theyhaveusedsamplesof MBBA in which a probemoleculethat alsoforms a nematic
phaseN-p-butoxybenzylideri-p-cyanoaniline(BBCA) is dissolved. (Seefig. 56 for structuresof these
molecules.)The sampleis aligned by rubbing two plates and 180°Ramanscatteringis observed.The
BBCA moleculeshowsa strongCN stretchingvibration, whichis approximatelyalongthe long axisand
is isolatedfrom other intramolecularvibrations. From thesemeasurements,the terms in the order
parametercan be deduced. Comparisonwith existing mean field theories of the nematic order
parameterhas beenmade from thesemeasurements.It is assertedthat the fit is better with the
Humphries—James—Luckhurst[202]approachthanwith the Maier—Saupe[2031theory for the P

2 term,
but that neitherdoes particularlywell with the P4 observations.The authorshavediscussedpossible
reasonsfor the strangeP4 results, including thosewhich may arise from the measurementtechnique
itself.

Boyd and Wang [204]haveapplied the Ramantechniqueto the studyof the effect of pressureon
nematicmaterials.In this case,the Ramanspectrumsimply becomesthe analyticalprobeby which the
phasetransition is detected.It was shown that the c—n and n—l transitionsare effectively first order
(follow the Clausius—Clapeyronequation)when measuredin this way for one case.This techniqueis
useful in thatit alsoallows oneto determinethe changein volume at the phasetransition;in both cases
(c—n andn—i) the higher temperaturephasehadthe lower density.

One of the areasin which vibrational spectroscopyyields quite uniqueinformation is the studyof
intermolecularor latticevibrations.These are seenclose to the exciting line in the Ramanspectrum,
hencea good rejectionof stray light and a relatively low Rayleighscatteringlevel areneededfor their
observation.In the infraredspectrum,the latticemodesoccur in the far infraredregion,generallybelow
150cm’ for organiccrystals. They tend to absorbvery strongly, particularly in moleculessuch as
nematogeniccrystals, which usually havedipolar groupspresent.Whereasin the Raman,spectrum
measurementswith single crystalsarereadily madeand yield definitive assignmentof the latticemodes
to a particular symmetry species,in the far infrared single crystal measurementsare difficult. This
furthercomplicatesthe observations,becausethe crystallite size maybe comparableto thewavelengths
of the radiation,leadingto spectraldistortions.

In the nematicphasewe havethe possibility of observing“pseudo-lattice”vibrations,i.e., inter-
molecularmotions characteristicof the long rangeorder in this phase.It should be noted that the
intermolecularpotentialin such a phasewith organiccrystals probably is proportional to an inter-
molecularseparationterm of hr

3 or higher powerof 1/rn, so the forceconstants,which dependon the
secondderivative of 1/r°,fall off ratherrapidly with distance.However, in caseswherethereis long
rangeorder, it maybe possibleto propagatephononsevenin liquid crystals. As we shall see,thereis
not muchevidencefor this in the spectraof nematics,but thereis somein the caseof the morehighly
orderedsmecticphases. S

Although a substantialnumber of paperson nematicshaveappeared,almost all the attentionhas
beenconcentratedon two materials, p-azoxyanisole(PAA) and N-(p-methoxybenzylidene)-p-butyl-
aniline (MBBA) (fig. 56). We will discussthesetwo casesin somedetail, referring relatively briefly to
otherwork that hasbeencarriedout.

The Raman spectrumof PAA in the lattice vibration region was first publishedby Bulkin and
Grunbaum[2051.Bulkin andProchaska[2061examinedthe Ramanspectrumof a singlecrystal of PAA
at —90°Cand were thus able to assign the lattice vibrations to particular symmetry species.Their
spectrum,takenin two views to showthe Ag and Bg modesclearly, is shownin fig. 59.
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As thec—n transitionis approached,Bulkin andProchaska[2061observedpretransitioneffectswhich
they interpretedas being indicative of a soft mode, such as is commonly observednearferroelectric
phasetransitions.They assertedthat this soft modelikebehavioroccurswith a mode or modeswhich
initially (i.e., 5°below the phasetransition) are in the vicinity of 70cm1. It appearsto shift rapidly
toward zero frequencyin the 2°—3°below the phasetransition. Amer and Shen [207] did not find
evidencefor such pretransitioneffects and attributedthis observationto problemswith temperature
control in the experimentsof Bulkin and Prochaska.Sakamotoet a!. [208]also failed to observethis
effect,but in their casethe latticevibrationspectrumeven8°below the phasetransitionshowsonly two
broadbands,insteadof six distinct maximaobservedby otherworkers.

There is otherevidencefor the pretransitioneffectsdescribedabove.First, it shouldbe pointedout
that to a certainextentthereis a matterof definitionof a pretransitioneffect. Someworkershaveseen
the transitionoccurringovera 2°—3°rangeandstatedthat it was abrupt,yet this is the rangeoverwhich
it was assertedthat the soft modebehavioroccurred.Secondly,Riste and Pinn [209],using neutron
scatteringtechniques,haveobservedidenticalpretransitionalbehaviorat the PAA phasetransition.As
we shall see below, there are pretransitioneffects observedin the Ramanspectraof other liquid
crystallinematerialsat the c—n phasetransition.The soft modebehaviorwas predictedin theoretical
treatmentsof Kobayashi[210]and Ford[211].

Bulkin andGrunbaum[212]havecarriedout a calculationof the latticevibrationsof PAA. In table
16 the results of their calculation are shown, comparedwith experimentaldata from Bulkin and
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Table 16
Observed°andcalculatedlattice vibration frequenciesof p-azoxyanisole

Symmetryspecies Translatory” Rotatory”

Ag
Obsd 30 52 70 16 74 91
Calcd 28 55 62 20 69 94

Bg
Obsd 30, 37 52 70 16 74, 90 95
Calcd 37 60 69 25 82 101

Au
Obsd 50 70 — 135, 150 84 50?
Calcd 51 69 0° 130 89 55

Bu
Obsd — — 70? 115 84? 50?
Calcd 0° 0° 67 119 78 52

°Ramandata(Ag, Bg) from ref. [2061, singlecrystal frequenciesat —90°.Far-infrared(Au.
Bu) datafrom ref. [2131,polycrystallinesampleat 25°.

bModesareprimarily rotatoryor translatoryin nature;however,thetranslation—rotation

interactionforceconstantsarenot negligible.
cAcousticalmodes.

Prochaska[206] andBulkin and Lok [213].The calculationis basedon a modelpotentialfunction for
the unit cell, which usesatom—atominteractionsof the form

V,, =—a/r6+be°’

where r is the nth atom—atomdistanceanda, b andc are parameters.In thecalculationthe parameters
are transferredfrom the literaturewithout any refinementon the experimentaldata. The potential is
differentiatedtwice with respectto all motional coordinatesto give the force constants,from which the
frequenciesarethencalculated.

The resultsin table 16 aregroupedaccordingto motionsabout the sametype of coordinate.Thus,
whenthefrequenciesin a particularcolumn arecloseto oneanother,thisis indicative of weakcoupling
betweenthe moleculesin the unit cell with respectto motion alongthat coordinate.A largesplitting
reflects a strongcoupling. As expectedfor anisotropicmolecules,bothcasesoccur. It is interestingto
note that the lowest and highestfrequencybandsobservedin the spectrumresult from very strong
coupling, giving rise to a large splitting. Likewise, the caseof weak coupling lead to bands in the
70 cm1 region,which is wherethe putativesoft modewas seen.This is as expectedfor sucha mode.
This calculation seemspossible now for all nematogenicor smectogeniccrystals for which crystal
structuredata are available.Ramanspectraof the higher homologsof PAA havebeenstudiedby
severalgroupsin the lattice vibration region. Interestingly, noneshows as well-defineda spectrumas
doesPAA. Bulkin [214]hadpreviouslycommentedthat it seemed,on the basis of infrareddata,to be
more difficult to obtain highly orderedcrystalsof thesematerials. Schnur [1921haspointed out that
thereis considerablesolid polymorphismin thesematerials andin macroscopicsamplesonewonders
whetherthis might be affecting the resolutionin the latticevibrationspectrum.
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What of the spectrain the nematicphase?In all papers,the authorsseemto agreethat thereis
Ramanscatteringin the region below 100cm1 which appearsin the nematicphase.Therearedistinct
frequencymaxima on the Rayleigh wing which subsequentlydisappearin the isotropic phase.Not
surprisingly,therearedifferencesin the positionsof the quotedfrequencymaxima.Thesearedueto the
difficulty of accuratelymeasuringthe positionsof broadbandson an intensebackground.It would seem
desirableto carryout somecomputerdeconvolutionof the Rayleighbackgroundin an attemptto find
thesebandsmore accurately.This information will be valuablein anyattempt to model the nematic
intermolecularvibrations. Also of some controversyis the questionof whether the observedinter-
molecularRamanbandsin the nematicphasedisappearcontinuouslyor discontinuouslyat the n—l
phasetransition.

The othermajor classof compoundsthat hasbeenstudiedin the low frequencyregion is the Schiff
basenematics.MBBA hasbeen studiedin the most detail. The Ramanspectrumof MBBA in the
latticevibration region was first reportedby Billard et a!. [215]and subsequentlyby Borer et al. [216]
and Vergotenet al. [2171.The spectrumof Billard et al. is shownin fig. 60 at two temperaturesin the
solid state.At low temperatures,evenin the polycrystallinesample,MBBA showsa very well-defined
vibrationspectrum.Nine distinct frequencymaximaare observedbetween39 and 180cm~at —173°;
but the two highestmodes,at 179 and 181, areexplainedas internalvibrations. It seemspossiblethat
the modeat 142cm1 mayalso havea contributionfrom internalvibrations;this could be checkedby
studyof solutionspectra.Borer etal. are in essentialagreementwith theseresults.

At temperaturesclose to the c—n phasetransition,Billard et a!. have noted that the spectrum
becomesquite broadandmostof the fine detail is lost. Thus,in the spectrumat 15°,about5—7°below
the c—n phasetransition,the bandsare alreadyquite broad.A spectrumgiven by Boreret al. at 2°also
shows considerablebroadening.This seemsto be indicative of similar pretransitioneffects to those
describedearlier,althoughno softmodewasobserved.

SomeRamanwork hasbeendone on the spectraof thermotropicsmecticphases.Amer and Shen
[218] studied the Raman spectrumof diethylazoxybenzoate,and diethylazoxycinnamate,which have

50 50 -

CM’

Fig. 60. Ramanspectrumof solid MBBA in the lattice vibration region.Uppercurve: 15°C;lower curve: 100°C.(From ref. [215].)
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smecticA phases.Thesecompoundsshow a single low frequencyRamanmodein thecrystallinephase
at22 and26 cm1,respectively.In the smecticphase,this modeappearsto shift with the maximum at
about 14 cm’. It vanishesabruptly at the smA-1 transition.The mode is strongly overlappedby the
Rayleighline in the smecticphase,but it doesseemto be of considerablylower intensitythanthat seen
by neutronscatteringdiscussedabove.As usual,the modesare explainedasbeingsomesort of rotatory
oscillations,but in this case one which is primarily associatedwith strongly interacting functional
groups,suchasC=O, within the molecule.This would accountfor theseeminglysmallmassdependence
in the smecticphase.Probablysuchan explanationis not necessary,sincea relativelysmall frequency
shift in sucha low frequencymodewould be sufficient to accountfor the massdifference.The authors
havealsostudiedthe internalvibrationsof this compound,as haveZhdanovaet al. [219].No frequency
shifts or relative intensitychangeswith temperaturewere observedsuch as have beenwith nematic
materials.

Theinterestingcompoundterephthal-bis-butylaniline(TBBA) (fig. 56)hasbeenstudied.Thismaterial
hassevenknownfluid phases,viz., isotropic,nematic,threestablesmectics(B or H, C, andA), andtwo
monotropicliquid crystallinephasesnot yet characterized.

SchnurandFontana[220]studiedall of the stablephasesin the low frequencyandhigher frequency
Ramanspectra.They havetwo importantsetsof observations.In the low frequencyregion, the lattice
vibrationspectrum,which containsa numberof bands,appearsin their spectrato be almostthe samein
the smecticB phaseas it is in the crystal.At the smB—smCtransition,mostof this structuredisappears
and the spectrain the higher temperaturephaseall show only the broad scatteringcharacteristicof
thesephases.Note that a bandis observedby theseworkersin the 22 cm’ regionof the crystal,which
shifts to 19 cm~in the smB phaseand disappearsin the higher temperaturephases.If this were the
samemodeoccurringin this region referredto earlier,we would expectto see it persistin the higher
temperaturephases.

A curiousobservationis seenin the 1550—1650cm’ region.In the solid andsmB phases,onebandis
seenin thisregion at 1590cm1.This is alsotruein the smB phase,but in the smC phasetwo new bands
appearat about1560 and1620cmt. This hasnot beenobservedin anyotherspectraof liquid crystals.
The authors do not expound on the possible explanations of this phenomenon.Nonetheless,
mechanismscan be enumeratedby which new bandscould appearin the spectrum.In particular,the
mostusualarethe appearanceof new conformations(in this caseperhapsdueto the multiple minimum
potentialwhich likely exists about the Schiff baselinkages) or a breakingof symmetry,resultingin a
lowering of selectionrules. In this regard,it shouldbe noted that the smB phaseis expectedto havea
highersymmetry thanthe smCphase.In addition,TBBA is oneof the few liquid crystallinemolecules S
which hasa fairly high molecularsymmetry; it probably possessesan approximateor exactcenterof
symmetry.The intersectionof the molecularsymmetry and smB symmetry could result in selection
rules which would causemodesto be forbiddenin smB but allowed in lower symmetryphases.This
pointshouldbe exploredfurther,asother molecularmodesshouldshow thesamebehaviorif this is the
case.

Dvorjetski et al. [221] have also investigatedTBBA, concentratingtheir attention on the low
frequencyregion Raman spectrumin the lower temperaturephases(smB and the two monotropic
phasescalledVI andVIII). In thesolid phasetheir observationsarein agreementwith thoseof Schnur
and Fontana,but this is not true in the smB phase.Here at 130°C(sametemperatureas Schnurand
Fontanaused),Dvorjetski et al. only observedbroad,ill-defined scattering.In phaseVI, at 80°C,they
observedsomeadditional structure,while in phaseVII, at 67°C,the original crystallinespectrumis
recoveredintact. Thereis no apparentexplanation~f the differencein observationsbetweenthesetwo
groups andresolutionmustawait furtherexperimentalwork.
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Dvorjetski et al. havestudiedthe temperaturedependenceof the 19 cm1 bandin the solid state,
approachingthe c—smB transition.After correctingfor backgroundand Boltzmannfactor, theyfind that
this mode shows a small pretransitioneffect in its frequency,shifting toward zero frequencyover a
temperaturerangeof about4°C.They thusfeel that this modebehavesas a soft modeandinterpret
their results in terms of the types of molecularmotion possible in the various phases.They conclude
that the data are consistentwith free molecularrotation aboutthe long axis in the smB phase.This
rotation freezesout progressivelyas the moleculesare cooled to phasesVI and VII. Furtherwork is
neededto verify theseconclusionsin otherregionsof the spectrum.

10. Raman applications to inorganic and organometallic chemistry

The importanceof Ramanspectroscopyin the field of inorganic and organometallicchemistryis
evidentby the largenumberof books,reviewchaptersand articleswhich areavailable[80,222—2281. It
is not only that Ramandataareessentialfor the completestructuralanalysisof molecules,but is again
the easeof obtainingRamanspectraon coloredsolids, in the molten state,or in solution that have
contributedto the explosive recentgrowth in this field. The immenseenhancementof intensity of
Ramanbandswhen resonanceRamanconditionsare met hasgeneratedan increasein activity in this
area and excellentreviewsby Clark, Stewartand Shorygin [229—2301summarizethe field eloquently.

10.1. Structuralstudies:molecularspecies

The vibrational analysis of crystalline inorganicsto assigninternal modesof the ions, as well as
crystal latticemodes,requiresboth infraredandRamanspectroscopy.Manyexamplesof such structural
studiesarefound in the textsandreview articles,but somerecentexamplesareworth noting.

Baran [231]measuredthe IR and Ramanspectraof crystallineMgTe
2O5 and assignedthe internal

vibrationsof the Te205
2 ion. He also did structuralstudieson crystallinemagnesiumorthovanadate

[2321.IR and Ramanspectraof BaCl
2~2H2Opowderwereobtainedandinterpretedby Jam etal. [233].

Crystalline Na2CrO4 andNa2CrO4~4H2Owere comparedby Carter et al. [2341and the effects of
hydrogenbonding on the chromatefrequenciesnoted.Carter subsequentlystudied (NH4)2CrO4and
(ND4)2CrO4in a specialrotatingcell designedfor liquidsbut modified for solid samples[291.

The utility of Ramanspectroscopyin structuralinvestigationsof systemscontainingtransitionmetal
to transitionmetalbondswas shown by SanFilippo and Sniadoch[235].They found that the Raman
spectraof simple homonucleartransition metal complexesshowed an intense,sharp band in the
low-frequency region due to the metal—metalstretching vibration. These metal—metal frequencies
showedlittle variation with respectto the nature of the coordinatedligands but were considerably
dependenton the orderof the metal—metalbond.

Anotherexampleof Ramanstructuralstudiesinvolves the polymorphsof cobaltmolybdate[6]. The
tetrahedral,purple,high temperatureform (B) is metastableat room temperatureandconvertsto the
octahedral,green,low temperatureform (a) with anypressureapplication.Therefore,it is impossible
to prepareanyof the a form for IR examination,but Ramancanbe used andAngel! first obtainedthe
spectraof both the a and~3forms in 1972[236].

Numerousothercobalt, molybdenum,tungstenand rare earthcompoundshavebeenexaminedby
Raman.Py et al. [237]studiedmolybdenumtrioxide, MoO3, andfound that resultssuggestedthat the
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coordinationof the0 atomsaroundthe Mo is tetrahedralratherthanoctahedral.Miller obtainedthe
Ramanspectrumof asingle crystal of magnesiummolybdate[2381,but becauseof the complexitycould
not meaningfullyassignbandsto tetrahedralmodesdespitethe fact that the oxygenswere tetrahedrally
coordinatedabout the molybdenumatoms.

A series of vibrational studiesof molybdates,tungstates,and relatedcompoundswere done by
Liegeois—Duyckaerts.He obtained the IR and Ramanspectra of the three hexagonalperovskites
Ba2B”TeO6(B” = Ni, Co,Zn) [2391andcomparedthem with thoseof the correspondingcubic perov-
skites [240].Basedon this comparison,he made a general assignmentof the internal modes and
discussedin detail two Aig modeswhich he assignedto the symmetricstretchof two different types of
TeO6 octahedra.

Isotopic substitutionand group analysis aided in the infrared and Raman structural studies of
M2TiO5 compounds(M = rare earths: La to Dy). M. Paques-Ledent[241] found one interesting
experimentalfeatureoccurringsimultaneouslyin the IR andRamanspectraof thesecompounds— — a
bandin the frequencyrange775—875cm’, which is an exceptionallyhigh value andsignifies oneshort
distanceTi—O in M2TiO5 compounds.This is particularlyinterestingbecausethe fifth oxygenof a TiO5
polyhedronis structurally different from the other four oxygen atoms which are strongly bondedto
double groupsMIOT-MIIO7. Therefore, the comparisonbetweenthe crystallographicstudy and the
vibrationalstudyallowedthe detectionof a local vibrationin an inorganiccrystal.

10.2. Structuralstudies:colored ionic species

The recentlydevelopedability of Ramanto examinehighly coloredsampleshasgreatlyincreasedits
usefulnessfor structuraldeterminations.Eventhoughthe compoundswere colored,the Ramanspectra
of molecularmetalhalides,MX4 (M = C, Si, Ge,Ti or Sn; X = F, Cl, Br or I) havebeenobtained[2241.
All four fundamentalsexpectedfor moleculesof Td symmetry,vi(a1), v2(e), ,.‘3(t2) andii4(t2) (only the t2
fundamentalsare IR active)were observed.Fig. 61 shows the spectrumof vanadiumoxytribromide,
which is darkred in color [2421.The appearanceof six fundamentals(threeof which arepolarized)is
consistentwith C3~symmetry.
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Fig. 61. Ramanspectrumof crystallinevanadiumoxytribromide,647.1nm excitation.Symmetrydesignationsaregivenin C3, nomenclature.(From
R.J.H.Clark andPD. Mitchell, J. Chem. Soc.,Dalton(1972)2429.)
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10.3. Structuralstudies:coloredcoordinationcompounds

In the field of coordinationchemistry,vast numbersof compoundsare deeply colored.Work has
beenundertakento obtainRamanvaluesof fundamentalswhich, whencombinedwith IR data,can be
used for force constantcalculationsandbond strengths.Examplesincludestudiesof the squareplanar
platinum or palladiumcomplexesof the type MX2(SR2)2 (X = Cl, Br or I; R = Me, Et, isopropyl, etc.)
[242—243].The biggest hindranceto the study of thesecolored compoundshasbeen intense local
heatingcausedby partial absorptionof the laserbeam,but samplerotationhasdonemuch to obviate
theseeffects. (Also see section4.4 on the rotating cell and ref. [41] on using low laserpower and
defocussingthe laserbeam.)

10.4. Structuralstudies:glassesandquartz

Oneof the major techniquesused in the study of glassesandglassysolids,alongwith IR, NMR and
EPR,hasbeenRamanspectroscopy.A completereviewof theapplicationof spectroscopicapproaches
to borate,silicate,germanate,phosphate,arsenite,otheroxides,chalcogenideglasses,and moltenand
glassysaltswas publishedby Wong andAngell [244].

An example of the Ramanspectraof glassesis shown in fig. 62 [2]. The spectrum62a is of boric
oxide glass andshows featurescharacteristicof a borate ring structure.The spectrum62j is sodium
metaphosphateglass and representsthe metaphosphatechain structure.The glassesof intermediate
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Fig. 62. Ramanspectraof boric oxide/sodiummetaphosphateglasses,488.0nm excitation.(From ref. [2].)
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composition(figs. 62b thru 62k) showbandsdue to P—O—P,B—O—P andB—0—B links. Becauseof the
increaseddisorderof the lattice, the bandsare generallybroad.Alkali phosphateglasseswere also
examinedby Fawcettet al. [245] and Rouseet al. [246].Ramanand IR spectrafor two crystalline
phasesof VPO5 (A and B) were obtained, which greatly aided in the interpretationand band
assignmentsof relatedVPO5 glasses.

Structureof glassesin the systemscalcium oxide—sodiumoxide—diborontrioxide and magnesium
oxide—sodiumoxide—diborontrioxide were studiedby Komjnendijk [247].Verweij [248]studiedthe
actualreactionsin apotassiumcarbonate-silicaglass-formingbatchandwas able to identify the various
glassyandcrystallinephaseswhich occurredduring thereactions.Otherstructurestudieshaveinvolved
lithium titanium silicate and lead silicate glasses[249],binary chalcogenideglasses[250],andlithium
oxide—iron(III) oxide—silicaglasses[251].

An unusualapplicationof Ramaninvolvedthe detectionof OH- andH20 impuritiesin the crystal
latticeof a quartz.This work was importantbecausedefectssuch astheselower the mechanicalquality
of quartz.WalrafenandLuongo [252]conductedinvestigationsof hydrothermala-quartzandobtained
valuableinformationinvolving the geometricaldistributionaswell asinteractionsbetweenthe 0H and
H20 impurities.

An unusual techniquewas used when the IRS (Internal Reflection Spectroscopy)method was
successfulin obtaininga spectrumof a-quartz.Raman-IRSspectrawere first successfullyrecordedby
Okeshojiet al. [253]for liquid carbondisulfide. Baptizmanskiiappliedthe methodto a-quartz,making
it possibleto comparethe spectraof the surfacelayerandvolume regionsof the crystal.[254].Thus,the
extensionof the IRS methodto Ramanshows greatpromise in the study of the propertiesof thin
surfacelayersof transparentcrystals.

10.5. Structuralstudies:carbon compounds

The structuralcharacterizationof carboncompoundshasbeenstudiedextensivelyby Vidano et al.
[255—2571.The propertiesand behavior of carbon materialsare strongly structure-dependent,and
Ramanspectroscopycan be usedboth to characterizevirgin andtreated-surfacestructuresandtextures
of variouskindsof carbonmaterialsandto studytheir morphologyanddefects.An extensivesurveyof S
the Ramanspectraof carbonmaterialshasproducedexperimentalevidencefor at least five structure-
sensitivebands[258]. In addition to the 1580cm’ graphite line and the 1360cm’ disorderedC line
which are always present,thereis a disorder line at — 1620cm’ that is responsiblefor the apparent
blueshift of the graphiteline in very disorderedC andtherearelinesat -‘~2700and 2735cm’ that are
strong in graphite and annealedC, but absent in disorderedC. These additional lines increasethe
capability of Ramanto characterizecarbonmaterials.Furtherwork is plannedby Vidano on additional
investigationsof graphite-relatedcompounds:the influenceof variousdamagingtreatmentssuchas ion
etching, mechanicalpolishing, nuclearirradiation, and studieson the polarizationcharacteristicsand
temperaturedependenceof the carbonandgraphitespectra.

10.6. Structuralstudies:sulfur compounds

Puresulfur and sulfur compoundshavealso beenexaminedby Raman.Gautieret al. [259]studied
single crystalsof monoclinic /3-S at varioustemperaturesaboveand below the transitiontemperature.
Janzet a!. [260]investigatedtheS~anionfrom 125 to 580°CusingBaS3as the model system.He also
studtedpotassiumandsodiumpolysulfidesin the polycrystalline moltenandglassystates[261—2621
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Fig. 63. Ramanscatteringfrom depositin glassbubble,514.5 om excitation.(From ref. [266].)

Solutionsof alkali metals and sulfur in liquid ammonia and amines have beenthe subject of
numerousinvestigationsby various techniques.The solutionsare characterizedby unusualcolors and
high conductivities,but the exact natureof the solventor solute is not understood.The feasibility of
usingRamanspectroscopyto elucidatethe natureof sulfur dissolvedin amineswasshownby Daly and
Brown who obtainedthe Ramanspectraof rhombicsulfur dissolvedin variousprimary amines[263]
andsecondaryamines[264].

A very practicalapplicationof Ramaninvolved the study of sulfur in wood-bondingsystems.The
identificationof CH2—S bandsindicatedthe S reactswith formaldehyde-ureacopolymerpresentin the S
systems[265].

Anotherpracticalapplicationinvolved the identificationof sulfur depositsin bubblesin glass [2661.
Fig. 63 showsthe Ramanspectrumobtainedfrom a depositon the surfaceof an inclusion from a clear
soda-lime-silicaglass plate.The lines clearly identify the depositas elementalsulfur and the lack of
structureindicatesit is in its polymericform S~+ S8 [267].Ramanspectroscopywas alsousedto identify
the gaseouscontentsof thesamebubbleandto observea chemicalreactionwhich changedthe relative
concentrationsof the gasesas the samplewas heated.

10.7. Structuralstudiesinvolvingchangesofstateandphasetransitions

Manystudiesof inorganiccompoundsinvolve changesof stateor phasetransformations,andRaman
is particularly useful for following the structural changesduring theseprocesses.Fig. 64 showsthe

(a) (b)
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1 ~Pcm1
Fig. 64. The Ramanspectrumof phosphorus(V)chloride. (a) In thevapor stateat 430°K,488.0nm excitation,and (b) in thesolid phaseat 87°K,
632.8 nm excitation.(From ref. [2].)
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Ramanspectrumof phosphorus(V)chloride in the vaporstateat 430°Kandthe solid state,formedby
the rapid cooling of the vapor to liquid nitrogentemperature,at 87°K[2681.In the stablesolid state,
otherspectroscopicstudieshaveshown PCIS to havethe ionic structurePCI~PC1~,but comparisonof
the spectrain fig. 64 of the vapor and this metastablestateshow theyare the simplemolecularform
PC15 [269].

The studyof Ramanspectraof orientedcrystalsas a function of temperatureandpressurecanyield
much valuable information about the structural changeswhich accompanyphasetransitions. Am-
monium chloride [2701,sodium nitrate [271] and potassiumselenate[272] are amongthe inorganic
crystalswhich havebeenstudied.Phasetransitionsin dicesiumlithium iron hexacyanide,Cs2LiFe(CN)6.
were alsostudiedand comparedto thoseof relatedsalts [273].

10.8. Moltenstate

Inorganic compoundshave also been studied in the molten state. Studies of the wavenumbers,
intensities,bandwidthsandbandshifts havegiven valuableinformationof the natureof interactionsin
this state.For example,such investigationsshow that for molten nitratesand sulphates,the position
(wavenumber)of the symmetricstretchingvibrations of the nitrate ion and the sulphateion decrease
approximatelylinearly with decreaseof the ratio of Z, thecationcharge,to r, the cationradius[274].
Fig. 65 showsthe schematicrepresentationof the Ramanspectrumof moltengallium chloride (GaCl2)
[275]which proves that it is an ionic compound[Ga~1[GaCIS~1.This is in contrastto the halidesof
mercury(II), HgCI2 and HgBr2, which are consistentwith the existenceof the linear Cl—Hg—Cl and
Br—Hg—Br molecules[2761.

10.9. Equilibrium, dissociationand redistribution reactions

Ramanspectroscopyis also particularly valuable for studyingequilibrium, dissociation,or redistri-
butionreactions,especiallywhereproductsaredifficult to isolate.Fig. 66 showsthe Ramanspectrumof
a cyclohexanesolution of a 2: 1 mixture of VOCI3 and VOBr3 in the 260 to 420cm’ region where
vanadium—halogenstretchingbandsoccur [2771.Four bandscan be seenand they areattributableto
VOCI3, VOBr3, VOCI2Br and VOCIBr2. The redistributionreactionis almost instantaneousat room
temperatureandthe resultingdistributionof halogenatomsis approximatelystatistical.
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Fig 65 Schematicrepresentationof theStokesRamanspectrumof molten GaCI 43~8 nm excitation (From ref [2]
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Fig. 66. Ramanspectrumof a cyclohexanesolutionof a2:1 mixtureof vanadiumoxytrichlorideand vanadiumoxytribromide in the regionof the
p

2(ai) fundamentalof eachmolecule(676.4nm, 647.1nm and568.2nm excitation).The intensitiesof thea1 bandsof the bromine-containingspecies
are greater than the abundance of such species (calculated statistically) would suggest, owing to the fact that metal—bromine bond polarizability
derivatives aregreater than metal—chlorinebond polarizability derivatives.(From R.J.H. Clark and PD. Mitchell, J. Chem. Soc.,Dalton (1972)
2429.)

10.10. Complexions

Complexions are anotherspecieswhich can be studiedby Ramanspectroscopy.Solventextraction
techniquesto isolatea particularcomplexspecieshavebeenparticularlyuseful and havebeenapplied
to systemsincludingthe chloro-and bromo-complexesof mercury(II)[278],cadmium(II)[279],thallium
[280],and arsenic [281].Tytko and Schonfeld [282] investigatedthe relation betweensolid isopoly-
molybdatesandtheir ionsin solutionandfound that the octamolybdateion Mo8026

4 is not presentin
appreciablequantitiesin solutionat room temperature,contraryto previouslypublishedresults.

Aqueoussolutionsof NaH
2PO4were investigatedby Stegeret a!. [283].A mathematicalseparation

of IR bandsbetween700 and 1500 cm’ and a study of the Raman spectra indicated the anions
associatedinto chainswhich hada line groupsymmetryisomorphouswith C2h.

10.11. ResonanceRamanof inorganic molecules

An areawhich is attractinganincreasingamountof attentionis that of the resonanceRamanspectra
of inorganicmolecules,particularlythosepossessingallowedelectronictransitionsin the visible region.
Comprehensivereviewshavebeenwritten by Clark andStewart[26,2301. As indicatedpreviously the
resonanceRamaneffect (RRE) is always strongerwhen(tie — v0) 0 (v0= exciting frequency,~e = the
frequency of the lowest allowed electronic transition of the molecule) and it is characterizedby
high-intensityovertoneprogressionsin a totally symmetricfundamental.This is shownfor theMo2C18

4
ion in fig. 67 [284].The study of this ion is particularly interestingbecauseit is known that the Ca.
19000cm1 transition involves excitation of the 8-electronof the so-calledquadrupleMo—Mo bond
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Fig. 67. ResonanceRamanspectrumof Cs4Mo2Cl8. (From ref. [284].)

[285—286].By bringing the exciting frequencyinto coincidencewith this band, then, it is the totally
symmetricvibrationv(Mo—O—Mo) which is activein theresonanceRaman,indicatingacloserelationship
betweenabsorptionspectroscopyandRR.

Clarkand Mitchell studiedthe resonanceandpreresonancespectraof titanium tetraiodide[287]and
were able to determinethe harmonic frequenciesand anharmonicityconstantsfor the vi(ai) fun-
damental.

An unusualapplicationof RRE is the identificationof the sulfur speciespresentin the deepblue
mineral ultramarine, which is essentially a sodium aluminosilicate with the idealized formula
(Na8Al6Si6O24S4)~[2881.ResonanceRamanhas alsobeenusedas a probeof the annealingbehaviorof
Cu20implantedwith 180keV Cd

2~ions [289].As annealingprogressed,largechangeswereobservedin
the resonanceRamanspectrawhencomparedto the spectraof unannealedsamples.Analysis indicated
a strongannealingstageat —250°Cwhich erases> 99% of the damagecausedby implantations.Other
interestingapplicationscan be found in Clark’s review article [26] on resonanceRamanspectraof
inorganicions andmolecules. S

10.12. Minerals

Ramanspectroscopycanbe usedvery effectivelyfor diagnosticpurposeson minerals.In general,the
Ramanspectraof minerals are simpler in appearancethan the comparableIR spectra,the bandsare
sharper,and the interpretationsimpler. The position of v

1, the totally symmetric(MO,,) stretchand
normally the strongestand sharpestband in the spectrum,is a useful preliminary guide to mineral
identification. Griffith [226,290] recordedthe Ramanspectraof a numberof carbonate,phosphate,
arsenate,vanadate,niobate, tantalate, sulphate,chromate,molybdate, and tungstateminerals. It
appearsfrom a studyof thesespectrathat, for mineralscontainingMO3 or MO4 groups,a “fingerprint”
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Table 17
Positions of strongestRamanbands(i.e. v~, totally
symmetric stretch) in various (MO

3) and (MO4)
minerals(cm~)(From ref. [226].)

Carbonates 1100 Arsenates 830
Nitrates 1050 Chromates 880
Silicates 880—1000 Molybdates 870

Sulphates 990 Tungstates 910
Phosphates 960 Vanadates 830

approachis possible much the sameas for IR mineral spectra.Table 17 lists the positionsof the
strongestRaman bands(i.e. i.’,, totally symmetric stretch)in various MO3 and MO4 minerals.But
comparativelylittle is known about the Ramanspectraof minerals thus far, leaving a vast field of
potentiallyexciting investigations.

11. Adsorbedspeciesand surfaces

The studyof surfacesand surfacephenomenais very importantto the industrial chemicalworld in
the fields of coatings,metals,corrosionchemistry,colloid chemistry,andcatalysis.Chemistryat surfaces
is different from chemistry of bulk materials. Analytical methodssuch as ESCA (electron spec-
troscopy for chemical analysis),Auger spectroscopy,electron microscopy and LEED (low energy
electrondiffraction) are all useful in characterizingvarious aspectsof surfacestructure.Ramanand
infrared areincludedin this groupof surfacetechniquesbecausevibrational spectrareflect so well the
chemicaland physical changesin a moleculeas affectedby its environment.Thus,theyare extremely
valuable for studyingadsorbedspeciesto obtain information about the type and natureof the active
sitesof surfaces.

Infraredspectroscopyoften achievesa higher signal-to-noiseratio andhasbeenextensivelyused in
studiesof adsorbedspecies[291],but it is seriouslyhamperedby the intensebandsof commonoxide
substrateswhich interfere with much of the interestingspectra!region. Ramanspectroscopyoffers a
decidedadvantagein such cases,particularly for moleculesthat are good scatterers.In addition, its
watertransparencyallows the studyof solid—aqueousinterfaces.Ramancapabilitiesfor surfacestudies
haveinvolved a considerablevariety of systemsand,especiallysince 1967,therehavebeenanumberof
publicationsinvolving thoroughstudiesof surface-adsorbentinteractions,the chemicalnatureof surface
films andlayers,and eventhestudyof electrodesbeneathelectrolytein electrochemicalcells.

There are severalreviews availableon Ramanliteratureof solid—solid, solid—liquid and solid—gas
interfaces,amongwhich the most useful are onesby Paul and Hendra[292] andCooneyet al. [293].
Goodexamplesof solid—solid interfacesweregiven by BuechlerandTurkevich [294] who interpreted
the spectraof molybdenumtrioxide on porousVycar, uraniumoxide on porousglass,andplatinumon
silica.

Solid—gasinteractionshavebeenstudiedby Stenceland Bradleywho exposedthe surfaceof Ni(III)
to CO, H2 and 02 in the 300°Ctemperatureregion [295].The changesof a major Ramanband at
80cm’ uponadsorptionof the gaseswereshownanddiscussedin relationto possibleadsorbedspecies.
This work was extended[296]by the developmentof an ultrahighvacuum chamberwhich enabled
sample temperaturesfrom — 85°to ‘~O°°Cto be obtained,along with surface-cleaningcapabilities.
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Anotherusefuldevicefor gas—solidreactionmechanismstudieswasdevelopedby Kagelet al. [297]who
constructeda high pressurecell capableof withstandingpressuresin excessof 650psigandevacuableto

5 Torr. The entire cell is enclosedin a small furnacefor elevatedtemperaturestudies.
Most of the substratesused for surfacestudiesare of catalytic importanceand can be divided into

two main classifications.The first of theseconstitutesoxidesand pure forms of the lighter elements,
aluminumandsilicon, and the important adsorbentsderivedfrom them— — the silica-aluminacracking
catalystsand the zeolites,which are crystalline silica-aluminaswith replaceablemetal cations.B.A.
Morrow [298]obtainedthe Ramanspectrumof chemisorbedmethanolon silica andcomparedit to the
infraredspectrum.YamamotoandYamada[299]examinedthe spectralchangesof the threediazines—

pyrimidine, pyrazineandpyridazine-absorbedon Si02.A seriesof articleswerepublishedby Tam etal.
[300—303]on the vibrational spectraof acetyleneon A-type zeolitesandpyrazine,acetylenedimethyl-
acetylene,andcyclopropaneon X-type zeolites.The dependencyof the Ramanline shift on the nature
of the zeolitic cationis discussedin eachcase.Chemisorptionandreactionson zeolite molecularsieves
were studiedby Trotter [304].The Ramanadvantageof low frequencyobservationin the presenceof
the zeolite framework was critical becauseit allowed a kinetic comparisonbetweensilver complex
formationwith benzotriazoleat 793cm’ andthe surfaceformationof N—Ag—N bondsat 136cm’.

In addition to the silicon andaluminumadsorbents,the secondmajor typeof supportcomprisesthe
finely divided metals,usuallystabilizedin high surfaceareaform by depositionon supportsof thefinely
divided oxide types just described.Krasseret al. [305] observedthe Ramanscatteringof hydrogen
chemisorbedon silica-supportednickel. Enhancedintensity sometimesoccurs when molecules are
adsorbedon metals and this phenomenonis discussedby Meskovits [306],who proposesthat the
enhancementarisesfrom preresonantor resonantexcitationsof conductionof electronresonancesin
adsorbate-coveredmetal protuberanceson the surface.The theory that enhancementis a resonance
Ramaneffect was also espousedby Hexter and Albrecht [307].They included in their publicationsa
thoroughreviewof the theory of metalsurfaceRamanspectroscopywith a discussionof the selection
rulesandrelativeintensitiesof the Ramanspectraof adsorbedmolecules.

The most extensivestudiesof surface interactionshave involved the adsorptionof pyridine on
variousadsorbates[308—311].One of the reasonsfor the choice of pyridine is becauseits vibrational
modesshift in very well-definedways dependentupon the site to which it is attached.An excellent
review andlist of referencescan be found in the Paul and Hendraarticle [292].Table 18 showshow
sensitivetheseRamanbandsof pyridine areto its differentbondingenvironmentssincethepyridine can
chemisorbon the surfaceby donationof the lonepair of electronson the nitrogenatom to Lewis acid
sites(a coordinatebond); it can hydrogenbond to surfaceOH groups; or it can form the pyridinium S
cation(Brönstedacid sites)by completeprotonabstractionfrom surfaceOH groups.

Table 18
Variationsin thefrequencies(cm’) of theC—H stretchandring-breathingvibrationsof pyridinewith

thenatureof the bonding

System Bonding Ring breathing vibrations C—Hstretch

Pyridine 991 1031 3060
10% pyridine in CH3OH H-bond 996 1030 3062
100/, pyridine in H20 H-bond 1004 1036 3074
10% pyridine in HC( Brtinsted 1010 1029 3109

Zn (pyridine)2C12 Lewis 1023 1047 3075, 3085
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In recentyears there has beena very high interest in the nature of reactionswhich occur at
electrode—electrolytesurfaces [312]. One of the reasonsthat an understandingof these reaction
mechanismsis extremelyimportantduring the current energycrisis is becauseof the questfor new
kindsof fuel cells and storagebatteries.Becauseof its watertransparency,Ramanhasbeenthe major
techniqueused to monitor changesat mercury [313], silver [308, 314—317], copper [318—319],and
platinum [320]electrodesas a function of the appliedpotential.

Fleischmannet al. [319]selectedpyridine as the moleculeto probethe natureof the adsorptionsites
on the electrodesurfaces.Fig. 68 shows the Ramanspectraof pyridine in solution and at a silver
electrodeat variouspotentialsin 0.05 pyridine/0.1M aqueouspotassiumchloride.The bandsat 1008
and —‘- 1036cmt passthrough an intensity maximum close to the zero of potential change.With
increasingnegativepotential,thereis a significant changein the frequencyof the ring breathingmode
and a new band is observedat 1025cm~.This latter band had previouslybeeninterpreted[308] as
beingdue to pyridine directly co-ordinatedto silver, the other bandsbeing due to pyridine adsorbed S

throughapolarizedlayerof watermolecules.However,someof the changescould alsobe dueto the S
interactionof pyridine with adsorbedcarboxylategroupson the surfaceof the electrode.

The developmentof resonanceRaman hasproved invaluable in the study of surfaces[321—323].
YamamotoandYamada[324]discussedthestructuresandformationmechanismsof carboniumions on
porousVycor glass. Takenakaand Nakanaga[325] deviseda new methodof total reflection of the
exciting line to record the resonanceRamanspectraof monolayersadsorbedat the interfacebetween
carbontetrachiorideandan aqueoussolutionof a surfactantanda dye.JeanmaireandVanDuyne [326]
successfullyinterfacedelectrochemicalradical ion generationwith resonanceRamanto obtain spectra
for the electrogeneratedmonoanionradicalof tetracyanoquinodimethaneupon excitationof its lowest
2B

1~excited state[326—329].Thus, resonanceRamanhas proven its utility as a molecularly specific
monitorfor electrochemicalprocessesand animportant tool for the characterizationof charge-transfer
solids.

We would be amiss if we did not allude to other applicationsof Ramansurfacespectroscopyso
importantto the industrialworld — — for example,the studyof thin films andcoatings[330—331],insoluble

991 1005 1025

~uL~1~
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Fig. 68. Ramanspectraof pyridinein solutionandat thesilverelectrode.(A) liquid pyridine;(B) 0.05M aqueouspyridine;(C) silverelectrodein 0.1 M
potassiumchloride +0.05mpyridine solutionat OV (SCE); (D) —0.2 V. (F) —0.4V; (F) —0.6V; (G) —0.8V; (H) —1.0 V. (Fromref. [292].)
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monolayersspreadon a water surface[332]or iron oxide films formed on metalsurfaces(to facilitate
the useof LRS for in-situ analysisof corrosion)[333].It hasalsobeenused in the biological field, for
example,to study molecularorientationat interfacesby polypeptidemonolayers[334]. So, although
Ramanis a relatively new techniquein surfacescience,it hasalreadyprovenitself of immensevalue,
especiallyin thoseareasof “real world” surfaces— — dirty andheterogeneous,containingmixtures of
corrosionproducts,grease,oxides, etc. This is in contrastto ESCA, LEED, and Auger spectroscopy
which need chemicallyclean surfacesunderhigh vacuum conditionsand samplestreatedin specially
prescribedmanners.

12. Catalystresearch

Ramanspectroscopyhashadanimportantimpacton industrialcatalystresearch,especiallyin theselec-
tive oxidationof hydrocarbonsby transitionmetaloxide catalysts.An impressivebodyof literaturehas
developedoverthe last few yearsexploringthemechanismsof the reactionsanddelving into just howa
heterogeneouscatalystworks[335—336].Mostof today’smodernspectroscopytoolshavebeenfocussedon
the characterizationof the surfaceandbulk structuresof thesecomplexoxide structures,and Raman
spectroscopyhasemergedas oneof the mostuseful methods.

Molybdatecatalystshavebeenused for the selectiveoxidationof methanolto formaldehydeandthe
selectiveammoxidationof propyleneto acrylonitrile, amongothers.In all cases,it hasbeenrecognized
that the surfacestructureof the catalystplaysa vital role in the selectivityandactivity of the catalyst
[337—340].Thenatureof thecatalystsurfaceandthe reactionmechanismscanbeprobedwith studiesof
adsorbedspeciesusingboth infraredand Ramanspectroscopy.This topic wasdiscussedin section11.
However, it is the catalyststructureitself which governsthe reaction;therefore,the examplesin this
sectionwill be concernedwith the structuralchangeswhich occur.

12.1. Techniques

Most of the transitionmetaloxidesarecoloredsolidsrangingfrom light yellowor greento brown or
black. Therefore, in order to obtain good Raman spectra,it is necessaryto carefully considerand
control some of the instrumentalparameters.Most investigatorsutilize a rotating cell in order to
preventdecompositionor phasechangesin the samples.It is alsopossibleto obtainthe Ramanspectra
of industrialcatalystsandmixed transitionmetaloxideswithout a rotatingcell by carefully controlling
the microscopeobjectivesettingandlaserpowerat the sample[41].

An interestingrecentpublication by Payenet a!. [341]reportsa Ramanspectroscopicstudyof some
cobaltmolybdenumcatalystsusingthelasermicroprobe.As discussedin section4.3, this instrumenthas
a spatial resolutionof the laserbeamof approximately1 micron. Only 3 mW of laserpower at the
samplewas used.The authorsobservedsegregationof phaseson the aluminasupports in agreement
with ESCA data. The specialdesignof this instrument’scollectionopticspermits the use of suchlow
powerwhile still providinggood spectraldata.

In hydrodesulfurization,commercialcatalystsare supportedon alumina and severalinvestigators
havereportedthe interactionbetweenthe supportandthe cobaltmolybdenumcatalyst[341—345].But
very often the literature is not consistenton spectral data or structuresof model compoundmetal
oxides. In fig. 69, the spectraof ferric molybdate as obtainedby Trifiro and co-workers[339] and
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Fig. 69. Ramanspectraof Fe
2(Mo04)3.(A) Sohio results(agreewith Trifiro et al.[339]);(B) Medemaet al. results,ref. [342).

Medemaandco-workers[342]arecompared.They differ markedly,primarily as a resultof the method
of preparation.Grassellieta!. reportdata[41] that agreeswith that of Trifiro et aL

As previouslymentioned,perhapsoneof the most importantaids in obtaininggood Ramanspectra
is the useof a data processingsystemwith the Ramanspectrometer.The capability to signal average
and smoothdata in order to optimize the sensitivity, to mathematicallyminimize backgroundinter-
ference,or to subtractspectraat will, alongwith accuratefrequencyand intensity output,makethe
computeranindispensabletool for Ramanspectroscopyof catalysts.Fig. 70 showsastriking exampleof
this capability reportedby Grasselli et a!. [41]. It is the spectrumof molybdenumdioxide, MoO2, a
blacksolid. Fig. 70a is asingle scan,fig. 70bis 150 scans,andfig. 70cshowsthe final spectrum,150scans
smoothedandbaselinecorrected.The spectrumwas obtainedwithout samplerotation.

12.2. Heatedcell

In previous work, Grasselli et at. [6] describedthe applicationof a heatedcell to follow phase
transformationsin molybdatecatalysts.Sincemost industrialcatalystsoperateatelevatedtemperatures,
it is very meaningful to examine the structuresof the solids at these working temperatures.For
example,bismuthmolybdateis knownto exist in threemodifications,the alpha,betaandgammaphase.
They phaseof Bi2MoO6 is a metastablecompoundwith anX-ray diagramsimilar to that of the mineral
koechlinite [346]. Heatingthis compoundto temperaturesin excessof 660°Cin air producesan
irreversible transitionto the ‘y’ phase[336].Fig. 71 shows the transition from y to y’ for bismuth
molybdate as followed in the heatedcell. From these data it appearsthat the onset of the y’
modificationactuallybeginsaround600°Cratherthanthe 650°Ctemperaturereportedin the literature.
Such observationsmay be importantwhen consideringthe relative activity of the various phasesin
catalysis,for examplein the oxidativedehydrogenationof 1-butaneto butadienefor which the y phase
is consideredto be the activeone.
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12.3. Suifacevs. bulk structures

The importanceof the surfacestructurein oxide catalystshasalreadybeenmentioned,not only in
termsof identificationof active sitesfor hydrocarbonadsorptionin mechanismstudies,but alsobecause
the structureof the surface in relation to the bulk influences the redox capability of the catalyst.
Boudeville and co-workers [347] have recentlyemphasizedthe importanceof the surfacestructure
relevantto the selectivity in olefin oxidationon antimony—tin—oxygencatalysts.Correlationsbetween
X-ray photoelectronspectroscopydata and the catalytic propertiesof thesematerialswere reported.
Segregatedphaseswhich existat the surfaceof the catalystweredetected.

The reduction of ferric molybdatewas studied in a Ramanheatedcell to gain someinsight into
surfaceversusbulk structures.A parallelstudywasconductedby ESCA [41].The strongestbandin the
Ramanspectrumof Fe2(Mo04)3is at 780cm’, dueto a Mo—O—Mo absorption(fig. 69). Fig. 72 shows
successivescansof the 780cm

t bandmonitoredatthree-minutetime intervals.In theRaman,it is clear
that ferric molybdate initially undergoesa rapid reduction. This is followed by a slow, possibly
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Fig. 71. Phase transition, y—y’ Bi2MoO6. Fig. 72. Reduction of Fe2(MoOs)s with propylene.

first-order,reductionwhichis afunctionof the temperature.The samplereducesto ferrousmolybdateat
the endof thereduction.The ESCA datashowedthat only the molybdenumon thesurfaceof theoxide
is reduced.The combinationof Ramanand ESCA is a powerful tool for relating surfaceto bulk
structurechangesin catalysts.

13. Ramanapplicationsto the petroleumindustry

Laser-excitedRamanspectroscopyhasnot beenutilized extensivelyin the petroleumfield, mainly
due to the sampling problems and fluorescencephenomena.There have beensome applications,
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however, and the number is rapidly growing. Spectraof various petroleum fractions have been
reported.Low boiling productssuch as gasolineshow manybands, mainly due to the presenceof
aromaticstructures.Higher boiling fractionsshowbroader,morepoorly resolvedbands[348].

Becauseof this complex and poorly resolved nature of the spectra,Raman has found greater
application for the characterizationof specific hydrocarbonsthan to the study of entire petroleum
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Fig. 73. Ramanspectraof n-alkanes;laser514.5 nm. (a)n-pentane;(b) n-hexane;(c) n-heptane;(d) n-octane.(From ref. [349].)



J.G. Grassel!ieta!., Applicationsof Ramanspectroscopy 313

fractions. Although IR spectraof low molecularweight n-alkanesare very similar and tend to be
dominatedby CH stretching and bendingvibrations, the Raman spectrashow clearly the carbon
skeleton vibrations and are, therefore, more useful for specific characterizationof the molecules
themselves.This is evident in fig. 73 which shows the Ramanspectraof the n-alkaneseriesC5 to C8
[349].

The complexity and large number of bandsin the “fingerprint region” of the spectra below
1300cm~are causedby the presenceof a numberof different conformers.As the numberof chain
carbonsincreasesin the homologousseries,the numberof conformersalso increasesand the bands
becomebroaderand less well-resolved. In the solid statethesebandsare sharper,due to preferred
conformationsand crystallinity effects.

Chain branchingalso causeslarge differences in the Raman spectra and allows easierskeletal S
elucidationthanin the infrared.Aromatic ring characterizationhasalreadybeenmentionedin section5
on groupfrequencies.It was alsopointedout that Ramanis valuablein identifying groupssuchas —S—S,
—C—S. and—0—0, which arefound in petroleumproductraw chemicalsor intermediates.

In addition to the characterizationof hydrocarbontypes and functional groups,Ramanhasbeen
applied to the examinationof oil products,but therearemany problemsinvolved. For example,most
oils are slightly or deeply colored. Somesolid additivesdecomposein the beam,evenat low laser
power.Carbontetrachloridedilution doesnot alwayshalt theseabsorptioneffectswhich can sometimes
causelocal boiling. Fluorescenceeffects are frequently permanent— — i.e. they cannotbe burned or
quenchedout— — andprolongedirradiationusuallyresultsin sampledestruction. -

Many oil productsand formulatedadditivescontain colloidal particles,which, in a viscous liquid,
causeTyndall scatteringandthe appearanceof plasmalinesor, in a mobile phase,causespikesin the
spectraproducedby the Brownian motion of the particlesas they move through the liquid. Filtration
and/orcentrifugationoften areusedto “clean up” this colloidal matter.

In spite of theseproblemsRamanhas found applicationto oil characterization,for example,the
differentiationof syntheticandnaturallubeoils [349].

Ramanhasalso beenused to “fingerprint” oil spills. In order to identify pollutantsources,oil spills
have been analyzed using various techniquesincluding IR [350—352],GC, fluorescence,and low
temperatureluminescence.Ahmadjianand Brown [353]haveshown that Ramanspectracan provide
confirmationor additional evidenceof an oil spill source.To eliminate the major samplingproblem
involved— — thatof thehigh fluorescentbackground— — theoil samplesweredilutedwith pentane,shaken
with coconutcharcoal,filtered, and the solventevaporatedat ambienttemperatures.Fig. 74 showsthe
large differencesin the spectraof a lubricating oil, a keroseneand a No. 2 fuel oil. There obviously
would be no difficulty in distinguishingamongthem.In the spectraof the threedifferentNo. 2 fuel oils
shown in fig. 75, however,the differencesare far more subtle and occur mainly in the relativepeak
heights.It would be muchmoredifficult to makea specific identificationunlessconfirmatoryevidence
werepresent.In anactualoil spill sample,shownin fig. 76 alongwith two suspectoils, thespectrumwas
a closermatchwith suspectA, andit was laterconfirmedthat suspectA was from thespill source.Thus,
Ramancan be used as an auxiliary techniquewhere a combinationof “fingerprinting” methodsare
necessaryto build strongercasesagainstsuspectedpolluters.

In the petroleumindustry,Ramancan also be valuablein characterizingand identifying additives,
especiallypolymericor sulfur-containingones.Obremski[354JusedRamanin conjunctionwith JR to
detectsulfur, determinehow it was bondedinto the system,anddistinguishbetweenthreexanthates
usedas additivesin high pressurelubricants.

Coates[349] has published the Raman spectra(as dialysis residues)of high molecular weight
(MW = 1500) polyisobutene,polyalkyl methacrylateand styrene-acrylatecopolymers. He has also
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Fig. 74. Ramanspectraof alubricatingoil, keroseneandNo. 2 fuel oil. Fig. 75. Ramanspectraof threedifferent No. 2 fuel oils. (From ref.
(From ref. [353).) [353].)

discussedthe spectrum of Amoco 150, a sulfur-containingadditive used as a copperpassifier in
industrialoils, which is shownin fig. 77.C—S andS—S vibrationsare evidentat 635cm1 and— 500 cm1.
Thebandat731cm1 is probablyassociatedwith chain branching,i.e., an iso-octyl sidechain.

Sampleswhich arephysically very small canbe examinedrelativelyeasilyby Ramanbecauseof the
spatial resolution of the laser beam. Thus, depositson various automotiveparts can be run for
identificationandinformation as to potential source.Fig. 78 showsthe spectrumreportedby Grasselli
et al. [41] of a white material found in a carburetorfrom a car in a test fleet using experimental
gasolinesand motor oils. The carburetorwas fouled with somehydrocarbondeposit, but sometiny
white crystals were also detected.They were carefully removedand examineddirectly with Raman
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Fig. 76. Ramanspectraof a spilled oil and two suspectoils. (From ref. 13531.)

spectroscopyby mountingthem on a glassslide on a 180°viewing platform.The intensesingle peakat
998cm’ is characteristicof sodiumsulfate. This identificationcould alsohavebeenmadeby eitherIR
or X-ray, but the easeand speedof the Raman analysis on this very small sample was a decided
advantage.

Raman also hasgreat potential for quantitativeas well as qualitative analysis in the petroleum
industry. It could be used, for example, to determineamount of sulfurization, concentrationsof
materialsin aqueoussolutionsor amountsof oil additivesin formulations,isomerformations,hydro-
carbontype determinationsor amountsof unsaturation.As instrumentsbecomeless expensiveand
consequentlymore numerouswithin the petroleumindustry,work will undoubtedlybeginon theseas
well as otherapplications.
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Fig. 77. (a)Infraredspectrumof Amoco 150; (b) Ramanspectrumof Amoco 150, laser647.1nm. (From ref. [3491.)
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Fig. 78. Ramanspectrumof carburetordeposit.(From ref. [411.)

14. MiscellaneousRaman applications

14.1. Barbiturates

Somecommonbarbiturateshavebeenexaminedby Ramanto determineif theycould be specifically
identified. Analysesof barbituratesare important in clinical, forensic, and toxicological laboratories
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and,asmentionedbefore,Ramanhastheadvantageoverotheranalyticaltechniquesof samplehandling
easeand ability to work in aqueoussolutions.Willis et al. [355]studiedeight of the more common
barbituratesincluding phenobarbital,barbital, secobarbital,amobarbital,pentobarbital,butabarbital,
mephobarbital,and hexobarbital.All barbituratesbelongto the pyrimidine class and are usedas the
free form or the sodiumsalt of the acid.
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478
522

Fig. 79. Identification schemeof thecommonbarbiturates.(From ref. [355].)
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Identifying the general class of barbituratesin mixtures containingother drugs, binders, etc. is
relatively easy,but distinguishingbetweenthe barbituratesis more difficult. A possible identification
schemeis shownin fig. 79. Position numbersrefer to positionson the pyrimidine ring.

14.2. Coals

Although Ramanis not usuallysuccessfulwith darkly coloredmaterials,therehas beena study of
coals [356].The spectraof lignite, high volatile bituminous,low volatile bituminous,anthraciteand
graphite(powdersandpolishedsolids) arepresentedin fig. 80. The spectraarequite similar with bands
at-~1585 and—1360cmt the sharpnessof the lines increaseswith increasingrank of the coals.These
bandsareattributedto graphitic or carbonizedstructuresin the coal.

36~]

.800 .600 400 200 .000 800 600

FREQUENCY. wovenumbers

Fig.80. Ramanspectraobtainedon U.S. coals.(A) lignite, 74.2percentcarbon; (B) high volatile bituminousA, 83.1 percentcarbon;(C) low volatile
bituminous, 90.0 percent carbon; (D) anthracite, 94.2 percentcarbon;(E) graphite,highly orientedpyrolytic. (From ref. [356].)
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14.3. Waterpollution

Therehas beensome activity involving Raman in the areaof water pollution. In theoryRaman
shouldbe ableto examinewatersamplesdirectly; however,in practice,fluorescenceoften interferes.In
thesecases,organicmaterialscan be either extracteddirectly into carbon tetrachlorideor Freon or
convertedinto an extractablespecies[357].Cunninghamet a]. [358] investigateddetectionlimits for
varioussolutesin water Solutionsof nitrate,sulfate,carbonate,bicarbonate,monohydrogenphosphate,
dihydrogenphosphate,acetateion and aceticacid were measuredand the influenceof experimental
parameterson detectionsensitivitydetermined.Laserbeamintensityandsolventbackgroundintensity
are the two most influential factors.Under ideal conditionsthe ionic and molecularspeciescould be
detectedin the 5 to 50 ppm range.

Bradley andFrenzel [359] had previously reportedthe detectionof benzenein water at concen-
trations of 50 ppm and Baldwin and Brown [360]hadfavoreddetectionlimits of 25 to 75 ppm for
various inorganicspecies.Using remotesensingequipment,the lower limit of detectionwas even S
higher;AkmadjianandBrown [361]couldonly detect100 to 200ppm of the inorganicspecies. S

Ullman [362]investigatedRamanfor water quality assessmentand detectednitrite and sulfate at
20ppm and 8.5ppm, respectively.Various herbicides and plant growth regulatorswere also in-
vestigated,but attemptsto quantitateall of them were not successful.

To lower the minimal detectableconcentrationof pollutants,severalworkerstook advantageof the
resonanceRamaneffect,mentionedpreviously,which occurswhenthe exciting frequencyapproaches
the frequencyof an electronicabsorptionfrequency.This increasesthe intensityof the solute spectrum

i60o cm-’ ,eoo
Fig. 81. ResonanceRamanspectraof (a) SuperlitefastRubine in distilled waterat 24.3ppm; (b) SuperlitefastRubine in river water at 288ppb.
(From ref. 13641.)
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Table 19
Pesticides/fungicides,absorptionbandmaximum,minimum detectableconcentration,andobservedRamanbands.(From ref. [365].)

Minimum
detectable
concentration Ramanbandsobserved

Compoundname’ (nm) E E
0d (ppm) (cm’)

2-nitrophenol 414 1.43 X 102 7.85X 102 0.8 824,881,1083,1255,1338
2,4-dinitrophenol 357 1.02x 102 9.81 x 10~ 0.7 801,964, 1318,1350
2-methyl-4,6-dinitrophenol(DNOC) (ditrosol) 366 7.29x 102 1.43 x 102 0.9 1279, 1330
0,0.dimethyl-0.4-nitrophenylphosphorothioate(methyl parathion) 278 2.86X 102 3.74x 10’ 7.0 1361
2,6-dichloro-4-nitroaniline(dichloran) 364 1.19 X i02 2.42x 10~ 0.4 1338
4,6-dinitro-2-sec.butylphenol(dinoseb)(DNBP) 376 1.45 x 102 4.15X 102 0.5 943,1272,1327

‘Sometradenamesaregivenin parentheses.

“Aa positionof absorptionbandmaximum.
CEa= molarabsorptivityat bandmaximum.
dE0 = molar adsorptivityat excitationwavelength,457.9nm.

withoutenhancingthatof the watersolvent.Brown andLynch [363]showedthe sensitivity of resonance
Ramanwith identificationof FD & C dyesin sodasandjuice mixes at concentrationsas low as 5 ppm.
Van Haverbekeet al. [364] studiedindustrialfabric dyes and detectedconcentrationsbelow 100ppb
andidentifiedconcentrationsbelow 200 ppb.They simulateda “real world” situationby polluting river
waterwith 288ppb SuperlitefastRubinedye. Fig. 81 showsthe spectrumbetween1600and 1000cnf

1.
For comparison,the spectrumof 24.3ppm of the samedyein distilled water is shownin fig. 81a.

PreresonanceRamanwasutilized by Thibeauet al. [365]to detectpesticidesandfungicidesin water.
PreresonanceRamandiffers from resonanceRamanin that the excitingfrequencyis situatedwithin the
band envelope,but not near the center.The pesticides and fungicidesstudied, all based on the
nitrophenol structure, are listed in table 19 along with observedRaman bands, absorptionband

I I I

500 000

FREQUENCY, CM’

Fig. 82. Ramanspectrumof a 0.5 ppm solutionof 4,6-dinitro—2-sec.butylphenolin 2 x i0~M NaOHusing457.9 nm excitation.(From ref. (365].)
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maxima,andminimumdetectableconcentrations.The latter weredefinedas thesmallestconcentrations
which gavestrongbandswith a signal/noiseratio of 3 or more. A typical exampleis the spectrumof a
0.5ppm solution of 4,6-dinitro—2-sec.butylphenolshown in fig. 82. The spectrumis boundedby the
1640cm’ band of water, but bandsdue to the compounditself are clearly evidentat 943, 1272 and
1327cm1 (symmetricNO

2 stretch).Even lower concentrationsof thesesamplescould be seenby use
of excitationwavelengthscloser to the absorptionband maxima (approachingthe resonanceRaman
condition).

14.4. Air pollution

There has been considerableinterest in the remote analysis of gaseouspollutants by Raman
spectroscopy[366—367].The current method projects the beam from a powerful laser into the
atmosphere,then collects and analyzesthe radiation back-scatteredalong the line of sight with a S
conventionalRamanspectrometer[368].One of the useful aspectsof this Ramanscatteringmethod is S
that the distanceof the pollutant from the detectorcan be relatedto the time delaybetweensending
and receivingthe returnedpulse. This has led to the acronymfor this technique— — LIDAR — — light
detectionand ranging. Initially equipmentwas very large (the unit was operatedfrom a truck trailer)
and expensive[369],but manyimprovementswere madein secondgenerationequipment[370].The
schematicfor a field testedremoteRamansystemis shown in fig. 83.

Ramanfrequenciesfor somegaseousspeciesof interestin pollution studiesare shownin table20
[58].Detectionlimits vary widely amongthe speciesbut, typically, 100ppm of NO andSO2shouldbe
detected at a range of 300m [368].There is considerableinterest in trying to quantitate lidar
measurements[371] as well as to increasesensitivitiesto <1 ppm. One possibility to greatly lower
detection limits is the use of resonanceRaman [372] or of the rotational Raman effect, which in
principle allows sensitivity to be increasedby � 10000over the vibrationalRamaneffect [373].

Lidar typesystemsalsohavegreatpotentialfor smokestackemissionstudies[374].

14.5. Flamesand combustion

Previousto the early1970’s IR emissionspectroscopywas one of the major spectroscopictools for
obtainingspectra of molecularspeciesin flames, but it was limited by the fact that homonuclear

TELESCOPE

PHOTO- POLY- / SAMPLE
MULTIPLIERS CHROMATOR VOLUME

SIGNAL GATE
PROCESSING GENERATOR

DIVERTING
MIRRORS

0-SWITCHED FREQUENCY BEAM /
RUBY LASER DOUBLER EXPANDER

MULTf
CHANNEL
RECORDER

Fig. 83. Schematicof a remote Ramansystem.(From ref. [58].)
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Table20
Raman frequencies for some gaseous species of interest in pollution studies.

(From ref. [58].)

Molecule p(cm’) Molecule p(cm~)

CO
2 668 NO~ 2248

03 710 N2 2273
SF6 775 NO~ 2277
NH3 950 N2 2302
Aliphatics 987 NO~ 2305
Aromatics 992 N2 2331
03 1043 CO 2349
SO2 1151 H2S 2611
CO2 1242 03 2800
CO2 1265 Aliphatics 2857

N20 1285 Cl-I4 2914
CO2 1286 03 3050
NO2 1320 Primaryamines 3189
CO2 1388 Primary amities 3256
CO2 1409 NH3 3331
CO2 1430 Primaryamities 3343
CO� 1528 CO2 3609

02 1556 H2O 3652
03 1740 CO2 3716
NO 1876 NO~ 4422

03 2105 N2 4459
CO 2145 NO~ 4478
N2~ 2175 N2 4517
NO~ 2221 NO~ 4534
N2O 2223 N2 4575
N2 2244 NO~ 4590

N2 4633

diatomic moleculesdo not give IR spectraand that the temperaturein the region abovethe flame is
too low to allow the useof ahybut the mostsensitiveof the IR instruments.Ramanovercomesmanyof
thesedisadvantages;it doesgive spectraof N2,02 andH2 lackof samplebrightnessis ahelp;andit doesnot S
have1120 andCO2 spectrawhich masklargeportions of the spectra. S

Arden et al. [375],using Ramananda flame isolationchamber,studiedthe combustionproductsof S
acetylene—oxygen,hydrogen—oxygen,methane—oxygenand propane—oxygenflamesand obtainedspec-
tra of C02, 02,H20 andCO. In addition to the normalspectrallines, theyfoundnew bandsappearing
at higher temperaturedue to increasedpopulationof higher energylevels by thermalexcitation.An
exampleis the 1286 and1388cm’ doubletof CO2. At roomtemperaturethesetwo lines predominate,
but as thetemperatureis raisedtherearefewermoleculesin the groundstateandtheareasunderthese
peaksgetsmaller;new bandsfirst appearat ~z.’= 1265 and1409cm

1,thenat 1242 and1430cm1.For
quantitativemeasurementsall the intensitiesof the bandsmust be summed;for temperaturemeasure-
mentsthe ratio of intensitiesof a pair of lines canbe usedoncetheir relativepopulationin any statehas
beendeterminedas a functionof temperature(i.e. a plot of line intensityratio vs. temperature).

Flame temperaturecalculationshavealsobeenmadeby Stricker [376]who developeda methodof
high precision over a wide temperaturerange. A high degree of accuracywas also claimed by
SchoenungandMitchell [377]who comparedRamanandthermocouplemeasurementsandBeardmore
et al. [378]who comparedfour methodsof calculatingthe temperaturesin alaminargas/airflame from
the Ramanspectrafor N

2.
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15. Raman band shapesas a source of information

Gordon[379]provideda formulationmanyyearsagowherebyinformationon orientationalmotion
on the picosecondtime could be obtainedfrom the Fourier transformof Ramanband shapes.An
excellentsummaryof work up to 1974 maybe found in the book editedby Lascombe[380].In small
molecules(approx. 5 atomsor fewer) reorientationprovidesthe primary relaxationmechanismfor
allowed transitions. For larger molecules, vibrational relaxation mechanismsplay an increasingly
important role. The developmentof a coherentapproachto such moleculeshasbeenthe subjectof
several recentpapers.The formulation most widely used is that of Nafie and Peticolas[381].They
showedthat in isotropicmediathe overall correlationfunction, C(t), obtainedfrom the Ramanshape,
maybeconvenientlyseparatedinto a reorientationalpartTr(f3(t)$(0)), where$ is theartisotropicpartof
the polarizability,and(Q(t)Q(0)), acorrelationfunction of all mechanismsof vibrationalrelaxation.This
separationis achievedby computing the isotropic spectrum ‘vib = I~— ~ normalizing it tO ‘vib

whence

I~Ib(w)= (2ir)’ J (0(0)0(t)) exp(iwt) dt,

or inversely,

(0(0)0(t)) = J IV~((t))exp(—iwt)dw.

Similarly, the Fourier transformof the normalized11(w) bandgives

(Tr[13(0)13(t)]) < 0(0)0(t) = J 11(w)exp(—iwt)thu.

Dividing the two results yields the reorientationalcorrelationfunction, assumingthat the reorien-
tational andvibrational processesareuncorrelated.

Until recently, mostworkers haveapproachedvibrational relaxationas a complicationon Raman
band shapeswhich needsto be removed if one is to study reorientationalmotion. Recentwork,
however,hasshown that much valuable information about liquids might be derived from a study of
vibrational relaxationprocessesby this method.

Beforediscussingspecific resultsandinterpretationsit is useful to define certainadditional quantities
connectedwith the band shapeand correlationfunction. The secondmomentof a band M2 or w

2 is
obtainedfrom

I (w—wo)21(w)dw
band

where w~is the frequencyat the band center.Onemayalsodefine a correlationtime, ‘r, althoughthis
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hasbeenobtainedin variousways[382].In general,T shouldbe obtainedfrom

JC(t)dt

wherethe integration is carried out to the limit of reliability of the correlationfunction. For pure
Lorentzianor pure Gaussianbandsthereareotherwaysof obtainingr.

Kubo[383]developeda generaltheoryof relaxationprocesseswhich hasbeenadaptedto vibrational
relaxationby severalauthors.In this theory, one can show that correlationfunctionswhich involve
“pure dephasing”processesaregivenby

C(t) = exp{—(w2) [tr~+ r~2exp(—t/r~)— 1]}.

This equationis often viewedin the short (t 4 r~)andlong (t ~‘ re), or, moreusefully, in whatare known
as the slow ((w2)112r~~ 1) or fast ((w2)112r~4 1) modulationregimeswhenceit reducesto

C(t) = exp(—~(w2)t2)

or

C(t) = exp(—(w2)r~)

respectively.
From the viewpoint of solutionsof interestto the chemist,thesedephasingmechanismsappearto

predominateover energyrelaxation(lifetime shortening)mechanisms[382].This is of valueto the study
of solutionstructure,as thechangein environmentof an excitedmoleculecan be monitoredin a rather
uniqueway from a studyof the correlationfunctions.As the modulationby the environmentchanges,
both r~and(w2) areaffected.This is knownas “motional narrowing”.If theseeffectscould bestudied
systematicallytheycould leadto aprobeof solutionstructures.Someexamplesof recentwork will now
be given. S

Yarwood et al. [382] have been examining acetonitrile, CH
3CN, in detail. Typical vibrational

relaxationcorrelationfunctionsfor v~in carbontetrachloridedenotedas~(t), areshownin fig. 84. One
can see the initial curvature (slow modulation)at short times followed by a linear region (fast
modulation). The motional narrowing, referred to above, can be seenhere, leading to a slower
decayingcorrelationfunction.This is shownmoredirectlyin fig. 85,wherevaluesof i~ and(w

2)areshownas
a functionof concentration.

From data such as theseone seesthat thereis a substantial“core” of intermoleculardephasing
mechanismwhich remains even after long range interactions betweensolute moleculeshave been
removed.This leadsto the conclusionthat short rangerepulsiveinteractionscontrol relaxationfor this
mode, while dipole—dipole interactionsare unimportant. Yarwoodet al. [382] haveshown that the
relaxationfor othermodesof CH

3CN is quitedifferentunderthe sameconditions.For v3 (1375cm’), z
increaseson dilution in CCI4. This points to dipole—dipole interactions as being important as a
relaxationmechanism,asis resonantenergytransfer.

Schroederet al. [3841have carried out relatedstudies on CH3CN and CDSCN, examiningthe
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pressuredependenceof the v1 mode. Their results are also interpretablein a Kubo dephasing
formalism. They have checked on the presenceof resonanceenergy transfer by isotopic dilution
measurementsandagreethatfor v~,this is not significant.

While most work on vibrationalrelaxationcorrelationfunctionshasbeenfor smallmolecules,a few
studieson larger moleculeshave indicated the potential for deriving information about condensed
phases.Rothschild[385]hasstudiedquinoline,

r~r~

which should be large enoughto haveinsignificant reorientationin the liquid phaseduring the first
5 psec.Fig. 86 showsvibrationalcorrelationfunctionsobtainedfrom the 1033cm~in phasebendingin
neat liquid, (both infraredand Raman)and 0.09 mole fraction in CS2. A slight motional narrowingis
seenin solution. In this casethe infraredandRamancorrelationfunctionsdeviateafter about2.5psec.
While Rothschilddoesnot discussthe reasonsfor this,a recentpaperby Yarwoodet at. [386]dealswith
this issue for acetonitrile.It appearsthat theremay be a fundamentaltheoreticalproblem herebut
moreexperimentalwork is probablyneededon this point. Rothschild’swork on quinoline alsoincludes
a comparisonof vibrational relaxationcorrelationfunctions for crystallineand glassyquinoline. The
glassystaterelaxesmore rapidly, consistentwith the idea that it offers the greatestnumberof distinct
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O.O9mfiriCS2
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Fig. 86. Vibrationalcorrelationfunctionsof the1033 cm~in-planebending(A’) of quinoline at ambienttemperature.Infrared:pure liquid and0.09
mole fractionsolutionin CS2,respectively.Raman:pure liquid. (From ref. [385].)
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environments.There is potential here for studying glassesand phase transitions associatedwith
them.

Bulkin and Brenzinsky [387]havestudiedthe CN stretchingmodeof 4 cyano, 4’ octyloxybiphenyl
(8OCB)

whichformstwo liquidcrystallinephasesandtwosolid phases,aswell asartisotropic liquid phase.Fig. 87
showsthat the correlationfunctionsobtainedfrom the liquid crystallinephasesareidenticalwith those
in the isotropicphase,indicating that the short rangeorder in all fluid phasesis similar. In CCI4 or
benzenesolution, thereis considerablemotional narrowing,as seenin fig. 88. Of further interestis the
region from 0.7 to 1.5psec,where the solution correlationfunctions differ from those of the pure
liquid, but thereis no concentrationdependence.This is the slow modulationregime. In CH3SCNor S
CHC13 the effect of dilution is quite different (fig. 89). No motional narrowing occurs. Clearly the S
solvationof the excitedCN groupis quite different in thesesolvents.Theseresultsindicatethat thereis
a possibility for using vibrational relaxationcorrelation functionsas a probe of solvent-soluteinter-
actions.

Band shapeanalysis and resolution studies have also been useful in obtaining information on
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Fig. 87. Correlationfunctions calculatedfrom ~ of the homeotro- Fig. 88. ~ calculatedfrom spectraof 8OCB dissolvedin benzenein
pically aligned smectic (S) and nematic (N) phase 8OCB and the mole fractionsof 0.51, 0.14 and 0.04. Also included is the C,,~,from
isotropic(I) phase8OCB. (From ref. [3871.) spectraof the isotropic(I) phase.(From ref. [387].)
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Fig.89. C~hcalculatedfrom spectraof 8OCB dissolvedin chloroformin molefractionsat 0.31,0.16 and0.02.Also includedis Cv,, from spectraof the
isotropic (I) phase.(From ref. 1387].)

conformationalstructuresof polymers.Maddamset al. [388—389]applied such techniquesto obtain
informationon the configurationandconformationof poly(vinylchloride). In a separatestudy[390]they
alsomeasuredtheprofiles of eightwell-definedRamanbandsto establishthatRamanbandshapesarea
reasonableapproximationto the commonlyassumedLorentzianform arid, therefore,that curve-fitting
proceduresto separateoverlappingpeaksarefeasible.

16. Non-lineareffects,particularlyCARS

In the normalRamaneffect, we observea linear dependenceof polarizationon field strength,i.e. as
the laserpower is increased,the Ramansignal is proportionallyincreased.At sufficiently high laser
powersthis neednot bethe case.

The polarizationcan bewritten as a (somewhatsimplified) expansionin the field strength

P ~ + ~~2~E2+ ,y°~E3.

The susceptibilitiesx1 fall off rapidly, typically beingreducedby i0~°in eachsuccessiveterm.Normally
then, only the~ (sometimescalleda) term is important.WhenE exceedsca. 10~Vm’, however,the
non-linearcontributionscan be expectedto beseen.Suchfields areavailablefrom many lasersystems.
Indeed,the non-linear effectswere observedin the early days of laser-excitedRamanspectroscopy.
Only recentlyhavetheybeenapplied to chemicalproblems.
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Table 21

Discrimination Trace Det. of
Raman against analysis low no.
efficiency fluorescence capability densities Comments

Normal low low moderate- mod-low Generalapplication.
Raman* low (100mtorr)

Stimulated high high very low very low Limited usefulness.
Raman (20atm)

Inverse high high low low Good for condensedphase.Not sens.
Raman (? 10 torT) for gasanal,at low pressure.

Hyper-Raman very low high very low very low Sens.very low, good for some
(—1 atm) structural anal.

Raman-induced high high moderate moderate Tooearlyfor good assessmentbut
Kerreffect (?) (?) hasdefinite potential.

CARS~ high veryhigh low high Excel. for hi resolutionandanal.
(at present”) (<1 mtorr) of gasesat low pressure. S

Problemswith traceanal. (low ppm)

*Theseassessmentsdo not include improvementseffectedby electronicresonanceenhancements.
**The limit to CARSfor traceanalysisis the interferencefrom backgroundgenerationof solventordiluent gas.At this writing, thereareafew

ideasnot yetfully testedwhichmay markedlyreduceoreliminate backgroundgeneration.

A numberof non-lineareffectshavebeendiscovered.Thesearesummarizedin table21. Includedin
the table is normal or spontaneousRaman scattering,as well as stimulated Raman scattering.
StimulatedRamanhasgreatutility in producingsourcesof a particularfrequency[391].It mayalso be
an effectivemethodto studyvibrational lifetimes [392].While conversionefficiencyis high,only certain
lines,usually the most intense,will emit in the stimulatedmode. This is becauseafterone reachesthe
thresholdpowerfor stimulatedemissionof onemode all further increasesin powergo into that mode.

The inverseRamaneffect occursas follows. If a sampleis simultaneouslyirradiatedwith an intense
laser beam of frequency r’~ and a continuum from v~to i.’0 + 4000cm”1 (the typical range of a
vibrational spectrum),absorptionis observedat frequenciesv, characteristicof the Ramanactive
modes.Emissionis also observedat v

0. This is aninverseeffect. In principle it would havean advantage
over normal Raman in that fluorescencewould not be important. In practice there havebeen few
applications.This is becausethe absorptionis weak and it is somewhatdifficult to get the laserpulse
andcontinuumto coincidespatiallyand temporally.

Therehasbeensomerecentwork on stimulatedRamanspectroscopyusinglow powercw lasers,as
well as with lower averagepower pulsed lasers,which doesshow promisefor chemicalapplications.
This is primarily the work of Owyoung [393—394]on a techniqueknown as stimulatedRamangain
spectroscopy.As will be seenbelow, this can also be done experimentallyas inverse Ramanspec-
troscopy.

Fig. 90 showsschematicallythe original Owyoungexperimentusing a cw He—Ne laseranda cw dye
laser.The dye laseris choppedandtunedthrough the region of vibrational frequencydifferencesfrom
the He—Ne laser.The two beamsare brought togetherby a beamsplitterin a temporaland spatial
coincidencein the sample.Onecan measureeithergainor loss as a function of frequencyof the exiting
beam.Becausethis beamis coherent,spatial filtering can be usedto removefluorescence.

Nestor [395]hasdone the sameexperimentusing apulsednitrogenlaserandtwo dye lasers.In that
casea differentialamplifier is used,with oneinput beingthe exit probe beampulse,the othera split-off
signal from the pulsebeforeit entersthe sample.
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Fig. 90. Schematicdiagramof thecw stimulatedRamangain spectroscopyexperiment.(From ref. 1394].)

Thesetechniqueshavethusfar only beenusedon testsamples.However,for gasphasespectrathey
look very promising. In liquids there may be some caseswhere the significant improvement in
resolutionobtainablefrom the tunablelaservs. a monochromatoris usefulin solving a problem.There
is interestin applyingthesemethodsto resonanceRamanproblems,but thusfar problemsof thermal
blooming havenot beensolved.

The hyper-Ramaneffect (a ,y(2) effect)gives rise to Ramanscatteringat frequenciesof v
0±v,. It is of

interestbecauseselectionrules for hyper Raman scatteringmay be different from those of either
normalRamanor infraredspectroscopy.An exampleis shownin table22. The effect is extremelyweak
andthe instrumentationcomplex.Hence,it is finding little applicationtoday.

The coherentanti-StokesRamanscattering(CARS) effect is a ,y~)effect. It has receivedmore
attentionthananyof the othernon-lineareffects[396].The bulk of thework thusfar hasbeenof avery
exploratorynature andthe potential for solving problemsis still a matterof somecontroversy.CARS
generatescoherentphotons and the efficiency for the CARSprocesscart be significantly higher than
spontaneousRamanscattering.

CARS may be done with either pulsedor cw lasers,but most work to date hasbeendone with
pulsedlasers.If two beamsof frequencies&~andw. arefocussedin a sample at sufficient power, a

Table 22
Infrared, Raman and hyper Raman activity of fundamental vibrations in sulfur hexafluoride (SF6)

Symmetry Number of distinct
species x, y, z a Componentsof 13 frequencies

AIg a,~+a~~+a~ I
A2g 0
E5 (a~+ a~— 2a~,a~— a~5) I
F1~ 0
F2g (a,,, a,,~,a,,) i
A1. 0
A2, 0

0
F1, (x, y, z) (fl~,,,13,,.~,13,,,),(t3,~~+13,,,, /3,,,+ /3,,,, /3,,,, + /3,,,,,) 2
F2, ff3,,,, —/3,,,,13,,,, —/3,,,,/3,,, — /3,,,,,)
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coherentbeamof frequencyw~= 2w~— ~ maybe generatedin the medium.Many factorsdetermine
whether this conversionto w5, takesplace. Theseinclude the presenceof molecularresonancesat
frequencyw1 — w5 andpropertiesof theseresonances.

It is possibleto derivean equationfor the efficiencye of the CARSprocessand it is instructiveto
examinethe termsin this expression.The efficiency is proportionalto

L2[5mnk’~’
2)1L ~kL/2 ]

whereL is the lengthover which the beamsare mixed throughthe sampleand Ak is the mismatch
betweenthe momentumvectorssuchthat

Ak2k�kskas.

Fig. 91 showshow � varies with Ak at constantL, indicating that it is maximizedat Ak = 0. This is
knownas the phasematchingcondition andit imposes-a very strict experimentalconditionon CARS. S
To achieveAk = 0, the beamsmustbe crossedat angle0 (fig. 92). For gasesthis conditionis not severe,
but for liquids the angletolerancefor CARS is <10.

� is proportionalto x°12.As mentionedabove,the conversionefficiencydependson the occurrence
of resonanceatw~— w,; however,it can occurevenin the absenceof suchresonances.One way of
expressingthis is to separate~ into a resonantand a non-resonantpart

x°~=XR+XNt~.

I-C
CARS CONVERSION EFFICIENCY VS

PHASE MATCHING, AK\ (L constant)
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Fig. 91. CARSconversionefficiencyvs. phasematching(~k)for constantinteractionlength. (From ref. [397].)
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U
2 U3

Fig. 92. Wavevectordiagramfor phasematching(~k= 0). (From-ref. [397].)

It is XR which is related to Raman spectroscopictransitions, but XNR may provide an intense
background,limiting the possibility of detecting x~.The third order non-linear susceptibility has
anotherimportantproperty,namely,xR hasbothreal andcomplexparts,i.e.

= x’ + if + ~

The imaginarypart of ,y~)is associatedwith the normal Ramantransitionprobability,the real partwith
the non-linearrefractiveindex. Thesehaveusualforms shown in fig. 93. If thesewere the only factors
CARSbandshapeswould look muchlike normal Ramanbandshapes.In the presenceof a significant
non-resonantbackground,this can change.

This is simply seenby squaring~

= (x’ +x~)2+ ~ = (,~~F)2+ 2XIXNR + (f1~)2+ (.y”)2

The mixing term X?XNR can distort normal bandshapesleadingto minima in the CARSspectra.
Tolles andTurner[397]haveassessedthe performancecapabilitiesof CARS vs. spontaneousRaman

and absorptionspectroscopyfor the analysisof gases.They find that CARS offers advantagesunder
certainconditionsof temperatureandpressure,particularlyfor a majorcomponentof a mixture below
1 atm total pressure.The calculationstheydescribearequiteusefulto anunderstandingof signal/noise
in a CARS experiment.

Carreira and co-workers [398] have been developinga CARS spectrometerfor application to
solutions.Theyhaveconcentratedtheir effortson situationsin whichresonance-enhancedCARSsignals
areobservable.The rangeof solutionsfor which this is the caseis increasedby their useof ultraviolet
excitation.To facilitatetheoperationof thespectrometer,especiallyin regardto thephasematchingangle
condition, anumberof computercontrolledsteppingmotorsareutilized. Theseincludemotorsto move
optics asnecessaryfor phasematching.The computer“learns” theconditionsnecessaryfor eachsolvent
andsetstheseautomatically.

These authorshave used the micro flow cell techniquein resonanceenhancedCARS to good
advantage.This minimizesbuildup of photodecomposedproducts,thermalgradients,while permitting
the studyof excitedmoleculesor intermediates.Onepossibility for applicationof the microflow cell in
this spectrometeris as a liquid chromatographdetector.Furtherwork in this areais needed.

Dutta,NestorandSpiro [399]havecarriedout resonanceCARS experimentson a biological system,
flavin adeninedinucleotide,wherethe electronicresonanceis with a flavin absorptionband.This is a
highly fluorescentsystem andthe CARSdatamakea convincingcasefor the ability of CARSto obtain
good Ramanspectradespitethis.
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____ ____
—1.5 (~)
2.0

~ Ix12~2.,~ SbOO OO~AW(cm~)(b)Fig. 93. (a)This traceis aplotof thereal(x’) and imaginary (x”) partsof thethird-ordersusceptibilityfor aresonancecenteredat 1000 cm~Ramanshift andaline width of 1.0cm”’. Notethefact thatxis negativein one-halfof thefrequencydomain. (b) Squareof thequantitiesplotted in (a).x2is directly proportionalto theCARSsignal. Note that at thecenterof theresonancetherealpart of thesusceptibilityvanishes.(From ref. 1397].)17. Recent developmentsin instrumentation17.1. Imageintensifiersand vidiconsDelhayeandBridoux [4001havepioneeredthe useof multichanneldetectionsystemsfor Ramanspectroscopy.In a typical system,the scatteredlight, dispersedby the monochromator,is imagedon a
multiple stageimageintensifiertubeand the resultingsignal focussedon the photocathodeof avidicon
televisiontube.

A commercialdetectionsystem— — theOMA or OpticalMulti-channelanalyzer— — isavailablebasedon
this principle from EG & G-PARin Princeton,N.J.,U.S.A.

Thereare many potentialapplicationsof multi-channel techniques.With pulsed lasers,the OMA
representsthe bestway of obtainingthe Ramanspectrumwith a single laserpulse.Using time gating
techniques,in combinationwith short pulses,fluorescencemaybe separatedfrom Ramanscattering.
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Campionet al. [401]haveusedresonanceRamanspectroscopywith the OMA to studykinetics of
reactionsconnectedwith the vision process.In their work a cw laseris used.However,by interposinga
rotatingdisk with asmall slit in it, a pulseof severalmicrosecondsdurationis achieved.This pulsedoes
both photolysis and probing of the Ramanspectrum. Fig. 94 shows spectra of bacteriorhodopsin
obtainedfrom this apparatus.In eachsucceedingspectrum(top to bottom)the slitwidth is widenedto
increasethe pulseduration.The spectralchangesobservedare,of course,complex.Onemust consider
both the increasein illumination as well as observationtime, recognizingthat a sum of the species
presentduringthis time is seen.Still, for productionof microsecondpulses,the techniqueis a relatively
simple one.The authorsbelievethat 20nspulsescan be obtained.However,one mustbe concerned
aboutpower/pulse,relaxationbetweenpulses,andoverall signal/noiseconsiderations.

The most straightforwarduse of vidicons, obtainingRaman spectrafrom single laserpulses, has
enabledspectraof unstablespeciesto be obtained.When combinedwith resonanceenhancement,this
can lead to a rathersensitivemolecularstructureprobe.Wilbrandtet al. [4021haveused this to obtain
spectraof a free radical in solution. Undoubtedly,therewill be many such applicationsin chemistry.

A 4765.~
It2 ~ excitotijo R 5145 A
I excitation

261J5

Fig. 94. Kinetic resonanceRamanspectraof bacteriorhodopsintaken with two excitation wavelengths:(a) 476.5nm; (b) 514.5nm; at room
temperature(—20°). Thetimesarethemeasuredlaserpulsedurations,determinedin generalby theslit width, speed,anddiameterof thechopper.
For this seriesonly theslit width wasvaried.Peakincidentlaserpowerwas ‘—2W with an averagepower(determinedby theratio of slit width to
choppercircumference)rangingfrom 0.5 to 60 mW. Vibrationalfrequenciesaregiven in cm”.
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17.2. RapidscanningRamanspectroscopy

Slower dynamicalstudiesvia Ramanspectroscopycan be carriedout by rapid scanning.For some
years, Spex Industrieshasoffered a rotating quartz refractor plate as an option with their double
monochromatorsystem.The plate is placedjustbefore the exit slit andpermitsa rapid scanof a small
spectralrange.

Beny et al. [403]andWallart [404]havedescribedanotherapproachto rapid scanning.It is usedon
theJ-Y Optical doublemonochromator.This instrumentoperateswith acosecantbarcamarrangement.
By interposingasecondscanningmotor, cam,andvariable anglequoin betweenthe leadscrewandthe
cosecantbar, they areableto rockthe gratingsthrough a presetangle.This angleis determinedby the
quoin.In thisway, spectraovera rangevaryingfrom 5—1500cm’’ can beobtainedin lessthan1 sec.The
systemseemstobeparticularlyusefulin studyingtheevolutionof certainphasetransitionswhichtakeplace
slowly and yield distinct Ramanbandsratherclose togetherin frequency.Few applicationsof rapid S
scanningRamanhavebeenmadeto date. S

18. In conclusion: Where havewe comefrom and where are wegoing?

The Ramaneffect evolvedat a propitious time in the developmentof chemistry.As the quantum
theory of moleculesdeveloped,chemistswere increasinglyanxiousfor molecularstructureInformation.
In manycases,theory did not provideabasisfor choicebetweenalternativestructures— — linearvs. bent,
planarvs. non-planar,etc. Using the link betweengrouptheory,symmetry,and spectroscopy,Raman
spectroscopy,often in partnershipwith infrared, provided many answers.Up to about 1970, such
applicationsdominatedthe applicationof Ramanspectroscopyin chemistry.

The 1970’s havebeenaperiod of change.As we haveseenin the foregoingsections,therehavebeen
manyapplicationsof the Ramaneffect to complexmolecularsystems.In part this hashappenedbecause
other spectroscopicand diffraction techniqueswere providing more straightforwardanswersto the
simpler problems.But in part it resultsas well from the maturity of Ramanas a technique.The large
volume of data and expertiseon small moleculeshasallowed interpretabledata to be obtainedfor
biological systems,polymers,orderedcondensedphases,andmulticomponentsystems.

The 1970’s havealso witnessedmany developmentsin instrumentation,the fruits of which will be
mostapparentin the future. One in which the impact is alreadyclear is in computersupportfor data
acquisition,reduction,andinterpretation.We havealsobeenable to usethe developmentsin molecular
orbital calculationson largemoleculesas aidsin datainterpretation.

Towardsthe endof this decade,we areseeingthe emergenceof Ramanas a techniquefor studying
dynamics.This comeson many time scales.From Ramanband shapeswe gleaninformation about
picosecondprocesses.Using vidicons and pulsedlasers,nanosecondsto millisecond processescan be
examined.And usingrapid scanningtechniques,we canprobereactionsin the 0.1—10 secondrange.As
therearerelativelyfew good techniquesfor obtainingdynamicalinformationin condensedphaseswith
the structuraldetailofferedby Ramanspectroscopy,we can expectto seecontinueddevelopmentalong
theselines.

Thus,in the 1980’s, wemayexpectto recoverthe multiplex advantagein Ramanspectroscopythat
was given up for conveniencewhenphotographicplateswere replacedby photomultipliertubes.Some
laboratoriesalreadyusedetectorarrays,as describedin section3, but thesecanbe expectedto become
moresophisticated,capableof higher resolution,andlower in price.
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Computer-basedanalysis of data, mainly through improved library searchsystemsalgorithms,is
proving to be at the transition from the 70’s to the 80’s in infraredspectroscopy.Suchtechniqueswill
naturally cometo Ramansystemssoon.We mayalso see,in the 1980’s,someincreaseduseof theory
for interpretationof relativeintensitiesof bandson a routine basis.

New sourcesfor Ramanspectroscopywill surelyemergein the nextdecadeandimpactthe field. The
efforts now in progressto developa variety of improvedUV andvacuumUV cw laserswill resultin our
ability to carry out resonanceRamanexperimentson virtually anymaterial in a routine fashion.When
combinedwith gating techniquesto suppressfluorescence,this will greatly enhancethe sensitivity of
Ramanspectroscopyat lower concentrations.It seemspossiblethat with sophisticatedcomputational
backup,onemay alsobe able to do intensitycorrectionson suchresonanceenhanceddatato provide
quantitativeinformationon concentrations.

In additionto lasersources,we mayexpectto seesomeuseof the storagering sourcesin the vacuum
ultraviolet, now either in operationor underconstruction,for resonanceRamanspectroscopyin the
hardvacuumUV regions. In additionto intensity,continuoustunability, andpolarization,thesesources
havepotential(not yet fully developed)for sophisticatedtime-resolvedexperimentson the nanosecond
time scale.The negativeside of this, however,comesin the considerableexpensein carryingout such
experiments.It is not clearyet whethersuchan expensewill be justified.

We havetreatedthe non-linearRamaneffects briefly in this article. To date they havefound few
applicationsin chemistry.This will likely changein the 1980’s, The simplicity of instrumentation,the
high intensityandthe discriminationagainstfluorescenceofferedby thesetechniquesmakeit likely that
they mayevencometo dominatespontaneousRamanspectroscopyin liquid andgasphaseproblems.
Their applicationin solidsis muchless clearandsurelywarrantsfurtherwork.

Thesedevelopmentsareall experimental.Whatof theory?Someof the mostsophisticatedquantum
chemistrynow underwaydealswith condensedphasetheory.We can hope that this will result in our
being ableto morequantitativelyinterpreteffectsseenin condensedphasespectra— — changesin band
intensities, frequenciesand shapes— — under varying conditions of solvent, temperature,pressure,
viscosity,etc.

For someof this, we will needthe resultsof othertheoreticalandexperimentalwork now underway
on the dynamicsof intermodeintramolecularenergytransfer.Particularly in largemolecules,this may
be afactor in interpretingsubtle effectsin their Ramanspectra.

Therehasbeensomeaccessto new vibrational levelsthroughnew selectionrules as the non-linear
techniqueshave evolved and as circularly polarizedradiation has been used.We may hope that S
theoreticalwork in this areaof new selectionrulesalso evolvesin the future. S

Finally, one may hope that the next decadewill close with the result of thesetheoreticaland
experimentaladvancesbeing a more completenetwork of links betweenchemistryand spectroscopy.
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