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1. Introduction

Infrared spectroscopyhasbeenwidely recognizedfor yearsas an important,powerful andelegant
tool for the analysisand identification of materialsand for the study of structuresand dynamicsof
molecules.Ramanspectroscopy,thoughtheoreticallyricher in vibrationalinformationaboutmolecules
andpossessingsomefundamentalpracticaladvantagesoverinfraredspectroscopy,laggedbehindIR in
developmentas an analyticaltool due to experimentaland instrumentalproblemsin obtainingspectra.
With the adventof the laseras a source in the early 1960’s, commercialRamaninstrumentsrapidly
developed.Other instrumentationadvancesalso contributedto a renaissancein thistechnique’sutility.

To better appreciatethe reasonsfor this intense renewedinterest in Raman,it is instructive to
comparesomeof the advantagesanddisadvantagesof Raman andIR with respectto instrumentation,
samplinghandling,andapplications.Tables 1—3 takenfrom a comparisonby Sloane[1] summarize
such information.Since Ramanscatteringoccursin the visible spectrum,the optics of the instrument
are simple. Sensitivedetectorswith high signal-to-noiseratiosareavailable.The intrinsic weaknessof
the Ramaneffect (Ramanlines are about10_6 the intensityof the exciting line) necessitatesthe use of
an intensemonochromaticlight source,and,as such,the laseris ideal. A decidedadvantageof Raman

Table 1
Samplinghandling

Raman JR

A. Generalapplicability 95% 99%
B. Samplelimitations Color; fluorescence Singlecrystals:

metals;aqueous
solutions

C. Easeof samplepreparation Verysimple Variable
1. Liquids Verysimple Very simple
2. Powders Verysimple More difficult
3. Singlecrystals Very simple Very difficult
4. Polymers Very simple More difficult

(butseeB)
5. Single fibers Possible Difficult
6. Gasesandvapors Now possible Simple

D. Cells Very simple (glass) More complex
(akali halide)

E. Micro work Good(<1 ~sg) Good (<1 ~sg)
F. Tracework Sometimes Sometimes
G. High and low temperature Moderatelysimple Moderatelysimple



234 J.G. Grasselliet al., Applicationsof Ramanspectroscopy

Table2
Instrumentation

Raman IR

A. Relativecomplexity Moderate Slightly greater
B. Source Laser Blackbody
C. Detector Photomultiplier tube Thermal
D. Resolution Ca. 0.25cm’ Ca. 0.20cm’
E. Principallimitation Energy Energy
F. Wavenumberrange 10—4000~cm~ 180—4000cm’

1
(one instrument)
10—400cm1
(secondinstrument)

G. Purgerequirement No Yes
H. Photometry Emissionsingle beam Absorptiondoublebeam

is that the entirespectrumis obtainedwith the sameinstrumentandcell, giving moreinformationin a
shortertime.

Infrared is applicableto almost anykind of samplebut somematerials(intractablepolymers,single
crystals, and aqueoussolutions) are quite difficult to handle. In Raman spectroscopy,sample pre-
parationis remarkablysimple and the capabilityfor usingglassor quartzcells is a markedadvantage.
Its principal limitation is with highly coloredor fluorescingmaterials.

Both Ramanand infrared spectraare necessaryto completelydescribethe vibrational motions of
molecules.They arehighly complementary.Although somevibrationalmodesmaybe commonto both
the IR andRaman,thesetwo forms of spectroscopyarisefrom differentphysicalprocessesgovernedby
specific selectionrules,andthe informationcontentin the two techniquesis a function of themolecular
symmetry and polarity.Symmetricvibrations and nonpolargroupsaremost easilystudiedby Raman,
antisymmetricvibrations and polar groupsby infrared. At the empirical level, both techniquesare
excellent “fingerprints” for qualitative identification of moleculesfor the analyticalchemist.Infrared
spectroscopyholds an advantagein the hugenumberof referencespectrawhich areavailable,but group
frequenciesareequallywell-recognizedandusefulin both methods.Without question,the possibilityof
examiningaqueoussolutionsin the Ramangives it a tremendousadvantageover infrared in biological
andinorganicchemistryandis of immenseimportance.

In this review, we highlight a few aspectsof modernRaman spectroscopyand its application to
chemicalproblems.It would be impossibleto be comprehensive.Instead,we haveprovided a brief
introductionto Ramanspectroscopyregardinginstrumentation,techniques,andgroupfrequenciesand

Table 3
Applications

Raman IR

A. Fingerprinting Excellent Excellent
B. Best vibrations Symmetric Asymmetric
C. Assignmentwork Excellent Very good
D. Groupfrequencies Excellent Excellent
E. Aqueoussolutions Very good Very difficult
F. Quantitativeanalysis Moredifficult Good
G. Low frequencymodes Excellent Difficult
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thenselecteda numberof areasandexamplesof interest, in the hopesof giving a flavor of the typeof
work now beingdone.Thedepthof treatmentof particularareasis, to someextent,morea reflectionof
our own interestsandexpertisethanof the regard in which we hold the work of our colleagues.

2. Theoryof Raman spectroscopy

For an introductionto all aspectsof the theory of Ramanspectroscopy,a recentbookby Long [2] is
excellent;but abrief reviewhereof the theory is helpful for putting Ramanspectroscopyin perspective
with relationto infraredspectroscopyandto help illustrate its importance.In infraredspectroscopy,it is
the vibrationalenergylevelsof the moleculewhich areinvolved. Moleculescan scattervisible light and
the scatteringmaybe elasticor inelasticin nature.Inelasticscatteringis the basisof the Ramaneffect,
and it resultsin a gain or loss of energyby the photon after its collision with the molecule.This is
illustratedin theenergylevel diagramin fig. 1. Thefirst vibrationalenergylevel of a diatomicmolecule
is designatedi’

1 andabsorptionof photonswith energyequalto hi.’1 would give rise to the infrared
spectrum.If monochromaticradiationof frequencyt’0 falls on a molecule,it is excitedto a virtual state.
(Thevirtual statemustbe lower thanthe electronicenergyof the moleculeso that no absorptionof the
beam occurs.) The molecule can return directly to the ground state,emitting light of energyhv0
(Rayleighline) or it can returnto the first vibrationalenergylevel, emitting a photonwhoseenergyhas
beendecreasedby h(~o— v1). Moleculeswhich arealreadyin a vibrational excitedlevel can alsoscatter
light elasticallyandemit photonsof unchangedenergy(Rayleighline), or theycan return to the ground
stateby emitting a photonwhoseenergyhasbeenincreasedby h(vo+ v1). Theseshifted lines constitute
the Ramanspectrum,andthosewhich appearat lower frequencyarecalled Stokeslines; thoseshifted
to higher frequencyare called anti-Stokeslines. Since the numberof moleculeswhich exist in the
excitedstate is governedby the Boltzmanndistribution, the Stokes lines are muchmore intensethan
the anti-Stokeslines.This is illustrated in the Ramanspectrumof CC!4 shown in fig. 2. The shifts in
frequencyof the scatteredphotonsin the Ramaneffect correspondto the vibrational energylevelsof
the moleculeas observedin infraredspectroscopy.It shouldbe notedthat it is alsopossibleto observe
rotationalandelectronicRamanspectra,but atpresentthe mostuseful informationis derivedfrom the
studyof changesin the vibrationalenergyof molecules.

Virtual

States

i hv0, hV0

h(’J0_’J1) h~0 h~)0

v=i — ______ ______

h~
v=t -______

Stokes Rayleigh Anti—Stokes

Fig. 1. Energyleveldiagram.
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Fig. 2. Stokesand anti-Stokeslines in theRamanspectrumof CCI
4—mercuryarcexcitation,435.8mm(22938cm~).

If all the shifts in frequencyobservedin the Ramancorrespondedto IR absorptionbands, there
would bevery little practicalinterestin this technique.However,as previouslynoted,the two processes
aregovernedby differentselectionrules involved with the electricalnatureof thenormalvibrationand
the oscillating electric field of the electromagneticradiation. Infrared absorptionoccurs when the
interactionof the moleculewith the light producesa changein the dipole momentduring a normal
vibration. Ramanscatteringoccurswhenthe molecularmotionproducesa changein the polarizability
of the molecule.

These fundamentaldifferences in the processeswhich govern infrared absorption and Raman
scatteringprovidethe basisfor the appearanceof bandsor differencesin bandintensitiesin the spectra.
This in turn facilitatesthe identificationof various chemicalgroupingswithin molecules.The develop-
ment of groupfrequenciesin the Ramanhasalreadybeenof considerablevaluein the utilizationof this
tool in analyticalapplications.

The vibrational analysisof molecules,throughthe useof grouptheory,allows the calculationof the
numberandactivity of Ramanand infraredbandsto be expectedin the spectrumof a molecule.Some
frequenciesmayappearin common,but as the molecularsymmetryincreases,the differencesbetween
the Ramanand IR spectraalso increaseuntil mutualexclusionis attainedfor thosemoleculeswith a
centerof inversion.Thus theinfraredandRamanspectraprovidea most importanttool for determining
molecularstructure.

Polarizationdata also supply additionalinformationfor identifying the types of normalvibrations.
Symmetrical modesin a moleculewill be polarized in the Raman and this is an important aid in
assigningthesemodesin structuralanalysis.
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3. Developmentof modern Raman instrumentation

The history of Ramanspectroscopyhasbeengreatly influencedby developmentsin the available
instrumentation.Most aspectsof this history are well known, leading up to the production of
commerciallaserexcitedRamanspectrometerswith high quality doublemonochromators,photomul-
tiplier tubes,andphotoncountingin the early1960’s [3].

We are now in the period of a secondgenerationof laserexcitedspectrometers,offering far greater
potentialfor observationof weakspectra(all Ramanspectraseemto fall in this class)thanpreviously.
Some aspectsof this developmentwere expectedand havegradually becomepredominant.Others
appearedquiteunexpectedly.

It was probably inevitable that the helium—neonlaser,with accompanyingred sensitivephotomul-
tiplier tubes used in the early days of laser excited instruments,would give way to blue or green
wavelengthlasers.This hasindeedbeenthe case with virtually all Ramaninstrumentsnow usingargon
or krypton ion lasers.Typical exciting wavelengthsare shown in table 4. Even in this area,a recent
developmenthasbeenthe availability of much higher laserpowers up to 15 watt of cw power. It
happensthat very few condensedphase samples can withstand such power when focussedto a
diffraction limited point, as is usualin Ramansampling.For certaincases,however,it is proving to be
the difference betweenobtaininga spectrumand not obtaining one. This is particularly true for gas
phasework.

A new photomultipliertubeis alsopart of this secondgenerationinstrument,featuringa Ga—As or
multi-alkali photocathodesurface.Thesetubesare typified by the RCA C31034or the Hamamatsu928.
Twopropertiesof thesetubesmakethemdesirablefor Ramanspectroscopy— — theyhaveahigh absolute
quantumefficiency,andthe responseis constantover the entire visible spectrum.Thesepropertiesare
illustratedin fig. 3, wherethe RCA tubeis comparedto the ITT FW13O tubeusedin most instruments
previously.

First generationlaserexcitedinstrumentsusedgratingswhich were ruled. Now holographicgratings
are available and this meansa far more perfectgrating. Since stray light rejection and throughput
are of critical importanceto Raman spectroscopy,the holographicgrating has meanta significant
improvementinsignal to noiseratios. It hasalsoimprovedperformancein thelow frequencyregion,close
to the Ramanexcitingline. Of interestis theproductionof concaveholographicgratings,inaddition to the
conventionalplanegratings.A monochromatorproducedusingthesegratingsrequiresno additional
opticalelementsotherthanslits.Thisagainreducesstraylight. Suchamonochromatorisnowcommercially
available[4].Thestraylight rejectionin thesemonochromatorsissufficiently goodthatRamanspectracan
be obtafnedwith a single monochromator,rather than the double or triple monochromatorsused
previously.While mostspectroscopistsarestill usingthedoublemonochromator,it seemslikely thatmore

Table 4
Laser emission wavelengthscommonly used to

excite Ramanspectra

Lasingmedium Wavelength(s), nm

He—Ne 632.8
Ar~ 488.0

514.5
Kr~ 530.9

647.1
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a)
C
0

a)

2

300 600 900 nm

Fig. 3. Photomultiplierresponsecurvesin thevisible regionfor (1) ExtendedS-20 response,suchasITI’ FW-130; (2) Ga—As photocathode.suchas
RCA C31034.

will beginto takeadvantageof thesinglemonochromatortoachievehigherthroughput,evenattheexpense
of a modestincreasein stray light.

As one might expect, Ramaninstrumentsare beingroutinely interfacedto minicomputersand to
microprocessors.Severalarticleshavediscussedstrategiesand implementationmethods[5].Thereare
severalreasonsfor doingthisin Ramanspectroscopy.Among these,signal averagingis foremost.Weak
signals are readily enhancedby long integration times using the photon counting systems.The
elimination of fluorescenceby digital post processingof data is also possible [6]. This is being
accomplishedby computingthe Fourier transformof the Ramanspectrum,picking the properFourier
coefficients to filter the broad fluorescentbackgroundfrom the Ramansignal and recomputingthe
spectrum.Smoothingof datamayalsobe accomplishedin this way.

Polarizationdata,so importantto applicationsof Ramanspectroscopy,canalsobe readily extracted
and displayedwhendataareavailablein digital form. Oneuseof thisis in separatingthe isotropicpart
of the polarizability, thusproducinga displayof only thosemodesbelongingto the totally symmetric
representation[7]. In a conventionalRamanmeasurement,two spectra,referredto as I~andL, are
usuallyobtained.A depolarizationratio,

p = 3f32/(45a2 + 4/32) = I/I

is thencomputed,wherethe ct2 termsarethe isotropicportionof the polarizability,a = ~(a
1+ a2+ a3)

andthe /32 termsarethe anisotropicportion

/32 =

1[(a — a
2)

2 + (a
2— a3)

2+(a
3— as)

2].

In the techniquereferredto above,I~is scaled by ~ in the computer, then subtractedfrom I~to
producea displayproportionalto 45 a2. Scherer[7] first appliedthis to vibrationalassignments.Later,
Bulkin et al. [8] pointed out that for low symmetry molecules,structuralquestionsoften hingedon
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3000 2900 cm~ I I I I
Fig. 4. Ramanspectrumof dipalmitoyl lecithin in CHCI

3 solutionat 3000 2900 CM -

3cm” resolution: a, I~b, Ivh. (From ref. 191.) Fig. 5. Spectracomputedfrom I,,,. andI~,spectraof fig. 4 using i/p
values asindicated.(From ref. 191.)

determiningwhethera moleculepossessedC~or C1 symmetry.In the formercaseboth polarizedand
depolarizedbandsshould be observed;in the latter caseonly polarized.The polarizability separation
techniqueis a convenientcheckon this. Therelationshipof polarizationto structurewill bediscussedat
lengthin a later sectionof this paper.

Krishnan and Bulkin [9] haveshown that if the scaling factor is greaterthan ~, bandsof any
depolarizationratio maybe removedfrom the spectrum,thusprovidinga meansfor effective resolution
enhancementof data. They have also discussedsomelimitations of this technique.Fig. 4 shows a
complexenvelopewith manyunresolvedcomponents.

In eachof thetracesshown in fIg. 5 a differentvalueof i/p is usedto scaleI~.As can be seen,each
subtractioneliminatesdifferentbandsfrom the bandenvelope.

Many other data processingapplicationshavebeen accomplishedwith computer interfacedspec-
trometers.All of the work on Ramanband shapesdiscussedlater requiresthis. The Ramancircular
dichroismspectroscopyalsorequiresdigital dataacquisitionto be practical.Finally, to get goodRaman
intensitymeasurements,it is necessaryto makea numberof correctionsto observedintensities.These
havebeen discussedby Scherer[10]. They are readily applied to an entire spectrumby digital post
multiplication.

4. Techniques

4.1. Samplehandling

At times the advantageof Ramanspectroscopyover other analytical techniqueslies in the easeof
examiningsmall, intractable,or difficult-to-handlesamplesin a relativelyshorttime. Ramanspectracan
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easilybe runof gases,liquids andsolids.Therehasnot beenquite asmuchdonewith the gaseousstates
becauseof the requirementfor higher-poweredlasersandmorecomplexsamplingapparatus.However,
specialgas-handlingcells anddevicesare availableandhavebeendescribedin the literature[11].

Liquids areextremelyeasyto examineby Raman.Glasssamplebottles,flasks,andampoulescan be
useddirectly if the glassitself doesnot containimpurities whichcausefluorescence.Themost common
liquid devices,however,are 1.5mm od capillary tubesin which samplesare run neat or with solvents
suchas CC!4 or CS2.Water, an opaquesolventfor IR work, is a poor scattererandis usedfrequently
for Ramanmeasurements.

Solid statesamplingis alsosimpleandstraightforwardin the Raman.Samplescanbe tampedinto an
open-endedcavity for front surfaceillumination using a 180°mount platform or into a glasscapillary
tube for transverseexcitation.Fibers,block specimens,and films can be studieddirectly without any
specialpreparation.Minimum size of suchsamplesis determinedby the size of the focussedlaserspot
and the difficulty of mounting the sample.Potassiumbromide pelletsmountedat 45°to the incident
laserbeamarealsousedquitefrequently for Ramanspectraof solid statesamples.

4.2. Micro work

The size of the laserbeam allows the Ramanspectraof small volumesof gasesor liquids to be
examined.

Freemanand co-workers [12] haveroutinely obtainedspectrafrom 2 nl liquid. Nyquist and Kagel
[13]havegottenusefulspectrafrom as little as 0.1nl liquid in a 50 p~mcapillary. RosascoandSimmons
[141have done experimentsrunning Raman spectraof gasescontainedin glass bubbleswhere the
effective scatteringvolumeswere in the sub nl range.Barrett and Adams [15] havealso reportedthe
Ramanspectraof 02 andothergasesfrom jets issuingfrom a nozzlein the 0.01nl range.

4.3. TheRamanmicroprobe

Oneof the most interestingdevelopmentsin the applicationof Ramanspectroscopyto microchem-
ical problemshasbeenthe couplingof a microscopeto the Ramanspectrometer[16—20].This allows
oneto examinea surfacespectroscopicallyso as to discovernon-uniformitieswhich maybe presentand
elucidatetheir chemicalnature.

A schematicdiagram of the commerciallyavailableRamanmicroprobecalledMOLE (Molecular
Optics LaserExaminer)is shownin fig. 6. In thissystem,the laserbeamcanbe scannedover thesample
surfaceor positionedto anypoint on the surface.The beamis approximately1 mm

2.
Two modesof operationarepossible.In the pointmode, anareaof intereston the surfaceis selected

usingthe light microscope.The laserbeamis positionedto this point and a spectrumis obtained.
In the global mode, the spectrometeris set to a particular frequencycharacteristicof a speciesof

interestand the beamis scannedover the surface.Using vidicon readoutthe two dimensionalspatial
distributionof Ramanscatteringat the givenwavenumberis determined.

One of the major applicationsof the Ramanmicroprobethus far hasbeento study inclusionsin
minerals.Particularinclusionscan be isolatedusingthe light microscope,thentheir spectraobtainedin
the point mode.Alternatively, in a samplewith manydiverseinclusions,theglobal modecan be usedto
constructa mapof the surface.
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Monochannel
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Photomultiplier

Image intensifier

Multichannel and TV camera

Double Spectrometer

Output optical system J With
HolographicGratings Comp

Muitichannel Option
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Control module

Fig. 6. Schematicdiagramof theRamanmicroprobecommercialinstrumentmanufacturedby InstrumentsSA. For discussionseetext.

Fig. 7 showsoneexampleillustrating themodesof operationof the Ramanmicroprobe.In the upper
left frame,threeparticlesareseenby the light microscopein the field of view. Thesegive the composite
Ramanspectrumseenat the upper right. Individual particlescan be isolatedby the light microscope
andtheir spectraobtainedin the pointmode.Thesespectracan beusedto identify the particlesasTi02
andSrSO4.By settingthe spectrometerin the globalmodeto the frequenciesindicatedby arrowsin the
figure, the imagesat center and lower left are obtained.

Thereare manytypes of samplesto which the microprobecan be applied, including organicand
inorganicspecies,polymers,salts of organicacids,and materialsof biological importancesuchas urea
and cholesterol [17]. Vibrational spectrahavealso been obtainedfrom individual microcrystalsand
fibers of sheetand chainsilicate materialssuchas tremoliteandtalc[21].

The Ramanmicroscopehasapplicability in fields such as air pollution research,wherethe charac-
terizationof particulatesis important.Fig. 8 showsthe spectrumof an actualdustparticlefrom urban
air particulates.The particlewas identified as CaSO4(anhydrite)from comparisonof the major bands
with a spectralreference.The broadbandsat ~-~- 1400and 1600cm~havebeenattributedto degraded
organiccompoundsor sootcoating[22].
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Fig. 7. Illustration of theuseof theRamanmicroprobe.

4.4. Therotating cell

Rotatingcells were originally developedby Kiefer and Bernstein[23—24]to study deeply colored,
highly absorbingmaterialswhich otherwisewould be destroyedby intenselocalizedoverheatingcaused
by the laser. Cell designs have undergonemany modifications [25—27],and their applications to
problemsinvolving liquids [23],solids[24,28,29] andgases[30] havegrown tremendously.
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Fig. 8. Ramanmicroscopespectrumof 8 ~m particlefrom urbandust on Al

203 substrate.(From ref. [17].)

The rotatingcell is alsoa usefuldevicefor studyingsemi-microsamples[31].Fig. 9 showstheRaman
spectrumof 1.0mgof KMnO4 evaporatedon a rotatingsampleholder from aqueoussolution.Not only
arethe v~andv3 bandsat 840cm

1 and920cm1 observable(fig. 9A), but soarethe secondandthird
overtonesandcombinations(figs. 9B and9C).

The rotating cell techniquehas also been adaptedto record difference spectraof binary liquid
systemsusing a divided cell and a gatedelectronicsystem[32]. Unwantedsolventbandscan thus be
eliminatedfrom the spectrumof a solution. Fig. 10 showsa 1:1 mixture of CC!

4 (A) and CHCI3 (B)
comparedto the pure liquids. The upperfield showsthe Ramanspectrumof the mixture (A + B); the
secondfield shows the Raman spectrumof the referenceliquid CC14 (—A) while the middle field
displaysthe differenceRamanspectrumof the mixturevs. the referenceliquid [(A + B)— A]. Spectrum
—B in fig. 10 is the referenceliquid CHC13,andthe lower field showsthe Ramandifferencespectrumof
the mixture when CHC13 is the referenceliquid. This difference Ramantechniquehasalso allowed

1 C I ‘“i C I C I

~ ~1L
2600 2500 1800 700 600 000 950 900 850 800 750

~v, cm~

Fig. 9. The Ramanspectrumof 1.0mgof KMnO4evaporatedon a rotatingsampleholder from aqueoussolution.(From ref. [311.)
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A+B

(A+B) —A

800 600 400 _~ 200
C’s)

Fig. 10. RamananddifferenceRamanspectraof CCI
4 (A), CHCI3 (B) andamixtureof CCL andCHCI3 (A:B = 50:50vol. %); seetext. (From ref.

[32].)

accuratewavenumbershift measurementsand correctionsof the intensity error of Raman lines
obtainedfrom highly absorbingsolutions[32].

Difference spectracan be applied to solids as well as liquids by modification of a rotating solid
samplecell [27]. Bodenheimeret al. [33] have applied this techniqueto the study of single crystals
undervariousorientations.

4.5. Quantitativeanalysis

Ramanspectroscopycan be used for quantitativework as well as qualitativestudies andthereare
many differentmethodsof doing this. Usually internalstandardsareaddedto unknownsor bandsare
selectedfor referencewhich are unaffectedby compositionalchanges[34—37],but Turner [38—39]
obtainedgood quantitativeresultswith 10mm fluorimeter cells in a cell replacementmethod.

Ratioing techniqueshavealso beenusedquite successfully.Wanchecket al. [40] reporteda ratio
methodfor determiningthe concentrationof unreactedstyrenemonomerin latexesfrom an emulsion
batchprocessfor producingstyrene/butadienerubber.The latex sampleswere examinedin melting
point capillary tubes.Fig. 11 showsthe C=C stretchingregion in the Ramanspectrumfor a standard
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Fig. 11. Addition of styreneto styrene/butadienelatexes.(From ref. [401.)

latex samplecontaining0.6 wt % residualstyrenemonomer asmeasuredby liquid chromatographyand
spiked with styreneto a total concentrationof 2.3 wt %. The typical polybutadienepeaksat 1640cm_I
(1,2-vinyl), 1652 (cis-1,4), and 1668 cm1 (trans-1,4)are presentplus the aromaticring vibration of
polystyreneat 1600cm1. The styrenemonomerpeakoccursat 1632 cm~.As a generalrule in free
radicalpolymerizationof butadiene,the 1,4 modeof addition predominatesand the trans/cisratio is
determinedby the polymerizationtemperature.For the commercialand experimentalhigh butadiene
latexesexamined,therewas little cis or 1,2-vinyl polymer, but more importantly, the distribution of
unsaturatedstructuresdid not vary as determinedby IR and NMR. Therefore,an analyticalmethod
was establishedwhich used the ratio of the 1632cm’ free styreneband to the 1668 cm1 trans 1,4
polybutadieneband.

Calibrationpoints were preparedby standardaddition techniquesof styrenemonomerover the
range0.6 to 12.4wt % styrene.The valuesof residualstyreneobtainedby the Ramantechniquewere
confirmed initially by liquid chromatography.The agreementbetweenthesemethodswas±0.3%and
reproducibility on samplesby the Ramanmethodwas±0.1%.

The ability to examinewater solutionsdirectly was important in an industrial applicationwhere
polymer plant personnelrequestedinformationon the extentof hydrolysisof acrylonitrile in a recycle
monomer [41]. Acrylonitrile is known to hydrolyze slowly in water and to study this hydrolysisa
capillary tubecontaininga5% solutionof acrylonitrile in waterwas monitoredby Ramanspectroscopy
for a period of 29 days.Fig. 12 presentsthe data.The two hydrolysisproductsarehydracrylonitrileand
acrylamide.Both of thesecould be followed quantitatively in samplesfrom the plant with no more
effort involved thanfilling acapillary tube andutilizing 20 minutesof Ramaninstrumenttime per day.

The band ratio techniquehas also beensuccessfullyemployedto determinethe compositionof
copolymers [6]. Fig. 13 is the calibration curve for determiningcompositionof acrylonitrile/styrene
copolymers.In this casethe RamanwascalibratedagainstNMR and C, H, N elementalanalysesfor a
set of standards.SubsequentRamanresultson actualsamplescould be obtainedvery rapidly.

Fig. 14 is anotherillustration of quantitativeRamanspectroscopy.Without any special cells or
techniquesbenzenecan be detectedeasily in carbontetrachlorideat concentrationlevels down to at
least110ppm [42].
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Fig. 12. Acrylonitrile hydrolysisstudy.(From ref. [411.) ref. [6].)

A sampleof ‘
3C-enrichedCHCI

5 is shownin fig. 15, takenin the original manufacturer’sampoule
[43]. The symmetric C—Cl stretchingvibration near670cm’ is split into two componentswhich are
assignedto moleculeswith

12C and13C atomsrespectively.The relativepeakheightsof thesetwo bands
gives a 13C contentof 58.7%.

QuantitativeRamanspectroscopyhasalso beenapplied to the determinationof oxyanionimpurities
in reagentgradechemicalssuchasNaNO

3[441.In thisinstanceintegratedbandintensitiesasmeasuredby a
planimeterwere used.

Therotatingcelltechniquementionedpreviouslyhasalsobeenutilized forquantitativework. A rotating
cylindrical doublecell with separatecompartmentsfor sampleand referenceobviatesthe needfor an
internalstandard.This typeof rotatingcell hasbeenusedsuccessfullywith mixturesof carbontetrachloride
andtolueneandon equilibrium studiesof the dissociationof nitric acid [451.

4.6. Separatedfractions

Ramanspectroscopyis an ideal tool to use in combinationwith otherseparationmethodssuch as
gas,thin-layer,or liquid chromatographybecauseof the ability to look at very small sampleareas.

Since silica is a poor Ramanscatterer,thin layer spots maybe examineddirectly on a developed
plate. Sucha spectrumis shownin fig. 16 [6]. An evaporatedgasolinesamplewas separatedon a silica
coatedaluminastrip anddevelopedin 95% benzene/5%acetone.The spotwas cutout, mountedon the
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1000 800Fig. 14. Quantitativeanalysisof benzenein carbontetrachloride,488.0nm excitation.(From ref. [42].)180°viewing platform,andthelaserfocusseddirectlyon the adsorbedlayerby carefulpositioningof themicroscopeobjective lens. Using the 514.5nm argon ion line with 3 cm
t slits, a spectrumeasily

identified as cresyl diphenylphosphatewas obtained.The ability to signal averagespectrato improve
sensitivitywasalso important.Huvenneet al. [46]haveidentified dodecaneon silica gel platesby using
a laserscanningtechniquein a backscatteringgeometryanddata accumulationby a minicomputer.
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Fig. 15. Ramanspectrumof chloroform,57.6% labelledwith ‘
3C in theoriginal ampoule.(From ref. [43].)

Adams and Gardner[47] obtainedthe spectraof hexamethylene-tetramineand several substituted
benzophenonesin situ on thin layerplates.They found that successdependedupon the natureof the
substrate(Kieselgel HR was better thanSupreme,a gradeof china clay, or Rutile), the eluant,the
retentionfactor, fluorescenceof bothplateandsample,andthe scatteringefficiencyof thesampleitself.

A simple techniquehas beendevelopedfor examining liquid chromatographyfractions [6]. The
collectedpeakis depositedstepwiseundervacuumonto 15 mg of KBr. A 1.5 mm micro disc is prepared

Silica coated Al
developed in 95 / 5

berszene /acetone

Evaporated gasoline

5I45~~ V ~ 200 rr

3cm1 slit

25 scans

smoothed once

9 point function)

C I I I I I
C I I I I I I I I I I I I I

I I I I C I I I I I I t
3400 3000 2500 2000 1500 1000 500

Fig. 16. TLC spot identified as cresyl diphenylphosphate.(Fromref. [6].)
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Fig. 17. Ramanspectrumof a liquid chromatographyfractioncontaining100~sgof sample.(From ref. 16].)

andthe spectrumis obtainedwith 180°viewing. Fig. 17 showsthespectrumof 100 p~gof aprocessingaid
separatedfrom a commercialpolymer by liquid chromatography.With computersolventsubtraction
andsignal averaging,Ramanhasthe potential to examineLC fractions in glassvials with only minimal
preconcentration.

Ramancan also beused to characterizesmallquantitiesof samplestrappedas GC effluents[48—49].
Fig. 18 showsa simple collectionsystemconsistingof a 0.3-mmid glasscapillary insertedinto aseptum.
Both endsof the capillary are open. Whena peakappearsat the detector,the capillary is held at the
GC exit port with a cool moist tissuewhichcondensesthe liquid dropletsalongthewalls. Thewalls can
then be “swept” with a 0.1-mm id capillary to concentratea slug of material at one end. This slug
usuallyhasavolume between5 and10 nl. Theuseof two different size capillariespermitsa reasonable
gasflow andyet allows smallenoughinjections(2—5 ~il)of sampleto be practical.

A slightly differentGC trappingsystemhasbeendescribedby Nyquistand Kagel [50] in which the
sampleis centrifugedinto a constriction in the capillary after being collectedin a portion cooledby
liquid nitrogen.Fig. 19 showstwo spectraobtainedfrom the GC trappingof tribromopropanecuts.The
upperspectrumis that of 2 ~l of 1,2,2-tribromopropanewhile the lower represents20 nl of the 1,2,3-
isomer.The isomerwas less than 1% of the original sample and was completelyundetectableby IR.

The obviousadvantageof employinganyof the separatorytechniquesin obtainingRamanspectrais
that the separatedportion only contains one componentand is relatively free from fluorescing
impurities.

Septum

~ng

0.3mm id GC exit

capillary

Fig. 18. Apparatus for collecting gas chromatograph effluents for Ramanspectroscopy. (From ref. [48].)
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Fig. 19. Raman spectra of trapped GCfractions. Upper, 2 j.cl of 1,2,2-tribromopropane; lower, 20 fil of 1.2,3-tribromopropane. 632.8 nm He/Ne
excitation. (From ref. 150].)

4.7. ResonanceRaman

ResonanceRamanoccurswhenan electronicabsorptionbandis locatednearthe exciting line of the
laser.Whenthishappens,the form of the spectrummaychangeandthe intensityincreasesgreatly.Fig.
20a,bshowsthe differencebetweenthe resonanceRamanspectrumof K

2CrO4 (solid sampletakenin a
rotatingcell with 363.8nm excitation)andthe normalspectrumof K2CrO4(aqueoussolutionobtained
with 632.8nm excitation). Fig. 20c is the absorptionspectrumof K2CrO4 in aqueoussolution. The
normalRamanspectrumshowsonly the four bandsof the CrO~ion. TheresonanceRamanspectrum
showsthe entireovertoneseriesof the 853cm

1band.As the overtoneseriesprogresses,the bandwidth
increasesbut the intensity decreases.The observationof the series allows the anharmonicityto be
determined.

In additionto the anharmonicity anotherobvioususeof resonanceRaman,becauseof its intensity
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Fig. 20. (a) ResonanceRamanspectrumof solid K
2CrO4, 363.8nm excitation, rotatingsamplecell; lines marked+ are laser lines; (b) Normal

Raman spectrum, 632.8 nmexcitation, and (c) Absorption spectrum of K2CrO4, aqueous solution 1.0 M. (From H. J. Bernstein, in: Advancesin
RamanSpectroscopy, ed. J.P. Mathieu (Heyden, London, 1973) p. 312.)

enhancement,is to enablespectraof low concentrationsto be obtained.Studiesof matrix-isolated
specieshavealsobeenmade[51].ResonanceRamanhasbeenusedextensivelyin biological studiesfor
selectiveresonanceenhancementin complex systems and thus hasservedas a subtle and sensitive
probein molecularstructuralandenvironmentalstudies.Exampleswill begiven in later sectionsof this
paper. The growing availability of a range of laser excitation frequenciesand the developmentof
tunablelaserswill undoubtedlycontributeto manymore applicationsof thiseffect.

5. Group frequencies

In Ramanaswell as in infraredspectroscopy,characteristicfrequenciesare foundwhich areusefulin
chemicalapplicationsof thesetechniques.Ramanscatteringoccursif a bond is polarizable;JR requires
achangein dipole moment.For this reason,Ramanis particularlyinformativeaboutgroupslike —C—S--,
—S—S—, —C—C—, —N=N— and—C=C—, whereasIR can be usedto characterizegroupslike OH, C=O, P=O,
S=0 and NO2. In most casesthe JR and Raman data are complementaryand it is helpful, even
necessary,to haveboth for completestructuralelucidation.In the past,JRgroupfrequencieshavebeen
studiedmuchmore extensively[52—56],but manyexcellenttextsand tablesof Ramanfrequenciesare
now beginning to appearin the literature[43,57—59]. Table 5 shows somecharacteristicbandswhich
may be used for investigationsusing the Raman spectrumalone or a combinationof Ramanand
infrared.

Ramanis uniquelycapablefor characterizingmanyC=C stretchingvibrationswhich generallyoccur
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Table 5
Characteristicwavenumbersand Ramanandinfrared intensitiesof groupsin organiccompounds.

(From ref. [2].)

Intensity”

Vibration’ Region (cm~’) Rarnan Infrared

v(O—H) 3650—3000 w
v(N-H) 3500-3300 m m
v(EC-H) 3300 w
v(=C-H) 3100-3000 s m
v(—C—H) 3000—2800 s
v(—S—H) 2600—2550 s w
v(C~N) 2255—2220 rn—s s—0
v(C~) 2250—2100 vs w—0
v(C=O) 1820—1680 s—w vs
v(C=C) 1900-1500 vs-m 0-w
v(C=N) 1680—1610 s m
r(N=N), aliphaticsubstituent 1580—1550 m 0
p(N=N), aromaticsubstituent 1440—1410 m 0
Pa((C)N0

2) 15901530 m
v~((C—)NO2) 1380—1340 vs m

v~((C—)SO2(—C)) 1350—1310 w—0
~~((C—)SO2(—C)) 1160—1120 s
v((C—)SO(—C)) 1070—1020 rn
v(C=S) 1250—1000 s w
8(CH2), eS,(CH3) 1470—1400 m m
~,(CH3) 1380 m—w, s—m

s, if at C=C
v(CC), aromatics 1600, 1580 s—rn rn—s

1500, 1450 m-w m-s
1000 s (in mono-; 0—w

in-; 1,3,5-
derivatives)

v(CC), alicyclics, and 1300—600 s—rn m—w
aliphaticchains

v~(C—O—C) 1150—1060 w
v,(C-O-C) 970-800 s-rn w-4)
v~(Si—O—Si) 1110—1000 w—0 vs
p,(Si—O—Sj) 550—450 vs w—0
r(O-O) 900-845 s 0-w
v(S—S) 550—430 s 0—w
r’(Se—Se) 330—290 s 0—w
v(C(aromatic)—S) 1100—1080 s s—m
v(C(aliphatic)—S) 790—630 s s—rn
p(C—Cl) 800—550 s
r(C—Br) 700—500 s
v(C—1) 660—480 s
8~(CC),aliphaticchains

C~,n = 3,. . . , 12 400—250 s—rn w—0
n > 12 2495/n

Lattice vibrationsin
molecularcrystals
(librations and translational
vibrations) 200—20 vs—0 s—Il

p stretching vibration, 5 bending vibration, v, symmetric vibration, p~antisymmetric
vibration.

b vs very strong. s strong, rn medium, w weak, 0 very weak or inactive.
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near1640cm1 andareoften weak in the infrared.In fact, whenthe bandis symmetricallysubstituted,
selectionrules forbid any appearanceof an JR band. It is this type of symmetrical vibration with
symmetricalchargedistributionswhich is very strong in the Raman.

Group frequencyvariations always occur systematicallydependingupon adjacentgroups in a
molecule.Thus,a studyof thesevariationsis alsoa study of the adjacentgroups.The dependenceof
the C=C stretchfrequencyuponneighboringsubstituentsis shownin table6 andis especiallyevidentin
the cyclopropenederivatives.This is due to a vibrationalcoupling of adjoining bonds,not to a large
changein bond force constants.When two oscillatorsof different frequenciesare coupledthe higher
frequencywill be shifted to higher values,the lower frequencyto lower values; shiftsare greaterthe
closer the frequenciesof the oscillators.Therefore,the v(C=C) of cyclopropenesis shifted to lower
frequencieswhen CH and CD groupsare presentand to higher frequencieswhen C—CH

3 is the
adjoining group.

AnotherareawhereRamanhasa distinct advantageover infraredis in the elucidationof the nature
of sulfur bonding. SH, C—S and S—S vibrations havebeenstudiedextensively [50] and are quite well

Table 6
Characteristicwavenumbersof C=C doublebondsin hydrocarbonsandhalocarbons(From ref. [2].)

H H H H H R R H R
\ / \ / \ / \ /
CrrC CC Cr~C CC CCH

/ \ / \ / \ / ~ / 2

R H R R R H R R R

R=CH3 1648 1669 1681 1672 1658
R=alkyl 1641 1654 1667 1666 1648

D D H H Cl Cl HC CH F F
\ / \ / \ / \ / 3 \ /

C=c C=C C=C C=C C=C
/ \ / \ / \ / \ / \

D D H H CI CI H3C CH, F F
1515 1621 1571 1672 1672

DLD :‘~z~.F~CXCH, >CH,
1525 1632 1768 1877 1780

CH3

H~H H~CH, H,C~CH, ~c:~CH2

1566 1641 1685 1686 1678

H~H H~CH3 H,C~CH, ~c(:: ~CH,

1614 1656 1685 1687 1657

2 2~.H~2H~ ~ ~CH~
1649 1678 1685 1668 1651

cix ~ ~-H ~-H

1650 1681 1614 1570 1672
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Table 7
RamanC—S. SH andS—S vibrations

Organomercaptans(SH stretching) Organornercaptans(C—S stretching)

R—SH 2575—2584 CH
1—S 705—785

HS—R—SH 2566—2582 RCH2—S 660—670
R2CH—S 600—630
R3C—S 600—570
HS—R—SH 613—729

Organosulfides(C—S—C stretching)

Asym Sym

R—S—R’ 696—782 641—696

Organodisulfides(S—S stretching)

R—S—S—R’ 501—546

defined.The SH stretchat —‘2580 cm’ is weak in the IR but quite intensein the Ramanas shownin the
spectraof ally! mercaptan,fig. 21. Also intensein the Ramanare C—S vibrationsoccurring between570
and 785cm’ which often appearas doublets or multiple bandsdue to the presenceof rotational
isomers.Organic sulfidesexhibit both symmetricand antisymmetricC—S—C stretchingvibrationsin the
region570 to 800cm’.

The antisymmetricC—S—C bandis sometimesdifficult to assignbecauseit occurs in the sameregion
as the CH2 rockingvibrationof aliphatichydrocarbonsandbecausetherearesometimesmultiple bands
dueto rotationalisomers.

Organo disulfides generally have less complex spectra in the 700 to 800cm’ region than the
correspondingorganosulfides.Thereis no couplingbetweenthein- andout-ofphase—C—S—S-C—stretching
vibrations andonly onebandappears.The —S—S stretchingbandoccursbetween500 and 550cm’.

Table 7 summarizesthe Ramanfrequenciesof the C—S, S—S andS—H vibrations.Moredetailedcharts
anddiscussionsconcerningthevarioussulfur-containinggroupscanbe found in NyquistandKagel [50].

5.1. Carbonhalogenstretching

Carbon halogenstretching bands occur between 1000—450cm
t in the Raman. In open-chain,

mono-halogenatedcompounds,the stretchingvibrationsactually occurwithin the range800—450cmt.
Once again, identification based on either the Ramanor IR alone is unreliable.Many classesof
compoundsgive strongIR bands(aromatics,alkynes,etc.) or strongRamanbands(branchedalkanes,
sulfur containing groups)in this sameregion, whereasv(C—X) shows strong bandsin both spectra.
Evaluatingboth the IR andRamanspectra,it is possibleto distinguishthe halogenatomsandto detect
the typeof substitutionpresenton the carbonatom attachedto the halogen[60] (fig. 22).

Comparisonof correspondingC—F, C-Cl and C—Br vibrations in similar compoundsshow that the
intensityincreasesprogressivelyfrom C—F to C—Br whichis exactlythe reverseof theIR. This behavior
is predictable though,becauseit becomeseasierto distort the electroncloud about the C—X through
the seriesC—F to C—I, while the dipole momentdecreasesthrough the sameseries.
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Fig. 22. Correlationbetweencarbon-halogenstretchingfrequencyand the type of substitutionpresenton the adjoining carbonatom. (From ref.
[60].)
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Fig. 23. Infrared and Ramanspectraof a-chloroacetonitrile.Due to a-carbonhalogenation,intensityof —CaN stretchis drasticallyreducedin the
IR but retainedin theRaman.(From ref. [61].)
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5.2. Triple bondstretching, CnC and C_=N

The IR CuC vibrationnear2200cm1 is weakunlessdirectly substitutedwith a polar groupor atom,
but the Ramanvibration is always intense.Likewise, the CuN vibration is variable in the IR but is
always strongin the Raman.In fact, if the ~uN group is a-substitutedwith a strongelectronegative
groupsuchas chlorine,the JRshowslittle or no CuN absorptionnear2250cm’ [61].This is evidentin
the spectrumof a-chloroacetonitrileshown in fig. 23. However, the Ramanspectrum shown in the
samefigure hasavery intenseCi~Nbond.Thus it is morereliable to determinethe presenceor absence
of both CuC andCnN with RamanthanIR.

5.3. Aromaticstructures

Ramanis also extremelyuseful in the identification of aromaticstructures.JR hasclassicallybeen
usedfor this purpose,becausethereareseveralregionsof the spectrumwith well-knowncharacteristic
absorptions.The CH stretchingregion above3000cm’, the overtoneand combination bandsin the
2000—1600cm’ region, the ring deformation bands in the 1500 and 1600cm’ regions and the
out-of-planehydrogendeformationand ring puckeringmodesin the 900—700cm1 region indicate the
type of substitution. Monosubstitutedaromatic compoundstypically show the latter absorptionsat
750cm1 and 700cm’ in the IR, but the presenceof electron-withdrawinggroupson the ring can
significantly disturb or alter thesevibrations. In the Raman the characteristicring modesare not
affectedby thesesubstituentsand it is easyto identify a monosubstitutedbenzenering by the following
absorptions:

CH stretchnear3060cmt
ring stretchdoubletnear1600cm’
ring in-planebending618cm1
in-planeCH deformation1028cmt

11000cm1
in-planering deformation~

ish995cm

Although not quite as definitive, other typesof substitutedbenzenesalso show well-resolvedRaman
absorptions.They are summarizedin fig. 24. Dollish, Fateleyand Bentleyhavediscussedall of these
bandsmorethoroughly[57].
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ORTHO- I — — — , — — —
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1,2,4,5- - ______ — — — — . —
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Fig. 24. Characteristic frequencies in the Raman spectra of substitutedbenzenes.(From ref. [57].)
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5.4. Othercharacteristicvibrations

Somegroupscan only be identified by Ramanspectroscopy.For example,thereareno characteristic
IR groupfrequenciesfor Se—Se,S—S and0—0. The 0—0 absorption,which gives rise to a strongband
in the Ramannear700—900cm1 can be very useful for the identification of peroxides,peracidsand
peresters[43,62].

Othergroupssuchas C=O, N=N, CoN, NO
2, SO2,NH andOH areseenin both the RamanandIR,

andintensities,aswell as the presenceor absenceof aband,can be usedto aid in structuralelucidation.
In addition to the C-halogenalreadymentioned,the intensitiesof groupslike X—H, OH andC—H are
often the oppositeof the JR.

Since completemolecularstructuredeterminationscan be madeonly by using both IR and Raman
data,severalauthorshaveattemptedto integratethe two [43,59, 61].

6. Raman applications to organic chemistry

6.1. Structureelucidation

Both the IR and Ramanspectraof a moleculeare widely used in organicchemistry for structure
elucidation.Thedifferencesin relativeintensitiesof the variousfunctionalgrouppeaksbetweentheJR
andRamanhavealreadybeennoted.(Themoreunsymmetricallysubstituteda given bond,the greater
the JRintensityandthe weakertheRaman.Conversely,the moresymmetricallysubstitutedthe groups,
the strongerthe Raman.)

100
3600 3200 2800 2400 2000 1600 1200 800 400 0

17cm
1

100

~

3600 3200 2800 2400 2000 1600 1200 800 400 0
~17cm~

Fig. 25. Infrared and Raman spectra of crystalline cystine. Infrared spectrum of 0.8mgin 400mgKi; Ramanspectrum(a), 2mg, amplificationxi;
(b), 2mg, amplification xO.2; and (c) disc, 140mg,amplificationxO.3. (From ref. [2]).
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This symmetry selectivitygenerallyresultsin a simpler RamanspectrumthanIR, a factor which is
extremelyusefulin structureelucidation.A few exampleswill illustrate thesepointsandemphasizethe
complementarynatureof RamanandIR. Many moreexamplesof this naturalpartnershipfor general
vibrational analysishavebeen given by Washburn[63]. Fig. 25 showsthe JR and Ramanspectraof
crystalline cystine. The NH~stretching vibration completely dominates the JR spectrum in the
3000cmt region whereasthe Ramanshowstwo sharpbandsassociatedwith CH and CH

2 stretching.
Both the JR and Ramanshow the NH~deformationand antisymmetricvibrations of the carboxylate
group—COy near1600cm

1,but in the Ramantheyaremuchweaker.A strong bandat 1410cm1due
to symmetric carboxylatestretch is presentin both the IR and Raman.The strongestband of the
Ramanspectrum,however,occursat410cmt, dueto —S—S— stretch;thisbandis not nearlyasapparent
in the JR.

Fig. 26 showsthe IR and Raman spectraof 2,5,5-dimethyl—3-phenylpyran-2(5H)-one.The greater
simplicity of the Ramanspectrumis quite evident. The CoC stretchingvibrationat 1640cm1 is very

W~V�LENGTiI44iCO~4SI

2’ = ~ ~ ~ ~ :! ~ ~2~~•30~40

4C1Y3 3500 3(~ 2500 2~ 800VEN~II (~I 400 I200 1~ 800 600 400

4000 3600 3200 2800 2400 2000 1800 600 l400 1200 1000 800 600 400 200 - 0

4000 3600 ~200 2800 2400 2000 1100 1600 1400 1200 1000 800 600 400 200 0

/\
Compound35,5-Dimethy/-3. — = o C,.’H,

20.’ 95~prsiity
phersylpyran.2(5H)-one. I o

CH3 CH3

Fig. 26. IR and Raman spectraof 2,5,5-dimethyl-3-phenylpyran-2(5H)-one.(From ref. 1631.)
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strongin the Ramanbut barelyvisible in the JR. On the otherhand,the C=O stretchat 1700cm1 is
only observedin the IR. The IR bandsat750 and 700cm1 dueto a monosubstitutedbenzenering are
presentbut difficult to identify in such a complexspectrum.The Ramanmore clearly definesthe
substitutionpatternfrom the ring doubletnear1600cmt, the ring in-planebendingnear618 cmt, and
ring deformationat 1000cm5with a shoulderat 995cm1.

Anotherobservationin the IR andRamanspectrais that the Ramanbandsshow a greatervariation
of intensities,ranging from very weak to very strong.This seemsto be a generalcharacteristicevident
whencomparingIR andRamanspectra.

6.2. Studiesof structurally related compounds

There have also beenextensive studiesof Ramanvibrations for a numberof specific types of
compounds.Alkyl benzeneswith 3 to 15 C atomsin the alkyl chainwere investigatedby Behrooziet al.
[64].The chioromethylgroupattachedto an aliphatichydrocarbonchainwas examinedby Wangand
Mannion[65].Lere-Porteet al. studiedthe CH

2 vibrationof ethanedisubstitutedby polar groupssuch
asOH and halogens[66].Nyquist [67] establishedthe characteristicRamanbandsfor phthalateesters
from a studyof 21 compounds.

Freemanand Mayo [68] examinedthe thiomethyl group in various monosulfides,disulfidesand
trisulfides.The latter two authorsalso reportedon the spectraof 70 di- andtrisubstitutedacyclic and
cyclic compoundscontainingmethyl groupssituatedon ethyleniccarbonatoms[69].A good correlation
was obtained betweenthe number of methyls directly attachedto ethylenic carbonatoms and the
intensityratio of the methyl symmetricdeformationmode (ca. 1375 cm

1)to a bandat 1440cm’.
Saturatedlong chain fatty acids havebeenstudiedby Warrenand Hooper [70] for a relationship

betweenwavenumbershifts of the longitudinal acoustic vibrations of the carbonskeleton called
accordionmodesandthe chainlength(C

12—C24)of the acids.
Therehavebeena numberof studiesof benzenederivativeswhich provide informationboth on the

nature of the substitutionpattern and the interactionsof the substituents[50,71]. In thesecases,
however,one band alone is of little value— — the existence,position, and intensity of a numberof
bandshaveto be considered.This typeof informationcan be classifiedinto simple yesand no answers
whichprovidea schemefor the determinationof the substitutiontype[43] asshownin fig. 27. Suchflow
diagramshavealso beendevisedby Willis et a!. for barbiturates[72]and by Oertel and Myhre for
substitutedpyrazines[49]. Visser and Van der Maas havepublisheda seriesof 4 papersdescribing
systematicproceduresfor the interpretation of Raman spectra of carbon-hydrogenand alcoholic
compounds[73],ethers(basedon 80 compounds)[74],carbonyl-containingcompounds(basedon 220
ketones,aldehydes,estersand acids) [751,and nitrogen-containingorganic compounds(basedon 79
amines,pyridines,cyanides,amides,andnitro compounds)[76].A total of 606 compounds,including all
groups,were examined.The systemcontains376 question or 0 elementsand 178 information or I
elementsandis now availableon a FortranIV program.The authorshopeto extendthe systemwith
otherfunctionalitiesbut planto setup rules andproceduresfirst to overcomeinterferencescausedby
the largergrowing numberof functionalitiesandrelatedfrequencyintervals.

A similar systematicempirical evaluationof frequenciesand intensitieshas been developedfor
Raman steroidspectra[77—79].It enablespredictionsabout the numberand intensitiesof multiple
bondsandaboutthe cis andtranscouplingof rings A andB by usingthe CH2 andCH3 vibrationsnear
1450cm

5 as referencegroups.If therearethe strongestbandsin the spectrum,a saturatedstructureis
indicated. If there are only bandsstronger than the referencegroup above 1450cm~,isolated or
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Fig.27. Schemefor thedeterminationof thesubstitutionpatternof benzenederivativeswith theaid of characteristicbandsin theRamanspectrum;
intensities:m medium, s strong, vs very strong; degreeof polarization: p polarized,dp depolarized.IR denotescharacteristicband in theIR
spectrum.(From ref. [43].)

conjugateddoublebondsat the five-memberedring D or homoannulardienesarelikely. The presence
of conjugateddouble bonds in or at the 6-memberedrings leads to stronger bandsboth aboveand
below 1450cm’. Informationconcerningthe natureand position of thesestructuralelementscan be
obtainedfrom the numberandfrequenciesof thesebands[43].

All of theselogical analyticalschemescan readily be adaptedto a computerand, togetherwith IR,
UV, NMR, or massspectraldata,canbe usedfor identificationof unknowncompounds.

6.3. Conformationstudiesand molecularsymmetry

Ramanspectral datautilizing molecularsymmetry and normal vibration frequenciesof represen-
tative organicmoleculescan be an aid to conformationstudiesand subsequentpredictionsof the
expectedspectraof larger and morecomplexmolecules.The grouptheorymethod for calculatingthe
number of vibration modesin each symmetry class and the numberof correspondinglines in the
spectrumhasbeenexplainedby a numberof authorsincluding Sushchinskii[801.Comparisonof the
calculatedresults with experimentaldata allows improvementof the molecular constantsused in
calculationsanddevelopmentof a detailedinterpretationof the observedspectrum.

Many papershave beenpublishedinvolving conformationalstudies;only a few exampleswill be
listed here. Buge, Reich and Steger [81] studied the JR and Raman spectra of liquid and solid
diethylmaleateandfumarate.They confirmeda previouslyreportedconformationalequilibrium for the
diethyl fumarateandfound atleasttwo conformersin liquid dialkylmaleates.



262 1G. Grassellieta!., Applicationsof Ramanspectroscopy

Manley andMartin [82]recordedthe JR andRamanpolarizedspectraof methyl,n-butyl (BMA) and
n-octyl (OMA) methacrylates.Theyproposedcompleteassignmentson thebasisof C~symmetry.They
also discussedassignmentof the torsionalskeletalmodesand interpretationof additional bandsin the
spectraof BMA andOMA.

Maillois et al. [83] investigatedthe Ramanspectraof aqueousand D20 solutions of fumaric and
maleicacids.When combinedwith IR data,the resultsindicatedthat the fumaric acidwas planar(C2h
symmetry)andthat the maleicacid was non-planar,belongingto either the C5 or C2 group.

Lewis and Laane[84] haverecordedthe vibrational spectraof 3-cyclopentene-1-onein the vapor,
liquid andsolid phasesandcarriedout a completevibrational analysisof themolecule.The spectraare
in agreementwith the planarC2~structure.

Manymore examplesof conformationalstudiesaregiven in the recentAnnual Reviewsof Raman
literaturepublishedby Analytical Chemistry[85—87].

6.4. Molecularpotentialfunctions

Another areawhere Ramanspectroscopycan be applied is the studyof intramolecularforces,the
knowledgeof which is essentialto a completeunderstandingof the propertiesandbehaviorof organic
compounds.Molecular potential functions, which are related to energybarriers of various con-
formationalstates,can be obtainedfrom the overtonesof ring-puckeringand internaltorsional modes
and thus, the conformationof the lowest energystatecan be determined.Studieshavebeenmadeon
moleculessuchas 1,3-butadiene[88], styrene[89],glyoxal [90], acrolein[91] and a seriesof substituted
ethanes[92—94].Potentialconstants(cm

1) and the most stableforms for the moleculesstudiedare
tabulatedin table 8. Ring puckeringvibrations havebeenidentified and inversionbarrierscalculated
alsofrom the spectraof varioussmall ring compounds[95—97].

6.5. Physicalproperties

Ramancanalsobeusedto studyvarioustypesof physicalproperties— —hydrogenbondstrengths,acid
dissociationconstants,phasetransitions,andenergydifferencesbetweenrotationalisomers.

PerchardandPerchard[98] studiedseveralOH (OD) stretchingvibrationsof alcoholsfor frequency
shifts asa functionof temperatureand intensityand polarizationchangesasfunctionsof temperature

Table 8
Potentialconstantsand moststableforms

V
1 V2 V3 V4 V6 (cm’) Moststable form

1,3-butadiene 600 2068 278 —49 trans
glyoxal 1182±10 1114±10 —0— —56±4 —0— trans
acrolein 306 1919 338 —96 —57 trans
styrene —0— 623±8 —0— 27 ±3 —0— planar

V, V2 V3 V6

CHICH2NH2 218±52 -4)— 251±17 —52±11 trans
CH3CH2PHZ -0-- 270 ±27 830±17 —58 ±10 trans
CH3CH2SH 171±2 484±1 —21±1 gauche
CH3CH2SeH —96 ±1 432 ±1 —20±2 gauche
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andphysicalstate.Alcohols were also examinedfor hydrogenbondingeffectsby Lavrik andNaberul-
chin [99],and hydrogenbonding in aqueousacidsolutionswas discussedby Pernallet a!. [100].

Halogenatedcyclohexaneshave been studied in the vapor phase,in melts, in solutions and in
amorphoussolids for conformationalinformation [94—95].This work was later extendedto include
cyano-andisocyanatocyclohexane[101—1021.

The energydifferencesbetweenrotationalisomersof 2-chloroethanoland2-bromoethanol[103]and
ethyleneglycol [104]havebeendeterminedfrom their Ramanspectra.

Variable temperatureJR and Ramanstudieshaveenabledcompletevibrational assignmentsto be
madeand thermodynamicfunctionsfor buta—1,3-dieneand 2-methylbuta—1,3-diene(isoprene)to be
calculated [1051.These thermodynamicfunctions, in turn, have permitted the equilibrium ratios
betweenthe s-transand s-cis conformersat normal temperaturesto be established.

The Analytical ChemistryAnnual Reviews [85—87]give many moreexamplesof the use of Raman
Spectroscopyin studyingchangesin physicalpropertiesof organicmolecules.

7. Raman applications to polymers

A large number of publications including some excellent review articles [106—109]discussap-
plications of Raman spectroscopyin studies of polymers.One of the real advantagesof Raman
spectroscopyin polymer characterizationis the easeof obtaininga good spectrumwith little or no
samplehandling. Injection-moldedpieces,pipeandtubing, blown film, castsheetor monofilamentscan
be examineddirectly. If the thermalhistory is importantfor understandingthe propertiesof a plastic,it
is clearly undesirableto melt or dissolvethe sample,as maybe necessaryfor IR spectroscopy.Also,
differentpropertiesareassociatedwith the amorphousas comparedto the moreorderedregionswithin
a polymer, and the Ramanspectrum,obtainedon the samplein its stateas a finishedproduct from
which the physicalpropertyinformationis obtained,is of greatvalue.Filled polymers,like composites,
containfillers suchas glass or clay which strongly interfere with the infrared spectraof the polymer
becauseof their ownintenseabsorption.On the otherhand,glassandclay arepoor Ramanscatterers,
so the Ramanspectrumcan be obtainedwithout removalof thefiller or anypreparativetechniques.

Ramanis extremelyvaluablein many differentareasof polymer characterization.Jnaddition to the
identificationof the specifictypeof polymer, it canbe usedto determinefunctionalgroups,end-groups,
structure,conformation,andorientationof chains,andto follow changesin structuralparametersasthe
polymersare exposedto environmentalor mechanicalstresses[110].Table 9 rates the usefulnessof
Ramanfor variouskinds of polymer analysis.

Raman hasalso been applied to studiesof the mechanismsof polymer reactions.Koenig [1101
followed the polymerizationof butadienewhich can yield anyof the different structuresshownin fig.
28. The polymerizationconditionsdeterminethe amountsof 1,2 and 1,4 structuresformed,which are
important becausethe relative concentrationsof each present in the end product determinesits
properties.Unsaturationcannotbe measuredby the C=C stretchingband in the IR becauseit is very
weak(in fact, it is not observedfor the 1,4 transstructure).However,the C=C is the strongestbandin
the Ramanspectrum,andthe typeof unsaturationcan easilybe determinedby its position.

The impactof datasystemson the applicationsof Ramanspectroscopyhasalreadybeendescribed
[6]. Fig. 29 shows the totally integratedsystemin the Sohiomolecularspectroscopylaboratorywhere
threededicatedminicomputersareutilized for instrumentcontrol,data acquisition,anddatareduction
of five instruments.RS-232interfacespermitforeground,backgroundoperationanddataoutputon any
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Table 9
Usesof Ramanspectroscopy

Usefulnessof Raman

Excellent Very good Good Poor

Polymer
Homonuclearbackbone x
Polar substituents x
Endgroups x

Multicomponentsystems
Additives (<1%) x
Fillers (5%>)

Glass x

Carbon black x
Inorganic(Ti0

2) x
Pigments variable

Properties
Variable size and shape x

Limited solubility x
Colorswith aging x
Sensitiveto thermalhistory x

instrument recorder.Grasselli et a!. describean example illustrating the versatility of the systemto
follow the extent of cross-linking in an experimentalpolystyrenepolymer [41]. The sample was
insoluble in typical NMR solvents and, becauseof the high sensitivity in the Raman for C=C
absorptions,Raman was selectedover infrared analysis as the analytical method.The powdered
sampleswere packedinto a capillary tube andthe spectrawererecordedover the region from 1700to
1500cm

1. The Ramanspectrumshownin fig. 30 was plotted on the Nicolet FT-IR spectrometer.Its
presentationis in infrared format with peaksgoing down, ratherthan in Ramanformat with peaks
going up. To follow the extentof cross-linking,the areaof the CoC at 1645 cm1dueto thecross-linking
agent was ratioed to the areaof a polystyrenering absorptionat 1590cm1 which was used as an
internal standardband. The integrationwas performedusing an NMR program on the Nicolet 1080

HH

-CH -C~C-CH

2- -CH-CH-CH2-CH-2 CH CH

C~S 1,2/t~c~ic ~H2

CH2 ~CH-CH~CH2

trans ~ 1,~ndiotactic ~2

CH2C~CCH2 CH2CHCH2CH
H OH

CH2

Fig. 28. Butadienepolymerizationmechanisms.(From ref. [1101.)
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Fig. 29. Integrated data systemin Sohiomolecularspectroscopylaboratory.(From ref. [41].)
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Fig. 30. Ramanspectrumshowingtheextentof cross-linkingin an experimentalpolystyrenepolymer.(From ref. [411.)
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computer.The ratio of the two band areasfor the starting material was comparedto that for the
product.The extent of cross-linkingwas followed very rapidly by watchingthe disappearanceof the
C=Cabsorptiondue to the cross-linkingagent,allyl alcohol, as comparedto the C=C of the polystyrene.

In a similar examplethe extentof cure in a polyesterresin was measuredby Ramanspectroscopy.
Again, Ramanwas utilized becauseof its high sensitivity and specificity to CoC absorptions.The
sampleswere polystyrene-basedpolyester resins and a method was establishedusing the band at
1625cm’ due to the symmetricalstretchingvibrationof the vinyl C=C in the monomer,styrene,and
the 1590cmt banddue to the aromaticring structure[41].

Otherpolymercompositionalanalyseshavebeendonewith Raman.Meeks andKoenig havemade
quantitativemeasurementson copolymersof vinyl chloride and vinylidene chloride [111—112].Boerio
and Yuannreportedcompositionalanalysisof styreneglycidal methacrylateand methyl methacrylate-
glycidal methacrylatecopolymers[113].Sloanand Bramston-Clarkpublishedquantitativeresults in a
threecomponentpolymer system [114] containingstyrene,butadieneand methylmethacrylate.Muk-
herjeeet at. [115]developeda methodfor the determinationof terminalthiol groupsin sulfur polymers
usingethyloxyacetateas an internalstandard.

7.1. Polarizationmeasurementsofpolymers

Raman polarization measurementson polymers can provide extremely valuable structural in-
formation,but theyaresometimesdifficult to obtain.Optical clarity andfluorescencecan causetrouble,
especially with impure or chemically complex samples.Another problem, specific to polarization
studies,is the scramblingcausedby multiple scatteringin a heterogenoussystem [116].Solutionsto
theseproblemsinclude a combinationof careful sample handling and sophisticatedmeasuringtech-
niques.

The basic equipmentnecessaryfor polarizationmeasurementson polymershasbeendescribedby
Shepherd[117],Hendra[109],andGilson andHendra[118].More sophisticatedequipmentis necessary
if anyof the problemsoutlinedaboveareserious,andthis hasbeendescribedby Shepherd[116].

Molecularconformationstudiesareextremelydependentupon accuratepolarizationmeasurements.
Disorderedpolymersgive vibrationalmodeswhich areall active in the infrared andRaman,andall of
the Raman lines are polarized. Polyvinyl fluoride is an example [112]. Ordered structuresshow
substantialdifferencesin JR and Ramanfrequencies,thereforemakingit necessaryto includeRaman
polarizationand infrareddichroic measurementsto determinethe conformationof the chain.

Jasseandcoworkers[119]recentlydescribedthe influenceof the chainconformationon the i.’~and
r’
13 normalmodesof thebenzenering in atacticandisotacticpolystyrene.A seriesof modelcompounds

whoseconformationswere confirmedby NMR analysiswereused to establishthe bandassignments.It
was found that the E’~modeis influencedby the local conformationof the alkyl chainas well as by the
length of the conformation structurealong the chain. The v13 mode is only influenced by the local
conformationandis insensitiveto the lengthof the alkyl chain.

Changesin conformationas polymersareput into aqueoussolutioncan alsobe followed sincewater
is not astrongRamanscatterer.Koenig et at. [120]studiedthe structureof polyethyleneoxide(PEO)in
aqueoussolution. Fig. 31 showsthe spectraof crystallinePEO and a 10% water solution PEO. The
crystallinespectrumis complex,showingseveralsharpbandswith characteristichelical splitting. The
spectrumof the melt hasbroaderbandsat shiftedfrequenciesandno band splitting is detected.This
indicatesthe helical structureof the solid polymeris lost uponmelting. Onthe otherhand,the spectrum
of PEO in water looks much more like the crystalline polymer indicating that considerablehelical
structureis left upon dissolution.
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Fig. 31. Raman spectra of polyethylene oxide. (a), solid PEO;(b), 10% aqueoussolutionof PEO. (From ref. [120].)

Koenig [112] hassummarizedselectionrules for Ramanand infrared activity for monosubstituted
vinyl polymers (fig. 32). These polymerscan exist in a number of configurations. They may be
syndiotacticor isotacticin a helical or planarconformation.Alternatively, they can be atactic with a
disorderedconformation.Eachof thesestructureshas its own selectionrules. With the aid of such a
spectroscopicscheme,ideally, it should be possible to unequivocallydeterminethe structureof any
unknownmonosubstitutedvinyl polymer.

Bailey et al. haveusedpolarizationdatato determinemode assignmentsfor isotacticpolypropylene
(IPP) [121].The uniaxially oriented polymer was studied in a variety of geometriesand someof these
data are shown in fig. 33. Significant degreesof polarizationwere observedin spiteof the incomplete
orientation and optical scrambling. IPP, which has a 3~helical form (a helix with 3 monomersper turn),
can betreatedas belonging to a groupisomorphouswith the point groupC

3 25 normalvibrations can
be classifiedas A modesand52 as B modes.Both thesespeciescan be distinguishedin the spectra,and
the assignmentsagreewell with previousIR [1221andRamanresults[123].
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Fig. 32. Selectionrules for monosubstitutedpolyvinyl polymers.(From ref. [1121.)

The Ramanspectrumof the 2-fold helix of syndiotacticpolypropylenehasalsobeenobtainedand
interpreted [124]. Chalmersfound good agreementbetweenobservedand predictedshifts which
verified the force field andproposedstructureof Schachtschneiderand Snyder.

Another importantareaof researchin polymer studiesinvolveshow the physical and mechanical
propertiesof a polymer are influencedby molecularorientationinducedby drawing.Ramanpolariza-
tion studiescan give detailedinformationabout the distributionof orientationsof structuralunits for
both crystalline and non-crystalline regions. This has been evidenced in work on oriented
poly(methylmethacrylate)(PMMA) [125—126]andpoly(ethyleneterepthalate)(PET) [125,127]. Hendra
and Willis [128—129]have studied orientedpolypropyleneand polyethylene;Derouault et a!. have
studiedinhomogeousPET[130]and Gallet a!. [131]haveworkedwith polyethylene(PE),but none of
theselatter efforts includedquantitativeestimatesof orientation.

_rYtilX4~~

2900 2700 500 300 000 800 500 00

Wovenumben/cm’

Fig. 33. Ramanspectraof orientedisotacticpolypropylene.Theorientationaxisis perpendicularto boththeobservationaxis Y andthe laserbeam
directionZ. In eachspectrumthescatteredpolarizationis X; the incidentpolarizationis X (upper)or Y (lower). (From ref. [121].)
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Table 10
Orientationfunctionsfor orientedpolyethylenefilms’

Band Assignment From Ramandata From IR data Theoretical

6/cm_I cos
2 B cos4 B coy2 B cos2 B cos4 B

1081 Amorphous(gaucheisomer) 0.415 0.334 0.45
0,45b o3I~

1170 ag+b,g 0.831 0.763 0.85 0.83c 0.74c

‘J. Maxfield, R.S. SteinandMC. Chen,J. Polym.Sci., Polym.Phys.Ed. 16(1978)37.
bBasedon ref. [132].
eBasedon ref. [133].

Quantitativecalculationsof molecularorientationhavebeenmadefor polyethyleneandthesehave
been summarizedby Shepherd[116] in table 10. The studiesused two PE “crystalline” bandsat
1170cm’ and 1296cm

t andone “amorphous”bandat 1081 cmt. Valuesof the averagescos29 and
cos40 werecalculated,where9 is the anglebetweenauniqueaxis in theunit andthe drawdirection.JR
resultsfor cos20 are also included in the table and the agreementwith the Raman measurementsis
good.Theoreticalcalculationswerealso madeusinga rubberelasticitymodel for the amorphousband
[132]and a spheruliticmodel [133] for the crystalline averages.Again, the agreementis surprisingly
good.

Quantitativedata was also obtainedon chainorientationin hydrostaticallyextrudedpolypropylene
by Satija and Wang [134].The alignment of the polymer chain along the direction of extrusionwas
found to increasewith the increaseof the extrusionratio.

7.2. Morphologicaleffects

Morphologicaleffectsin polymerscanreadilybestudiedby Raman.Many polymerssolidify from the
melt in spherulitescomposedof lamellar structuralunits. Measurementof the detailedstructureof
lamellaeis of greatinterestto polymerchemistsbecauseof its relationshipto mechanicalstrengthand
stability of the material [135—136].Although X-ray diffraction, electronmicroscopy, and differential
scanningcalorimetryarecommonlyused to obtaininformationon crystallinity andlamellar thickness,
Ramanhasalso beenproposedas a convenientandrapid techniquefor measuringthe dimensionsof
chain-folded lamella. A low frequencyRamanband in n-paraffins hasa frequencythat is inversely
proportional to chain length. The band was assignedto the fundamentallongitudinal acousticmode
(LAM) of the chain andwas observedin polyethylene,poly(ethyleneoxides)andpolypropylene[137].
The LAM was usedby some workersto measure“chain length” andlamellar thickness,but an elegant
theoretical treatment of the LAM hasbeen published by Krimm et a!. [1371whichshowsthat the LAM
frequenciesare affectedby perturbingforces in the endsof the chains as well as by relative moduli,
densitiesandfractionsof amorphousandcrystallinecomponents.Nevertheless,Ramanspectroscopyis
extremely helpful in determining the mechanism of lamellar formulation, the structure of fold
sequences,and the nature of interlamellar adhesiveforces. Deformationand cooling effects on the
lamellar structureof high densitypolyethylenehavealreadybeenstudied[138].

7.3. Otherpolymerfeatures

In addition to conformation and configuration, Ramanspectraaresensitiveto otherpolymerfeatures
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Fig. 34. Raman spectra of some polyethylenes. In (a) the Raman spectrum of a wax lump with molecularweightaround 800 is shown. It melts
around75°C.An unorientedfilm gave the spectrumin (b). Spectraof high density, high melting point forms with a molecularweight 10~—10~are
shown in (c) and (d). The intensity of the feature at 890cm’ is a rough inverse indicatorof the molecularweight. Crystallinity, a desirable
characteristicfrom thestandpointof oxidativedegradation,is indicatedby thesharpnessof the bandsat 1300cm~and 1400—1500cm~.Thus (b)
with a crystallinity of 50% exhibits the widestRamanlines; (d) with almosttotal crystallinity (the extendedchain form) showsthenarrowestlines.
When molecularchainsterminatein a vinyl grouping, thefeaturesaround 1650cm~’appear.(From ref. [139].)

suchas the degreeof crystallinity, chain folding, molecularweightand endgroups[139].Some of the
specialchangesassociatedwith thesefactorscan be seenin fig. 34 which showsthe Ramanspectraof
various forms of polyethylene.Considerationof molecularweight, degree of crystallinity, etc. is
important becauseof the relationship of these factors to physical propertiessuch as hardness,
brittleness,permeability, impact resistance,etc. The end use dictates the structure and type of
polyethyleneneeded.

7.4. Detectionof impurities in polymerfilms

Ramanis also a very effective techniquefor examiningimpuritiesin polymerfilms [136].If cautionis
takento preventthermaldecompositionof the sample,the laserbeamcanbe condensedwith a lensto
examinespecksof materialwith dimensionson theorderof 100p.m.As opposedto IR,thereis no problem
with thedirectbeamenteringthemonochromatorsincethescatteredlight is collectedateither90°or 180°
to theaxisof theexcitingbeam.Also, thereisno distortionof theRamanspectrumif thesampleis irregular
in shapeor thickness.

Fig. 35 shows the spectrumof an ethylenevinyl acetatefilm containinga small speck of foreign
materialsuspectedto be anotherpolymer.Also includedin the figure is a referenceof “pure” ethylene
vinyl acetateandtwo suspectedimpurities— — low andhigh densitypolyethylene.Although the spectra
are generallyvery similar, smalldifferencescan be noted.For example,the high densityPEhasa band
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Fig. 35. Ramanspectrumof impurity from a polymerfilm, andspectraof associatedmaterials.(Fromref. [136].)

at 1640cmt assignedto terminalvinyl —C=CH
2 groupswhich doesnot appearin the low densityPE.

The spectrumof the impurity alsoshowsunsaturation,but it occursat 1660cm
1andis assignedto trans

—CH=CH. This typeof unsaturationoccurswhenethylene-vinylacetatecopolymeris heatedandacetic
acid evolves.Thus,the impurity appearsto be dueto thermaldecompositionof thepolymer andnot to
either typeof PE.

7.5. Miscellaneouspolymerapplications

TherehavebeenmanyRamanapplicationsto studiesof specific polymersor types of polymers.In
the areaof rubberchemistry,Colemanet al. measuredRamanspectraof vulcanizatespreparedfrom
cis-1,4 polybutadiene,2-mercaptobenzothiazole,sulphur,zinc oxide and lauric acid [1401.A technical
review gives Ramanevidencesupporting a mixed free radical and ionic mechanismfor accelerated
sulfur vulcanization[1411.In aseparatepublication,Colemanet al. also assignedRamanbandsto the
crystalline and amorphouscomponentsof chloroprenepolymers [142].Crystallinity was studied in
ethylene-propylenerubbersby Schreieret a!. [143].

Severalacrylic polymershavebeenexaminedusingRaman.In addition to the orientationstudieson
poly(methylmethacrylate)alreadymentioned[125—126],the low frequencyspectrumhasbeenobtained
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and discussed[144]. The neutralizationof syndiotactic polyacrylic acid in aqueoussolution was
examinedby Bardetet al., andaplanarzig-zagconfigurationwas observedfor thenon-ionizedacidand
its Na salt [145].

Maddamsand coworkers[146—147]haveusedRamanspectroscopyin structuralstudieson poly-
vinylchloride. They obtainedmore complete assignmentsof the carbon—chlorinestretchingmodes
throughdetailedanalysisof bandpositionsandbandshapes,usingcomputerresolutionof overlapping
bandsto refine the informationcontent. Of equal interest,analytically, was their characterizationof
polyenesequencesbetween9 and 17 conjugateddoublebonds in degradedpolyvinylchloride samples.
Koenig extendedthis work using the 363.9nm laser line to detect apparentsequencesof 7 to 8
conjugateddoublebonds in polyvinylchloride [148].Certainlythe characterizationof suchsequencesin
degradedpolymerssuggestsnew possibilities,both in detectingthe initiation of degradationfrom the
appearanceof short conjugatedsequencesandin measuringthe longer sequencesfor which UV-visible
spectroscopyfails. It is possible,too, that as the tacticity of the polymer changes,the degradation
mechanismwill be affected.Studiesof this natureareunderway[149].

The effect of cross-linkingon the Ramanspectraof epoxyresinshasbeenstudiedby Lu et al. [150]
andon unsaturatedpolyesterresinscontainingstyreneby Koenig et al. [151].Jnthe hopesof obtaining
someinsight into the fracture mechanismof polymers,the effect of mechanicalstresson the Raman
spectraof polypropylene,polycarbonate,polystyreneand nylon 6,6 hasbeenexamined[152].

The structuralchangeswhich occur in wool after annealinghavealso been investigated[153] by
Shishooet a!. Resultsshowthat the CH2 groupsin wool haveparallelpolarizationin the Ramanwhich
increasessignificantly after annealing.The authorshaveformulatedthe hypothesisthat a largenumber
of electrovalentintrahelix cross-linkagesexistbetweenthe suitablesidegroupson themain polypeptide
chainin the helix of annealedwool.

7.6. FutureofRamanpolymerstudies

The future of Ramanpolymerstudiesappearsto holdgreatpotentialfor manydifferentapplications.
Improved force fields should contribute to a better understandingof regular and irregular con-
formations of polymers [154]. Polymer crystal studies should add to the existing knowledge of
intramolecularforces in crystalsandtheir effect on stablepolymer structures.Intensitystudiesshould
also be valuable. Perhapsmost important, however,will be the increaseduse of vibrational spec-
troscopyto understandthe relationshipbetweenstructureandfunction, an understandingwhich could
havean importantimpacton designingpolymersfor specific physicalproperties.

8. Raman applicationsto biological systems

An essentialproblemof modernbiophysicsis obtainingdetailedstructuralinformation in solutionor
in phases of intermediatefluidity, such as membranes.In such problems Raman spectroscopyis
emergingas an importanttool, particularlywhenusedin combinationwith othertechniques.Table 11
summarizessome of the positive aspectsof the applicationof Raman spectroscopyto biological
samples.Only limited usehasbeenmadeto date of isotopicsubstitution,but this will becomemore
commonfor elucidationof assignments.Smallsamplesizesareavery importantadvantageof Ramanover
othersolutiontechniques.

Table 11 also gives the negativeaspectsof applyingthe Ramaneffect to theseproblems.Many of
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Table 11
Application of Raman effect to biological problems

Positive aspects Negativeaspects
1. Spectramay be obtainedin all phases 1. Ramaneffect is weak
2. Aqueoussolutionsmay be used 2. Fluorescenceis — x 10~as strong
3. Sensitiveto conformationalchange 3. Only moderatestructuralresolution
4. Isotopicsubstitutionaffectsspectra 4. Conclusionsoften rely on indirect methods
5. Small samplesize (5 nI volume) 5. Photochemistrymayinterfere

thesearegeneralto all applicationsof Ramanspectroscopy.Of these,fluorescencehas thusfar beenthe
majorproblem,but the indirectnatureof the conclusionsobtainedfrom Ramanwork mayprove to be
the ultimate limitation on its applicability.

8.1. Peptidesand proteins

Vibrational spectroscopyhas long beenused for studyingconformationsof peptidesand proteins.
The so-calledamideI and amideII bandswere widely used in infrared spectrabut were not readily
observablein aqueoussolution. In Raman spectra,primary use hasbeenmade of the amide I and
amideIII modes.The amideII bandis generallyvery weak in the Ramanspectrum.Fig. 36 showsan
approximatedescriptionof thesemodes.The frequenciesof thesemodesaresensitiveto the angles!P

R ~H

/ C — N Arnide I
// // 0 H

R

N/J Amide II

R H

/ C— N—’- Amide III1/
0 R

Fig. 36. Therearemanydifferentmodesof thepeptide bond vibration.Thefigure illustratesthe“in-plane” vibrationalmodesof thepeptidebond.
Among the three modes shown in the figure, the amide I and III are indicesof peptidebackboneconformationof a proteinin the Ramanspectra.
The amide II band is either Ramaninactive or very weak.
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0

~kC~N~C ~R

Fig. 37. Definition of the torsionalanglesçb and !l’ abouttheC’—N bond and theC’—C~bond. In the extended form shown, ~ = ±180°, ~P= 180°.

and 4.1 definedin fig. 37. Sincetheseangleshavecharacteristicvaluesfor the well knowna helix and f3
sheetprotein structuresand a rangeof valuesfor randomcoils, the modesare diagnosticfor protein
conformationin solution.Table 12 showsa summaryof frequenciesandintensitiesexpectedfor various
structures,and table 13 gives somespecific examplesof modeswhich havebeenobservedfor various
peptides.

Poly-L-lysinespectraarea good exampleof the kind of informationwhich can be obtained.Fig. 38
showsthe spectraof a helical and/3 sheetforms of this peptideobtainedby Peticolas[155].Theseare
in reasonablydilute aqueoussolution. The amideI mode,concealedby a strongwaterband in the a
helical form, appearsstronglyin the /3 sheet.Changesarealsoseenin theamideIII region andthe C—C
stretchingmodesin the 945—1000cm1 region.Onequestionrelatedto theseconformationswhich was
answeredby Ramanspectroscopywas whetherin transformingfrom a —~/3 the polymer goes through
an intermediatestructure,e.g. a random coil. This was not the case. A quantitative plot of the
temperaturedependenceof the amide III intensity at 1240cm1 relative to anotherband in the
spectrumallows the determinationof the fraction of eitherconformerpresent.

In proteins,thereis aptto be a distributionof conformerspresentin asingle system.For sucha case,
the spectraarenecessarilymorecomplicated.Lord [156]hasproposedthat the intensitycontourin the
amideIII region might be directly correlatedwith the distribution of ~Pvalues for the protein. An

Table 12
Conformation-sensitiveRamanlines of peptidylgroupsof aqueousproteins

o~(cm~) Assignment Relative intensity Conformational significance

1665—1672 amide I strong fl-sheet
1660—1670 amide I strong, broad random chain
1645—1655 amide I strong a -helix
1270—1300 amideIII weak a -helix
1243—1253 amide III medium, broad random chain
1229—1235 amideIII strong fl-sheet

Table 13
Amide III frequencies (in cm~)in polypeptides from Raman measurements

Substance a-helical fl-structure Randomcoil or structureionized

Polyglycine 1261 1234
Poly-L-alanine 1261 1239
Poly-L-glutamic acid 1248
Glucagon 1266 1232 1248
PoIy-L-lysine 1311 1240 1243
Poly Ala-Gly 1271 1238
Poly Ser-Gly 1264 1236
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Fig. 38. Raman spectra. Upper,a-helicalpoly-L-lysine (3% H
20,pH 11.8, T = 4°C)and lower, fl-sheet poly-L-lysine (3% H20, pH 11.8, T = 52°).

(From ref. [155].)

exampleof this approach,showing both the spectrumof a ribonucleaseand a histogramrepresenting
the ~Pvaluesfor the enzymeis shownin fig. 39. Morework is neededto establishthe generalityof the
correlation.

A related approachto Lord’s has been taken by Lippert et a!. [1571.They suggest that four
simultaneousequationscan be used to establishquantitativelythe fractionsof a helix, /3 sheet,and
randomcoil in a protein.To do this, theyusethe Ramanintensitiesat 1240 cm

t in H
20 solutionand

1632 and 1660cm’ in D20, relative to the intensity of CH2 deformation at 1448cm
t. Using

poly-L-lysine as a standardto set the scale,they apply this methodto nine proteinswith good results
(±10—15%).Craig andGaber[158]haveappliedthis methodto astructurallywell-documentedenzyme,
humancarbonicanhydraseB, with good resultsas well.

NI~.) ~ ~ ~ Ib)

- 90’ 0’ 90’ I$0 280 1250 220
1,, cm’

Fig. 39. (a) Histogram of distributionof valuesof ~ in therange—90°to + 180°in nativebovinepancreaticribonucleaseand(b) Intensitycontourof
theamideIII region in the Ramanspectrumof theenzyme.(From ref. [156].)
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g~h~-9che~g~dhe~~~II:i~0._____0_:~i:-~ 510
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140

Fig.40. Conformationof disulfide bondsin proteins.The stretchingvibrationof S—S is influenced by therotationalconformationabouttheC—C and
C—Sbonds. The assignmentnumbersfor C and S atomsare: C2—C1S1—52—C1—C2.The disulfidebond with gaucheshowsa strong andsharpband at
510cm’. The disulfide bonds with trans—gauche—gaucheand trans—gauche—transconformationgive bandsat 525 and540cm~in Ramanspectra.
(From ref. 11591.)

To maintain conformation of proteins, disulfide bonds are often built into the structure. The
conformation about thesedisulfide bonds is often a crucial piece of information to be obtainedin
elucidatingprotein structure.Ramanspectroscopyhasproved to be useful for studyingthis problem.
The polarizablesulfur atomstendto give ratherintenseRamanscattering.Fig. 40 showsthreepossible
casesandthe S—S stretchingfrequenciesobservedfor each.Fig. 41, aspectrumof a neurotoxinobtained
from sea snake [159], illustrates an application of this by Yu and co-workers showing that the
conformationis gauche—gauche—gauche.In a seriesof papers,Yu, Tu et a!. [160—161]haveshownthat
the snake neurotoxinsare all primarily /3 sheetstructureswith gauche—gauche—gaucheS—S linkages.
Approximate molecular orbital methods indicate that there is a basis for the correlation of S—S
frequencieswith dihedral angle in the orbital overlapsobtainedfrom a Mulliken population analysis
[162].

8.2. Nucleotidesand nucleicacids

While some work on peptides,amino acids, and proteins had been carried out using Raman
spectroscopyprior to the laserera (that of Edsall and co-workers[163] is particularly notable), the
spectraof nucleic acids and polynucleotidesis more recent.A wide variety of problemshavebeen
studied by Ramanspectroscopywith impressiveresults. Table 14, from Thomas [164],indicates the
range of problems which have been investigated with some success.These include constitution,
secondarystructure,and dynamics.Therehave also beenmoresophisticatedapplicationsto protein-
DNA or RNA interaction.
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Fig. 41. Ramanspectrumof purifiedsea snakeneurotoxin.(From ref. [159].)

Table 14
Nucleicacidproblemsstudiedby Ramanspectroscopy

1. Primary structures of nucleic acid constituents
a. tautoinericequilibriaof the purineandpyrimidine bases
b. ionizationequilibriaof thebases
c. ionizationequilibriaof thephosphategroups
d. sitesof deuterium—hydrogenexchangein baseandsugarresidues

2. Secondarystructuresand interactionsof nucleicacids
a. modeand extentof hydrogenbondingbetweenbases
b. modeandextentof base-stackinginteractions
c. identificationof orderedand disorderedbackboneconformations
d, order—disordertransitionsasa function of temperature,ionic strength,etc.
e. quantitativeestimatesof RNA secondarystructure
f. binding of metal ions to base andphosphatesites

g. nucleicacid-proteininteractions
h. hydrationof nucleicacids

3. Kinetics
a. Tateof exchangeof 8-CH in purines
b. rateof hydrolysisof nucleic acids
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Fig. 42. Ramanspectraof D
20 solutionsof poly(A)’poly(U) at 32°Cand85°C.Soluteconcentrationis 35mg/mI.(From ref. [167].)

Thesestudies illustrate well the importanceof Ramanspectroscopyas a techniquefor studying
solutionstructureswherethe solid statestructureshavealreadybeenelucidatedusingcrystallographic
methods.Therehavebeenseveralextensivereviews of this work [165—166].

Thomaset al. [167]have carried out considerablework on the model systemspoly(A), poly(U),
poly(G) andpoly(C), which canexist in doublehelical forms suchaspoly(A).poly(U). Fig. 42 shows a
spectrumof poly(A).poly(U) in D20. Thereis a striking temperaturedependenceof this spectrumas
thedoublehelix dissociatesto form two singlestrandedhelices.This illustratesthesensitivityof Raman
spectroscopyto suchchanges.

Fig. 43 shows spectraof tRNA takenin both H20 and D20. Assignmentsof thevarious bandsto
nucleotideresiduesareindicatedin the figure.Using an empiricalassignmentapproach,it is possibleto
synthesizesuchspectrawith someconfidencefrom polynucleotidespectralfragments.The useof D20
allows one to examinevibrations obscuredby H20 scattering,particularly in the 1650cm’ region. It
also permits study of the exchangeableprotons in the RNA. Chanand Thomas [168]haveused this
methodto establishthe kinetics of suchexchangein onecase.

In simple viruses,thereexists a so-calledcoatproteinwhich encapsulatesRNA or DNA. The coat
protein actually may consistof many protein molecules.Combiningthe work on protein spectraand
nucleic acid spectra,the interactionsbetweenthe nucleic acid and the protein havebeen studiedby
Ramanspectroscopy.

Fig. 44 showsthe spectraof two DNA virus particles,knownas Pfl andfd virions [169].High quality
spectraareobtainableevenfrom suchcomplexsystems.Becausetheseparticlesarevery high in protein
content,this Ramanscatteringdominatesthe spectra.Fromthespectraonecan learna greatdealabout
thesesystems.Drawing on correlationspreviously presented,one notes that both contain almost
exclusively a helical protein; on the other hand, the amino acid compositionsare seento be quite
different for the two cases.It is also possibleto concludethat OH groupson the tyrosyl amino acid
residuesarestrongly hydrogenbondedto positivedonorgroupsin both cases.This is gleanedfrom the
relativeintensityof bandsat854 and825cm

1.Frommodelsystemwork, it is possibleto concludethat
the DNA backbonesare of the B helix type rather than the A helix. These brief summariesof
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Fig. 44. Ramanspectraof FB virusesin 0.05M NaCI at 32°CandpH9. (From ref. [169].)

conclusions presentedin great detail in the original work give an idea of the level of detailed
information whichcan be extractedfrom the spectra.

8.3. ResonanceRamanspectraof biologicalsystems

Conventionally,Raman spectrarequire relatively high concentrationson the order of 0.1 M or
greater.This maylimit their applicationto real biological problems.However,whenthe Ramanexciting
line falls within the envelopeof an electronic absorptionband, it becomespossibleto see Raman
spectraat concentrationsof approximatelyiO~M. Qualitatively, we may saythat thesespectraarise
only from the part of the moleculeassociatedwith the electronictransition. Thus, in the caseof a
protein like hemoglobincontainingachromophore(heme)which is orbitally isolatedfrom the bulk of
the globin protein,we seea selectivelyenhancedspectrum.

Pioneeringwork on this problemwas carriedout by Spiroand Strekas[170].Theypublishedthe first
spectraof resonanceenhancedhemoglobinand cytochromeC. A particularly interestingfeaturewas
first observedin thesespectra,althoughit had beenpredictedby Placzek, and other workers had
attemptedto observeit in model compoundswithout success.When the symmetry is either D4h or
slightly reducedfrom D4h, certain modes have extremely large depolarizationratios. While in the
non-resonancecasethe depolarizationratiosrangefrom 0 to 0.75, in this casevaluesmuchgreaterthan
0.75 areobtained.This resultsfrom the polarizabilitytensorbeingunsymmetricalto thepoint where~
may ~


