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ABSTRACf 

The phase transitions of sorne orientationally-disordered solids (plastic crystals) 

have been studied by DSe, and variable-ternperature-IR and -Raman spectroscopy. The 

adamantane derivatives, l-bromoadamantane (l-ClOHlsBr) and 2-chloroadamantane 

(2-CloHlsCI) were found to have two phase transitions, at 283 K and 312 K for the fonner 

and 227 K and 242 K for the latter; 2-bromoadamantane (2-CIOHlsBr) and 

l-chloroadamantane (l-ClOHlSCl) only exhibited one phase transition each, at 281 K and 

245 K, respectively. Only one phase transition was found for 9-bicyclononanone 

(9-C9H140) at 299 K. Oxanorbornane (Q,HlOO), a liquid, was found to have three phase 

transfonnations (192, 234, and 245 K), with the 234 K transition being metastable. 

Another phase transition, which is both time dependent and rate-of-cooling dependent, was 

found for o-carborane (O-C2BlOH12) by variable-temperature infrared spectroscopy. The 

infrared and Raman spectra of the adamantane derivative, 2-adamantanone (2-CIOH140), 

revealed that a new low-temperature phase was present after cycling. 

Micro-Raman pressure spectroscopy was used for the fIfSt time in the study of 

phase transitions of plastic crystals. The same phase transformation of I-chloroadamantane 

that occurred at 245 K and 1.0' bar was found to accur at 295 K and .... 5 kbar. The 

o-carborane phase transition which took place at 274 K and 1.01 bar also takes place at 

295 K and -10 kbar. Finally, 2-chloroadamantane, which exhibited two phase transitions 

(227 K and 242 K) at atmospheric pressure, also underwent phase transformations al room 

temperature and 3 and Il kbar, respectively. 
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Les transitions de phase de cenains cristaux plastiques ont été étudiées par 

calorimétrie différentielle programmée (CDP) ainsi que par spectroscopie vibrationnelle 

(spectroscopie infrarouge et Raman). Deux transitions de phase ont été trouvées pour les 

dérivés de l'adamantane, bromure-l-adamantane (l-ClOHlsBr) et chlorure-2-adamantane 

(2-C1OHlSCl), soit 283 K et 312 K pour 1-C1OHlsBr, et 227 K et 242 K pour 2-CtOHISCI. 

Une seule transformation de phase a été trouvée pour le bromure-2-adamantane 

(2-C1OHlSBr) à 281 K et le chlorure-l-adamantane, 1-C1OHISCl, à 245 K. Il a aussi été 

démontré que le bicyclononanone-9 (9-C9H140) n'avait qu'une transition de phase et ce à 

299 K. Trois transfonnations de phase ont été trouvées pour le liquide oxanorbomane 

(QjHlOO), une à 192 K, une autre à 234 K (phase métastable), et la dernière à 245 K. Une 

autre transition de phase, qui varie selon le taux de chauffage, a été trouvée pour 

l' o-carborane par infrarouge à température variable. Les spectre vibrationnels de 

l'adamantanone-2, ont démontré qu'après le cyclage, une nouvelle phase existait à basse 

température. 

La specu-oscopie sous-pression micro-Raman a été utilisée pour la première fois à 

fin d'étudier les transitions de phase des cristaux plastiques. La même phase qui était 

présente à 245 K et 1.01 bar pOlir le I-C1OHISCI est aussi présente à 295 K et -5 kbar. 

Pour l'o-C2BlOH12, la transition de phase à 274 K et LOI bar se produit à 295 K et 

-10 kbar. Finalement, deux transition de phase ont été trouvées pour le dérivé 2-CtOHISCI, 

à température ambiante et 3 kbar ainsi qu'à Il kbar. 
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NOTE ON UNITS 

As specified in the Guidelines Concerning Thesis Preparation, from the Faculty of 

Graduate Studies and Research, the use of SI units must be used except when for historical 

reasons or for reasons of c1arity other units are preferrable. This thesis utilizes units which 

are generally used by other researchers in the same field. The following table is therefore 

given for the benefit of the readers which prefer using SI units at all times. 

Parameter Symbol SI Unit OtherUnits 

Wavelength m lOlO A 

Pressure Pa (N m-2) 10-2 kbar 
9.8692 '" 10~ atm 

p 7.5006'" 10-3 mm Hg 
1.0206'" 10-2 lb in-2 

Temperature T K oC +273.15 

Wavenumber v m- l 100 cm- l 

Enthalpy MI kJmol-1 0.239 kcal mol- l 

Entropy AS J K-l mol- l 0.239 cal deg-1 mol-1 
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CllAPTBR.l 

ORlBlft'ATIOlUlLY-DIBORDBRBD SOL1D8 

(PLASTIC CR'l'8TALS) 

A.INTRODUCfION 

Solids arc usually thou"'t of as materials chat aœ not easily defonœcl and 

possessinl very linle internal molecular motion. FunhennoIe, a hialt entropy of fusion is 

expectcd upon melânl a soUel. This is not always the case, however, as some Molecules 

underlO almost complete fœe rotadon and Ile even Imown ta self-diffuse to nearly the 

same extent as liquids. Although, Timmermans 1,2 wu not the tirst to realize that 

molecules milht rotate in the solid state, he was the fmt to nodee SOlDe intelestinl trends 

in the physical propenies of cer1.8ÎD globular organic compounds. These MOlecules are 

hiShly symmettic and have very small entropies of fusion. Moreover, although they have 

very shup me1tinl points, the solid phases are not crysta1line, and tlow under moderate 

pressures. AU of these observadons prompted Timmermans to name this group of 

"mol6cules globulaires", pItuIk e"*,,.1-3 These materials Ile dcfinitely not liquids nor 

are abey ttue solids; chey are somewhere in between and therefore dûs additional solid 

phase has become DOwn u the ",.,1i«IIl1-e'1''''''' phase or state. Figure 1.1 shows the 

different phases that CID appear iD 1 repdar solid, a plutic crystal, and a liquid crystal. 

The main distinction between solids lDd liquida cu be considered in terms of viscosity -

low for liquids, higber for orientadonally-disordered solids and very hiJh for normal solids. 
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Figure 1.1 Phases for (a) an ordinary soUd, (b) a plastic crystal, (e) a liquid cryltal. 
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Thus liquids ftow under gravity, plastic Cl)'stals zeqWrc mueh force, while "truc" solida will 

fracture. 

L NOMKNCLATUD 

The term plastic crystals is in rcality a misnomer but, unâl recendy, no new name 

wu considmd acceptable, and sincc this carUer nomenclature bu bcen uscd for the lut 50 

ycan it is doubtful if il will ever bc eHminaœd. Obviously tbis ume sccms appropriate 

duc to a chief physica1 eharacteristic usociaœd with thil elui of eompoundl, i.e., it 

depcnds upon a mecbanical property; the ability to Oow under preuure or larel.. This 

docs, howcver, lcad to confusion liDee the term plutic is usual1y auociated with potymen, 

lDd plastic crystals arc DOt neceuarily polymen lDd vice ven&. Moreover, luch 1 namc 

would imply that pluticity is only involvecl witb plastic cryltlls wbereu even metaIJ Ile 
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"pludc" to • cenain extent A1tboup the ume mi"'t seem to be • trivial matter, it is 

beUeved tG be one of the main reuoDI fex' tbere beÎDl œlaâvely 50 little information on 

plastic crystals even after 50 yean. Tbere are many simiJarities between Uquid crystals and 

plastic crystab, yet in pneral those worldn, on Uquid Cl)'stals bave tended ta shy away 

froID plutic crystals simp1y because of the RIme ... ., The main diffeœncci between plastic 

and Iiquid crystals are that the former are pnerally ,lobular, compact and have positional 

but no orientational OJder, whüe the latter are less viscous, Ion" sometimes riJid, and have 

no postional arder but do have orientational arder. As a result of these cWferences, it is 

easüy conccivab1e that plastic crystals CID l'eOIient themselves wim greater eue than their 

Iiquid counterpans. Based on these observations, some researchen have preferœd the 

name ,""Ile lIquld ery,IIIlI.4 

Ad.emantane Hexamethylenetetramine 

The other RaIDe that had boen proposed by Thnmermans was ,lob""" lIIO"cull,. 

This is not a proper ume because, altbouJh many Jlobular molecules Ile plutic crystals, 

not all plastic crystals are Jlobular, and nOl' do ail pobular molecules belon. ta the cws of 

plutic crystals. Consider hexamethylenetetramine, which bu the samc buic molecular 

structure u adamantane and yet is DOt a plutic crystal.6 Isotropie molfeula wu also put 

forwlld u • possible JWne; however, even thoup cubic crystals are isottopic, DOt all cubic 
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Figure 1.2 Different orientations of molecules in a plastic crystal in various phases. 
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crystals are plastic (c.g., hexamethylenetetraminc) and, more imponandy, not all plutic 

crystals are cubic.7 The terms curœndy in vogue are orl,nllltlollllllJ-dhor."d loM 

(ODIS) and orle1lltltlo1Ulll,"'o,*,,4 C'1'''''' (OOle). These two names are essentially 

equivalent and stem from a well-mown characteristic of plastic crystal. - their orientational 

disorder (sec Figure 1.2). 

D. GINaAL CBAaACl'llllTlCI 

X-ray studies on this clas of compounds bave shown that very few, if any, 1attice 

refJections are observed. Tbere are two pouible explanations for thÎlsituatÎOll. Fndy, 

theœ are many equivalent allowed orientatiODl or secondly, tbere il a put deaI of 
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orientadonal mobility. Furthermore, bued cm the small observed Iattice parameten, oo1y 

reslricted, as opposed ta free, molecullr n:orientatioD is takinl place. 8 

Plastic crystals bave other particular propenies assocÏ8ted with them which cleuly 

distinguish them from ordinary soUcis, the mast prominent one beinl the enaopy of 

meItin.. ll1D1DC1'1D11lS had observed that, in general, Mm ~ 2.5R, where R is the lU 

constant.3 This relationship is due ID the nature of the plastically-crystalline phase, i.e., 

considerable disorder is present in the solid, sa much so, that it bas very Uttle to gain by 

meltin,. However, this is only a rule-of-thumb, and consequendy there are exceptions. For 

example, SF6 is a plastic crystal and yet its enaopy of meltin, is actually 2.6R. 9 Postel and 

Reiss9 have sUllested using another approach, namely, the ratio of the minimum distance 

between molecular eenten within a crystal lattice to the maximum diameter of the 

molecule. Any value greater than 0.77 (the value associated with hexamethylenetetramine) 

would indieate a plastic crystal.9 Many exceptions can, however, be found for this 

parameter sinee it applics solely to globular molecules.lO,U Morcover, since not ail plastic 

crystals are globular, it cannot be used as a gencral critcrion; therefore, for the Jack of a 

bettcr method, ASm is still an acceptable means of detennining whcther a compound 

belongs ID this class of compounds or not. 

Another interestinl physical eharacteristic associated with plastic crystals is the 

relatively high melting points observed whcn comparing two isomers, one of which is a 

plas:::c crystal and the other which is not. For example, consider neopentanc, C(œ~4' a 

plastic crystal, and its structural isomer II-pentane, CH3(CH2)3Œ3' an ordinary soUd. The 

meltin, point of neopcntane is 2S7 K, while that of II-pentane is 132 K. 3 As was the case 

for the entropy, very Ume additional diSOlder is lained by mclting, thercfore the melting 

point of the plutic crystal is higher. 

The observed volume of melting of a plastic crystal is very small. This is also due 

ID the degree of disonler which is aJready present in the soM state, therefore upon mcltinl, 
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tbere ia 'MY Utdo expansion. Moreover, since the inœrmolecular forœl are weakened. the 

depee of mObllity in the solid Stale is hip and. the vapour pressure. of plastic crystal. are 

higber than those for ordi.nary soüds. 

As pointed out above, plastic crystals are solicll that appear to behave very much 

lib liquids. 1bis raisei the question, should they be ttea1ed u IOlidI or u Uquida? 

Michell12 conceived extrusion experiments bued on the auumption that pludc crystal. 

sbould be considered a liquids. His results, however,led him 10 conclude that buecl on 

the observed deformations, platie crystals are more lilœ ordinary solids than liquida. The 

same conclusion wu attained fmm NMR results.ll 

Laslly, orientationally-disordered solids must have at leut one soUd-saUd phue 

transformation occurring at temperanues below their melting points. If one considen the 

case of cooling, during a transition the solid must 1050 its orientational arder and thil 

generally involves large enthalpy and entropy changes. 8elow the transition temperatuœ, 

ail molecular rotation and/or migration in the solid state is hal1ed. Many diffment 

techniques can be used ta probe the phase ttansformations. 

DL MmIoD8OP ANALYSIS 

Among the many methods tbat CID be used to study the soUd-solid phase transitionl 

occurring in orientationally-diSOldered soUds is calorimetry.3,14-18 This is an obvioui 

metbocl since an important property of plastic crystals is thaL Mm S 2.SR. Diffeœndal 

scamlÏDg calorimetry or differential thermal analysis are very convenient methodl throup 

whicb both enthalpies and entropies of melting and transition can be obtained. Witb the &id 

of these metbods the tbermodynamic arder of the reaction can be e.tabtisbed. An 

interestina cbaracœristic of plastic crystals tbat wu noted t'rom thermal anaIylUltudiel il 

tbat they Ile olten euily supercooléd (but DOt euily superbeated) tG fonn ,ltuq lUI in 
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wbicb .table pbuel are never fonœcL n il for tbilreuon that the pbue.labeUed in tbiI 

the.iI refer to the heatiDl ratber tban the coolina cycleI. 

When theœ is interelt in diJcemin. the structure of a soüd, x-ray analysis 

im!JMlldjately comes to minci. Unfonunately, plastic crystals cannot be cleaveel or easily 

powdered. and yield few diffrIcted x-ray bea."..18-2O As a result structure determination is 

extremely difficult and Ulually no dcfinite conclusion CID be reacbed. 'Ibis fact bu 

actually helpcd in determininl whicb crystals are disordered and a moJecule is considered 

orientationaUy-diSOldered ü iu site symmetry is bigber tban its point-poup symmetry.18 

Neutron diffraction is also employed in molecular S1I'UCtUIe determination·18•19,22 wbeœby, 

pomeaical information u weU u dynamic information on the re-orientation process can 

be obtained.19 

Two extremely useful techniques for studyinl solids are infran:d and Raman 

spectroscopy. Variable-temperatuœ and -pressure IR and Raman spectroscopy yield data 

relarding to the s1l'UCture of the molecules under investilation. Mucb information CID be 

obtained these techniques becJ.use the <<:l'ysta! symmetry and the vibrational selection rules 

vary u the phase chanlCS. It is therefore expected that the spectra of each phue will be 

different. Moœ importaDdy. mooitoring the specll'll changes while varying both the 

pressure and temperatuœ permits construction of a pbase diagram. 

In 1936, Smyth It al. found that unlike nonœl crystallization, when a polar liquid 

crystallizes to a plasticaUy crysta1line phase, the dielectric constant (also knOWD u relative 

permitivity) does DOt decreue sharply.l8-22 Not only docs it not decrease, but in severa! 

cues, it actually increases.18 Furtber COOlinl, i.e., into the 0Idered pbue, ultimately yields 

the anticipated sharp drop in dielec1ric constant. 21 

Other techniques tbat are used to probe tbese systems include those that monitor 

molecular motion. Two such tecbniquet are self-diffusiOll usinl radiouacer techniques and 

nuclear mapetic reSOlllDCe (NMR) lpOf:trolCopy.I8-21 ln the eue of self-diffusion (also 
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kDowD u CNeP atudiea), nd.ioIraœn, luch U 14(: or la, an udlbed ID meuun the raie of 

penell'ltiOli of a radiOlCtively-labeUed molecule inta the bulk of the marerIal bein, 

studied.19 Based 011 tbese experimentl, it wu found tbat the self-diffusion coefficient, D, 

is muc:b biJber for a plastic crystal tban for a replar solicl but it is very clOlO ID that for a 

liquid, once apin sugestinl that mocion in a plastic cryltal il nearly the .... u tbat in a 

liquid.19.21 The otber technique which moniton molecular motion, NMR spectl'OlCOpy, 

bu been applied quito extensively in arder ta obtain ÏDfOl'lDldOll on the type of motiœ 

taldng place and the usociated kineûcs. I" 19 As in the eue of self-diffusion, it wu found 

tbat a liquid wbicb fonDS a plastic crystal upon freezinl displaYI les. line-broadenin, 

effects than docs a liquid which CID be crystallized inID an ordeœd pbue. Thit observation 

implies tbat rotaûon is still taldnl place in the disordeJed soHd. When the plasûc crystal ia 

cooled down funber so that il becomrs onIeœd, the observed line-broidenini effecu are 

the same as those for an ordinary solid. This alain indicates that there is no rotation taIdn, 

place in the ordercd phase of the plastic crystal. The besl method available ID study tbi. 

rotational motion is that of the spin-relaxation. These meuurements include TI' T Ipt T ID 

and T2 studics in wbicb the spin-Iattice relaxation âmes in the laboratory frame, rotatinl 

frame, dipolar relaxation âme, and spin-spi."I relaxation times, respectively, CID be 

determined. 

IV. AfttICAnoNSorP!.AmcCaYBrALI 

ne solid-solid phase transitions occunina in plutic crystals involve lIIp chanp. 

in entropy and enthalpy tbat are normalIy oo1y UIOCiated with liquid-solid phase chan ••. 

It is the larp entbalpy chanp. that bu lfOUIed the intelelt of industry Iince luch 

c:ompouDds could possibly be UJed for cDel1Y storqe. ObYiously, before • œmpound CID 

be UJed u • plu:u, chail" 1IIQMrltIl,23 il must fulfiU a seriel of conditions, namely: (1) the 
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pbue trIIIIiûon remperatuIe of the lDIIerial mua be witbin the range of the desired 

operatin, temperature of the heatinl or coalin, system; (2) the ABu. or Mit values must be 

as lar.e u possible so that enere storap CID be 'Nx;mizcd; (3) a weU-characterized phase 

dialfllD would faci1itate usaac of the compound; (4) the material must be easily contained 

and the container should be sbOn, enoup to resist the expansions and contractions 

lenerated by the phase changes occwrin. in the material; (5) the bigher the density of the 

compound the better since more heat can be stoœcl in a sma1ler volume; (6) the compound 

must not be too susceptible to supercoolin. since tbis bu been found to intelfere, ü not 

completely suppress, heat traDsfer; (7) the substance should be chemically stable and Dot 

react with the container in which it is bein. held; (8) the material should not be toxic, have 

a foui smeU, or corrode easily and should be readily disposable; (9) the material should be 

cost effective, i.e., things like production, shipping and handlin, costs, etc., should be 

reasonable. 8ased on the above criteria, plastic crystals are anticipated to be very good 

candidates for energy storage devices, and in fact sorne have already bœn used for tbis 

purpose.24-30 

OH 

013 

2.2-dimethyl-l,3-propanediol 

(DMPorNPO) 

OH 

CH3 

2-hydroxymethyl-2-methyl-I,3-propanediol 

(HMP) 

One plutic crystal used in solar hell storap deviœs is neopeDtylllycol (NPG) also 

Imown u 2.2-dimethyl-l.3-propanediol (DMP);29 it is maintliDed at 313 K (40 ctc), and 
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absorba belt durinl the dayand releuel it Il mallt. The main Idvantqel of DMP are that 

it is a solid thereby eliminatingleabae problems, it undclJoes expansion DncI connetions 

10 a lesler depee chan do water-bued systems, Il is inexpensivc, and it will only need 10 he 

replaced about every 2S yean. 

Aside froID salar heating, plastic crystals are hein, used in whlt il termed 

,,,,,,.,atur,-adtJptabl,/abrics.24-30 Vigo and FlOSt found that the best plastic crystala for 

this purpose were DMP and one of its derivatives, 2-hydroxymethyl-2-methyl-l,3-

propanediol (HMP).24-26 The idea hehind these fabrics is tG trat the fihen with the platic 

crystal and then mate a piccc of clothing with those fibers. The use of such a gannent il 

obvious - protective clothing when temperature extlemcs an: met. One could cuUy 

imagine using these fiben to fabricate clothing to proteet humans (rom hypothermia (1üe 

jackets) or to proteet f1l'e-fighters from the excessive heat, or even 10 protect animals and 

plants from sudden temperature changes. These materials could also he uscd to coyer food 

during shipping thereby limiting spoiJage and lowcring transportation costl since special 

bulk containers would no longer he required. It has bcen proposcd that HMP-treated fihers 

could he used in the 320-375 K range sincc bctwecn 34S and 37S K energy is stored, whUe 

it is relcased betwecn 320 K and 347 K. 

B. TRESIS OBJECTIVES 

The main objective of this study wu 10 probe the phase transitions in plastic 

crystals of diffcrent symmetries, by various methods. The compounds studied IR Ihawn in 

Figure 1.3, and include SOlDe actaman1ane derivativcs, a carborane derivadvc and other 

cyclic bydrocarbons. Chapter 2 contains a brief revicw and description of thermal analyliJ 

and the results obtained using differential scanning calorimctry. Cbapter 3 delCribel the 
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Br 

Br 

1 

l-bromoadamantane 

Cl 

Cl 

3 4 

l·chloroadamantane 2-chloroadamantane 

o 
o 

5 

bicyclononanone oxanorbomane 

o 

7 8 

adamantanonc 

Fipre 1.3 CompouDds siUdied in dûs tbcSÎl. NOIe in ~ 7, 0 = B, •• C, and the 
H atomI have been omitted for the lib of clarity. 
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experimeDtal set~up for variable-temperature IR and Raman spectroscopie meuurements 

and the proposed vibrational assipments for these orientationally-disordered solida. The 

results of the high pressure-Raman studies on three typical plastic crystals, l-C1oH150, 

2-C1oH1SC1, and o-~BloH12 are prescnted in Cbapter 4; this work is especially intcrestinl 

u it appcars to be the tirst tilDe that micmRaman spectroscopy system hu been uscd for 

the analysis of plastic crystals onder extcmal pressure. The thesis concludcs with ! 
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CRAPTER2 

DII'PERENTIAL SCANNING CALORlMETRlC STUDIES 01' 

ORIBNTATIONALLY-DISORDERED SOLIDS 

(PLASTIC CRYSTALS) 

A. INTRODUCTION 

1. GENERAL 

Thennal analysis bas been defined by the International Confederation of Thermal 

Analysis (lCT A) as a general term which covers a variety of techniques that record the 

physical changes occurring in a substance as a function of temperature.1). This term 

therefore encompasses many techniques s~ch as thermogravimetry (TG), evolved gas 

analysis (EGA), differential thermal analysis (OTA), and differential scanning calorimetry 

(Ose), just to name a few. The application of thennal analysis to the study of plastic 

crystals stems from the properties of these crystals. Timmennans was the first to notice 

that many spherical and globular organic molecules had entropies of fusion, ASf• of 

21 J K-1 mol-1 or AS,IR of 2.5.3 It was found, for example, that bromocamphor (a non­

spherical molecule) had a AS f of 115.5 J K-I mol-l, white the globular and spherical 

camphor had a ASf of 11.7 J K-l 0101-1.4 Mcreover, these types of compounds arc known 

to undergo at least one solid-solid phase transformation below their melting point. It is 

therefore obvious that thermal analysis is useful in the study of plastic crystals and since 
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the IWO techniques lIIOCiaIed witb eDeIJY chlnPI occurrin, iD IIU.tance .. DTA and 

DSC. il is thele two wbich wW he dilcusled in detail. 

Eva' since the iDvendOD of DSC. theœ bu been mucb confuIion over the cliffereace 

between DT A lDd DSC. The exact lerA definidOD of DT A Îli metbod tbaI moniton the 

tempc:ntuœ difference exildn. between a umple lDd a œfereDce maIeriaI u • function of 

time andIat temperatUle lIIuminl that bath SImple lDd œfance _ lubjocted ta the lame 

environment At • selected beadnl or coolin, rate.l~ 1be plot of A~ u • ftlDcdon of 

tempc:ntuœ is termed • DT A curve and endothermic transidou _ ploaed downwlld on 

the y-axis, wbile temperanue (or dme) ÎI plotted 011 the x-axil. DSC. OB the other band, 

bas boen defined as 1 technique that records the eDeIJY (in the fOllll of heat) required ta 

yield a zero temperatuœ difference between a substance and a œfeœnce, as a function of 

either temperature or âme at a predetermined latin. and/or coolinl rate. once llain 

assuming that both the samp~e and the refORnee material are in the ume environment. 1.2 

The plo~ obtained is known as a DSC curve and sbows the amount of heat applied as 1 

function of temperature or time. As CID be scen fIom the above dcfinidons. the two 

techniques are similar but not the same. The two yield the same thermodynamic data sucb 

as enthalpy, entropy, Gibbs' free enerlY, and specifie beat, as weil as kinetic data. It i. 

only the method by whicb the information is obtained that differentiatel the two 

techniques. A brief bistory on the development, aDd a comparison of the two technique. is 

tberefoœ in arder. * 

D. OTA ANDDSC 

A Iittle over a hundred yem 110, two papen wore publilbed by Le ChAtelier 

dealinl witb the IDeII1II'eIDent of temperature in ClaYI; the fint endded "On the lCdoa of 

beat on clay." lDd the second "On the coutitu1ioD of clay.". 22.23 The experiment 

Far ..... deIIiJed --." ~_ .. dIecndcaI deICIipIkII. a.da lM _ .. 1IIrId iD 
...... 5-21. 
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deIcribed iD tbeIe papen wu DOt. tru1y diffeœntial ODe lÏDCe the diffeœnce iD temperatule 

between the clay and œfereace awaial wu DOt meuurecL The apparatuI couisted of a 

Pt-Pr/IK Rh thermocouple embedded in a clay sample. which iD turD wu pacbd into a 

'-mm diameter Pt crucible. The crucible wu then placed in alarpr cnacible. surrounded 

with mapesium oxide and inIened iDto ID OYen. Le Wtetier WIed a heatinl rate of 

120 K min-1 and recordecI die electromodve force of the tbermocouple on • pbotoJl'lphic 

plate Il replar time intervall. As Ion, u DO phue change occurred iD the clay. the 

temperature fOIe evenly and the liDeI on the plate were evenly spaœcI. If. h:)Wevef, an 

exothermic ttansformation took pllce. then the temperature would rise more rapidly and 

therefore the !ines would be unevenly spaced and cl~ together. An endothenDic 

ttaDsition. on the other band, would cause the mcasured temperature to rise more slowly 

and the sPacinl betwcen the lincs would be much larger. In arder tG ensure that the 

meuuœd tempcratures wcre ~ he calibrated his instrument witb the aid of boilin, 

points of known materials such u water. sulfur. and selenium. u weD u the meltinl point 

of lold. Sincc Le ChAtelier's expcriment does not fit the IcrA dcfinition ofDTA. bis main 

contribution ta the development of DTA wu the automatic recordinl of the heatinl curve 

on a photographie plate. Truc diff'erential thermal analysis wu actua1Iy dcveloped twelve 

years later (in 1899) by Robens-Austen.24 

Robens-AusteD connected two Pt-Pr/IK Ir thermocouples in para1lel which in 

tum. were connected ta a lalvanometcr. One thermocouple wu inserted into a reference 

sample consiatinl of a Cu-AI aIloy or of an aluminium silicate clay (fireclay). The other 

thermocouple wu embcdded into a steel sample of the same shape and dimensions as the 

referencc. 80th the sample and refereoce were placed iD an evacuated fumace. A second 

p1vanomcter monitorcd the tcmperature of the reference. The pwposc of the experimcnts 

wu to CODStruct a phue diap'am of carbon stee1s and. by extension. l'IÜway 1iDCI. Since 

bis mcthod wu a true differcntial technique, it wu much IDOle ICDlÎtive tban 
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Figure 2.1 Schematic diagrams of different instruments used in thermal analyais to 
detect energy chanles occwrin. in a sample. (a) Conventional DT A; 
(b) Btnrsma DTA; (c) Power-compcnsation OSC and (d) Beat-flux ose. 

Le ChAtelier's. The OTA design used today is ooly a sliaht modification of Roberts­

Austen's and the ooly major improvements are in the electronics of temperature control and 

in the data processiol, whicb is now handled by computers (sec Fipre 2. la). 

It took about fifty yeus for the DTA technique to be conaidcœd not only qualitative 

but also as a quantitative means of analyzing and characterizing materials. Moreover, it 

wu only then that the Roberts-Austen set-up wu modificd by Boersma. 25 The 

modification wu in the placement of the thermocouples. Rather then Pllcinl the 

thermocouples into either the sample or the refeœnœ, Boenma suaelted tbat tbey be 

fusecl onto cups and that sample and reference be pllced ioto there cupt. 1biJ modif"lCation 

eliminated the necessity of dilutin. tbe SllDple widl reference materialJ. and reduced tbe 

importance of sample size. Tbe vat majority of today'. OTA instruments are bued on tbe 

Boenma priDciple in that oaly the cruciblel Ile in COIlIICt widl tbe ttcrmocouplel. 
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Boen .. '1 DT A confipntion, Fipre 2.1b, CID be considcred u the miJain, liDk 

bctween differential thermal anaIysis and differenlialscannin, calorimetry. Some even feel 

that dUs configuration is in fact a OSC insll'UlDent This is the major l'CUOn bchind the 

confusion u to the dift'crcnees between OTA and OSC. 

The two most crucial diff'erences betwecn the two techniques are: (a) in DSC, the 

samplc and refcrcncc have their own hcaten and temperature sensors u compaœd to DTA 

whcrc there is one common heater for both; (b) OTA mcuures AT vs tempel'ltule and 

therefore, must bc calibrated tu conven 4T intu transition energies, wbUe DSC obtains the 

transition encrgy direcdy froID the heat measurcment. The confusion is also panly due tu 

the fact that there are at leut three dift'erent types of ose insll'UlDents; a DTA 

'calorimeter', a heat-flux type (Figure 2.1e), and a power compensation (FigUJe 2.ld) one. 

This in mm arises from the fact that some define Calorimctry as quantitative-DT A. As 

opposcd to conventional OTA, the thermocouples in a DSC instrument do not come intu 

contact with either the sample or referencc. Instead, they eithcr sUlTOund the sample 

(thermopiles) or are simply outside the sample (thermocouples). Furthermore, the sample 

and reference weights are usually undcr 10 mg. 

The DTA calorimcter, someâmes called DSC, wu developcd by Oavid in 

1964. '1fJ.27 The term DT A calorimeter is more appropriate sinee this system actually 

measuœs AT directly from the experiment UnIikc conventional DTA howevcr, the 

experiment is performed at quui-equilibrium conditions, i.e., sample mass is less than 

10 ma, slow cooling/heating rate, and only one calibration coefficient needs to b, meuurecl 

for the entire temperature range. This theœforc yiclds quantitative data but by definition 

œmains a OTA instrument 

The other two categories of DSC apparatus are ttue calorimetrie instruments in that 

the calorimetrie information is obtained directly from the meuurement, i.e., no conversion 

factor is requiled to convert AT into readily used encrgy units u the thermometric data is 
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obtaiDed diœcdy. A constant is still tequilecl to convert the eneraY tenD into more lulllble 

units. The main loa! of any enthalpie experiment. wbich il to determino the enthalpy of • 

samplc u a function of temperature. is attained by meuurinl the enerlY obtained fIOm • 

samplc heaœd at a constant lite witb a linear temperature or tilDe propmuDin.. The. two 

DSC instruments are based on the method developed by Sytel in the micl-1930's.28,29 

Sybs' apparatus wu desiped 50 that the temperature of the metal block. whlch contained 

the sample, wu slilhtly lower than the temperatuœ of the sample illClt. To maintain the 

sample at the same tempennue u the black. power wu supplied to the sample. The main 

disadvantage of this apparatus wu that a correction factor hld to he applied to account for 

the heat transfer between the surrounding medium and the block. Doth the heat flux and 

power-compensation Dse instruments overcome this drawback because, u the name 

suglests, they are differential instruments. The heat-flux instruments measure the flux 

seross a thennal resistance, whereu the power compensatinl differential scannin. 

calorimeters measurc the enerlY applied to the sample (or the reference) byan electrical 

heater in ordcr to maintain a zero-temperature differential. 

The tint commercial DSe instrument wu introduced by Watson and bis co­

worken at Perkin-Elmer (Model DSC-l) in 1964.30 Watson etai. also appear to he the 

fint to have used the nomenclature dJf1erentiai scannin, calorlmetry. Thea instrument, a 

power-compensatinl DSe, maintained a zero temperature difference between the sample 

and the reference by supplyinl electrical enel'lY (bence, the tenn "power-compensation") 

cither to the sample or 10 the reference, u the case may be, depending on whether the 

sample wu heated or cooled at a linear lite. The amount of heat required co maintain the 

sample tcmperature and that of the reference material isothermal co each other is then 

recordcd u a r.1&"lction of temperature. Moreover, in power-compentltÎon DSC, an 

endothermic transition, which ccaesponds 10 an iDcreue in entbalpy, il indlcaaecl u • peak 

in the upwwd direction (sinee power is supplied to the lample), wbile an exothermic 
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lI'IIIIformation. • decIeue in entbalpy. is lbown u • neptive peak. Thil tberefore diffen 

froID the DTA curve linee the peaU are in opposite diœction and that the information 

obtained is heat flow, rather tban AT, u • funcdon of temperalUle (see FillR 2.2). AllO, 

u will be shown Iater, the intelfllion of • DSC curve is directly proportional to the 

enthalpy chanp. 

The heat-flux DSC instruJnent is very often based on the Tian-Calvet calorimcter. 

The original calorimeter, bullt in the early 192O's by Tian31, consisted of single 

compensation vessel and the measurement wu via a thermopile. Calvet thon modified this 

set-up about twenty-five yem later by maIdn, it a twin calorimeœr, i.e., applyinl the 

differential technique.31 The energy meuuring deviee is a thermopile consistinl of 

approximately 500 Pt-Pt/l()'1, Rh thermocouples which are equally spaced and connecled 

in series. This amngement enables the electromotive force (emt) to be directly 

proportional to the amount of hoat lost by the samplc and reference holders. Esscntially, 

this type of calorimeter measures the differenee in tempcrature between the sample and 

rcference as a function of lime, and sinee the temperature varies linearly with âme, u a 

function of temperature u weil. The heat-flux is actually derived hm a combination of 

the âT(t) curve and the dAT(t)/dt. both of these are transparent to the user sinee the 

electronics used yield a direct heat flux value fJOm thesc terms. If temperature 

compensation is œquired, then it is done by Joule hutina (for an endothermic process) or 

by Peltier effect (for an exothermic process). As in the OTA case, an endothermic signal is 

in the neptivc direction, whüe an exothermic signal is the upward direction (sec 

Fipœ2.2). 

80th the heat-flux calorimeters and power-compensadon calorimeten have their 

adYantlpl and diSldYIDtlges, but, the end reluit is the same, the two will yield the same 

information. The advantap of the beat-flux type is tbat it CID accommodate Iarpr sample 

volumes, bu a very hi'" sensitivity, and CID 10 above 1100 K. The disldyantap is that it 
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Figuœ 2.2 Comparison of corves obtained on headn, by (a) DTA. (b) Power­
compensating DSC. and (c) beat-flux DSC. 

cannot be scanned at rates faster than 10 K min-1 at high temperatures and not futer than 

3 K min-l at sub-ambient temperatures. The main advlDtap of the power-compensation 

calorimeter is that it does not rcquiJe a calibration in that the heat is obWnecl direcdy froID 

the electrical energy supplied iD the sample or œference companment (a calibration is still 

necessuy however. to CODvert this energy into meaninaful units) and that very fut 

scannin, rates can be obtained. The disadvantage of this system is that the eleclrODÎc 

system must be of eXll'emely hiJh sensitivity and large Ouctuations in the environment 

must be absent 50 as ID avoid compensating effects wbich aœ not due ID the sample. alIO, 

the complexity of the electronics prevents the syltem fmm beÎD. used above -1100 K. 

The calibration of a DSC or DTA instrument ÏI crucial for vll'ÏOUl reuonJ. Findy, 

for tbe determiDatiOll of the teqJel'ltUre UId secondIy. CO COIlvert die dilsipated power into 

useful eDerl)' uni... e .... jouIeI or caIuieI. 1be tempenCUIe calibradoa ÏI of viCll 
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importaDce .iDee iD lDOIt CIRI 1 calibrated tbermometer CIDDOC be UJed for the temperature 

meumement. AI for the calibration of eneray, it tao ÏI important u iD many ClleS the 

ampütude of the sipal of dislipated power ÏI affected by the beatinl and cooUn, rates. 

Bucd on these facts, it is obvious tIw the ICCUI'IC)' of the mcuurement is pnerally lower 

than the depee ofreproducibility. 

There Ile quite a few different methexts for the calibration of DSe instruments, of 

which the most popullr are: <a) calibration by Jouie-effect and (b) calibration by heats of 

fusion. 14•11.32 The JouJc-effect calibration is relaâvely simple and straipt-forward in that 

it consists of an electrical heater inserted into the sample and reference compartments. A 

pulse of Jmietermincd duration and intensity is sent ID the sample and the dissipated power 

is then measured. The disadvantale of this method is that SOlDe hut t1ux can be dissipated 

in the heater wires and therefore not troly measured and furthermore, the electrical heater is 

not necessarily composed of the same material as the sample and referenee holders. Still, 

the accuracy of this calibration technique is bener that 0.2". 

The heats of fusion calibration method affords two simultaneous calibrations. Pure 

substances which undeqo phase transformations at very well-characterized temperatures 

are used. Since the enthalpy of fusion and temperature of fusion of the calibrant are weil 

known, both a temperature and enthalpic calibration can be performcd wim the same 

substance. ldeally, moœ than one compound and lDOl'e than one scanning rate should be 

utilized (or if omy or." scannin, rate is employai, then the scanning rate should correspond 

to that which will be used for the experiment) sinee the sensitivity of the measuœment is 

not only temperature dependent, but also scan rate dependcnt. Sinee the thermal 

conductivity might play an important role in the measured response, the mass of the 

calibrant should be as close as possible ta the sample masSe The foUowing criteria should 

be used when choosin,1 calibrant: 
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<a) die IUbItance must be availabJe in hi'" puilly; (b) the trIIlIidOil temperature and 

enthalpy of transition should be known widl • hip depee of ICCUl'lCy; lDd, (c) the 

substance should not show any tendency to SUper __ tinl.6,7,t .. 

The major drawbsr.k of this method is that siDee transitions are very temperature 

specific, one substance miJht be suitable for only one tempei'ltUle l'IRae, bence the need to 

use more than one calibrant (or one must assume that the calibration will hold for the encire 

range heing studicd). 

Another calibration method is with the use of radioactive materia11 since they 

generate constant heat (i.e., power) which is independent of temperItUI'e. Some of thelO 

materials, however, are not suitable at high temperatures as they mipt diffuse duoup the 

sample holder. The most often uscd radioactive material as a calibrant appears to he 

plutonium.33 

The integration of a ose (and a DT A) curve is direcdy proportional to the enthalpy 

change,34 

Area=KmâH [2.1] 

where K is the calibration coefficient, m the sample mass, and AH the heat of transition. 

Unlike DTA, however, in DSC, K is temperature independent. As is the case for DTAt, 

the term dHldt for DSC is given by three measured quantities,34 

[2.2] 

where dqldt is the arca, (Cs - Cr)dTtldt is the baseline contribution, and RCp2q!dt2 is the 

peak slope. The differences between the two techniques are quite apparent; findy, the area 

under the cv.rve is &l = -AH, i.e., the enthalpy and secondly, the thermal relÎltlnCe, R, only 

shows up in the third tetm of the equation. Althoup a calibration coefficient, is sâ1l 
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requhed it is only needed as a means of convcnina the area (heat flow) into an acceptable 

enerlY unit, such as joules or caloriel, and it is not a thermal constant. 28 

Phases which are thermodynamically stable have a tinite number of depees of 

freedom. Bach phase is separated by a boundary wbere the phase change occun. As one 

crosses the boundary, a new phase appears to the detriment of the other and, since the 

overall free energy of the process is zero, the thermodynamic parameters sucb as M, and 

AH must change in a quantitative manner at the border. Since d.it'l'eœnt types of phase 

boundaries are encountered, different types of enthalpies are obtained, for example, AHf 

entropy of fusion, enthalpy of transition AHv etc. 

The previous discussion shows that a great deal information can be obtained froID a 

DSe curve and that the interpretation of such a curve can yield valuable insigbt into the 

nature of the material being investigated. It is imponant to be able to identify wbat type of 

phase transition is occwring in the substance by looking at the curve itself and therefore 

what follows is a brief explanation on phase transformations in general, and how they can 

be idcntitied from a DSe (or DTA) curve. 

m POLYMOIPIIIC TlANsmONS 

Different phases arise when a body of matter has properties which differ, such as, 

chemical composition, dcnsity, crystalline form, refractive index and, of course, a chanae 

in physical statc (solid, liquid, or gas). Phases are considcred polymorphs of each other if 

they give rise to the same solid, Hquid or gas by a simple phase transformation, e.g., there 

are nine known crystalline phases of ice. The leut likely polymorph to exist is one in the 

vapour phase as pure substances have ont Y one vapour phase. Liquid substances which 

yield polymorphic phases aœ DOwn as liquid crystals. Solid pol)'lDOlPhs are distinguished 

by physical differences such as crysta11ine form, density, refr3ctive index, and solubility, 
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etc. Two catepxiel of crysta11ine substances exist monotlOpic and enantlotropic. 

Monotropic crystals have ont Y one stable form (the other forma bein, metaltable) over the 

elltire soUd phase ranp and theœfoœ exhibit only one imvenible soHd-soUd phase 

transformaûon. Enantiouopic materials, however, have at leut one reversible and stable 

phase ttBnsformaûon (i.e., two stable forma) at a very defmite temperature.35 

It is imponant ta realize that at a transiûon temperature both phlses can exilt for an 

unlimited period and thezefore polymorphie transition temperatures will depend on whether 

a heatinl or coolinl cycle is used. Generally, the observed temperatUle of a phase 

transiûon will be above the true value durinl a heatin. cycle and below. durin, a coolin, 

cycle. Moreover. sinee the result obtained is dependent on the rate of reacûon il will allO 

depend on the heating (or cooling) rate. As many substances are known 10 underlo 

supercooling. but few undergo superbeating. it is preferable to specüy the transition 

temperature on heating rather than on cooling. or the median of the heating and cooling 

cycles. 

Phase transiûons can be classed into two categories; those that are fmt-ordcr and 

those that are second- or higher-order.36•37 First·order transformations are characterized by 

disconûnuiûes in the change in enc:rgy. volume. and structure. In second- and higher-order 

modificaûons, thore is a graduai cbanp in volume and energy at the phase transiûon. 

Theze is apparendy no physical significance ta transformations greater than second-order 

and SOlDe even claim that second-order transiûons are actually pseudo-first-order. Yai.37 

The thcrmodynamics of phase transiûons can be described as follows~ At a 

transition point, two phases are in equilibrium, therefore, their Gibbs free energiel are equal 

and hence. at consta.nt pressuœ, the free energy curves must intersect. The thermodynamic 

descripûon for a one-component system bas been demonsttated ta be:36.37 
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a-B-TS [1.3] 

(aGJa1'>p - aS [1.4] 

(aG/ap)y-V [1.5] 

[1.6] 

[1.7] 

(a20JapaT> = aV = (avlimp [2.8] 

where G is the Gibbs free energy, T the temperltuœ, S the entropy, p the pœssure, V the 

volume, K the isothermal compressibility, a the thermal expansion, and AH the heat of 

reaction where the subsaipts p and T denote constant pœssure and temperature conditions, 

respectively. As shown in eq. [2.4] and [1.5], first-order transitions have derivatives of G 

change in temperature with eitla the absorption or release of latent heat, is accompanied 

by both a sudden increue in entropy and volume. The relationship between 4S and AV, as 

weil as the eft'ect of pressame on the transition œmperature, bas been shown to be: 

ap/i1r -MIll V = IlHffA V [2.9] 

WkaeI'C AH represents the latent heat of relCtion. The above equation is heder Imown as the 

Causius-Capeymn equation, and show. abat a pbue chan., associated witb a change in 

volume will bave its 1I'IDSformatiOil œmperatuœ afl'ected by J'l"ssure. 
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The main difference between fust-order solid-solid transitions and physical 

transfonnations such as melting, freezing, etc., is the latter have large energy barriers and 

smaller latent heats of transition. The exact temperature of transit\on can he difficult to 

obtain since sorne of these transitions are quite sharp and thus their peak widths can he 

rather narrow. It is for this reason that sorne prefer to use the peak: temperature (i.e., peak 

maximum or peak minima as the case may bel as the transfonnation temperature. This, 

however, does not actnally represent any physical phenomena and consequently, sorne 

people prefer to use the on set temperature as the transition temperature since this point does 

represent the start of the transition. 

Unlike fust-order transitions, second- and higher-order transformations do not 

display any discontinuity in the fll'st-derivative of the Gibbs function. This arises from the 

fact that both the free energy and the fll'St-derivatives curves of the two phases touch. This 

situation results in no sudden change in volume (Il V = 0) or entropy (ilS = 0), and no 

absorption or release of latent heat as the second-order phase change occurs; however, 

discontinuities do occur in higher derivatives (eq. [2.6]~[2.8]). One can therefore use the 

second-derivatives to characterize second-order transformations. One of the most obvious 

parameters to explore is the specific heat, Cp. When Cp is plotted as a function of 

temperature, a sharp rise occurs for second-order transitions. This is followed by a return 

to the baseline. Such a curve resembles the Greek letter A, and the transitions are termed 

lamda-point or A-transitions. The appearance of a A-transition does not, howevert 

guarantee that a second-order transition is taking place.38 

Since second-order transitions have no change in entropy or volume, it is obvious 

that the Clausius-Clapeyron equation (eq. [2.9]) will not hold. Vet, these transitions are 

still pressure sensitive and their transition temperatures are affected by pressure as well.39 

The pressure-temperature dependence for these transfonnations can he obtained by:36.37 

l 
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CI \ D 
--------~ -------

A B 

Temperature 

Simulated Dse curve showinl a second-ordcr transition (bctween A and B) 
and a first-order transition (between e and D). 

[2.10] 

The term MC is the most difficult one to obtain and so the exact physical-meaning of a 

second- or higher-ordcr transition is still not fully undentood. It is, however, belicved that 

the onset of superconductivity, glass-transitions, u weB as some order-disorder transitions 

may very weU be second-orcier or a combinatioD of both a tirst- and second-order 

process.40 

The shape and appearance ofDSe curves can give a clue as to the type of transition 

takinl place. Figure 2.3, displays a simulaœd DSe curve containinl both a first-order 

transition (between phases 1 and m and a second-order transformation (between phases II 

and DI). The second-order transition simply Ippeua u a shift in baseline wbüe the Ont­

arder tnnlformation is œpœsent.ed by • distinct peIk. 
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AI pmviOUlly menâoned, pluâc cryltals UIICIIqo al leut one solid-lOlid phue 

modification below their me1ânl-poinL This transidœ Ulually entaila 1 disorder -+ onIer; 

transition, however, it couJd dso be • disorder -+ lesl diIorder tnnIfarmaâon. Either one 

tends to sipify the bepnning of molecular reoricntadon, i.e., hindeœd rotation or other 

motions of the molecule. Aside fmm their low entropies of fusion, these crystals are also 

known tG have high enthalpies of transition. These transitions may either be tirst- or 

second-œler and theœ .ppean to be no method by whicb one could predict which type 

will prevail. 

It is quite apparent from the above discussiœ and brief history on DT AlOse that 

this type of thermal method is a preœquisite to the stucly of phase transitions in disordeled 

solids as well as any otber unknown material. Witb this in mind, the compounds listed in 

Table 2.1 have been studied by variable-temperature DSe in the present work. 

B. EXPERIMENTAL 

L PvamCA'I10N 

An solid samples listed in Table 2.1 weœ purified imrnediately prior to use by slow 

vacuum sublimation (2IOC, 10-3 torr). The liquid sample, oxanorbornane 6, wu purified 

by doubJc-distilladon over ~ and its purity wu determined by GC. 
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Table 2.1 Compoundilludled b1OSC. 

CAS Reptry MW MP 
Compound Number Number &'mole K 

I-Bromoadamanpne' 768-90-1 1 215.14 390 
l-C1oHl5Br 

2-Bromoadamal!tane 7314-8S-4 2 215.14 412 
2-C1oH15Br 

l-Chloroadama~tane 935-S6-8 3 170.67 438 
l-C1oH15Cl 

2-Chloroadam!fJ'Ule 7346-41-0 4 170.67 458 
2-C1oH15Cl 

Bicyclo[3.3.1 J-
nonan-9-one 

17931-S5-4 138.21 429 

(B,ClonOnI!\One) 
-<;814° 

7 -oxabicyclo- 279-49-2 6 98.15 245 
[2.2.1 ]heptane 

(oxanorbomane) 
( 1.4-epoxycycl'thexane) 

C6H10O 

o-Carborane 16872-09-6 7 144.23 559 
(1,2-dicarbado-
decarborane[~~) 
~BloH12 

• Aldrich Chemical Co. •• Alfa Products 

v The formai ume of adanvmtlne is 1ricyclo[3.3,I,I]decane 

{ 
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DiffeJentialSClnninl calorimetrie experiments for COIDpOUDCIIl.7, Mn performed 

on a PerIdn-E1mer DSC-7 calodmelel'_ 'Ibe 1emperature lDd entbllpy calibndonl were 

bued on the phase and me1tina transitions of cyclobexane (Aldrich 0Iemical Co. "Iold" 

grade). The sample weiptl weœ typica1ly 5-10 ml, and the samples were hermedcllly 

sealed in aluminium plDl. AlI SllDplet were SClDned al 5 K min-1, and 2.5 K min-1 befcn 

cycllng and after cycling. The cyclina of the sample. wu clone Il 20 K min-1 for 

approximately one bour or five complete cycles (one cycle. COOllnl + heatinl). Unie •• 

otherwise IDent.i.oned, the phase transition temperatures and enthalpie. did DOt show any 

dependence on scan rate (2.5 and 5 K min-l ). 

ID. HIAT·FLtJX ose 

A SETARAM DSC-111 was used for the beat-flux DSC lDeuuœmenu of 

compounds 1, 5, 6, 7. The temperature and enthalpy calibrations were bued on the Cp of 

~03' melting transitions of various metals, as weil as the Joule-effect. The sample 

weights were typically 5-10 mg, and the samples were cuefully sealed in stainless-steel 

pans with nickelo.rings. AlI samples were scanned al 3 K min-l, and 2 K min-l. The 

cycling of the samples wu done Il 4 K min-l • The resulu obtained were similI!' (within 

experimental enor) to those obtained by the Perkin-Elmer instrument. Also, for the sake of 

cluity, the results presented in this chapter (including DSe curves) are those obtained from 

the DSC-7. 
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1 1 1 L 1 

300 320 340 

Tempenture (K) 

Dse curve of I-bromoadamantane l-CJoHuBr after cyclin,. scanned at 
S K min-1 in the 240-346 K region. Coolfri,:solid line. heatinl:dashed line. 

C. RESULTS AND DISCUSSION 

LRlI1JLft 

The DSe corves obtained on bcating and cooling for the compound! listed in 

Table 2.1 are shown in Fipa 2.4 to 2.13. The transition temperatures u weU u thcir 

usociated enthalpies and entropies are given in Tables 2.B and 2.ID. Althoup Table 2.B 

lista bath œset and peak 1I'IDIitioo temperatures, oaly the ODSCt tempel'llUlel will he usecl 
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in the discussion of phase transfonnaûons. Also, unless otherwise specified, all the 

samples were examined hetween 120 K and 300 K. 

i.I-Bromoadamantane (I-e/oH/SBr) 

The compound l-CIoHlsBr \Vas studied between 120 K and 350 K. The DSe curve 

(Figure 2.4) indicates that on heating, the compound undergoes two phase transformations 

one at 282 K and the other at 312 K. The associated enthalpies are 0.873 kJ mol- t and 

7.31 kJ mol-l with entropies of 3.12 J K-l mol-1 and 23.4 J K-I mol- l for transitions 1 and 

Il, respecûvely. These values compare very weil with those obtained by Clark et al.41 

(MI = 6.93 kJ mol-l, AS = 22.32 J K-I mol-Il and McCormick and co-workers.42 Neither 

of the previous groups, however, reponed any hysteresis. 

The three soUd phases exhibited by l-CloHlsBr cao be described by Scheme a: 

Phase 1 
283K 
-+ 
f-

282K 
Phase II 

3l2K 
-+ 
~ 

306K 
Phase III [a] 

The phase 1 to phase II transformation temperature shows no hysteresis while that for phase 

Il to phase III shows a 6 K hysteresis. The hysteresis is characterisûc of a first-order 

transiûons and can he attributed to many factors which will he discussed later. 

Another interesting phenomenon seen from the DSC curve is that on heating, the 

peak associated with the phase n to pha~e III transition is asymmetric. This could be 

indicative of a transition which proceeds in at least two steps. Scanning at 2.5 K min-l did 

not yield a different curve; however it is still possible that scanning at an even slower rate 

would have resulted in a separation of the two processes. 
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. " 1 

1 1 1 1 1 

240 300 320 

Temperature (X) 

DSC curve of 2-bJmnoadamantane (2-C1oHl5Br) after cycling, scanned at 
S K min- l in the 220-326 K repon. Coolirig:solid tine, heating:dashed line. 

ii. 2-BromotJtlamœataM (2-C1oHISBr) 

The DSC curve for 2-CloHl5Br (Figure 2.S) shows that only one solid-solid phase 

transidon is encountered between 120 K and 350 K. The transitiDn temperature is 281 K 

and 270 K on beating and cooling, respcctively. The entbalpy usociated with tbis 

transformation is 11.4 k1 mol- l wbUe the entropy is 40.61 K-l mol- l . Alcboup the 

transidon temperature is similar to that found by Hm.t al., botb the enthalpy 8Dd enllOpy 

of transition ft hi • ..,.. tban thein (MI=- IS.0 k1 mol-l, SI.31 K-l mol-1).43 

2-BlOJ11OIde mantane hu one of the largest entropies encountered in the series of 
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ô 
Table 2JI Tl'llllltIoa temperatu ... ( ..... CJCIIaa) for œlllpouIIdil .... 7. 

Truaition TomperalUN (K) 

CooliD. HeadD. Bntbalpy 

~ 
Transition Onset Peak OnIet PeIk kJmol-1 

l-C1oHl,Br 

Phase 1-+11 282 281 283 284 0.873 
PhueD-+m 306 304 312 315 7.31 

2-C1oHl,Br 

Phase 1-+11 270 269 281 284 11.4 

l-C1oHl'C 

Phase 1-+11 240 237 245 248 5.35 
1 

2-C1oH15C 

Phase 1-+11 178 175 227 231 0.470 
Phaseu-+m 231 228 242 244 8.31 

9-c;H140 

Phase 1-+11 283 282 299 304 13.9 

~lOO 

Phase l'-+I ••• • •• 189 190 0.555 
Phuel-+II 175 174 192 194 5.00 

Phaseu-+m 210 210 234 235 1.28 
Phase m-+liq 246 244 245 249 0.746 

o-~BloH12 

Pbuel-+D 271 269 274 276 3.88 
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compauadl ltUdied, UId il COIDpIIIbIe to the value obtaiDecl for 2-ed,mantuone44 and 

l-ed,mantlDOI4' whicb Ile ... tbaD 35 J K-I moI-l• 

Seheme b, delClibes the two pbuel dilplayecl by 2-CloH15Br: 

Phase 1 
28IK ... ... 
270K 

PbaseD lb] 

and u can be seen a hysteresis of Il K is observed between the revenible phases. 

Surprisin&lY, Bara and coworkcn43 did not report any temperature hysteresis but found a 

pressure hysteresis of only 0.10-0.13 tb .. , which is quite low compared to the temperatUre 

hysteresis which we obtained. 

As in the eue of l-CloHI5Br, a broId asymmettic peak is observed on heating. 

Once alain this could be due to a transition which proceeds in two steps or more. 

iil. ]-ChloroadDnltmtaM (I-e ull ]jel) 

Figure 2.6 shows that the DSC curve for 1.CloHl,C1 contains ooly one solid-solid 

phue transformation in the region studied. The transition temperature is 24S K on heatinl 

wbile on coalinl, the aansformation occurs at 240 Je. 1be relaœd enthalpy and entropy are 

S.35 kJ mol-I and 22.0 J K-l mol-l, respectively, and are in excellent agreement widl those 

reportecl by Cart et al.41 (tUf. 6.01 kJ mol-l, AS - 24.61 J K-l mol-l). 

As CID be _n fnm Scbeme c, l-C1OHI'C bu a bysteresis of only S K. 

Cart .t al. did DOt apparendy observe anf temperature hysteresis.41 
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Tempenture (K) 

DSC c~e of l-chlOfOldamantane (1-C1oHIP> alter cyclinl, lCanned et 
S K min- in the 190-296 K region. Cooliiil:solid line, heatinl:duhcd Une. 

Phase 1 
245K 
~ 

+-
240K 

PhascD [c] 

Once &pin, this compound displays a brOId uymmctric peak on bcatinl whicb 

coukl bc auributed to transfonnadon which procecdI in more than one .tep. 

iVe 2-Chlor~ (2-CJ(1I1~1) 

Two phase tranlitiou were detecœd by DSe (Fipœ 2.7). Tbe trIDIition 

temperaturel werc 227 aud 242 K 00 bcadnJ, aud 231 aud 178 K 00 cooUnI. with 

entbalpiel of 8.31 kJ mo1-1 far the fint traDlidœ and 0.470 Id mol-l for the second. 
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Table 2.In Thermodynamic data for compounds 1 --+ 7 (after cycling). 

Hysteresis (K) 

Compound Onset Peak Entropy Change ASATo 

Transition (ATo) (ATp) J K-l mol-l J mol-l 

l-ClOHlSBr 

PhaseI~II 1 3 3.1 3.1 
Phasen~III 6 11 23.4 140.4 

2-ClOHlSBr 

PhaseI~II 11 15 40.6 446.6 

l-ClOHlSCI 

PhaseI~II 5 11 22.0 110.0 

2-ClOHlSCI 

PhaseI~II 49 56 2.1 102.9 
Phasen~III 11 14 34.3 377.3 

9-~HI40 

PhaseI~II 16 22 46.5 744.0 

C6HIOO 

Phase l'~I ** ** 3.0 ** Phase I~II 17 20 26.0 442.0 
Phase II ~ III 24 25 5.6 134.4 
Phase III~liq 1 5 3.1 3.1 

o-C2BlOH 12 3 7 14.2 42.4 
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Figuœ2.7 

- 1 

1 1 1 1 1 1 

180 200 220 240 

Tempenture (K) 

Dse curvc of 2-chloroadamantane (2-C1oHl'Cl) aftcr cycling, scanned at 
S K min- l in the 160-286 K region. Coolfrig:soüd Iinc, heating:dashed line. 

The two soüd-soüd transitions can he described as three phases shawn in Schemc d: 

Phase 1 

227K 

;! Phase n 
17BK 

242K 

-+ 
+-

231 K 
Phasem [dl 

Althoup large hystert.ses are observed ( .. ·10 K for the phase Ii to phase m transfonnation 

and -SO K for the phase 1 to phase m. 2-chloroadamanwe did not exhibit any memory 

effects, i.e.. the phase transition tempcratures and enthalpies were not dependent on the 

previous thermal hisuxy of tl:e sample. Rapid quenching, cyclinl al: 20 K min-l, did not 

reveal any exotherms on beatinl, hence no pusy state wu formed. The entropies of 

transitions aœ 2_3 and 35 J K-I mol-l for the tint and second plwe 1I'anIition, 
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reapecdwly. Tbe entropy of the fint pbue II'IDIidoD ÎI mucb lIrpr tban tbat of 

""""Drane itlelf and of varioul l-lUbldtuted halo-derivativel wbich have enll'OpieJ Iea 

man 25 J K-l mol-l, but il similar 

l-adamantanol,4' and 2-ad.mantanone.44 

/" 
1 \ / , -----------------' '--
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320 340 

Figuœ 2.8 ose curre of 9-bicyclononanone (9-ÇgHI40) after cyclinl, scanned at 
S K min- in the 240-346 K reJÏon. Coolfng:soüd line, heatinl:dasbed line. 

v. Bicyclo[3.J.l]nonllll-9-oM (9-ClIltPJ 

OnIy one soüd-sotid pbue trIDIidon wu detected by DSe, Fipue 2.8, at 299 K on 

headnl and 283 K on coalin, witban enthalpy of 13.9 kJ mol-l . T'be entlOpy ulOCiatecl 

witb tbis tnnsidoD is 46.5 J K-l mol-1 and is the Iarpst for the compounds studied in thil 
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series. Although a large hysteresis of 16 K was found for 9-C~IOO (Scheme el, no 

exotherm was observed on heating, after cycling, and therefore no glassy state was fonned. 

Phase 1 
299K -. 

4-
283K 

Phase n 

vi. 7 -oxabicyclo{2.2.1 jheptane (C6HloO ) 

le] 

This cage hydrocarbon exhibited three phase transitions, prior to cycling, of which 

one was a change-of-state and two were solid-solid phase transformations (Figure 2.9). On 

heating, the transition temperatures obtained were 191 K, and 231 K for the solid-solid 

transformation and 243 K for the melting transition. The cooling curve shows that melting 

occurs at 244 K, white the solid-solid transformations occur at 206 K and 170 K. The 

enthalpies (and entropies) prior to cycling were 5.14 kJ mol- I (26.91 K-I moJ-l) for the first 

transition, 1.05 kJ mol-1 (4.53 J K-I mol- l ) for the second, and 0.640 kJ moH and 

(2.61 J K-l mol-l ) for the melting transition. As seen from Scheme f, bath solid-solid phase 

transitions exhibit large hysteresis effects. The melting transition showed no hysteresis 

which is indicative of a pure sample. Moreover, since only one peak is observed on 

melting, the meIting transition is said ta be congruent, i.e., the liquid and the crystal 

coexist. An incongruent melting point would show a minimum of two peaks on melting 

due to decomposition of the compound into a liquid and a new crystalline solid. Since the 

entropy of fusion (3.05 J K-l moH) is less than the gas constant (8.3141 K-I mol-I), it can 

be said that the plastic phase is a solid with free molecular rotation. In other words, the 

freedom of rotation was already present in the solid plastic phase and ail that was gained 

from melting was translational freedom. 
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Figure 2.9 Dse curve of oxanorbomane scanned at S K min-1 in the 160-286 K region, 
befme cycling. Cooling:soUd line, bead.ng:dashed line. 
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Durinl cycling at 20 K min-1 (Figuœ 2.10), tbree peaks are observed on heatinl and 

OD coo1in,. The peculiar aspects of the curves are tbat on heatinl, the phase 1 to phase II 

transformation shows a broad asymmeaic peak probably due to a process involvinl two 01' 

more steps. Also, on coaling, the pbue D to phase 1 transition displays a lot of movement 

u it travels in betweeD cycles, unâl the fourth cycle wbeD it relDlÎlll Il the same position. 

Thil is chancteristic of a metutable staIe; heDce, phase n is betieved ta he a metutable 
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Figue 2.10 DSe curve of oxanorbomane (~HlOO) on cycling at 20 K min-l, in the 
160-286 K region. 

one. Since this treatlDent did not reveal any exotherms on heating, it can be concluded that 

a glassy state wu not formed. 

Once the cycling wu lerminatcd, the sample wu rescanned at 5 K min-I. The 

coaling curve did not change except for sbarpening of the peaks. On heltin" however, the 

phase 110 phase D II'BIlsition wu DOW composed of two sharp peaU (Fipre 2.11). In otber 

wordl, a total of five phases were present; four solid phases (sec Scheme ,) plui 1 liquid 

stale. The related enthalpies (and entropies) of transition were 0.555 Id morl 

(2.93 J K-I mor l ), 5.00 kJ mol-I (26.0 J K-I mol-I ), 1.28 kJ mol-I (5.47 J K-I mor l ), and 

0.746 kJ mol-1 (3.05 J K-I mol-I), for tranJiûonsl', 1, D,III, and melt, relpec1ively. Since 

phase l' is sa near phase l, it is quiee possible abat former ÏI the lame plwe but widl • 
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cliffereDt nuclealion site. Apre 2.12. shows a DSC cUlVe for ClluP obtaiDed on heaâ.nl 

at 2.5 K min-l, phase l' bu nearly completely disappeaœd; thiJ is probably due ta slower 

scan speed which aIlows the crystals ta DUCIeaœ froID the SIllDe site. AItemalively. phase !' 

could possibly be a metucable phase. 
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Figure 2.11 DSC curve of oxanorbomane after cc:. scanned at S K min-1 in the 
160-286 K Jepon. Coolinl:solid liDe, . I:dubed line. 
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Figuœ 2.12 Dse curvf of oxanorbomane on heaânl. aftcr cyclinl. scanned at 
2.S K min- in the 160-286 K region. 

vii. o-CarborfJM (o-ClllrP 12) 

The DSe curves (Figure 2.13) revealed only one phase-cransition in the temperature 

ranae of 330-100 K, with onset aemperatures of 273 K on heatin, and 271 K on coo1inl 

(see SchelDe h). The entbalpy and elltlOpy of ttansition weœ 3.25 kJ mol-I and 

12.0 J K-I mol-I• respectively. 'lbese relUIts are in excellent aaœement wim thoIe cited in 

the literature.46.47 However. no phue-transition wu observed Il IS8 K u hId been 

reported by Wes1l'UlD and Henriquez (usinl "'j'batic calorimetly).47 1biJ diJcœpaDcy il 

most probably due to cliffelencel in sample pœpll'ltion and bistory, and poIlÎbly the 

scanninl rare used (viM'r{ra). 
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OSC corve of o-carborane (O-C2BloH12) after cycling. scanned at 5 K min-1 
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D. DISCUSSION 

i. Hysteresis 

PhaseU rh] 

The data in Tables 2.U and 2.m clearly indicate that for all of the reversible 

transfonnations, the transition temperatures for ail the compounds, were dependent on 

whether coaling or heating was taldng place. From a thennodynamic point of view, this 
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should not be observed if the process is truly reversible. This dependence is tenned 

hysteresis from the Greek word hysterein meaning to he late.48 Dy definition. the delay is 

eaused by different forces. such as internai friction. acting on the substance heing studied. 

A great deal of research has been carried out on this effeet in order to more full y 

understand the reasons and the implication of hysteresis in general.49-56 

One theory as to the cause of hysteresis is that rather than looking at the whole 

crystal. one should concentrate on a small region. This region. often referred to as the 

domain, would contain only a few molecules and a crystal ean contain many domains 

which are similar but different. The size and properties of the crystal will then be 

eontrolled by the domain which is present in majority. When the sample is first cooled, 

many of the small domains are generated at a cenain transition temperature. Eventually, 

these small domains migrate towards each other and merge, thus fonning a larger domain 

which requires more energy (higher temperature) to undergo a phase transition.54 

Another theory is based on regional densities of the two phases. Assuming that 

each phase has different densities, then, since one phase "gives binh" to the other, strain is 

induced. It is this strain or strain energy which based upon the Clausius-Clapeyron 

equation gives rise to the hysteresis.50 

A third theory is that for a transfonnation to take place, nucleation must occur. 

Complete transfonnation, however, requires a nucleus of critieal size to he present. This 

nucleus in turn depends on the strain to which the growing phase is exposed, and, as the 

strain varies so does the transition temperature. This theory seems to he a combinalion of 

the fust two as it takes into account both strain and size of different regions.5O 

On the basis of the above theories, the domain which is present in greater 

proportions will dictate the behaviour of the crystal, and therefore. unlike Iiquid 10 solid 

crystallizations, smalt amounts of impurities should not affect solid-solid transfonnation. 
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T'be iDformadon wbicb CID be obtaiDed fIOm the temperature bysteresil il a lOUp 

esdmate of the chanae in volume and l1I'Iin eneqy. Staveley and 1bomu found tbat the 

temperature hysteresis is, in pneral, proponional ID the chanp in vollllDe.5O Rao and Rao 

found chat the temperature hysteresi. multiplied by the entropy of transition i.e., AT 048, 
JÏve. a puerai indication of the strlÎll cneqy. 54 The calcuIated AT oAS values for ail the 

compounds studied CID be found in Table 2.ID. 

The IDlpitude of AT varies fmm compound to compound aDd for a aiven 

compound, !rom transition to transition. The 0Jder of incœuina AT 0 (and mus AV) is: 

o-~BloHl2 < l-C1oH.sC < l-C1oHl5Br < 2·C1oH1SBr < 9-<;8140 < Cr,H1oO 

< 2-C1oRl,CI 

The larger and more positive the AV value, the greater the strain energy sinee it impües that 

nuc:lei of lower density are powing out of nuclei with higber density. 1be o-~loH12 

would thus appear to have Iittle ü any saain involvecl in its phase transition. tbeœfore the 

density of the two crystals should be the same, while 2-CloRlSC has a lot of strain energy 

usociatcd with the phue lransformatioD. thus the density of the phases are very ditJerent. 

The orcier of incœasina AToAS is: 

o-~B.oH12 < 1·C1oHl'C < l-C1oHlSBr < 2-C1oHISBr < 2-CloR1SC1 < C6H100 

<9-c,H140 

The two pœvious ttends, which take into acc:ount the total solid-solid phue 

transformation for a compound. Ile rouPly similar as would be expected. sinee the strain 

eneray is related to both AV and AT oM. 54 
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Table 2.IV Calculated values lor the excess entropy, AS .. , the conformatlonal 
entropy, Rln(NtIN1), and entropy of transition, AScale. 

Rln(NIIN2) ASxs ASeale 

Compound Symmctry Nl/N2 J K-l mol-1 J K-l mol-1 J K-l mol- l 

l-ClOHlSBr C3v 8 17.3 16.6 33.9 
4 11.5 16.7 28.2 

2-CloHl5Br Cs 24 26.4 14.4 40.8 

l-ClOHl5CI C3v 8 17.3 11.5 28.8 
4 11.5 11.5 23.0 

2-ClOHl5CI Cs 24 26.4 11.2 31.6 

9-C9Hl40 C2v 12 20.7 14.4 35.1 
48 32.2 14.4 46.6 

C6HI00 C2v 12 20.7 27.3 48.0 
4 11.5 27.3 38.9 

o-C2Bl0H 12 C2v 12 20.7 10.5 31.2 
2 5.7 10.5 16.2 

The hysteresis involved in the phase n to phase III of oxanorbomane should be 

noted. As previously mentioned, the hysteresis varied with each cycle; sometimes it 

beeame larger and sometimes smaller, until after four cycles it was constant. Originally the 

hysteresis was 25 K while after cyeling it was 17 K. A similar situation has been observed 

for 2-adamantanone by Butler and co-workers.44 They attributed the hysteresis to a crystal 

eontaining impurities and defects, and that, after cycling, these factors were equally 

distributed over the entire crystal. They do however point out that if this was the sole 

reason for the hysteresis, then the hysteresis should diminish with cycling and not get larger 

as was the case for 2-adamantanone. Another possible explanation is that originally the 
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cryItIII_ bIobn up into many .mall unill, u cycUnI proJœlle', the crystal uni .. mi"'t 

pt Iaqer thereby pneradnl • Iarpr hyst.eœ.iI. 1be opposite hId been tbeorized by 

Staveley and Thomas for the condidon wheœ the hystaeIÏI pli smaller i.e., the oriPnal 

crystal uni .. are larp and u cyclinl take. pllce, they break up into smaller domains thus 

chanainl the tranlÎtion temperatuœl and reclucinl the h)'ltereIÎI.5O lnidally, in the eue of 

oxanorbomane, cyclinl &ives lise to • Iarpr hysterelis and. bence, Iarp czystals are 

involved; ûte!' cyclin., the hys1ereSis pts smaIler and 50 smaJ1er crystall sbould be 

)Rient. That phase, however, CID sdll be said to be metutable. 

ii. GUlw And McCullo",1a Entropw 

The Guthrie and McCulloup equadon for the inœrpretadon of conformadollal 

entropies of transition in plastic crystals is:S7 

[2.11] 

where N 1/N2 is the ratio of the number of distinpishable positions on goinl from the 

ordered (N2) to the disordered (N 1) phue. The calculated N 1/N2 ratio, based on this 

equadon, would range froID 6 ta 269, the latter being unœasonably higb. Clark and 

co-worken have examined the entropies of transition for severa! cage hydrocarbons and 

pmposed ID empirical equation involving an excess enttopy, which depends upon the 

temperature ranp of the disordered phase, eq. [2.12]:41.58 

wbere 10.3 + 45 exp(-rO.0183(T .. -T .. »)) is the exœss entropy and (Tm-Tir) il the 

temperature ranI" of the plutically crystalline phue. When more than one 5Olid-soUd 

tnDsformation is present, the total entmpy chanae between 0Iderecl and disoIdeœd 
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stI'UCtUIeI ilpvea by die lUDl of ail the ll'alllidoll eDIIOpÏeI, plus a 11DI11, neaUaible term 

for the heat capICity. The values for N1/N2 listed iD Table 2.1V 118 bued on the 

assumption tbat pbue 1 il faœ-c:en1eJed-cubic (fcc), wbich il typical for tbeIe ma&eriall. 

Table 2.1V containa the calculaled data usinl eq. [2.12], wbeœ T ID' the meldnl 

temperature, is Hsted in Table 2J, and T tr the oaaet 1empenture of tnIIIfcxmadon for 

phase 1 obtainecl on beatiDI, can be found in Table 2-D. 

A comparison of the experimcnw M (Table 2.DI) wim the calcuIaIecI M­

(Table 2.IV), shows tbat the Clart.t al.40.58 equltÎOIl appliet qui. weil tG lOme of the 

compounds and ratber poorly in 0Iber CISeI. Thil couId be due to the flCt tbat the equation 

is based on a limited series of compounds as weB u lattice expansion effectl. For the 

compounds where the 4ScaIc did not correspond 10 the cxperimental value, the N )JN2 rado 

wu varied until a more reasonable comparison was obtained. 

As shown in Table 2.1V, the eECSS entropy, Mu' is approxilDltcly the same for the 

bromoadamantanes but 1arler than tbat for the chlOJ'Ol(l.mantancl (allhoup the 

chlomactamantanes do bave similar AS~. Mu is the entropy due to lanice slackeninl or 

lanice expansion and otbcr effccts sucb u dipolar interactions. Thil would indicate that 

largcr substitucnts incœase the slackening of the 1attice and, sinee the I-substituted 

adamantanes bave a slipdy Iarpr Mu tban their 2-substituted counterparts, tbat pcrhaps 

the l-position bas a peater lattice expansion effect then the 2-position. 
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CllAPTBRS 

VAIUA8LB-TBIIPBRATUD n'-IR A1m 8AIIAK STaD" 01' 

ORIDITATlOlQU,Y-DIIORDBRBD 8OL1D8 

(PLASTIC CRY8TALI) 

A. INTRODUCfION 

LGENIIAL 

The infrared (IR) and Raman specb'OSCopic techniques have been used rouânely for 

about SO years in molecular structure determination. Both methods of analysil, however, 

have undergone significant changes over the last twenty yean. In the case of the IR. 

speC1l'Oscopy, the advent of compUtai and the incorporation of a Michelson-type 

interferometer have led to a considerable gain of popularity under the ume of P"urier 

transfonn-infrared (FI'-IR) spectroscopy. This technique has sorne dermite advantalel 

associated with: (1) Pellgett's advantap, al50 known as the multiplex advanllge, which, u 

the IllIDe suggests, allows for the spectrum to be ptbcred froID a sinaIe scan since all the 

frequencics are detecled simultlDeOusly; (2) lacquinot'. advantap, where the opâcal 

throughput of the system is increued and mUl, 10 il the signal-to-noiJe ratio; and (3) 

Connes' advantage. where aU the frequencie. are calibraled u • funcdon of tbe He-Ne 

luer. 1bese tbree advantaps toptber witb the interflCinl of • mic:Io- or mjnicomputer 

permit the acquisition of mucb more selllÏtiYe apec.ua in shaner âme periodI dwl wben 
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UIiD. 1 CODvendoaal dispersive IR specll"OlDeler. Tbe Raman technique iDcreuecl in 

popularity in the lare 1960's wbeD CW Iuen tint bepn to be used u excitation sources, 

lDd ÏI constandy undeqoin, cbID ... MoIt rec:endy, Fr-Raman specttoscopy bu been 

developed and once the major bup aœ taken out of tbis system. Raman spectroscopy will 

become 1 very important induIUiaI tooL Fr-Raman IpeCU'OICOPY will DOt, however, be 

able CO completely repllee CODventionai Raman specll'OlCOpy for a very IODI tilDe, ü evCl. 

For a IIMR complete tbeoœtical and bistorical l'eview on IR lDd Raman spec1I'OICOpy, see 

references 1 to 16. 

Interactions between a photon and a molecule cu give rUe to thœe different 

phenomcna. Firsdy, absorption CID come about ü E = hv is equal to the differenc:e betweeD 

two cncrlY Ievels of a molecule. SecondIy, if the eDeIJY of the photœ corresponds to the 

diffeRnce between a true encrgy level and a virtual one, tben scattering occun. This is a 

two-photon efJect which cannat be brobD into two single steps, i.e., absorption and 

emission. Two different effccts, Rayleigh and Raman scattcring, can be obscrved froID 

scattering. If the incident photon eithcr loses or gains energy i.e., inelutic scattcrinl, then 

the effect is known as Raa.&A scattering otherwise it is labcllcd Rayleigh (elastic) 

scanering. Rayleigh line is sevenl orders of magnitude (-104) more intense than Raman 

scattering and sinee, 

[3.1] 

it il pouible to use the Rayleigh line as a means of verifying the frequency of the laser line 

beinl used ta excite the sample. ('Ibis is ICcomplishcd by closing the sliu CO -SO JUIl, 

reducing the laser power ta CL 50 mW. and .clnniD, from -10 to +10 cm-1). The thiId 

effect that can arise &om the inlel'lCtion of 1 pbotoo wim a molecule is emissioD and is a 

direct consequence of absorption. 
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no dne effecu liIted abow pve l'ile tG spocaa flan wbicb it ia possible tG 

determine vibrational enerpes. In IR IpeClIOICOpy (an absorption teclmique), 

[3.2] 

wbeœ Vo is the ftequency of the incident beam witb which the vibradnl molecule intenctl 

coherendyand vIR. is the ftequency of the ablOlbed ndiation. As previously noted. Raman 

specaoscopy CID yield two possible enerpeJ, 

[3.3a] 

[3.3b] 

where vSroIœI' and v.Ii-Stokes aœ the Stokes and und-Stokes fœquencies and va il the 

excitation wavelength. In theory, one can employ either Stokes or and-Stokes scatterinl 

and observe the samc Raman bands on a single Raman spcctromctcr. Unfortunately, thia il 

not ttuly possible duc ta the loss of scnsitivity of the detector in the and-Stokes relÏon and 

due ta the low-intensity of the and-Stokes bands which are govemed by the Boltzman 

distribution funcdon. Thus, in gencral, it is the Stokes Raman scattering that is analyzed. 

Lasdy, the energy calculadon for fluorescence, ut emission proccss, is lovemcd by: 

[3.4] 

and. it is dependent on the excitation wavelength. 

The basic differenc:c betwecn Raman and fluorescence specaoscopy ÎI that in 

Raman scattering a transfer of enelJY occun witbout die formation of an excited electronic 

state wbile in fluorescence, ut excited electroaic ltale ÎI formed. Raman scanerinl U'ÏIeI 

fmm molecu1ar motions that pncrate polarizability CbanPI in the molecuJe, whcRu IR 

absorplÏOlll are due ta interactions betwecD normal modes. wbicb underao CbanPI in 
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dipole moment, and the incident ndj.don. 'IbiI diffenmœ in selection rules pves rUe to 

different speccra and it is for this Jeuon tbat both IleCbniques are used in the vibralional 

analysis of a molecule. Bands thal appeu StroDpy in the IR may be very weak in the 

Raman specttum and vicI-l"rla. Moreover, as the Iymmetry of the molecule inere_s. 

Raman active bands are olten IR inactive and likewise for IR active pelks. 

The effect of temperature on a vibrational spec1rUID is weU-known and is governed 

by the Boltzman distribution function and therefore, 10weriDa the temperature œduces, if 

not eliminates, the occurrence of "hot 1xwJ.r". Somedmes, however, die specttal chanps 

are much more dramatic and it is obvious that the chlnFs are DOt due onIy to the BoltzmID 

effect but rather to SOB other factor. 'Ibis is anodler application of variable-temperatuœ 

Fr-IR and Raman spectroscopy, namely probing phase 1I'IDsitions. It had been shoWD, in 

the previous chapter, that ose can be used to determine whether a phase cbange is takinl 

place and if so, of wbat oroer it is (i.e., fust or second-order). It is not, bowever, possible to 

ascenain wbether the ttansformation is of the ordcr-disorder type or if SOlDe otber 

phenomenon is taldng place. Variable-temperature vibrational spectroscopy thus 

supplements the ose results by aIloWÏDg the researcber to judge, based on the observed IR 

and/or Raman bands, wbat type of phase is present This is rendcrecl possible because u 

the temperature is Jeduced, the lanice contracts and if a phase transformation accon, then 

the crystal symmctry varies and invariably 50 will die selection rules, hencc, a different 

spectrum should be obtained. Furthermore, as will be SbOWD in tbis cbapter, variable­

tcmperal1lœ Raman and IR cao IOmetimes detcct phase ttansitions wbich cannot easUy be 

observed by DSC mcasurements. It will also be dcmonstrated that certain vibrational 

relÏons are more susceptible to chln,es as the molecule underaoes a phase transformation 

and that, as previously indicated, these chanaes are DOt merely due ID temperature effects. 

The primary aim of this chlpta' is DOt to do 1 complete and tborough band analysis 

for the compounds studied (altboup SOlDe band anal)'lel will he presentcd), but ratber, to 
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demoaInte tbo UIOfulnesl of variablc-cemperatme IR lDd -Raman pbue studiea in 

identifying phue transitions. 

B. EXPERIMENTAL 

The Raman spcctra wcœ obtained usina an Insll'UlDents S.A. specttometcr wim • 

Jobin-Yvon U-lOOO, 1.0-m double monochromator tbat wu interfaced to a Columbia 

Commandor 964 microcomputer. The SI4.S32-nm (&reen) and 487.987-nm (bluc) 1ine1 of. 

Spec:tta-Physics model 164, S-W (all-line-power) argon-ion laser were used ta excite the 

samples. The power levels were mcasured on a Cohcœnl Radiation model 201 power­

meter; the laser powers varied between 100 and 300 mW al the sample. The Raman studiel 

were done on samplcs sealed in glus capillary tubes which weœ mountcd on to the cold 

fmger of a cryostat (sec Section 3.B.IU.i) using indium foil as the conductinl junction. The 

œsolution employed was dependent OD the slit-width and on the argon-ion line used and 

varied bctween 1 and 3 cm-I. The resolution wu obtained by constructinl a curve bued 

OD IODle information provided by I.S.A. The foUowing equation wu determined by fittin. 

the above cune (sec Figure 3.1): 

Res. =- (O.22S4 - 1.436-10-3-1+ 3.9S9-lr.12 - 5.64S-IO·9·13 + 

4.073-1O·12.~4 - 1.177-1o-15.1').JI) [3.5] 

where the œsolution is given in cm-l, ~ is the wavelength in nm and JI il the slit-width in 

~ The equatioo 10vems the ranp of the U-l000 monocbromator fIOm 300.0 ta 
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Double dispersion as a function of wavelength for the LS.A. Ramanor 
U-l000 Raman Specaomcter. 

909.1 nm when cquippcd witb IWO 1800 IfOOves mm-l holographie gratinlS. The 

resolutions for commonly uscd wavelengths and slit-widths arc given in Table 3.1. Unless 

otherwise menâoned, the spectta were not smoothed. In the cases wbcre spectral 

smootbinl (Saviuky-Golay allorithm) wu employed. the rcsolution of the spectrum could 

he calculated fmm eq. [3.6]: 

Res(smoothcd) = ~[Res(experimental)2 + (II pts. smoothinl)l2) 2] [3.6] 

Theœfore, a 9-point smoothinl on • spectrum experimentally acquired at 2 cm-l, yields • 

resolution of 5 cm-l . 
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Table 3J ReIolution u • function of amunonly UIed wavelqthland .Ut­
widths for the U-lOOO monochromator. 

1(nm) 
(in air) 

Slit-wickh (JuD) ReIoludon (cm-1) 

100 0.98 
487.986 300 2.95 

(lfIOIl-ion) 500 4.92 

100 0.87 
514.531 300 2.62 

(arlon-ion) 500 4.36 

100 0.85 
520.832 300 2.54 

(krypton-ion) 500 4.24 

100 0.81 
530.866 300 2.44 

(krypton-ion) 500 4.06 

100 0.69 
568.189 300 2.08 

(krypton-ion) 500 3.46 

100 0.50 
645.629 300 1.50 

(laypton-ion) 500 2.50 

The filterinl of the laser lines wu achieved by two methods: <a) Pellin-Broca 

premonochromator Œ (b) Fabry-Pâot interfeœnce type filter (514.5-nm and 488.O-nm). 

The advlntale of the Pellin·Broca syltem is twofold. Findy, unIike interference filren 

wbicb must be chanpd buecl on the wavelenatb UJed. the premonocbromator ÏI applicable 

ove!' a wide range of wavelen ...... e .... 300 to 900 am. SecondIy. the power-throupput on 

a PeWn-Broca premonocbromator is claie to 8C)tI,. wbereu interfeœnce filren yield only 
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-5QCI tbrouppUL The dilldvanraae of die PeUin-Bmca system is tbat the alipment il 

exaemely criâcal if bip-tbroupput is deliœd. 

i. OptictJl all,IIIM'" 01 ,hl PeIU,,-BrocIJ prsnonoc"'omator 

The alipment of the opâcal components is crucial in obtaining a lood Raman 

specttum. It is essenâal that the followinl procedure he usecl when power at the sample 

and spectral re5Olution are importanL 

(a) Remove all optical components (except the Brewster anale prisms) hetween 

the laser and the monocbromator - simply ttyin. to correct the lue!' beam 

path by adjustinl various lenses in the opâcal patb will not yield goocl 

results (sec Fipre 3.la). 

(b) Measure the height of the luer beam immediately after the upper prim 

(prism 12) and immediately before entering the sample compartment set-up 

(at M3). If the heights are not equal, then move the bottom prism (prism '1) 

up or down until a straight line is obtained. 

(c) Once a straiJht beam is obtained, place both lenses back onto the opâcal 

rail, pushing them in completely 50 that only the set screws are being 

skimmed by the beam (i.e., if the beam is strailht then the set screws 

represent the cenler reference point). 

(d) Place the pin-hole on the optica1 lIil, making certain that the 1~ 

apenure is centeœd with the beam. Position the 3O().mm focallengtb lens, 

(lens'1) nearelt to prism 12, 10 that the laser beam is PUlinl tbroup itl 

center and simultaneously ensurinl that the beam is still loinl tbroup the 

lOO;.un aperture. 
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Figuœ3.2 

84 

b 

(a) Optical c:omponentl of the PeUin·Broca filterin. Iyltem and (b) opâcal 
c:onfi~âon of the IIIICIOChamber and the mic:roIcope. (Taken in pan, widl 
penmaion froID Insll'UlDenti S.A., Metuchen, New Jeney, U.S.A.) 
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(e) Posidon the lOO-mm focal-lenatb lens (Jens 12), sa that the beam passes 

throup its center. At this point, the distance betwecn the 300-mm lens and 

the pin-hole should be -30 cm and that between the pin-hole and the 

lOO-mm lens -10 cm. 

(t) Install the 40X beam expander (between the laser and priam '1) 50 that the 

bcam passes throuJh its center (19.5 cm froID table. and 7.7 cm froID stand 

10 center of expandcr). If the posidon is conect. then the beam should still 

bc pasing throup the center of the 3O().mm lens and the lOO-JUD aperture 

(pin-hole). 

(g) Adjust the bcam expander in arder 10 obtain a spot the size of a dime 

(-10 mm-20 mm diamcter) on the 300-mm focallength Jens. 

(h) If ail the above is correct, then proceed with maximizing power through the 

pin-hole by IDOving the pinhole towards. or away from. the 300-mm lens. 

At this stage il might also be necessary to adjust the prism 12 witb the 

micro-adjustmcnt lDOunt. Also. adjust the lOO-mm focallcngth lens 50 as 10 

collimate the bcam a it enten the sample compartment. 

(i) Install the rotator polarizer and set it at ()O. 

ii. MlJCrochtJmblr alignment 

Since it is more difticult 10 align the microscope than the macrocbambcr, it is 

preferable that the rnaaochamber bc aligned prior 10 aligning the microscope. Note: 

unl_ ste.,. <a> to (i) of the prenoua section are optimlzecl. it will Ik. atremely 

cIIftieult to alllII the macrochamber and even more 10, the mlcroecope. 

(a) Rotate the macroImicro minor (M4) 50 that the beam CID reach the 

IDICI'OChambcr (sec Figure 3.2b). 
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a 

b 

• 
• 1 

c 

Fipre 3.3 (a) lDside of acceu coyer (b) U-lOOO Raman Spectrometer and (c) Vernier 
scale fOI' süt IdjUl1lDenL (Taken in put. with permis.ion fiom Inatl'UlDenti 
S.A., Metucben, New Jersey, U.S.A.) 
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(b) Remove the leu at the enll'lDCe of die IDICIOCbamber and place a tarpt 

muk in ilS place u weB u OVel' the minor ctirecdy ICIOII from il. 

(e) Adjust table top minor (M3) 50 tbat the bcam is bitting the center of the 

macro enttance mirror (MS). 

(d) Adjust MS 50 that the beam ÎI pusinl tbrough target mask ln. 

(e) The laser beam should aIso be paslin, tIuough the center of tarlet mask 12 

(sealed on M6). If this is not the eue tben procced with tÎle folloWÎDg. 

(i) Adjust M3 until the beam ÎI furtber away t'rom the center of target 

maskl2 

(ü) Readjust MS in arder to have beam pass through the center of 

target'l. 

(ili) If the bcam is still not pusing througb the center of tarlet 12, 

then l'Cpeat steps (i) and (ü). 

(t) Remove target mask ln and replace the lens at the cnttance of the 

macrochamber. Adjust it so the bcam is still Passinl through the center of 

tarlet mask 12. 

(1) The macrochamber is now a1igncd, cio not toucb Ml apin; if Dccessary, 

use MS to align the bcam with a sample. 

iii. Microscope alig1l1Jœnt 

With the macrochambcr DOW aHgncd it is possible to align the microscope without 

100 much difficulty. 

(a> Rotate M4 so as to have the bcam CDter the microscope. 

(b) Place a piec:e of Si wafer on the miClOlCope stage. 
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(c) If the beam enterinl the mic:roscopc il DOt hininl the center of mirror of M7 

(never toudI mlrror M7). then Idjust M4 with ADen kcYI (do not touch 

M3). 

(d) Adjust M4 until the bcam intensity on the Si wafcr is visibly at 1 maximum. 

(e) Using the GOTO propam. set the monochromator at ~24 cm-1 and 

maximizc the sipal by adjustina both M4 and the microscope stale. The 

maximum intensity for the Si wafer il obtained wben the wafer is politioned 

at 45° on the stap. The slit width should he set to 2OO-J&ID and an intenslty 

between 7 000 and 8 000 counts pcr second is considered acceptable with an 

80X microscope optic. 

(0 If stcps (a) through (e) do not yield acceptable results. then it will be 

necessary to remove the microscope cover as weil as the plate covering the 

microscope optics. The beam should be hitting the center of the beam 

splitter. If it is not, then adjust M4 until it docs. If at this point acceptable 

results arc still Dot obtained, theD move mirror M3; however, it is highly 

probable that the overall alignment is off. 

iVe Couplin, and calibration o/the U-]()()() double monochromator 

If higb-resolution Raman spectra arc required then it is imperative to couple the two 

monocbromators in arder ta ensme that they both dettet the same wavelenps. 

Furthcnnore. it is necessary to calibrate the spectromcter 50 that the accuracy of the 

instrument may be dctermined. Many mcthods exist for the calibration of specttometerl; it 

is possible 10 use (1) the mercury lines (1122.6 cm-1 at 514.532 nm and 2179.8 cm-1 at 

487 .987 nm) from fluorescent lipting (which will sometimes appear in a spcctrum if lilbl 

from the room gets into the monochromaton). (2) the ulon-ion tuer Une. by removinl the 
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appropriate ftlter or pin-bole, or (3) a neon lampe The neon lamp is euy to use as its linel 

IR very sbarp and weU-known. More œcendy, Kim " al. 17 !lave tabulated the neon peak 

positions with respect to the 487.987-nm (blue) Une lud die SI4.S32-nm (Jreen) line of the 

&rIon-ion laser. 

In arder to couple the 5peCU'OIDeter, sliu 1 and 2 were set Il IO-JUD while slits 3 and 

4 were set at lOO-J.1ID (sec Figme 3.3). The S8S.249-nm line of the neon lamp wu used 

(2348.39 caf1 at SI4.S32-nm or 340S.64cm-1 at 487.987-nm). Assuming the green-line, 

the GOTO routine wu usee! to position the monochromator at 2348.39 cm-I ; if this did not 

correspond to the maximum intensity then the spectrometer wu moved to the maximum 

intensity by seanning the region until the maximum was found. The coyer at the end of the 

spec::trometer (parallel to the prisms) was removed from the U -1000. The knob at the center 

wu then tumed to obtain a maximum signal. Once the intensity was at its maximum, 83 

wu closed until 83 = S2 = 81 = 10 ~m. If no loss of intensity wu observed, then the 

coupling was dcemed correct. However, if a loss of intensity occurred then, the signal wu 

maximizcd with 82 and S3 at 10 J.I.ID and, at this point 83, was reopened to 100 J.UD. The 

intensity was then monitored as 83 was closed down to 10 J.UD and no signal-Ioss was 

observed. If a loss of signal is still detected, hcwever, then it might be necessBry ta adjust 

the concave mirror (top left with respect te the bob) to maximize the signal. This can be 

achieved by closing S4 and SI ta 10 JUIl, setting 82 = S3 = 100 J1ID and adjusting the 

concave minor ta obtain maximum intensity. 

Once the couplina was considercd ta be correct, it wu possible to calibrate the 

spectrometer in older to ensure that the accuracy wu indeed ± 1 cm-l . The calibration wu 

accomplished with the aid of six lines from the neon lamp. The six lines scanned were 

(with respect to the S14.S32-nm line): 2348.39,2433.82,2613.81, 3031.38, 33S0.94, and 

381S.62 cm- l . If the observed lines were off by more than 1 cm- l in the same direction, 

then the bact-plate (behind the absolute cm'! counter) wu removed and the ridged belt on 



\~ .. .. 

Chapter3 70 

the counter-pulley wu detIChed. The absolute COUDter cm-l wu tumed by the amounl by 

which il wu offset, the belt wu repositioned on the puUey and the lines were l'eacanned. If 

the lines appeared within the ± 1 cm-I 10ierance level, chen the calibration wu deemcd 

complete_ (If, however, the offset wu dependent on the line beinlscanned, i.e., 2 cm-lat 

2348.39 cm-l, -3 cm-l at 3350.94 cm-l, -1 cm-1 1l3815.62 cm-l, etc., then I.S.A. should be 

called sincc the cosecant bar most probably needs to be adjusted. This situation wu never 

encountered. 

The IR spectra were recorded on an Analect AQS-18 spectrometcr equipped with a 

KBr beam splitter (4400-450 cm-l) and, aiglycine sulfide (TaS) deteclOr. The cryOltat 

was coupled to the Fr-IR instrument by modifying the sample cover (sec Figure 3.4). The 

data acquisition was perfonned wim the standard program providcd wim the AQS-18, but 

some macros were written by the author of this thesis '10 do repetitive scanninl and storinl 

ofspectra. 

Several sampling techniques were anempted: KBr pellets, diffuse reOectance, 

sublimation on 10 KBr windows, and pressing into thin layer films. Since similar spectra 

were obtained in each case (including the large hystereses obsct'Ved in phase transition 

tcmperatures), the Dr pellet technique wu uscd (5 mg sample in 750 mg KBr powder) u 

it proved to be the most convenient. In the future, however, it would be of interest to use 

diffuse reflectance sinee no sample preparation is required and the results obtained would 

be more easily compared 10 the Raman data. The effect of KBr peUeting on phase 

transitions has been studied previously and was shown 10 possibly increue the dep of 

the hysteresis at a phase transitionl8. In the case of samples which, due 10 their plartlclty, 

were difficult to grind, the samples were cooled down with liquid nitrolen prior ta 
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Figure 3.4 

VlJ1iobk-TemperatuTe VibratiolllÜ Studiel 71 

Analect AQS-18 Fr-IR. spectrometer with modified sample cover. (a) 
spectIOmeter, (b) MAP-67 computer and (c) monitor. (Repnxlueed with 
pcnnission from Analect Instruments, Utiea, New-York, U.S.A.) 

grinding. In alI cases, the samples were aIIowed to relax for at least one month prior to 

measurcment of spcctta. 

DL V AIlLULE-TEMPEIlATVU APPAIlATUS 

i. CryosysœtnS CryoslDI 

Variable-tempcraturc Fr-IR and Raman spcctra were reeorded with the aid of a crI 

Cryodyne Model 21 (CIl-Cryogenies, Kelvin Park, Waltham, Massachusetts, U.S.A. 

022S4) double-stage cryocooler. The system opcratcs by compressing the 99.999% pure 

He gas and aIIowing it to expand as it reaches the cold head whieh is theoretically at room 

tempcrature. Since the cryocooler is a closed system, the gas retllmS to the compœssor unit 

at which point it is re-comprcsscd. In order to reach the low tcmpcratures, it was necessary 
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tG refiIl me comprellOl' with He PI and tbo dilpolible adIorber wu repllced. 1be lowelt 

tcmpenture reached with no 10id wu 291C, wbile with a 10ld, the lemperature attainecl 

wu 35 K. The helium prcuuœ in die comprcllOl" wu 145 psi whcn not in Ule and 95 pli 

when in usc. The tcmpcrature wu conarollecl by a Palm Beach Cryophylicl, Ine. 

(P.O. Box 2786, West Palm Beach, Florida, 33402), ModeI4025 eontroller (ranp 400-4 K) 

equipped with an lEEE-488 interface and a calibratcd silicon-diode (8D1-102) temperature 

sensor. 

The sample tcmpcratures remainecl esscntially constant (:1: 0.5 K). The cemperature 

accuracy, however, varicd depending upon the technique used i.e., Fr-IR or Raman 

spectroscopy. The IR KBr pellet holeler wu small and the distance bctwecn the pellet and 

the thermocouple wu small. Morcover, the He-Ne alignmcnt laser emits very little power 

thercforc, the accuracy was about ± 2 K. 

The temperature accuracy of the Raman data, however, wu ± S K due to local 

heating by the laser. Even when relatively low-power « 100 mW) wu uscd, local heating 

effccts took place. Calibration of the tcmperature œading wu attempted but ta no avail u 

the temperaturc wu depcndent on the placement of the temperature-sensor, the power used 

and the compound itself. Temperature-dctcrmination via the Stokes/anti-Stokes peak area 

ratio (eq. [3.2]):6 

wherc T is in units of K, va is the laser line in cm-l, Vk is the band originating from the 

sample in cm-l, Is' lu are the Stokes and anti-Stokes peak areu (unlike in IR 

measuœments, Raman peak intensities are influenced by laser power, the detector œsponsc, 

u weil as many other factors and theœfore cannot really be euUy used) UlOCiated with 

peak Vt, and 1.43879 is hclk wbeœ h is Plank's constant, c the spced of lipt and k the 

Boltzmann constant, wu unsuccelsful due to the low-intcnsity of the anti-Stokel Une. 
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below -200 K. Many of the poslible internai standllds contain pcaks that could overlap 

bands oriJinating froID the compound under study and significant blDd shüts couId occur if 

a chemical reaction between the internai ltandard and the sample takel pliee. There is, 

however, one internai standard which mipt be useful: IUby powder. Ruby bu been used 

quite extensive!y u a pressure calibrant (sec Chaptcr 4) but its temperature-depcndence il 

also weil known. 19 A possible sample preparation method would then he to grind the 

sample with some IUby-powder and then place the sample in a capillary tube. The sample 

can then be scanned as before and the IUby-region, which docs not intcrfere with most 

compounds (-SOOOcm-1 on the green line), wou1d he scanned ta determine the exact 

temperature of the sample. 

In both the IR. and Raman experiments, the sample holden were made of brass and 

coated with indium Metal at the junction between th~ cold-l\nger and the sample holder ta 

increase conductivity. The windows used for the cryostat head during the Raman 

experiments were consU'Uctcd from quartz. Since quartz docs not ttansmit tIuoupout the 

mid-IR region, two 49 x 6 mm KBr windows (International Crystal Laboratories, Il Erie 

St., Garfield, N.1. 07026) were used. The cryostat wu mounted on a X-Y translation stale 

adapted to a pseudo-Z mount by Mr. A. Kluck (McGill University) in order ta facilitate the 

optimization of the Raman sianal. For the IR. expcriments, the cryostat was mounted on ta 

a X-y translation stale. 

The cycling of adamantanone and oxanorbomane in the Raman experiment wu 

achieved with the aid of a propam written in BASICA by the authar of this thesis for an 

mM-pc interfaced via an RS-232 seriai carel and connected ta a Black Box TechnololY 

1EEE-488 ta RS-232 convertor which in tum, wu connected to the temperature controller. 
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Fr-IR data for oxanorbomane could not be obtained with the ptevioualy dilCusleCi 

cryostat because oxanorbomane il a very volatile liquid and the cryostat hId a relatively 

larae volume which required SOlDe âme for il to be evlCuated completely. Thil therefcn 

resulted in th" sample being pumped off u weil. It il for tbil reuon that another cryOltat 

wu desiped by the author of this theail with the aid of Mr. A.Kluck, Mr. B. Baden, and 

Mr. R. Gaulin (McGill University). 'Ibis cryosw had a much lmaner volume and could 

therefore be evacuated in a shorter tilDe periœ. The sample wu contained in a liquid 

sample IR cell hrllder and was cooled by pouring liquid ni1rOpn clown the neck of the 

cryostat. The tcmperature of the sample wal monitored by two type T thermocouple. 

(Omega Products) linked to a ten-channel thennocouple relder. The sample temperanue 

was control1ed with the aid of a Variac voltage regulator, sinee the heaters were meltina­

point heaters. the voltage applied to them never exceeded SO V. The same KBr windows 

described in the previous section were used for this cryostat. 

C. RESUL TS AND DISCUSSION 

L RIItJL'n 

The isolat.ed l-C1oHl,Br molecule hu ~v symmetry for which 40 IRJRaman 

active bands are predicted: r vib Z 16a1 + 8~ + 24e, where Il and e are both IRJRaman 
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ICtÏve and ~ i11R/R1man inlctive. Tbere were 38 Raman peab and 36 IR. peaks det.ected 

at room tempeI'ItUœ; however. it il possible tbat SOlDe of Ihese bands were ovenonel 

and/or combinatioDl. Funbamore, it il quite probable tbat SOlDe bands are DOt observed 

due to the overlappin. of cenain peaks. 

The kaman and IR spectra of I-bromnad'mtDtane revealed the presence of thJee 

phases as noticed in the ose ltudy. The spectra of phasel m to 1 are shown in Fipres 3.5 

and 3.6, while the observed peak positions and band usipments are Iisted in Table 3.11. 

AIl of the usignments are bued on üterature values for variOUI ad,mantane 

derivatives.20-29 As would be expected, the plastic phase (phase ID) contains many broad, 

featureless bands indicatin. that considerable motion is present in this phase. In phase II. 

some of the peaks be,m to split, but the lattice mode is still bmad and rather featureless. 

thus suggesting the presence of a more ordered phase than that pœsent in phase m, but still 

disordered. Finally, as phase 1 (the lowest temperature phase) is approached, more splitting 

oc:curs, the peaks become better resolved and lattice modes appear. The spectta imply that 

phase 1 is the most ordeled phase. Moreover, it can be seen that the bands that undcrgo 

splitting arc split into two components. Based on the vibrational splittings observed in 

phases 1 and U, the ordered phases have at leut two molecules per unit cell. 

One of the more inteJesâng regions is the QI stretching region (3000 - 2800 cm"l) 

which lacts dctail and is broad in phues m and II. As the sample is cooled down ta 

phase 1. the peaks sharpen dramatically and many new peaks appear. It is not possible, 

however, to explain this region solely on v(CH) modes as it too might contain ovenones 

and combinations. 

Zielinski and Foulon30 have studicd the x-ray structure of l-CloHlSBr and found 

that the crystal structure for the plastic phase belonls ta the space group Fm3m and therc 

are four molecules pel' unit œIL The only acceptable symmetry site would be Ob u is the 

factor group. However, due to the nature of the plastic phase. i.e., orientationally-
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Table 3.IU Factor group analysis of the ordered phase (phase 1 • PlI 1 c) of 
I-bromoadamantane and l-chloroadamantane. 

Molecular Symmetry 

(<;'1) 

Factor Group Symmetty 

(~) 

~
,,(Raman) 

al (IRJRaman __ )_-______ ~~ a b. (Raman) 
~ (-) 

__ ---------- -~-Iu(IR) e (IR/Raman) -
bu (IR) 

disordered, a correlation diagram cannat be constructed. The partially-onIemi phase 

(phase m was also found to have four MOlecules per unit cell with a Pmcn (or Pmna) 

crystal structure. Since no <; axis is present in the molecule and the sile symmetty is 

Cs(4), the only possible factor group must be D2h• The lower temperature (and most 

ordered) phase was observed to be P21/c, once again with four molecules per unit celle The 

sile symmetry for this phue must be CI widl a factor group of <;h. They obscl'Ved what 

might be another phase transition below 150 K which possibly has a space group of P21/c. 

This last phase was not observed in the present work by cither vibrational spectroscopy or 

DSe. The correlationdiagrams for phases l, and fi are shown in Tables 3.m, and 3.IV. 

ii. 2-BromoadDnul1llDM (2-CJ(P15Br) 

The isolated 2-bromoadamantane molecule has Cs symmctty for which 72 normal 

modes of vibration arc predicted (4Oa' and 321"). Since the l' and a" modes are both 

Raman and IR active, 72 peaks should appear in both the Raman and the IR spectra. 
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Table 3.IV Factor group analysia of the semi-ordered phase (phase n • Pmna) of 
t-bromoadamantane. 

Molecular Symmetry 

(C;y) 

al (IRJRaman)_ 

~ (-) 

Siœ Symmetry 

(Cs) 

--..--~ 

, 

Factor Oroup Symmetry 

b3,(Raman) 

~==--~~----ou (IR) 

e (IRJRaman) 

b1l\ (IR) 

~u(IR) 

b3u (IR) 

Two phases were detectcd by both variable-temperaturc Raman and IR 

spectroscopy. This correlates weil with the DSC results obtained for this compound. The 

proposed vibrational assignments, as weil u the observed peak positions, are tabulated in 

Table 3.V. Figures 3.7 and 3.8 display the Raman and IR spectra acquired at 160 K and 

300 K for 2-CufIISBr. Instcad of observinl 72 peaks, only 40 were detected at room 

temperature. This can, once alain, be attributcd to band overlaps which are likely to occur 

u the bands are quite broad. The broad and featurcless bands can he ascribed ta the 

plastic, and hence totally disordered, phase of 2-C1oHlSBr. Althougb the lanice region of 

2-C1oH15Br, contained no very distinct features in phase U, there were IODle weak 
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lhouIden wbich weœ present. Thil couJd indicate tbat althoup it is a plastic crystal SOlDe 

depee of arder is pœsent in the molecule. Phase 1 did show two very slwp and weil 

resolved peaks thereby indicatin, tIw it is a more ordered phase. Interestinpy, uide froID 

the QI stretcbin, repon, very few bands under,o splittin, in the Raman spectra as the 

wnple is cooled down froID the plulic to the ordered phase. The peaks which were split 

include the 732, 9'9, and the 1219 cm-1 bands. Thase thœe repons correspond ta CCH 

deformations and bondin, as weil u ta C-C S1retchin,. Thore were, howover, SOlDe bands 

which underwent chanps in telative intensity, e.,., the 43' cm-1 doublet, and the 737 cm-1 

and 766 cm·t peaks, which are essentially due to C-C S1retcbin, and skeletal modes. Since 

this molecule has Cs symmetry, it is not sUIpl'Îsin, that the same observalions were noticed 

in the IR spectra - althou,h much band nmowin, was observed, few actually split inta two 

or more components. The 1468, 1098,977,9'7, and 808 cm-1 peaks were split in the low­

tem~rature phase. Many of the other peaks present appear to be due to band narrowin, 

sj~,ce some of them were 500n as shoulden on a prominent peak. As for the Raman spectra, 

a few bands changed in relative intensity. The 1194 and 1279 cm-1 peaks which were less 

intense than the 14'0 cm-1 peak are now more intense than it, as weil as bein, much 

sharper. The 899 cm-1 band also increased in amplitude relative ta the most intense peak at 

733 cm·l• The 808 cm-1 band, which had under,one considerable splittin, in the ordered 

phase, is now as intense as the 761 cm-1 band. Since most of the bands accur at the same 

frequencies in both the Raman and IR. spectra, the unit cell is most probably not 

centrosymmecric. 

iii.l-ChloroodtJnuJntaM (l·CloHl~l) 

As in the case of the l-C1oH1SBr molecule, the vibrational representation for the 48 

modes of the free l-C1oHl,Cl molecu1e (C3v symmctty) œsults in r vib. 16a1 + 8~ + 240, 
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wbere al and e Ile botb IRJRaman ICtive and '2 ia IRJRaman inlctive lDd therefore. it i. 

possible tG predict a total of 40 IRJRaman ICdve bands. In all, 29 Raman and 26 nt peab 

were dctected at room temperature (see Table 3. VI for peak tabulatiOil and uaipmenu). 

'Ibis low coont CID be atttibuted tG broad peaks which IDOIt litely overlap aome of the 

other weakcr bands. Also, it is possible that SOlDe of the obIerved banda Ile Overtonel 

and/or cambinations, thus, the number of "true" peab mipt ICtually be even lower. 

The DSC cmve for l-CloHlsO had shown that only two phues \Vele prelent. Thi. 

wu also apparent from the variable-temperature vibraâonal data (Fipua 3.9 and 3.10). 

Once again, the high-temperature phase contains many brOId and featurelell peab, 

characteristic of a totally-disOldered or plastic phase. 

ln the IR spectra (Figure 3.9), the broad CH stretchina relÏon once aaain reveUt 

many components when the 11'-Olecule is cooled down from the plutic phase (phue m inta 

its ordered phase (phase 1). In other legions of the spectrum, most of the peaks spUt inta 

doublets. There is,- however, one notable exception; the bands at 1343 and 1350cm-l, 

corresponding ta al + e modes and the 012 wag and CeH deformation, con.pse into just 

one peak (1346 cm-1) in the ordcred phase. The relative intt .. ~ities aIso chanacl, and" in 

the two previous adamanWle derlvatives, it is the CCC bt.adinl and the CC Itretchin, 

which are affectcd (1036 cm-I) as weil as the C~ wagginl and CCH dt-formation 

(1459 cm-l, 1346 cm-l), and the symmctric C-O stretch (828 cm-1). 

Most of the peaks in the Raman spectra (Figure 3.10) also undergo spUain, inta ... .,0 
components. The specttum of the low-temperature phue containl lattice modes and bu 

sharper peaks than the high-temperatuœ phue. Thil once again impücs an ontered phue 

for the low-temperature (phase 1) phue and a dilOldercd phue for the hip-temperature 

(phase m. Not many peaks have changes in relaûve int.ensitiel. The moIt dildnct chanac 

occurs in the 215 cm-l peak (C-C-Cl ser.) which upon apHtdn. exhibitll dnm'dc dec:reue 
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iD inteDlity. 1be ocber peak of iDtaelt il the 1104 cm-I (C-C-C bendin. and C-C 

Ittetchin.) whicb in the ol'deuxl pbue undeqoel • ludden iDcœue iD inleDlity. 

Zielinski and Pouloa30 bave alla ltudied the x-ray 11I'UCtuœ of l-cblOlOldamantane 

and they oblerved the same crystal ICl'UCtuIe for pbue D u chat of pbue m of 

I-bromoIdllDlntane, notably Fm3m (Z • 4) for the plutic pbue. The site symmetry and 

flCtor poup arc Oh. AI for the IDOIt orden:d pbue of I-bromoed'nntane, the low­

temperature OIdered pbue of l-CloHlP wu found to be P21/c (2: • 4). The site 

symmetty for tbis pbue must be CI widl • flCtol' lfOUP of Ca The corœlation diagram 

for phase 1 is tberefore the same u for the I-bromoNIIlDlntane lDd is shown iD Table 3.m. 

iVe 2-Chlor~ (2-CJ(1'1~1) 

As for the 2-bromoadamantane molecule, the isolaœd 

molecule has Cs symmetry for which 72 normal modes of vibration (r vib = 4Oa' and 321") 

are predicted. Moreover, since the a' and a" modes are both Raman and ir active, 72 peaks 

sh'luld be observed in both the Raman and the ir spectra. 

The Raman and IR spectra of phases I-m are shown in Figuœs 3.11 and 3.12; the 

measured peak positions and the proposed vibrational assignments are given in Table 3. VU. 

Thesc assignments are based on literature values for various adamantane dcrivatives20-29 

and on Raman spectra of 2-C1oH15C iD CC4 aDd CS2 solution. Only ~8 bands out of a 

possible 72 have becn cleuly identified, pmbably u • result of the overlappiDl of peab. 

Even amonlSI those observed, it is possible tbat some may he combiDations and/or 

ovettones. 

Many interestinl changes wem oblervccl iD me lWDan spectra (Figure 3.11) as the 

sample wu coolccl and men heated between 298 K and I~O K. Consider the lattiœ repn 

(lQO.20 cm-I); the tai1 extendin. to lOOcm-1 in pbue m is featuœless. However, in 
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Fipœ 3.12 IR spectra of 2-c:bloroadamantane: Phase 1 (ISO K), phase n (220 K) and 
phase m (29S K). 
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phase D. SOlDe weat featurcs develop at -60 and 80 cm-1, and in phue 1 lome very 

distinctive pcaks appcar. Thesc resullS cmroborate those of the DSC mcuurcments, i.e., 

phase m is the completcly disordered phase sinee it exhibits a total absence of lanice 

modes. The weak, broad peaks observcd in thil repon for phase n indicale that it is 

orientationally disordercd, while the sharp peaks in phase 1 show that it is a completcly 

ordercd phase. 

In Fi&"UfC 3.11, the changes that occur in the Raman for the C-C-Cl bendinl mode 

are shown. Ir. pha-.!iC m, the peak appears at 156 cm- l . As the sample is coole<! down 

tawards phase n, the peak width narrows and the peak shifts ta slightly hisher wavenumber 

(159 cm-!) once in phw,e II. However, on going from phase U to phase l, a new peak 

appears at It.\7 C!!!-l ar,d the 159 cm-l peak decreases in intensity. The 167 cm·l peak 

eventually shifts to 169 cm- l and becomes a sharp singlet for phase l, while the peak at 

159 cm- l disappears completely. 

The symmetric C-C stretching mode also undergoes distinct changes as the sample 

proceeds from phase m to phase 1. In the plastic phase, the peak occurs as a singlet at 

7fJJ cm-1 with a smaller peak at 780 cm-l. In phase n, the 760 cm-1 peak is split into a 

doublet at 757 and 764 cm-l . Furthermore, the 780 cm-! peak sharpens and 1ncreases in 

intensity moving finally to 775 cm-l . Little change occurs as the sample progresses from 

phase n lO phase 1. Since this spectral region is solely due ta C-C stretching, i.e., casc 

skeletal stretching, the observed changes must result from a change in crystal structure. 

The C-C stretching and ~ twisting modes al 1067 cm- l and the C-C-H 

deformation and ~ wag al 1100 cm-1 altcmatc between singlets and doublets as the 

sample gocs from phase m ta phase 1. The doublets in phase m collapSCI to sinpell in 

phase D which then split inta doublets in phase 1. 8ince the C-C and ~ mode. contribute 

ta the two bands, it is not surprising that the bands are ~nsitive ta crystal stra,:turc (C-C) u 

weU u to orientational (CHV changes. Tbe same is truc for the 3000-2800 cm- l 
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(tyIIIIIIIIdc ad ..,mmeuic œ ItI'etCbinl) lepœ, which aIIo UDdeIJoeI dllmatic chin .. 

as the SllDple uanlfOlt: l hm phase m to L 

Pip.3.12 show some vlriabJe..tempeI'IIUIe FT-JR spectra obtained for 

2-chlOlOldimantane. As expected for 1 C. lyameuy molecule. ail the CbanPI paraUel 

thOle oblerVcd in the Raman spectrL Apin, phase 1 CODtIÏDIlDIDy sharp, weIl-lelOlvecl 

peaU indiclânl ID ordered phue, wbereu pu m bu mosdy broId, featuœlesl bands 

implyin, a hilb depee of disorder. 'l'be 765 çm-l peak ÏI bIOId but weU IUOlved in 

phuc m As the sample approacbes phase fi, the peak decIeueI in inteDlity until tbe 

transition to phase fi is œached, at which point the peak becomeI a shoulder. In phase 1. 

the band œappears u a sharp. weU-defincd peak. The major differeDces bctweeD the IR 

and Raman data are that the effects observed in IR aœ padual, as would be expectecl wbell 

uSÎD, a KBr matrix 18. whereas in the Raman they arc sudden. Also. some IR pcaks were 

not obscrved in the Raman specua. pmbably due to narrower peaks and better 

signal-to-noise ratio available for the Fr-IR meuurements. 

Based on the vibrational splittin,s observcd in phases 1 and U, the ordeœd phases 

have at Ieut two molecules per unit ecU. 

This ac:Iamantane derivative bu ~y symmetry and its 69 vibrational modes 

trIDIform into r vib. 21al + 13'2 + 18bl + 17~. wbeœ ail the modes aœ JRJRaman active 

save for '2 whicb il Raman active only. The vibradonal spectta of 2-C1oH140 had been 

pleviously studiecl in our laboratory by Harvey31 and theœfore some of the proposed baDd 

ISlipmeDtI are based on bis wodt (Table 3. VID). Tbe reuon for takinl funber look Il tbis 

compouDd ÎI tbat in the previousstudy it hm DOt beea subjec1ed to cyclin. about the pbue 
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lI'IIIIforDIIdon and it had beeD shown by Butler and ~worbn32 that 2-ldlmantanone bu 

1 new Iow-temperature phue wbich appem after cyclinl. 

ln dùS investi,adon, ODIy 40 Ramu peakI and 45 IR bands were observed (see 

Flames 3.13 and 3.16). This total includes overtonel and combinations and therefoœ mipt 

actually be higher titan the number of crue peaks. A possible reason for detecting mcœ III 

peaks than Raman bands couId lie in the better sipal-to-noise ratio available tbroup the 

Fourier-ttansform method. 

As had been the case for the previous adanumtane derivatives (except 1-C1oHlsBr), 

the room temperature spectra œvealed many broad bands indicating that molecular modon 

is present, which is indicative of the plastic phase. As the sample is cooled, the peaks 

become sharper and nmower which can he attributed to a more ordered phase. Many of 

the bands are split into two componenll and, in both the IR and Raman spectra, there Ile 

SOlDe dramatic changes in relative peak intensities. 

Consider the Raman spectra of uncycled 2-adamantanone. The room temperature 

Raman peaks (Figure 3.13a) as previously mentioned are rather broad. There is an absence 

of latdce modes below 100 cm-l. As the sample is cooled down ta 140 K (Fipres 3.148 

and 3.15b), a multitude of peaks appear below 100 cm-1; SODle of which Ile broad 

(68 cm-1) and others 'luite sharp (39 cm-1). The broad 126 cm-l band present at room 

temperature œmains broad but is shifted ta 128 cm-l. The 277 cm-l peak at 300K is now 

observed Il 282 cm-l. The 372 cm-1 envelope appelll as four sharp peaks al 140 Je. The 

same dift'erences can be said about the majority of the peaks present Il room temperature 

and 140 K. The 602 cm-l band (sbletal mode) wbicb wu of medium intensil)' At 300 K, is 

u intense u the 780 cm-l band. Interestinpy, the 722 cm-l peak (C-C Slretcbinl) doc. not 

split al ail; however, it does slwpen. The œ 2 wal and twistinl modes u weU u the cal 

deformation modes also demoDl1l'lle SOlDe intereldnl chanps; the 1210 cm-l peak and 

1213 cm·1 sboulc:ler at 300 K, switcb positions. i.e., die peak become. a shoulder wbile the 
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lboulder becomet a peak. Tbe 1270 cm-1 (pIueDt at 1«) X) il aIso of in ... t ln chat it la 

not even present Il room tcmperatun:. Many of the ocber peab which weœ barely 

detectable at room tempel'ltUle are DOW clearl:, v'.sible Il 140 K. 'Ibe C-o repOll il alto of 

inteleSt in that at both l'OOID temperature and 140 K (Fiprea3.15a and b), It contlÙll 

several peakJ due to Fermi resonance u weU U OvertoDel and comblnadonl; bowever, It 

140 K many more peaks are detected. The eXlCt number of banda present in tbat mpon la 

difticult to determiDe due to the weakness of the c-o baDd; even multi-1C1DDin1 did DOt 

help improve the sipal-to-noise ratio. Finally, the Qi laefCbin. relion whicb Is quito 

bl'Old at room temperature, becomes bette!' defined and CODtIÎDI more felturel than before. 

It is interestinl to note that, compared to the other act'mantane derivatives examined in tbla 

thesis, the CH strefChinl repon of 2·adamantanone (Fipue 3.14&) i, atill rather brOId It 

low-temperature and resembles the semi-onlered phase of I-bmmoadlmlntane 

(Figure 3.Sb). It is thc=fore very possible that this phase is actually a semi·ordered rather 

than an ordcred phase. 

The F1'·IR spectta also display many interesting differences between the room 

temperature scans and thOle at 140 K (FiJUl'Cs 3.16 and 3.17). AI obaerved in the Raman 

spectra, many peaks underwent splitdng into two components and some banda showed 

changes in relative intensities. The majority of the observations made in the Raman spec1l'l 

also hold for the IR spectta (with the exception of some bands which are ~ mode, and thus 

not IR active). There are two points of interest which should he noted. FUldy, the CH 

stretching region docl not show much difference when the 2-C1oHlI.O molecule i. cooled 

down froID the plastic phase to the 0Jdered phase. Altboup the number of peab detected 

docl not change enormously, the peaks do become much sharper and more ,houIden 

appear. This could be due to the method IR UIed ID ltUdy the compound; notably, die Dr 

technique, wbere me sample mipt be 10cked in a certain manner pœventinl it froID 

movinl freely. 'Ibis bad IlOt becn nodcecl for the odIer COIDpOUIIdI, bowever, u will be 
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shown later, not aU the compounds behave like 2-ed'mantanone. Il is also possible that 

this region contains ~ modes which are IR inactive and therefore would nOI be obIerved in 

the IR regian. Sccondly, the region shOwinl the most dramatic chanps is the repon 

containing the ~ wagging and twisdng modes as wen as the CCII deformadons. 'lbe 

room temperatut'C IR spectrum shows same extremely weak and broad bands at 1080, 1095, 

1100, and 1110 cm- l . As the sample is cooled clown towards its ordered phase, the peaks 

become more prominent and even display spüttin.. This effect had pœviously boen 

observed by Harvey31 except that these peaks were not observed al room tempenture. At 

this point, a more detailed comparison between the data obtained in trus study and those 

acquired by Harvey31 is in orcier. 

The previously published Raman data by Harvey31 show many more tabulated 

peaks than that observed in the present study. Furthermore, the data differ by up tG S cm-1 

with for the bands which do correspond. There are some possible explanations which can 

account for these differences. Firstly, impurities might bave boen present in the previOUI 

sample. This is a possible source of enor since in the CUJTent study a higher resolution wu 

employed than that used by Harvey and yet fewer peaks were detected. Secondly, althoup 

both investigations used the same Raman instrument (l.S.A. U-l(00), the previoui work 

states th&t the argon-ion laser lino used was 514.5-nm rather than the actual value of 

SI4.532-nm. Even thougb, at tirst sigbt, this difference appears to be negligible, it hu boen 

found to gencrate discrepancies in band position up to 4 cm- l . It is also interesling to note 

that the band at 1270 cm-l (pœsent al 140 K) was not detected by variable-temperanue 

Raman spcctroscopy, but Harvey et al.29 did notice it using variable-pressure Raman 

spectlOscopy at 1273 cm-1 which is well within experimental eITOI' conliderinl the 

diamond-anvil-cell setup and that a different Raman spectrometer wu used. Lutly, the 

published data do not aive information about the region below 100 cm- l . 
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Complrilon of the Fr-IR clara of Havey31 widl thoIe obtaiDed in the present 

invelti.alion also shows that fewer peakI weœ detectecl and that here 100, the bud 

positionl vary. The arpment that calibradon ÎI pudy the cause of tbeIe cIiffaence. doeI 

not apply here sinec both studiel UIed Fr-IR and henc:e all the bands _ refeœnced tG the 

helium-nean linel (Connes advantap). Once apin the poslibility of impuridel heinl 

present doc. come ta mind. It is allO possible that the method of sample preparation for the 

IR studies milht be the cause of the observed ditYerences. In the present study. the sampie 

wu studicd via the Ur pellet method wherw in the previous study the sample had been 

pound onto a KBr window. As previously mentioncd, this miJht account for the presence 

of the bands ccntered at -1105 cm-I. Finally, u far u the CH Stretcbinl repon 

(3000 - 2800 cm-I) is concem~. a more detailed comparison is difficult sincc selected 

spectral regions rather than the complete spectrum were publishcd. 

After cycling, no significant difference wu observed in the IR repon, the oo1y 

notable dissimilarity wu that the peaks were sharper and appeued more suddenJ.y than 

prior to cycling. 

The Raman speCtrl of 2-C1oH140 after cyclinC presented many imponant changes 

for the low-temperature phase but none for the room temperature phase. 'Ibis corresponds 

very weil with the DSe work of Buder et al.32 which demonstratcd that alter cyclinl a 

different ose curve wu obtained. Upon examinjnl the lanice region below 200 cm-1 

(Figure 3.15), it is immediately obvious that a different phase is present. In order to 

simplify the description of the oew phase. the new phase will be referrcd ta as phase l'. 

This region now contains fewer peaks in the low-temperature phase at 140 K but they are 

sharper than before cycling. The peakI appear al 47,7', 8S. 90 and 142cm-1• The most 

interesting peak from the phase l' spectrum is the 142 cm-1 which il DOt only a sbarper 

peak but also it is diffaent tiom the peak al 130 cm-I found in phase l, since it ia possible 

to ttap the molecule u il ÎI returlÙlll tG phaRllIId Il that point bodl peaka are present. 
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Maayodler œpœ. dilplay 110ft of "cleuûnl up" in tUt the peûI are DII1'OWW and much 

sharper; fCl' example, the bIOId 282 cm-I band in phue 1 appean u thne VOl)' Ihup and 

relatively intense baDdI in phue l'. The lame appUea to the quartet in pbue 1 cenand It 

373 cm-l wbich in pbue l' il still 1 quartet but DOt only Ile they Ibarper and bouer deflned, 

but 1110, the œlative intensitiel have chanpd. InteiadnalY, the phue 1 btOIId doublet It 

439 cm-l and 445 cm- I (sbleral mode.) hlve collapled into 1 .inale. IWIOW bandit 

440 cm-l. The same observation CID be illide witb the 471, 1m2, and 1097 cm-I doublets. 

The 1209 cm-I .houlder, on the peak It 1213 cm-l, present in phue l, bu diuppeued in 

phue l', but a shoulder is still present on the 1214cm-1 peak Il 1220 cm-l. Tbe 1270 cm-' 

peak of phase 1 is now a very stronS peak in phase l'. The 1477 cm-I. however, bu IODe 

from a definiœ peak to beinS aJmost noise in pUIe l'. Even the compUcated C-O reaion 

(Fi~ 3.lSb and c), seems less compücated in phase l' than in phase 1. 1bere are very 

sharp peaks at 1717 and 1702 cm-I u wen as a weak broad peak at 1681 cm-'. Finally, the 

CH stretchinl l'epon in phase l' contains more well-defmed and sharp peakI than in 

phase 1. The overall shape of the region in phue l' resembles that of the other actl""ntane 

derivatives in the ordered phase. 

Based on the presented data, it CID be concluded that phue l' i. the IDOIt ordered 

phue, with phase 1 beinl semi-ordered and sinee no difference. were observeci for phase D, 

it is still the plastic phase. Moreover, sinec phase 1 eventually chanp. tG phase l', phase 1 

is most likely a metastable phase. This is also supponed by the DSe results of Butler and 

co-worken32 which showed that the ASt of l' ta D wu nearly twice al IUle as that of 1 tu 

II. 
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300K 

lOOK 

2900 2500 2100 1700 1300 900 500 

Pipre 3.19 IR spectta ofbicyclononanone: pbue 1 (100 K), and phaR fi (300 K). 



... -----------------------r---------..... -... --.. -

( 

Chapter3 114 

vi. Blcyclo[J.3.1]nolllJll-9-ou (9-CgH Ij)J 

A total of 66 Raman and 53 IR bandI would be anticipatecl fm thiI ~ moleeuJe. 

The ~ normal modes of vibration can be broten down to yield 20&1 + 13~ + 17bl + 16b2 

for which i!1' bl , and ~ aœ both IR and Raman active, while ~ is solely Raman active. 

Possibly due ta band overlap aDd the presence of very weak bands hidden under the noise, 

only 40 Raman peaU and 36 IR bands were observed. The peak positioDJ as weil as their 

proposed usianments are presented in Table 3.1X. 

At room temperature, the 9-<;814° moJecule exhibited many broad vibraâonal 

peaks characœristic of an orientationally-disordeœd solid. Upon coolina, the Raman peab 

became sharper and nmower and, at ISO K, many peaks split into two components 

(Figure 3.18). Furthermore, at ISO K, the latâce region which originally contained DO 

peaks, is now comprised of three recognizable peaks. Similarly, the IR. bands either 

00c1lDC narrower or split into doublets as the samplc was cooled down !rom 300 K ta 

ISO K. These results parallel those obtained from the DSC measurements in that only two 

phases were ~tected. Phase 1 (the low-temperature phase) is the ordered phase, whiJe 

phase fi (the high-temperature phase) is the plastic phase. 

ln the Raman spectra, the 120 cm-I peak of phase fi becomes narrower but does not 

split or shüt by more than 1 cm-I . The broad peaks present at 211 and 229 cm-I at 300 K, 

either disappear totally (211 cm-·) or become much sharper (228 cm-1). The same eft'ect is 

cncountered with the bands at 340, 370, 384, 430, 605, and 616 cm-I where the 340, 370, 

and 60S cm-I peaks become shuper and nanower at ISO K, whereas the 384, 430, and 

616 cm-1 bands disappear. The 456 cm-1 peak gives rise ta a very sharp band at 455 cm-I 

and a much weater one at 470cm-l . Interesângly, the 661 cm-I band simply gets IDOle 

intense but does not split or shüt. Other peaks of interest aœ the 729 and 750 cm-I pair 

which in phase 1 undergo dnmaâc changes. For eumple, the 729 cm-1 peak shifts to 
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T.1llt1lX VibndoaIl dia (CID") t'ar9-~"""'" ....... ..... 0 

(1101Q (3OO1Q 

RIIma IR ....... IR ~ ....... 
2995111 2990Ib 

29l91li 2990n 29I4m 29111 
296S1h 

mlw 29601 296nah 
2941" 2940ù 
29321 2932vI 

2917" 2916v1 2920vI atllr. 
29151h 
2910.. 29101h 1910dt 

2900v1 
211&D 
2I1OIh 2I19va Ullvl 
2I651h 2I6Ova 
21". 2853va 2I52vI 2854va 

1733w 1730111,vw 1730dt 

} 1719w 17lOva 1720w 1722v. c-o 
1709w 1710va Iymmeaic 

17001h air. 
168Obr,vw 
1490vw 1490vw 1496w 

} 
1483m 

1458w 1457m 1456m CH2 
145'w 1455m 

1447m 1448m 
l440vw Def. 
1436w 143'vw 1438m 1436vw 
1430w 

1408vw,br 
13651h 1368w 1358w 
1363vw 1358vw 

n56vw,br 
1349vw 1349vw 1348w CH2w" 
133'vw liId 

1328m 1328vw 1328vw CCHde'. 
1316m 1313vw 

1292m 1295w l 1217vw 
l280vw CCllr. 
1271vw 127'vw 

1254vw 1257w 
1245vw 1247m 1244w 
1240s 1236w 123'ah 12401h C·CaD'. 

1231m Ci2de'. 
1221111 

1218vw 1220m 1218w 
11861b ~lWÎIt 

1165w 1165vw 1162vw lDd 
1136vw CCidef. 

ll25vw } 1 123w 1121vw CCidef. 
lOI'. 1088vw 10111 

107lm 1075m 1076m 

} 1(J61m 1000w I070w 
1029w 1026vw 1033w,br l025vw car 

rTl' 10201II cIII. 
101Mw l00lvw loo1w,br l001vw ... 
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T ..... l.IX Vi ......... (cm-I) t'ar~IaooD .... 

PbUeI PbueD 

U5010 130010 

Ramul IR RuIaD IR ~ ........ nta 

941. 931w 931m 936w 

1 
929vw 927vw 
920vw 9151D 911w 
907vw 904. 9CMvw 9CMm cc •. 
l34w 130Ib 830vw 130Ih 

129vw 821vw 129vw 
101. I04vw 805. 803vw 
115vw 1Mvw 113vw 
754w 753w 752w,br 
750w 741vw 750w c.e •• 
735vw 739vw 729w 
714vw,br 714vw 
661. 655vw 6611D 655vw 

616ft 
605vw 603vw 605vw 60Ivw C-C.e 
470vw 474w beadiq 

466m 466vw 
4551D 460w 456w 

430vw 
384sh 

371w 370ww 
337vw 340vw skele1al 
305vw 300vw,br 
293vw 281vw lIIOdeI 
221vw 228vw 

221vw 
IlllD l20m 
80vw } laaice 
7Ovw,br lIIOdeI 
55vw 

{ 
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735 cm-l and 10101 conaiderable lnteDlity, whiID the 750 cm-l .,UII into a peak Il 750 and 

anotber one of sUpdy peaIer inteDlity at 754 cm-l . Tbe 805 cm· l band merely .bIftI to 

807 cm-l in plwe l, wbile the peab at 830 lDd 828 cm-1 collaple lnta one band al 

834 cm-l • The two peakI Il 9041Dd 937 cm-l aive riIe 10 four very lhup peab at m, 

920,929, aDd 941 cm-l, witb the Iaaer beiDl the lDOIt lntenle. The peakI Il 1438 and 

1445 cm-l, whicb are of equal inlensity. djminisb and spUt inID t-.vo compoaentl. The 

carbonyl n:gion is mucb cleaner tban ln the eue of 2·adl""ntlDODe u ODIy ODe band 

(1720 cm- l ) is visible in phase fi (lOOID-temperatUre). Upon coalin., the baDd ilspHt loto 

two nurower peaks at 1709 and 1719 cm-l. Finally, u wu the ClIO for the Idlnntanc 

dcrivatives, the v(CH) n:gion (3100-2800 cm-l) explodel into 10 shup and weU-deftnecl 

peaks and shoulden at 150 K froID the thœe featurelell and broad peaks at 300 K. 

The Fr-IR spectta (Figure 3.19) do not show u many changes u the Raman 

spectra. The bands that underwent splittiDl, did 50 inta two componentl. The CH 

stn:tchinl n:gion was one of the most intclestinllelÎons in that at 300 K (phuo U) there 

wen: Il peaks and shoulders while at 150 K (phase 1), 17 bands and shoulden appeued. 

The C=O region wu Dot very clean at either 300 K or 150 K. In phue D, a total of five 

bands and shoulders CID he observed, however, tbere is only one stronl, broad peak at 

1722 cm-l. As the sample is cooled down ta phase l, tive peaks CID still be detected but 

then: are three distinct, narrowand sharp bands at 1733, 1720, and 1710cm-l . The 1S50-

450 cm-l n:gion contains many peaks whicb. upon COOIinI, become sharper, bette!' defined, 

and narrower than the phase fi spectra. For exampJe, the peaks centered at 1078 cm-llo 

from two bands in phase D, ta three IWI'OW and well-n:solved peab in plwe L The 

inlensity of the latter increases u weu. Tbere ÎI ODe IR peak al 668 cm-I that dilappean in 

phase 1. u wu aIso observed in the Raman lpectra. 
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299K 

240K 

183 K 

153K 

2900 2500 2100 1700 1300 900 500 

Fipœ 3.22 IR spectta of oxanorbomane: _~bue 1 (153 K), phase D (183 K), phase m 
(240 K) and Uquid phase (299 K). 
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vII. 7-Omb1cyc1o{2.2.1}"""", (Cl'uP) 

The vibrational repœsentatÎOll for the iIo1atecl oxanorbomane moIecule of C2v 

.yr~try œduces lo r vib. 13&. + 1~ + 12b. + 1~. Since '2 mode. Ile only Raman 

active while the others are bath IR and Raman active, 35 IR and 45 Raman-lCtive peware 

predicted. FunhenDOle, the 13a. modes will he polarized in the Raman spectrL 

Smprisinpy, only 23 Raman pew weR detected At 300 K and 25 IR banda were oblerved. 

It is possible lo account for the observation of fewer peab than expected by noânl that 

many of them are broad and tbat they may he superposed on omer peab which are perhap. 

weakcr and nmower. The tabulation of the observed IR and Raman peab and their 

proposed assignments, based on published norbomane data, can he found in Table 3.X. 

while lypical spectra aœ shown in Figures 3.20 and 3.22. 

It is immediately evident from the Raman data for the Uquid and phase m 
(Figures 3.2Ca and b, and 3.21a and b) that there is a direct correladon hetween the two. 

This is in good agreement wim the DSC results which indicate the en1lOpy of meltinl il 

approxi&aately equal lo the gu constant. and therefoœ, the only addidonal motion acquiJecl 

is U'anslational. The additional peaks observed in the Raman spectra of phase m can he 

attributed to solid-state splitting effccts where extra sj)littings would he expect.ed. Dued on 

the Raman spectra of the liquid phase and of phase m, it is obvious that phase m is tht. 

dismdered phase. 

The Raman spectra are once again a good indicator of the type of phase present. 

For instance, consider the latâce region presented in Figure 3.21. In phue ID. u in the 

liquid phase, there are no peaks, indicating a totaUy-disordered phue. A. the aample is 

cooled down, phue fi begins to appear, u evidenced by the ~ of four lattiœ 

modes. Finally, in phase I. seven latâce mode. CID he detected. It ÎI therefoœ obviouI dIat 

phase 1 is ordered, phase fi semi-ordmd. and phase ID totaUy-dilonlerecl. 1be ume 
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T ..... J.X 

LIquIII "-1 ..... a ...... m 

(30010 UOOIQ C2IO .. 12401Q 

-.. RIIDIn IR ~ IR RaIu IR A.,...".nta 
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3014w 3015. 
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2990Ib 1990lIl 2990IIa 
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29S011l 2953111 29SOIIr 195311l 2951br,vw 0I1Ir. 
mSIil 290tS* 

29401b,p 29351D 29401 293& 29401 29361 
29lOvw 
2920vw 292 ... 

29141D 291Sm,br 
2910vw 291o.b 29111" 29111 
msw 2I94w 2894w 
lIll. 
lIlOIIl lIl. 

2176m 2175. 2871. 
2173ab,p 2I70w 2169m,br 2871w 

2I67m 2161w 2167. 28671b 
1490lIl l ~ 14I3w 14IOvw 14I2w 1479vw 

14aovw 1471vw 1479br III'. 
147Svw 147Svw 1 474vw 
1467w 1470vw 146S111 1470vw } 146lw 1460sb 1463vw 1462.b 

14SIw l"'lvw 14S8vw } 012 
14SSab 14SSvw 14S6vw 14"111 

14S2vw 1450.b 14S2vw 14S2vw def. 
144Svw 144Svw 1443vw } 1443m,p 144lm 0I2def. 
143911l 1 .... l440sh 
I340vw 
1338vw 
1332w 

13l1w,p 1329w 1324vw 1328w 1324vw 1329br,w 1321vw 
13œ1h l304vw 012 
l303vw 1302vw 
l270vw bead 
1266vw 1265vw 
1260vw 1262vw 
l2SOvw 

l220nt 1211vw 

1 
~bcnd 

1216JD 
1210w 1210vw 1201.b 121o.Ja 1210sb lIIcl 

120Svw 1204w 12œvw 1203w 120Svw 
1197. 1197. 11971 slœlelll IIr. 

117Svw 117Sbr 117Sbr l 1l7Ovw 

{ 
1165. 11631a COC 

1157w 1l6l1D 11" .... 
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coacllllkJa il obtained tram the al .uetdün. œp,a (3050-2850cm- l ) wbere oaly ftw 

brœd peab 11'1 present in the plutic pbue, 15 reladwly .barp peab in the 1eIIIi-onlered 

phue, and 21 sharp banda in the onIeœcl pbue (Fipn: 3.21). The 888 cm-l peak il 

inlriJUÎn' in that it ,oeI ftom • bIOId sinJiet in pbue m to • abarp lÏDiJet iD pbue U to 1 

triplet (885,890, and 895 cm-I ) in pbue 1. Anotber put of inteœlt il the 933 cm-I wbich 

i •• broId sinaIet in phue m. sbarp sinpt At 937 cm-1 in pbue II. and. sbarp intense, 

doublet At 932 and 939 cm-1 in pbue 1. The peab cencered At 1212 cm-I in phue m 
collapae into one bIOId peak At 1219 cm-1 wim lhouIden in pbue fi lDCl finally • very 

sharp peak at 1216 cm-! in phue 1. Intemtingly, the 1328 cm-l vlriel froID a broad siDPt 

with many shoulden in phase m to a very sharp and intense singlet in phase U to • 

quadruplet of weak intensity in phue 1. 

The Fr-IR data (Figure 3.22) for oxanorbomane are not u informative as those 

obtained in Raman study. The v(CH) l'eaion docs under.o the ume chanps u was 

observed in the Raman spectra, mast notably that the peak count .oes from six very bIOId 

bands in phase m to Il peaks and shouldcrs in phue 1. The remainin. peaks are split into 

two components except for the 1262 cm-l which splits into four peaks on .oin. froID 

phase fi to phase 1. 

The previous DSC investi,mon had shown that cyclin. oxanorbomane at 

20 K min-l yielded what appeared to be a new low-temperanue phase labe1led phue l'. It 

hld aIso been shown that when the scan was done at 2.5 K min-1 the new peak disappeared. 

Altboup oxanorbomane wu cycled in the cryostat, throuJh the phue transformation, the 

Raman Spec1lUm It low-temperature aCter cycli", did not differ from the spectrUm pd« to 

cyclin,. This could indicate that. as bad been proposed in the pœvious chap., the new 

peak detected by Dse wu meœly due ID • dift'=nt nucleadon site rather than 1 different 

phue. Altemadvely, the cyclinllDCl SClnninl in the Raman wcxk wele pelformed Il. 
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ma lIower ratel dwl thoIe available for DSC. It wu DOt pOIdble tG cycle in the IR 

repon clue tG the type of cryOItat UIOd <M Section 3.m.ü). 

The 0-<;BloH12 molecule bu <;y point poup aymmetry and the 66 normal modea 

of vibradon span the 21al + 13'2 + 16b1 + 1~ repraentatiOftl. AD 66 mode. are Raman 

active. Since the ~ modes are IR-inactive, only 53 bandllbould be obaved in the IR 

spectrum. In our spectra, • total of 43 bands were detected at 295 K: 30 IR and 30 Raman 

bands (Table 3.XI). The missing bands may eitber be tao weak to be observed or buried 

beneatb stronpr peaks. The proposed vibrational ulipmenu for die observed banda ale 

presented in Table 3.X1. The assipments are basecl in pan on the force field CalCulatiODI 

for 0- and m-carboranes reported by Klimova et al. 33 

The following scheme will be used to help in the discussion of the Fr-IR and 

Raman spectra: 

~P""I 
Phue m 4-( ---+~ P .... D "'----

----..,. P .... I' 

(slow coolinl) 

(rapid cooliD.) 

The behavior of the variable-temperature IR spectra wu quite peculilr 

(Fipre 3.23). When the sample wu cooled rapid1y (about 10 K min-I) from either room 

lemperature or 260 K (i.e., froID phue m 01' phase II, lespectively) to 39 K, a new phase 1 

resulted, which exhibited more spUttingl than pbue D (hence ruling out the pOIlibüity of a 

'gIu.y' phase beinl fOlwed). Thil new pu. aIIo dilplayed a very pronounœd shoulder 

in tbo v(CH) IeJÏOIl, ac 3061 cm-I. Wben the sample wu alIowed to 1. al 100 K for 

tbœe day., the vibrational peab became only slipdy .harper. If the ample wu cooled 
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295K 

250K 

~-----------~~~~ 
40 K (rapid cooling) 

40 K (slow cooling) 

2900 2500 2100 1700 1300 900 500 

Fipœ 3.23 IR _s~ of o-cllbonne: p~ 1 (40 IC, slow cooliDa). pbue l' (40 K, 
rapid cooUna). phase D (250 K) and phase m (295 K). 
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295K 

250K 

120 K (slow coolina) 

120 K (rapid cooling) 

100 o cm-l 

Figure 3.26 Raman spcctra of the lattice region of o-carborane: phase l' (120 K, rapid 
cooling), phase 1 (120 K, slow coaling), phase D (250 K) and phase m 
(295 K)_ 

slowly from room temperatuœ (or from 260 K) to 39 K, however, fewer Splittinll were 

obscrved in the BH strelChing region (2700-2500 cm-l ), and the shoulder at 3061 cm-l 

became a well-defined peak al 3062 cm- l . No spectral changes were observed for thiI new 

phase l', even when the sample wu maintained at 100 K for three days. It appean that 

upon slow coaling, the nucleation sites of the sample may have more âme to equilibrare 

and only one crystal type is obtained. Upon rapid coaling, the nucleatioc sites do not reach 

cquilibrium and, therefoœ, the formation of a metastable phase is more probable. 

Some variable-temperature Raman data, usinl different experimental conditions, 

have been reported. 34-36 ln the present work, the sample wu cooled to 120 K and aUowed 

ta remain al that temperature. After 40 h, a new peak bepn to appear in the v(CH) repa 

at 3077 cm-l which, afœr niDe day., ceased to pow in inteDJity. The Iattice repon 
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T ..... 3.xJ Vilndoall daIa (CID'.) Car ~ 

Pl!uel' .... 0 PlllleM 

(39K) (2601C) (290K) 

Ramu IR RIIIIIII IR RlalMb IR }.aipmenUC 

3073. } 3064. 30641 3063. 30641 3067. 30701 y(QI) 
30611 

26611b 266Ida 
l630I 26321 

2623V1 2613. 2621. 
26121,1b 

260h v(BH) 
2604n,br 26031 ~n,br 

2593V1 2594. 
25.,.,tb 2583n 
1571. 2577V1,br 25761 

157 Iv. 2573n,br 
15591 15591 
1275vw 127Ovw,br 1266vw,br 
1214w 1214w 1214w 

1211w 1213w l213.b 1212w 
I209sb • (IIeB) 

1100lb 12031b 
1147vw 1149w 1141.b 1149w IISOIb 1149w b. (ll~) 

1I4Ovw 1139vw ll40nr 
1136m 11381b 1138w 1l38m 
1079w 1082vw,br 10l0w 100000,br 1079w 1080vw,br 

105 lib l05lab 
1000w 1049vw 1048w UM7w 1047w 1047w al (1050) 

10451b 1045.h 
1000w 1037w 1037 .. 1036w 1035w 1035w b. (1040) 
10321b 1034w 1033.b 

1015w 10l'w ~(10l0) 
l003w UlO4w l002w 
996w mw 
983m 986w 985m 985w 983m 985w b. (990) 

972vw 
967m 968vw 967m 9681b 966m 968* 6(118B) 
9631b 964vw 9641b 

955vw 953vw 
949vw 949vw 949vw 
9451b 

940m 942w 942m 942w 940m 942w 
9371b 937.b 

92lw 92lab 921.b 
917. 917.h 917. 917w 9161 917w 
903vw 906vw 904vw 906Ib 906sb 

( 
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T ..... 3.XI VlbndaMldlll (cm") l'ar HIItIara 

~p PbueD ....... m 
(39E) (260E) (290 le) 

RaaD IR ..... IR. ........ - II. AlllpauIlC 

"'w I17w lI6w 
176vw leovw l7'nt lIOIIa mft 1lOIII 
I63vw I65w "'nt I63w 162ft I63w Y~). 
79& 7fl7vw m. 7'T7w 795. "WIw • ( 1). 

7191b 7l91li 7l91li '(11) 
71& 717w 717. 716w 7. 

777vw 
'772VI 773tb 773Y1 1'7OvI 7avw al 
7611 762vw 7631b 7sm. 
7511 752vw 7521 75011a 7501 7S2br,vw 
74&1& 746vw 744vw 
7211b 730th 730tb ...... 

724w 7201b 71'" 713. 7161 715. 71'111 7131 71 .... Yibndau 
631vw 631ft 631br,vw 

594al 5Mm 590lIl 11(') 
513. 515vw 513. 51'vw 5111 Sl5vw 
5101 5801 
570. 574. S70s 
S60t 5661 562. 
476w 476w 480sh 11(') 
472m 472m 470lIl 

7(lm 
SOm 

311D 

a A founh pbue wu found iDlbc IR ud Raman lpe:ctrI wbicb dUr .. fIoal phue 1 by the 
pmeoce of • peak rather lhIIla tbouIder 1&3062 carl. 

b No Raman specD'Ù data wcrc obtIinod iD die v(BH) repOL 

~ Vaille •• bowa in pII'Ialbele. _ tboae fnJIIl the fon:e field calculadou iD m. 33. 
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(Pl..- 3.251Dd 3.26), wbicb iD p .... ID, wu featuœJeI., lIId sbowed oo1y • sinpe peak 

in pbue D At 38em-1, DOW coatlÏDed may dildDct l'Om wbicb ÎI indicative of a IDOle 

ordered crystal. Upon slow coolin" bowever, v(CH) docI DOt UDdeqo splittin" inltead, u 

wu an in the IR specll'l, • abouJder appeII'I. Tbls Md been previously observed by 

Bukalov and Leitea35.36. Cearly, kiDetic effecu Iœ important siDee the DOW peak at 

3C177 cm-l took lonpr to appear Il 120 K (40 b) tban At 168 IC (15 h). We sbaIl seo tbat 

publisbecl resuItl37-40 will pmvide SOlDe clues u to why soch an effect wu observed. 

AlI the NMR. resuIts in the literalUœ dealinl witb che moJecular dyDllDics of 0-

~BloH12 indieate that the moIion ÎI isocropic in pbue In, but anisotropic in the low­

tempentwe phases. The exact temperature for the trIIlIition tiom pbase U tG pbue m and 

the nature of the motions in tbese pbues bas not been established. 'lbe reportecl NMR 

phase-transition temperatures vary fiom 165 K to 200 K, compared witb lS8 K fmm 

adiabade ealorimetry. The proton line width varies smoodlly with cbanps in temperature 

t10m 120 to 2S0 K. Tbis is a wide temperatwe rup for a motional transition and might 

weU be a factor accountinl for the difficulties in interpreting the spin-Iattice œlaxadon­

timedata. 

The acdvation enerlY (Ba> determined for the isotropie pbase m is about 

12 Id mol-1, wbile chat for the anisouopic pbases lies in the 23-40 kJ mor1 ranlc. 

Reynbardt and eo-worken40 sugested tbat the 23 kJ mol-l banier might be due to IOtadon 

about a two-fold axis, a rcasonable sugesdon far the ~v-symmetry reducdon of thc 

Îcosabedral cap. On the ouis of tbis barrier, the correlation âme for molecular 

rcorientadon. "c' would vary fIOm S.9 lUI al 165 K to 3 1 At 120 K. The E. values reported 

by Beckmann and Leftler,39 27 Id mol-land 40 kJ mol-l, were attributed to a temperature-

dependeDt activation eDerIY, siDce the bip lIId low sicle of the Tl plot produced diffeœnt 

values. The 40 k1 mol-1 value leIdI ID • "e of 1.3. Il 165 IC and ca. 20 b at 120 K. A 
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hi'" bmier wouIcllad to ID ovea Ion .. "c value. u il lUaeatecl by our Yibntlaal1 

IDeUmemeDtI. 

Rapid quencbinl of the umple to Iow .mperatuœl CID hele-iD diIorder. T'be 

poteDtial function IOverDÏlll whole molecule lOCadoIl wm depend 011 the orientadon of 

neipborinl mo1ecules and, tberefOle, a diltrlbudOD of bmten will exlat. 1bla wouIcl 

explain the oblerved aemperature dependeDce of the barrlen. 

Table 3D Correlation diagram for l-substituted adamantanes. 

Adamantane Adamantane 1-CloHl'X 

(Td) (C3v) (C3v) 

Sai (Raman) • Sai • 5al (IR ,Raman) 

~(-) ~ "2(-) 

6e (Raman) 6e 6e (IR· .Raman) 

7tl (-) 7~ 
~e 

7~(·) 
7e {IR. ,Raman *) 

11~ (IR,Raman) lla1 
lle 

liai (1R,Raman) 
Ile (IR,Raman) 
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D. DISCUSSION 

i. Adama"tane derivatives 

Adamantane has been studied by vibrational spccttoscopy and fon:e field 

calculations. With the aid of these data and publisbcd data on adamantane derivatives, it 

has been possible to assign the vibrational modes shown in Tables 3.n, and 3.V-3.vm. 

Lowering the symmetry of adamantane by replacing a hydrogen atom with a halagen, or by 

removal of a methylene group and introducing a carbonyl group, results in ail of the e and t 

modes of adamantane being split ta non-degenerate levels. Thus, 40,69, and 72IR/Raman 

peaks are expected for C3v, C2v, and Cs symmetry, respectively, as opposed to merely 

22 bands for adamantane (Td-symmetry). As evidenced by the data presented in 

Tables 3.11 and 3.V to 3.Vln, sorne peaks which were originally inactive or merely Raman 

active, become IR and/or Raman active, upon reductian of symmetry. These are denoted 

by an asterisk in Tables 3.XII to 3.XIV. 

One of the most interesting regions in the substituted adamantanes is ccrtainly the 

CH stretching region (3000-2800 cm-1). It appears ta he an excellent phase transfonnation 

indicator. In general, the Raman spectra of the plastic phases contain approximately four 

peaks, and as the sample is cooled towards its ordered phase, Many more peaks appear. 

This is not simply a low-temperature effect where Many sharp and well-defined bands 

would be expected Consider the adamantane derivatives which have more than one phase 

transition, more specifically, I-bromoadamantane, 2-adamantanone and 

2-chloroadamantane. In each of these cases, the ftrst transition yields more v(CH) peaks 

but not as Many ,..s when phase 1 is attained. This is regardless of the temperature at which 

the transition takes place. This is clearly seen with 2-adamantanone which, prior ta 

cycling, exhibits six relatively broad peaks in the CH region. After cycling, however, the 
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Table 3.xID Correlation dlagram for adamantanone. 

Ad'''''"ltaDe Adaman1lDe 2-CloH140 

(Td) (~v) (~) 

SaI (Raman)- 5al • Sai (IR .Raman) 

~(-)- ~ (Raman.) 

- 6al • 
6e(Raman)-

6&1 (IR ,Raman) 
6ai 6a2 (Raman) 

-7~ ~(R·l 
7t1 (-) 7bl 7b (IR.Raman·) 

7"2 7~ (IR· ,Raman·) 

- 11a 10.1 (IR,Raman) 
1l~ (IR,Raman) 11b

l lIb l (IR,Raman) 
11~ 10"2 (IR,Raman) 

same region eontains seven sharp and well-defined peaks. Sear in mind that both the 

phase 1 and the phase l' spectta are taken at the samc temperature, thereby JUlin, out 

temperatule effects. Since the DSC results for adamantaDone showed that alter cyclin. a 

new phase appeared, it is sale ta say that the new peaks appearin, in the Qi stretchinl 

œlÏon are due a new phase. It can therefore be concluded that this relÏon ÎI a Sood 

indicator of an order-dison:ler uansition. A possible explanaâon for this observation il that 

the C-H poups are protI'Udin. in aU of the molecules ltUdied, in otber wOlds they an Iike 

flqpoles. In such a eue. they wouJd be expccted to be more sensitive tG • chanp iD 
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Table J.XIV Correlation diagram for 2-substituted adamantanes havinS CI 
symmetry. 

Adamantane Adarnantaœ 2-C1oHlsX 
(Td) (CS> (CJ 

Sai (Raman) Sa' Sa' (IR.,Raman) 

~ (-)- ' Sa" a' (IR • .Raman *> 

6e(Raman) 6a' 6a'(IR.~) 
-6&" 61" (IR ,Raman) 

711 (-) 7a' 7 '(lR.~.J 7: tt (IR ,Raman ) 141" 

Il'2 (IR,Raman)_ 22a' 221' (IR,Raman) 
7a" 7a" (IR,Raman) 

environment or, in orientationally-disordeœd solids, highly sensitive ta orientadonal 

chanaes.41-43 The QI stretching œgion is not, however, the MOst ideal u far as 

interpœtation is concemed sinee it is DOwn to be highly dcgencrate.31 

Another repon which sbould be equally sensitive 10 orientaâonal changes of the 

molecules is the C~X stretching œpon (X. Br, Cl, and 0). Interestingly, the C-o 

stretchinl vibration does underao modjficaûon as the sample is cooled from phase U ta 

phase 1. It hId previously _D shown tbat Fermi œsonance wu involved in dUs repon, 

but this rep still iDdicltes tbat • pb&le transition oc:cun which, bued on the same 
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argument as for v(CH), most likely originatcs from an orientational change. Alter cycllnl, 

this rcgion did not change very much thus implying that the phase 1 .-+ phue l' 

transformation docs not undcrgo a change in orientation. The carbon-halogen strctcblna 

mode is pcculiar in that it docs not appear to bc sensitive to phase transitions. The bcndina 

modes, however, werc susceptible to splitting as the sample went throulh a phase 

transition. As had bcen secn prcviously. lowering the temperaturc did not neccssarily 

imply that more peaks would appcar as the splitting lOOk place only al the phase 

transformation. 

ii.Others 

Similar effects to those described for the substitutcd adamantanes were observed for 

the other compounds studicd in this thesis. As mentioned in the prcvious section, the 

v(C-H) region is a good indicator of phase transformations. Considcr the Fr -IR and 

Raman spcctra of o-carborane. Originally, only a single peak is observed in the v(CH) 

rcgion, however, aCter a certain time, a splitting occurs. The lattice rcgion, also undcrwent 

changes and since it containcd bcucr dcfined peaks than originally, the splitting must he 

duc to a phase change. As would he expectcd, the v(B-H) modes also exhibited changes. 

ln the case of bicyclononanone, splitting occurrcd in the C=O stretching region as weil. It is 

thcrcforc self-evidcnt that fiag-pole type moieties are very sensitive to phase 

transformations. 

The lanice regions of O-C281oH12, 9-C9H140, and C6HlOO always undcrwent 

changes as an ordcr-to-disorder phase change occurrcd. The most conspicuous change lOOk 

place in oxanorbomane for which both the liquid and plastic phase display no external 

modes. Upon caoling, pcaks hegin to appear but only in the most ordercd phase (phase 1) 

arc they well-defincd. As statcd above. o-carborane also had changes occur to its latticc 
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lDOdeI but OII1y der -40 boun It 120 X. thua cUmjn.dal die poaibiUty tbat tbiI cbaDp 11 

IOlely • œmpenture eft'ect. Bued on the data paented it il obYiou. tbat tbeIe exœmal 

D. CONCLUSION 

It bu been shown that variable-tempeIItUIe IR and Raman are exceUent 

complements tG DSe in that they do aïve moœ informadoo about the pbue bein, probed. 

Also, due tG the fact that commercial œfripration sy.ms allow the user tG 10 tg lower 

temperatures than that available from commercial DSe instrument:, variab1e-tempenlUIe 

speclIOscopy is sometimes the only possible method available tG investipte possible pbue 

transitiœs. It wu also possible to detect another plwe trlnSformation in o-carborane 

which had lone undetected by ose. 

It can also be unquestionably stated that some vibrational modes such u the e-H, 
B-H, and C=O, as weil u the extemal modes are very susceptible to orientadonal chanps. 
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VARL\BLB-PRBI8UU IIICRG-RAIIAN 8TUDIBI 01' 

OIUBNTATlOKAlLY-DI8ORDBRBD SOLID8 

(PLASTIC CRDTALS) 

A.INTRODUCI'ION 

LGINIIAL 

ln the precedinl chepter, it wu shown that spectral chanles are encounterecl for 

orientationl1l11y-disonleœd solids u a function of temperatule. It wu a1so determined that 

these chanacs are due ta phase chan., rather than just temperature effects. One of the 

problems encounceœd with variable-temperature vibrational spectroscopy is the 

determination, with any depee of œnainty, whetber or not a spectral chanp observed at 

low or bip temperature is in fact due to a phase transition or merely a temperature effect 

1beœ are âmes wMn the ttansformations are very subtle and it is therefore difticult tu 

conelude that a phue chanp wu iDdeed encountered. It is weil DOwn tbat variable­

temperature meuwements affect the tbermaI population and hence the vibrational enerlY 

levels more than the distance parameten, and, tberefare, a lood complementary technique 

wou1d be ODe where the distuœ panmeten predomin1te. Such a methocl ÏI variable­

preaure vibrational I)JeCUOICOpy, whem ChanPI in volume OCCUl' isotbermI1ly lDd are 
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mare euily oa.necs becaule anbumonic effec1l .. improbable and tbenfcn wW DOC 

oblCure the decreue in volume. 

Variable-prell1ll'e spectIOICOpic metboda employinl • dilmaacl-avil ceIl (DAC) 

bave been in UIO for approXÏlDaœly 30 yeus. The DAC wu developed Il the NldODll 

Bureau of StaDdardl in the United StIIeI and wu oripwiy inr.mded for IR spectrolCOpy 

up fi) 50 kbar cr -50 000 lbIl (1 bar· 10' N m-2 • 0.9869 11111).1 Due fi) itlllDlllliIe lDd, 

IIICR imponandy, the inleœst in ltudyinl materiall U 1 ftmcdOll of pressure, the DAC wu 

adapled ID other techniques such u x-ray lDd RIIDI" I)JOCtroICOpy. Tbe UlefulDeII of the 

DAC is immediately apparent fmm the number of publications appeuinl in the Uteratule 

(697 froID January 1967 to September 1988) in fieldl ranpi froID the pbyaical tG the 

bealtb sciences and even in forensie science. 

The diamond-anvü œil consistl of two transparent diamond anvüI mountecl in 

opposition tG one another. The size of the diamonds tbemselvel vary from 1.2 mm (wben 

studying pressures up ta -70 kbar) to -0.3 mm (for preSSIR' exceedinl 400 kbar). There 

are four different types of diamonds available; tyr.e. la and lb eontain nitropn impuritiel, 

type Ua il pure dillDOlld. and type Ub bu boron impuritiel.2 The determinin. factor u to 

whicb type should be used is dependent on the specaroscopic metbod employed and the 

COlt. The cheapelt diamonds Ile type la since they are the IDOSt abundant in nature; 

however, they are only practical for Raman spectl'OlCopy, as Won. and K1u.2 have 

œmonstratecl tbat there ia less Ouoœscence with type la diamonds tban with type 0 

diamoDda wben the 514.5 nm line of the argon-ion luer ia used,1Dd they abaorb Itmnpy in 

the mid-IR repon (2700-300 cm-1).2 Type fi dia""'" are CODIidered to be 1 compromile 

for those who want to perform prellure IR and R'IDI" lpectrolCOpy witb the lime celle It 

is considered a compromise because type fi diamonds are hiPlY Ouoreant wben eitber 

the 488.0 nm or the 514.5 Dm liDe of the 1IJ000-iOIlluer ia UIOd to exeeute the Raman 

spectnuD. Adams,t œ.3 bave fOUDd that Ulin, the 632.8 DIU (recI) liDe of 1 He-Ne lucr 
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aIIowed tbe DAC equipped wim type D diamondI to be used fIOm 0 cm-1 up to, but DOt 

limitecl to, 4000 cm-I. More œc:eDdy, Hincb aad Holzapfel have eltlb1iJbecl that the 

diamond overtone at 2500 cm-1 CID be uled U 1 stlDdlld for the selec:tion of diamonda for 

Raman speclrOlCOpy.4 They fouad tbat for diamondI to be useable for Raman 

spectrOSCOpy, be they type Ior type II, the intensity of the 2500 cm-1 band lhould be tbree 

âmes pater than the backpound. Tbere does IlOt appear to be lDy criterion, however. for 

hi'" pressure x-ray spectroICOpy.5 For 1 detailecl review, COIDpIrison. and description of 

cliffeœnt types of diamond anvil ceUs. see refeœnces 2-18. 

Althougb the DAC bu Men lI'OUDd sincc 1959, it wu not until 1964 that tbis 

device could be used as a quantitative technique. This came about wben Van ValkenblD'l 

started using a gasbt between the two diamond anvils.19 The pmposc of the ,lIbt il 

actuaDy thœefold; (1) 10 contain the sample, (2) 10 prevent the diamonds from coming into 

contact with cach other thcreby pmlonginl their workin, life, and (3) to belp maintain 

hydrostatic pressure. The last purposc is debatable, howevcr, and many worken still UJe a 

hydrostatic medium. The most popular media are a 4: 1 mctbanol-ethanol mixture or a 

16:3: 1 water-methanol-ethanol mixture when pressures of less than 200 kbar aœ beinl 

employed. 20,21 

Pœssure measurements aœ useless unless the pressure values are known with a hiJb 

degree of certainty. Various methods exist that permit the calibration of pressD. 

Buentially. these CID be brobn clown into two catelOl'ies; (1) primary gaups and (2) 

sccondIry puges. The primary scalcs comprise any device tbat aasures pressure on the 

buis of fundamental equations, sucb as, 

P-F/a [4.1] 

wbcre P is the pressure, F is the force, and a il the Ile&. The men:ury manometer is buecl 

on equation 4.1 lDd is tberefcn 1 primIIy scaIe. HoMver, such scales are DOt a1wlyt 
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pncdcalllld dIerefore SOlDe otber 1CIIe. wblch bu boeD calibnted .... t a primuy 

pup. il UJeCI. 1'heIe are known u lecOIIdaIy lCIIeI ad encomplll weU-known devlce. 

sucb u strain-aau .. and electrical reaiallDCO devic:eL T'be cri .. for a pIU.ure calibrant 

include: reproducibWty. temperature-independeDce, cbemicallnenDeu, lICk of by .... iI. 

and weU-cbmcterized. 22 Prier to 1972, the callbndoo of the DAC wu doae Ulin. 

fœezina-podits of Uquids and weU-known solicl-soUd tl'lDlitiou. In 1972, however, 

Forman It al.23 introduced a calibration technique (for meu_menti Il that dme up co 

22 kbar) bued on tbo fluoœsc:ence of ruby powder (0.5. er3+ -doped Al20Y. 
Tbeoretically, isolaœd er3+ sboulcl show only one peak (due to the spiD-forbldden 

transitions between the 2E and 4 A2 states); however, aiDee er3+ CID occupy one of the Al'!r+ 

sites, spin-orbit couplinl takes place, tbereby removina the deFnency of the 2J! levellDd 

leneratinl two states (E and lA). Consequendy, two ruby fluorescence lineSIl'e observed 

al 694.2 Dm or 14405 cm-1 (R1-line) and 692.7 nm or 14436 cm-1 (~-line) at 0 kbaJ23.2A. 

Theœ are IWO important advantales to usina the ruby aaUle: (1) oruy a smaU chip ÎI 

necessary and (2) il is cbemically inen and, even from a spectroscopie point of view, it 

docs not interfere with the majority of the intemal or extemal modes. The pressure 

dependence of the ruby R1 line wu foUDd to be -0.77 cm-1 tbar-1 while tbat of the R2 1ine 

wu observed to be -O.84cm-1 kbar1•23 Pœsendy, below 300kbar, the accepted value of 

the Rlline is now 0.753 cm-1 kbar. The relation can be wrilten as: 

P.-1.3284v [4.21] 

or P-2.74Oâ1 [4.2b] 

wbere P is in kbar and 4V, 4A are the wavenumber and wavelenatb differencel in peak 

position in cm-land A, respectively, me&IUIeClll pusure P and ambienl pœllUI'O. Above 

300 kbar, and up to 1000 kbar, the accepred reladoo becomeI:29 
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P - 3808[Mo>' - 1] (4.2c] 

where both 1 and Ao aœ in nm and am meuured al pœUUl'e P and 0 kbar, respectively. 

Unfortunaœly, the RI and ~ Unel of ruby am also temperature-depeDdent, 

-0.134 cm-I K-I, and tberefore eue must be talœn that the experimental temperature be 

known and sinee chis dependence corœsponds to 0.17 kbarK-I, local beadD. must be 

avoided. 23,24 Anolher disadvantaae is that the two ruby bands coaIesce u the pœslure il 

increuecL Needlel. to say, U the yan went by, the calibradOll bu been ÎIDpIOved and it 

utnaDLUIOND 

aVlYCIDP 

Fipœ 4.1 Scbematic diapam of cIiamond let-up for SCltterin. experimcnt. 
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bu DOW been uMICl up to 1000 kbIr and Il variabJe. ...... ture. 25-33 Tbo ruby lCIle la 

very _fui for RImaa specllOlCOpy, but DOC wry coaveaieat far infnnMI IpICUOICOpy 

liDce fluorescence IDIU1IIeIIIeIlli ClDDOt be made GD ID FT-IR 11* ...... without 

speciIl equipment. It is for tbiI reuon tbat ..... bu beeIl done Ulin. otber typeI of 

calibratl. For exemple, Klu,a WbaIley bave IU""- UIÙI, nitrite and nibte Ions in 

the form of sodium saltl, wbich bave chancteriatic IR abtarpdou at 1279.0 and 

1401.3 cm-1 Il zero.pœSIUII, leipeCdvely.34 For exlmple, the preuUle vllue CID be 

obtained by monitorinl the nitrite band Il 1279.0 cm-1 Ulinl eq. [4.2]: 

P • 2.35Mv - 1.334Av • exp(-Avl92) [4.2] 

where P is the pressure in kbar, and Av is the difference between hquency value. Il 

pressure P and at atmospberic pressure, and is pven in cm-1• If the nill'lte ion il uled as 

the calibrant (1401.3 cm-1), then the pressam is calculated from eq. [4.3]: 

P • 1.775Av - 0.7495Av • exp(-AvnS) [4.3] 

where the symbols am defined u in eq. [4.2]. Won, etal.3! have foUDd chat niaite and 

nitrate ions are not a1ways convenient to use and proposed usina the band Il 801 cm-lof 

crysta1line quartz as an internai calibrant. The relation usec1 to detennine the pressure 

(kbar) in tbis case is: 

P • 0.0158Av2 + 1.1684v - 0.1660 [4.41] 

Men œcently, Wonl13 bas propoMd Ulin. the 695.2 and 795.5 cm-1 banda of Cl-qUll'tZ; the 

associatecl pressure depeDdeoce. are: 

P - 0.151Mv2 + l.2062Av (695.2 cm-1) [4.4b] 
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p. O.OI384v2 + 1.0752Av (795.5 cm-I ) (4.4c) 

Over the lut dne yean, "mpII bave beea illide to 1110 die 1332.5 cm-1 of 

diamond iuelf u the pœllure calibrant for Raman experimentl.36-3I Tbere a, however, 

probleml tbat arise, and the dilmond "Auœ selle will pmbIbly Dot be UIed. especiaIIy Ü 

FT-Raman lpectrolCOpy il employed. 

1be micro-RamIn (also known u MOLE or RIIDID microprobe) technique presents 

lDIIly mVlDtap. in .tudyinl phase II'IDIitions usina a DAc.36-43 1be major advantap is 

its abillty to focus on a particuIIr position with a minimum amount of power. The 

collection efficiency is very rup 50 tbat only small amountl of sample are œquired for 

analysis. The alipment of the DAC is facilitated by pllcina the DAC on ID 

X-Y microscope stap and bath the sample and the ruby cbip CID be observecl on tbe 

microscope screen USinl wbite light. 

B. EXPERIMENTAL 

The Raman and nlby fluorescence spectra were recorded on an Instruments S.A. 

U-l000 RIIDIDOP spectrometer equipped wim a NIChet optical microscope and inœrfacecl 

co a Columbia Commlndor microcomputer (seo Section 3.B.I). 
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Main accessorics uscd in pressure-Raman studies. 
(a) Ruby powder 
(b) Pre-<:ompressed 200 l'm lhick slainlcss sleel gaskels (200 l'm hole) 
(c) Diamond mountcd on pislon (Iowcr diamond) 
(d) Diamond mounted on cylinder (upper diamond) 

Figure 4.2 

( 



Figure 4.3 Insidc vicw of diamond anvil ccII as seen .hrough Ihe microscope 
observation scrccn. 
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D. DwIoND AImL CILL 

A 400-JUn thick Plleet wu mounted between the pan1lelsurfaœl of two type-Da 

diamonds (whose alipment bad been verifiecl) of a diamond-anvU cen (DiaœU ProductI, 

54 Ash Trec ReL, OADDY, Leicelter, LE2 sm, EnaJand). The powdeM ruby chip 

(internai pressure calibrant) and the SImple were placed in the 300-JUIl hole of the 

stainlcss-steellasbL 8ince the SImples examined Ile plastic crystals at mom temperatUJe, 

it was difficult 10 intrOduce them into the lasket under normal conditionl. 'Ibis problem 

wu sunnounted by coalinl the samples (with Uquid nill'Opn) into their 0Idered Sllte, prior 

to placinl them in the laskeL Moreover, due to the solubility of the S&q)les studied 

(I-C1oHlSCI, 2·C1o"15C1, and °-<;810812)' none of the conventional hydrostatic media 

could be used. The DAC was then mounted onto an X-Y microscope stap, and a 4X 

microscope objective was used to focus the laser beam onto the sample. The laser powers 

employed were approximately 20 mW ior the sample and la mW for the roby fluorescence 

(to avoid local heatinl effects). The following sequence was usai when maldnl spectral 

measurements at each pressure: (1) apply pressure, (2) wait la min to 8ll0w the sample and 

roby to reach pressure equilibrium, (3) scan the roby fluorescence, (4) scan the Raman 

specuum of the sample, and (S) rescan the roby fluorescence region. The pressure exerted 

on the sample was calculated usina equation 4.2a. 



FiI'R 4.4 Vlew 0I1he Raman micmprobe couplcd 10 lhe DAC. 
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Figure4.S Diamond anvil ecU mounted on an X-y stage using the 4X objective. 
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C. RlSULTS AND DISCl1SSl0N 

Tbe pressure dependence of this compound wu .tudied up ID 55 kblr wben, due 10 

non-hydrostatic conditions, the bands bec:ame featureles.. The "POIlS .tudied were die 

v(CH) repon (3000-2800 cm-I) and the finaerprint repOll (1 ~ cm-I ). However, due 

to the fluorescence of the diamouds only the 773 cm-1 band could he cully monitored 

while thc v(CH) region wu studied with difficulty. The 773 cm-· peak hu been atttibuted 

to a mixture of the al and e elements of thc anti-symmetric CH2 deformation mode. (see 

Table 3. V1). 

No dramatic changcs were detec:ted in the 773 cm-I repon but a continuoUi .hift 

towards higher wavenumber wu observed. The peak went from 773 cm-· al ambient 

pressure to 800 cm-I al 53.6 kbar. There was also a loss of intensity which could poa.ibly 

he explained by some peaks splittinl into two or more components. This, however, wu 

not observed due to the high background caused by the diamonds (sec Fipre 4.6). A plot 

of wavenumber vs. pressure for this repon, FilUle 4.7, docs revcal that tbeœ i. a chanae in 

slope occurring al -4.6 kbar. Below 4.6 kbu the slope of the curve il 2.0 cm-a kbar- I , 

while above, it decreases ta 0.47 cm-· kbar-I• The latter dv/dP value il .imilIr 10 that 

obtained for actamantane44 and ad'rnantanonc45, wbere the valuel ranle between 0.4 and 

1.0 cm-· kbat'·. Tbe low-lRslure dv/dP value is mucb hiper but it i. only bued on 1 few 

data points and thcrefoœ is mase p!Obably not very reUable. 
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19.8 kbar 

0.3 kbar 

840 800 760 

Figure 4.6 Variable-pressure Raman spectrlof l-C1oHl,o in thc 840-740 cm-1 regioD. 

Althoulh more difticult to study, the 3000-2800 cm-1 l'Clion docs sugest more 

clearly that a phase transition occun aroUDd 4.6 kbar. This is espccially obviOUl from the 

dv/dP plot shown in Fipre 4.8. The slope before and after the transition docs not really 

chanp and is cucntially zcro if one lUes into ICCOWlt the crron involved in peak 

DleUUlemeDts due to the broIdncs. of the bands. 1bere ÏI, however, a dcfiniœ .hift in peak 
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position from 2929cm-1 at ambient presluœ to 2940cm-1 at plUlUIU .. _ dwl 

4.6kbar. 

The data for botb repons tberefoœ indicate that a pbue IrIDIidon OCCUl'l around 

4.6 kbar. This is in apement with the number of phuel found by variable temperat\n 

Raman and infrared spectroscopy u weU U by DSe. Furtbermore. bued 011 the 

appeannce of the v(OI) repOlI and the behaviour of the 773 cm-1 peak. the phue 

produced at 4.6 tbar is the same u tbat formed at 245 K. This observadon impUel that the 

phase ttansidon is dominated by a ch'Ullc in volume. 

cm-1 

800,---------------------------------------~ 

790 

780 

770~--~----~--~----~--~--~~--,---~ 
o 10 20 

Preuuœ (kbar) 
30 40 

Fipre 4.7 Pressure dependence of tbe 773 cm-1 band of l-C1oHl,c· 
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Figure 4.8 PreSSIR dependence of the 2929 cm-1 (vCH) band of l-C1oH15Cl-

The compound, 2-C1oHIsC1, wu studied u function of pressure up to 35 kbar. 

Once .. lin, the repons investipred were 3000-2800 and 1500-400 cm-l, but due to the 

diamond fluorescence oo1y the behaviour of the v(CH) repon and the 763 cm-1 band (a', 

C-C stœtchinl and C-C-C beodinl mode" sec Table 3.Vm coulcl be monitored with 

relative eue. 

The v(CH) repon, Fipre 4.9, proved to be the mast pressure sensitive repOlI. As 

bId boen observ,:cl by variable-tempenlUIe RIIDIIl and IR spectl'Olcopy, the diJcrdered 

phue at I0OIII tenlperatuJe lDd ambient JRIIure. exhibited tbree featuœleu bands (2853, 
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Figure 4.10 Pressure-dependences of the 28S3, 2918, and 2941 cm-l bands of 
2-chloroadamantane. 

2918, and 2941 cm-l). At 2.6 kbar, however, 10 peaU could be observed, the samc number 

as observed al 242 K. The bands that had been observed at 0 kbar can now be seen at 28S6, 

2922, and 2947 cm-l, respectively. Moreover, the bandshapes at this pressure aœ identical 

to thOle obtained by variable-temperature Raman spectroscopy. As the pressure is 

increued, the bands bep to coaIea until about Il kbar, but the pœvious bands are still 

noticeable al 2867, 2940, and 2963 cm-l• The bands 1IIOCiat.ed with thiJ new phase do DOt 

appear to be the same as those observee! by vuiab1e-temperatuœ Raman 5peCUOSCOPY. 

Tbeœ are two possible œaIOIlI for tbi. observation. Findy, the phase transition involve. 

more than • meœ cbanse in volume. Secondly, since the sample ÎI DOW aysta1line, non-
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180 

Fipre 4.11 Variable-pre~1R Raman spectra of the a' mode of 2-C1oHl,o 
(800-725 cm- repon). 
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hydmJtadc effectI become more imponant and the coalescence of the peaks is actually due 

to non-hydrostatic conditions. The dv/dP ploc (Fipre 4.10) for tbis repon did DOt provide 

additional information except tbat it confirmed what hId been observed froID the spec:tra, 

i.e., a phue transition occurs between 0 and 2.6 kbar and anotber transformation taIœs 

place between 8.5 and 11.9 kbar. Tbe c:alcu1ated dv/dP valuel for the tbree major bands are 

0.2, -0.9, and -0.8 cm-1 kblr"1 for phase 0 and 0.7,0.9 and 0.7 cm-I kbU-1 for phase L Tbe 
, 

nelative dv/dP values obscrved in phase U u weB u the fact that they Ille smaller tban 

those for the more ordered phase l, aœ rare occurrences and could ~sibly be attributecl to 

SOD factor which inbibited the molec:uIc from bciD, c:omprcsscd in phase U but is no 

lonler present in phase 1. No value could be obtained for phase m sinc:e ont Y one point 

wu mcasured. 

The 763 cm-' peak (sec Figure 4.11) also showed tbat a phue transition oc:curred 

between 0 and 2.6 kbar since it went fmm a sinpet at 0 kbar to a doublet (759 and 

768 cm-I ) at 2.6 kbar. Another chanp appcars to take place at -11.9 kbar, but, u can be 

seen from Fipre 4.11, this region is quitc noisy and mus it is difficu1t to determinc whether 

or not a phase transformation docs actua1ly takc place. AllO, due to the noise, the band 

positions cannot bc determined accurately; henc:e, a dv/dP plot docs not reveal very much 

information. 

iii. o-CDrborQIII, o-C zB 1(#12 

The effccts of pressure on this compound were studied up to 70 kbar when the 

pcaks bccame too bro\d to determine tbeir positions with sufticient accuracy. The v(CH) 

region (3100-3000 cm-') wu investilated. but proved to be less pressure sensitive tban the 

84(). 740 cm-' repon. Representative spec:tra in this latter ranp are sbown in Fipre 4.12. 
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16.4kbar 
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S.4kbar 

2.9 kbar 

O.Okbar 

840 800 760 

Fipœ4.12 Variab1e-preUUIe Raman spectra of o-~BloHl2 in the 840-74Ocm-1 

repOlL 
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The 773 cm-1 pat bu been alipeel to the iD-pbue B-B stretcbiDl mode (al) of the 

~v-symmetry icOllbedrll cap (-Table 3.xJ). 

IniliaUy, the 773 cm-l peak wu relatively symmetrical, witb ODIy ID extremely 

wcak shoulder at -765 cm-l, whicb developcd iDto a sepuate peak at a pressure of 

2.9 kbll'. At 5.4 kbar, the oriPnal773 cm-l peak shifted to 781 cm-· and the bIDd becamc 

sharper. As the pressure wu incrcased te 10.1 kbar, two distinct peab couJd bc an, one 

at 771 cm-I and the other at 785 cm-l. 80th peakl continued to sbift steldily to bi" 
wavcnumbcrs u the pœssure wu increued to 70 kbar, witb the 785 cm-l peak bciDl the 

more pressure sensitive. The pressure depcndcnces (dv/dP) of tbcse two bands arc shown 

in Fipre 4.13. 

The data indicate that there is a phase transition iD oq.oH12 at about 10 kbu, 

from its disordercd face-centcral cubic latâce46,47 to a more ordered, lower-symmcuy 

lattice. The pressure coefficients for the 773 cul" 1 peak in the two pbucs arc: 

1.3 cm-l kbar l (Iow-pœssure phase) and 0.75 cm-1 kbar-· (higb-pœssure phase). The 

pressute coefficient for the peak originating !rom the 765 cm-l shoulder and appcaring at 

high pressure is 0.37 cm-1 tbar-l• Thesc dv/dP values are smallcr than those obtaincd for 

the cesium dodecahydroboratc salt, Cs2[B1~12] (1.6 and 1.9 cm-l kbar-1 for the low­

pressure phase and 2.1 and 2.3 cm-1 kbar- l for the high-pœssure phasc)42, but arc in the 

same range u thOIe for smaller caged hydrocarbons, e.l., adarnan canc44 (CloHl~ and 

ad'man tanone4' (C1oH.40), 0.4-1.0 cm-l kbar- l . The existence of a distinct discontinuity 

in the dv/dP plot for o-carborane sUllesll that the obscrvcd phase transition is tirst arder. 

Althouah tbcre wu no definitive spectral evidencc for any furtbcr phase-transitions 

bctween 10 and 70 kbar. even whcn the sample wu allowecl to staDd at 40 kbar for five 

days, tbcrc is a hint of a change in the dv/dP slope at about 35 kbar (Fipre 4.13). Thil 

may poasibly be duc to citbcr the n -+ m or the U -+ IV phase transformation lDd such a 

tnnIiâon would bc 1CCOIId-cxder. However, due to the uncertainty in peak position at 
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preuum. pater tban 35 kbar. it il difftcult to claim that a phaM tnnIidon does occur. 

especially sinee the spectral data did DOt revea1 any major chlnps At hiJher pœlSureS. 

820 

800 

780 

7~~--~----r---~--~----~---r----~--~ o 20 40 

Pressure (kbar) 

60 80 

Figure 4.13 Pressure dependences of the 773 cm-1 and 765 cm-1 banda of o-carborane. 
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o.o.:u.lON 

The volume dependenœ of a IÏven vibrad,-w frequency is related ta the 

dimensionless quanâty known 81 "le mode OrUneiscn parameter, 'Yi' wbich is pven by eq. 

[4.~a]: 

[4.5a] 

or [4.5b] 

where Vi i! t.tte position of a given vibration al ambienl pressure, and V il the volume. 

Since the bulk modulus, D, is dcfmed as: 

B = 1Ix: = (-V/dV)dP [4.6] 

where IC is the compressibllity of the molecule, and P is the pressure, it is possible ta re-

write eq. [4.5b] as, 

[4.7] 

The value of 'Yi is usuaUy positive since the vibrational fœquency generally increases Il the 

pressure is increased and as the name impües, i.e., fIIOdt, each vibration can have different 

Orilnciscn parameters. Moreover, it has bccn found that for molecular crystals the external 

modes have values, 2 < 'Yi <~, whüe for the internai modes, 0.02 < 'Yi < 0.1.10-12 The much 

smaller values of the mode OrUneisen paramcter for internai modes has been atuibuted ta 

the fact that the large volume Changel, observed Il a function of pressure are caused by the 

contraction of one specific intermolecular bond (lattice mode) having a certain force 

constant whUe the ulttamolecular bonds are barely affected by chanael in pressure because 

many other facton have to he takcn into account, sucb u different types of bond as well as 
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Table4J 

Compound Phue VOl dv/dP " cm-· cm-· kbar-· 

I-C.aRlSa 773 
1 0.47 0.2 
fi 2.0 0.06 

2-C.aR.5a 2853 
1 0.7 0.03 
II 0.2 0.008 
m • • 

2918 

1 0.9 0.03 
fi -0.9 -0.3 
m • • 

2941 

1 0.7 0.02 
fi -0.8 -0.02 
m • • 

o-<;B.oH12 773 

1 0.37 0.05 
fi 1.3 0.2 

• No data available. 

bond-bending and bond-strerchin. vibrations. IO Although the compœ •• ibllitie. of 

o-~B.oH.2' I-C.oHI50 , and 2-C.oH150 arc not known, molecular cryltalJ are known CD 

have values of Je in the range of 0.01 kbar-1.48 Assuming compre'libUity value. of 

0.01 kbat'l for the above three compounds, then the Yi values can he calculated. In the eue 

of l-C.oHISCl, y(773 cm-l) for the low-pœ~sure plwe (phase II) ia 0.2 while that of the 
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hip-pies.ure pbue, phue l, is 0.06. The y(773 cm-l) value for o-C:zBlo".2' wu found CO 

be 0.2 in the low-pressure phue and 0.05 in the hip-preuure ODe. The values obtainecl for 

2-C.oHl,c1 are pcculiar in tbat the pbue n Oraneisen parameters for the 2918 and 

2941 cm-I peaks are neptive. 'Ibis situation U'Ïles beclUle the dv/dP value. Ile also 

nepdve. The ca1culated Grilneisen pll'llDCœn for phase fi are 0.008 for ')(2853 cm-I), 

-0.03 for ')(2918 cm-·) and -0.02 for 1(2941 cm·I ). In phase 1, these values become 0.03, 

0.03, and 0.02 for 1(2853 cm-I), 1(2918 cm-I), lDd 1(2941 cm-I), respectively. 

Table 4.0 Experimental data for the tcmperature- and pressure-induced phase 

transitions in l-CloHuC1, 2-CloHlsC1, and o-C2B1oHI2 

Transition 

DSC at 1.01 bar DACat298K 

Compound Temperature AH Pressure 
and 

Transition K kJmar l kbar 

l-C.oH.,Cl 

Phase I-+U 245 5.35 4.6 

2-c loH.,a 
Phasel-+U 227 0.470 2.6 

Pbaseu-+m 242 8.31 11 

0-<;8.0812 
Phase I-+U 274 3.88 10 

..... ---------------------------------------------------
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Pmm equation 4.7, it can be seea tbat the compreuibility of a molecule il diJlcdy 

proportional to dY/dP. It is tberefoœ possible to ltaIe tbat, u expected, bued on the 

vibrational data, the low-pœssure, diaordered phues of bodl 0-<;810812 and l-C1oHl,c 
are more compressible than the ordered, hip-pa~'lure phues. Surprisinpy, however. thil 

is not the case for 2-C1oHl'O, where phue 0 appean to be lell compœllible than phue 1. 
As had previously been pointed out, it is possible that even thoup phase fi islell ordeœd 

than phase l, there are certain factors present whicb reltriet ilS movements. In phue l, 

these obstacles are removed and thus, a different comprelsion mechanism is present; hence, 

phase 1 is more compœssible than phue 0.49-'1 Thil hiper value of dv/dP for the ordered 

phase had also been observed by Harvey et al. for 2-C1oHI40.45 They proposed that the 

increase in dv/dP values for the ordered phase relative to the disordered phase wu due to 

an incœase in crystal density. This, however, is not likely since it is to be expected that an 

increase in density should yield a lesi compressible material and if the valuel of dv/dP 

increase than so should the compressibility. It is therefore not surprisinl that Han et al. 

observed this situation when they studied the comprellÎbility and dcnsity of ed1rnantane, 2-

adamantanone, and 2-methyl""mantane.52 Huen and co-worken51• have arped that the 

increase in compressibility found in SOUlC molecular soüds could also be due a decrease in 

symmetry and that what is actually observed is possibly a distortional phue transition. 

This latter argument might very weU be applicable in our case sinee. u wu previously 

noted, phase 1 observed by pressure-Raman spectrolCOpy is not the same u that observed 

by variable-temperature Raman spectroscopy . 
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CONTIUBUTIONIJ TO DOWLBDOB 

(1) The solid-solid pbue lI'IDIformadOlli of mOllI 1- and 2-halOldlmantane 

derivatives bave been invesdptcd by ditfenmtial ICIDDÏDI calorimeuy and 

variable-temperatuœ vibralional specaoscopy. Onlyone phase trInIition wu found 

for l-chloro- and 2-bromoed' mantane, whlle two solid-solid phue chanlel were 

detected for the related I-bromo- and 2-chlomadlmantaDe derivadvel. AU four 

compounds were establisbecl as beinl orientadonally-disordered and ulipments 

have becn proposed for the vibrational spectra of ail the phase •. 

(2) The effect of cyclinl 2-adamantanone throu&h its phase ttanlition bu been ltudied 

by variable-temperatme IR. and Raman spectroscopy. The low-temperature phase 

after cyclinl is IDOle 0Ideœcl than that prior to cyclina, white the hip-tempenture 

phase is unchanled by CYClinl. 

(3) The phase transidons of the capel hydrocarbons, bicyclononanone and 

oxanorbomane, were studied by DSe, vuiable-temperature -IR. and -Raman 

spectroscopy. Wbile bicyclononanone only exhibiu one phue tranJition, 

oxanorbomane bu dne luch transformations. In the eue of the lauer, it wu 

shown that the lpectra of the liquid and plutic phaleS are el.ntially the ume. It 

wu also shown that oxanorbomane bu • mewtable phue. 
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(4) A mecbod bu Men developed to ltudy die pbue II'IIIIitionl of plutic cryltall by 

variable-prellure micJo-nman specIIOICOpy. o-ClrbcnDe, 1-cblCJlOldtmantane, 

and 2-chloroadamantme weœ studiecl wim the aid of tbis œcluüquej one phase 

tranlition wu found for o-carbonDe at 10 kbar, one pbue tranlition were observed 

for 1-chlomwl.mtntane at 4.6 kbIr and IWO pbue tnnsf'CI'IDIldonl were fOUDd for 

2·chloroadamantane al 2.6 and Il kbar. In all tbree cases, the phases Ile believed 

to be isostructural wim the phases dctected by variable-temperature Raman 

spectroscopy, cxcept possibly for the Il kbar phase transformation for 

2·chloroadamantane. 

(5) A calibration curve hu becn constructed which relates the rcsolution of the LS.A. 

U·lOOO Raman spectrometer to both the slit-width and the wavelenath of the 

excitation line. 

(6) A cryostat has been desiped and consb'Ucted for low-temperature FT-IR 

spectroscopy whicb hu the advantale of bavinl a very small volume and therefore 

requirinl minimal evacuation âme. 'Ibis allows il to be used on volatile liquida, 

such as oxanorbomane. 
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.uOG_Tlon PO. lVI'UIlB wou 

One of the major problelDl encounteœd in the prellure-Raman IJ'IClI'OICopic 

studies described in this thesis wu the diamoncl fluoœscence. Althoup type n dillllODda 

were used, the fluorescence wu still suffi(,;iendy intense to obscure many of the peab and 

even precluded us from studying the lattice region. The latter in itself wu disappoindD. 

bcc:ause the GrUneisen parameter reaUy applies only tG that repon. It would therefcn be 

valuable to eliminate the fluorescence problem. SUllesDons are given below that could 

possibly eliminate or at least rcduce the fluorescence effccts: 

(a) Using the macrochamber rather than the microscope will permit the 

excitation of the sample with more laser power. This will be necessary lince 

the light collection is lels efficient than when using the miClOlCOpe. The 

panicular advantap, however, will be that the steerinl optics for the 

macrocbamber are more euUy alipecl than the microscope and henec, more 

sipal should he captured. SolDe preüminuy work hu been done with the 

help of Mr. A. Kluck (McGill University) to enable the DAC ta be mounted 

on the same X-Y-Z stale u used for the cryostat. One of the difficultie. 

which il yet ta be surmounted is the need ta brin, the DAC closer tG the 

minor chip whUe at the lame âme maintaining X-Y -Z freedom for both the 

mirror and DAC (sec Figure 6.1). 
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Fiauœ 6.1 Proposcd set-up for DAC in IDICIOCbamber. 

(b) The use of longer wavelenlths such u mose available in the krypton-ion 

laser sbould also Jeduce the tluorescence. As mentionecl previously, 

Adams ,t al. 1 have found that the 632.8 nm He-Ne line permitted the UIe of 

type D diamonds in the 4000 10 0 cm-1 region. Schoen and co-worbrs2 

have discovered chat the 752.8 nm line of the Kr+ laser greatly reduces 

diamond fluoœscence and bu allowed poor scatterell to be studied by 

pressme-Raman spectrOlCOpy. Thil approacb would probably still require 

Ùle use of the microscope since tbese ume researcbcn have also round that 

usin, the 647.1 nm Kr+ line poerated interfcrencc from the ruby 

fluoœscencc. 
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(c) 0udiDer and bis colleapes3 have UIed • 40X loal-ranp (18 mm) 

micIOIcope objective coupled to • DAC in 0Ider to alUdy Uquldl and MN 

successful in reclucinl the fluorescence caUled by type D diamondl, even 

when usinl the 514.5 nm Une of the Ar+ ion laser far excitadon. An BOX 

objective sbould be even better since • reclucdon in fluarelCence coulcl be 

obtained by focusinl the beam dilecdy on ln the IIIDple rather than • 

combinadon of diamond and sample. 

(d) Usina type 1 diamonds should dramatically reduce fluorelCenee; however, 

this would prevent the same ecll hm beinl uaed in pressure-IR 

spectroscopy. 

D. DSC-FI'IR AND -R.utAN SI'I:C'ftOlCOPY 

The data presented in this thesis were obtained usinl Dse, variable-temperature 

Fr-IR spectroscopy (where the sample wu in a KBr matrix), and vuiable-tempenture 

Raman specttoscopy where the sample wu studied in a capiUary tube. ean we be 

absolutely sure, however, tbat data obtaincd from the three methodl are for the same phIlO? 

Based on the observations for the compound! in this thons, the answer is yel. However, it 

would be a peat deal simpler if we could simultaneously obtain the DSe aDd vibradonal· 

temperature Raman or IR data. i.e., use the ose appuatus as a cryostaL The followinl are 

therefore proposed as possible solutions to this problem: 

(a) Variable-temperature diffuse ret1ectance IR could be UJed. Altbou&h thi. 

would not solve the simultaneous acquisition of the DSe data. il would Il 

leut permit us ta obtain the IR and Raman datt, undcr .imilar condition.. In 

other wonls, we would be capable of .tudyinl sample. in their "u i." form 

without subjectinl them to any form of sample preparation. 
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(b) MirabeUa and SbinkemayltlDlD4 bave rec:ently bull, a DSC-FTIR which 

requiœl • miaoIcope; tbiJ il an expensive proposition that is useful above 

ambient temperatuœ only. A leu expensive option would be co try to 

couple a DSC ÎDltl'Ulllent with a diffuse reflectance unit to obtain variable­

temperatuœ -IR meuurements. With the pIOlI'Css cumntly bein.1DIde in 

fibre optiCI, it mipt be possible to brin. the sipal to the IR detector with 

the aid of sucb optics. 

(c) As far u DSC-Raman is concemed, it would actually be an euier method 

than DSC-IR since we would have access to botb a macrochamber and a 

microprobe. Use of the micro-raman technique would actually be quite 

simple sincc all that would be œquired is a lon.-view objective for the 

micropmbe and a alass cover for the DSe chamber through whicb nitroaen 

aas could tlow. The same system could be used in the macrocbamber by 

simply usina a similar approach to that proposed for pressure Raman 

specuoscopy 

DL BAI&LIND AS PHAs& lkncroltS 

If one looks at UDCorrected IR baselines, it appears to be possible ta detect the 

presence of different pbases. This should not be surprisina sinee it can eully be imaained 

tbat u molecules becomc more onIered, more scattering will occur thereby changina the 

baselines. The reason for specifyin, UIlCOI1eCted baseÜDes js mercly due to the fact that 

with the advent of FT-IR. spectroscopy, baseline correction is very common. The function 

of baseline cometion is to correct usina zero absorbance as the minimum value, thus 

deStroyinl bascline effects due to phase chanps. 
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The studies usina variable-pœssme IR lDd Raman spectrolCOpy at amblent 

temperaturc, or variable-temperatuœ IR and Raman specllOlCOpy, limic ua tG the analy". of 

just two points on a phase diapam. In other wordl, we know, for exampJe, that a liven 

phase transformation occun at 240 Kandi bar or 295 K and 10 000 bar. To better 

ehancterize the materials it would be preferable tG vary bath temperaturc and pte.sure 

simultaneously, i.e., vary the pressure, then vary the temperature al prclaure P, and, in 

another experimcnt, vary the temperature and then study the phase transidOil u a funcdon 

of pressure at temperature T. 
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