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ABSTRACT 

The phase behaviour of six orientationally-disordered organic cage moiecliles, 

norbornane, norbornylene, norbornadiene, quadricyclane, bicyciooctene, and 

fluoroadamantane, has been characterized by differential scanmng calorimctry, and 

variable-temperature and -pressure infrared and Raman spectroscopy. Ail of these 

compounds undergo one or more solid-solid phase transitions on cooling t'rom ùlsordered 

phases to ordered, crystalline structures, except for fluoroadamantane, which foml!"1 li 

glass. The phases of all the se solids under high pressure have been shown to be the same 

as those formed at low temperatures. 

A method of using pressure dependences of vibrational modes to aid in rnaklllg 

spectral assignments is proposed, which proved to be very lIseful in c1assifying C·" 

stretching vibrations and modes which have large contributions l'rom skeletal stretchll1g 

motions. A semiquantitative analysis of the effect of pressure on different types 01 

stretching vibrations is described. 
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RÉSUME 

Le comportement de phase de SIX molécules organiqlues cages d'orientations 

désordonnées, le norbomane, le norbomylène. le norbornadiè\l1.e, le quadricyclane, le 

bicyclooctène, et le fluoroadamantane, a été caractérisé par calOlnmétrie différentielle à 

balayage, ainsi que par spectroscopies Raman et infrarouge à température et pression 

variables. En refroidissant, tous ces composés montrent une ou pl~lSieurs transitions de 

phases solide-solide au passage de phases désordonnées vers des stlnlctures cristallines 

ordonnées, sauf pour le fluoroadamantane, qui se vitrifie. Il est démo\'ttté que les phases 

de tous ces solides à pression élevée sont tes mêmes que celles f:ormées à basses 

tem pératures. 

Une méthode d'attribution des spectres utilisant la dépendance des modes 

vibrationnels sur la pression est proposée et apparaît très utile dans la classification des 

vibrations d'étirements C-H et des modes ayant une grande contribution des mouvements 

d'étirements C-C. Une analyse semi-quantitative de l'effet de la pression sur les 

différents types de vibrations d'étirements est décrite .. 
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LIST OF AlmREVIATIO~S 

The followmg abbreviations have been used in this thesis: 

Beo or bicyclooctane 

BeOE or bicyclooctene 

DAe 

ose 
OTA 

fluoroadamantane 

IQNS 

IR 

NBA or norbomane 

NBD or norbomadiene 

NBE or norbomylene 

NMR 

bicyclo[2.2.2 ]octane 

bicyclo{2.2.2]oct -2-ene 

diamond anvil cell 

differential scanning calorimetry 

differential thermal analysis 

1-fluoroadamantane 

incoherent quasielastic neutron scattering 

infrared 

bicyclol2.2.1]heptane 

bicydo[2.2.1Ihepta-2,5-diene 

blcyclo[2.2.1)hept-2-ene 

nuclear magnetic resonance 
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NOTE ON U~ITS 

The following units have been used in this thesls for hlstorie'll rea-.ons. rhelr Jt'flllltlOn'i 

and SI equivalents are given below: 

physical quantity syrnbol SI unit unit useù 

wavenurnber v m· 1 cm- I (= I<XI m 1) 

pressure p Pa (N rn-2) kbar (= lOs Pa) 
force consUlnt k Nm-! dyne cm -! l = Ill' N m -1 ) 

transluon volume 6V t m3 mol- 1 cm3 mol-! t= III /lm-' 0101- 1) 

bond length r m À (= 10-10 m) 

In the text of this thesis, the unit of vibrational wavellum ber is oftcn rcfcrrcJ to .l" 

vibrational frequency (v). These quanuties are directly proportional to one :tnmher. v ::: 

CV, where c is the speed of light. 
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effAPTER J. ORIE'TATfO"iALLY·DrsoRUERED SOLIDS 

Many dIfferent types of compounds exhiba orientauonal dl~order in the solid state. 1 

ft wa'i Timmennans who began the study of a group of orientationally-dir.;ordered sohds 

which he called "plastic crystals",2 whose fundamental charactenstic was a low entropy 

of fUSIOn « 2.5 R or 21 J K-l mol- l ). Other attributes of plastic crystals have also been 

ddined.3 The molecules are often "globular" in that they possess spherical geometry or 

could fonn a sphere upon rotation about an axis. The crystal structures of plastic phases 
-

are highly symmetric, cubic or hexagonal close-packed. In tenns of macroscopic 

properties, these solids are characterized by low entropies and volumes of fusion, but 

high melung and triple points. The vapour pressures are also high, causing plastic 

crystals ta sublime readily when heated. They are highly malleable, and defonn easily 

under their own welght. Most plastic crystals lose their orientational disorder during one 

or more phase transitions below the melting temperature. 

The techniques that have been used to study the phases of solids which exhlbit 

orientauonal disorder are dIverse. Calorimetry has been the starting point of many 

studies; the measurement of transition temperatures and enthalpies is imperative in the 

study of disordered solids. Nuclear magne tic resonance (NMR) spectroscopy and 

neutron scattering studies are useful in invesugating the molecular motions occurring in 

the disordered phase. Vibrational spectroscopy and x-ray diffraction can be used to study 

structural aspects of the various solid phases of these materials. 

The number of compounds that have been c1assified as having p1astically-crystalline 

phases is considerable, spanning inorganic and organic molecules; linear, non-linear, and 

globular shapes; and rigid and flexible structures.4 A considerable amount of data has 

been collected for organic plastic crystals in panicular. The upper limit on the entropy of 

fusion of 2.5 R applies to most of these compouncis. The enLropy of the phase transition 

is generally considerably higher than that of melùng, indicating that the main disordering 



process oceurs from ordered to disordered solid rather th an from dlsordered sohd 10 

liquid. The phase transition is usually first order and is often accompanied by a large 

temperature hysteresis. Some thermodynamic data are given in Table 1.1 for a tew 

organic plastic crystals. Within this subclass of disordered solids, a thermodynamic trend 

has been observed: the transition enthalpy, Mit' decreases as the temperature range of 

the plastic phase increases.5 Of particular interest are the rigid organic cage cornpounds 

which fit the "globular" therne. The classic example of this group IS adamantane 

(tricyclo[3.3.1.1]decane, C lOH I6), many derivatives of which have prevlOusly becll 

investigated in this laboratory.6,7 

Table 1.1. Thermodynanuc Data for Sorne Orgamc Plasuc Cry'ilak 1 

compound Tf ~Sf Tt L\Sl 
K J K-I mol-' K J K-' mol-' 

carbon tetrachloride 250 10.1 226 20A 
cyclohexane 280 9.3 186 360 
adamantane -543 209 16.2 
bicycIo[2.2.2]octane 448 18.7 164 27.9 

The "-~\../ions that occur within an orientationally-disordered solid phase can he 

quantified by studying rotational and lattice diffusion processes. Nuclear magne tic 

resonance spectroscopy and radioisotope diffusion have been used to invesugate 

translational diffusion, while NMR and quasielastic neutron scattering provlde 

infonnation on the rotational process. Nuclear magnetic resonance has usually becn the 

technique chosen to study lattice diffusion in plastic crystals8-12 since measurements can 

be made on the bulk solid rather than on single crystals which are needed for radlotracer 

experiments. 13,14 The measurement of spin relaxation rates by NMR spectroscopy can 

provide both rotational and lattice diffusion rates since they are typically five orders of 

magnitude in difference, ~.nd their contributions can be easIly separated. ln earlier 
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studies of organic plastic crystals, the results have been interpreted in tenns of a random­

walk model for diffusion in polycrystalline samples.8,9 The experimental results, 

however, were found to be consistent with this model only for plastic crystals with 

relatively high entropies of fusion (e.g. hexamethylethane and adamantane). Later 

studies revealed that a monovacancy diffusion mechanism, 11,13 or an iSC'ITopic diffusion 

mechanism 10 provided better correlation to experimental data for solids of bath high and 

low fusion entropies. The mean jump time or correlation rime for self-diffusion, 'Cl' in 

plastically-crystalline phases is of the order of 10-6 to 10-7 s. 

In a crystal, molecular rotations occur much faster than do translational motions. In 

plastic crystal s, the reorientational correlation time, 't2' can be up to 10-12 s, which is at 

the upper limit of NMR spectroscopie measurements. Seattering measurements are on a 

much faster timescale; ineoherent quasielastic neutron scattering (IQNS) is most useful in 

characterizing motions occurring on the 10-11 to 10-13 s timescale. 15•16 Molecular 

reorientation within a lattice can occur by different mechanisms: (1) isotropie rotation, 

(2) rotation al diffusion, or (3) jump reorientation. Free rotation is thought to be unlikely 

in solid phases due to SlTong intermolecular interactions. Recently, however, free or 

quasi-isotropie rotation has been shawn to occur in the plastic phases of norbomane, 

norbomylene, and norbomadiene by IQNS.15 From NMR studies, isotropie rotation was 

also believed ta occur in high symmetry, tetrahedral or octahedral molecules.I2 

However, x-ray and IQNS studies have shown that the rotational jump model is more 

fitting for adamantane. 17,18 

Molecular motions cao also be observed by Brillouin and Rayleigh scattering 

techniques,19-21 and by measuring infrared (IR) and Raman linewidths.21 -25 Rotational 

correlation times cao be derived from linewidth measurements of the Rayleigh Une or 

other vibrational bands. but the components of different polarizations must be separated. 

Brillouin Hnes, which arise from the interaction of the incident light with transverse and 
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longitudinal phonons in the crystal, can be used to measure the elastic constants of a 

crystal. These types of measurements, however, require oriented single crystals of the 

plastic phases. 

Structural infonnation on disordered solids can be derived from x-ray diffraction, 

although the disorder results in diffuse scattering. Single crystal studies have been 

successfully perfonned on severa! plastic crystals.26 Rotational models have been 

incorporated into the structure detennination process to account for the diffuse pattern. 27 

Upon cooling to the ordered phase, however, crystals of disordered solids often crack, 

and single crystals must be grown directly at low temperatures. Because of the difficu Ity 

in handling single crystals of volatile disordered solids, powder diffraction methods have 

been used extensively to detennine the structure of plastic crystals.28 Although the exact 

space group cannot be pinpointed, cell symmetry and unit cell parameters can be 

uncovered. It is dear that an easier method of obtaining structural infonnatlon on 

disordered and ordered phases is desirable. Even more convenient is a method of 

analysis which divulges dynamic and structural information, and can be perfonned with a 

minimum of sample handling. 

Vibrational spectroscopy has the advantage over many rnethods in the study of 

disordered phases in that the timeframe of IR and Raman measurements is between that 

of diffraction methods and NMR spectroscopy.29 The degree of molecular motions c:m 

be observed by vibrational linewidths and the contour of the low-frequency region. 

Structural infonnation of the ordered phase can aiso be derived from solid-state splitting 

effects which appear upon cooling through the phase transition. In addition, these studies 

need not be perfonned on single crystals. 

In this thesis, several rigid organie cage compounds whieh form plastic crystals were 

analyzed by differential scanning calorimetry (DSe) and vibrational spectroscopy. The 

calorimetrie method was employed to measure transition temperatures and 
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thermodynamic parameters, and to observe hysteresis effects. Low-temperature IR and 

Raman spectra were then measured ta observe the structural changes that occur as a 

result of the phase transition. Subsequently, the behaviour of these solids under pressure 

was investigated by high-pressure IR and Raman spectroscopy. The structural changes 

that occur at high pressures were compared to the low-temperature effects. The pressure 

dependences of the vibrational modes were measured in both phases, and comparisons 

were made between different types of vibrations and compounds. Dther pressure­

induced effects sllch as the change in vibrational coupling were also investigated. 

The thesis is divided into chapters according to each compound. Chapter 2 describes 

the experimental methods as weIl as the infonnation that can be obtained from the 

measured data, and Chapter 3 provides the details of the experiments performed. Three 

seven-carbon cages with related structures, norbomane, norbornylene, and 

norbornadiene, are discussed in Chapter 4, which also includes a comparison of the three 

molecules. The phase behaviour of another seven-carbon cage compound, 

quadricyclane, is presented in Chapter 5. Chapters 6 and 7 describe similar experiments 

on two other plastic crystals, bieyc100ctene and 1-fluoroadamantane, respecti vel y. The 

phase behaviour of two derivatives of cubane, 1,4-dibromo- and 1,4-diiodocubane, were 

also studied. These compounds were determined not be orientation aIl y disordered, but 

their interesting structures warranted a single-crystal x-ray diffraction study, as well as 

the analysis of their solid-state vibrational spectra. These results are presented in Chapter 

8. Finally, some general conclusions concemin~ all the disordered compounds, and, in 

panicular, the high-pressure vibration al spectroscopie results, will be made in Chapter 9. 
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CHAPTER 2. METHODS USED TO ST\':DY DISORDERED SOLIDS 

2.1 Calorimetrie Measurements 

Phase transitions are ordering processes for which the transition entropy, .1S t, can be 

split into contributions from several components: 1 

[2.1.1] 

These components are positional, orientational, and configurational entropies, and the 

entropy change due to a decrease in intennolecular spacing or volume change. When a 

liquid freezes to a crystalline solid, all fonns of ordering can occur and entropy is lost. 

When a liquid transfonns to a plastically-crystalline solid, however, positional ordering 

occurs, and intennolecular distances aiso decrease, but orientational and configurational 

ordering are minimal. Only at the order-disorder phase transition does the crystal lose 

these other fonns of entropy, along with a further decrease in crystal volume. The 

molecules studied in this the sis are all rigid, and as such, do Llot have any configuration al 

entropy contributions. 

At the phase transition, the Gibbs free energies of two phases are equal at constant 

pressure. It then follows that, for solid phases: 1 

( :l= -s [2.1.2] 

( :)T= -V [2.1.3] 

( :~l = c., [2.1.4] 

and 1 (av.) 
(ls = Vs BT p [2.1.5] 

les = __ 1 (av.) 
Vs Bp T 

[2.1.6] 
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where as and K's are the thermal expansion and isothermal compressibllity coefficients. 

respectively. Phase transitions have been defined as nth order when the nLh derivatiw of 

(&J/BT)p is discontinuous.2,3 Thus, a first-order phase transition has continuous free 

energy and discontinuous enthalpy, entropy and heat capacity curves. A second-order 

phase transition will have continuous free energy, enthalpy and entropy curves, but a 

discontinuous heat capacity curve. Solid-solid phase transitions are often characterized 

as lambda transitions due to the shape of the hear capacity versus temperature CllrvC 

resembling the Greek letter. Â..l 

An interesting phenomenon which is associated with solid-solid transitions 1S 

hysteresis, i.e., when a reversible transition occurs at a higher temperature in the heating 

cycle than in the cooling cycle. This effect can be explained in terms of nucleation and 

strain effects. 1 Assume that a phase transition occurs from solid 1 to sol id 2 lIpon 

cooling. At the transition point, small nuclei of solid 2 begin to form withm solid 1. 

Because the crystal volume of 2. V 2. is less than that of l, VI, these nucleation sites arc 

fonned under tension due to the properties of 1. Similarly, upon heating through the 

transition, pockets of solid 1 are fonned under tension from solid 2. The free energies of 

these hybrid crystals at the transition point depend upon the internai surface energy at the 

boundaries between the two structures, 012. and the compressive or tenstle energy caused 

by the matrix. X12' Consider a situation where a fraction of crystals x of solid 1 exists 111 

a fraction of crystals (l-x) of solid 2. This is shown pictorially in Figure 2.1.1. The free 

energy of a hybrid crystals is: 

Ghybrid = x fI (p, T, 012' X 12) + (l-x) f2(p, T, cr 12' X 12) 12.1.71 

If the newly fonning crystal substance is symbolized by a square bracket. 1 J. while the 

residual substance is written without a bracket. at equal values of x, the free energies of 

the two hybrid crystals are: 



and 

Ghybnd = X fl(p, T, [CJI2], [XI2]) + (l-x) f2(p, T, al2' XI?) 

Ghybnd = X fl(p, T, CJ12' X12) + (l-x) f2(p, T, [CJI2l, [X12]) 

9 

[2.1.81 

[2.1.9J 

These free energies will not be the same because of the bracketed and nonbracketed 

terms. Since VI> V2' then [X12] > X12' However, differences between [al2] and CJI2 are 

more difficult to ascertain, since these depend on the interfacial area at the crystal 

boundaries. In any case, these differences result in hysteresis of the phase transition, the 

hysteresis being larger for the greatest differences between unit cell structures of 1 and 2~ 

• 

( l-x) (x) (x) (l-x) 

D-~ ~-D 
2 1 1 2 

Figure 2.1.1. Hybrid single crystals of sohd 1 and solid 2 at the transitIon point, where VI> V 2. 1 
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The measurement of thermodynamic quantittes can be achieved by calorimetry. 

Adiabatic calorimetry can be performed to meusure the heut cupucity of a substance. Cp' 

as it transfonns from one phase to another. Another rnethod is differenrial thermal 

analysis (DTA).4 In this case, the difference in temperature between a sam pie and Li 

reference under identicaI heating conditions is measured. The resulting thf:rrnogram is 

th us a difference in temperature plotted against time (or temperature of one sam pie ). 

Differentiai thennal analysis is particularly useful in analyzing thermal stabilities of 

materials. The need to measure thennodynamic quantities resulted in the development of 

calorimetrie or quantitative OTA instruments. One group of these instruments is based 

upon recording the energy difference required to maintain a sample and a reference at 

equal temperature; this technique is known as differential scanning calorimetry (DSe). 5 

The main advantages of this type of apparatus are:6 

(a) It has an exttemely low inenia, and a wide range of heating rates can be 

used. 

(b) It has high sensitivity, with reproducibility >2% and accuracy -4%. 

(c) It ean also be used as a convention al DTA instrument. 

(d) Both heating and cooling cycles can be employed over a wide temperature 

range and at subambient and ambient conditions. 

A DSe thermogram plots heat flow (dq/dt) versus temperature. First-order transitions. 

such as melting, appear as sharp peaks. Integration of the thermograrn allows the 

detennination of the enthalpy change of the transition, M1t. Different scan speeds result 

in negligible variations in peak and area measurements,7 although baseline shifts must be 

eompensated. The shape of the peak, however, changes with scan speed; a ve."Y rounded 

peak indicates the occurrence of a diffusion or scan-rate dependent processes.4 Sorne 

authors quote the aetual peak position as the transition temperature, while others report 
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rhe onser, i.e., rhe inrercept between the baseline and the initial slope of the peak) When 

reversible phase transitions are measured, it is customary te quote rhe transition 

temperature of the heating cycle since supercooling often occurs, while superheating is 

rare. 
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2.2 Vibrational Spectroscopy 

The interaction of light with matter can produce a change \fi the vibration al mottons 

of molecules. This interaction can be in the fonn of absorption or me1astlc scattcring of 

radiation. The forn,er effect requires that the light be of the exact energy as a vlbrational 

transition, i.e., in the IR region; the latter effect has no such restriction, and is known as 

Raman scattering. These interaction processes are completely different in ongin, yet they 

both yield vibrational energy infonnation important in molecular structure detenninatlon. 

The simple st model for a molecular vibration is a mass, m. suspended l'rom an elasuc 

band in the z direction.8 A slight displacement of this mass, along the x direction, WIll 

result in simple harmonie oscillations at a frequency given by: 

v = x 
1 

- (k /m)l/2 
21t x 

[2.2.11 

where kx is the force constant in the x direction. Similarly, a small displacement in the y 

direction will result in oscillations at a frequency: 

1 
v = - (k /m)lfl 

y 21t y 
12.2.21 

Displacement of the mass in any other direction will result in more complicated mouon. 

however, this movement cao always be described as a superposition of the two motions 

in the x and y directions. Tllese latter, simple hannonic motions, are the nonnal modes 

of the mass, and the x and y coordinates are the normal coordinates of the system. 

The vibrations of a molecule can be represented by a model of heavy masses Jomed 

by springs. The motions of each atom must be described in order to detennine the 

vibration al modes of the molecule. For each nucleus, there are 3 degrees of freedom; 

therefore, a molecule consisting of N atoms will have 3N degrees of freedom. However, 



( 

13 

complete translation or rotation of the entire molecule are nongenuine vibrations, and 

there are actually 3N-6 vibrational degrees of freedom (3N-5 for a linear molecule). As 

with the simple mass and elastic band model, the normal vibrations of a molecule can 

also be broken down into less complicated motions, where each atom carries out simple 

hannonic motion at the same oscillation frequency. These latter vibrations are again 

called normal modes, and the number of these equals the number of vibrational degrees 

of freedom. Molecular vibrations can also be expressed in terms of normal coordinates, 

SI' S2' . . . S3N-6' instead of in Cartesian eoordinates. This facilitates the depietion of 

normal vibrations since the atomie motions are described in relation to the molecular 

geometry. 

By both classicaI and quantum mechanics, the vibration al motion of a molecule can 

be described, ta a first approximation. as the superposition of 3N-6 simple harmonie 

oscillators in 3N-6 normal coordinates. The energy levels of these oscillators are given 

by: 

[2.2.31 

where Vi are the classical oscillation frequencies, and Vi are vibration al quantum 

numbers. For each normal vibration, there is a selection rule of .6v I = ±l. In the 

hannonic approximation, therefore, vibrational transitions cal1 only occur between 

adjacent levels, and the positions of vibrational bands occur only at the classical 

vibrationaI frequencies, VI' However, when anharmonicity in the oscillators is 

considered. this selection rule breaks down, and the combinations and ovenones that are 

observed e~perimentally ean aIso be described. Since the population of energy levels 

with Vi > 0 is low at arnbient temperatures, according to a Boltzmann distribution, the 

majority of transitions occur from Vi = 0 to vJ = 1. These are called the fundarnental 

transitions. 



14 

In the hannonic approximation, which can only be used when displal:el11ents are very 

small, the potentia! energy of an oscillator lS restricted to the quadratic tenus. 

12.2.-q 

When anharmonicity is considered by including cu bic, quartic, and higher tenns in the 

equation for the potential energy of the oscillator, it no longer becomes possible to reducc 

any vibration al motion into a combination of nonnal modes. The energy is not merely il 

sum of independent nonnal vibrations, but also contains cross terms with vibration al 

quantum numbers of two or more normal modes. The vibrational energy levels of a 

nonlinear triatomic molecule, for example, can be wriuen as: 

G(vI, v2' "3) .:: roi (VI + 1/2) + ro2 (vz + 1/2) + W3 (v3 + 1/2) + xli (v 1 + 1/2)2 

+ x22 (v2 + 1/2)2 + x33 (v3 + 1/2)2 + xl2 (VI + 1/2)(v2 + 1/2) 

+ xl3 (VI + 1/2)(v3 + 1/2) + x23 (v::! + 1/2)(v3 + 1/2) + ... 

where COI' COz. and (1)3 are the hannonic oscillation frequencies of the three normal 

vibrations (3N-6 = 3) or zero-order frequencies, XI] are the anharmonicny constants, and 

vI, v2' and v3 are the vibrational quantum numbers rorresponding to each nonnal mode. 

The experimentally observed fundamemal vibrations Decur between levels of VI = 0 and 

Vj = 1, with all other vk = O. Therefore, the three fundamentals of the triatomlc molecule 

are: 

VI = wl +2x II + 1/2 xl2 + 1/2 xl3 

v2 = 0)2 + 2x22 + 1/2 xl2 + 1/2 x23 

v3 = 0>:3 + 2x33 + 1/2 x 13 + 1/2 x23 

12.2.61 

The Xij values are usually negative, and thus the observed VI are le~s than the zero-order 

frequencies. Anharmonicity constants are generally very small, except for very large 
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amplitudes of the nuclei; thus, vibrations involving hydrogen atoms have the greatest 

anharmonicities. 

The consideration of anharmonic oscillations detennines not only the fundamemal 

transitions occuning at vi' but aiso aIlows vibrations appearing with energies 2vi. 3v
" 

... 

and vi + VJ' Vi - VJ, 2Vi + VJ, etc. Since anharmonicities are generally small, however, 

these overtone and r;ombination bands are much weaker than the fundamentals. In a 

polyatomic molecule, it is highly possible for more than one vibration, including 

combinations and ovenones, to have similar energies. This accidentaI degeneracy can 

lead to penurbation of the energy levels, as was first recognized by Fermi _ 9 In a 

diatomic molecule, this perturbation is caused by vibrational and electronic interactions. 

In a polyatomic molecule, the anharmonicity in the potential energy, i.e., the interactions 

between different vibrations, is enough to cause the mixing of energy levels, or Fenni 

resonance. In order for perturbation to occur, however, the vibrational leveis must be of 

the same symmetry. The consequences of Fenni resonance are that one of the vibration al 

levels shifts up in energy whereas the other shifts down, so that the separation of the 

transition energies is greater than expected, and the similarity in intensities of the bands 

reflects the degree of energy mixing. 

The calculation of the nonnal modes of a polyatomic molecule can bp. facilitated by 

considering symmetry properties of the molecule. lO These nonnal vibrations can be 

summarized in the form of an irreducible representation, r, where the symmetry of the 

vibrational modes is aIso described. Not aU vibrations appear in both the IR and Raman 

spectra, and those which should be active can be detennined by group theory. Ail of the 

observed fundamental bands and resultjng overtones and combinations are called internaI 

vibrations, since they arise from il1tramolecular vibrations. In the solid state, the 

vibrations and rotations of the molecllles themselves within a crystallattice aiso give rise 
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to transitions called external modes, comprising of translational and librationul m0110ns. 

These and other solid-state effects will be described in section 2.2.3. 

2.2.1 Infrared Spectroscopy 

The concept of IR spectroscopy is straightforward. The periodic change of the 

dipole moment of a molecule can cause the absorption or emission of radiation of that 

frequency. The change in dipole moment does not have to be in its magnitude, but can 

also be an alteration in its direction with respect to a fixed coordinate system. Not ail 

vibrations cause a variation in the dipole moment, and those which do are termed "IR 

active", Most internai vibrations occur in the mid-IR region (4000 - 200 cm- I), whereas 

combinations and ovenones can extend into the near-IR range (13000 - 4000 cm-Il. 

External vibrations generally oecur below 100 cm-l, which is in the far-IR region. 

2.2.2 Raman Spectroscopy 

When light is scattered, the majority of the radiation is emitted at the sume frequency 

as the incident light, vo' in the form of Rayleigh scattering. Sorne m' the radiation, 

however, is scattered inelastically in the form of Raman scattering. Bands which appear 

at frequencies higher than Vo are called anti-Stokes lines, while those at lower 

frequencies are called Stokes lines. The differences in energy between the Stokes (and 

anti-Stokes) Hnes and the incident light correspond to the fundamental vlbrational 

frequencies, Vi, as well as combinations and overtones. 

Classically, Raman scattering is due to the electromagnetic field of hght induclOg li 

variable dipole moment in a molecule, 1 1 This dipole moment oscillates at the frequency 

of the incident light, and thus becomes an emitter of radiation. The induced di pole 

moment is given by: 
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[2.2.3) 

where ex is the molecular polarizability, EJ is the amplitude of the electromagnetic wave, 

and Vo is its frequency. The intensity of the light emitted by the molecule is: 

[2.2.4] 

This expression, however, assumes that the polarizability rer."'ains constant, which is not 

true for a vibrating molecule. If the molecule vibrates at a frequency vi' the polarizabiIity 

will also oscillate according to: 

[2.2.5] 

where <Xj is the maximum change in ex during the vibration, and ~i is a phase factor. 

Taking this into account, the intensity can be expressed as: 

[2.2.6] 

The f11'st term is the coherent scattering of light at the same frequency as the incident 

radiation, i.e., the Rayleigh Hne. The second and third terms are scattering at the anti­

Stokes and Stokes frequencies, respectively. These types of scattering are incoherent 

because the phase factor is not constant from molecule to molecule. 

The classical theory correctly predicts the positions of the Stokes and anti-Stokes 

lines; it does not, however, accurately prewct their intensities. Although these can only 

be described correctly by quantum mechanics, the simplicity and partial validity of the 

classical treatment is very useful in describing polarization of Raman bands as weIl. 
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From equation 2.2.6, the intensity of scattered light is proportional to the fOllrth 

power of the frequency of the incident light. For this reason, a high-frequency excitation 

source should be chosen in Raman scattering experiments. With an ultraviolet excitation 

source, however, electronic transitions can accur, whereas with an infrared source, 

simple IR absorption will complicate the spectrum. The mOSl logical choice for an 

excitation source is a line in the visible region, bearing in mind that many molecules can 

still undergo electronic transitions in this region. Laser sources ean provide high power, 
. 

monochromatic visible light, and are widely used in Raman spectroscopy. The Iinear 

polarization of laser light, however, also allows the ability to measure polarization 

characteristics of vibrational bands. 

The polarizability of a molecule, a, is a symmetric, second-order tensor rather than a 

scalar quantity. It can be expected, therefore, that when molecular orientations are fixeù 

in space, scattering of a laser beam will be of unequal intensity depending on the 

direction of observation. Experimentally, this is achieved by placing a polarizer after the 

sample such that only the light of proper polarization is measured. Interestingly, band 

polarization is also observed in isotropie systems of liquids and gases, because the 

squares of the components of a average to different values over ail space. The 

depolarization ratio of a liquid measured at 90° scattering from a laser can then be 

defined as: 

Pl = IT(obs.1) - 1 Il (obs .1) = 3y. 

1 Il (obs.L) 25a2 + 4"(2 
12.2.71 

where Cl is the Mean value or isotropie part of the polarizability, equal ta the trace of o., 

?nd y2 is the anisotI'opy of the polarizability ellipsoid. If "(2 equals zero, as in the case of 

a highly symmetric molecule, the polarizability ellipsoid is a sphere, and Pl = 0; the line 

is completely polarized. Where anisotropy exists, the depolarization ratio will be a 

non zero value less than 0.75. Group theoreùcal analysis shows that Cl '* 0 only for totally 
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symmetric vibrations; this condition results in polarized Raman bands where PI < 0.75. 

Non-totally symmetric vibrations are depolarized, with Pl = 0.75. 

2.2.3 Solid-State Effects 

Infrared and Raman bands are subject to inhomogeneous broadening due to the 

kinetic energy of the molecules in a sample. In the liquid phase, the high mobility of 

molecules causes vibrational bands to be broadened. The Rayleigh scattering line is also 

broadened, resulting in a long tail into the low-frequency region of the Raman spectrum. 

In the solid state, several effects can occur. The ordered packing of molecules 

results in translational and libration al bands appearing in the low-frequency region. In 

the case of an ordered crystalline phase, the extemal bands are sharp. Broad, librational 

bands superimposed upon the Rayleigh tail indicate the occurrence of anisotropie 

reorientation of molecules within the crystalline lattice ('t2 - 10-7 s).12,13 Faster 

reorientations ('t2> 10-12 s) result in a liquid-like low-frequency region. 

A mole cule in a lattice is affected by the symmetric arrangement of other molecules 

around it, and group theory is very useful in predicting the ..,pectroseopic outcome of 

these intermolecular interactions. 14 The molecular unit belongs to a partieular point 

group according to its symmetry elements. Each molecule is located at a position in the 

lattice which also has a well-defined symmetry, called the site symmetry, which must be 

the sarne as or lower in symmetry than that of the molecule. The erystallographie space 

group can be reduced to a subclass of symmetry elements known as a factor group; this 

factor group must be of equal or higher symmetry than the site group, in order for the 

particular site symmetry to exist within the unit eeH. The normal modes of an isolated 

molecule can then be correlated from moleeular to site to factor group symmetry, which 

cao result in an increase in the number of obselVed vibration al bands known as soUd-state 

or factor group splittings, correlation couplings, or Davydov effects. 
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The group-theoretical analysis of a molecular solid will be exemplitied using the 

CH31 molecule. Methyl iodide consists of five atoms and therefore has nine nonnal 

modes. According to the C3v symmetry of the molecule, these nonnal modes transfornl 

according to: r vibint = 3al + 3e. Since al and e modes are both IR and Raman active 

under C 3v symmetry, six peaks should appear in both spectra of the liquid. Methyl 

iodide is known to crystallize in the space group Pnma (D2h 16) with four molecules per 

unit ceU, each located at a site of Cs symmetry.15 A correlation diagram for crystalline 

CH3I is shown in Figure 2.2.1. 

Molecule 
C3v 

Factor Group 
D2h 

(R) 

(-) 

(R) 

(IR) 

b2g (R) 

~=====~s:=b2U OR) 
b3g (R) 

b3u (IR) 

Figure l.l.l. Correlation diagram for crystalline methyl lodide (R = 
Raman active, IR = IR active). 

Using the correlation diagram, the solid-state splittings that occur in CH31 can be 

predicted. Each al mode is not affected by site splitting, since it is nondegenerate, 

however it should split into four modes (al + b1u + b2g + b3u) under the mfluence of the 

D2h factor group. This would result in two Raman and two IR peaks in the solid-state 

spectrum for each al peak originally in the liquid spectrum. Similarly, an e mode of the 

liquid should be split into two by site group splitting, and each should be funher split into 

four modes by factor group splitting. Thus, in the solid, four Raman and three IR peaks 
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should be observed for each e mode peak. Furthermore, aIl bands in the soUd-state 

spectrum are mutually exclusive due to the Pnma centrosymmetric space group. The 

solid-state spectra reponed in the literature do indeed reflect these predictions. although 

not all of the splittings could be observed, even at 0.5 cm -1 spectral resolution, and there 

are several coincident bands in the IR and Raman spectra. 16 

The external vibrations of CH3I can also be calculated using group theoretical 

procedures. Translational and libration al modes arise from vibrations of the entire 

molecules within the lattice structure, thus, only the site and faclor group symmetries are 

of concem. Acc"rding to the Cs site symmetry for each molecule, three rotation al and 

three translational modes transfonn as r totext = 3at + 3a". Correlating once again to the 

D2h factor group, these result in rtotext = 3ag + 3au + 3blg + 3b1u + 3b2g + 3bZu + 3b3g + 

3b3u' Subtracting the three acoustic modes, b1u + b2u + b3u (which are not IR or Raman 

active), resuIts in r vlb ext = 3ag + 3au + 3b lg + 2b1u + 3b2g + 2b2u + 3b3g + 2b3u' 

Therefore, twelve Raman and six IR bands should appear in the lattice region. 

Experimentally, ten of the Raman and five of the IR external modes were observed, along 

with other combination and overtone bands appearing at higher frequencies. 16 

Group theory, therefore, is highly useful in interpreting solid-state vibrational spectra 

when the structure of a solid is known. When the crystal structure is not available, factor 

group anaIysis can aIso be used as a back-calculatation to predict the site and factor 

group symmetry from the solid-state splittings and the number of external modes. This 

type of analysis will be attempted for each of the compounds investigated in this thesis. 

2.2.4 Vibrational Bands Under Pressure 

When a crystal is compressed, the initial effect is a decrease in the interrnolecular 

distances, which ultimately leads to a decrease in interatomic distances. In the hannonic 

approximation. this would not result in any changes in vibrational frequencies. However, 
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since molecular bonds are anhannonic, the slight decreases in interatomic distances leads 

to increases in vibrational force constants, and therefore in the frequencies of the modes. 

Shennan and Wilkinson have developed a relation between the change in atomic spacing 

and the resulting change in vibration al force constant. 17 For external modes, with the 

energy of the system given by a Lennard-Jones potential function, they calculated that il 

1 % decrease in intennolecular spacing wou Id result in a 21 % increase in vibrational force 

constant. Internal, stretching modes were estimated as having a 6% increase in force 

constant with a 1 % decrease in interatomic distance, according to equations for the 

potential energy of diatomic molecules. 18 No simplified explanation for the behaviour of 

other, non-stretching vibrations cou Id be provided; however, since the force constants of 

bending modes do not depend as heavily upon interatomic distance as do those of 

stretching modes, bending vibrations should have comparitively small pressure shifts. 

InternaI modes can usually be fit to linear pressure dependences, the slopes of these 

lines being dv/dp. Structural transitions are evidenced by a discontinuity in the slope, or 

a change in its value upon passmg through the phase transition.!7 For the purposes of 

comparison between modes spanning a range of frequencies, the Iogarithmic pressure 

dependence, dlnv/dp, provides a parameter which accounts for the different energies of 

vibrations. The volume change of the crystal must aiso be removed in order to compare 

values between different solids. The made Grüneisen parameter, YI' has been defined 

as: 19 

- Vdv 1 

v·dV 1 

= 
- d(lnvi) 

d(lnV) 
[2.2.81 

where Vi is the frequency of a vibration al mode, and V is the crystal volume. This 

relation can be more conveniently written as: 
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[2.2.9] 

where Ks is the isothermal compressibility of the crystal given in equation 2.1.6. Values 

of 'YI for IR and Raman bands of molecular crystals are typically 0.03 to 3. 
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CHAPTER 3. EXPERIMENTAL 

3.1 Samples 

Sublimed crystals of l-fluoroadamantane were provided by Ms. K. Khouguz and 

Prof. P. G. Farrell (McGill University). Proton NMR analysis (200 MHz) did not reveut 

the presence of any impurities, and the sample was used without additional purification. 

Purchased samples of norbomane, norbornylene, bicyclooctene (Wiley Orgamcs) and 

norbomadiene (Aldrich Chemical Co.) were analyzed by gas chromatography, and Wl!n! 

detennined to be > 99.5% pure. No further purification was attempted. Quadricyclanl! 

was also purchased from Aldrich Chemical Co.; chromatographie analysis revealed 98% 

purity. However, simple distillation (b.p. 108°C at 740 mm Hg) resulted in 

decornposition of the sample. Preparatory gas ehromatography was attempted, but the 

sample and impurity peaks could not be separated. Since the ose thermograms reveakd 

very sharp peaks, and linle fluorescence was observed in the Raman spectra, the sam pie 

was utilized in its original state. It is possible that the impurity peak present 10 the gus 

chromatogram was due to decomposition of the sample along the eolumn. 

3.2 Differentiai Scanning Calorimetry 

Differential scanning calorimetrie measurements were made on a Perkin-Elmer 

DSC-7 calorimeter with liquid nitrogen as the coolant. The minimum temperature 

attainable by the instrument was 103 K (-170OC). Both the temperature and enthalpy of 

the calorirneter were calibrated by using the phase transition of cyclohexane (Aldrich, 

Gold Label). AU samples, typically 5-10 mg, were weighed on a Cahn electrobalance 

and hermetically sealed in aluminum pans. Subsequent weighings were perfonned to 

ensure that complete sealing of the pans had been achieved. 
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AlI samples were scanned in both cooling and heating directions, at 5 or 2.5 K min- I . 

Solids were cycled repeatedly at 20 K min-1 prior to measurement tn ensure homogeneity 

of the sample. Because calorimetrie data for quadricyclane and I-fluoroadamantane were 

not available in the literature, these sample!l were scanned, then cycled, and scanned once 

again to determine any memory effects associated with these samples. 

Phase transition temperatures were recorded as the onset of the peak. Enthalpies 

were measured by determining the area under each peak; division by the transition 

temperature resulted in the transition entropies. 

3.3 Infrared Spectroscopy 

Infrared spectra were recorded on a Nicolet 6000 Fr-IR spectrometer with an 

MCT(B) detector cooled with liquid nitrogen. The low-temperature spectra were 

scanned typicaIly !OO limes at a resolution of 1 cm- l . High-pressure spectra were usually 

recorded at a resolution of 2 or 4 cm-l, coadding 500 to 1000 scans. Low-temperature IR 

speetra of norbomane were obtained on an Analect AQS-18 FT-IR spectrometer, at a 

resolution of 2 cm- l . Unless otherwise stated, the IR spectra throughout this thesis are 

reported in absorbance units versus wavenumbers (cm-1). 

3.4 Raman Spectroscopy 

Raman spectra were recorded on an Instruments S.A. spectrometer with a Jobin­

Yvon Ramanor U-lOOO double monochromator, interfaced to an IBM PS/2 Model 60 

computer for data collection and processing. The excitation source was usually the 

514.532-nm line of a Spectra Physics model 164, 5-W argon ion laser, although the 

487.987-nm Hne (Ar+') or the 530.865-nm line of a Coherent Innova lOO-K3, 15-W 

krypton ion laser were aIso used. Variable-temperature spectra were recorded at 2 cm-1 

resolution for most spectra, with one spectrum of each solid phase recorded at 1 cm- l 



resolution. Laser power at the sample was typically 300 mW. Polarizauon 

measurements were made at 90° seattering, of either CCl4 or CS1 solutions. or on the 

neat liquid. High-pressure Raman speetra were reeorded at -t. cm -1 resolution, \Vith the 

laser power at the sample 30-50 mW. AlI Raman spectra are reponed \0 units of total 

counts versus wavenumbers (cm- 1). 

3.5 Low-Temperature Spectra 

A Cryodyne Cryocooler model 21 cryostat (Cryogenies Teehnology Inc.) attached to 

a Cryophysics model 4025 controller was used ta maintain and measure the sample 

temperature in the variable-temperature spectroscopie measurements. The cryostat eould 

he equipped with either glass windows for Raman measurements, or KBr windows for IR 

spectroscopy. 

For the IR measurements, a KBr window was mounted onto the cold finger of the 

cryostat, and a valved tube containing the sample was attached to the chamber. The 

sample cham ber was then evacuated and cooled to a temperature below the phase 

transition. Sublimation of the sample onto the window occurred immediately upon 

opening the valve. Subsequently, the sample was heated and cooled repeatedly through 

the phase transition unnl the spectra of both phases were consistent. 

Samples were sealed in glass capillary tubes for Raman measurements, which were 

mounted onto the cold finger in the eryostat with indium foil as a conducting junction. 

Spectra were measured at a 90° scattering angle. 

Infrared and Raman spectra were measured every 10 K near the phase transition, 

both on cooling and on heating. The accuracy of the temperature reading was ±5 K, 

while the precision was typically ±1 K. 
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3.6 High-Pressure Spectra 

Two different diamond anvil ceUs (DAC) were used in the experiments. The IR cell 

was from High Pressure Diamond Optics (Tucson, Arizona), equipped with type lIA 

diamonds. This type of diamond is the most IR transparent, with complete absorption 

occurring only in the 2600-1800 cm- I region. The pressure calibrant chosen was NaN03 

diluted in a NaBr matrix. (0.1-0.3 wt. %), which has a strong, single peak assigned as the 

antisymmetric stretching mode of N03- at 1401.3 cm,l. The equation used to calculate 

the pressure of the sample was: 1 

p = 1.775 âv -0.7495 âv ex.p(-~vn8) [3.6.l ] 

where ~v is the measured peak shift at each pressure. The calibrant was pressed into a 

thin pellet, and then broken into small pieces and dried at -180OC. For solid sarnples, a 

stainless-steel gasket, 200 ~m in thickness, was seated fmnly on one of the diamond 

anvils using small pieces of plasticine. A chip of calibrant only slightly sm aller than the 

gasket hole (400 ~m in diameter) was positioned into the hole and pressed in the DAC to 

form a thin, unifonn layer of calibrant. The cell was then opened, and a piece of solid 

sample was put over the hole. Quickly, the ceU was reassembled, and enough pressure 

was applied to keep the volatile sample from escaping the gasket. For liquid samples, a 

piece of calibrant was placed into the hole of a 100 Ilm thick gasket, and a drop of the 

sample was then placed on top. The celI was then assembled and enough pressure was 

applied so that the sample and calibrant fonned a transparent layer. The pressure was 

then released, and the system was allowed to equilibrate for several hours. The DAC was 

mounted onto an XYZ stage which was aligned on a Spectra-Bench 4X beam condenser 

(Spectra-Tech). Infrared spectra were obtained upon compression and decompression at 

1-3 kbar intervals . 
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High-pressure Raman spectra were obtained using a DAC from Diaccli Products. 

Leicester, England, equipped with type lIA diamonds. The sam pie. together \Vith a ruby 

chip as a pressure calibrant, was placed into the 300 J..lm hole of a 3HO J..lm thtck stainless 

steel gasket between the diamonds. The DAC was placed under the ..J.X objective of the 

Nachet op tic ai microscope coupled to the Raman spectrometer, with the scattered light 

being collected at a 1800 angle. Spectra were measured every 1-3 kbar upon 

compression only, due to the design of the cell. The pressure of the sample W<l!l 

caIculated using the equation:2 

p = -1.328 6.v + 0.0003 (6. v)2 (3.6.21 

where 6.v is the observed shift in the ruby RI fluorescence band from its initial position 

of 694.178 nm (5029.6 cm- I away from the 514.532 nm Ar+-laser line). 

The use of a gasket in the DAC serves to both contain the sample and to maintain 

even pressure throughout the sample.3 Hydrostatic pressure. however, is completely 

ensured when a pressure-transmitting fluid is aIso placed into the cell along with a solid 

sample. Various types of fluids have been reported; one of the more popular has been a 

4: 1 methanol-ethanol mixture. Gases such as He, Ar, and N2 have also been used, but in 

the solid phase. The difficulties associated with using the methanol-ethanol mixture, as 

well as other organic liquids such as n-octane,4 are that the sample must be insoluble in 

the fluid, and in any case, the vibrational spectrum becames complicated with its bands. 

Salid gases are difficult to employ since the se require special cell-Ioading techniques at 

cryogenie temperatures. The method of using these gases was developed to mamtain 

hydrostatic pressures up to several hundred kbar. Since aU of the compounds 

investigated in this thesis are organic, and highly soluble in organic solvents, and because 

relatively moderate pressures were achieved (generally up to 25 kbar), no pressure-
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transmitting fluids were employed in any of the high-pressure vibration al spectroscopie 

experiments. 

The !inear pressure dependences (dv/dp) of al! vibrational modes measured were 

calculated by !inear least-squares analyses of plots of peak positions, in cm-l, versus 

pressure, in kbar. The phase transition point was chosen where the majority of spectral 

changes occurred, and the plotted lines were broken at that pressure. In cases where the 

phase transition was sluggish, i.e., where the transition did not occur sharply between 

measured pressures, the data obtained during the phase transition were omitted from the 

calculation of the pressure dependences. In all the tables of high-pressure data given, 

!ines with a correlation coefficient, r2, of greater than 0.95 are reported with two 

significant digits, whereas lines with 0.80 < r2 < 0.95 are reported with one significant 

digit. When the r2 values are less than 0.80, slopes are listed only if more than ten data 

points have been measured, because these values still reflect the general trend of the 

vibrational peak. 
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CHAPTER 4. THE NORBORNANE SERIES 

4.1 Introduction 

The seven-carbon, bicyclic hydrocarbons are well known to exhibit onentational 

disorder in the solid state. 1 This family of compounds includes bicyclol2.2.1Iheptane 

(norbornane), bicyclo[2.2.1]hept-2-ene (norbornylene), and bicyclol2.2.1Ihepta-2,5-diene 

(norbornadiene), the structures of which are shown in Figure 4.1.1. Henceforward, they 

will be referred to as NB A, NBE, and NBD, respectively. 

7 7 7 

3 3 3 

6 6 6 

NUA NUE NOD 

Figure 4.1.1. Structures of norbomane (NBA), norbornylcne (NBE), and norbomadlcnc (NBD) 

At ambient temperature and pressure, NBA and NBE exist as onentationally­

disordered solids while NBD is a liquid. Upon cooling below the melting temperaturc, 

the diene also forms a disordered solid. Norbornane has an additional disordered phase 

(phase 1) which exists over a short temperature range above room temperature. Adiabatic 

calorimetry has been performed by Westrum;2 the data are shown in Table 4.1.1. A 

powder x-ray diffraction study3 determined the structures of the se disordered solids, and 

in each case, the phase which exists at temperatures above the crystalline phase 1S 

hexagonal close-packed. The crystal dimensions were detclmined to be: a = 6.17 and c == 

10.03 Â for NBA, a = 5.89 and c = 9.51 Â for NBE, and a = 6.08 and c = 9.X 1 À for 

NBD. The second disordered phase of NBA, existing at a higher temperature, was 

determined to be body-centred cubic with a = 8.73 À. These findings make this family of 
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Table 4.1.1. Adiabatlc CalorirneU'lc Data for Sorne Seven-Carbon 
Bicyclic Hydrocarbons.2 

Transition T ~St 
(K) (J K-l mol- l ) 

norbomane III ~ II 131 31.5 
II ~ 1 306 0.3 
1 ~ liq. 360 12.7 

norbomylene II ~ 1 129 37.5 
1 ~ liq. 320 10.9 

norbomadiene II~I 202 44.2 
1 -t liq. 254 6.6 

compounds particularly interesting in that they aH have hexagonally close-packed 

disordered phases, while most other organic cage-compounds have cubic disordered 

phases. l 

A considerable amount of data has been collected for the various solid phases of 

these three compounds. Extensive proton NMR studies under variable-temperature and -

pressure conditions have been perfonned on all tbree.4,5 The rotational activation 

enthalpies in the disordered phases of NBA, NBE, and NBD were detennined to be 5.4-

8.8,6.3-10.5, and 8.0 kJ mol-l, respectively. Ranges were given for NBA and NBE since 

the plots of lot'! versus lrr were not linear. In addition, only a marginal change in 

M-I*rot was observed between the two disordered phases of NBA. This is consistent with 

the occurrence of rapid endospheric rotation in both disordered phases. An IQNS study 

confrrmed that isotropie rotation occurs in both plastic phases of NBA, with no change 

detected at the hexagonal to cubic phase transition.6 Similar results were obtained for 

NBD; the authors also claimed to have discovered a metastable, cubic close-packed 

phase which fonns upon slow cooling of the liquid.7 No other evidence for the existence 
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of this phase was given, and the exact cooling conditions needed to obtain this metastable 

phase were not reported. For the diffusion process, the activation enthalpIes for NBA 

(phase II and phase 1), NBE, and NBD were determined to be 54.5, 64.8.48.0, and .N.9 

kJ mOl-l, respectively, by NMR spectroscopy.4.5 Radiotracer studies on NBA and NBE 

were consistent with the NMR data, conf"rrming that self-diffusion occurs via a 

monovacancy mechanism.8 Deuterium NMR of NBA-d4 and NBA-d2 showed the 

hexagonal to cubic phase transition to occur 25 K and 9 K higher than in NBA. 

respectively.9 The slower rotations and translational diffusion of NBA-d4 were 

suggested to be at least panially responsible for the observed isotope effect. 

The disordered phase of NBE, in particular, has been the focus of seve rai studies. 

Brillouin, Rayleigh, and Raman scattering have been undenaken showing no 

discontinuities at the melting transition.lO,11 The Raman meusurements. however. wcre 

limited to a study of only the 837 cm- l peak in the disordered and liquid phases. A 

muonium adduct radical of NBE was investigated, and the rotation al regime of the 

molecules in the disordered phase was determined to be isotropie at room temperalure. 

with anisotropy setting·in at about 160 K.12 

Several vibrational spectroscopie studies have been reported on the se compounos, 

evoked by the interesting geometry and strain of these bicyclic structures. as weil as the 

ability for NBD to serve as a bidentate ligand in organometallic complexes. Infrared 

spectra have been recorded of the gas phase, and liquid phase IR and Raman spectra have 

also been published.13~17 Solid phase IR and Raman spectra of NBA and NBD have 

been measured at liquid nitrogen temperatures. l3,15,IB The vibrational spectra have been 

calculated by several authors, including normal coordinate ea1culations for NBA, 19 and 

NBA and NBD,13 and more recently, scaled ab initio STO·30 and 3·210 hannonic force 

fields for all three compounds have been computed. 16 An extensive vibrational study of 

NBA alone has been reported including IR, Raman, and neutron inelaslic scattering 
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measurements, as weIl as a nonnal coordinate analysis. 18 None of these studies, 

however, has addressed the phase transitions which occur in these compounds, as the 

solid state spectra have been confined to the crystalline phases. Furthennore, no solid 

state spectra of NBE have been reported at all. In this chapter, variable-temperature IR 

and Raman spectroscopy have been undertaken in order to gain structural infonnation on 

the solid phases of NB A, NBE, and NBD. In addition, high-pressure Raman 

spectroscopie studies have been perfonned to investigate the pressure behaviour of these 

materials. The results will be presented for each compound separately, followed by a 

general discussion conceming all three related solids. 
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4.2 Norbornane 

Figure 4.2.1 shows a typical thennogram of NBA measured by differemial scanning 

calorimetry. Since the DSC instrument was equipped for subambient use, only the phase 

II ~ phase III transition cou Id be measured precisely, occurring al l30 K on heating and 

129 K on cooling, with average enthalpy and entropy changes of 4.1 Id mol- l and 32.0 J 

K-l mol- l . The thennograms obtained at 2.5 and 5 K min- l agree in both onset 

temperature and enthalpy, and thus the shape of the thermogram was not caused by too 

fast a scan rate, but was inherent to the transition. The negligible hysteresis was 

surprising since the majority of order-disorder transitions of organic cage molecules are 

often associated with very large hystereses, i.e., up to 50 K.20 The phase 1 » phase Il 

transition occurred at 313 K on heating and 305 K on cooling, but due to its very small 

enthalpy change, could not be measured with much precision. These DSe results agree 

with adiabatic calorimetrie measurements reported by Westrum. 2 

• o 
r;;: -Il 
" = 

110 120 

J 

130 140 160 160 

Temperlilture (K) 

Figure 4.2. t. DifferentiaI scanning calorirnetnc thennogram of norbomane. scanmng al 5 K mm -1. 
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The phase II ~ phase III transition was observed quite clearly in the low-temperature 

IR and Raman experiments, characterized by sudden line narrowing and the appearance 

of at least two external modes. Figures 4.2.2 and 4.2.3 show representative IR and 

Raman spectra of the se two phases. The broad bands in the spectra of phase II are 

similar to those of a liquid, which is expected for a rapidly reorienting molecule. 

Norbomane (C7H I2), having C2v symmetry, has 51 normal modes, fvibint = 15a} + Il a2 

+ 13 b l + 12 b2' AIl vibrations are Raman active while aU but the a2 modes are IR 

active. A summary of the observed IR and Raman peaks is given in Table 4.2.1. The 

assignments of the skeletal modes were transferred directly from BruneI el al. IS 

However, their C-H stretching band frequencies did not agree with those observed in this 

study, and these latter modes were assigned according to Levin and Harris. 13 The 

structure of phase III is certainly fully ordered since two sharp lattice modes were 

observed in the Raman spectrum. Not even one clear instance of factor group splitting in 

either the IR or Raman spectrum was detected for phase III. From this observation, the 

unit cell structure of the ordered phase can be postulated according to the method of 

analyzing site and factor group splittings of solid state spectra. 

Norbornane cannot exhibit site splittings since all modes are nondegenerate under 

the molecular symmetry. However, factor group splittings are indeed possible under 

certain conditions. The site symmetry of the NBA molecules can be C2v or less, i.e., C2, 

Cs or Cl' About half the bands are coincident in the IR and Raman spectra, and the 

possibility of a centrosymmetric space group should not be ruled out. A set of 

combinations of site and factor group symmetries which will not result in any splittings 

in either the IR or Raman spectrum occurs when the site and factor groups are identical. 

These possibilities all allow only one molecule peT unit cell, which is consistent with the 

observation of two Raman lattice modes. The other possibility is a D2h factor group with 

a C2v site; this combination allows for two molecules in the centrosymmetric unit cell. 
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Table 4.2.1. Vibrallonal Data (cm- l) for Norbomanc. 

phase II phase III 

Raman IR Raman IR as~lgnmcnld 

(200 K) (155 K) (75 K) (1l5K) 

60w 
} lalUcc mode, 

67 w. sh 
165 vw v~6 
342vw 342vw vJQ 
409w 414 w YI5 
452vw 456w Y51 
757m 755 m 757 m 755 m Yl" 

788 w 788m YSII 
800vw 797 vw 

801 vw 
817 w 818 s 815 w 816 s vlJ 

821 w. sh 821 w 
869 m. sh V~q 

875 s 874 s 875 w 873 s VI2 
886 w. sh 

891 w 890 s 891 m 890s v37 
924s 921 s 924 s 925 s YII 
948 w. sh 948 w. sh 943 w 

951 m 950m 950 rn Y4~ 
954m 955 vw. sh 960m 958 vw Y;!.l 
993m 992vw 995 s 990 w V 10' v~J 

1025m 1023 w 1032 rn 1030m Y36 
1073 W 1072 vw lO72m 1069 vw Y35' v.n 

1107 vw. br 1103 w 
1118m 1117vw.br 1121 m 1ll5rn Y22 
1142m 1141w 1147 m 1140m YQ. Y4(, 

1160 vw Y]4 

1214 w 1209m 1218 m 1207 s Y33 
1236 vw. sh 1232 vw 1236 m Y21 

1241 w 1240m 1244m 1238m v~5 
1256 w. br 1259m YK 
1274vw 1273 w Y2I) 

1313 w 1312s 1317 m 1312 s Y7 
1319 w. sh 1316 w. sh 1321 w Yl9' Y44 
1442m 1443 m Y~3 
14S0m 1450s 1451 m 1451 s YI) 

1453 m. sh V 311 
1459w 1459m 1460w 1465 m YI8 
2867 s 2867 vs 2865 s 2864 vs 

2870 vs 
2893m 2893m 2891 m 2892m YI7 
2910m 2910s. sh 2909m 2908~ 

} Y4. Y29 2915 S 29155 
2928 s 2927 m. sh 1 

2931 s 2934 s. sh 2937 s f Y1' Y42 

2945m 2947 s. ~h 
1 2955 s. sh f Y2. Y2l!' Y41 

2953 vs 2951 vs 2952s 2958 vs 
2966 s 2963 vs VI. YI(,. Y27. v4I) 

aFrom references 18 (skeletal modes) and 13 (C-H stret.chcs). 
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Figure 4.2.4. Infrared spectra of norbomane at the mdIcated 
pressures upon compressIOn. 
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The space group of phase III, according to the interpretation of the low-temperature 

spectra, is either orthorhombic (C2v
1, C2vl1, C2v14, C2}8, C2i O, D2h l, D2h5, D2h13, 

D2h17, 0 2h
19, D2h21 , 02h23, 0 2h

25, or D2h28), monoclinic (CsI, Cs2, Cs3, Cs4, C21, cl 
or C23), or triclinic (CIl). 

The behaviour of a material under pressure can he easily monitored by high-pressure 

IR specttoscopy. Figure 4.2.4 shows the C-R stretching region at various pressures. 

Upon compression, the peaks shift to higher frequency due to compression of the 

intramolecular bonds. At 16.4 ± 1.0 kbar, the peaks suddenly narrow, indicating that the 
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transition to the ordered phase (phase III) has occurred. The application of pressure tu 

the ordered phase causes the vibrational bands to continue to shift to higher energy. 

Representative plots of the frequencies of IR bands versus pressure are given in Figure 

4.2.5. The pressure behaviour of vibration al peaks can be summarized by the slopes of 

linear fits of the band positions versus applied pressure, with the phase D'ansinon 

characterized by a discontinuity in the se lines. A compilation of the available high­

pressure IR data is given in Table 4.2.2. Comparison of the pressure dependences of the 

peaks is possible by calculating the logarithmic dependence of the bands, dlnv/dp, or 

(l/V)(dv/dp). These are aIso listed in the table, along with vibrutional assignments 

according to the literature. The main features to note are, within each phase, the lower 

r--. 3020 -.---,-- ---

940 • • • • • 
• • ••• 3000 

920 .... • •• 
2980 .--.....-..... 
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............. • • 8 • •• • .. . 
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Figure 4.2.5. Pressure jependences of selected IR pea.ks of norbomane. 
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Table 4.2.2. Pressure Dependences of Infrared Peaks of Norbornane. 

phase II phase III 

v liv/dp dlnv/dp v dv/dp dlnv/dp assignmenta 
(cm-l) (cm-lkbarl) (kbar1xl()4) (cm-1) (cm-1kbar1) (kbar1x 1()4) 

755 0.43 5.7 755 0.19 2.4 al. skeletaI def. 
818 0.66 8.0 al. CH2 rock 
874 0.47 5.3 873 0.16 1.8 al. C-C sU. 
890 0.62 6.9 890 0.2 3 bl • C-C su. 
921 0.40 4.3 925 0.25 2.7 al. C-C su. 

1140 0.088 0.77 al' CH2 tWist + b2• CH def. 
1209 0.2 2 1207 0.080 0.66 b2• CH2 twist 
1256 0.4 3 1259 0.13 1.0 al. CH def. + CH2 tWIst 
1312 0.18 1.4 1312 0.2 1 al. C-C su. 
1450 0.17 1.2 1451 O.Il 0.76 al. CH2 scissor 
1459 0.19 1.3 1465 0.04 0.3 a2' CH2 scissor 
2867 0.41 1.4 2864 0.3 1 
2915 0040 1,4 2915 0.2 0.5 2-C-bndge CH2 su. 
2951 l.l 3.6 2955 0.35 1.2 bridgehead CH Sir. 

+ 2-C-bridge CH;! Sir. 

2958 0.87 2.9 bridgehead CH str. 
+ 2-C-bridge CH2 str. 

IFrom references 18 (skeletal modes) and 13 (C-H stretches). 

pressure dependences of certain modes, such as those at 1209 (h2' CH2 twist) and 1450 

cm-1 (a l' CH2 scissor). Since the force constants of bending modes depend upon 

interatomic distance to a lesser extent compared to stretching modes, it follows that peaks 

assigned to these modes exhibit lesser pressure shifting. The pressure dependences of 

almost all the modes are lower in phase III than in phase II; this is an indication of lower 

compressibility of the ordered, high-pressure phase_ Among the C-H stretching modes of 

phase Ill, there is a wide variation in dlnv/dp values. These cao be attributed to the 

different types of C-H bonds due to the high strain that exists in the NBA rnolecule, and 

will he discussed in conjunction with NBE and NBD in the general discussion to follow_ 
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The high-pressure IR experiments were perfonned in the decompression direction as 

weIl as upon compression. The spectral peaks revened to their original appearance in 

phase II, with the phase transition occurring at 16.1 ± 0.5 kbar. Withm exp~rimcntal 

error, therefore, there is no significant pressure hysteresis associated with the phase Il ~ 

phase III transition, which is in agreement with the ose results. 
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4.3 Norbornylene 

Differential scanning calorimetry was perfonned in both the cooling and heating 

directions at 5 and 2.5 K min- l . The heating thermograms showed a sluggish phase 

transition at 127 K with accompanying enthalpy and entropy changes of 4.3 kJ mol- l and 

35.9 J K-I mol- l . These results are in agreement with adiabatic calorimetric 

measurements.2 Like many flrst-order transitions, hysteresis was associated with this 

phase transformation, the onset on cooling occurring at 114 K. The different heating and 

cooling rates showed that the sluggish nature of the phase transition was not caused by 

too fast a scan rate, but was inherent to the transition. Figure 4.3.1 shows a typical 

thennograrn of norbornylene in both heating and cooling directions. 

. 
100 110 120 130 140 150 160 170 leo 

Temperature (K) 

Figure 4.3.1. Differentiai scannmg calorimetrie thermogram of norbomylene, scanning al 5 K min -1. 



44 

Variable-temperature IR and Raman spectroscopie studies were used to charactenze 

structural changes occurring during the phase transition. Figures ~.3.:! and ~ 3.3 show 

representative speetra of each phase. No evidence of a metastable phase was detected in 

the vibrational spectra. Phase l, the disordered phase of norbomylene. exhibitr.d liquid­

like features in both the IR and Raman spectra. No lattice modes were observed in the 

low-frequency Raman spectra, only the broad lail of the Rayleigh line. This confinns 

that the molecules in this phase undergo rapid turnbling in the hexagonal close-packed 

lattice, which is expected since, upon melting, no change in correlation tunes were 

observed by either NMR4,5 or Raman spectroscopy.ll AIl modes are both IR and Raman 

active, which would be expected for the disordered phase of a molecule with C, 

symmetry (r vibint = 23a' + 22 ail). The low-temperature structure, phase II, was fomled 

immediately upon cooling through the transition temperature. Many change'i in bOlh 

spectra occurred at this point, including line narrowing and peak splitting. In addition, 

nine extemai modes suddenly appeared in the low-frequency Raman spectrum. mdicallng 

that an ordered, crystalline solid had been fonned (Figure 4.3.4). Table 4.3.1 summanzes 

the vibration al peaks observed for bath soHd phases of norbornylene. with asslgnmcnts of 

the skeletal bands according to STO-3G force-field calculations. 16 The C-H stretching 

modes have been left unassigned at the present time. 

Analysis of the vibrational spectra showed that several peaks of phase l, regardkss 

of symmetry, split into doublets in phase II throughout the spectral region. These 

splittings can be attributed to solid-state effects occurring in phase II which were not 

present in phase 1 due to the disordered nature of the latter solid. The spectra of phase 1 

resemble those of a liquid, i.e., the observed IR and Raman r~~ks are governed by the 

molecular symmetry. whereas the peaks of phase II are influenced by the site and crystal 

symmetry' No site splitting occurs since ail modes are nondegenerate under C.., 

molecular symmetry; therefore, any splitting effects are due to correlation coupling. 
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Figure 4.3.2. Infrared spcctra of norbomylcnc al (A) 58 K and (B) 145 K. 
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Figure 4.3.4. Low-frequency Raman spectnl of norbornylene at (A) 48 K and (B) 135 K. 

Since more than half of the observed fundamentals of phase II coïncide in the Raman and 

IR spectra, the crystal symmetry is almost cenainly noncentrosymmetric. The possible 

lattice sites that a molecule of Cs symmetry can occupy are Cs and C l' Considering the 

flfSt case, the crystal can have any noncentrosymmetric factor group which has Cs as a 

subset. Of these, only C2v and C4v will result in doubling of an the modes due to factor 

group splitting. In the second case, i.e., if the molecules occupy general positions, only 

the C2 and Cs factor groups can give rise 10 the observed splitting effects. AlI four of 

these possibilities can account for the nine extemal modes which were observed in the 

Raman spectrum. The unit cell of phase II, therefore, is monoclinic or orthorhombic 

containing two molecules, or tettagonal containing four Molecules. 
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Table 4.3.1. Vlbrauonal Data (cm- I) for Norhomylcnc 

phase 1 phase II 

Raman IR Raman IR aS'agnmcmJ 

(135 K) (145 K) (48 K) (58 K) 

30w 
39m 
53 w 
59vw 
66w IJII1CC m(}dc~ 
75 w 
82vw 
89vw 
95 w 

261 w 264w a". v45 

382m { 380m } u·. v24 383 w 

{ 469w 
472w 

477 s 474w 477 s 476 w J', v 23 664w 664vw 663 w 663 vw u". v,n 
668 vw 665 vw 668 vw 

703 m d', vn 
708w 709 s 710w 712 s 

717 m 
764vw 

769 s 769 m 767 vw 768 m J', v~! 
771 S 

793w 793 m { 792w 793 m 
J". v 4 2 794w 

810w 809w { 807 w K08 w 
.. ·.vw 809w 

815 w 
832w 832m { 830vw 

,1". v 4 ! 833 w 832m 
867w { 864vw 

868 vw 
873 vs 873m { 871 m { 871 m } u', vl9 874 vs 876m 

896 w. sh 
897m 899 w, sh 

903 s 903m { 901 m 902m 
J', VIS 904 S 905 m 

911 W 

927w 927vw { 923 w 
a", V41l 928 m 926vw 

931 w 
938 vs 937 W 936 vs 936 W a'. v 17 
952m 9S2vw { 950w 

a", v38 ~ 954m 952vw : 
{ 962w { 9j3 vw ~ 

9645 964w u', Vl6 
) 

965 vs 965 w ( 

{1015 ra ~ 1019 m 1019 w 1021) m \019 m u', VI~ 
l 

1034m 1033w {1030 m {\O33 w a". v37 lO34m \035 w 
\085 w, sh 
1087w 

1090 s, br 1090 w, br 10915 1093 w, 5h a', Vl4 
1099 5 1098 w 

1116 s 1116 w, sh plll w 
Ill7s 

{I112w 
1115 w a", v36 

1125 5 1125 m {1125 w {lI24m a'. vi3 , 1128s 1127m 
i 1130m 
~ 1144 vw 1145 YW 

t 
t 
~ , 
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Table 4.3.1. (com'd,) 

phase 1 phase II 

Raman IR Raman IR asslgnmema 
(135 K) (145 K) (48 K) (58 K) 

1160s 

1165m,br 1164 W 
{1162w {1161vw,sh 

1164 w,sh 1164 W 
a", Vl2 

1173 vw 
1184 vw 1185 vw a", V35 

1207m 1207w 1204w 1207 w a", v34 
1213 w, sh 1210 vw 

1235w 1238 W 

1250 vw 1250m 1247vw 1250m a", v33 
1262 vw 1266 w, sh 1260vw 

1268 vw 1265 W, sh 
1270w 1271 m 1271 vw 1270m a", v32 

1280m 1280m {1278 W a', vlI 1282w 1282m 
1296m l295m 1294w 1297 W a', vlO 

1329 m, sh 1329 w, sh 
1336 vw 13355 1337 vw 13345 a", v30 

1366w 1368 W 

1386 vw 1386 vw 
1418 w 1420w A', 2 x 7('1) cm-l 

1447 s 1445m {1443 m 
1445m 

{1444m 
1447 m } a', v9 

14505 

1466 w 1466 W {1461 w a', Vs 1465w 1468 w 
1544 vw 1545 vw A', 2 li 769 cm-! 

1561 vw 
1566 m, sh 1565 w, sh 
15705 1';70w 15705 1569 w a', v7 
1585 w 1585 vw 
1590 vw, sh 1589 vw 1600 vw 

1611 w, br 1611 w, br 
1626 vw 

1634vw, br 1634 vw 
1699w 1697 w 
1709 w 1708 w 
1716 w 1715 w 

2852w 

2869 m 2868 s 28665 {2863 s } a' 2869 s 
2883 vw 
2889 vw 

2891 vw 2892vw a' 
2897 vw 2899m 2896 vw 2900m 
29155 2916m 2913 5 29165 a' 

2934 m, sh 2931 m,5h {2928 w 
2932m 

{2929s 
29325 } a" 

29475 2946 s 2944s {29425 
2947 s 
29545 

2966 s, sh 2966 s, br {2961 m {2958 s, sh 
2965 m,sh 2966 s } ail 

29715,5h 
2976 s, br 29765 2977 s a 

29925 2991 m 
{3048 m ail, vinyl CH str, ,-

3055 m 3055 m 1 
1 30615 3059m 30585 3064m a', vinyl CH str, 

3135 w 3135w 3136 w 3134 w A',2xI570cm·1 

aSkeletal modes from reference 16. 
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The phase transition in norbornylene was also observed to occur by high-pressure IR 

spectroscopy. Figure 4.3.5 shows two IR spectral regions at various pressures. At 14.9 ± 

0.3 kbar, the band profiles changed suddenly, along with a shift of frequencies. The band 

shapes and frequencies continued to change up ta 16 kbar, but then remamed essentially 

constant up to 26 kbar except for pressure-induced frequency shifts. Vpon 

decompression, the phase transition occurred more slowly, broadened-out between 15 

and l3 kbar, with the bulk of the spectral changes occurring at 13.3 ± 004 kbar. 

3100 3000 2900 2800 1350 1 :\00 1250 
Wavenumber (cm- 1) Wavenumber (cm- 1) 

Figure 4.3.5. Two regions of the IR speclrum of norbomylene al me mdlcalcd pressures upon 
compression. 
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Figure 4.3.6 shows a detailed measurement of one mode, the vinyl CH defonnation (1335 

cm- I at atmospheric pressure), in both compression and decompression directions. On 

compression, the band position dropped suddenly at the phase transition, whereas on 

decompression, the phase transition occurred more slowly about the phase transition 

point. The 13 K temperature hysteresis is therefore manifested as a 1.6 ± 0.7 kbar 

pressure hysteresis. 

No pressure-volume data have been reponed for norbornylene. However, from our 

measurement of the temperature and pressure hysteresis of the phase transition, the 

volume change at the transition can he calculated using Equation 4.3.1: 

[4.3.1] 

1 

1 

,...... AAI .. 
1 :. 

1 
E 1338 .; · 1 A 
0 v:v 1 -- AV A 

r.. : VI V 
A 

Cl) · .. 
V · V 

.0 • 1" ..vA 1 
E IV .. .. , .. 

j 
;:l • v 
t: A 
Cl) 1338 • > 
4'0 

;:1: .... 
1 
1 • 

1334 
0 5 10 15 20 25 

Pressure (kbar) 

Figure 4J.~. Infrared peak posiuon of the vinyl CH defonnation mode upon compression (.) and 
decompresslon (V). The lines indicate the phase transition point, i.e., where the majority of spectral 
changes occur, upon compression (-.-,) and decompression (----). 
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where ~Sl and âV t are the entropy and volume changes at the transition. respectively. 

and âPh and ~ Th are the pressure and temperature hystereses associated with the 

transition.21 The volume change at the transition, âV l, is, therefore, 3.1 ± 1 cm3 mol- l• 

which is comparable with values obtained for other disortiered cage hydrocarbons. 

adamantane (2.3 cm3 mol-1) and 2-methyladamantane (2.8 cm3 mol- I).22 

Figure 4.3.7 shows the frequencies of several IR peaks plotted against applieù 

pressure; the frequency shifts of the peaks in both phases are summanzed in Table 4.3.2. 

There are se veral effeets that are apparent from these data. As was observed in the case 

of NBA, there is a dermite decrease in pressure dependence of most of the modes in 

phase II compared to phase 1 due to the lower compressibility of the ordered phase. The 

1000 3000 ~-r---,-- -- ,-- - -1 ... ...-.... 
960 2980 ~ .. ~.-' 

~ ~ 
. ... . ... 

960 ~ -::' 2960 .......... -.. 
1 

~ 
S ~ . 

~ 
C) ....... ------'-" 940 "" 2940 • IIJ 

..0 

S ~ ... ~ ..... 
920r ,.~ 

::J 2920 
c 
IIJ 

• .. > 
.~ 900 - eI'--· 10 

:= 2900 

8BO .........--- ......... 2880 --~ ....... --... 
860 2860 

1 

1 
1 

1 

j 

J 
1 , 
1 

-, 

__ ~ .... -J 

0 5 10 15 20 25 30 a 5 la 15 20 25 
Pressure (kbar) Pressure (kbar) 

Figure 4.3.7. Pressure dependences of selected IR peaks of norbomylene. Note the factor group 'Iphtung 
diSplayed in phase Il by the 903 cm -1 peak. 
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Table 4.3.2. Pressure Dependences of Infrared Peaks of Norbomylene. 

phase 1 phase II 

v dv/dp dlnv/dp v dv/dp dlnv/dp assignmenta 

(cm· l ) (cm·1kbar1) (kbar1x 1()4) (cm· l ) (cm·1kbar1) (kbar1xl()4) 

708 0.3 4 712 0.3 4 a', spl CH def. o/p 
769 0.32 4.2 768 0.1 1 a', CH2 rock + C·C Sb'. 
793 0.3t. 4.3 793 0.29 3.6 an, ring der. l/P 

808 0.22 2.7 a', CH2rock -
832 0.43 5.1 832 0.37 4.4 an, C·C SU'. 
873 0.54 6.2 871 0.29 3.4 a', C·C SU'. 

903 0.40 4.4 J 902 0.2 2 
a', l-C·bridge C-C SU'. 

l 905 0.71 1.9 
937 0.6 6 936 0.49 5.2 a', C-C sU'. 

952 0.50 5.3 an, C-C SU'. + nng der. t/p 
964 0.6 6 965 0.47 4.9 a', C-C SU'. + ring der. i/p 

1019 0.34 3.4 1019 0.33 3.3 a', loC-bridge CH2 rock 
1033 0.2 2 1035 0.70 6.8 a", CHlrock 
1090 0.2 2 1093 0.23 2.1 a", CHzrock 

1115 0.42 3.8 a", loC-bridge CH2lwIst 
1125 0.4 3 1127 0.50 4.5 a" CHz twist 
1250 0.11 0.92 1250 0.29 2.3 a", loC-bridge CH2 wag 
1271 0.30 2.3 1270 0.28 2.2 a", sp2 CH def. i/p 

+ sp3 CH def. ilp 
1280 0.26 2.0 1282 0.58 4.5 a', sp3 CH def. o/p 
1295 0.26 2.0 1297 0.32 2.5 a', CHz wag 

+ sp3 CH der. i/p 
1335 0.23 1.8 1334 0.1 1 an, sp2 CH def. i/p 
1445 0.12 0.85 1444 0.1 0.7 a', l-C-bridge CH2 scissor 

1461 0.25 1.7 a', CHz scissor 
1570 0.24 1.5 1569 0.1 0.8 a', C=C SU'. 
2868 0.44 1.5 2869 -0.2 -0.8 a', 2-C-bridge CHl str. 
2899 0.67 2.3 an, 2-C-bridge CHl str. 
2916 0.11 2.4 2916 0.21 0.73 a', 2-C-bridge CH2 sU'. 

2932 0.67 2.3 an, I-C-bridge CH2 SU'. 
2946 0.7 2 2947 0.33 1.1 an, 2-C-bridge CH2 str. 
2966 1.2 4.0 2958 1.2 4.2 an, bridgehead CH Sb'. 

2977 0.52 1.7 a', loC-bridge CHz st!'. 
2991 1.3 4.5 a', bridgehead CH str. 
3048 0.58 1.9 an, vinyl CH str. 

3059 1.1 3.6 3064 0.44 1.4 a', vinyl CH Sb'. 

3135 0.8 3 3134 0.87 2.8 A', 2 x 1570 cm·1 

·Skeletal modes from reference 16. 
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c=c stretching mode at 1570 cm-1 has a particularly low pressure dependence in both 

phases compared to ~he C-C stretching modes, due to the lower compressibility of the 

double bond. Sorne of the peaks of phase II, such as those at 1035 (a", CH:! rock) and 

905 cm-1 (a', loC-bridge C-C stretch), have particularly high pressure dependences, 

These peaks are the higher frequency components of modes split by correlation coupling, 

The application of pressure causes an increase in interrnolecular interactions, and. 

therefore, the large pressure shifts of the se particular peaks. 
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4.4 Norbornadiene 

DifferentiaI scanning calorimetry at 5 K min- l determined the melting and transition 

temperatures of NBD to be 254 and 175 K on cooIing, and 254 and 201 K on heating. 

The melting and transition enthalpies were 1.5 and 7.8 kJ mol-l, respectively, and the 

corresponding entropies were 5.8 and 41.6 J K-I mol- l. These results are again in 

agreement with those obtained by adiabatic calorimetry.2 

Figures 4.4.1 and 4.4.2 show IR and Raman spectra of NBD in each of its solid 

phases. The spectra of phase II are in agreement with the low-temperature spectr'! 

reported in the literature. 13,15 The band positions for both solid phases, along with the 

assignments 13-16 are presented in Table 4.4.1. Little change occurred in the specua on 

going from the liquid to phase l, except for !ine narrowing, but considerable changes 

occurred at the transition to phase II when the internaI modes decreased in bandwidth, 

and man y peaks were observed to shift and split. Furthermore, lattice vibrations 

characteristic of an ordered crystaI appeared in phase II, whereas in phase 1 only the 

broadening of the Rayleigh line was apparent, indicating the occurrence of extensive 

molecular reorientation in a disordered lattice (Figure 4.4.3). This is not unexpected, 

since the NMR studies showed that Iattice diffusion and reorientation occur in the high­

temperature phase, and the entropy of transition is very high compared to that of melting, 

indicating that the major disordering process occurs at the phase transition and not upon 

melting. 

Various possibilities for the factor group of phase II can be postulated by examining 

the soIid state splitting effects. Norbornadiene (C7H8) has 39 internaI vibrational modes 

(rvibtnt = 12 a} + 8 a2 + 9 bl + 10 b2). AU of these are Raman active, while only the a}, 

b} and b2 modes are IR active. Several Raman peaks were observed to split ioto doublets 

in the Raman spectrum upon cooling from phase 1 to phase II. In addition, at least seven 

external modes were observed for phase II in the low-frequency Raman spectrum. From 
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Table 4.'U, Vibrauonal Data (cm- I) for Norbomadlcnc. 

phase 1 phase II 

Raman IR Raman IR a.<;slgnmcnt,1 
(200 K) (210 K) (150 K) (160 K) 

27 m 
43 W 

46 w, sh 
59m lattlce moues 
72m 
78m 
97 s 

4Z5m 422m 429 s 431 m al'Yl2 
446m 445m 

a2'Y20 447m 
502m 505 W b2'Y39 

543m 542w 543 s 542w bl'Y30 
548w 547w 

668 s 666w 671 m b2'Y38 669w 
710vw 

731 vw 728 vs 732w 733 vs al'Yll 
737vw JZ'Yl9 

775m 774m al'YIO 
800w 800m 801 m 797 m bt'Y29 
877w 875 m 874w S74 w, sh : Jl,Yq 

879m 878 m , bl'Y28 
889 W J2'Y1H 

895 w 894 w 896m 893 vw 
b2'Y37 899m 

905 vw 
JZ,Yt7 908w 

915 w 914w 914m 913 vw 
918 vw 

bl'Y27 

938 s 937 w t 930w 935 w at,Yg 
934vw 

950w f 951 w,sh 
bt'YZ6 , 956m 

lO17w 1017 vw 1017 m b2'Y36 
1066vw 1062w { 1062m 1057 w b2,v3S ,1070m 

1087 w 
1095 w 

1107 s 1107 vw { 1102 vw 
1107 S 

1103 w Jl'Y7 
1111 m, sh 1115 m J2'Y16 
1152 w 1151 w U51 m 11S4m bl,v25 
1204 w 1204m 1209 w 1206 w b2,v34 

1222 vw 1222 w, sh 

1229m 1228m { 1228 m 
,1229 m, sh 1227m al·v6 

1240w i 1239 m 
,1242m 1241 w, sh aZ'Yl5 

1246 vw 1249 w 1246 w 
1270w 1270w 1273 m 1277 w aZ'v I4: bl ,v24 

1312 S 1308 s bl,v23 
1317 w 

1338 w 1343 w 
1450w 1449w 1447m 1449 vw al'vS 

1525 vw 
1543m 1541 vw 1543 w bZ'Y33 

1556 vw 1561 w. sh 1560w 1558 w 
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Table -U.1. (cont'd.) 

phase 1 phase Il 

Raman IR Raman IR asSlgnmenta 
(200 K) (210 K) (150 K) (160 K) 

1568 w 1567 w 1572 vw 
1575 s 1574 s al,v4 
1602w 1602vw 1603 w 1608 vw 

1645w 1651 w 
2853 vw 

2868 w 2868 w 2867 m 2866m al,v3; ER. 2x1450 cm' I 
2935 w 2934m 2936m 29345 al,v3; F.R. 2x1450cm·1 

2960w 2963m 
2970 w 2970m 2973 m 2968 w. sh bl,v22 
2990m 2987m 2987 s 2987 s al,v2 
2995 w. sh 30015 3000 5 b2 "32 
3050vw 3048 w a2,v13 
3064m 3065w 30605 3059 w. sh al,vI_ F.R. 2x1543 cm·1 
3073m 3070w, sh 30695 3067m bl,v21 
3090w 3085 w 
3102m 3102w 3097 s 3096 w al,vl; F.R. 2x1543 cm· l 
3123 w 3122w 3119m 

3132 w 
b2,v3l 

3146 w 3146 w AI; 2:d575 cm,l 

aFrom references 13-15 (C-H slretching region) and 16 (skeletal modes). 

the symmetry assignments according to force field calculations, l3,16 splittings of the al 

internaI modes are particularly apparent, but the splittings of the a2' b 1 and b2 modes are 

not as clearly defined (Table 4.4.1). None of the IR bands seems to split upon passing 

through the phase transition. Since the point group symmetry of NBD is C2v' the site 

symmetry in the ordered phase must be the same, or lower. No site splitting is possible 

since all modes under C2v symmetry are nondegenerate; however. the site group is 

important in detennining the factor group splittings which were observed. If the 

molecule occupied a CI site, different types of effects could be observed depending on 

the crystal symmetry. The Cl and q factor groups, with a Cl site, would not result in 

any splittings in both the Raman and IR spectra, so the triclinic space groups can be ruled 

out. Assuming the symmetry of the unit ceU is less than cubic. which is reasonable for an 

ordered phase, any other factor group wou Id result in correlation splitting of all bands in 
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both spectra. Since no IR splittings were observed. the site symmetry must be one of the 

remaining subsets of C2v symmetry, i.e., C2v' Cs or C2. Less than half of the vibranonal 

modes coincide in the IR and RamdI1 spectra; therefore. the possibility of a 

centrosymmetric space group exists. Funhennore, the appearance of at least seven lattiœ 

modes in the Raman speCm.Im suggests that the cell be occupied by at least two 

molecules. Under the requirement that the ui modes must double in the Raman 

spectrum, but no modes split in the IR, the more likely factor groups can be propost!d . 
. 

The choices are C4v' D4h or D 2d with a C 2v site; C4, C4h or S4 with a C2 site; or the C4h 

factor group with a Cs site. The structure of phase n is. therefore. tetragonal. with eithcr 

two or four molecules per unit cell. 

A 

8 

i 1 

140 120 100 80 60 40 20 
Wavenumber (cm- I

) 

Figure 4.4.3. Low-frequency Raman <;pcctra of 
norbomadiene at (A) 150 K and (B) 200 K. 
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Filure 4.4.4. Two reglons of the Raman "pu;trurn of norbornadiene al the mdicalcd pressures upon 
compression. Note that the shoulder that should appear at 1111 cm -1 in phase 1 was not observed due to 
the decreased resolubon of the variable-pressure experiments. 

Raman spectroscopy can also be useful in detennining the pressure behaviour of any 

material. Figure 4.4.4 shows two regions of the Raman spectrum of NBD, the C-H 

stretching region and the vinyl CH out-of-plane defonnation mode, at various pressures. 

The most obvious changes that occur as a result of the application of high-pressure are 

the graduai increases in frequencies, and the sudden change at 6.4 ± 1.0 khar, where a 

splitting of peaks occurs. The splittings are similar to those observed in the variable­

temperature experiments at the transition from phase 1 to phase II, and the ordered phase 

obtained by high-pressure thus has the same structure as the low-temperature phase. 

Figure 4.4.5 shows the pressure dependences of the frequencies of the se same 

vibrations. A summary of the pressure dependences of all the peaks observed is given in 

Table 4.4.2. Each mode has a different pressure dependence in the two phases, since the 
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Figure 4.4.5. Pressure dependences of the Raman peaks shown In Figure 4.4.4 The :!XoX-çm 1 
peak ln the disordered phase was too weak to be measurcd. 

compressibilities of the two crystal fonns are not the same. The peaks of the C-H mode, 

in phase 1 are broad and weak, and therefore, their pressure dependences could not bc 

detennined with accuracy. In phase n, however, the C-H modes clearly undergo b'Tcatcr 

pressure shifting than do the skeletal modes. 

A previously unknown case of Fenni resonance was observed In the course of thls 

work. In the low-temperature Raman spectrum of phase II, peaks appear at 1574 and 

1560 cm- l (Table 4.4.1). The fonner is the strong al v(C==C) mode, whIle the latter wcak 

peak had been left unassigned,14 attributed to solid-state splitting, 1 5 or assigned as a 

combination. 13 Since this weak vibration was also observed in phase I, it cannot be a 

result of factor group splitting. The correct assignment of these two modes is now 

possible as a result of the high-pressure Raman experiments. figure 4.4.6 shows how the 
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Table 4.4.2. Pressure Dcpendences of Raman Peaks of Norbomadtene. 

phase 1 phase II 

v dv/dp dlnv/dp v dV/dp dlnv/dp assignmenta 
(cm,l) (cm,lkbar1) (kbar1xl04) (cm,l) (cm,lkbar1) (kbar1xl04) 

1107 0.54 4.9 { 1102 0.19 1.7 al' viny! CH def. 1107 0.36 3.2 
1115 0.46 4.1 
1447 0.091 0.63 al' CH2 SC Issor 

1574 0.35 2.2 { 1560 0.49 3.1 
al' C=C str .• F.R. 1574 0.43 2.7 

2867 0.59 2.0 al' methy!ene CH Sir .• F.R. b 
2936 1.4 4.9 al' methy!ene CH Sir., F.R.b 
2973 1.6 5.4 bl, bridgehead CH Sb'. 
2987 1.1 3.6 al' bridgehead CH Sir. 
3001 1.2 4.1 b2• methylene CH Sir. 

3060 0.4 1 al. vin yi CH str .. F.R.e 
3073 1.2 3.9 3069 1.2 4.0 b2• viny! CH str. 
3102 0.9 3 3097 0.99 3.2 al. viny! CH str .. F.R.c 

dFrom rcfercnces 13·16. 
b.cFerml resonance pairs (see text for explanauon). 

relative intensity of these modes shifts from the higher- to the lower-frequency 

component with inereasing pressure. This effeet is highly indicative of Fermi 

resonance,23.26 Following the method of Sherman and Lewis,23 the theoretical energies 

of the unmixed vibrational modes (va and Yb) were calculated from the observed Raman 

peaks (v + and v J using Equation 4.4.1. 

(va and Yb) = 1/2 (v+ + v.) ± (62 - 82)112 

where 6 = 1/2 (v + - v J 

o = minimum value of ~ 

[4.4.1) 

The resulting curves are shown in Figure 4.4.7. Here, the second-order curve fit 

gave better correlation coefficients to the pressure dependenees of both sets of 

experimental frequencies than did a linear fit. The point of maximum resonance, i.e., 



1600 1590 1580 1570 1560 1550 
Wavenumber (cm- I

) 

Figure 4.4.6. Raman 'ipectra of the FermI rC'ionanœ doublct,>, v + 

and v .• at the tndicatcd pressures. 

64 

1590 .-, ----r---~---__r_----,-----r-. ---r----:~ 

y"""-, 
1585 ~ 

~ 
-:-- t 
E 1580 ~ 
<.1 ' 

~ 
s.. 
Qi 

.0 1575 t 
~ t 
~ 1570 ~ 
~ r , 

r 
1565 ~ .. 

V 
8 

v 

• 

• 

• 

1560 LI~~~~~~~-LI~o~_I~o-LI __ ~~.-L __ ~~~~~~-LI~o~~ 

a 5 la 15 20 25 30 

Pressure (kbar) 

Figure 4.4.7. Pressure dependences of the observed Fenm resonance doublet'), v + and v. 
and the calculated UDffilXed modes. va and Vb' 



" 

65 

where the intensities of the two peaks should be equal, was calculated to be at 20.6 kbar. 

Experimentally, this "crossover" point was observed to occur at approximately 17 kbar, 

which is in agreement with the predicted pressure, and the two unperturbed modes were 

calculated to occur at 1574 and 1563 cm- l at atmospheric- pressure. Two possible 

combinations cou Id be involved in this resonance effect, that given by Levin and Harris 

(800 + 775 cm-1),13 or a combination of the 1152 and 425 cm-} modes. In either case, 

the combmation is the higher frequency component of the pair (1574 cm- 1), and involves 

a vibrational mode which has the same symmetry as the fundamental, al' If no mixing 

ofenergies occurred, the C=C stretch would be observed at 1563 cm- l . 

Examination of the various C-H modes shows that two of the C-H stretching 

frequencies, occurring at 2867 and 3060 cm-l, are much less sensitive to pressure than 

the remaining C-H scretches. The two vinyl modes are also Fermi resonance doublets, 

split by 2v33' the totally symmetric v(C=C) mode (seen in the IR at 1543 cm- 1).14.15 

Similarly, the al methylene C-H stretch is in Fenni resonance with the first overtone of 

the methylene al bending mode, VS, appearing at 1447 cm- I. 13-IS In these cases, the 

energy levels cannot be decomposed easily as in the previous case. The frequency shifts 

of these peaks can be seen as the resultant of two opposing effects. Both members of the 

resonant pair are rapidly increasing in frequency due to the application of pressure, while 

at the same time, they are being pushed further apart due to a decrease in the Fermi 

resonance effect at higher pressures. The net result of these effects is that the frequencies 

of bath peaks have positive pressure dependences, but the lower frequency component 

lags behind. However, because the relative intensities of the resonant peaks do not 

change by a large amount at higher pressures, this decreased resonant effect is minimal, 

and the pressure at which Fenni resonance can be broken is much higher than the 

conditions of the present experiments. The more complicated behaviour of these modes 

may be due to the location of the C-H bonds on the outer surface of the molecule. 
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On the basis of variable-pressure DSe measurements. Wenzel and Schneider27 

developed an equation of state for the phase diagram of NBD. The temperature range 

investigated was limited to 200-225 K, and therefore the maximum transition pressure 

observed in these studies was only 1.25 kbar. Extrapolation of the data, however, predicts 

a transition pressure of 7.5 kbar at 295 K, which is in reasonable agreement with the 

present 6.4 ± 1.0 kbar value observed. 
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4.5 Discussion 

There are several observations of note upon comparison of the high-pressure data for 

the three related compounds, NBA, NBE, and NBD. Unfortunately, calculation of the 

mode Grüneisen parameters is not possible since the isothennal compressibilities of any 

of the solid phases of these compounds are not known. However, since the relation 

between dlnv/dp and 'Yi is linear, the trends of the former values within a given phase of 

one compound car oe ~'naIysed in a manner similar to 'Yi values. Also, since the 

compressibilities of disordert:r:l phases of organic molecules are typically about 0.02 

kbar- 1, and Ks for the ordered pl.'\ses should aIso be similar between NBA, NBE and 

NBD, one can make limited comparisol.~ conceming the three compounds. 

It is apparent that the pressure depen~:"nces of the peaks of the ordered phases 

(phase II for NBE and NBD, phase III for NBA) are lower than those of the disordered 

phases. This is due to the lower eompressibilities of the fonner. Once the transition to 

the ordered phase has occurred, the crystalline lattice beeomes less compressible and the 

molecules can better resist the application of pressure. The resultant effeet is a decrease 

in the pressure dependences of all vibration al modes eompared to those in the disordered 

phase. The dlnv/dp values for the skeletal modes for aH three disordered phases are 

comparable, ranging in general from 1 to 5 x 10-4 kbar- 1. These values for the ordered 

phases, however, are not as similar. In NBE and NBD, negleeting the higher-frequency 

eomponents of peaks split by correlation eoupling, the ordered phases have dlnv/dp 

values ranging from 1 to 4 x 10-4 kbar-1, whereas the majority of skeletal modes of NBA 

have mueh lower pressure dependences, ranging from 0.5 to 3 x 10-4 kbar- I . This 

eonfinns the assumption that the disordered phases of NBA, NBE, and NBD have similar 

eompressibilities, while also revealing that the compressibility of the ordered phase of 

NBA is lower than those of NBE and NBD. 
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For some inorganic systems, the YI values have becn shown ln increas~ 

systematically according to the decrease in frequency of the vibrattonal modes, due to the 

greater ease of distortion of weaker bonds. 28,19 However, the se conclusions were based 

on high-pressure Raman experiments on As4S4, S4N4' As2S3, and SS' This trend in Y,. or 

rather, in dlnv/dp, is certainly not observed with NBA, NBE and NBD, due to the many 

differem types of bonds within each molecule. Still, there are sorne general trenùs which 

occur within a given phase of each compound. Firstly, within the carbon skekton. the 

pressure dependences of the stretching modes are generally hlgher than those of the 

bending modes. This is because the force constants of bending modes do not depend as 

heavily upon interatomic distance as do those of stretching modes. Secondly, the 

components of modes affected by factor group splitting diverge with increasing pressure 

due to increases in intermolecular interactions. This IS exemplitieù in both NBE (902 

and 905 cm-1) and NBD 0102 and 1107 cm-'). The assignment of factor group 

splittings in Table 4.2.1 was both aided and confirmed by the very high dlnv/dp value" of 

certain modes of the ordered phase. The lack of any peaks with parm:ularly h1gh 

pressure dependences in phase 11l of norbomane (Table 4.1.2) also supports the 

observation of the absence of solid-state splittings in the low-temperature spectra. 

The behaviour of the C-H stretching modes has proven difficult 10 interpret in the 

high-pressure vibrational spectroscopie smdies. Adding ta the difficulty is the lack of 

assignments in the literature of the se modes in particular. Only one study has exphcltly 

assigned the C-H stretching modes by symmetry and general description In NBA and 

NBD.13 Severa! authors have stated that the possibility for Fermi resonance in thl' 

region is very high, and assignments have been made to thls effect. However, it has been 

clearly observed in the case of NBD that these high-frequency stretches do not exhibn the 

characteristic Fermi resonance effect documented in the literature 23-26 and observed In 

the present study between the 1560 and 1574 cm- 1 peaks in phase Il of NBD. One 
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explanation that can be attributed to this anomalous behaviour is the location of the C-H 

bonds on the outsides of the molecul~r cages. The sensitivity to pressure varies greatly 

among the C-H stretching mod~s, even within the same molecule. The pressure 

dependences, however, can be qualitatively explained in terms of the C-H bond length 

and strength as detennined by the strain on each carbon atom of the cage. 

Table ".5.1. Carbon Skeletal Geometries of Norbomane, Norbomylene. 
and Norbornadlcne According 10 Ab 1 nitio CaJculations.36 

bond angle· NBA NBE NBD 

C1-C7-C4 94.6 93.7 92.0 
CI -C6-CS 103.2 102.9 
CI-Cr C3 107.9 107.4 
Cr CI-C6 107.7 105.4 106.3 
C6-C1-C7 10l.6 99.8 
Cr C1-C7 100.8 98.3 

·Refer to Figure 4.1.1 for alom numbenng. 

Norbomane, norbomylene, and norbomadiene all have the same basic cage structure. 

Several molecular structural studies have been perfonned on these compounds, including 

electron diffraction,30-32 microwave spectroscopy,33 x-ray diffraction,34 and ab initio 

computations.35-37 An analysis of several sources of experimental data, combined with 

molecular mechanics calculations, has been reported for NBA.38.39 Two ab initio studies 

address aIl three compounds at once, arriving at very similar structures and. for this 

reason, the structural parameters resulting from these investigations will be used in the 

present discussion.35.36 Table 4.5.1 compares the bond angles of the structures of NBA, 

NBE, and NBD, according to the atom numbering given in Figure 4.1.l. The idea that 

lower frequency peaks exhibit greater pressure shifting28,29 can now be extended to the 

cage hydrocarbons. The discussion will confine itself to the ordered phases of these 

solids for which a greater amount of pressure data has been collected. In NBA, the 

bridgehead carbons (Cl and C4) are hi~hly strained and hence have the strongest C-H 
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bonds. Next, the loC-bridge methylene carbon (C7) is the most distoned. followed by the 

2-C-bridge methylene carbons (Cl. C3, Cs' and C6). The more ~trained carbons shnuld 

have stronger C-H bonds with shoner bond lengths, and therefore should have lower 

pressure dependences. However, this was not observed because there are actually two 

opposing effects which are involved. The effect of decreasing interatomic distance lIpon 

force constant was discussed in section 2.2.5, where a 1 % decrease in bond length would 

result in approximately a 6% increase in vibrational force constant. Thus. if two bonds of 

equal length having different force constants are subjected to compressIOn, the weaker 

bond would be more sensitive to pressure since it is easier to deform. However. when 

examining different bonds within a molecule, not only do bonds of different strength 

have to be considered, but bonds of very different lengths as weil. lt has becn observcd 

that C-H stretching modes often have hlgher pressure dependences th:m C-C stretchlllg 

bands. Although C-H bonds are much stronger. and hence more difficult to compress, 

they are aIso much shorter, and a small decrease in bond length would be high 111 tenn'i nt 

a percent decrease. Another contribution to these large pressure dependence"i l!'l that 

vibrations involving hydrogens are the most anharmonic, and th us these force constants 

depend even more upon interatomic distance. 

Returning to the discussion concerning the different C-H stretchlllg modes In N BA. 

as assigned by Levin and Harris,13 the pressure dependences of the two v(C-H) peaks 

which involve the bridge he ad carbon are higher than the value for the pure 2-C-bridge 

C-H stretching band. This is in accordance with the order of lessening strain on each 

carbon atom (Table 4.1.2). Thus, it follows that the decrease in bond length has a more 

significant effect than does the increase in bond strength. In the case of NBD, the mo~t 

strained is again the bridgehead carbon, even more so than in NBA due to the shorter, 2-

carbon bridges. Next is the methylene carbon (l-C-bridge), and finally, the olefin 

carbons. These vinyl C-H bonds, however, have a much shorter bond length and a much 
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higher force constant than do the bonds of saturated carbons, and they should be treated 

separately. The trends of dlnv/dp values of Table 4.3.2 follow the prediction somewhat, 

neglecting the effects of Fermi resonance. The vinyl C-H stretches seem to have pressure 

dependences similar to the methylene stretches, but still lower than the bridgehead C-H 

stretches. The case of NBE ties the other two cases together in that it incorporates the 

structures of both. No assignments of any C-H modes have been reponed for NBE in the 

literature, and the results of the high-pressure IR experiments can now be used to assign 

this region of the spectrum. 

In the NBE molecule, the most strained carbon is again the bridgehead atom, 

followed by the l-C-bridge methylene carbon, the olefin carbons, and finally the 2-C­

bridge methylene carbons. Simply from their positions, the vin yI C-H stretches are 

clearly those at 3048 and 3064 cm- l (in phase II), and they exhibit moderate dlnv/dp 

values. The peaks at 2958 and 2991 cm-l, dl.\! to their large pressure dependences, are 

most likely bridgehead C-H stretches. The 2-carbon bridge methylene C-H stretches 

should have the lowest pressure dependences, and may include the peaks at 2869, 2916 

and 2947 cm- l . Finally, the peak with a moderately high pressure dependence, occurring 

at 2932 cm-l, can be assigned to the l-C-bridge mcthylene C-H stretch. The remaining 

peak at 2977 cm- l may be either of the methylene stretches. These assignments, however 

speculative. are quite reliable in light of the large range of dlnv/dp values within the C-H 

stretching region, and the reasoning used to make these assignments will be continued in 

each of the chapters to follow. 
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CHAPTER 5. Qt.:ADRICYCLA~E 

5.1 Introduction 

Quadricyclane, tetracyclo[3.2.0.02,7.04,6Iheptane. is a structurally tntt:resting cage 

molecule having a high degree of strain within its hydrocarbon skeleton. Consistmg of 

only seven carbon atoms, the molecule contains two cyclopropane, one cyclobutane. and 

two cyclopentane rings. The synthesis of the quadricyclane skeleton \Vas t'irsl reported 

by Cristol and Snell in 1958, who irradiated a dicarboxylated NBD derivative 10 form a 

dicarboxylated quadricyclane. 1 The first synthesis of the pure hydrocarbon was reported 

separately by two groups in 1961, as the irradiation product of ~ BD. 2,3 ThiS reaction 

was discovered to be reversible, with quadricyclane reverting back 10 NBD either whcn 

heated to 140°C or when irradiated wnh ultraviolet hght in the presence of a cataly,,!: 

3 

hv 
2~4 
~6 

1 5 
NBD quadrlcyclane 

The photochemical synthesis of quadricyclane has been investigated by many 

authors, encouraged by the possibility of storing solar energy 111 Ihe stramed carbon­

carbon bonds. The premise is to transform NBD to quadricyclane usmg sunhght, and 

then to con vert the product back again with an appropriate catalyst resultmg in the rdeasc 

of heat. The main problem with this system IS the almost total lack of overlap betwcen 

the electronic absorption spectrum of NBD and the solar radiance spectrum. Many 

studies have been undertaken to develop and evaluate suitable catalysts that will absorb 

suniight and sensitize the conversion process, including various aromatlc ketones, 

alone4,S or polymer-bound,6 and copper(l) charge-transfer complexes of di-2-pyridyl 
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ketone.7 Another approach has been the synthesis of larger molecules containing the 

NBD moiety.8 Another difficulty that must be overcome is the development of a suitable 

catalyst that will quantitatively con vert quadricyclane back to NBD. Many inorganic and 

organometallic catalysts have been proposed,9 for example, cobalt porphyrin derivatives 

used in the conversion of water soluble quadricyclane derivatives. lO The advantage of 

using an aqueous system is that the flammaoility, toxicity, and expense of organic 

sol vents are avoided. Another interesting approach has been the development of an 

electrochemical single-electron-transfer "switch" that can be used to stan and stop the 

conversion of quadricyclanes to NBD's.ll 

The other main area of interest in quadricyclane has been from the molecular 

structural point of view. A standard heat of formation of quadricyclane of 339.1 ± 2.3 kJ 

mol- l was measured by bomb calorimetry,12 and the hem of isomerization of 

quadricyclane to NBD was measured by temperature-programmed calorimerry 13 as -92 ± 

4 kJ mol- l . Microwave spectroscopy14 has revealed a smaU dipole moment in 

quadricyclane of 0.0199(2) D. The molecular structure has been investigated 

experimentally by gas electron diffraction,15 resulting in the conclusions that the 

cyclobutane ring is planar and the molecular symmetry is C2v' In this detennination, 

however, sorne of the bond lengths had to be constrained to the lengths of those in either 

cyclopropane or NBA, resulting in different models. More recently, the structure of 

quadricyclane has been the subject of computational analyses. In an examination of 

several cydopropane derivatives, MM2 calculations were determined to be more suitable 

than ab inirio and semi-empirical MNDO methods for these highly strained structures. 16 

The structure of quadricyclane, however, proved difficult to determine with any of these 

methods, since none of them could accurately predict the heat of isomerization of 

quadricyclane ta NBD. Another ab initio study, employing force relaxations on a 4-21G 

basis set,17 determined the structures of several strained hydrocarbons, with the authors' 



claim that structural rrends can be predicted more reliably by thl~ type of cakulauon ovc:r 

experimental methods. Trends in C-C and C-H bond distances were ùlscus~cd. th\! lattcr 

bond lengths being difficult to obtain experimentally. In a latc:r ~tlldy by t111:~C saille 

authors, the gas electron diffraction data were remvesuguted llnder constramts ta~en from 

these ab initio calculations to forrn a molecular orbital constrameù electron ùllfractlon 

(MOCED) model. 18 While This model did not improve the fit to tlle original ùata. tht' 

method was thought to be superior due to intrinsic consistency. Vibratlonal freqllencles 

were also calculated from the ab initiù force constants. 

No vibrational spectra have been reponed for quadricyclane, except for a few v\C-H) 

fundamentals and overtones measured in the gas phase. 19 An mvestigauon of Ihe phase 

transition(s) in quadricyclane has not been perfonned either. Due 10 lts intere'\ling 

"globular" framework, and its structural similarities and differenœs wlth the norbomanc 

series of disordered compounds, a calorimetnc and vibrational spectroscopie 'Itudy wa'l 

undertaken to probe the temperature- and pressure-induced pha~e behavlour ni 

quadricyclane. 
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5.2 Variable-Temperature Studies 

The phase behaviour of quadricyclane was completely unknown; therefore, DSe 

measurements were perfonned ta measure the transition temperatures, and to observe the 

presence of memory effects in the sample. A sample of quadricyclane was analyzed at 5 

K min- l to the lower temperature timir of the calorimeter, revealing the melting transition 

at 227 K and a single, sharp phase transition at 153 K on cooling (180 K on heating). 

The sam pIe was cycled repeatedly at 20 K min-l, and in each scan, the same two peaks 

were observed, broadened somewhat due to the faster scan rate. Immediately after, the 

thermogram was repeated at 5 K min-l, and no anomolous effects were observed (Figure 

5.2.1). The average enthalpy and entropy changes of the melting transition were 

detennined to be 1.0 kJ mol-} and 4.5 J K-I mol- l . The phase transition enthalpy was 6.9 

kJ mol-Ion cooling and 7.2 kJ mol-Ion heating (average Mit = 7.0 kJ mol- l ), and the 
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Figure S.2.1. Differential scanning calorimetrie thermogram of quadricyclane, scanning at 5 K 
min- l . 



transition entropy was 45.0 J K-l mol'! on cooling and ·mo J K-! mol-! on h~al1llg 

(average ~St = 42.5 J K-I mol-!). Simply from the low entropy of llle1ting and the wry 

high entropy of transition, quadricyclane exists as an onentatlonally-ùisorùcred sohd 

falling under the classification of a plastic crystal. 

Quadricyclane has a very high entropy of transition, even I.:ompareù to othl!r plasu!.: 

crystals, and its disordered phase exists over only a small t~mpl!rature range of -l7 K. 

These results are consistent with thermodynamic data for other organic pla~tic crystal!., 

i.e., the smaller the temperature range of the plastic phase, the hlgher the transition 

entropy. There have been attempts to quantitatively relate thermodynamic data wlth 

symmetry properties. The Guthrie-McCullough method20 combines symmetry elements 

of the lattice and the molecule to determine the number of equivalent, ùistinguishable 

molecular orientations in each solid phase. The entropy of transition l~ then glven hy: 

\5.2.11 

where NI and N2 are the number of molecular orientations allowed in the disordercd and 

ordered phases (usually 1), respectively. This equation fails, however, sinœ Il doe~ not 

account for the volume change at the phase transition, which is a large contributor 10 the 

transition entropy. Clark et al. have proposed an equation relaung the entropy of 

transition, ~St' with the number of distinguishable orientations of the molecule in the 

disordered lattice (hexagonal or cubic), and the temperature range of the disordercd 

phase.21 By fitting the data for five disordered hydrocarbons (mcluding NBA anù 

adamantane), the entropy of transition was defined as: 22 

L\St = R ln (N IIN2) + L\St 

= R ln (N1IN2) + [10.3 + 71.6 exp -{O.01968[Tm-Ttlll \5.2.21 
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where .1S't is the "excess entropy" resulting from the volume change, and [T m-T TrJ is the 

temperature range of the disordered phase. The relation between molecular dimensions 

and temperature range of the disordered phase was also derived from data from five 

compounds, and is given by: 

[T rn-Ttl = 367-130( 1 D2-DII) [5.2.31 

where 102-DII is the difference in molecular dimensions. It should be noted that the 

second tenn of .1St is small compared to 10.3. In the second of their two papers,22 the 

authors tested equation 5.2.2 with se veral methyl- and halo-substituted adamantane 

derivatives. The data could not be described correctly by the theory, however, and they 

concluded that the complications arise frorr. the introduction of substituent groups. 

Quadricyclane is a pure hydrocarbon with the same symmetry as NBA, and it should 

agree with equation 5.2.2 very weil. Clark et al. positioned the NBA molecule into a 

body-centred cu bic lattice, with the C2 axis of the molecule coincident with the C4 axis 

of the crystal.21 Thus, there are twelve equivalent. distinguishable orientations of the 

NBA molecule in the lattice. and this NI value and the experimemal ilS l of 31.4 J K-1 

mol- I were used in the detennination of equation 5.2.2. However, if the experimental 

ilS t and [T rn-Tt] data for quadricyclane are substituted, the equation results in an NI 

value of 1. Since there is a large temperature hysteresis associated with the phase 

transition, the data obtained in the cooling direction results in a higher NI value of 9. In 

either case, however, the predicted NI value of 12 cannot be calculated. 

Low-temperature IR and Raman spectra were recorded to observe structural 

characteristics of the quadricyclane phases. As expected, no obvious changes were 

observed upon eooling through the fusion temperature, and the spectra remained liquid­

like throughout the disordered phase. The laek of any lattice modes in the plastic phase 

suggest that the phase 1 is isotropie, similar to the disordered phases of NB A, NBE, and 

NBO. At the phase transition te mperature , sudden and dramatic changes occurred in 
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bath specua, with many peaks splitting throughout the specrral region. TypH.:al IR anù 

Raman spectra of both phases are shown in Figures 5.2.2 anù 5.2.3. respecuvely. In the 

low-frequency Raman spectrum, a fore st of al least thirteen peaks appeared (FIgure 

5.2.4). Cooling funher resulted only in sharpening of Ihese banùs, and no olher 

transitions were observed as low as 45 K. This is not surprislI1g since the sharp lattiœ 

modes indicate that phase II is completely ordereù, and no further transitions woulù he 

expected. The vibrational frequencies of quadricyclane in both soliù pha'ies are 

summarized in Table 5.2.1., as weIl as sorne general assignments. Quaùricychme. C7HX' 

has 39 normal modes given by 1 vlbint = 12al + 8a2 + lOb) + 9b:! unùer C2v molecular 

symmetry. Due to the high ring strain in the molecule, the C-H stretching bands (r v(C.H) 

= 3a) + a2 + 2b} + 2b2) can be assigned more definitively. The three polanzed Raman 

bands at 2858, 2929, and 3080 cm-} aB have al symmerry, anù ~an be nttributeù 10 the 

methylene, the C2-H and C4-H, and the four cyc10butane C-H (C I-H, CS-I-I, C6-H, and 

CTH) stretches, respectively. The three ather higher-frequency bands, occurring al 30S0. 

3059, and 3071 cm-l, are also cyclobutane C-H stretches. The band al 2942 cm- 1 can he 

assigned as the antisymmetric C2(4rH stretch, while the final band at 2910 cm -1 I~ the 

antisymmetric methylene stretch. 

In phase 1, the quadricyclane molecules reorientate extenslvely and no other 

structural information can be deduced sim ply from the vibrational spectra. Its lattice may 

have hexagonal symmerry like the norbornane series, or it may he CUhlC, WhlCh 15 more 

common for organic cage molecules. The structure of phase II, however, can be 

examined more thoroughly in light of the many peaks that split as a result of correlation 

coupling. Upon cooling through the phase transition, many bands in both the IR and 

Raman spectra were observed to split into two in phase II, resulting in far more peaks 

than the number of normal modes anticipated. Furthermore, there are possibilities that 

sorne of the Raman peaks are split into triplets rather than doublets. For example, the 
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.( 
Table 5.2.1. Vibrational Data (cm'l) for Quadricyclane. 

ItqUid phase 1 phase II 

Ramana Raman IR Raman IR asslgnment 
(295 K) (185 K) (I80 K) (43 K) (45 K) 

31 w 
39w 
43w 
49w 
55m 
63 w 
69w lattlce modes 
75 w 
80 w.sh 
82w 
93 w 

101m 
116 w, br 

398dp 398 vw, br 391 w 
400w 

534vw 531 vw 

664vw { 665 w 664 w 
668 w 666vw 

696 w, br 695 w 
697 w 699 w 
707vw 705 w 
710vw 712 vw 

721 pp 72lm 721 w 719m.sh; 717 w 
721 s , 722w skeletal 
765 m deformauons 

768 dp 768 m 766 vs 767 m, sh ' 767 vs 
770 s 1 768 vs 
794 s 792 m, sh 

800dp 801 m, br 797 s, br 797 m 798 vs 
803 s 804 s 
821 w 823 m 

828 831 vw 

841 dp 843 w 843 w 846w 845 m 
849m 847 w, sh 

894 pp 892m 892m 891 s 891 s 
895m 
902w 

906 905 w 903 m, br 905m 904 s 
908 w 907 m 

908dp 909 w 911 m 911 m 
914 m 915 m 
920m 922m 

927vw 930w 
944p 943 m 945 w, sh 943 s 941 w al 

948dp 951 w, sh 950w 949m 950 s 
953m skeletal 

987 p 985 s 985vw 985 s 983 w stretches 
990 s 986vw al 
996w 998 w 

1001 m 
1006 vw 1006 w 

1030 dp 1034 m, br 1032vw { 1027 m 
1031 w 

{ 1025 w 
1027 vw 

fl033 m 
\ 1039 s 

{ 1033 vvw 
1036 vw 

{' 
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Table 5.2.1. (com'd.) 

hquid phase 1 phase Il 

Ramana Raman IR Raman IR ""'Hgnmcnt 
(295 K) (185 K) (180 K) (43 K) (45 K) 

1050 w 
1047 w 1046vvw 1053 w 1053 vw 

1059 1063 w \062 vvw 1063 w 
1068 w 
\072m 

1077 p 1078 s \077 w , 1075 vs 107501 ,II 
, 1079 vs 

1164 dp 1163 w 1164 vw ; 1158 m 
,1161 m 

1159w 
~ 1162vw 

1182 vw 1181 vw 11111m 
1\86 w 1185 w 

1190 w 

1218 vw { 1215 w 
1221 w 

{ 1214 w 
1217 w 

1236 pp 1236 m 1237 s 1233 s 1232 s C-C-I-{ .mdCII~ 

1238 m. sh { 1237 m. sh i 1236 ~ dcfonn.llllln' 
.1239 m • 1240 s. sh 

1245 m 

1250 p 1249 m 1250 w '1:!50w 
' 1254 w 

1250 m. ~h 
" 1253 ~ .11 

1254 dp 1258 w 1256m 1257 w. ~h 

1330 p 1331 s 1330m 1327 s 1327., 
< 1329 s ' 1330 m ,II 

1348 vw 1344 w 
' 1341 m 
' 1343 m 

1360 1365 w 

1441 m 1439 vw 1438 w 1438 w 
~ 1443 m : 1443 w 

1454dp 1454m 1452 vw , 1451 m 
.1455 m 

. 1451 w 
~ 1454 w 

2861 p 2858 m 2859 s 2856m 2858 vs .II, rncLhylcnc C H ,Ir 

2910 w, sh ; 2904 w 2905 m 
b2• rncLhylcnc ('-H ,lr ,2907 w 

2932p 2929m 2931 s ; 2917 5 . 2918 vs 
.I1.C2(4)-H ,lr ,2925 s ~ 2926 v~ 

2938 pp 2942 m, sh 2938 m, sh : 2944 m ' 2944 s 
b l• C2(4rH .,lr . 2949m ',2949 m, sh 

'3047 s ' 3048 s 
3050 m, br 130505 

, 3054 m 3053 s 
3055 dp 3059 m, br l3056 s .3057 m 

3071 s r 3063 m ~ 3064 s cyc\obulanc 
13067 s 3069 m C H ,tr. 

3083 P 3080s 
,307401 , 3073 m. sh , 3079 m 3079m .Il 
13084 s 
,3096 s ,3097 w 

adp = depolarized, pp = panially polarized, and p = polan.led. 
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140 120 100 80 60 40 20 
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Figure 5.2.4. Low-frequency regions of the Raman spectrum of 
quadricyclane at (A) 43 K and (B) 185 K. 

768 cm- l band of phase 1 splits ioto three peaks in phase II, which occur at 765, 767, and 

770 cm- l . No obvious cases of any IR peaks splitting further than doublets are apparent 

in the spectra. Under the conditions that the IR bands are split into two, whereas the 

Raman peaks are split into two or three by the crystalline lattice, the correlation method 

can aid in specifying the structure of phase II. 

Since combinations and ovenones of external modes can also occur, the thirteen 

peaks observed in the low-frequency Raman spectrum may not all be fundamental 

transitions. A simple survey of these band positions indicates that at least five, and 

possibly up to eight, of these bands are true lattice fundamentals (the remainder being 

combinations or overtones), and it can be concluded that the unit ceU of phase II contains 

more than one quadricyclane moiety. Moreover, the unit ceU is noncentrosymmetric due 

to the high degree of coïncidence between IR and Raman peaKs throughout the low-
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temperature spectra. As with the cases of NBA and NBD, the site symmctry of the 

molecules in the lattice can be C2v' C2, Cs or Cl' Correlation with all th~ possIble I.:'rystal 

symmetries results in three types of site and factor group comb1l1utions: li) D:! crystal 

with a C2 site, or C2v crystal with either a C2 or Cs site; (2) D2d ..:rysral with a C" site; (lr 

(3) S4 or C4 crystal with a Cl site. The frrst group of possibilities should result 111 sorne 

of the IR peaks splitting into two, and all of the Raman peaks doubling. The second dass 

should cause sorne of the IR peaks to double, while the Raman peaks 'ï:;.1 into two or 

three. The third set should result in all peaks in the IR doubling and all peaks 111 the 

Raman tripling. Since only a few possible triplets were observed in the Raman spectrum, 

even as low as 45 K, the third set of site and factor group combinations is unlikely. The 

structure of phase II of quadricyclane is most likely, therefore, orthorhombic (02 or C2v) 

with Z = 2, or tetragonal (D2d) having four molecules per unit celI. It is interesting 10 

note that the ordered phase of quadricyclane does not have the same structure as those 01 

NBA or NBD, which also have C2v molecular symmetry, but It could be ISO'itructural 

with the possible orthorhombic latrice of NBE, although the latter molecule has lower 

symmetry (Cs), 
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5.3 High.Pressure Vibrational Spectru 

To complete the investigation of the phase behavlOur of quauricyclane. nbrauonal 

spectra under pressure were measured. Imually. l11gh-pressure Ralllan '\pectro~copy WdS 

performed, and, while the phase transltion was ckarly uetenmneù 10 necur al 10.7 ± 1.0 

kbar, only one peak in phase 1 and two In pha~e II coulù be observed due (0 the IDw 

signal-to-nOIse ratio of the experiment. Thu~. hlgh-pressure IR "pectf()'o,copy was 

performed m oder to obtain pressure dependences for a gre~tter numher of ~pectral peaks 

Inframd spectra were measured at several pressures up to 13 4 kbar, and the ~peclral 

changes characteristlc of the phase transltlon were observed 10 occur at () :. ± 0 5 khar 

This confimls that, within the eITors of pressure cahbratlon. the hlgh-pressure IR anù 

Raman data are consistent, and the phase tranSItIon pressure is Just below 10 kbar Upnn 

decompression, the phase tranSltlOn was observed at approxlInatdy 7 kbar 1'111\ pres~ure 

hysteresis mdicates that the volume c~ange, usmg equatlon -LlI, IS close to ..J. () cm ~ 

mOl-l, which is sigmficantly higher than for other pure hydrocarbon cage~. TI1I', wou Id 

explain the poor fit of the thermodynamlc data to equauon 52 2, becuuse the calculateù 

"excess entropy" should be higher due to the larger ~ VI' Figures 5.3.1 and 5.3 :2 'ihow 

the two spectral regions at varying pressures, upon compresslOn. The spectral changes 

characteristlc of the phase transition occur suddenly wIthlll a one kbar range, wlth pha~e 1 

existing below 8.8 kbar, and phase II occurnng above 9.8 kbar. The C-H '\tretchmg 

vibrations in Figure 5.3.1 also display charactenstic sphttlng patterns, but broadrnlOg 

caused by nonhydrostatic pressure prec1uded the measurement of thelr fIne structure. In 

general, the band profiles of the high-pressure phase resemble those of the ordered pha"e 

fOnïled by lowering the tempcrature, thereby contïnmng the eqUivalence of the low­

ternperature and high-pressure phases. An exceptIon to thlS rule 18 that the Inten'iItle'i ot 

sorne bands at high pressure are more intense than their low-temperature counterpart'i, for 

example, the peaks at 983, 986, 998, and 1025 cm- 1 (peak posItions extrapolated to 0 
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3200 3100 3000 2900 2800 
W wenumber (cm- I ) 

Figll:"e 5.3.1. Infrared spectra of the C-H stretching reglon of 
qu?'~Iicyclane at the mdlcated pressures upon compression. 

kbar). These higher intensities can be attributed to small distortIons of the quadricyclane 

cage, resulting in changes in the transition dipole moments and therefore in IR band 

intensities, and also by relaxation of symmetry selection rules. 

Several peaks could be measured in both phases of quadricyc1ane; the shifting of 

several bands are shown ln Figure 5.3.3, and the pressure dependence'J for aU peaks are 

represented numerically in Table 5.3.1. The pressure dependences of the modes in either 

solid phase are generally very high, and they do not, as a ruIe, decrease from phase 1 to 

phase II. ThIS is a peculiar observation, especially since the volume change is suspected 

to be unusually high. As with the ordered phases of other compounds, in phase II, the 
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Figure 5.3.2. Infrared spectra of quadricyclane at the IOWcated pressures upon compressIon. 
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Figure 5.3.3. Pressure dependences of several vlbrational bands of quadncyclanc measured In 
(A) the IR spectrum and (B) the Raman spectrum. Note the factor group sphtungs which occur at 
the phase transluon. 

diverging behaviour observed to be typical of components of solid-state split bands was 

again exhibited, e.g .• by those peaks at 845 and 847 cm-l, and 1075 and 1079 cm- l . 

The calculated force field in the literature was not adequate on its own to make 

vibrational assignments since the ab iniuo frequencies were often too far off from the 

observed band posItions. 18 However, a combmatlon of these computational data and the 

dlnv/dp values measured in this thesis can be used to begin assigning the vibrational 

spectra of quadricyclane. Stretching modes generally have higher pressure dependences 

than do defonnation modes, and of the bands measured in the high-pressure phase, the 

peaks at 804, 823, 911, 950, 998, and 1075 cm- l all have partIcularly high pressure 

dependences compared to the remaining spectral bands. These bands may aIl be 



Table 5.3.1. Pressure Depcndencc~ of V Ibrauonal PC,l":- nI QlIadm'~ l'I,IO'" • 
----- -- ---

phase 1 phase Il 

v dv/dp dlnv/dp v dv/dp dlnv/dp a~slg,nmenl 

(cm-1) (cm- 1kbar1) (kbar 1xl04) (cm- 1) (cm- 1kbar 1) (kbar- 1xHrl) 

766 0.4 5 767 0.2 3 
797 0.4 5 798 -0.04 -0.6 

804 0.67 lU CC ~lf. 
823 0.6 8 C-C ~lf. 

843 0.27 3.2 { 845 0.17 20 
847 0.34 4.0 

892 0.20 2.2 891 0.26 2.9 
903 -0.5 -6 

(903) 0.G7 7.4 { 911 060 6.5 
C-C ~Lr 915 092 99 

922 OAI 4-4-
950 0.56 5.9 941 0.28 3.0 

950 0.66 6.9 C -c ~Lr 
985 0.53 5.4 { 983 -0.004 -0.04 

986 0.1 1 
998 0.52 52 C-C ,lf 

1025 0.21 20 
1032 0.2 2 

1077 p.':;5 5.1 { 1075 0.63 5.8 
C-C ~Lr., al 1079 (R) 0.76 7.0 

1164 0.3 -3 1159 0.29 2.5 
1214 035 2.9 

12~7 0.11 0.89 1236 0.36 2.9 
1256 0.30 2.4 1253 () 25 1.9 
1330 0.29 2.2 1327 0.2 1 
2859 0.62 2.2 2858 0.96 3.3 CH~ ~lf., al 
2931 0.76 2.6 2926 137 47 C:!(.trH 'ilf., al 

{ 2944 1.52 5.1 
C:!(olrH \lf , b l 2949 1.69 5.7 

3071 1.2 4.0 3069 0.75 2A cyc10hUlanC C-II ~1I 

• AlI peaks are from the IR spectrum, excepl for thal markcd wIth an R. 
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attributed to skeletal 'itTetchIng modes, and thelr frequencies correspond relatively weil 

with the totally calculated band pO'iltions of 811 (panial conmbution), 901 (pamal 

contribution), 937 (partlal contnbutIon), 975, 1008, and 1034 cm- 1 18 Funher 

asslgnment of the skeletal, CH2, and C-C-H deformations is not yet possIble, sinee only 

general trends have been observed. Coneermng the pressure behavlOur of the C-H 

sU'etchmg mode~, 10 hght of the prevlOus discussion of NBA NBE, and l', BD, lt IS 

expected that the cyclobutane C-H stretches would have the hlghest \Jressure 

dependences, followed by the two C2(4(H, and lastly, the methylene st! ~tches. 

Unfortunately, the unavOldable broadening of the peaks caused by uneven pressure \n the 

DAC obscured the measurement of aIl but a few of the C-H stretchmg modes. De3pae 

this problem, in phase l, the three broad peaks correspondmg ta one of each typt' of 

stretchmg mode do follow th~s prediction. In phase Il, the methylene and C2(-+)' H 

stretches mamtam this trend, but the highest frequency band mea~ured, occumng at 30( ') 

cm-l, had a very low pressure dependence. This peak IS actually a pressure-broadenell 

average of elght sIngle bands, however, and its behavlOur should not be consldered 

typical of any of its components. 
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6.1 Introduction 

Bicyclol2 2.2joct-2-ene (BCOE), C~H12' is an orgamc cage compound which IS a1so 

known to exhlblt onentauonal dlsorder ln the solid state. Electron diffraction studles 1 

have shown that BCOE IS a ngld structure. havlOg C 2v symmetry. and possesses a stram 

energy of 405 kJ mol· 1 The parent alkane, blcyclo[2. 2. 2joctane (BCO), is dynamlC 

because the ecllpsed CH 2 group~ came an IOtemal tWlsung motion. Thl~ type of 

torsJOnal motion IS .1bsent 10 BCOE due to the presence of the double bond. Thus, BCOE 

is a rigld blcychc structure, and can be considered as an extensIOn of the seven-carbon 

systems descnbed 10 Chapters 4 and 5. 

BeOE 

Adiabatic calorimetry has shown that BCOE undergoes two phase transitions be10w 

the melting temperature, at 176.5 (phase 1 ~ phase II) and 110.5 K (phase II ~ phase 

1II).2 The upper transition was shown to be first order with a large entropy change (32 J 

K-I mol- I), while the lower has a very small transltlon entropy (3.3 J K-l mol· l) and was 

suspected to be hlgher than first order due to its broad shape. Although it has been 

suggested that the second phase transition may be related to the presence of impurities,3 

no proof has been provided Ln the literature. Proton NMR measurements have been 

reponed on the various solid phas~s of BeoE.3 In the same study, x-ray diffractIon on 

the powder detennined that the highest temperature phase, phase 1, was face-centred 



cubic (a = 9.08 ± 0.02 Â). In phase 1. whu:h was observeu to ~upen;o()1 by () K. rapld 

endosphencal reorientauon occurs wnh an UCUVUllon enthalpy of 7 -4 ± 0.6 Id mnl· 1 

Below the phase 1 -~ II transltlOn pOint. am~otroplc reonentauon .lppear" to occur. \\ Ith 

an actlvatIon enthalpy of 17.3 ± 1.2 kJ mol" Companson ot the uata obtallleu for 

BCDE and BCO revealed that. uespne the dlfferences \11 "ymmemes. they are 

comparable in shape, and BeOE undergoes very ..,Imllar behavlOllf 4l'i BeO ln rha~e~ Il 

and III, therefore, reonentatlon was thought to occur along the p"euuo three·folu aXI" of 

BCDE. At the pha~e II ~ phase III tran~ltlOn pOll1t, no uI~contlnul!1e" were ob"erveu III 

the Tl' T lp or T2 measurements, mdicating that the stnlcture~ of these phase.., arc very 

similar. 

There are no vibrational spectroscoplc studies of BCDE at ail 111 the hterature A 

limited high-pressure IR study has been reponed WhlCh. ~urpn..,tngly. UIU not detel.:t an~ 

phase changes up ta 45 kbar.-l however no :-.pectrmcoplc uata were provlued. A complete 

investigauon of the sohd pha~es of BCOE by vlbratlonal "pectro..,copy wa.., theretore 

warranted, te obtain structural lIlfonnation, and to confmn or dl~prove the alN~nœ of li 

pressure-induced phase transition. 
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6.2 Variable-Temperature Studies 

Prellmmary to the vlbruuonal spectro~coplC measurements. the phase transltlon 

temperature ... were measured in bath hearmg and cooling directions by OSe. A typlcal 

thermogram IS ~hown In Figure 6 2 1 In agreement wlth the calonmetnc and NMR 

results, the major tr4lnSltlon dlsplayed only a sllght hystere<;l~, occumng at 176 K on 

heaung and 169 K on coohng. The rransltlon peak was broad In both directIOns. and 

~Iowmg the ~cannmg speed to 2.5 K mm-) dld not reduce thls broademng. The lower 

temperature tranS1l1on w<!.s not observed wlthm the llmlb of the calonmeter (103 K). 

This imphes that thlS phase can supercool by at least 7 K. The average enthalpy and 

entropy changes for the phase 1 --~ phase II transition were 5.4 kJ mol- I and 31.4 J K 

mol-l, which are also in good agreement WIth the literature values. 
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Figure 6.2.1. DlffcrenttaJ scannmg calonmetnc thennograrn of blcyclooctcne, scannmg al 5 K mm ·1. 
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Figure 6.2.2. Low-Ircquency Raman 'pcctra 01 hlCydoollcnc al (A) 70 K. 
(S) 150 K, and (C) 200 K 

Since the cryogemc apparatus used ln the vlbrauonal ~pectro",coplc rnea..,urement.., 

could reach ternperatures far beiow those of the DSe m~trumènt, the 'ièCOlld pha~è 

transition could be followed by spectroscoplc mea~uremellh L'pOil cooiIng trom roOIll 

temperature (phase 1), the first pha~e tramiUon wa'i ob,erved èa~dy III both IR .lIlU 

Raman measurements as a suùden narrowmg of peaks throughout the -,peetral reglon 

Further cooling, as low a~ 70 K. dld not reveal any other OhVIOU.., change,>, except tor 111 

the latttce region. Conslder the low-frequency Raman "'pectra of Figure 6 2 2. In pha~c l, 

isotroplc reorientauon (in the face-centred cuble lattIce) IS confIrmed by the broadened 

Rayleigh hne. Afrer passing through the fmt pha'iè tranSltlOn, two broad banù" llluICatc 

that anisotroplc reonentauon is occumng wnhm the lattlce. Thl~ IS C()nSl~tent wlth the 
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results of the \fMR data,3 although the aXIs of rotation cannat be detenmned. Between 

100 and 90 K, the.,e broad Itbrauonal band~ glve way to "everal ~ha.rp peilks, mdicative of 

an ordered \atHee .... tructure The eXI'itence of the ~econd pha.,e tranSItion was therefore 

contirmed by .... pectro~coplc rather than calonmetnc methods The absence of any major 

change~ In the IR and Raman specrra at the pha~e II ~ phase III tramItlon confirms that 

the crystal structures of the two are very slmtlar, and probably the same. Figure~ 62.3 

and 62.4 exhlblt repre'ientatIve {R and Raman spectra of each phase of BCOE. The IR 

and Raman band po.,ltlom ln aIl three sohd phases, as weil as the Raman spectrum 10 

CCI4 solution, are glven 111 Table 62.1 

The samplc of BCOE was shown to be > 99.9c;T pure by GC analysls, WhiCh IS equal 

to or hlgher 10 punty than the samples of NB A, NBE, NBD, and quadncyclane. It IS 

unlikely, then:fore. that the .... econd pha.,e tramltlon IS an Impunty effect given that these 

four other compounds liId not exhlbIt slmIiar effects. 

Blcyclooctene, con~i<;tlng of 20 atom~. ha~ 54 normal modes The maJonty of peaks 

observed 10 the IR and Raman spectra, therefore, are sull mo~tly fundamentals (r ';lb In l = 

16al + 12a2 + 15b l + Il b2). AnIsotroplc reonentatlon obscures any solId-state .,plirnng~ 

10 the spectra of phase II, and structural mfonnatlon cannot be deduced ~olely from Its 

spectra. However, it IS reasonable to assume that the space group of pha.,e II IS IdentIcal 

to that of pha~e III glven the overall slmllanues of thelr ~pectra. and 10 hght of the N\l1R 

results reponed 10 [he hterature 3 In phase III, though, a few ca~e~ of peaks splmmg lOto 

doublets due to ~ohd-s(ate effects were ob~erved In the Raman spectrum, and the~e are 

bracketed In Table 6.2.1 Smce only one posslbtlny of ~ohd- ... tate ~pllttmg wa~ ob"t!rved 

In the IR 'ipectrum (3025 and 3029 cm- I ), thiS behavlour wa~ considered atyplcal While 

there are many comcldences of bands III the IR and Raman spectra, the fractIOn of 

overlap IS about half, and a centrosymmetrlc space group for phase III (and phase II) 

cannot be elImmated. The factor group analysls, therefore, IS Idenucal to that of NBD In 
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Table 6.2.1. VlbralionaI Dalll (cm- I) lor BlcydooCll'nl' 

sol./CCl4 phase l phase II pha~l' III 

Ramana Raman IR Raman IR Raman IR .L'" 19 nllll'nl 
(200 K) (200 K) (150 K) (150 K) (70 K) 00 K) 

38 W 

54 w, br 49 W 

Mw 
66 w, br 67 W 1.1I11~l! 

78 W Illodl!' 
1l501 

109 w 
297vw 305 vw 30!! w 

l 358 w, dp 358 w 356 w 356 w 
361 w, sh 36301 

383 vw, dp 383 W 388 W 38!! 01 

1 

C~<..'-C dl'I 

414m, dp 413m 413 s 413 s +CC-Cdcl 
41601 

574vw 576vw 576 vw 577 W J 
625 vw 625w 626w 

631 w 632w 631 w 632m 
697vw 695vw 693 s 692w 6935 694w 695 w 

700 m, ~h 700w 699 m, ,h 
708m 707 vw 707 w 

716 vw 71ll \lW 

801 m 
802 s, p 804 s 805m 804 vs 804m 80S v,> 805 m ,II 
831 m, p 832m 830w 832 s 830w 833, 8JI w 

al r CC (' dd 
868 w, dp 868 w 867m 870m 869m 870m 869 m + C (',LI 

946 m, pp 947m 946w 946 m 946w 946 s 9-to w 94801 
959w 958 w 957 w 

959 w 
1001 w 1O()!w 

1017 m, pp 1018 m 1017 w 1019 s 10Ulw 1020 vs 1018 w 
1032 w 1031 m 1034m 1035m 
1041 w, dp 1043m 1042w 1043 s 1041 m 1043 s 1042 w 

1097 w, pp 1097 w 1095 w 1095m 1094w { 1095 m 
1097m 

1094 w 

1117w,br 1115 w { 1114 w 
1116w,~h 1115 vw 

1123 w 1122 w { 1122 m 
1125 w, ~h 1123 w (' -c ,tr 

112!! w T C;oC H dd 
1140 vw 1143 w 1142w + (' C-H der 

1153 vw 1152 vw + CH:! dei 
1161 m 

1165 m, pp llbSm 1164m 1166 s 1162m { 116401,~h 
116!! ~ 1104 w 

1176 w 1175 w 
1179m 11!!2w,sh 1179 vw IUl2 w 

1229 m, dp 1230m 1229w 1224m 1226 w 122201 1226 W 

1229 w. sh 1228 w, ~h 
1233 W, '>h 1232 w, ,h 1 

1236 m, br f 1236 m \ 
1238 w, sh J 

1265 vw 1268 w 1266 w 
1 1269 w 

1271 w, p 1272w 1274w 1276m .III c-c H dei 
1300 vw 1300 vw 

r 
T CH,., dcf 

1317 vw, sh 1319 w 1319m T C-~~Lr 
1326 vw, sh 

1332 w, p 1332w 1331 w 1333 w 1333 w 1333 m 1334m alJ 
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Table 6.2.1. (cont'd). 

sol./CCl4 phase [ phase II phase HI 

Ramana Raman IR Raman IR Raman IR llilslgnment 
(200 K) (200 K) (150 K) (150 K) (70 K) (70 K) 

1349 vw 1349 vw 1348 w 1351 w 1347 VW, sh 1351 m 1346 vw 
1351 vw 1352 w 

1373 m 1370m 1371 m 
1437 w 

1442 w, dp 1440m 1440 W, sh 1442 W 1444m 1442w 1445 m CH, def 
1445 w, dp 1446 m 1446m 1451 vw + C:C-H der. 

1450 w 1449m 1454 w 1454 w 
1456 w 1454 m 1458 W 1457m 1459 W 1458m 

1462m 1462m 1463m 1462m 
1469 vw 1469 w 1467m 1471 w 1470w 1473 w 1470m 
1606 w,pp 1608 w 1608 w 1606w 1606 w 1606m 1606 w Al' 2, 1104 cm-! 

1613 w, sh 1614w 
1618m,p 1619m 1618 m 1617 s 1618 m 1618m 1618m dl, C=C sir. 

1622 w, sh 1625 w 
1635 w 1632w 1633 vw 804 + 832 cm- 1 

1642 vw 
2866 m,p 2863 m 2862 s 2862 m 2861 s 2860 s 2860 s al 

2865 s 2864 s, sh 
2890 w, p 2887 m 2886m 2886 m 2886 m 2886 m 2886 m al 
2906w 2903 w 2901 s 2909 w 2902m 2910 m 2902 m 
2922 m,p 2920m 2918 s 2920m 2917 m 2921 s 2920 m .11 

2931 m 2931 5 2931 m 2932 s CH, J1ld 
2942 s, sh 2944 m, sh 29455 bh è·H str 

2946 s, pp 2945 s 1941 vs, br 2950 s 2948 s 2951 s 2950 s 
2957 s, sh 29595 .12 

2967 w 2967w 2967m 2968 m 2966 m {2968 m, sh 
2970m 2966 m 

3030m 3030m { 3025 s 
3029 S 

{ 3025 m 
3023 m al, vmyl C-H !>LT. 

3046 m, pp 3045m 3042m 3045 m 3042 S 3042 S 3041 m bl , vmyl C-H SLT 

adp = depolanzed, pp = partJally polarized, P = polanzed. 

Chapter 4, :\nd the crystal structures of botn phases II and III of BCOE are tetragonal 

with either two or four molecules per unit cell. 

The IR and Raman spectra of both cyclohexene5 and BC06,7 have been assigned in 

the literature according to force-field calculations. Even with this information, the 

complete assignment of all the vibrarional bands of BCOE is not trivial since the 

geometry and symmetry of the cage differ from BCO, and the strain on the rings 15 higher 

than in cyclohexene. The assignments of peaks in Table 6.2.1 are therefore on an 

elementary level. Among the C-H stretching modes, the vinvi C-H stretches can be 

easlly identified as the peaks at 3030 Q~d 3041 cm-l, but the methylene and methine 



103 

vibrations are numerous and overlap too much to be differentlated. Of the three 

polarized bands, however, occurring at 2860, 2886, and 2920 cm -l, one IS a bridgehead 

C-H stretch while the other two are methylene C-H stretches. 

, 
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6.3 High-Pressure Infrared Studies 

Figure 6.3.1 shows the skeletal mode region of bicyclooctene at various pressures, 

up to 27 kbar. In thlS tÏrst set of high-pressure IR data, only the skeletal modes were 

measured because the C-H stretching peaks are much more intense and many of the se 

latter peaks were offscale. The flrst phase transition, phase 1 -~ phase II, was reached at 

7.9 ± 1.0 kbar upon compression, and appeared extended over a 1 kbar pressure range. 

This transition range was anticipated since the phase change was broadened over 

temperature in the DSC thermograms as weIl. The second transiuon was not as easily 

detected, Slllce the spectral changes are minimal. Spectra were measured at Olne 

pressures after the phase 1 -)0 phase II transition, and they cou Id be fit to linear 

dependences (FIgure 6.3.2). ThIS line, however, could also be fit qUlte well to two 

separate lmes with a break at about 15 kbar. In order to confitm this second phase 

transition pressure, and also to measure the dependences of the C-H stretchmg modes, a 

second set of high-pres:.mre IR data was obtained. The IR spectra of the C-H stretchmg 

region of BCDE at different pressures is shawn in Figure 6.3.3, and these frequencles are 

plotted in FIgure 6.3.4. The phase 1 -)0 phase II transition was c1early observed once 

again. Unfonunately, no systematic break in the pressure dependences above 9 kbar 

could be determined, and thus the second phase tranSItIon was not confirmed. It can be 

conclud~d, though, that the behaviour of the IR peaks under pressure in phases II and III 

are very similar. The pressure dependences of all the bands measured are shown in Table 

6.3.1. 

Analogous to the results of the sevr.n-carbon systems, the pressure dependences of 

many peaks in phases II and III are lower than those of phase 1. There are exceptions, 

however, and the larger slopes measured for the high-pressure phases may have been 

caused by the combination of points from two different solids. It was noted that if the 

Hnes were divided at 15 khar, i.e., if the second phase transition was assumed to occur, 
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Figure 6.3.1. The skeletal mode region of the IR spectrum of blcyclooclene al the mdlcated 
pressures upon compressIOn. 
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Figure 6.3.2. Representauve plots of the pressure dependences of several bands 10 the skeletal 
mode reglon of the IR spectrum of blcyclooctene. 

there was a general trend of a slight increase in slopes at the first phase transition (phase 1 

~ phase II), and then a decrease in slopes from phase II ~ phase III. This would infer 

that an anisotropie rotator phase is more compressible than an isotropie phase, but less 

compressible than the ordered phase. The latter point is expected in light of the 

behaviour of other disordered compounds; however, the former implies that the greatest 

volume change occurs at the second phase transition, and not at the frrst. The major 

contribution to the phase II ~ phase III transition entropy is therefore due to the decrease 

in crystal volume, and the .1S t of the fust transition is largely orientational entropy loss. 

Among the skeletal vibrations of BeDE, the dlnv/dp values are similar, and it is not 

possible to use the se pressure dependences to make spectral assignments beyond those in 
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Table 6.2.1. However, the IR peaks having higher pressure ùependences are probahly 

skeletal stretchmg modes rather than defoffilanons. For example, of the many peaks 111 

this reglOn with mueh lower pressure dependences, the peak at X69 cm' I is more hkely to 

be a C-C stretehing vIbratIon. The C=C 'itretchmg mode, at 1618 cm-l, ha~ a dlnv/dp 

value similar to those of the four CH2 sciswnng vlbratlons between 1445 anù 1461 cm· l, 

this trend was also noted for NBE, although the actual dlnv/dp values for the'ic vlbratIon'i 

are higher in BeOE. In faet, the pressure dependences for ail the skeletal mode'i of 

BCOE, generally ranging from 2 to 5 x 10-4 kbar- 1, are higher th an the values for NBE. 

3100 3000 2900 2600 
Wavenumber (cm- I

) 

Figure 6.3.3. Infrared spectra of the C-H stretch mg region of bicyclooctene al the mdlcatcd 
pressures upon compressIon. 



( 

, 
e 2980 

~ 

1: 2960 
e 
:l 
.::: 
~ 2940 
01) 

:. 
2920 

2900 

2880 

5 

..... ~ ...... ;:. ... ....... 

• 

10 15 20 25 

Pressure (kbar) 

~ 
1 

1 

30 
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This implies that the compressibilities of phases II and III of BCOE are higher than that 

of phase II of NBE. The pressure dependences of only seven C-H stretching modes 

could be measured, and of these, the peak. at 2950 cm -1 has a slgnificantly higher dlnv/dp 

value, and was asslgned as a bridgehead C-H stretch, having b 1 symmetry. Since the 

frequencles of the two bridge he ad C-H stretches are expected to be similar, the polanzed 

band at 2920 cm- I can now he assigned as the al bridgehead C-H stretch. 

The method of using pressure dependences to assign the vibrational spectra of BCOE 

was not as successful compared to the results on the seven-carbon cage compounds. 

Nevertheless, the phase 1 ~ phase II transition, and probably the phase II ...... phase III 

transition, were successfully induced by pressure and observed by IR spectroscopy. The 



v 
(cm· l ) 

693 
805 
830 
867 
946 
959 

1017 
1042 
1095 

1164 
1179 
1229 
1317 
1331 
1348 
1373 
1449 
1454 
1467 

1618 
2862 
2901 
2941 

3042 

, ('\ \.1 
.v 

Table 6.3.1. Pressure Dcpcndcm:c~ 01 Inlrared Peak., 01 BI\:)'clom:lclw 
-- - ----- - ---

phase 1 phases li & 1lI 

dv/dp dlnv/dp v dv/dp olnv/op aS~lgnmcnt 

(cm·1kbar l) (kbar1x 1()4) (cm·l ) (cm·lkbar l ) (kbar· l \ )()4) 

0.3 4 695 0.36 5 1 
0.56 7.0 805 0.37 ·t6 
0.35 4.2 831 0.34 4.0 
0.53 6.1 869 0.55 6.3 
0.48 50 946 0.39 4.1 
040 4.2 957 0.2 2 
0.52 5.1 1018 0.43 42 
0.54 5.2 1042 044 42 ('·C.,tr + ('·C·C dcl 
0.25 2.3 1094 0.15 lA +C=C-H dei 

1123 OA3 3.5 
0.31 2.6 1164 0.27 2.3 
0.40 3.4 1182 0.21 1.8 
0049 4.0 1226 0.28 2.3 
0.35 2.6 1319 0.20 15 
0.20 1.5 1334 0.31 2.3 
0.28 2.1 1352 0.30 .., .., 

1 
0.17 1.3 1371 0.15 1.1 
0.2 1 1445 0.17 1.2 
0.1 4 1458 0.37 2.6 

J 

C·C-H dei 
0.09 0.6 1462 0.29 2.0 

1470 035 2.4 
0.42 2.6 1618 0.31 1.9 al ,C=C.,tr 
0.6 2 2860 0.70 204 al ,CHl .,tr 
0.7 2 2902 0.6 2 CHl \tr 
0.5 2 2932 068 2.3 CH, ,tr 

~ 

2950 1 3 4.5 bl.bndgchcad C·H.,II 

{3025 02 07 
al' vlnyl C-H .,tr 

3028 044 lA 
0.9 3 3042 0.82 2.7 hl' vmyl C-H .,II 

difficulty in observing the phase II -. phase 1lI transinon was expecteo, 'll1ec the 

structures of the two were detennined to be very similar, and most hkely IdentIcaI. by the 

low-temperature vibration al spectroscopie measurements. The pressure dependence'i (.bd 

provide information that could be used to asslgn a few of the VibratIOns, parucularly ln 

identifying the bridgehead C-H stretching modes, which would have been dlfficult to 
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assign even wuh force-field calculauons. Finally, the compresslbilities of phases II and 

III of BeOE were detennmed to be hlgher than those of the ordered phases of NBE and 

NBD, and conslderably higher than that of phase III of NBA. 
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CHAPTER 7. I-FLL'OROADA~IA' T \~E 

7.1 Introduction 

The investigatIons of many denvatlves of adamantane, tn~ydol3 3 1 Ildecane. have 

been reponed \0 the literature ln an attempt \0 wITclate phase behavlOur \Vith Illokcular 

structure. There are two poslt1ons on the cage where "mgle suh'itltlltlon ~an occur' the 1-

position, where the molecule retam" a three-fnld rotation aXl~. Llnd the 2-po"ltlon. where a 

plane of 'iymmetry rema1O~ Intact. The behavlOur of the l-'lIbl\t1tllted adumantane, 

VarIes according to the sub~tltutent. Methyladamantane exhibm two phase Ir,llI~lI\On~ 10 

achieve a crystalhne, ordered pha~e.1 The l-chloro and l-bromoauamantane'i eX!lIhll one 

and two phase tranSItIOns, respectlvely.\ The I-Iodo denvattve aho e:\hlbu'i a 'io!ld-·.;ohd 

phase transiuon, however. the high-temperature phase IS not pla~tlcally-cry\talltlle 1,2 

The behavlOlir of l-cyanoadamantane l~ urNlcally ulfkrent from the other ucnval1w.,. ~ 

Upon coohng, the plastic crystal, pha~e L unJergoe, a tran~lt1on to pha..,e 1 I. whlch can be 

quenched to a glas~y crystal, pha~e Ig. Upon heaung, thls gla""y phu..,e cali be ~lI1nealed 

10 fonn a metastable phase, pha~e l', Whlch wIll then undergo .ln Irrever\lble tralJ'iIlIO!1 to 

phase II. Several adamantane derivauves have been lI1ve'itlgated 111 our laboratory hy 

vibrational and NMR spectroscopy, mcluding l-adamantano1,4 l-adamantanc.:cJrboxyhc 

acid,S.6 l-adamantanamtnehydrochlonde,7 2-adamantanone,H l-hrorno<ldamantane.h,l) 1· 

chloroadamantane,9 2-bromoadamantaneY and 2-.:hloroadamantane lD A" J. CO!llmU,ltlOn 

of these studies of adamantane denvauves. and orgJ.l1lc cage compound.., III general, ,In 

lI1vesugation of the phase behavlollr of I-tluoroadamantane 1\ l!1duded 10 thl'l the..,I..,. 

Several sturues have been reporteu ~pecltkally on the pha~e hehavlour 01 1-

fluoroadamantane. DIfferentIaI scannlOg calonmetnc rnea'iurement~ 1 reveakù a phLt'le 

transition at 222 K, wlth an enthalpy and entropy of tran'iltlon of 1 50 kJ mol- l and 6 77 J 

K-I mol-l, rcspectively. The meltlOg temperature 10 J '1ealed tube wa.., mea~ured 10 he 

525 K. The hlgh-temperature phase has been the ~ubJect of a number of "tudles by a 
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F 

, -fluoroadamantane 

,bTfOUp of Invesugators at the University of Lille ln France. Smgle-cryst:il x-ray 

diffraction Il was used 10 detenmne the structure as face-cenrred cubic (Fm3m), having 

four molecule~ per Unit cel!, wlth a = 9.535(4) Â. Although the entropy of fusIon is not 

known. the cubic 'itructure suggests that the high-temperature phase of tluoroadamantane 

IS plastIc. The molecular motIons ln the plastic phase were lnvesugated by IH, 19f, and 

l3e NMR ~pectroscopy, by measunng TI relaxatIon nme~,12 by lQNS,I3 from dlelectric 

propeme~, 14 and by Raman scattenng from a smgle crysral. lS The reonentational 

mouons of tluoroadamantane could be separated lOto two component~: rotatIon about the 

three-fold molecular aXl~, and a tumbhng mouon of the molecular axi~ about eight 

dlsungUishable eqUlhbnum onentatlons along the (111) duectlons of the CUblC lattice. 

The result'i of the dlfferent techmques agreed very weil WIth each other; the correlation 

urnes of the mouons could be descnbed by Arrhemus laws: 13 

tCot = 9.3 x 10- 15 exp (2960rr) s 

't\13 = 5.9 x 10- 13 exp (l560rr) s 

[7.1.11 

[7.1.21 

where tc.t IS the correlanon ume of the tumbhng moUon, and t\13 IS that of molecular 

rotatton The actlvatlon energles for the tumbhng and rotatIonal monons are therefore 

24.6 and 13 () kJ mol-l, re'ipecuvely These bamers are comparable to those m the 

plasnc phase of l-chloroadamantane,16 reflectmg the structural 'ilmIlariues of the two 

!'tohd~ Ooly the lH widehne NMR ar,d dlelectnc expenments were successfully carried 

out below the phase tramltlon temperature. According to proton second moment 

measurements. the phase transItIon doe~ not qualitauvely change the reonentanonal 
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motions, which slow down progressively until a ngld lattIce Iii fonned near SO K (t < 

10-5 s).12 The crystal structure of the phase below 222 K could not be delemllned 

precisely because the single crystals cracked upon cooling through the tran~ltIon: 

however, the low-temperature phase was shown to be non-cublc even at -+ K t-l The 

dielecnic measurements suggested (hat the low-temperature lattIce IS tetragonal. as 111 

adamantane,17,18 with one of the (001) direc(]ons of the CUblC lamce remain1l1g a~ a four­

fold axis. The overall reonentational correlatlon tImes below and above the phase 

transition were determinrd by dlelectric relaxation to be: 

and 

'tr = 9.73 x 10-16 exp (3502{f) s if T < 222 K 

'tr = 3.6 x 10-14 exp (2282{f) s if T > 222 K 

17 1.31 

17.1.41 

The knowledge of the structure and the degree of order of tluoroadamantane beJow 

222 K, therefore, remains elusive. This phase also appears to fonn a glu..,,, upon coohng 

The existence of another phase transition is expected, and lt IS ,",uspected to he hlghly 

dependent upon coohng rate. Recently, a "symmetry departure" mode! ha~ been ulied lO 

explain glass transitions in molecular crystals ... uch a... cyclohexanol and 1-

cyanoadamantane,19 and an analysis of the available data on tluoroadamantane led to the 

prediction of a glass transition, upon heaung, near 90 K. 

The IR spectrum, measured in solution, ha~ been reported, but with vlrtllully no 

assignments,20 and, except for the few bands measured from the single cry~tal, 15 the full 

Raman spectrum has yet to be descnbed. The behaviour of tluoroadamantane under 

pressure also remains unexplored, and, due to the apparent dlsorder down to 4 K, may bl,; 

different from the effects that arise from lowenng the temperrnure Thus, as ln addll1011 

to the chloro- and bromo-derivatlves under study in our laboratory, the pha..,e behaVlOlIr 

of fluoroadamantane was investigated by low-temperature and hlgh-pre~"ure vlbrauona) 

spectroscopy. 
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7.2 Variable-Temperature Studies 

DifferentiaI scanning calorimetrie measurements of fluoroadamantane confirmed the 

presence of a single phase transition (phase 1 ---)0 phase II) at 227 K on cooling, WIth 

enthalpy and entropy changes of 1.7 kJ mol- l and 7.6 J K-I mol- l . Upon heating, the 

transition dl!>played a slighl hystereslS, occurring at 231 K, with .1.H t and .1.S t of 1.6 kJ 

mol- l and 6.9 J K-l mol- I. This transition temperature IS higher than the value of 222 K 

(on heating) reponed in the literature. 1 Since Impurities depress the temperature of first­

order phase transitions, it may be concluded that the sam pie used in the earlier studies, 

although speclfied to be near 99.8% pure, IS less pure than the present sample. No other 

phase transitIons were observed by DSC, and repeated cycling of the sample between 298 

and 123 K dld not affect the phase 1 -~ phase Il translUon temperature. 

Vanable-ternperature IR and Raman spectra were measured at every 5 K on cooling 

and on heating between 250 and 200 K, i.e., through the phase 1 -) phase II transition 

temperature. Spectra of each phase are shown in Figures 7.2.1 and 7.2.2. Upon 

comparison of these spectra, very few differences are apparent, but a defimte narrowIng 

of peaks dld occur suddenly at the transition point. Figure 7.2.3 is a plot of linewidths 

(FWHH) of an IR and of a Raman band versus temperature, in the cooling direction. In 

both cases, there is a distInct decrease in the linewidths at the phase transition. Although 

the spectral charactensttcs of each phase are not c~:.~ly discemlble upon simple 

inspectIon, the C-H stretching region IS particularly informative. In both the IR and 

Raman spectra, phase 1 is characterized by a peak at 2857 cm-1 and th en a broad 

agglomeration of peaks centred at about 2928 cm- l . In phase II, the narrowing of peaks 

is sufficlent to resolve the band at 2891 cm-l, and the other higher-frequency C-H 

stretching bands appear as a more rounded envelope centred at about 2930 cm -1. The 

low-frequency regions of the Raman spectra of both phase 1 and phase II do not contain 
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Figure 7.2.2. Raman spectra of I-nuoroadamanlanc al (A) 205 K and (B) 250 K. 
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Figure 7.2.3. Full width at half height (FWHH) "f two vlbrauonal pcaks 01 1-lluoroadamamane: 
0420 cm-' Raman band. _ 731 cm-' IR band. The dashed Ime rcprcscnts the pha..,c U'anSllIon 
temperature as measured by DSe (227 K on coolmg). 

any peaks, indicating that, on the timescale of the Raman measurements, the molecular 

motions are isotropie. The broadening of the Rayleigh line. however. was not as 

extensive as in the disordered phases of the compounds described in Chapters 4 through 

6; therefore, at the same temperature, the fluoroadamantane molecules are movmg slower 

than the smaller cage molecules in their disordered phases. Funher coohng of phase Il 

down to 60 K did not induce any other observable phase transitions. Another approach to 

induce this transition would be te cool the sample to about 60 K and then to heat It very 

slowly above the predicted glass transition temperature. If the sam pie then underwent an 

annealing process from the glass, it may be possible to observe lt spectroscopically. This 

was attempted by Raman spectroscopy; the temperature of the sample was increased 
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from 60 ta 120 K by approximately 5 K every hour. If the glassy phase transfonnl~d to ,ln 

ordered, crystalhne phase, line narrowing and the appearance of sharp externat mod\!s 

would be expected. Such effects, however, were not observed In the Raman spectrum. 

The rate of heating and slight temperature instability of the cryostat at very low 

temperatures may have been responsible for the failure ta crystallize a new phase. 

Ideally, this slow heaung should have been p~rformed by DSC, where the heatmg rate 

and temperature of the sam pIe can be controlled precisely and accurately, and the 

thennogram would display this glass transition as an exotherm. The commercial DSC 

apparatus, however, was not able to reach temperatures lower than 100 K. 

The vibrational peaks of phases 1 and II of fluoroadamantane are hsted in Table 

7.2.1. Raman polarization measurements were measured in CS2 solution. While the 

spectra of adamantane itself have been assigned according ta force-field calculations,21 

other l-substituted derivatives have been assigned simply by comparison with other 

molecules. The vlbrational spectra of fluoroadamantane. C lOH 1SF. should contam 72 

normal modes. Under C3v molecular symmetry, however, the se transfonn as r vlb lOt = 17 

al + 7 a2 + 24 e, where only the al and e modes are IR and Raman active, and the a2 

modes are totally inactive. These can be separated into 15 C-H sttetching modes (f v(CH) 

= 4 al + a2 + 5 e), and 57 non-CH modes ([non-CH = 13 al + 6 a2 + 19 e). Therefore, 

there should be a total of 41 peaks coïncident in the IR and Raman spectra, with nine of 

these in the C-H stretching region. A total of 50 bands were observed in the IR and 

Raman spectra of phase II, which should not display any solid-state effects, but where the 

linewidths are narrowed sufficiently to resolve close-Iying bands. The vibrational 

spectrum was assigned with the aid of assignments for adamantane21 ,22 and other 1-

substItuted derivatives,20 and seven al bands could be identified from the polarization 

measurements. Although C-F stretching bands usually occur between 1000 and 1400 

cm- I ,23 it has been reported that, when adjacent to a C-C single bond, the C-F and C-C 
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." Tablr 7.2.1. Vlbrauonal Data (cm- t ) for I-F-adamantanc. 
----~ 

sol'n/CS2 phase 1 phase II 
1 

J Ramana Raman IR Raman IR ,\''i'l'gnmcnl 
(295 K) (250 K) (250 K) (205 K) (200 K) 

264dp 267 vw 266 w C-C-F hend. <! 

391 vw 391 vw 
396vw 395 vw 

420 pp 420w ·H9w 420w 419 w 
463 w 463 w 

465 dp 467 w 467 w C C-C dcf 
540p 540w 539 s 539m 538 s 

642w 640vw 643w 641 vw 
668vw b68 vw 

724vw 
730p 731 s 729w 731 vs 729w C -F str . al 
774p 775m 773 w 775 s 773w C-C ~lr • .ll 

814m 814vw 814m 
904m 904m 

no pp 918 s 918vw 9185 
931 dp 934w 932w 935 m 933 w 

959 vw 
969 s 968 s 

970dp 970m 970 ~ 970 m. sh 
988 dp 989m 9905 

1044 vw lO45 vw 
1070 w 

1076 dp 1072 vw lO72s 1074 vw. sh 1072 ~ 
1080 vw. sh 1079 s C -c ,tr 

1102 dp ll05 w lI05m l!05m l105m + CH:! .\Ou Cil dl!l 
1111 w. sh 11\3 w. sh 
1183 vw. br 1184 vw. br 

1180 dp 1189 s 1\90 s 
1195 w. sh 1195 m. sh 

1265 dp 1271 m 1268 vw 1273 ln 1268 vw 
1290w 
1297m 1295m 

1301 vw 1302 vw 1299 w. sh 
1318 m 1316 w 

1323 w 13Uw 1322 w 
1345 m 1346m 1 CH, ",d CH "" 1353 s 1354 s 
1366 w 1366w 
1373 w 1373 w 

1439 dp 1439 w 1439 m 
} CH2 ~Cl~sor 1449w 1449 w 

1456m 1456 m 
2851 p 2852 m. sh 2852 m. sh 2851 m. sh C-H ~tr .CH2 • .l1 
2857 pp 2857 m 2857 s 2858 m 2857 s CH2·!! 

2864dp 2863 m, sh 2863 m, ~h 2862 m. sh CH2, c 
2886 P (2 K 1456l.m 1. AI) 
2901 2901 m 2898 s. sn 2896 m 2891 vs CH. J( 

2909 2907m 2910 vs 2911 vs CH,.: 
2917 vs CH2.c 

'2925 P 2928 s. br 2928 vs. sh 2931 m 2930 vs CH2.d( 
2938 m, sh CH2,e 

2958p 2962 w, sh 2959 w, sh CH2.al 

Ildp = depolanzed, pp = panially polanzed, and p = polanzed. 
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stretching vibrations become mixed and the lower frequency band is higher in C-F 

character.24 For exarnple, in (CH3)3CF, the C-F stretchmg band occurs at 751 cm- I 

whereas the symmetric and antisymmetric C-C stretches are observed at 892 and 1260 

cm-l, respectively.25 From comparisons with other l-substituted adamantanes, the 

symmetnc cage-breathing mode was assigned to the srrong, polarized band at 774 cm- l. 

Therefore, the C-F stretchmg vibration could be assigned ta the polanzed band at 730 

cm-l, and the peak at 1265 cm- l is probably a skeletal stretchmg mode having e 

symmetry. As a consequence of the cagf, structure, the majority of the other bands 

between 800 and 1400 cm- l are coupled, and involve contributions from skeletal 

stretching, and from methyler.e and methine C-C-H deformations. According to valence 

force-field calculations for adamantane,21 the symmetric and antisymmetric methme C-H 

stretchmg modes could be assigned to the bands occurring ar 2891 and 2911 cm -1, 

respectively. The remaining C-H stretches were assigned to the methylene hydrogens, 

and their symmetries were detennined according to the polarization measurements . 
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7.3. High-Pressure Vibrational Spectra 

In the cases of the seven- and eight-carbon molecules descnbed III the prevlOu~ 

chapters. the behaviour of the compounds under pressure mlmlcked their luw-

temperature results. These molecules. however. al! dIsplayed phase rranSltlOns (() 

ordered. crystalline solids. The effects of pressure on fluoroadamantane. therefore. may 

or may not be analogous to the low-temperature expenments. 

Initially, Raman spectra were measured over a wlde pressure range of 59 kbaT. 

Figure 7.3.1 shows the CH stretching region through a range of moderate pressures. 

Below 1.7 kbar, the spectrum Tesernbles those observed for phase 1 ln the vanable­

temperature experiments. Between 1.7 and 4.5 kbar, however. the shoulder at about 2945 

cm-1 becomes better separated from the remainder of the higher-frequency C-H bands. 

3040 3000 2960 2920 2660 
Wavenumber (cm- I

) 

Figure 7.3.1. The C-H stretching region of the Raman spectrum of 1-
fluoroadamantane al the indicated pressures upon compressIOn. 

, 
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This is analogous to the observations of the phase 1 ~ phase II transition under low­

temperature conditions. The addltional application of pressure, even as high as 59 kbar, 

did not induce any other phase transitions. This was demonstruted by the measurement 

of several peaks throughout the spectral region, which did not show any abrupt line 

narrowing or solid-state splitting in the Raman spectrum. It is concluded, therefore, that 

the glassy phase also fonns upon compression, and will not spontaneously crystallize 

even under very high pressure. 

High-pressure IR experiments were performed on fluoroadamantane as weIl, but at 

smaller pressure increments and over a narrower range of pressures. Figure 7.3.2 shows 

the C-H stretching region of the IR spectrum at various pressures. Although the line­

narrowing effect is not as obvious as in the Raman spectra, the phase 1 4 phase II 

transiuon can be observed to occur between 2.8 and 3.9 kbar. The IR experiments were 

aIso used [Q measure the spectral changes which occur ta the peak at 1318 cm -1, which is 

a combination of C-C stretching and various C-C-H and CH2 bending modes. In Figure 

7.3.3(A), the splittmg of this peak due ta sudden line narrowing is observed between 2.8 

and 3.9 khar. This is analogous to the effect WhlCh occurred upon lowering the 

temperature, and offers further proof of the occurrence of the phase transition at 3.3 ± 1.0 

kbar; the band at 1318 cm-l, which appears sharp in phase l, 1S resolved into two bands at 

1316 and 1322 cm-1 in phase Il, as shown in Figure 7.3.3(B). In another attempt to 

induce the second phase transiùon t the sample was left under 22 kbar of pressure for a 

period of 36 h, and then 1eft at 18 kbar for an additional 36 h. From our experience, these 

pressures correspond roughly to cooling the sample at 20 K and then around 80 Kt 

respectively. As in the low-temperature experiments, a crystalline phase of 

fluoroadamantane did not form. 

The pressure dependences of several modes were m('ç,sured in bath the IR and 

Raman spectra. Since more data points were obtained in the IR spectra at moderate 
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3000 2900 2800 
Wavenumber (cm- I ) 

Figure 7.3.2. Infrared spectra of the C-H strelchmg reglOn of 1-
fluoroadamantane al the IOdlcated pressures upon compressIOn 

pressures, the dv/dp values were measured From the IR rather than the Raman whenever 

possible. Figure 7.3.4 shows the pressure dependences of severa! peaks ln the IR 

spectrum, and Table 7.3.1 lists the pressure dependences of ail the vibranonal peak!-. 

measured. Overall, the dlnv/dp values of both phases are quite hlgh, WhlCh is cons ment 

with the disordered nature of phases 1 and II. The pressure dependences of several 

Raman bands of adamantane itself have been reported,26 and these dlnv/dp values are 

also very high, ranging from -0.5 to 14 x 10-4 kbar 1 for the skeletal modes, and From 1. 1 

to 3.2 x 10-4 kbar1 for the C-H stretching vibrations. The totally symmetnc, cage-
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breathing vibration In adamantane, occurring at 759 cm-l, has the highest pressure 

dependence of 14 x 10-4 kbdf- 1. The symmetric cage-breathing mode was also reported 

In the hlgh-pressure Raman spectroscopie studies of l-chloroadamantane9, where the 

band at 773 cm- l exhlbned a pressure dependence of approximately 20 x 10-4 and 

6 x 10-4 kbar l in the disordered and ordered phases, respectively. The value in the 

disordered phase, however, was based on ooly four data points. These pressure 

dependences can be compared to the dlnv/dp values for the 773 crn- l peak of 

fluoroa·},~mantane (9.2 x 10-4 and 7.0 x 10-4 kbar l in phases 1 and II, respectively). The 

1340 , 320 1300 1280 1280 1240 
Wavenumber (cm- I

) 

1340 1320 1300 1280 1260 1240 
Wavenumber (cm- I

) 

Figure 7.J.3. The resolution of the 1318 cm-1 IR band into two bands at 1316 and 1322 cm-1 at 
the phase ttansition of l-l1uoroadamantane, (A) under pressure, and (B) at low temperature. 
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Figure 7.3.4. Pressure dependences of several IR bands of 1-t1uoroadamantanc 

disordered phases of these adamantane derivatives all belong to the same space group, 

Fm3m, Z = 4, where a = 9,445 A for adamamane,27 a = 9.97 À for 1-

chloroadamantane,28 and a = 9.53 À for tluoroadamantane. 11 From these Unit œil 

dimensions, the densities of these solids are calculated to be 1.07, 1.14, and 1 1 X g cm -" 

respectively. It is reasonable, therefore, that the pressure dependence of the cage­

breathing mode of adamantane has the highest value compared to the other two 

derivatives, because its crystal density is the lowest, and its lattice should be the mo..,t 

compressible. The same vibrational mode In fluoroadamantane, WhlCh has the hlghe ... t 

crystal density, should have the lowest pressure dependence, and thls was confirmed 

experimentally. The behaviour of the disordered phase of 1 ~chloroadamantanc I~ 

puzzling, however, since ils crystal density is closer to that of tluoroadamantane, but Ih 
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Table 7.3.1. Prc'isurc Depcndences of Vibrallonal Peaks of I-F-adamantane 
. 

phase l phase II 

v dV/dp dlnv/dp v dv/dp dlnv/dp assignment 
(cm- I ) (cm-Ikbar l ) (kbarlx 1()4) (cm-I) (cm- l kbar l) (kbarlx 1()4) 

419 0.2 4 

J 
463 0.1 2 C-C-C def. 
538 0.2 3 

640 0.2 3 641 0.18 2.8 
729 0.46 6.2 729 0.42 5.8 C-F str. 
773 0.71 9.2 773 0.54 7.0 C-C str. 
814 0.78 9.6 814 0.57 6.9 
904 0.2 2 904 0.47 5.2 

918 0.32 3.5 
932 0.64 6.9 933 0.35 3.7 
969 0.4 4 968 0.2 2 
970 (R) 031 3.2 
989 (R) 0.3 3 990 (R) 0.6 6 

1044 060 5.7 1045 0.58 5.6 
1072 0.2 2 1071 0.1 1 C-C str. + 
1105 08 7 1105 0.5 5 CH2 and CH deI. 
1183 Il 1184 0.38 3.2 
1268 0.44 3.4 1268 0.47 3.7 

1295 0.3 2 
1318 0.29 2.2 1316 023 1.7 

1322 0.5 4 
1353 0.37 2.8 1354 0.26 1.9 
1366 0040 2.9 1366 0.38 2.8 
1373 0.56 4.1 1373 0.48 3.5 
2857 4 2857 0.2 0.7 methylene C-H str. 

2891 0.3 1 melhme C-H str. 

• AIl peaks are from the IR spectrum. except for mose marked Wlth an R. 

behaviour under pressure is more akin to that of adamantane. The dlnv/dp value for the 

same skeletal mode should be between those of adamantane and fluoroadamantane. 

Assuming that all of the x-ray structures are correct, it is probable that the pressure 

dependence reponed for the skeletal-breathing peak in l-chlorcadamantane should be 

doser ta the value measured presently for fluoroadamantane, i.e., -10 x 10-4 kbar-1. The 
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discrepancy in the dlnv/dp value in l-chloroadamantane is most likely impreclslOn due to 

the shortage of data points. 

Vpon examination of the pressure dependences within the tluoroadamantane 

molecule, those of the 729 and 773 cm- l peaks are panicularly high. ThIS IS expected 

since these bands have been asslgned in sectlOn 7.2 as the symmetnc C-F and C-C 

stretching modes, respectively. ThiS C-C stretchmg mode has a hlgher pre'lSlln: 

dependence compared to the C-F stretch in bath phases 1 and lI: the C-F bond Iength 111 

fluoroadamantane was reported to be 1.370 ± 0.004 A by mlcrowave spectro~LOpy. 29 and 

the C-F stretchmg force constant IS typically 6.0 x 10-5 dyn cm- l.30 Thus, thc hlghcr 

force constant causes the C-F bond to be less compressible. and the pressure dependence 

is slightly lower than that of C-C vibrations, even though the former also ha,; a ~horter 

bond length. The peaks at 814, 904, and 1045 cm- I also have relauvely large pressure 

dependences. and these bands can therefore be asslgned ta modes WhlCh have sigmflcalH 

contributlons from skeletal stretching VIbrations The peaks WhlCh have very lo\\­

dlnv/dp values are largely de formation modes, 1 e . those at 1316 and 1354 cm -) are CH 2 

twisting or wagging vibrations. Although the C-H stretchmg reglOn could not be fully 

explored, due to the extensive overlap of these peaks, the two bands which wcre 

measured suggest that their pressure dependences are relauvely low. Thl'i can be 

attributed to the absence of ring strain in the fluoroadamantane molecule. 
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CHAPTER 8. A STRUCTURAL SnJDY OF 1,4-DIIODO- .\~D IA-DmRO~IOCl.1J.\:'liE I~ TUE 
SOLIDSTATE 

8.1 Introduction 

12,=, 

The synthesis of cubane, pentacyclo[4.2.0.02,5.03.8.o-Uloctane, was first repnrtcd by 

Eaton and Cole in 1964,1 and the crystal structure of this novel cage molecule \Vas 

detennined to be trigonal/rhombohedral, R3, Z = l, with the body diagonal of the cube 

along a three-fold rotation axis of the crystal. 2 Due to the high symmetry and" globular" 

shape of this molecule, it is expected to form an onentationally-disordered solid phase. 

evidence of a phase transition at 393 K (just below the fuslOn temperature of 404 K) has 

been recently reported in the literature.3 The crystal structure of the 1,..i-dmmoclIbane 

molecule has also been reported; in this case, the unit cell is monochnic, P2\!c, and Ihe 

two molecules in the unit eeU are loeated at centres of mverSlOn. -+ A pha),e tran~1I10n 111 

this derivative of cubane has also been suggested to occur at about 315 K.5 

During the synthesis of cubane by Prof. P. G. Farrell and co-worker'i, ~evenll 1,4-

substituted d~rivatives were pre pare d, mcluding the dibromo and dllodo compollnd~. 

DifferentiaI scanning calorimetrie studies were performed on the cubane derivauvcs, 

above and below room temperature. No phase transitions were observed between 103 K 

and the sublimation or decomposiùon temperature (> 500 K), and lt wa~ apparent that 

these cubane derivatives did not form orientattonally-disordered 'iol1ds ThiS re"ult WU" 

surprising since these molecules are ellipsOldal in shape and have a three-fold rotation 

axis similar to, for example, l-chloro- and I-bromoadamantane. To confiml the absence 

of disorder, and to investigate the molecular and crystal structures of the se mtt:re'iung 

cage compounds, single-crystal x-ray diffraction studies were perfonned on l,4-dlbromo-

and l,4-diiodocubane. 
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8.2 Experimental: Single-Crystal X-Ray Diffraction 

Dunng the course of this work, the crystal structure of l,4-diiodocubane was 

reported in the literature,6 and the study was discontinued. The structure of the dibromo 

analogue, however, remained uninvestigated, and IS reported he;"e. 

The sample of l,4-dibromocubane, freshly recrystallized from CH2C12, contained an 

adequate selectIon of single crystals needed for the x-ray diffraction measurements. 

Firstly, the density of a crystal was measured by the flotation method in an aqueous 

solution of ZnBr2; the density of l,4-dibromocubane was measured to be 2.13 Mg m-3. 

Unit cel! parameters were initially defined according to Buerger precession photographs, 

and the space group was detennined to be P2 I/c. A single crystal of 1,4-dibromocubane, 

approximately 0.2 mm in all directions, was chosen for the x-ray diffraction 

rneasurements. DIffraction data were collected at room temperature on an Enraf-Nonius 

CAD4 diffractometer with Mo-Ka radiation (Â(KuI) = 0.70930, Â(Ku2) = û.71359). 

Unit celI parameters were retïned with 24 reflections (26 = 40 - 500). Crystal data are: 

Cgl\;Br2; f.w. = 261.94; monoclinic, a = 6.878(1), b = 6.9600(7), c = 8.793(2) Â, (3 = 

113.08(2); V = 387 .2( 1) A3; Z = 2; Pc = 2.247 Mg m-3; F(OOO) = 247.96; /J. = 102.8 cm- l . 

Systematic absences occurred at: h. 0,1: h + 1 = 2n + 1; 0, k, 0: k = 2n + 1; h, 0, 0: h = 2n 

+ 1; and 0, 0, 1: 1 = 2n + 1, indicating the space group P2 I/n (P2 I/c with an alternate 

choice of eeU, #14) 7, with the molecules located at special positions. Intensity data were 

collected using the 8/26 scan mode up to 28 = 44.7°. Two octants were measured within 

the index range h, k, 1 = -6 to 6, ° ta 6, and ° to 9. Three standard reflections, measured 

46 rimes during the data collection, showed a maximum instability of 2.83%, and were 

used to make corrections in the data reduction. Of the 475 umque reflections measured, 

415 had intensities greater than 2.50(1). 

The structure was solved by Patterson methods using the NRCV AX software. g 

Halogen atom positions were detennined from a Patterson map, and the carbon atoms 
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were positioned from an electron-density difference map. The lowest and lllghest pcaks 

in the difference map were -1.4 e k 3 and 0.65 e A -3. Hydrogen :ltoms \Vère 1Il111ally 

located according to the carbon atom framework. Spheneal absorptIon corrections were 

perforrned. Refinement of the non-hydrogen atoms was made wlth anisotroplC 

temperature factors, while hydrogen atoms were refined wuh Isotropie factors. FInal 

atomic coordinates are given in Table 8.2.1, and thermal parameters are hsted 111 Tank 

8.2.2. The final extinction coefficient was 0.1867. Convergence was reaehed al R = 

0.055, Rw = 0.063 for the 415 significant reflections, where R = l: (Fo - Fe) / L Fo. R w = 

[l: (K (Fo - Fc)2) / 1: (KFo2)]1I2. Refinement was based on 59 variables. with a weight 

modifier K in KFo2 of 0.00005. Bond lengths and angles are presented 111 Table H.2.3. 

Table 8.:U. Atomic Coordmates and EqUIvalent l'\otrOplC 
Temperature Factors (B lso ln A3) for 1,4-Dlbromocubanc. 

atom x y Z Blso 

Br 0.2758(2) 0.3117(2) 0.1522(2) 452(9) 
Cl 0.411(2) 0.126(2) 0.063(1) 2.7(6) 
C2 0.518(2) 0.180(2) -0.054(2) 34(7) 
C3 0.292(2) -0.046(2) -0.050(1) 3.2(6) 
C4 0.595(2) -0.007(2) 0.168(2) 34(7) 
Hl 0.49(2) 0.32(2) -0.09(1) 5(3) 
H2 0.14(2) -0.14(2) -0.04(1) 6(3) 
H3 0.65(1) -0.00(1) 0.28(1) 1(2) 

Table 8.2.2. Temperature Factors for 1,4-Dlbromocubanc.a 

atom Uu U22 u33 U12 ul3 u23 

Br 0.064(1) 0.050(1) 0.081(1) -0.0036(8) 00525(9) -0.0103(5) 
Cl 0.041(7) 0.038(8) 0.033(7) -0.003(6) 0025(6) -0007(5) 
C2 0.047(8) 0.034(8) 0.061(9) -0 003(7) 0034(7) 0.006(7) 
C3 0.038(7) 0.049(8) 0.041(7) -0.003(6) 0.023(6) (00)(7) 
C4 0.042(8) 0.06(1) 0.037(8) -0.007(6) 0024(7) -0.002(7) 
Hl 0.06(4)b 
H2 0.07(4) 
H3 0.02(3) 

aAnisotropic temperatlU'e factors are of the fonn: T = -(27t~ 1: 1: ulf.·a/a.ar bIsotropic temperature factors. U. are glven for the hydrogen atoms. 
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Table 8.2.3. Bond Lengths (Â) and Angles (0) for 1,4-
Dibromocubane. a 

Br-Cl 1.93(1) C3-C2' 1.57(2) 
CI-C2 1.54(2) C3-C4' 1.57(2) 
CI-C3 1.56(2) C3-H2 1.3(1) 
CI-C4 1.55(2) C4-C2' 1.56(2) 
C2-C3' 1.57(2) C4-C3' 1.57(2) 
C2-C4' 1.56(2) C4-H3 0.9(1) 
C2-HI 1.0(1) 

Br-CI-C2 123.1(8) CI-C3-C2' 88.8(9) 
Br-CI-C3 123.9(8) CI-C3-C4' 88.5(8) 
Br-CI-C4 125.0(8) CI-C3-H2 126(5) 
C2-CI-C3 91.5(8) C2'-C3-C4' 90.6(9) 
C2-CI-C4 92.6(9) C2'-C3-H2 101(5) 
C3-CI-C4 91.2(9) C4'-C3-H2 142(5) 
CI-C2-C3' 88.5(9) CI-C4-C2' 89.7(9) 
CI-C2-C4' 89.5(9) CI-C4-C3' 88.3(9) 
CI-C2-Hl 111(7) CI-C4-H3 121(5) 
C3'-C2-C4' 90.4(9) C2'·C4-C3' 90.5(9) 
C3'-C2-HI 139(7) C2'-C4-H3 129(6) 
C4'-C2-Hl 122(7) C3'-C4-H3 125(5) 

aThe atoms mdicated by primes (') are symmetry 
equivalents related by the operntor 1-x, -y, oz. 

132 
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8.3 Results and Discussion 

The structure of l,4-dibromocubane was determined to be isomorphous to the 

diiodocubane crystal, and also to the l,4-dimtrocubane smlcture. The final x-ray 

structure of 1,4-dibromocubane, deplcted in Figure 8.3.1, did not show any significant 

distortion of the cu bic carbon skeleton. The packmg of the umt cell is shown ln Figure 

8.3.2. There are no exceptional differences between the carbon skeletons of the ùibromo 

and the diiodo analogues. The C-Br bond length was determined to be 1.93( 1) A. ThiS 1" 

shorter than the C-Br bond in t-butyl bromide, which was reported to be 1.975(5) À,t} and 

probably shorter th an the C-Br bond in I-bromoadamantane (C-Br = 1.947(6) À). Hl ThiS 

decrease in C-Br bond length from t-butyl- to adamantyl- to cubyl- structures is expected, 

since the bond angles at the halogen-bonded carbon also decrease ln this order. The C-1 

bond length of l,4-diiodocubane was reported to be 2.123(6) Â 10 the slI1g1e-çry'ltal x-ray 

structure determination.6 This is also significantly shorter than the C-I bond length 10 1-

iodoadamantane, which IS 2.207(5) A.II 

The 1,4-dihalocubanes belong to the D3d point group, and the normal mode~ 

transform according to rVlbmt = 6alg + a2g + 7eg + 2alu + 5 a2u + 7eu' Symmetry 

selection rules result in the alg and eg modes bemg Raman actIve, whde the a2u and Cu 

modes are IR active. The a2g and al u modes are totally mactive. From the x-ray 

structure determination, the site symmetry of the mviecule ln the crystal IS Cl' and the 

factor group is C2h; a correlation diagram for the Isomorphous dibromo- and 

diiodocubane derivatives is given in Figure 8.3.3. According to thlS dlagram, Lhe a 

modes are split into lWO by the factor group, whde the e modes are doublcd tir~t by "He 

splitting, and then doubled again by factor group splitung. As a result of these couphngs, 

the alg modes in the Raman spectrum, and the a2u modes in the IR spectrum, are 

doubled. Similarly, the eg modes in the Raman spectrum, and the e ll modes In the IR 
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BR 

Figure 8.3.1. ORTEP12 diagram of 1,4-dibromocubane, with thennal eUipsoids represented at 30% 
probability for the carbon and bromine atoms, and as arbiuary spheres for the hydrogen atoms. 

Filure 8.3.1. Packmg diagram of the monoclinic Wlit eeU of l,4-dibromocubane, P2 I/n, looking down the 
a axis, with c parallel to the bottom of the page. Note the centre of symmetry ID the Molecule, slle and 
crystal. 



Molecule 

D3d 

Factor Group 
C2h 

alg (R) _______________ ag (R) 

a2 a 
g - g b (R) 

eg (R)- g 

a1U-_:=:-______ ___au (IR) 

a2u (IR) ______ - au -;;:::=:.:::=-= __ 
bu (IR) 

eu (IR) 

Figure 8.3.3. Correlauon dtagram for cryslalhne 1,4-dtbromo- and l,4-duodocubanc 
(R = Raman acuve, IR = IR acuve). 
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spectrum, are doubled twice, or quadrupled. Since the point, site, and factor group are aIl 

centrosymmetric, the rule of mutual exclusion should be followed quite rigorously. 

Solid-state IR and Raman specrra were obtained for bath 1 A-dlbromo- and 1,4-

diiodocubane (Figures 8.3.4 and 8.3.5), and the frequencies of the peaks are sUl11marizeu 

in Table 8.3.1. The Raman specttum of the bromo denvative 10 CS2 solution wa~ abo 

measured, however the iodo derivative decomposed in this solvent, and us spectrum hau 

to be measured in CHel3. Raman polarization measurements alded ln making 

assignments of the totally symmetric alg modes. The similarities observed between the 

IR and Raman spectra of l,4-dibromo- and l,4-diiodocubane are not surpnsmg ~Ince the 

two solids are isostructural. Almost aIl of the bands observed 10 the vibrauonal spectra ot 

both compounds exhibited the predicted solid-state splitting patterns, although not aIl ot 

the components could be observed since the spectra were measured at room temperature. 

In addition, the bands in the IR and Raman spectra are almost totaIly noncomcldental, 

again as expected according to the symmetry properties of the molecule and cry'Hal. 

The external vibrations of the molecules in the monoclinic lattice transfonn a~ 

r vib ext = 3ag + 3bg + 2au + bu, resulting in three IR and six Raman bands which are again 
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<if 
Table 8.3.1. Solid-State Vlbrauonal Data (cm- I) for 1,4-X2-Cubane. -

"-
X=Br X=I 

Raman IR Raman IR 

28s 28 s 
33 s 35 s 
45 s 40m 

204 vs 151 vs 
152 vs, sh 

236m 212 m 
240m 215 w 

219 vw 
725w 

770 vs 748 s 
767w 

816 m 811 m 
824m 825 m 
831 w 832w 
834w 843 w, sh 
838m 845 w 

849w 850vw 852 w, sh 
861 w 861vw 862w 
866w 866vw 

890 s 881 s 
985m 894 w 
987 m, sh 968m 

972m 
994 w 980vw 
999 w 985 vw 

993 vw 
995 w 

1026 s, sh 1019 vs, sh 
1036 vs 1021 vs 
1045 m, sh 1032m 

1048 m 1035 m 1035 m, sh 
1086m 1043 m, sh 
1092w 1046m 

1054m 
1083 w, sh 
1087m 
1190m 

1165 w 1155 m 
1175 w 1170 vw 
1179w 

1186m 1189 s 
1189 m, sh 1194m 
1217 m 
1227w 1225 s, sh 
1236 w, sh 1229 vs 
1247 s 
2995 m, sh 2986m 
2997m 

2998m 2988 w 
3003 w 

3011 w 3001 m 

1. 3013 m 3002m 
3017 w, sh 3003 m,sh 

'" 3018m 3006 m, sh 
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mutually exclusive. In the low-frequency reglOn of the Raman spectra of both 

compounds, three strong bands were present. The other three bands are enher too weak 

to be measured or are IJnresolved from the other strong peaks. 

Due to the sttain on the substituted carbon, the C-halogen stretchmg mode lS 

expected to have a higher frequency compared to other molecules such as In t-butyl 

bromide (VCC.Br) at 516 cm- 1)13, t-butyl iodide (v(C_I) at 492 cm- I)14 and 1-

bromoadamantane (v (C-Br) at 676 cm- 1).15 The totally symmetnc C-Br and Coi 

stretching vibrations can thus be assigned to the strong, polarized peaks at 770 and 7-lX 

cm-l, respectively. The C-C-Br bending vibrauons can be asslgned to the ~ohd-,;tate 

peaks at 204, 236, and 240 cm-l, whereas the C-C-I bending modes can be attnbuted to 

the bands between 150 and 220 cm- l . The frequency of the totally symmetnc cage­

breathing mode in cubane has been reported as 1002 cm-l, however thls VibratIOn "hlfb 

to lower frequency even in the l,4-dideuterocubane den vau ve, occurnng at 990 cm· 1 1 h 

It is reasonable, therefore, to assign the cage-breathing mode to the medIUm mten"lty, 

polarized peaks at 816 and 811 cm· I in l,4-dibromo- and 1,"!-dIiodocubane, re~pecl1vdy 

The remaining barlds between 820 and 1250 cm· l are mostly C-C-H deformauon modl.:'>, 

with sorne contributions from C-C stretches. The peaks below <)00 cm· 1 aho have 

contributions from C-C-C defonnations. Two IR and two Raman C·H '1tretchmg band~ 

are predicted for the isolated molecule of each compound cr v(C-H) = (al g + Cg + a2u + 

eu)' with each of these split into two according to the solid-state structure. Ail elght of 

tt.ese bands were observed in the bromo derivauve, whIle SIX of Them were mea..,urcd for 

the iodo derivative. According to the Raman polarization measurements, tht; pair of 

bands with the highest energy in the Raman specuum of euher compound corre~pond to 

the totally symmetric C-H stretching vibration. 
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CHAPTER 9. CONCLUSIONS 

The phase behaviour of six organic cage compounds, norbomane, norbornylem:, 

norbomadiene, quadricyclane. bicyclooctene, ami I-fluoroadamamane, \las been studlCd 

by vibrational spectroscopy at van able temperatures and pressures. The tranSfOmlaliOnS 

of the se'/en- and eight-carbon compounds from hlgh-temperature (or low-preSSllre) 

disordered phases to low-temperature (or high-pressure) ordered phases were observed. 

Bicyclooctene fonned an additlOnal phase, WhlCh was amsotroplcally dlsordered The 

structures of the ordered phases could be postulated from the observed sohd-,itate 

splittings in the vibrational spectra. The fluoroadamamane molecule proved to be 

different in many ways from the sm aller cage molecules. This compound llnùerwent 

only a small-entropy phase transitIon, and the motIons remamed Isotropie as ob ... erved at 

the vibrational timcscale. Further cooling resulted in the fOmHltlOn ot a glassy phase. anù 

attempts to anneal the glass were unsuccessful. The behaviour of thls t1uoro-denvatlve 

of adamantane proved to be very different even from those of the bromo- and ehloro­

derivatives, the latter exhibiting phase transitions to ordered, crystalhne phases. 

In all cases, the phases fonned by the application of pressure were the same as those 

caused by loweritj~ the temperature. The phase transition pressures were mea~ureù for 

all compounds in the compressIOn direction, and adduionally for NBA, NBE and 

quadricyclane upon decompression. The measured pressure hy:.tereses enablcù the 

calculation of the volume changes at the phase transitions; quadricyclane was shown to 

have a high /). V t' while NBE has a value comparable with chose of phase tran"ltion~ ln 

other hydrocarbon cages. A summary of the transition temperatures and pressures for ail 

six compounds is given in Table 9.1. 

The pressure dependences of the vibrational frequencle~ for the lsotropically 

disordered phases of NBA, NBE, NBD, and BeOE were consistent from compound to 
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Table 9.1. Summary of the Phase Transitlon Temperatures and Entropies Measured 
by DSC, and the Phase Transitlon Pressures DetennlOed by Vlbratlonal Spectroscopy. 

compound transition Tt ASt Pt 
(K) (JK- 1 mol- 1) (kbar) 

norbomane II -> 1Il 129 31.7 16.4 
IlI-tIl 130 32.3 16.1 

norbomylene 1 -f>JI 114 35.8 14.9 
II -~ 1 127 35.9 13.3 

norbomadiene 1 -t II 175 40.4 6.4 
II --. 1 201 42.8 

quadricyclane 1 --. II 153 45.0 10.7 
lI--'I 180 40.0 9.3 

bicyclooctene 1 --. II 169 31.2 7.9 
11--.1 176 31.5 

II --. III -95* -15 
1II--'1I 

tluoroadamantane 1 --. II 227 7.6 3.3 
II -> 1 231 6.9 

... Phase trWlSlUon temperature measured by low-lemperalure Raman spectroscopy. 

compound, in the range of 1 to 5 x 10-4 kbar-1 for the skeletal modes. This indicates that 

these disordered phases have very similar compressibilities. The ordered phases of NBE, 

NBD, and BeDE were also determined to have similar compressibilities, but lower than 

those of the disordered phases. Phase III of NBA is significanùy less compressible than 

the ordered phases of NBE, NBD, and BeDE. The peaks of quadricyclane in both 

phases had relatively high pressure dependences spanning a wider range of valu~s, and 

these effects are probably due to the extra strain in the cage. The pressure dependences 

of the peaks of fluoroadamantane were higher than those of the sm aller molecules. U pon 

comparison with the disordered phases of adamantane and l-chloroadamantane, though, 
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the pressure dependence of the skeletal-breathing mode of tluoroadamantane was 

observed to be very low. The behaviour of these molecules under pressure was explamed 

according to their differences in crystal density. 

The pressure dependences of different IR and Raman modes have proven to be 

use fui in making further assignments of the vlbrauonal spectra. As an outcome of the 

cage structures of these compounds, many modes are cou pied to one another. 

Nevertheless, peaks which had significantly higher dlnv/dp values could be assigned to 

nonnal modes which have a large contribution from C-C stretchmg vibranons. Band 

splittings attributed to correlation coupling were confirmed by the divergmg behavlour of 

the different components under pressure. The peaks due to C-H stretchmg motions 

usually exhibit a large range of pressure dependences. A'::. a general rule. the dlnv/dp 

values of C-H stretching 'librations are hlgher than those of skeletal mode~ because the 

fonner are highly anhannonic. For the different types of C-H bonds In the blCydic or 

polycyclic molecules, asslgnments of several C-H stretching bands could be made tor 

NBE, quadricyclane, and BCOE. This analysis was pOSSible because C-H 'itretchlllg 

modes are normally pure in nature, and the vibration can be modelled a, a slIlglc 

hydrogen atom bonded to a large sphere. Fermi resonance effects were also mvesngatcd 

as a function of pressure, and two bands in the Raman spectrum of NBD were asslgned a., 

a Fenni resonance pair according to the pressure dependences of their peak poslUons and 

the shift in intensity from one to the other. 

In this thesis, the method of using pressure deoendences of vibrauonal bands 10 a.,"ilst 

10 making spectral assignments has been introduced lOto the tield of high-prc'::.~ure 

vibrational spectroscopy. Attempts to explain numerically the effect of pres~ure on 

molecular bonds have been reported in the hterature; however the resulh have been ot 

limited value, and additional infonnation (such as crystal compre'::.slbllily) )"i reqUlred. 1.2 

The observed shift in vibration al frequency with applied pressure depends not only upon 
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the compressibIlity of the bond, but also the fractional change in bond length. In the 

qualitative analysIs used in thIS thesis, the absolute reductions In interatomic distances 

were ilssumed ta be constant for different types of bonds. The high dlnv/dp values for 

C H stretching modes were explained in light of the very short C-H bond lengths (-1.08 

A in cage molecules)3 compared to C-C bonds (~1.53 Â). The short bond length appears 

to be the goveming factor over the pressure dependence of the C-H stretching modes 

since the force constant of C-H (4.5 x 10-5 dyn cm- l ) is comparable with that ofC-C (4...1-

l{ LO-5 dyn cm- l ).4 The C=C double-bond stretches have very low pressure dependences 

compared to C-C single bond, and this is due to the much hlgher force constant (6.8 x 

10-5 dyn cm- 1) rather than the shorter bond length (1.33 Â).4 In the case of C-F 

stretching vibrations, the high force constant of the bond (6.0 x 10-5 dyn cm -1)5 and the 

short bond length (1.370 Â)6 appear to balance each other, resulting in a pressure 

dependence slightly lower than those of the C-C stretches. The behaviour of bendmg 

modes is very complicated, although it was observed that the pure bending vibrauons, 

such as the CH2 scissoring modes, have the lowest pressure dependences within a glven 

molecule. 

A semiquantitative method for predicting pressure dependences car. be derived from 

the trends observed in this thesis. The C-C stretching vibration will be regarded as the 

reference point, and other stretching force constants and bond lengths will be descnbed 

relative to this standard. Using the force constants and bond lengths mentioned above, 

the force constants of C=C, C-F, and C-H are 54, 36, and 2% higher than C-C, and the 

bond lengths are 13, 10, and 30% shorter, respectively. The rauos of the relative change 

in force constant ta bond length are, therefore, 4.2, 3.6, and 0.07, respectively, for C=C, 

C-F, and C-H. From potential energy calculations of diatoffilc molecules, it has been 

approximated that a 1 % decrease in bond length will result in a 6% increase in 

vibrational force constant, and thus a 3% increase in vibrational frequency.l,7 From 
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these numbers, in order for another stretching mode to have the same pressure 

dependenœ as a C-C stretch, the ratio of the force constant increase to the bond length 

shortening should be approxlmately 6: 1. Any sm aller ratio would result 10 LI hlght'r 

pressure dependence, and a larger rauo wou Id result ln a lower pressure ùept"ndenœ. 

compared to CoCo This ratio does not agree wlth that deduced l'rom the pressure 

behaviour observed for C=C, C-F, and C-H stretching vibratlons. For the molecules 

reported in this thesis, the experimentally determined ratIo of change in force constant to 

change in bond length, in order for the relaùve pressure dependences to be the sume, 

appears to be around three as opposed to six.. 

It is hoped that the data compiled in this thesis will provide a basis for the extension 

and improvement of the analysis of high-pressure vibrational spectroscopie 

measurements to other types of molecules. 

References 

1. W. F. Shennan and G. R. Wilkinson 10 Advances ln lnfrared and Raman Spectroscopy, vol. 6, (R J 
H. Clark and R. E. Hester, eds.), Heydon and Son, London, 1980, Chap. 4, p. 158. 

2. D. Salmon, V. L. Shannon, and H. L. Strauss, J. Chem. Phys., 90, 773 (1989). 

3. C. R. Castro, R. Dutler, A. Rauk, and H. Wleser, J. Mol. Struct. (Thcochem), 37, 241 (1987). 

4. T. G. Lenz and J. D. Vaughan, J. Phys. Chem., 93, 1588 (1989). 

5. G. Herzberg, Mo/ecu/or Spectra and Structure Vol 1/ lnfrmed and Raman Spectra of Polyalomu 
Molecules, D. Van Nostrand Company, Pnnccton, 1945, p. 193. 

6. D. Chadwick, A. C. Legon, and D. J. Millen, J. Chem. Soc. A, 116 (1968) 

7. G. Herzberg, Molecu/ar Spectra and Structure Vol 1 Spectra of DWlOfrUL Molecule.I, 2nd cd., Van 
Nostrand Remhold Company, New York, 1950, p. 457. 



( 

146 

SUGGESTIONS FOR Ft:Tt:RE WORK: HIGH·PRESSt:RE FT·RAMA~ SPECTROSCOPY 

In thls thesls, severa! high-pressure vibrational spectroscoplc expenments, using 

both IR and Raman spectroscopy have been described. Although the diamond anvils 

proved co be satIsfactory windows over the IR region useful for hydrocarbons, the y are 

not transparent In the 2700 - 1800 cm-1 region, which IS important for many other 

compounds. AIso, the cutoff of most infrared instruments in the mid-IR region is 400 

CIO-l, which seriously curtails the study of metal-ligand vibratIons and does not allow the 

observatIon of latuee modes. In theory, Raman specu-oseopy should allow the 

observation of the complete vibrational spectrum through the diamond anvils. Raman 

spectroscopy is also more useful since the spectra are less complicated by combinations 

and overtones, and trace amounts of warer do not interfere with the observed spectra. 

The external modes can also be observed, which is highly important in structural !ltudies. 

In practlce, however, these Raman studies are not free from interferences; the diamonds 

which are the most transparent in the IR region, type lIA, are also those which generally 

ex hi bit high fluorescence when excited by a visible-laser source. Most commerclally­

available DACs are not tested for a low fluorescent background, only IR transparency, 

and it is difficult to purchase a cell which satisfies both specificatIons. 

The development of high-pressure Fr-Raman spectroscopy is therefore proposed, to 

alleviate the problems and combine the advantages of both IR and Raman techniques. 

The combination of an open spectroscopie reglOn, the elimination of the fluorescent 

background by l'sing a near-IR laser as the excitatIon source, and the speed of Fourier 

transform interferometry can result in a powerful new method of high-pressure 

spectroscopie analysis. The development of this technique eonsists of several stages: 

fml, the measurement of a spectrum in the ceU must be achieved; second, a pressure 

calibrant must be developed since the near-IR laser will not excite the ruby fluorescence 
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which is used in conventional Raman spectroscopy; third, the problem of sam pie heaung 

must be addressed. Prelimmary work on stage one was :mempted at Bomern Inl.:. (Ste­

Foy, Quebec) usmg their DA3 and DA8 spectrometers. 

Alignment of the DAC is the rnost difficult and the most cruclUl part ot the 

experimcnt, because the actual sam pie Slze is only 400 /lm in diameter, and .tO() /lm 10 

thickness. The set-up used 10 the IR expenments already descnbed In thls thesls \'va!'! 

employed; the cell was mounted onto an XYZ translator whlch has 2 cm of movement l1l 

all directions. Once the celI was aligned, it could be mounted and dlsmounted quic\..ly 

and easily without disruptmg its position. The positiomng of the cellm the near-IR laser 

beam was initially achieved by placing a power meter behlOd the cell, and adJustmg the 

vernier translators to maxlmize the laser power through the dlamond anvds. Wllh an 

empty gasket mounted in the DAC, the mtensity of the strong dmmond Raman peak 

(1333 cm- l ) was measured whil~ movmg the cell In small mcrement'i ln a dm:cl1on 

parallel to the laser beam. The intensity of this peak was observed to w'itcmalll.:ally 

decrease and then i(\( rease as the focal pomt of the near-IR laser pa~~ed t'rom one 

diamond. to the empty gasket, to the other diamond anvii. Thus. the focmsmg of the 

excitation source onto the gasket hole had been successful. 

Due to time constraints, no further progress could be made on the high-pre'i'iure rl·­

Raman experiments. However, the foUowing steps should be addressed in 'iequenœ 

(1) Once the DAC is roughly aligned, a strongly 'icattenng substance, ~uch a~ MoO" 

should be loaded into the celI, and the ahgnment should be fine-tuned. 

(2) A suitable calibrant must be chosen, and it must then be cahbrated agam~t the RI 

ruby fluorescence line m a convention al Raman experiment. Quartz IS sugge~ted a~ 

a calibrant with which to begin. 
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(3) Since the DAC IS equipped with a flow-through purge line, sample heating by the 

high-powered near-IR laser can be counteracted by flowing cool nitrogen gas 

through the DAC. The ability ta control the sample temperature can leaù ta the 

development of simultaneous variable-temperature, variable-pressure FT-Raman 

specU"oscopy. 

Once these problems have been addressed, high-pressure Fr-Raman spectroscopy will 

become a routine experiment to study the behaviour of a wide range of organic and 

inorganic systems under high-pressure conditions. 
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CONTRIBUTIONS TO KNOWLEDGE 

(1) Variable-temperature and variable-pressure IR and Raman spectroscopy have bt:t:n 

shown to be useful methods to study the phase behavlOur of severa! orientatlonally­

disordered organic cage molecules: norbomane. norbomylene. norbornadlene. 

quadricyc1ane, bicyc1ooctene, and I-fluoroadamantane. Solid-sohd. order-disorder 

phase transitions have been monitored spectroscopically, and the site and factor 

group symmetries of the crystalline phases have been deduced From the observed 

solid-state splitting effects. 

(2) For all the cage compounds, the phases formed with respect to pressure were 

identical ta those induced by lowenng the temperature. The meusurement of the 

pressure hysteresis in quadricyclalle and norbomylene enabled the calculauof1 of the 

volume change at the phase transition. According to the general range of pressure 

dependences in the various phases. comparisons concerning the compressibihues of 

the düferent structures and compounds could be made. 

(3) A qualitative method of using pressure dependences of vibrauonal bands to make 

spectral assignments has been developed. This procedure has been used to assign 

specifie C-H stretehing bands in severa! of the cage moleeules, as weB as identifying 

modes which have large contributIons from skeletal stretehing mouons. PrevlOusly. 

the assignment of these peaks would have necessitated force-field calculationo; or 

selective deuteration of the molecules. The behaviour of different types of bonds 

under pressure has been discussed according to comparisons of force constants and 

bond lengths. The effect of pressure on vibrational peaks coupleù by Fenm 

resonance has been used to reassign two bands in the Raman spectrum of 

norbomadiene. 
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(4) The phase transitions in three strllcturally-related seven-carbon compounds, 

norbomane, norbomylene, and norbomadiene, have been explored, and the 

vibrational spectra of the different solid phases have been described In full. 

(5) The solid-state vibrational spectra of an eight- and of a ten-carbon disordered cage 

compound, bicyclooctene and I-fluoroadamantane, have also been characterized. 

There are three solid structures of bicyclooctene: two disordered phases, and an 

ordered, crystalline solid. Fluoroadamantane undergoes a single solid-solid phase 

transiùon, but the lower-temperature phase is not ordered. Further cooling of 

fluoroadamantane results in the formation of a glass. 

(6) The phase behaviour of quadricyclane has been extensively investigated by 

differential scanning calorimetry and infrared and Raman spectroscopy. 

Quadricyclane has been shown to undergo a single solid-solid phase transiuon from 

a plastically-crystalline phase to an ordered solid. The spectral bands have been 

reponed and partially assigned. 

(7) The crystal structure of 1,4-dibromo-cubane has been detennined by single-crystal 

x-ray diffraction. The solid-state infrared and Raman spectra have been shawn to 

correspond very weIl with group-theoretical predictions based on the crystal 

structure. 

The results of the invesùgations of norbornylene and norbornadiene have been published 

in the following journal articles: 

N. T. Kawai, 1. S. Butler, and D. F. R. Gilson, J. Phys. Chem., 95, 634 (1991). 

N. T. Kawai, D. F. R. Gilson, and 1. S. Butler, J. Phys. Chem., 94, 5729 (1990). 


