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Nuclear magnetic resonance (NMR) provides a convenient 

probe for the study of molecular reorientation in liquids 

because nuclear spin-lattice relaxation times are dependent 

upon the details of molecular motion. The combined applica-

tion of Raman and Infrared (IR) lineshape analysis can 

furnish more complete information to characterize the aniso-

tropic rotation of molecules. 

Presented here are the studies of NMR relaxation times, 

together with Raman/IR Mneshape analysis of the solvent and 

temperature dependence of rotational diffusion in 1,3,5-

tribromobenzene and 1,3,5-trifluorobenzene. In these exper-

iments, it was found that the rotational diffusion constants 

calculated from Perrin's stick model were two to three times 

smaller than the measured values of Di and D„. Similarly, 

rotational diffusion constants predicted by the Hu-Zwanzig 

slip model were too large by a factor of 2. Application of 

the newer Hynes-Kapral-Weinberg model furnished rotational 

diffusion constants that were in reasonable agreement with 

the experimental results. 



The vibrational peak frequencies and relaxation times 

of the isotropic Raman spectra of the v<| modes of CD2Br2 and 

CHBr3 were studied in solution. The frequency shifts in 

non-interactive solvents were explained well on the basis 

of solution variations in the dispersion energy. In Lewis 

bases, the displacements were in some, but not all, cases 

greater than predicted. On the other hand, it was found 

that the vibrational relaxation times of the C-H/C-D modes 

decreased dramatically in all Lewis base solvents. There-

fore, it was concluded that relaxation times of the v-j 

modes, rather than frequency shifts, furnish a more reliable 

measure of hydrogen bonding interactions of halomethanes in 

solution. 



PREFACE 

The rotation of molecules in the gas phase is well 

understood and may be described completely by classical 

mechanics. In liquids, however, the molecular reorientation 

is strongly influenced by the intennolecular forces. 

The early theories do not provide a good 

characterization of rotation of small- to medium-sized 

molecules. More recent theories appear to offer better 

predictions of molecular rotation diffusion constants. 

However, the extent of the general capability of these new 

modes has not yet been explored comprehensively. 

This research uses the techniques of the NMR relaxation 

times combined with Raman infrared linewidth analysis to 

determine the rotation diffusion constants in a number of 

systems. The results are compared with the various theories 

to determine which theories are closest in agreement with 

the experimental results. 
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CHAPTER I 

THEORY OF ROTATIONAL DIFFUSION 

Fundamental Concepts 

The diffusion concept describes the spontaneous motion 

of small particles and carries with it implications of 

continuous motion and a retarding force. The rotational 

diffusion of a liquid view is seen as the reorientational 

motion of a molecule which is hindered by a fractional 

viscous force operating at the molecule's surface. The 

rotational diffusion constant is given by (4) 

Mi 

where k is Boltzmann's constant, T is the temperature, and 

e is the rotational friction coefficient. 

In the hydrodynamical view of molecules rotating within 

a continuous fluid, it is assumed that the molecule 

undergoes small, random jumps about its three axis, each of 

which is characterized by rotational diffusion constants 

I?!# L • 2.)• 

The r.m.s. angle of rotation during an interval, At, is 

given by (14,15): 

1/2 
<A6>rms • (2Dj_At) [2] 



The value of At required for <A6>rms to reach one rad is 

defined as x0. For spherical molecules, in which motion is 

isotropic in nature, only a single diffusion constant is 

needed to describe the reorientational motion. 

For totally asymmetrical molecules there are three 

different diffusion constants; however for symmetric-top 

molecules, which experience anisotropic motion, only two 

diffusion constants are required to characterize the 

reorientation motion (D„ and Dj_, which represent rotation 

parallel to the symmetry axis and the axis perpendicular to 

the top axis, respectively). 

Several techniques can be utilized to measure the dif-

fusion constants. For example, NMR measures a correlation 

time, xc, which depends upon both D„ and Dx. Similarly, the 

rotational linewidths of Raman and IR bands depend upon 

both. Separation to acquire the individual diffusion con-

stants is discussed in later chapters. 

Theoretical Rotational Diffusion Models 

In past years, several rotational diffusion models have 

been developed in an attempt to describe liquid-phase molec-

ular reorientation. All treat the motion as being a 

diffusional process, characterized by one or more diffusion 

constants. 



The Stokes-Einstein-Debye (SED) Model 

The first model which attempted to describe the resistance 

to rotation of a macroscopic sphere rotating in a viscous 

liquid was introduced by Stokes (11_) in 1856. He showed 

that the friction constant is given by 

£ ss 
angular^omentum = ®ira3T1 13] 

where a is the radius of the molecule and n is the viscosity 

of that medium. 

Einstein and Debye extended its application. In the 

case of spherical molecules, the rotational diffusion con-

stant (D0) was given by (4) 

Do - [4) 

The resulting expression is 

D 0 = H T [ 5] 
8ira3ri 

However, experimental evidences from many NMR relaxa-

tion studies reveal faster-than-predicted actual rates of 

rotation, using this model. Such results indicate that the 

frictional restraint must be lower than that represented by 

the Stokes coefficient. All this suggests that the bulk 



viscosity n does not adequately represent the viscosity at 

the surface of the molecule. 

The Stick (Perrin) Model 

The earliest hydrodynamic theory of anisotropic reori-

entation was developed by Perrin (1j£) who extended the 

Stokes-Einstein-Debye (SED) "stick" theory of reorientation 

of spheres in a viscous, continuous medium. This model 

assumes that the solvent sticks to the surface of the mole-

cule, thus creating a viscous drag which retards its rota-

tion. Perrin solved the Navier-Stokes equation (11.) to 

obtain diffusion constants, given by: 

n• - _J n 1 kT , ,. 
Di - f± o - f. 8irr*n [ S ] 

In this equation, Di = Dj. or D„, fi = f.A or f: „ , D0 is the 

original SED isotropic diffusion constant, k is Boltzmann's 

constant, T is the temperature, n is the viscosity, and 

r « o/2, is the mean radius of the particle, r = (ab2)*/3 

< 16.) - The correlation factors, f x and f„ , are dependent on 

the axial ratio, p « b/a, and on whether the rotor is pro-

late or oblate in shape. Unfortunately, the Perrin treat-

ment has proven to be inadequate for small-to-medium size 

molecules and predicts rotational diffusion constants that 

are an order of magnitude smaller than the experimentally 

measured values (9). 



The Microviscosity (MV) Model 

To alleviate the discrepancy encountered with the 

Perrin treatments, Gierer and Wirtz (GW) (5) modified the 

SED model by introducing a rotational microviscosity correc-

tion factor f<;vj» given by 

few «• [6(as/a) + (1 + ag/af3]-1 [7] 

where as/a is the ratio of solvent to solute radius (see 

Table I). 

Table I 

Microviscosity Factor Dependence Upon 
Solvent/Solute Radius Ratio 

as/a = 0.01 0.1 0.5 0.7 1.0 2.0 10.0J0 

f = 0.97 0.74 0.30 0.23 0.16 0.08 0.02 

One limiting case, as/a>>1, corresponds to the "slip" boun-

dary condition in which the rotating molecule slips through 

the solvent without retarding forces (e = 0). The other 

limit, as/a<<1, corresponds to the "stick" boundary condi-

tion, in which the rotating molecule experiences a retarding 

force (e « 8ira3n). In pure liquid, as/a - 1, which corre-

sponds to a microviscosity factor, f * 0.16, represents a 

friction coefficient with 16% of the stick value. 



The Free Rotor (FR) Model 

The free rotor model assumes that the surrounding sol-

vent does not stick at all to the rotating molecule. Thus, 

for spherical molecules, there is no retarding friction and 

the molecule rotates freely (as in the gas phase) at a rate 

controlled by its moment of inertia. The diffusion constant 

is given by 

(D)FR * 16TFR1 1 [8] 

where T
F R • 2tt(-^-)(--|^-)^

2 [9] 

tFr is the time for a "free rotor" (2) to travel 41 •, I is 

the molecular moment of inertia, k is Boltzmann's constant, 

and T is the temperature. 

The Slip (HZ) Model 

Hu and Zwanzig (£) pointed out that the discrepancies 

arise from application of the "stick" boundary condition in 

solving the Navier-Stokes equation to determine the friction 

coefficient. They noted that a "slip" boundary condition 

(zero tangential stress) is probably more realistic for 

rotation on a molecular scale. Of course, for rotation of a 

sphere or parallel to the unique axis of a symmetric top 

(D„), this condition implies vanishing friction and, there-

fore, the molecule can be treated as a "free rotor". How-

ever, rotation perpendicular to the top axis (Dj_) is 



retarded since it requires displacement of solvent mole-

cules. Hu and Zwanzig solved the equation numerically, 

using the slip boundary condition and the perpendicular 

diffusion constant given by 

Dj- B fHZ~ 8irbT3r, l 1^ ] 

where b is the largest semi-axis length, f H Z is a numerical 

factor dependent on the axial ratio and on whether the mole-

cule is prolate or oblate. The Hu-Zwanzig factor, may 

be obtained from the reduced friction coefficients 

(fhz = 5*/8) in Table I of their paper (6_). 

The Hynes-Kapral-Weinberg (HKW) Model 

One of the latest models describing molecular reorien-

tation has been proposed by Hynes, Kapral, and Weinberg 

Th® HKW model provides a general description for 

the reorientational behavior of molecules in liquids and the 

theory allows for the fact that rotation, in general, lies 

somewhere between the "stick" and "slip" limits. These 

researchers introduced a slip coefficient, B, into a 

modified boundary condition and re-solved the Navier-Stokes 

equation. The magnitude of fc indicates the degree of 

coupling between the particle's rotation and the solvent 

continuum. 0 = 0 corresponds to the slip boundary condi-

tion, whereas the hydrodynamic stick limit is approached as 

g o>. The authors developed an expression for the 
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rotational diffusion constant and also employed the Enskog 

c°Hisi o n theory (8_) to obtain an equation for the approxi-

mate calculation of 6. 

Although the above model was formulated assuming iso-

tropic reorientation, Tanabe (12,12) suggested an intuitive 

extension of the HKW equations in order to calculate the 

diffusion constants (DH and Dj_) of symmetric-top molecules. 

His modified HKW equations may be written: 

Dj. = T ^ o l i • Hi) 

and 

D" * fT"D°[1 + H?" 1 '121 

In these equations, fj_ and ftl are the Perrin coeffi-

cients (id.) and D0 is the SED diffusion constant 

[D0 = kT/(8fr
3n)]. Thus, in the stick limit (e -»• «), they 

reduce to the Perrin results for Dj_ and D... One sees, 

also, that D„ diverges in the slip limit (B ® 0), as 

expected (see above). The quantity a in eq 11 may be 

calculated via the relation 

f — - -^-C1 + 113] 
HZ — a-L 



This ensures that eq 12 -reduces to the Hu-Zwanzig expres-

sion (1) in the slip limit (6 -• 0 ) . The slip coefficient, 

Pi may be estimated from the Enskog theory as: 

B - 2* 12kT\ V 2 „ , r l a i 
~ X + 1 * Tf ' P2^ 12 ̂12? H4] 

y12 is the reduced mass of the solute-solvent pair; o 12 is 

the mean diameter, (a J + o2)'/2 and P2 are the solvent's 

number density. The radial distribution function, g 
' 12 

(cr12)f may be calculated in the manner presented elsewhere 

( 1 2 ) . Finally, * = Iavg/mr
2, where I a v g = (2IX + Iz)/3 and 

"m" is the molecular mass. 

The modified HKW model demonstrates considerable 

promise in narrowing the gap between calculated and experi-

mental rotational diffusion constants. 
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CHAPTER II 

NUCLEAR MAGNETIC RESONANCE RELAXATION 

Introduction 

In recent years, considerable interest has been direc-

ted toward the study of molecular reorientation in liquids 

(2̂ .). Several spectroscopic techniques have been used, 

including Raman and IR lineshape analysis (10,19,21,39-41), 

Rayleigh scattering <27,45), dielectric relaxation (34)/ and 

magnetic relaxation (8,17,26,31,35). As used in the past, 

however, these techniques do not furnish the total picture 

of molecular behavior in the liquid phase. With the advent 

of modern pulsed Fourier transform Nuclear Magnetic Reso-

nance (NMR) Spectrometers («L,V7,26,34,35), the measurement 

of NMR spin-lattice relaxation times (T-j) has become routine 

(£.»UL,UL,i§.riZ.) a n d can furnish valuable information for the 

study of rotational diffusion constants. 

For most molecules in the liquid phase, the rotation 

rate depends upon the viscosity and is independent of the 

moment of inertia, indicating that intermolecular frictional 

forces, rather than inertial factors, are paramount. NMR 

provides a convenient probe for the study of molecular 

reorientation in liquids, since nuclear spin relaxation 

times are dependent on the details of the molecular motion. 

11 
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The nuclear relaxation process is subject to a variety of 

contributing relaxation mechanisms, which include dipole-

dipole, spin-rotation, chemical shift anisotropy, and 

scalar-coupling. Moreover, quadrupolar relaxation may occur 

if the nuclear spin number is greater than 1/2. Any com-

bination of these mechanisms can operate in a given liquid. 

One important dynamic parameter obtained from NMR re-

laxation studies is xc, the molecular reorientation correla-

tion time, which is roughly a measure of the time taken by a 

molecule to reorient itself by one radian. Its measurement 

can be utilized to calculate rotational diffusion constants 

(DjJ and to characterize molecular behavior in liquids. 

Therefore, NMR spectroscopy has become the most powerful 

method for investigating the intimate details of reorienta-

tional dynamics. 

Basic Theory 

The concept of NMR was originally developed in the 

classic investigations of Purcell, Torrey, and Pound (37) 

and Bloch, Hansen, and Packard (5), who independently ob-

served the first NMR signals. Since then, the theory has 

been considerably modified and extended by a number of 

authors (1,11,26,36,38). 

NMR spectroscopy is concerned with the atomic nuclei in 

a molecule. Most nuclei have a spin angular momentum which 

is expressed in terms of the maximum observable component of 
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the nuclear spin (i.e., the spin quantum number I). This 

can have the values 0, 1/2, 1, -1, —1/2, . . . etc. The 

nuclear magnetic moment, u, which is proportional to I, is 

given by (11) 

u « Ylfc [15] 

where is the magnetogyric ratio, which is a constant for 

a given nucleus, and tt = h/2n; here Jj is Planck's constant. 

Consider the consequences of placing a nucleus in a 

magnetic field. A nucleus is a magnetic dipole, and when 

placed in a static field H 0 (traditionally assumed to be in 

the z direction), an interaction will take place, and the 

spin will acquire energy given by the following equation: 

E = -wzH0 [16] 

where uz is the component of the nuclear magnetic moment in 

the z_ direction. uz is quantized in the magnetic field and 

has 2 1 + 1 different values (i.e., uz = YMffc, where Mj = -I, 

- 1 + 1 , . . . to +1). Combining this with eqs 15 and 16 

gives the energy of each spin state of the nucleus in the 

magnetic field as 

EM « -rhMjHo [17] 

From the Bohr relation, the frequency of radiation that can 

induct transitions between the different spin states giving 

rise to a net absorption of energy is 
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hv . AE = ytlH0 [18] 

where v is the Larmor frequency, given by 

v = Ho <Hz> 119] 

or 

w = 2ixv = YHd (rad*sec~1 ) [20] 

As given by the Boltzmann distribution, there is an 

excess of nuclei in the lower energy state at equilibrium, 

which is established by means of specific relaxation 

processes. If an rf magnetic field, Hi, is applied after 

equilibrium is attained, the nuclei absorb energy, and the 

populations of the two spin states tend to equalize. 

Finally, when Hi is removed, the system returns to the for-

mer equilibrium distribution appropriate to Hc through the 

same energy relaxation phenomena. The excess nuclear popu-

lation is then restored to the lower energy level, and the 

energy previously acquired by the spin system is transferred 

to the "lattice" (its surroundings) by a first-order relaxa-

tion process, giving rise to what is called spin-lattice 

relaxation (12,22), which is discussed later in this study. 

From classical mechanics, it is known that a torque is 

exerted on the magnetic moment which tends to align it 

parallel to the; field. However, since this torque can only 
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alter the component of angular momentum perpendicular to H 0 

and H, the net result corresponds to a rotation of the 

direction of u in a cone with its axis along H0. Such move-

ment is known as Larmor precession and is shown in 

Figure 1(a). For spin I = 1/2 nuclei, the two spin states 

are shown in Figure 1(b). 

When a large number of nuclei are placed in a magnetic 

field, there will result, after a sufficient amount of time, 

a net magnetization M0 in the field direction, given by 

Curie's law (1_) 

N y ^ 1(1 + 1 )H0 
M 0 = 3 i r r [21] 

where N is the nuclei number density. This magnetization is 

due to the preferential population of the lower energy 

levels according to a Boltzmann distribution. 

Suppose, now, that the magnetization is perturbed from 

its equilibrium value MQ by application of an rf magnetic 

field H-i perpendicular to H0. it can be shown (42) that the 

equation of motion of this nonequilibrium magnetization in 

the absence of interactions between the spins or with their 

surroundings is simply 

= Y(M x H 0) [22] 



16 

Figure 1. Precession of nuclei in a magnetic field. 
(A) Precession o£ y about Hp ; (B) Precession of 
an ensemble of nuclei with 1*1/2. 
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Equation 22 describes the nuclear precession about H 0 with 

Larmor frequency, = YHQ. In order to simplify the char-

acterization of the nuclear motion, it is a common practice 

to view M from a reference frame rotating at the Larmor 

frequency. In this case, the magnetization appears to be a 

constant vector with components both parallel (Mz) and per-

pendicular (Mx, My) to the applied field. In the equilib-

rium state, the average value of the magnetization in the x 

and y_ direction is zero (i.e., Mx = My = 0). If an exciting 

field Hi is applied precisely at the Larmor frequencies of 

the nuclei, then resonance occurs. After removing H-| , Mz 

returns to its original value Mo by a spin-lattice relaxa-

tion process 

- Mo) 123) 

The above process can be explained in this way: the spin-

lattice relaxation occurs via transitions which are stimu-

lated by components of the local magnetic field of a partic-

ular nucleus which fluctuates at its Larmor frequency. 

Fluctuations in the local magnetic field are generated from 

Brownian motion. Other possible sources of fluctuating 

magnetic fields are discussed below in the section on relax-

ation mechanisms. 

The nonequilibrium component of magnetization, Mx or 

My, which is perpendicular to the applied field, is also 
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subject to relaxation by its environment and is zero at 

equilibrium. This relaxation is also characterized by a 

first-order rate with exponential decay time T2. This T2 

represents the amount of time for the magnetization, Mx, to 

decay to 1/e of its initial value. The relaxation time T2 

is known as the spin-spin relaxation time and can be 

expressed by 

124 ] 

When molecular motions are very fast, as in nonviscous 

liquids and gases, T1 * T2 for most interactions, and T2 

offers no additional information. However, this is not true 

in general, and typically in solids T-j >> T2, and T2 does 

provide additional information. 

As many as five independent mechanisms may contribute 

to the total relaxation process. The relaxation rate for a 

particular nucleus in a specific chemical environment will 

depend upon which mechanisms contribute and the effective-

ness of each. In the following sections of this chapter, a 

brief review of these mechanisms is discussed. 

Relaxation Mechanisms 

As mentioned above, when the nuclei have absorbed radi-

ation and have been excited to the upper energy level, there 

are ways to return them to the lower state by exchanging 
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energy with their environment, called spin-lattice relaxa-

tion. The efficiency of this process is characterized by 

the relaxation time T<j , or alternatively, the relaxation 

rate, R-j * JL . The spin-lattice relaxation time Ti is 
Ti 

required for a perturbed system of nuclei to reach an 

equilibrium condition. A large value of T-| indicates an 

inefficient relaxation process. The different types of 

interactions which cause relaxation are (a) magnetic dipole-

dipole interaction (R<IDD)/ (b) quadrupole interaction 

(r1QR)» (C) spin-rotation interaction (R-|SR)» (d) chemical 

shift anisotropy interaction (RtcSA)/ an<^ (e) scalar-

coupling interaction (Rise)* 

In fact, each of the foregoing interactions may be 

contained in the overall relaxation process, where the re-

laxation rate is usually considered as a summation of the 

specific rates of all the mechanisms: 

R1ALL = R1DD + R1QR + R1SR + r1CSA + r1SC I25! 

Fortunately, in many cases only one of the numerous 

possible mechanisms predominates, so a quantitative inter-

pretation can be done easily. 

Dipole-Dipole (DD) Relaxation 

The principal source of nuclear relaxation for spin 1/2 

nuclei is via magnetic dipole-dipole interactions. Consider 

the relaxation of a nucleus I_ by another nucleus S_. The 
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,DD 
local field (Hioc) generated at I. by S_ is given by the clas-

sical equation (44) 

DD o *3 
Hioc * ± l%(3cos 6 - DYis [26] 

where ms is the magnetic moment, 6 is the angle between the 

static field and the axis through I_ and S, and Yjg is the 

distance between I_ and S, (4£), as shown in Figure 2. 

N 

Figure 2. Diagram showing the positions of the two 
nuclei I_and S and the angle Sis between their inter-
nuclear vector YjS a n d the magnetic field H0. 

The above equation tells us two things: First, because 

the local field depends on ug, the nucleus with the largest 

nuclear magnetic moment (such as a proton) will be the most 

powerful source of internuclear dipolar relaxation. Second, 

due to inverse sixth power dependence on the interdipole 

distance, dipole-dipole relaxation is a very short-range 

effect. 
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Just as a precessing nuclear moment can interact with a 

coherent applied rf magnetic field, so can it interact with 

the component at the Larmor frequency of the randomly fluc-

tuating local magnetic field. 

A detailed derivation of the full equations for dipolar 

relaxation can be found in Tsang and Farrar (44). Assuming 

rotational motion for the case of n spins of type S relaxing 

a spin I, the result is 

2Y?Y^2S(S + 1 )r 3t 
R = — 
IDE) T 1 d d

 15rij 1 + T L S
 + 

TCWI 

[27] 

Tc +
 6tC 

1 + TgfUj. - Wg)2 1 + t|(Ui + tog)
 2 

For mobile liquids, where molecular reorientation is fast, 

and thus xc is short enough (i.e., xc 0 << 1), the above equa-

tion can be simplified to 

- . 1 . 4 , T H * 2 S ( E + 1 ,
i C2B] 

1DD s rfj c 

where Y ̂  and Y j are the magnetogyric ratios of nuclei i_ and 

1, respectively; xc is the reorientational correlation time; 

and ns is the number of nuclei of spin S. According to the 

above equation, dipole-dipole relaxation is temperature 
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dependent. At high temperatures, xc is shorter (fast 

motion), and the efficiency of dipole-dipole interactions is 

lowered. Thus, this T-Jdd is lengthened. 

It is necessary to point out that the relaxation of the 

spin dipole is caused both by other spins on the same mole-

cule (intramolecular) and on different molecules (inter-

molecular). When the nuclear spin is located on the 

interior of the molecule (such as carbon-13 in CH2CI2), 

intermolecular relaxation is negligible. In fact, when 

studying relaxation times, intermolecular contribution is 

usually eliminated by dissolving the solute in a solvent 

which does not have significant nuclear magnetic moment (for 

example, deuterated solvents). 

Once the relaxation times have been determined by 

experimentation, they can furnish information about the 

correlation times of spin-spin vectors in the molecule, 

which can be used to characterize the molecular reorienta-

tion. Frequently, they are compared with those theoretical 

models discussed in Chapter I to establish a relationship 

between the relaxation time and the parameters of the model. 

Quadrupolar Relaxation (QR) 

Nuclei with a spin quantum number greater than 1/2 

(e.g., 170, * " 5/2) will undergo a relaxation process 

through interactions with a fluctuating electric field 

opposed to a magnetic field. A spin 1 * 1 / 2 nucleus has a 
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spherical nuclear charge distribution; but for a nucleus 

with a higher spin quantum number, the charge distribution 

is nonspherical and has a quadrupole moment Q. (23). If such 

a nucleus is in a molecule where it is surrounded by an 

asymmetric electronic charge distribution, it can be relaxed 

quite efficiently by electric quadrupole interaction. In 

the liquid phase, the quadrupole mechanism is four or five 

orders of magnitude more effective than any other mechanism 

in promoting relaxation, and where present, accounts for 

essentially all of the relaxation. 

In the simplified case of extreme narrowing conditions, 

the quadrupole relaxation rate can be given by (3_) 

R1QR = T 1 q r
 = 125(^*P")2(1 + 3 )tC [293 

©^00 

where is the electric Quadrupolar Coupling Constant 

(QCC), which is made up of the nuclear quadrupole moment £, 

the electric field gradient g[, and the fundamental constants 

e and -K. xc is the correlation time for molecular reorienta-

tion, and is the asymmetry factor. By measuring T-jqr, one 

can obtain the QCC, which measures the asymmetry of elec-

tronic charge distribution around the nucleus. Since T-|qR 

depends upon the rotational correlation time, its relation 

to temperature is the same as that for Tidi>. 
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Spin-Rotation (SR) Relaxation 

When a molecule rotates in a liquid, fields associated 

with this mechanism are generated by the motion of the mole-

cular magnetic moment arising from the electronic 

distribution within the molecule. Consider a rotating mole-

cule with a moment of inertia I. Any electron in the mole-

cule undergoing such rotation will generate a local magnetic 

field at the nucleus because it behaves like a circulating 

electric current. Molecular collisions causing changes in 

both directions and rotation will modulate this field and 

provide a relaxation process. It can be shown that for 

molecules undergoing diffusional reorientation, the relaxa-

tion rate for a symmetric top molecule (£) is given by 

R1SR = " T 1 — = ^?[I»CJS(t . )„ + 2I,C?( T. ), ] 130] 
lb a1SR 3tT 3 - - 3 -

where In and I^ are components of inertia tensors and CH and 

Cj, are components of the spin-rotation tensors with respect 

to the symmetry axis. The terms (xj)„ and (xjh are the angu-

lar momentum correlation times. 

For spherical molecules, I„ * I 1 - I, (xj)„ * (xj)± « xj, 

and the above equation can be written as 

p — • 1 _ 2IKT rp2 1 i= ̂ IkT _2 _ ... . 
1 SR T 1 s r " aft lC" + 2 Ci 1 j "T2~ ° j 1 3 1 3 
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2 1 2 2 
where C * * 2CjJ is called the spin-rotation coupling 

constant, and xj is the angular momentum correlation time. 

Hubbard (25) has shown that xj is related to the molecular 

reorientation correlation time used in the dipole-dipole 

mechanism by the following equation; 

Ti * Tj ~ Wr t 3 2 ] 

From eqs 31 and 32, it can be seen that the spin-

rotation relaxation rate, R-|sR» is proportional to xj which, 

in turn, is inversely proportional to xc. Therefore, as the 

temperature increases, xj also increases, causing an increase 

in the R-jsr- Therefore, the spin-rotation relaxation rate 

is most efficient for small symmetrical molecules at high 

temperatures. 

Spin-rotation is also a more important relaxation mech-

anism for small molecules which have short xc and, therefore, 

a longer xj. At low temperatures, R1SR is inefficient and 

RlDD efficient because of the slow molecular motion. As 

the temperature increases, Ridd» general, decreases 

slowly (within the extreme narrowing limit) due to 

decreasing xc until R-|dd becomes negligible. At high 

temperature, Ti begins to decrease with temperature, due to 

spin-rotation relaxation. 
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If the relaxation mechanism were pure spin rotation, T-j 

would decrease! monotonically with temperature (In T-j is 

linear with 1/T), which is totally opposite to other 

mechanisms. Nuclei relaxed partially by spin rotation, 

therefore, In , show a nonlinear behavior as a function of 

temperature. This enables spin rotation to be detected in 

the presence of other relaxation mechanisms. 

Chemical Shift Anisotropy (CSA) Relaxation 

As is well known, the local magnetic field, Hioc, ex-

perienced by a nucleus in a magnetic field is determined by 

the shielding tensor, according to the equation (3J 

Hloc * H0 " aE0 = V 1 " a) I33] 

The shielding tensor is dependent upon the orientation 

of the molecule in the magnetic field. Rapid molecular 

motions in the liquid state average these values, yields an 

average chemical shift, given by (33,18) 

om - + + •>„> 134) avg 3 xx uyy T °zzJ 

Por symmetric top molecules, the equation reduces to 

°avg = I(2a-i + a w ) 1351 
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where s and ozz = <j„ refer, respectively, to 

the shielding perpendicular and parallel to the molecular 

symmetry axis. The rotation of the molecule will produce a 

fluctuating magnetic field which also provides a spin-

lattice relaxation mechanism (i.e., chemical shift aniso— 

tropy). In the extreme narrowing case for axial symmetry, 

the equation for T-j can be written as (3.) 

R = 1 Y2„2,£ .2 
1CSA T 1 c s a 15 JZf c [36] 

where 

Ao = o„ = ax [37] 

Chemical shift anisotropy is usually an inefficient 

mechanism and is rarely found to contribute significantly to 

spin relaxation, except in the following situations! 

(a) Experiments performed at very high fields. How-

ever, even at 63MHZ, CSA relaxation still does not dominate 

relaxation for the nonprotonated carbon in toluene (29.); and 

(b) Heavy molecules with large shielding tensors <o). 

Scalar Coupling (SC) Relaxation 

Suppose a nucleus (I) is spin-spin coupled with a 

second nucleus <S). It is possible for S to provide a fluc-

tuating magnetic field and cause relaxation mechanisms, 
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called scalar relaxation. If the relaxation time of nucleus 

— *s short enough (usually S is a guadrupolar nucleus), this 

mechanism would be efficient for spin-lattice relaxation. 

Equations for this type of scalar relaxation have been 

derived (3) 

R1SC " 
1 
,1 
'1SC 

£yS{S + 1)J^ 
IS 

1 

1 + <ui - UJS)
2<Tf)2 

[38] 

and 

2SC = ^f*(S + 1)j2 

"2SC 
IS 

_s 
1 + 

1 + (CD-

1 

^s>2<t?>2J 

(39] 

where J I S is the spin-spin coupling constant, S is the spin 

of the quadrupolar nucleus, and are the Larmor fre-

quencies of the two nuclei, and T® is the longitudinal 

relaxation time of nucleus S. 

The above two equations show that this mechanism can 

have very different effects on T1 and T 2 processes. For 

example, in the most common case ("j - wg)2(«i^S)2 >> j s o 

ISC 

e and T 1 S C - . 140] 

then 
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1 

2SC 

A,2 9 
— S i S + 1 ) Jjgl® [41] 

which means scalar coupling relaxation contributes only to 

T2• Th© exceptions occur when the Larmor frequencies are 

very close. For instance, 13c - B^Br ( y, , * y„ ), scalar 
AJc t,-LBr 

coupling relaxation does contribute significantly to Ti 

<12'11/28r29»32). 

Separation of Mechanisms 

The observed relaxation rate is the sum of the relaxa-

tion rates of all the various mechanisms outlined in the 

previous section. Each mechanism gives different chemical 

information. Consequently, to gain the full knowledge from 

a study of relaxation data, it is important to resolve the 

contribution of each mechanism. 

Several methods are available for differentiating the 

various relaxation mechanisms (3,31). First, if quadrupolar 

interaction is present (nucleus with I > 1/2), it is predom-

inant over other spin-lattice relaxation mechanisms. 

Second, since relaxation by scalar coupling makes a signifi-

cant contribution in only very special cases (e.g., in the 

case of a bromine-bearing carbon), it is normally considered 

to be absent. 

The rest of mechanism (i.e., Ridd» ^1SR» ®nd Ricsa) can 

be separated in the following manner. The dipolar 
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contribution to the overall relaxation process can be sepa-

rated from all of the other relaxation mechanisms by measur-

ing the nuclear Overhauser enhancements (NOE or n) (12). 

The NOE is a property whose magnitude is directly pro-

portional to the fraction of the total relaxation that 

occurs by the dipole-dipole mechanism. The theoretical 

maximum NOE tor a nucleus can be observed when 100% of the 

relaxation is dipolar, and also can be calculated from mag-

netogyric ratios. For carbon-13 bonded to hydrogen atoms, 

the ratio n m a x = yh/2y13 . The experimentally observed 

NOE is defined as 

nexp = < W " 1 142] 

where IE is the itensity of the enhanced signal, IN is the 

intensity of the non-enhanced signal, and the contribution 

of the dipole-dipole mechanism can be obtained by 

T1DD = Tlobsed x [43] 
*exp 

where T^ obsed is the measured spin-lattice relaxation time. 

nexp * nmax' ^is indicates the presence of a nondipolar 

relaxation process. The contribution to the relaxation rate 

from other processes (T^Q^er) can be given as 

rp « __1 1 
lobsed T,_ T. .. 

1DD lother 
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For 1 = 1 / 2 nuclei without scalar coupling relaxation, 

— 1 = + ~ ~ [45] 
lother 1SR 1CSA 

Since T^SA is field dependent, the above equation can be 

written as 

1 1 2 2 2 2 
T, u

 = T ^ - + T f V A " ) tc [46 ] 
lother 1SR * c 

Thus, by measuring T-j at two different field strengths, 

can be calculated. Then, by simply plugging T-jsr into 

eq 45, T-jcŝ  can be determined easily. Finally, T-isr can be 

obtained by means of eq 46. As mentioned before, the spin-

rotation mechanism is dependent on temperature, which allows 

it to be distinguished from other mechanisms. 

The Relationship between Dipole-Dipole 
Relaxation Correlation Times and 

Diffusion Constants 

Since the dipole-dipole relaxation time can be isolated 

from T 1 o b g e d, the rotational correlation times may be ob-

tained directly from T 1 d d from eq 28. The experimental 

correlation times, xc, can be calculated using standard 

values for Y1# Yj, ana rij. 

Several investigators (26,43) have considered the prob-

lem of anisotropic diffusion of symmetric top molecules, 
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arid Woessner (48) has developed the following expression 

relating the correlation xc to its diffusion constants: 

x s _A_ + B c ! 4 7 1 
C 6DX 5DX + D„ 2Da + 4D„

 J 

where A * (3cos^o - 1)/4, B * Ssin^Bcos^ , and C * 

(3sin*e)/4; and DH are the diffusion constants for 

rotation perpendicular and parallel to the symmetry axis; 

and e is the angle between the axis and the reorienting 

vector. 

If one has measured xc from two vectors at different 

angles relative to the symmetry axis (e), then eq 47 may be 

used to obtain values for both D± and D„. Alternatively, 

the above equation can also be used to obtain predictions of 

the correlation times from theoretical models (see 

Chapter I) and to compare predictions with experimental 

results. 



CHAPTER NOTES 

1. Abragam, A.; Principles of Nuclear Magnetism. Oxford 
University Press: London, 1961. 

2. Andrew, E. R.; Nuclear Macmetic Resonance. Cambridge 
University Press: New York, 1955. 

3. Becker, E. D.; Pulse and Fourier Transform NMR. Aca-
demic: New York, 1972; p 46. 

4. Bender, H„ J.; Zeidler, M.; Ber. Bunsenges. Phvs. 
Chem. 1971, 21, 236. — 

5. Bloch, F.j: Hansen, W. W.; Packard, M. E.; Phvs. Rev.. 
1946, 69 , 127. 

6. Bloembergen, N.; Nuclear Magnetic Relaxation. Niihoff* 

The Hague, 1948. 

7. Bondi, A.; J. Phvs. Chem.. 1964, 68, 441. 

8. Bopp, T. T.; J. Chem. Phvs.. 1967, 47, 3621. 

9. Buchner, W.; Schenk, W. A.; J. Magn. Reson.. 1982, 48. 

10. Chen, S. J. H.; Schwartz, M.; Chem. Phvs. Lett.. 1985. 
113. 112. 1 ' 

11. Emsley, J. W.; Feeney, J.; Sutcliffe, L. H.; High Reso-
lution Nuclear Magnetic Resonance Spectroscopy, 
Pergamon: New York, 1965. 

12. Farrar, T. C.; Becker, E. D.; Pulse and Fourier Trans-
form NMR. Academic: New York, 1971. 

13. Farrar, T. C.; Druck, S. J.; Shoup, R. R.; Becker, E. 
D*» J« Mter. Chem. Soc.. 1972, 34, 699. 

14. Freeman, R.; Hill, H.y Molecular Spectroscopy 1971. 
Institute of Petroleum: London, 1971. 

^5. Freeman, R.; Hill, H. D. W.; J. Chem. Phvs.. 1979. 55. 
1985. — — ' 

16. Freeman, R.; Hill, H. D. W.j J. Chem. Phvs.. 1976, 54. 
301. 

33 



34 

17. Gillen, K„ T.; Noggle, J. H.; J. Chem. Phvs.. 1970. 53r 
801. — ' — ' 

18. Gleeson, J. W.; Vaughan, R. W.; J. Chem. Phvs.. 1983, 
78, 5384. 

19. Goldberg, H. S.; Pershan, P. S.; J. Chem. Phvs.. 1971. 
58, 3816. """" — 

20. Gordon, R„ G.; Advan. Ma cm. Resonance. 1968, 3_, 1. 

21. Gordon, R. G.j J. Chem. Phvs.. 1966, 44, 1830. 

22. Harris, R. K.; Nuclear Magnetic Resonance Spectroscopy. 
Pitman Publishing: London, 1984. 

23. Hawkes, G. E.; Elliot, J. E.; J. Chem. Soc. Dalton 
Trans.. 1984, 279. — 

24. Higasi, K.; Bergmann, K.; Smith, C. P.; J. Phv. Chem.. 

1960, 64, 880. 

25. Hubbard, P. S.; Phv. Rev. A.. 1974, 9, 481. 

26. Huntress, W. T., Jr.; J. Chem. Phvs.. 1968, 48, 3524. 

27. Kivelson, D.; Annu. Rev. Phvs. Chem.. 1980, 31., 523. 

28. Levy, G. C.; J. Chem. Soc., Chem. Commun.. 1972, 352. 
29. Levy, G. C.; Cargioli, J. D.; Anet, F. A. L.; J. Amer. 

Chem. Soc. # 1973, 25, 1627, and earlier papers. 

30. Levy G. C.; Nelson, G. L.; Carbon-13 Nuclear Magnetic 
Resonance for Organic Chemists. Wiley-
Interscience: New York, 1972. 

31. Lyeria, J. R., Jr.; Grant, D. M.; Int. Rev. Sci.. Phvs. 
Chem. Ser.. 1972, 1 1 . — 

32. Lyeria, J. R.r Jr.; Grant, D» M.; Bertrand, R. D.: J. 
Phvs. Chem.. 1971, 75, 3967. — 

33. Mahake, H.j Spiess, H. W,; J. Chem. Phvs.. 1974, §1, 
55* 

34. Maryott, A. A.; Farrar, T. C.; Malmberg, M. S.; J. 
Chem. Phvs.. 1971, 54, 64. — 

35. Poole, C. P.; Farach, H. A.; Relaxation in Magnetic 
Resonance. Academic: New York, 1970. 



35 

36. Pople, J. A.; Schneider, W. G.j Bernstein, H. J.; High 
Resolution Nuclear Magnetic Resonance. McGraw-
Hill:: New York, 1959. 

37. Purcell, E. M. j Torrey, H. C.j Pound, R. v.; Phvs. Rev. 
i946 r 699 37 . 

38. Ramsey, N. F.j Nuclear Moments. Wiley: New York, 1953. 

39. Rothschild, W. G.j J. Chem. Phvs.. 1972, 57, 991. 

40. Rothschild, W. G.j J. Chem. Phvs.. 1970, 53, 990. 

41. Rothschild, W. G.j J. Chem. Phvs.. 1969, 51, 5187. 

42. Schlichter, C. P.; Principles of Magnetic Resonance. 
Harper and Row: New York, 1963. 

43. Shimizu, H.j J. Chem. Phvs.. 1964, 40, 754. 

44. Tsang,^T.j Farrar, T. C.j J. Chem. Phvs.. 1969, 50, 

45. Vilhjalmsson, J.; KSppenj V. MUller-Warmuthj Mol. Phvs., 
1984, 51, 1357. * ' 

46. Void, R. L.; Phelps, D. E.; J. Chem. Phys.. 1968, 48, 
3831 • 

47. Wells, E. J.j Abramxon, K. H.; J. Chem. Phvs.. 1969. 1. 
378. — —' 

48. Woessner, D. E.; J. Chem. Phvs.. 1962, 37, 647. 



CHAPTER III 

RAMAN AND INFRARED LINESHAPE ANALYSIS 

Basic Concepts 

Two of the spectroscopic methods commonly used for the 

study of molecular vibrations and rotations are Raman and 

infrared spectroscopy (2,6,11,12,21,34). With the develop-

ments of the laser light source, direct recording signals 

from Raman and infrared (IR) spectrometers allow researchers 

to obtain a complete picture of the effects of specific 

intermolecular interactions on molecular dynamics in liquid. 

Although both Raman and IR spectra supply complementary 

vibrational information, the two forms of spectroscopy arise 

from different physical processes. 

Raman Spectroscopy 

The Raman effect is named in honor of C. V. Raman, who 

developed the technique in 1928 ( 2 2 , 2 4 ) . Although it had 

been theorized by Smekal (31) and Landsberg and Mandelstam 

(15.), Raman was awarded a Nobel Prize in 1930 for his study 

of the Raman effect. 

Let us consider a molecule placed in an electric field. 

In this situation, the electron cloud will be displaced 

relative to the nuclear framework. This distortion (or 

polarization) produces an induced dipole moment, regardless 

36 
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of whether there is a permanent molecular dipole moment. 

This situation can be represented mathematically as 

P » ctE [48] 

where P is the induced electric moment (i.e., dipole moment 

per unit volume, called polarization), E is the electric 

field, and ct is the polarizability of the material. Imagine 

an electric field E which is associated with an incident 

beam of frequency v 0 . This electric field may be expressed 

(21) as 

E = E0cos(2nVot) [49] 

where E 0 is the amplitude of the wave. In this case, the 

molecular polarizability will fluctuate as 

P * aE0cos(2 Trv0t) [50] 

The Raman effect results from the interaction of the polar-

izability (a) with the normal mode of vibration of the mole-

cules. For the k^h normal mode, a can be expressed as 

a • OQ + ScfccosUiivjct) [51] 

The first term, OQ, expresses the static polarizability for 

the molecule with a fixed nuclear position. The second term 

expresses the polarizability changes which arise from the 
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time-dependent normal modes of the molecule, and ^ is the 

frequency of the kth vibration. Substituting the above 

equation into eq 51 for the induced dipole results in 

E0 
P « OoE0cos(2nv0) + Eo^Icos 2n(v0 + v^Jt] 

[52] 
+ cos 2n(vQ - v^Jt] 

The first term describes a classically oscillating dipole 

radiating at frequency vD, (i.e., Rayleigh scattering). The 

second term describes dipoles oscillating at frequencies 

vo - vjt and vQ + (called Stokes and anti-Stokes Raman 

scattering), and thus, also describe the radiation at the 

frequencies (see Figure 3). The scattering at these fre-

quencies is known as Raman scattering. 

Infrared Spectroscopy 

In order to absorb infrared radiation, a molecule must 

undergo a net change in dipole moment as a consequence of 

its vibrational or rotational motion. Only under these 

circumstances can the alternating electrical field of the 

incident radiation interact with the molecule and cause 

changes in the amplitude of one of its motions. For ex-

ample, when a hydrogen chloride molecule vibrates, a regular 

fluctuation in dipole moment occurs, and a field is estab-

lished that can interact with the electrical field associ-

ated with the probing radiation. If the frequency of the 

radiation matches the natural vibrational frequency of the 
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molecule, there occurs a net transfer of energy which 

results in a change in the amplitude of the molecular vibra-

tion; absorption of the radiation is the consequence. Simi-

larly, the rotation of asymmetric molecules around their 

centers of mass results in a periodic dipole fluctuation. 

Again, interaction with incident radiation is possible. The 

predominant source of molecular radiation in the infrared is 

the result of vibration of the molecules in characteristic 

modes. Energy transitions between various states of molecu-

lar rotation also produce infrared absorption. 

Vibrational Lineshapes 

From normal vibrational spectra, three types of infor-

mation can be obtained: peak frequency, peak intensity, and 

lineshape. Most investigations have been directed toward 

the study of peak frequencies and intensities. 

In recent years, however, a significant number of 

studies have used Raman and infrared band contours to probe 

the dynamics of molecular reorientation processes in gases 

and liquids. Although it has long been known that the 

spectral lines can be broadened by both vibrational and 

molecular reorientational relaxation, Gordon (1_£) first 

introduced a quantitative theory relating lineshape to 

molecular motion. This theory has since been extended by 

Bartoli and Litovitz (11_) an<3 Nafie and Peticolas (18.) and 
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is now used extensively in the analysis of Raman and infra-

red band contours (5,7,8,12,U,2£,25,26,28-3£,36,37). 

A careful analysis of a vibration bandshape can provide 

information about molecular motion in neat liquids and in 

solution. In lineshape analysis, one encounters two ex-

tremes in the experimental lineshape. They are Lorentzian 

and Gaussian bands; both are symmetrical about their peak 

centers (27). 

Theoretically, Lorentzian bands describe an exponential 

process in a rapidly changing environment. Consequently, we 

have a time-dependent distribution of line shifts about the 

unperturbed oscillator. The frequency distribution of band 

intensities, I(oi )L is 

K w)L = A{1 + [( a) _ 0)o)/A]2}-1 l 5 3 ] 

where A is the peak intensity (height) at the frequency wD, 

w0 is the frequency at the peak center, and A is half of the 

band width at half the peak maximum intensity (HWHM). 

Theoretically, Gaussian band shapes describe static 

situations in a slowly changing environment. Therefore, the 

distribution about the center of the unperturbed oscillator 

is independent of time. Under these conditions, the fre-

quency distribution of band intensities, I(uj)g# can be 

expressed as 

I(u>)G « Aexp{-ln2* [ ( w - (0O)/a3
2> 154] 
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where all the parameters have the same meanings as for a 

Lorentzian peak. 

There is a difference, however, between the above two 

band shapes which can best be illustrated by comparing their 

relative intensities at greater displacements from their 

band centers. 

For ( AT - « 0) = A 

KOJJL e j and I(w)g = 

For ( TO - TO0) « 2 A 

I(U))L =5* I(W)Q = [56] 

Obviously, the Gaussian peaks will decrease more rapidly 

than the Lorentzian peaks, which can be observed in the band 

wings (see Figure 4). 

Experimentally, very few pure Gaussian or Lorentzian 

profiles are encountered, but a combination of both is 

almost always the case. For small- to medium-sized mole-

cules in the liquid phase, the vibrational lineshape is 

closer to a Lorentzian band contour. 
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Fourier Transformations 

In many experiments, it is useful to sort out what 

frequencies are present in a complex waveform and to 

determine the intensity at each of these frequencies. 

Fourier analysis is a mathematical technique for separating 

a complex waveform into its spectral components. A complex 

waveform, for example, measured as a function of time, is 

often called a function in the "time domain", whereas its 

corresponding frequency spectrum is said to be in the "fre-

quency domain". By using the principles of Fourier analy-

sis, it is possible to transform data from one domain into 

the other, which can be expressed as 

+® 

G(t) = / I( U)e
k td u [57] 

— GO 

where u is the angular frequency (i.e.,u = 2ny), and i * -J -i 

It has been shown that the inverse relation is also true 

t as illustrated in the following equation 

4. CD 

I(w) /G(t)eia)t dt [58] 

This technique has been widely used in NMR, IR, and Raman 

spec tros copy . 

Both Lorentzian and Guassian peaks can be Fourier 

transformed. For the Lorentzian peak, the result is <27) 
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G(t)L « /A[1 + (co/A)
2] 1 eiutdw 

M l(l)t 
« AAZ/-| 5~do) [59] 

A + w 

» A Air *exp (- At) » B*exp(-t/T> 

where t = 1/ , B = AAtt, A is the half-width at half maximum, 

and B is a normalization constant which is equal to unity if 

the Lorentzian function were initially normalized. For the 

Gaussian peak, the result is (27) 

G(t)„ = / Ae"ln2(a)^A)2eiu>tdw 

t°° -Ins(m/A)2 
= 2A /0e cos wtdw 

[60] 

= AA(,/in2)1/2exp(-A2t2/4ln2) 

B«exp[-(4ln2)"1 (t/t)2] 

where t « 1/A and B « A (n/ln2)1/2. Again, in this case, 

B is unit, assuming an initially normalized peak. The unit 

of A for both cases is radians/sec, so the width in cm-1 

must be multiplied by 2nc to convert it to the correct units, 

From the above Fourier transformation result, and from 

the semi-log plot in Figure 5, one can see that the Fourier 
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transformation of a Lorentzian peak is an exponential. On 

the other hand, Fourier transformation of a Gaussain peak 

results in a nonlinear, semi-logarithmic curve. In both 

cases, however, a large value of A (i.e., a broad peak) 

indicates a fast decay (i.e., short x value). 

Relaxation Processes 

Both rotational and vibrational relaxation will cause 

broadening of the observed peak in the condensed phase. For 

example, in IR, the molecule can absorb radiation at the 

frequency of the oscillating dipole. However, the molecule 

itself will rotate and, in doing so, will reorient its 

dipole moment with respect to the direction of the incoming 

electric field. Then, the total dipole moment is given by 

M • n 0 + 1/2wo' {cost(wv + u>r)t] + cos[(wv - ojr)11) [61] 

where Ho is the equilibrium dipole moment, UQ' is its first 

derivative with respect to the normal coordinate, w v is the 

vibrational frequency, and is the rotational frequency. 

In the liquid phase, these rotational frequencies are 

arranged according to the Boltzmann distribution, which 

means that there is a greater population at smaller fre-

quency displacements from the vibrational frequency than at 

larger displacements. Furthermore, an increase in tempera-

ture leads to higher average rotational frequencies. This 
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is manifested by a wider peak, which is, in turn, charac-

terized by a shorter reorientation time. 

In Raman spectroscopy, one must consider the polariz-

ability, instead of the dipole moment. A Taylor series 

expansion of the polarizability in terms of vibrational 

normal coordinates allows the vibrational-rotational 

correlation function to be written as the product of an 

amplitude and an angle-dependent factor (35). The time-

dependent development of the amplitude factor is assigned to 

vibrational relaxation, whereas the time development of the 

angle-dependent factor is assigned to rotational relaxation. 

If we consider reorientational effects in IR, then the 

reorientational correlation function is given as 

_9rn- "~tfx <• 
(t) = <P1(cose )> = e - e [62] 

where x-j « (2D)"1 and D is the diffusion constant. 

A plot of lnGi(t) vs. t^will produce a Gaussain func-

tion in the limit of zero time. At later times, the curve 

will decay exponentially. This relaxtion time, x-j, can be 

obtained from the area under the curve. 

On the other hand, in Raman spectroscopy, the reorien-

tation correlation function is given as 

-6Dt -t/x, 
G2(t) * <P2(cose)> « e « e [63] 



49 

An analoguous plot of lnG2(t) vs. t̂  will assume a Gaussain 

contour at short intervals of time and will become expo-

nential at longer intervals. The area under the curve is 

equal to 

x2 « (6D)-
1 [64] 

Thus, there is greater broadening due to reorientation in 

Raman than in IR, as shown in the following equation: 

X1IR = 3x2
Raman [ 6 5] 

Determination of Rotational Diffusion Constants 
By Raman and IR Lineshape Analysis 

After Gordon's (1£) introductory analysis of reorienta-

tional relaxation from IR lineshapes, rotational relaxation 

times or diffusion constants for various molecules have been 

obtained on the assumption that the overall observed IR 

band width can be attributed entirely to reorientational 

relaxation. Bartoli and Litovitz (1_) showed that vibra-

tional relaxation plays an important role in the broadening 

of vibrational lines. Thus, it is necessary to correct 

vibrational band widths before diffusion constants can be 

obtained. This correction can readily be done by utilizing 

isotropic Raman spectra (4,9,14). 

In Raman spectroscopy, we are able to obtain both 

polarized ( 1 ^ ) and depolarized <Idep) linewidths. The 
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observed Raman pure vibrational isotropic spectrum (6.) is 

given by 

I<"»lso " I(la,pol - l I (»'aep l66' 

where I ( u i s that component of the scattered intensity 

resulting only from vibrational relaxation (i.e., 

independent of molecular orientation). Thus, isotropic 

linewidths are equal to vibrational relaxation linewidths 

A iso " A vib 1 

On the other hand, the depolarized (i.e., anisotropic) 

Raman spectrum contains both vibrational and reorientational 

components (i.e., dependent on both vibrational and reorien-

tational motions). The linewidth term can be expressed as 

Aaniso = ^dep ~^vib + ^rot [68] 

The substitution of eq 67 into eq 68 produces 

Arot - 'anlso " hao t69] 

For non-totally symmetric modes, such as E' modes, 

Ianis(") " 3' 4 IpoX<"> 170] 
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Introducing the above equation into eq 66 produces 

" 4/3Ianls<"> - * 1 7 1 1 

and 

&aniso c Avib+ Arot 

The IR line profile is given by the Fourier transforma-

tion of both vibrational and reorientational correlation 

functions, and the linewidth can be expressed as (32) 

IR 
A = Avib + rot [73^ 

As mentioned in Chapter I, for symmetric-top molecules, 

two diffusion constants are required to characterize their 

reorientational motion (i«e>, Di and Dm)• By using the 

small-step rotational diffusion model (1^33), the bandwidth 

Arot i s relate«3 to the rotational diffusion constants by 

A rot + 1 , DI + ®2<d" - Di>l [74 ] 

where n is the rank of the tensor involved in the descrip-

tion of each spectroscopic process, n • 1 in IR, and n • 2 

•wipi 
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in Raman spectroscopy, m is an integer related to the sym-

metry of the individual vibrational modes, which can be 0 or 

+1 in IR and 0, *1 or ±2 in Raman spectroscopy, respectively. 

For totally symmetrical Raman modes (i.e., A' modes), 

n = 2 and m » 0; thus, eq 74 can be simplified to 

RAMAN 1 
Arot l 7 5 ] 

By combining the above equation with eq 69, can be 

solved easily as 

- wc. RAMAN RAMAN. 
D, =—_(A . - A , ) [76] 

3 depol pol 

For nontotally symmetric modes (i.e., E' modes), two situa-

tions are possible: 

(1) In Raman, n = 2 and m = ±2; thus, eq 74 can be 

written as 

Raman 1 .. r , 
Arot " 2nc ^ i + 4D"^ 

Combining the above equation with eq 72 produces 

.RAMAN . 1 , , 
A * A 2 i r C - + 4 D h 1 178] 

where i^
a m a n is the HWHM of Raman band; and 
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(2) In IR, where n = 1 and m = *1, eq 74 is then 

expressed as 

= -jfeK'A • D"> " 9 I 

Combining the above equation with eq 73 produces 

' I R * A v i b + - 2 ^ D ! + D"> 1 8 0 1 

where ^ I R is the HWHM of the IR band. 

Theoretical (19,3£) and experimental (32J evidence sug-

gests that for a given mode, the vibrational linewidth 

(A
vib^ b® the same in both IR and Raman; therefore, by 

combining the Raman and IR results, one may use eqs 78 and 

80 to solve for D„, which is given by 

D„ « l{2*c{ARAMAN - AIR)-D±3 [81] 
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CHAPTER IV 

SOLVENT AND TEMPERATURE DEPENDENCE OF 1 3C RELAXATION 

TIMES AND REORIENTATIONAL DYNAMICS 

IN TRIBROMOBENZENE 

Introduction 

As discussed earlier in Chapter II, NMR relaxation 

measurements have been found to be an important method in 

the study of molecular motion both in the neat liquid and 

in solution. NMR solvent- and temperature-dependent 

measurements can be utilized to study solute-solvent inter-

actions. In some cases, these interactions can be monitored 

by observing the changes in the solute's spin-lattice relax-

ation time. 

Benzene is an oblate symmetric top molecule of rela-

tively high asphericity whose reorientational dynamics in 

the liquid phase and in solution have been well character-

ized by both NMR and vibrational spectroscopy (1-3,13,14,26, 

22,29). Like the parent compound, the 1,3,5-trisubstituted 

benzenes are oblate tops whose asphericities are even 

greater than that of benzene. There have, however, been far 

fewer investigations of their rotational dynamics (8,18). 

Presented in this chapter is an investigation of the 

carbon-13 spin-lattice relaxation times (T<i*s) of the 

protonated carbons in 1,3,5-tribromobenzene (TBB) in a 

57 
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number of solvents of widely varying viscosity. Also pre-

sented is a study of the temperature-dependent carbon-13 

relaxation times in tribromobenzene. The derived reorienta-

tional correlation times were compared with those of benzene 

and with the predictions of various theories of rotational 

diffusion. 

Experimental Method 

Tribromobenzene, a solid at room temperature, was puri-

fied by vacuum sublimation. CCI4 and CS2 were distilled 

prior to use; deuterated solvents were used as received. 

Samples were prepared gravimetrically at mole fractions 

ranging from 0.02 to 0.05, depending on solubility. The 

mixtures were placed in 10 mm NMR tubes, degassed by four 

freeze-pump thaw cycles, and sealed under vacuum. 

Experiments were performed on a Varian VXR-300 FT-NMR 

spectrometer operating at 75.4 MHz. The ambient probe tem-

perature was 23 +. 1 *C. 

Spin-lattice relaxation times were determined using 

the standard inversion recovery pulse sequence, 

( TT _ T t<j)n (2£). Four or sixteen transients (depen-

ding on concentration) were acquired at each to ten x-values, 

ranging from 0.1 to 1.5 times the estimated T<j (obtained in 

a preliminary experiment). The delay time between repeti-

tions, t<J, was at least 5T<|. An initial estimate for MQ was 

obtained by a measurement at x > 5T-j. 
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The magnetization data were fit, using a nonlinear 

least-squares program, to the following three-parameter (M0, 

cose , T-j) equation (24): 

-VPi 
M(X) B MQ[1 - (1 - cose )e ] [82] 

Initial estimates for T-| and cos e were obtained from the 

slope and intercept of a preliminary linear least-squares 

fit. Three or four measurements of T-| were performed in 

each solution. The average values in each solution are 

shown in the fourth column of Tables II and III, together 

with standard deviations between runs. 

Nuclear Overhauser enhancements, n , were obtained using 

standard decoupling procedures ( 1 _ 9 ) . Enhanced intensities 

(Ig) were measured by acquiring four or sixteen transients 

under continuous broadband proton decoupling. Non-enhanced 

intensities (1^) were obtained by measuring four or sixteen 

transients with gated decoupling (decoupler on only during 

FID acquisition). Overhauser enhancements were calculated 

as n • (IE / * N) ** 1* The delay time between repetitions was, 

in all cases, at least 10T*|. Three or four measurements of 

TI were performed in each solution. The enhancements were 

found to be complete in all solvents (5); that is, 

NOE « (IE/IN) " 1 » (1/2){Y(1H)/Y(13C)J . 2.0 [83] 
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Results and Discussion 

Experiment 1: Solvent Dependence of 1 3C 
Relaxation Times and Reorientational 

Dynamics in Tribromobenzene 

Presented in Table II are the measured 13C longitudinal 

relaxation times (T|'s) of TBB in solution. The solvents 

are ordered in the direction of increasing viscosity. 

Because the measured Overhauser enhancements were at 

their maximum in all solvents, the sole significant contri-

bution to relaxation is from 13C~1H dipole-dipole inter-

action (5_). Thus, the rotational correlation times may be 

obtained directly from T-j (£) via the expression given in 

eq 28. The numerical relation was calculated using standard 

values for Y(13C) = 6.726 x 103 rad-S_1 -Gauss-1, Y(1H) « 

2.675 x 10^ rad-s_1 -Gauss , 4i = 1 .0545 x 10-27 erg*s; and 

rCH = 1.08 x 10-® cm. 

Shown in the fifth column of Table II are the experi-

mental correlation times, tc<exp), of TBB in the various 

solvents. As one might expect, the reorientational times 

are substantially greater than the values reported for ben-

zene in solution, where xc « 1.2 - 1.6 ps at room temperature 

[as determined from diffusion constants (29)]. It is seen, 

also, from Figure 6 that, as predicted by hydrodynamic 

theories of rotational diffusion (6), xc(exp) exhibits an 

approximately linear increase with solvent viscosity. 
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Like benzene, TBB is an oblate spheroid (i.e., a < b = 

cj where a, b, and c are the semi-axis lengths of the volume 

ellipsoid). From bond lengths and van der Waal's radii 

(7_), the axis lengths are approximately: a * 1.85 A and b a 

c • 4.43 A. The mean radius, therefore, is r = a/2 = 3.31 A. 

TBB's axial ratio, p = b/a = 2.39, indicates that the mole-

cule is quite nonspherical, as do its moments of inertia, Ia 

= 4.68 x 10~37 g-cm2 and = Ic « 2.34 x 10
- 3 7 g-cm2. 

Based both upon its shape and inertia tensor, one would 

predict that TBB's reorientational behavior is highly aniso-

tropic, characterized by two rotational diffusion constants, 

D 1 and D„, which represent the tumbling of the unique (C3) 

axis and spinning about this axis, respectively. 

The C-H vector, whose reorientation modulates the 

1 3C- 1H dipolar coupling, lies at 90° relative to the princi-

pal axis. Therefore, the classic Woessner equation for the 

rotational diffusion of a symmetric-top rotor (see eq 47) 

reduces to 

T c « (24D1)~
1 + (3/4)(2Dx + 4D„)-1 [84] 

This equation, together with values for Dj, and D„ estimated 

from models of anisotropic reorientation, will be used to 

calculate theoretical correlation times to be compared with 

the experimental results. 
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The earliest model of anisotropic molecular reorien-

tation was formulated by Perrin (22), who extended the 

Stokes-Einstein-Debye (SED) model of isotropic diffusion to 

asymmetric rotors. Assuming a solvent continuum and "stick" 

boundary conditions, he solved the Navier-Stokes equation 

(25j to obtain diffusion constants via the expression given 

in eq 6. Using eq 96 of Perrin's paper (22) and p • 2.39, 

one finds for TBB that fL * 1.252 and f„ = 1.394. Applica-

tion of eq 6 with r = 3.31 A, T = 296 K, and solvent vis-

cosities (n in Table II) permits calculation of Dt and D„, 

which together with eq 28, yield theoretical estimates of 

the reorientational correlation times using the Perrin model 

(xc(P) in Table II). As seen from Table II, xcs predicted 

with this model are uniformly greater than experimental 

times by a factor of 2-3. This is not surprising and has 

been generally found for the reorientation of small to mode-

rate size molecules in solution (£). 

Hu and Zwanzig (15.) noted that the longer-than-observed 

correlation times predicted by the Perrin model result from 

use of the stick boundary condition and suggested that the 

alternative "slip" condition may furnish a more realistic 

description of reorientation on a molecular scale. In the 

slip limit, the perpendicular diffusion constant is given by 

eq 10. For TBB, fHZ . 0.195. In the slip limit, "spinning" 

about the top axis is unhindered by frictional torques. 

Therefore, Dn may be obtained from the correlation time of a 
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Free Rotor via egs 8 and 9. For TBB at 296 K, (D„)FR «= 68.9 

x 109 s*1 * 68.9 ns""1. This value for D„, which is indepen-

dent of solvent viscosity, and Dx from eq 84 permit calcula-

tion of correlation times, tc(HZ), from the Hu-Zwanzig model, 

as shown in Table II. 

One sees that, just as the stick limit correlation 

times, Xc(P), are too long, TC*S calculated using the slip 

boundary condition are far shorter than the experimental 

results by approximately a factor of 2. Note, however, that 

in contrast to small molecules such as methyl iodide (6_), 

acetonitrile (£), and dichloromethane (23), in which experi-

mental xc* s are closer to the slip limit, the observed reori-

entational dynamics of the larger TBB molecule is found to 

lie midway between the slip and stick extremes. 

Although it has not been used widely, the model created 

by Gillen and Griffiths (13.) provides a good description of 

rotation in liquid benzene. They assume that D„ is that of 

an inertially controlled Free Rotor (FR) and that D, can be 

calculated from the microviscosity (MV) model of Gierer and 

Wirtz (see Chapter I) which was originally developed for 

isotropic diffusion. This study used the Gierer-Wirtz ex-

pressions for Dif replacing the radius of the sphere with B 

• 4.43 A, the larger semi-axis length, together with (Dn)p£ = 

68.9 ns~1, to calculate correlation times predicted by the 

combined Microviscosity/Free Rotor (MV/FR) approach. As 

seen in the last column of Table II, the calculated 
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reorientational times, xc(MV/FR)r are only marginally 

superior to those predicted by the slip model and are still 

almost a factor of 2 below xc(exp). Indeed, if one uses the 

mean radius, r « 3.31 A, rather than b in the Gierer-Wirtz 

equations, the calculated times are even lower than xc(HZ). 

Hynes, Kapral, and Weinberg (HKW) {see Chapter I) noted 

the failure of the stick and slip models to provide a real-

istic general description of molecular rotation in fluids. 

They introduced a slip coefficient, B, into a modified boun-

dary condition and re-solved the Navier-Stokes equation. 

The limiting values B = 0 and B -*• ® correspond to purely slip 

and stick diffusion, respectively. Although their model was 

originally formulated assuming isotropic reorientation, 

Tanabe (27) has intuitively extended the HKW approach to 

calculate Dĵ  and D„ of symmetric-top rotors. His modified 

HKW equations may be written as eqs 11 and 12; for TBB, a, » 

1.766. The slip coefficient, B, may be calculated from 

Enskog collision theory using equations presented in 

Chapter I. 

This study utilized the modified HKW model to calculate 

and DM, and from these, XC (HKW) for TBB in the various 

solvents. The results are displayed in Table IV and plot-

ted in Figure 6. 

One observes immediately that this model predicts cor-

relation times that are far superior to those of either of 

the limiting (slip or stick) theories of rotational 
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diffusion. Indeed, with the exception of the solvents ace-

tone and pyridine, there is virtually quantitative agreement 

between theory and experiment. 

Tanabe has studied the temperature, pressure, and sol-

vent dependence of reorientation in benzene (26,27,29). 

He, too, found that diffusion constants calculated with the 

HKW model were in far better agreement with experimental 

results than were values determined from any of the earlier 

models. 

Finally, a brief discussion of the poorer agreement 

between xc(HKW) and xc(exp) found for solutions of TBB in 

acetone and pyridine (calculation A) is appropriate. One 

sees from the second column of Table IV that the slip coef-

ficients calculated in these solvents are markedly below the 

values in the other five solutions. This leads directly to 

larger diffusion constants (particularly D„) and, thus, 

shorter calculated correlation times. There is no apparent 

physical reason for a greater degree of slip (lower B) be-

tween TBB and either of these solvent molecules. There-

fore, the disagreement appears to result from errors in the 

calculation of B. 

It is well established that parameters calculated using 

the Enskog model are critically sensitive to values chosen 

for the solute and solvent diameters. Therefore, for 

consistency both here and in earlier studies, the "recom-

mended" values of Mourits and Rummens (21_), who performed a 
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critical review of different methods of estimating o, were 

adopted. There is no value for o(pyr) in this (21) or most 

earlier references; the current research used o(pyr) = 4.92 A, 

which was obtained by Tanabe and Hiraishi (29) from Raman 

linewidth measurements. However, this method yields gene-

rally lower o's. For example, o(benz) * 5.12 A (29), versus 

the recommended value of-5.46 A (21). If, alternatively, one 

assumes that o(pyr)/o(benz) = 4.92/5.12 > 0.96, then, with 

a(benz) = 5.46 A, one obtains o(pyr) « 5.24 A. As seen in 

calculation B on pyridine using this diameter, one calcu-

lates a higher slip coefficient and, hence, a correlation 

time in much closer agreement with the experimental result. 

Experiment 2: Temperature Dependence of 
Rotational Correlation Times 

In Tribromobenzene 

In Experiment 1, the results of an investigation of 13C 

spin-lattice relaxation and carbon-hydrogen correlation 

times, xc(C-H), of 1,3,5-tribromobenzene (TBB) in solution 

were reported. The experimental results were compared to 

the predictions of various theoretical models of rotational 

diffusion (6). It was observed that the relatively new 

Hynes-Kapra1-Weinberg (HKW) model (see Chapter I) proved 

superior to earlier theories; correlation times calculated 

with this model were in excellent agreement with measured 

TC'S in five of the seven solvents studied. 
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In a subsequent Raman/IR study of the rotational dif-

fusion constants, and D„, of the related molecule, 

1,3,5-trifluorobenzene (TFB) (see Chapter V), it was ob-

served that, again, the HKW model predicted diffusion coef-

ficients that agreed closely with experimental values for 

TFB in solution. It was found, though, that the theory 

failed to describe accurately the temperature dependence of 

the perpendicular diffusion constant in neat TFB. The cal-

culated activation energy for was 2.6 kcal/mol, substan-

tially greater than the experimental value of 1.5 +_ 0.1 

kcal/mol. Other theories (12*15) yielded activation ener-

gies even further from experiment than did the HKW model. 

In order to determine whether the incapacity to furnish 

accurate activation energies is specific to TFB or 

represents an inherent weakness of the HKW model, the tem-

perature dependence of TC(C-H) in the structurally similar 

TBB was investigated. Because this compound is a solid at 

conveniently accessible temperatures (TMP = 121*C), the re-

laxation times and nuclear Overhauser enhancements of the 

protonated carbons of TBB as a function of temperature in 

the solvent benzene-dg (X « 0*05) were measured. 

The spectrometer and experimental procedures were the 

same as in the earlier room temperature solution study out-

lined in this chapter (see page 58). The probe temperature 

was regulated by heated "boil-off" gas from a tank of 
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liquid-N2« Temperatures were measured using an ethylene 

glycol "NMR thermometer" (30). 

Shovm in Table III are the relaxation times of TBB 

in CgDg as a function of temperature. These values 

represent the average of three measurements. The measured 

Overhauser enhancements were complete (n = nmax * 

all temperatures, which indicated that 13C-1H dipolar inter-

action is the sole significant relaxation mechanism. 

The standard equation (see eq 28) was used to calculate 

the carbon-hydrogen correlation times, xc(exp), which are 

displayed in Table III and in Figure 7. Shown also are the 

theoretical reorientational correlation times calculated 

from the Hynes-Kapral-Weinberg (HKW), Hu-Zwanzig (HZ), and 

Microviscosity/Free Rotor (MV/FR) theories (see Chapter I). 

The times predicted by the HKW model are in quite acceptable 

agreement with the experimental results. Most importantly, 

unlike in TFB (see above), the calculated activation energy 

is close (within one standard deviation) to the experimental 

value. 

One observes further from Table III that the MV/FR and 

HZ theories yield activation energies even closer to the 

measured value (within 0.1 kcal/mol). However, in contrast 

to the HKW model, the two models discussed earlier yield 

calculated correlation times that fall far below the 

measured values by as much as a factor of two. 
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Figure 7. Temperature dependence of experimental and 
calculated rotational correlation times, 
a = experiment; b = HKW; c = MV/FR; d = HZ. 
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The results observed here provide additional evidence 

that the Hynes-Kapral-Weinberg (HKW) theory of molecular 

reorientation furnishes rather accurate estimates of dif-

fusion constants and correlation times in a number of 

systems (27-29). An assessment of its general utility must 

await the results of additional experimental investigations. 
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CHAPTER V 

RAMAN AND INFRARED STUDY OP REORIENTATIONAL 

DYNAMICS IN TRIFLUOROBENZENE 

AND TRIBROMOBENZENE 

Introduction 

As discussed in Chapter III, various spectroscopic 

techniques, such as IR, Raman, and NMR, have been widely 

used to study the vibrational and reorientational motions of 

liquid molecules. However, these techniques alone, as used 

in the past, do not furnish enough information to charac-

terize the anisotropic rotation of molecules. Therefore, 

researchers often combine NMR with Raman spectroscopic re-

sults to evaluate the rotational diffusion constant for the 

tumbling (Dr) and spinning (D„) motions. 

Recently, a new technique has been developed by Lee and 

Kim (22). This process combines modern FT-IR with laser 

Raman linewidth measurements and can easily overcome the 

above-mentioned difficulties. In conjunction with the 

investigation of 1 3C NMR relaxation times and reorienta-

tional dynamics in tribromobenzene. Several A-j and E* 

vibrations were measured for 1,3,5—trifluorobenzene and 

1,3,5-tribromobenzene in a number of solvents. In addition, 

2A^ vibrations were measured in neat 1,3,5-trifluorobenzene 

as a function of temperature. Derived values of the two 

77 
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rotational diffusion constants, and D«, were compared 

with the predictions of several current theories. 

Experimental Method 

Raman Spectroscopy 

The basic configuration of the laser Raman spectrometer 

used for all measurements is illustrated in Figure 8. The 

irradiation source (2£) of the Raman spectrometer is an 

argon-ion laser (coherent radiation model CR-3). The polar-

ized and depolarized spectra were acquired at 90* to the 

incident laser beam. The scattered light was collected 

through a polarization analyzer and polarization scrambler 

into the entrance slit of a Spex 14018 scanning double mono-

chromator. Detection was accomplished using an RCA-C31034 

photomultiplier tube and photon counting electronics. The 

resultant signals were recorded digitally via an interfaced 

microprocessor (Apple 11+) and stored on floppy diskettes 

for further processing (10,32). 

Infrared Spectroscopy 

Infrared spectra were recorded on a Nicolet 20-SXB 

Fourier transform infrared spectrometer, using a germanium-

coated KBr beam splitter and a deuterated triglycine sulfate 

(DTGS) detector. The spectrometer was equipped with a 

Nicolet 1280 minicomputer. The sample was placed in the 

cell with NaCl window (the cell pathlength was 0.1 mm), was 

scanned 32 times, and the interferogram was converted to a 
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spectrum by a Fourier transform algorithm. Then, the 

spectrum was ratioed with a similar spectrum of the window 

without a sample, to produce the final spectrum. 

Experiment 1: Raman/infrared Study of 
Reorientational Dynamics in 

Trifluorobenzene 

Introduction 

There have been numerous spectroscopic investigations 

of the rotational behavior of benzene, both in the neat 

liquid and in solution (1-3,13,l£-lj>, 19,28-3£,33). Like 

benzene, its 1,3,5-trisubstituted derivatives (C6H3X3) are 

oblate symmetric tops (a < b « c, where a, b, and c are the 

semi-axis lengths) with axial ratios, p.* b/a » 1. There 

have, however, been comparatively few studies of their con-

densed phase reorientational dynamics. 

In Experiment 1 of Chapter IV, the results of an NMR 

investigation of 13c_1h dipole-dipole relaxation times of 

1,3,5-tribromobenzene in solution were reported. Several 

theories of molecular reorientation were employed to calcu-

late the "tumbling" and "spinning" diffusion constants, D, 

and Dn, and hence, the rotational correlation times, tc(C-H). 

It was observed that the relatively new Hynes-Kapral-

Weinberg model (see Chapter I) yielded the closest agreement 

to experimental correlation times derived from 13C T-j' s. 

Unfortunately, xc(C-H) is a nonlinear function of both D» and 

D„ (32). A more stringent test of the relative merits of 
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current theories would be a direct comparison of the indi-

vidual diffusion constants with predicted values. 

With this goal in mind, an investigation of Raman/IR 

linewidth investigation of two and two E' vibrational 

modes of 1,3,5-trifluorobenzene (TFB) as a function of 

temperature in the neat liquid and at room temperature in 

the solvents CH2CI2 and CS2 has been undertaken. The 

derived diffusion constants, and D„, are compared with 

the predictions of various theories of rotational diffusion. 

Experimental Method 

Trif1uorobenzene and the solvents CH2CI2 and CS2 were 

obtained commercially and purified by fractional distilla-

tion prior to use. The sample was contained in a sealed 

melting-point capillary tube which was inserted into 

Harney-Miller cell. Temperature regulation was accomplished 

via liquid nitrogen boil-off or heated air flow and was 

measured with an iron-constantan thermocouple adjacent to 

the sample. Details of the Raman spectrometer, 

microprocessor controlled data acquisition and storage, and 

temperature regulation have been presented earlier in this 

chapter (see page 78)* 

The Raman spectra of v3(a{) at 1011 cm"1 and at 

579 em-1 (17.) in neat TFB were acquired at various 

temperatures spanning the liquid range. Polarized and 

depolarized (anisotropic) spectra were measured three times 



82 

at each temperature. Following digital baseline subtrac-

tion t the isotropic spectrum for each of the runs was calcu-

lated via the relationship 

W > - W " ' - ^ " a n i s I 8 5 ' 

The isotropic and anisotropic spectra were plotted on graph 

paper to facilitate linewidth measurements. Both widths 

were corrected for the effect of finite monochromator slit-

width {6 * 2.42 cm""^) (FWHM), using the equation of Tanabe 

and Hiraishi (31_). The temperature-dependent isotropic and 

anisotropic bandwidths of the two vibrations are pre-

sented in Table V. Values represent the average of the 

three runs at each temperature. 

Table V 

Temperature Dependence of Raman Linewidths 

In Neat Trifluorobenzenea»b 

V 3<AI ' ) - 1011 cm-1 v4<A ( ) - 579 cm -1 

A^gQ(Ram) ^aniso^®111^ ^iso^®™^ Aaniso^Ram^ 

2 7 3 0 . 7 0 1 •81 2 . 1 8 3 . 3 6 
( 0 . 0 5 ) ( 0 . 0 2 ) ( 0 . 0 4 ) ( 0 . 0 8 ) 

284 0 . 8 6 2 . 2 0 2 . 2 9 3 . 5 6 
( 0 . 0 3 ) ( 0 . 2 0 ) ( 0 . 0 3 ) ( 0 . 0 2 ) 

296 0 . 9 6 2 . 4 0 2 . 5 2 4 . 1 0 
( 0 . 0 2 ) ( 0 . 1 0 ) ( 0 . 0 5 ) ( 0 . 0 7 ) 
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Table V—continued 

v3<a1> - 1011 cm-1 v 4(Ai) - 579 cm"1 

T(k> Aiso < R a m ) Aaniso ( R a m ) iiso ( R a m ) Aaniso(Ram) 

316 1.12 2.70 2.51 4.18 
(0.03) (0.08) (0.05) (0.04) 

338 1.24 3.10 2.68 4.66 
(0.04) (0.10) (0.06) (0.08) 

aAll linewidths (FWHM) are given in cm~^and represent the 
average of the three runs. 

^Quantities in parentheses represent one standard deviation. 

For TFB in CH2CI2 and CS2 solutions (X = 0.17), Raman 

spectra were acquired both from the A^ modes, v3 and v4, and 

for the depolarized E* vibrations, at 1124 cm-1 an(j v l 2 

at 993 cm~1 (17.). The A^ widths were analyzed in the same 

manner used for neat TFB. Widths of the E' modes were cor-

rected for monochromator slitwidth. 

The infrared linewidths were also measured for both E' 

bands (A-| modes of D3h molecules are IR inactive) in the two 

solvents (c « 0.005 M), using a Nicolet 20-SXB Fourier 

transform infrared spectrometer. The cell pathlength was 

0.1 nm. Widths were corrected for the finite instrumental 

resolution (1 cm~1). All spectra were recorded three times 

at ambient temperature (23 ± 1*C) in each solvent. The 

average Raman and infrared linewidths for TFB in solution 

are presented in Table VI. 
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The viscosity of neat TFB was measured as a function of 

temperature, using a Cannon-Fenske viscometer. The data was 

fit by a quadratic equation (34), which was used to interpo-

late viscosities at the temperatures of the Raman 

measurements. Densities were determined using a standard 

variable volume pycnometer and were also interpolated 

numerically (35) at the experimental temperatures. 

Results and Discussion 

Determination of Rotational 
Diffusion Constants 

For totally symmetric vibrations in symmetric top mole-

cules, if one assumes statistically independent linebroad-

ening mechanisms, the anisotropic Raman bandwidth is the sum 

of contributions due to vibrational relaxation 

(Av) and the tumbling rotational motion (Dĵ ) (1_). The 

isotropic linewidths, on the other hand, arise solely from 

vibrational relaxation. Thus, one may write (1_) 

^iso^Ram^ " A y [86] 

and 

Aaniso < R a m ) " Av • (^c)"! [60^] [87] 
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where A^so and
 A

a n i s o are full width full maximum (FWFM). 

Thus, it is straightforward to extract from the isotropic 

ad anisotropic bandwidths of the modes in TFB. 

For nontotally symmetric vibrations, the anisotropic 

Raman width is a linear function of A v , and D,i. Unlike 

symmetric modes, however, the isotropic scattering vanishes. 

Therefore, it is not possible to eliminate A v using Raman 

data alone. Fortunately, it has been shown that one may 

utilize Raman and infrared linewidths together to determine 

D„ (11,22,28). The method is based on the theoretical (23) 

and experimental < 31_) evidence that vibrational relaxation 

contributes equally to the IR and Raman linewidths of a 

given vibration, whereas the rotational widths depend dif-

ferently on Dj_ and D„. For degenerate E' vibrations in D3h 

molecules, one may write (22) 

Aaniso<Raman) " Av + (irc)-1[2Di + 4D„] [88] 

and 

^(IR) * ̂  V + <*c)-1[D, + Dit] [89] 

where A^^CRaman), aVt and
 A(IR) are FWFM. 

The vibrational width, Av, may be eliminated easily from 

these equations. Then, with D± calculated from the A-j 



87 

widths, Dt, can be determined from the difference of the 

Raman and IR bandwidths via the relation 

D « « ^ C I A ^ G T R A M ) - A ( I R ) 3 - D ^ / 3 [ 9 0 ] 

Temperature Dependence of the Perpendicular 
Diffusion Constant in TFB 

In the second and third columns of Table VII are shown 

the tumbling diffusion constants in neat TFB as a function 

of temperature, as determined from bandwidths of the A-J 

vibrations (via eqs 86 and 87). The experimental values of 

D^ calculated from and v 4 are in quite satisfactory 

agreement, as are their respective activation energies. 

This provides additional support for the statistical 

independence of vibrational relaxation and reorientational 

line broadening, implicit in the assumption of additive 

linewidths. 

As in the earlier investigation of 13C NMR relaxation 

and C-H correlation times in tribromobenzene (see 

Chapter IV), it is informative to compare the experimental 

results to diffusion constants predicted by the various 

theories which have been employed to characterize molecular 

reorientation in benzene ( 4 ) . Application of these models 

requires knowledge of the molecular dimensions and moments 

of inertia. Using standard bond lengths and van der Wall's 

radii (5.), one obtains a • 1.47 A and b «= c = 3.78 A for the 

semi-axis lengths in TFB; the inertia tensor components are 
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I± « 4.88 x 10-38 g-cm2 and I.. » 9.76 x 10-38 g.cm2. The 

appropriate equations and calculational procedures required 

for utilization of the theories have been presented in 

Chapter IV. 

Gillen and Griffiths (1_5) demonstrated that the tum-

bling diffusion constant, Di# in liquid benzene can be rea-

sonably well reproduced by the Gierer-Wirtz Microviscosity 

equation (see Chapter I), whereas the spinning rate, D„, is 

close to the gas phase Free Rotor limit (1_). Application of 

the Microviscosity/Free Rotor (MV/FR) model yields 

perpendicular diffusion constants, (MV/FR), that range 

from 25% to 100% greater than the experimental values as the 

temperature is increased. 

The Hu-Zwanzig (HZ) "slip" model of reorientation 

predicts diffusion constants, Di{HZ), which are virtually 

identical to D^exp) up to 296 K but are approximately 50% 

greater than experimental results at the highest 

temperature studies. 

As seen in the last column of Table VII, the newer 

Hynes-Kapral-Weinberg (HKW) theory of rotational diffusion 

with a microscopic boundary layer also yields values, 

Di^HKW), that are in excellent agreement with the 

experimental results at the lower temperatures but increases 

more rapidly than does Dj^(exp). 

From these results, one concludes that the HZ and HKW 

models are superior to the earlier MV/FR formalism in 
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describing the tumbling motion in liquid TFB. All three 

theories, however, predict a greater temperature dependence 

(larger Ea) than was found from the experiment. 

Reorientational Dynamics of TFB 
In Solution 

In addition to studying the temperature dependence of 

D± in neat TFB, the diffusion constants, Dj, and D„, of TFB 

in CH2CI2 and CS2 has been determined using the procedures 

outlined above. These solvents were chosen because they are 

transparent in the regions of all four A-j and E' TFB vibra-

tions. 

As can be seen in Table VIII, perpendicular diffusion 

constants calculated from v3 and v4 are equal in both 

solvents. Values of D„ fromv-j-j and v-|2 are also in 

reasonable agreement, considering the greater degree of 

error in determining this quantity. One notes that D, in 

CH2CI2 is substantially larger than in the neat liquid 

(Table VII) at room temperature and is greater still in CS2. 

This trend in tumbling rates follows the order that one 

would expect on the basis of relative viscosities; at 23*C, 

n(TFB) - 0.529 cP (18), MCH2C12) « 0.419 cP (25), and r, 

(CS2) » 0.359 cP (25). 

One sees from Table VIII that values of D( calculated 

from the MV/FR model are close to the experimental results 

in both solvents, whereas predictions of the HZ model are 

too high. This is opposite to the relative accuracy 
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exhibited by the two models for neat TFB. As before, 

perpendicular diffusion constants calculated using the HKW 

theory are in quite good agreement with experimental 

results, both in CH2CI2 and in CS2-

As the last two columns of Table VIII show, the spin-

ning diffusion constant is somewhat greater in CS2 than in 

CH2CI2. Again, this order may be attributed to the lower 

viscosity of the latter solvent. Like the MV/FR model, the 

Hu-Zwanzig theory of slip diffusion predicts that rotation 

parallel to the symmetry axis is unhindered by solution 

viscosity because this motion does not require the displace-

ment of the solvent. Thus, in both cases, the parallel 

diffusion constant is predicted to be dependent only on 

temperature and IL and may be calculated from the Free Rotor 

expression (see Chapter I). D„ calculated in this manner 

exceeds the measured values by approximately a factor of two 

in both solvents. In contrast, D„(HKW), calculated using 

the HKW model, is in quite satisfactory agreement with the 

experimental results, as was also found above for D((HKW) in 

the two solvents. 

On the basis of these results, the HKW theory clearly 

provides the best description of reorientational diffusion 

in TFB. The same conclusion was reached by Tanabe (29,31) 

and Hiraishi (30,31_) in investigations of the rotational 

dynamics of benzene in the liquid phase (2.) and in solution 
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(33) and in the study of the solvent dependence of ̂ 3c NMR 

relaxation times in tribromobenzene reported in Chapter IV. 

Finally, it is informative to compare the rotational 

diffusion constants of TFB with those of benzene in solu-

tion. For C6H6 in CD2CI2, it has been reported that D^(exp) 

« 102 ns~1 and Dtt(exp) =177 ns~1 at ambient temperature 

(33.). Each diffusion constant is roughly three times larger 

than the corresponding quantity measured for TFB in CH2CI2 

(Table VIII). The greater rotational rates result from 

benzene's smaller dimensions and moments of inertia and are 

predicted semiquantitatively by the HKW model. For C6Hg in 

CD2CI2 (33), one obtains D^(HKW) » 90 ns"1 and D„(HKW) • 

197 ns~^, which, in each case, is three times greater than 

the calculated values for TFB in CH2CI2 (Table VIII). 

Experiment 2: Rotational Diffusion of 
Tribromobenzene in Solution 

Introduction 

In Chapter IV, the results of a carbon-13 NMR relaxa-

tion time study of the reorientational dynamics of 1,3,5-

tribromobenzene (TBB) in a number of solvents of widely 

varying viscosity were reported. The derived correlation 

times, xc(C-H), were compared with the predictions of various 

theories of rotational diffusion (see Chapter I). It was 

observed that the relatively new Hynes-Kapral-Weinberg (HKW) 

model yielded predictions in agreement with the 
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experimental results in five of the seven solvents, which 

proves this model superior to the other models tested. 

As noted earlier in this chapter, a more rigorous test 

of the relative merits of the models tested would be 

furnished by a comparison of the individual diffusion con-

stants with values calculated theoretically. 

In order to test the capability of current models to 

furnish accurate a priori predictions of reorientational 

diffusion constants, the Raman and IR bandwidths of two 

vibrations of TBB in several solvents have been measured. 

The results are compared with theoretical predictions and 

with the results of the NMR relaxation time experiments (see 

Chapter IV). 

Experimental Method 

Details of the Raman spectrometer, digital data acqui-

sition and storage, and sample preparation have been 

presented earlier in this chapter (see page 78). All 

experiments were performed at ambient temperature (23 + 

1*C). The solvents OCI4, CH2CI2, and CS2 were chosen because 

they are transparent in the regions of v3(&\) at 985 cm-1 

and vn(E*) at 1085 cnrV in the vibrational spectra of TBB 

(17.). All Raman and IR spectra were recorded three times. 

The polarized and depolarized (anisotropic) Raman 

spectra of v3 were acquired in each of the solutions 
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(X • 0.05). Following baseline subtraction, the isotropic 

spectrum was calculated via the relation, Iiso(
a>) * Ip0l^

aJ^ 

- t4/3)»Ianig(
 w)» Spectra were plotted on graph paper and 

the bandwidths, A^ s o and
 A

an^s» were determined manually. 

Widths were corrected for the finite monochromator slit 

width (S « 2.42 cm"1) (FWHM) using the equation of Tanabe 

and Hiraishi (30,31). 

Anisotropic Raman spectra of vii(E') were recorded in 

each solution. The bandwidths were measured and corrected 

for spectrometer broadening. Infrared linewidths of v-j-j in 

each solution ( c = 0.3 M) were determined using a Nicolet 

20-SXB Fourier transform infrared spectrometer. The cell 

pathlength was 0.1 mm. The measured widths were corrected 

for the finite instrument resolution (1.0 cm"1). The Raman 

and IR bandwidths (average of the three runs) of the v3 and 

v m o d e s of TBB in solution are displayed in Table IX. The 

procedure followed for the calculation of the rotational 

diffusion constants was the same as that used in 

Experiment 1. 

Results and Discussion 

Shown in the first row of Table X are the experimental 

tumbling and spinning diffusion constants, DA and D„, calcu-

lated using egs 86, 87, and 90above. One observes that, in 

general, both diffusion constants are substantially greater 

in CH2CI2 and CS2 than in CCI4, as would be expected on the 
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basis of relative solvent viscosities; at 23*C, (CCI4) * 

0.928 cP, (CH2CI2) » 0.419 CP, and (CS2) • 0.359 cP (25). 

It is not surprising, either, that the diffusion constants 

for TBB are significantly below those of 1,3,5-trifluoroben-

zene (TFB) in the same solvents; for example, for TFB in 

CS2, « 31 ns~1 and Dl( « 82 ns"""' (7,). The slowed reorien-

tation of TBB results from its greater dimensions and 

moments of inertia. The equations and methods of calcula-

tion necessary for application of the various theoretical 

models have been presented in Chapter IV. Similarly, TBB's 

dimensions and moments of inertia and the requisite solvent 

properties are taken from the NMR study reported in 

Chapter IV. 

As shown in Table X, diffusion constants calculated 

with Perrin's "stick" model of anisotropic reorientation 

(see Chapter I) range from two to six times smaller than the 

experimental results. This is commonly observed (4_) and 

results from overestimation of the frictional torque in 

systems where solute and solvent are of similar size. 

Significantly, this model predicts that > D„ in oblate 

spheroids, contrary to the observed behavior here in TFB (2.) 

and in benzene (8,30). 

It is generally found that the Hu-Zwanzig (HZ) model, 

which employs "slip" boundary conditions, yields perpen-

dicular diffusion constants in much closer agreement with 

experimental results than does Perrin's "stick" model. 
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This is, in fact, observed for TBB in all three solvents, as 

shown in the third row of Table X. According to the slip 

model, rotation about the axis of symmetry does involve 

displacement of the solvent. Hence, the frictional hin-

drance vanishes, and the spinning motion is that of a freely 

rotating gas-phase molecule. However, one finds that values 

of Dm calculated from the Free Rotor expression are approxi-

mately three times greater than the experimentally measured 

diffusion coefficients (Table X)., Thus, the parallel rota-

tion of TBB is far from the slip limit. 

The Microviscosity/Free Rotor (MV/FR) approach was 

introduced by Gillen and Griffiths to characterize the 

reorientational behavior in liquid benzene (see Chapter I). 

One can see from Table X that perpendicular diffusion con-

stants calculated from the Microviscosity equations approx-

imate the experimental results. As with the HZ model, 

however, the Free Rotor parallel diffusion constants are far 

too large. 

In contrast to the three models discussed above, the 

Hynes-Kapral-Weinberg (HKW) model, as extended by Tanabe, 

yields far superior estimates of both and DM. The cap-

ability of the HKW model to provide accurate predictions of 

rotational diffusion constants has also been reported for 

benzene (8,1£) and for TFB (see Experiment 1 in this 

chapter) in the neat liquid and in solution. 
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It is informative to compare carbon-hydrogen rotational 

correlation times, xc(C-H), determined directly from 1^C nMR 

relaxation studies, with the results of this investigation. 

For reorientation of a vector 90* relative to the axis of 

symmetry, the correlation time is related to the diffusion 

coefficients by the expression given in eq 84. 

As shown in Table XI, correlation times calculated 

using and DH from Raman/IR linewidths are equal to those 

determined from NMR relaxation studies to within experi-

mental limits of error in the solvent CS2. The disagreement 

between the values in CCI4 and CH2CI2 would appear to be 

slightly outside the measured limits of error. However, the 

deviations are small, and the author hesitates to ascribe it 

to a real effect, rather than to an experimental artifact. 

Table XI 

Experimental and Calculated Correlation Times 

of Tribromobenzene in Solution a'k 

ic(CCl4) Tc(CH2C12) Tc(CS2) 

NMRC 12.7 7.9<3 6.3 
(0.4) (0.3) (0.2) 

Raman/lRe 11.0 6.8 6.4 

(0.6) (0.3) <0.4) 

Perrin "stick" 45.5 20.7 17.6 

HZ "slip" 6.5 4.2 3.8 
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Table XI—continued 

Tc(CC14) Tc(CH2C12) tc(CS2) 

MV/FR 7.7 5.1 4.4 

HKW 12.3 7.7 6.7 

aAll correlation times are given in ps. 

^Quantities in parentheses represent one standard deviation. 

cChen, Wang, and Schwartz {£). 

^NMR experiment was run in CD2CI2. 

eThis work. 

One may also employ eq 84 to determine correlation 

times from diffusion constants calculated by the various 

theories. As reported in numerous systems (4), xc's from the 

stick model are well above the measured values. Conversely, 

correlation times calculated from the HZ and MV/FR theories 

are as much as a factor of two lower than the experimental 

results, as reported in the NMR study in Chapter IV. The 

large deviation results almost entirely from the overestima-

tion of Dn by a factor of three (see above), which charac-

terizes the HZ and MV/FR theories. 

As found above for the individual diffusion constants, 

rotational correlation times predicted by the HKW model 

agree well with the experimental results. On the basis of 
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this investigation, one can conclude that the close agree-

ment reported in Chapter IV does not result from a fortui-

tous cancellation of errors in DjJHKW) and D,,(HKW). Rather, 

it reflects the superior capabilities of the HKW model to 

furnish accurate estimations of both reorientational 

diffusion constants in these systems. 
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CHAPTER VI 

THE EFFECTS OF HYDROGEN BONDING ON VIBRATIONAL 

FREQUENCIES AND RELAXATION TIMES 

IN HALOMETHANES 

Introduction 

There is a substantial body of spectroscopic and 

thermodynamic evidence that the protons in di- and trihalo-

methanes are relatively acidic and participate in the 

formation of hydrogen-bonded complexes with Lewis bases in 

solution (1,13,r 15,16.18-20,24.25). However, it has been 

noted (1_fl6) that the carbon-hydrogen vibrational frequency 

displacements are not consistent with the classic Badger-

Bauer rule, which correlates the magnitude of the frequency 

shift with the hydrogen bound strength within a given class 

of compounds (3,26). 

It was observed in a recent study of the isotropic 

Raman spectra of the 1(C-H/C-D stretching) modes of CH2CI2 

and CD2CI2 in solution (7_) that peak frequency displacements 

were not at all correlated with the solvent's basicity but 

could be explained solely on the basis of solution variation 

in the dispersion energy. On the other hand, it was found 

that vibrational relaxation times (xv) exhibited a dramatic 

decrease in Lewis base solvents. It was noted that the same 
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trend in tv upon hydrogen bond formation had been observed 

in a earlier investigation of CDCI3 in solution (34). In an 

effort to obtain a more complete characterization of the 

effects of intermolecular complexation on the band param-

eters of the C-H/C-D stretching modes in halomethanes an 

analogous investigation of vibrational frequency displace-

ments and relaxation times of the vi bands of dibromomet-

hane-d2 and bromoform in solution was undertaken. 

Experimental Method 

All chemicals were obtained commercially. Bromoform 

and nondeuterated solvents were distilled prior to use. 

Solutions were prepared gravimetrically with a solute mole 

fraction of 0.05. To avoid spectral interference, CHBr3 

solutions were prepared in deuterated solvents. Nondeu-

terated dibromomethane (CH2Br2) could not be studied because 

of Fermi resonance, which causes splitting of the vi mode 

Attempts to obtain spectra of CDBr3 were unsuccessful 

due to sample decomposition at various laser frequencies and 

after repeated distillation. 

The basic details of the spectrometer operation and 

digital data acquisition and storage have been presented in 

Chapter V (see page 78). The spectra of CT>2Br2 were ob-

tained using light at 4880 A with a monochromator slitwidth 

of 0.8 cm~^ (HWHM). in order to eliminate sample 

decomposition, spectra of CHBr3 were acquired using 
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radiation at 5145 A. The monocromator slitwidth was 1.4 cm~1 

(HWHM) . 

The polarized Raman spectra of the v1 bands of the two 

compounds were measured four times in each solution. Due to 

the low depolarization ratios of these modes in halomethanes 

(11_), it was assumed that ' 1 w > - It is expected 

that this assumption may cause some error in the numerical 

values of the linewidths and relaxation times, but it should 

not have a significant effect on the variation of these 

quantities in the different solvents. 

Following digital baseline subtraction, the spectra 

were plotted on graph paper. The bands were determined to 

be symmetric to within experimental error. Therefore, full-

widths were measured directly. Following correction for the 

monochromator slitwidth, using the equation of Tanabe and 

Hiraishi (35), vibrational relaxation times were calculated 

from the relation, xv * (ncA)
-1, where A is the corrected 

bandwidth (FWHM). 

Values of xv for <3>2
Br2 and CHBr3 in Tables XII and 

XIII represent the average of the four measurements in each 

solvent. Standard deviations between runs were generally 

less than 0.05 ps. However, due to possible systematic 

errors from the use of polarized widths, it is felt that a 

more realistic error estimate for the relaxation times is 

0.2 ps. 
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Peak centers were determined manually by the method of 

bisection and were referenced to the band maxima in the neat 

liquids (Vj * 3019 cni"1 in CHBr3J • 2195 cm""1 in CD2Br2>. 

Gas-solution frequency displacements, Avg_sr were then 

obtained from reported gas-liquid shifts in dibromomethane 

(17) and bromoform (37.). The values of -( Av _ /Vq) x 1000 
9"S 

( V
Q is the vapor phase peak maximum) in Tables XII and Kill 

represent the average of the four runs. Standard deviations 

in the band maxima were generally less than 0.2 cm-1, but 

increased to 0.7-3.0 cm-1 for CHBr3 in acetone, pyridine, 

and DMSO, due to the very large bandwidths. The absolute 

accuracy of the frequency displacements depend, of course, 

on the earlier reported gas-liquid shifts (12,27). Gas-

liquid shifts for 0>2Br2 were not available. Therefore, in 

accordance with the theory of Benson and Drickamer (4_), the 

value of 22 cm""1 for the shift in CH2Br2 was multiplied by 

the ratio, v0(<2D2
Br2)/v0(CH2Br2), to obtain an estimated 

shift of 16 cm"1 in the deuterated compound. 

Results and Discussion 

Peak Frequencies 

Drickamer and co-workers (4,38) developed a theory of 

vibrational frequency displacements in liquids and solution. 

In the absence of specific molecular association (e.g., 

hydrogen bonding), the net gas-solution shift is the result 

of competition between short-range repulsive energies and 
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longer range intermolecular attractions. It has been shown 

that the dispersion energy generally predominates these 

interactions, producing a net low frequency peak displace-

ment in condensed phases (31., 32). 

A simplified expression for the gas-solution shift, 

Avg-s' d u e d i sP e r s i°n interaction is of the form 

"AVg _ s
 a i a 2 

oB. 

vQ is the vapor phase frequency, a'-| and 02 are the solute 

polarizability derivative and solvent polarizability, re-

spectively, and °ij is the mean solute-solvent collision 

diameter. It is noted that one expects the fractional fre-

quency shift, Aog_g/vo» to be approximately equal for C-H 

and C-D vibrations. The solvent's polarizability may be 

related to its refractive index by 03 (n2 - 1)/(n2 + 2) (5). 

Therefore, neglecting variations in ij and in repulsive 

energies in different solvents, one expects a linear rela-

tionship between Aog_s/vc and (n
2 - 1)/(n2 • 2). 

A very good linear correlation between these quantities 

has been observed in studies of acetonitrile (39) and 

1,1,1-trichloroethane (28) in solution. Furthermore, in a 

recent investigation of hydrogen 'bonding of CH2CI2 and 

CD2CI2 (7), an excellent correlation between the fractional 

frequency shift and polarizability was observed in all 
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solvents except dimethylsulfoxide. Since measurements in 

the Lewis bases, acetone and pyridine, also fell on the line 

defined by the nonhydrogen bonding solvents, it was con-

cluded that hydrogen bond formation does not appear to 

significantly affect the C-H/C-D vibrational frequencies in 

halomethanes. 

In order to test this further, the peak frequencies of 

CD2Br2 an<* CHBr3 in both basic and non-interacting solvents 

have been measured. Their fractional frequency displace-

ments are shown in Tables XII and XIII, respectively, 

together with data from the earlier investigations of CD2CI2 

(7) and CDCI3 (34). 

The results for the dihalomethanes and the haloforms 

are plotted in Figures 9 and 10, respectively. The straight 

lines in these graphs represent least-squares fits to data 

in the neat liquids and in nonbasic solvents (Nos. 1-5). 

One notes first from these graphs that the fractional shifts 

in both bromomethanes are generally greater than the corre-

sponding displacements in the chloromethanes. This could 

result either from larger polarizability derivatives in the 

bromomethanes (which would increase the slope) or from di-

minished repulsive interactions in these compounds (which 

would raise the intercept). The author does not believe 

that these data possess sufficient accuracy to ascertain the 

relative importance of the two effects. 
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One sees from Figures 9 and 10 that, as found in 

earlier studies (7,28,29), the halomethanes' fractional 

frequency shifts in nonbonding solutions (Nos. 0-5) are well 

correlated with (n2 - 1)/(n2 *2), with all points falling 

within experimental error of the lines defined by the dis-

persion interaction. One sees, too, that as in the earlier 

study of CD2CI2 (Fig. 9) and CH2CI2 (7), the frequency dis-

placements of CD2Br2 (Fig. 9) and CDCI3 (Fig. 10) in acetone 

are explained well on the basis of dispersion energy; the 

frequency shift of CHBr3 in this solvent is, however, some-

what greater than expected (Fig. 10). 

In dimethylsulfoxide, the frequency shifts of 0>2Br2 

and CD2CI2 are significantly greater than predicted 

(Fig. 9). From Table XIII, it may be seen that the fre-

quency displacements of both haloform vibrations increase 

dramatically in this strongly basic solvent. From the same 

table, one also observes an extremely large shift of the 

CDCI3 vibration in pyridine. As Figure 9 shows, unlike 

cd2c12» CS>2Br2 exhibits a larger-than-expected frequency 

displacement in this solvent. 

There is much spectroscopic (12,23) and thermodynamic 

(2,14) data which indicates that hydrogen bonds of Lewis 

acids with pyridine and dimethylsulfoxide are, in general, 

significantly stronger than those formed with acetone. 

Therefore, in view of the new results obtained in the cur-

rent study, the earlier tentative conclusion (see above) 
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(7_) must be modified. It does appear that in solution with 

strong Lewis bases, the C-H/C-D stretching vibrations in di-

and trihalomethanes often exhibit increased negative 

frequency shifts resulting from hydrogen bond formation. 

However, the results are erratic. Therefore, unlike for 

alcohols and amines, vibrational peak frequencies in the 

halomethanes cannot be utilized as a general diagnostic tool 

to determine the presence or strength of hydrogen bond 

interactions. 

Vibrational Relaxation 

It is well established that in the IR spectra of 

hydrogen-bonded alcohols and amines, one observes, in addi-

tion to a large frequency displacement and intensity 

enhancement, a significant increase in the vibrational band-

width of the 0-H (or N-H) stretching mode with hydrogen bond 

formation (26),, Linebroadening has also been observed in 

the IR spectra of the C-H mode of haloforms in Lewis base 

solvents (16,25). However, the effect is much less pro-

nounced than in the above systems, and it has not received 

the same attention as have the vibrational frequency shifts 

and intensities. 

It is actually more suitable to analyze the isotropic 

Raman bandwidth or, alternatively, the vibrational relaxa-

tion times of the C-H modes. This is because the IR width 

contains a reorientational component which diminishes upon 
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hydrogen bond formation, thus partially cancelling the in-

creased width due to vibrational relaxation. On the other 

hand, the isotropic Raman spectra are unaffected by mole-

cular reorientation. 

As discussed in Chapter III, in Raman lineshape analy-

sis, vibrational relaxation processes are characterized by 

the relaxation time ^ s o » If one assumes a nearly Lorentzian 

lineshape (34), the following relationship can be used to 

obtain vibrational relaxation times (29): 

'iso - - J E H — t « ] 
ISO 

where A ̂ s q is the vibrational full-width at half-maximum. 

Previous investigations of the isotropic Raman spectra 

of the modes in chloroform (21., 34) and dichloromethane 

(7_) show that the relaxation times of these bands decrease 

markedly (corresponding to an increasing bandwidth) in hy-

drogen bonding solvents. In order to determine the relative 

magnitude of this effect in bromomethanes, vibrational re-

laxation times (Xy) of the C-H/C-D stretching mode of CT>2Br2 

and CHBT3 in various solvents were determined. The results 

<x«xP) are displayed in the two tables. As in the analogous 

ch 1 oromethanes,, one observes a significant decrease of x®Xp 

in the basic solvents (Nos. 6-8). 

It is not appropriate to use a decreased relaxation 

time by itself as an indicator of molecular association, 
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because other solvent properties, including molecular 

weight, collision diameter, and number density, have been 

shown to have a large effect on Tv (28,33,36). 

However, it has been demonstrated in solvent-dependent 

Raman studies of the v-j vibrations of benzene (36), acetoni-

trile (33.), and 1,1,1-trichloroethane (28.) that the Isolated 

Binary Collision (IBC) model of Fisher and Laubereau (10) 

furnishes a surprisingly good prediction of variations in 

Tc arising from non-associative interactions in different 

solvents. 

The IBC model can be applied to explain the effects of 

temperature and density on the vibrational bandwidth. The 

expression for isotropic correlation times of an oscillator, 

A-B, as derived by Fisher and Laubereau (l£), is 

Tiso- I" M "o Tc <93> 

where k is Boltzmann's constant, T is the absolute tempera-

ture, L is the interaction length [which is often taken to 

be proportional to the molecular hard-sphere diameter 

(usually L * o r / 1 7 . 5 ) ( L £ ) ] F M is the reduced mass of the 

oscillator, y is the reduced mass of the oscillator and its 

collision partner, and Y « M A / ( M A + Mb) indicates the rela-

tive amplitude of the motion of the colliding atoms of the 

oscillator. The value of y is normally taken to be 0.5 and 
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0.25 for stretching and bending vibration, respectively 

(37). v
0 is the vibrational frequency of the oscillator, 

and xc is the time between molecular collisions in the 

liquid. 

In the past few years, it has been shown that the 

Enskog model (6) provides the most realistic hard-sphere 

collision times. This model assumes that the collisional 

properties of a molecule in a liq[uid are similar to that of 

a dilute gas, but it must be corrected to compensate for the 

excluded volume by the factor of g(o), that is, xc • Tg/g(o), 

where xg is the collision time in. a dilute gas and g(o) is 

related to the compressibility factor Z_ by 

g(o) = (Z ~ 1} [94] 

where ti is the packing faction equal to no^/6, The resul-

ting correction of the collision time using the Enskog model 

is given as 

t = [4 (kT/irm)^irpo2g (oO"1 195] 
V 

where m is the molecular mass, p is the number density, o is 

the molecular diameter, and the remaining symbols have their 

previously assigned meanings. 
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As in the earlier investigation of dichloromethane (7_)f 

the relaxation times (x°al) for CD2Br2 (Table XII) and CHBr3 

(Table XIII) in the various solvents have been calculated, 

using the equations and methods presented there and else-

where (36). Hard-sphere diameters used in the calculations 

were obtained from Weiderkehr and Drickamer (22). As be-

fore, a constant factor was utilized to obtain equality for 

t®xP and in the neat liquids. Shown also in the tables 

are values for T°al/x®xp for both bromomethanes studied here 

and for the analogous chloromethanes (7_,3£). To the extent 

that the simplified IBC model corrects for changes in xv due 

to nonspecific solute-solvent interactions, this ratio 

should be close to unity in non-associative solvents. A 

large increase in this quantity signifies a decrease in the 

relaxation time attributable to hydrogen bond formation. 

Indeed, as seen from Tables XII and XIII, x®a^/x®xp 

ranges from 0.7 to 1.6 in the non-interacting solvents 

(Nos. 1-5), but it increases to 3 or greater in the three 

basic solvents. 

Based upon the above results, it can be concluded that, 

as in the earlier study of dichloromethane (T) f a comparison 

between experimental and calculated relaxation times of the 

C-H band provides a far more reliable indication of hydrogen 

bond interactions of halomethanes than does measurement of 

the frequency displacements of this vibration. 
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Finally, it is of some interest to note that for a_ 

given solute, x®al/x®xp is greater in the stronger bases, 

pyridine and dLmethylsulfoxide, than it is in acetone which, 

as noted earlier, generally forms weaker complexes. How-

ever, further study is necessary to determine whether 

relaxation times can provide a semiquantitative measure of 

hydrogen bond strengths in these systems. 
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