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NMR relaxation and Raman lineshape analysis are well
known methods for the study of molecular reorientational
dynamics in liquids. The combination of these two methods
provides another approach to tackle the characterization of
molecular dynamics in liquids.

Investigations presented here include (1) NMR
relaxation study of polycyclic compounds in solution, (2)
the study of nitromethane reorientational dynamics using the
NMR and Raman methods, and (3) Raman lineshape analysis of
reorientation hexafluorobenzene/benzene mixtures.

13¢ dipole-dipole relaxation times and NOE enhancements
effect of five "cage" compounds in solution were measured to
derive diffusion constants (D} and D,) of each compound in
CHCl; as a function of temperature. Results showed that
substitution affected D, but had an insignificant effect on
Dy. Intermolecular association was important in determining
diffusion constants,

Raman degenerate vibration bandshapes (E modes) in C,,

molecules were routinely used to extract D| in systems with



.

vibrations in nitromethane-d; were studied as a function of

methyl rotors. The Raman bandshapes of the v; and v,

temperature in liquid phase to test the applicability of
this method to molecules with lower symmetry. Tl(zD)'s were
obtained to derive Dy of CD3NO,. Dy’s from Raman bandshapes
were greater than those from T1(2D). Hydrogen bond
interaction may be the main contribution of the band
broadening and result in greater D| (Raman) than D|(2H).

To better characterize the reorientational dynamics in
hexafluorobenzene/benzene (HFB/B) mixtures, the Raman
bandshapes of a1g and €2g vibrations in both molecules were
measured as a function of the HFB mole fraction (Xygg) and
the diffusion constants for each species as a function of
Xyrg Were derived. D,(B) decreased with increasing solution
viscosity in agreement with hydrodynamical prediction;

D, (HFB) showed the opposite trend, indicative of slowed
tumbling of the HFB due to complexation. The D|(B)’s
remained independent of concentration, whereas the Dy (HFB)

decreased at higher Y (HFB).
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CHAPTER I

GENERAL INTRODUCTION

A. Molecular Reorientational Dynamics in Liquids

The rotational motion of molecules in the gas phase is
well represented by the equipartition of energy theorem and
the laws of statistical mechanics, both of which are
premised on the view that the molecules move independently
of one another. 1In the liguid phase, due to strong
intermolecular interaction, the situation is rather more
complicated than in the gas phase. The difficulties of
understanding liquid phase behavior arise from the fact
that, in liquids, the molecules are undergoing rapid,
erratic movements and freguent collisions. Small
intermolecular separations make the liquid system very
susceptible to the forces present between molecules. These
intermolecular forces, which are molecule specific, play a
significant role in molecular dynamics. One macroscopic
manifestation of these unigue liguid phase characteristics
is the bulk viscosity of the system. For most molecules in
the liquid phase, the rotational rate depends upon the
viscosity and is independent of the moment of inertia,
indicating that intermolecular frictional forces are the

dominant factors. These physical interactions between



molecules in liquids have been a persistent challenge to
chemists. 1In the past, several models have been proposed to
account for the dynamic behavior of liguids. One that has
received tremendous attention is the rotational diffusional
model.
B. Theory of Rotational Diffusion
1. Reorientation

The diffusion concept originated in an attempt to
describe the spontaneous translational motion of small
particles and carries with it implications of a continuous
and retarding force. The rotational diffusion model of a
liquid views the reorientational motion of a molecule as
being impeded by a viscosity-related frictional force where
continuous motion is implied. If the rotational friction
coefficient operating at the surface of the molecule,
regarded as a sphere, is represented by the macroscopic
viscosity, n, then the rotational friction coefficient has

the Stokes valuel

€ = 8wnadp (1)
and the rotational diffusion rate is given by?

D,.. = kT/e = kT/8wa’p (2)

rot

where k is Boltzmann’s constant, T is the temperature, ¢ is



the rotational friction coefficient, a is the hydrodynamic
radius of particle, and n is the shear viscosity of the
medium.

In the hydrodynamical view of molecules rotating in a
continuous fluid, it is assumed that the molecule undergoes
small, random jumps about its three axes, each of which is
characterized by a rotational diffusion constant (D;, 1 = x,
Y, 2). The root-mean-square (r.m.s.) angle of rotation

during a time interval, At, is given by:3'4
<A8>ms = <A812>1/2 = <2D1At>1/2 (3)

The value of At required for <Af#>_ . to reach one radian is
defined as the correlation time, 7g4.

For symmetric-top molecules with the z-axis chosen
along the principal axis, the reorientational diffusion

constants characterize the reorientation as

x = Dy = D, (4)
and

D, = D, (5)

For totally asymmetrical molecules there are three different

diffusion constants.

2. Rotational Diffusion and Diffusion Constants

The major cbjective of liquid-phase molecular dynamics



studies is to determine the dynamic parameters, using the
concept of rotational diffusion, which characterize the
reorientational motions of molecules.

Molecular reorientation in the ligquid phase is usually
characterized by either rotational diffusion constants, D’s,
or reorientational correlation times, 7’s. The molecular
reorientation correlation time, 7., is approximately the
time required for a molecule or a relaxation vector to
rotate one radian. For a spherical top molecule, whose
motion is isotropic in nature, a single diffusion constant
or a single 7 is needed to describe its reorientational
motion. Symmetric-top molecules, which experience
anisotropic motion, require two diffusion constants (D; and
D,) to characterize the reorientational motion. D} and D,
represent spinning and tumbling rates respectively. For a
nonspherical top molecule, which may reorient at different
rates about different molecular axes, the effective
correlation time is a complicated function of many external
and internal molecular motions. In principle, by measuring
T. for several different nuclei in a molecule, it is
possible to determine the individual components of the
rotational diffusion tensor for a molecule experiencing
anisotropic motion.3"7 Relaxation measurements of nuclei
with various orientations of the nuclear vector in the
molecule must be combined to yield information on the

molecular motion.



3. Correlation Function and Correlation Time

The reorientational correlation function of a single
rigid molecule is a measure of the degree of correlation
between the orientation of a molecule at time t and the same
molecule at time 0. It answers the question about how well
a molecule in a condensed phase remembers where it was
peinting at a time t earlier.

Varying with the experimental techniques, the
correlation functions for different motions can be used to
measure related molecular properties. NMR and Raman
spectroscopies are two of these spectroscopic methods.
Molecular rotational motions are known to have an influence
on both Raman scattering of light and nuclear spin
relaxation. NMR spectroscopy concerns the property of spin
relaxation and the motions involved are molecular
reorientations. In nuclear spin relaxation, molecular
rotation is coupled to the nuclear spin by a number of
mechanisms. By measuring the dynamics behavior of the spin,
it is possible to draw conclusions about molecular rotation.
Raman spectroscopy concerns the property of polarizability
and the motions involved are also molecular reorientations.
In Raman scattering, the rotation and vibration of a
molecule modulate its polarizability and thus the frequency
distribution of the scattered light contains information

about the rotational motion.



C. Theoretical Reorientational Diffusion Models

In an attempt to predict liquid-phase molecular
rotational diffusion constants which characterize the
molecular reorientation in liquid systems, several diffusion
models have been developed in past years. It may be
possible to give a priori predictions® of the rates of
molecular rotation of symmetric top molecules in solution

based on these models.

1. The Stokes-Einstein-Debye (SED) Model

The first model attempting to describe the resistance

to the rotation of a macroscopic sphere rotating in a
viscous liquid was developed by Stokes! in 1856. The

friction constant is given by

€ = torque/angular momentum = swasn (1)

where a is the radius of the molecule and 7 is the viscosity
of the medium.

A extended application of the above model was proposed
by Einstein and Debye. 1In the case of spherical top

molecules, the rotational diffusion constant (D,) is given

by?

D, = kT/¢ (2)

The resulting expression becomes D, = (kT/Sna3n).



From the experimental results of many NMR relaxation
studies, it has been concluded that the actual rotational
rates are much faster than rates predicted from the SED
model. Such results indicate that the frictional restraint
must be lower than that represented by the Stoke’s
coefficient. This discrepancy suggests that the bulk
viscosity, 7, does not appropriately represent the effective
viscosity at the surface of the molecule.

2. The stick (Perrin) Model

The earliest hydrodynamic theory of anisotropic
reorientation was developed by Perrin,? who extended the SED
’stick’ model to rotating nonspherical molecules in a
viscous, continuous medium. Perrin’s stick model assumes
that the solvent sticks to the surface of the molecule, thus
creating a viscous drag, which retards its rotation. Perrin
solved the Navier-Stokes equation! to obtain diffusion

constants, given by:

D; = (1/£,)D, = (1/f;) (kT/8nr3n) (6)

In this equation, D; = D, or D|, £f; = f or £1, Do is the
original SED isotropic diffusion constant; k is Boltzman’s
constant; T is the temperature in kelvin; 75 is the
viscosity; and r = (ab?)!/3 is the mean radius of the

0

particle.! The correlation factors, f, and f,, are

dependent on the axial ratie, p = b/a, and on whether the



rotor is prolate or oblate in shape.
Like the SED model for spherical molecules, Perrin’s
stick model predicts rotational diffusion constants an order

11

of magnitude smaller than the experimental values™* and

proves to be inadegquate for small-to-medium size molecules.

3. The Free Rotor (FR) Model

The free rotor model assumes that the surrounding
solvent does not stick at all to the rotating molecule. For
spherical molecules, there is no retarding friction and the
molecule rotates freely (as in gas phase) at a rate
controlled by its moment of inertia. The diffusion constant

is given by!?

(D)pg = [67Tpg] ™" (7)

where 7,, is the time for a "free rotor" to rotate 41°,

Tpr = 27 (41/260) (I/kT)*/2 (8)

and I is the molecular moment of inertia, k is Boltzmann’s
constant, and T is the temperature in Kelvin.
4, The Slip (HZ) Model

As noted, the original Perrin ’stick’ model of
anisotropic reorientation in liquids® yields calculated

diffusion constants, D, and Dy . which are an order of



magnitude smaller than experimental values. To overcome
this deficiency, Hu and Zwanzig!® introduced an alternative
’slip’ theory for prolate and oblate symmetric tops, in
which solvent molecules are assumed to glide smoothly past
the surface of the solute and the solute’s resistance to
reorientation is caused by the displacement of solvent as
the molecule rotates. 1In the HZ slip model limit, a
spherical molecule experiences no opposing force and is
expected to rotate as rapidly in solution as does a free
rotor in the gas phase. A ’slip’ boundary condition (zero
tangential stress) is probably more realistic for rotation
on a molecular scale.

For the rotation of a sphere or that parallel to the
unique axis of a symmetric top (D;), this condition implies
vanishing friction and, therefore, the molecule can be
treated as a "free rotor", The rotation perpendicular to
the top axis (D,) is retarded since it requires displacement
of solvent molecules. Hu and Zwanzig13 solved the Navier-
Stokes equation numerically, by using the slip boundary
condition, and obtained the perpendicular diffusion

constant, which is given by the following expression:

D, = (1/fy;) (KT/87b%n) (9)

where b is the largest semi-axis length, fyz 1s a numerical

factor dependent on the axial ratio and on whether the
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molecule is prolate or oblate. The Hu-Zwanzig factor, fuz.
may be obtained from the reduced friction coefficients (fy,

= £"/8) in Table I of their article.l?

5. The Microviscosity (MV)_ Model

In order to account for the discrepancy encountered
with the purely ’stick’ treatment, Gierer and Wirtzl4 (Gw)
introduced a rotational microviscosity correction factor
into the SED model. The rotational microviscosity

correlation factor, f,, is given by

fow = [6(ag/a) + (1 + ag/a)~?}™? (10)

where aj,/a is the ratio of solvent to solute radius. When
ag/a >> 1, it corresponds to the "slip" boundary condition,
in which the rotating molecule slips through the solvent
without retarding forces (¢ = 0) and yields the same results
as the slip model. When ag/a << 1, it corresponds to the
"stick" boundary condition, in which the rotating molecule
experiences a retarding force (e = 8ma®n) and generates the

results obtained with the stick model. In pure liquids,

ag/a 1, which gives a microviscosity factor, foy = 0.16,
and represents a friction coefficient with 16% of the stick
value.

6. The Hynes-Kapral-Weinberg (HKW) Model

Hynes, Kapral and Weinbergl®'1%® jintroduced a new
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formalism, in which they incorporate a slip coefficient, 8,
whose magnitude is dependent on the frictional torgue
exerted by the solvent. The HKW model provides a general
description for the reorientational behavior of molecules in
liquids and the theory allows for the fact that rotation
actually lies between the "stick" and "slip" limits. The
magnitude of B indicates the degree of coupling between the
particle’s rotation and the solvent continuum. 8 = 0
corresponds to the slip boundary condition, whereas the
hydrodynamic stick limit is approached as 8 -> «. They
developed an expression for the rotational diffusion
constant and also employed the Enskog collision theoryl® to
obtain an equation for the approximate calculation of B.
The extended HKW model demonstrates considerable
promise in narrowing the gap between calculated and
experimental rotational diffusion constants.l7 21 The HKW
model was originally developed for spherical particles.
Tanabe??:23 modified the HKW equations (model) in order to
calculate the diffusion constants (D) and D) of symmetric-

top molecules:

D, = (1/£,)) D1 + (3n/8 + a.n)] (11)

Dy = (1/£])D,[1 + (3n/8)] (12)

where f, and fl are the Perrin coefficients? and D, is the
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SED diffusion constant [D, = kT/(Bﬂr3n)]. Therefore, in the
stick limit (8 -> ®), the above expressions reduce to the
Perrin results for D; and D;. 1In addition, D diverges in
the slip limit (8 = ¢). The guantity a, in eq. 11 can be

calculated by the relation
P2/ €y = (L/E)[1 + (3/a,)) (13)

The slip coefficient, B, may be estimated from the Enskog

theory as?4

B = [26/(K + 1)](281,kT/7) Y 2p,9,5(04,) (14)

where u,, is the reduced mass of the solute-solvent pair;
03, is the mean diameter, (o; + 0,)/2; and P1, is the
solvent’s number density. The radial distribution function,
9;,(045), can be derived by the methods presented in one of
Tanabe’s articles.?® Finally, K = Iavgfmrz, where I, =

(21, + I,)/3 and m is the molecular mass.
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CHAPTER II
NUCLEAR MAGNETIC RESONANCE RELAXATION AND MOLECULAR DYNAMICS

Since the pioneering work of Bloembergen, Purcell, and
Pound}, NMR has been proved to be an extremely powerful tool
in the study of molecular motion of materials in the
condensed phase. Not only is this technique useful in the
study of the dynamics of the translational diffusion of
atoms and molecules (mass flow), but also it is useful in
the study of molecular-reorientation processes when mass
flow is absent. Because of much activity in the development
of this technique, most of the theoretical problems
concerning NMR spectroscopy have been clarified. This
allows researchers to interpret experimental results on a
firm theoretical ground and permits unambiguous conclusions
about the nature of molecular motion.

A. Basic Theory

The concept of NMR was originally developed in the
classic studies of Purcell, Torrey, and Pound? and Bloch,
Hansen, and Packard,? who independently observed the first
NMR signals. Since then, the theory has been considerably
modified and extended by a number of authors.%™®
NMR spectroscopy is concerned with the atomic nuclei in

a molecule. Most nuclei have a spin angular momentum, which

15
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is expressed in terms of the maximum observable component
ofthe nuclear spin (i.e., the spin guantum number I). When
applying a uniform magnetic field H, (assumed to be in the Z
direction}, the spin degeneracy is removed, a nucleus of
spin I will have 2I + 1 energy levels (the values can be 0,

*1/2, *1, ..., etc.) equally separated by

AE = puH /I (15)

where H, is the static magnetic field, and u, the nuclear

magnetic moment, which is proportional to I, is given by®

p = YhI (16)

where 7y is the magnetogyric ratie, which is a constant for a
given nucleus, and h = h/2m, where h is Plank’s constant.
The energy of each spin state of the nucleus in the magnetic
field, by combining the above two equations, can be

expressed as

AE = yhH, (17)

According to the Bohr relation, the frequency of
radiation can induce transitions between the different spin
states. Such transitions then give rise to a net absorption

of energy, which is
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hy = AE = 7hH, (18)

where v is the Larmor frequency, ¥ = YH,/(27) in Hz or w =
27y = YH, in radian per second. The equation of motion of
the nuclear magnetic moment can be written as du/dt = yuxH,.
Such an equation describes a precession of the u vector
about H,, as shown by Figure 1(a), at the Larmor angular
velocity, w = -YH,. Figure 1(b) shows the precession of an
ensemble of nuclei with spin I = 1/2.

When an ensemble of nuclei is placed in a magnetic
field, after a sufficient amount of time, a net
magnetization M, in the field direction will result. This

can be described by Curie’s law?

M, = NY2RI(I + 1)H,/(3kT) (19)

where N is the density of nuclei. This magnetization is due
to the preferential population of the lower energy level
according to Boltzmann’s distribution.

As described by Boltzmann’s 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, H;, is applied after
equilibrium is reached, the nuclei absorb energy, and the
populations of the two spin states tend to equalize.

When the magnetization is perturbed from its



(a)

(b)

Figure 1. Precession of nuclei in a magnetic field.
(a) Pression of u about H,.

(b) Pression of an ensemble of nuclei with I = 1/2.
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equilibrium value M, by applying an RF magnetic field H,
perpendicular to H,, the interaction between the
magnetization and the magnetic field will exert a torque on
the nonequilibrium magnetization which tends to align it
parallel to the field. 8Since this torgque alters only the
component of angular momentum perpendicular to H, and g, the
net result leads to a rotation of the direction of u in a
cone with its axis along H,. Such rotation is called Larmor

precession and represented by9

dM/dt = v (M x Hggg) (20)

where M is the magnetization and H,;, is the effective field

strength and Hger = H + Hl'x.

0,2
when there is no interaction between the spins or with their
surroundings.

Eventually, when H; is removed, the system will return
to the former equilibrium distribution appropriate to H,
through the same energy relaxation phenomena. The excess
nuclear population is then restored to the lower energy
level, and the energy previously absorbed by the spin system
is transferred to the "lattice" (its surroundings} by a
first-order relaxation process, giving rise to what is
called spin-lattice relaxation.?

In order to observe more precisely the motion of the

magnetization vector in the presence of the magnetic fields
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H, and H,, it is important to view M from a reference frame
rotating at the Larmor frequency. Therefore, the
magnetization appears to be a constant vector with
components both parallel (M,) and perpendicular (M,, M,) to
the applied field. Both average values of magnetization (M,
and M) in the x and y directions are zero in the
equilibrium state. Resonance will occur if an exciting
field H; is applied exactly at the Larmor frequencies of the
nuclei. When the applied field H; is removed, magnetization
will return to its equilibrium state M, by two types of
relaxation process. The z component, M,, will return to its

equilibrium state by spin-lattice relaxation

dM,/dt = -(M, - M,)/T, (21)

where T; is a first order time constant, which characterizes
the behavior of the z component of the macroscopic nuclear

magnetization, M,, in a static magnetic field, B,. The

27
explanation of the occurrence of spin-lattice relaxation is
that it occurs via transitions which are stimulated by
components of the local magnetic field of a particular
nucleus which fluctuate at its Larmor frequency. These
fluctuations in the local magnetic field result from the
Brownian motion of the two interacting nuclei.

The nonequilibrium component of magnetization, M, or

M, is also dependent on the relaxation and its environment
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and is zero at equilibrium. The relaxation is also
characterized by a first order rate with exponential decay
time, T,, which is the time taken for the magnetization, M.,
to decay to l/e of its initial value. T, is known as the

spin-spin relaxation time and can be expressed as

dM, /AT = - M, /T, (22)

Spin-spin relaxation alsc occurs through local magnetic
fields. When a nucleus undergoes a transition from one spin
state to another, the local magnetic field changes at the
same frequency to induce a transition in a second nucleus.
If a second nucleus of the same type with opposite spin
state is close by, then energy exchange will occur between
these two nuclei. Such a process does not change the total
system energy but affects the life time of the excited
state. Therefore, spin-spin relaxation is an entropy
effect, whereas spin-lattice relaxation is an energy effect.
In most of the cases T, is always shorter than T; because of
two effects. The first effect is due to static dipole
fields orienting from other nuclei with the sample, which
only interact with M, or M,. The second effect arises from
inhomogeneities in the magnetic field due to instrumental
imperfection.

As many as five different independent mechanisms may

contribute to the total relaxation process. The following
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sections of this chapter are brief review and discussions of

these relaxation mechanisnms.

B. Relaxation Mechanisms

The fact that the nuclear magnetic resonance relaxation
parameters depend on the exact movement through the
fluctuating local magnetic fields provides a unique
opportunity to study dynamic interactions in solution. When
the nuclei have absorbed radiation and have been excited to
the upper enerqgy level, there are many ways to return to the
lower energy state by exchanging energy with their
environment. This energy exchanging process is called spin-
lattice relaxation. The efficiency of this energy
exchanging process is characterized by the relaxation time,
T,, or by the relaxation rate, R, = 1/T,. The spin-lattice
relaxation time characterizes the time required for a
perturbed system of nuclei to return to an equilibrium
condition. A larger value of T, means an inefficient
relaxation process. There are five types of interaction
which cause the nuclei system to relax its energy, namely,
nuclear magnetic dipole-dipole interaction, nuclear electric
quadrupole interaction, spin-rotation interaction, chemical
shift anisotropy, and scalar coupling effects. The
experimental relaxation rate is usually considered to be the
summation of the specific rates of all the relaxation

mechanisms involved. In principle, all the interactions may
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contribute to the overall relaxation process. However, in
many cases only one or two of the numerous possible
mechanisms predominate and a quantitative interpretation can

be achieved.

1. Dipole-Dipole (DD) Relaxation

The major source of the nuclear relaxation for nuclei
with a spin quantum number equal to 1/2 is via dipole-dipole
interaction. Considering the relaxation of a nucleus I by
another nucleus 8, due to random motions in the sample,
spins I and 8 will change orientation and position relative
to each other and spin I will experience a fluctuating
magnetic field of magnitude H,,.. The local field (H;,.°P)

generated at I by 8 is given by the classical equation!®

Hyool? = + pg(3cos?d - 1)r;g 73 (23)

where ug is the magnetic moment of 8, ¢ is the angle between
the static field and the axis through I and 8, and r;¢ is
the distance between I and 8.0 As the molecule tumbles in
solution under the influence of Brownian motion, this field
fluctuates in magnitude and direction.

Just as a precessing nuclear moment can interact with a
coherently applied RF magnetic field, so can it interact
with the component of a molecular magnetic field precesses

1

at the Larmor frequency.1 Therefore, the relaxation
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arising from the fluctuating field will depend on the
molecular motion, magnitudes of the nuclear moments, and the
distance between the interacting nuclei. A detailed

treatment of the relaxation process shows that!?

1 _ YiYiR*s(s + 1)
T\ oo 30n2r%
(24)
31, R T . 67,
1+ tiw} 1+ t2(w, - @g)? 1+ t2(w; + wg)?

where v; and 74 are the magnetogyric ratios for nuclei with

nuclear spin I and S, respectively; 7. is the

c
reocrientational correlation time; @, and w;, are the Larmor
frequencies for nuclear spins I and S. The rapid random
motion of molecules will lead to a very short r,. When the

extreme narrowing condition, 1.0, << 1, is satisfied, the

above equation can be simplified to
- = 2 2 %2 6
Ry,pp = 1/Ty,pp = (4/3)ng[7517%3h*S(S + 1) /r°; 51, (25)

There are three things revealed by equation (25):
First, because the local field depends on g, the nucleus
with the largest nuclear magnetic moment (such as proton)
will be the most powerful source of internuclear relaxation.
Second, due to inverse sixth power dependence on the

interdipole distance, dipole-dipole relaxation is a very
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short-range effect. The third one is that dipole-dipole
relaxation is magnetic field independent and temperature
dependent. The correlation time remains invariant in
different magnetic fields but will change as the temperature
changes., At high temperatures, 7. is shorter (faster
motion), and the efficiency of dipole~dipole interactions is
lowered. Under this situation, a longer T; pp will result.

The relaxation of the spin dipole is caused both by
other spins on the same molecule (intramolecular) and on
different molecules (intermolecular). When the nuclear spin
is located on the interior of the molecule, intermolecular
relaxation is negligible. When studying relaxation times,
the intermelecular contribution is usually eliminated by
dissolving the solute in a solvent which does not have
significant nuclear magnetic moment. Once the relaxation
times have been determined by experimentation, they can
provide information about the correlation times of spin-spin
vectors in the molecule, which can be used to characterize
the molecular reorientation.

2. ouadrupole Relaxation (QR)

Nuclei with spin quantum number (I) of 1/2 have a
spherical charge distribution. Nucleli with a spin guantum
number greater than 1/2, whose charge distribution is
nonspherical and have a quadrupole moment 0,13 will undergo
a very efficient relaxation process by interacting with a

fluctuating electric field opposed to a magnetic field. 1In
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the liquid phase, the quadrupole mechanism is usually four
or five orders of magnitude more effective than other
mechanisms in promoting relaxation, and where present,
accounts for essentially all of the relaxation.

In the simplified case of extreme narrowing conditions,

the guadrupole relaxation rate can be given by14
Ry or = 1/Ty or = 3/125(e®qQ/h)%[1 + (n?/3) )7, (26)

where e?qQ/h is the electric Quadrupole Coupling Constant
(QCC), which is made up of the nuclear quadrupole moment, Q,
the electric field gradient, ¢, and the fundamental

constants ¢ and h. 7. is the correlation time for molecular

C
reorientation, and n is the asymmetry factor. By measuring
Ty,or+ One can obtain the QCC, which measures the asymmetry

of electronic charge distribution around the nucleus. Since
T),or depends upon the reorientational correlation time, its

relation to temperature is the same as that for Ty, pp-

3. Spin-Rotation Relaxation (SR)

Apart from the dipole-dipole (DD) mechanism, it is well
known that the contribution from the spin-rotation (SR)
interaction is important for 13C relaxation, especially for
small and rapidly tumbling molecules. Spin-rotation
relaxation arises from magnetic fields generated at a
nucleus by the motion of a molecular magnetic moment which

arises from the electron distribution in a molecule.



27

Consider a rotating molecule with a moment of inertia I.

Any electron in the molecule 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 direction and rotational
rate, will modulate this field and provide a relaxation
process. For molecules undergoing diffusional
reorientation, the spin-rotation relaxation rate for a

symmetric top moleculel!® can be expressed by
- 2y,2 2 2
1/Ty,sp = (8KT/37%02) [1,¢,%(14)| + 2I,C,%(r4),) (27)

where I; and I, are components of the inertia tensor and o
and C, are components of the spin-rotation tensor with
respect to the symmetry axis. The terms (Tj)l and ('rj)l are
the angular momentum correlation times about the appropriate
axes.

Symmetric molecules with little or no intermoclecular
interaction will be affected by SR relaxation, because they
will have relatively larger angular velocities. For
spherical molecules, in which Iy =I =1 and (rj)! = (Tj)l =

T the equation (27) can be written as

j!‘

1/Ty gr = (27IKT/h?) (Coge) 275 (28)

where C.¢¢ is the average component of the spin-rotation
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tensor and 7; is the angular momentum correlation time,
which is a measure of the residence time of a molecule in
any given angular momentum state. For spherical molecules
undergoing small step diffusion, 7; is related to the
molecular reorientation correlation time 7., by the Hubbard

relationship!®

T, * T3 = I/{6KkT) (29)

It is that 7; and 7_ are inversely related to each other.
Within this diffusion concept, 7; is the time between
collision that change the angular momentum and is required
to be much shorter than r_ (75 << 7.). The best way to
judge if the spin-rotation relaxation is dominant is to see
if T, decreases as temperature increases since 7, becomes
shorter, and 7; becomes longer, as the sample temperature
increases. At low temperatures, Ry g is inefficient and

Ry pp is efficient because of the slow molecular motion. As
the temperature increases, Ry, pp decreases slowly due to
decreasing 7. until R, p, becomes negligible. At high
temperatures, T, begins to decrease with temperature, due to
the spin-rotation relaxation. In general, spin-rotation
interactions are important with nuclei that have a large
range of chemical shifts (e.g., *°F, 13c, 15N) because both
the chemical shift and the spin-rotation of any given

molecule depend on the electron distribution in a molecule.
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A distribution which results in large chemical shifts will
also lead to large spin-rotation interactions.
4, Chemical Shift Anisotropy (CSA) Relaxation

The magnetic field experienced by a nucleus is not the
primary magnetic field but, instead, is modified by the
molecule. This modification is expressed in terms of a

shielding tensor o. According to the equation

Hyoe = Hy - 0Hy = Hy (1 - 0), (30)

the local magnetic field, H,,.,, experienced by a nucleus in
a magnetic field is determined by the shielding tensor,
which is dependent upon the orientation of the molecule in
the magnetic field. Fast molecular motions in liquid state
average these values, yielding an average chemical shift,

which is expressed as follows:17/18

G = 1/3 {0y, t ©

avg + Ozz) (31)

YY

For symmetric top molecules, ¢ is axially symmetric, the

equation is reduced to

c = 1/3 (20, + ol) (32)

avg

where o,, = Iyy = 0, and o0,, = o) refer, respectively, to the

shielding perpendicular and parallel to the molecular
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symmetry axis. While the molecules are rotating, a
fluctuating magnetic field is generated, which can preduce a
spin-lattice relaxation mechanism. In the extreme narrowing
case for axial symmetry, the relaxation rate or relaxation

time due to chemical shift anisotropy can be expressed as
Ry, csa ™ (Tl,csa)-l = (2/15)12H20(AU)ZTC (33)

where Ac = o) ~ 0,. 1In liquid phase, the splitting due to
CSA are averaged out by the fast molecular rotation and only

a single peak is shown. One way to obtain Ao is to measure

9 1.20

the NMR splitting in solid phasel? and liquid crysta
The relaxation rate due to chemical shift anisotropy

increases quadratically with increasing magnetic field, as
one may see from equation (33). Chemical shift anisotropy
is usually an inefficient mechanism at low magnetic field
and is rarely found to contribute significantly to spin
relaxation. Some exceptional situations include (1)
Experiments performed at very high fields, (2) Heavy
molecules with large shielding tensors (o), and (3) Nuclei

with large chemical shift ranges.

5. Scalar Coupling (SC} Relaxation

When a nucleus, I, is spin-spin coupled with a second
nucleus, B8, it is possible for B to provide a fluctuating
magnetic field and cause relaxation of nucleus I. This type

of relaxation mechanism is called scalar relaxation because
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it relies on scalar spin coupling. The field fluctuation
iscaused by two sources. One is from the time dependence of
the excited state of spin 8; the other one is from any time
dependence of their spin coupling constant, J, resulting
from chemical exchange. As 8 relaxes, I experiences a
magnetic field fluctuation; likewise if J changes, because
bond breaking in chemical exchange process, I experiences a
similar fluctuation.

If the field fluctuations are rapid (in the order of
Larmor frequency), the relaxation will be efficient. On
condition that 1/T,% >> 2#J, T%, is the longitudinal
relaxation time of the nucleus S, i.e. if the relaxation
rate of nucleus 8 is fast compare to 2#J, no spin coupling
will be observed. However, the I nucleus to which 8 is
spin-coupled experiences a local field that fluctuates at a
frequency 1/T;5. This condition is often satisfied for such
quadrupolar nuclei as %N, 35c1, 37c1i, 7°Br, 8Br, 12?71, etc.
Scalar coupling is frequently found to be a dominant
mechanism for transverse relaxation, to the extent where it
manifests itself in appreciable line broadening. The

relaxation equations of the scalar coupling process for the

rsecond kind’ may be expressed as follow:14
212 { 73
T =2 s(s - 1) L (34)
Tisc ll + (Wy - Wwg)“(Ty)

and
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)
242 T
S
1 =4I (s )0 - = (35)

8.2
3 1+ (0p - wg)2(T7)

T
Ty sc

where § is the spin of the nucleus 8, w; and wg are the
Larmor frequencies of the two nuclei, and TS; is the
longitudinal relaxation time of the nucleus 8.

The above two equations show that this mechanism can
have very different effect on T, and T, process. As one may
observe that the conditions for scalar spin-lattice
relaxation of I to become efficient are rather narrow. The
mechanism is field-dependent through the Larmor frequency of
the two interacting spins, whose difference occurs in the
denominator of the equations (34) and (35). In most common
cases (w; ~0g)2(T%;)? >> 1, so that T,5/[1 + (w; - wg)?(T,5)?]
becomes very small. Unless this is offset by a very large
spin-spin coupling constant, scalar spin-lattice relaxation
is negligible. Under this condition, (1/T; g0} # 0 and

T%) sc -> @. Equation (35) becomes

(1/T%; ) = (4m?/3)8(S + 1) J°1,%, (36)

which means scalar coupling relaxation contributes only to
T,. In most cases, scalar coupling relaxation does not
contribute significantly to the overall T,. The exceptions
occur when the Larmor frequencies of two nuclei are very

close. For example, consider 13¢-8Br of CHBr;'° in which
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7(}3¢c) =~ v(®Br). 1In this case scalar coupling
doescontribute significantly to T, process.?17?5  on the
other hand, (w; - wS)Z(Tls)2 << 1, due to a very short
relaxation time of the coupling nucleus 8, the quotient
Tls/[l + (wp - ws)z(Tls)z} is still very small and the
mechanism is of no importance unless it is balanced by an
exceptionally large coupling constant. 27T is an example
which is known to give rise very large coupling constant.?®
C. Separation of Relaxation Mechanisms

The observed (experimental) relaxation rate is the sum
of the various mechanisms involved. Each mechanism gives
different chemical information. Therefore, in order to
acquire the full knowledge from a study of relaxation data,
the separate contribution from each mechanism must be
resolved. Several methods were proposed for separating the
various relaxation mechanisms.'%:?7 First, if gquadrupolar
interaction is present (nucleus with I > 1/2 not in a
spherical environment), quadrupolar relaxation mechanism is
generally predominant over other relaxation mechanisms.
Second, since scalar coupling relaxation makes a significant
contribution in only very special cases (e.g. in the case of
a bromine-bearing carbon), it is normally considered to be
absent.

The dipole contribution to the overall relaxation

process can be separated from all other relaxation
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mechanisms by measuring the nuclear Overhauser enhancement
(NOE or n).12 The NOE is a property whose magnitude is
directly proportional to the fraction of the totalrelaxation
contributed from the dipole~dipole mechanism. The
theoretical maximum NOE can be derived from the magnetogyric
ratios or observed when the relaxation is totally dipolar.
For proton bearing 3¢, the ratio 7., = Y(H)/27(}3c). The

experimentally observed NOE is defined as
Nexp = (Ig/Iy) = 1 (38)

where I, is the intensity of the enhanced signal, Iy is the
intensity of the non-enhanced signal, and the contribution

of the dipole-dipole mechanism can be obtained by

T1,0p0 = T1,008 (Tmax/ Nexp) (39)

where T; .p, is the measured spin-lattice relaxation time.
When Nexp < Tmax’ the presence of a nondipolar relaxation
process is indicated. The contribution to the relaxation

rate from other processes can be given as

Ti,008 = (/T3 pp) *+ (1/T1 other) (40)

Chemical shift anisotropy relaxation is magnetic field

dependent as expressed by

1/Ty,csa = (2/15)7%H2 (Ao) 21, (33)
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Experimentally one may measure the overall T; value at two
different magnetic fields. One may rewrite equation (33)

for two different fields H, and Hg,

1/T,% = a + b(Hy)? (41)

and

It

1/T;% = a + b(Hy)? (42)
where a = 1/Ty oiners b = (2/15)7.,%(A0)?7.. The above two
equations can be solved mathematically and T; g, can be
obtained.

The spin rotation is a mechanism whose T, decreases
monotonically with temperature. If a nucleus is relaxed
partially by spin-rotation, it will show a non-Arrhenius
behavior as a function of temperature. This enables spin-
rotation to be detected in the presence of other relaxation
mechanisms.

D. Correlation Function, Correlation Times, and Diffusion
Constants

Molecular motions are coupled to nuclear spins by a
number of mechanisms. The relaxation processes of a nucleus
are coupled to its surrounding. The energy transfer
necessary for the relaxation will only occur if the position
vectors determining the instantaneous coupling (magnetic
dipolar or electric quadrupolar) between a nucleus and its

surroundings are functions of time. Therefore, the
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correlation time, 71 obtained from a relaxation time

cr
measurement is a function of the rotational diffusion
constants. The relationship between 7, and diffusion
constants was developed by Huntress?8, shimizu??, and
Woessner3® pback in the 1960‘s.

In liquids, the function, F(t), of the nuclear position
coordinates which contains this time dependence varies
randomly as the molecules containing the magnetic nuclei
undergo their Brownian motion. The value of F(t) measures
the magnetic or electric coupling between the nucleus and
its surroundings. The correlation function of F(t), denoted

as G(71), characterizes the differences between F(t) values

over short intervals of time, 7, and is given by

G(1) = F(£)F'(t + 7) (43)

The function G(7) represents the decay in correlation as the

time interval becomes larger. For the molecular processes

that are of interest to us, G(7) takes the form3! of

G(1) = F(t)F (t + 1)e”7/7° (44)

G(1) 1is an experimental time function that decays rapidly to
zero when 7 exceeds a particular value 7, Known as the

correlation time. 7. defines the length of the time needed

c

by the kT randomizing force to reduce F(t) to 1/e (or 37%)
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of its initial value. In NMR relaxation studies, this time
constant, 7., is defined as the average time period in which
a molecule rotates through one radian (& 57°).

Symmetric-top molecules, which experience anisotropic
motions, require two diffusion constants (D) and D} to
characterize the reorientational motion. If the reorienting
vector is aligned parallel to the principal axis, yield a
single 7., the correlation time is related to the rotational
diffusion coefficient only and can be expressed as

Te = 1/(6D,) (45)
If the reorienting vector lies at an angle f# relative to the
principal axis, the correlation time will be a function of
perpendicular and parallel diffusion constants. Woessner-3‘
has derived an equation for the correlation time as a
function of ¢ and the two diffusion constants, Dy and D,
for symmetric top molecules:

Tc = A/(6D,) + B/(5D, + Dy} + C/(2D, + 4Dy) (46)
where A=0.25(3cos?§-1)2, B=3sin?fcos?d, c=0.75sin*¢. When ¢
= 0, the above equation will be reduced to equation (45).

For asymmetric molecules, it takes three parameters to
describe the molecular rotation, and an additional parameter

will be needed for the internal rotation. Since a complete
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characterization of the dynamics behavior of totally
asymmetric molecules in solution is very difficult,3? most
studies would assume an asymmetric molecule as a quasi-
symmetric-top molecule. This simplifying assumption makes

many asymmetric systems suitable for study by NMR.
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CHAPTER IIX

RAMAN SPECTROSCOPY AND MOLECULAR DYNAMICS

A. Raman Spectroscopy

1. Basic Theory

The Raman effect is inelastic light-scattering of
photons by atoms or molecules in nature. The incident
optical photon interacts with an atom of the molecule
through dipole interaction with the electronic level, which
is followed by a spontaneous photon emission. In other
words, this light-scattering phenomenon does not involve
absorption or emission directly from the energy levels, but
instead involves an intermediate virtual state. Figure 2
illustrates the energy levels and transitions of Raman and
Rayleigh scattering. When it experiences an electric field,
the electron cloud in a molecule is periodically perturbed
and this distortion of the electron cloud results in an
induced, alternating dipole moment. The polarization, P,
defined as the induced dipole moment per unit volume, is
proportional to the incident electromagnetic field, E, and

can be expressed as

P=aqa6E (47)
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Figure 2. Energy level diagram illustrating the fundamental processes

of Raman scattering. The exciting line is of energy hv.
Raman bands appear at h(y,-v,) and h(v,+v,).
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where a is the polarizability of the material. The
electricfield associated with the incident beam of frequency

V, can be written in its time-dependent form asl

E = Ejcos(2myt) (48)

where E, is the magnitude of the external electromagnetic

wave. In this case, the polarization will fluctuate as

P = aE,cos(2nV,t) (49)

The Raman effect results from the variation of the
polarizability, a, at the frequency of the normal mode of

the molecular vibration and a can be expressed as

a = o, + acos(2nyt) (50)

The first term, a,, represents for the static polarizability
of the molecule with a fix nuclear position. The summation
term expresses the polarizability changes which arise from
the time-dependent normal modes of the molecule, and v, is
the frequency of the k'™ vibration. Introducing «, as

expressed above, into equation (49), gives

P = ajE,cos(2nV t) +

(E0/2) ak{cos[zﬂ(vo+vk)] + cos[27 (Vo~Vy) 1} {(51)
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The first term gives rise to the Rayleigh scattering
describing a classical dipole radiating at frequency v,
(Figure 2). The second term contains two frequency-shifted
radiations at frequencies (v, + vy ) and (¥, - V), Known as

anti-Stokes and Stokes Raman scattering respectively.

2. Vibrational Lineshapes and Fourier Transformations

In Raman scattering, molecular rotational and
vibrational motions are known to have a certain influence on
the Raman light scattering and polarizability and, thus, the
frequency distribution of the scattered light contains
information about the rotational motion of molecules. The
life time, 7, during the re-equilibration process, leads to
a line broadening or bandwidth increment, Aw, of the
vibrational line as predicted by the energy-time uncertainty

principle?

TAE#* h or 7Aw = 1 (52)

As a consequence, a frequency distribution around the
unperturbed vibrational frequency is exhibited and this
gives rise to a band profile. The extent to which a
vibrational band is broadened is governed by the relaxation
process which in turn is dominated by the dynamic effects or

the molecular motions. Thus, the analysis of Raman band
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profiles? can provide us valuable information about
molecular motions,

Vibrational bandshapes are a consequence of the thermal
molecular motions. The spectral lines can be broadened by
both molecular vibrational and rotatonal relaxation.%'® The
relaxation process in Raman spectroscopy is the dispersion
of the excess energy of the excited oscillators to molecular
motion in the condensed phase. There are three types of
information that can be extracted from normal vibrational
spectra, namely, peak frequency, peak intensity, and
lineshape. The vibrational peak maxima in the liquid phase
depend on static parameters such as force constants, atomic
masses, and bond distances; band profiles and bandwidths
depend on dynamic parameters arising from atomic and
molecular motions.

The spectral profile, I(w), represents the frequency
distribution of band intensities. In its two limits, it can
assume or represent either a Gaussian or Lorentzian type

distribution. The respective equations describing the two

band shapes are®

I(w)g = A exp{-1n2[(w - ©,)/A1?%} (53)

and
I(w), = A { 1+ [(w - w,)/A)? 371 (54)

These are both symmetrical about the peak center, w In

o"
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both equations, A is the peak intensity at the peak center,
@, and A represent half of the band width at half of its
maximum intensity (HWHM). It has been shown that,
physically, Gaussian band shapes represent rigid molecular
environments while Lorentzian profiles indicate extremely
mobile environments.® Experimentally, very few pure
Gaussian or Lorentzian profiles are encountered. Rather a
combination of both is almost always the case. In the
liquid phase, for small to medium size molecules, the
vibrational band shape is closer to a Lorentzian type
curve. ®

The application of Raman spectroscopy to the study of
dynamical processes is based on the use of a mathematical
relationship known as the Wiener-Khintchine theorem.’
Briefly, it states that for any independent dynamical
variable (e.g., time), the frequency spectral profile, I(w),
of the process and the corresponding time correlation

function G(t) are each other’s Fourier transforms. Thus,

G(t)

FT{I(w))] (55)
and

I(w)

FT[G(t)] (56)

It should be noted that the relationships established in the
above two equations are perfectly general with the only

restriction being that a linear response should be present
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between the system and the perturbing radiation. It is
useful, in experiments, to sort out what freguencies are
present in a complex waveform and to determine the intensity
at each of these frequencies. Fourier analysis is a
mathematical technique for converting a complex waveform

into its spectral components.

3. Relaxation Processes

Raman vibrational line broadening in the condensed
phase is due mainly to rotational and vibrational
relaxation. Their contribution to the linewidth can be
separated in a Raman experiment by making use of the tensor
properties of the polarizability, «.® 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
amplitude and angle-dependent terms.® The time dependent
development of the amplitude factor is assigned to the
vibrational relaxation, whereas the time development of the
angle-dependent factor is assigned to the rotational
relaxation. These two types of relaxation processes are
considered to be statistically independent. Vibrational and
rotational types of motion are not coupled. Therefore, the
overriding advantage in performing a Raman lineshape study
is that it leads to the separation of the relaxation

processes.
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Experimentally, the deconvolution of the vibrational
and rotational contributions to the band profile can be
accomplished by observing the scattered light that is
pelarized parallel (Ipol) and perpendicular (Idep) to the
incident radiation. The observed Raman pure vibratiocnal

spectrum is given by:?

I(w)j_go = I(“’)PQ]_ - (3!4)I(w)dep (57)

where I(w),;,, is the component of the scattered light
independent of molecular orientation (isotropic). Fourier
transformation of the isotropic component leads to the pure

vibrational relaxation correlation function:®

FTII(0)3g0] = FT[I(0)pg = I(0)gepl = G(t), (58)

The depolarized (anisotropic) Raman spectrum contains
components that are both dependent and independent on
molecular orientation. Fourier transformation of the
anisotropic band will result in the anisotropic correlation

function G(t),:®

FT[I(w)dep] = FT{I(W®)anigo] (59)

and

G(t) = G(t)yG(t)g (60)
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Since I(W),nigo 18 identified with a convolution of the
rotational and vibrational relaxation, it can be represented
as a product of their respective time Fourier transforms.
This allows a method for performing the deconvolution and

obtaining the rotational correlation function, G(t)y, by

G(t)g = G(L)n/G(t)y (61)

This vibrational-rotational separation from Raman
vibrational bandshapes is only possible for totally
symmetric vibrations where the pure vibrational bandshape
can be obtained from the Raman spectrum.a The only
exception occurs when the vibrational width is negligible
compared to the reorientational width.10 The determination
of the predominant relaxation process is facilitated by
comparing the different correlation functions at various

decay values.

B. Correlation Functions

The Wiener-Khintchine theorem’ is the foundation of the
application of spectroscopic methods to studies of molecular
motion. This theorem states that, for any dynamic process,
the power spectrum, I(w), of this process and the
corresponding time correlation function, f(t), are mutual
Fourier transforms. These correlation functions can be

obtained by numerical Fourier transform of experimental band
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contours and can also be predicted by theoretical modeling.
Thus, such correlation functions, which are strictly defined
in time dependent statistical mechanics,!"15 provide an
important link with theoretical studies of molecular
dynamics in the condensed phase. The small-step rotational
diffusion theory16 proposed by Debye has been extensively
applied to interpret reorientational spectra from IR and

Raman spectral bandwidths.

1. General Aspects

According to the fluctuation-dissipation theorem,l:17
the energy dissipated by a system when it is exposed to an
external field is related to a time-correlation function,
which describes the detailed way in which spontaneous
fluctuations relax the system back to the equilibrium state.
Utilization of the fluctuation-dissipation theorem leads the
correlation function to be expressed in a one-sided average

form®

£(t) = <m(0)m(t)> (62)

where m(t) is defined as a tensor along the vibrational-
rotational transition moment of the molecule.

In IR absorption, m(t) is identified with the first-
rank dipole moment tensor (a vector), p{l). The dipole

moment correction function, fp(t), is
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£,(t) = <p(0)p(t)> (63)

Since p{(t) is fixed in the molecule frame, variations
resulting from molecular motions determine the time
dependence of <p(0)p(t)>.

For Raman scattering, the second-rank polarizability
tensor, a(zl, is involved and the polarizability correlation

function is expressed as

£,(t) = <a(0)a(t)> (64)

The polarizability tensor (a{2)) can be separated into a
product of two terms, an amplitude-~dependent and an angle-

dependent term, 18

owing to its second-rank nature. The
time dependent development of the amplitude-~dependent term
is related to vibrational relaxation, while the angle-

dependent part is dependent upon rotational relaxation.

2. Reorientational Correlation Functions

In the formalism of reorientational correlation
functions, it is necessary to determine the way in which the
dipole moment and polarizability change when the molecule
rotates through an Eulerian angle. One general

h?:11,18,1% 5 to describe the reorientation of the

approac
tensor in consideration by the rotation of the molecule

frame with respect to the laboratory reference coordinate
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system. This is done by expressing the Cartesian tensor
elements in terms of Wigner rotation matrices.
The derived reorientational correlation functions for

the dipole moment and polarizability are given as?0

1
£y(t) = mg_)l e 12 g3 () (65)
and
2
£p(t) = ¥ 18212 g{2) (t) (66)

The coefficients in these two equations, |P, (1| and |B8,(?)|
are spherical components of dipole moment and polarizability
derivative respectively. They are related to the Cartesian

components in the molecular frame bylls19.21

Po(l) =P,

p,(1) = ¥27Y2(p, + ip) (67)
and

8,2 = (3/2)%/%8,,

B:'?) = B, + 1B,

B.(2) = =(1/2) (Byx = Byy) (68)

Based on the small-step rotational diffusion theory, 16
the reorientational correlation functions for IR absorption
and Raman scattering, g,!!’ and g,(?!, are exponential
functions, g, (t) = exp(-t/7,{1)). The form of the

corelation function is completely specified by the
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correlation time, 7,{!), and the following results are

obtained
1 1 1
£p(t) = %Z;llz);’lz exp(-t/Ty) (69)
and
2
fp(t) = 22 1842712 exp(-t/1(2)) (70)
e

For symmetric-top molecules, the correlation time,

7,1, is related to rotational diffusion constants byllr22
/1, = 1(1 + 1)D, + n*(D| - D,) (71)

where 1 = 1 for IR and 1 = 2 for Raman.

3. Correlation Functions and Symmetry of Molecules

For molecules of C;, or higher symmetry, the
relationship between spherical components can be expressed
as

1P| = Ipntt (72)

and

18,2 = [8.,'?%Y (73)

Therefore, simplified forms of equations (69) and (70) can

be written as follow:

fp(l) = Ipo(l} |2exp(ut/70(1))



54

+ 2|p; M | Zexp(-t/7, ‘1)) (74)
and
fﬂtlj = |Bo'%) |%exp(~t/15?)) + 2|8,1?) |2exp(-t/1,(?))
+ 2| 8,2} |2exp(~t/1,12)) (75)

The above two expressions reveal the fact that a
reorientational IR or Raman correlation function of a band
contour is a linear combination of two or three time-
independent function terms with coefficients being the
squares of the spherical IR or Raman tensor component in the
molecular coordinate system. In general, one or more terms
vanish due to symmetry properties.

By reference to the character table, the number of non-
vanishing terms for a vibrational mode can be determined
from the point group of the molecule in consideration wvia
the transformation properties of these spherical components
in equations (67) and (68).

For E" vibrational modes of D,, molecules, it is found

that

B.1?) = (3/2)Y2%8,. =0 (76)

ang

By 3) = —(1/2) (ByyByy)+iByy = O (77)

Therefore, the total reorientational correlation function

becomes a single exponential term.
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For E vibrational modes in C;, molecules,

8,3 = (3/2)¥2%8, . =0 (78)

and the total reorientational correlation function becomes a

sum of two exponential functions.

fRamanE(t) = 2|ﬂl{2)lzexp(-t/11{2))

+ 218,¢2) | 2exp(-t/1,¢%))) (79)

4. Lorentzian Bandshapes

The small-step rotational diffusion theory proposed by
Debye has been extensively applied to interpret
reorientational spectra from IR and Raman studies of various
molecules in condensed phases.? The major conclusion from
this theory is that the reorientational correlation function
is an exponential function, fmtl)(t) = exp(—t/rmtl}). The
form of the correlation function is completely specified by
the correlation time, 7,{!). The correlation function can
be obtained simply as the inverse of the half width at half
maximum intensity (HWHM), A/, since an inverse Fourier
transform of the exponential function gives a Lorentzian
bandshape in the frequency domain, I;,.(®) = A/[1 + (w/A)?],

as shown in the following.
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I(w) = (1/2m)) exp(-t/1,{1))exp(ivt)dt
= (AA'm/2m)] exp(-A’|t])exp(-iA’t)dt
= (AA7/2) [/ exp[t(Af-iw) ]dt + [ exp[t(-A’~-iw) Jdt]
= (AA7/2)[1/(A7-iw) + 1/(A'+iw)] = BAA’2/ (A2 + w?)
= A/[1 + (w/A")?] (80)
where A’ = 1/(mct).

The lineshape of the E" vibration of D3, molecules is a
single Lorentzian, whereas the inverse Fourier transform of
equation (79) gives a sum of two Lorentzians for the E
vibrations of C;, molecules. Therefore, the experimental
evaluation of the band contour of a doubly degenerate
vibrational-rotational Raman E mode yields a reorientational

correlation function that mixes indices m =1 and m = 2.

5. Bandwidth Increments and Rotational Relaxation

The bandwidth, A, employed in our research is the full
width at half maximum intensity (FWHM) in wavenumber (cm™l).
Thus a conversion factor, mnc, is necessary to relate the

bandwidth, A, and the correlation time, 7, by

A = (mer)™?t (81)

Through the correlation function formalism, the bandwidth

increment resulting from the rotational relaxation, A,.., is

related to rotational diffusion constants by the expression
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A,V (rot) = (mer (1))t

= (mc)71[1(1 + 1) + m®(D; ~ D,)] (82)

C. Raman Experiment

1. The Raman Spectrometer and Spectrum Recording

The schematic diagram of the Laser Raman spectrometer
is illustrated in Figure 3. The irradiation source is an
argon ion laser radiating at 4880 A. The laser beam was
focused into the sample and the scattered light was
collected through a polarization analyzer and polarization
scrambler into the entrance of a Spex 14018 scanning double
monochromator. The sample was contained in a sealed melting
point capillary tube, which was inserted into a Harney-
Miller cell. Temperature regulation, if needed, was
accomplished via liguid nitrogen boil-off or heated air
flow, and measured with an iron-constantan thermocouple
positioned adjacent to the sample. Both polarized and
depolarized spectra were acquired at 90° to the incident
laser beam. Detection was accomplished using a cooled (to
—30°Ci RCA-C31034 photomultiplier and photon counting
electronics.

Slit widths (SW), depending on the spectral
intensities, were set to gain resclution for various
vibration modes. Frequency increments (Aw) were chosen to
satisfy the condition for the convolution procedure, which

is a computational process employed to eliminate
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Figure 3 Schematic diagram of the laser Raman spectrometer
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instrumental influences on spectral linewidths. The
resultant signals, intensities in photon counts per second
(CPS), were recorded digitally through an interfaced
microprocessor and stored on floppy diskettes for further
processing.

2. Raman VV _and VH Experiments

Experimentally, separation of vibrational and
rotational relaxations is achieved by the VV-VH Raman
experiment. Interacting with polarized incident light, a
non-spherical molecule can scatter both polarized and
depolarized radiation.

In the Raman VV experiment, polarized light is
observed, whereas the depolarized radiation can be recorded
through VH experiments. The isotropic spectrum, which is
independent of rotational relaxation, can be determined from
a combination of VV and VH experiments by the standard

relationship,

Iigo(w) = Ipol(w) - (4/3)Idep(w) (57)

A scheme of polarized light scattering is shown in
Figure 4. The scattered light is observed at right angles
to the laser radiation polarized in the XZ-plane,
demonstrated by vertical arrows. Polarized (vertical arrows
in the XZ-plane) and depolarized (horizontal arrows in the

XY-plane) radiations can be detected separately by orienting
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a polarizer properly. In the VV experiment, Figure 4 (a),
the polarizer is parallel~-oriented and permits passage of
the polarized radiation only. The polarizer is rotated
through 90° in the VH experiment onto the XY¥-plane, as shown
by Figure 4 (b). This perpendicular arrangement blocks the
polarized radiation and only the depolarized radiation
enters the spectrometer slit.

3. Bandshape Analysis and Curve-fitting

Ever since the pioneering work of molecular dynamics
studies by Gordon?3, analysis of Raman and/or IR bandshapes
to guantitatively determine dynamic properties of molecules
has become a rapidly expanding field of study. As described
by equation (52), an equivalent relationship between
bandwidth increment and relaxation time, it can also be
expressed as 7 = (Aw)~!. A fast motion results in a fast
relaxation (a short 7) and, consequently, a large bandwidth
increment is exhibited in the spectral band profile.

One major barricade to bhandshape analysis is the
overlap of band contours of different vibrational modes due
to a high extent of line broadening. Fundamental
vibrational bands may overlap, through Fermi resonance, with
overtones or combinational bands arising from vibrational
anharmonicity, usually present their use in bandshape
studies. As the size of molecule gets bigger and symmetry
becomes lower, the overlapping becoming worse. The band

overlap due to line broadening also can result from various
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factors including hot bands, isotope splitting, poor
resolution, low intensity, etc., which makes analyses
difficult,

Bandwidth obtained by hand measurement is possible when
there is no overlap problem occur. However, in order to
obtain true bandwidths from the bandshape interfering with
the factors mentioned above, these problems must be solved
by curve-fitting procedures with proper models based on the
theoretical and/or available experimental data to
disentangle these band contours. The complete procedure
includes baseline subtraction, bandwidth computation, as
well as slitwidth correction.

a. Baseline Correction

The baseline correction of the recorded spectrum was
performed by two-frequency baseline subtraction. Assuming a
linear function of the frequency, i.e., I (®) = a + bw, the
baseline was calculated from the two frequencies selected
from each side of the peak contour. The coefficients, a and
b, were determined by least-square fit to seven points about
each selected frequency. The baseline subtracted spectrum

Igg(w), is obtained by

Igg(w) = Iexp(w) - (a + bw) (83)
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b. Slitwidth Correction

The observed spectrum, I is a convolution of the

exp’
true spectrum, I, ..(®w), and the instrumental slit function,

S(w), given as

Texp(W) = Ij;Itrue(w’)S(w -0’y dw’ (84)

where w and w’ are the frequency displacements from the
laser line. The instrumental slit functions were measured
by passing the laser line through the monochromater at
various slit settings. Filters, with attenuations of 102 to
10°, were used to avoid damage to the photomultiplier tube.
The convolution procedure is to find I, .(®) from a
knowledge of S(w) and IexP(w) by best fitting to equation
(84).

The recorded signal from each measurement was well
represented by a triangle-shape peak. The full width at
half maximum of this peak was measured as the instrumental
slitwidth (SW). Assuming a normalized triangular slit
function, a 1%9-point convolution was employed. Figure 5
illustrates the methodology of this experimental
procedure. At each point, 10 > i > 1, the function value is

thus given by

G(i) = SWi[1 - (10 - i)Aw/SW] (85)
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where Aw is the frequency increment and G(i) = 0 if
(10 - i)Aw 2 SW. For i 2 10, G(i) = G(20 -~ i). Then the
integral is performed via the Simpson’s rule.??

c. Bandwidth Computation

The experimental intensities were fitted with
theoretical Lorentzian lineshapes. The fitting was done
computationally by using non-linear regression to minimize
root-mean-square errors between experimental and computed
data. The elimination of the effects of instrumental
linebroadening was performed by convolution of the
calculated spectra with a 19-point triangular slit function.
The frequency increment setup in data acquisition was
limited by the condition, (Aw) > SW. Computed bandwidths
used to determine reorientational diffusion constants were
full width at half maximum (FWHM) intensity.

D. Determination of Rotational Diffusion Constants By Raman
Lineshape Analysis of C;, Molecules

The reorientational experimental bandwidth increment,

Aexps has been proven by Gordon?®, Bartoli, and Litoritz,? to
arise from the combination of vibrational relaxation, 4,;y,
and rotational relaxation, A,

Aexp = Avib + Arot (86)

Therefore, it is necessary to convert vibrational band

widths before diffusion constants can be obtained. This
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correction can be performed experimentally by using the

isotropic Raman spectrum®:5.26

of totally symmetric
vibrations. This feat comes from the tensor property of the
polarizability, a. A Taylor series expansion of this
second-rank tensor allows the vibrational-rotational
correlation function to be expressed as the product of an
amplitude-dependent and an angle-dependent factor.®:2° The
time dependent development of the amplitude-dependent factor

is assigned to vibration relaxation, whereas the angle-

dependent factor is assigned to rotational relaxation.

1. A, Modes

a. Determination of A ;,
In Raman spectroscopy, one can obtain both polarized
(Ipol) and depolarized (Idep) linewidths. The observed Raman

pure vibrational isotropic spectrum can be obtained byS:27

T(0) g0 = I(0)poy = (4/3)I(0)gep (57)

where I(W);,, is the component of the scattered intensity
resulting only from vibrational relaxation (i.e.,
independent of molecular orientation). Therefore, isotropic

linewidths are equal to vibrational relaxation linewidths

iso = Avip (87)
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b. Separation of A,;, and A_

The depolarized (i.e., anisotropic) Raman spectrum
contains both vibrational and reorientational components
(i.e., dependent on both vibrational and rotational

motions). The linewidth term can be expressed as

Aaniso = Adep = Ayip + Bpot (88)

The combination of equations (89) and (90) leads to the
expression of the bandwidth increment resulting from
rotational relaxation,
rot = 8aniso = biso (89)
¢. Evaluation of the Tumbling Diffusion Constant
The analysis of isotropic and anisotropic linewidths of
totally symmetric vibrations is a well established, reliable
technique to determine the tumbling diffusion constants of

symmetric-top molecules.5:6:9,19

By using the small-step
rotational diffusional model,16:19:22 the bandwidth Aror is

related to rotational diffusion constants by

Aror = (1/mc)([1(1 + 1)D, + m*(Dj - D,)] (82)

where n is the rank of the tensor involved in the

description of each spectroscopic process, m is an integer
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depending on the symmetry of the individual vibrational
nodes, which can be 0, %1, or *2. For totally symmetric
Raman A; modes in C,, molecules, 1=2, and m=0, thus eq. (82)
can be reduced to

Aoe = 6D, /mC (90)

and the anisotropic linewidth is expressed as

Ainiso = Ayip + 6D /7C (91)

By introducing eq. (89) into eq. (90), one may obtain

D, = (Aaniso - ﬁi.sc\)‘”c:/6 (92)

2. E Modes

The Raman lineshape of E vibrations is a sum of two
Lorentzian bands with the same peak center and relative
bandwidths, A;(?) < A,{2) (if D; > D,). These bandwidths are

related to rotational diffusion constants as

A, (2) Aoip + (5D, + D) /mc (93)

and

A,(2) Aoip + (2D, + 4D|)/mc (94)

In order to calculate the spinning diffusion constants,
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Ay ip(A;) obtained from the linewidth of the isotropic band
profile must be used to eliminate A ip(E) since there is no
isotropic scattering from E vibrations. This is done by
using the proportionality, Ayip (1/4)2, predicted by the

Fisher-Laubereau IBC model?? via the expression

Aoin(E) = Agip(Aq) [w(A;) /0 (E)}? (95)

In the above expression, A, (A;) is the isotropic width of
an A; mode involving the same motion as the E vibration, and
the second term on the right is the squared ratio of their
frequencies.

As found in many systems,?8:2%:30 4 (2) jg often found to
be broader than may be explained solely upon the basis of
molecular reorientation and vibration; it has been suggested
that the additional width may result from collision-induced
scattering in the wings of the spectrum.28:3! yging the
narrower component, 4,{2), of E modes to calculate D, is the
key point of the approach. With D, obtained from Raman A,
modes and A,(E) from the corresponding A,(A;), one can

derive D| from the following expression

Dy = (4,12 - A, )me - 5D, (96)
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CHAPTER IV

A STUDY of 13¢ SPIN-LATTIQP gEE?XﬁEqu‘gIMES OF
2-SUBSTITUTED PENTACYCLO[6.3.0.0°7%.0~¢ .0~ 77 JUNDECANES
IN SOLUTION
A. Introduction

The study of NMR relaxation is a well established
method extensively used to study and characterize the
reorientational dynamics behavior of molecules in solutionl
and in the liquid phase. Due to the difficulties? in
characterizing completely asymmetric molecules, most studies
have been confined to spherical top molecules, for which the
rotation is the same about all three axes, and small
symmetric topl! molecules, for which the rotation about two
of the axes are equivalent.

The goal of this investigation is to extend molecular
diffusional characterization to larger molecules, since
larger molecules usually lack sufficient symmetry. The
polycyclic "cage" system,® 2-substituted pentacyclo
[6.3.0.02'6.03'10.05'9]undecanes (Trishomocubanes, THCs),
was targeted as substrates for this NMR relaxation study.
THC is a relative large cyclic molecule and has a Dy
symmetry. Four 2-substituted trishomocubanes were
synthesized with derivatives as shown in Figure 6.

These substituted Dj-trishomocubanes (THCs) are
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relatively large (C;;) rigid polycyclic molecules, in which
the substitutents are attached to one of the two carbon
atoms [C(2) and C(9)] that lie on the threefold molecular
symmetry axis. An assumption that the substituted
trishomocubanes are pseudo-symmetric top molecules, whose
principal axes coincide with the C,; axis of the parent
molecule, is necessary in order to proceed with the
analysis. In order to determine the effects of temperature
and intermolecular interactions on the reorientational
dynamics in this series of THC derivatives, 13¢c NMR
relaxation times and nuclear Overhauser enhancement (NOE)
have been measured as a function of temperature in the

solvent chloroform for THC and its derivatives.

B. Experiments

1. Synthesis of THC Compounds

The synthesis of these trishomocubanes was performed by
the post-doctoral associates in Dr. Alan P. Marchand’s

research group.

2. X-ray Crystal Structure of THC compounds

The X-ray crystallographic studies were performed by
Dr. William H. Watson and his group at Texas Christian
University. The structure of pentacyclo-
[6.3.0.02'6.03'10.05'9]undecane-2-carboxylic acid (1b) was

solved by direct methods and refined by using least-squares



o =C(2)

B =C(1),C(3), C(6)
NCH,) = C(@4), C(7), C(11)
Y(CH) = C(5), C(8), C(10)
& =C(©9)

Structures of Trishomocubane (THC) Compound and Its
Derivatives. 11a: X=H; 1b: X=CO,H; 1lc: X=CO,Me;
1d: X=CH,OH; 1le: X=C(O)NH,.

Figure 6.
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procedure. Due to crystal packing effects and also hydrogen
bonding of the carboxyl group, the molecule experiences a
large thermal oscillation around the C(2)-CO,H axis. Due to
the small number of observed data, the structure was not

refined below 18%.

3. NMR Spin-Lattice Relaxation Experiment

a. NMR Sample Preparation

The THC samples for this 13C spin-lattice relaxation
study were prepared gravimetrically? and placed in 5mm NMR
tubes. The solutions were degassed by applying three
freeze-pump-thaw cycles. After the procedure had been

completed, the NMR tubes were flame sealed in vacuo.

b. 3¢ spin-Lattice Relaxation Measurements

13¢ NMR experiments were performed as a function of
temperature at B, = 4.70 T (¥, = 50.29 MHz) using a Varian
Gemini-200 FT NMR spectrometer. Spin-lattice relaxation
times (T;) and nuclear Overhauser enhancement (NOE) of the B
[C,, C3, and Cg], Y(CHy) [C4, C,y, and C,y4], Y(CH) methinyl
[C5, Cg, and Cy4], § [Cg] and a [C, in la] carbons were
measured three times at each temperature. The « and §
carbons are equivalent in the parent hydrocarbon, 1la.

T, data were acquired by using the inversion recovery
pulse sequence,® (180°-7-90°-A_-D),, with ten r-values which

ranged from 0.1 to 1.5 times of the estimated T,, plus a
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final value for 7-®». Spin-Lattice relaxation times, T,,
were determined via a nonlinear three parameters (M,, cosé,

T,) regression by using the magnetization equation,®

M(1) = M, [1-(l-cosf)e t/T1) (97)

NOE values were measured by using standard gated decoupling
methods.’ cCarbon-13 chemical shifts were measured in ppm

downfield from internal tetramethylsilane (TMS).

c. Data Analysis

The average observed relaxation times at each
temperature were fitted by using the semi-logarithmic
Arrhenius equation in order to minimize the propagation of
random errors and the interpolated values of T, for 1a
(Table I) were used subsequently in all further
calculations. The NOE values which appear in the 5th column
of Table I represent the interpolated values obtained from a
linear fit to the original data. The relaxation times and
NOE data obtained for compounds 1b-le are given in Tables II
through Table V.

The contribution of C-H dipolar interactions to the 13¢
relaxation time may be obtained from the experimental T, and
NOE using the relation, Tipp = (374/7e) * T3/ (NOE-1) =
1.988;T1/(N0E-1),8 where vy and Y, are the 1§ and 3¢

maghetogyric ratios, respectively. The results obtained for
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la are displayed in the penultimate column of Table I.
Tipps in turn, is dependent upon the rotational correlation

time, 7 of the C-H vector, which is approximately the time

cr
for the vector to reorient by one radian. The relationship
between Ty, and 7, is given by T'iDD = nH'sz'rczh%c/rC% ,2
where ny is the number of directly bonded protons,
h=h/(27), and roy is the C-H bond length. Correlation
times for the various carbons in 1a are given in the last

column of Table I. Rotational correlation times, 71 have

cr
been measured for three independent vectors in l1la and also
in 1b-l1e. Nonlinear regression methods which minimized the
sum of the squared error between experimental and calculated
rotational correlation times ( [rc’i(exp)-rc'i(cal)]z) were
used to determine D, and Dy values at each temperature.
Alternatively, 7, data obtained at all temperatures were fit

E, /RT

simultaneously by Arrhenius expressions, D¢=(D¢)oe— and

Dy=(D)) e Bt /RT

. The results thereby obtained were found to
be virtually identical to those generated from individual

data fits at each temperature.

4. Molecular Modeling

Extraction of diffusional coefficients from T;,pp data
regquires knowledge of the structural geometry of the
reorienting species (i.e., bond lengths and angles). A
theoretical basis for extracting rotational diffusion

coefficients from NMR relaxation time data has been
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developed by Woessner.®

The dipole-dipole relaxation times
(T3, pp) calculated from these parameters have been analyzed

by the application of Woessner’s equations, assuming the THC
reorient as axially symmetric ellipsoids. The angle, #, is

necessary for the determination of 7, by the application of

Woessner’s equation,

T, = A/(6D,) + B/(5D, + D;) + C/(2D, + 4D|) (46)

where A=0.25(3cos2§-1)2, B=3sin?#cos?f, C=0.75sin%f.

A molecular modeling program,11 MOBY, was utilized to
construct the carbon skeleton of THC from the reported
crystallographic data on 4,10-ethylene dioxypentacyclo
[6.3.0.02:%,03:10 05,2 yndecane-4-oxyacetic acid'? and the
angles, #’s, for each C~H vector were obtained from this
structure. Protons were added to the structure and C-H bond
lengths and angles were optimized via a guantum mechanical
energy minimization that utilized the semi-empirical AM1
method.l? vValues of ¢ were also determined via classical
molecular mechanics!4 geometry optimization procedures. The
results agreed closely with those obtained via the

corresponding quantum mechanical calculation.

C. The Results of NMR Studies
The experimental 3¢ T; values, NOE’s, and the

correlation times for various carbon atomns in la-~le as a



Table I. 3CNMR Relaxation and Correlation Times in Trishomocubane

T (%) Carbon® 8 T,b NOE Tipd TS
1 C

46 a,s 0 18.40 2.83 19.99 2.33
8,7(CH) 53°,127° 18.12 2.73 20.82 2.12

v(CH,) 47.3°,132.7° 10.14 2.99 10.14 2.29

34 a,é 0 16.38 2.86 17.51 2.66
8,7(CH) 53°,127° 17.23 2.76 19.51 2.43

v(CH,) 47.3°,132.7° 9.12 2.99 9.12 2.55

22 a,§ 0 14.13 2.88 14.94 3.12
B,v{CH) 53°,127° 14.51 2.79 16.12 2.89

v(CHy) 47.3°,132.7° 7.9 2.99 7.94 2.93

10 a,é 0 12.60 2.91 13.11 3.55
B,7(CH) 53°,127° 12.99 2.82 14.19 3.28

v(CH,) 47.3°,132.7° 7.13 2.99 7.13 3.27

-5 a,b 0 10.44 2.94 10.70 4.35
B,7{CH) 539,127° 10.82 2.87 11.50 4.05

v(CH,) 47.3°,132.7° 5.97 2.99 5.97 3.90

-22 a,§ 0 8.21 2.97 8.29 5.62
8,7(CH) 53°,127° 8.56 2.93 8.82 5.28

Y(CH,) 47.3°,132.7° 4.77 2.99 4.77 4.88

-42 a, 0 5.92 2.99 5.92 7.87
8,7(CH) 53°,127° 6.22 2.99 6.22 7.49

y(CHy) 47.3°,132.7° 3.5 2.99 3.50 6.65

a) a,5 represents the apical carbons {C5,Cq)} [41.5 ppm]
B represents the methinyl carbons (C;,C3,Cq) [47.6 ppm]
7(CH,} represents the methytene carbons {C4,C-,Cyq) [33.3 ppm]
¥{CH) represents the methinyl carbons (C5,Cg,Ci0) [47.6 ppm]

b) Relaxation times given in seconds

¢) Correlation times given in picoseconds



Table II.

T (%)
46

34

21

10

-21

-42

B represents the methinyl carbons (C,,C3,Cq) [49.8 ppm]
Y(CH,;) represents the methylene carbons (C4,C5,Cy1) [32.2 ppm]

136 NMR Relaxation and Correlation Times in THC-CH,OH

Carbon®

B
7(CHp)
Y(EH)

B
Y(CH3)
T(EH)

B
Y(CHz)
7(CH)

§

B
v(CH;)

7(CH)
§

B
v{CH3)
T(EH)

A
7(CH3)
7(§H)

B
v(CH3)
Y(EH)

6

53°
47.3°,132.7°
127°
0

53°
47.3°,132.7°
127°
0

53°
47.3°,132.7°
127°
0

53°
47.3°,132.7°
127°
0

53°
47.3°,132.7°
127°
0

53°
47.3°,132.7°
127°
0

53°
47.3°,132.7°
127°
0

T,P

N N — N W D — oW O LW o 0O &~ 0

— e )

.69
.63
75
.22

.08
.60
.08
.83

.54
.63
.48
.50

.38

.92
.29
.50

.69
.92
.58
.07

.83
.43

.12

.34

.66
79
.56
.36

NOE

N NN N NN NN NN NN NN NN NN NN NN

NN O

.75
.99
.68
.85

.78
.99
71
.87

.80
.99
.75
.88

.82
.99
.78
.89

.85
.99
.84
.91

.88
.98
.87
.92

.02
.98
.93
.94

Tiof

11.01
5.63
11.54

.83

8

9.02
4.60
9.39
7.26

.22
.63
.36
.82

[# 2 30N I ¥5 3 N ]

.88
.92
.91
3

S oL

.97
.92
.87
.20

W W

.99
.43
.89
.42

NN — N

72
.79
.61
.40

— e )

Y(CH) represents the methinyl carbons (C5,Cg,Cio) [47.4 ppm]

5 represents the apical carbon (Cg)
ReTaxation times given in seconds
Correlation times given in picoseconds

[41.7 ppm]

(52 I

OV OYOh O B un

WO~~~

— et b
N D

—t et it
O oYn

LN NN
W W O ~t

.23
14
.04
27

.16
.07
.96
.41

.45
.41
.33
.01

.92
.97
.88
.84

74
1
.04
.57

.56
.24
.10
.22

.01
.37
.01
.40
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Table III. 13CNMR Relaxation and Correlation Times in THC-CONH,

T (%) Carbon® 8 T,P NOE T1od TS
46 8 £3° 8.52 2.77 9,58 4.86
7{CH,) 47.3°,132.7° 4.76 2.99 4.76 4.89

v(CH) 127° 8.63 2.73 9,89 4.71

§ 0 4.11 2.56 5.24 8.89

34 8 53° 7.35 2.79 8.17 5.70
v(CHy) 47.3°,132.7° 4.03 2.99 4,03 5.78

v{CH) 127° 7.42 2.75 8.44 5.52

§ 0 3.32 2.62 4.07 11.43

22 8 53° 6.27 2.81 6.88 6.77
7{CH,) 47.3°,132.7° 3.36 2.99 3.36 6.93

v{CH) 127° 6.30 2.76 7.10 6.55

§ 0 2.63 2.68 3.12 14.95

g B 53° 5.20 2.83 5.63 8.27
v{CH,) 47.3°,132.7° 2.72 2.99 2.72 8.57

¥{(CH) 127° 5.19 2.78 5.81 8.02

§ 0 2.00 2.74 2.28 20.40

-5 8 53° 4.16 2.86 4.45 10.47
v(CH,) 47.3°,132.7° 2.1l 2.99 2.11 11.04

Y(CH) 127° 4.13 2.79 4.58 10.17

§ 0 1.44 2.81 1.59 29.34

-25 8 53° 2.90 2.90 3.04 15.33
v(CH,) 47.3°,132.7° 1.40 2.99 1.40 16.66

v{CH}) 127° 2.85 2.82 3.12 14.93

3 0 0.85 2.90 0.89 52.41

-45 B 53° 1.89 2.93 1.95 23.89
v(CH,) 47.3°,132.7° 0.86 2.99 0.86 26.98

7{CH) 127° 1.84 2.84 1.99 23.40
3 0 0.46 2.99 0.46 101.63

a) B represents the methiny] carbons (Cy,C3,Cq) [53.7 ppm]
7(CH,) represents the methylene carbons {C4,Cs,C11) [33.5 ppm]
¥(CH) represents the methinyl carbons (C5,Cq,Ci0) [48.3 ppm]
& represents the apical carbon (Cg) [44.4 ppm]

b} Relaxation times given in seconds

¢} Correlation times given in picoseconds



Table IV.

T (%)

46

32

22

10

-25

-45

a} B represents the methinyl carbons {C,,C3,Cg) [52.9 ppm]
Y(CHz) represents the methylene carbons {C4,C7,Cq3) [32.7 ppm]
v{CH) represents the methinyl carbons (Cs,Cg,Cy9) [47.4 ppm}
§ represents the apical carbon {Cg)

b} Relaxation times given in seconds

c) Correlation times given in picoseconds

13¢ NMR Relaxation and Correlation Times in THC-COOCH;

Carbon®

B
¥(CHz)
T(EH)

B
7(CH3)
T(EH)

B
v{CHy)
T(EH)

B
7(CHz)
T(EH)

8
Y{CHy)
7(§H)

B
7(CHy)
T(EH)

8
7{CHy)
T(EH)

8
53°

47.3°,132.

127°
0

53°

47.3°,132.

127°
0

53°

47.3°,132.

127°
0

53°

47.3°,132.

127°
0

53°

47.3°,132.

127°
0

53°

47.3°,132.

127°
0

§3°

47.3°,132.

127°
0

?0

?0

?0

?0

T,b

8.6l
.68
.42
.30

o M~

.35
.90
.20
.32

.51
.39
.38
.68

B PN ]

W on Wwor

.57
.83
.46
.00

W oo on

.48
.20
.41
.26

N &N

.23
.51
.18
.48

= A bt (D

.19
.97
.16
.89

o O N

NOE

RN NN RN ™~ (a5 B AN B DR o ] ~N N N D N NN [aS TN AN B o % B AN ]

[ASIEAS BN oS B o )

[41.0 ppm]

.57
.99
73
71

.63
.99
.76
.75

.67
.99
.79
.78

71
.99
.81
.81

A7
.99
.85
.85

.85
.99
.89
.91

.93
.99
.94
.97

Tipd

10.90
.68
.68
.16

— A () N NN W oY

oo

.96
.90
.13
.91

77
.39
1
12

.48
.83
.00
.30

.03
.20
.74
.43

.47
.51
.34
.54

.25
.97
21
.90

oo, bt I

O

11

7.
8.
7.

14

9.

10

9.
19.

13

20.
24.
21.
51.

27
.98
.81
.56

.19
.97
73
.49

.99

.87

.55
.30

19
22
77

.14

25

.58

83
18

.43
15.
13.
30.

4]
95
25

65
13
04
76



Table V. '°CNMR Relaxation and Correlation Times in THC-COOH

T (%) Carbon® ] T,b NOE Tipd 7S
46 B 53° 6.22 2.62 7.63 6.10
v(CH;) 47.3°,132.7° 2.96 2.98 2.97 7.84

7{CH) 127° 6.29 2.68 7.44 6.26

§ 0 1.29 2.92 1.34 34,87

32 B 53° 5.32 2.68 6.30 7.40
7(CHy)  47.3°,132.7° 2.45 2.98 2.46 9.48

¥(CH) 127° 5.23 2.73 6.01 7.75

§ 0 1.05 2.92 1.09  42.74

20 B 53° 4.37 2.72 5.05 9.22
v(CHy) 47.3°,132.7° 2.06 2.98 2.06 11.28

v{CH) 127° 4.41 2.77 4.95 9.40

3 0 0.88 2.92 0.91  51.28

10 B 53° 3.74 2.77 4.21 11.05
v(CHy) 47.3°,132.7° 1.77 2.99 1.77  13.14

¥{CH) 127° 3.79 2.81 4.17 11.17

) 0 0.74 2.92 0.77  60.83

-5 B 53° 2.91 2.83 3.17  14.70
v{(CH,) 47.3°,132.7° 1.37 2.99 1.37  16.98

Y{CH) 127° 2.94 2.86 3.14  14.83

§ 0 0.56 2.92 0.58  80.13

-25 B 53° 1.98 2.9] 2,06  22.56
v(CHy) 47.3°,132.7° 0.93 2.99 0.93  25.12

v(CH) 127° 2.0] 2.93 2.07 22.54
6 0 0.37 2.92 0.38  121.57

-42 B 53° 1.36 2.98 1.37  34.03
7(CH,) 47.3°,132.7° 0.63 2.99 0.63  36.84

¥{CH) 127° 1.38 2.99 1.38  33.75
) 0 0.24 2.91 0.25  183.75%

B represents the methinyl carbons {C1,C3,C¢) [53.0 ppm]

Y(CH,) represents the methylene carbons (C4,C5,Cq;) [32.7 ppm]
Y{CH) represents the methinyl carbons (C5,Cg,Ci0) [47.4 ppm]
& represents the apical carbon {Cs) [40.9 ppm]

Relaxation times given in seconds

Correlation times given in picoseconds
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function of temperature (in CHCl; solvent) are shown in
Tables I to V. The values of D, for la - le are shown in
Table VI-A. Experimental and calculated diffusional
constants of la - le are compared in Table VII.

The tumbling rates of compounds 1b - le are slower than
those of the parent hydrocarbon, 1a, since the diameters of
the principal axes (o, in Table VII) of 1lb-l1le are
substantially greater than the corresponding diameters of
la, as one may expect. The rotation of the principal axis
in 1b-l1le requires greater solvent displacement than in 1la,
therefore resulting in a larger frictional torque, which
retards this motion in the substituted THCs relative to that
in the parent hydrocarbon (1a). Some specific
intermolecular interactions must be considered when
interpreting the experimental results, because the relative
rotational rates of 1b-le do not correlate well with their
long-axis diameters; for example, the o, of 1¢ has the
largest value but 1c¢ rotates faster than does either 1b or
le. The tumbling rate of 1b is much slower than that of the
other four substituted THCs. That carboxylic acids
spontaneously form hydrogen bonded dimers in the gas and in
nonpolar solvent is well documented.!5:1® The low D, value
of THC-COOH is a manifestation of the formation of stable
hydrogen bonded dimers. This fact provides reasonable
support that the low D, of 1b is due to its dimeric

assoclation, which has a longer time scale than the



Table VI. Reorientational Diffusion Coefficients in
Substituted Trishomocubanes®

A. Perpendicular (D,)

T (°c) THC THC-CHOH  THC-CONH, THC-COOCH;  THC-COOH
46 71 32 19 22 4.8
34 63 26 15 18 3.9
22 53 21 11 15 3.3
10 47 17 8.2 12 2.7
-5 38 11 5.7 8.7 2.1
-22 30 8.7 3.2 5.5 1.4
<42 21 5.0 1.6 3.3 0.9
Ea 2.0 3.1 3.9 3.0 2.8
{kcal/mol)

B. Paraliel (DH)

T (°C) THC THC-CH0H  THC-CONH,  THC-COOCH; COOH
46 87 64 85 77 103
34 79 51 78 67 84
22 67 40 70 60 69
10 61 32 61 53 59
-5 51 21 51 43 45
-22 40 15 38 32 30
-42 29 8.1 26 25 20
Ea 1.8 3.4 1.9 1.8 2.7

(kcal/mol)

a) Diffusion coefficients are given in units of ns‘l(lo9 5'1)
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Table VII. Comparison of Experimental and Calculated Diffusgog
Coefficients in Substituted Trishomocubanes at 22 °C

THC

D, (Exp) 53
Dy (Stick) 5.0
D, (S1ip) 519
Dy (#-Visc) 30

Oa 7.12 A

D) (Exp) 67

Dj (Stick) 5.2

0| (S1ip) 186

D (1-Visc) 18
oh 8.05 A

a) Diffusion coefficients are given in units of ns”

THC-CH,0H  THC-CONH, THC-COOCH; THC-COOH®  THC-COOHP

21 1
3.9 3.8
441 310
12 11

9.03 A 9.21 A

40 70
4.0 4.0
186 186
18 18

8.05 A 8.05 A

15
3.5
138
8.5

9.83 A

60
3.7
186

18

8.05 A

b) Theoretical coefficients for the acid derivative
assuming both monomeric and dimeric structures

1

(Monomer)  (Dimer)

3.3 3.3
3.8 1.4
225 5.4
11 1.2

9.17 A 16.63 A

69 69
4.0 2.1
186 186
18 18

8.05 A 8.05 A

(10° s71)
were calculated



80

401

D, (ns?)

3.00 3.50 4.00 4.50

1000/ T (K™

Perpendicular (‘/Tumbling’) Diffusion Coefficients in
Substituted Trishomocubanes.

(A) THC - Filled circles and solid line;
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period of rotation (0.2-1.0 ns).

The formation of intermolecular (peptide-like) hydrogen
bonds can be the cause of the slower tumbling rate of le
than what would be expected on the basis of the length of
its major axis. That this type of intermolecular
association in CHCl; is shorter-lived in 1e than in 1b is
evident by the fact that D, for l1le is much greater than that
for 1b. The E,’s in stable complexes are usually comparable

® An increase in

to those in non-associative solvents.l
reorientational activation energy occurs when intermolecular
hydrogen bonds are short-lived and are readily broken during

the course of molecular rotation.l?

The higher E, for D, in
l1e than in any of the other THCs studied (Table VI-A) is an
additional evidence of the transient nature for the
hydrogen-bonded association in 1le.

The D|’s of la-le are shown in Table VI-B and in Figure
7. The trends in Dy in the substituted THCs studied, in
contrast to the results for D,, are very similar to those in
the parent hydrocarbon (la). This result indicates that the
substitution at C€(2) in 1a has no significant effect on the
spinning rate about the principal axis and that there is
almost no barrier to rotation about the C(2)-X bond in 2-
substituted THCs. The lower D, values in 14 than those in
the other THCs (see Figure 8) provide evidence for the
existence of a larger (steric) barrier to internal rotation

about the C(2)-CH,OH bond in 1d as compared to the
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corresponding process in 1b, 1l¢, and le. A calculation of
the internuclear distances of 14 as a function of torsion
angle (using the MOBY molecular modeling program) shows that
the hydroxymethyl methylene hydrogen atoms in 14 must
approach the hydrogens which are bonded to C(1), C(3), and
Cc(6) within 2.2 A. This distance is much less than the sum
of their van der Waal radii, 2.4 &,1% indicating that a
substantial steric barrier to internal rotation can be

expected in 1id.

D. Comparison with Theoretical Predictions

In an attempt to determine rotational diffusion
constants which characterize the molecular reorientation in
liquid systems, several diffusion models have been developed
in the past years. It may be possible to give a priori

predictions?

of the rates of molecular rotation of
symmetric top molecules in solution if we can compare the
experimental diffusion coefficients for THC compounds with
those calculated from theoretical models of reorientational
dynamics. The experimental and calculated values of D, and
D; for la-le at 22°C are given in Table VII.

The "stick" model, the oldest formalism for
reorientation, was first developed by Stokes?® for spheres
and then was extended substantially by Perrin?! to include

ellipsoidal molecules. The stick model assumes that the

solvent sticks to the surface of the molecule, thus creating
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a viscous drag, which retards its rotation. The values of
D, (Stick), as shown in Table VII, are three to eleven times
lower than the experimental values except in 1b. The
calculated Dl(Stick) values agree even more poorly with
experiment than do the corresponding D, (Stick) values.
DI(Stick) is between ten and thirty times lower than
experiment,

The "slip" model was developed by Hu and Zwanzig,?? in
which solvent molecules are assumed to glide smoothly past
the surface of the solvent. 1In the slip model limit, a
spherical molecule experiences no opposing force and is
expected to rotate as rapidly in solution as does a free
rotor in the gas phase. For ellipsoidal molecules (e.q.,
THCs 1b-le), the tumbling of the molecules in solution
requires the displacement of solvent, whereas spinning about
the principal axis can proceed unimpeded. The calculated D,
values from the slip model are one to two orders of
magnitude greater than those derived from the experiment, as
shown in Table VII, and the D;(Slip) is three to five times
greater than the D) (Expt).

Gierer and Wirtz?3 introduced a reorientation model,
the "microviscosity” model, which is intermediate between
the stick and slip limits. The microviscosity model assumes
that solvent binds tightly to the surface of the solute.
But, the contact area between solvent and solute moclecules

is reduced due to the fact that solvent and solute molecules
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are comparable in size. As shown in Table VII, the
microviscosity model predicts D , which agrees qualitatively
with experiment within a factor of 2. The poor agreement
between Dl(u—visc) and D (Expt) indicates that the spinning
of these molecules in CHCl; solution conforms more closely

to the predictions based on the limiting slip model.

E. Summary and Conclusions

D;-Trishomocubane (THC, 1a) and four 2-substituted THCs
(1b-1e) were synthesized (by Dr. Marchand’s post-doctoral
associates) for the 33Cc NMR relaxation study. !3C NMR spin-
lattice relaxation time (T,) and nuclear Overhauser
enhancements of various skeletal carbon atoms in these
substrates were obtained experimentally, and these
guantities were used to determine the perpendicular and
parallel reorientational diffusion coefficients (D, and D|)
for la-le in CHCl; solution as a function of temperature.

The molecular tumbling rates (D,) of 1lb-le all are
markedly slower than that of the parent hydrocarbon, 1la.
The relative magnitudes of D, in 1b-le provide convincing
evidence for the formation of long-lived hydrogen-bonded
dimers in 1b and of more transient hydrogen-bonded
association complexes in 1e. 1In contrast to the
perpendicular diffusion coefficients, values of D) in 1b, 1c¢
and le were equal to the corresponding values in 1a, thereby

indicating the existence of a negligible barrier to the
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rotation about the C(2)-X bond in these 2-substituted THCs.
The slower spinning rate observed in 1d can be attributed to
the existence of a steric barrier to the internal rotation
in this compound.

The application of the classical "stick™ and "slip"
models of reorientational dynamics in solution afforded
calculated diffusion coefficient values that were far lower
and higher, respectively, than the corresponding
experimental values. The calculated values of D,, which
were obtained by employing the microviscosity model, were in
good qualitative agreement with experiment. However, this
theory, failed to provide accurate estimates of the spinning

rate (DI) of 1b-le.
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CHAPTER V

RAMAN & NMR STUDY OF PARALLEL REORIENTATIONAL DIFFUSION IN
CH;NO,
A. Introduction

The Raman bandwidth analysis of double degenerate
vibrations has proven to be a useful method in determining
the parallel, ’‘spinning’, reorientational diffusion
coefficients, Dis, in molecules of D3, 1’2 and Dg,, 36
symmetry. Due to the more complex dependence of the
vibrational bandshape of E modes in C3, molecules on D,, Dy,
and A, (the contribution due to the vibrational relaxation),
the initial attempts to investigate the parallel rotation in
this important class of molecules were unsuccessful.

A method has been developed in our lab, in which the
degenerate vibrations of C;, molecules are analyzed to
extract parallel diffusion coefficients in systems
containing methyl rotors. This method has proven to be
physically realistic in obtaining parallel diffusion
coefficients in several systems with methyl rotors.’ 10 1In
order to determine whether this methodology can be applied
to the methyl group reorientation in molecules with symmetry
lower than Cj;,, the Raman bandwidths of v, (CD; symmetric

stretch) and v, (CD3; antisymmetric stretch) vibrations in
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nitromethane-d; have been measured as a function of
temperature in the liquid phase. Alternatively, for the
purpose of comparing with the Raman results, deuterium NMR

relaxation times were also measured to obtain DI in CD;NO,.

B. Experimental

1. Sample Preparation

Nitromethane-d, was used as received. Raman samples
were sealed in capillary melting point tubes. Nitromethane
was transfered to a 10 mm NMR sample tube, degassed by three

freeze-pump-thaw cycles and flame sealed under vacuum.

2. Raman Spectrum & NMR Relaxation Times Measurements

Raman spectra were acquired with a spectroscopic
slitwidth of 4.3 cm™! and a frequency increment of 0.5 cm™!
on a Spex 14018 laser Raman spectrometer, with an argon-ion
laser (4880A&) as the irradiation source. Polarized and
depolarized spectra of v; (centered at 2190 cm“l) were

1

measured between 2160 and 2215 cm - and the iotropic

spectrum was calculated from the standard expression:

Tig0(9) = Tpoy (@) = (4/3)Tgepor (0) (57)

The isotropic vibrational relaxation linewidth, A,(v,) in
Table VIII, was determined by a fit of the isotorpic

spectrum by a Lorentzian bandshape. The depolarized spectra
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1 and

of v, (at 2315 cm™!) were measured between 2145 cm”
2490 cm™l. The spectra of the degenerate mode were fitted
by a model consisting of the sum of two Lorentzians with the
same center but different heights and widths, Al(z) and
A,{2) . The greater linewidth, 4,(?), is actually broadened
by a non-reorientational (probably due to collisional)
process, and can not be used in the analysis.l1/12 1Tne
narrower bandwidths were measured as a function of
temperature. The results are listed in Table VIII under
[, (v5)]. All measurements were repeated at least three
times at each temperature; the results in Table VIII are the
average of the measurements.

Deuterium spin-lattice relaxation times were measured
at vo(zH)=46.05 MHz on a Varian VXR-300 FT-NMR spectrometer.
The probe temperature was regulated by high pressure liquid
nitrogen boil-off or heated air flow and measured with a
thermocouple that was calibrated by using an NMR
thermometer. Relaxation times were determined by using the

standard inverse recovery pulse sequence,13

with a pulse
delay, D > 5T;, and n=8 transients at each of 10 7 values
plus 7-»., T; values were calculated via non-linear
regression using a three-parameter (M,, cosé, T,)
magnetization equation (Eg. [97]).1% At least three values
of the relaxation time were obtained at each temperature.

The average values of T1(2H) and the mean deviations between

runs are given in Table VIII.
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Table VIII. Temperature Dependence of Bandwidths and Relaxation Times in

Nitromethane—d3a

T A, v,) 82w, T, (%H) 7, (Diel)® T (UN)°

261 K 8.2 cm!  23.2 cm’? 4.22 s 3.9 ps 13.9 ms
(0.1) (0.7) (0.04)

280 8.0 25, 4.9 3.2 17.9
(0.1) (1.) (0.1)

296 7.8 24.1 5.61 2.8 21.5
(0.1) (0.4) {0.05)

313 8.65 30. 6.8 2.4 25.6
(0.00) (1.) (0.1)

334 9.28 34.5 7.8 2.1 31.0
(0.11) (2.5) (0.2)

a) Quantities in parentheses represent the mean deviation between runs.

b) Interpolated from the results in ref. [16].

c) Calculated from the data in ref. [18].
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3. Data Acquisition and Analysis

In nitromethane, the dipole moment lies along the
principal axis. Therefore, the dielectric relaxation time
(7,(diel)) can be used to derive the diffusion constant via
the relation: 7, = [2D,)71.15/1® The molecular (r,)
dielectric relaxation times in neat nitromethane, as
measured by Chandra and Nata,l? were adopted and fitted by
the Arrhenius equation. Values for T, Were calculated at
the temperatures were utilized in our study. The results
are shown in the fifth column of Table VIII. The values of
the tumbling diffusion coefficient, obtained from dielectric
relaxation, are given in Table IX.

If the principal axis of the 14N electric field
gradient (efg) tensor in nitromethane is parallel to the
principal molecular axis, then, D, can be calculated from
the 'N-NMR relaxation time [T;(!%N)]. We have also adopted
the results of a reported 14N relaxation time study by Moniz
and Gutowsky'® in nitromethane, T;=22 ms at 25°C and E_=1.9
kcal/mol. These data were used to generate T1(14N) as a
function of temperature (Table VIII, the last colunmn) .
Further, these T,('“N) data were used to calculate 1_ via
equation (26). In the third column of Table IX, the
displayed D, were derived via D, = [610]'1 by using
X (14N)=1.695 MHz and §=0.424 in nitromethane as reported by
Subbaraoc and his coworkers.1?

The Raman bandshapes of v, (CD; symmetric stretch) and
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v, (CD; antisymmetric stretch) vibrations in nitromethane-d,
have been measured as a function of temperature in the
liquid phase in order to test whether our methodology is
applicable to the study of methyl group reorientation in
molecules with symmetry lower than C;,. The narrower of the
two Lorentzian components of the Raman spectra of degenerate

E mode, A,!?), was used to derive D, via the relation:
8,2 = A, + (nC)7l[5D, +D|] (93a)

The quantity A,, which can not be measured directly, was
estimated from the isotropic (vibrational reorientation)
bandwidth of an equivalent A, vibration via a method
suggested by Tanabe.! The results are shown in the first
two columns of Table VIII.

With D, (diel), 4,2}, and A,, the spinning rates of
methyl group can be derived and are shown as Dj(Ram) in
Table IX.

The deuterium spin-lattice (T;) NMR relaxation times
were also measured in order to obtain an alternative
determination of spinning diffusion coefficient, Dy, in
CD3;NO,. However, the calculation of 7, via eq. (26)
requires a knowledge of the deuterium QCC [x(zH)]. The
literature2?® values of the x(zH) ranged from 128 to 161 KHz.
These two limiting values of Y (2H) were used in eq. (26) to

calculate DI‘ The results are listed in Table IX as
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Dy (?H) yax @nd Dy (?H),;,, which were calculated from X (2H) =
161 KHz and 128 KHz respectively.
C. Results and Discussion

The degenerate CD; stretching mode may split into B,
and B, components. The CD;NO, Raman spectrum of this
vibration shows no evidence of any splitting because of the
lack of appreciable coupling of the CD; stretching
vibrations to any of the NO, modes, which are of
significantly lower fregquency.2%r2l The measurement of
Raman bandwidths of A, vibrations has been a routine
procedure for the determination of the ’‘tumbling’ rotational
diffusion constants in symmetric top molecules.l3:16 1t
appears resonable to hope that the analysis of A; vibrations
not directly involving the NO, group might yield realistic
values for D , though nitromethane is not a symmetric-top
molecule. The attempts to calculate D, values from the v,
(CD; symmetric stretch) and v,(C-N stretch) modes in
nitromethane were unsuccessful, due to a combination of low
depolarization ratio and overlap with neighbouring bands.

The dielectric relaxation time measurement may be used
to calculate D, in nitromethane since the dipole moment lies
along the principal axis. The utilization of Chandra et.
al.’s data provided us the 7,’s at the temperature in our
study. Further, these 7,’s were used to calculate D, values
via the equation D, = [271]"1.

An alternative method for D, calculation is from the
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14N NMR relaxation time [T,(!%N)] when the principal axis of
the 14N electric field gradient (efg) is parallel to the
principal molecular axis. The efg is not strictly required
to lie along the principal molecular axis in nitromethane,
since it has less than C, symmetry. If it were to lie at
the same angle, #, this would result in higher values for
the apparent perpendicular diffusion coefficients. The
relaxation time for a quadrupole nucleus is related to the

reorientational correlation time, 7_, by the expression:

c’

2 2
1 _ 1 _ 3m% 2I+3 [1+_&_'_

2 L)
= X“Tc(8) = 5 X“1.(0) (26a)
T, T, 10 712(21-1) 3] ¢ 2 ¢

In this equation, ¥ is the quadrupole coupling constant (in
Hz), € is the electric field gradient in the vicinity of the
nucleus and I is the nuclear spin quantum number, I=1 for
both 14N and 2H, which leads to the final form of the above
eguation.

As shown in Table IX, the perpendicular diffusion
coefficients determined from the dielectric and NMR
relaxation are in very satisfactory agreement, lending
support for the assumption that the principal axis of the
14N efg is parallel to the symmetry axis.

The Gierer-Wirtz Microviscosity,??® the Hu—Zwanzig,24
and the Hynes-Kapral-Weinberg (HKW)2® models of

reorientational diffusion have been applied to obtain a
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priori predictions of D, in nitromethane. As displayed in
Table IX (the fourth column), the HKW model yields diffusion
coefficients that are in virtually quantitative agreement
with experiment. The theoretically predicted D, values by
the GW and HZ models are substantially lower than the
experimental results [D,(GW)=0.6-0.8D (exp) and D, (HZ)=0.3~
0.4D, (exp)].

In previous work done in our laboratory,’ ? it has
been shown that the narrower of the two Lorentzian
components (A,{2)) of the Raman spectra of E bands in Cz,

molecules may be used to determine D, via the relation:
A3 = A, + (me)™1(5D, + D] (93a)

where A, is the contribution of vibrational relaxation to
the bandwidth. This quantity, which cannot be measured
directly, may be estimated from the isotropic (vibrational
relaxation) bandwidth of an equivalent A; vibration via the
relation, A, (E)=A,(A;)x[®(A;)/0(E)]?, as originally
suggested by Tanabe.?! A,(v,) and the two experimental peak
frequencies were used to calculate A, (E). The measured
linewidths [4,¢?)], A,, and the D, obtained from the
dielectric relaxation time have been used in equation (93a)
to determine the parallel, spinning, diffusion coefficient
as a function of temperature. This calculated results are

listed in Table IX as Dj(Raman). It is noted that this
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quantity represents the spinning rate of the methyl group,
rather than that of the whole molecule. This parameter has
been labeled as D;,, in some studies.?®

NMR relaxation of a nucleus whose bond vector lies at

an angle, #, relative to the principal axis has been

utilized as an alternative method to determine the spinning

diffusion coefficient. The expression:?2’
r.(0) = (1/4) (3cos?8-1)%  3sin#cos®d . (3/4)sin‘g
¢ 6D, 5D, +D) 2D, +4D| (46)

presents the correlation time as a function of diffusion
constants (D and D,) and vector angle, §. The requisite
correlation time may be obtained from the deuterium
relaxation, listed as T1(2H) in Table VIII, because the C-D
bond lies at #=109.5° relative to the principal axis.?® The
calculation of r_, via equation (26a) takes a knowledge of
the deuterium QCC [X(?H)]. Bjorholm and Jacobsen?® have
measured ¥ (°H) for CD;NO, in a variety of nematic liquid
crystalline solvents. The result varied significantly
between nematogens, ranging from 128 kHz to 161 kHz. Due to
the near cyclindrical symmetry of the C-D bond, it is safe
to assume that £~0 in equation (26a). Therefore, these two
limiting values have been applied to equation (26a) to
calculate 7, which, with D, derived from the dielectric

relaxation, was fitted by equation 46 to determine the
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parallel diffusion constant. The results are presented in
Table IX. Dy(%H)y,y are values obtained using X (?H)=161 kHz
and DI(2H)MIN are the results with x(2H)=128 kHz. It is not
surprising that there is a large variation between the two
sets of diffusion coefficients since 7, is inversely
proportional to x2, as shown in equation (26a).

Hydrogen bond formation is one of the possible factors
contributing to the vibrational band broadening.29 This
band broadening may be the cause of the Dy’s derived from
the Raman v, bandwidth to be greater than the maximum values
of D, derived from T1(2D) of nitromethane, which does not
occur in either acetonitrile? or iodomethane.’” The finding
of this investigation provides further evidence for the
existence of hydrogen bond interactions between methyl and
nitro groups on neighboring molecules, which would be
expected to slow the CD3 spinning rate.

In earlier Raman and NMR studies of iodomethane’ and
acetonitrile,? it was found that the experimental values of
Dy were close to those calculated from the Free Rotor model.
In contrast, in this experiment, the Dy’s derived from both
Raman and NMR methods are far smaller than those calculated
from the Free Rotor model, D|(FR) in Table IX, indicating
that the intermolecular self-association (hydrogen bond
interactions) slows the spinning motion of nitromethane in
the liquid phase. The intermolecular association in

acetonitrile does not slow the spinning rate because the
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interaction occurs between the C=N groups on the neighboring

molecules, and does not involve the methyl groups.
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CHAPTER VI

REORIENTALIONAL DIFFUSION OF HFB/BENZENE BINARY LIQUID
MIXTURES
A. Introduction
The fact that hexafluorobenzene and benzene form a 1:1
intermolecular complex in the solid phase is well
documented.l In spite of the wealth of evidence from

neutron scattering,2 thermodynamics,3

and X-ray studies of
HFB/Benzene binary mixtures, the results of spectroscopic
studies of HFB/Benzene solutions still remain ambiguous.%™8
A typical example is the work done by Tanabe & Hiraishi.’

In their analysis of a,;, vibrational modes of HFB and
benzene, it was found that D (B) decreases with the increase
of HFB/Benzene solution viscosity but D (HFB) displays
anomalous results.

In order to have a more complete characterization of
the reorientational dynamics in liquid HFB/Benzene mixtures,
the measurements of several Raman ajq and ey, vibrations of
HFB and benzene were carried out to determine their
bandwidths as a function of binary mixture composition (the
HFB mole fraction, Xypp). The resulted bandwidths were then

used to calculate the two diffusion coefficients, Dy and D,

of HFB and benzene as a function of composition in solution.
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B. Experimental

1. Sample Preparation

HFB and benzene were used as received without further
purification. The HFB/benzene solutions were prepared
gravimetrically and contained in sealed melting point
capillaries. The composition of hexafluorobenzene (Xypp)
varied from 0.2 to 0.8 mole fraction.

2. Raman Spectrometer Measurement

The vibrations of HFB and benzene used in this
investigation are listed in Table X.

Polarized Raman spectra of a;4 and e,, modes of HFB and
benzene were recorded three times at frequency increments of
0.5 cm™! with a count time of 5 seconds per point. The
spectroscopic width was 4.3 cm™!. The depolarized spectra
of these bands were alsoc acquired for all the samples. The
depolarized/polarized height and width ratios were used to

correct and obtain isotropic bandwidths, A from the

iso¢
measured polarized widths. The Raman spectrum of each
vibration was measured three times in each mixture. The
experiments were performed at ambient temperature (21°C).
3. Data Analysis

The experimental spectral intensities were fitted with
theoretical lorentzian lineshapes (convoluted with a
triangular slit function to eliminate the effects of

instrumental linebroadening) to obtain bandwidths.

In order to minimize the propagation of random error,
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the widths of each vibration were fitted by a straight line
and the least-square interpolated values were used in
further calculations. The Raman bandwidths of a1g and g
modes in HFB/Benzene solution as a function of the HFB molar
fraction are listed in Table XI.

The values of D, were obtained from the Raman
bandwidths of ag vibrations, A;,,(V,) and A, ;i.o(V,), Via
equation (92). The acquisition of these values and the
values of Aiso(vl) and A,.i.o(Y15) allow us to calculate the
spinning diffusion coefficients, D|’s via equation (96).
The resultant diffusion coefficients for both HFB and

benzene are listed in Table XII and in Figure 9.

C. Results and Discusssion

It is observed that D (B) decreases by more than a
factor of two with increasing HFB mole fraction, which is in
gqualitative agreement with the prediction based on
increasing solution viscosity,9 as shown in Figure 9 and
Table XII.

Based on hydrodynamic theories, as one may expect, the
reorientational diffusion rate is proportional to 1/n (D, «
1/7).1°% In disagreement with hydrodynamic theories of
reorientation, the tumbling rate of HFB molecules, D, (HFB),
increases with increasing solution viscosity. D, (B)
decreases with increased solution viscosity, in agreement

with the prediction of hydrodynamic theories of rotation.



Table XII. Rotational Diffusion Coefficients in
Hexafluorobenzene/Benzene Mixtures®

HFB

0.0

1.0

a) Diffusion coefficients given in units of ns™

D, (HFB)

14.0
15.2
16.3
17.5
18.6
19.8
20.9

22.3¢

b) From Ref. {7]

¢) C.H. in C.D
d} From Ref.

[

; K. Tanabe and J. Hiraishi, Mol. Phys. 39, 493 (1980)

10]

D, (B) D (HFB)
66” --
91° .-
49.4 179
44.9 172
40.4 164
35.9 156
31.4 149
26.9 141
22.4 134
-- 107¢

Dy (8)
216°
201
201
200
200
199
199

198

n

0.60
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D, (HFB) exhibits a trend opposite to that of D (B),
indicating that the complexation between HFB and benzene
slows the tumbling rate. This phenomenon corresponds with
Tanabe’s finding that the formation of the associated
complex tends to slow the rotation of each species as its
mole fraction in the mixture is lowered.’

A rather different trend in the composition dependence
of the parallel diffusion coefficients is found. D) (B) is
roughly a constant. This implies that the benzene is
spinning about the C; axis like a Free Rotor, which is
unimpeded by varying intermolecular torques in the mixture.
Also, D|(HFB) demonstrates a trend opposite to that
exhibited by D, (HFB), and increases at lower mole fraction
of HFB. The above mentioned results imply that the relative
molecular orientations are more random in neat HFB than in
the mixture. 1In such a mixture, HFB and benzene molecules
are thought to form stacked pairs.®

In summary, the very different trends exhibited by the
perpendicular and parallel diffusion coefficients in
hexafluorobenzene/benzene solution cannot be explained on
the basis of a single simplified model of association and

reorientation in these mixtures.
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