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ABSTRACT

A magnetic nucleus located on an internal rotor is coupled not
only to the rotational magnetic field generated by the end-over-end |
rotatibn of the molecule but also to the magnetic field produced by the
internal rotation of the top relative to the frame. Although the
importance of the nuclear-spin—internal-rotation coupling as a
nuclear spin-lattice relaxation mechanism has been established, the
nature of the stochastic processes which modulate the interaction and
are thereby responsible for the coupling between the nuclear spin
system and the lattice has yet to be determined,

In order to elucidate the nature of the dynamical processes
that provide the coupling between the nuclear spins and the lattice,
both the temperature and viscosity dependence of the fluorine spin-
lattice relaxation times for benzotrifluoride have been examined.

The viscosity dependence of the fluorine spin-lattice relaxation times
for hexafluorobutyne-2 has also been investigated.

It is concluded that the rotational magnetic fields generated
by overall and internal rotation are fluctuating independently and that
each field is described by a distinct correlation time. It is also
concluded that, contrary to previous proposals, the nuclear-spin—

internal-‘rotation interaction contributes significantly to the spin-

toluene.



The effect of solvents on the relaxation of rigid molecules has
also been investigated. The fluorine spin-lattice relaxation times of
CF,CH,Cl, CF,CH,Br, CF,CH,I, and CF,;CCl; have been measured
as a function of concentration in various solvents, both polar and
non-polar., The intramoleculalj contributions to relaxation, arising
from the intramolecular dipolar and spin—overall-rotation interactions,
were analyzed in terms of various correlation time models. It is
found that the Hill(i) model for molecular reorientation provides the
only satisfactory explanation for all the results; it is also found that,
in general, the efficacy of the Hill model is dependent upon the mutual

viscosity.

(1) N, E. Hill, Proc. Phys. Soc. (London) B67, 148 (1954).
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I. GENERAL INTRODUCTION

In Part I we discuss the basic elements of nuclear spin-lattice
relaxation: the theory of relaxation, relaxation mechanisms,
correlation times, and the measurement of relaxation times. The
discussion of the theory of relaxation is of a cursory nature because
the subject has been exhaustively treated by numerous authors includ-

ing Abragam(l) and Slichter. (2)

1. The Theory of Nuclear Spin-Lattice Relaxation

When a macroscopic system containing a large number N of
nuclear spins is placed in a static magnetic field ﬁo = Hol?, it acquires
an equilibrium magnetization ﬁo that is directed along the field axis

o Ny RIO+1)H,
Mo = 3kT | 1

The motion of the magnetization in a time-dependent magnetic field

ﬁ(t) = Hoﬁ + ﬁl(t) can be described by the Bloch equation(s)

(M1 + MyT) (v, - M)k

T T (2)

.af— = ')/ M X ﬁ(t) -
The term yﬁ X ﬁ(t) is the equation of motion of the magnetization for
an ensemble of free spins. The second and third terms are damping

terms which describe the tendency of M to return to the thermal
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equilibrium value: in the absence of ﬁl(t) the x- and y-components of
M vanish exponentially with a time constant T,, the transverse
relaxation time; the z-component approaches ﬁo exponentially with a
time constant T,, the longitudinal, or ''spin-lattice', relaxation time,

Bloembergen, Purcell, and Pound(4) have proposed that nuclear
spin-lattice relaxation is caused by the fluctuating magnetic and
electric fields that are associated with random molecular motions.
Relaxation occurs when the Fourier spectra of the fluctuating fields
contain non-vanishing components at the frequency corresponding to a
transition between two levels of the nuclear spin system: these
transitions serve to bring the spin system into thermal equilibrium
with the "lattice'., Thus spin-lattice relaxation times are directly
related to transition probabilities. Slichter(z) has presented a very
detailed treatment of the calculation of transition probabilities by the
density matrix method. The results are summarized here,

A non-stationary perturbation 3¢,(t) causes transitions between

the states k and m at a rate

Ww.

em = 572 (mlset + ) [k (ke (t)|m) e mkTar  (3)

where w . = H'I(Em - Ek) and the bar denotes an ensemble average.
The integral, customarily represented by J. mk(w ), is the Fourier

transform of the autocorrelation function

(m|3e,(t +7)|k) (k|3¢,(t)|m) = G (7)



of the randomly fluctuating Hamiltonian and is the spectral energy
density of the fluctuation at the transition frequency Wk Equation

(3) may be written
Wi = B720,@) = 57 [ Gy (m) e “mk" dr (4)

The calculation of W; requires information on the physical
basis of the field fluctuation and on the form of the autocorrelation
function Gmk(v'). When the fluctuation can be described by a one-

dimensionial Markoffian process, as is generally assumed, the auto-

(5)

correlation function has an exponential time dependence

G, (1) = [(mlze,)K) eIl ()

where the correlation time Te is a "'characteristic time' for the
fluctuation and Gmk(T) is a measure of its persistence. There are
several realistic models which lead to an exponential autocorrelation
function of the form of Eq. (5) and which correspond to situations
frequently encountered in practice. Rotational Brownian motion in the
limit of viscous damping will have this property. () Any two-valued
randomly jumping function will also lead to an exponentially 'decaying
autocorrelation function. 7)

For spin-3 systems, the rate of longitudinal relaxation

(1/Ty) = 2W, ., is given by



4

4T
_ 1 2 c
(/7)) = — | (m [3€,(0)|k)| o, 772 (6)

Thus the rate of relaxation is proportional to the matrix elements of

the perturbing Hamiltonian and to the time scale of the fluctuations.

2. Relaxation Mechanisms

Various interactions can give rise to the fluctuating
perturbations that are manifested as relaxation mechanisms. Several
examples are the tensor dipolar interactions, the spin-rolational
interaction, the electric quadrupole coupling, and the anisotropic
chemical shift, The first two examples, the only relaxation
mechanisms relevant to the experiments described in this Thesis,
are discussed in Section IL 2.

3. Correlation Times 8,9)

The response of a macroscopic system to a time-dependent
perturbation is often a manifestation of the dynamics of the system at
the molecular level. A number of macroscopic phenomena can be
interpreted in terms of correlation times which are characteristic
times for fluctuations of the dynamical variables of the system. In
this section we shall give several examples of applications of
correlation times and then we shall discuss some of the models used
for their calculation. |

The first example, of prime importance because of a wealth

- of experimental data, is dielectric relaxation. The response of a



dipolar liquid to a time-dependent electric field E-= —ﬁo cos(wt) is
related to the complex dielectric constant €*(w):
€ - €4

e*(w) = €, + - (")
1+iw TM

where €, and € are, respectively, the static and high-frequency
(optical) dielectric constants; T\D the macroscopic relaxation time,
is the time required for the macroscopic polarization of the dielectric
to decreasc to 1/¢ of its initial value. The macroscopic relaxation

is related to molecular relaxation by the expression

= FT ’ | (8)

(10) and 5'“ is the

correlation time which characterizes the fluctuations in the orientation

where F(1 ¢ F < 2) is an internal-field factor

of the dipole vector —ﬁ
The second example that we shall consider is light scattering.
When polarized light is scattered from molecules having non-spherical
polarizability, the Raman spectrum contains a broad, depolarized
component known as the Rayleigh "‘wing". (11) The depolarized
component arises from thermal fluctuations in the orientation of the
anisotropic polarizability tensor @. It has been shown that the

normalized intensity distribution I(Aw) of the Rayleigh "wing" is



(Aw) = 1 ©)

1+ (Aw)z'rm2

where Aw is the frequency shift and 7 o 18 the correlation time
associated with fluctuations in the orientation of Q, (12)

The concept of correlation times has also been applied to such
problems as, for example, the analysis of infra-red band shapes(13)
and the absorption and dispersion of ultrasonic waves;(14) however,
we shall not delve into these particular problems. As our final
example we shall consider nuclear spin relaxation. The rate of
longitudinal relaxation due to the dipolar interaction between two

identical nuclei on the same molecule is

(1/T1)=A[ T, AT :l (10)

2 2 2
l+rw T, 1+40°17°

where A is related to the properties of the nuclei, and 7, is the

correlation time characterizing the reorientation of the dipolar coupling

tensor. (4)

The above phenomena are related in the sense that molecular
rotation is involved in each case. Thus it is not unreasonable that
the correlation times 7 o’
case where the Debye model is valid (vide infra), the correlation time
4)

Tw and 7, are related. For the particular

associated with the reorientation of an £-rank tensor is(

r-_8Tan (11)
2(2 + 1) kT



Since the dipole moment vector is a first-rank tensor and the
polarizability and dipolar coupling tensors are second-rank,

Eq. (11) gives
T, = T, = 3T (12)

When molecular reorientation proceeds by large-angle jumps instead
of by the Brownian rotational diffusion of the Debye model, the above

relations [ Eq. (11) and (12)] are not valid:{1%) instead
Ty = Tp = T (13)

However, Powles(ls) has pointed out that many liquids, including
highly associated liquids such as water, reorient by small-angle
jumps (viz., Brownian rotational diffusion) and that 7 " /Ty = 3.

Since most studies of rotational relaxation have been effected
by dielectric relaxation techniques, most of the literature of correla-

tion times pertains directly to 7, and only indirectly to 7,. In what

i
follows we shall exercise care to distinguish between the two. For
our use we shall assume that 7, = 37 "

3’. 1. Molecular Reorientation

The reorientation of polar molecules in solution is influenced
by randomly fluctuating torques and by the viscous damping of the

solvent. Cole(17) has presented a particularly simple analysis of the



problem: we shall describe his analysis here. The equation of motion

for 6--the angle through which the dipole turns--is assumed to be

16 = - £6 + N(t) (14)

where I is the moment of inertia, ¢ is the rotational friction coefficient,
and N(t) represents the randomly fluctuating torques. Multiplying by
6 and substituting 68 = d(60 )/dt - 8% and 8§ = d(%6%)/dt gives

d

2 L 2 d 1 42 52

Introducing the equilibrium distribution function f; and taking an

average over ensembles leads to

2

- d
2

I

GOT) + £ 2= GO = (8T + (GNO)) (16)

where (3f, 92) represents the mean square angular displacement,
Cole neglects the average over 6 N(t) and replaces the average kinetic
energy 31 §° by kT. The resulting differential equation has the

following solution for the initial conditions 6 = 6 =0att=0:
(3,07 = _2‘_12_"1_‘. - —Ig— [1- exp (- st/n]} (17)
In the limit where the time is short or the rotational friction

2
coefficient ¢ is small, (30 f,) =~ (kT/ I_)tzz the reorientation is

independent of the surrounding media and is dynamically coherent. In



the limit where the time is long or £ is large, (3 6%,) ~ (2kT/¢)t: the
reorientation is dominated by viscous damping.
Since the correlation time 7, is the time per unit angular

"
displacement, the correlation time in the "inertial limit" is

L
2

Ty R (I/kxT) (18)

which, except for a numerical factor, is the same as the result
obtained by Steele, (18, 19) The correlation time at the other extreme--

the '"Debye limit"--is
TN £/2kT (19)

which is precisely Debye's result. (20)

3.2, Correlation Times in the Debye Limit

Since the rotational friction coefficient is related to the total

potential V acting on a molecule(18)

£ = (2U/r) (3" v/26"%) (20)

the evaluation of ¢ is an intractable problem. Debye interpreted &
by assuming that the polar molecules behave as spheres of radius a
in a hydrodynamic fluid of macroscopic viscosity 7. Stokes' law of

classical hydrodynamics leads to
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£t = 8ma’n (21)
and therefore
473>
w = kT : (22)

Thus the correlation time is proportional to the molecular size and
to the macroscopic viscosity.

Meakins(zj‘) has studicd the effect of the relative sizes of the
polar solute and the non-polar solvent upon the applicability of the
Debye equation [ Eq. (22)]. He has concluded that the Debye formula
gives good agreement with experimental correlation times when the
volume of the solute molecule is at least three times larger than that
of the solvent molecule., When the solute and solvent volumes are

more nearly equal, the calculated value of 7 , is much greater than the

experimental value, -
The expected proportionality between 7 i and the viscosity
does not always hold. Smyth(zz) has presented examples where a
| 500-fold increase of viscosity causes less than a 2-fold change in the
correlation time. Numerous results support the contention that
viscosity effects are important only when rotational motion causes a
displacement of solvent molecules.
Although the Debye model for the molecular relaxation time
T has proved to be useful, in many cases it is inadequate. There
have been two general approaches to the shortcomings of the Debye

model: attempts have been made to account for deviations of molec-

ular shape from spherical symmetry; there have been efforts to



11

redefine the viscous interaction in terms of the properties of both the
solute and solvent molecules.

Symmetry Corrections, -- For the general case of a non-

spherical molecule there is a correlation time associated with

reorientation about each of the principal inertial axes:

47 abe nfj

= i=a,b,c (23)

where a, b, and ¢ are the dimensions of the rotational ellipsoid and
fi is a numerical factor that is a function of the orientation of the
molecular dipole with respect to the particular axis. (23)

Viscosity Corrections, -~ Wirtz and co-workers(24’ 25) have

attempted to account for the finite size df the solvent molecules. They
consider that the sphericalv solute molecule, of radius a,, creates a
hydrodynamic disturbance which propagates through concentric layers
of solvent molecules, of radius a,. Because of what amounts to
"slippage'’ between adjacent layers, the rotational friction coefficient

¢ is reduced by a factor f:

f = E(Gal/az) + .(1 +.a1/a2)"3]'1 (24)

Thus the dipolar correlation time is

T, = M [(Gal/a2)+(1+a1/a2 J (25)

Hi11(26) has proposed that the dipolar correlation time should
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not be related to the viscosity of the solvent, but rather to a mutual
Viscosity which is a measure of the interaction between the solute
and solvent. The mutual viscosity 7,, can be obtained from the
viscosity Tm of a solution composed of liquids whose viscosities are
7, and 7, (subscripts 1 and 2 refer, respectively, to the solvent and

the solute):

g a. ag
- 2 1 2 12
m m m

where the o's are intermolecular distances and the x's are mole
fractions. For a dilute 'solution of a polar molecule in a non-polar

solvent, the Hill theory gives

L,L |[m+m, | n 019
B 3[112+12]l: m,m, kT @7)

where I, is the moment of inertia of the polar solute molecule, I, is

the moment of inertia of the solvent molecule about the center of mass
of the solute molecule at the instant of collision, and the m's are the
molecular masses.

| Meakins (27) has tested the validity of the Hill equation for
dilute solutions and has concluded that, particularly for small solute
molecules, the agreement between experiment and theory is better for
the Hill equation than for the Debye equation. However, the agree-
ment between the Hill theory and experiment vanishes rapidly as the

sizes of the solute and solvent molecules deviate from equality; the
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agreement is also dependent upon the symmetry of the rotational
ellipsoid of the solute molecule: the Hill equation works best when the
rotational ellipsoid is reasonahly symmetrical (I AR IB ~ IC). (28)
Hase(zg) has developed a microscopic-viscosity expression
that is dependent upon the molecular volumes of the solvent and solute

(V, and V,, respectively):

Tmicro ~ nexp (- AV,/V,) (28)

where A is an empirical parameter, Thus

T, = —-———-———4417;;377 exp (- AV,/V,) (29)
Illinger(g) has pointed out that the relative values of the

molecular volumes V, and V, serve as a useful classification scheme.
For V, > V,, the solvent may be considered to be a continuous medium
and, theréfore, the Debye equation [ Eq. (22)] or the Fischer cquation
[ Eq. (23)] may be expected to hold for, respectively, spherical and
ellipsoidal molecules. As V, approaches V,;, but with V, larger than
V,, the coarse-grained nature of the solvent must be considered, but
a hydrodynamic model is still applicable. Illinger suggests that the
Wirtz equation could be valid in this case. When V, & V; the hydro-
dynamic model is clearly unacceptable and a detailed picture of the
solute-solvent interaction must be considered, If this interaction is

adequately described by the mutual viscosity, Hill's equation might
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be valid in this range. Illinger has cautioned that such a classification
is a broad generalization and that the detailed assessment of the

validity of the various models is highly tenuous.

3.3. Correlation Times in the Inertial Limit

Equation (20) shows that the rotational friction coefficient
goes to zero when the potential energy V is independent of the angle.
Thus the reorientation is dynamically coherent and the correlation
time depends only on the moment of inertia I and the absolute temper-
ature T. Steele(!® 19) has shown that in the inertial limit the

correlation time for nuclear-spin relaxation is given by

Py
2

T, = 3@1/3kT) (30)
Equation (30) predicts that the intramolecular dipolar contribution to
relaxation is independent of the molecular environment, Although the
inertial model might be expected to hold for specific examples such as
CH,, CF,, and the internal motion of the CF top in benzotrifluoride,
there is a considerable body of experimental evidence that indicates
that the inertial model is not usually applicable. For example, the
correlation times 7, for benzene and cyclohexane--two of the examples
cited by Steele in support of his theory--have been shown to be
dependent upon the solvent(30) and also upon the hydrostatic

(31).

pressure : clearly, the inertial model cannot account for either

observation.
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3. 4. Relaxation as a Rate Process

Kauzmann(sz) has questioned the validity of the concept of a
rotational friction coefficient based on a diffusion model of infinitesimal
reorientations, He has argued that the temperature dependence observed
in dielectric relaxation indicates that at some stage of the reorientation
process a molecule is forced to wait until it has acquired, by thermal
fluctuations, a considerable amount of energy in excess of the average
thermal energy of the medium. In other words, reorientation most
likely proceeds by discrete jumps between stable orientations separated
by a potential barrier. The correlation time, equal to the reciprocal

of the jump frequency, is given by

7, = (b/kT) exp (AG™/RT) (31)
where AG” is the free energy of activation. The reaction rate theory
of molecular reorientation has not been extensively utilized because,
as was previously pointed out, comparisons of 7, and 7 I indicate that
- many liquids, including highly associated liquids such as water,

reorient by Brownian rotational motion,

(33)

4, Pulsed Nuclear Magnetic Resonance

4.1. The Rotating Coordinate System(34)

The equation of motion for a nuclear moment —,J in a static
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magnetic field H, is

IXf, = yATXH, = H—%t—l— (32)
It is both convenient and customary to transform the equation of motion
from the laboratory fixed reference frame to a coordinate system
rotating with an angular velocity w If 8/t represents differentiation
wilh respectl Lo lhe rolaling coordinate system, the rate of change of T

with respect to the fixed coordinate system is

—

oL - _gftf_ + @xT (33)
Rearranging Eq. (33) gives
a-:-[) _ _f)( s - _ --»X—>
- = YIX(Ho+ w/y) = yIXH, (34)

where ﬁr is the effective nﬂagnetic field in the rotating coordinate
system.

In altypical nuclear magnetic resonance experiment a
circularly polarized magnetic field ﬁl, perpendicular to the static
field ﬁo, rotates about Hy with an angular frequency w. Since ﬁl
appears as a constant field in the rotating coordinate system, the axes

of the rotating frame can be selected such that

—_ — -

H, = HK ®= -wk' H = H (35)
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Then in the rotating coordinate system

H, = (- 2)F + BT = - o)F + 17 (36)
At resonance w = w,; therefore
H, = HT (37)

and the equation of motion of the nuclear moment in the rotating frame
becomes

The nuclear moment precesses about the x’~axis with an angular
frequency w = yH,. Since the total magnetic moment M of the sample
is the vector sum of all the individual nuclear moments, M behaves

similarly: i.e., at resonance

oM

2L = oE M X 1 (39)

The preceding treatment is somewhat artificial because it was
based on the assumption that the static magnetic field can be described
by a Single value Hy,. In fact, the magnetic field is best described in
terms of a normalized distribution function f(H) centered at H = H,.

The field deviation may be described by'AH = H - H,; 0, the root mean
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~ square deviation, is a measure of the width of the distribution. The
vector sum of all the nuclcar moments in the incremental region H to
H + dH, an isochromat, is MI{(H)dH. We shall represent the
isochromats by M(Aw) in order to emphasize the distribution of
precessional frequencies imposed by the field distribution.
Introducing these concepts, the effective field in the rotating

coordinate system becomes
B, = MH+H-2)F+ BT = & (0 + @ - @) B + BT (40)

At resonance

H, = AHK + HT (41)

and the equation of motion for the isochromats is
OMAW) _ o AHM (Aw) X B’ + yH, M(Aw) X T (42)

- In a pulsed nuclear magnetic resonance experiment, the magnitude of
the radio-frequency field is large (H;, > 0) and the duration of the rf

pulse t_ is short (tw <« 1/y0); therefore, Eq. (42) gives

OMAw) _ Ly #(Aw) X T (43)
3t 1M (a

The motion of the isochromats is identical to the motion of the total

magnetic moment: precession about the x’-axis with an angular
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frequency w = yH,. ‘

In a time tw the total magnetic moment will precess through
an angle 6 = yH,t,. A "90° pulse" (yH, t, =) turns the total
magnetic moment through 90° from the z’-axis to the y’-axis; a
"180° pulse" (Y H; tw = 7) inverts the total magnetization aligning it
along the -z’-axis. Pulsed nuclear magnetic resonance experiments

are performed with combinations of 90° and 180° pulses.

4, 2. Free Induction Decay

A 90° pulse applied to a system initially at thermal
equilibrium aligns the total magnetic moment along the y’-axis. Since
the y’-axis is rotating with an angular frequency w, = yH, with respect
to the laboratory coordinates, a signal is induced in the receiver coil
of the spectrometer. The frequency of the signal is wo,- and the |
amplitude of the signal is proportional to My' , the component of
magnetization along the y’-axis. As viewed in the rotating coordinate

system, the isochromats begin to fan out
-g-%i (Aw) = yAHM(Aw) X B (44)

with some leading the y’-axis and others lagging. Consequently, My,

decreases with time (Figure 1). This phenomenon is commonly

referred to as the free induction decay.
If, for example, the frequency distribution is described by an

error function, the free induction decay envelope has the form
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FIGURE 1

The formation of a free induction decay as viewed from the rotating
reference frame, Initially the net magnetizé,tion is in its equilibrium
position (A) parallel to the direction of the static magnetic field H,.
The pulsed rf field H, causes the magnetization to rotate (B) rapidly
about H;. At the end of the 90° pulse the net magnetic moment is in
the equatorial plane (C). Following the removal of H,, the variations

in H, over the sample cause the isochromats to slowly fan out (D).
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V(t) = My, = M, exp (- o?p2t?/2) (45)
The time required for M g and consequently the induced signal, to
decay to e~! of its original value is Tz*. This may be regarded as the
characteristic time for the isochromats to lose phase coherence. For

the error function frequency distribution

* _ V2

Tz = -;/_(_)'- (46)

It should be noted that there is no free induction decay following a
180° pulse because there is no component of the total magnetic moment

along the y’-axis.

4, 3. Measurement of the Longitudinal Relaxation Time

The measurement of the longitudinal or spin-lattice
relaxation time is initiated by a 180° pulse which inverts the total
magnetic moment. Due to interactions of the spin system with the
"attice' the magnetization begins to return to its equilibrium value.
If, after a time t;, a 90° pulse is applied, the residual magnetization
Mz(tl) is rotated into the x'y’~plane where it induces a signal (again

assuming an error function frequency distribution)

V(t) < Mg, = My (t) exp (-y*0*t7/2) (47)
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i. e., the initial amplitude of the free induction decay signal is
proportional to the residual magnetization at time t;. The spin system
is allowed to equilibrate, and the process is repeated with a delay t..

The induced signal is
V(t) o My’ = M, (t,) exp (-y202t%/2) (48)

If the process is repeated many times and the results are super-
imposed, one obtains a "multiple exposure' as in Figure 2, The initial

amplitudes of the free induction decays are the loci of a curve

M, (t) = Mo[1 - 2 exp (-t/T)] (49)

- where T, is the characteristic time for spin-lattice relaxation. When

Mz(t)zo, t=17

null? there is no free induction decay. Thull is

customarily determined in a '"T," experiment, but the two times are

related

T o1 = Tiln2 (50)
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FIGURE 2

A "multiple exposure" of a sequence of T, experiments.
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IL. NUCLLAR SPIN RELAXATION
IN THE PRESENCE OF INTERNAL ROTATION

1. Introduction

A nuclear spin can interact with the magnetic field produced by
overall molecular rotation. This interaction, commonly called the

spin-rotation interaction, is described by the following Hamiltonian:

e T (1)

Q

-] - -‘-).

~

where Cis the spin-rotational coupling tensor and T and ffare,
respectively, the nuclear spin and molecular rotation vectors. The
effect of this interaction on the stationary states of molecules can be
detected by molecular beam resonance experiments(l) and as fine
structure in microwave rotational spectra. 2) From such experiments
the spin-rotational constants of, for example, HF,(S) SFG,(3) CH,, (4,5)
CF,, (6) and fluorobcnzcnc(7) have been determinced.

In gases at high pressures and in liquids, the spin-rotational
interaction is time dependent since molecular collisions cause frequent
changes in the orientation and the magnitude of the angular momentum
vector. Since the fluctuating Hamiltonian couples the nuclear spin
system to the lattice, it can induce nuclear spin relaxation. (6) The
importance of this relaxation mechanism has been discussed by a

number of authors including Gutowsky, ©,10) Powles,(n) and

Waugh.(lz’ 13) A theoretical treatment, ‘valid for the case of spherical
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molecules in the liquid state, has been described by Hubbard. (14)
Unfortunately, the spin-rotational tensors are known for only a few
relatively simple molecules; even then, frequently, all the components
of the tensor are not known. This has greatly handicapped the inter-
pretation of relaxation measurements. Even in the few cases where
the spin-rotational tensors have been uniquely determined, methane
and fluorobenzene for example, the interpretation of the relaxation

~ data is complicated because of a lack of knowledge about the detailed
nature of the fluctuations that determine the power spectrum.

Recently there has been considerable interest in the interpreta-
tion of the spin-lattice relaxation of molecules containing internal
rotors. Green and Powles(n) have studied the spin-lattice relaxation
of the fluorine nuclei in benzotrifluoride and have found T, to be
unusually short and strongly temperature dependent. They have inter-
preted their results in terms of a spin-overall-rotation interaction
modulated by the Brownian motion of the molecule; Faulk and Eisner(ls)
have reached a similar conclusion. Green and Powles have also found
that the high temperature behavior of the methyl group protons of
toluene, para-fluorotoluene, para-xylene, and mesitylene indicates a
spin-rotational contribution to relaxation, although it is not nearly so

(16) have

pronounced as for fluorine nuclei. However, Dubin and Chan
recently shown that when the nuclei under investigation are situated on
a top {hat is undergoing internal reorientation with respect to the
remainder of the molecule, it is necessary to modify the spin-

rotational Hamiltonian to account for the interaction of the nuclear
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spins with the magnetic field produced by internal rotation. They have
derived the complete spin-iviational Hamiltonian for molecules such
as benzotrifluoride that consist of a symmetric internal top attached to
a frame with af least two planes of symmetry and have indicated the
effect of the nuclear-spin-internal-rotation coupling in the limit of low
and high barriers. To confirm their predictions they examined the
fluorine spin-lattice relaxation of halogen'substituted benzotrifluorides.

They found that, while meta and para substitution have essentially no

effect on the relaxation time, ortho substitution drastically increases
T,. Their interpretation is that (_)r_tho substituents change the
symmetry and increase the height of the barrier to internal rotation
thereby quenching the spin-internal-rotation interaction. In view of
their results, it is appropriate to reinterpret the work of Green and
Powles, Faulk and Eisner, and Pritchard and Richards(17) because
benzotrifluoride and some of the methyl substituted benzenes have such
low barriers to internal rotation that the tops may be considered to be

- free rotors.

Although Dubin and Chan have shown that the nuclear-spin-

internal-rotation coupling can lead to relaxation, neither the nature
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nor the time scale of the fluctuations that make the Hamiltonian time
dependent have been ascertained. Intuitively we might expect one of

two alternative situations: the total angular momentum of the internal
top i-" can be made time dependent by hard collisions which cause Aj’
transitions between the states of the internal rotor; alternatively, the
overall tumbling motion of the molecule can cause Amj, transitions by
changing the projection of j* on the laboratory axes. The time scale

of the former should be related to the mean time between hard collisions,
and the latter, to the correlation time for overall reorientation,

In this paper we shall reexamine the fluorine spin-lattice
relaxation of benzotrifluoride in terms of the spin~internal-rotation
mechanism. The observed viscosity and temperature dependences of
the relaxation will be examined in order to elucidate the nature of the
fluctuations responsible for the observed time modulation of this inter-
action. We have also investigated the spin-lattice relaxation of the
fluorine nuclei in hexafluorobutyne-2. Here, in contrast to benzotri-
fluoride where the barrier to internal rotation has sixfold symmetry,
the barrier has threefold symmetry. However, the height of the
barrier is expected to be low so that in this molecule the nuclear-spin—
internal-rotation interaction is expected to be operative. We shall
present the results of relaxation measurements as a function of
viscosity in two solvents of varying viscosity. Finally, we shall show
that the nuclear-spin-internal-rotation coupling contributes signifi-
cantly to the relaxation of the methyl group protons in the methyl

substituted benzenes.
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2. Experimental

2. 1. Instrumentation

The spin-lattice relaxation times were measured by standard
pulsed nuclear magnetic resonance techniques (180° pulse - 90°
pulse)(m) with a phase-coherent spectrometer similar to Clark's.(lg)

A voltage-to-frequency converter and gated counter were used,
as described by Stejskal, (20) to sample a portion of the detected free
induction decay signal. The digital output of the counter, the time
integral of a portion of the free induction decay, is proportional to the
initial amplitude of the frec induction decay and to MZ (t). Typiecally,
the first 2 msec of a 5 msec free induction decay were sampled. A

time-interval counter was used to measure the delay between the 180°

pulse and the 90° pulse.

2. 2. Data Analysis

The various noise sources (saturation of the preamplifier and
receiver due to transmitter pulses, preamplifier shot noise, radio-
frequency and 60 Hz pickup, etc. ) produce, in effect, a dc offset
voltage that causes an apparent increase in the magnitude of MZ (t).
Furthermore, although the detection jé.ystem is phase sensitive, the
data acquisition system indicates only the magnitude of Mz(t) but not
its phase. In order to compensate for these effects we write the Bloch

equation for the z-component for the magnetization:
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M, = -Mj + 20 + 2(Mj - 0)exp (-t/T;) t= T,n2

(2)

M, = M} - 2(Mj - 6)exp (-t/T,) t = T,n2
where 0 denotes the root mean square noise and the primes (') denote
experimental values: e. g., M'Z = ]le + 0, Figure 1 illustrates the
behavior of Eq. (2) and, for comparison, the Bloch equation for the
z-component of the magnetization.

The experimental data, M, (ti) and t;, are fit to Eq. (2) by using

T,, Mg, and 0 as parameters and requiring that

r - ik

- M + 206+ 2(M§ - b)exp (-1:/'1‘.1)-1

n .
1% < M (t) - > @)

_ M, - 2(M; - d)exp(-t/Ty)
L y

bc a minimum: i.e.,, T; is extracted from the data by a least squares
analysis. |

- The data acquisition system also provides a convenient method
for signal averaging. It is well known' that, for a series of repeated
measurements, the signals add coherently and the noise adds randomly:
the noise tends to cancél. (21) For a signal with "white noise", the
apparent signal/noise ratio increases as the square root of the number

of repetitions of the experiment

[N

(8/N), = (S/N), (m) @)
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FIGURE 1

A comparison of the temporal behavior of Equation 2 and the Bloch

equation for the z-component of the magnetization.
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where (S/ N)i is the signal/noise ratio after i repetitions. This fact

provides the raison d'é&tre for devices such as computers of average

transients (""CAT's") and boxcar integrators. This technique can be
implemented by measuring M, (ti) m times, calculating the mean value
ﬁ;—(t—i—)—, and using it in place of M'Z (ti) in the least squares analysis
[ Eq. (7)]. In principle, m is infinite whereas in a computer of average
transients it is limited by the capacity of the memory elements, and in
a boxcar integrator, by the leakage rate of the integrating capacitor,
In a typical experiment we measure M; (ti) five times at each
ti; the number of ti’s varies frorh 25 to 50 in the range 0 < ’ci g 3T,
'The arilhmelic means are computed and the results are then subjected
to an unweighted, non-linear least squares analysis. Typical relaxa-
tion curves (Figures 2 and 3) indicate that the experimental data are in
excellent agreement with the single exponential model and that .the

relaxation can be described by a single relaxation time.

2. 3. Materials

The hexafluorobutyne-2 and benzotrifluoride (¢CF,) were
obtained from, respectively, the Pierce and Aldrich Chemical
Companies and were distilled prior to use. The solvents, spectral
grade reagents, were used without further purification. The samples
were degassed by the freeze-pump-thaw technique and were sealed

under their own vapor pressure.
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FIGURE 2

Relaxation curve for pure hexafluorobutyne-2 (T, = 1. 84 sec).



38




39

- FIGURE 3

Relaxation curve for pure benzotrifluoride (T, = 2. 56 sec),
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3. Results

The r:ite of longitudinal relaxation (1/T,) of hexafluorobutyne-2
was measured as a function of concentration in diethyl ether and CCl,.
Attempts were made to observe the concentration dependence of (1/T,)
in other solvents, but hexafluorobutyne-2 was found to be insoluble in
CS,, CH,;CN, and HCCI,,

The experiments were performed at 25°C at a Larmor
frequency of 12. 3 MHz. Several experiments at 8, 8 MHz showed no
detectable difference thus indicating (1) that the anisotropic chemical
shift mecha.nism(zz’ 23) does not contribute measurably to relaxation
at field strengths of 3 kG, and (2) that the experiments were performed
in the limit of extreme narrowing (1 >» w,? Tcz).

Figure 4 shows the concentration dependence of the relaxation
rate: each point represents the average of two or more experiments;
the error bars correspond to a precision of = 2%; the solid lines
represent expansions of the rates in terms of the mole fractions of the
solute and are used to extrapolate the rates to infinite dilution.

The fluorine spin-lattice relaxation rates have been determined
for benzotrifluoride as a function of concentration in CS,. The experi-
mental conditions were the same as for hexafluorobutyne-2. The data

are also depicted in Figure 4.

4, Relaxation Mechanisms

The total rate of relaxation is due to the additive contributions

of the various relaxation mechanisms: (1/T;) = R At Rg+ Ro+ ..o,
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FIGURE 4

Spin-lattice relaxation rates of hexafluorobutyne-2 and benzotri-

fluoride as a function of concentration.
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where R A Tepresents the rate due to those mechanisms, such as the
intramolecular dipolar and rjuadrupolar interactions, which transform
under molecular rotations as the second-order spherical harmonics
Yzm(ﬂ); RB represents the intermolecular dipolar interaction; and
RC represents the spin-rotational interaction which transforms as the
angular momentum vector 3 We shall only be concerned with the

intramolecular dipolar, the intermolecular dipolar, and the spin-

- rotational interactions. Other relaxation mechanisms can be excluded

on physical or experimental grounds. Thus R A and RC depend on the
dynamical variables (orientation and angular velocity, respectively) of
the molecules under investigation and they may be categorized as intra-
molecular effects., Since the intramolecular relaxation mechanisms
are of primary interest, it is necessary to separate the intra- and

intermolecular contributions to relaxation. Thus

(1/T1)intra = RA + RC = (1/T1') - RB (5)

4. 1. Intermolecular Dipolar Relaxation(®)

The relaxation rate due to intermolecular dipolar coupling
between indentical spin-3 nuclei is
6 7721327/14 n | nypN,

R. =~ 8
B 5kT M (. )

where 71, p, and M are, respectively, the viscosity, density and
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- molecular weight; the term in brackets is the nuclear spin density
(spins per cm”) expressed in terms of ny, the number of I nuclei per
molecule. The contribution to relaxation due to intermolecular dipolar
coupling between dissimilar spin-3 nuclei I and S is given by an analo-

gous expression:

2
R, w~ 4T°E y’yg'n | ngpN,

7
B 5kT M @

The only appreciable intermolecular contributions to the relaxation of
a fluorine nucleus are due to dipolar coupling with other fluorine
nuclei and with protons, Thus, with the substitution of F for I and
H for S, Equations (6) and (7) describe the intermolecular dipolar
contributions to °F relaxation.

The validity of Eq. (6) can be tested by a comparison of

calculated and experimental values of RB‘ Zeidler,(24)

for example,
has investigated the proton reclaxation of various organic molecules as
a function of concentration in their perdeuterated analogues and has
separated the intra- and intermolecular cbntributions by extrapolation
of the relaxation rates to infinite dilution. In Table I, several of
Zeidler's experimental results are compared with values calculated
from Eq. (6).

It is necessary to specify the temperature dependences of both
p and 7 in order to evaluate RB at different temperatures. The

temperature dependence of the density may be represented by the

expression(25 )
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TABLE 1. The Intermolecular Dipolar Contribution

to Relaxation: A Comparison of Experimental and Calculated Values

Rp (sec™)

experimentala calculatc—:db
CH,CN 0. 018 0. 019
acetone 0. 029 0. 025
benzene 0. 044 0. 039

M. D. Zeidler, Ber. Bunsenges. physik. Chem. 69, 659 (1965).
quua,tion (6).
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T
pp = Py exp |- fT adT (8)

0

where @, the thermal coefficient of expansion, is

1 dv 2
a= —— — =4 LN
| (iT) a + 2bT + 3cT° + 9)

Rutledge and Smith‘s(zs) density data have been used to determine o

for benzotrifluoride
a= 107X 1075 + 0,400 X 107 (T - 273) (10)
Thus the density of benzotrifluoride at temperature T is
pp = 1.1772 exp {- 107 x 1075 (T - 298) - 0. 400 X 1075 X

[(T2 - 298%) - 273 (T - 2985]} (11)

The viscosity is strongly temperature dependent and may be

represented by the expression<27)
Tp = App exp (aG,*/RT) (12)

where A is a constant and Aaoi is the molar "free energy of activation.,"
Equation (12) indicates that the viscosity decreases exponentially with

temperature which is in agreemenl with the observed behavior of most
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liquids. (28) Faulk and Eisner have measured the viscosity of ¢CF; at
various temperatures from 253°K to 333°K.(15) Froin their resulfs

we have determined that Aaoi/ R = 967°K. Therefore, for ¢CFj,

np = 1.83 X107 pr exp (967/T) (13)

where p., is given by Eq. (11).

The values of (1/T,), Rp, and /Ty used in this discussion

intra
are presented in Tables II - IV.

4. 9. Intramolecular Dipolar Relaxation'®)

The contribution to relaxation caused by the dipolar interaction
between two identical nuclei on a molecule which is undergoing isotropic

reorientation with a correlation time 7, is

2ﬁzyI4I(I +1)7,

R, = (14)
A 6

The extension to a system with n identical spins, each nuclei inter-
acting with the remaining n - 1 nuclei, is complex because the motions
of the n - 1 internuclear vectors are not indepehdent. A number of
semi-classical density matrix calculations pertaining to three and four
spin systems with differing degrees of symmetry have shown that the
decay of (M, - M,) is not exponential; rather, it is described by more
complex functions such as sums of exponentials.(zg_%) Since the
predicted deviations from exponentiality are small, the decay of

(Mz - M,) can be described, to a good approximation, by a single
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TABLE II

The Effect of Solvents on Hexafluorobutyne-2 Relaxation

a | a
1/ T, RB 1/ Tl)intra
sec™? sec™? sec™t
diethyl ether 0. 472 % 0, 03° 0. 012 0. 460
0.352£ 0,04 | 0.0 0. 352

ccl,

4Infinite dilution value. bEs’cimated uncertainty.
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TABLE III

The Effect of Solvents on Benzotrifluoride Relaxation

1/ Tla RBa 1/ Tl)intra

sec™! sec™! sec=?!
CS, 0.335 0.0 0.335
toluene 0,351 0. 024 0. 327
p-xylene 0. 3517 0. 029 0. 322
o-xylene 0. 351° 0. 037 0.314
HCBr, 0. 286° 0. 021 0. 265

nfinite dilution value. PA. S. Dubin, Ph.D. thesis, California
Institute of Technology, 1967 (unpublished).
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TABLE IV

The Effect of Temperature on Benzotrifluoride Relaxation

T, °K? 1/T2 Ry (/T )i ipa
sec™?! ‘sec™! sec™1
242 0. 292 0. 078 0. 214
253 | 0.308 0. 060 0. 248
278 ~ 0.316 0. 035 0. 281
294 0.325 0. 025 0. 300
308" 0. 350 0. 019 0. 331
333 0. 379 0.013 0. 366
353 0. 418 0. 009 0. 409
379 0. 500 0. 006 0. 494
389 0. 572 0. 005 0. 567
412 0.598 0. 004 0. 594
442 0. 700 0. 002 0. 698
4732 0. 877 0. 002 0. 875
505 1. 22 0. 001 - 1. 22
535 1.58 0. 001 1. 58
542 1. 66 0. 001 1. 66

2D, K. Green and J. G. Powles, Proc. Phys. Soc. (London)
85, 87 (1965),
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exponential with a rate constant

Rp = + Ej (Rp )5 (15)
where n is the number of interacting nuclei; (R A)ij , given by Eq. (14)_,_ B
is the contribution to relaxation due to the interactions of spins i and j;
and the summation is over pairs of nuclei. The effect of interactions
between dissimilar nuclei can be approximately accounted for by adding
to Eq. (15) additional pairwise interaction terms, each multiplied by a
factor of 2/3 to correct for the decreased efficiency of hetero-nuclear
dipolar interactions.(M) Thus a general expression for the intramole-

cular dipolar contribution to the relaxation of a fluorine nucleus is

Ry = Bvg [‘% 29 Z rppt T 213 L (L + 1)7’121‘1?1'6] T2
(16)
where the first summation is over the remaining fluorine nuclei and the
second summation is over the non-fluorine nuclei.

An analysis of the intramolecular dipolar contribution to relax-
ation becomes exceedingly difficult when the molecule is not spherically
symmetric and/or there is internal rotation because more than one
correlation time is required to describe the motions of the molecule.
The effects of anisotropic reorientation will not be considered because
the works of both Woessner(ss) and Shimizu(36) indicate that the effects
will be small for the molecules considered here. On the other hand,

the effects of internal rotation cannot be dismissed. For a molecule
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with correlation times 7, for overall reorientation and szt

for
internal rotation, Woessner(37) has shown that the effective correlation

time for nuclei on the internal rotor is

Tzeff = %— [%— (3 cos’d - 1) Ty + (sin226)'rz’ + (sin49)72"] (17)

where 0 is the angle between the spin-spin vector and the internal
rotation axis and 7,’ and 7,” are functions of 7, and Tzint' For the
particular case in which the spin-spin vector is perpendicular to the
internal rotation axis and the internal reorientation proceeds by

infinitesimal steps, Eq. (17) reduces to

eff 3 1 7,
Ty = + 2 T (18)
® T3 a7, + sz 2
Consequently 37, < Tzeff = 71,: the lower limit represents the extreme

where internal rotation is much more rapid than overall reorientation
and the upper limit pertains to a rigid molecule. Thus any internal |
motion reduces the effectiveness of the intramolecular dipolar inter-
action,

The structure of hexafluorobutyne-2 has been determined by
electron diffraction. (38) The bond lengths, bond angles, and the
distances between pairs of fluorine nuclei are presented in Table V.
Because of the strong dependence of internuclear separation, the inter-
action between fluorine nuclei on different carbon atoms is very weak

(a 0.5% effect) and may be neglected. Thus Eq. (16) reduces to



54

TABLE V

Structural Parameters of Hexafluorobutyne-2

ro_p = 1.'34;&
To.C ~ 1, 4651&
raeg = 1L 221_1
LFCF = 107.5°%1°
Tpop = 2 161&

5.1 A
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2 4_ eff
3Ry 7T
R, = F_? = 1.32x10" 7% (19)

H

r ,.,'
Fy

In benzotrifluoride, the interaction between the fluorine nuclei

and the ortho protons produces an added contribution to relaxation:

R, ~ 1. 47 x10%° 7% (20)

A

The effect of the meta and para protons may be neglected.

4, 3. Spin-Rotational Relaxation

The basic elements' of the theory of spin-rotational relaxation in

(10)

liquids were developed by Brown, Gutowsky, and Shimomura who
realized that the statistical properties of the spin-rotational

Hamiltonian may be considerably different from those of the orientation
dependent processes. They proposed a transient rotation model in which
the molecules jump from one orientation to another at random times;

the spin-rotational interaction is assumed to operate only during the
jumps. The statistical properties of the model lead to the following
expression for the spin-rotational contribution to the relaxation of
nucleus I

1 2 2 2

where (HSR2> av is the mean-squared magnitude of the magnetic field

generated at nucleus I during a reorientation, A is the duration of the
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spin-rotation impulse, and U Tj° exp (Ej/ RT) is the average time
between jumps. Equation (21) is in qualitative agreement with the
temperaturc dependence of 1/T;p for CHFCL, and, in the limit where
A = i correctly describes the spin-rotation interaction in gases.
Unfortunately, ( HSR2>av and A were not evaluated.

Hubbard(14) has shown, using the semi-classical form of the
density operator theory of relaxation, that the contribution of the spin-
rotational interaction to the relaxation of identical spin-% nuclei at

equivalent positions in spherical molecules in the liquid state is

Ro = 2J;(w,) (22)

J,{w,), the spectral energy density of the fluctuations at the Larmor

frequency, is

2 2
477211{,1. (ZC_L -+ Cu) Tl 2(C.L - C”) le

J (W) =
1(@o) 9h? 1+ w7, T Ty Wo? Tog2

(23)

where C; and Cy, are, respectively, the perpendicular and parallel

components of the spin-rotational coupling tensor in units of Hz, and

where T, is defined by

1 = 1 + —}—- (24)
Tiz T3 Ty

T, is the time constant describing the exponential decay of the angular

velocity autocorrelation functions and 7, is the correlation time for
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molecular reorientation. Because the derivation of Eq. (23) is based
on the assumption that the orientation of the molecule is independent of
the angular veclocity, it is only valid in the limits where 7, << 7, or
Ty > To

In the limit of extreme narrowing and where 7, < 7,, which is
probably the case in strongly interacting liquid systems, the rate of

relaxation is

87 IKT(2C  + C ) 7
3%

When the reorientation of the molecule is due to isotropic Brownian

motion 7, can be related to the more familiar 7,:
71, = I/6KTT, (26)

Green and Powles(n) have obtained essentially the same results
as Hubbard using a less rigorous, more physically descriptive approach
and have shown that Equations (21) and (25) are equivalent. Therefore
the spin-rotational relaxation mechanism is insensitive to the details
of molecular reorientation, As Green and Powles have pointed out,
this is reasonable because the details of the reorientational motion
depend on very short times (~ 1073 sec) whereas T, is directly sensi-
tive only to much longer times (~ 10”7 sec).

Dubin and Chan(16) have shown, and here we closely follow their

treatment, that for nuclei located on an internal rotor that is under-
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going reorientation with respect to the molecular frame it is necessary
to consider the spin-internal-rotation coupling. For nuclei on a
symmetric rotor attached to a frame with at least two planes of

symmetry, the Hamiltonian is
h‘lthSR = -% Ik- Ck)-J + Ca(l - Ia/Iaa>Ik' j] (27)

where J is the total angular momentum vector, ~j-)is the angular momen-
tum of the top relative to the frame, C, isthe spin—internal-rotation
coupling constant, and I o and Iaa are the moments of inertia of the top
and the whole molecule about the top axis. It is convenient, in the
limit of low barriers, to rewrite Eq. (27) in terms of T’, the total

angular momentum of the top:
-1 — - ; - —_
Expanding Eq. (28)and combining similar terms gives
-1 ~ (k) k)
h™"3Cgp ~ - % [Cbb Lpdp* Cec™ Tkede + Calkal &] (29)

since, to a good approximation, Caa =C o (I o / Iaa)‘ With the reason-

able assumption that C,* > Cbb2 ~ C, cz, the spin-rotational inter-

action is dominated by fluctuations of j’:

87%TI_C27.
Rg ™ I (30)
3 K?
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where 'r]., is the correlation time associated with fluctuations of T’

5. Spin-Rotational Coupling Constants

Although the spin-rotational contributions to relaxation are
important, very little information is presently available about the
coupling constants. Consequently, we shall briefly digress to discuss
them, focusing our attention on hexafluorcbutyne-2,

The components of the spin-rotation tensor of hexafluorcbutyne-2
are not known, but it is possible to make a reasonable estimate of their
magnitude on the basis of chemical shift data since the high-frequency
part of the nuclear shielding constant is related to the spin-rotational
constants.(sg) The absolute shielding constant N for nucleus N is

given by

7

e? -1 N’ h
O = —s— | Wo| 20T Y- 2o + 2C,. I,
N~ 3mc %Ik N Vo N'#=N Bnw  4Mgeus i M

(31)
where the subscripts k and N’ denote, respectively, the electrons and
the nuclei. M is the proton mass; N the nuclear g-value of the
nucleus under investigation; and Mg the nuclear magneton. The Iii's
are the principal components of the inertial tensor and the Cu's are
the diagonal cdmponents of the spin-rotation tensor in the principal
inertial frame.

The sum of the first two terms in Eq. (31) is proportional to the
total electrostatic potential at the nucleus under consideration. For

fluorine nuclei, this potential is relatively insensitive to the chemical
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environment of the atom since it is primarily determined by the core
electrons and the non-bonded valence electrons. Chan and Dubin(7)
have assigned a value of (+470 * 10) parts per million (ppm) to the sum

of the first two terms. Thus

~ -6 CI
o ® 470X 107° + (0 )av (32)
The chemical shift of hexafluorobutyne-2 is +483 ppm with respect to
F,. (40) Since the absolute nuclear shielding constant of F, is
-210 ppm, (41) the absolute nuclear shielding constant of hexafluoro-

butyne-2 is +273 ppm and (o CI) = -197 ppm.

av
In general, nuclear shielding is anisotropic and must be

described by a shielding tensor with diagonal components

-, .
_ e > T - ik
(ON)ii “Smo? (‘Pol . I |4/o>
Ry - Bypels
Y NN’ NN |, € h C..1
3 5 T “iitii
N'=N RNN’ me 4MgNuN
| (33)

Typically, both the first and the second terms are anisotropic, but to

a good approximation their sum is isotropic. Thus

(0n):: & 470X 107° + 0,20812%X10°° C., I (34)
N‘ii

ii Hi

0-— 40

where L; is in units of 107 g cm® and Cy;, inkHz. For hexafluoro-
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~ butyne-2
Ccr, _ -6 _ 0,20812 x10"°
(0™, = -197 X 107° = 3 Zl) C,;L; (35)
or
Coalas + 2Cplp = ~2840 | (36)

Meyer(42) et al, have studied the anisotropy of the F*° chemical
shift of HCF, oriented in a B-quinol clathrate. The prinecipal compo-

nents of the shielding tensor are o = U,y = 264 ppm and UB = 369 ppm,

o
the a-axis is perpendicular to the H-C-F plane and the p-axis is
parallel to the C-F bond. Although it is not explicitly stated, the
values are apparently absolute since % (¢ ot CB + 0, ) = 299 ppm which
is in agreement with the experimentai value of N (43) Since the
shielding tensor and the inertial tensor are not diagonal in the same
coordinate system, it is necessary to transform g from the «, 8,y
coordinate system into the inertial coordinate system. The coordinate

systems are depicted in Figure 5. The transformation can be repre-

sented as a matrix equation

o' = R g’

‘B (37)
where g,l and Q,P are the second rank shielding tensors in, respective-
ly, the intertial and principal axis systems and ],3,"1 and R are rotational
operators. Since the transformation is equivalent to a rotation about

the a-axis, R takes the form
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FIGURE 5

The principal coordinate systems for the inertial tensor (x, y, and
z) and the shielding tensor (@, B, and y) of HCF, where 6 = 20. 1°.

The axes x and o are directed out of the plane of the paper.
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1 0 0
R = 0 cosfd sind (38)
0 -sinf cosé

and 8 = 20, 1°, Thus

gt= | 0o 357 34 ppm (39)

Correcting for the electrostatic contribution to shielding gives

@<h

~ CI I
o -206 ppm, (o )yy ~ -113 ppm, and (ac )zz ~ =194 ppm.

Thus

(0CT), = (0©T),, = -194 x 107¢ = 0. 20812 X 107 ¢} (40)

Cl, . ,.CI Cl _ -
2(o ), = (o )xx+ (o )yy— -319 X 10~¢

= 2X0.20812X107° C I, (41)

~-40
g cm?

The principal moments of inertia of HCF, are I;= 148 X 10
and I = 81.1X 107 g cm® Therefore, the spin-rotational constants
for HCF; are C)| = -6. 30 kHz and C| = -9. 48 kHz.

We can now equate C|; = -6. 30 kHz with C o for hexafluorobutyne-2.
Since C I, = CaaIaa’ Eq. (36) gives Cpp = Ccc ~ =0, 69 kIlz, The same
technique can be applied to benzotrifluoride. In Table VI we present the
chemical shifts, the components of the inertial tensor, and the calcu-
lated components of the spin-rotational coupling tensor for both hexa-

fluorobutyne-2 and benzotrifluoride.
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TABLE VI

The Spin-Rotational and Inertial Constants of

Hexafluorobutyne-2 and Benzotrifluoride

Hexafluorobutyne-2 Benzotrifluoride
opccl, +57% +64P
GFz ppm +483 +490

aa -3.15 -3.14
Cbb kHz -0, 69 -0.98

ce -0. 69 -0. 85
I aa 296 295
b 107*° gem? 1385 895
I.c 1385 1043
I, 107*gcem® o 148
C, kHz -6. 30

AN. Muller and D, T. Carr, J. Phys. Chem. 67, 112 (1963).
b Filipovich and G. V. D. Tiers, J. Phys. Chem. 63, 761 (1959),
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Ramsey and co-workers(4’ 5)_ have determined the components of
the spin-rotational tensor for methane. In order to apply their results
to the nuclear-spin~internal-rotation coupling in toluene, it is neces-
sary to transform their results into the principal inertial axis system
of the CH,; top. Using an expression analogous to Eq. (37) with
6 =19.5° we find

16.5 0 0

cl=p'cP-R=(0 03 57| kuz (42)
0 57 14.4

and C o= CZZ =14, 4 kHz. Unfortunately, lack of information about the

compbnents of the shielding tensor prevents further elaboration.

6. Discussion of Results

6. 1. Benzotrifluoride and Hexafluorobutyne-2

The barrier to internal rotation in hexafluorobutyne-2 is not
known, but it can be argued that it is small. The barrier to CH,
rotation decreases from 2, 87 kcal/mole in ethane(44) to less than
30 cal/mole in butyne-2, (45) The barrier to CF, rotation in hexa-
fluorobutyne-2 should reflect a comparable change from the value of
4, 45 kcal/mole in hexafluoroethane. (46) It is reasonable that the
barriers in butyne-2 and hexafluorobutyne-2 should be comparable.
The internal rotation in benzotrifluoride has been shown to be ncarly
free, (47)

In the low barrier limit, the internal reorientation of the top may
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be considered to be dynamically coherent and the correlation time for
internal rotation can be calculated from Steele's inertial model. (48,49)

For a CF, top at 25°C

n

. 1.7z
int 1 Tl -13 _,
SR = 3.1X10
Ty [3kT ] sec (43)

Calculations of the correlation time for overall rotation 7, are

often based on the Debye equation for the dipolar correlation time 7

L
of a spherical molecule of radius a in a hydrodynamic fluid with
macroscopic viscosity 7 (51,52)
41 a3 n
Ty = 3Ty = o 44
T kT (44)

It is well known that dielectric relaxation times calculated from the
Debye equation are frequently too large by a factor of from five to
ten.(sz) This can be ascribed to the fact that the viscosity, a bulk
property, is not representative of the interactions at thc molccular
level. Gierer and Wirtz (53) have pointed out that the introduction of

a microviscosity correction factor for rotational diffusion improves
the agreement between the experimental and the calculated correlation

times:

-1
f= [6 a,/a, + (1 + a,/ag)'aj (45)

where a, and a, are, respectively, the radii of the solvent and solute

molecules. This concept has been successfully applied to problems
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of nuclear and dielectric relaxation and we shall use it here. Thus

47ra2371

Ty N ST [:6 a,/a, + (1 + 31/32)'3]- (46)

The molecular radii a = (axayaz)%, the ai's being the molecular
semiaxes, have been determined from measurements on CPK space-
filling molecular models.

The intramolecular dipolar contribution to the relaxation of the
fluorine nuclei may be obtained from Equations (18), (19), (20), (43),
(46), and, where appropriate, (13). For pure ¢CF; at 240°K

R, ~ 0.029 sec™? (47)

which is of the order of 10% of (1/ Tl)intra;

a7 at temperatures greater than

R A is much smaller, both
absolutely and relative to (1/ Tl)intr
240°K. R A is also very small for ¢CF, and hexafluorobutyne-2 at

infinite dilution in various solvents at 298°K, Consequently the intra-

molecular dipolar contribution to relaxation may be neglected and

(1/ Tl)intra ~ Rg | (48)

viz., the intramolecular contribution is due to the spin-rotational
interaction. Since the internal rotation is essentially free, the spin-
rotation contribution to relaxation RC is dominated by the spin-

internal-rotation coupling., Thus
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2 2
87 kTIaCaTj, (49)

(1/T1)intra ~ 3 K
We have attempted to explain the various experimental results
with Eq. (49) and various models for Tire The experimental data
cannot be explained by assuming that, for example, Tj , is proportional
to 7,. Such an approach fails to account for the rapid relaxation of
both benzotrifluoride and hexafluorobutyne-2 at 298°K (i.e., 7, < 7,,)

J

and predicts a temperature dependence of (1/T,) for @CF, that is

intra
much different from that observed experimentally, Furthermore, it
predicts that, because of the viscosity dependence, the rate of relaxa-
tion of hexafluorobutyne-2 should be four times greater in diethyl ether
than in CCl, whereas the observed difference is about 30%. Similar
analyses can also shdw that Tj, is not proportional to either an inverse
combination of 7, and T, [e. g., Eq. (24)] or an inverse collision
frequency calculated from the kinetic theory of gases. (54) Thus we
are forced to conclude that Eq. @9 ) is not applicable and/or 'rj )
exhibits peculiar temperature and viscosity dependences.

In order to reassess the problem let us return to the total spin-

rotational Hamiltonian for a molecule with a symmetric internal top

Hsg = -h%{_fk - Ck)- T;j C.a 1- Ia/Iaa)_fk'?} (27)

which may be a_bbreviated as

Kgg = %5 + 3 (50)
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where JC; is that part of the total Hamiltonian which is dependent upon
the total angular momentum J and ch is that part which is dependent
upon the relative internal angular momentum j. As was pointed out in
the General Introduction, the rate of relaxation is proportional to the

spectral energy density of the fluctuating Hamiltonian. Thus

Rg = [ : (m|3egp(t + 7) |k (leCSR(t)lm)e'iwka dr (51)

which, upon substitution of Eq. (50), becomes

Ro « [ amlsest + 7)) (kfsest) |m) e ¥mk ™ ar

+ f_:' (mlset + )]k <kl:fcj(t)|m>e'i“’mk” ar

+ _[;: (ml_.'}cj(t + T) |k) (kaJ(t”m)e-iwka dr

+ f_: <mlscj(t +7)[k) & |Cij(t)_|m) e 1mK™ g7 (52)'

If the fluctualions of 3¢ J and SCJ- were completely correlated, the

relaxation could be characterized by a simple correlation time such
as Tj' = 7., However, if the fluctuations were completely uncorrelated,
the cross-correlation terms--the second and third terms of Eq. (52)--

would vanish and the rate of relaxation would be given by
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Ro & (3e5(0f) 7y + (oe;(0)) 7 (53)

with the customary assumptions of extrcme narrowing and cxponential
time dependence of the auto-correlation functions. Since the first
term is just the spin-rotation interaction in a rigid molecule and the
second term is of the order of (1 - Ia/ Iaa)z times Dubin and Chan's

result, we may write

2 2 2
. 81r2kT(Ia + L+ 1) (C 7+ P+ C .0 7y

R~

2
C ' +(1'Ia/;aa) X

9 1

872k TI .C *r.
3ﬁ2‘" @ ) (54)

which, evaluated at 298°K, is

8. 36 x 10™
- 11
(1/T1)intra ~ Rp » Ty +} 1,43 X 10 7
10. 82 x 10
(55)

The upper coefficient of 7 J pertains to ¢CF,; the lower, to hexafluoro-
butyne-2.

The correlation time 7; is equivalent to 7, and will be given by

Ty = nyTy = nJT/6kT'r2 (586)
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where n J is an undetermined numerical factor. The nature of the
correlation time Tj is less clear. However, we shall assume that Tj

is given by an expression analogous to Eq. (56):

[ M

_ int _
7 = n 1,/KT 7, = n;[1,/kT]

J 57)

Since the assumed form of Tj is dependent ohly upon the pro-
perties of the top, it has the same value for both ¢CF, and hexafluoro-

butyne-2. Thus, according to Eqa. (55), a plot of (1/T,).

intra versus 7,

should give two straight lines with a common intercept. However,
Figure 6 shows that, within experimental error, the data lie on a
single straight line. A comparison of the calculated intercept and
slopes with the experimental values leads to nj = 3.0andn J= 0. 69
and 0. 53 for, respectively, benzotrifluoride and hexafluorobutyne-2,
The difference between the values of n; may arise from the fact that
hexafluorobutyne-2 is "less spherical’ than ¢CF, and that consequehtly
Hubbard's lrealment may be somewhat less valid, In any case, the
values of nyand n; are not at all unreasonable,

We have calculated the temperature dependence of (1/ Tl)intra
for ¢CT, using Equations (54), (56), and (57) with the parameters
ny=0.69 and n, =3.0. The results of this calculation are compared
with the experimental results in Figure 7; the contribution from each
term is also shown, The agreement is very good and may be regarded

as a stringent test of the concepts behind Eq. (54).
The second term in Eq. (54), arising from the fluctuations of the
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FIGURE 6

(1/ Tl)intra vs. T, for hexafluorobutyne-2 and benzotrifluoride.
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FIGURE 7

A comparison of the experimental (©) and theoretical (-—) tempera-
ture dependence of (1/T,) for benzotrifluoride. The contributions

to (1/T,)

intra

intpg arising from overall and internal rotation are also

depicted.
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7

relative angular momentum T, is dominant at room temperature; the
first term contributes significantly only at higher temperatures. The
observations of Dubin and Chan are consistent with this interpretation.
Ortho substitution increases the barrier to internal rotation thereby
quenching the fluctuations of T The "residual" relaxation of the ortho
substituted benzotrifluorides is due to the slightly enhanced intra-
molecular dipolar interaction and to the small spin-rotational contri-
bution arising from fluctuations of J. Meta and para substitution have
no effect on the barrier and, consequently, no effect on the fluctuations
of ?, thus the rate of relaxation is unchanged.

When the correlation time for internal reorientation becomes
very long in the high barrier limit the second term in Eq. (54) vanishes

leaving the spin-rotational relaxation rate for a rigid molecule,

6. 2. Methyl Substituted Benzenes

Pritchard and Richards(17) have measured the rates of relaxa-
tion of the ring and methyl protons of toluene and para-xylene as a

function of concentration in CS, and, assuming only dipolar inter-

actions, have determined the correlation times from the rates extra-
polated to infinite dilution. They note that for both molecules

eif) = 0.75 (r,),; .. Within the framework of their interpre-

(7e methyl ing’
tation, Woessner's results for nuclei undergoing simultaneous overall

and step-wise internal motion(37) lead to the conclusion that

T & 2(ry)

ring = 27, (58)
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Therefore, according to the data and the interpretation of Pritchard
and Richards,. the correlation times for internal reorientation must
be about 3. 4 X 107'2 and 4. 8 X 1072 sec for toluene and para-xylene,
respectively.

Their conclusions are highly suspect since the barriers to internal
rotation are very lowfor toluene and para-xylene, (55, 56) Thec work of

(57)

Stejskal and Gutowsky indicates that, for a freely rotating CHy top,

7,7 is about 6 X 107 sec which is identical to the value obtained

from Steele's inertial model. We are led to the conclusion that

Tzint <« 7, and that, consequently, 1‘2eff ~ §T, Thus the intramole-
cular dipolar interaction accounts for only one-third of the observed
intramolecular relaxation.

| We suggest that the spin-rotation interactioﬁ which has already
been observed at high temperatures (T > 500°K)(11) accounts for the
difference, Since I, « I  and Cw2 >> Caa2 ~ Cbb2 ~ Cccz, at 298°K,
Eq. (54) reduces to

87°kT1 _C

2
T
~ a”a ] 1 .

Thus, Eq. (57) with ny = 3. 0 leads to

Ro w~ 0. 04 sec™* (60)

Therefore the intramolecular contributions to relaxation, including
“intramolecular dipolar and spin-internal-rotation interactions, are

0. 06 sec™* for both toluene and para-xylene; the respective
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experimental values are 0. 06 and 0. 08 sec™, This, we believe, is a

more physically realistic interpretation than Pritchard and Richards'.

7. Conclusions

For molecules with internal rotors, the fluctuating rotational
magnetic field at the site of nuclei on the top is composed of contri-
butions from both the overall rotation and the internal rotation of the
top. The problem of the interaction of the nuclei with the total fluctu-
ating field may be approached by assuming that the two fields are
completely coupled and that their time evblution is described by a
single time constant. An alternative approach involves the assumption
that the two fields are fluctuating independently and that each field is
described by a distinct correlation time. We have shown that the
latter approach provides a coherent explanation of the viscosity
dependence of the fluorine relaxation of both benzotrifluoride and hexa-
fluorobutyne-2, the temperature dependence of the fluorine relaxation
in ¢CF,, and the effect of ortho, meta, and para substituents on the
fluorine relaxation in @CF,. We have also shown that the spin-
rotation coupling contributes to the room temperature relaxation of

the methyl group protons in toluene and para-xylene.
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III, TIIE EFFECT OF SOLVENTS ON NUCLEAR SPIN RELAXATION

1. Introduction(1 )

According to the Debye theory of dielectric dispersion, the
motion of a polar molecule is assumed to be the same as that of a
sphere of radius a imbedded in a viscous medium. From the model,

the dipolar relaxation time 7 " is found to be

T, = ——-——-147125 (1)

Although qualitative agreement between experimental and calculated
values is found for pure liquids, the results in solution are less
satisfactory. Varioils models have been proposed to account for the
observed discrepancies: some, such as Hase's, (2) are strictly
empirical; others, most notably Hill's, ®) represent efforts to use a
more realistic model than the Debye model. The validity of some
models has been explored by dielectric relaxation techniques.

It is well known that the orientation fluctuations which lead to
dielectric relaxation can also cause nuclear spin-lattice relaxation, (4)
the rate of relaxation (1/T,) being related to the correlation time 7,

where

T, N %T“ (2)

Although the two methods overlap somewhat, each method is capable
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of providing unique information. Dielectric relaxation measurements
give information concerning the distribution of correlation times about
a most probable value whereas nuclear spin relaxation provides only
the most probable vﬁlue. Dielectric relaxation measurements are
generally restricted to polar molecules in the pure liquid or in non-
polar solvents whereas nuclear spin relaxation techniques are appli-
‘cable to polar and non-polar solutes in polar and non-polar solvents,
Although nuclear resonance techniques have been extensively applied
to studies of molecular motion, both internal and overall, there have
been only a few rudimentary attempts to study the effects of solvents
on such motions. (5)

We report the results of studies of the effects of solvents on
the *°F spin-lattice relaxation of a series of solute molecules; the
effects of both polar and non-polar solvents are investigated. We

discuss the resultis in terms of various models and establish several

criteria which enable us to assess the validity of the models.

2. Experimental

2. 1. Relaxation Time Measurenients

The spin-lattice relaxation times T, were determined accord-

ing to the procedures outlined in Section IL 2. 1.

2. 2. Sample Preparation

The halogen substituted 1, 1, 1-trifluoroethanes (CF,CH,CI,
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CF,CH,Br, CF,CH,], and CF,CCl,) were obtained from Pierce
Chemical Company and from Peninsular Chemresearch, Inc. CF,CH,I
and CF,CCl; were distilled prior to use. CF,CH,CI (bp 6.9°C),
CF,CH,Br (bp 26°C), and the spectral grade solvents were used with-
out further purification.

The CF,CH,Cl and CF;CH,Br samples were prepared by
condensing the gas from a calibrated volume into a sample tube con-
taining a known amount of solvent. The quantily of gas transferred
was determined from the pressure change in the manifold; the
quantity of solvent was determined volumetrically. The solute and
solvent were then transferred to a second sample tube by means of a
trap-to-trap distillation in order to rid the solution of any non-volatile
materials. The solution was then carefully degassed by repeated
freeze-pump-thaw cycles. Since CF,CH,I and CF;CCl; are liquids,
the quantities of both solute and solvent were determined volumetri-

cally; otherwise, all samples were prepared in the same manner.

2. 3. Viscosity and Density Measurements

The viscosities and densities were determined by standard
techniques at 25, 0°C. The viscometer (Ostwald-Cannon-Fenske) was
calibrated with five liquids whose accurately known viscosities spanned
the range of experimental interest (0.2 - 1. 0 cP). The estimated error

of the viscosity measurements is less than = 2%.
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- 2. 4. Determination of Molecular Dipole Moments

Molecular dipole moments were determined according to the

method proposed by Guggenheim(e):

2 _  9kT 3 A\
2 N (6, +2) g + 2) (C)C=0 3)

~ in which (&/ c)c=0 is the slope, evaluated at ¢ = 0, of a plot of A

versus ¢, where
A = (€-1°) - (& - 1?) (4)

¢ is the concentration (moles per ml) of a dilute solution of the polar
molecule in a non-polar solvent, € and n are the dielectric constant
and refractive index of the solution, and €, and n, are the dielectric
constant and refractive index of the pure solvent: sodium-dried
benzene (€ = 2. 284 and npy = 1. 501 at 20°C). Each dipole moment
determination was based upon evaluation of the function A at four
concentrations. The static dielectric constants were determined at
20°C with a heterodyne beat apparatus operating at 1 MHz. The
refractive indices were determined at 20°C with an Abbe refractometer

using the sodium-~D line,
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3. Experimental Results

3.1. Spin-Lattice Relaxation Rates

The fluorine spin-lattice relaxation rates (1/ T, ) have been
determined as a function of concentration for solutions of CF,CH,Cl,
CF,CH,Br, CF,CH,I, and CF,CCl, in CS,, CCl,, a CS,-CCl, mixture
[ 20. 0% CS, + 80. 0% CCl, (v/v)], diethyl ether, CH,CN, and HCCI,

‘ énd also for soiutions of CF,CH,I in benzene and acetone. In addition,
the proton spin-lattice relaxation rates have been determined for
several samplés of CF,CH,Cl, CF,CH,Br, and CF;CH,I in aprotic
solvents.

All experiments were performed at 25°C at a Larmor
frequency of 12. 3 MHz; a number of experiments were repeated at
8.8 MHz with no detectable difference.

Plots of the time dependence of the deviation of the magnetiza-
tion from thermal equilibrium (relaxation curves) indicate that the
data are in good agreement with the single exponential model and that
the relaxation can be described by a single relaxation time. The
relaxation curve for the least favorable experiment that we performed--
a low Y¥p concentration with a concomitantly low signal/noise ratio--is
shown in Figure la. Relaxation curves for more typical experiments
are shown in Figures 1b - 1d.

Figures 2 through 8 show the concentration dependence of the
fluorine relaxation rates. The error bars correspond to = 2%, a

degree of precision indicated by repetitive experiments on approxi-
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FIGURE 1

Relaxation curves for: (a) CF,CH,I in CS, [ solute mole fraction
X, =0.080, T, =4.91sec]; (b) CFy,CHI in CH,CN [x =0.515,
T, =6.38 sec]; (c) CF,CClLin C5, [x,, =0.336, T, =7.49 sec];
(d) CF,CH,Br in diethyl ether [x = 0.395, T, =5. 39 sec].
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FIGURE 2

Relaxation rates of CF,CH,Cl, CF,CH,Br, CF,CH,], and CF;CCl; as
a function of concentration is CS,. Several error bars are omitted

for clarity.
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FIGURE 3

Relaxation rates of CF,CH,Cl, CF,CH,Br, CF,CH,I, and CF,CCl, as
a function of concentration in a mixture of CS, and CCl, [20. 0% CS, +

80. 0% CCl, (v/v)].
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FIGURE 4

Relaxation rates of CF,CH,Cl, CF,CH,Br, CF,CH,I, and CF;CCl; as

a function of concentration in CCl,,
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FIGURE 5

Relaxation rates of C¥F;CH,Cl, CF,CH,Br, CF,CH,I, and CF,CCl; as

a function of concentration in diethyl ether.
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FIGURE 6

Relaxation rates of CF,CH,Cl, CF,CH,Br, CF,CH,I, and CF,CCl, as

a function of concentration in CH;CN.
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FIGURE 7

Relaxation rates of CF,CH,Cl, CF,CH,Br, CF,CH,I, and CF,CCl, as
a function of concentration in HCCl,, Several error bars are omitted

for clarity.
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FIGURE 8

Relaxation rates of CF,CH,I as a function of concentration in benzene

and acetone.
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mately three-fourths of the samples. The solid lines, used to
extrapblate the relaxation rates to infinite dilution, represent poly-
nomial expansions of the rates in te.rms of the solute mole fractions:
the expansion coefficients were obtained by least-square analyses.
The infinite dilution values of (1/T,) are presented in Table L

The infinite values of the proton relaxation rates are presented
in Table II. Each value is based on a linear extrapolation of only two
data points since their sole purpose is to provide a crude estimate of

the correlation time 7,

3. 2. Viscosity and Density Data

We have measured the viscosities and densities of CF,CILI and
CF,CCl, neat and as a function of concentration in various solvents.
Since the data ai‘fe relevant to the interpretation of the relaxation
measurements, they are presented in full in Table III. Unfortunately,
it was not possible to perform comparable measurements for CF,CH,Cl

and CF;CH,Br because of their low boiling points.

4, Relaxation Mechanisms

'4. 1. Correction for Intermolecular Contributions to

Relaxation

Since the intramolecular contributions to relaxation are of
primary interest, it is necessary to separate the intra- and intermolec-

ular contributions to relaxation. A common procedure is to measure
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TABLE 1

1°p Relaxation Rates (sec=!) at Infinite Dilution

solvent CF,CHCl | CF,CH,Br | CF,CHI | CF,CC
CS, 0. 241 0. 206 0. 206 0.126
Cs,-ccL? 0.236 0. 210 0.191 0.119
CcCl, 0. 221 0. 209 0.187 0.123
dielhyl ether 0.184 | 0. 170 0.160 0.169
CH,CN 0.171 | 0.151 | 0.144 0.129
HCCl, 0.198 0.176 0.172 0.123
acetone v — -— | 0.133 -——
benzene -—— - 0. 166 -

390. 0% CS, + 80. 0% CCl, (v/¥).




'H Relaxation Rates (sec~1) at Infinite Dilution®
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TABLE II

solvent CF,CH,Cl | CF,CHBr | CF,CH]I
cs,-ccl,P 0. 06 0. 03 .
cCl, 0. 07 0. 05 0. 05

SEstimated uncertainty * 50%.

b

20. 0% CS, + 80. 0% CCl, (v/v).
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TABLE III
Density and Viscosity Data for Solutions of CF,CH,I and CF,CCl,

CF,CH,I CF,CCl,
Solvent x®  Tas, 0°c Pas.0°C x? "5, 0°Cc P2s.0°C
| (cP) (g cm-3) (cP)  (gcm-3)
1.000 0.650 0. 107 1.000 0.720 1,559
0.752  0.542 1. 956 0.751 0.570 1,505
cs, 0.477 0,442 1.716 0.577 0.452 1,423
0.278  0.391 1. 510 0.272 0.392  1.343
0.144  0.373 1. 398 0.154 0.372  1.301
0.000 0.356 1. 261 0.000 0.356  1.261
1.000  0.650 2. 107 1.000 0.720  1.559
0.709 0. 646 1.939 0.829 0.731  1.563
cal, 0.480 0. 692 1. 779 0.527 0.777 1,567
0. 319 0.765 1. 677 0. 254 0. 834 1. 576
0.157 0,834 1. 615 0.110 0.870  1.580
0,000 0,888 1.584 0,000 0.888  1.584
1.000  0.650 2.107 1.000  0.720  1.559
0.759 0,539 1.765 0.839 0.593  1.441
diethyl || 0.515  0.411 1. 333 0.549 0.373  1.113
ether || o 245 0, 289 0. 952 0.277 0.281  0.890
0.000 0.222 0.708 0.162 0.248  0.788
0.000 0.222  0.708
1.000  0.650 2. 107 1.000 0.720  1.559
0.761 - 0.622 1.923 0.725 0.647  1.450
CH,CN 0. 502 0. 531 1. 593 0. 443 0. 491 1. 248
0.262  0.435 1. 242 0.245 0.405 ' 1,058
0.154 0. 387 1. 085 0.148 0.366  0.925
0.000  0.346 0. 777 0.000 0.346  0.777
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the rate of relaxation‘as a function of solute concentration in a
"magnetically inert' solvent: the rate at infinite dilution of the
solute is purely intramolecular. CS, is often used as a solvent
because I = 0 for both *C and 328; the stable isotopes with non-zero
spin (180 and *’S) have low natural abundances. For proton rclaxation
studies, the perdeuterated analogue of the subject molecule may be
used as the solvent because, although the deuteron possess a nuclear
moment (I = 1), the dipolar interaction between protons and deuterons
is negligible; a further advantage is that complication due to changes
of the molecular environment are avoided. Calculation of the inter-
molecular contribution is another possible approach since the
appropriate equations are straightforward and reasonably reliable. ()
We have determined the intramolecular contributions to

relaxation (1/T,) by correcting the relaxation rates at infinite

intra
dilution (1/T,), for the effects, if any, of the solvent molecules

(/T )pira = (/Th - Rg = Ry + Rg (5)

where RA, RB, and -RC are, respectively, the intramolecular
dipolar, the intermolecular dipolar, and the spin-rotational
contributions to relaxation.

The intermolecular contribution of the protic solvents to
fluorine relaxation, evaluated at infinite dilution of solute, is

appi' oximately(a)
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| 4172}127F27H2n [anNo:]
RB ~
kT M

where 1, p, and M are, respectively, the viscosity, density, and
molecular weight of the solvent; the term in brackets is the proton
spin density (spins per cm®) expressed in terms of ny, the number of
protons per solvent molecule. The effect of nuclei other than protons
can be ignored. The calculated values of Ry for the various solvents
are presented in Table IV, The intramolecular contributions to

fluorine relaxation are presented in Table V.

4, 2, Intramolecular Dipolar Relaxation

The intramolecular contribution to the relaxation of a fluorine

nucleus is given by(g)

Ry = By %7’1«“2?, rpp * ;ZI; YHszH-B:] T2
" | 1)
where the first summation is over the remaining fluorine nuclei and
the second summatidn is ovér the protons--the effect of the other
| nuclei may be ignored. With the internuclear distances of Ward and

Ward,(g) Eq. (7) gives

where A ~ 1,33 X 10”° sec~? for CF,CCl, and A ~ 1.75 X 10" sec™?
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TABLE IV

-Intermolecular Dipolar Contributions to Fluorine Relaxation

Solvent Rp (sec™?)
Cs, 0.0
Cs,-CcC1,2 0.0

CCl, 0.0
diethyl ether 0. 0124
CH,CN 0. 0115
HCCl, 0. 0039
acetone 0. 0149
benzene 0. 0232

220. 0% CS, + 80. 0% CCl, (v/v).
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for CF,CH,C], CF,CH,Br, and CF,CH,L
The intramolecular dipolar contribution to proton relaxation,

described by a similar expression, is
RA,H ~ 2,TX10Y 7, (9)

Despite the fact that CF,CH,Cl, CF,CH,Br, CF,CH,I, and
CF;CCl; are non-spherical, the works of both Woessner(w) and
Shimizu(n) suggest that ihe effects of anisotropic reorientation will be
negligible. The effects of internal rotation can also be ignored because
the barriers to internal rotation are sufficiently high that the mole~

cules are essentially rigid. ©,12)

4. 3. Spin-Rotational Relaxation

The spin-rotational contribution to relaxation for a rigid

molecule undergoing isotropic Brownian motion may be written(13)

Ry = C'7;° (10)

where

2 2 2
- 471 (Caa + Cbb + Ccc)

- The components for the spin-rotational coupling tensors, calculated
~according to the procedure outlines in Section II. 5, are presented in

Table VI together with the principal components of the inertial tensors,
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“the fluorine chemical shifts, and the coefficients C’. The coordinate

systems are depicted in Figures 9a and 9b.

5. Discussion of Results

It is immediately apparent from a perusal of the relaxation

data in Table V that (1/T,) depends, in some way, upon the nature

14, 15)

intra
of the solute-solvent system. Since Steele 's( inertial model of
molecular reorientation is obviously not applicable, we may conclude,
as a first approximation, that molecular motion is dominated by

viscous damping. Il is alsou apparent that (1/T,) is not proportional

intra
to either nor 7! since the relaxation rates of, for example, CF,CH,I
are quite different in CS,, CH,CN, and acetone even though these
solvents have nearly identical viscosities.

The intramolecular contribution to fluorine relaxation,

. Obtained by combining Equations (8) and (10), is given by
(/T )igtrg = ATy + C' 17 (12)

If we make the customary assumption thét T, is proportional to 7,

Eq. (10) may be written

where k is the proportionality constant. Thus, for each of the solute
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FIGURE 9a

Principal inertial coordinate systems for CF,CH,Cl (6 = 37° 38'),
CF,CH,Br (0 = 39° 31’), and CF,CH,I (6 = 41° 28'), ©)

FIGURE 9Db

Principal inertial coordinate system for CF,CCl,.
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molecules, a plot of 1(1/T,) versus 7° should be a straight line

intra
with slope Ak and intercept C’k~!. Such plots are presented as
Figures 10 through 13. The vertice.l bars represent what we consider

to be conservative estimates of the errors in (1/T,) With the

intra’
sole exception of CF,CCl,, the "expected' linear relationships are not
observed,

There are three possible reasons why the plots are non-linear
for CF,CH,Cl, CF,CH,Br, and CF;CH,I: (a) the "constant"”
Kk (=T, 7~!) is not independent of the nature of the solvent--in other
words, the Debye relation for 7, is not valid; (b) the solute molecules
are interacting with some of the solvents; (c) the macroscopic
viscosity 7 does not adequately describe the frictional forces acting
on a solute molecule, However, before considering these possibilities

we shall indicate the criteria which may be used to assess the goodness

of any particular model.

5. 1. Criteria for Analysis of Results

We have two independent criteria for assessing the validity of

“any assumed model for 7,: (a)a plot of 7,(1/T,) Versus T,

intra
should be a straight line with slope A and intercept C’; (b) the calculated
correlation times must be in agreement with the experimental values,
presented in Table .'VII, that were obtained from the proton relaxation

rates at infinite dilution (1/Ty, g

T, = 0.37% 10" (1/Ty,m) (14)



120

FIGURE 10

1(1/Ty)ptpg V8- 0" for CF,CH,CI in different solvents (1 = CS,;
2 = C8,-CCl,; 3 = CCl; 4 = diethyl ether; 5 = CH,CN; 6 = HCC,).

FIGURE 11

7(1/ Tl)intra vs. 7° for CF,CH,Br in different solyents (the legend

is the same as in Fig. 10).
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FIGURE 12
11/ Ty )i ptrg VS- n® for CF,CH,I in different solvents (1 = CS,;

2 = CS,-CCl,; 3 = CCl,; 4 =diethyl ether; 5 = CH,CN; 6 = HCCl;;

7 = acetone; 8 =benzene).

FIGURE 13

1(1/Ty)ypgpq VS- 17 for CF,CCl, in different solvents (the legend is

the same as in Fig. 12),
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TABLE VII

Experimental Correlation Times (10-12 gec)?

CF,CH,C1 | CF,CH,Br | CF,CHI
) |
CS,-CCl, 2.2 1.1 -
ccl, 2.6 1.9 1.9

Agstimated uncertainty + 50%.
P90. 0% Cs, + 80. 0% CCl, (v/v).
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‘Since the proton relaxation at infinite dilution in "magnetically inert"
solvents is due entirely to the intramolecular dipolar interaction,

Eq. (14) follows immediately from Eq. (9).

5.2. The Validity of the Debye Equation for 7,

As was pointed out in Section I. 3, Gierer and Wirtz(ls) have
proposed a correlation time, based on Debye's model, that incorpo-
rates a microviscosity correction factor:

rom TB I (ea,/a)+ (Lt a,/ap) (15)

where a; and a, are, respectively, the radii of the solvent and solute
molecules.,

We have calculated, using Eq. (15), a value of 7, for each
solute-~-solvent pair, The results for CF;CH,Cl and CF,CCl; are

presented as plots of 7,(1/T,) versus 7, in Figures 14 and 15,

intra
The data for CF,CCl, lie on a straight line with slope A = 1. 05 x 10"
sec‘z_and intercept C/ = 3.32 X 1073 these values are in good
agreement with the corresponding predicted values 1. 33 X 10" sec-?
and 0,84 X 1073, The data for CF,CH,CI, as is also the case for
CF,CH,Br and CF,CH,I, do not lie on a straight line; consequently,
Gierer and Wirtz's model appears to be invalid--at least for CF,CH,CI,
CF,CH,Br, and CF,CI,L

We have gone through the same procedure with Mitchell and

Eisner's(s) approximation to the Hill equation
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FIGURE 14

To(1/ T pipq VS 7,2 for CF,CH,Cl in different solvents (1 = CS,;
2 = C8,-CCl,; 3 = CCl,; 4 =diethyl ether; 5 = CH,CN; 6 = HCCL,).

The correlation times 7, were calculated using Eq. (15).

FIGURE 15

To(1/ Tl)intra Vs, 'rf for CF,CCl, in different solvents (the legend is
the same as in Fig. 14). The correlation times 7, were calculated

using Eq. (15).
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T, = 2530, (16)
. ukT
where the subscripts 1 and 2 denote, respectively, the solvent and
solute; L, is the moment of inertia of the solute molecule; yis the
reduced mass of the solute-solvent pair. Equation (16) gives results
that are quite similar to those described previously: a good fit for
CF,;CCl; and no fit for the CF;CH,X moulecules,

In view of the fact that all models gave satisfactory results for
CF,CCl,, it appeared to be important to consider the possibility that
the poor results for CF;CH,CI, CF3CH2Br, and CF,CH,I were due to
interactions between the solute molecules and some, if not all, of the

solvents. This possibility is considered next.

5. 3. Solute-Solvent Interactions

Since one possible, though not too probable, mode of inter-
action involves the formation of hydrogen bonds between the CF;CH,X
protons and basic solvents such as CH,CN and acetone, we have meas-
ured the proton cherhical shifts and the proton-fluorine coupling
constants for CF;CH,I at low concentrations in the various solvents.
The results are presented in Table VIII. The proton chemical shift of
neat CF,CH,I, comparable to the chemical shift of the a-protons of
CH,CH,OH, leads to the conclusion that the protons are not sufficiently
acidic to form hydrogen bonds. The small, solvent induced shifts of

6 and the constancy of J HF support this conclusion. (7) Since CF;CH,I
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TABLE VII

The Solvent Dependence of the Proton Chemical Shift
and Jyp for CF,CH,I

Solvent € of Orms? Iar?
Solvent (ppm) (Hz)
C,H, 2.26 -2, 627 9.8
C.H,, 2,02 ~ -3.400 9.5
CS, 2. 64 -3.504 9. 6
neat -- -3.523 9.7
CCl, 2. 24 . -3.528 9.6
CHCN 35. 1 ~3.548 9.7
diethyl ether 4.34 ~3.701 9.9
HCCI, _ 4, 81 -3.733 10. 3
acetone 20,7 -3.907 10. 3

AMeasured at 100 MHz with TMS .as internal standard; solute
concentration 5% (v/v); T = 32°C.
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does not form hydrogen bonds, it is expected that CF,CH,Cl and
CF,CH,Br will also not form hydrogen bonds.

A re-examination of the plots of 7,(1/T,) versus 7, [for

intra
example, Fig. 14] suggests an intriguing interpretation: the solute
molecules experience a torque produced by a dipolar interaction with
the polar solvent molecules. Such an interaction would be expected to

increase the coi'relation time
T, = T, exp (-€/kT) (17)

where € is the first approximation to the weighted mean of the dipole-

dipole interaction energy V:(w)

(ve V/BTy :;kf;,__l;“ﬁz_ = ¢ (18)
The dipole moments of the solute and solvent molecules are presented
in Table IX,

The data for CF,CH,CI are presented in Figure 16 as a plot of
T,(1/T,; )intr g Versus T,>: the correlation times were calculated using
Gierer and Wirtz's microviscosily model [ Bq. (15)] with molecular
dimensions determined from mblecular models., One straight line is
drawn through the data for non-polar solvents, and another, through
the data for polar solvents. We find that, while the corrclation times
compare favorably with the experimental values, the slope of the non-

polar data is approximately four times too large. This discrepancy
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TABLE IX

Molecular Dipole Moments

molecule 1 (10."18 esu cm®)
CF,CH,Cl 1. 65%
CF,CH,Br 1.7
CF,CH,I . 1.86
CF,CCl, 0.75
CS, 0.0°€
ccCl, 0.0°
benzene 0.0°€
' HCCl, 1.1 ¢
diethyl ether 1. 25¢
acetbne 3.0°¢
CH,CN 3.5 ¢

3R. M. Fuoss, J. Am. Chem. Soc. 60, 1633 (1938).
bCalculated from bond moments. C©A. L. McClellan, Tables of Experi-

mental Dipole Moments (W. H. Freeman and Company, San Francisco,

1963).
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FIGURE 16

The apparent effect of solvent polarity upon spin~lattice relaxation.

The data are the same as in Fig. 14.
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‘between the ""experimental” and predicted slopes can be reduced
somewhat by using molecular dimensions calculated from density data,
but then the calculated correlation ﬁmes are far too large. Further-
more, the product of the slope and intercept of the line for the polar

solvents, given by
(A e~ €/KTy (¢ *</KT) - pcy (19)

should be identical to the product of the slope and intercept of the line
for the non-polar solvents AC’; such is not the case. The discrepancies
also occur for the CF,CH,Br and CF,CH,I data. A similar analysis
using Eq. (16) gives equally unsatisfactory results. Thus we conclude
that neither general nor specific solute-solvent interactions can explain

the relaxation data.

5. 4. Mutual Viscosity

The use of viscosity to describe the frictional forces acting on
a molecule has long been a source of contention. Hill(3) has suggested
that fhe mutual viscosity is a better measure of the interaction between
the solute and solvent. The mutual viscosity 7,, can be calculated

from Hill's expression for the viscosity ., of a mixture

a a a
= 2 1 2 2 12 .
M = %0 h 5=+ X2 0, —— + 2K Ky Thy 5 (20)
m m m

where the X's are the mole fractions. The ¢'s, intermolecular
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‘distances, are given by

11

XM, + x,M,

" PmNo
1
M. 3
o = | ———| i=1,2
PiNo
O = %(ol+az)

Following Smyth, (19) we rewrite Eq. (20)

2
M m = X2 0 2 X, 0y,
> = My +)— " M (21)
X, 0y X, 0y .

A plot of [(n 0, - X;°1,0,)/%," 0,] versus [ 2x,05,/%,0,] should be a
straight line with slope 7m,, and intercept n;. We have performed such
an analysis using the viscosity and density data which are tabulated in
Section 3. 2; the graphs are presented as Figures 17 - 19, The
calculated values of n,, and 7, are presented in Table X together with
the actual values of 7. Since.the viscosity of the CS,-CCl, mixture is

given by the empirical expression

log (TICSZ-CC14) = (XCSZ) log (ncsz> + (XCC14) log (710014) (22)
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FIGURE 17

Graphical determination of the mutual viscosity 7,, for CF,CH,I in
solutions of CS,, CCl,, diethyl ether, and HCCl,.
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FIGURE 18

Graphical determination of the mutual viscosity 7,, for CF,CILI in

solutions of CH,CN, acetone, and benzene.
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FIGURE 19

Graphical determination of the mutual viscosity 7,, for CF;CCl; in

solutions of CS,, CCl,, diethyl ether, and HCCl,.
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TABLE X

Mutual Viscosities for CF,CH,I and CF;CCl,; Solutions

" CF,CH,I CF,CCl,
solvent (25.0°C) 7? T > 72 Tha
cP cP cP cP cP
CSs, 0. 356 0.36 | 0.40 0.40 | 0.31
Cs,-CCl, 0. 693 - 0. 55 -- 0. 66
ccl, 0. 888 0.93 | 0.60 0.88 | 0.76
diethyl ether | 0. 222 0.19 0. 41 0. 24 0.23
CH,CN 0. 346 0. 31 0. 59 0. 33 0.514
HCCL, 0. 542 0.55 | 0.56 0.53 | 0.576
acetone 0. 316 0.27 | 0.58 -- -
benzene | 0.593 0.62 | 0.55 -- --

aGraphica.lly evaluated from experimental data.

Poalculated from Eq. (23).
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and since we have not evaluated 7,, for any solutions with the CS,-CCl,,
we shall assume that the mutual viscosity of a particular solute in
CS,-CCl, is related to its mutual viscosities in CS, and CCl, sepa-
rately:

log (mzCSz-CCLI) =

CS 1
Csa) log (my, ~"2) + (x0014) log (nlzcc 4) (23)
The calculated values of %,, for CF,CH,I and CF,CCl, are also presented
in Table X,
The agreement between the actual and graphical values of 7, is
quite good. However, the most interesting and, by far, the most

important point is that in some cases the solvent viscosity and the

‘mutual viscosity are clearly different!

We are now in a position to evaluate our data for CF,CH,I and

CF,CCl, with Hill's model for the correlation time:

L1, m, +m, 1120310
4
T2 L+1, m,m, kT (2 )

The solute moment of inertia I, was taken to be the harmonic average
of the principal moments of inertia. The data are presented in

Figures 20 and 21 as plots of 7,(1/T )mtra

~ line through the CF,CH,I data has a slope 1. 50 X 10" sec2 and an

versus T,°. The straight

intercept 2. 80 X 10~'%; these compare very well with the predicted
values 1.75 X 10™° sec=2 and 2. 91 X 10°*%, The straight line through
the CF,CCl, data has a slope 1. 65 X 10"° sec™® and an intercept
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FIGURE 20

T,(1/ Tl)intra vs. 7° for CF,CH,I in different solvents (1 = CSy;
2 = CS,-CCl,; 3 = CCl,; 4 =diethyl ether; 5 = CH,CN; 6 = HCCl;;
7 = acetone; 8 = benzene)., The correlation times 7, were calculated

using Eq. (24).

FIGURE 21

To(1/ Tl)intra VS, T, for\'CF3CCI3 in different solvents (the legend is
the same as in Fig. 20). The correlation times 7, were calculated

using Eq. (24).
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2. 05 X 107'%; these are also in good agreement with the predicted
values 1.33 X 10" sec~? and 0. 84 X 10~%,

Because of the lack of viscosity and density data we are
compelled to assume that the mutual viscosities of CF,CH,C1 and
CF,CH,Br in a particular solvent are the same as the mutual viscosity
of CF,CH,I in the same solvent. The data are plotted in Figures 22
and 23, The line through the CF,CH,CI data has a slope 1. 95 x 10°
sec™® and an intercept 3. 25 X 107*%; the predicted values are 1. 75 X
10" sec™® and 1. 25 X 107", The line through the CF,CH,Br data has a
slope 1. 70 X 10* sec™2 and an intercept 2. 85 X 10~'%; the predicted
values are 1.75 % 10" sec™? and 2. 04 X 107*8,

The correlation times calculate from Hill's equation with

experimentally determined values of 7,, are presented in Table XI. -

6. Conclusions

It is evident that the Hill model for molecular reorientation
provides the only satisfactory explanation for all of our results; it is
also evident, contrary to the suggestion of Mitchell and Eisner, that
the efficacy of the Hill model is dependeﬂt upon the mutual viscosity.
Therefore we conclude that the frictional forces which damp the |

rotational motion of a molceule in the liquid state cannot, in general,
| be related to the macroscopic viscosity.

The results for CF,CCl; are somewhat surprising in light of

- the various criteria which supposedly delimit the applicability of
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FIGURE 22

71/ T1)ipgpg ¥+ T2 for CF,CHCI in different solvents (1 = CS;;
2 = CS,-CCl,; 3 = CCl,; 4 = diethyl ether; 5 = CH;CN; 6 = HCCL).

The correlation times 7, were calculated using Eq. (24).

FIGURE 23

o1/ T1)ip g V- 7, for CF,CH,Br in different solvents (the legend is

the same as in Fig. 22). The correlation times 7, were calculated

using Eq. (24).
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TABLE XI

Calculated Correlation Times (10712 sec)?

solvent CF,CH,I CFr,CCl,
Cs, 1. 60 2. 30
CCl, 1.91 4,16
diethyl ether 2. 07 1. 61
CH,CN 3.97 4, 84
HCCI, 1.93 2,82
acetone 3.25 --
benzene 2.81 --
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viscosity dependent models for molecular reorientation: even though
.CF3C013 is nearly spherical and is éomparable in size to the various

solvent molecules, the solvent viscosity appears to adequately repre-
sent the frictional forces. Unfortunately, our results do not suggest

alternative criteria.

The rotational friction coefficient, £, a manifestation of the
intermolecular potential function V(r, 8, ¢), is obviously dependent
in a very subtle way upon the structural and electrostatic properties
of both the solute and solvent. For example, the extrapolation of
CF,CH,I mutual viscosities to CF,;CH,Cl and CF,CH,Br, molecules
only slightly different from CF,CH,I, is not completely satisfactory.
The interaction of diethyl ether with CF,CH,I, as indicated by the
mutual viscosity, is much stronger than its interaction with CF;CCl;
for CCl,, the opposite is true: CCI, interacts more strongly with
CF,CCl, than with CF,CH,I. Thus, although the mutual viscosity
provides a good explanation of the experimental results, it is
readily apparent that we are far removed from a fundamental inter-

pretation of the problem of molecular reorientation in liquids.
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IV. PULSED NMR SPECTROMETER

1. Introduction

The necessary condition for a pulsed nuclear magnetic
resonance experiment is that the amplitude of the circularly polarized
radio-frequency magnetic field H, is sufficiently large to invert the
resultant magnetization vector in a time t,” that is short compared
with the characteristic times of the system

T

t. = S, <T,* < T, T, (1)

where TZ* is the characteristic time of the free induction decay, and
T, and T, are, respectively, the longitudinal and transverse relaxation
times. In order to investigate relaxation phenomena in solids, where
T, is usually short, H, must be of the order of 50 gauss. Since liquids
and gases generally have much longer relaxation times than solids, a
spectrometer that is suitable for investigations of solids may also be
used for liquids and gases. Since the magnitude of H, is proportional
to the square root of the radiv~-frequency power applied to the trans-
mitter coil, one generally seeks as much power as possible, 5000
watts not being uncommon.

A pulsed NMR specirometer is described in the following
Section. A block diagram of the spectrometer is given in Figure 1.

Among the principal features of the spectrometer are a designed
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FIGURE 1

Block Diagram of the Pulsed Nuclear Magnetic

Resonance Spectrometer.
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LAYOUT OF PULSED NMR SPECTROMETER
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output of 5 kW, a useful frequency range of 2 - 30 MHz, phase-
coherent operation with phase-sensitive detection, and rapid recovery
of the preamplifier-receiver from saturation due to coupling with the

transmitter pulses.

2, Description of the Spectrometer Components

2. 1. Radio~Frequency Source

The phase-coherent radio-frequency signal is supplied by a
General Radio 1001-A Standard Signal Generator. It is tunable over
the entire useful range of the spectrometer and is capable of supply-
ing 400 mW, After a warm-up of from 2 to 3 hours, the long term

frequency stability is of the order of 1 part in 10°,

2. 2. Buffer Amplifiers, Phase Shifter, and Attenuator

In order to use phase-sensitive detection, it is necessary to
separate the output of the signal generator into two channels: one,
with an output of 2.5 volts, to drive the transmitter, and the second,
with a variable output of 0. 0 - 0. 3 volts, to provide the reference
signal for the phase-sensitive detector. The two channels must be
buffered in order to prevent disturbances from being propagated from
one channel to the other. A method for controlling the.relative phase
between two channels must be included.

The circuit diagram of an instrument incorporating the above

features is given in Figure 2. The continuously variable delay line,
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FIGURE 2

Circuit Diagram of the Buffer Amplifier and Phase Shifter
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an Ad-Yu 551A2, is capable of providing 0. 0 - 0.5 usec delay: i.e.,
more than 360° of phase shift for all fequencies used. The gain of the

reference channel is controlled by a step-attenuator.

2. 3. Transmitter

The unmodulated radio-frequency signal is controlled by an
rf gate that consists of an integrated circuit amplifier (Motorola,
MC1550) that is switched between cut-off and amplification by a
negative gating pulse. |

The power amplifier was designed by Clark and has been
described in detail elsewhere, (1) The transmitter has a designed
output of 5 kW and is capable of producing a circularly polarized
rf field H, of about 50 gauss. Circuit diagrams of the transmitter

are given in Figures 3 and 4.

2.4. Coils

The pulses of radio frequency are applied to the transmitter
coil of a Varian 8 - 16 MHz wideline NMR probe (V4230B). The high
power levels have necessitated the removal of the capcitors from the
parallel LC circuit in the probe: the transmitter coil is connected
directly to the UHF jack on the body of the probe. In order to mini-
mize coupling, the transmitter and receiver coils are orthogonal and
are separated by a Faraday shield. Although the decoupling is on the

order of 40 dB, the transmitter pulses induce such strong signal in
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FIGURE 3

Circuit Diagram of the Radio-Frequency Gate and the Initial Stages

of the Transmitter.
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FIGURE 4

Circuit Diagram of the Final Stages of the Transmitter
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the receiver coil that the preamplifier and receiver are saturated
for approximately 50 usec following the pulse. Since the experiments

described in this Thesis have T,* ~ 5 msec and T, > 1 sec, satura-

tion is not a problem.

2. 5. Preamplifier-Receiver

The preamplifier and the receiver were designed by Clark and
have been described in detail elsewhere. (1) The preamplifier was

built by Dr, A. S. Dubin.

2. 6. Digital Data Acquisition System

We utilize a data acquisition system that is similar to the
one described by Stejskal; (2) the two systems differ only in the choice
of instruments. For an "error function' free induction decay (cf.,

Section L 4. 2), the detected output of the receiver is
V({t) o« M,(t;) exp (-t*/T,*) (2)

A voltage-to-frequency converter (Vidar, 260-08) converts the ampli-
tude modulated signal to a constant amplitude, frequency modulated

pulse train

ut) = Q;i-t-Lxm" Hz (3)

ref
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where v(t) = 1 MHz, and V. ef is an adjustable reference voltage

that is internally supplied. The pulse train is sampled for a time

t’ by a gated counter (Hewlett Packard, 5245L with a 5262A Time
Interval Unit). The counter output equals the number of pulses during

the sampling period and is proportional to Mz(ti)

o '
N = [Cubde e M) [ exn (47Tt

| (4)
o M, (t,) erf (t'/T,*)

For most of the experiments described in this thesis, t’ ~ 2 msec.
A second counter (TSI, 361-R/M2), gated on by the 180° pulse and

gated off by the 90° pulse, measures the time interval t,.

2.7. Pulse Sequence Unit for T, Experiments

A low frequency function generator (Hewlett Packard 202A)
operating in the square wave mode controls the rate at which
experiments are repeated. In order for the spin system to be in
equilibrium at the start of an experiment, it is necessary that the
repetition rate < 1/5T,. The positive portion of the square wave triggers
the waveform generator (Tektronix, 162) which controls the three
pulse genérators (Tektronix, 163). Upon initiation of an experiment,
the waveform generator (a) immediately triggers PG 1 which produces
the 180° control pulse, and (b) produces a ramp voltage. When, after

a time delay ti’ the ramp voltage coincides with a reference level in
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PG 2, the 90° control pulse is produced; at the same time, PG 3 is
triggered producing the sampling pulsc that gates the counter

associated with the voltage-to-frequency converter.

2. 8. Power Supplies

The spectrometer utilizes six power supplies (+3000 Vdc,
+800 vde, +150 Vde, -150 Vde, -6.3 Vde, and 6.3 Vac). The power
supplies are interlockéd in such a manner that a component failure
will shutdown the spectrometer. The interlocking diagram is given

in Figure 5.
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FIGURE 5

Circuit Diagram of the Power Supply Interlock
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PROPOSITIONS
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PROPOSITION I

It is proposed that depolarization of Rayleigh scattered light be

used for the investigation of molecular xenon Xe,.

Bernardes and Primakoff(l) have predicted that, except for
helium, all the inert gases in their ground state electronic configura-
tions will form stable diatomics. Several authors have subsequently
invoked the existence of Xe, to account for experimental observations.

Carr and co-workers(z’ 3) have used pulsed nuclear magnetic
resonance techniques to study 129%e (I=1. They have observed a
density dependent chemical shift (relative to 12%%e at low density) and
a rate of relaxation (1/T,) that is several orders of magnitude more
rapid than can be accounted for by standard relaxation theory. Both the
chemical shift and (1/T,) are proportional to the density over a wide
range extending from low density gas well into the liquid phase.
Torrey(4) has interpreted their results in the following way: during a
molecular collision the charge cloud of the xenon atom is distorted.

At the same time, the relative motion of the colliding atoms causes the
distorted charge clouds of the collision complex to rotate. The
rotation produces a fluctuating magnetic field at the nucleus and causes
relaxation., Torrey's interpretation is aiso consistent with the
chemical shift observations.

Sha,rdanand(s) has measured the attenuation cross section at

Lyman~-a (1216A) for xenon. The attenuation, which cannot be
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. attributed to atomic absorption, is anomalous because it does not obey
Beer's law: the attenuation cross section increases linearly with the
pressure. The observed attenuation is interpreted in terms of atomic

scattering and molecular absorption:

O = 0o + Kn'o, 1)
where Oots is the experimentally observed attenuation cross section;
0, and 0, are the cross sections for, respectively, atomic scattering
and molecular absorption; n’ is thc total concentration of monomers

and dimers; and K is the equilibrium constant for the reaction
Xe + Xe 77— Xe, (2)

Shardanand points out that the dimerization of xenon will lead to a
deviation in the perfect gas representation of atomic xenon gas. Thus
. he finds that he can relate the equilibrium constant K with the second

virial coefficient B for xenon:
K =B =22X 107** cm®/molecule (3)

From the temperature dependence of O ugpr Shardanand has calculated
that the heat of dissociation for Xe, is equal to 0, 030 eV.
The basic disadvantage of the attenuation technique is that the

intensity I of transmitted light depends strongly upon the pressure:
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I = Lexp[-p"N; Ko, 1] (4)

where p is the pressure (atmospheres), NL is Loschmidt's number,
and £ is the optical path length. An attenuatioln study of xenon gas over
a range of temperatures and pressures would require cells with
different path lengths. Even then, experiments would have to be
restricted to low pressures: for example, path lengths of the order of
1072 cm would be required for studies at 10 atmospheres pressure.

In other words, the critical region (Pc = 58, 2 atmospheres) and the
liquid state cannot be studied by the attenuation technique.

We propose that light scattering techniques would permit
studies of xenon over a greater range of experimental conditions,
including the critical region and the liquid state. Such studies would
complement the attenuation studies at low pressures and, in addition,
might provide information about the moment of inertia of Xe, and,
therefore, the internuclear distance. We shall now discuss light
scattering in order to show that such experiments are feasible.

The depolarization ratio p, for light scattered normal to the
plane defined by the propagation and electric vectors of the polarized

incident light is given by

where I, and I;; are the intensities of the light polarized perpendicular

and parallel to the electric vector of the incident light. For a two
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component system consisting of monomers (Xe) and dimers (Xe,), the

depolarization ratio may be written

(1) (2)

0y = nJLc’depol * nzordepol (6)
° n 0(1) +n cr(z)
1% pol 2¥pol

. . 3 .
where n; is the concentration (molecules/cm’) of i-mers. The cross
section for polarized scattering by an i-mer is related to the auto-
correlation function of the average value Ee(l) of the polarizability

tensor g(i):(ﬁ)

o = 2 (aW - & @) eTar (7)

pol ~

The cross section for depolarized scattering by an i-mer is related to

the autocorrelation function of the anisotropy B(i) of the polarizability

tensor:(e)
Gc(iie)pol =I5 <Tr Em (0) - li(i) ('r)> e 9T gr 8)
where

N

~F

,3(1) = - 1_"&(” (9)

Atomic xenon is spherically symmetric; consequently, Q(l) = Cc(i]é)pol =

0: viz., a spherically symmetric scattering center will not depolarize

the incident light. Since Shardanand's equlibrium constant gives
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n, ~# 0.006 n, at 1 atmosphere and 20°C, we shall assume that we can

neglect the contribution of Xe, to I,. Thus Eq. (6) reduces to

o = (nz/nl)(ézeéol/o(l)) (10)

1)

UI(){))I may be evaluated as follows: since Tx( is a constant independent

of the time 71

(G- 30 ) {a(l)]z (11)

‘Therefore

(] 2o [0 o

since the integral is the Fourier representation of the Dirac delta
function o(w).

Although ogze)p ;1 cannot be evaluated analytically, it may be
simplified:

Shmpol = 5 (aﬁz) - aiz)) [ AE@-T@) e 13)

(2)

where "/ and a_!(_z) are the components of g(z) parallel and perpen-
dicular to the bond axis, P, is the second Legendre polynomial, and
U is a unit vector along the molecular symmetry axis. (6) Therefore,

Eq. (10).reduces to
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n, al(IZ) - a.E.Z) 2 LZ <P2[1T(O) . IT(T) ]> e-indT

fo ™ 7, a) 5 () e

In order to estimate the magnitude of p,, it will be assumed
that (P,[ u(0)u(r)]) ~ 1+ and that al(lz) ~1.3 aiz) ~ 1.3 %Y, Then,

~with n,/n; ~ 0. 006 p for low pressures, Eq, (14) gives
po ~ 2 X 1074 P | (15)

Since the results of Bridge and Buckingham(7) suggest that measure-
ments can be made for depolarization ratios p, > 10~3, depolarization
of scattered light should be observable at xenon pressures p > 5
atmospheres. A |

The normalized frequency distribution of the depolarized light

intensity is given by'S)

IAw) = L (16)
1+(Aw) T o
where Aw 1is the frequency shift, relative to the frequency of the
incident light, and 7 o 18 the correlation time associated with fluctua-
tions of a. The correlation time for a molecule undergoing dynamically

©)

coherent reorientation is

1
Ty = 5| aor | (17
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Therefore, the width of the distribution is related to the moment of

inertia of Xe, and, consequently, to the internuclear distance.

(2)
(3)

(4)
(5)
(6)
(7)

(8)
©)
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PROPOSITION II

A study of the temperature, density, and concentration
dependence of the nuclear spin relaxation of gaseous 15N2 is proposed.
- Such a study would provide information about the transfer of angular
momentum between colliding molecules and would also serve as a test
of the general validity of theories of relaxation which have been

developed for H,.

The rate at which a system of spin-3 nuclei approaches thermal
equilibrium with its surroundings is governed by the fluctuating |
magnetlic fields at the nuclear sites, (1)A The local field at a nucleus,
generated by the molecular rotational magnetic moment and by the
dipole moments of other nuclei on the same molecule, is made time
dependent by those collisions which cause molecular reorientation.

Thus studies of nuclear spin relaxation can provide information about
the anisotropic intermolecular interactions required to cause molec-
ular reorientation during a collision.

The rate of relaxation of'molecular hydrogen, the only gas which

has been extensively studied, is given by

672H”2J(J + 1)Tc
(27 - 1)(2J + 3)

1 _ 2 22
= = FYHI@L T (1)

-where H’ = 27 gauss is the spin-rotational coupling constant and H” =
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34 gauss is the dipolar coupling constant. (1) Because of symmetry
restrictions and the large rotational constant (er = 86°K), the J =1
rotational state of H, is the only observable state with a significant
population at temperatures T ¢ 300°K. The correlation time e the
mean time between Am J transitions within the J = 1 manifold, is
- related to the details of the collisional process. (2)

Bloom and Oppenheim(3) have proposed that, in the limit where
transitions between J states may be neglected, Eq. (1) may be modified
in order to account for the population of higher rotational states

(I=3,5 )
(1/Ty) ;-ddeE P/ Ty); (2)

where (1/T,) J is the rate of relaxation of a molecule in the Jth rota-

tional state [ Eq. (1)] and

2T+ 1) exp[-T(T + 1)9r/T]

2 (23 + 1) exp [-J(F+1)6,/T]
odd J .

is the probability that the J state is occupied. Since any AJ transitions
will serve to shorten the correlation time Ter Eq. (2) represents an
upper limit to the rate of relaxation. &)

Although molecular hydrogen has received considerable
theoretical®) and experimental®) attention, it is unique in that the

intermolecular torques are very weak and the rotational levels are
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very widely spaced. Therefore the techniques which are used for the

interpretation of H, relaxation times may be of limited usefulness for

(

relaxation of gaseous 15N2 would provide a test of the validity of Eq. (2).

heavier molecules. 6) We propose that a study of the nuclear spin

The parameters which are required to evaluate Eq. (2) for
' 15N2 have been measured or are readily calculable: H’' = 50,97 gauss,(7)
H” =1.19 gauss, and 6, = 2. 68°K. Since the spin-rotational contri-

bution is dominant for all values of J, Eq. (2) may be written

1 . 2 2.2
'—T—1~-3—‘)’H'Tc E[P

N2 L TCER VI ()

Replacing the summation by infegration gives

(1/T,) = 2”2:' e 5)

r

The correlation time Tc is related to the mean time between collisions
Teoll

- -l
Te = w Teoll

(6)

where W is the probability that a given collision will cause a Am J
transition. 7 coll may be calculated from the results of the kinetic gas

theory for hard spheres(s)

1 &
Teoll = (7)
coll © Ng? [8wkT]

| N1
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where N is the number density of molecules and a is the collision

diameter. Thus Eq. (5) gives

o

1

242 H'? T2 1

N — X - w-l (8)
1 36r Na 81k

which, for pure °N,, is
1
(1/T,) = 17.3T%/Wp 9

where p is the number density in amagat units,

Christensen’®) has reported the value of the transition
probability per collision (W = 0. 091) for H, at infinite dilution in N, at
29°C and>25. 0 amagats. Since W is a measure of the ease with which
H, and N, exchange angular momentum, the same value describes the
transition probability per collision for N, at infinite dilution in H,.
With the assumption that there is no significant isotope effect, Eq. (8)

gives

(1/T,) =~ 46. 4 sec™? (10)

for ®N, at infinite dilution in H, at 20°C and 25. 0 amagats. Any
significant shortening of (1/T,) would have to be ascribed to AJ transi-
tions. |

In summary, a study of the temperature, density, and

concentration dependence of the nuclear spin relaxation of '*N, would
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~ provide information about the probability per collision for a change of
angular momentum and would also serve as a test of the general

validity of theories which have been developed for H,.
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PROPOSITION I

'The high-frequency coniribution to dielectric absorption in
aniline has been attributed both to internal rotation and to inversion.
- It is proposed that the question may be settled by nuclear spin relaxa-

tion techniques.

For a rigid dipolar molecule, the only mechanism for dielectric
absorption at microwave frequencies consists of the rotational motion
of the molecular dipole against the intermolecular force field. The
situation is more complex for non-rigid molecules because the internal
motions may also constitute an absorption mechanism. Since the
observed dielectric behavior of a molecule may be related to the details
of the reorientational processes, non-rigid molecules have been
extensively investigated. (1) |

Dielectric absorption and dispersion measurements at
frequencies from 0.5 MHz to 150 GHz indicate that anisole (¢OCH,)
has two relaxation times: the larger of the two (TM =14,7 X 1072 gec)
is due to end-over-end motion; the shorter relaxation time (‘TM =
3.2x107% sec) corresponds to the rotational motion of the OCH, group
about its bond to the benzene ring. An analysis of the relative
contributions of the end-over-end and internal motions to the total
orientation polarization suggests that the internal reorientation of the
methoxy group is hindered by a potential barrier which could arise from

some double-bond character over overlap of m-orbitals in the C-O
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‘bond. (2’ 3)
It has also been observed that aniline has two relaxation
times. (2, 4) As is the case with anisole, the longer relaxation time

(TM = 22. 2 X 10712 gec) corresponds to overall molecular reorientation,
and the shorter relaxation time ('rM =0.9 X 10-*% sec), to an internal
“reorientation process. Although the internal reorientation has been

4) and to inversion, (2) Smyth has

attributed both to internal rotation(
pointed out that there is no conclusive support for either interpreta-
tion. (3) It is proposed that a study of the temperature dependence of
the rates of nuclear spin relaxation of the amine and ring protons of
aniline would resolve this question.

Let us assume that internal reorientation occurs by means of
nitrogen inversion. Since the effect of molecular vibrations on
nuclear spin relaxation is completely negligible, (3) the relaxation of
the amine protons will be controlled by the overall reorientation of the
molecule. Consequently, the ratio T,(ring)/T,(amine) will be independ-
ent of the temperature.

Since the internal reorientation process is strongly temperature
dependent (AH =~ 1 keal/mole), (6) an increase of temperature will
increase the rate of internal reorientation. Since any internal rotation
decreases the effectiveness of the intramolecular dipolar interaction, (7)
the ratio T,(ring)/T,(amine) will decrease with increasing temperature
if the internal reorientation occurs via internal rotation.

In summary, a study of the temperature dependence of .Tl(ring)/

T,(amine) for aniline protons can resolve the question about the nature
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of the internal reorientation: if internal reorientation occurs via
inversion, the ratio will be independent of the temperature; if the
intcrnal rcorientation occurs via internal rotation, the ratio will

decrease with increasing temperature.
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PROPOSITION IV

An ion cyclotron resonance study of the ion~molecule reactions

of a model planetary atmosphere is proposed,

According to the hypotheses put forward by Oparin(l) and
Haldane, (2) life originated from ordinary chemical reactions by a slow
evolutionary process. Oparin postulated that the Earth had a reducing
atmosphere of methane, ammonia, water, and hydrogen from which
various organic compounds might be formed. Haldane suggested that
the organic matter accumulated in the oceans thereby forming a
"primordial soup' which gradually gave rise to replicating systems.

The synthesis of biologically significant molecules under

| conditions simulating those of the primitive Earth was established by
Miller. (3) He 'exposed a mixture of methane, ammonia, water, and
hydrogen to an electrical discharge and obtained amino acids and such
organic compounds as urea and formic acid. Subsequent investigators
have verified Miller's results and have extended the scope of the
original work. (4) It has been observed that, as long as the rhodel
atmosphere is reducing, a variety of initial conditions will lead to
hydrogen cyanide and forméldehyde which are apparently essential
precursors of the more complex organic molecules. (5) There have
been numerous attempts to synthesize organic compounds under the
oxidizing conditions of the present atmosphere: all have been unsuc-

cessful, (6) It has also been observed that the production of organic
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molecules in a reducing atmosphere is independent of the source of
energy (vacuum UV radiation, electrical discharges, heat, and high~-
energy radiation). (7)

Lederberg has commented that, to date, biology has been an
earth-bound science whereas physics and chemistry have a univer-
- sality. (8)

This disparity in the domains of the physical versus
the biological sciences attenuates most of our efforts
to construct a theoretical biology as a cognate of
theoretical physics and chemistry. For the most
part, biological science has been a rationalization of
particular facts, and we have had all too limited a

basis for the construction and testing of meaningful
axioms to support a theory of life...

From this standpoint, the overriding objective of

exobiological research is to compare the over-all

patterns of chemical evolution of the planets ...

As part of an effort to contribute to an understanding of the
chemical evolution of the planets, it is proposed that the ion-molecule
reactions of the Jovian atmosphere be studied by ion cyclotron reso-
nance techniques. Why Jupiter? Jupiter, the nearest planet with a
reducing atmosphere, might be regarded as a representation of the
primitive Earth. 'Sagan(g) has pointed out that the conditions on Jupiter
are similar to those used in abiogenesis experiments such as
Miller's. (3) Furthermore, if organic molecules are being generated,
their spectral ines might be detectable by observational spectroscopy.
Indeed, lines of unknown origin have been detécted in high-resolution
spectra of Jupiter. (10) An anomalous enhancement of 8-14 micron

radiation has been observed to take place in eclipsed regions as
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Jupiter is crossed by the shadow of its satellite, (11) It has been
suggested that this phenomena may be due to the production of ethylene
in the ionosphere. (12) A study of the ion-molecule chemistry of a
simulated Jovian atmosphere might shed light on such questions.

The upper Jovian atmosphere is generally considered to consist
(13) has

suggested that the composition is 74% H,, 24% He, 2% CH,, and ~0. 3%

- of H,, He, CH,, and NH, in varying abundances, Lasker

NH,;. The ion chemistiry of methane has been extensively studied and
it has been shown that polymers, ethane, ethylene, and other hydro-
carbons are obtained by irradiating solid or gaseous methane. (14)
The qualitative nature of the yield appears to be relatively independent
of the nature of the radiation as long as it is sufficiently energetic to
ionize methane (13.1 eV, A = 94613;). The effects of high concentrations
of H, and NH, are not known. Hydrogen might saturate the hydro-
carbons; ammonia, with an ionization potential of 10. 5 eV, might
neutralize such species as CH4+ by electron transfer. Although electric
discharge studies involving anhydrous methane and ammonia lead to the
formation of acetylene and hydrogen cyanide, (") whether or not such |
molecules can be generated in a reasonable facsimile of the Jovian
atmosphere remains an open question. |

Because ion cyclotron resonance techniques are uniquely suited
for studies of complex ion-molecule reactions, (15) it is reasonable that

these techniques be applied to studies of the chemistry of the quian

atmosphere.
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PROPOSITION V

It has been observed that focused, coherent radiation causes a
degradation of hydrocarbons. The mechanism of the degradation and
the nature of any intermediates are not known. An experiment is
proposed which will indicate whether or not ionic intermediates are

involved.

The physical conditions existing at the focal point of a focused,
pulsed laser have been the subject of some speculation. (1-3) Since the
beam can be focused on a very sinall area, extremely high power
densities and electric field strengths are attainable, The exposure of

a chemical to such severe conditions should lead to extensive degra-
| dation.

To date, there have been only a few attempts to study the
products formed by laser degradation. Wiley and Veeravagu have
degraded solid aromatic hydrocarbons with a 69434 ruby laser operat--
_ ing in the normal (burst) mode. (4) Degradation Wés extensive. The
gaseous products, analyzed by gas chromatographic and mass
spectrometric techniques, consisted primarily of methane and
acetylene with small amounts of C, and C, unsaturated hydrocarbons;

.2re was no analysis for hydrogen, Wiley and Reich(s) have
"vhotolyzed' gaseous methane, ethane, ethylene, cyclopropane, and
butane. Extensive degradation was observed and carbon was formed.

The principal products were methane and acetylene. Lane and Valance
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have '"photolyzed' propane with a Q-switched neodymium laser

(1. 06 p). ) Their results indicate that methane, acetylene, and
molecular hydrogen are the principal products; formation of carbon
was not observed. They have ruled out localized heating and/or
sparking as degradation mechanisms; the possibility of multi-photon
absorption or scission in the intense electric fields remains.

The nature of the intermediates involved in the degradation
cannot be ascertained through the use of either radica1(7) or charge(8>
scavéngers since foreign species would also be expected to undergo
degradation.

In order to determine whether or not ionization is involved,
the following experiment is proposed. An ion cyclotron resonance
spectrometer, ®) set to a specific (e /m) ratio, may be used to moniter
the ions, if any, that are formed during a laser pulsc. Thec mass
spectrum of the ions can be obtained in a stepwise fashion. Since the
possibility that multiply charged ions are formed cannot be ruled out,
the 'photolysis’’ of a low molecular weight hydrocarbon such as
ethane is proposed.

Such an experiment, while only a small part of what is

obviously a very detailed study, would be of invaluable assistance in

the interpretation of the results.
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