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Abstract

Coupled rotational behavior of methyl groups'in some molecular
solids was studied by nuclear magnetic resonance methods:.-

The proton spin-lattice relaxation due to the rotation of methyl
groups was investigated for trichloromethylsilane (CH3SiC13), tetra-
methylpyrazine'(T.M;P;),'1;2;4;SI—tetramethylbenzene’(durene), and
tetramethylsilane (Si(CH3)4); The magnetization recoveries of these
materials were non-exponential and depended on the pulse sequence
employed. These behaviors are understood in the framework of symmetry
restricted spin diffusion theory by Emid, et al.. The tunneling
assisted minima of the spin-lattice relaxation time were clearly
observed in the Tlf Qurvé vs. temperature in the g and vy-phases of
‘Si(CH3)4, where Tlf ié the fast-relaxing component of spin-lattice
rélaxation time.

The tunneling frequencies of the methyl groups of CH381013,
durene, T.M.P., Si(CH3)4, and hexamethylbenzene (H.M.B.) were directly
observed by the "N.M.R. field cycling technique'. CH3SiCl3 showed
two kinds of tunneling splittings. These are 34.6 MHz and 40,4MHz.
These frequencies come from the different methyl groups which are
hindered by slightly different potential barrier in the crystal.

For durene and T.M.P., three kinds of tunneling splittings are
identified *¢ 29.3, 25.3, and 17.8 MHz in durene; 26.8, 20.2, and
14.3 (or 6.4) in T.M.P.,). There are only two crystalographically
inequivalent methyl groups in both crystals of durene and T.M.P..
These facts indicate that the two methylrgroups which are close to
one another in these molecules are not independent but coupled to

one another. Indirect evidence of the decrease of tunneling



frequgncigs of T.M,P, as temperature rised was thained. In the vy
phase of Si(CH3)4, two kinds of tunneling ffequencigs of the methyl
~groups were identified‘(20;4'and'15:8'MHz in the low temperature
limit  These two tunneling frequencies decrease with increasing
temperature in a similar way; The B phase showed more complicated
tunneling spectra; Hexamethylbenzene showed two kinds of tunneling
frequencies. These are 9;6 MHz (A) and 7;9 MHz (B) in the low
temperature limit. The frequency A was almostvindependent of the
temperature whereas the frequency B decreased as témperature increased.
and became so small as it was unobservable below 30.9 K. These
behavior also indicate thaf the effect of mechanical coupling between
the methyl groups plays an important role in the rotational tunneling
of these methyl groups. The new feature of "coupled rotational tunnel
state" in the solid state was demonstrated experimentally in the
first time.

The effect of collective rotation or '"geared rotation" of two
methyl groups, which are close to omne anotheé, on their proton spin-
lattice felaxation rate was also discussed in the classical_limit.

For CH3SiCl T.M.P., and Si(CH3)4, the small reduction of

3
N.M.R. line width was observed. Comparing the experimental results
of thése materials with each other, thislreduction is that of inter-
methyl dipolar broadning. The-mgdumian of the reduction is probably
the increase of the rate of ﬁon—magnetic transitions between the

rotational levels or the increase of the population of higher

rotational levels,
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I. Introduction

The dynamical properties of molecules or molecular groups
in solid have been studied by many workers using a wide range of
different experimental techniques!

It has been revealed by-N,M.R;Vétudies that molecules and

L

molecular groups rotate even in the solid state. The value of
second moment of N.M.R. absorption line enable us to know what
mode of molecular motion takes place. The spin-lattice relaxation
time (Tl) vs. temperature reveals the time scale of the motion.
Especially the dynamical behavior of a methyl group in solid has
been studied by N.M.R. method, because it is one of the simple
‘molecular groups. The activation energy and the time scale
(cérrelation time Tc) of the classical rotation in solid were
obtained for many materials. The classical rotation means such
a rotation that a methyl group is hindered by rather higher
barrier than the thermal energy at corresponding temperature and
the rotation is described as the random hopping reorientation
over the barrier top by the thermal excitation. The correlation
time To corresponds to the residence time of a methyl group in
one of the potential wells.

The spin-~lattice relaxation time (Tl) against temperature
show a minimum due to the reorientation of a methyl group at the
condition that wy Te = 0.6, where W is the Larmor frequency.
The activation energy for methyl reorientation vs. temperature
of the Tl minimum holds a nearly linear relation for many

2)

materials. This result can be understood, when we consider

that the reorientaion of a methyl group can be described by



Arrhenius type activation process,

e~ To) exp (E_/ RT) (1)

—
Il

and that the pre—exponental factor TCO is similar to each other
for the methyl groups in many materials,

Quasi-~elastic neutron scattering experiment also revealed
the dynamical behavior of a methyl'group: From the analysis of
the quasi-elastic peak, we can obtain the time scale and activation
energy of the methyl reorientationB).

Ea and T, may be obtained from the analysis of the band
shape and/or band width of the Raman band and infrared absorption
line. With respect to the molecular rotation as a whole in the
solid state (plastically crystalline phase) such studies were
performed4) but for the the case of internal rotation of a methyl
group there was no such a precise study,

In many cases it was assumed that the potential ba¥rier to

rotation of a methyl group is a simple three fold potential. It

is
V= V3 /2 ( l-cos e),: | (2)

where 6 is the rotation angle of a methyl group about its Cq
symmetry axis.

In addition to such a classical rotation at considerably
high temperature, the tunneling effect plays an important role
for the low barrier case and at sufficiently low temperature

at which the thermally activated rotation over the barrier top



is frozen. This tunneling-assisted rotation of some simple
molecules and molecular groups (CH3—; CH4; NH4+ ) is one of the
interesting subjects; which has been investigated By many workers.
The tunneling rotation is usually characterized by the magnitude
of energy splitting of the librational (torsional) levels which
is called the tunneling frequency. Tﬁe'detailed investigations
of the tunneling frequenc& have been performed mainly by N.M.R.
method®) and inelastic neutron scattering technique6). Other
methods, e.g. electron paramagnetic resonancé7),A were also used.
The main problems of the studies are to observe the tunneling
frequency directly and to measure its dependence on the tempera-:
ture. One of the ultimate purposes of these studies is to under--
stand the dynamical feature of these molecular groups and its
.temperature variation as temperature rises from low to high.
Because the precise energy separations befween the rotational
states (torsional or tunneling states) of a methyl group has been
observed, it becomes clear that the hindering potential is not
so simple for many case as it can be safely described only by the

three fold potential term ( V3, see Eq. (1) )8).

The shape of
the hindering potential plays an important role for the dynamical
properties of a methyl group. A special interest exists in the
case that some methyl groups come near each other.

It has been considered from the early days that the motion
of such adjacent methyl groups is described as a ''geared rotation'.
This idea is a classical one but it is important concept for the
rotational dynamics of such system. In other words, the potential

barrier hindering the rotation of a methyl group is affected

rather strongly by the change of rotation angle of a neighbouring

13



methyl group. This situation is called the "mechanical coupling"
between the methyl groups; which causes the "collective rotation'.
In many cases collective rotation or collective libration is
characterized by the symmetry;'corre3ponding to the 'mormal

mode'’.

An experimental evidence of mecﬁanical coupling between the
methyl groups is the energ§ difference between the torsional
modes. The investigations have been pefformed for several materi-
als with various methods. The splitting of 35 em™! was reported
from newtron inelastic scattering for the torsional sublevels
(A2 and B, symmetry levels) of the first excited state in durene
and o-xylineg). 1

Infrared spectra led to the values, 60 cm ~ and

14 cm_1 (the separation between A2 and F2 symmetry levels), for

10)

C(CH3)4 and Si(CH3)4, respectively , the latter value being

11). The case of

also supported by inelastic neutron scatteriﬁg
four rotors in a molecule of Td symmetry shows no togsional mode
in the infrared spectra in the first approximation, because
these molecules with Td symmetry possess no permanent dipole
moment. But the torsional modes inactive in the oscillator
approximation become active due to Coriolis coupling, according

to the perturbation treatment of the multiﬁjle top moleculeslo).

On fusion, the separation in C(CHB)4 changes little (to 55 cm—l)lz)
indicating that the torsional normal modes are primarily deter-
mined by intramolecular interaction in this case.

In microwave studies of the ground vibrational state of
dougie top molecules in the gas phase, finite top-top (methyl-

13)

methyl) interactions can be treated as perturbations . The

torsional energy levels in the ground vibrational state of a two
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top molecule are niné-fold degenerate in the limit when both
barriers are very high, but as the barrierg become'loﬁer, this
degeneracy 1is partially lifted to give four levels which are
labeled, AA, EE, AE, and EA (tunneling sublevels). The predicted
"quartet" absorption pattern is observed for many rotational
transitions of acetonel3>for example where V3=3.26 kJ mol-l,
whereas for molecules with somewhat higher barriers, e.g. dimethyl
ether,13) where V3=11.38 kJ mol—1 the ground state rotational
spectrum consists of many "triplet" absorption lines.

The rotational tunnel state ié more sensitive to the situation
of the hindering barrier than the torsional state; especially near
the bottom of the potential well. The mechanical coupling between
the methyl groups is expected to be very effective on the rotation-
al tunnel state and its effect plays an important role for the
rotational tunneling of the methyl groups. But the coupling
effect on the rotational tunneling state of methyl groups in the
solid state has not been demonstrated experimentally.

The main pﬁrpose of this thesis is to demonstrate this .
mechanical coupling effect on the rotational tunnel state of the
methyl groups in solid.

When the methyl groups are situated so closely to each other
that the coupiing effect is observable, the hindering barrier to
rotation of a methyl group is probably not so small, i.e. the
tunneling splitting is not so large. Therefore N.M.R. relaxation
method was employed in this thesis, This method is useful for the
tunneling splittings of the order of Larmor frequency (lOOrv.lO2
MHz, see in Section IV). Four-matefials,'i.e. 1,2,4,5-tetramethyl-

benzene, tetramethylpyrazihe; tetramethylsilane, and hexamethyl-



_.b<_

benzene, which contain different numbers of adjacent methyl
groups with rather high symmetry; were chosen to be studied for
this purpose.

The tunneling energy scheme (spectrum) can be obtained
through the spin-lattice relaxation phenomena of the protons
within a methyl group. In recent yeérs, ﬁhe novel theory for
descibing the spin-lattice‘relaxation due to methyl rotation
(tunnéling rotation and/or jump-~reorientation) has been proposed

by Emid and Wind and their co—workersl4’15);

It is symmetry res-
tricted spin diffusion theory (SRSD theory); This theory seems
to be most universal for the problem of nuclear spin relaxation
in solids and it includes the previous theories. But it has
scarcely been used by other workers until now. We should examine
whether the spin-lattice relaxation behaviour of the materials
cited in this thesis are understood in the ffamework of the
theory by Emid, or not. This problem is also one of the purpose
of this thesis. Aftef tﬁisvexamination is performed (Section
VI.1), the tunneling energy scheme of the methyl groups is to be
discussed (Section VI.2 VI.6).

The problem of the tunneling energy scheme relates to the
static feature of the methyl group and it is the basis of the
dynamical problems of the mehtyl groups in solids. To investi-
gate the dynamical features of the methyl groups, the correct
energy scheme is to be taken into account in order to eliminate
the mis-understanding. The dynamical problems of the methyl
groﬁﬁs in solid are, for example; as follows.

i) The principal mechanism of the methyl rotation;i.e. the

jump rotation over the potential or the tunneling rotation



- Tr‘_

through the barrier, and its dependence on the temperature.
ii) The temperature dependence of the observable tunneling
| frequencies. This problem is deeply connected to the pro-
blem 1i). |
These problems i) and ii) will be'discussed!r
For a tunneling methyl group; of which the tunneling split-
ting is much larger than the dipolar energy (local field Hy,

Hd 5,102 kHz), the reduced second moment of the N.M.R. absorption

16)

line was observed for several materials even at liquid helium
temperature region. Some of these materials showed the small
narrowing of the maximum slope width or small reduction of
second moment at about 10~50 K, The origin of this phenomenon
has not been known. It is one of the purposes of this thesis to
make contribution to the elucidation of the problem (Section
VI.7).

The theoretical déscription and the concepts of a single
methyl group in solid, which have been proposed until now by
many_wquers, is summarized in Section II. The important points
of the theoretical treatment of the spin-lattice relaxation of

a single methyl group in solid is also summarized in Section II.

This Section does not include the original work of the author,
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11 Review of theoretical treatment of methyl rotation.

Tunneling behavior of molecular groups (especially a methyl
group) in solid and its effect on the nuclear relaxation have been
well treated previously. Therefore, in this Section we limit our-
selves to an outline of définitions and'previous results needed for

the understanding of the results of the present study.

IT. 1 Quantum-mechanical calculation of the spin-lattice ralaxation

rate of a methyl group.

The spin-lattice relaxation rate of a methyl group should be
calculated quantum-mechanically for understanding the behavior of
the spin-lattice relaxation of a methyl group. The calculation is

-4)

based on the semiclassical description1 in which the energy
reservoir is considered classically and a methyl group (spin and

totor states) quantum-mechanically.
IT. 1.1 Hamiltonian of a methyl group in solid.

The Hamiltonian of a methyl group under consideration is given

byl=4)

H = HP + HR + HRP + HZ + HD‘ (1)

Hp describes the phonon system and H_R describes the methyl-rotor

system, HRP means the coupling between the phonon and the ‘hindered

methyl-rotor systems. Hz is the Zeeman Hamiltonian and HD represents



S U

the dﬂxﬂai interactions among the prq;qns. HD includs the inFra—
and intermethyl dipolar interactions,

Now we will outline the meaning and the role of each term
separately. |
1) Hy
HP denotes the Hamiltoniaﬁ corresponding to the phonon system which
is the energy reservoir of the spin system. We consider that the
phonon system is inthermal equilibrium characterized by a temperature
T which equals the temperature of the sample; This phonon system
interacts with methyl-rotor system through the rotation-phonon
coupling Hpp-
2) Hp
H, represents the sum of kinetic and potential energy of a methyl

R
group in terms of the rotation angle about its symmetry axis and
is given by
a4 .
Hy = - — —— + V(0), (2)
R 21 2 -
de
where I is the moment of inertia of a methyl group about its symmetry
axis and V(p) is the potential barrier hindering the rotation of a

methyl group. Due to the three-fold symmetry of the CHB-group, the

most general shape of the potential can be written as

v(e) - %T,:E V3n %l - cos(BnQ)} ] | (3)

But we will now consider the case in which V3-is dominant and V(o)
can be approximated by V3(l - c0s36)/2. The eigen functions @ns

and eigen energies Ens follow from the well known equation;



-] 2 -
Hy o 5 = E 5 ¢ 5 (4)

n is a quantum number belonging to the n-th rotor leyel. The super-
script S describes the irreducible representations A, Ea, or Eb of
the point group C3. The E? and Eb states have the same eigen value
with respect to any amplitude of V3. Equation (3) includes the
general cases. In the limiting case of.V3 = Q; the methyl group is
a free rotor and the energy states are identified by the free rota-
tion quantum number. If V3 is infinite, the energy scheme can be
approximated by the harmonic oscillator levels and the eigen value

ga b

EnA becomes equal to En (E E ). This degenerate n-th level is

n
well known as the torsional (librational) level. The variation of:
energy scheme of a rotor due to growth of a hindering barrier from
zero to a finite magnitude is shown in Fig. 1. The level scheme of
a methyl group with a finite potential V3ais il%ustrated in Fig. 2.
The energy separation between EnA and EnE (EnE ) is well known as
the tunneling splitting A .

The eigen values Ens can be calculated numericlly with the wave
function of a free rotor7’8) (free rotor approximation) or by other
methodg). The eigen functions ¢, can approximated by a sefies of

4)

free rotor wave functions '/,

_ imo ,
@n—Zame | (5)

m=~

Here a are expansion coefficients. Because the eigen states have
to reflect the symmetry of the potential V(p) which is now considered
as three-fold, we can express the eigen functions o in terms of the

irreducible representations A, E?, and Eb of the point group C3
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barrier. Vs is the amplitude of a three-fold sinusoidal barrier whereas Vg represents the amplitude
of a six-fold sinusoid.

( after P.S. Allen )
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symmetric rotor, showing the correlation between the hindered internal rotation
quantum number (v) and the free internal rotation quantum number (m).
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Fig. 2
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L, 10_12), The eigen function can be described as follows,
) s _ 1 ;Z:” ) nS ei(3m +‘£S)e | (6)
n m :
z .
where QS = 0 for S = A; £S =1 for S =‘Ea, fS = 2 for S = Eb and
bmés é;é”expanSion coefficients,
7 nS{2 _
25 [, =1 | | (7)

== — 00

However, Qns belonging to the energy levels lying near the bottom of
the potential well behave more or less as harmonic oscillator eigen

fonctions. They can be expressed as followsl’l3)

. _

1
n 3

{Rln(e) + AR, (0) + A’}‘_R3n(6)} (8)

ezni/B) for S = A, E? and EP respectively.

where A\ = 1, ¢ and e¥* (e =
Rln(e), Rzn(e), and R3n(e) are the normalized wave functions which
describe that the methyl group is localized in the potential well
1, 2, and 3 respectively. Rlo(e), Rzo(e), and R3O(e) denote the
librational (torsional) ground state in the respective potential
well and are shown schematically in Fig. 3. These potential wells
1, 2, and 3 correspond to the three orientations of a methyl group
and these orientations are indistinguishable. The in-products
(R |R,"(0)), (&) Rg"(6)) and {R3™(e)| " (o)) are mot
completely zero due to a small overlap between the localized wave
functions, which arises from the finite height of barrier. In the
harmonic approximation which is valid for the high barrier and for
the eigen states lying near the bottom of the potential well, the

tunneling splitting a, is described asl4)
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Fig. 3 Sketch of a three-fold potential and the three harmonic

oscillator wave functions Rlo(e), RZO(G), and RSO(G).
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by By B 30D A, ©
where

D, = (R7[HR[R") = (R [Hp|Ry7) = (Ry7[Hg|Rg"), A0

2 = CR1"IERIRy") = (Ry"|H|Rs") = (Ry"[ By |’y << D (D)
and ‘

by = CRPIRTY = (RIRS™) = (RgTR Ts< 1. (12)

The eigen function @ns (Eq; (6) or (8)) are the delocalized
wave functions with which we can not visualize the "rotation" of a
methyl group like in tﬁe case of classical treatment, Therefore, we
will consider the rotation of a methyl group with the localized.
states an(e) (q =1, 2, and 3) for visualizing the jump- and
tunneling-rotation of a methyl group in Section II; 1.4,
3) H

RP

Hpp includes the coordinate of a rotor and élso'that of a phononl’ls),

- which descdibes the coupling between a methyl rotor and phonon sjstem
(lattice wvibration). HRP induces the fluctuations of the potential
barrier hindering the rotation of a methyl group due to lattice

15). vThe
15)'

vibrations and the ensemble average of Hep equals zero

height and also the phase of potential function fluctuate These

fluctuations case the '"non-magnetic transitions'" among the various

1,10)

rotor levels Because the rotor states are coupled to the spin

states by Pauli exclusion principle (see the expranation of the

dipolar Hamiltonian), these transitions are therefore those between

1)

the rotor states of the same symmetry ™’ and the spin symmetry should

not cﬂéhge by such transitions, The validity of this argument rests
upon the rigidity of the rotor and the Born-Oppenheimer

15).

approximation
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The main effects of the rotox-phonon coupling (HRP) and
therefore the main effects of "non-magnetic transitions are two
fold in the present consideration.

a) The fast non-magnetic transitions will establish the effective
(thermal averaged) rotor system for each symmetry (A; Ea, Eb).
By virtue of this situation, the temperature dependence of the
observable tunneling frequency w, (not the same meaning as A )
may be explained (see Section II; 2);

- b) Because the dipole Hamiltonian Hy includes the coordinates of
rotor system, the non-magnetic transitions modulates. the dipole
interaction.(HD),which cause the spin-lattice relaxation (see
the discussion of HD) .‘

As described above, the effects of HRP is very important for the

dynamical behavior of the molecular groups in solid for the spin-

lattice relaxation. However, to obtain the explicit expression for

the H is very difficult. Then the detailes of the HRP is not

RP
considered but only the results of the effects Hpp are introduced
in Section II. 1.4 and Section II. 2.

4) H,
Hz'is the Zeeman Hamiltonian which is given by

H, = “uy )3 I, = —'ﬁwo I, (13)

This Hamiltonian represents the Zeeman coupling of the proton spins

within a methyl grouP,IZl, IZZ’ and Iz3)with the static magnetic
field‘HO directed along the Z axis. wg = YHy, which is the Larmor

frequency. Yy is the proton gyromagnetic ratio. The spin states

wms follow from the equation,
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Sl

m (14)

1 1
H S = E 5 ¥
Tm

z ¥m
with EmS = - m'ﬁwo, m is the Zeeman quantum number. The index S'
represents A, Ea, or Eb and indicates that the spin states are
expressed in term of the irreducible representations of the symmety

~group C, because the three spins within a methyl group are
indistinguishable.

5) Hpy

HD represents the dipole interactions between the protons. When a

methyl group undergoes the fast jump or tunneling rotation, Hy can

be described by

intra(t) + g inter +H inter(t)’ (15).

_ p intra
H H + H D D

D D D

where "intra" or "inter" indicates whether the interacting protons
belong to the same.methyl group or to diffefent groups. Both "intra"
and "inter" interactions can be separaﬁed into the time-dependent
part and the time-averaged part, the latter being indicated by a bar
(—) in Eq. (15) The meaning and the role of these terms are as

follows.
- intra
D

HDlntra is considered as a small time-independent perturbation of HZ,~

and gives rise to a small static shift (d) of the Zeeman levelsl6’l7)

(see Fig. 4). 1In the calculation of the magnetic transition

probability, these shifts can be ignored.

- inter
,E) HD
HDlnter containes the following two terms.

i) One is the term which causes the broadening of the Zeeman energy

L ]
levels (EmS in Eq. (14)). The width of this broadning is indicated
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Fig. 4 The energy-level scheme of tunneling methyl groups.
A, Ea, and Eb denote the symmetry of the eigen-states; m,

magnetic quantum number; Wy Larmor frequency; w observable

t,
tunneling frequency; d, intramethyl dipolar shift; b, intermethyl

broadning.
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by b (in Fig. 4) which depends on the distance between a methyl

proton and the surrownding protons,

ii) The other is the term which causes the spin diffusion process18>

between the spin states through so-called flip-flop transitions.

This process may establish the internal thermal equilibrium among the
spin states. Emid, et al!l6?l7) have suggésted that this flip-flop
transition (spin diffusion) is restricted to between the different
symmetry states. This means that we can not accept the traditiomal
spin temperature theory (complete spin diffusion theory) indiscrimi-

nately. A more detailed discussion will be given in Section II, 1.3.

C) HDlntra(t)

HDintra(t) is randomly modulated by the motions of a methyl group

and therefore causes the spin-lattice relaxation.

d) H-Dlnter(

HDinter(t) is also randomly modulated by the motion of a methyl group

t)

and contributes to the spin-lattice relaxation in a different manner

from H intra(t)l’z’lg). In the case“of large tunneling splitting

D

that w intra

(t)

t
19)

>> wp, this relaxation mechanism is as impotant as H
0 D

The intramethyl dipolar Hamiltonian HDIntra includes the spin

and rotor operators, thereby describing the spin rotor coupling.

S

The spin and rotor eigen states ¥ = and @ns, respectively, can be

classified according to S = A, Ea, and Eb., For a rigid rotor, the
feasible operations are cyclic permutations. Therefoe, the Pauli

exclusion principle requires that the product eigen functions

y S 5 S gre of A Symmetryl,10—12), HDlntra can be decomposed in a

m n
symmetry adapted forml’lz)
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intra _ 57 g(s) I(S), S = A, Ea, E°, Sx5§-= A, (16)
S

Hyy

Where I(S) and R(S),respectively, contain spin and rotor operators.
IT. 1.2 The transition probabilities between the eigen states.

An uncertainty of the rotor energy levels, which is caused by
the rapid transitions due to HRP’ is taken into consideration,
The transitions give rise to the fluctuation of HD. The transition

probability Wjji is given by 2,13)

o1 ® ) )
w‘jj‘ = ;E_ 5— <j ‘HDlntra(t,)lj,)<j.IHDlntra j)

X exp{\iwjj!(t‘ - t)} dt' - t), 17)

. _ . i S , S
with 'ijj* = Ej' - Ej’ j represents the eigen state @n Tm

(Section II. 1.1.5)). The correlation function is usually assumed

to be an exponential function. In this case the transition probabil-

ity becames

T
< (18)

1 3 .
Hye = R

where To is the correation time of the dipole fluctuation.

The matrix element of <j|HDlntra|ji> can be factorized (Eq. (16)),

(om|R(8) T(®H)|n'm') = (a[R(8)| n)<m[1(5)|m"). (19)

The nonzero transition probability Wjj.'occurs when both matrix
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elements are nonzero.z) <p[R(S)|ni> are all equal to § which

varies between 0 and 1. This vyale depends on the shape and the hight
1,2,4)

of the potential barrier . Therefore we can obatin some
information about the potential function from 64). The value 52,
_ i

which is called the effective relaxation efficiency factor “, was

derived for a more general case in which mnot only the torsional ground

state but also higher excited states are'populated4). Johnson has

21)

derived this factor from a different starting point! The factor

62 becomes unity in the limit of high barrier and about 622;0.8 for
the methyl group which is hindered by the potential of V;24 kJ

-1 21)

mol In this thesis we will consider the methyl group with

Ea= 5~8 kJ rnol"l (Ea = V(8) - EO). Therefore we assume that 62
= 1. The non zero transition probabilities-W.., are listed in the

literaturesl’zo) for the case 62 = do2 Ly (= l(p,R(S)\n')lz) or 62

= 120,

The. additional contributions occure when the intermethyl dipol
interactions are taken into consideration. This provides the matrix
elements of the same type as the intramethyl matrix elements.

Furthermore the matrix elements between the states of the E2 and Eb

2)

symmetry also occur

IT.1.3 Symmetry restricted spin diffusion model by Emid, et al.

and the behavior of the spin-lattice .e axation.

a) Relaxation equation.
The spin-lattice relaxation of an isolated methyl group which
undergoes the fast jump- or tunneling-rotation (b = 0 in Fig. 4) is
described by the transitions between the eight states with the
ransition probabilities Wjj, (Eq. (19)). It is determined bybthe

equation of motion.
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B8
where _ ok
B/:' p = peq » peq = 1 - — (. - wOIz)
kTL
and _ (22)
Py = <oc|ploc7 , Wdﬁ = WBCL . 2 wocB =0

where Py, is the diagonal part of the density matrix of the spin
system, peq. is its thermal equiliblium wvalue, and TL is the'lattice
temperature. o and B denote the eigen states (Fig. 4);

The eight-spin system has one constraint; i; e. the conservation
of the number of particles (methyl groups) and therefore has the
seven degrees of freedom. It thus is possible to express the occupa-

tion number operator p as.a function of a complete set of seven

mutually orthogonal, traceless, diagonal operators Ok and one unit

operatori6’17).
7
o= 1+ 7, ay O
k=1
Tr Oy = 0, Tr 0,07 = &4, o = Tr Oy p : (23)

where the high temperature approximation has been introduced, i.e,
only the terms liner in akﬁﬂﬁ@ been retained. The eigen values of
the Ok's are given in Table 1. Two of them, denoted by Qland 05,
are physically of special.interest; because they correspond to the
"Zeeman system' and "dipolar system', respectively. Another two,
denoted by O4 and 06’ correspond to two cher interesting systems,

i.e. 0, to the so-called 'rotational polarization“; being defind as



Table 1

' , a a b b
Agro A12 Aliga Blzga By Elyyn Eyyp Bl

ZEEMAN V60,  3/2  1/2 -1/2 -3/2 1/2 -1/2 1/2 -1/2

\/E'o2 1/2  -1/2 1/2  -1/2 -1/2 1/2 -1/2 1/2

J3 04 0 1 -1 0 -1/2 1/2 -1/2 1/2

ROT. POLA. 0, 0 0 0 0 1/2 /2  -1/2 =1/2
DIPOLE 0 /2  -1/2  -=1/2  1/2 0 0 0 0

TUNNEL Ji”o6 1/2 1/2 1/2 1/2  -1/2  -1/2 -1/2 -1/2

o, 0 0 0 0 /2 -1/2  -1/2 1/2

The eigenvalues of the mutually orthogonal operators,”0;,'";0,, for the different

spin eigen states.
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the excess in population of E? over Eb spin species and O, to the
"tunneling system", being defined as excess in population of A over

the sum of E2 and Eb

Spin species. The remaing three operators O,,
O3, and O, have no simple physical meaning and are chosen-in a manner
which will prove to be most convenient for dicussing the effect of
"spin- diffusion" on the spin—lattice'relazation; Substituting equa-

tion(23) to equation (21) one obtains

&=-5 (o - a9y, - (24)
where the colum-vector o has the components al,"",a7,each one of
which has the equilibrium value a®9-; dieq' = 0 for 1 = 2,3,4,7 for
we = 0 (a6 = 0 only for Wy = 0). The matrix S consists of the

17)

transition probanility Wjj, and is listed in the 1iteraturé
We note that the relaxation of the Zeenan system (see Table 1) which
correspond to the fecoVery of the magnetization M, and is obserxrved
in the present measurements is dynamiéally coupled to other systems.
b) Spin diffusion.

Now,we consider the effects of spin diffusion due to_ﬁﬁinter
on the spin-lattice ralaxation. The spin diffusion process, which
is usually much faster than the spin-lattice relaxation in solids,
should be taken into account.

If the three-spin systems (methyl group) are rigidly fixed in
space, i.e. the "inter" part of the dipole interaction is time

independent, each spin within a methyl group‘experiences a different

local field from a neighbouring proton which is a single'proton or

inter
Hy

are of A, E?, and ED symmetry, and therefore A; Ea,,and Eb spin

one of the protons of other methyl groups. In this case,
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states are mixed through spin diffusion (complete spin diffusion)lé).
In the time scale t, b"l<< t K (spin-lattice relaxation rate)-l,

Eq. (23) becomes

(25)
This also the result of the traditional spin temperature theory22’23).
The spin-lattice relaxations of aq andcxs are mutually independent
when the observable tunneling frequency w, 1is zero.v aq and ag relax
exponentially with the relaxation rates Sll and 855 in Eq. (24),
respectively.

If, on the other hand, the methyl group is rapidly reorienting

or tunneling (narrowing condition), HDlnter

can be divided into the
time-averaged part and the fluctuation from it (Eq; (15)). Each

of the three protons of a methyl group experiences the same averaged

dipolar field from other protons. . The averaged part ﬁﬁinter which

induces the flip-flop transitions is of A symmetry. We should note

in this case that there are two restrictions for the spin diffusion

process as follows.

. inter

i) TBecause Hy is of A symmetry, the selection rule of the flip-

flop transitions is described by

m|I [s' m)=CEm 8'm) g npy g g0 (26)

where S, S' = A, Ea, and Eb, C(Sm, S' m') is a constant. The
transitions between states of different symmetry is not possible

in these systems,

i1i) The other limitation is in terms of energy conservation. On
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condition that b&2|d| (see Fig, 4), which applies in spin-
diluted solid, the enérgy levels become unequally spaced. The
rapid spin diffusion occur only between the equally spaced leyels

(see Fig. 4) , because it satisfies the condition of energy

conservation,

The spin diffusion process under the condition b% 2|d| and
limitation i) in called "symmetry restricted spin diffusion" (S.R.S,
D.). Under S.R.S.D. we have four degrees of freedom in the time
domain t where b_l<< t «:Tl (spin-lattice relaxation time) and in

this case Eq. (23) becomes
p =1+ alOl + a404 + o(,505 + 0L6O6, (27)
The other systems in Eq. (23) relax as rapidly as spin diffusion

Ly,

The spin diffusion process with the limitations of i) and ii)

takes place ( at the rate b~

is called "limited spin diffusion' process in this case Eq. (23)

becomes

o =1+ 0707 + a0y + 0,0, + 0505 + agde. (28)

For many cases of methyl groups in solid b#®2|d| will be satisfied
and S.R.S.D. acceptable.
¢) Relaxation behqvior of Zeeman Systeﬁ,

In experiments we observe the time evolution of magnetizatioﬁ
MZ which corresponds to the Zeeman system! When the observable
tunneling frequency (w.) is not zero, the Zeeman system is coupled

to three other sytems (Eq. (27))17), i.e. dipolar system, rotational
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polarization system and tunneling system, However, when Wi is zero,
' 17)

it is coupled only to the rotational polarization system The

coupled relaxation equations for W # 0 for a powdered sample may

be described by24)

az _ lad lad N‘ ~
ST Sy 2 Sy D - D Spp(ep) RGEy) - 2 Syp(8;) T(8y)
t i - i
_— = - SDZ Z - SDD D - Z SDR(BI) R(Bl) - Z SDT(61> T<81>
dt i i
(one equation for each orientation Bi)
o S1z(By) 2 - Spp(By) Do~ Spp(By) R(By) - Spp(B;) T(By)

(one equation for each orlentatlon#Bi). (29)

Z, D, R(Bi), and~T(Bi) is the same meaning as Gy, Og, O, and ac,

. ~ T % T : T
respectively. Z =2 - 2, D=D - D", R(ai) = R(ai) - R(ai) and
~
T(Bi) = T(Bi) - T(Bi)T; the superscript T denotes the quantities
at the thermal equilibrium. g; describes the angle between the axis
of methyl group and the static magnetic field. It is assumed that
S.R.S.D. is effective throughout the sample. Then the Zeeman- and

dipolar-spin-temperature are established over the whole sample, but not for

oy and ag (see Eq. (26)). The powder averaging must be done with

care since this is subject to the volume in which S.R.S.D. is

17,24)

effective The coupling terms (Si. , i#j, in Eq. (29)) for

J
the case of intramethyl relaxation are given in the reference (24).

The Zeeman autorelaxation rate SZz is described as
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Sy, = -;(—)— d® (J. + It 4J+2 + 4T 5 ) (30)
where 4 s
_ o _ 2 'y ’fl
Iy 5 —J(_wtv-_l.:nwo),n-l, 2, da® = p ,
- r
and

J(w) = /A + wzrcz);

When wtequals zZero, SZZ becomes the well known formula of B.P.P.
function.

Because of the coupling, the Zeeman relaxation)after a perturba-
tion is turned off, is generally described by the non-exponential

recovery function and is dependent on the initial condition into

25)

which the firat 90° pulses bring the systems. Such a behavior

of Zeeman relaxation is different for different sets of conditions

26)-

of 1 and W The experimental evidence and more detailed

C’ wt’

discussion will be given in Section VI.

II. 1.4 The meaning of the correlation time and the activatidn

energy Ea for a reorienting or tunneling methyl group.

To explain the temperature dependence of the correlation time

T a model which visualize the rotation of methyl group was proposed

c’
by Lightelm4). HRP induces the non-magnetic transitions between the
rotor levels having the same symmetry. He assumed that these

transitions are described by the superposition of transitions between

S S
the states, o4 and o

(n>0). The average time interval TCS(OG>n)
that a'methyl group remains in one of the three wells in relation to

0¢n transition is described by
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1

r 5@en) = (4% n) + 6@ 0) ) T (31)

and

L aS@ oy~ w1,

ATS(O n) ~ W, 0 -

'‘On

‘ATS(O n) is the residence time between two excitations from @OS to

@nS and ATS(n 0) is the time interval that a methyl group remains

in the state @ns after it has excited from the state ¢OS. WOn and

WhO are the transitition rate from @OS to @nS and vice versa, re-

spectively. The ratio (whO/WOn) is described as

Who
Yo

= exp(En'— EO)/kT (32)

n

If the transition takes place N times in a time interval, the rota-
tion takes place N x P times from one well to another; For the
states Qns (nZn'), which lie above the to§ of the potential barrier,
Pl is equal to unity. In the case of the potential barrier that
assures the condition ATS(n O)@:ATS(O n), the total averaged

rotation frequency (TCS)_l from one well to another well is described
by

1

T S(Oen)_:L /"\;Z P_/ TS(O n),
S C n -

T n=0 n=0
¢

(o]

and therefore
n'—l oo
"1 _ S S : S
——S. = 2 Won ot Z Won - (33)
Ta n=1 n=n'

where n' dwnotes the lowest state that lie avobe the top of the
potential barrier. 1If one transition from @03 to @ns corresponds
to once attacking the potential wall, Pﬁ can‘be'replaced by the

transmission coefficient TnS which describes the probability for a
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tunneling rotation to occur during the oscillation in the state

@ns and only depénds on the shape and height of the potential
barrier. If WOn is assumed to be described by
S S Sy,
Wy,> = a exp {- & - g )/kT} , (34)
equation (33) becomes
n'~-1
1 S S S
—g = a T~ exp {- (En - By )/kT}
Te n=1
+ Y a_ ex SL- (E.5 - E,S)/kT (35)
n p n 0 4 -

nl

n
Assuming that the non-magnetic transitions within each symmetry are
uncorrelated, equation (35) is applicable for S = A, E (Ea and Eb).

The correlation time in Eq. (19) is then described by

-1 _ A -1 E\-1
e =) T () (36)
For the non-tuﬁneling system, i.e. when T " = 0 and Ta = TCE,
0 S S
-~ (E_° - E )
N7 n 0
—_—= a_ exp (37)
Ta — n { KT
n=n'"

and the term of n = n' in Eq. (37) makes the principal contribution

to T, Then the temperature dependence of Tcwbecomes the well-known

Arrhenius type

t 7l = a exp {- v, - EO)/kT} , (38)

- avd -
where VO EO'* En' EO.
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At a sufficiently 1ow't¢mp¢rature for thg tunneling system (Tns

# 0), i.e. if only the torsional ground and first excited states
 are populated, the activation energy is given by (El - EO). This
result was also obtained by Wallach; et al:27) and Hauptl) in a
different approach. Equation (35) described that the apparent

activation energy becomes larger from E; -Ej to E_, - E, with

increasing temperature.

II. 2 The temperature dependence of the observable tunneling

frequency ..

The tunneling splitting Ap (Eq, (9)) is determined by the
potential barrier uniquely and A is not a function of temperature
for an isolated methyl group. HoweVer; several experiments have
demonstrated the decreasing tunneling frequencvaith increasing

tgmperature28"32).
” 17,33-37)

The effort has been payed by several
authors to explain this behavior by considering that the
rotating molecular group in solid is coupled to lattice modes
(phonon). Other mechanisms have also been proposed.38’39)
However, the model of coupling to phonon is acceptable for many
molecular groups‘in solid. The coupling effect was taken into

account in two different ways as follows.
IT. 2.1 The model of thermal averaging.
The rapid non-magnetic transitions due to Hpp, establish the

thermal equilibrium between the same symmetry rotor levels. The

temperature T of the A symmetry-and E symmetry-system is the same
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as that of the ?honon system, The free energy for,MS methyl groups

~with symetry S (S = A, E®, or Eb) is ‘described by4)

FS = - kT 1n{szM | (39)

z°% is the partition function of a single methyl group and given by

(¢}

25 = ¥ exp( - E_°/kD). | (40)
n=0
Ea . Eb )
We consider the case that MA*=M = M = M. The averaged tunneling
energy is
a b .
P AR N A
£ M
‘B exp( - E /KD
- - kT 1n 20 (41)
Y, exp( - EnA/kT)

n=0

Noting that the A-E sequence of the ground and excited torsional

levels alternates, i.e. EnE - EnA

17)

= (rl)n'ﬁAn, and assuming‘ﬁAn/kT

& 1 equation (41) becomes

[eo}

C(-D)P r exp( - E_/KT)

n=0. . ... o
Wy = " (42)
T, exp( - En/kT)
n=0
_ E
where En +‘HAn = En"

- If only the ground and first excited states are populated,
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equation (42) becomes

by ~YA.,exp( afEljkT) 

l.

() =

t (43)

1+ exp( - Eq/KT)

Equation (43), which describes the'temperature variation of the peak
frequency, is equivalent to the results of Allen's mode133). His
model also express the width of the tunneling spectrum. However his
model is based on the improbable concept that transition between
@OE and @nE is completly correlated with that between ®0A and @nA.
Therefore we accept the model of uncorrelated transition ( Eq. (41)

or Eq. (42)).

II. 2.2 A direct effect of coupling between ﬁethyl~rotor and the
lattice modes.

Another mechanism of this coupling was proposed by Huller37>.
This effect may partially cancell the overlap of the wave functions
and diminish the tunneling splittingha, itself by successive excita-
tion of the coupled lattice mode with increasing temperature. In the
case of small coupling to a phonon in the Einstein mode, the

temperature dependence of the tunneling splitting is described by

aoC B ) = 8p(0) (1 - 27 Q) (44)
where

T 1/¢ éﬁw/kT

- 1).
n is the occupation number of the Einstein mode and , is its
frequency. Q is propotinal to the strength of the coupling. For

the small coupling with Debye phonon, Ay is



: 6 . he.
AO(T) = AO(.O) {1 e _g2 D (: k'_r -)4} , (45)
: . g 45 B ‘ﬁwD :

where B is the rotational constant of avmethyl_group; wp is the

Debye cut off frequency and g is proportional to the strength of the
coupling. This model due to Huller is not in contradiction to the
model of thermal averaging; The main contribution to the temperature
’dependence of observable tunneling frequency is probably due to

thermal averaging effect.
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IIT The effect of coupling between some equivalent methyl groups

on the rotor level scheme and on the spin-lattice relaxation.

In the case that two equivalent methyl groups are situated
closely with each other, the hindering potential of a methyl group
is affected by the orientation of the neigbouring methyl group. In
this situation there is coupling between the two methyl groups and

the rotations of these groups are not independent but mutually
correlated. This is so-called "geared motion" of methyl groups in
the classical sense. The rotation of these methyl groups should be
described by the "momal mode"”., These features are also the same in
case of more than two methyl groups. This coupling effect will alter
the energy scheme of the methyl rotor from that of a singl rotor
(Section II1.1.1), therefore the feature‘of the tunneling rotation
will be different from that of a single methyl group.

In this Section we will consider the'difference of the enérgy "
scheme between coupled methyl groups and a singl one and its effect
to the spin-lattice relaxation. Furthermore, it will be considered

whether we can get the evidence of the coupling both in the classical

and quantummechanical sense by the N.M.R. methods.
III. 1  Energy scheme of two coupled methyl-rotor system.

The Hamiltonian of two-rotor molecules with the symmetry C3V(r)

—CZV(f)—CBV(r) is described byliS)

H = F(P2 + 2y%) + F1(BP,) + ByPy) + V(9y,0,) (1)
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where Pl and P2 are the angular momenta associated with two internal
rotation angles ¢1vand ¢2 (see Fig.fl). 'xr and £ indicate the methyl
rotor and the frame, respectively. And the coefficients F and F'

4)

are described by

F =zﬁ2/(41CH3)(rz‘1 + rx“l)
42 -1 -1
‘=4 /(4ICH3)(rZ +r, )
r =1 -2x 21 /1 )
z z CH3 'z
ro=1- 22 .%1.. /1
X X CH3' X

Mg and A, are the cosine of the angle between the axes of the
internal rotorswith the x and z axes. IX and Iz are the moment of
inertia of the molecule about the x and z axes. For the molecules
which have sufficieﬁtly large moment of inertia (IX and IZ) than that
of methyl groups (ICH ), r, and r, become unity. 1In this case
‘coupllng term of the klnetlc energy is zero, i.e. F' = 0. Therefore,
the coupling between these two rotors is described by only the
potentiai energy term V(¢1,¢2)'in Eq. (1). The potential function,

in the most simple case, is described by2’3)

V(¢1,0,) = (V5/2)(2 - cos3¢; - cos3¢,)
+ V12c033¢l cosB¢2 + Vlz‘sin3¢l sin3¢2. (3)

where V12c0s3¢1 c033¢2 and Vlz'-sin3¢1 sin3¢2 are the coupling terms
between the two rotors. 1In general, higher terms are included in

Eq. (3)1>. Now we can introduce the symmetry coordinate,

e = (¢1 + ¢2)/2, Gy = (q)l - ¢2)/2 (4)
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C2v

Fig. 1 Sketch of two-rotor system with CZV symmetry. Cs(l)
and C3(2) indicate the symmetry axes of the methyl groups (1)
and (2). ¢1 and ¢2 indicate the rotation.angles of the methyl

groups.
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The coordinate o4 is symmetrical and o, is antisymmetrical with ¢,

operation. By substituting Eq. (4) to Eq. (3), we'obtain

I

V3(1 - cosBQ1 cosde) +:V12cos6a2 (5)

for VlZ = VlZY‘ Ofcause the situation that V12.= VlZ! is the
assumption. In this case the difference between the symmetric mode
ayq and antisymmetric mode a, is clearly described. The first term

in right hand side of Eq. (5) is equivalent for the dl and o, modes
but the second term which is the coupling term is inequivalent.

This coupling term, in which'Vlz‘is the strength of the coupling,
causes the energy differenee between aq and azvmodes (see Fig. 2).
The schematic view of the potential surface of the two coupled totors
is shown in Fig. 3. The vertical section along'the line indicated
by ¢1 or ¢, show the V3 potential curve (similar to Fig. 3 in Section
II). The section of aq is differ from the section of 0o due to the

coupling term in Eq. (5).

I1I. 2 Energy scheme of four coupled methyl groups with Td

symmetry.

The energy scheme of the torsional levels for the four coupled

methyl rotors with Td symmetry6)

is shown in Fig. 4. The

‘eorsional first excited state splits due’to the coupling between
the methyl groups into two sublevels which are of A2 and F1 (Tl)
symmetry. The degeneracies of A2 and Fl states are 1 and 3,

respectively.
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n1 M Ay
02
. .
1
B
- 01 2
=36 cm l( p
10 A
2
Coo=1 -1
180 + 5 cm 144 + 5 cm
00 v A1
1,2,4,5,T.M.B.
( durene )
I.N.S. ( R.C. Livingston et al, )
Fig. 2 The torsional energy scheme of 1,2,4,5-tetramethyl-

benzene (durene). nqg and n, are the torsional quantum numbers
of the methyl groups and n; + n, is the quantum number of the
two-rotor system. Al’ AZ’ Bl’ and B2 are the irreducible
representations. The torsional energies indicated by arrows
are determined by inelastic neutron scattering experiments).
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4
7’

Fig.'S Schematic view of the potential surface of two
coupled methyl groups. The center of the square is a bottom
of the potential and four vertexes are the tops of the

potential,
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n n 'n
total “A, Fq »
2 0 (2 0 0) 0l
2 0 (xL1o0) ~ o
2 1 (10 0)
. , 000y
. . Qooy
. . 0oy
0 0 0
Fig. 4 Torsional energy scheme of four methyl_grdups with

T4 symmetry. AL and np are the librational quantum

n , N
total 2 j 1
number. The first excited state split into two sublevels

with different symmetries., ( after D.M. Grant, et al.)
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The rotation angles ¢. (i=1,2,3,and 4) of the methyl groups

are symmetrized under T, symmetryj)

ag = (97 T 95 + 953 + 9,)/2

ay = (397 - 95 = 95 = 9,)/ 12

ag = (205 = ¢3 = ¢,)/ 6

o, = (65 = 940/ 2. (6)

The kinetic energy is
: 2 2 N
2T = 3P2/I + p12/ IA + (pz‘ + Pjy + Py )/IF. 7

Here I is the moment of inertia of the spherical molecule with

overall angular momentum P, and P; is the momentum conjugated to the

b .

;- In the assumption that the coupling between internal and over-

7)

all rotation can be neglected’’, the moment of intertia I, and Iz

equal I., . The potential of internal rotation can be expressed as
3

2V = V, - V; XZcos3¢p, - V, £Z% cos3¢; c083¢j

1

Vg 20 .cos3d, cosB¢j cos3¢y - V4§3c033¢i
i#j#k i
+ Ve 27 sin3¢, sin3¢j + VGstin3¢i
i] i
+ V7 2 cos3qbi sin3¢j sin3¢k
i#j#k
e -7 -
+ V8 20 co-s3¢i cos3¢, sin3¢k sin3¢1 (8)
i#i#k#l &

The cross terms in Eq. (8) express the coupling effects between the
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four methyl groups. To visualize which term is impotant for
splitting of the torsional first excited state due to coupling, we
can use the harmonic approximation, Then the potential energy

equation becomes

2V=KY 6.0 + 2L, ¢, 6 (9)
i i j
where

K= (9/2)(Vy + 3V, + 3V, + V4>; L = (9/2) (V5 + 3V5 + V).

‘Symmetrization of this expression gives

2

2V = (K + 3L)ay? + (R-L) (ay” + oy” + 0, 2).

The frequencies are given by

= 7 ~11/2 _ 1/2
vy, =[26, (x + 3D) . vp. = [26; k- L)]
2 2 1 1
where GA =-ﬁ2/21A and GF =‘f12/21F , which are approximated by
2 2 1 1
2 .
A /ZICH3.

Further splittings of torsional ground and excited states due
to tunneling effect have not been studied.

IITI. 3 Energy scheme of six coupled methyl groups with D3d

symmetry.

We consider the case of hexamethylbenzene, which has six methyl

groups with D3d symmetryg). The splittings of the torsional first

excited state due to the coupling effect are shown in Fig. 5. The
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torsion

Fig. 5 Torsional energy scheme of six methyl groups with D3d
symmetry (hexamethylbenzene). The first excited dtate splits
into four sublevels with different symmetries, A2 , B E_, and

u’
The transition indicated by arrow was observed by Raman sca

A, .
lu A
scattering experiment to be 170 cm:~ at 20 K.



torsional first excited state splits into the four sublevels of

different synmetries, AZg’Eu’ ?g, and Alu’

III. &4 The effect of correlated motion (coupling) of twormethyl

groups on the spin-lattice relaxation rate in the classical limit.

An attempt will be made to develop the effect of correlated
motion of two equivalent methyl groups. It will be assumed that the
spin-system can be described classically for non-tunneling system.

In general "cross correlation' of different dipole~dipole interaction

should be taken into account for treating a methyl group correctly
13‘14). However ,as will be discussed in the next Subsection III.4.1,
we can safely use the pairwise additivity of the magnetic dipole
dipole interactions without concidération of "cross correlation"

for describing the autorelaxation rate of Zeeman system (SZz in Eq.

(29) in Section II.1.3) of non-tunneling methyl groupzo).

ITI. 4.1 Method.

It has been discussed by Hilt and Hubbard (H.H.)L3)

14)

and Runnels

(R.)

interactions are to be taken into account for describing the spin-

that the "cross correlation' of different dipole-dipole

1atti§e relaxation of a methyl group correctry. The relaxation
equation of the Zeeman system (longitudinal magnetization, y, by H.H.)
is generally described by four exponential functions and if "cross
correlations'" are ignored, it is described by a single exponential
function. 1In order to make the physical background of this

15)

relaxation behavior more transparent, Mehring and Raber (M.R.)

presented a simple explanation on the basis of transitions among the
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energy levels of the three-spin system. H.H. and M.R. discussed
the same problem from different starting points but thelr results
were the same. Indeed the non-exponential relaxation equation
obtained by M.R. is the same as that obtained by H.Hfls) for a
special case of B = 0, where B is an angle between the C3 symmetry
axis of a methyl group and the direction of external magnetic field.
H.H. and R. showed that the '"cross correlation" is important for
describing the methyl group corredtly in the classical manner.
However, the theory by H.H. and slso the theory by M.R. was not
complete for a methyl group in solid because they ignored the
"spin-diffusion'" process which plays an impotant role for spin
relaxation in solids. Emid, et al. have‘further'discusSed the
relaxation behavior of a methyl'group in solid in the framework

16). If we

of symmetry restricted spin diffusion (S.R.S.D.) theory
omit the "spin diffusion' process, the relaxation of the Zeeman
system (longitudinal magnetization, Ol)'becomes coupled to three
other degreesof freedom (02, 032 and 04) and is described by four
exponential functions for a non-tunneling methyl group (wt = 0)16).
When we compare the two theories of which one is based on the
semiclassical treatment (H.H.) and the other is based on the quantum-
mechanical treatment (M.R. and Emid, et al.), it is clear that the
inclusion of the 'cross correlation” is to couple the Zeeman system
(y4 by H.H.) to the other three degrees of freedom.

For a satisfactory treatment of the spin-lattice relaxation in
solid state, we must take the "spin diffusion' into consideration.
If we do so we can neglect the two degrees of freedom, i.e. 0, and
03, in the time domain of t, where (spin diffusion rate)'_1 << t <<

-1 16)

(spin-lattice relaxation rate) This situation may be realized

16)

in the S.R.S.D. model as discussed by Emid, et al; in the follow-
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ing way. Under S.R.S.D. the Zeeman system is only coupled to the
rotational polarization system and thé relaﬁation Qf thg Zggman
system is generally deScribed by two eXponential functiomns.
Further decoupling of the Zeeman system from the rotational
polarization system is possible in one of the two ways. One is to
rotate the sample about an axis perpeﬁdicular to the HO field

with an angular velocity at least about three times larger than ‘I‘l—l

17) | The other is thfough'the'condition that the autorelaxation rate

of the rotational polarization system is much faster than that of
the Zeeman system, the condition that can be satisfied when wyt,

18)

>> 1 Under such conditions, the magnetization recovery becomes
single exponential and is independent on the pulse sequence applied.
The observable time constant is the autorelaxation rate of the
Zeeman system (Szz). Such. a behavior of relaxation is not in
conflict with the S.R.S.D. theory but represents a special case of
the S.R.S.D. model. Once the Zeeman system is decoupled from the
rest, we can adopt the pairwise additivity omitting ''cross correla-
tionﬁ and the traditional spin-temperature theory is applicable to
the spin-lattice ralaxation rate (SZZ).

Even when the Zeeman system couples to the other system 0,
(rotational polarization system), we can obtain the autd:relaxation
rate of the Zeeman system(SZZ) as the time constant of the fast

recovering component of magnetiZationlg’zo)

, which can be obtained
by the pulse sequence B (see in Section V. 2).

The formalism which we will apply to the present problem is
based on an equation of motion of stocastic probability which governs
the jumping rate of a proton-proton vector (p-p vector) among several

allowed orientations. The stochastic jumping of the p-p vector

induce the spin-lattice relaxation. The formulation of the correla-
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tion function is based on the matrixﬁformarism?0_23).

The total relaxation rate Tl‘liconsists of sum of the
intramethyl relaxation rate Tl"l(intra) and the intermethyl
relaxation rate Tl-l(inter).

-1 _ -1, -1,. .

Tl = Tl (intra) + Tl (inter) (10)

The intramethyl and intermethyl relaxation rates are due to

the dipole-dipole interactions within a methyl group and

between the two methyl groups, respectively.
III. 4.2 Intramethyl relaxation rate, Tl"l(intra).

We consider a molecule which contains the two equivalent
methyl groups. The type of the motion (eleﬁentary process of
the motion) in consideration is only the reorientation of a
methyl group with the jumping rate w3 about its there fold
symmetry axis.

Tl_l(intra) is described as

.. 9 . . 2
Tl-l(intra) =2 x : Y%h B(x ,uw) (11)

where

...... A U
r=3wy , Ba,w) = ‘ +— (12)
. , : 12 ,

" 4 4w2

This equation represents the autorelaxation rate of Zeeman

system (S,,; Section IT1.1.3) for classical reorientation of a
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metyl group.

Tl“l(intra) depénds only on the dipole-dipole interaction
within a methyl group, therefore this value is of the problem
about a single methyl group in principle. Tl'l(intra) does
not depend on whether the reorientation of two methyl groups

are completly correlated or completly indipendent.
III. 4.3 Intermethyl relaxation rate/Tl"l(inter).

To calculate the intermethyl relaxation rate Ti—l(inter),
we need to write down the transition matrix D which describes
the jumping of the intermethyl p—p vectors (internuclear

vectors),ll»12:20,21)

A p-p vector may jump among the nine
orientations (see Fig.6). |

i) 1In the case that two methyl groups reorient independently
with tﬁe jumping rate of g

The transition matrix D is given by

A 1(3) 1(3)
1(3) A 1(3) | (13)
1(3) 1(3) A ,

Where 1(3) denotes the unit matrix in three demension and A re-.:

presents

(14)
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Fig. 6 The orientations or the sites of intermethyl p-p
vector which are classified in four different length A, B, C,
and D. The triangles shown by broken line indicate the methyl

groups.
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Matrix D is diagonalized by the direct product of matrix T, Where

T=(1/{3)[1 1 1 , & = exp(2wi/3) (15)
1 € ex
1 g% €

- i.e, DU=UA, U=Tx T.

!
il . . .
A is the diagonal matrix with the element ),, where i, 1is

= Ay = 3wy = A(3) (16)

T_l(inter) is described as

T, (inter) = 3 x -Z— v 4% (R, + Ry + K, + K;) B(r (3), o)

+ ( K5 + K6 + K8 + K9) B(Tc(6), w ) o, (17
where

T, (3 = A, 1 (6) = a6

and
To . 4Tc
B(Tc , W) = +
1+ 2 w2 1+ 41 2 w2
c c
Ki_(i = 2,""",9) is the coefficient which only depends on the

structure of the two-mehtyl system. For the special case of ethane
molecul, the coefficients of Tl-l(inter) in Eq. (17) are in complete
agreement with the results by Woessnerg’lo).

ii) 1In the case that the reorientation of two methyl groups are

completely correlated.



The correlated reorientations of twq,mgphyl_grqups are
classified into two different natures Which are symmetric and
antisymmetric reorientations with reSpeCt to the C2 operation (see
Section III. 1). The transition matrix D for the "symmetric" re-

orientation is given by

Ds = wg 2 1(3) B A
A 2 1(3) B . (18)
B A 2 1(3)
where
N
A= 0 0 1 , B=A-= 0 1 0
1 0 0 0 0 1
0 1 0 1 0 0

The transition matrix D for the "antisymmetric" reorientation is

given by
-y - 2 1(3 A
D, = D = wj (3) : B
B 2 1(3) A (19)
A B 2 1(3)

where matrices A and B are the same as those in Eq. (18). Both Ds

and D are diagonalized by matrix U in Eq. (16). The eigen values

_xi's are
Ap = dg = rg =0
g = A3 = Ay = A5 = Ay = Ag = 3ug 20

for the "symmetric" reorientation, and
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i

= Ag = 3usg. (21)
for the "antisymmetric' reorientation. Tlhl(inter) is described as

3t K, + Ko + K,

+ Kg)} B(t_(3),0 ) (22)

Tl_l(inter, s) = 3 x 2 y4'ﬁ2 {(K2 + K
’ 4

for "symmetric' reorientation, and

Tl-l(inter, a) = 3 x é} Y4'h2{j(K2 + K3 + K4 + K6 + K7

+E) [ Bro(3),0) (23)

for "antisymmetric" reorientation.

The calculation of the coefficient Ki was done numerically for
the case of tetramethylpyrazine molecule. The bond distances, 1.38
K, 1.51 K, and 1.10 A were used,respectively, for C=C. C—CK?_, and
C-H. The tetrahedral angle was assumed for a methyl group'ahd an
equilateral hexagon was assumed for the pyrazine ring. The

coefficients K2 + K3 + K4 + K7 and K5 + K6 + K8 + K9 in Eq. (17)

6 6

are 1.074 x 107> A7® and 2.335 x 107% & - respectively. K, + Kg

+ K, + K. + K +'K9 in Eq. (22) and K, + K

4+ Ks T Ky
in Eq. (23) are 1.271 x 107> £7°

5 + K, + Ko + K5+ Kg

7
> K—6, respectively.

A% and 1.099 x 10~

The differencies of Egqs. (17), (22), and (23) are shown in Fig. 7,

22)

where the activation process is assumed for wg The difference

between the independent reorientation and correlated reorientation

appears in the low temperaturr branch of Tl l(inter) curve and in

the efficiency of Tl-l(inter). However, because the contribution



- rY -

-3 | l |
1075 1020 30 40

kK/T

Fig. 7 The calculated spin-lattice relaxation rate. The activation
process (Eq. (11) in Section VI. 3) was used. The curve a indicates
the T (1ntra) calculated with Eq. (11). The curves b and ¢

show the T1 (1nter), b corresponds to the completely independent
reorientation (Eq. (17)), c corresponds to the completely correlated
"symmetric'" reorientation (Eq. (22)). Tl-l(inter) curve for "anti-
symmetric'" reorientation is not shown. It nearly falls on the

curve c. '
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of _Tl_l(_inte:r,), is rather smaller than Tl'l(intra), it is difficult
for us to determine whether the correlated reorientation or

independent reorientatidn takes place from the observed Tl value.
The useful experiment for this purpose is to ﬁeasure the spin-lattice
relaxation rate of the partially deuterated material, i.e. two protons
in amethyl group is replaéed by deuteron and furthermore it is
diluted by the copletely deuterated one. In this case the obsevable
relaxation rate is only due to the intermethyl dipole interaction

and relaxation equations (17); (22), and (23) must be divided by the

facter of 3.

ITII. 5. The effect of coupling on the spin-lattice relaxation rate

in the tunneling system.

In Section III. 4, we discussed the coupling effect (correlated
reorientation) on the spin-lattice relaxation rate in the classical
limit. The classical treatment dose not contain the term of
torsional energy of the rotor system. The energy term is included

only as the activation energy ( see the reference 22 in this
Section). On the other hand, the torsional energy scheme is included
in the equation of the spin-lattice relaxation in. the framework of
the quantum-mechanical treatment of tunneling methyl groups (see
Section II. 1.1 and Section II.1.2 for a single methyl group).
From this fact, we can clearly identify the evidence of the coupling
between the methyl groups by N.M.R. relaxation method. The transi-
tion probability between the eigen states j = |'s m7 and j' =

|S' m') is generally described by
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1 . I ANk :
Wigr = ZE S 3 THGCEND [ D] Hy(ed | 3)

C e - t).} d(t' - t). (24)

X ex i w..
p{ ii

The eigen state | S m) denotes that this state is included in §

symmetry species and its magnetic quantum number is m. Equation

(24) is valid even for the coupled methyl system and becomes

Mgt T K3 13 - (25)

where Aw.., = E., - E. or w..,
JJ J J JJ

tunneling splitting between the symmetry species S and S' and wgy is

= wt(SS') + nwg. wt(SS') is the

the Larmor frequency. Equation (25) has maxma when the condition
that wt(SS') + nwg = 0 is satisfied, which induces so-called tunnel-
ing assisted minimum in the spin-lattice relaxation time (see Section
II. 1.3) and enables us to observe fhe tunneling.spectra wt(SS‘)

by N.M.R. ralaxation method.
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IV. Direct measurement of tunneling frequency of molecular

groups in solid.
IV. 1 Various methods for determining the tunneling frequency.

In recent years, the rotational tunneling frequency of highly
symmetrical molecular groups (CH3-, NH4+, and CH4, etc.) in solid
has been observed by the several methods., Examples of such methods

are as follows.

1) inelastic neutron scatter:’_ng.l_l4>
2) electron spin reasonance (line shape)15'17)
3) electron - nuclear double relaxation method. 18-19)
4) nuclear magnetic resonance.
i) relaxation method23-29)
30)

ii) adiabatic magnetization method (level crossing)

iii) 1line shape.20’21)

iv) nuclear magnetization time e&olution in the rotating framezz)
To measure the complicated tunneling spectrum, the methods
using line shape, 2) and 4)-iii),and 4-ii) are not appropreate,
because these methods are insensitive to such a situation. The
methods, in which the eleétron spin is used as a probe, is appli-
cable only limited materials. The sample should contain the
electron spin or it must be irradiated by high energy beam, e.g. Yy-ray,
to produce the free—radical in a material.
-féch method is appropreate for a limited frequency range.

The frequency range, in which each method is useful, is shown in

Fig.1l.
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(level crossing)
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®N.M.R. line shape

®Nuclear magnetization time evolution

in the rotating frame

Fig. 1 Various method for determing the tunneling frequency in solids
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One of the our purposes in this thgsis is to inyestigate the
coupling effect between the methyl groups»oﬁ the tunneling state.
When the methyl groups are situated so closely with each.other
as the coupling effect’is observable, the hindering barrier to
rotation of a methyi group is probably not so small, i;e. the
tunneling splitting is not so 1arge; ”Therefore_we chose N.M.R,
relaxation method in this thesis, The two techniques, which
belong to N.M.R. relaxation»methdd; were employed. One of them
is to measure the T; curve v.s. temperature at several different
Larmor frequencies. If the tunneling frequency is temperature
dependent (see equation (41) in Section II;Z), the condition that
we + nwy = 0 is satisfied ~at éppropriate Larmor frequency

W - The so-called tunnéling assisted minimum will be observed

(see Section ITI.5).23:28,29)
25-28)

The otehr method is the field
cycling technique which is equivalent to the method de-
scribed above and is more eloquent and easy, especially for

the case of very long spin-lattice relaxation time. The princi-

- ple of this method will be detailed in the next Section.

IV. 2 The principle and general procedures of N,M.R. field

cycling technique.

The field cycling technique employed here was first used by

P. Van Hecke et al.zs), and similar method (electron-nuclear

double relaxation method) was used by S. Clough, et al..18’19)
In the field cycling experiments, what we observe is the nuclear

spin magnetization at time ¢, M_(rt ), which is related to spin-

lattice relaxation time T1 through the formula,
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M, (o) = g [1- 8y exp G- o/Tpp) &
where the second term in the brackets represents the apparent non-
exponential behavior due to relaxation of coupled "systems"
(see Section TI.1.3). a; is the weight of the component i that
corresponds to the time constant Tli‘
The sequence of events in the field cycling experiment was
as follows (Fig.2). The proton magnetization is saturated by
train of radio frequency (wo = YHOa ) 90° pulses in the static
magnetic field HOa at resonance. The value of HOa will be chosen
appropriately for each sample. The magnetic field is then
brought ”adiabaticallyf to another value Hy,, in about 7 s
irrespective of the value of HOb; where the nuclear magnetization
is allowed to relax for a time T; A time T ghould be chosen to
be shorter than the relaxation time T,. The magnetic field is
then brought back 'adiabatically' to the resonance value HOa’
where after about 3 s a 90° pulse is applied to determine the
magnitude of partially relaxed proton magnetization MZ(T ).
The interval of 3 s is taken to stabilize the magnetic field HOa
completely. This cycle is then repeated for different values
of static magnetic field Hy, at a constant temperature.

Hop should be chosen to cover the
tunneling spectrum of the material in investigation. Then the
maxima of MZ( T), which correspond to tunneling assisted maxima
of relaxation rate at the situation that W, + nog= 0, will be
obseerd. The external magnetic field Hjy should be swept: |

adiabatically. The meaning of adiabatic condition is as follows.

The populations of eigenstate§ should not change in the time of
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t/s

Fig. 2 The sequence of events in the successive field cycling runs. HOa’ HOb’ and HOb'
are the magnitude of the external magnetic field. The valuecﬂ?HOb can be chosen larger and

smaller than the reference field HOa‘
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sweep, i.e. the spin energy dqes not flow to the lattice within
this time‘interval. This situation is satisfied, when we chose
the sweep-time to be much shorter than the spin-lattice relaxation
time. Of course, it should not become as short that the Zeeman
state of nuclear spins are not defined,

We will show the schematic view of the expected result of
field cycling runs for a single methyl group. The energy shceme
of a single methyl group is shown in Fig.3, The torsional ground
state splits into two sublevels due to tunneling effect, where
w, is the tunneling splitting. Each sublevel further splitts
into the Zeeman levels by appling the external magnetic field,

We note that the level crossing occurs between the levels of A and
E symmetry at the condition that W + an = 0 (n=-1,-2) and the
relaxation rate has maximg If the tunnel splitting is zero

( wt=0), equation (1) becomesBl)

M (1) = yHy [1 - exp (- 1/TP] . (2)

T1 is proportional to w02 for the low temperature side of T1
minimum,

2

T, oC W or Ty HOZ. (3)

1 0
The magnetization Mz( T) (1is constant) v.s, external field H0
is shown in Fig.3 by solid line. Mz('r) is proportional to Hy in
the low field limit and M, (1) is proportional to HO"l in the high
field limit. When w, is the order Of(uo, MZ('r) in Eq. (1) show

t
maxima at the condition that<ut + Nuy = 0 (n=-1,-2) as shown in
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Fig.3. We can determin the splitting W from the magnitude of
external field H0 at which MZ(T ) show t{vo peaks, The frequencies
of the peaks are in the ratio 1:2 , corresponding to the

situations, Wy = wt/Z and Wy = W,
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For the non-tunneling system, Zeeman system couples to the
rbtational polarization system ( see Subsection ITI.1.3 ). The
autorelaxation rate of rotational polarization system is much
larger than that of Zeeman system , when the condition that
woTa 1 is satisfied, where Te is the correlation time of the

rotation of a methyl group about it C3 symmetry axsis.
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Then the coupling between them can be ignored and Zeeman system

relaxes exponentially.



V. Experimental details
V.1l. Materials

To investigate the evidence of the mechanical. coupling between
the methyl groups, the five materials, which have different number
of methyl groups with considerably good symmetry, were studied.

These are as follws.

i) Trichloromethylsilane Me

I
Si
<\ T~ Cl
Cl

)

Cl

ii) a) Tetramethylpyrazine

b) 1,2,4,5-tetramethylbenzene (durene) H
Me Me
Me Me
H
iii) Tetramethylsilane Me

l
Si
<\ ~Me
Me Me
iv) Hexamethylbenzene Me

Me Me

Me Me
Me

V.1.1 Properties and preparation of the samples.
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i) Trichloromethylsilane

The specimen of CH3SiCl3 used in this study was thaingd from
Wako Pure Chemical Industries; LTD. It was twice distilled under
dry air. The specimen was dried over Molecular Sieve 4A in vacuo
and further purified by repeated vacuum distillation. The distillate
was degassed by means of freeze-pump-thaw cycles and then it was
sealed into an N.M.R. glass tube with helium gas (about 10 Torr)
for heaf exchange. The melting point of the specimen used in this
experiment was examined to be 196. 2+ 0.1 K by differential thermal
analysis (D.T.A.) ahd any other anomaly was not found between 80K
and the melting point.

ii) Tetramethylpyrazine (T.M.P.) and durene.

T.M.P. used in this study was\obtained from Aldrich Chemical
Company, Inc. Durene which was purified by Zoon melting refihement
was obtained from Nakarai Chemical, LTD. These samples were further
purified by several times of vacuum sublimation and degassed in a
N.M.R. glass ample which was sealed with 20 (T.M.P.) and 12 (durene)
Torr of helium gas for heat exchange. These samblgs were melted
and cooled for experiments.

The melting points of thése specimens used in this study were
examined by D.T.A. to be 356.0 + 0.7 K (T.M.P.) and 352.5

+ 0.8 K (durene), respectively. The gas-chromatographic analysis
was also performed for durene. Any other impurity was not detectable.
iii) Tetramethylsilane (T.M.S.)

The specimen of Si(CH3)4 used in this study was the one for
the N.M.R. standard ( E. Merck Co. ). It was dried over Molecular
Sieve 4A in vacuo and purified by repeated vacuum distillation.

The distillate, after degassing by means of freeze-pump-thaw cycles,

was sealed into an N.M.R. glass tube (12¢ Jwith helium gas (about
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17 Torr ) for heat exchange,

Since there are three solid phases &, B, and v, of Si(_CH3)4
at ordinary pressurel) ( there is yet another phase above 20 MPa )2)
and the B and Yy phases are very similar to each other thermodynam-
ically and otherwise, one has to take extreme precautions as to
identification of which phase he is dealing with. 1In fact, there
have been confusing and mutually conflicting reports with regard to
the solid state properties owing to such polymorphic complications.
Even after the phase relations were established,l) reports have
appeared in which the solid phase or phases were not clearly iden-
tified.3)

We used two thermocouples in the N.M.R. cryostat, (see Section
V.S) one attached to the specimen tube and the other to the shielding
can that enclosed the specimen tube. The two thermocouples served
to‘run the cryostat in the form of differential fhermalvanalySis;’4)
through which it was possible to assign unambiguously which phase we
were looking at. Unlike the case of thermodynamic studies,l) the
8 Phase was stable all the way down to 4.2 K.

The melting points of the o, B, and y phases of the specimen
used in this experiment were 167.9 + 0.2 K, 170.5 + 0.2 K, and 174.0
+ 0.2 K, respectively. These values determined by D.T.A. were in
good agreement with the established values.l)

iv) Hexamethylbenzene (H.M.Bf)

The specimen of H.M.B. used in this study was obtained from
Tokyo Chemical Industries Co, LTD. It was purified by several times
of vacuum sublimation and degassed in a glaés ample which was sealed
with 10 Torr of helium gas for heat exchange. This sample was melted

and cooled for experiments. Hexamethylhenzene undergoes the

successive phase transitions. The two transition points and melting
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point of the specimen were gxamined by D.T.A. to be 117.0 + 0.7 K
(phase III - phase II), 380,6't 0.6 K (phase IIAQ phase I),
and 433.4 + 0.4 K (melting), respectively. The gas-chromato-
graphic analysis was also performed. Any other impurity was not

detectable.
V. 2. Measurement of the spin-lattice ralaxation times.
V. 2.1. Apparatus

The spin-lattice relaxation time was measured with the pulse
spectrométers one of which was a variable frequency type ( 7MHz~
50 MHz§)and the other was fixed frequency type (10 MHz).6) Some
improvements were performed to shorten the dead time of the receiver
amplifier of a variable frequency type spectometer. The two types

of limiter circiuts weré employed. One of them is a passiwve type.
7)

It is very simple turned limiter. This is shown in Fig. 1l.a.

The other is an active one which consists of double balanced mixer

8)

and a trapezoid wave generator /, (see in Fig. 1. b). These devices
prevent overload of the reciver amplifier due to the high-power

Rf pulse and thereby allow the fast recovery of the amplifier.

The block diagram of the spectrometer with these limiters is shown
in Fig. 2. The typical free induction decay which was obtained with

these devices is shown in Fig. 3. The trangent of high-power Rf-

pulse is smaller than the signal (F.I.D.).
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N T
T

Fig. l.a Passive limiter. For large input (Vin), the crossed
diodes to ground limit the Rf-amplitudebetween the inductor and
capacitor to a voltage Vd(diode level). Vout is limited to
mRCVd, where R is the imput resistance of preamp. and w is Rf-
frequency. The condition that wR<&1 was assumed. A factor

wRC 1is better than cross diode alone. 7)
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trapezoid wave.
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trapezoid wave and the value of C shifts the out-put level (indicated

by L in the figure) near 0V.

Double balanced mixer works as Rf-gate.
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The spectrometer is a wide band type6).

Block diagram of pulse N,M.R, spectrometer with limiter circuits.
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Fig. 3 A typical free induction decay (F.I.D.) of CHSSiC13
which was obtained with the apparatus shown in Fig. 2. The
working frequency was 29.9 MHz. A is the start point of the
high-power Rf-pulse. The trangent of this pulse is seen in the
time duration of t. The time duration, t, is dead time and

is 11 us which includes the width of the QOopulse.

F.I.D. shows the structure which Corresponds to the observed
line shape (Fig. 10 in Section VI)
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V. 2.2, Pulse sequences for reliable measurements.

As will be demonstrated and discussed in Section VI. 1,
the magnetization recovery curve depends on the method of measure-
ment. Therefore, we discriminately used the two kinds of H1 pulse
arrengements, A and B.
A; Long train of 90° pulse.
The train of pulses continues during a time spane longer than or at
least comparable to the relaxation time and it not only saturates

the Zeeman system but also bring the three other systems (see

ED)

- B; Short train of 90°pulses - T - single 90° pulse.

Section II. 1,3) out of thermal equilibrium

The short train continues during a time much shorter than the
relaxation times. In actual experimental set ﬁp, we used four 90°
pulse at interval of 200 ps except for'CH3SiC}3(the nuclear signal,
F.I.D., aftef each 90° pulse decayed with a half-life of about 7 us
exeept for CHBSiC;Ls, For CH3SiCl3 the time interval of 500‘us was
chosen, corresponding to the long life of F.I.D. which is not

a simple exponential decay but has a structure corresponding to
the line shape (see Section VI).  With the short train; only the
Zeeman system is saturated, the other systems remaining at the
thermal equilibrium states.g) The pulse sequence'B is equivalent
to the conventional 90 - T - éd’ pulse sequence and also similar to
180° - t- 90° pulse sequenceg) but it can eliminate the un-

ﬁéyoggblgs effect of deviation from 90° which causes a considerable

error in the spin-lattice relaxation time, especiélly in the fast
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relaxing component. We also used these conyentional methods as
we used pulse sequence B and compared the recovery curvyes of
magnetization. For the sequence B; ﬁo be able to lead to a
well-defined Ty value, one must start this sequence from the
spin state of complete thermal equilibrium, whereas such initial

conditions is not necessary for the pulse sequence A.
V. 3 Field cycling experiment

To perform the field cycling exﬁeriment the aparatus;
which swept the external magnetic field H, as shown in Fig. 2

in Section VI. 2, was constructed.
V. 3.1 Apparatus

The block diagram of the apparatus for the field cycling
experiment is shown in Fig, 4. This is almost the éame as that
for T; measurement (Fig. 2) except for the field sweeper. . This
field sweeper generates the trapezoide wave (+5V) of which the
voltage was used as the réference for the field controller :to
sweep and to stabilize the current of the electric magnef. The
circuit of the tfapezoid wave generator is shown in Fig. 5. The

10) One of the

preliminary circuit was shown in M.S. thesis.
important problem is to stabilize the reference field Hy, (Fig. 2
in Section IV. 2) completely to eliminate the deformation of

F.I:b. due to fluctuating magnetic field . For this purpose the

"analog switch" was used to stabilize the out-put voltage. The Hqy

value can be kept constant to within +0.02% in all the rums.
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Fig. 4 Block diagram of the apparatus for field cycling
experiments. Except for field sweeper conected to pulse programer,

the apparatus is the same as that in Fig. 2.
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Fig. 5 (continued)

Maximum out-put voltage is + 15 V. The time duration of trapezoid
wave is determined by timér{IC 555. The base line (0 V level) is
stabilized by using analog switch 4016. The stability of 0 V level
determines the stability of the reference field HOa (see in the text).
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V. 3.2 Calibration of the field sweep.

The field sweep by the amxuatus described above was calibrated
by the N.M.R. signal of tetramethylsilane at about 80K for several
Ho, values. The relation between the strength of the magnetic field
HOb and the out-put voltage (V) of the trapezoid wave generator
wés determined. In the experiments, the output véltage of the trape-
zoid wave generator was monitored by digital voltage meter and then
the value of HOb was known. The external magnetic field Hob v.s .
out-put valtage V was almost described by linear function,i When
we use the explicit linear function, the maximum error is within
+ 1 % of the value of Hop for + 0.5 T sweep-width. This error

did not affect the results of tumeling splittings, because the observable

peaks of magnetization are not so sharp. '
V. 3.3 The detailed condition of field cycling experiments

The pulse sequence B (Section V. 2.6) should be used“for the
field cycling experiments to obtaine the maximum enhancement of the
magnetization. As we shall discuss in Section VI we caﬁnot obtaine
the tunneling spectrum under the condition of complete saturation of
spin system, i.e. by the method A. Therefore we used the short train
(pulse sequence B) for the field cycling experiments. We should
then start each field cycle run from the state of complete thermal
equilibrium of the spin system ﬁo obtain the maximum enhancement of
the maéﬁetization at the condition of'@t+nw0=0. Howevér, because
the relaxation time at low temperature is extremely long (‘>103_A/

1053) for the materials studied in this thesis, it was not practical
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to wait for the whole spin-system to come to complete thermal
equilibrium before starting each field cycle run., We thus made a
compromise between very long experimental time and diminished
intensity of the peaks in the field cycle spectrum which depends
on the fraction of fast-recovery component (see in Section VI.1).
It was ascertained that the positions of the peaks of magnetization
atc0t+nwb=0 did not depend on such experimental conditions within
the width of the peak by doing a separate experiment for ¥ phase
of Si(CHB)4 at 26.7K (Tls=560 s). Therefore, we will pay atten-
tion only to the positions of the peaks of magnetization. The
field cycle runs were conducted with a constant interval (t2=
constant; see Fig. 2 in Section IV. 2) and from the low to high
field

of HOb for any materials and at any temperature,
V. 4. Continuous wave N.M.R. measurement.

The proton N.M.R. line shapes were observed by the
continuous wave (c.w.) method by using a Robinson type spectro- .

1) The field

meterl;) and bridge circuit with hybrid junction.
moduration method was used for both systemsand its frequency was

33 Hz. The width of the moduration, 2Hm, and the sweep of

external magnetic field were calibrated by -a N.M.R. signal of

Cu2+ doped HZO at room temperature. The Robinson type spectrometer
used in this study worked at about 7~13 Pﬁzlz). A bridge circuit

with h&brid junction was constructed to observe the line shape at

high Larmor frequency (-~ 60MHz). The block diagram of the bridge
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circuit system is shown in Fig,6. The appropriate character of this
bridge circuit are as follows;

i) Rf-power can be controled easily., Furthermore even at very low
Rf-power the spectrometer works with good stability,.

ii) The working frequency can be chosen widely and easily.

V.5. Cryostat for the N.M.R. measurements between 2K and room
13)

temperature.
To perform the N.M.R, measurements at wide temperature range,

an appropriate cryostat was constructed, The schematic view of this

cryostat is shown in Fig. 5. The capacity for reserving the liquid

helium under the shielding can is about 250 cms. The temperature

was controled automatically by the apparatusl3)

which keeps the
temperature-difference between the reference point (U) and the
shielding can (Q) constant | by the two kinds of heaters E and T .
When the liquid helium is not used the temperature of the sample is
controled against the ice-point (reference point). The temperature
could be stabilized within + 0.1K for 8 ~10 hours between 4.2K and
about 100K by using the coolant of liquid helium. Above 80K the
stability of temperature was éetter than + 0.1K by using the coolant
of liquid nitrogen which was reserved in the out-side dewer (R).

In this case we can keep the temperature constant as very long time
as desired. The temperature was measured with a Chromel-P-

Constantan thermocouple above 15K and with a gold/iron-Chromel

thermocouple or a germanium thermometer below 15K.
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RF SOURCE FREQUENCY
0SCILLATOR COUNTER
RF PHASE
PONER SPLITTER [—{PHASE SHIFTER | DETECTOR VIDEO AMP.
(DELAY LINE) | |(D.B.M.)
ATTENUATOR
33 Hz
e 1o |[NARROW BAND
; = L |FILTER
HYBLID : :
JUNCTION ; ;
50 @ ‘ ! :
§ WIDE BAND | |
: e ;
MAGNET
& LOCKIN
AP,
33 Hz MODULATOR
(FIELD MODULATION)

FIELD SHEEP [y -
RECORDER

Fig. 6 Block diagram of a bridge type N.M.R. spectrometer
(continuous wave). The working frequency can be chosen widely.
In the present experiments, 59.82 MHz was chosen.
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outlet of the lead wiers and thermocouples,

“e

level indicator for liquid nitrogen,
outlet of nitorgen gas,

-

level indicator for liquid helium, carbon resisters (250&,
1/8 W) were used,
heater for temperature control,

“e

-

germanium thermometer,
inlet of liquid helium,

-

Rf-conector,

-

outlet of helium gas,

-

rubber tube to ensure vacuum,

-

inlet of liquid nitrogen,

-

cap of the out-side vessel,

»e

radiation shield,
thermal ancher for heat exchange between the lead wiers

-e

we

(thermocouples) and the shied can,
; Rf-coil (sample coil),
; thermocouples;
; Au(Fe)-thermocouple for temperature control, reference point
is liquid helium temperature (o), -
out-side vessel,

- e

in-side vessel,

-

; heater to evapolate the liquid helium,
reference point of Q

-
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VI. Experimental results and discussions.

In this Section the experimental results about three
problems will be demonstrated and discussed, Firstly the
characteristic behaviors of the Zeeman relaxation due to the
quantummechanical tunneling and/or classical jump-reorientation
of a methyl group about its C3 symmetry axis was examined
(Subsection VI.1). The nonexponential magnetization recovery
was observed in the low and high temperature branch of the Ty
curve. This nonexponentiality was dependent on the eiperimental
method employed.- Secondly the tunneling“épectra of the sets of
some different numbersof‘methyl groups were obtained by "N.M.R.
field cycling technique" for the five materials; CHBSiCl3 con-
taining a single methyl group in a molecule (Subsection VI. 2),
durene and T.M.P. containing two pairs of two adjacent methyl
groups in a molecule (Subsection VI.3),Si(CH3)4 containing
the four adjacent methyl groups in a molecule (Subsection VI.4),
and H.M.B. containing adjacent six methyl groups which are
placed like as a ring in a molecule (Subsection VI.5). The
temperature dépendence of the tunneling spectra (frequericies)
was observed directly for Si(CHB)4 and H.M.B.. For CH3SiC13,
durene and T.M.P., the indirect evidences of the temperature
dependeﬁce of the tunneling frequencies were obtained. Thirdly
the small reduction of the 1&ne width was observed at low

temperature (30~ 60 K) for CH,SiCl,, T.M.P. and si(CHy)

(Subsection VI.7). This behavior 1is not expected for the

intramethyl dipole-dipole interaction® ).



- 97 —

VI.1 The behavior of the Zeeman relaxation or the recovery

of the longitudinal magnetization.

Typical magnetization recovery curves from the different
initial conditions of the spin states are shown in Figg, 1,2,3,
and 4, respectively, for CH3Si013, durene, T.M.P., and Si(CH3)4.
The initial condition was prepared either by the pulse sequence
A (long train of first pulse) or the sequence B (short train or
single pulse of first pulse; see Section V.1l). The magneti-
zation recovery was nonexponential irrespective of the method
(A or B) above the témperature of T1 (nin.) due to méthyl
rotation about its C3 symmetry axis, whereas 1t was exponential
for the method A and nonexponential for the method B below that
temperature. When the recovery was nonexponential, it was de— 
composed into the fast-recovering component (Tlf) and the
slowly - recovering component (Tls). Ty ¢ is shorter than T, g
by two or four orders below the Tl(min.) temperature. The
decomposition was performed and two components at these tempera-
tures are also illustrated in Fig.l - Fig.4. Above the Tl(min.)
temperature the two components (Tlfand Tls) were not so differ-
ent as that below that temperature. The décomposition was

6)amd the typical examples for

performed by least squre refinment
T.M.P. and CH3SiCl3 are shown in Fig.5.
The temperature dependence of the spin-lattice relaxation

time of T.M.P. measured at 20.5 MHz is shown in Fig.6. 1In
the low temperature branch ((kK/T)213.5 or T <75 K) the
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Fig. 1  The typical magnetization recovery at different temperatuers
for CHSSiCIS. a: above the temperature of T, minimum, © by the
method A (long train), @ by the method B (shoxrt train). b: below
the T, minimum temperature, O by the method A, @by the method B.

c is the portion of fast-recovering component of magnetization

obtained by the method B.
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'Fig. 2 The typical magnetization recovery at different temperatures
for the”B phase of Si(£H3)4. :

© by the method A (long train), @ by the method B (short train).
b,c: below the T1
while c¢ by the method B. d is the portion of fast-recovering compo-

a: above the temperature of T1 minimum,
minimum temperatures. b is obtained by the method A

nent of c¢c. A similar results were observed in the y phase.
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Fig. 3 The typical magnetization recovery at different temperatures
for durene. a: above the temperature of TI minimum, ¢ by the method
A (long train), @ by the method B (short traimn). b: below the Tl
minimum temperature, © by the method A, e by the method B. c is
the portion of fast—recovering component of magnetization obtained

by the method B. |
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Fig. 4 The typical magnetization recovery at different temperatures
for tetramethylpyzazine, a: above the temperéture of Ti minimum,

© by the method A (long train), @by the method B (short trainmn).
b,c: bel-w the T, minimum'temperatures, b is obtained by the method
A while ¢ by the method B, d is the portion of fast-ralaxing compo-
nentof c,.
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Fig. 5 The magnetization recovery curves of trichloromethyl-

silane (a) and tetramethylpyrazine (b). a and b are obtained
avobe the respective T1 mimimum temperatures. The solid curves
show the fitted values using the formurae,

M(t) = My[l - 0.66 exp(- 3.12 x 10™% s/1)
- 0.34 exp(- 2.25 x 107% s/1)]
and : _
M(t) = My[1 - 0.61 exp(- 9.50 x 1o'§ s/1)
-0.39 exp (- 2.93 x 10 s/t)] ,

respectively, for CH,SiCl, and tetramethylpyrazine.
3 3 yipy
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Fig. 6 Temperature dependence of the spin-lattice relaxation time
of tetramethylpyrazine at 20.5 MHz. 0O (M) was determined from
(In 2) '111/2 where 11/2 is the half recovery time of magnetization.

Q (O) was obtained by method A (long train) while ®(®) was
obtained by method B (short train or a single 90°pulse) . @ shows
theland also slow components (Tlf and Tls) of the relaxation.
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relaxation time measured by the method A was in good agreement
with the slow component Ty g by the method B. The weight

of T,y component by the method B became small with increasing
temperature and the magnetization recovery became single exponen-
tial function just below the Tl(min.) temperature. These
behaviors are also the same for CH3SiCﬂ3, durene, and Si(CH3)4
and are understood by the symmetry restricted spin diffusion

theory (S.R.S.D. theory) by Emid, et al.7’8)

(see in Subsection
IT.1.3)

As will be dexcribed in Subsection VI.2 - VI.5 the tunnel-
ing_frequencies of methyl groups in the materials studied in

this thesis are comparable order (100~102

Hz) with the Larmor
frequency. At this condition the relaxation of Zeeman system
is coupled with the tunneling system, dipolar system and

rotational polarization system in general under S.R.S.D. theory.s)

al.lo) that the coupling

However it was examined by Ligthélm) et
with the tunneling system is most effective on the non-exponen-
tial behavior of the Zeeman relaxation at the condition that
u%;¥ub (the same order). Therefore we will now consider only
the two system, i.e. Zeeman system and tunneling system in the
low temperature branch of T; curve. By this simplification we
can schematically illustrate the non-exponentiality and the
dependence of the Zeeman relaxation on the method employed as
shown in Fig.7. The origin O indicate$ the complete thermal
equilibrium state of the spin system. The abscissa describes
the Zeeman system, MZ—Md; population difference from the thermal

equilibrium. The ordinate indicates the tunnel system, Npp= -

NAEO; the deviation of the population difference between A and
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E spin species from the thermal equilibrium value. We can
experimentally observe only the longitudinal magnetization Mz
which corresponds to the value along the abscissa in Fig.7.
Because the relaxation of Zeeman system is coupled to the

tunneling system, the relaxation equations are coupled to one

another.
d _ .
& (M, -My ) =a; (M, -My) + by (Nyp - Npgg)
dt
d -
m Ny - Nupp) = apGMy - My ) + by(Nyp = Nypg)

The solution of eq.(l) is

MZ - M0 Al Bl exp( - th )

N

AEMARO Ay Byl jex (- Ryt )

Therefore the abscissé (MZ—MO) and ordinate (NAE - NAEO) both containe
the two kinds of rate constants, Rl and RZ‘ Equation (2)_can
be decomposed mathematically with regard to the rate constants
by a simpie rotation of the coordinate axes in the Zeeman
-tunnel plane in Fig.7. We obtain

. v -1
exp( - Rt M= |4 By M, - M,

exp( - Ryt ) A, B, | Mg - Npmo

and then we obtain new coordinate axes I and II as shown in

Fig.7. Each of these axes, I and II, contains a single rate
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Fig. 7 Schematic view of the spin-lattice relaxation processes of a tunneling methyl group

from the different initial conditions of the spin systems, each of wich is prepared by the
long train (method A) or the short train (or a sihgle 90° pulse, method B). The right hand
side of the figure showes the energy sheme of torsional ground state of a methyl gtoup.
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constant R; or Ry This transformation of the coordinate axes
do not correspond with the physical operation but only has the
mathematical meaning.

A single 90° pulse or a short train of 90° pulse brings
the spin system from the point O to the point.X. The relaxation
occurs firstly along the axis II with large relaxation rate and
secondly along the axis I with small rate (as indicated by solid
line as in Fig.7). On the other hand; a long train of 90°
pulses brings the system from O to Y and the relaxation takes
place along the axis I as indicated by the broken line with
only one rate constant. Experimentally we observe their pro-
jections to the abscissa.

When the tunneling frequency(%wequals zero or the condition

that (mt+ nwo)'rc &« 1 is satisfied, Zeeman system is coupled
7,8)

concept as that described above is acceptableg).

only to the rotational polarization system The similar
It was observed that below the Tl(min,) temperature the

weight of T, ¢ component by the method B became small with in-

creasing temperature, This fact corresponds with the result

that the tunneling frequencies thS decrease when the
temperature increases as will be examined in the following
Subsections.

Thus the behaviour of the Zeeman relaxation due to the

rotation of methyl groups is not contradiction to the S.R.S.D.

theory.
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VI. 2 Methyltrichlorosilane, CHSSiCl3

VI. 2.1 Tunneling spectrum and the potential barrier hindering

the rotation of a methyl group.

Figure 8 shows the results of field cycling experiment for
CH3SiC13 at 11.7 and 20.5 K. The results at both temperatures
show two sméll peaks indicated by iarrows and a large enhance-
ment of the magnetization below 0.55 T. This enhancement below
0.55 T was attributed to the cross relaxation effect between

35 37¢1. The

the protons and the chlorine nuclea, i.e. Cl and
effect of cross relaxation is to shorten the spin-lattice
relaxation time of proton. The relaxation of spin energy of

the chlorine nucleus is.induced by the nucleaﬁﬁuadrupole inter-
actionll) and- the energy exchange between the proton and chlorine
nucleus is performed by the.dipole-dipole interactions.lz)
When the spin lattice relaxation time of chlorine‘nuéleus is
mﬁch shorter than that of proton, the spin energy of the proton
flows to the lattice through the chlorine spin system.

g 32 37

Cl (or Cl) is 3/2 and therefore

The nuclear spin o
they have a finite quadrupole moment Q. The interaction of the
quadrupole moment of a nucleus with the electric field gradient
at its position due to surrounding charges induce the energy
separation of the spin states. In absence of external magnetic
fielé\Ho there are two dbubly degenerate energy levels’Elml
(m=+41/2, +3/2). The Zeeman field removes this degeneracy
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Fig. 8 Results of field cycling runs for trichloromethylsilane (CH,SiCl;). The magnetization
M is plotted in arbitrary scale against the external magnetic field Hyp- The reference field Hy
is 0.70 T (29.9 MHz). The time T was chosen as 467 + 3 s (11.7 K) and 245 + 2 s (20.5 K).

@® show the observed points at 11.7 K, which were divided by the factor of 5.
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and for |m|= 3/2 there are two energy levels,

E =4 [30 - 1(1+1)) - wh o cose. | (%)

12).

The case of the states m=+1/2 is somewhat special The mix-
ing between the states l+l/z> and ]—l/2> occurs to form new

states |+) and |-> with energies $iven by,

txi
1+
il

a(3/4 - 1(T+1)) F (£/2)FK 2 cose (5)

[1 + (141/2)% tan®g) /2

Fh
l

Thié energy scheme is obtained for the axially symmetric field
gradient (n =0 ) and the magnetic field is considered to be
rather weak, i.e.'ﬁﬂ<< eZqQ. The energy‘schéme is shown in Fig.
9. For CH3SiC13the asymmetry parameter N is probably finite

and the magnetic field is not so weak in the present case of

the field cycling experiments. However, we can estimate the
frequencies betweeﬁ the spin states (Fig.9) with sufficient
accuracy for our purpose by using Eq. (4) and (5). Three kinds
of pure quadrupole frequencies of CH3SiCl3 were observed by
Hooper and Brayl4)’ which are 18.955, 19.020 and 19.155 MHz at
77 K. The maximum frequency of chlorine nucleus in-the magnetic
field corresponds with the transition indicated by arrow in
Fig.9. The separation between |-3/2) and [+) with the condition
théf cose=1 is 22.3 MHz (0.52 T) at 0.55 T of external magnetic
field. Blow 0.55 T the effect of "cross relaxationf is to be

observed, because the separations smaller than 22.3 MHz exist
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Fig. 9 The energy scheme of 351 nucleus (I=23/2).
n is the asymmetry parameter and HO is the external magnetic

field.
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35

for 3°C1 and do so for 3/Cl of which the quadrupole moment Q

is smaller than that of'35

Cl by the factor of 0.78. This fact
is in good agreement with the experimental result that the
large enhancement of the proton magnetization was observed
below 0.55 T. Above 0.55 T the effect of "cross relaxation” is
not expected..

The two peaks of magnetization indicated by arrows in
Fig.8 is the tunnel spectrum of a methyl group. The frequencies
of these peaks are 34.6 + 0.5 and 40.4 + 0.5 MHz. The two peaks
are attributed to the different kinds of methyl groups which
are hindered by slightly different potential barriers in the
crystal. Because the crystal structure of CH3S1Cl; has been
not known, we cannot obtain the complete informations about the
surroundings of a methyl group. But we can obtain an informa-
tion about the aVeraged distance between the.methyl groups from
the second moment value. The observed line shape is a typical

2,15)

one which is expected for a rapidly reorienting or tunnel-

ing3’4’16) methyl group about its C; symmetry axis (Figs 10 and
11). We note that the portion of intermethyl broading is very
small and the shift due to intramethyl dipole interaction was
distinguishable (Fig.11l). The second moment at 83.3 K is 6.6 +

0.1 G2, which is larger than that reported by Rochow, et al.17)

( 3.55 G2

at 77 K ). The discrepancy of these values is due to
the missing tails of the experimental curve by Rochow, et al.

This is not due to other modes of molecular motion but probably

due to instrumental problem. Indeed any other mode of molecular
motion in CH3SiC13 crystal was not detected by our measurement

of line shape up to 120 K (Fig.1l2) and also by our spin-lattice
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Fig. 10 Typical differential absorption line of trichlopomethylsilane
( CHSSiCl 3) .
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Fig. 11 A half of absorption line of trichloromethylsilane,
CH,SiCl,. The shape was obtained by integrating the observed

3 3
differential absorption line (Fig. 10).
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Fig. 12 Temperature dependence of the maximum slope width of the differential
absorption line of CHSSiC13. A and B indicate the peaks shown in Fig. 10.
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relaxation measurement. The small reduction of line shape at

about 30~ 45 K in Fig.12 will be discussed ih Subsection VI. 7.
The expected second moment Mz(intra.) due to intramethyl dipole
interaction for a rapidly reorienting or tunneling methyl group

is 5.26 g2 2-4,171)

[~
, assuming an interproton distance of 1.80 A
( C-H distance equals 1.10 K ). The observed intermolecular
contribution Mz(inter.) of CH3SiCl3, which is partially averaged

by the methyl rotation, is 1.3 Gz. This value is much smaller

than &4 G2 and 5 G2 for T.M.P. and T.M.S.l)

, respectively (see
in Subsection VI.7). To estimate the intermethyl contribution
to the second moment for rapidly rotating methyl group, we can
cram the three spins in a methyl group at the center of a
triangle of the methyl group. The amplitude of the second
moment is proportional to the inverse of the'sixth powers of

a distance R.18>

When we consider the effective (averaged)
distance (R} between the centers of the methyl groups and we

use M, (inter,)oC<R)—6. The value of (R} for CH,SiCl,; is larger
than that for T.M.P. and T.M.S. by about 207. The mechanical
coupling between the methyl groups is considered to be induced
by the repulsive force between the protons in different methyl
groups. The amplitude of this force is proportional to <R)-12
if one assume the Lennard-Jones type potential. The strength

of the repulsive force between the methyl groups in CHSSiCl3
crystal is wearker than that for T.M.P. and T.M.S. by the factor
of about one order. This estimate suggests that the effect of
mechénical coupling betweeen the methyl groups for CH3SiCI3

does not play an impotant role in the torsional dynamics unlike

as the cases of durene, T.M.P., T.M.S., and H.M.B, (see in
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Subsection VI.3,4, and 5).

Each of the observed peaks of magnetization is one of the
péir which is expected to appear.at the conditions that W = wy
and wt/Z = wy as described in Subsection IV;Z, We can estimate
which peak of the pair we observed by the field cycling ex-
periment (Fig.8). It is useful method for extimating the

magnitude of tunneling frequency w,_ to measure the frequency

t
dependence of relaxation time at low temperature limit, i.e.

the condition that ( w,_ + nwg )2 TC2>>1_becomes satisfied. 1In

t

this limit the spin-lattice relaxation time is proportional to

+2 2 :
2—2 a, ( W + nwy ) Ta , | (6)
wnere Te is the correlation time of_the rotation of a methyl
group. It is expected from Eq.(6) that we obtain the w02 -
dependence of the spin%lattice relaxation time T, at high
frequency limit ( wﬁé(wov) and on the other hand T; is independ-
ent on the Larmor frequency at low frequency.limit ( WP wy ).
Figure 13 shows the result of wg —dependence. of the slowly-
relaxing component T1S measured by the field cycling technique,
which indicates the neary woz—depéndence at 1.1 T (46.8 MH=z).
Therefore it is not probable to consider that each of the ob-
served peaks in Fig.8 corresponds to wt/Z. The peaks
corresponding to wt/2 probably exist at 17.3 MHz (0.41 T) and
20.2 MHz (0.47 T). These peaks are concealed by the 'cross

relaxation" effect (Fig.8).

Assuming the sinusoidal potential barrier hindering the
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of spin-lattice relaxation time (Tls) of CHSSiC13.
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rotation of a methyl group as follows,
V(e) = (V5/2)(1 - cos3p). ' (7)

We can estimate the torsional energy and tunneling splitings by

using the table of characteristic values of Mathecis equationlg)

and the activation energy Ea=5’8 kJ molﬁlobtained from the T,
measurement. The result of Tl measurement will be discussed
later. The estimated tunneling splitting Ag of the torsional

ground state (EO) is 48.4 MHz with the hindering varrier V3=

1

E, + E, =6.74 kJ mol ~and the separation (El-Eo) between the

torsional first excited and ground state is estimated to be
1. The observed torsional energy is 160 cm-1 which was

obtained by inelastic neutron scattering experimentZl). The

113 cm™

observed peak was not broad unlikely as that of Si(CH3)4. The
discrepancy between the observed and estimated values probably
comes from the higher terms of the potential function which

were neglected in Eq.(7). The difference of»O.Z’VO.BIQ;mol'l
of V3 value in Eq.(7) induces the variation of 2 ~17 MHZ in Ao

and the variation of 2~3 cm_l

in the torsional energy (El—EO).
This small difference (O.Z~O,3]&Imol_l) of the hindering
barrier is to be produced by the different surroundings of the
methyl groups in solid.

It was revealed that the tunneling frequencies in torsional
ground state of a methyl group in CH3SiCl3 solid were 34.6 and
40.4ﬁMHz which correspond with the different circﬁmstances of

the methyl groups in the crystal. The temperature dependence

" of the tunneling frequencies was not observed directly. However,
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the indirect evidence of decreasing tunneling frequency as
temperature increased was obtained from the behavior of the
temperature dependence of the magnetization recovery, which

will be discussed in the next.
VI. 2.2 The spin-lattice relaxation time.

The '"cross relaxation'” effect between the proton and chlo-
rine nucleus is effective to shorten the Tl value of the proton
below about 0.6 T (corresponds to the Larmor frequency 25.5 MHz
of proton) as demonstrated in Fig. 8. It must be noted that
the spin-lattice relaxation time should be measured with the
Larmor frequency larger than 25.5 MHz to eliminate the effect
of cross relaxation and to obtain thereliable values of T, due
to methyl rotation. |

The temperature dependence of T measured at 29.9 MHz is

shown in Fig.l4. The characteristic behavior of the magneti-

zation recovery has been already described in Subsection.

VI. 1 The weight of the fast-recovering component Tlf of this
material is very small in the low temperature branch and Tlf
component was confirmed by this experiment at least below 36.9 K.
However the presence of this component was confirmed by this
experiment at least below 36.9 K. The weight of the T, com-
ponent became small and further became unobsevable when the
température increased. Thié result is to be compared with the

22);

prediction by Punkkinen, et al that the weight of the T ¢

component becomes small when the value of wt/wO becomes small,
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This comparison leads us to the conélusion that the effective
tunneling frequencyu)t'of a methyl group of CH3SiC13 decreases
when the temperature increases. The detailed dependence on the
temperature was not obtained.

The condition that wo=wg ( wO/ZW = 29.9 MHz ) will be
satisfied between 20.5 and 67 K. 20.5 K is the temperature at |
which the tunneling frequencies were observéd by field cycling
technique and 67 K is the.temperature at which the character of
the coupling between the Zeeman system and the tunneling system
disappeared and the character of the coupling between the Zeeman
and rotational polarization systemgsbecame strong. Because the
weight of Ti¢ of CH3SiCl3 is small; the tunneling assisted mini-
mum of the spin-lattice relaxation time, which should appear
only in the Tlf component as described in Subsection IV.2 and
as will be demonstrated for Si(CH3)4 in Subsection VI.4, was .
not detectable. However the tunneling assisted minimuﬁ exists.
Indeed the peaks of the mégnétization in the field cycling
spectrum were observed which is caused by the tunneling assist-
ed minimum of the spin-lattice relaxation time th:bugh the

equation (1) in Sectipn IV. Wei and Johnsbn23)

reported the
non-exponential relaxation in the wicinity of thé Tl (min.)

and on the high temperature side of the Tl (min.). Thisbis in
good agreement with our results and is understood in the frame-
work of S.R.S.D. theory as described in this Section. It should
be noted that the nonexponentiality also exists in the low

temperature side of Tl (min.) and the tunneling assisted relax-

ation exisists although the weight of T ¢ is small and it is
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difficult to obtain that by the measurement of the spin-lattice
relaxation time v s, temperature,

In the low temperature branch (T<60 K) the relaxation
time determined by the method A was in good agreement with the
slow component (Tls) by the mehtod B. The magnetization
recovery was also non-exponential and depended on the method
employed near and above the Tl (min.) temperature (Fig.l4).

But the detailed characters of the mégnetization recovery below
and above the Ty (min.) temperature were different from one
another, which correspond with the different nature of the
coupled relaxation between the Zeeman system and other systems.
In the low temperature regibn the Zeeman system is coupled with
the other three systems, especially to . the tunnel system.

On the other hand the Zeeman system is coupled only to  the
rotational polarization system near and abové the Tl (min.)
temperature. In the latter case it was confirmed that the
fast-relaxing component Tlf was in good agreement with the
autorelaxation time of the Zeeman systemsz) (Subsection II.

1.3). The autorelaxation rate of the Zeeman system is des-

cribed by.
20 0 L+ wy e 1+ by,
for classical jump-reorientation of a methyl group, i.e. (.=0

(see Eq.(30) in Subsection II.1.3).
The T, ¢ and T, components were decomposed from the magnetizat-
ion recoveries measured by the pulse sequence B and are shown

in Fig/15. The low temperature branch of the TlS curve includes
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whole temperature region.



the T, values determined by the pulse sequence A which are in
good agreement with thg T g component'&etermined by method B.
The solid curve is thé calculated value using Eq. (8), which is
applicable only for Tlf at and above the minimum temperature

as shown in Fig.l5. We can derive the rate wg with which a
methyl group jumps between the potential wells, where the rela-
tion between wsg and Te for the classical reorientation is 3w3=

T @5 described in Subsection III,4, The derived w3 is described-as

wg = 3.62 X 101! exp ( -5.8 kImol™L /RT ) (9)
Here we considered only the second term of the correlation time
in Eq.(35) in Subsection II.1.4. This term is most effective
at and above the Tl (min.) temperature of the observed T1f :
curve. In this temperature region the natufe of the rotation -
of a methyl group can be understood as a jump-reorientation

| over the potential bérrier. The first term of Eq.(35) in Sub-
section IT.1.4 plays an impotant role at low temperatures. For
the complete fitting of T ¢ and T,  over the full temperature
region one must solve the coupled differential equation (Eq.
(29) in Subsection II1.1.3) numerically. If we do so the
averaged value of the first term of correlation time in Eq. (35)
in Subsection II.1.4 is obtained. We do not treat this problem

in this thesis.
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VI. 3 1,2,4,5-tetramethylbenzene (durene) and tetramethyl-

pyrazine (T.M.P.)

VI. 3.1 Tunneling spectrum of the methyl groups. An evidence

of "coupled rotational tunneling state',

The tunnel spectra of methyl groups in durene observed by
field cycling technique between 15.2 and 27.5 K are shown in
Fig. 16. The six peaks of magnetization, i.e. A(9.240.4 MHz),
B(12.2+0.3 MHz), C(15.6+0.5 MHz), D(17.8+0.5 MHz), E(25.3+0.6
MHz), and F(29.3+0.7 MHz), were identified in this temperature
region. The positions of these peaks did not change up to
27.5 K. For a single methyl group it is expected that:.the two
- peaks of magnetization, which correspond to wo=wy and w0=wt/2;
should appear in the field cyéling spectrum. When we cénsidér
this pairwise relation of magnetization peaks due to one kind

of tunnelingvspliting w,, we find the three pairs of magnetiza-

t’
tion peaks in Fig.16. The different three sets are A-D, B-E,

and C-F. Therefore the three kinds of tunneling splittings'ﬁwtl
(i=1,2,3) were clearly observed for the methyl groups of durene,

This relation is tablated for three kinds of splittings'ﬁwtl

in Table 1.
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Fig. 16 Results of field cycling runs for durene. The magnetiza-
tion M is plotted in arbitrary scale against the external magnetic
field HOb' The reference field is 0.47 T (20.5 MHz). The time T
was chosen as 608 + 6 s (15.2 K), 153 + 2 s (21.2 X), 61.5 + 0.1 s

(25.0 K), and 27.4 + 0.1 s (27.5 K).
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v SS' /MHz (v.SS' /2)/MHz
t €
V1293407 156+ 0.5
v.? 25.3+0.6 12.2+0.3
v’ 178405 9.2+0.4

The tunnel spectra of the methyl groups in T.M.P, observed
between 4.2 and 30.3 K are shown in Fig.l17, The arrengement of
methyl groups in a T.M.P., molecule is similar to that of durene,
The identified peaks of magnetization are five kinds, 1i.e.

A (6.4+0.7MAz), B ( 9.5+ 0.8 MHz), C ( 14.3 + 0.6 MHz),

D (20.2+ 0.8 MHz), and E ( 26.8 + 0.8 MHz). The positions of
the peaks did not change up to 30.3 K, When we consider the
pairwise relation of peaks as we did for duréne, we find the

two sets of pairs. These are B-D and C-E. 1If the counterpart
of the magnetization peék A is concealed in the peak C or existg
at 0.075 T (3.2 MHz) in the field cycling spectrum (Fig.l17),

the different sets of pairs of peaks are three kinds. There-
fore the three different tunneling splittings were obtained for
T.M.P. like as in the case of durene, This relation between

the observed peaks is tablated in Table.2,
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Fig. 17 Results of field cycling runs for tetramethylpyrazine.

The magnetization M is plotted in arbitrary scale against the

external magnetic field Hyp The reference field Hpa is 0.47 T.
The time t was chosen as 911 + 1 s (4.20 K), 911 + 1 s (10.1 X),
833 + 3 s (15.1 K), 548 + 3 s (23.3 K), and 111 + 1 s (30.3 K).
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Table 2 .............
w55 pmz ("’.tSS( [2) /Miz
vl 26.8+0.8 14,3+0.6
v’ 20.2+0.8 9.5+0.8

A tetramethylpyrazine molecule includes two 14

24,25)

N nuclea

which are crystalographically identical,
14

The spin I of
N nucleus is 1 and therefore it has a finite quadrupolemo-
ment. The pure quadrupole resonance lines were observed by

26)

Guibe and Lucken at 77 K. They reported that the value of

ezcﬁlwas 4.672 MHz and the asymmetry parametern was 0.450 at

77 K. The energy scheme of the spin state of 14N nucleus 1is
shown in Fig.19. The energy splittings are described by27)
2 2
e Q . qu
E, = ____E___;i {(%_Q)Z cosze + ( ————————)Zné}ljz
2 .
e : .
By = - e - (10)
2

We cannot a priori neglect the possibility that the effect of
"cross relaxation' between the proton and 14N nucleus appearsA
in the field cycling épectrum as in the case of CH3SiCl3

(Subsection VI.2). The possible maxaimum separation between

14

the spin state of ~ N nucleus can be estimated in the frame-
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work of Eq.(10) using the deta obtained by Guibe, et al. The
maximum value is 4.2 MHz at 0.15 T (correspond to 6.4 MHz of
proton) with the condition that cose=l: The observed magneti-
zation peaks in the field cycling spectrum appeared at and above
6.4 MHz (0.15 T). Therefore the identified peaks listed in

the Table 2 are not due to the effect of cross relaxation

14

between the proton and N nucleus,

Because the crystal structure of durene 28) and'T.M,P.ZA’ZS)
are known, we can examine the origin which the three kinds of
tunneling splitt:i_ngs"FuutfL (i=1,2,3) come from. The crystal

and molecular structure determined by X-ray diffraction at room
temperature for durene and T,M,P; are shown in Fig.18. The
important characters of the crystal structures are two fold.

One is that all molecules in an unit cell are crystalographical-
ly idintical for both durene and T.M.P., The other is that the
center of inversion symmetry existsét the center of each mole-
culéé in the crystals of durene and'T.M.P,, Therefore ﬁwo

kinds of crystalographically inequivalent methyl groups I and

II exist in a molecule as éhown in Fig.18. When we consider
that these inequivalent two methyl groups I and II rotate in

a completely independent manner, the expected tunneling spect-
rum which is to be observed by field cycling technique is the
simple superposition of the spectra for a single methyl group
shown in Fig.3 in Section IV. The observable maximum number

of the magnetization peaks in a field cycling spectrum is only
four. However, the six peaks were clearly identified for

durene and also T.M.P.. This experimental result cannot be

deduced from the energy scheme of a single methyl group but
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indicates the complicated energy scheme, This is due to the
¢oupling or collective motion between the'two adjacent methyl
groués in a molecule. An evidence was obtained that the
rotational tunneling of the two adjacent methyl groups is
described by the new feature, which we would like to call as
"coupled rotational tunnel state".

The collective motion of two methyl groups in a molecule
also givegrise to separation of torsional levels of different
nature (torsional normal mode); Indeed; a separation of
torsional first excited state of durene was reported to be

29)

35 em™L by inelastic neutron scattering, The similar result

was reported for o-xylinezg).

The energy scheme of the torsio-
nal states of coupled two methyl groups of durene has been
shown in Fig.l in Section III.1l.

For the detailed analysis ofvthe tunneling spectrum, in
addition to rotor level scheme of the coupled two methyl groups
we should furthermore consider the spin states completely,
because what we observe is the effect of tunneling splittings
on the "spin-lattice relaxation" of the proton. The main
problem, which must be solved before the complete explanation
of the tunneling spectrum (Fig.l16, Fig.1l7), is whether the spin
system should be treated with six spin system (I=3) or with
the simple superposition of 3/2-spin systems, A little con-
siderations are able to be performed.

In the case of a single methyl group, three protons are
located on the vertexes of a triangle and the conformation of

these spins are considered to be rigid at any time for con-

sidering the N.M.R. problem, i.e. the internuclear distance
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- within a methyl group is rigidly fixed even when the rotation
of a methyl group takes place. On the other hand, in general
case of two methyl groups as in durene and T.M;P. molecule
the internuclear distances between two methyl groups‘change
when the rotation of two methyl groups take place unlike as
the internuclear distance within a methyl group. The rigidity
of the six spin system is not holded for the rotating methyl
groups. Therefore the spin system of coupled two methyl groups
is probably described by I=3/2 and the rotor system should be
described as coupled methyl groups.

In the case of lithium acetate dihydrate (CHBCOOLi;ZHZO)

30

the problem is special ome The methyl groups are essentia-

lly arranged in coaxial pairs with a methyl plane separation

of 2.5 ASD)

aﬁd the direction of C, symmetry axes of whole
methyl groups are in accordance with thelrexis of the crystal.
AllenSO) has reported that the N.M.R, absorption line of the
single crystal of partially deuterated material (CH3COOLi-2D20)
for B=0, where gis an angle between the C3.swnmﬂxy‘ axis and the
direction of extermnal magnetic field,-showed a different
character of the dipole shift due to the "“intermethyl dipole
interaction" froﬁ the intra-interaction. The spin system is

to be considered as a rigid six-spin system even for the rota-

ting methyl groups. The inelastic neutron scattering study32)

33)

and the N.M.R. relaxation study revealed that the hindering

potential of a methyl group in this crystal is very small, the

activation energy.is 130 + BOLYmolfl

1

in the low temperature

branch and 250 + 40 Jmol~
)33)

on the high temperature side of Ty

(min. It can be speculated that interaction between the



two metyl groups is rather strong compafing with the rest inter-
actions. In addition to this situation, tﬁe "coaxial structure"
of two methyl groups probably retains the rigidity of the six
spins of two methyl groups which rotate like as the rotation of
"cyclohexane ring" about its S, symmetry axis. This example
is a special case but the spin states of coupled two methyl
rotors is probably described by 3/2-spin system.

Although the details of the coupling of the spin states
to the rotor states of mechanically coupled two methyl groups
is not known, the tunneling spectrum obtained by field cycling
technique clearly indicate that the adjacent two methyl groups
are not independent.

The observed line shape of N.M.R, absorption mode of" .
T.M.P. was nearly Gaussian type (see Subsection VI.7).
The derived second moment from the observed ébsorption line

was 9 G2

at 100 K and the portion of the intermethyl interaction
was about 4 G2 which was as large as that of intrainteraction
(about 5 G2). This is consistent with the small separation

between the methyl groups.
3.2 The spin-lattice relaxation time of T.M.P.

The temperature dependence of the spin-lattice relaxation
time, which was observed at 20.5 MHz with different two pulse
sequences (A and B; see Section V.1l) is shown in Fig. 20, The
chéfacteristic behavior of magnetization recovery was discussed
in Subsection VI.1. In the low temperature branch of Tl(min.)b

(kK/T >2,16), the two components, which were obtained by pulse
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Fig. 20 Temperature dependence of the spin-lattice relaxation time of
tetramethylpyrazine at 20.5 Miz O (W) was determined from ( 1n2 )_111 /2

where 1172 is the half recovery time of
magnetization. O ( O ) was obtained by method A while B ( @) was obtained
by method B (short train). @ shows the fast and slow components (':Tl £ and
Tls) of the spin-lattice relaxation time.
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sequence B, are separately shown. The slowly-recovering com-
ponent Tls by methqd B is inAgood agreement with the time
constnat obtained by method A, The weight of the fast-recover-
ing component decreased when the fenpéra.ture increased (Fig. 44) like as
in the case of CH3SiCl3 (Subsection VI.2) and‘Si(CH3)4 (Sub-
section VI.4). The detailed behavior of the weight of T ¢
comﬁonent of T.M.P. can not be directly compared with the

22)

prediction by Punkkinen, et al. that the weight of T,¢ com-

ponent decreaseswith decreasing /wO for a powder sample,

Wt
because they treated a single methyl group with a simple tunnel-
ing spectrum unlike as the case of T.M.P,. But the qualitative
character of decrease of this weight is probably the same as
that for a single methyl group. This is the indirect evidence

]
of the decreasing tunneling frequencies thS as temperature

increases. The details of the temperature dependence of thS"
of which the frequencies in the low temperature liﬁit were
obtained by the field cycling experiment (Subsection VI.3.1),
were not observed.

In the vicinity and above the temperature of Tl(min.) the
nonexponential recovery was observed by both methods, A and B

(This result is the character of the coupling between the

Zeeman system and rotational polarization system as discussed

3
was plotted in Fig.20, where T1/2 is the half-recovery time of

for CH4SiCl; in Subsection VI.2.2), The value of(an)x T1/2
the magnetization. It should be noted that the activation
enéfgies obtained by two kinds of pulse sequences (A and B)
were different from each other and that the Tl(min,) value ob-

tained by method A was longer than that by B as shown in Fig.20.
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Wé can safly apply Eq.(8) to only the fast-recovering component
by method B asyped;so:ﬁn:CH3SiC13 (Subsection VI.2.2). Tlf and
Tls were deeomposed with the least square refinement 6) from the
magnetization recovery by method B and these are shown in Fig.21.
Where in the low temperature branch the time constant observed
by method A is also included, because it is in good agreement
with the Tls component by method B in this temperature region.
The solid curve is the calculated value using Eq.(8) which is

applicable to the observed Tlf curve only near and above the

Ss!

Tl(min.))where the averaged tunneling frequencies W,

are

zero. Here we considered only the second term in Eq.(35) in
Subsection II.l.4. We obtained the jumping rate“w3'(=rc—l/3)

| with which the methyl groups jump between the potential wells.

It is

12 1

= 1.51 x 107° exp (-6.3 kJmol = /RT ) (11)

“3
This term is most effective on the spin-lattice relaxation in
the high temperature region of the observed Tlf curve, And in
this temperature region the nature of the rotation of the methyl
groups can be undersﬁood as a classical one. In the classical
limit we have already discussed the effect of correlated motion
of two methyl groups on the autorelaxation rate of Zeeman system
in Subsection III.5. But it is not so effective on the spin
lattice relaxation time that we can determine by the measurement
of Tl value whether the two adjacent methyl groups/inAT.M.P.
molecule reorient correctively or independently. Therefore we

used the Eq.(8), which is based on a single methyl group, and
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Fig. 21 Temperature dependence of spin-lattice relaxation time of
tetramethylpyrazine at 20.5 MHz . The fast-relaxing (®) and slowly-
relaxing (O) components are separately shown in the whole temperature
range.
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we considered only the intramethyl dipole interaction to

obtain the jumping rate Wy (Eq.(11)). The intermethyl dipole
interaction within a molecule is not effective on the Tl value
as discussed in Subsection III.5,

For a complete explanation of the observed T, and T ¢
curve, we should solve the problem of the detailed energy scheme
of the two-methyl system (spin and rotor system ) and we should
solve the coupled differential equation, which is similar to
but different from the equation (29) in Subsection II.1.3.

This is the problem to be solved in the next step and we will

not treat it in. this thesis.

VI. 3.3 The Larmor frequency dependence of the spin-lattice
relaxation time T;g of T.M.P. and durene at low temperature

limict.

As disceussed in Subsection VI,2.l1 the spin-lattice relax-
ation time is descibed by Eq.(3) in the low temperature limit,
where the condition that (w_ + nwo)2 Tc2§>1 is satisfied. The
wg-dependences of the slowly-relaxing component Ty g of T.M.P,
and durene observed by field cycling technique are shown in
Fig.22 and Fig.23, respectively. The woz-depehdence was
observed at high frequency and the deviation from woz-dependence
was clear at low frequency region. These results are in con-.

sistent with that the tunneling frequencis of these materials

are the order of a few decade MHz.
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VI. 4. Tetramethylsilane, Si(CH3)4",
VI. 4,1 The temperature dependence of the spin-lattice relax-

ation time in theg andy phases. The tunneling assisted minima.

The temperature dependence of the spin-lattice relaxation
time of theB andy phases measured at 10.0 MHz is shown in Fig.24.
The characteristic behavior of the magnetization recovery has
already been discussed in Subsection VI.1l, 1In the low tempera-
ture branch ( kK/T 2 13.5 0r T N 74 K for theB andY phases ) the
relaxation time measured by pulse sequence A was in good agree-
ment with the slow somponent (Tls) by pulse sequence B. 1In this
temperature region minima of the fast component T, were clearly
observed both for the B and y phases. These are so-called -
"tunneling-assisted minima'", which appear only in the T, ¢ at the
condition that W + nwy = 0 but not in the Tls' This feature
of Zeeman relaxation is what is expected if the tunneling frequen-
cy is temperature dependent as demonstrated by Ligthelm, et al.34)
who solved the coupled relaxation equation (Eq.(29) in Subsection
I1.1.3) numerically under the condition of S.R.S.D. The weight

of the fast-recovering component decreased both for theB and vy

* Proton N.M.R. and Coupled Rotational Tunneling of Methyl
Groups in Band y Phases of Tetramethylsilane,
Sadamu Takeda and Hideaki Chihara,

J. Phys. Soc. Japan 51 (1982) in press.
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Fig. 24 The temperature dependence of spin-lattice relaxation
time at 10.0 MHz, A, O, and Ois for the Y phase and 4 , ®, and

B for the B phase. 0O (W) was determined from (1ln 2)-11'1‘/2 where
T1/2 is the half recovery time of magnetization. 0O (®) was
obtained by method A (long train). Q(@®) waslabtained by method
A while A (A) was obtained by method B. A (A) slao show the fast
component (Tlf) of the relaxation,
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phases when the temperature increased (Fig.25). This results
is to be compared with the prediction berunkkinen; et a122)

and is consistent with the observed temperature dependence of

the tunneling frequencies which will be discussed in Subsection
IV.4.2. 1In the vicinity and above the Tl(min;) temperature

(T 2 74 K) the magnetization recovery was always non-exponential
by the pulse sequence A or B. This behaviour is to be com-

pared with the experimental result that the tunneling frequencies
decreased as temperature incleased and became zero in the
vicinity of the Tls(min.) temperature by accident as will be
demonstrated in Subsection VI.4.2. This change of the Zeeman
relaxation behaviour in the vicinity of the Tls(min.) tempera-
ture corresponds with the fact that below this témperature the
relaxation of Zeeman system is mainly coupled with the tunnel
system because of thS?& W (the same order) while above this
temperature it is coupled only to the rotational polarization
system because of thS! = 0. The materials cited in this thesis
show the similar results with regard to the proton spin-lattice

relaxation due to tumeling rotation and/or jump reorientation of the

methyl groups.
VI. 4.2 Tunneling spectrum in the vy phase,

Figure 26 shows some examples of the results of field
cycling experiment of the vy phase from lO,le to 26,7 K. The
results at several temperatures show the four peaks; A ( 7.4 +
0.8 MHz);,B( 12.0 + 1.3 MHz ), C ( 15.8 + 0.9 MHz ), and D ( 24.0

+ 1.4 MHz ), the positions of which did not change up to 29.0 K.
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Fig. 26 (caption)

Results of field cycling runs for the ¥y phase, The magnetization
M is plotted in arbitrary scale agalnst the external magnetic
field Hyy.  The referencﬂileld Hy, 1s Q. 23 T. The time T was
chosen as 876 + 3 s (10.1 K), 416 + 2 s (17 1 K), 307 + 3 s
(21.7 XK), and 76 + 1 s (26,7 K).
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The peak D which appears as a single peak above 17.1 K splits
into two peaks at 10.1 K. The temperature'dependenée of the
tunneling frequencies above 29;0 K was obtained by measuring
the temperature - and wo—dependence of the spin-lattice relax-

-1 and Tlf-l) because the relaxation times become

ation rates (Tls
so short that our field cycling techﬁique was not adequate, i.e.
we cannot make the fiel-sweep time’tl in Fig;Z in Section IV
shorter than several seconds in our present apparatus. The
tunneling assisted minima in Tlf at the condition that thS'
+ nwy = 0 were obtained at several Larmor frequencies; We can
_deterﬁine the temperature dependence of the tunneling frequencies
from the temperatures at which the tunneling assisted minima
appear and Larmor frequencies at which the relaxation times were
measured. Figure 27 shows examples of the dependence of Tlf/Tls
on frequency and temperaturé in the ¥y phase,. The minima a, b,

c, d, and e of Tif/Tls in Fig. 27 were identified, corresponding
to the peaks in the field cycling spectrum (Fig.26). These

correspond, respectively, to the peaks D, C, D, B, and D at

corresponding temperatures.

Temperature

v

B —d
C —b
D—sa—c¢c—e¢e
The maxima A and C form a pair because these frequencies are in

the ratio of 1:2 and so do the maxima B and D (Fig.26). The

same ratio also holds for the d/a pair at a common temperature.
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Fig. 27 Temperature and frequency dependences of the ratio

Tlf/Tls in the y phase, O at 10.0 MHz, A at 13.6 MHz, and
B at 20.1 MHz.
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We see that the frequencies of the peaks of a pair change, as

the temperature changes, in the fixed ratio of 1:2 if these

Ss!

pairs of peaks arise from the condition, w,

+n = 0.
Therefore we obtain two different tunneling splittings. In the

low temperature limit,these are as follows.

Table 3
v, 58" iz 55" /2) e
vl 15,8409 (© 7.4+ 0.8 (A)
v, 240+ 1.4 (®) 120 1.3 (B)

The derived temperature dependence of these two observable

]
tunneling frequencies thS ,

D in Fig.26 is shown in Fig.28.

which correspond to peaks C and

The fact that two tumneling frequencies rather than one
were recognized as in Fig.28 can be interpreted in the same way
as in durene and T.M.P. (Subsection VI.3), i.e. the mechanical
coupling betweeen the methyl groups operates in such a way
that the torsional ground state of methyl groups splits into
a number of tunnel sublevels and the separations between the
sublevelé happen to fall into two separate groups. For instance,
the peak D in Fig.26 above 17.1 K further splits into two when
cooled down to 10.1 K and this fact probably indicates that
the level structure is not so simple as to give only two kinds
of tunneling splittings., The mechanical coupling between the
fouf\methyl groups in a Si(CHB)4 molecule also induces the _

energy separation between the torsional normal modes as des-

cribed in Section III.2. 1Indeed, the separation between A2 and
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Fl modes in the first excited torsional state was observed

1

to be 14 cm™~ by far infrared spectroscopy35) between 83 and

128 K, which was also suported by inclastic neutron scattering

experiment at 77 K21).

The '"collective rotation" due to the
mechanical coupling between the methyl groups is the important
feature in the torsional dinamics and undoubtedly "in the
rotational tunneling" of four methyl groups in Si(CH3)4.

The detailed explanation of the observed tunneling spectra
needs the details of the tunneling energy scheme and needs the
coupling of the spin states to the rotor states of four methyl
groups. But these are not known; The spin state of four methyl

groups is probably described by the simple superposition of 3/2

spin state as discussed in Subsection VI.3.

VI. 4.3 The temperature dependence of the tunneling frequencies

in the Yy phase.

Thé temperature dependence of the resolved two tunneling
frequencies was shown in Fig.28. We cannot explicitly apply
the formura described by Eq.(42) in Subsection II.2 to the tem-
perature dependence of these tunneling frequencies, because the
energy scheme of the methyl groups in Si(CHB)4 molecule is not
so simple that this formula can be applied. However, the basic
mechanism of the decrease of observable tunneling frequencies
as the temperature increase is probably the same, i.e. the
rapid transition due to the non-magnetic interaction (HRP;
Section II.1.1) takes place and the quasi-equilibrium state is

established among the same spin symmetry states. But if one



apply Eq. (42) in Subsection II.2 to the two splittings in Fig.
28 by considering only two lowest torsional states, i.e.
.AO.—AieXp(;EQEl/kT.)

v TT1 4 exp( ~ Eq/kT ) (12)

the value corresponding with El in the framwork of Eq. (12) is
150 + 18 em™ ! for both splittings in the low temperature limit,
i.e. exp(—El/kT)<<]” The temperature dependence of observed
tunneling frequencies can be described by éxponential function
(Fig.44). The torsional frequencies of A, and F; modes reported
by Durig, et al 35) are, respectively, 163.5 and 177.5 em™ ! at

83 K.
VI. 4.4 Tunneling spectrum in the B phase,

The tunneling spectra in the 8 phaée determined by field
cycling technique are given in Fig.29, the unresolved spectra
extending up to about 1.5 T (64 MHz) were observed above 21.1 K.
The peaks below about 0.6 T (26 MHz) become sharper with decreas-
ing temperature. These spectra are appareﬁtly more complicated
than in the vy phase (Fig.26). Corresponding to such character
of the tunneling spectra by field cyecling, the ratio Tlf/Tls
does not show sharp minima (Fig.30) és observed in the vy
phase (Fig.27). While the temperature dependence of'Tlf/Tls
suggests the decreasing tendency of tunneling splittings with
increasing temperature in this region; i.e. the tunneling
assisted minima of T{¢ component were clearly observed (Fig.24

and Fig.30), it was not possible to determine which peak in
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Fig. 44 The decrease in the tunneling frequencies as a
function of inverse temperature in the y phase of Si(CH3)4.
The low temperature limiting values are taken to be 15.8 MHz
(@) and 24.0 MHz ( Q ). l
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Fig. 29 (caption)

Results of field cycle runs for the B phase. The magnetization
M is plotted in arbitrary scaie égainst the external magnetic
field HOb' The reference field HOa is 0.47 T (for o ) and-l,ll
T (for ® ). The time T was chosen as 662 + 2 s (4.2 K), 662 +
2's (9.9 K), 463 + 3 s (15,3 K), 311 + 3 s (21.1 K), 123 + 2 s
(25.6 X), and 34.5 + 1 s (28,9 X),
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Fig. 30 Temperature and frequency dependences of the ratio

Tlf/TlS in the B phase,
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3 1
Fig. 29 corresponds to;PtSS /2 and which one to(utSS . The

decreasing tendency of tunneling splittings was also confirmed

by the decfease'of the weight of fast-recovering component Tig as
described in Subsection‘VI; 4;1‘ The difference in behavior of
tunneling spectrum between the g and y phases must come from
intermolecular origin. In the absence of knowledge of crystal
structure of the two phases; it is difficult to make a meaningful
explanation of this behavior But if the intermolecular portion
of the hindering barrier operates in such a way that the orienta-
tions of four methyl groups do not hold a good symmetry, T4
symmetry, the tunneling energy scheme becomes probably more com-
plicated one. The lattice vibrational modes of the g and vy phases
determined by Raman scattering experimant are similar to one ano-
ther. The small difference was observed36>, For the intra-
molecular vibrational modes; the resolution of the bands is clearer
in the y phase than in the B phase. Although the thermodynamical
properties, e.g. meltinglxﬁnt; heat of fusion, and entropy change

37)

of fusion, are similar to one another, these properties indicate

that the degree of disorder is slightly larger in the B phase than
in the v phase. 1Indeed it was revealed by N.M.R. measurements >0
that the molecular tumbling was excited at lower temperature and
its.activation energy was smaller in the B phase than in the vy
phase.

The frequency dependence of the slowly relaxing, component
Ty in the B and vy phases are shown in Fig.3l.  This result shows
that the tunneling frequencies of methyl groups in the g phase

are larger than those in the y phase as one understands in the

framwork of Eq.(6) in Subsection VI.2, This result is in
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consistent with the field cycling experimeﬁts (Fig.26 and Fig,29),

VI. 4.5 The effect of molecular tumbling motion on the behavior

of the magnetization recovery.

The behavior of the non-exponential magnetization recovery
and'its dependence on the experimental methods (A and B,described
in Subsection V.1l) were discussed in Subsection VI,4;1, Above
the Tls(min.) temperature the relaxation of Zeeman system is coupled
with that of rotational polarization system and the magnetization
recovery was always non-exponential by method A or B. Albert;

et al.39)

observed that this non-exponential character disappeared
near 140 K in the y phase by 90" - 1 - 90° method (method B in this
thesis). This behavior was also the same by the pulse sequence
A in our meéurement_(Fig,BZ), This is considered to be due- to
progressive excitation of molecular tumbling motion. This motion

38,39) The molecular

was also examined by previous N.M,R, studies,
tumbling motion reorients the C, symmetry axis of a methyl group
randomly against the direction of external magnetic field Hy.
Therefore this tumbling motion producesthe same effect as does the
sample rotation about the axis perpendicular to H040’41) on
dicoupling the Zeeman system from the rotational polarization
system. After this decoupling the relaxation of Zeeman system is
described by a single exponential function and its time constant is
the autorelaxation rate SZZ;Of Zeeman system (see /in Section II,1.3),
For the B phase, the situétion is the same., Because the molecular

tumbling motion is excited at lower temperature than in the y phase,

this change occurs at lower temperature.
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Fig. 32 The effect of molecular tumbllng on the behavior
of the magnetlzatlon recovery in the y phase of Sl(CH3)4
The magnetization recovery was obtained by the method A
(long train)  The motlonal narrowing due to molecular
tumbling as a whole was observed at about 145 K (see in
Fig. 38). The 8 phase showed a 51m11ar results,
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VI. 5 Hexamethylbenzene, H.M,B,
VI. 5.1 Tunnel spectrum of six-methyl system,

The results of the field cycling runs are shown in Fig. 33.
The maxima A and A' form a pair whose frequencies are in the ratio
of 2:1 and so do the maxima B and B', This ratio for the maxima
B and B' holds even when the frequencies of these maxima decrease
with incréésing temperature as will be described later. The
Larmor frequencies at which the maxima A and B appear are then

equal to the tunneling frequencies w of the methyl groups in

t
hexamethylbenzene molecule in its Phase III. The values were
9.6 + 0.4 MHz (A) and 7.9 + 0.4 MHz (B) at 4.2 K.

Jones and Bloom42)

attempted to determine the tunneling
frequency of methyl groups in hexamethylbenzene by the level
crossing method (see in Section IV.l) and obtained an approximate
value of 11.0 + 2.5 MHz at 4.2 and 24 K which agrees with the
present result for a peak A within the combined experimental error.

They failed to observe the other tunneling frequency (B) because

the method employed by them is not appropriate to resolve the

% Evidence of Coupled Retational Tunnel States of Methyl Groups
of Hexamethylbenzene by Nuclear Magnetic Resonance.
Sadamu Takeda, Gen Soda and Hideaki Chihara

Solid State Commun, 36 (1980) 445.
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Fig. 33 Result of field cycle runs for hexamethylbenzene. The

magnetization M is plotted in arbitraly unit ys. the external

magnetic field Hyp - The reference field HOa

is 0,23 T (10.0 MHz).

The time T was chosen as 651 + 5 s (4.2 K), 643 + 5 s (11.8 K),
390 + 4 s (17.7 K), 198 + 1 s (22. 4 K}, 69 + 1 s (25.8 K), and

30 + 1 s (30.9 K).
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complicated tunneling.spectrum,

As the temperature rises the~maiima move toward lower
frequencies; B and B' move much faster than A and A’ (Fig.33)
holding the ratio 2:1 for their frequencies. The temperature
dependences of these tunneling frequencies, ytA'( = th/Zn )
and vtB ( =th/2w ), are plotted in Fig:34. If we apply Eq.(12)
to the frequency B in Fig.34 in the low temperature limit, i.e.
exp (-El/kT) «:1; as we do so for Si(CH3)¢ in Subsection VI.4,
we obtain. the linear plot of Fig,BSWith Eifﬁ =50+ 5 cm—l in
the framework of Eq.(lZ); The derived frequency 50 crn_1 is very
small for the energy separation between the torsional ground and
first excited state of a methyl group. The frequency A did not
decrease up to 30 K by this experiment. The tunneling frequency
of methyl groups in H.M.B. at 60 K was estimated to be about

2.MHZ47)

within the framework of the energy scheme of a single
methyl group by the temperature dependence of Tlg-(spin—lattice
. relaxation rate in the rotating frame). Although this estimation

by T, ., measurement is based on the inappropriate energy scheme,

1
this fgsult probably indicates that the tunneling frequency A
decreases above 30 K and becomes about 2 MHz at 60 K. The tempera-
ture dependences of peak A and B are very differnt from one
another, although the tunneling splittings 9.6 MHz(A) and 7.9 Miz
(B) are not so different. These experimental results can not be
reasonably understood by considering the isolated single methyl
group but areprobably comprehended when we consider the effect of
mechéﬁical coupling between the six methyl groups and its compli-

cated energy scheme. The tortional first excited state splits

into sublevels of four different symmetries A2g’ Eu’ Eg and Alu
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if one assumesD3d symmetry fqr a moledu1¢43) (see in Fig.6 in
Subsection III.3). The Raman scattering experimant gave 170 em™t
for the Eg transition at 20 K44) but other transitions were not
known. The inelastic neutron scattering experiment on H,M,B.45)
was not conclusive for the separation of the "torsional normal
modes" owing to poor resolution but the broad peak was observed
in the frequency range of torsional vibrations, The fact that
we observed two pairs of maxima as shown in Fig;33 does not
necessarily mean that there are only two well-defined tunnel
splittings of the torsional ground state in hexamethylbenzene.
Instead they probably correspond to collections of splittings,#

indicating that such collections will fall into two more or less

separate groups. -



VI. 6 Discussions of mechanical coupling of the adjacent
methyl groups. The new feature of "coupled rotationai tunnel

state" in solid.

The problem of the tunneling rotétion of methyl groups in
solid has been always treated as a problem of a single methyl
group, i.e. the energy scheme of a single methyl group was con-
sidered. It is demonstrated in this thesis for the first time
that the mechanical coupling between the adjacent methyl groups
plays an important role in the rotational tunneliﬁg of these
methyl groups even in the solid state. For durene and tetra-
methylpyrazine, it is clear that»the observed tunneling spectrum
of the methyl groups can not be explained by considering the
energy scheme of a single methyl group. The derived tunneling
spectra of these materials are due fo the mechanical coupling
between the two adjacent methyl groups in a molecule. Tetramethyl-
silane (Subsection VI.4) and hexamethylbenzene (Subseétion VI.5)
show the evidences of the coupling of the methyl groups similar
to the case of durene and tetramethylpyrazine. - The new feature
of "coupled rotational tunnel state'" in solid was demonstrated
experimentally.

The mechanical coupling is caused by the hindering barrier
to rotation of the methyl groups. Some discussions of the origin
of the potential barrier are available. Ab initio calculations
of hindering potential were performed for some moleculesSB).

The computation involves calculating the electronic energy of the

molecule for different nuclear configurations, i.e. for different
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values of internal rotation angle. The energy may be expressed

as the sum of four terms,53)

H=Ty * Ve * Vip Ven (13)
where T  is the kinetic energy of the electrons,
V.e Tepresents electron-electron repulsion,

Vnn represents internuclear repulsion,
and
Ven represents electron-nuclear attraction.

In this expression the first three terms (Te’ \Y and Vnn) make

ee’
positive term, while the fourth term is negative and is referred
to the attractive term.

For an ethane molecule, which consists of two methyl groups
and the barrier to internal rotation is determined by the inter-
action of two methyl groups,.the accurate computations were.
carried out.53) In order to make the origin of barrier to relative
‘rotation of methyl groupsclear, the contributions of Eq.(13) was
divided into an attractive term (Va = Ven) and a repulsive term
(Vr = Veé + Vnn + Ve). The variation of both thg attractive
(AVa) and repulsive (AVr) components with internal rotation angle
is considerably larger than the barrier but they have the oposite
sign to each other, where AVa and AVr represent the differencesof
Vg and V_ with respect to change of the internal rotation angle.

A potential barrier to relative rotation of two methyl groups
resuits from the sum of these two terms and it has a repulsive

character, since [AV_.| is larger than {AV_|. There is a similar-

ity between the relative rotation of methyl groups in ethane
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molecule and the situation Qf the interactiqn of two helium atoms.
This is believed to show that the C-H bonds at either end of
ethane molecule interact in a similar manner to the familiar
repulsions that occur when two helium atoms are brought close to
each other.

Therefore the interaction betweeﬁ the two methyl groups,
which is considered to cause the mechanical coupling of these
methyl groups, has a repulsive'nature! The magnitude of this
repulsion depends on the distances between the intermethyl
hydrogen atoms (or C-H bonds),

The H---H distances between the adjacent methyl groﬁps in
durene, tetramethylsilane, and hexamethylbenzene molecule are
listed in Table 4. The positions of the hydrogen atoms in hexa-
methylbenzene molecule were determined by neutron diffraction
experiment in its phase II (130 K)Sq). The ceordinate of hydro-
gen atoms of durene was obtained from difference map (X-ray
diffraction experimentj. For tetramethylsilane molecule the
molecular structure in the gas phase determined by electron dif-

55)

fraction method was used, because its molecular structure in
its crystalline phase is not available. The tetrahedral angle

was assumed for all bond angles., This table indicates that the
mechanical coupling effect is strongest in the case of hexamethyl-
benzene molecule, because the H---H distance of 2.0 2 is so short
that it is comparable in wvalue to the distance 1.8 Z within a
methyl group.  For hexamethylbenzene molecule the potential
barrier to rotation of the methyl groups was estimated by Hamilton,

54)

et al. Assuming a Buckingham potential for atom-atom inter-:

actions. The shape and height of the hindering potential of
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Table 4 H+:.-H distances between the different methyl groups

1,2,4,5-tetra- tetramethyl- hexamethyl -
B oL methylbenzene.f,t31lane..fﬁ.f....benzene...ﬂ.v.

( gas phase ) A( phase II )

3.06
3.56

.040
.292
.328

N N
W b,’l

intra- 4.34
.373
420
.747
756

molecule 4,88

DN NN NN

e e e e e e e e e e e e e L e T T e e e s T e s e e e e e R M e S e en - = - - . e = e o= - o]

inter-

2
2
2
2
+m01ecule | 2.597
2
2
2
2
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four kinds of '"mormal modes“ of methyl rotation were very dif-
ferent from each otehr, This result also indicates that the
repulsion beﬁween intermethyl hydrogen atoms plays an important
rdle for the hindering barrier. The shortest intermethyl H---H
distance of Si(CH3)4 moleculé is 3,06 Z; whichris rather longer
than that of hexamethylbenxene (2.04 Z) and durene (2.40 Z).
This fact means that the mechanical coupling between the methyl
groups of Si(CH3)4 molecule is weaker than other molecules and
it seems to correspond to the fact that the tunneling energy
scheme of four methyl groups is likely to be affected by the
change of the surroundings corresponding to the phase change

(B phase and y phase, see in Subsection VI.4). It is very pro-
bable that the change of intermolecular interaction, correspond-
ing to the phase change; causes the change of relative orien-
tation of four methyl groups in a molecule.

The intermolecular H---H distances of hexamethylbenzene and
durene are also listed in Table 4. The crystal structure of
phase III of hexamethylbenzene is not known. The tunneling
spectrum of hexamethylbenzene was observed in its phase III.

It was reported that the crystal symmetry of phase III is higher
(hexagonal or trigonal) ”®) than that of phase II (triclinic) 57).
Although the intermolecular H---H distances change corresponding
to the phase transition, H---H distances in phase II are listed
for the measure of intermolecular contribution to the potential
barrier to rotation of methyl groups. When we compare the
repuiéive potential due to intramolecular term with that due to
intermolecular term by considefing only the nearest hydrogen atoms

and by assuming a Lennard-Jones potential, we only consider the
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distances 2.040 K (intra) and 2,397 K (inter), the repulsive
potential of "intra" part is greater than that of "inter" part

by a factor of 6.9; For'durene; when we consider the same problem
as we did for hexamethylbenzene; the "intra" part is greater than
that of "inter'" part by a factor of 4;1. These facts indicate
that the mechanical coupling or collective motion of methyl groups
in these molecules is mainly determined by intramolecular inter-
actions.

When the intermolecular interactions strongly contributes to
the mechanical coupling of the methyl groups of different molecules,
it seems necessary that interacting methyl groups should satisfy
an appropriate configaration with each other. In many cases,
intermolecular interactions are probably included in the non-
coupling terms (or independent terms) of the potential function.

When we say that the adjacent methyl groups are coupled to
each other or tﬁéy are ihdependent, we should take into account
a relevant criterion. In this thesis, it was emphasized that
the mechanical coupling between the adjacent methyl groups is
important in the rotational tunneling, because the coupling effect
induces the dramatic variation of the tunneling energy scheme.
Therefore the degree of the change of energy scheme of the methyl
groups from that of a single one is one of the relevant criteria
for the dynamical properties of the methyl groups. We should
start to consider the dynamical properties of these systems from

the appropreate energy scheme,
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VI. 7 A different behavior of the intermethyl dipolar broad-

ning from the intramethyl dipole shift.

The small reduction of line width and second moment at low

temperature (10~ 50 K) have been observed for some materials con-

46); hexamethylbenzene47),

48)

taining methyl groups, e.g. durene

L

tetramethylsilane™, and methyl iodide For these materials,
the rigid lattice value of the second moment M, was not observed
but the reduced value was obtained even at and below about 20 K,
which indicates that the tunneling splittings of the tortiomal
ground state of a methyl group in these materials are much greater

2 ¥12)49) . Indeed the details of

than the dipole energy ( ~ 10
the tunneling splittings of the methyl groups in these materials
except for CH3I were directly determined to be the order of

2 MHz; see in the previous Subsections VI.3,

Zeeman energy (lOlﬂv 10
VI.4, VI;S). However the origin of the small reduction is not
clear. To make the origin of this phenom%na appearent, the care-
ful experiment was done for T.M.P., Si(CH3)4, and CH3SiCl3 of
which the details of tunneling spectrum were determined in this
thesis.

Because the spin-lattice relaxation times of these materials
are very long at the liquid belium temperature (Figs.1l5,21, and
24), e.g. several hours at 4.2 K, the special attention was payed
to eliminate the saturation effect on the absorption line. As
poséible as low powerlof Rf-field was used for measuring the

absorption line. It was examined by comparing the differential

absorption lines, one of which was observed with the increasing
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field sweep and the other was observed with decreasing field sweep,
whether the‘saturation effect appeared or not. The time of sweep
through the signal was taken as 35 or 70 minuts for all the runms.
The effect of the sweep time on the observed line shape was

examined for T.M.P. at 25 and 29 K. The values of T at 25 and

ls
29 X are, respectively, 1500 and 200 s at 20.5 Miz and this exami-
nation was done at 12;95 MHz with Robinson type spectrometer.

The result obtained by the condition of 35 minuts-sweep and that

by 70 minuts-sweep were in good agreement with each other.

Because the spin-lattice relaxation at 4!2 K is several
hours, it takes very long time that the spin-system becomes
complete thermal equilibrium at that temperature. After the sample
is cooled down to &.2 K from about 80 K; the signal grows into
its thermal equilibrium state. On the other hand small Rf-power
diminishs this signal. Then we oBserve the line shape at the
steady state, i.e. the state of the balance of these two effects.
The time interval affects the populations in the spin-states when
the spin system is not in complete thermal equilibrium. There-
fore the effect of the time interval between after the sample was
cooled down to 4.2 K and before the measurement was began on the
line shape was also examined. Any difference was not observed in
the shape and the maximum slope width of absorption line between
about 8 hours and 1 hour of the time interval except for the
magnitude of the signal. The result described above is consist-
ent with the magnitude of the tunneling splittings which are the
order of several decade MHz (Subsection VI.3) and are much

smaller than the thermal energy at 4.2 K (8.4 x 1010 Hz). The

population difference between the symmetry species (tunnel levels)
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changes by only 0.1% at thermal equilibrium states when the
specimen is cooled down from 80 K to 4.2 K. This very small
change of population is not detectable.

The maximum slope width AH and second moment M2 of T.M.P.
measured at 12.95 MHz and 59.82 MHz are shown in Fig.36. The
small reduction of line width and second moment are clearly ob-
tained at 30 ~ 50 K. The reduction of maximum slope width was
slightly depends on the radio-frequency at which the measurement
was performed. This dependence on the Rf-frequency was not con-
clusive for the second moment values. The change of the line
shape at this temperature region is illustrated in Fig.37. The
spectra measured at 59.82 MHz showed the similar result like as
Fig.37. These small reductions of the maximum slope width and
second moment are not due>to the experimental_conditions; e.g.
the saturation effect etc.. The value of TlS ét 35 K (the line
width is the broad one at this temperature) is nearly the same
as that at 195 K (the line width is the narrowed one at this
temperature) and the experimental conditions, i.e. Rf-power and
the sweep time, were the same for both temperatures.

The similar results were observed for the g and y phases
of Si(CH3)4 (Fig.38) . The narrowing above 130 K is due to the
molecular tumbling as a 'yholel), The change of the line shape
between 30 and 50 K was very similar to that of T.M.P. as shown
in Fig.39. The shaded area in Fig.38 indicates the experimental
result measured at 11.0 MHz by Hasebe,et al,l) for the B and vy
phases. The differnce between the results at 11.0 KHz and that
at 59.82 MHz in the region of small reduction is indicated,

which is similar to the result of T.M.P, (Fig.36).
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moment M2 (A, Aa),

O (4) for the B phase, ®(A) for the y phase.
area show the experimental results at 11.0 MHz by Hasebe, et all).
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Fig. 39 Temperature variation of the line shape of'Si(CH3)4.
in its y phase. Haves of differential absorptionlines are shown.
In the B phase, a similar change of the line shape was observed.
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The line width and second moments of the B and y phases are
differnt from each other in the region of small redution,
although in the lower and higher temperatures than that region
these values are the same except for the effect of molecular
tumbling.

Figure 40 shows that the Value of the ratio, M4/M22, (forth
moment over the second powers of second moment) of T.M.P. is
about 3. This result indicateS that the absorption line is a

50).

Gaussian type The similar results were observed for the B

and y phases of Si(CH3)4 (Fig.41).

The intermethyl dipole broading for T.M.P. and Si(CHS)4 is
so large as the structure of the line shape due to intramethyl
dipole interaction for a rotating methyl group is concealed.

On the other hand the intermethyl dipole interaction is very weak
for CH4SiCl; as described in Subsection VI.2. The typical
differential line shape and thé temperature dependence of. the
line width are shown in Figs.42 and 43, respectively. Figure 43
show that the reduction alsortakes place for maximum slop width
of péak A about 3O'N'45 K but it is very small. For the peak B
and C in Fig.42 the details are not clear because the broadness

of the peaks. The intramethyl contribution to the second moment

is 5.26 g2 2-%)

[
assuming an interproton distance of 1.80 A for a

2) 3)

rapidly reorienting or tunneling™’ methyl group. The inter-

methyl contribution to the second moment at about 100 K is 4 and

5 G* for T.M.P. and Si(CH,),, respectively, while it is 1,3 G

for CHgSiCl,. For CHyI it is about 2 c2

3S1iCly
line width is 0.5 G*8).

and the reduction of

It is noted that the smaller the intermethyl dipole interaction
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is, the smaller the amplitude of reduction is. From this result
it is very probable that the‘reduction of line width 6f these
materials at low temperature is that of the "intermethyl dipolar
broadning". Indeed according to the calculation by Allen,3)
any reduction of line width and second moment of intra-methyl
portion is not expected for a methyl group of which the tunneling
splittings are much greater than the dipolar energy.

The activation energies for rotation of methyl groups of
Si(CH3)4, T.M.P., and CHBSiCl3 are similar to each other, i.e.
about 5.8~ 6.8 kJ mol-l and the torsional energy El’ the
separation between the ground and first excited state, is similar

-1 21’35). For these materials the tem-

magnitude 160 ~ 180 cm
peratures, at which the small reduction takes place, are nearly
equal to each other, i.eq30f~'50 K. On the other hand that tem-

48)

perature is 10 ~ 20 K for methyl iodide of which the torsional

-1 51). This fact is consistent with the idea

energy E; is 94 cm
that the origin of this reduction is the increase of the popu-
lations in the higher torsional levels or the increase of the
transition rate between the torsional states due to rotation-
phonon interaction (HRP) as temperature is raised. For Si(CH3)4,
the small reduction begins at lower temperature in the g phase
than in the Y phase (Fig.38). This is probably the same reason
as described above, i.e. the difference of the torsional energy
scheme between the B and y phases. The activation energy of the
methyl rotation is smaller in the B phase than in the v phase
and the tunneling frequencies of the torsional ground state are

larger in the B phase than in the y phase as described in Sub-

section VI.4. The reduction was always observed (Fig.38),
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either when we measured the line shape at higher Larmor frequéncy.
than the two tunneling frequencies of y phase of Si(CHB)4 or

when we did so at lower Larmor frequency. Therefore with res-
pect to the appearance of the reduction; there is no-relation
between the magnitude of tunneling frequency and that of Larmor

frequency at which the line shape measurement is performed.
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VII. Summary and conclusion

Rotational behavior of methyl groups in some molecular solids
was investigated by the nuclear magnetic resonance method. A
particular interest exists in the 'mechanical coupling" between
the methyl groups Which are close to each other.

Tﬁe effect of collective rotation or ''geared rotation" of

the two methyl groups on the spin-lattice relaxation rate
(Tl-l) was discussed in the classical limit (Section III). But
because the difference between the observable Tl_l value due to
~correlated reorientation and that due to independent reorientation
is very small, it is not conclusive from the usual experiment
that the two édjacent methyl groups under go the collective re-
orientation or independent reorientationm. The'experiment for the
partially deuterated sample is probably useful to distillguish the
collective and independent fotations as discussed in Section III.

The principal work in this thesis is to investigate the cou-
pling effect on the "rotational tunneling" of the adjoining methyl
groups in the solid state.

The tunneling spectra (thS') of the methyl groups of tri-
chlorcomethylsilane (Subsection VI. 2), 1,2,4,5 - tetramethyl-
benzene (durene) and teramethylpyrazine (Subsection VI.3), tetra-
methylsilane (Subsection VI.4), and hexamethylbenzene (Subsection
VI.5) in their solid stategwere directly observed by the N.M.R.
methods. One of the methods is to measure the dependence of the
spin-lattice relaxation rate on the Larmor frequency(wo) and

on the temperature. The other is the "N.M.R. field cycling tech-
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nique" which is equivalent to the method described above and is
more eloquent and easy, especially for the case of very long spin-

SSs!

lattice relaxation time. The tunneling spectrum, W , of the

methyl groups are obtained through the so-called '"tunneling
assisted maximum" of the spin-lattice ;elaxationvrate, Tl_l.
Therefore, the examination was performed with respect to the prob-
lem that the behavior of the spin relaxation can be understood
in the framework of the novel theory of symmetry restricted spin
diffusion model (S.R.S.D.) or not, before the tunneling energy
scheme of the methyl groups were discussed. The non-exponential
recovery of the spin magnetization of the materials cited in this
thesis and its dependence on the pulse sequence employed can be
undérstood within the framework of S.R.S.D. theory (Subsection
VI.1). The tunneling assisted minimum only‘appeared in the fast-
relaxing component (Tlf) of the spin-lattice.relaxation time,
which is in consistent with the predicfién by S.R.S.D. model.
The tunneling assisted minima in the T,g curve vs. temperature
were clearly demonstrated in the B and y phases of tetramethyl-
silane (Subsection VI.4),

The tunneling splittings of the torsional ground state of
the methyl groups of trichloromethylsilane (CH3SiClB) are 34.6 +
0.5 MHz and 40.4 + 0.5 MHz. The two kinds of splittings are
attributed to the different metﬁyl groups which are hindered by
slightly different potential barriers due to different surround-
ings in the crystal. The étrength of repulsive interaction
between the methyl groups was estimated to be smaller than that
of durene, tetramethylpyrazine; tetramethylsilane and hexamethyl-

benzene by the factor more than 10 (Subsection VI:Z);
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The tunneling splittings of durene and tetramethylpyraZin§
are three kinds in their torsional ground states;' For durene,
29.3 + 0.7 MHz, 25.3 + 0.6 MHz, and 17.8 + 0.5 Miz were observed
and for tetramethylpyrazine 26.8 + 0,8 MHZ; 20:2'i 0.8 MHZ, and
14.3 + 0.6 MHz (or 6‘4'£ 0.7 MHz) were identified, The crystalo-
graphically inequivalent methyl groups are two kinds in both
crystals of durene and tetramethylpyrazine. The‘three kinds of
tunneling splittings are not deduced from the simple superposition
of the energy schemes of a single methyl group . These experi-
mental results are comprehended when wexconsider the mechanical
coupling Between the two methyl groups!(Sﬁbsection VI.3).

The tunneling frequencies of the methyl groups of tetramethyl-
silane (Si(CH3)4) in its y phase are 15.8 + 0.9 MHz and 24.0 +
1.4 MHz. The B phase showed moré comp1icated‘tunneling spectra
‘which distribute from about 2 MHz to aboﬁt 70 MHz.

‘Hexamethylbenzene éhowed two tunneling splittings in it phase
III. These are 9.6 + 0.4 MHz (A) and 7.9 + 0.4 MHz (B) at low
temperature limit. The frequency B decreases into zero below
30.9 K whereas the frequency A was almost independent of the
temperature up to 30.9 K.

These results of tetramethylsilane and hexamethylbenzene are
not understood when we consider a single methyl group. They
also indicate that the mechanicél coupling between the adjacent
methyl groups plays an important role in the rotational tunneling
state of these methyl groﬁps, The'"coupled rotational tunnel
state" in solidswas demonstratedin this thesis in the first time,
The magnitude of the coupling between the methyl groups in hexa-

methylbenzene molecule is strongest when we consider the distance
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between the adjacent methyl groups (Subsection VI.6).

For the complete explanation of the observed tunneling
sPectra of the methyl groups; we need the detailed tunneling
energy scheme of the coupled methyl groups (rotor level scheme)
and furthermore need the coupling of the nuclear spin states to
the rotor states; because what we obéerve is the effect of
tunneling splittings on the '"spin-lattice relaxation" of the
protons of methyl groups. The problem for a single methyl group
has been investigated as shown in Section II. But for the coupled
methyl groups the problem has not been solved until now and it is
the problem to be solved in the next step of the study. A con-
sideration was proposed in this thesis (Subsection VI.3).

The spin state is probably described by the Simple super-
position of the 3/2 spin-systems even in the casé of mechanically
coupled methyl groups, becausé the rigidity of the nuclear spins
hold only in each methyl group in the case of rapidly rotating
methyl groups, i.e. internuclear distances between the different
methyl groups fluctuate due to relative rotation of the methyl
groups in many case,

The decreases of the observable tunneling frequencies of
tetramethylsilane aﬁd of hexamethylbenzene (peak B) with increas-
ing temperature were directly observed. For trichloromethyl-
silane, durene and tetramethylpyrazine, the indirect evidences
of decreases of-tunﬁeling frequencies were obtained (Subsections
VI.2 and VI.3). These behaviors are considered to be the reéult
of £hermal averaging of the rotational states due to non-magnetic
transitions induced by rotation-phonon interaction (Hpp) -

ﬁ The tunneling assisted rotation is important in the low
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temperature region for . all materials studied in this thesis.
The tunneling frequencies of the methyl groups are the same order
as the Larmor frequency (10Q~,102 MHz). The effects of tunneling
rotational modes on the spin-lattice relaxation time of the
protons of methyl groupswere clearly observed. As the temperature
rised, observable (effective) tunneling frequencies decreased and
became zero below the Tl minimum temperature of each material

This T; minimum is due to the rotation of the methyl groups about
their symmetry axes.. Near and above that temperature the jumping
rotation over the top of the barrier is principal mechanism of

the rotation of methyl groups. This change of the principal
mechanism of the rotation of methyl groups was observed as the

- change of the behavior of the spin-lattice relaxation in the
materials studied in this thesis. The average transition rate

Wg, with which the methyl group jumps (over the top of the barrier)
from one well to the another well of the potential barrier was
obtained for trichlorométhylsilane and tetramethylpyrazine from

the observed T; curve vs. temperature. 1t is

wy = 3.62 x 1011 exp( - 5.8 kJ mol Y/RT )

for trichloromethylsilane and it is

12

= 1.51 x 1012 exp( - 6.3 kJ mol 1/RT )

Y3

for tetramethylpyrazine.
The small reduction of the maximum slope width and second
moment of N.M.R..absorption line of the tunneling methyl groups

at low temperature (10~ 50 K) was assigned to that of intermethyl
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dipole broadning., The mechanism of this reduction is probabry due
to the increase of the rate of nqn-magngtic transitions among the
torsional states due to rotation—phonon interaction (HRP) or due

to the increase of the population in the higher torsional levels as

temperature increases (Subsection VI. 7).



