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Abstract

Coupled FOtational bё havior of meth,l grOups in SOme moledular

solids was stuoied by nuclear mOgnetiC `eSonance iethё dslヽヽ

Thё protOn sPin‐ lattice relaxation due to thё  rotat10n Of 血ethyl

groups was investigated fOr trichlorlmeth'lSi■ ane ([C早
3SiC13)′  t'tra―

methylpyrazine (ToM.P。 ), ■,2,4,5,― tetramethylbeizene (durene), and

tetramethylsilan, (Si(CHb)4)°   Ttte magnetization recoveries Of thё se

materials were non… exPOnential and depended on the pulse sequence

employed.  These behavlors are understood in the framework Of symmetry

restricted ,pin diffusion theOry by Emid, et al..  The tunneli,g

ass■ sted m■nima of the spi■ ‐lattice relaxation time were clearly

observed il 'he Tif turve VS・  t,mperature in the β and γ‐phases of

SI(CH3)4' WheFe T.f is the fast― relax■,g compOnent of spin-lattice

relaxation timё .、

The tunnё li■g frequencies of t卜 e ttethyl groups 9f CH3SiC13'

durene, T,M.P。 , Si(CH3)4; and hettamethylbenzene (耳 ,M.B.)Were direこ tly

observed by the t'N.M.R. field cyclintt teChniquel'。   CH3SiC13 Sh°Wed

two kinds of tunneling sPlittings.  These are 34.6 MHz and 40,4MHz.

These frequenoieS COme fro五 the different ,ethyl gr6ups which are

hi■dered by slightly different potential barrier in the Crystal.

For durene and ToM,Poi thrё e kinds of tunneling sPlittingsl are

identified'( 29。 3, 25.3, and 17.8 MHz■n durene;  26.8, 20,2, and

14.3 (or 6.4) in ToM,P,). There are o,ly two crystalographiCally

lnequiValent ■ёthyli groups in both crystals of durene and ToM.P..

These facts indicatё  that the twO 血eth,l grOuPs WhiCh are close to

onё another in these ioledules are not independent but coupled to

ёne anothero  lndirect ev■ dence of thё  dedrёase lof tunne■ ing



frequencies of T.l4.P. 4s tepperatu4e rised was obtained. In the y

phase of Si(CH3)4, two kinds of tunneling frequencies of the methyl

groups were identi,fied (20,4 and 15.8 IWIz in the low temperature

limit These two tunnefing frequencies decrease with increasing

temperature in a similar way. The B phase showed more complicated

tunneling spectra. Hexa:rlethylbenzer-Le showed Ewo kinds of tunneling

frequencies. These are 9 ,6 TfiIz (A) and 7 ,9 MHz (B) in the low

temperature l-imit. The frequency A was almost independent of the

temperature whereas the frequency B decreased as temperature increased

and became so small as it r.ras unobservable bel-ow 30.9 K. These

behavior also indicate that 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

sEate" in the solid state was demonstrat.ed experimentally in the

first time

The effect of collective rotation orc "geared rotation" of two

methyl groups, which are close to one another, oD their proton spin-

lattice relaxation rate was also discussed in the classicaf-limit.
For CH3SiC13, T.I4.P., and Si(CH3)4, the sma1l reduction of

N.M-R. line width was observed. Comparing Ehe experimental results
of these materials with each other, this,reduction is th,ax of inter-
methyl dipolar broadning. The nechanisnq of the reduction is probably

the increase of the rate of non-magnetic transitions between the

rotational levels or the increase of the population of higher

rotational levels.
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I. InLroduction

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. studies that molecules and

molecular groups r:otate even in the solid state.l) The value of

second moment of N.M.R. absorption line enable us to know what

mode of molecular motion takes p1ace. The spin-laLtice relaxation

time (ff) vs. temperature reveal-s the time scale of the nnotion.

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

(correlation time ..) 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 rc corresponds to the residence time of a methyl grouP in

one of the potential wel1s.

The spin,-lattice relaxation time (Tf) against temperature

show a minimrmr due to Lhe reorientation of a methyl group at the

condition that r0 rc = 0.6, where r0 is the Larmor frequency.

The activation energy for rnethyl reorientation vs. temperature

ofth-eT1ninimumho1dsanear1ylinearre1ationformany

materiatr.2) This result can be understood, when we consider

that the reorientaion of a methyl Broup can be described by
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Arrhenius type activation process I

rc=."0exp(t"/RT)

and that the pre-exponental factor."O is similar to each other

for the methyl groups in many materials.

Quasi-elasLic 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 reorientation3).

E, and .6 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 (p1astica11y crystalline phase) such studies nere
/,\performed-/ but for the the ease of internal rotation of a methyl

group there was no such a precise study.

In many cases it was assr:ned that the potential bafrier to

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

V=(V3)/2(1-cOS O),

(1)

(2)

where 0 is the rotation angle of a methyl group about its C3

symnetry axis

In addition to such a classical rotation at considerably

high -.temperature, the tunneling ef feet plays an important role
for the low barrier case and at sufficiently low temperature

at which the thermally activated rotation over the barrier top



-3-

is frozen. This tunneling-assisted rotatign of some simple
-L

molecules and molecular grouPs CCH:-, 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 tunnefing frequency. The deLailed investigations

of the tunneling frequency have been performed mainly by N.M.R.

method5) and inelastic neutron scattering Lechniqu.6). other

methods, €.g. electron paramagnetic resonanc"T), 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

tenperature variation as temperature rises from 1ow Eo high.

Because the precise energy separations between the rotational

states (torsional or tr:nneling states) of a methyl group has been

observed, it becomes clear tlrat the hindering potential is not

so simple for many case as it can be safely described only by the
a\

three fold potential ter-m ( VS, see Eq.(l) >v/ 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 urethyl groups come near each other.

It has been considered from the early days that the motion

of such adjaeent meEhyl groups is described as a "geared rotation".
This idea is a classical one but it is important concept for the

rotatibnal dynamics of such system. In other words, the potential
barrier hindering the rotation of a methyl group is aff ected :.-..

rather strongly by' the change of rotation angle of a neighbouring



methyl group. This situation is ca11ed the "mechanical coupling"

between the methyl groups, which causes the t'collective rotation".

In many cases collective rotation or collective libration is

characterLzed, by the syrrnetry, corresponding Lo the "normal

modett.

An experimental evidence of mechanical coupling between the

methyl groups is the energy d.ifference between the torsional

modes. The investigations @rgbeen performed for several materi-

a1s with various methods. The splitting of 35 "*-1 
r", reported.

from newtron inelastj-c scattering for the Lorsional sublevels

(AZ and B, syrmnetry levels) of the first excited state in durene

and o-xylioe9). Infrared spectra led to the values, 60 
"r-1 and

L4 
"r-1 

(the separation between A, and. F, sSronnetry levels), for
C(CH3)O and Si(CH3)4, respectivelrlO), the latter value being

also supported by inelastic neutron scatterirrgll). The case of
four rotors in a molecule of TU syrmetry shows no torsional mode

in the infrared spectra in the first approximation, because

these molecules with TU syrnmetry possess no permanent dipole
moment. But the torsional modes inactive in the oscillator
approximation become active due to Coriolis coupling, according

to Lhe perturbation treatment of the multt{t. top mo1e",r1""I0) .

On fusion, the separation in C(CH3)4 changes little (ro 55 cn-l)12)
ind.icaEingthatthetorsiona1norma1modesareprimarilydeter

mined by intramolecular interaction in this case.

In microwave studies of the ground vibrational state of
double top molecules in the gas phase, finite top-top (nethyl-
rnethyl) interactions can be treated as perturbation"l3). The

torsional energy levefs in the ground vibrational state of a two



top molecule are nine-fold degenerate in the limit when both

barriers are very high, but as the barriers becone lower, this

degeneracy is partially lifted to give four levels which are

labeled, AA, EE, AE, and EA (tunneling subl-evels). The predicted

"quarLet" absorption pattern is obserVed for many rotational

transitions of acetonel3)fot example where v3:3 '26 kJ mo1-1'

whereas for molecules with somewhat higher barriers, e.g. dirrethyl

ether,13) where Vr=Il.38 kJ mol-1 the ground state rotational

spectrlxD consists of many tntriplet" absorption lines.

The rotational tunnel state is more sensitive to the situation

of the hindering barrier than the torsional state, especially near

the bottom of the potential wel1. The mechanical coupling between

the methyl groups is expeeted to be very effective on the rotation-

al tunnel state and its effect plays an important role fot the

rotational tunneling of the methyl groups. gut the coupling

effect on the rotationai Eunneling state'of methyl groups in the

solid state has not been demonstrated experimentally.

The main purpose of Lhis thesis is to demonstrate this

mechanicaf coupling effect on the rotational tunnel state of the

methyl groups in solid.

lJhen the methyl groups are situated so closely to each other

that the coupling 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 eurployed in this thesis, This method is useful for the

tunneling splittings of the order of Larmor frequency (100t'' 102

Nfr12, see in Section IV). Four materials, i.e. L,2,4,5-tetramethyl-

benzene, tetramethylpyr azine, tetramethylsilane, and hexamethyl-
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benzene, which contain different numbers of adjacent methyl

groups with rather high symnretry, were chosen to be studied for

this purpose.

The tunneling energy scheme (-spectrum) ean be obtained

through the spin-lattice relaxation phenomena of the protons

within a methyl group, In recent years, the novel theory for

descibing Lhe spin-lattice relaxation due to methyl rotation

(tunneling rotation andlor jr:mp-reorientation) has been proposed

by Emid and Wind and their co-worket"l4'15). It is symnetry res-

tricted spin diffusion theory (SnSO theory). This theory seems

to be most r:niversal for the problem of nuclear spin relaxation

in solids and it includes the previous theories. But it has

searcely 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 framework of the

theory by Eurid, or not. .This problem is also one of the purpose

of this thesis. After this examination is performed (Section

VI.l), the tunneling energy scheme of the methyl groups is to be

discussed (Section VT.2 VI.6).
The problem of the tunneling energy scheme relates to tbe

static feature of the methyl group and it is the basis of the

dynamical problems of the urehtyl groups in solids. To investi-
gaxe 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

groups in solid are, for example, BS follows.
i) The principal mechanism of the nethyl rotation,i.e. the

jump rotation over the potential or the tunneling rotati-on
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through the barrier, and its dependence on the temperature.

ii) The temperature dependence of the observable tunneling

frequencies. This probfeur is deeply conneeted to the pro-

blem i).
These problems i) and ii) will be discussed..

For a tunneling methyl group, of which the tunneling split-
ting is much larger than the dipolar energy (1-ocal field HU,

)Ha9L0'klli-z), the reduced second moment of the N.M.R. absorption

line r,sas observed for several materiatsl6) even at liquid helium

temperature region. Some of these materials showed the sma11

narrowing of the maximr-rn slope width or small reduction of
second moment at about L0 - 50 K. The origin of this phenomenon

has not been known. It is one of the purposes of Lhis thesis to

make contribution to the elucidation of t'he problem (Section

vr. 7) .

The theoretical description and the concepts of a single
methyl group in solid, which have been proposed until now by

many workers, is summarized in Section rI. The important points
of the theoretical treatment of the spin-lattice relaxation of
a single methyl group in solid is also sunmrarized in Section II.
This section does not include the original work of the author.
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II Review of theoretical treatment of methyl rotation.

Tunneling behavior of molecul-ar 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 definitions and:previous resulLs needed for

the understanding of the results of the present study.

II. I Quantum-mechanical calculation of the spin-lattice ralaxation

rate of a methyl group.

The spin-lattice relaxation rate of a rnethyl group should be

calculated quantum-mechanically for understanding the behavior of

the spin-lattice relaxation of a methyl group. The calculation is
based on the semiclassical descriptionl-4) in which the energy

reservoir is eonsidered classically and a methyl group (spin and

totor states) quantum-mechanically.

II. 1.1 Hamiltonian of a methyl group in solid.

The Hamiltonian of a methyl group under consideration is given
, 1-4)Dy

H : Hp + Hn + Hnp t HZ t HO. (1)

HP descttibes the phonon system and HR desCribes thё  methyl― rot6r

systen. HRp means the coupling between the phonon and the .hirr6sr.6

methyl-rotor systems. Hz is the Zeerran Hamiltonian and HO represents
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the dipolar inteqactions among the pfotons. HO includs the intra-

and interrnethyl dipola.r interactions. '

l{ow we will outline the meaning and the role of each Eerrrt

separately.

r) Hp

Hp denotes the Hamiltonian corresponding to the phonon system which

is Lhe energy reservoir of the spin system. We consider that the

phonon system is inthermal equilibrir:m characterized by a temperaEure

T which equals the temperature of the sample. This phonon system

interacts with methyl-rotor systeu through the rotation-phonon

coupling H*".

2) Hn

H* represents the sum of kinetic and potential energy of a methyl

group in terms of the rotation angle about its sprmetry axis and

is given by

る7  d2
HR=~5丁~可

万
十V(0),

d02

(2)

(3)

where I is the momenE of inertia of a methyl group about its symetry

axis and V(O) is the potential barrier hindering the rotation of a

methyl group. Due to the three-fold symrnetry of the CHr-grouP, Ehe

most general shape of the potential can be written as
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But we-will now consider the case in which V, is dominant and V(9)

can be approximated by Vr(l - cos3e)12. The eigen function" ,rrS

and eigen energies EoS follow from the well known equation,
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HR Φ S.
n

ΦnS =ESn (4)

n is a quantum nr:mber belonging to the n-th rotor leyel. The super-

script S describes the irreducible representations A, E", or Eb of

the point group C3. The Ea and Eb states have the same eigen value

with respect to any ampl-itude of V3. Equation (3) includes the

general cases " In the limiting case of V3 = 0, the rnethyl group is
a free rotor and the energy states are identified by the free rota-
tion quantun number. If V3 is infinite, the energy scheme can be

approximated by the harmonic oscillator levels and the eigen value

ErrA becomes equal to ErrEa (rrrt ) . This degenerate n-th level is
well known as the torsional (librational) level. The varLatLon 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 V. is iliustrated in Fig. 2.

The energy separation between ErrA .od trrr;" (ErrE ) is well known as

the tunneling splitting An.

The eigen values tot can be calculated numericlly with the wave

function of a free tototT'8) (free rotor approximation) or by other

method9). The eigen function" 0r, can approximated by a series of
free rotor wave functions4)

n =  ΣL a  eim0m
m=― ∞

(5)

Here a are expansion coefficients. Because the eigen states havem

to reflect the synrnetry of the potential V(0) which is now considered

as three-fold, we can express the eigen function" O' in terms of the

irreducible representations A, Et, and Eb of the point group C:
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.Classificarion of the free methyl rotor energy states under the symmetry groups G and Co.

AIso sbown is bow tbese slates are perturbed in both cases by the growth of a hindering potential
barrier. /r is the amplitude of a three-fold sinusoidal barrier whereas Zo represents the amplitude

f a six-fold sinusoid.
( after P.S. Allen )

Fig, 1
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t, r0-12). The eigen function can

^s_n

∞

▼

わ

〓・∞ｍ

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

fonctions. They can be expressed as follotrl'13)

-S
n

∞
　
　
　
　
　
　
　
∞

Σ

叶

b rS .i (,3re

$I

be described

c+ l-)g

= 0 for S = A, (.5 = l for S = E4,.!.5 = 2 fox

expansion coefficienLs,

as follows,

where
,nS
D

m

が
轟

S:Eband

(7)

(6)

(8)

卜∫
S12=.

上
Ｆ [Rln(0) + 

λ、21(0) 十 λさ手3n(0)l

where λ = 1, c and c求 (c = e27i/3) for s = A, E' and Eb respectively.

Rln(0), R2'(0)' and R3n(0)are the normalized wave functions which

group is localized in the potential welldescribe that the methyl

l, 2, and 3 respectively. nro{o), Rro{o), ana nro(e) denote the

librational (torsional) ground state in the respective potential

well and are shovrn schematically in Fig. 3. These potential wells

l, 2, and 3 correspond to the three orientations of a methyl group

and these orientations are indistinguishable. The in-products

(*r'(e) f n '(r)), (*ro(o) Inr'(o)) a',a (nr'(o)l Rln(ot are nor

a small overlap between the locaLLzed wave

from the finite height of barrier. In the

which is valid for the high barrier and for

near the bottom of the potential well, the

is described a 14)

completeLy zero due to

functions, which arises

harmonic approximation

the eigen states lying

tunneling splitting An
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2n/3 4r/3

Fig. 3 Sketch of a three-fo1d potential and the three harmonic
oscillator wave functions Rr0{e), Rr0{e), and nro{e).

nro Ie



where

(9)

(■0)
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and

bn = くRlllR2n)=〈R2n113nッ =〈 R3111■
1)く

く ・。 (12)

The eigen function rrrt (Eq. (6) or C8)) are the delocalized

wave functions with which. we can not visualize Fhe "rotation!' of

methyl group like in the case of classical treatment. Therefore,

will consider the rotation of a methyl group with the LocaLLzed

states Rqn(O) (q: I, 2, and 3) for visualLzLng the jump- and

tunneling-rotaEion of a methyl group in Section II. 7.4.

3) Hnp

,tor and ils。
・
that of a phOn。.1'15),HRP,includes the coOrdinate of a ro

which descdibes the coupling between a methyl rotor and phonon system

(lattice vibration). HRp induces the fluctuations of the potential

barrier hindering the rotation of a methyl group due to lattice

vibrations and the ensemble average of H*" equal" t.to15) . Ttre

height and also the phase of potential funetion fluetuat.l5). These

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

rotor levelsl'10). Because the rotor states are coupl,ed to the spin

states by Pauli exclusion principle (see the expranation of the

dipolar Hamiltonian), these transitions are therefore Lhose between

the roLor states of the same "p*.t=yl) and the spin syumretry should

not change by such Lransitions, The validity of this argument rests

upon the rigidity of the rotor and the Born-Oppenheimer
15)approximation'

ｅ

ａ

　

　

ｗ

― |マ ー

= 千五F - lnA = 3(p b _ a),

=く lヽnlHRIR.n〉 =〈 R211HRIR2n〉 =〈R3nlHRIR3)'

= 
く lヽnlHRIR2nク =く

R211HRIR3nク .(くR3'IHRI卜
■1'<< D (11)
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The main effects of the fotgl-phonon coupling (HRp)

therefore the main effects of "non-magnetie transitionsr!

fold in the present consideration.

a) The fasE non-magnetic transitions will establish the

considered

in Section

3

Hz=ノhω O Σ: Izn=ゴ五ωOェz
n=0

０Ｗ
・

ｔ

Я
〉
　

　

ｅ

ｍ
　
　
年

effective
(thermal averaged) rotor system for each syrmnetry (A, E^, gb) .

By virtue of this situation, the temperature dependence of the

observable tunneling freguencl ,t (not the same meaning as Arr)

may be explained (see Section II. 2) .

b) Because the dipole Hamiltonian I{O includes the coordinates of
rotor system, the non-magnetic transitions modulates the dipole

interaction (HO),which cause the spin-lattice relaxation (see

thё こ SCussttЛ l of HD)°

As described above, the effects of H*" 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 HRp is very difficult. Then the detailes of the H*" is not

only the re,ults of the effects HRP are ■ntroducOd

l.4 and Section 工工. 2.

4) trz

H" is the Zeeman Hamiltonian which is given by

ｔ

　

　

・

ｕ
　
　
工

ｂ

　

工

(13)

This Hamiltonian represents the Zeeman coupling of the proton spins

= yH', which is the Larmor

ratio. The spin statesｅ
　
　
ｅ

ｈ

　

ｈ

ｔ
　
　
ｔ

Within a methyl grouP/工 zl, Iz2' and lz3,With the static magnetic

field'HO directed along the Z axis. o0

frequency. y is
Qt

V v follow from
m

proton gyromagnetic

equation,
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H- v s! 
= E sr v sr

Lmna (14)

withES--r*,.---- -m n firrro. 
1 

tr the Zeeman quanturn number. The index S'

represents A, E^, or ED and ind.icates that the spin states are
expressed in term of the irreducible representations of the symrnety

group C, because the three spins within a methyl group are

indistinguishable .

5) HD

HO represents the dipole interactions between the protons. I,trhen a

methyl group undergOes the fast jump or tunneling rotatiOn, HD Can

be described bv

HD : iloitttt" * 
"otttt"(t) 

* 
"otottt 

+ Hoitttttt), (rs)

where "intra" or "inter" indicates whether the interacting protons
belong to Lhe same methyl group or to .different groups. Both "intra"
and "inter" interactions can be separated into the tiure-depend.ent

part and the time-averaged part, the latter being indicated by .a bar
(-) in Eq. (1s; The meaning and the role of these terms are as

follows.
q\ [ intra

"D
I intraI{D--'--* is considered as a smal1 time-independent perturbation of H,
and gives rise to a small static shift (d) of the Zeeman levelsL6,LT)
(see Fig. 4). rn the calculation of Lhe magnetic transition
probability, these shifts can be ignored.
r_\ I inter
vl .tD

I interfl,D------ containes the following two terms.

i) One is the term which causes the broadening of the Zeeman energy
c!level. (E " in Eq. (14)). The width of this broadning is indicared.
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Fig. 4 The. energy-level schene of
A, E^, and ED denote the syrnnetr)r of
nagnetic quanturn number; ,0, Larnor
tunneling frequency; d, intrarnethyl
broadning.

m

二1/2

Eb

1/2

tunneling rnethyl groups.
the eigen-states; m,

frequency; rt, observable
dipolar shift; b, internethyl

m
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m

-3/2

-1/2

1/2

ｂ

薔

′
▼
例
■
Ｔ

3/2               ′



by b (in Fig, 4) w-hich depends on the dtstance between a methyl

proton and the surrownding protons,

ii) The other is the term which causes the spin diffusion proc"""18)

between the spin states through so-called flip-f1op transitions.

This process may establish the internal Lhernal equilibrium among the

spin states. Emid, €t aI.L6'I7) have suggested that this flip-flop

transition (spin diffusion) is restricted to between the differenE

syumretry states. This means that we can not accept the traditional

spin temperature theory (complete spin diffusion theory) indiscrimi-

nately. A more detailed discussion will be given in Section II. 1.3.
\ ,? intra,. .c) HD-""-*(t)

Hoittt"{t) is randomly modulated by the moLions of a meEhyl group

and therefore causes the spin-lattice relaxation"
r\ ,, inter r-.,d) HD-"--- (r)

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

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

c--^- rr intrartll,2,Lg) Tn the case''of large tunneling splittingrrom nD (E/ rr

that ,t
10\(x)-" .

The intramethyl dipolar Hamiltonian HO

and rotor operators, thereby describing the

The spin and rotor eigen states Y*S and ,rrt,
classified according to S = A, E", and Eb.

feasible operations are cyclic permutations. Therefoe, the Pauli

exclusion principle requires that the product eigen functions
S S 1.10-12) intraVm" 0rr" are of A syrrnetry-'*v *-', HD-----* can be decomposed in a

symnetry adapted fot*l'12)

Intra rncruoes Ene sprn

spin rotor coupling.

respectively, can be

For a rigid rotor, the



"ottttt=Z R(s)rcs), s=4,E",Eb, sxs=A. (16)
S

lJhere I(_S) and R(S),respectivefy, contain spin and rotor operators.

II. L.2 The transition probabilities between the eigen states.

An uncertainty of the rotor ensgy levels, which is caused by

the rapid transitions due to II*", is taken into consideration.

with h^rr, = Ei, - Er; j represents the eigen state o-S V-S'JJJJNM
(Section II. 1.1.5)). The correlation function is usually assr:ned

to be an exponential function. In this case the transition probabil-
ity becames
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"jj,=:f(:;""t"'1t'>1, 
rc

41- 
t Y | 'r 

l*trl ..,2 12JJ' C

(18)

where rc is the correation time of the dipole fluctuation.
The marrix elemenr or (jl"otttt"lj) can be facrorized (Eq.(16)),

(*lR(s) r(s)l o'o') : ("l*rc>l ")(*lrtt>l' ) . (19)

The nonzero transition probabilitl w' r occurs when both matrix
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elemenrq are nonzero.2) (n[RG)[") 4re all equal to d which

yaries between 0 and 1. This yale depends on the shape and the hight

of the potential barrierl'2'4), Ther-efoge we can obatin some
,/, \ ,)

information about the potential function from 6-1. The value 6o,

which is cal1ed the effective ::elaxation efficiency f"ctor4), was

derived for a more general case in which not only the torsional ground
/.\

state but also higher exciEed states are populated*/. Johnson has

derived this factor frorn a different starting point2l). The factor

62 b..o*e" unity in the limit of high barrier and about O27O.A for

the methyl group which is hindered by the potential of V3>4 kJ

*ol-1 2L) . In this thesis we will consider the methyl group with
E^= 5ry8 kJ mo1-l (E. = v(0) - Eo). Therefore we assume that 02a

= 1. The non zero transition probabilities'W.r, are listed in the
JJ

rireraruresl'20) for rhe case 62 = uo' 1) (: lqrlncs)l,,')l 
2l or 62

= L20). Tbe,,,additional contributions occure when the intermeEhyl dipol
interactions are taken into consideration. This provides the matrix

elements of the same type as the intrbmethyl matrix elements.

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

syrrneEry also o."rrr2) .

II.1.3 Syumretry restricted spin diffusion model by Emid, €t 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 ji:mp- or tunneling-rotation (b = 0 in Fig. 4) is

described by the transitions between the eight states with the

ransition probabilities 
"jj' 

(Eq. (19)). It is determined by the

equation of motion.
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where

and

ρq = 
―

～
ρ =ρ

Ｌ

β

Wα
β

(pα … ρ
6)

- p€9., peq. = f - + C - uOrT)
krr,

(22)

Po = ("lpl"7 , Wβ q , 】乙 W&6  0
β

where 0,, is the diagonal part of the density matrix of the spin

system, p€9' is its Ehermal equiliblitrq yalue, and T, 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 nr.mber of particles (nethyl groups) and therefore has the

seven degrees of freedom. It thus is possible to express the occupa-

tion number operator p as:4 function of a complete set of seven

mutually orthogonal, Lraceless, diagonal oPerator" Ok and one r:nit
_^_i.6,!7)operaEor

っ

、

―

ノ

(21)

(23)

Wし
6 =

ρ = 1 + 乙  αk Qk
k=1

T= Ok = 0, Tr Okol : 6kl, ok = Tr O1o

where the high temperature approximation has been introduced, io€.

only the terms liner in sU.f.Sanrs been retained. The eigen values of

the OUrs are given in Table 1. Two of them, denoted by Otand Ot,

are physically of special interest, because they correspond to the

"Zeeman system" and "dipolar systeurt, respectively. Another two,

denoted Uy O4 and OU, correspond to two other interesting systems,

i.e. O4 to the so-called "rotational poLarlzation", being defind as



Table l

o rlz o tl, o-t/z o-glz E^tl2 u?ttz uorr, '2rt,

l

島

N
l

ZEElfAN

ROTo POLA。

DIPOLE

TUNNEL

√ ol

√ °
2

/丁 °
3

°
4

0」

y'い °
6

_ 
°
7

3/2

1/2

0

0

1/2

1/2

0

1/2

-1/2

1

0

-1/2

1/2

0

-1/2

1/2

-1

0

-1/2

1/2

0

-3/2

-1/2

0

0

1/2

1/2

0

1/2

-1/2

-1/2

1/2

0

-1/2

1/2

-1/2

1/2

1/2

1/2

0

-1/2

-1/2

1/2   -1/2

-1/2    1/2

-1/2    1/2

-1/2   -1/2

0      0

-1/2   -1/2

-■ /2    1/2

The eigenvalues of the rnutually orthqgonal
spin eigen states.

operaters,'01 ,"'rO7, for the different
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the excess in population of Ea ove4 Eb spin species and 06 to the

lttunneling system!', being defined as exces-s in population of A over

the sr:ur of Ea and Eb spin species. The remaing three operators 02 ,

03, and O, have no sfulple physical meaning and are chosen in a nallner

which will prove to be most convenient for dicussing the effect of
,tspin- diffusion" on the spin-la,ttice reLazation. Substituting egua-

tion(23) Lo equation (2L) one obtains

: - S (o - o"9'), (24)
●
α

where the colum-vector o has the

which has the equilibrir:m value

rt = 0 (o6: 0 only for rt = 0),

transition probanility tjj t and

We note that the relaxation of t

components o1, " " ,d7,each one of
eq. eg. ^ c J ^s=Y'i oi-Y' = 0 for i:2,3,4,7 fot

The matrix S consists of the

is listed in the literatur.l7).

he Zeenan system (see Table 1) which

ｎ

　

　

ヽ
ノ

。■

　

　

ｂ

correspond to the recovery of the magnetizati.on NI, and is observed

the present measurements is dynamically coupled to other systems.

Spin diffusion.
Now,we consider the effects of spin diffusion due to l{-inter"D

on Lhe 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 "inLer" part of the dipole interaetion is time

independent, each spin within a methyl group experiences a different

loeal field from a neighbourinB proton which is a single proton or

one of the protons of other methyl groups,

are of A, E^, and Eb syirrnetry, and theref,o.re

rn this case, 
"ottt"t

A, Ed, and Eb spin



states are mixed through spin di.ffusion (courplete spin diffusiorr)16)

In the time scale t, b-1<< t(((-spin-lattice relaxation rate)-1,

Eq. (23) becomes

ρ = ■ +  1 91 +  5 °5 (25)

This also the result of the traditional spin temperature xheoryz2'23)

The spin-lattice relaxations of crt and o 5 are mutually independent

when the observable tunneling frequency ot is zero, cx, 1 and o,5 relax

exponentially with the relaxation rates Stt and SSS in Eq'. (24) ,

respectively.

If, cn the other hand, the methyl group

- zl -

or tunneling (narrowing condition), Holnter

time-averaged part and the fluctuation from i.t (Eg. (15) ) . Each

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

dipolar field from other protons. The averaged part [oittttt which

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

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

process as follows.

is rapidly reorienting
can be divided into Lhe

i) . Because Hointer is of A syrrmetry, the selection rule of the flip-
flop transitions is described by

(s r l t* I t' *') = c(s m, s'm!) omq,m+1 6s,s,, (26)

where S, S' = A, E", and Eb

transitions between states

in these systems.

ii) The other limitation is in

, C(S m, Sr no!) is a constant. The

of different sylmetry is not possible

terms of energy conser-vation. On
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condition that b<< 2ldl (s9e Fig, 4), wtrieh applies in spin-

diluted solid, the energy levels become unequally spaced. The

rapid spin diffusion occur only between Lhe equally spaced leyels
(see Fig. 4) , because it satisfies the condition of energy

conservation.

The spin diffusion process under the condition bX2ldl and

limitation i) in called "symmeLry 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-1<( t (( Tt (spin-lattice relaxation time) and in
this case Eq. (23) becomes

p : 1 + o1o1 + o4o4 * *505 * o606,

The other systems in Eq. (23) relax as rapidly as spin diffusion

takes place ( at the rate U-1),

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

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

becomes

p = 1* ar0, * oZO2* a4O4 t o5O5 + oUOU.

(27)

(28)

For many cases of methyl groups in solid bt2ldl will be satisfied
and S.R.S.D. acceptable.

c) Relaxation behavior of Zeeqan systen,

In experiments we obserye the tipe evolution of magnetizati.on

MZ i,ilTich corresponds to the Zeeman gystem. fiIhen the observable

tunneling frequency (oa) is not zero, the Zeernan system is coupled

to three other sytems (Eq. (27))L7), i.e. dipolar system, rotarional



PolarizatiOn system

it is coupled only

coupled relaxation

be described by24)

-2η ~

and tunneling syste.ug, Hgqever-, w-hen

to the rotational poLari.za.ta.on sysEen]

equations for ot f 0 .for a powdered sample

ωt ・
S

17)

zero,

The

may

茎望生 = _ szz Ｚ

ｉ

一

″
Ｄ

″

Z―

″        ″

Z ~ SDD D 中

SZD SzR(β
l) R(β i) 

― ΣL SzT(β i) T(β i)
■

dD

dt

dR(β
i)

SDZ 郵 SDR(β i)R(β i)― Z
■                   ■

～
               ″

sDr(Bi) r(Bi)

ｔｈｅ
　
″
Ｄ

same mean■ng as ql, α
5' 

α4' and α6'

= D ― DT, lI(&i)= Rでふ
i) 

― R(α i)T and

dt

(One equation for each orientatiOn βi)

dili12 = 
― Siz(β i)γ  ― SiD(β

i)3「
 … siR(β i)｀ (β

l) 
― STT(β

i)′
T(β

i)

(one equation for each orientation- B; )
(29)

= - sRZ(Bi) z - sRD(Bi) D - sRR(Bi) R(gi) - SRT(Bi) r(gi)

Z, D, R(β i), and″T(βi)is
respectively.  2= z _ zT
rJT
T(Bi) = f(gi) - T(Bi)'; the superscript T denotes Lhe quantities

at the thermal equilibrir:m. Bi 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 Lhe sample. Then the Zeeman- and

dipolar-spin-torperatr:re are established oven the rd:role sanple; but not for

o4 and a6 (see Eq. (26)). The powder averagLng must be done with
care since this is-subject to the voh:ne in which S.R.S.D. is
effectiweLT'24). The coupling terms (Sij , L+j, in Eq. (2g)) for
the case of intramethyl relaxation are given in the reference (24).

The Zeeman autorelaxation rate SZZ is described as



SZZ =

where

」ln

and

」(ω )

二2_d2
40

= 」 (|ガ t

= Tc/(1

＋
ニ

n&r'), D = 1r 2,

+ 
^2, "2)

meaning of the correlation
a reorienting or tr:nneling

一ζO―

(」キ二十J二1+ 4J+2 + 4J _2 ) (30)

12_‐ 1442

r6

time and the activati6n
methyl group.

lrihen oaequals zero, SZZ becomes the well known formula of B.P.P.

function.

Because of the coupling, the Zeeman relaxationrafter a perturba-

tion is turned off, is generally described by Ehe non-exponential

recovery function and is dependent on Lhe initial condition into
which the firat goo pulses bring the *y"t.*".25) Such a behavior

of Zeeman relaxation is different for different sets of conditions
?A\of T., ot, and r0-"'. The experimental evidence and more detailed

discussion will be given in Section VI.

II。  1.4

energy Ea

ｅ

　
　
ｒ

ｈ
一
　
　
〇

一Ｔ

　

ｆ

To explain the temperature dependence of the correlation time

rc, a model which visualize the rotation of methyl group was proposed
/,\

by Lightelm-'. HRp induces the non-magnetic transitions between the

rotor levels having Lhe same synrnetry. 
_He 

assr-:med that these

transitions are described by the superposition of Lransitions between
ssqthe states, 00" and 0rr" (n) 0). The average time interval t."(Oen)

thaE a methyl group remains in one of the three wells in relation to
0<rn transition is described by



a'r " (0 €>n) =c

and
q

At"( 0 n) !

- 3l-

q s -1( Ar"(0 n) * $t"(_n 0) ) Po L (31)

(33)

worr-l , .Ars (-r, o) v qro,-,t.

ItS10 n) is the residence time between two excitat'ions from t't to
ee

0.r" and At"(n 0) is the tin;e jnterval that a methyl.group remains

in the state o-S after it has excited from the state t't. W'r, andn

Wrr' are the transitition raEe from oOS to trrt and vice versa, r€-

spectively. The ratio (WrrO/WOrr) is described as

= exp(Er, - E')/kT (32)
wo.,

If the transition takes place N times in a time interval, the rota-

tion takes place N x Po times from one well to another. For the
q

states 0rr" (nZn'), which lie above the top of the potential barrier,

P' is equal to.unity. In the case of the potential barrier that

assures the condition ltsln 0)<ntS1O n), the total averaged

rotation frequency (..S) from one well to another well is described

by

N Z po/ .s(o n),
n:0

1@

+ = X ,"s{o<+o)-l
aon=0c

and therefore
nt-l @

1_5>r.rSpS+pr.rS
^ 

: L) *0r, tn r /r *0r,
a o n=l n=nt

where n! dwnotes the lowest state that lie avobe the top of the
potential barrier. rf one transition from oos to arrt eorresponds

to once attacking the potential wall, Pn can be replaced by the
etransmission coefficient To" which describes the probability for a



_32-

tunneling rOtation t0 0ccur during the OscillatiOn in the state

ΦnS and only d,PlndS On th, shape and hё ight Of the potentlal

barrier.  工f wOn iS assumed to be deScribed bジ

- rot) tn-I , (β4)

equaLion 1::) becomes

Ｓ

ｎ
Ｅ一

ｒ
３
■
、

ｐＸｅ
ｎ

ａ〓

Ｓ

ｎＯ
Ｗ

n!-l-

* : Y "., 'r,s "*n [ - cE's - nos)lrot 
Jtc n:l

O'-1 r e e kTl (3s;+ X ro exp L- (Eo" - E0") I )
n:n t

Assr::ning that Lhe non-magnetic transitions within each synuetry are

uncorrelated, equatiOn (β 5) is applicab■ e f6r S = A: E (軍 a and Eb)。

The cOrrelation timel in Eq. (■9) is then described by

,"-1 = (r"A)-1 + tr"E) ,

For the non-tunneling sysLem, i,e. when trrt = O andt"O =..t,

(36)

(37)
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and the term of n - n' in Eq. (37) makes the principal contribution
to rc. Then the temperature dependence of .r" becomes the weLl-known

Arrhenits type

― EO)/kT} ,

where VO - E0 I Err, 80.

(38)
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At a sufficiently low terperature for the tunneling system (TrrS

# 0), i.€. if only the torsiona,l ground and first excited states

are populated, the activation energy is given by (Ef - EO). This

result was also obtained by Wallach, et ^L.27) "rrd 
Hauptl) in a

different approach. Equation (:S1 described that the apparent

activation energy becomes larger from E,

increasing temperature.

-E0 to Err, - E0 with

工I。  2   The temperature dependeice of thё  obServab■ e tunneling

frequency 
牝

.

The tunneling splitti■ g4n (Eqt(9))iS deteェ 1llined by the

potential barrler uniquely ttdヽ iS n°t a function of temperature

for an isolated methyl group.  However, seャ eral exper■ments have

demonstrated the decreasing tunneli,g frequeicy with increasi,g

tempelature2,‐ 32)。   The dFfoit has been Payed by several    l

authors17,33-37)t。 こxPlain thiS bdb鍋だlor by considering that the

rotating molё cular grOup in solid is coupled 10 ■attice modes

(phOnon).  other mechanisms have also been proPosed.38,39)

However, the model of coupling 10 Phonon is acceptable for many

molecular gr6ups in solid.  The coupling effect was taken into

account in two different ways as follows.

II. 2.L The model of thermal averaging.

The rapid non-magnetic transitions due to H*" establish the

thermal equilibrium between the same syruretry rotor levels. The

temperature T of the A synrnetry-and E syrnmetry-system is the same
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as that of the phonon systen, Thё free energy 5or MS ttelhyl grOuPs

with symetry S (S = A, 8", or Ub; is described Uy,4)

zs = ; exp( - errslkr),
n=0

-ak.. r'E* - rA..*f'
lvl

lEb rA
M

@Tr
ti?r^r-)-t exp( - E-"/kT)

.a. .- rl. .n=u

Ｓ

ＭＳ
Ｚ

ｒ

，

ｌ

ι

ｎ
１Ｔｋ

一〓

Ｓ
Ｆ

ZS is the partition functfon of a single methyl group and giyen by

^-a-b
We consider the case that }4A=M" = }Itr = M. The averaged tunneling

energy ■s

= ― kT ln (4■ )

E, exp( - n-A/tr)
n=0

Noting that the A-E sequence of the ground and excited torsional
levels alternates, i.e. trr" - ,rro = (-1)n ho, , and. assuming {ao/t<t

< 1 equation (4L) becomes L7)

e (-1)n A' exp(, - Enlkr)
n=.0 .'^

(42)tt=

Ｔｋ／

ｎ
Ｅ¨

／
ヽＰＸｅ

∞

Ｌ

祠

where Er, +fia,, = ,rrt.

(_39)

(40)

If only' the gror:nd and first excited states are populated,
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equation (42> becomes

A0 - A1, exp( - El/kT)
(43)

L

1+exp(-EllkT)

Equation (43), which describes the femperature variation of the peak

frequency, is equivalent to the res'ults of Allents model33). His

model also express the width of the tunneling spectrum. However his

model is based on the improbable concept that transition between

oOE and ,rrE is completly correlated with that between oOA and arrO.

Therefore we accept the modef of uncorrelated transition ( Eq. (41)

or Eq. (42)).

II. 2.2 A direct effect of coupling between methyl-rotor and the

lattice modes.

Another mechanism of this coupling was proPosed by Hull "r37) .

This effect may partially cancell the overlap of the wave functions

and diminish the tunneling splittingfiOo iEseff by successive excita-

tion of the coupled lattice mode with inereasing temperature. In the

case of small coupling to a phonon in the Einstein mode, the

temperature dependence of the tunneling splitting is described by

q(n)=^o(o)(1-2r-q2)
where

Ll ( S^txr - 1)

il'is the occupation number

frequency. Q is propotinal

of the Einstein node

to the strength of

(44)

and , is its

the coupling. For

一
一
　

ヽヽ 、

一
ｎ

the small coupling with Debye phonon, A0 is
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( *6 -r h'r r kr ..,4.}ro(r) ro(0, It tr';,a;,1 , (4s)

where B is the rotational constant of a methyl group, rD is the

Debyecut 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 eontribution to the temperature

dependence of obserVable tunnefing frequency is probably due to

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

on the rotr@ level scheme and on the spin-lattice relaxation.

In the case that two equivalent methyl groups are situated

closely vrith each oLher, Lhe hindering potential of a rnethyl group

is affectsed 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-ca11ed tlgeared motion" of rnethyl groups in
the classical sense. The rotation of these methyl groups should be

described by the "nomal mode". These features are also the same in

case of more than two methyl groups. This coupling effect will alter
thb energy scheme of the methyl rotor from that of a singl rotor
(Section II.1.l), therefore the feature of the tunneling rotation
will be different from that of a single nethyl group.

In this Section we will cohsider the difference

scheme between eoupled methyl groups and a singl one

to the spin-lattice relaxation. Furthermore, it will
whether we can get the evidence of the coupling both

and quanturnmechanical sense by the N.M.R. methods.

of the energy

and its effect

be considered

in the classical

III. 1 Energy scheme of two coupled methyl-rotor system.

The Hamiltonian of t\^7o-rotor molecules with Lhe s)nnnetry C'rr(r)

-CZu(f)-Cr.r(r) is described Url-S;

H = F (ptz + p22) + F' (pfpz + p2p1) + V(gt,$z) (1)
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where P, and P, are the angul4g momenta assoclated with two internal

rotation angles 01 land OZ (see Fig. 1). T and f indicate the pethyl

rotor and the frame, respectivefy. And the coefficients F and F!

are described Ur4)

r = 62/1+rc':) (tr-L * r*-1)

F' : 62 l1+rcH:) (rz * .*-1)

tr:1 - zx"ztrrr/t,

r*=1-2x.ztr"|t*

(2)

),* and )., are the cosine of the angle between the axes of the

internal rotors with the x and z axes. I* and I" are the morrent of

inertia of the molecule about the x and z axes. For the molecules

which have sufficiently large moment of inertia (I* and Ir) than that

of methyl groups (I"r-), T, and r-- become unity. In this case
"n3" 

z x
coupling ternn of the kinetic energy is zero, i.e. Ft = 0. Therefore,

the coupling between these two rotors is described by only the

potential energy term V(Qf ,Q2) in Eq. (1). The potentia.l function

in the most simple case, is described byz'3)

V(pt,02) = $3/2)(2 - cos3Qa - cos3Qr)

* Vrrcos3o, cos3|Z + Y.-z' sin3p, s'n302. (3)

where Vrrcos30, cos302 and Vrr!sin30, sin30, are the coupling terms

between the two rotors. In general, higher terms are included in
Eq. (f11). Now we can introduce the synrnetry coordinate,

ot = (0, + Q2)/2, o2 = (0r - Q) lz (4)



Fig. 1

and C3(2)
and (?.) .

groups.

-+7-

c2,

Sketch of two-rotor system with CZu symmetry. CS(1)
indicate the symmetry axes of the methyl groups (1)
01 and S2 indicate the rotation angles of the methyl



The coofdinate

operation. By

―今ζ~

,l iS Symm?Frica1 0nl ,2 1'

subStituti,8 Eq。  (4) to Eql

an,iSyЩm91r・9al wiFh C2

(_3), we obtain

V(φ■'φ 2)= V(‐0.,d2)

= V3(| :…  COS3dl cos,a2)|+V■
2'°

S6α
2

metshyl rotors wich Tu spn'r.try6) is shown

torsional first excited state splits due to the

the methyl groups into two sublevels which are

synuretry. The degeneracies of A, and Ft states

respectively.

(5)

f.or Yr2 = YLZ'. Ofcause the situation that YLZ = \L2' is the

assumption. In this case the difference between the syuraetric mode

o, and antisymmetric mode s.2 is clearly described. The first term

in right hand side of Eq. (5) is equivalent for the o1 and o, modes

but.the second tenn which is the coupling te::ut is ineguivalent:

This coupling term, in which Vr2 is the strength of the coupling,

causes the energy difference between o, and cr., modes (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 Q, or Q2 show the V, potential curve (similar to Fig. 3 in Section

II). The section of ol is differ from the section of o2 due to the

coupling term in Eq. (5).

III. 2 Energy scheme of four coupled methyl groups with TU

syrmoetry.

The energy scheme of the torsional levels f9r the four couPled

in Fig。  4.  The

coupling between

of A2 a■ d F. (Tl)

are l and 3,
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IoNeS。  ( RoC. Livingston et al。  )./

Fig. 2 Trre torsional energy scheme of 1r2r4,5-tetramethyl-
benzene (durene). n1 and n, are the torsional quantum nurnbers

of the nethyl groups and nt * nZ is the quantum number of the
two-rotor system. ,A1, A?, Bl, and BZ are the irreducible
representations. The torsional energies indicated by arrows
are deterrnined by inelastic neutron scattering experimerrts) .



Fig. 3 Schernat i c
coupled nethyl groups
of the potential and
potential.

r"t -

view of the potential
. The center of the
four vertexes are the

0at.L
+r/3

,nL

-Tt /3 ;'-r /3 +n /3

surface
square is
tops of

of two
a bottom

the
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ntOtal nA,       nFl

2  0 (_200〕 ::1~:

2   1  (_100)

2       2     (0 0 0)

1   0  (100〕

1       l      C0 0 0〕

2   0  (110)― T「

0        0           0

Fig. 4 Torsional energy schene of four nethyl groups with

Td syrrunetry. ttotal, tOr, 
"ttd 

nF1 are the librational quanturn

nurnber. The first excited state split into two sublevels

with different symnetries. ( after D.M. Grant, et aI.)
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The rotation ang19S φi (I = .・ ,2,3,and 4)of the methyl grouPs

are symmetrized und9r Td Pymm91r,7)

αl・ (_φl十 φ2+,3+φ 4)/2

α2 = (3φ. 
― φ2 ~ φ3 

‐ φ
4〕

/ 
・

2

α3 = (2φ 2 ~ φ3 ~ φ4)/ 6

α4 = (φ3 ~ φ4)/ 2.                                     (6)

The kinetic energy is

2T = Zp2 lr + pt2 / rA + (pz2 * nr', + p42) /rF. (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

0*. In the assumption that the coupling betweeri internal and over-,I

atl rotation can be neglecte d7) , the moment of intertia IO and IF

equal I.,r, The potential of internal rotation can be expressed as' tt3

2V=Vg-h Zcos3p, -vZn cos3orcos30,

~ V3

+ V5 Z sin30, sin30, + V'f,sitt3oi
■ 」

十 V7 Σtt   C° s3φ
i s■

n3φ j s■n,φk
i≠j≠k

+`V8.'t'k≠
1  
°S3φ i cos31j sin3φ k si五3φ

l

cos3φ i cos3φj cos3φ k 
― V4ΣF C° S3φ iΣ

i≠ j≠k

０
■

(8)

The cross terms in Eq. (8) express the coupling effects between the
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four merhyl groups, To yisualize which te;s is impotant for

splitting of Ehe torsiona.l ftrst exci,ted state due to coupling, we

can use the harmonic approximaEion. Then the potential energy

equation becomes

2Y= K[orz+zt- L OrOj (9)

i ij
where

K= (9/2)(Vt+ 3V2+ 3Vr+Y4), L= (9/2)(Vt+ 3V7+Yl).

Symmetr■ zation of this exPreSS10n g■ ves

2y = (K + 3L) sr2 + (K_L) (or2 + o32 + oo2) .

The frequencies are given by

: [rrrr(K - DJL/2
１

Ｆ
リ

２′

ノ
１

１ヽ
ク

Ｌ３＋Ｋ
２

Ａ
Ｇ２ｒ

ｔ〓

２
Ａ

ν

/21Fl' WhiCh aFe appro干 ■mated Py

Further splittings of torsional ground and excited states due

Eo tunneling effect have not been studied.

工工工. 3   Energy scheme of six coupled methyl grOups with D3d

symmetry.

We consider the case of hexamethylbenzerTe, which has six methyl

groups with DrU "yo*"ary8). 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

synnetry (hexanethylbenzene). The

into four sublevels with different
A1,-r. The transition indicated bY

scattering experinent to be 170-cn

CH3
D3d

cHμ▽△▽△

of six nethyl groups
fi.rst excited dtate
symmetries, Orr, Eu,

arrow was observed by
-1-.- at 20 K.

0

with D3d

splits

Eg' and

Raman sca

③
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torsional first excited state splitg into the four sublevels of

diff erent syometri-es, A2r, Err, Eg, and Aa.r,

III. 4 The effect of correlated motion (coupling) of two methyl

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 correfation?' of different dipole-dipole interaction
should be taken into account for treating a methyl group correctly
L3'L4). However,as will be discussed in the next Subsection III. 4.L,

we can safely use the pairwise additivity of the magnetic dipole

dipole interactions without concideration of "cross correlation"

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

(29) in Section II . 1. 3) of non-tunneling noethyl gtorrp2o) .

III. 4.L Method.

It has been discussed by Hilt and Hubbard (H.H.)13) and Runnels

(R.)14) that Lhe "cross correlationtt of different dipole-dipole
interactions are to be taken into account for describing the spin-

lattice relaxation of a metshyl group correctry. The relaxation
equation of Lhe Zeeman system (longitudinal magnetizaxLon, y4 by H.H.)

is generally described by four exponential functions and if "cross

correlations" are ignored, it is described by a single exponential

function. In order to make the physical background of this
relaxation behavior more transparent, Mehring and Raber (M.n.)15)

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 dif,ferent starting points but their results

were the same. Indeed the non-exponential refaxation equation

obtained by M.R. is the same as that obtained by H.H.15) for a

special case of B - 0, where B is an angle between the C: syfimetry

axis of a methyl group and the direction of external magnetie field.

H.H. and R. showed that the t'eross correlationrr is important for

describing the methyl group correctllz 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

'nspin-diffusion" process which plays an impotant role for spin

relaxation in solids. Emid, €t al. have further discussed the

relaxation behavior of a methyl group in solid in the framework

of syinmetry restricted spin diffusion (S.R,S.D.) theoryl6). If we

omit the "spin diffusion" process, the relaxation of the Zeeman

system (longitudinal magnetizatLon, O1) becomes coupled to three

other degrees of freedom (O2, Ogi and 04) and is described by four

exponential functions for a non-tunneling methyl group (rt 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 quantrjn-

mechanical treatment (M.R. and Einid, €L a1.), it is clear that the

inclusion of Lhe "cross correlation" is to couple the Zeeman system

$O Ay H.H.) to the othe:: three degrees of freedom.

For a satisfactory treatment of the spin-lattice relaxation in

solid staEe, w€ must take the "spin diffusiont' into consideration.

If we do so we can neglect the two degrees of freedom, i.e. OZ and
103,inthetimedomainoft,where(spindiffusionrate)-'<<

(spin-lattice refaxat'ion rate)-1 16). This situation may be realLzed
in the S.R.S.D. model as discussed by Emid, €L "t.16) in the follow-
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ing way. Undef S,R,S.D, the Zeenalr systegl is only coupled to th:

rotational polarLza.tion systep afrd the relaxation of the Zeeyn4n

system is generally described by two exponential functions.

Further decoupling of the Zeeman system from the rotational

poLarLzation system is possibfe in one of the two ways. One is to

rotate the sample about an axis perpendicular to the H0 field

yllh an angular velocity at least about three times larger than tr-t
L7). The other is through the condition that the autorelaxation rate

of the rotational poLarLzation system is much faster than that of

the Zeeman system, the condition that can be satisfied when ,'tc

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, w€ can adopt the pairwise additivity omitting "cross correla-

tionrj and the traditional spin-temperature theory is applicable to

the spin-lattice ralaxation rate (SZ),

Even when t}.e Zeeman system couples to the other system OO

(rotational polarLzatLon system) , w€ can obtain the autf,relaxation

rate of the Zeeman system(SZ) as the time constant of the fast
recovering component of magnetj:zatLonLg '20), which can be obtained

by the pulse seguence B (see in Section V. 2).

The formalism which we will apply to the present problem is

based on an equation of motion of stoeastic probability which governs

the jr:mping rate of a proton-proton vector (p-p vector) among several

al-lowed 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 matrix forrnari"*?O -23) 
.

-LThe total relaxation rate Tl ^ consistss of sum of the
1

intramethyl relaxation rate T., -t(intra) and the intermethyl
l-

1

relaxation rate T1 -'(inter) 
.

tr-t = tr-t(intra) * tl-1(inter)

The intramethyl and intermethyl relaxation rates are

the dipole-dipole interactions within a methyl grouP

between the two methyl groups, respectively.

III. 4.2 Intramethyl relaxation raLe, 
"r--t(intra) 

.

lie consider a molecule which contains the two equivalent

methyl groups. The type of the motion (elementary Process of

the motion) in consideration is only the reorientation of a

methyl group with the jumping rate ur3 about its there fold

symn'retry axis.
-'tTt - (intra) is described as

０ｔｅ
　
　
ｄ

ｕ
　
　
ｎ

ｄ

　
　
ａ

(10)

(11)

where

, ur3

This equation

system (SZZ;

B(λ ,ω )=

エ B(lλ ,ω )

λζ+ω

_1 9
Tl--(intra)=2x-

40 ゼ0

represents

Section II。 1

the autorelaxation

.3) for classical

rate of Zeeman

reorientation of
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metyl grouP.

_1T.,-'(intra) depends only on the dipole-dipole interaction

within a methyl group, therefore this value is of the problem

about a single methyl group in principle. Tt -11irrtt") does

not depend on whether the reorientation of tio rrethyl groups

are completly correlated or completly indipendent.

III. 4.3 Intermethyl relaxation rate/tr-t (inter)

1

To calculate the intermethyl relaxation rate ,r-t(inter),

we need to write down the transition matrix D which describes

the jumping of the intermethyl p-p vectors (internuclear

vectors) .LL'L2'20'2L) A p-p vector may jump among the nine

orientations (see Fig.6) .

i) In the case that two methyl groups reorient independently

with the jr:nping rate of ,3

The transition matrix D is given bY

D = ω
3

rihere 1(3) denotes the

presents

(13)

unit matrix in three demension and A re-

(14)

３

　

　

３

Ａ

　

ｌ

　

ｌ

ｒ

ト

ー

ー

ー

ｌ

ｔ

1(3)  1(3)

A   l(3)

1(3) A

■

　

■

　

４
一

１

　

４

　

■

¨

４

　

１

　

１

一

ｒ

ｌ

ｌ

ｌ

ｌ

卜

ｔ

A=



Fig. 6

vector
and D.

groups.

The orientations or
which are classified in
The triangles shown by

―Fタ ー

the sites of intermethyl p-p
four different length A, B, C,

broken line indicate the rnethvl
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Matrix D is di4gonal Lzed by the di{ect product of matrix T, where

r=(1/.(3rl't 1 1l

ll:.:.,|
i.e.DU=UA,U=TxT.
A is the diagonal matrix with the element lr, where li is

trr=o

^2 
= 13 = 14 = \7 = 3'3 = A(3) (16)

15 = 16 = trg = tr9 = 613 = ii(6)

t-l(int"r) is described as

tr-t(inrer) : t " * ro h' (Kz + K3 + ro + xr) B(r"(3), ar)

,  c = exP(27Ti/3)        (15)

+ ( KS + K6 * Kg + rr) 8(r.(6), t^r ), (L7)

where

t"(3) = A(3)-1, r"(6) = A(6)-1

and
T4r

R(-,,'\-CtC
-\L^ , w/

94 r+r.2 ^2 L + 4-r"2 
^2

K, (i = 2,' ' ' ,9) is the coefficient which only depends on the

structure of the two-mehtyl system. For the special case of ethane

molecur, the coefficients of Tr-l1ir,r"t; in Eq. (17) are in eomplete

agreement with the results by Woes"rr"=9'10).

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

completely correlated .



- (7 - 
,

The corlelated reoqientetions of two mgthyl groups are

classified into two different natures which are slmetric and

antisynrnetric reorientations with respect to the Ct operation (.see

Section III. 1) . The transition matrix D for the "s;rnrmeLric" re-

orientation is given bY

where

A=

The transition matrix

given by

D  =
a

1(3) (■ 8)

■(3)

～=A=

D for the "antisymmetric'' reorienLation is

1(3)

l(3) (19)

Ds   P3 2 1(3)

A

B

Ａ

　

Ｂ

　

２

Ｂ

　

２

　

Ａ

０

　

■

　

０

■

　

０

　

０

０

　

０

　

１

Ｂ１

　
　
０

　
　
０

０

　
　
０

　
　
１

０

　
　
１

　
　
０

１

ヽ

where matrices A and B are

and D" are diagonalized bY

λi S are

λl =

λ, = =\7-19=3t,l3

Ａ

　

２

　

Ｂ

２

　

Ｂ

　

Ａ

ｒ
ｌ

ｌ

ｌ

ｌ

ｌ

ヽ

３ω〓″ｎνＳ

５

Ｏ

　

λ

一一　

　

〓

８

　

４

λ

　

λ

一一　

　

一一

６

　

３

λ

　

λ

the same as those in

matrix U in Eq. (16)

Eq。  (■8).  Both Ds

.  The eigen values

for the "syrrtetric" reorientation, and

(20)
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２

λ

　

　

λ
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λ3
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λ

〓
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一一一
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４

λ

　

λ

〓
「
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6 ・  λ7 ~  8 ・  313 (2■ )

described asfor the "antisynrnetric" reorientation. -'lT, -(inter) is
.L

Tr-1{irrter,s)=3x 442 
{,*r+K3+K4+Ks +K7γ

９

一

４

(22)

for "sytrEletric" reorientation, and

tr-t (inter, a) = (K2+K3+K4+K6+K7

)                      (23)

for "antisyrrnetric" reorientation.
The calculation of the coefficient K, hTas done nr:neri cally for

L

the case of tetramethylpyrazirne molecule. The bond distances, 1.38
ooo/z'A, 1.51 A, and 1.10 A were used,respectively, for C=C. C-C( , and

C-H. The tetrahedral angle was assumed for a methyl group and an

equilateral hexagon was assumed for the pyrazi-rte ring. The

coefficients K2 + K3 * K4 + K7 and K, + K6 * Kg + K9 in Eq. (■ 7)

十卜3

+ K9)J B(rc(3) ,o )

+

ｒ
イ
ー
ヽ
　
　

　

，
ω

２

　
　
　
　
＞

る
　
　
Ｃ

左
可
　

　

　

　

　

Ｃ

γ

　
　

　

　

τ

９

一

４

　

Ｂ

，

Ｌ

ｒ

ｉ

ノ

Ｘ
　
　
　
　
ヽ
ノ８

３

一　

　

　

Ｋ

are l.074 x 10~5 Å■6 and 2.335 x 10~6 Å -6 respectively.  K2

+ K4 + K5 + K7 + K9 in Eq。  (22) and  K2 + K3 + K4 + K6 + トラ 十 K患

in Eq。 (23)are l.271 x 10~5 Å-6 and l、 099 x 10~5 Å…6, FeSpectively.

The differencies of Eqs。  (17), (22), and (23) are ,hoWn in Fig。  7,

where the activation process is assumed for ω3 22).  Th, liffereni,
between the ■ndependent reor■ entation and correlated reor■entation

appears in the low temperaturr branch 6f T.二 手(intel) cuttve and in

the efficiency of Tl「 1(inter).  HoweVer, becatse the contribution
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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., 

-1(intra) calculated with Eq. (11). The curves b and cr _l
show the T1 ^ (inter) , b corresponds to the cornpletely independent
reorientation (Eq. (17)), c corresponds to the cornpletely correlated
'rsymmetric" reorientation (Eq. (ZZ)). T1-1lirrter; curve f or "anti-
syrnmetric'r reorientation is not shown. It nearly fa11s on the
curve c.
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-1 -1 -of T, -'(inter) is rather smalleq than T., -(intra), it is difficult
.I I

for us to determine whether the correfated reorientation or

independent reorientation takes place from the observed ,.,-1 value.l-

The useful experiment for this purpose is to measure the spin-lattice

relaxation rate of thepartially. deuterated maEerial, i.e. two protons

in amethyl group is replaced 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.

III. 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 classic-al treatment dose not contain the term of

torsional energy of the roEor system. The energy term is included

only as the activation energy ( see the reference 22 in this

Section). 0n the other hand, the torsional energy scheme is included

in the equation of the spin-lattice relaxation in the framework of

the quantr-rm-mechanical treatment of tun:teling methyl grouPS (see

Section II. 1.1 and Section II.1.2 far a single methyl group).

From this f,act, w€ can clearly identify the evidence of the coupling

between the methyl groups by N.M.R. rel4xatton method. The transi-

tion probability between the eigen states j

lS' m') is generally described by

=lS*)andjr =
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The eigen state I S 12 denotes that this state is included. in S

syrmetry species and its rnagnetic quantum nr-rmber is m. Equation

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

ЪI=孝
K jl HD ljア

T
C

(25)

1+ωjjl Tc2

where 6rjj, = tj, - Ej or rjj, = ,r(SS!) t no.. or(SS') is the

tunneling spfitting between the synmretry species S and S ! and og is

the Larmor frequency. Equation (25) has macna when the condition

that t.ra(SS') * nui6 = 0 is satisfied, which induces so-called tunnel-

ing assisted minimr:n in the spin-lattice relaxation time (see Section

II. 1.3) and enables us to observe the tunneling spectr& rt(SS')
by N.M.R. raLaxation method.
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IV. Direct measurement of tunneling freq-uency of molecular

groups in so1id.

IV. I Various methods for determining the tunneling frequency.

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

are as follows.

1) inelastic neutron scattering. 1-L4)

2) electron spin reasonance (1ine shape)15-r7)

3) electron - nuelear double relaxation method. f8-19)

4) nuclear magnetic resonance.

i) relaxation metho d.23-29)

ii) adiabatic magnetLzatLon method (level crossing)30)

iii) line shape .20'2L)

iv) nuclear magnetization tirne evolution in the rotating ft^*"22)

, To measure the complicated tunneling spectrum, the methods

using line shape, 2) and 4)-iii)rand 4\ii) are not appropreate,

because these methods are insensitive to such a situation. The

methods, in which the electron 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 b.eam, €.8. \-Tays

to produce the free-radical in a material.

n-ach method is appropreate for a limited frequeney range.

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

Fig. 1
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One of the .our purposes in this thesis i.s to in"yestigate the

coupling ef fect between the meth.yl groups on the tunneling state.

l{hen the methyl groups are situated so elosely with each other

as the coupling 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 1arge. Therefore we chos'e N,I4.R.

relaxation method in this Ehesis, The two techniques, which

belong to N.M.R. relaxation method, were employed, One of them

is to measure the T, curve v.s. temperature at seyeral different

Larmor frequencies. If the tunneling frequency is temperature

dependent (see equation (41) in Section i-T,2), the condition that

ara * nar' = 0 is satisfied at approprLate Larnor frequency

o0. The so-called tunneling assisted rqinimum will be observed

(see Section Irr. 5) .23 '28 '29) The otehr method is Ehe f ield

cycling technique 25-28) which i-s equivalent to the method de-

scribed above and is more eloquent and easy, especially for

the case of very long spin-lattice relaxaLion tirne. The princi-

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

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

cycling technique.

The field cycling technique employed here was first used by

P. Van Hecke et 
^t.25), 

and similar method (electron-nuclear

double relaxation method) was used by S. Clough, €t al..18'19)

In the field cycling experiments, what we observe is the nuclear

spin magnetization at time rr MrCt ), which is related to spin-

lattice relaxation time T., through the f ormula,
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NIr( r) = xno 
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where the second term in the brackets represents the apparent non-

exponential behavior due to relaxation of coupled "s;/stems"

(see Section II.1.3). ai is lhs \,ssf ght 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 (r0 = yH'" ) 90" pulses in the static

magnetic field HO" at resonance. The value of HO" will be chosen

appropriately for each sa:rrple. The magnetic field is then

brought "adiabatically!' to another valu" H'b, in about 7 s

irrespective of the value of H'b, where the nuclear magnetization

is allowed to relax for a time r. A Eime t should be chosen to

be shorter than the relaxation time T1. The magnetic field is

then brought back "adiabaticallytt to the resonance value H0",

where after about 3 s a 90" pulse is applied to determine the

magnitude of partially relaxed proton magnetizatLon Mr( r ),
The interval of 3 s is taken to stabilize the magnetic field HO.

completely. This cycle is then repeated for different values

of static magnetic field HOO at a constant temperature.

HOb Sh° uld be chosen to cover the

tunneling spectrum of the material in investigation. Then the

maxima of M"( t), which correspond to tunneling assisted maxima

of relaxation rate at the situation that ,t * tr0: 0, will be

observed.. The external magnetic field HO should be slvept -

adiabatically. The meaning of adiabatic condition is as follows.

The populations of eigenstates should not change in the time of
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si,reep, i.e. the spin energy does 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, iL 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 rnethyl group. The energy shceme

of a single methyl group is shovm in Fig.3. The torsional ground

sEate splits into two sublevels due to tunneling effect, where

,t is the tunneling splitting. Each sublevel further splitts
into the Zeeman levels by appling Ehe external magnetic field.
We note that the level crossing occurs between the levels of A and

E slmrmetry at the condition that ,t * r^0 0 (n=-1, -2) and the

relaxation rate has elaxima If the tunnel splitting is zero

( ,r=0), equation (1) b""o*."31)

Mz( T) = xHO [1 - exP (―
「
―
ジ１

Ｔ
′

ノＴ

T1 is proportional to uO2 for the 1ow temperature side of T1

minimum,

(2)

(3)T, oC tl 
U2

rt 4 no'or

The magnetization l,Ir( t ) ( t is constant) v.s, external field HO

is shown in Fig.3 by solid line. Mr(t) is proportional to HO in
-1 in rhe high

Eq. (1) show

as shown in

the low field limit and M2(τ ) iS prOportional to H0

f ield lirnit. I,ihen o a is the order of o 6,
maxima at the condition Lhat, t * nub : 0

NIr( r ) in
(n:-1, -2)
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x4: AxA

Torcional

grou n d

Tunncllng

r plit ting

Zccmrn

rplittlng

rtat6 Ho 
-

Fig. 3 Energy diagran of a sigle nethyl group and the expected
field cycling spectrurn of a single nethyl group. hut indicates
the tunneling splitting of the torsional ground state. Two peaks
of rnagnetization are to be observed in the field cycling experiment,
corresponding to the positions of "1eve1 crossing't.
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Fig.3. We can determin the splitting r,ra from the magnitude of

external fiefd HO at which l{r(r ) show two peaks, The fgequeneies

of the peaks are in the ratio L:2 , eorresponding to the

situations, "b = y/2 and ,0 : ,t,
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Then the coupling between them can b9 ignored and Zeeman system

relaxes exponentially
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V. Experimental details

V.1. Materia■ S

To investigate the evidence'of the mechanical. coupling between

Lhe methyl groups, the five materials, which have different number

of methyl groups with considerably good symuretry, were studied.

These are as folIws.

i) Trichloromethylsilane

ii) a) TetramethylpyrazLne

b) L,2,4,5-tetramethyfbenzerLe (durene) H
Me-'.ArMet( )lMe\ Me

iii) Tetramethylsilane Me
I

-si_
M. \-ME

Me

iv) Hexamethylbenzene Me
M" tAtu"t{ }lveYve

. Me.

V.I.1 Properties and preparation of the samples.

Ｃ

　

　

Ｍ

　

Ｍ
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i) TrichloromethYlsilane

The specimen of CH3SiCl3 used in this study was obtained frgm

I,ilako Pure Chemical Industries, LTD. It was twice distilled under

dry air. The specimen was dried over Molecular Sieve 4,{ in vacuo

and further purified by repeated vacuum distillation. The distillate

was degassed by meairs of freeze-pump-thaw cycles and then it was

sealed into an N.M.R. glass tube with helir:o gas (about 10 Torr)

for heaL 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.) and any other anomaly rnTas not found between 80K

and the melting point.

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

T.M.P. used in this study was obtained from Aldrich Chemical

eompany, Inc. Durene which was purified by Zoon melting refinement

was obtained from Nakarai Chemical, LTD. These samples were further

purified by several times of vacurmr sublimation and degassed in a

N.M.R. glass ample whieh was sealed with 20 (T.M.P.) and L2 (durene)

Torr of helir:m gas for heat exchange. These samples were melted.

and cooled for experiments.

The melting points of these specimens used in this study r^7ere

examined by D.T.A. to be 356.0 + 0。 7 K (ToM.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) Tetra.urethylsilane (T.l'I. S . )

The specimen of Si(CH3)O used in this study was the one for
the N.M.R. standard ( E. Merck Co. ). It was dried over Molecular

Sieve 44, in vacuo and purified by repeated vacuum distillation.
The distillate, after degassing by means of freeze-pr-urp-thaw cycles,

was sealed into an N.M.R. glass tube |ir2| )with helium gas (about
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L7 Torr ) for heat exchange.

Since there are three solid phases o., B, and Y, of Si(CH3)4

at ordinary pres".r="l) ( there is yet another phase above 20 MPa )2)

and the B and y phases are very similar to each other thermodlmam-

ically and oLherwise, one has to take extreme precautions as to

identification of which phase he is dealing with. In fact, there

have been confusing and mutually conflicting reports with regard to

the solid state properties owing to such polymorphie complications.

Even after the phase relations \^7ere 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.5) 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 thermal analysisl'4)
through which it was possible to assign unambiguously which phase we

were looking at. Unlike the case of thermodynamic studies,l) the

g Phase was stable all the way down to 4.2 K.

The melting points of the o, S, and y phases of the speeimen

used in this experiment were L67.9 t 0.2 K, L70.5 ! 0.2 K, and L74.0

t 0.2 K, respecEively. These values determined by D.T.A. were in
good agreement with the established valu"r.1)
iv) Hexamethylbenzene (H.M. B. )

The specimen of H.M.B. used in this study was obtained from

Tokyo Chemical Industries Co, LTD. IL was purified by several times

of vacuum sublimation and degassed in a glass ample which was sealed

with 10 Torr of heliun gas for heat exchange. This sample was melEed

and cooled for experiments. Hexamethylhenzene undergoes the

successive phase Eransitions. The two transition points and melting



―ク′―

point of the specimen were examined by D.T.A. to be. 117.0 t 0.7 K

(phase lII + phase II), 380.6 t 0,6 K (phase 1I + phase I) ,

and {33,4 ! 0,4 K. (melting), respectively. The gas-ehromato-

graphic analysis was also performed. Any other impurity was not

detectable.

V. 2. Measurement of the spin-lattice ralaxation times.

V. 2.I. Apparatus

The spin-lattice relaxation time was measured with the pulse

spectrometers one of which was a variable frequency tyPe ( 7WIz,-.
(\ 6\

50 NftLzl) and the other was fixed frequency type (10 MIIz)."/ Some

improvements were performed to shorten the dead. time of the receiver

amplifier of a variable frequency type spectomeLer. The two types

of limiter circiuts were employed. 
^ 

One of them is a Passive type.

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

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

and a trapezoid wave generato=8), (see in Fig. 1. b). These devices

prevent overload of the reciver amplifier due Lo the high-power

Rf pulse and thereby allow the fast recovery of Ehe 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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Fig. 1. a Pass ive lirniter . For large input (Virr) , the crossed
diodes to ground limit the Rf-amplitudebetween the ind.uctor and
capacitor to a voltag" Vd(diode 1evel). Vout is linited to
oRCVU, where R is the input resistance of preanp. and o is Rf-
frequency. The cond.itlon that olR((l was assurned. A factor
rrrRC is better than cross diode tlorr". 7)



‐ご子。一

15K 10K

10 K

30K 10K

IROM

PULSE PROGRAMER

(TTL ttL)lK

〔H)

lA

B

硼
　
ｌＫ

童92

_Lv//〃 1=5K 〃〃
`15V

15v

Fnom

7

+15V
MATCHlNG UNIT

OR

PASSIVE LIMITTER

Fig. 1.b Active lirniter Used in the present experiments.
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Fig. 2 Block diagram of
The spectrometer is a wide

pulse N.M.R. spectrorneter with lirniter circuits.
band typu6).
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t irne

F--J;tl

Fig. 3 A typical free induction decay (F.I.D.) of CH3SiCIS

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 tine durdtion, t, is dead tirne and
is 11 us which includes the width of the 90"pu1se.
F.r.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 xceasurements.

As will be demonstrated and discussed in Section VI. l,

the magnetLzatLon 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 90o pulse.

The train of pulses continues during a Lime 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

Section II. 1,3) out of thermal equilibri,*9)
B; Short train of gOopulses - r - single 90" pulse.

The shorL train continues during a time much shorter than the

relaxation times. In actual experimental set up, w€ used four 90'

pulse at interval of 200 ps o<cept for CHrSiC.|3(the nuclear signal,

F.I.D., after each 90・  pulse decayed with a half-life Of about 7 11s

For CH3SiC13 the t■ me interval of 500 11s was呻 t O CH3Sittb・

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 stat"..9) fh. pulse sequence B is equivalent

to the conventional g0" - t - glo pulse sequence and also similar to
1800 - r - g}o pulse ,.qrr"rr""g) but it can eliminate the un:

!a1..ror-gb1e- effect of deviation from 90o which causes a considerable

error in the spin-lattice relaxation time, especially in the fasL
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relaxing component. We also used these conyentional methodg as

we used pulse sequence B and compared Ehe fecovery curves of

magnetization. For the sequence B, to be able to lead to a

well-defined T, va1ue, one must start this sequence from the

spin state of eomplete thermal equilibriurq, whereas sueh initial

conditions is not necessary for the pulse sequence A.

V. 3 Field cycling experiment

To perforul the field cycling experiment the aparatus

which swept the external magnetic field HO as shown in Fig.

in Section VI. 2, was constructed.

V. 3.1 Apparatus

The block diagram. of the apparatr:s for the field cycling

experiroent is shown in Fig. 4. This is almost the same as that

for T, measurement (Fig. 2) occept for the field s\^7eeper. . This

field sweeper generates the trapezoLde wave (t5V) of which the

voltage Tras used as the rdference for the field controller :to

sweep and to stabilize Ehe eurrent of the electric rnagnet. The

circuit of the XrapezoLd wave generator is shown in,Fig. 5. The

prelimin ary clrcuit was shown in M.S. thesis.l0) gne of the

important problem is to stabilize the reference field HO" QLg. 2

in S_ection IV. 2) completely to eliminate the deformation of

F.I.D. due to fluctuating magnetic fie1d. For this Purpose the

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

value can be kept constant to within *0.02% in all the runs
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Fig. 4 Block diagram of the apparatus for field
experiments. Except for f i,e1d sweeper conected to
the apparatus is the same as that in Fig. Z.

cycling
pulse programer,
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Fig. 5 (continued)
Maximun out-put voltage is + 15 V. The time duration of trapezotd
wave is determined by timef,IC 555. The base line (0 V 1eve1) is
stabil:-zed by using analog switch 4016. The stability of 0 V 1eve1

determines the stability of the reference field HO, (see in the text)
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V. 3,2 Calibration of the field sweep.

The field sweep by the apParafus described above was calibrated
by the N.I'I.R. signal of tetrarnethylsilane at about 80K for several

Hg" values. The relation between the strength of the magnetic field

HOU and the out-put voltage (V) of the trapezoid wave generator

r^7as determined. In the experiments, the output voltage of the trape-

zoLd wave generator was monitored by digital voltage meter and then

the value of Hg6 was known. The external magnetic field HOO v.s

out-put valtage V was almost described by linear function. tr{hen

we use the explicit linear function, the maximun error is within

t 17" of the value of HOO for t 0.5 T sweep-width. This error

did not affect the results of tr-rmeling splittings, because the obsenzable

peaks of magneEization 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 maximr:m enhancement of the

magnetization. As we shall discuss in Section VI we cannot 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 eycle run from the state of complete thermal

equilibrir.m of the spin system to obtain the nnaximum enhancement of

the magneELzatLon at the condition of 'oa*nrrr.=D. However, because

the relaxation time at low temperature is extremely long ( tO3 '"
10-s) for the rnaterials studied in this Lhesis, it was not practical
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to wait for the Whole spin― systett tO come tO cOInplete thermal

equilibrium before starti,g each field cycle runo  we thus made a

compromise between very long expe■ ■menta■ 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)。

工t was ascerta■ ned that the pos■ tions of the peaks of magnetization

at″ tln%=O did・Ot depend on such exp壺 hental conditions within

the w■ dth of the peak by do■ ng a separate exper■ ment for ン
´
Phase

of Si(CH3)4 at 26。 フK (Tls=560 s).  Therefore, We Will pay atten―

tion only to the pos■ tions of the peaks of magnetization.  Thle

field cycle Funs were conducted with a constant interval (t2=

constant5 see Fig。  2 in Section IV。  2)and frOm the low to high

field

of H'b for any materials and at ar.y temPerature.

V. 4. Continuous wave N.M.R. measurement.

The proton N-M.R. line shapes were observed by the

continuous wave (c.w.) meEhod by using a Robinson type spectro-

r"t"r1l) and bridge eircuit with hybrid 3unction.ll) The field

moduration meLhod was used for both systems and its frequency was

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

external magnetic field l,fere calibrated by a N.M.R,. signal of
,J-

ClJ.'- doped H20 at. room temperature. The Robinson type sPectrometer

used in this study worked at about 7 - L3 ,*rt'). A bridge circuit

with hybrid junction was constructed to observe the line shape at

high Larmor frequeney (- 60MHz). The block diagram of the bridge
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circuit syster4 i.s shown in Fig,6" The approppiate character of this
bridge circuf t 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.I{.R. measurements at wide Eemperature range,

an appropriate cryostat was constructed, The schematic view of this

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

helium under the shielding can is about 250 ".3. The temperature

was controled automatically by the apparaturl3) which keeps the

temperature-difference between the reference point (U) and the

shieldidlg ean (a) constant by the two kinds of heaters E and T

IrJhen the liquid heliunn is not used the temperature of the sarnple is

controled against the ice-point (reference point). The temperature

could be stabilized within * 0.lK for 8 -10 hours between 4.2K and

about 100K by using the coolant of liquid helium. Above 80K the

stability of temperature was better than t 0.lK by using the coolant

of liquid nitrogen which was reserved in the out-side dewer (R).

In this case r^ze 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 l5K.
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50 Ω

Fig. 6 Block diagrarn 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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Fig. 7 (caption)
A; outlet of the lead wiers and therrnocouples,
B; level indicator for liquid nitrogen,
C; outlet of nj-torgen gas,
D; 1evel indicator for liquid heliun, carbon resisters (250fi,

I/8 W) I'ere used,
E; heater for temperature control,
F; germanium therrnorneter,
G; j-nlet of liquid heliurn,
H; Rf-conector,
I; outlet of helium g&S,

J; rubber tube to ensure Yacuun'
K; inlet of liquid nitrogen,
L; cap of the out-side vessel,
M; radiation shield,
N; therrnal ancher for heat exchange between the lead wiers

(thermocouples) and the shied can,

0; Rf-coi1 (sarnple coil),
P; thermocouples,
Q; Au(Fe)-thermocouple for ternperature control, reference point

is liquid heliun ternperature (U),
R; out-side vessel,
S; in- side vess-e1,

T; heater to evapolate the liquid he1i.um,

U; 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

characterisLic behavio::s of the Zeeman relaxation due to the

quantummechanical tunneling and/or elassical jump-reorientation

of a methyl group about its C3 syrnmetry axis was examined

(Subsection VI.1). The nonexponential magnetization recovery

was observed in the low and high temperaLure branch of the Tl

curve. This nonexponentiality was dependent on the experimenEal

method employed. Secondly the tunneling spectra of the sets of

some different numberT of methyl groupslitere obtained by "I{.M.R.

field cycling techniquet! for the five materials; CH3SiCl3 con-

taining a single urethyl grofP in a molecule (Subsection VI. 2) ,

durene and T.l4.P. containing two pairs of two adjacent methyl

groups in a molecule (Subsection VI.3),Si(CH3)a 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 dependence of the tunneling spectra (frequericies)

was observed directly for Si(CH3)4 and H.M.B. " For CH3SiC13,

durenb and T.M.P., the indirect evidences of the temperature

dependence of the tunneling frequencies were obtained. Thirdly

the smal1 reduction of the firre width was observed at low

temperature (30 q,60 K) for CH3SiC13, T.M"P. and Si(CH3)4f)

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

intramethyl dipole-dipole interaetion2-5) .
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VI.1 The behavior of the Zeeman relaxatLon or the recovery

of the longitudinal magnetization.

Typical magnetizatLon recovery curves from the different
initial conditions of the spin states are shown in FigS. L,2,3,

and 4, respectively, for CH3SiCl3, durene, T.M.P., and Si(CH3)4.

The initial condition was prepared either by the pulse sequence

A (1ong train of first pulse) or the sequence B (short train or

single pulse of first pulse; see Section V.1). The magneti-

zatLon recovery was nonexponential irrespective of the method

(A or B) above the temperature of Tt (rnin.) due to methyl

rotation about its Ca symnetry axis, whereas it was exponential

for the method A and nonexponential for the method B below that

temperature. llhen the recovery was nonexponential, it was de-

composed into Ehe fast-recovering component (.Tff) and the

slowly - reeovering component (ff"). Ttt is shorter than Tl"

by two or f our orders below the T, (urin. ) temperature. The

decomposition was performed and two components at these tempera-

tures are also illustrated in Fig.1 - Fig.4. Above the Tt(urin.)

temperature the two compoRents (Tttand Tl") were not so differ-

ent as that below that temperature. The decomposition was

performed by least squre refinment 6)and the typical examples for

T . M. P . and CI13SiC13 are shown in Fig , 5 .

The temperature dependence of the spin-lattice relaxation

time of T.M.P. measured at 20,5 Nftlz is shown in Fig,6. In
the low temperature branch 1(kf/f) 2L3.5 or T 9lS X) the



- 78 -

c|-bsict3 29。9 MHz

0.1

r.0

0.1

0.1

0.5
E r/S

Fig. 1 The typical nagnet ization recovery at different ternperatuers
for CHgSiClg. a. aboye the temperature of T, rninimurn, o by the
method A (1ong train) , o bI the nethod B (short train) . b: below
the Tt nininurn temperature, o by the method A, O bI the rnethod B.

c is the portion of fast-recoyering component of rnagnetization
obtained by the method B,
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Fig, The typical rrlagnetization recovery at different temperatures
for the I phase of Si(CHj)4" ai above the tenperature of T, rninimum,

o by the rnethod A (1ong train) , O by the nethod B (short train) .

brc: below the Trrnininun temperatures. b is obtained by the nethod A

while c by the rnethod B. d is the portion of fast-recovering compo.-

nent of 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, O by the method
A (1ong train) , O by the rnethod B (short train). b: below the Tt
rninirnum temperature, O by the nethod A, I by the nethod B. c is
the portion of fast-recoyering component of rnagnetization obtained
by the rnethod B.
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20.5 MHz

1.0

z/s
Fig. 4 The typical nagnetization recovery at different temperatures
for tetranethyLpyzazine, a: above the temperature of Tt minimurn,

O by the nethod A [1ong train) , C by the nethod B (short train).
brc: bel-w the T, rnini-rnurn temperatures. b is obtained. by the nethod.

A while c by the nethod 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 tetranethylpyrazine (b). a and b are obtained
avobe the respective T, rnimirnurn temperatures. The solid curves
show the fitted values using the forrnurae,

M(t) = Mo{1 - 0.66 exp( - 3.L2 x Ia-Z s/i
- 0.34 exp( - 2.25 x 10-1 s/t)J

and

M(t) = MgIl - 0,61 exp(- 9.50 x 10-3 s/'c)
-0.39 exp (- 2.93 x l0-2 s/t)l ,

respectively, for CHSSiCI , and tetrarnethylpyrazine.

く

ミヽ

き

ｅ

　

　

ｅ

Ｍ

　

Ｍ

Ｘ
Ｎ

　

Ｎ

Ｋ
ｅ

　
　

ｅ

Ｍ
　
Ｍ

CH3Si Ct3



― ノ0ア ~

「 /K
50    40

゛
、ヽ
ビ

Ю4

103

1。
2

101

10°

10~1

1。

-2

20

kK/「

30      25

401。

-3古

10 30 ・

Fig. 6 Temperature dependence of the spin-lattice relaxation tine
of tetramethylpyraztne at 20.5 MHz. tr ( f) was determined from

-'l(ln 2) -r!/, where ,t/Z is the half recovery time of magnetization.

E ( O) was obtained by method A (1ong train) while a( O) was
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thp@d also slow components (Tf f and Trr) of the relaxation.
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relaxation time measured by the method A was in good agreement

with the slow component Tl" by the method B. The weight

of T* component by the method B became small with increasing

temperature and the magnetLzaxion recovery became single exponen-

tial function just below the Tr(min.) temperature. These

behaviors are also the same for GH3SnC13, durene, and Si(CH3)4

and are understood by the symmetry restricted spin diffusion
theory (S.R.S.D. theory) by Emid, et 

"1.7'8) 
(see in Subsecrion

rr. l. 3)

As will be ciexcribed in Subsection VI.2 - VI.5 the Lunnel-

ing-freqr-rencies- of methyl groups in the materials studied in
this thesis are eomparable ord.er (100^,102 Hz) with Lhe 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.8)

ilowever it was exarnined by LigtheLm, et 
"t.10) 

that the coupling

with the tunneling system is most effective on the non-exponen-

tial behavior of the Zeeman relaxation at the condition that
d"*DO (the same order). Therefore we will now consider only

the two system, i.€. Zeeman system and tunneling system in the

1ow temperaEure branch of T, curve. By this siurplificaEion we

can schematically illustrate the non-exponentiality and the

dependence of the Zeeman relaxation on the method errployed as

shornrn in Fig. 7. The origin O indicatei the complete thermal

equilibrir:m sEate of the spin system. The abscissa describes

the Zeeman system, Mr-M.; population difference from the thermal

equi1ibritrur.Theordinateindicatesthetunne1system,NAE-

Nee'; the deviation of Ehe 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 llI"

which co:responds Lo the value along the abscissa in Fig.7.

Because the relaxation of Zeeman sysLem is coupled to the

tunneling system, Lhe relaxation equations are coupled to one

another.

(Mz - M0 ) : ^L 
(Mz - M0 ) + bf (Nan - NRSO)

(Nan - NeeO) = a2(M, - M0 ) +bZ(Nas - NASO)

The sol.ution of eq. (1)

ｔｄ

　

ｄ

dt

Therefore Lhe abscissa (Mz-M.) and ordinat. (Nnn - NegO) both containe

the two kinds of rate constants, Rl and Rr. Equation (2) can

be decomposed mathematically i,rith regard to the rate constants

by a simple rotation of the coordinate axes in the Zeeman

-tunnel plane in Fig.7. We obtain
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and then we obtain new

FLg.7. Each of these

Mz

axes I and II as shown in

II, contains a single rate

NAE

coordinate

axes, I and
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Fig. 7 Schematic view of the spln-lattice
from the different initial conditions of the
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relaxation processes of a

spin systems, each of wich
a single 90o pulse, rnethod

torsional ground state of

tunneling nethyl group
is prepared by the
B). The right hand
a nethyl gtoup.
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constant Rf or &2. This transform€tion of the coordinaLe axes

do not correspond with the physical operation but only has the

mathematical meaning.

A single 90e pulse or a short train of goo pulse brings

the spin system from the point O Eo the point X. The relaxation
occurs firstly along the axis II with large relaxation rate and

second.ly along the axis I with small rate (as indicated b.y solid
line as in Fig.7). On the other hand., a long train of gAo

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-

jectiong to the abscissa.

ldhen the tunneling frequency up.equals zero or the condition

thaL (rt* narg) t 
" 

(( 1 is satisfied, Zeenan system is coupled

only Lo the rotational poLarLzation system 7 '8). The similar

concept as that described above is acceptabt.9).

It was observed Ehat below the Tr(min.) temperature Ehe

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

ereasing temperature, This fact corresponds with the result

that the tunneling frequenci"" ,rSSt decrease when the ,.

temperature increases as will be examined in the followi-ng

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.



-lo8-

VI. 2 Methyltrichlorosilane, CH3SiCl3

VI. 2.L 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 sma1l peaks indicated by ;arrows and a large enhance-

ment of the magnetLzatLon below 0.55 T. This enhancement below

0.55 T was attributed to the cross relaxation effect between

the protons and the chlorine nuclea, i.€. 35ct and 37ct The

effect of cross relaxation is to shorten the spin-lattice

relaxation time of proton. The relaxation of. spin energy of

the ehlorine nucleus is induced by the nuclea{uadrupole inter-

actiorll) "rd the energy exchange between the proton and chlorine
nucleus is performed by the d.ipole-dipole interactioo". 12)

I,rlhen the spin lattice relaxation time of chlorine. nucleus is
much shorter than that of proton, the spin energy of the proton

flows to the lattice Lhrough the chlorine spin system.

The nuclear spin of 35ct (or 37ar) is 3/2 and therefore

Ehey 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

field HO there are two doubly degenerate energy 1eve1s t 
l, I

( m = !I/2, !3/2). The Zeeman field removes this degeneracy
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and f or | * l: 312 there are two energy leve1s,

E = e.(3m2m\ - *{ n coso. (4)

The case of the states m〒 +1/2 is somewhat specia112).  The mix_

E+=A(3ィ4-

I(士 +1リ

I(工+1'

ing between the states l+ttZ) and l-l,tZ) occurs to form new

states l十〉and l‐>wilh energies ttiVen by,

■
~(f/2)玉

Ω cOsθ (5)

= (t * G+L/Dz t^nz u) tlz

This energy scheme is obtained for the axially syrnretric field

gradient (t= 0 ) and the magnetic field is considered. to be

rather weak, i.e.ln.. .2qQ. The energy scheme is shown in Fig.

9. For CH3Sicl3the asyrmetry parameter 
"l 

is probably finite

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

the field eycling experiments. However, w€ can estimate the

frequencies between the spin states (Fig.9) with sufficient

accuraey for our purpose by using Eq, (4) and (5). Three kinds

of pure quadrupole frequencies of CH3SiC13 were observed by

Hooper and Brayl4)' which are 18.955, Lg.O2O 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 l-Z/Z) ana [+) with Lhe condition

rhai cos0=1 is 22.3 lfitz (0.52 T) at 0.55 T of external magnetic

field. Blow 0.55 T the effecL of "cross relaxationt'is to be

observed, because the separations smaller than 22.3 lfr1z exist
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Fig. 9 The energy scherne of 35ct

n is the asymmetry Parameter and HO

field.

HO、 ≠ 0

nucleus(I=3/2).
is the external magnetic
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for 35ct and do so fot 37c1 of which the quadrupole moment a

is smaller than that of 35Ct by the factor of 0.78. This fact

is in good agreement with the experimental result that the

large enhancement of the proEon magnexLzaEion was observed

below 0.55 T. Above 0.55 T the effect of "cross relaxation" is
not expected.

The two peaks of magnetLzation indicated by arrows in

Fig.8 is the tunnel spectnm of a nethyl group, The frequencies

of these peaks are 34.6 I 0.5 and 40 .4 t 0. 5 WIz. The two peaks

are attributed to the different kinds of methyl groups which

are hindered by slightly different potentia1- barriers in the

crystal. Because the crystal structure of CH3SiC13 has been

not known, w€ 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 lypical
one which is expected for a rapidly reorientLngz'L5) or tunnel-

irrg3 '4'L6) methyl group about its C, synanetry axis (Figs10 and

11). We note that the portion of intermethyl broading is very

small and the shift due to intramethyl dipole interaction was

distinguishable (F'ig.11). The second moment at 83,3 K is 6.6 !
,0.1 G-, which is larger than that reported by Rochow, et 

"L.L7))( 3.55 G' 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 CHrSiCl, crystal was not detected by our measurement

of line shape up to L20 K (Fig.12) and also by our spin-lattice
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Fig. 11 A half of absorption line of trichloronethylsilane, ,

CHSSiC1j. The shape was obtained by integrating the observed
differential absorption line (Fig. 10).
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absorption line of CH3SiClj. 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 in Subsection VI. 7.

The expected second moment Mr(Lntra.) due to intramethyl dipole

interaction for a rapidly reorienting or tunneling methyl group

is 5.26 G2 2'4'I7), assuming an interproton distance of 1.80 i
( C-H distance equals 1.10 i I . The observed intermolecular

contribution Mr(inter.) of CHrSiCl3, which is partially averaged

by the rnethyl rotation, is 1.3 G2. 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, w€ 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 .sixEh po\^7ers of

a distan". n.18) lrlhen we consider the effective (averaged)

distance (n) Uetrireen the centersof the methyl groups and we

use I'1, (inter.) "c(n)-6. The value of (R) for CH3Sic13 is larger

than that for T.M.P. and T.M.S. by about 20%. The mechanical

coupling between the methyl groups is considered to be induced

by the repulsive force between the protons in different methyl

groups. TLre amplitude of this force is proportional to (n)-f2

if one assume the Lennard-Jones type potential- The strength

of the repulsive foree between the urethyl groups in CH3SiCl3

crystal is wearker than that for T,M.P. and T.M.S. by the factor

of about one order. This estimate suggests Ehat the effect of

mechanical coupling betweeen the methyl groups for CH3SiC13

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

pair which is expected to appear at the conditions that ,t = ,0

and ur/2 = ,0 as described in Subsection TV,2" 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 ,t to measure the frequency

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

the condition that ( ot * norg )' ,"'D1 becomes satisfied. In

this limit the spin-lattice relaxation time is proportional to

n[:2 an 
て おt l nωO ):τ C (6)

where .c is the correlation time of the rotation of a methyl

group. It is expected from Eq.(O) that we obtain the 
^02

dependence of the spin-lattice relaxation time T, at high

frequency limit ( ura((rO ) and on the other hand T, is independ-

ent on the Larmor frequency at low frequency limit ( ura) org ) .

Figure f3 shows the result of urg -dependence of the slowly-

relaxing component Tls measured by the field cycling technique,

which indicates the neary ,02-d"p.ndence at 1.1 T (46.8 MiIz).

Therefore it i:s not probable to consider that each'of the ob-

served peaks in Fig.8 corresponds to wr/2. The peaks

corresponding to u"/2 probably exist at 17.3 \frlz (0.41 f) and

20.2 MtIz (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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rotation of a methyl group as folIows,

V(o) = (v312) (L - cos3 e ). (7)

We can esLimate the torsional energy and tunneling splitings by

using the table of characteristic values of Mathecis "qrr"tiorrlg)
and the activation energy E"=5.8 liJ rrol=lobtained from the T,

measurement. The result of T, measurement will be discussed

later. The estimated tunneling splitting A0 of Lhe torsional

ground state (EO) is 48.4 MHz with the hindering varrier Vr:

E" * E0 =6.74 kJ atol-land the separation (El-E') between the

torsional first excited and ground state is estimated to be

113 "*-1. 
The observed torsional energy is 160 

"t-1 
which was

obtained by inelastic neutron scattering experiment2l). The

observed peak was not broad u:rlikely 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 0 .2*0.3 kl-mol-1

of V, value in Eq. (7) induces the variation of 2 -L7 }'/fJz in A g

and the variation of 2^3 
"*-1 

in the torsional energy (E1-E0).

This small difference (0.2*0..3 klo,ol-1; 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 CHrSiCl, solid were 34.6 and

40.4 MHz which correspond with the different circumstances 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 eyidence of decreasing tunneling frequency as

temperature increased was obtained from the behavi.or of the

temperature dependenee of the magnetization recovery, which

will be discussed in the next.

VI. 2.2 The spin-lattice relaxation time.

The t'cross relaxation" effect between the proton and chlo-

rine nucleus is effective to shorten the Tt value of the Procon

below about 0.6 T (correspondJ to the Larmor frequeney 25.5 Mtlz

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 I{I1z to eliminate the effect

of cross relaxation and to :obtain the reliable values of T1 due

to methyl rotation.

The temperature dependence of Tt measured at 29.9 l*lz is

shown in Fig.14. Ttre characteristic behavior of the magneti-

zatLon recovery has been already described in Subsection"

VI. 1 The weight of the fast-recovering component Ttt of this

material is very small in the low temperature branch and Ttt

component was confirmed by this experirnent at least below 36,9 K.

However the presenee of this component was confirmed by this

experiment at least below 36.9 K. The weight of the Ttt com-

ponent became smal1 and further became unobsevable when the

temperature increased. This result is to be compared with the

prediction by Punkkinen, "t "I22): that the weight of the Ttt

component becomes small when the value of t,a/r^lg becomes smal1.
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This comparison leads us to the conclusion that the effeetive

tunneli-ng frequency, I of a methyl group of CH3SiC13 decreases

when the temperature increases. The detailed dependence on the

temperatllre was not obtained.

The condition that r0=rr ( ug/2n = 29,9 IfrIz ) will be

satisfied between 20.5 and, 67 K. 20.5 K is the temperature at

which the tunneling frequencies were observed by field cycling

technique and 67 K Ls 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 poLarLzation systen$became. strong. Because the

weight of T* of CH3SiCl3 is small, the tunneling assisted mini-

mum of the spin-lattice relaxation time, which should appear

only in the T* component as described in Subsection IV.2 and

as will be dernonstrated for Si(C%)4 it Subsection VI.4, was

not detectable. However the tunneling assisted minimum exists.

Indeed the peaks of the magnetization in the field cycling

spectrum \^7ere observed which is caused by the tunneling assist-

ed minimr:ur of the spin-lattice relaxation tine Lhrough the
,a\

equation (1) in SecLion IV. Wei and Johnson--/ reported the

non-exponential relaxation in the vicinity of the T, (min.)

and on the high temperature side of the T, (min. ) . This is 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 Lhat the nonexponentiality also exists in the 1ow

t.emperature side of T, (min.) and the tunneling assisted relax-

ation exisists although the weight of T* is smal1 and it is
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difficult to obtain that by the measurenent of the spin-lattice

relaxation time v s. temperature.

In the low tenrperature branch

time determined by the method A was

60 K) the relaxation

good agreement with the

く
″
　

ｎ

Ｔ
一　
　
。■

slow component (Tf") by the mehtod B. The magnetizatLon

recovery \^ras also non-exponential and depended on the method

employed near and above the Tl (nrin.) temperature (Fig.L4).

But the detailed characters of the magnetization recovery below

and above the T, (min. ) temperature were different from one

another, which correspond with the different nature of the

coupled relaxation between the Zeenan system and other systems.

In the 1ow temperature region the Zeeman system is coupled with

the other three systens, especially to the tunnel system.

On the other hand the Zeeman system is coupled only to the

rotational poLarLzation system near and above the Tl (rnin.)

temperature. In the latter case it was confirmed that the

fast-relaxing component T* was in good agreement with the

autorelaxation time of trhe Zeeman "y"t"t52) 
(Srrlsection II.

f.3). The autorelaxation rate of the Zeeman system is des-

cribed by.

T171 1 
赤

γ
442

l l (8)

for classical jump-reorientation of a methyl group, i-€- ,t:0
(see Eq. (30) in Subsection II.1.3).

The T* and Tr" components r,rere decomposed from the magnetLzaX-

ion recoveries measured by the pulse sequence B and are shown

in Fig,15. The low temperaLure branch of the Tr" curve includes
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the T, values determined by the pulse sequence A which are in

good agreement with the Tl" component determined by method B.

The solid curve is the calculated value using Eq.(8), which is

applicable only for T* at and above the minimum temperature

as shown in Fig.15. We can derive the rate o3 with which a

methyl group jurnps between the potential wells, where the rela-

tion between 6, and r" for the classical reorientation is 3r3=

ヽ
　
一

as described in Sむ bsёction I工It4.  The derivё d 
り3 iS described^as

,3 = 3.62 x 1011 exp ( -s.8 kJtol-l /RT ) (e)

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 T, (min.) ternperature of the observed Ttt

curve. In this temperature region the nature of the rotation -

of a methyl group can be understood as a jump-reorientation

over the potential barrier. The first term of Eq.(3S1 in Sub-

section II.1.4 plays an impotant role at low temperatures. For

the complete fitting of T* and Tt" over the full temperature

region one must solve the coupled differential equation (Eq.

(29) in Subsection II.1.3) nr:nerically. If we do so the

averaged value of the first term of correlation time in Eq. (35)

in Subsection TL.L.4 is obtained. We do not treat this problem

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

pyrazLne (T .M. P . )

VI. 3.1 Tunneling spectrum of the methyl groups

of "coupled rotational tunneling state!'-

An evidence

The tunnel spectra of methyl groups in durene observed by

field cyeling technique between L5.2 and 27.5 K are shown in

Fig. 16. The six peaks of magnetizaxLon, i.€. A(9,2+0.4lfrlz),

B(L2.2!0.3 MLtz), c(15.6t0.5 MHz) , D(L7.8+0,5 MHz) , E(25.310.6

MHz), and F(2g.3t0 .7 Nfttz), hTere 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 thati the two,

peaks of magnetization, which eorrespond to rg=rt and o6=rrr t/2 ,

should appear in the field cycling spectrum. lfhen we consider

this pairwise relation of magnetization peaks due to one kind

of tunneling spliting ,t, we find the three pairs of magneEiza'

Eion peaks in Fig.16. The different three sets are A-D, B-8,.

and C-F. Therefore the three kinds of tunneling splittings 4iota

(i=1 ,2,3) were clearly observed for the methyl groups of durene,

This relation is tablated for three kinds of splittings Aoti

in Table t.
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Table l.

v SS I lMi.z (_v SS , 1Z) l\ffi,tt
\l 1'*' 29.3 + 0.7 L5.6 + 0.5

L_

tv*- 25 .3 + 0. 6 L2.2 + 0.3
L_

av-- L7 .8 + 0,5 9.2 + 0.4
.L. 

-

The tunnel spectra of the rnethyl groups in T.M.P, observed

between 4.2 and 30.3 K are shown in pig.17, The arrengement of
rnethyl groups in a T.M.P. molecule is similar to that of durene.

The identified peaks of magnetization are five kinds, i.€.
A ( 6.4 t 0.7 Wrz), B ( 9.5 t 0.8 MHz), C (.L4.3 t 0.6 MHz),

D ( 20.2 ! 0.8 MHz), and E ( 26.8 t 0.8 t{Hz). The positions of
the peaks did not change up to 30.3 K. I,ihen we consider the

pairwise relation of peaks as r^7e did for durene, w€ find the

two sets of pairs . These are B-D and C-E. If Lhe corrnterpart

of the magneti zatLon p""to A is concealed in the peak C or existg

at 0.075 T (3.2 MHz) in the field cycling spectrr:m (fie.L7) ,

the different sets of pairs of peaks are three kinds. There-

fore Ehe 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.



_/2′一

ミ

Ｌ

０

　

　

　

　

　

　

　

０

ぢザ・

」
o9ood99o o o

oooooo

:%′∞ °
・

°
。
・ 。。。

1

|°
i°

E

島√

Fig. L7 Results of field cycling runs for
The nagnetLzation M is plotted in arbitrary
external nagnetic field H'b. The reference
The time r was chosen as 911 : 1 s (4.20 K) ,
833 t 3 s (15.1 K), 548 j 3 s (23.3 K), and

15・1主 0・lK

23.3■01K

30・ 3±01K

tetramethylpyrazine.

scale aga■ nst the

field HOa iS O° 47 T.

911 1 l S (10・ l K),

111 亡 l S (30.5 K).



-t3o -

Table 2

EO

$s t lT{Hz (γt,S1 /2)/MHz

14,3+0,6

9.5+O.8

■
　
．
ヽ

」
　
　
評
ｔ

十
一　
十
一
・
十
一
　

　

＋
〓

ぐ

ノ

ｌ

ｔ

26.8

20.2

6.4

0ア

14.3

0.8

0.8

0。 7

0.6 6,4 ＋

〓
0。 7

A tetramethylpyr azLne molecule includes two l4N ,rr.1." :

which are crystalographically identical ,24'25) The spin I of
14N ,r.r.1..r" is I and therefore it has a finite quadrupolemo-

ment. The pure quadrupole resonance lines were observed by

Guibe and Luck en26) at 77 K. They reported that the value of
t

eaqQwas 4.672 \frlz and the asyrnmetry p4rametern was 0.450 at

77 K. The energy scheme of the spin state of 14N .r,l"1",r" is

shor,nr in Fig.19. The energy splittings are described by27)

+ lrh nr' "o"2e 
+ (

(

e qQ
)2η

≧

}
E+=

e qQ

1/2

(10)

We cannot a priori neglect the possibility that the effect of

"crOSs relaxationt' between the prOton and 14N ,rrr"1",r" appears

in Lhe field cycling spectrun as in the case of cHrsiclt

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

the spin state of l4N ,rrr"l.rrc can be estimated in the frame-
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work of Eq.(10) using the deta obtained by Guibe, €t al. The

maximum value is 4.2 MtIz at 0.15 T (correspond to 6.4 MHz of

proton) with the condition that cosg=1. The observed magneti-

zation peaks in the field cycling spectrum appeared at and above

6.4 lfflz (0.15 T). Therefore the identified peaks listed in

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

between the proton and 14N ,rrr"1eus.

Because the crystal structure of durene 28) and'T.M.P .24'25)

are known, we can examine Ehe origin which the three kinds of

tunneling splitting" 6,uri (i=l ,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 synunetry exists at the center.of each mole-

cules in the crystals of durene and T.M.P.. Therefore tr^ro

kinds of crystalographically inequivalent methyl groups I and

II exist in a molecule as shown in Fig. 18. lilhen we consider

that these inequivalent two methyl groups I and II rotate in

a completely independent manner, the expected tunneling specE-

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 elearly identified for

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

deduced from the energy scheme of a single methyl group but
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indicates the conplicated energy scheue. This is due to the

coupling or eollective motion between the two adjacent methyl

groups in a molecule. An evidence was obtained that the

rotational tunneling of the two adjacent inethyl 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 giveg rise to separation of torsional level-s of different

nature (torsional normal mode). Indeed, a separation of

torsional firsE exeited staEe of durene was reported to be

35 "*-1 by inelastic neutron scattering,2g) The similar result

was reported for o-xylirr.29). The energy scheme of the torsio-

nal states of coupled two methyl groups of durene has been

shown in Fig.l in Section III.l.

For the detailed analysis of the tunneling spectn:m, in

addition to rotor level scheme of the coupled two methyl groups

we should furLhermore 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.16, Fig.L7), is whether the spin

system should be treated with six spin system (I=3) or with

the simple superposition of 3/2-spLn 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 conformaLion of

these spins are considered to be rigid at arry 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 plaee. 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 coupl-ed two methyl- groups

is probably described by T=3/2 and the rotor system should be

described as coupled methyl groups,

In the case of lithir:rn acetate dihydrate (CH3COOLL:2H2O>

the problem is special orr.30). The methyl groups are essentia-

LLy arranged in coaxial pairs with a meEhyl plane separation

of t., i31) and the direction of C: syrmnetry axes of whole

methyl groups are in accordance with the b-axis of the crystal.
gt1eo30) has reported that the N.M.R. absorption l-ine of the

single crystal of partially deuterated material (CH3COOLL'2D2O)

for B:0, where gis an angle between the Ca synmebry axis and the

direction of external magnetie field, showed a different

character of the dipole shift due to the rrintermeEhyl dipole

interaction" from the intra-interaction. The spin system is

t.o be eonsidered as a rigid six-spin system even for the rota-
ting methyl groups. The inelastic neutron scattering study32)

and the N.M.R. relaxatio., st,rdy 33) revealed that the hindering

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

activation energy is 130 t 30 J mol*l in the low temperature

branch and 250 t 40 J mo1-l on the high temperature side of T,
22\(min.>JJt. IL can be speculated that interaction between the
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two metyl groupS is rather strong comparing with the rest inter-

actions. In addition to this situation, the "coaxial structure"

of two methyl groups probably retainS the rigidity of the six

spins of two methyl groups which rotate like as the rotatlon of

"cyclohexane ring" about its 56 synnnetry axis. This example

is a special case but the spin states of coupled two methyl

rotors is probably described by 3 12-spLn system.

Although the details of the coupling of the spin states

to the rotor states of mechanically coupled two methyl grouPs

is not known, Lhe tunneling spectrr:n 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. r^/as nearly Gaussian type (see Subsection VI.7).

The derived second moment from the observed absorption line

was g G2 at. 100 K and the portion of the interrnethyl interaction

was about 4 G2 which was as large as that of intrainteraction

(about 5 gZ). This is consistent with the small separation

between the methyl groups.

3.2 The spin-lattice relaxation time of TMP

The teuperature dependence of the spin-lattice refaxation

time, which was observed at 2O.5 MHz with different two pr:lse

sequences (A and B; see Secti,on V,1) is shorn: in Fig. 20. The

characteristic behavior of magnetLzaxion recovery T^7as discussed

in Subsection VI.1. In the low temperature branch of Tt(min.)

(kK/T 7L6), the two components, which v/ere obtained by pulse
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sequence B, are separately shown. The slowly-recovering com-

ponent Tr" by method B is in good agreement with the time

constnat obtained by method A. The weight of the fast-recover-
ing component decreased when the terqperatrre increased (Fig. 44) like as

in the case of CHrSiCl, (Subsection VI.2) and Si(CH3)4 (Sub-

section VL4). The detailed behavior of Ehe weight of Ttt
component of T.M.P. can not be directly compared with the

prediction by Punkkinen, et 
"L.22) that the weight of T* com-

ponent decreaseswith decreasing ,rr1/,u6 for a powder sample,

because they treated a single methyl groatp with a simple tunnel-

ing spectrum unlike as the case of T.M.P,. But the qualitative

charaeter 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 ,attt "" 
temperature

increases. The details of the temperature dependence of ,aSS ,

of which the freguencies in the 1ow temperature llmit were

obtained by the field cycling experiment (Subsection VI.3.1),
were not observed.

In the vicinity and above the temperature of Tr(nin. ) 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

for CH3SiC13 in Subsection VI .2.2>, The value "f 
(fn2)" ,L/2

was plotted in Fig.20, where tL/Z is the half-recovery time of
the magnetization. It should be noted that the activation
energies obtained by two kinds of pulse sequences (A and B)

were different frorn each other and that the Tr(urin.) value ob-

tained by method A was longer than that by B as shown in Fig.20.
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Wti can saf ly apply Eq. (8) to only the fast-recovering component

by method B as rue do so for CH3SiCl3 (Subsection VT,2.2) . T* and

T," were decomposed with the least square refinernent 6) from the

magnetizaxLon recovery by method B and these are shown in Fig.21.

I,Jhere in the low temperature branch the time constant observed

by method A is also i-ncIuded, because it is in good agreement

with the Tl" component by method B in this temperature region.

The solid curve is the calculated value using Eg. (8) which is

applicable to the observed ftf curve only near and above the

Tr(min. ), where the averaged tunneling frequencies ,attt 
"r"

zero. Here we considered only the second term in Eq. (3S1 in

Subsection Ii-.L.4 . We obtained the jumping rate u-r, (=rc -L /S)

with which the methyl groups jump between the potential wells.

It is

,3 = 1.51 x IoLz exp (-6,3 k.lrqol-l /RT ) (11)

This term is most effective on the spin-lattice relaxation in

the high temperature region of the observed T* curve. And in

this temperature region the nature of the rotation of the meLhyl

groups can be understood as a classical one. In the classical

lirnit 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 neasuremenE

of T, value whether the two adjacent methyl groups. in T.M.P.

molecule reorient correctively or independently. Therefore we

used the Eq. (8), which is based on a single rnethyl group, and
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we considered only the intranethyl dipole interaction to

obtain the jumping rate ,3 (Eq,(11)). The intermethyl dipole

interaction within a molecule is not effective on the Tt value

as discussed in Subsection IlI.5.
For a complete explanaLion of the observed Tr, and Ttf

curve, w€ should solve the problem of the detailed energy scheme

of the Ewo-methy1. 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 sLep and we will
not treat it in.this thesis.

VI. 3.3 The Larmor frequency dependence

relaxation time Tr" of T.M.P. and durene

linit.

ｆ
【　
　
ｔ

Ｏ

　

　

ａ

the spin-lattice

1ow teurperature

As diseussed in Subsection VI ,2,L the spin-lattice relax-,

ation time is descibed by Eq. (3) in the low temperature limit,
where the condition that (rr + rrg)2 ,"2r7! is satisfied, The

o'-dependences of the slowly-relaxing component T1" of T.M,P.

and durene observed by field cycling technique are shown in
FLg.22 and Fig.23, respectively. The ,02-d.p"ndence was

observed at high frequency and the deviation from .02-d"p.ndence

rras 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 Mtlz.
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VI. 4.  Tetramethylsilane, Si(CH3)41:マ

VI. 4.L The tenperature dependence of the spin-lattice relax-
aEion time in theB 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 Ln FLg.24.

The characteristic behavior of the magnetization recovery has

already been discussed in Subsection VI.l. In the low ternpera-

ture branch ( kK/T > 13.5 or T f, 74 K for theBandYphases ) the

relaxation time measured by pulse sequence A was in good agree-

ment with the slow somponent (Tt") by pulse sequence B. In Ehis

temperature region minima of the fast component Tlf were clearly
observed both for the I and y phases. These are so-called

"tsunneling-assisted minima", which appear only in the T* at the

condition that tt * ot. : 0 but not in the Tt". This feature

of Zeeman relaxation is wi:at is expected if the tunneling frequen-

cy is temperature dependent as demonstrated by Ligthelm, et at.34)

who solved the coupled relaxation equation (Eq. (29) in Subsection

II.1.3) numerically under the condition of S.R.S.D. The weight

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

ir Proton

Groups

Sadamu

J. Phys

N.l.l.R. and Coupled Rotational Tunneling of Methyl

in Band y Phases of Tetramethylsilane.

Takeda and Hideaki Chihara,

. Soc. Japan 51 (f982) in press.



Ｊ
＼
嗜

*"/ +L -

1。
4

103

102

101

10°

10~1

10-2

10-3

10-4

40 50

kK/「

Fig. 24 The temperature dependence of spin-lattice relaxation
tine at 10.0 MHz, A, O, and tl is for the Y phase and L , O, and

I for t.he g phase. n ( I) was determined from (ln Z)-Lrt/, where
,t/Z is the half recovery tirne of magnetization. tr ( f ) was

obtained by method A (long train). O (C) wa$Utained by nethod
A while A (1[) was obtained by nethod B. A ( A) slao show the fast
conponent (Tff) of the relaxation.

3020100

△

。

▲

０

２

A

F´

JP ●

0 .

ρ ▲

Fイ

▲

     ▲ ▲
“

ど          ▲

´ ▲・

●
A

88:。 f´     ▲ △
　

Ａ
ヽ

▲

　

▲

ｒ
一

争
一
ム
△



100
「 ノ〆K
50    40

20

30

003

ゞ
＼
ざ

kK/「

Fig. 25 The temperature dependence of the relative weight of T* conponent in the low
tenperature branch of Trcurve (Fig. 24).. The arrows 0 and 1 , respectively, indicate the
T, rnimirnum ternperatures in the B phase and in the y phase.

0。2

001

01b

―

、
ゃ
哺

―

30 40

Si(CH。 )ム 1000 MHz

ヽ ヽ
―

二

B phase

r phaSe

○
′

′
′
　

　

。

」Ъ
~8詈

3=言=ワ~可
●

●

　

　

○

Ｆ
Ｉ
Ｉ
Ｌ

８Ｍ
Ｉ
「
―



―ノγ′ ―

phases when the temperature increased (fig.25), This results

is to be compared with the prediction by Punkkinen, €t aL22)

and is consistent w'ith the observed temperature dependence of

the tunneling frequencies which will be discussed in Subsection

IV .4.2 . In the vicinity and above the T, (min. ) temperature

(T ; 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 becaqe zera in the

vicinity of the Tr.(min.) temperature by accident as will be

demonstrated in Subsection VI.4.2. This change of the Zeea rn

relaxation behaviour in the vicinity of the Tr.(min.) tempera-

ture corresponds with the fact that below this temperature the

relaxation of Zeeman system is mainly coupled with the tunnel

system because of ,att'a ,0 (the same order) while above this

temperature it is coupled only to the rotational poLarLzation
d6 )

system because of ,ao- = 0. The materials cited in this thesis

show the sirnilar results with regard to the proton spin-lattice

relaxaticn due to anneling rotation and/or jr.up reorienLation of tJre '

methyl groups.

VI. 4.2 Tunneling spectrr:m in the y phase.

Figure 26 shows some examples of the results of field
cycling experiment of the y phase from 10,1 K to 26,7 K. The

resulLs at several temperatures show the four peaks; A ( 7 .+ !
0.8 MHz)28( L2.0 I 1.3 MHz ), C ( 15.8 t 0"9 lfiz ), and D ( 24,0

t f .4 NftIz ), the positions of which did not change up to 2g.O K.
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Fig. 26 (caption)
Results of field cycling runs for the y phase. The magnetizatron
M is plotted in arbitrary scAle againgt the external nagnetic
field HoU. The refer"r,."pie1d HO" is Q,23 T, The tirne r was

chosen as 876 + 3 s (10.1 K), 4L6 t ? s C17,1 K), 307 ! 3 s

(2I.7 K), and 76 t 1 s (26,7 K).
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The peak D which appears as a single peak above L7.L K splits
into two peaks at 10.1 K. The temperature dependence of the

tunneling frequencies above 29,0 K was obtained by measuring

the temperature - and r.16-dependence of the spin-lattice relax-
ation rates ("t"-1 and trt-t) because the relaxation times become

so short that our field cycling teehnique was not adequate, i.e.
we cannot make the fiel-sweep time t, in Fig.2 in Section IV

shorter than several seconds in our present appaq€,tus. The

Eunneling assisted minima in T* at the cond.ition that ,attt
* ntr:O = 0 were obtained at several Larmor frequencies. We can

determine the temperature dependence of the Eunneling 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 Lhe dependence of Ttt/Tt"
on frequency and temperature in the y phase. The minima a, b,

c, d, and e of Ttt/Tt, in Fig. 27 were identified, corresponding

to ttre peaks in the field cycling spectrum (Tig .26> . These

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

corresponding temperatures .

B→ d

C→ b

D→ a→ c→ e

The maxima A and C form a pair

the ratio of L:2 and so do the

same ratio also holds for the

because these frequencies are in
maxima B and D (F,ie .26) . The

d/a pair at a coulmon temperature.

Temperature
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We see that the frequencies of the peaks of a pair change, 3s

the temperature chang€s, in the fixed ratio of !:2 if these

pairs of peaks arise from the condition, ,att' * t o = 0.

Therefore we obtain two different tunneling splittings. In the

low temperature limit, these are as follows.

Table 3

O tSギ

7,4+

12.0+

ν
t

,t

十

一
一
十

一

１

　

　

２

νtSSl
15.8

24.0

/MHz

O.9 (iC)

1,4(D)

/2)/MHz

O.8(A)

1.3 (B)

The derived temperature dependence of these two observable

tunneling frequencies rattt , which correspond to peaks c and

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

The fact that Cwo tunneling 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 nr:mber of tunnel sublevels and the separations between the

sublevels happen to fa11 into two separate groups. For instance,

the peak D in Fig.26 above L7.I K further splits into two when

cooled down to 10.1 K and this fact probably indicates that

the level structure is not so srmple as to give only two kinds

of tunneling splittings. The mechanical coupling between the

four methyl groups in a Si(CH3)O molecule also induces the

energy separation between the torsional normal modes as des-

cribed in Section TIT.2. Indeed, the separation between A, and
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nodes in the first excited torsional state was observed

to be L4 "r-1 by far infrared spectroscoplr3s) between 83 and

128 K, which was also suported by inclastic neutron scattering
experiment at ll X2L). The Itcollective 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 rnethyl

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

spin sLate as discussed in Subsection VI.3.

VI. 4.3 The temperature dependence of the tunneling frequencies

in the y phase

The 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 TI,2 to the tem-

perature dependence of these tunneling frequencies, because the

energy scheme of the methyl groups in Si(CH3)4 nolecule is not

so simple Ehat this formula can be applied. However, the basic

meehanism 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 (Hnp;

Section II.1.f) takes place and the quasi-equilibrii::n state is
established among the same spin syurmetry states. But if one
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apply Eq.(42) in Subsection II.2 Lo the two splittings in Fig.

28 by considering only thio lowest torsional states, i.e.

A0 - Alexp( - El/kT )

I * exp( - nrltr )
(12)

the value corresponding wiLh E1 in the framwork of Eq. (12) is
f50 t f8 "*-1 for both splittings in the low temperature limit,
i.e. exp(-El/kT) <( 1. The temperature dependence of observed

tunneling frequencies can be described by exponential function
(Fig.44). The torsional frequencies of A2 and F, modes reported

by Durig, eL al 35) are, respectively , L63,5 and L77.5 "*-1 at
83 K.

VI 4.4 Tunneling spectrum in the B phase.

The tunneling spectra in the B phase determined by field
cycling technique are given in Fig.29, the unresolved spectra

extending up Lo about 1.5 T (64 lfilz) were observed above zL.L K.

The peaks below about 0.6 T (26 IvItIz) become sharper with decreas-

ing tenperature. T'hese spectra are apparently more eomplicated

than in the y phase (Fig.26). Corresponding to such character

of the tunneling spectra by field cycling, the rario Ttf/Tt"
does not shcn.r: sharp minima (Fig.30) as observed in the y

phase (Fig.27). ttrhile the temperature dependence of Ttf/Tl.
suggests the decreasing tendency of tunneling splittings with
increasing temperature in this region, ile. the tunneling

assisted minima of T* component were clearly observed (FLg.24

and Fig.30), it was not possible to determine which peak in
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Fig。  29   (captユ On)

Result, Of field Cycle runS fOr the s phaset  The magnetizatiOn
M is plotted in arbitrary scale against thё  external magnetic

field HOb.  The reference field HOa iS O・ 47 T (for O ),nd l,11
T 〔fOr ● ).  Thё time T was chOsen as 662 1 2 s (4.2 K), 662 1
2s(9。 9K〕 ,465亡 3S(15。 3K〕 ,31115s(21,lK),12512s
(25。 6 K), and 34.5 1 l s (28,9 K),
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Fig, 29 eorresponds aogrsSul2 and which one aorass rhe

decreasing tendency of tunneling splittings was al-so confirmed

by the decrease of the weight of fast=recovering component Tlf as

described in Subsection VI . 4..L, The dlffersrce in behavior of
Eunneling 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 Ls 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 syrmnetry, Td

symmetry, the tunneling energy scheme becomes probably more com-

plicated one. The lattice vibrational modes of the g and y phases

determined by Raman scattering experimant are siuilar to one ano-

ther. The small difference was observed36). For Ehe intra-

molecular vibrational modes, the resolution of the bands is clearer

in the Y phase than in the B phase. Although the therrnodynamical

properties, e.g. meltingpoint, heat of fusion, and entropy ehange

of fusion, are similar to one another,3T)th"". properties indicate
that the degree of disorder is slightly larger in the g phase Ehan

in the Y phase. Indeed it vras revealed by N,M.R. measur.r"rrr"38)
that the molecular tumbling was excited at lower temperature and

its acEivation energy was smaller in the B phase than in the y
phase.

The frequency dependence of the slowly relaxing, comoonent

T1, in the 3 and y phases are shown in Fig.31. ,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 cycliSrg experlrrlentg (Fig,26 and [ig,29,).,

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

of the magn eELzatLon recovery.

The behavior of the non-exponential magnetization recovery

and its dependence on the experimental methods (A and B, described

in Subsection V,1) were discussed in Subsection VI ,4.L, Above

the Ttr(nin.) temperature the relaxation of Zeeman system is coupled

with that of rotational poLarLzation system and the magnetization

recovery was always non-exponential by method A or B. Albert,
et ^L,39) observed that this non-exponential character disappeared

near 140 K in the y phase by 90o - 'r 90o method (lnethod B in this
thesis). This behavioi was also the same by the pulse sequence

A in our mesurement (fig ,32), This is considered to be due to

progressive excitation of molecular tumbling motion. Thjs motion

was also examined by previous N.M,R, studies.38,39) The molecular

tumbling motion reorients the cg synmetry axis of a methyl group

randomly against the direction of external magnetic field HO.

Therefore this turnbling motion produces the same eff ect as does the

sample rotation about the axis perpendicular to H040,41) on

dicoupling the Zeeman system from the rotational poLar)-zation

system. After this decoupling the relaxation of Zeeman system is
described by a single exponential function and its time constant is
theautorelaxation rate SZZ,of Zeenan system (_see,in Section LI,,1.3).
For the I phase, the situation is the same. Because the molecular

tr.rmbling 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 rnolecular tumbling on the behayior
of the rnagnetization recoyery in the y phase of Si(CHj)4'
The rnagnetization recovery was obtained by the rnethod A

(1ong train). The motional narrowing due to molecular
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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' forrn a pair whose frequencies are in the ratio
of 2:L and so do the maxima B and Bt . This ratio for the maxima

B and B' holds even when the frequencies of these maxima decrease

with increasing temperature as will be described 1ater. The

Larmor frequencies at which the maxima A and B appear are then

equal to the tunneling frequencies ,rttt of the methyl groups in
hexamethylbenzene molecule in its Phase rrr. The values were

9.6 + 0.4 IfrIz (A) and 7.9 ! 0.4Nfrrz (B) at 4.2 K.

Jones "nd B1oor42) attenpted to deterrnine the tun::eling

frequency of urethyl groups in hexamethylbenzene by the level
crossing method (see in Section IV.1) and obtained an approximate

value of 11.0 !2.5 l&12 ax 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 grethod employed by them is not appropriate to resolve the

ナ  Evidence of Coupled Retational Tunnel StateS Of Methyl Groups

of Hexamethylbenzene by Nuclear Magnetic Resonance.

Sadamu Takeda, Gen Soda and Hideaki Chihara l

Solid State Coll■■lun,  36 (1980)445。
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complicated tunneling spectrum.

As the temperature rises the maxima move toward lower

frequencies; B and Bt move mueh faster than A and A' (Fig.33)

holding the ratio 2zL for their frequencies. The temperatsure

dependences of these tunneling frequencies, uro ( = ^"4/2n )

,B,Fand ur- ( =^""/2n ), are plotted in Fig.34. If we apply Eq. (f2)

to the frequency B in Fig.34 in the low temperatsure limit, i.e.

exp (-El/kT) << 1, as we do so for Si(CH3)4 it subsection VI.4,

we obtain the linear plot of Fig,35with Et/tt = 50 t 5 "t-1 in

the framework of Eq . (L2). The derived frequency 50 "*-l 
is very

smal1 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

Z Wr47) within the framework of the energy scheme of a single

methyl group by the temperature dependence of Tf5 (spin-lattice

relaxation rate in the rotating frame). Although this estimation

by Tr e measurement is based on the inappropriate energy seheme,
-)

this result probably indicateS that the tunneling frequency A

decreass above 30 K and becomes about 2 MIiz 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 IfiIz

(B) are not so different. These experimental results can not be

reasonably understood by considering the isolated single methyl

group but areorobably cornprehended when we consider the effect of

mechanical coupling between the six methyl grouPs and its compli-

cated energy scheme. The tortional first excited state splits

into sublevels of four different sy-rrnetri.t A2g, Eu, Eg and At.
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if one assumesDrO synrnetr;z fog a molecuLe4S) (see in Fig.6 in

Subsection III.3). The Raman scattering experimant gaye 170 
"*-1

for Lhe Eg transition at 2O X44) but other transitions were noL

known. The inelastic neutron scattering experiment on H,M,B.45)

was noL conclusive for the separation of the t'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 fa1l into two more or less

separate groups.
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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 rotation of methyl groups in

solid has been always treated as a problem of a single methyl

group, i.e. the energy sbheme of a single methyl group was con-

sidered. It is demonstrated in this thesis for the first time

that the rnechanical- coupling between the adjacent methyl groups

plays an important role in the rotational tr:nneling of these

methyl groupq even in the solid state. For durene and tetra-

urethylpyrazLne, 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 to the mechanical coupling

between the two adjacent methyl groups in a nolecule. Tetraihethyl-

silane (Subsection VI.4) and. hexamethylbenzerre (Subsection VI.5)

show the evidences of the coupling of the methyl groups similar
to the case of durene and tetramethylpyrazLne. 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 sone molecul."53).
The computation involves calculating the electronic energy of the

molecule for different nuclear configurations, i.e. for different



- t)z-

values of internal

as the sum of four

rotation angle
51\

terms ,-" /
The energy may be expressed

H:T"*V..*VrrotV",,

where T. is the kinetic energy of the elecErons,

V"" represents electron-electron repulsion,

Vrr' represents internucl-ear repulsion,

and

V"r, represents electron-nuclear attraction.

In this expression the first three terms (Te, Vee, and Vrr,,) make

positive term, while the fourth term is negative and is referred

to the attractive term

Foran ethane moleeule, 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 ouL.53) In order to make the origin of barrier to relative

rotation of methyl groupselear, the contributions of Eq. (13) ltas

divided into an attractive terrD (V" = V"rr) and a repulsive term

(V, : V". * Vrrr, * V.) . The variation of both the attractive
(AVa) and repulsive (lVr) components with internal rotation angle

is considerably Iarger than the barrier but Ehey have the oposite

sign to each other, where AV" and AVr represent the differencesof

V" and V, with respect to change of the internal rotation angle.

A potential barrier to relative rotation of Ewo methyl groups

results from the sum of these Lwo terms and it has a repulsive

character, since lAVrl is larger than lAv"l: There is a similar-

ity between the relative rot.ation of methyl- groups in ethane

(13)
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molecule and the situation of the interaction of two heliurn 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 atomg are brought close to
each other.

Therefore the interaction between 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 ;r

hydrogen atoms (or C-H bonds).

The H---H distances between the adjacent methyl groups in
durene, tetramethylsilane, and hexaurethylbenzene molecule are

listed in Table 4. The positions of the hydrogen atoms in hexa-

methylbenzene molecule were determined bir neutron diffraction
experiment in its phase II (130 r1 54). The coordinate of hydro-

gen atoms of durene was obtained from difference map (X-ray

diffraction experiment). For tetramethylsilane molecule the

molecular structure in the gas phase determined by electron dif-
fraction rnethod55) tt" used, because its molecular structure in
its crystalline phase is not available. The tetrahedral angle

r^7as assrmred for all bond angles. This table indicaEes that the

mechanical coupling effect is strongest in the case of hexamethyl-

benzene mo1eeule, because the H---H distance of z.o i is so short

that it is comparable in value to the distance 1.8 iwithin a

methyl group. For hexamethylbenzene molecule the potential
barrier to rotation of the metshyt groups was estimated by Hamilton,

q'l' \
ex ar.--t 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 thё  different methy■  gr6ups0

in A unit

1,2,4,5‐ tetra‐

mёth,lbeiZё五ei t

tetramethyl―

si■anё

( gaS phase )

hexamethyl―

bё五zёne

( phase ェェ )

2.040

2.292

2.328

2.373

2.420  ‐

2.747

2.756

2.815

2:4

2.5

3.06

3.56

4.34

4.88

intra-
molecule

2.7 2.397

2。 476

2.544

2.583

2.597

2.609

2.658

2.687

2.721

inter-
molecule
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four kinds of "normal modesrl of rnethyl rotation were very dif-
ferent from each otehr. This result also indicates that the

repulsion between intermethyl hydrogen atoms plays an important

role for the hindering barrier. The shortest intermethyl H---H
o'

distance of Si(CH3)4 rnolecule is 3,06 A, which is rather longer

than that of hexamethylbenxene (2,04 N) and durene (2.4A k) .

This fact means that the mechanical coupling between the methyl

groups of Si(CH3)O mo1-ecule is weaker than other molecules and

it seens 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

(g 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. refative orien-
tation of four methyl groups in a molecule.

The intermolecular H---H distances of hexamethylbenzene "rd
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) 56) than that of phase II (triclinic) 57).

Although the intermolecular H---H distsances change corresponding

to the phase transition, H---H distances in phase II are listed
for the measure of internrolecular contribuLion to the potenEial

barri.er to rotation of methyl groups. !trhen we compare the

repulsive potential due to intramolecular term with that due to

intermolecular term by eonsidering only the nearest hydrogen atoms

and by assr:ming a Lennard-Jones potential, we only consider the
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distance s 2.040 ;, (intra) and 2.397 (inte.r-) , the repulsive

potential of "intratr part is greater than that of "inter" Part
by a factor of 6,9. For durene, when we eonsider the same problem

as we did for hexamethylbenzene, the "intra" part is greater than

that of "inter" part by a factor of 4,I. These facts indicate

that the mechanical coupling or collective motion of methyl groups

in these molecules is mainly determined by intrarnolecular inter-

actions.

i,,7hen 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 eonfigaration with each other. In many cases,

intermolecular interactions are probably included in the non-

coupling terms (or independent terms) of the potential function.
In]hen we say that the adj acent methyl groups are coupled to

each other or they are independent, 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.

Ｏ
Ａ
一
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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′ ν50 K)have been ObSefved for some materials con―

ta■ n■ng methyl groups, etg, durene 6): hexamethylgenzene 7),

tetramethylsilane・ ), and methyl iodide48)マ   For these materials,

the rigid latti,e Value of the seco,d moment M2 Was nOt observed

but thel reduced value was obtained even at and below about 20 K,

which indicates that the tunneling splittings of the tortional

ground state of a methyl group in these mater■ als are much greater

than thと  dip。 le eiergy ( ^′ 102 kHz)49).  Indeed the details of

the tunneling splittings of the methyl groups in these materials

eX,ept f6r CH3・  WerO dirOctly determined to be the order of

Zeeman energy (101′υ′102 MH2; see in the previous Subsections VI.3,

VI.4, VI.5).  HoweVer the origin Of the small reduction is not

clear.  To 面ake the origin Of this Phenomena appearent, the care―

ful exper■ment was done fOr T,M,P。 , Si(CH3)4: and CH3SiC13 °f

which the dё tails of tunneling spectrun were determined in this

thes■ s。

Because the spin-lattice relaxation t■mes of these materials

are very long at the liquid belium temperature (ligs.15,21, and

24), e.go Several hours at 4.2 K, the specia■  attention was payed

to eliminate the saturation effect on the absorption ■ine.  As

poss■ble as low Power of Rf― field was used for measur■ ng 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 slreep,

whether the saturation effect appeared or not. The time of sweep

through the signal was taken as 35 or 70 minuts for all the runs.

The effect of the sweep time on the observed line shape was

examined for T.}I.P. at 25 and 29 K. The values of Tl" at 25 and

29 K are, respectively, 1500 and 200 s at 20,5 lfrlz and this exami-

nation was done at L2.g5 I*lz 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 Ls several

hours, it takes very long time that the spin-system becomes

complete thermal equilibrium at that teuperature. After the sample

is cooled down to 4.2 K frorn about 80 K, the signal grovts into

its thermal equilibrium state. On the other hand smal1 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 xo 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 t hour of the time interval except for the

magnitude of the signal. The result described above is consist-

ent with the nagnitude of the tr,mneling 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 syunnetry species (tunnel levels)
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changes by only 0.1% at thermal equilibrium stsates 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 M, of T.M.P.

measured at L2.95 MHz and 59.82 l'ftlz are shornn in Fig.36. The

small reduction of line width and second moment are clearly ob-

tained at 30 n 50 K. The reduction of maximr:ar slope width was

slightly depends on the radio-frequency at which the measurement

was performed. This dependence on the Rf-frequency was not corl-

clusive for the second momeilt values. The change of the line
shape at this temperature region is illustrated in Fig.37. The

spectra measured at 59.82 NIHz showed the similar result like as

FLg.37. These small red.uctions of the maximum slope width and

second moment are not due to the experimental conditions, e.g.

the saturation effect etc.. The value of Tr" at 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 cond.itions, i. e. Rf -power and

the sweep time, were the same for both temperatures.

The similar results \^7ere observed for the g and y phases

of Si(CH3)4 (Fig.38). The narrowing above 130 K is due to the

molecular tr:mbling as a -r^zhol"l) . The change of the line shape

between 30 and 50 K was very similar to that of T.M.P. as sholrn

in Fig.39. The shaded area in Fig.38 indicates the experinental
1\result measured at 11.0 MHz by llasebe,et aL,t) for the p and y

phases. The diff ernce between the results at lL " 0 KIIz and that
ax 59.82 W1z in the region of small reduction is indicated,
which is similar ro rhe result of T.M.P. (Fig.36).
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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 srnall 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, IqI4/I{2', (forth

moment over the second powers of second moment) of T.I,{.P. is
about 3. This result indicates that the absorption line is a

Gaussian type 50). 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(CH3)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 CH3SiC13 as described in Subsection \T,2. The typical

differential line shape and the temperature dependence of. the

line width are shown in Figs.42 and 43, respectively. Figure 43

show that the reduction also takes place for maximr:m slop width

of peak A about 30 nu 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 z-4)assuming an interproton distance of 1.80 i, for a

rapidly reorientLng2) o= tunneling3) methyl group. The inter-
urethyl contribution to the second moment at about 100 K is 4 and

5 G2 for T.M.P. and Si(CH3)4, respectively, while it is 1,3 G2
t)

for CHrSiCl3. For CH3I it is about 2 G' and the reduction of
line width is 0.5 c48).

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 of the.se

materials at low temperature is that of the "intermethyl dipolar
broadning". rndeed according to the ealculation by A1len,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 rotaEion of methyl groups of
si(cH3)4, T.M.P., and cH3sicl3 are similar to each oEher, i.e.
about 5.8- 6.8 kJ mo1-l ard the torsional energy Er, the
separation between the ground and first excited state, is similar
magnitude 160 ^/ 180 

"rn-l 
2l'35). For these materials the tem-

peratures, at which the small reduction takes place, are nearly
equal to each other, i.e ,30 -u 50 K. on the other hand that tem-

perature is L0 ry 20 K for methyl iodide48) of which the torsional
energy .E, is 94 cm-l 51) . This fact is eonsistent with the idea
that the origin of this reduction is the increase of the popu-

lations in the higher torsional levels or the inerease of the
transition rate between the torsional states due to rotation-
phonon interaction (Hnp) as temperature is raised. For si(cH3)4,
the small reduction begins at lower temperaEure in the B phase

than in the Y phase (Fig.3s). 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 rotsation is smaller in the g phase than in the y 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 vr.4. The reduction was always observed (Fig.3g),
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either when we measured the line shape at higher Larmor frequency

than the two tunneling frequencies of y phase of Si(CH3)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 rnolecular 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.

The effect of collective rotation or "geared rotationr of
the Ewo methyl groups on the spin-lattice relaxation rate

1

(T, -') was discussed in the classical limit (Section III). But.I

because the difference between the observable t., -1 value due Lo

correlated reorientation and that due to i.ra"p"rraent reorientation
is very small, it is not conclusive from the usual experiment

that the two adjacent methyl groups under go the collective re-
orientation or independent reorientation. The experiment for the

partially deuterated^ sample is probably useful to distinguish the

collective and independent rotations as diseussed 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 (rrtt ) of the methyl groups of tri-
chloromethylsilane (Subsection VI . 2) , L,2,4,5 - tetramethyl-
benzene (durene) and teramethylpyrazi:ne (Subsection VI.3), tetra-
methylsilane (Subsection VI.4), and hexamethylbenzene (Subsection

W.5) in their solid stateEwere directly observed by the N.M.R.

methodd. One of the methods is to measure the d.ependence of the

spin-latLice relaxation rate on the Larmor frequency(ro) and

on the temperature. The other is the "N.M.R, field cycling tech-
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nique" which is equivalent to the meEhod described above and is

more eloquent and easy, especially for the case of very long spin-

lattice relaxation time. The tunneling spectrum, .attt, of the

methyl groups are obtained through Lhe so-called "tunneling

assisted maximum" of the spin-lattice relaxation rate, tr-t.

Therefore, the examination was perfo:med with respect Lo the prob-

1em that the behavior of the spin relaxation can be understood

in the framework of the novel theory of syrnmetry restricted spin

diffusion model (S.R,S,D.) or not, before the tunneling energy

scherne 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

understood within the framework of S.R.S.D. theory (Subsection

VI.1). The tunneling assisted minimr:m only appeared in the fast-
relaxing component (Tff) of the spin-lattice relaxation time,

which is in eonsistent with the prediction by S.R.S.D. model.

The tunneling assisted minima in the T* 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 (CH3SiC13) are 34.6 t
0.5 MHz and 40.4 t 0.5 MHz, The two kinds of splittings are

attributed to the different methyl groups which are hindered. by

slightly different potential barriers due to different surround-

ings _in the crystal. The strengLh of repulsive interaction
between the methyl groups was esEimated to be smaller than that
of durene, tetramethyLpyrazine, teLramethylsilane and hexamethyl-

benzene by the factor more than 10 (Subsection VI.2).
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The tunneling splittings of durene agrd tetranethylpyrazLrre

are three kinds in their torsi,onal ground states. For durene,

29.3 t 0.7l*Iz, 25,: ! O;6 WIz, and f7.8 t 0.5 MHz were observed

and for tetramethyLpyrazLne 26.8 t 0.8 MHz, 20.2 !0.8 MHz, and

L4.3 t 0.6 iI filz (or 6.4 iO,7 YftIz) wer,9 identified. The crystalo-
graphically inequivalent methyl groups are two kinds in boEh

crystals of durene and tetramethylpyrazine. The three kinds of

tunneling splittings are not deduced frou the s.imple superposition

of the energy schemes of a single methyl group , These experi-

mental resuLts are comprehended when lre consider the rnechanical

coupling between the two nethyl groups.(Subsection VI.3).
The tunneling frequencies of the methyl groups of tetramethyl-

silane (Si(CH3)4) in its y phase are 15.8 t 0.9 I*Iz and 24.0 !
L.4 lfiIz. The g phase showed more complleated .tunneling spectra

which distribute from about 2 l*Iz to about 70 Nfttz.

Hexamethylbenzene showed two'tunneling splittings in it phase

III. These are 9.6 !0.4 r*Iz (A) and 7.g !A.4 rlftlz (B) at low

temperature liurit. 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 mechanical coupling between the adjacent

methyL groups plays an important role in the rotational tunneling

state of these methyl groups. The"coupled rotational tunnel-

sLateti'in solidswas demonstratedin this thesis in the first time,

The rnagnitude of Ehe coupling between the methyl groups jn hexa.-

methylbenzene molecule is strongest when we consider the distance
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between the adjacent nethyl groups (Subsection VI.6).
For the complete explanation of the observed tunneling

spectra of the nnethyl groups, we need the detailed tunneling

energy scherse of the coupled methyl groups (rotor level scheme)

and furthermore need the coupling of the nuclear spin sEates to

the rotor states, because what we observe is the effect of
tunneling splittings on the !'spin-Lattice relaxationil 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

metlryl 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 \^ras proposed in Ehis thesis (Subsection VI.3).
The spin state is probabfy described by the simple super-

position of the 3 2 spin-systens even in the case of mechanically

coupled methyl groups, because the rigidity of the nuclear spins

hold only in each methyl group in the case of rapidly rotating
nethyl groups, i.e, internuclear disLances between the different
methyl groups fluctuate due to relative rotation of the methyl

groups in many case.

The decreases of the observable Eunneling frequencies of
tetramethylsilane and of hexamethylbenzene (peak B) with increas-

ing tennperature \^7ere directly observed. For trichloromethyl-
silane, durene and tetramethylpyrazLne, the indirect evidences

of decreases of'tunneling frequencies were obtained (Subsections

vr.z.and vr.3). These behaviors are considered to be the result
of thermal averaging of the rotational states due to non-magnetic

transitions induced by rotation-phonon interaction (Hnp).

The tunneling assisted rotation is important in the low
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temperature region for all nnaterials studied in this thesis.
The tunneling frequencies of the methyl groups are the same order

as the Larmor frequency (100- tO2 wtz). 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 T, minimr:ur temperature of each material

This T, minimum is due to the rotation of the meEhyl groups about

fheir symnetry axes. Near and above that temperature the jr:nping

rotation over the top of the barri.er 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
o?, with which the methyl group jumps (over the top of the barrier)

J' r t r

from one well to the another well of the potential barrier was

obtained for trichloromethylsilane and tetramethylpyra zLne from

the observed T, curve vs. temperature. It is

,3 = 3.62 * 1011 exp( - 5.8 kJ mol-17nr )

for trichloromethvlsil-ane and it is

,3 = 1.51 x LoL2 exP( - 6.3 kJ mol-l7Rl )

f or tetramethylpyr azine .

The small reduction of the maximr:u slope width a.nd second

moment of N.M.R. absorption line of Lhe tu:nneling nethyl groups

at low temperature (10^,50 K) was assigned to thaL of inte:methyl
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dipole broadning. The mechanism of this reduction is probabry due

to the increase of the rate of non-magnetic trapsitions a.rqong the

torsional states due to rotation-phonon interaction (H.np) or due

to the increase of the population in the higher torsional levels as

temperature increases (Subsection VI. 7) .


