Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory

Title
SPIN-LATTICE RELAXATION OF REORIENTING OR TUNNELING DEUTERATED METHYL GROUPS

Permalink
https://escholarship.org/uc/item/8k9990f0

Author
Tang, J.

Publication Date
2012-02-17

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8k9990f0
https://escholarship.org
http://www.cdlib.org/

LBL-10162C 2

Preprint

SPIN-LATTICE RELAXATION OF REORIENTING OR TUNNEL
DEUTERATED METHYL GROUPS .

 RECElvEp

e - Emi LAWRENCE
J. Tang, A. Pines, and S. Emid SE@%?&&YiE%%RA?&%%
March 1980 , : e - 1980

LAE%AQ‘V AND
é«%ﬁi&%&img SECTION

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext, 6782

Prepared for the U.S. Department of Energy under Contract W-7405-ENG-48

©9/0/-797

)

..,‘
i

©




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-10162

SPIN-LATTICE RELAXATION OF REORIENTING OR TUNNELING
DEUTERATED METHYL GROUPS

J. Tang and A. Pines

University of California, Berkeley, CA 94704
Lawrence Berkeley Lgboratory
an

S. Emid

Laboratorium voor Technische Natuurkunde, Technische
Hogeschool Delft, Delft, The Netherlands

ABSTRACT'

The spin-lattice relaxation of deuterated methyl groups, which is
exponential at high temperatures, becomes non-exponential at low tempera-
tures as evidence of the coupling between the Zeeman and tunneling
systems., The dominant relaxation is considered to be the quadrupole
interaction. Experimental results at liquid nitrogen and liquid helium

temperatures support the theoretical model.
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I. INTRODUCTION

The ralaxatién mechanism of reorienting or tunneling methyl groups
in solids has been under intensive investigation [ 1~14] . The non-expo-
nential nature of spin lattice relaxation [1,8,13] and the Haupt effect
[ 6] of thermally induced dipolar polarization can be explained as a
result of the dynamical couplings among Zeeman, dipolar, tunneling and
the rotational polarization systems. At high temperatures the non-zero
couplinzs are only between the Zeeman and rétatiénal poliarization systems
and between the dipolar and tunneling systems, respectively.

In this paper the system of deuterated @ethyl (CD3) groups in éolids
is studied. Some interesting-new features arise due to the deuterium

quadrupole coupling. In a manner analogous to the CH case-[11], let us

3
assume that the relevant quasi-constants of the motion are the Zeeman,
quadrupole, tunneling and rotational polarization systems. The dipolar

reservoir is negligibly small in the CD, case. It is assumed in parti-

3
cular that the fluctuation of quadrupole coupling of the deuterons by
random reorientation or tunneling of the methyl group is the dominant
relaxation mechanism. We shall derive the relaxation equations for the
above subsystems and see which subsfstems are mutually coupled by relaxa-
tion. The full calculation is given in Section 1. Here we mention the
main findings. For random reorientation at high temperatures (i,e32j77ox)
Zeeman, quadrupole, tunneling and the rotation polarization systems are
case., As a result

3

the Zeeman spin lattice relaxation is expected to be exponential. TFor

predicted to be uncoupled, in contrast to the CH

tunnelling CD3 groups at low temperatures (<<770K)the Zeeman and tunnel-

ing systems are coupled and consequently, the Zeeman spin lattice
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relaxation is predicted to become non-exponential. The experiments we
have done to test‘the calculations consist of measuring the Zeeman spin
lattice velaxation of dilute toluene, with the methyl group deuterated,
at liquid nitrogen and liquid helium temperatures., The experimental
results are.discussed in Section I1I. We mention here that indeed the
relaxation is exponential at liquid nitrogen temperature and becomes
non-exponential at liquid helium temperature, thus verifying the unique
expectations for CD3 relaxation.
II., THEORY

Consider a CD3 group with geometrical parameters shown in Figure 1.
Unlike the system of methyl protons, the dominant relaxation mechanism
of deuterated methyl groups is caused by the fluctuation of quadrupole
coupling through random rotation of the reorienting or tunneling methyl
groups. The much less efficient relaxation process due to fluctuating
dipolar interactions may be neglected. The‘Hamiltonian of the rotating
methyl deuteréns in high field consists Qf a Zeeman term (HZ)9 tunneling

term (Ht)s the time-averaged truncated quadrupole interaction (5.) and

Q

its fluctuating nonsecular part (Hl(t)) responsible for relaxation:

= +H .
H HZ+Ht+HQ Hl(t)

" The energy level diagram with the classification of irreducible

representations of the C, group is shown in Figufe 2. The truncated

3
quadrupole interaction ﬁQ’ averaged over the random votation is reduced
by a factor of Pz(cos 8)
w
T (0)
HQ 3P2(cos e)PZ(cos S)TA



(m)

where Tu is the component of symmetry-adapted tensor operator of
v b . . .
second rank [ 15] and py=4A, Eas E~ are the irreducible representations of

the C3 group [ 18],

Tém) = Tim) (m)+A T(m) with u=A,E% or E°
for 3=1, ¢ or € , € = exp(i27/3)and T(O) iz - I{I+1), i = 1,2,3.
Here the tensor components T(il) and T(wg) are generated from T( )
U

commutation relation [ 15]

F(I, Tém) f§(1+l) - m(mkl) 1(m+l)

As shown in Figure 1, g is the angle between the C3 axis and the

magnetic field and 6 is the angle between the C, axis and the principle

3

axls of the electric field gradient tensor.
The fluctuating term Hl(t) can be expressed as a product of the

symmetry-adapted tensor operators and spatial functions,
2 w
- _Q (m), _(m) +
H, (t) za . 2, 3 T (F )
p=E ,E =2

where F a(o) = - §sé21¢sinzesin28~ §~131¢sin295in28
E 8 8
F(E;) = - ngi621¢sinzesin8(jﬂ+coSB)+%§ glésinzg(c03281c058)
E .
‘ ST e _
F(§2> = ig’ez ¢sln 6(l+cosB) - giel¢sin2981n8(+l+cosg)

E

{(m) LT {(~m), *
and F = (-1} (F ).
Eb 52

The angle ¢ fluctuates randomly by fast rotation of the methyl

axis.

group about the C3
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Tha correlation functions Gim) (t) are assumed to decay exponentally

and to be characterized by a single correlation time Tos

(- Q) F(m>(t)T(m ) {(t+1) = & ,Gﬁm)(o) exp(mt/rc)e

Thay are evaluated as tabulated in Table 1.

For spin-lattice relaxation only the evolution of the diagonal part
°p of the density matrix is relevant [17]. Based on the Symmetry Restricted
Spin Diffusion (SRSD) model [13] we assume that there are four degrees of
freedom characterizing the quasiequilibrium during the relaxation process.
In the high spin temperature assumption one may decompose Py into a set
of four traceless and mutually orthonormal operators and the unit
operator with their corresponding Lagrange multipliers Oy
l+a101+a202+a303Fa404

O19 029 03 and O4 defined below correspond to Zeeman, tunneling, quadru-

pole and rotational polarization systems respectively, i.e.,

0, = I%//--«—-= =

1 /Tr(Iz)z /54
176 1

5 :§J7T7 (37 [a><a]- MW¢E><E[)
32

it

1 b .b
0, = 7 (JE%><B?|-|E"><"|)
where.!A><Al, lEa><Eal and etc. are projection operators.

The equation governing the relaxation of the system toward equili-~

brium with the lattice can be expressed by [ 11,13]

& = -8 (a~a"h)

vhere o is a column-vector with components o The symmetyic relaxation

I



matrix S has the components |[11,13,16]

[eo]

I (m) [ ~lT!/t o ~iHr (m) dHT,
Sk% =3 21; GU (O{; dre c fr({Oksa TU e ]
z}?a Eb nlO -+('m)
u - 1 s B
(00
< (m) 2T, (m), .+ (m)
= ?L ¢\ i0)- Te (P 0y ,T 1T 7, 0,41)
fosnad u 2 2 k u k )
Wooom ITH{mw +w )T
o t’ ¢
where w, is the observable tunmeling frequency {11} and the projection
operator pw}A>¥A},
The non=-zero relaxation rates Skz were evaluated, yielding:
. Gém) () Gém) () } 2
S, o= 5 + 3m
117 2e  2aa b 22 A c
m=1,2 pu=E",E ul+(mmo+mt) T, I+ mmofwt) T,
A R N
S =] . e 162 . T
12 laa b 2. 2 B 22 |4 [176™ e
m=1,2 pu=E",E »1+(mwo+mt) T, I+ mwo+wt) T,
s (m)
Sy = E:' 4 8 b Gu (o) 81 2
m=0,+1,+2 u=E ,E" - 55 \ T T,
| 1+(mwo+mt) T
[ ¢ o) 6 (o) ]
33 Lt n D o2 2 b 2_ 2 c
W=ETLE 1+(mo w_ ) T, +( mokwt) T,
[ G$m>(0) ]
S, = 3, 1627 .
B 501,42 g’ﬁaszb 1+(m»0+wt)21‘cz ¢

The quadrupole system and the yvotational polarization system are

characterized by a single relaxation rate 533

and S449 respectively.

However, the Zeeman system and the tunneling system are coupled through



by
S129 which is non zero for wt#O° The spin lattice velaxation is pon-
exponential, in fact a sum of two exponentials. At high temperatures,
when mt:D, the Zeeman system and the tunneling system become decoupled

since S 0.

12”0

IIT. EXPERIMENTAL RESULTS AND DISCUSSION

The spin~1attice‘relaxation of toluene with the methyl group
deuterated and diluted in a normal protonated toluene matrix (~10% by
mole) was measured at liquid nitrogen and liquid helium temperatures in
8 field of 42.5 kG. The corresponding resonance.frequency of the deuteron
NMR is 23,4 Mhz, A three-pulse sequence lSOprm9OX~TL9OY is used to
measure spin-lattice relaxation. The first w pulse is to reverse the mag-
netization. The second and third ©/2 pulses are to generate a quadrupole
echo for improving S/N ratio and easier detection.

The spin-lattice relaxation time was measured on the recovery of
the sharp singularity in the powder spectrum. The recovery of intensity
at liquid nitrogen and liquid helium tewmperatures are plotted on a
semi+logarithmic scale as shown in Figure 3. The relaxation is found
to be exponential with a Tl of 1.1730.1 sec. at liquid nitrogen temperature.
At liquid helium temperature the spin-lattice relaxation is chavacterized

~1

by two exponents with relaxation rates A, and X Xl = 0.9+ 0.1 sec. and

1 2°

-

NLL:: g AL £
Xz 263 sec. Al and Az are related to Skz by
X1+A2 = Sll+822
A, = S..8 w%z
172 11722 “12°
Sll’ the initial slope of curve in Fig. 3(b), is measured with Sﬂw = 12 + 1
sec. 812 and 822 are calculated to be 812 = ~0.23 + 0.02 secogl and 822 =

~1
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The non-exponentiality of spin-lattice relaxation provides evidenca of
the coupling between the Zeeman and tumneling systems. The inter-
system coupling 812 is non-zero aﬁ low temperature when the tunneling is
in communication with the Zeseman system, i.e., we~w o er ~2w0 such that
both systems may exchange energy through phonons.

Finally, we briefly compare the relaxation processes between the
system of methyl protons and the system of methyl deuterons. In the
first case, the protons are coupled to the lattice by dipolar interaction.
This is a two-body interaction between protons. The existence of cross-—
correlations among the intvamolecular dipolar interactions results in
coupled, I.e., non-exponential spin-lattice relaxations. However, in
the CD3 case, the deuterons are coupled to the lattice by quadrupole
interactions which are single particle intevactions. One expects that
each deuteron should be relaied by dits own interaction with the lattice
and the relaxation is exponential. It is then not surprising to find
the relaxation of three identical deuterons is exponential as in the
case of high temperaturess However, at low temperature we apparently
cannot consider each deuteron independently from the others. We are
forced by the Bose-Einstein statistics to consider three deuterons as a
collective system and classify the eigenstates in an appropriate manner.
We then find coﬁplad relaxation due to the statistics and the fact that
when wtiO the A states are lower in energy than the E states.

The above illustrates that the relaxation coupling is not due to
cross—correlation effects, [ 1] but to what we like to call a statistical

interference. Some of the couplings in the CH, case [ 11,13] which vanish

3

when wt becomes zero are of the same nature.
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Fig. 2

Fig. 3

=10~

The geometry of methyl group. 0 is the angle between the

C3 axis and C~D bond, and B is the angle between C3 axis

and magnetic field;

Energy level scheme with classification according to A,

£% and Eb states. wt,is the tunneling splitting between A
and E states.

The rvecovery of the dintensity of the spectrum is plotted on

a semi-logarithmic scale. (a) shows the spin-lattice relaxa-
tion at liquid nitrogen temperature.is exponential with T1 =

1.14G.1 sec. (b) shows the spin-lattice relaxation at liquid

helium temperature is sum of two exponentials,
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‘TARLE 1

The symmetry-adapted correlation functions G(m)(o)
H

u
(D)( ) = ;ﬁ)( ) = *~“=81n 931n g(1+16 coszecoszg)
2
),
(1)(0) = ( 1)(o) = *§%~ [Sin4 esin25(1+cosg)2
+sin229(c0828mcosg)%
2
- )
Gézl)(o)—‘ (1 )(o) = ~§g~ [sin4 esin2 B(l«cosg)z
+sin226(c0526+cosﬁ)%
{13 2 &
( )(o) = G( 2)(o) = »§?~ [%—sin 6(1+coss)4
+sin2 Zesinz 3(=1+COSB)%
5 -

[-81n 'G(lﬂcosﬁ)é
, 2 .2 N2
+sin ZSSLn B (1+cosB) ]

fi

- ]
G0y = o o) = L
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