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The resoIved chemical shicidinp anisotropy of J 3C in solid txnzcne atlows a study of nuclear spin rek?xation for 
lxnzene molecu’les with different orientations. As expected from a simple theory, the relasation is strongly orientn- 
tion dependent due to the strongly snisotropic motion of the benzene molecule (which consists of reorientation 
about the hesad a%). Preliminary drtta are presented which exhibit qu~ntjt3ti~c agreement between theory and re- 
sults for the 1% snisotropic nuclear spin-Iattice rci;tsation and for the 1% anisotr3pic nuclear Overhauser enhance- 
mcnt en saturation of the proton resonance. 

i. I~t~duction 
I IT-=63 wm 

Elementary moiecuIxr motions leading to nuclear 
spin-lattice relaxation are usuaily anisotropic, and so 

should be expected in principle to lead to an anisa- 
tropy in T,. Such anisotropies are not seen in liquids 
because they tire isotropic on ti time scale comparable 
to T, _ Even in soiids the anisotropy is often largely 

or completely suppressed: a variety of elementary in- 
teractions with different co:reIation times or differ- 

ent angle dependences may be present. and even when 

they are not there may be dipolar broadening and 

spin diffusion which partially short-circuits the dis- 
tinguishability of molecules hnving different oricnta- 
tions. We report here an illwtrative study of solid 
benzene, expected to display anisotropy in T, be- 

c;fuse of the dorn~ax~ce of mole&ar rotatiori about 
the hexad axis [l--4] ) which overcomes these diffi- 
culties. 

Fig. 1 shows a proton-enhanced nuclear induction 
spectrum [S] of natural abundance 13C in benzene at 
- .50°C. The s;?ectrum reflects a p?eudonxial symme- 
try in the chemical shielding tensor due to rapid mo- 

tion about the hexad axis f I ] ; comparison with a 
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Fi_r. 1. Proton-enhanc~d nuclear induction spectrum of natu- 
ral abundance 1% in m 200 mG of benzene at - 50°C. The 
smooth line is the expected absorption lineshape for a chemi- 
cal shielciing tensor with aria1 symmetry. The spectrum was 
obtained in = Xl set using a single shot version of the cross- 

polariz;rtion technique [S] , 

theoretical unbroadened powder pattern [t;] in the 
same figure demonstrates the uncharacteristically 
high resolution for a solid state nmr spectrum and 
the lack oI’any distortion. The anisotropy (Au) is 
180 f 2 ppm in agreement with the value reported by 
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Yannoni and Bleich [7]. Experiments on the other 

aromatic compounds [8] indicate that a departure 
from axial symmetry of = 80 ppm is expected when 
the benzene molecules are rigid (< 40°K). 

The fact that we have a resolved chemical shield- 
ing anisotropy without dipolar broadening presents 
us with an unique opportunity for a dynamica 
study. Since each portion of the spectrum corres- 
ponds to benzene molecules with a particular orien- 
tation, we can carry out 2 study of orientation- 
dependent behavior of relaxation processes without 
resorting to single-crystal experiments. Moreover the 
t3C spin reiaxation is expected to be dominated by 
intramolecular interactions and is thus related 
directly to the orientation and motion of a single 

molecule [9] ; this is not true of proton spin relaxa- 
tion [4] . 

2. Simple rekmation theory 

The analysis is simplified by the following ob- 
servations: 

(i) relaxation of the 13C nucleus (S) is domi- 
nated by dipolar interaction with the single proton 

(f) immediately bonded to it at distance r*. 

(ii) the molecular motion consists of random 

jumps with correlation time rc among equivalent 

orientations about the C, aGs, which makes a fixed 
angle p with the external magnetic field [2 j . 

We proceed fram the usual coupled rate equa- 
tions for i and S magnetizations [lo]. The rate 

coefficients, evaluated by perturbation theory with 

suitable averaging over the siu equivalent orienta- 
tions of the benzene ring, are found to be 

3+yWI(rcI) t s I C 
--= 

1 6r6 

* This is justified by field-dependence studies in 

(see ref. [ 91). 

(1) 

the liquid 

y&3) = sin4 P , 

,aJl(fl) = 3 sin2p(I+cos2P) , (3) 

_y2@) = 1 + 6 cos3 0 + COST /3 

Two special cases are of experimental interest: 
(i) If the S spins (13C) alone are disturbed from 

equilibrium, the polarization UJ of the protons re- 
mains near its equilibrium value f,, because the S 
spins are dilute, and the spin-lattice reiaxation is ex- 
ponential with the time constant es given in (1). 

(ii) If the I spins are saturated, UZ> = 0, the system 
approaches with time constant es a steady state 
characterized by an Overhauser enhancement ! + 17 in 
the S polarization, with 

(4) 

The angle dependences of both q” and 77 can be 
studied through differential behavior of different 
parts of the powder pattern of fig. 1. Instead of the 
angle /3 it is convenient to use the experimental ab- 
scissa G in expressing the results: 

cos2p = (a-q)l(q,-q> ’ (5) 

Notice that the anisotropics expressed in (l)-(4) 
are in some cases quite large, and moreover depend 
strongly on the correlation time. In particular the 
anisotropy in es changes sign as one goes from one 
side of the TI minimum to the other: at low temper- 

atures the right-hand side of the pattern relaxes more 
slowly than the left-hand side, whereas at high tern- 
peratures the reverse is true. 

3. Results 

Fig. 2. shows representative spectra on !he low- 
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These spectra are susceptible to quantitative anal- 
ysis through eqs. (l)-(4). Moreover the temperature 
dependence oft, is known through previous studies 
of isotropic deuteron relaxation [4] , so the fuil anal- 
ysis can be carried out with no adjustable parameters: 

tc = 9.2X 1O-15 exp (-42OOjRT) . (6) 

(b) 
‘H SATURATED 

Fig. 3 is an example of the G’ anisotropy at - 80aC, 
which is above the T1 minimum, showing excellent 
agreement with the value of wscc = 0.075 predicted 
by (6). Fig. 4 shows the experimental Overhauser dis- 
tortion factors for two temperatures, one above and 
one below the T, minimum, again showing quantita- 

agreement with (6). 

180-r-90 
r-50ms 

-100 0 100 

ff (pm-n) 

Fig, 2. Effects of anisotropic motion of the 13C nuclear spin 
relaxation. (a) Normal proion-decoupled Fourier transform 
1% spectrum in solid benzene. These experiments were done 
on a sample with = 4% abundance of 13C to enhance sensi- 
tivity since no proton-enhancement was used. (b) Same but 
with the protons saturated by a = IG field, showing the 
anisotropic nuclear Overhnuser enhancement. The lineshape 
is predicted qumtitatively by theory (see fig. 4) and depends 
strongly on temperature. (cl Fou:ier transform spectrum af- 
ter inverting the 13C reson3ncc by a resonant 180” pulse and 
waiting 50 msec. 13C nuclei in molecules with p = r/2 (~01) 
relax much more rapidly (=7X) to cquiiibriilm than those 
with p = 0 (o=oij. Again agreement with theory is good; be- 
havior changes markedly with temperature - for example at 
- 80°C (which is above Tl,min for all orientations) the T1 
behavior is reversed (see fig. 4) and much less anisotropic 

(=2: 1). 

temperature side of the Tl minimum. Fig. 2b e_xhibits 
a remarkable and characteristic Overhauser distortion 
of the normal pattern (fig. 2a). Fig. 2c is a repiesenta- 
tive spectrum obtained by the inversion-recovery 
tec!Mque [II] showing differential effects in y. 
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Fig. 3. Esamples of dependence of 13C T1 on orientation 
cf the benzene molecules [see eq. (S)] . The theoretical 
curves were calculated using eq. (1) with r = 1.085 A. The ex- 
perimental points w&e obtained by anaIy.E;s of the time de- 

pendence of spectra like that in fig. 2c. 

Evidently the direct study of anisotropic spin- 
Mice processes, through the spectroscopy of rare 
spins decoupled from their abundant-spin surround- 
ings, offers a number of advantages for the analysis 
of molecular dynamics. Whi!e this fact has been illus- 
trated here with an example in which the dynamics 
were already understood, tie same should be true of 
other cases. We have already studied the relaxation of 
13C in adamantane [S] , which shows the expected 
more rapid relaxation of those 13C nuclei having two 
rather than one directly bound protons, and an 
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Fig. 4. Example of dependence of the J3C nuclear Over- 
hauser enhancement on orientation of the benzene molecule 
for two temperatures. The theoretical lines were calculated 
using eqs. (l)-(4). The experimental points were obtained 
by comparing the spectrum of fig. 2s with spectra like that 
of fig. 2b. The Overhauser enhancement is a much less sensi- 
tive quantitstive test of fc than is the spin-Iattice relaxation 

time. 

Overhauser enhancement approximating the “normal” 

value 1 + 77 = 3. These data, and a more extensive 
analysis of benzene including the dynamics of the 
cross-polarization process [5] , wili be presented else- 
where. 

The experiments were performed on a homebuilt 
double-resonance spectrometer using rf fields of 

= 10 G for protons and 40-50 G for 13C. The 13C 
resonance frequency was 24.46 MHz. The proton- 
enhanced nuclear induction spectrum was obtained 
from natural abundance 13C while the remaining ex- 
periments employed a benzene sample enriched to 
= 4% in 13C. 
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