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NMR relaxation of the n-quantum transitions (n = 1,2,3) for an oriented CH; group by paramagnetic
impurities is discussed. The n-quantum spectra are presented, and the effect of the correlation of
fluctuations in random fields at the three proton sites on symmetry-breaking relaxation transitions is
outlined. Experimental results on acetonitrile dissolved in liquid crystalline EBBA with paramagnetic

DTBN are presented together with a discussion on correlations of fluctuation and correlation times.

I. INTRODUCTION

The applicability of NMR as a spectroscopic tool has
been greatly enhanced by the recent advent of multiple
quantum spectroscopy.l“’ This allows the observation
of normally forbidden #-quantum transitions in coupled
spin systems. As an example, the n=0,1, ..., 6 spec-
tra of the six-proton group in oriented benzene were
produced,®'® exhibiting the expected simplification of
spectra as n gets larger. This allows an easy analysis
of the spectra (where the normal one-guantum spectrum
may be intractable) and straightforward structural as-
signment of dipolar splittings without the need for iso-
topic {(spin) labeling. The highest order (N-quantum)
transition is completely independent of the couplings and
this has been used to measure chemical shifts for quad-
rupolar spins in solids by double quantum NMR.? Other
aspects have included double quantum spin locking and
double quantum cross polarization.?

A particularly interesting feature of multiple quantum
NMR is the information available from the n-quantum
relaxation. Stoll et al.* have shown that relaxation of
the forbidden double quantum transition in two spin AX
spin system contains information on the correlated fluc-
tuations at the A and X sites. In a thorough discussion,
Wokaun and Ernst also presented the theory for »n-
quantum relaxation and showed experimental results on
a two-spin system in an isotropic fluid. ' Further,
Poupko et al. and Bodenhausen ef al. have demonstrated
the applicability of multiple quantum NMR to the study
of relaxation and motion in coupled systems of deuterium
nuclear spins. 8

We have been interested in the multiple quantum NMR
of strongly dipolar coupled spin-1/2 nuclei in oriented
systems {solids, liquid crystals). These illustrate the
behavior of systems with high symmetry, for example
a CH, group or benzene. Normally, radiofrequency ir-
radiation can induce only transitions between eigen-
states belonging to the same irreducible representations
of the spin Hamiltonian. However, relaxation by fluc-
tuating random fields may induce symmetry-breaking
transitions and the study of n-quantum spectra and their
relaxation should allow a complete determination of the
fluctuations, correlations, and symmetry-breaking
pathways. This provides a useful tool in addition to the
elegant selective excitation and normal mode relaxation
technigues in one-quantum spectiroscopy described by
Werbelow and Grant.® In this paper we present a first
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study of the relaxation of dipolar coupled three-proton
system (CH, group) by paramagnetic impurities in a
liquid crystal solvent. The one-, two-, and three-
quantum linewidths were studied over a wide concentra-
tion range and the accurate linewidth ratios allowed a
determination of the fact that fluctuations are correlated
and a measurement of the correlation times.

Section II describes the n-quantum spectra of a dipolar
coupled CH, group and Sec. III provides a concise theory
of n-quantum relaxation for this symmetry group. Ex-
perimental results and discussion are presented in
See. 1V,

tl. MULTIPLE QUANTUM SPECTRA OF METHYL
GROUP

The NMR spectrum of an oriented solute in a liquid
crystal is generally dominated by dipolar structure. It
is due to the incomplete motional averaging out of the
intramolecular dipolar interactions. The methyl pro-
tons of acetonitrile, for example, have C; symmetry
with symmetry axis perpendicular to the proton plane.
The eigenstates can be classified by their symmetry
characteristics and contain one quartet and two dou-
blets.!! The observable multiple quantum transitions
are those transitions connecting the states of the same
irreducible representation. The energy diagram and
the possible multiple quantum transitions are shown in
Fig. 1. The eigenstates are given by

[1y=145,2) = t48)
‘2>:|A1/2>=\‘/‘%—"(IH%)+|$H)+|H%>) ,
I3>:IA-1/z>=—\/1§_(|H+>+(H&>+l%H}) ,

14>= IA-s/?): 1 Hy o,

|5)=lEf,2>=—@1—(|+H>+<|+H>+e*}¢n>) ,
1

l6>=IE-'11/2>=§(|H+)+€1Hi>+€*|fH)) ,

D= 1E8 = (ttp et [ clinn)

1
|8)=|E%, )= T§(|GH)+€*|H$)+<|§H)) ,

where ¢ =exp(iZ2n/3).
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FIG. 1. The energy level dia-
gram of dipolar-coupled methyl
% — i ¥ 15> [7> protons in a magnetic field.
[2> Aw is the frequency offset in
the rotating frame and d is the
> dipolar shift. The lower half
3 .___/__ shows a stick spectrum of the
e multiple quantum transitions.
The associated relaxation rates
T';; are related to their line-
I;Z l"354 l-‘|3 I.‘24 I-‘|4 widths.
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The frequencies of the allowed multiple quantum
transitions in the rotating frame (resonance offset Aw)
are listed in Table I.

The method used to observe the multiple quantum
spectra is the TPPI method described in Ref. 6. In this
method, the frequency offset Aw is created artificially
by phase increments. A theoretical stick spectrum is
shown in Fig. 1. The intensity of each transition de--
pends on the time of preparation period and mixing pe-
riod of the multiple pulse sequence, dipolar coupling
strength and the real frequency offset.

The experimental spectrum shown in Fig. 2 exhibits
the expected multiple quantum transitions all separated
according to order. Resolution is limited by truncation

TABLE I. Allowed multiple quantum transitions.
Transition

origin Frequency M

A1/2_A3/2 Aw ~2d AM =1

Ai2-A1s2 Aw Single quantum transition
A_3/2—A-1/Z Aw+2d

Ei/2~Ef)2 Aw

E%y—E}), Aw

A_‘/z—Aa/z 28w —2d AM=2

A2—Ave 2Aw +2d Double quantum transition
A-g/z—A:;/z 3Aw AM =3

Triple quantum transition

of the multiple quantum free induction decay. The ac-

tual linewidth is less than 5 Hz.

iH. MULTIPLE QUANTUM RELAXATION THEORY

To specify completely a quantum mechanical system
in nonequilibrium, one has to determine the occupation
probabilities of the system in each state and the phase
relation between each pair of states. A more complete
understanding of the population and phase relaxation
mechanisms can be obtained by the use of multiple

CH3CN in EBBA
n—Quantum ¢-Separated Echo Spectra

(%-7.8125 kHz)

L

Aw 24w 3Aw
FIG. 2. The multiple quantum spectrum of oriented methyl
protons. It consists of three single quantum transitions, two

double quantum transitions, and one triple quantum transition.
The resolution is limited by truncation of the multiple quantum
free induction decay. Inhomogeneous broadening was removed
by echoes in the TFPI sequence (Fig. 5).
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quantum spectroscopy as shown in detail by Wokaun and
Ernst.” We outline the relevant aspects of the theory
for our case.

A. Redfield theory

A general approach to study relaxation using the den-
sity matrix formalism is that of Redfield.!? The Ham-
iltonian of the coupled spin system during the evolution
period of multiple quantum coherence can be written as

H=Hy+ Hy+ Hy(t) . (1)

Here H; is the Zeeman term of the spin system in a
strong magnetic field and H, is the intramolecular di-
polar coupling term. The time dependent term H,(f)
describes the fluctuation of the coupling between the

spin system and the relaxation agents,

To describe the time of evolution of the multiple
quantum coherences, we study the off-diagonal elements
of the density matrix. The equation of motion of the
ph?ose coherence between states | o) and | 8) is given
by

% paB(t)=—iQaBpaB(t)° FaBpaB(t) . (2)

Here Q,, is the transition frequency between states | a)
and I8). The relaxation rate is given by"

Top=T&+Thy (3)

where

) _

Lo = 2; j_:dT{(alHl(t)la)—(BlHl(t)lB>}{(alHl(t—T)Ia)(BlHl(t-T)lm} ,

and
, 1 - .
T L dT{;(alH,(t)l Yy H{t = 71 o) expliwy,7) (4)
O
S BT~ ) (T B B)exp(iwaﬂ)}- (5)
v#8
[
The first term is referred to as the adiabatic term 2 I-S @ -r)s-r)
which is a special characteristic of transverse relax- Hy(#) = K 7’178( A 3 A ) ’ (9)

ation. It does not contribute to the longitudinal relaxa-
tion. The second term (nonadiabatic term) is related
to the lifetimes ¢, and ¢, of states | o) and | g8) through

':- =;lz fwdTZ (al () y) (v Hy(2 - 7)| a)expliw,,T)
a M = 7 ta (8)

%B= —hlz- fwdTZ B H (D y) (p | Hy(t = 7)1 BYexpliwg,T)
o (7

and
Ta=5(1/t, +1/8) . (8)

The nonadiabatic term contributes to the linewidth due
to the finite lifetime of states | a) and | 8) by the longi-
tudinal relaxation mechanisms

B. Relaxation by paramagnetic impurity

The effect of the NMR line broadening by the addition
of small quantities of paramagnetic species to a sample
was first observed by Bloch et al.!* This effect was
interpreted as a fluctuating electron—nuclear dipole—
dipole interaction.'® Even at small concentrations, this
mechanism can be more important than intra- and
internuclear dipolar interactions because the magnetic
moment of an unpaired electron is of the order of 10°
times larger than the moment of a nucleus. It is pre-
dicted that the relaxation rate should be proportional to
the concentration of the paramagnetic impurity and the
square of the effective magnetic moment of the electron
on the impurity. **

The dipole-dipole interaction between the unpaired
electron and the methyl protons is given by

i=1,2,3

where y; and y4 are the gyromagnetic ratios of proton
and electron, respectively. The vector r; defines the
position of the proton as shown in Fig. 3. If the concen-

FIG. 3. Geometry of interacting methyl group and electron.

r; is the vector from the electron of the paramagnetic impurity
to one of methyl protons. The vector r defines the position of
the center of the triangle of the methyl protons with respect to
the electron. §; is the vector from the center of the triangle
to one of the protons.
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tration is low, it is legitimate to expand the above ex-
pression in 6/7. Using symmatry-adapted operators,
one obtains'®

Hy(D = y3ivys (IA,;'!S -3, .:;)(s. l')) - 3h2:éys

X 2 [@u+ 0z)S - r)+ (@, - T)8 - o3)+(L, - S)r - o5)]

n=ga, gY

+iﬁ:}/’i§_ Z (I, - r¥8 - r)(r-oz) ,

u=g% gb

(10)

where
1 * 1 *
1u=73_—(11+x12+x 1.), 5"‘:‘?3"(61” 5,+20;) , (11)

u=A4, E% or E®for x=1, € or €*.

The first term in the above equation containing only
A symmetry operators connects states of the same ir-
reducible representation of the C, symmetry group. The
second and third terms containing E° and E® symmetry
operators will violate the symmetry and cause symmetry
breaking relaxation pathways.

Without loss of generality, the dipole—dipole interac-
tion between the methyl protons and the unpaired elec-
tron can be expressed as a product of tensor
operators!”1®

B(==Ty 25 L-Bd= 3 (= D"Vmpm)

=1,2,3 m=0, £l

i=1,2,3

m=0, &1 (— ”mVLEM)/ﬁm(t) ) (12)
peA, E4 B
where
V:O)=Ii,u
V(l)_ 1 ( . y V(-l) 1 .
ey WieriVy,) and V= (v, —iV, ) .
(13)

The symmetry-adapted form V™ is related to V{™ by
the same transformation as in Eq. (11). The fluctuating
local field B‘(t) experienced by the proton spin I, is
produced by the unpaired electron.

There are two kinds of correlation functions involved
in our discussion. These are autocorrelation functions
G,(7) and cross-correlation function G,(7) which are
given by

(=)™ (E = 1) = 8,,G5™ (1) (14)

(= D" (E= 1) =8,,G"(1)  fori#j. (15)
One may express the correlation function in terms of
symmetry of the molecule as

(= 1)t = 7) = 6,0, GIM(7) (16)

It can be shown that the symmetry-adapted correlation
function is closely related to the autocorrelation func-
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tion and cross-correlation function by

GE™(7) + 265™(7)
Gem(1) - GE™(7)

if pu=A4
if u=E% E* .

Gum(r) = { (17)

The transitions between states (4,5, A.y/2), (E}/2 E31 p2)s
(E% 2, E®; ;5) have the same frequency. The decay of the
coherence for these degenerate transitions is in general
nonexponential and complicated. The decay rates for
the nondegenerate multiple quantum transitions are
evaluated and given as follows:

2 _3 7y 1 1 (1
BPTyy=2d3 +3J% +J5d

2 70 1 2 71
KTy =T =3P +3I P +3d 0+ 3J8

T =Ty =3d Q0 +37 0 + 3T @+ 2L

(18)

The spectral densities are related to Fourier transfor-
mations of correlation functions by

JQ =2G62(0)(1+2¢) ,
JP =26 (w)(1+28)

(19)
J@=d =2G6"001-¢) ,
I =J =26 (w)1-¢) ,
where
£=GO /GO =6V /G (20)

and w; is the Lamor frequency of the proton.

The asymmetry parameter (or correlation parameter)
¢ is a measure of the extent of the symmetry-breaking
relaxation.

(1) Completely correlated fluctuation, £=1. In this
case each proton in the methyl group experiences the
same field produced by the unpaired electron. It im-
plies that the autocorrelation function and cross-corre-
lation function be equal, i.e., £=1. One readily obtains

GYA(1)=3G(7)
Gi(T) =G (1) =0 .

(21)

The allowed relaxation channels are those transitions
conserving symmetry.

(2) Completely uncorrelated fluctuation, £=0. In
this case each proton spin is relaxed independently by
the electron. The inter-symmetry-crossing relaxation
is allowed and the cross-correlation function vanishes;
i.e.,

GY™(1) = GEP(1) = 6Y(7) = GI(r) (22)

(3) General case. The ratios of the decay rates of
multiple quantum coherences depend on the asymmetry
parameter ¢ and the ratio of G{”’/G{*(w,) which depends
on the correlation time 7, of the fluctuation and the La-
mor frequencies w;, wg of proton and electron. As
evaluated in the Appendix, the correlation functions are
given by

1

©)(0) = L fr2- 2
G, (0)=%K Tc+T30'K TC-]»—‘*‘-(:’E?C )

(23)

GL =GtH = S K2 ____1 2 ____1
a (wl) a (wl) ?;U Tc 1 wi"f +275K Tc 1+w‘2§.,.i ) (24)
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FIG. 4. The ratios of relaxation rates of double and triple
quantum coherences to single quantum I'(;/Ty, and I'y,/Ty, de-
pends on the correlation factor £ and the coreelation time 7.

Curves A and A’ show the case of short correlation time limit,

wﬁ-rf. <« 1. Lines B and B’ show the case of long correlation
2

. . 2 : .
time limit, o.wf‘rc >>1. The intermediate case, wiTi<<1, wi‘rc
>>1, is shown by curves C and C’.

where
- (2

The dependence of the decay rates on the concentration
of paramagnetic impurity is through the average dis-
tance between electron and methyl proton.

The ratios of the relaxation rates (independent of the
concentration of impurity in the experimental range)
provide a measurement of the correlation time and the
asymmetry parameter,

As an illustration of the sensitivity of the n-quantum
relaxation to the fluctuation model, the ratios of the de-
cay rates are illustrated for three extreme cases which
are classified by the value of 7.

(a) Short correlation time limit, «?72<« 1.

The ratios of decay rates is given by

Ty 30+ Ly F+2¢ (25)
Ty 2+¢ Ty 2+¢&

Their dependence on £ are indicated by the two curves
A and A’ in Fig. 4.

(b) Long correlation time limit, w?72> 1.

In this case, one has

r r
M =3+6f ==2+2; . 26
I-‘12 g’ Flz E ( )

The dependence of the ratios on ¢ are indicated by the

. two curves B and B’ in Fig. 4.

(c) Intermediate case, wf7Z<«< 1, wirZ>»1.
The ratios are given by

I, 21+24f Ty, 17+14¢

T,, 12 T 13+6¢

T, 13+6¢f ° 12 (27)

Their dependence on £ are indicated by the two curves
C and C’ in Fig. 4.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Samples and spectrometer

Experiments were done in a field of 42.5 kGprovided
by Bruker superconducting solenoid. The corresponding
operating frequency for protons is 185 MHz.- The pulsed
rf power of 200 W generated by a tuned transmitter pro-
duced a rotating field of 20 G in a solenoidal coil of 8
mm in diameter. Samples of acetonitrile (- 12%in
mole) dissolved in EBBA (p-ethoxy-benzylidine -
butylaniline) with different concentrations of di-¢-butyl-
nitroxide (DTBN) radical were observed over a range of
temperature 21.5-23.0°C. The temperature was con-
trolled by a feedback system within +0.1°C. The change
of the observed dipolar splitting by temperature fluctua-
tion causes line broadening by an amount less than a few
hertz.

B. Pulse sequence

Multiple quantum transitions were observed by TPPI-
Echo method.® The line broadening by field inhomogene-
ity (~ 1 ppm) was removed by the echo pulse19 during the
evolution period of multiple qguantum coherences as
shown in Fig. 5. An artificial frequency offset was
created by the increment of the phase of the first two
90° pulses relative to that of the third 90° pulse. This

3, €3, " :
1 1
v z B
Increment  t by At
¢ by A¢
aA¢

(n) _ QP
Then offset Aw ubre

FIG. 5. The TPPI-echo pulse sequence is used to remove in-
homogeneous line broadening and to restore the frequency off-
set by the time proportional phase increments. The artificial
frequency offset is merely the rate of phase increment. The
time during the period of preparation and mixing is set to be
250-500 usec. The multiple quantum spectrum is obtained by
Fourier transformation of the signal in time domain of ¢.
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capitalizes on the fact that when the rf phase is incre-

mented by ¢ the z-quantum transitions “see” this as
3,5=1

nd. 00,

C. Spectra and results

The linewidths of multiple quantum transitions for a
given concentration of DTBN were measured by taking
averages of the particular linewidth of spectra obtained
with various 7 ranging from 250 to 500 usec. Four
typical spectra with different concentrations of DTBN
are shown in Fig. 6.

The full widths at half height of each transitions, re-
lated to relaxation rate by I'/n, were found to vary
linearly with respect to the concentration of the impurity
as shown in Fig. 7. Their relations are given by
linear fits:

Ty, =T, =(3365) [C] sec™,
Ty =T =(565+10) [C] sec™ ,
r,,=(850+90) [C]sec™?,

where [C] is the concentration of DTBN in mole %,

The ratios of the decay rates I';,/Ty; and T3/, are
then

FIS/FIZ =1.684+ 0. 02,
T/T2=2.53:0.15 .

D. Discussion

We now compare the various models of correlation
time 7, and correlation parameter ¢ (Fig. 4) with these
data. The model with the condition w*72< 1 is com-
pletely ruled out since it predicts (Curves 4 and A’ in
Fig. 4)

\MJUULJLA

FIG. 6. The relaxation rates
of multiple quantum coherence
depend on the concentration of
the paramagnetic imputiy.
Shown are illustrative multiple
quantum spectra with different
concentrations of DTBN in
mole% The frequency offset
Aw/27 is 7.8125 kHz.

3Aw

/T, =1.25-1.50
I"lA/I"la =1, 50—2. 00

for £=0-1.

800

700
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400

Linewidth (Hz)

300

200

100

I 1 1
1.0 2.0 3.0
Concentration (mole%) of DTBN
FIG. 7. The linewidth of multiple quantum transitions is
linearly proportional to the concentration of DTBN. The ratios

of the relaxation rates can be determined accurately by measur -
ing the ratios of the slope.
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Similarily, wirﬁ» 1 is not possible since it predicts
(Curves B and B’ in Fig. 4)

rla/rlz = 2. 0-4.0
F14/r12 = 3. 0—9. 0

for £=0-1.

Looking at Curves C and C’ in Fig. 4, we see that the
data can be fit quite well with the assumption that wi Tﬁ
>1and o 72«1 with £=1. This predicts

T,,/Ty,=1.63
F14/F13 =2.37

£E=1.

The fit can be made very good by keeping £=1 but
with y=(1+0%72)"=0.91+0.04. With these values we
find 7,=(2.7+0.6)x 107 sec.

The conclusion that £=1, i.e., that there is complete
correlation in the fluctuation is not unreasonable, since
T~ 107! sec whereas the rotation time for the CH; group
(permuting the proton positions) is of the order of 107"
sec. In addition, the average distance between electron
spin and the methyl protons is much larger than the di-
mensions of the methyl group. Simple geometric cal-
culations (using §/y) predict that the extent of symmetry
breaking transitions should be less than 1%. Thus we
see that indeed the measurement of »-quantum relaxation
gives a very sensitive measure of correlation and cor-
relation times.

E. Summary and comments

In a system of strongly coupled spins, it has been
shown that the longitudinal and transverse relaxation to
normal single quantum transitions usually provides in-
formation about internuclear correlation functions. How-
ever, they alone are not adequate to determine the re-
laxation mechanism which is characterized by a number
of auto- and cross-correlation functions. The advan-
tages of using multiple quantum spectroscopy to study
relaxation effect have been illustrated by the system of
oriented actionotrile in a liquid crystal matrix with
paramagnetic impurities.

It is estimated that the broadening of linewidths by
paramagnetic impurity becomes dominant over those by
intra- and interproton relaxation if the molar concen-
tration of paramagnetic impurity is larger than 0.01%.
The estimated contribution of line broadening by sym-
metry-breaking channels is rather small (<1%), even
with molar concentrations as high as 35%.

The presence of the echo pulse during the period of
the evolution of multiple quantum coherences reverses
the magnetic quantum number m and changes density
matrix element p,, into py., where | a’), |B’) are mir-
ror-imaged states of | @) and | 8) by reversing m. How-
ever, the associated dipolar splitting and relaxation
rates remain unchanged.

It is interesting to point out some features of the case
of completely correlated fluctuations. The adiabatic
term of the relaxation rate originated from the elastic
scattering (energy-converging) processes can be written
as

J. Tang and A. Pines: Relaxation of an oriented CH; group

Q= TP0) (g = g .
It has a simple quadratic dependence of the decay rates
on the number of quanta. In the case of long correlation
time limit (w?7%>> 1) the nonadiabatic contribution due to
inelastic scattering processes becomes negligible. The
linewidth of n-quantum coherence depends on N quadra-
tically. It is a general property of the case of complete-
ly correlated fluctuations without referring particularly
to the system of methyl protons. As the correlation
time becomes shorter, the nonadiabatic contribution be-
comes as important as the adiabatic term. The nonadia-
batic term can be found by evaluation of the lifetimes of
the associated states.

The expression of the adiabatic term in the case of
completely uncorrelated fluctuations is generally com-
plicated. However, there is a simple relation if either
state | a) or | 8) is the highest or lowest state. In this
case, the adiabatic term linearly depends on the number
of quanta of the multiple quantum coherence, i.e.,

1
0 0
T= 5 J OO g —my|
For a system of N coupled spins, the nonadiabatic term
has a simple form in the case of completely uncorrelated
fluctuations:
Tly= o JY(w)IN
aB 252 1 .
It is due to the fact that each spin relaxes independently
and contributes to the decay rate equally.

There is only one transition between the state with all
spins up and the state with all spins down. The adiabatic
term of its linewidth depends on the number of quanta
quadratically in the case of completely correlated fluc-
tuation and linearly in the case of completely uncorrelated
fluctuations.
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APPENDIX

The dipolar interaction between electron and proton is
given by

Hl(t)=ﬁ—2;—;!'y—s (I-S-3(-r)S-r)]

SK 3 (= 1)mmpem(y) |
m=2

where

. 1 7
VOl Ve- S re, VUegre, k=tUs,
and
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and
£ O = Fo( DS (8) + Fy(DS.(8) + F. (S (8) ,
£ =T (= L Fo(DS() + Fy(DS (8 + F(1)5.(8)
770D = = (@),
£t 7) = gtHorfimi( 1) 0T,

Here the spherical harmonic functions of second rank
F_(#) are defined as®

Fy=1-3 cos®,

F,=-sinfcosf ¢'®,
F,=-2gin%0 ¢*** ,
F.,.=F%.
The correlation function in the frequency domain is
given by

Gf,""(mw,)=% fﬁ (- ]_)"'d'r/T-m)(t)/(m)(t_ 7) exp(_ imw,T) . .

One obtains

1
0 _1 3 —_—
CRORLSAT LS vor
1 7 1
el =G =3 K7, ——— 4+ — K* .
s Nw) =G5 (w) 2 1+ wpte *20 Tc1+w§T%
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