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Spectral spin diffusion in resolved solid-state NMR spectra is analyzed for various types of sys-
tems, including dipolar coupled spin-+ systems in the presence of extraneous spins, and systems of
quadrupolar spins with and without an additional dipolar reservoir. Diffusion of Zeeman and qua-
drupolar order via single-quantum and double-quantum spin-diffusion mechanisms is considered.
Special attention is paid to the frequency offset dependence of the spin-diffusion rate. The theoreti-
ca predictions are verified by sPin-diffusion measurements using two-dimensional spectroscopy
techniques for *C deuterium, and “N resonance in single crystals.

I. INTRODUCTION

The term spin diffusion has been introduced by Bloem-
bergen' in order to describe the transport of spin order
through a crystalline lattice in the presence of a spin tem-
perature gradient caused by relaxation of nuclear spins by
paramagnetic impurities. Such a process transports spin
polarization between spatially separated equivalent spins
and is called spatial spin diffusion, while an exchange of
polarization between spins with different resonance fre-
quencies may be considered as a diffusion process in fre-
quency space leading to spectral spin diffusion. Both pro-
cesses are results of the same basic interaction, the
dipole-dipole couplings of nuclear spins, but their observa-
tion is different. Changes in the spatial distribution of
spin polarization are detected indirectly by measuring de-
viations from exponentiality during the relaxation process,
while spectral spin diffusion is observed directly as an ex-
change of magnetization between resolved resonance lines.

The diffusion of spin order is responsible for numerous
phenomena which are of importance both for measure-
ment techniques (for example, in Hartmann-Hahn cross
polarization’=*) as well as for the understanding of relax-
ation phenomena.’~!! Spin diffusion can be used to ob-
tain information about spatial proximity in solids!2~!7 in
analogy to the nuclear Overhauser effect in liquids.'®—22

Spin diffusion requires energy-conserving processes
which transport order between different spins. As long as
the involved transition frequencies are degenerate, flip-
flop processes mediated by the dipolar interaction are en-
ergy conserving and the Zearen order of individual spins
is no longer a constant of motion. It participates in a col-
lective process which leads to an oscillatory exchange of
order between coupled spins. The process may be strongly
damped by additional neighbor interactions.

The situation is different in the case of resolved or par-
tially overlapping resonance lines where s in diffusion has
also been experimentally verified.!%!?,23 The dipole-
dipole interaction between the two spins which exchange
polarization is in this case too weak to compensate for the
change in the Zeeman energy of the system associated
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with the transfer of population between spins with dif-
ferent resonance frequencies. Therefore, energy conserva-
tion requires particular attention. Several mechanisms
have been proposed in the past which satisfy the principle
of energy conservation, either by the cooperation of ex-
traneous spins™ or by multiple-quantum spin flips.?*%

Spectral spin diffusion among resolved resonances has
particular experimental appeal for tracing out the path-
ways of diffusion. It yields information on the spatial
proximity of uniquely identified sites and provides an at-
tractive tool to study the structure of solids. Such tech-
niques are aimed not so much at the investigation of crys
talline materials which can well be studied by diffraction
methods (especialy if single crystals are available), but
rather to obtain information on amorphous and hetero-
geneous solids, such as glasses and heterogeneous poly-
merss, 14,16, 17

To exploit the full potential of spectral spin-diffusion
measurements, two-dimensional (2D) spectroscopy is a
prerequisite. It not only maximizes the content and flux
of information, but also facilitates the measurements and
makes them truly routine (although sometimes rather time
consuming). Several examples of 2D SPin-diffusion mea-
surements have recently been published.!4—17:2%26

The spectral separation of the different sites can be due
to chemical shifts exceeding the dipolar linewidth, as in
BC resonance or quadmpolar interactions which are nor-
mally strong enough to dominate the spectrum. In the
past, deuterium and N spin diffusion has been investi-
gated.!®11:2325 |n combination with multiple pulse scal-
ing of dipolar interactions and magic angle sample spin-
ning, spectral spin-diffusion measurements are feasible
aso for strongly coupled proton and fluorine systems. 7

In this paper we present a theoretical analysis of spec-
tral spin diffusion for resolved resonance lines. We dis-
cuss and compare the various remedies which nature
might use to satisfy the law of energy conservation. We
support the theoretical considerations by new experimen-
tal data. The experiments which are presented have all
been performed on single crystals. This turned out to be
indispensable for a quantitative test of the theoretica pre-
dictions.

5608 ® 1985 The American Physical Society



32 SPIN DIFFUSION IN RESOLVED SOLID-STATE NMR SPECTRA

1. KINETICS OF SPECTRAL DIFFUSION

A. Basic formalism

The transport of spin order between different types of
spins is most appropriately described by a set of coupled
rate equations for the expectation values of the relevant
observables. The number of such observables may become
large in complicated spin systems. We will see, however,
that it is often sufficient to concentrate on a small number
of operators to obtain transport eguations for the observ-
ables of interest. The formulation, as well as the
mathematical tools, are closely analogous to those used in
the theory of relaxation, with the relevant part of the sys-
tem coupled not to the molecular lattice motions but to a
heat bath consisting of the dipolar spin interactions. The
interaction between system and environment is described
by a deterministic quantum-mechanical formulation. The
irreversibility which characterizes the spin-diffusion pro-
cess enters through a perturbation treatment and through
the concentration on a small number of observables.

We will develop the formalism for the exchange of po-
larization between two spins S and S5, coupled to a large
number of further spins which do not directly participate
in the exchange process but supply the energy needed to
transfer polarization between nonequivalent spins. The
two S spins represent either an isolated spin pair or two
classes of equivalent spins.

The Hamiltonian which governs the motion of the full
system is written in the form

H=s+Isg +k 1

where #°s describes the motion of the two representative
S spins, # comprises the interactions among the ex-
traneous spins, and g represents the coupling terms.
The following commutation relations hold:

[#s, #51=0, [Hs, #spl£0, [#g, % sp]0 . 2)

]
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To calculate the rate constants by time-dependent pertur-
bation theory, we split the Hamiltonian into two parts,

%=yo+y1 > (3)
with
=K s+Hp, K 1=HKsg, 4)

and transform the Liouville-von Neumann equation
(with#=1),

o= —i[#,0], ()

as usual into the interaction frame with respect to 27, de-
fined by

o T(t)=expliHot)a(texp( —idFgt) . (6)

In this representation the equation of motion is
o fo)=—il# (), aT(0)]. )

An iteration of Eq. (7) leads to a power-series expansion
with respect to #;:

1) =—i[#T (1), cT(0)]

— [ ar( a1 1), T+ @

We expand the traceless part of the density operator in
‘terms of a set of operators{ 4;}

al(t)= Za,-(t)A,- , 9)

which are assumed to be orthogonal,
Tr{4]4;} =8,Tr{4}}, (10)

and obtain differential equations for the coefficients q; ( ¢)
by inserting Eq. (9) into Eq. (8), multiplying both sides
with 4, and taking the trace:

Tr{df}dp ()= —i 3 a,(0)Tr{[H#1(2), 4;,14;} + 3 a;(0) fotTr{ [#1(0), 4 [t —7), 4, 1}dr . (11)
i i '

If the conditions for the application of perturbation
theory are fulfilled, the integrand in Eqg. (11) vanishes be-
fore the coefficients a(¢) have changed appreciably. We
may therefore extend the integration limit to infinity. We
may in addition extend the validity of the second-order
expansion by replacing 4;(0) by a;(t). The resulting sys-
tem of equations can be written in the form

G (D=3 Wa (1), . (12)

where the rate constants Wy; are given by
Wi =(Tr{ A2})~[—i Tr{[#](2), 4;14i}
+ [ Te([o ), 4l T —n), 4}dr . (1)

This formula has been used in similar form by Provo-
torov?’ and Goldman (Ref. 28, Chap. 4). It differs from
that of semiclassical relaxation theory (see, e.g., Ref. 29,

|

Chap. 8) by the missing ensemble average. The coupling
to the environment is not described as a stochastic process
but as a deterministic and reversible time evolution.
Equations (12) and (13) still represent a description of sys-
tern and environment. The apparent irreversibility of the
spin-diffusion process is introduced by the restriction of
the operator set { 4;}to the few relevant observables of
the system and by setting a;(¢)=0 for all other values of ;,
This implies the assumption of infinite temperature for
the disregarded degrees of freedom, irrespective of the
transfer of order. The thermodynamic aspects of spin dif-
fusion will be discussed more thoroughly in Sec. .

In the following paragraphs we will apply the expres-
sions, Eqgs. (12) and (13), to the calculation of spectral
spin-diffusion rates in several systems. we treat first the
simple case of two inequivalent spins S =+ coupled to a
large number of | spins and apply in the following sec-
tions the results to more complicated situations.
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B. Spectral spin diffusion between two spins § = 3
in the presence of abundant I spins

A system of two spins S=%, coupled to abundant |
spins, which form a large dipolar reservoir, can be regard-
ed as a prototype for more complicated cases to be con-
sidered later. The full Hamiltonian &#° takes the explicit
form

H=Hs+Hss+Hs1+7r »
Hs =081, +0,5 ,

Hgs=d[281,S0,— +(STS7 +STS, (14)
K= b328 1.0+ 3 0512801,

i i
XK= E béI[ZIiszz_%(Ii*-If_ +I"—If+)] ’

L
i<j
with

H —
b?:ﬁyxyyﬁrq 3Pz(cose,-j) .

The Zeeman interaction of the | spins has been disregard-
ed, since in the limit of identica chemical shifts, it com-
mutes with the remainder of the Hamiltonian and has no
effect on S-S spin diffusion.

The relevant observable operators for spin diffusion be-
tween S, and S, are S, and S,. Since the total polariza-
tion operator Si;+S3, commutes with the Hamiltonian
and only flip-flop processes are involved in spin diffusion,
the total S spin polarization is a constant of motion. It is
therefore sufficient to consider the time evolution of the
difference polarization operator %(SIZ—S;_,). According-
ly, we rewrite the two terms #°s and #°g;:

Hg=H3s+H) ,
Hsx=(01+0)5(S1;+52)
Hopy=(0,—Qy)+(S);—S2) »

and (15)
K =Hsis+Hsia
Hgz=bY +bINS 1, +So)z
Hsa=b5 —b3NS 1, — S )]z -

The two terms s and d 25,5,;, which commute with
the observable 2(Slzu-SZ,) as well as with the remainder
of the Hamiltonian, can be disregarded.

Although the term #°g;s does not commute W|th Hrrs
it does not affect the observable 2(Slz—-Sh)— ) This
can be understood by formally separating the term &y
into two mutually commuting parts

X’II=1(14)'ZIII -+ 1(23)‘%’11 ) (16)

where 1% and 1?3 are unity operators of the subsystems
spanned by the functions [1)=]|aa),|4)=]BB) and
[2)=]aB),|3)=]Pa) of the two S spins, respectively
(see Fig. 1). In terms of spin operators they can be ex-
pressed by

iBB> = 14>

7N

lxB> = 12> B> = 13

FIG. 1. Energy-level scheme for two spins %, indicating the
numbering used in the text.

1MW=Ly428,.5,, 1®=11-28,S,,. amn

The two parts of #°; act then either on the (1,4) or the
(2,3) subsystem and are completely separated from each
other.

We introduce further the single transition operators

S =1(8FS5 +578F),
— i8Sy —STST), (18)
SiP =1(81,—S2,) ,

S(23) =

which fulfill the cyclic commutation relations of angular
momentum operators, and rewrite the relevant part of the
Hamiltonian as

FI=SP _as® 123 b,SP 1+, (19
i

where
5=0,—Q, b=b5T—b3. (20)

Only terms relevant for the (2,3) subsystem have been
kept. They correspond to the upper row of boxes in Fig.
2. Equation (19) shows that the problem of spin diffusion

1 3 1
i 1 1
1 i i
' '

(a) System Perturbation ' Environment
| ) I )
(b} ! System | Perturbat on : Environment |
1 1 t 1
| 2 (BN 23 || 4 q2m.
é SZ d SX l-lslb ﬂ Hll
| §c0.
| HZ 2 d S1ZS2Z HSIZ 11 H”

FIG. 2. Commutation diagram for two dipolar coupled §
spinsin the presence of abundant I spins. A connecting line be-
tween two terms indicates noncommutativity. The observables
are enclosed in a double frame. At the top, two possible separa-
tions of the Hamiltonian into observed system, perturbation,
and environment are indicated.
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Equilibration of Polarization

Decay of Difference  Polarization
A
1
2 15,5,
3¢ 527557

t

FIG. 3. Relation between thephysical exchange process lead-

ing to the equilibration of polarization and the treatment in
terms of sum and difference polarization used for the calcula-
tion of rate wnstants.

between §; and S5 is equivalent to the evolution of a sin-
gle “difference spin” S =+, coupled to extraneous | spins
and precessing under the influence of a longitudinal field
8 and atransverse field with field strength d (in frequency
units). As shown in Fig. 3, spin diffusion is equivalent to

longitudinal relaxation of this difference spin. The relaxa
tion mechanism is governed by the fluctuating dipolar
fields produced by the 1 spins under the influence of their
mutual dipole-dipole interaction. This relaxation mecha-
nism has already been suggested by Kronig and

Bouwkamp®® for spins at low fields in the laboratory
frame. It is also responsible for cross-relaxation effects in
the rotating frame.>—*

The time evolution of the difference spin is determined
by three coupled linear differential equations with three
eigenvalues. In the systems to be studied, the transverse
components 523 sand S,f”) decay much faster than S,
and the spin diffusion process can be characterized bgf the
decay rate constant of the difference polarization 823 of
the two spins §; and S,. The commutation diagram in
Fig. 2 suggests two possibilities for selecting the perturba-
tion 2. We will treat both cases separately.

1. S-spin dipolar interaction considered
as the perturbation

The Hamiltonian is separated into the two parts:

=887V +2 3 bST, +
i

s @1

In this case there is only one relevant observable S{%.
The corresponding coefficient W' may be calculated
from Eq. (13) by setting 4 =4; =S?*:

W= g (Tr{S,‘}”Z} )“Tr{[S;‘,C”)T(t),s,ﬁ”’]sz‘”’} +(Tr{Sz‘23’2})‘ld2 f0°° dq-Tr{[S,£23)T(t),Szm’][S,‘,”’T(t —n),5273,

(22)

where the duplicate lower index is written only once. Since Si2 commutes with %%, the dependence on ¢ under the

trace vanishes. The linear term is zero and we obtain

Wi = —a(Te(SP )™ [T drTe(SP0)8; )

where

i% —i
Sy r)=e"" V'S, e T,

) (23)

(24)

The trace expression in Eq. (23) is the correlation function of the zero-quantum coherence of the two S spins. The in-
tegral therefore corresponds to the amplitude at zero frequency, G ‘#X0), of the symmetrical zero-quantum spectrum

G®)(w) with its two peaks centered at & = +8,

G(zs’(w)=(Tr{S§23)2} )1 fow dTe_"“"’Tr{SjSB)exp(——ié?ov')S}fzg’)exp(ié{”oT)} . (25)

A similar expression has been obtained by Bloembergen et al.” Introducing the shape function of the zero-quantum reso-

nanceline

g(u)(m):Tr{Sﬁm)z}“‘l f:e"i"”drTr[SJsmexp(—iﬁ/g”r)g}fzmexp(i%g”ﬂ} ,

(25a)
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with the dipolar Hamiltonian
H=2 3 by + P
i

we may write
Wz(23)= _d2g(23)(8) ’ 26)

where g®)(8) represents the line-shape function of the
zero-quantum transition, evaluated at an offset § from
resonance. The zero-quantum line shape can be observed
viaindirect detection by means of 2D spectroscopy as will
be shown in Sec. IVC. The spin-diffusion rate constant
W can therefore be related to observable quantities.
Note that the integral of g®*'() is normalized to unity.

In the following section we will find an explicit expres-
sion for g2 (@) and for the dependence of the transition
probability on the offset 8§ between the two resonance
lines.

2. Heteronuclear dipolar interaction considered
as the perturbation

For the partitioning of the Hamiltonian
%0=SS,‘23’—dS§23)+§”%3) ,
27
#1=23 b;S21,
i _
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we can no Ion_qer restrict our attention to the density
operator term S;**. It does not commute with &#% and
therefore does not represent a quasi-invariant. Further-
more, we note that #°; commutes with S,m) and the ap-
proximate procedure of Sec. I B 1 is not applicable to this
partitioning. It is necessary to calculate the time evolu-
tion of all three components of the density operator. We
use in the expansion of the density operator, Eq.(9), the
set of operators

A, =S, 4,=8, 4,=S. (28)

In the limit of weak S$-S, interaction d <8, (T%T)~!
(where ZQT represents zero-quantum transition), the cal-
culation may be simplified. All cross terms vanish and

1

de(t)  dy(1) 7
e ALl 7T

= = (29)
ax(t)  ay(?)

W=D —

a,(t)=0 . (30)

The transition probability and therefore the relaxation
time may be calculated from Egs. (13) and (27):

(T%QT)— 1 =(Tr{S,£23)2} )—1 2% 2 b,-Tr{eir”tIize "'i"?llt[sz(23)’sj(‘23)]s"(623)}

i

—43 Sbiby [ 0°° drTr{l,
i k ’

iX¥yr

Toe ~IX T g3 gy | (31)

While the linear term in Eq. (31) clearly vanishes, the quadratic term is equal to

(TR~ =4(Tr{1)' S Doty [ drTr{I e’
i k

We now expand the density operator in the laboratory
frame,

alt)=e 0 (', (33)
in terms of the same operators,

o(£)=x (DS +p()S; ™ +z (DS, (34)
and obtain the system of differential equations

- @_ - -8 0
P { X
= 8 - d 35
y -+ 7201 ;’ (35)
z 0 +d

We may determine the eigenvalues and eigenvectors of

Xy

e THmy (32)

this system of equations. An analytic solution exists in
the limit of small d. The eigenvectors are then close to
S5, sB), and 52, and

z(1) (23) 1 d? 1
Z(t) z TSD (I/T%QT)Z_l_SZ T%QT s (36)

where Tsp represents the spin-diffusion time constant.
72T s given by Eq. (32).

3. Comparison of the two approaches

To compare Eq. (36) with the result of Sec. Il B 1, we
need an analytic expression for the line shape of the zero-
guantum transition. In Sec. Il B 2 it has been found that
under conditions for which the perturbation expansion
converges the zero-quantum coherence decays exponen-
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tially. This implies a Lorentzian line shape. With Eg.
(26), we find then

d? 1
(1/T5%7 P +8 150

which is identical to Eq. (36). That both approaches yield
the same result is not astonishing since both involve simi-
lar approximations: approach { 1),

ld| <ls|| < |||
and approach (2),
|d | «<(T5 7 (1 #sl] <<l

respectively. Systems where Eq. (37) is to be valid have to
fulfill the inequalities

#ss| < ||t < ||1#ul] . (39)

From the time dependence of the difference magnetiza-
tion,

W;23)= —

(37)

(38)

(23)
(S1z—S2:Y0)={Sp;—S5 )07 (40)

it is straightforward to calculate the evolution of the po-
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larization of the individual spins. Neglecting spin-lattice
relaxation effects, we find

(S (0) =L [{S 1, +82, YO +{(S 1, — 85, ) (0)e 1],
(1)

(Sps (D)=L [(S 12+, )(0) —(S1,— S, YOl 72 ]

C. Spectral spin diffusion between two spins S=1
in the presence of abundant | spins

‘We assume that two spins S = 1 have identical chemi-
cal shifts but differ in their quadrupolar coupling frequen-
cies g1 and g,. The Hamiltonian is

#=q;(8, —31)+4,(85,—$1)
+d[251,52,—3(STST +STSH+F s+ .
(42)

This expression can, in analogy to the preceding section,
be rewritten in terms of virtual spin-% and virtual spin-|
operators. Terms which commute with all relevant opera-
tors will again be neglected:

%=8qsé23)_2ds«’(c23)+22biSz(23)Iiz+8qSL£78)__2ds)(c78)+2 2\' biSZ(78>Iiz+(a.q_zd)[S§456)2_%1]_,‘/EdSJ(c456)
i i

+23 58P, +4 > (byy+b,)8 0, + 57y
i

with

8q‘=(ql —g2), 0q=(q‘l +43) ,
(44)
bi=(b{—b3)) .

The energy-level diagram of the two spins S = 1 is
shown in Fig. 4, and Fig. 5 illustrates the resulting net-
works of noncommuting terms of the Hamiltonian. The
system contains in this case three relevant independent
subsystems. The subsystems $¢2* and §7® correspond to

virtual spin-7 systems, while S“® represents a virtual

(-1,00 tn,-n\
— /
6 \ T
(-1,1) — (1,-1)
. 10,0)
— \
3 2
(0,1} t1,0)
\ -

(1,1}

FIG. 4. Energy-leyel scheme for two spins S = 1, indicating
the numbering used in the text.

43)

]
spin-1 system. The virtual Zeeman interaction of the
spins-$ is determined by the difference of the two qua-
drupolar interactions, while for the spin 1, an effective
quadrupolar interaction results which is given by the sum
of the quadrupolar interactions of the individual spins and
by their dipolar interaction.

The time dependence of the population differences in
this_system can be described with the four rate constants
WP, W, w9, and WS, The first two rate con-

s 52 |H-2ds2H v H1®H,
ssm (Hogsml] wm Hawen,
o 5= |H-2asel] Hes s H,

S

FIG. 5. Commutation diagram for two spins S = 1. A con-
necting line between two terms indicates noncommutativity.

The observables are enclosed in double frames.

¥
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stants have the same value due to the symmetry of Eq.
(43). It can !easlly !be |show]n tthat for Ilarge quadrupolar in-
teractions | g1|,|42(>>|4q1]—)q2} only one of the
two types of diffusion rates, W,(ZJ), wie) ory Wi, Wz(;,se)’
can be appreciable. For guadrupolar frequencies ¢; and
gy of equal sign, W,(7'3)=W,(78 can be large, while for
guadrupolar frequencies of opposite sign only the virtua
spin-1 rate constants W;**%, ngss) can be appreciable.

1.(2,3),(7,8) subsystems

The terms of the Hamiltonian of Eq. (43) relevant for
the (2,3) subsystem are

P =8,57—2dS +2 3 b,S P, +HF . @49
d
Apart from a factor 2, this Hamiltonian is identical to Eq.

(19). We may therefore directly write down the resulting
rate constant,

MZ/T%QT
(/55 P +§s
(46)

Wz(23)= W,(78)= __4d2g(23)(8q = —
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2. (4,3,6} subsystem
The Hamiltonian for this system is
%456)=04[S,(456)2—%ll—V_ZdS,(fSG)
+22biSz(456)Iiz +é¥(1;56) , (47)
i
where we have neglected d as compared to og. Perturba-
tion theory shall be applied in analogy to Sec. Il B 1. The

diagonal part of the virtual spin-l density operator is ex-
panded in terms of three orthogonal operators:

456)2 2
Az=sz(456)? A22=Sz(' ) _T1(456)’ A4,=1,

which leads to the expansion

0'(456)=61Az +022Azz . (48)

With the perturbation #°; chosen as —\/idS,(c“a,%\{ve can
calculate the rate constant of Zeeman order W from
Eq. (13):

W,‘456)=(TI‘{S,(456)2} )_1 [-—iTr{[ _‘/_ZdS;‘?SG)(t),Sz(456)]Sz(456)} + f0°° 2d2TI‘{ [Sx(456)(t),Sz(4S6)][S;456)(t —T),Sz(456)] }d’r

_ —2d2(Tr{S,‘456’2} )1 j‘0°° Tr{S},""é’(O)S}““)(T)}dr .

(49)

As in the spin-+ case [Eq.(23)], this may be written in terms of the zero-quantum line shape g‘**®(w):

WS = _2d%0g ) ,

(50

g 4N@)=Tr(S}#} =1 [ ¥ e —io7ar Tr{s{*Oexp(— i r1S} Vexpliny*'r)}

and
%356)=2 Ebisz(456)1’iz +¥({?§6) .
7 -

In a similar manner we may calculate the relaxation of quadrupolar order 4,,. The linear term vanishes again and we

find

WO = [Tr{(S{5 — 212117 [ 7 2a7Tr([S50), S5 5159 — 1), 515} d 7 (51)

—_— [TI‘{ (Sz(456)2_ _32__]_ )2} ]—1 fow dT2d2TI‘{ (S;456)S}(’456)(0) +S}(,456)(0)5;456))(5';456)8;456)(7') +Sy(456)(7_)sz(456))} .

The trace represents antiphase zero-quantum coherence
and we may again express the integral by the amplitude at
zero frequency of the zero-quantum spectrum, leading to

%;56) =—6d2g(456)(aq) . (53)

The operators 4, and 4,2 have been chosen for the expan-

sion of the density operator because the cross terms
W:zm and WS’:Q vanish. This can be demonstrated by

considering the symmetry transformation

(52)

U=exp {in' S5O L 3 Iy
i

which leaves #4%9) invariant. However, the operators 4,
and 4, transform differently,

U '4,U=—4,, U 'A,U=4,, (54)

and do not mix under the symmetric Hamiltonian F#**%%),
so that WS:G’:W;‘;”) =0. Equations (50} and (53} show
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that the expectation values of the two operators 4;,4,»

decay with different rates, although the mechanism which
causes the relaxation is the same for both. This has been
confirmed experimentally and will be discussed in the
context of the experimental results. Equations (50} and
(51) do not give an explicit offset dependence of the rate
constants. Similar to the S = 3 case, we expect that for a
large class of systems the dependence of the rate constants
Wi436) and W(3° on the frequency difference of the two

spins Sy and Sy will be Lorentzian.

3. Double-quantum mechanism of spin diffusion
for two spins S=1

It has been mentioned that spin diffusion between two
spins S = 1 proceeds independently in three subsystems,
one of which is the three-level system (4,5,6) with two de-
generate energy levels 4 and 6 (neglecting chemical shift
differences). It has been shown in Sec. |l C2 that spin
diffusion within this subsystem proceeds via the transi-
tions (4,5) and (5,6) (see Fig, 4), which are both bridged by
a perturbation term 24S: and 248>, respectively. It
has been suggested®»?’ that an additional mechanism may
transfer population directly between the degenerate levels
4 and 6. Because the dipole interaction does not include a
matrix element between these two states, this must be a
higher-order process. It may be called “double-quantum
spin diffusion” because it corresponds to the simultaneous
exchange of two quanta between the two spins in contrast
to the processes which have been considered so far, where
only one quantum is exchanged.

The relevant Hamiltonian of Eq. (43), written in terms
of single transition operators, is

HBO=5% | 2o, +4 3 b1,
i

+8769 %C’q —4> b1,
T

—2d(SH* 488 (55)

This system is equivalent to asingle spin § = 1, irradiated
on resonance with arf field of strength v2d which excites
- the double-quantum transition occurring in the center be-
tween the two single-quantum transitions. By second-
order perturbation theory, it is possible to reduce the
three-level Hamiltonian of Eqg. (55) to a two-level Hamil-
toni%% describing exclusively the double-quantum transi-
tion:

%46)=d'5£46) +4 2 biIizSz(46)+}K(l‘}6)
with the effective dipolar coupling constant

d'=—. (56)

The problem is now equivalent to the spin-$ case treated
in Sec. [1B. By analogy we find the result

6y g2 4y A4% (a6)
W, =d" g"**(0)= - g0, (57

q
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where g%w) represents the line-shape function of the
(4,6) transition. This shows that the double-quantum
spin-diffusion rate is inversely proportional to the square
of the sum of the two quadrupolar frequencies ¢;-+gs,.
While for equa signs, a negligible double-quantum spin-
diffusion rate is expected, it can become significant for
opposite signs. This behavior is similar to that of the
single-quantum processes in the (4,5,6) subsystem. The
rates of the two processes differ by

W;456) _2d2g(45)(0.q )0.2

W = T _4q%™0)
If the heteronuclear dipolar 1S couplings are much weak-
er than the 11 interactions, we expect as in the case of two
spins 4+ a tendency towards Lorentzian line shapes due to
the averaging effect of the strong 11 interactions on the IS
couplings which determine the line shape. According to
Eqg. (31), the transverse relaxation times will be related by

T(246) Tr [S§456),S,(¢45)]2}Tr{S,ﬁ“)z} 1

T(245) _ Tr{SJ(‘L‘S)Z}Tr{[Sz(456)’S’(C46)]2} 4T ’

(58)

and therefore
W.‘S456) _ 20.3
(46) — ‘
W, d[1+T55 62]

The implications of this formula can easily -be understood
by evaluating the two limiting cases of well resolved and

(59)

strongly overlapping resonance lines. For o2 T4 5> 1,
we find
W(456)
2(46) -2 2 (60)
Wz dZT(245)
In the other extreme, o2 T$*" «<1,
(456) 2
2
ud: L (61)

W(46) = d2 ¢
. z

These two cases imply that under conditions where the
perturbation treatment is valid, the double-quantum
mechanism will always be negligible compared to the
single-quantum process. It may however become appreci-
able when the dipolar coupling d is so large that the
second-order perturbation treatment starts to fail and the
fourth-order terms become important. This situation will
be discussed in the experimental Sec. VI.

4. Time dependence of measurable quantities

A spin-diffusion measurement does not access directly
the quantities whose time dependence has been calculated
with the perturbation treatment. Instead, the polariza-
tions of the spins §; and S, are measured. The time
dependence of these observablesisin general nonexponen-
tial. For two isolated spins, the transitions in the (2,3),
(4,5,6), and (7,8) systems are independent; the three differ-
ence spins relax independently. If the system isinitialy in
astate
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0(0)=a(0)S1,+a,(0)Sy,+b1(0)(ST; —F1)
-{?bz(O)(Sg,—%l) , (62)

the expectation values will evolve as

(23) (78) (456) ,_ p(46)
(Su)(t):%sa_i__l!_zda(eWz t+eWz t 4€(Wz +W; )t)’
{23) (78) (456) . pr(46))
(S?z>(t)=—;-sa____lli_da(ewg t-—{—eWZ t+4e(Wl + z I) ,
(63)
456
(84 —21)D="1s,(142¢ = )
(23) (78)
+idye™ e,
' w456,
(Sﬁz—%l)(t)=%sb(1+2e 2y
(23) (78)
—Lae™ e,
with
5,=a,(0)+ay(0), d,=a,(0)—a,(0),
(64)

5p=b1(0)+b,(0), dy=b;(0)—b,(0).

Here s, and d, represent sum and difference of the Zee-
man orders, while s, and dj, represent sum and difference
of the quadrupole orders of the two spins S; and S;.

Usudly the two spins are not isolated from the other .§
spins. If the contact between spins of the same type (e.g.,
S1-Sy) is of the same strength as that between the two
different types (i.e., $1-S,), the evolution of the system
depends also on the S;-S; rates. In many cases the spin
diffusion among equivalent spins is much faster than be-
tween noneguivalent spins, so that each class of equivalent
spins represents a thermal bath in internal equilibrium.
The density operator can then at all times be described by
an expansion of the type of Eq. (62). The coefficients
show the following time dependence:

al(t)—;%[sa +d expl —t/TsZD)] »

ay(t)=+[s, —d,exp(—t/T&)],

by(t)="[spexp(—1/THS)+dyexp(—t /TE)] | (63)
by()=%[syexp(—t/T§S)—dyexp( —t /TE)T ,

with the diffusion rate constant of Zeeman order

1IT& — [ WP w™awPO L w8  (662)

the decay rate constant of the difference of quadrupolar
order

/T8 =—-L(wP +wi™y, {66b)

and with the decay rate constant of the sum of quadrupo-
lar order

VT =—3w3 . (66c)
If the quadrupolar frequencies g; and g, significantly
exceed their difference |41]|,|q21>>|q1]1—1{4q2{, then
spin diffusion occurs exclusively in the (2,3) and (7,8) sub-
systems or exclusively in the (4,5,6) subsystem, depending

on the relative signs of ¢, and ¢,.In the case that
single-quantum spin diffusion dominates and the double-
quantum process Wz( ) can be neglected, we find for the
diffusion rate constant of Zeeman order

1/T% =4d%(Aw) , (66d)

with the line-shape function g (@) of the transitions
(23),(78) and (4,5),(5,6) and with the separation
Aw=|qi|—]|g2]| of the two peaks involved in the spin-
diffusion process. This result applies irrespective of the
relative signs of ¢, and ¢,, as has been found experimen-
tally.”

The rate constants for diffusion of quadrupolar order,
on the other hand, depend on the relative sign: for equa
signs,

1/T8 =4d%(Aw), 1/T$E~0, (66€)
and for opposite signs,
1/T&O, /T =4d%(Aw) . (66£)

Quadrupolar order of spin S; is in the first case
transferred into quadrupolar order of the same sign for
spin 83, in the second case into quadrupolar order of op-
posite sign for spin S,. It should, however, be noted that
the resulting 2D spectra are indistinguishable and that the
observed spin-diffusion rate, which corresponds in the
first case to 1/7g5 and in the second case to 1/T&5, does
not depend on the relative sign of the coupling constants.
The transfer of quadrupolar order is predicted to be three
times faster than the transfer of Zeeman order.
Double-quantum spin diffusion occurs exclusively for
opposite signs of the quadrupolar frequencies g1 and g2
and thus provides a means to determine relative signs.
We expect that for double-quantum spin diffusion only
Zeeman order is transferred and no quadrupolar order. If
the diffusion of Zeeman and quadrupolar order is mea-
sured independently, it is therefore possible to distinguish
single-quantum and double-quantum processes.

D. Spectral spin diffusion in homonuclear
spin  systems

The treatment of spin diffusion in homonuclear spin
systems is in general more complicated than spin dif-
fusion in heteronuclear systems. In the preceding section,
we took advantage of the clear distinction between the di-
polar interaction of the diffusion partners, which had very
little heat capacity, and the dipolar interaction to and
among the 1 spins which was essential for the energy bal-
ance within the system. In homonuclear systems, the cou-
pling between diffusion partners and the energy balance
are both achieved by the homonuclear dipolar interaction.

In some cases, we may nevertheless apply the perturba-
tion treatment developed for the heteronuclear case. We
assume that the solid contains two S-spin species S and
S5, contributing to separate resonance lines, with strong
dipolar couplings within each species and with weaker di-
polar coupling between the species as illustrated in Fig. 6.
Such a situation is approximated by malonic acid—d,,
where the coupling among the methylene deuterons and
among the carboxyhc deuterons is larger than the cou-
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S\1 -

SZ

FIG. 6. Schematic representation of spin diffusion in
homonuclear systems, visualizing the assumption made in the
text: The couplings within each spin species are assumed to be
stronger than between them. Only one type of coupling (solid

vertical lines) is taken into account. The other couplings
(dashed lines) can be treated in the same way since cross terms

between different interactions vanish in the second-order pertur-

bation treatment.

plings between them. The formal similarity to the
heteronuclear case is then preserved. The intra-species in-
teraction serves as a heat reservoir while the inter-species
dipolar interaction d can be treated as a perturbation,
neglecting its heat capacity. Within second-order pertur-
bation theory, we can limit ourselves to one type of inter-
species interaction. The remaining interactions can be
treated analogously and give additive contributions to the
spin-diffusion rate.
The system may then be described by the Hamiltonian

%=%§1)+%2)+%(d12)+%11)+%(d22) , (67)
with
H=q, ES,‘;’ ,

%“2)=d E [2S(1) (2) < (Sl(cl)+Sl(c2)—+S’(cl)—S](c2)+)} i

(68)

= 2 E bl(c;'i)[zsg)sl(zi)_%(Sl(ci)+Sl(i)—+SI(C1‘)—-S1(1')+)] ,
I k
<

i=12.

Because the total z component 3, [k’ +S42'] commutes
with the full Hamiltonian, we can introduce again sum
and difference frequency Hamiltonians

;fz—(ﬂl'l'QZ)z 2[ (l) (2)]

(69)

A (01—02)2 2[ (1) (2)]_(0 -0, )S(23)

% isaconstant of motion and can be disregarded in the
following. We may now make the selection

and apply Eqg. (13) to obtain an expron for the expecta
tion value of the difference polarization 8§

g_t_(sz(zs))=Wz(23)<Sz(23)) ’ 1)
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with

W= — L [ 4o Te(sP0)5 )

z Tr{Sm’z} 0 g . ’
z
(72)

where

5= —31 3 (S 5P —s{P-sf) 73)

k

and

S{P(r) = F Vg2 T (74)

This result is formally equivalent to Eq.(23) for the
heteronuclear case. However, the epr|C|t evaluation to
obtain the offset dependence of W) is far from trivial.

The two perturbation treatments in Secs.IIB 1 and
Il B 2 diverge |n therr predictions. Approach (1 predlcts
arate constant W2 proportional to g'*(Q;—Q,). The
offset dependence should therefore deviate from the in-
verse quadratic behavior when the Lorentzian form is no
longer an adequate description of the line shape. This
must arise at some offset, determined by the finite second
moment of the particular system. Approach (2), on the
other hand, predicts the inverse square law to hold as long
as the envelope of the free induction decay (FID) is ex-
ponential. It has been shown®! that the long-time asymp-
totic form of the FID is exponential under certain condi-
tions. Approach (2) would therefore suggest that the in-
verse square law holds even for large offsets.

1. THERMODYNAMICS OF SPECTRAL
SPIN DIFFUSION

The ultimate equilibrium state reached after a suffi-
cieutly long spin-diffusion period is determined by ther-
modynamics rather than by the spin-diffusion rate con-
stants calculated in Sec. Il. The principles of energy con-
servation and of equal spin temperatures in thermal
equilibrium easily alow the computation of the equilibri-
um state if the finite heat capacity of the environment is
taken into account.

We divide again the Hamiltonian into the relevant part
g, representing a difference term, the external degrees
of freedom &k, and the interaction term #°sg,

%:ZFS'*_%E‘F%SE- (75)

In the high-temperature approximation, the quasiequili-
brium density operator may be written in the form

U=(1—ﬁs%3—ﬁE%E)/Tr{1} y (76)

with the inverse spin temperatures Bs and Bg, neglecting
the heat capacity of the interaction term #°sz. The total
spin energy of the system, expressed by the initial density
operator, is given by

(8)'=—BsTr( a5} —ByTr(E)
=—BsCs—P=Ck , (77)
with the heat capacitiesCy=Tr{#%] and Cg=Tr{#%].
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In the course of spin diffusion, the two spin tempera-
tures are equalized leading to the final state

o =[1-P(Fs+#5)]/Tr{1}, (78)
with the final inverse spin temperature
Biscs +ﬁiECE
= (79)
4 Cs+Cg

This expression can easily be generalized to systems with
more than one relevant term #sk,

o= (1= S Bt ~Bs¥ /113, (80)
with the final inverse spin temperature
% Bk Csk+BECE
— . (81)
d S Ca+Cg
k

A.Two pins S =+ coupled to alarge
number of | spins

We start from the Hamiltonian for the difference spin
given by Eq. (19), taking 85:*—ds®® as the relevant
part #, and the dipolar interaction of the | spins as the
environment #°;. The corresponding heat capacities are

Cs= (82 +dTr{S2} ~2Tr{ s3] (82)

Ce=Tr{#]} . (83)
For most cases of practical interest, we have

Cg>Cs (84)
which yields from Eqg. (79)

B=Bk: . (85)

It can be assumed that Bz =pB; where By is the inverse
lattice temperature and therefore the final population
difference across the zero-quantum transition (2,3) will be
negligibly small, so that in equilibrium the two spins .Sy
and S, will assume the same polarization; spin diffusion
proceeds to compl etion.

B. Two Spins S =1 coupled to a large
number of | spins

As shown in Sec. |l, we have to consider the three
relevant terms Si;—S,;, 8%, —S%, and 84 +8%, — %1
which are in contact with the I-spin dipolar bath. We
specialize here for the case where the two quadrupolar
coupling constants have the same sign, so that the third
term is practically isolated and need not be taken into ac-
count. The density operator may be written as

—q
1—B,(S1;—Sz) — B 8%, — 3 L L2

2

o=

—Bn#n /Tl'{l} s (86)
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(a) Transfer of Zeeman  Order

A
N7

’ A A

, {b) Transfer of Quadrupalar Order
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N
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FIG. 7. The amount of energy required for a spin-diffusion
step to oceur is visualized. (a) In the case of diffusion of Zee-
man order, the flow of population proceeds in opposite direc-
tions in the two halves of the spectrum and the two contribu-
tions to the total energy cancel. (b) In the case of quadrupolar
order, the two transitions have opposite population differences
and the flow of energy is additive.

where all invariant terms have been omitted. The corre-
sponding heat capacities are

C,=0, Co=75(g;—g,)’Tr{1}, Cy=Tr{¥y}. (&7

The relation C; =0 implies that a transfer of Zeeman or-
der between the two spins does not require an energy ex-
change with the bath. Therefore, the equilibrium Zeeman
polarizations of the two S spins are equal, irrespective of
the size of the dipolar bath. This is not the case for the
quadrupolar order. Here, an amount of energy equal to
the difference of the two coupling constants has to be ex-
changed with the dipolar bath. But also in this case the
heat capacity of the dipolar bath is usualy large enough
to let spin diffusion proceed to completion. The different
situations are visualized diagrammatically in Fig. 7.

C. Homonuclear system of spins S =1

Equations (86) and (87) of the heteronuclear case may
also be applied to the homonuclear case if #7; is replaced
by #ss =H#4 + # 7 and if the condition for the appli-
cation of perturbation theory if fulfilled. However, the
consequences are different. The observation of spectral
spin diffusion requires that the separation between the res-
onance lines, |g;—q3|,be larger than the linewidth
which may be taken as a measure for the size of the dipo-
lar bath, | #ss |, so that we have to require

sz > CSS . (88)

This means, according to Eq. (79), that the equilibrium
temperature reached does not deviate much from the ini-
tia temperature of the quadrupolar bath, so that only a



small amount of quadrupolar energy is taken up by the di-
polar interaction and little quadrupolar order may be
transferred. This implies that spin diffusion stops before
the polarization' of the two spins is equalized. The limited
heat capacity of the dipolar interaction forms a bottleneck
for spin diffusion. It should, however, be taken into ac-
count that relaxation with the rate constant 1/T, cou-
ples the dipolar bath to the lattice which has a virtually
infinite heat capacity. This situation is represented in Fig.
8. The time dependence of the inverse temperatures g ,
and fss in this enlarged system may be represented as

1 1 _ |

B,2 B T ¢ lﬁzz ]
= _ , (89)
Bss Co 1 Co 1 1 | Bss

Css T%  Css T?S T

with the eigenvalues of the matrix of rate coefficients
given by

1+(C22/Css) 1

2hq 9= —
1,2 Tglg b TID
172
[1+(C22/Css)]2 ﬁl—(sz/Css) + 1
(TE5)? T$ST o Tip
(90)
For fast relaxation of the dipolar bath,
Lo e |
T~ Css TS’

the two eigenvalues become equal to —(1/T85) and
—(1/T,p)sothat in this limit spin diffusion proceeds at
the same rate as it would in a system with very large dipo-
lar bath. For intermediate relaxation rates, the diffusion

Ha

Ch o (offset)?

STz
| Hss

Cecoc (linewidth)?

> T
7z, 7

Lattice c ~w

FIG. 8. Schematic representation of the heat reservoirs in-
volved in the thermodynamics of spin diffusion in homonuclear
systems. The reservoir #°, associated with the population
difference may have a much larger heat capacity than the dipo-
lar bath #ss. Therefore, a coupling to the lattice is required for
spin diffusion to proceed to completion.
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of quadrupolar order will be slowed down, while the dif-
fusion rate of Zeeman order will not be affected. There-
fore, a comparison of the two rates gives a measure for
the relaxation time T';p of the dipolar bath.

V. MEASUREMENT OF SPIN DIFFUSION IN
A SYSTEM WITH TWO SPINSS:—;—

COUPLED TO EXTRANEOUS SPINS | =%

A. Experimental scheme

Spin diffusion represents an exchange-type phe-
nomenon and the measurement techniques are the same as
those for the detection of chemica exchange or cross re-
laxation in liquids. One- or two-dimensional (2D)
schemes can be applied. All the experiments described in
this paper were performed as two-dimensional experi-
ments. In simple systems, however, one-dimensional ex-
periments can yield similar results. The pulse sequences
for the 2D experiments are shown in Fig. 9. They consist
basically of the three-pulse sequence originally proposed
for exchange studies.? In the case of the heteronuclear
systems, the first pulse is replaced by a cross-polarization
transfer from the | spins. The experiments were per-
formed on a home-built spectrometer equipped with a
Varian V71 computer and a Bruker 5.1 T magnet corre-
sponding to a proton resonance frequency of 220 MHz.

B. Evolution Of the spin system

Since heteronuclear spin decoupling is applied during
the evolution and detection periods, we do not have to
consider the terms 575,72y of EQ. (14). To simplify the
calculation, we assume that the two mixing pulses in Fig.
9(a) are ideal 7/2 pulses. We may also disregard the S-S
dipolar coupling during evolution and detection periods.

(al P E M D

Hi | -
i N

e —— uvvv\:{,

10 &

PR—

(b)
I-In'ﬂl\m\,\..
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2

FIG. 9. Schemes for two-dimensional spin-diffusion experi-
ments. (a) In the heteronuclear case, cross polarization is used
to create S-spin polarization. During the evolution period, I-
spin decoupling is applied. Beforethe mixing period, a90° pulse
converts one component of the transverse magnetization into
polarization. The second mixing pulse is applied to monitor the
system after the exchange process has taken place. (b) In the
homonuclear case, preparation is achieved by a 90° pulse. The
two mixing pulses are90°® pulses if Zeeman order is observed, or
45° pulses for the observation of quadrupolar order. In the
latter case, a180° pulseisinserted in every second scan (indicat-
ed by dashed lines) in order to eliminate Zeeman order which

may aso be present during the mixing period.
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It leads to a splitting of the lines in both dimensions as
shown in Fig. 10. For idea 7/2 pulses, the four lines of
each multiplet have the same intensity and phase.

After preparation by cross polarization, the carbon spin
system is described by the traceless density operator

0'(0+)=Slx +S7_x- (91)

During the evolution period, the two spins ﬁrecess under
the Zeeman interaction. The density operator at the end
of the evolution period is, neglecting relaxation,

a 4 )=S1xCOS(Qlt1 )+S1ysin(.(_)1t1 )

+S2:c08(Qyt1 ) +8,,sin(Qyt) . (92)
With a (m/2)_, pulse as the first mixing pulse, we get
o(21,0)=51,co8(Qy21)+5,sin( Q)
+52,c08(Qyt | ) +Ssin(Qyty) . (93)

The mixing time 7, is usualy considerably longer than
the transverse relaxation time T, so that al transverse
terms such as S1,,83, die out. The longitudinal terms are
conveniently written as sum and difference polarization:
oX(t,0)=3(S 15+, )[cos(Qt;) +cos(Qyt;)]
++(S1,— Sy )[cos(Qyt)—cos(Qyt;)] . (94)

As shown in Sec. Il B, the first of these terms remains in-
variant while the second decays under the influence of
spin diffusion:

o(t1,Tm )= +(S 1, +S2,)[cos(Qy2;) +cos(Qyt4)]
+ 5 (S1;—S2,)[cos(Q4t1) —cos(Qat )]

{23)
xe ® ™ (95)

460 Hz

FIG. 10. Two-dimensional spin-diffusion spectrum of a
malonic acid—!*C, single crystal (orientation 1). The diagonal
shows the one-dimensional (D) spectrum, consisting of two di-
polar doublets. In the center of each doublet the resonance of
the singly labeled molecules appears. The cross peaks close to
the diagonal connectingthe diagonal peaks ofthe same doublet
are the result of a coherent transfer of polarization. The cross
peaks connecting the two doublets are due to spin diffusion.
The differences of the intensities within each square of cross
peaks are caused partly by the relatively strong dipolar coupling,
partly by a slight missetting of the 90° pulse length.
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The second mixing pulse will then convert polarization
into observable coherence, which precesses under the same
Hamiltonian as during the evolution period:

o tl,’l'm,tz)=Slxp1COS(Qlt2)+Slyp1$in(ﬂlt2)

+Szxp2008( taz ) +S'2ypzsin( Q515 ) , (96)

. o w23,
pi=7lcos(t ) (1+e 2 ™)fcos(Qpt N1—e 2 ™),
is#k; ik =1,2 . (97

After Fourier transformation of the acquired signal, we
find then the following diagonal (D) and cross-peak (C)
amplitudes:

i23),

{23)
D=1(1+e"* i

™) C=i(1—e"7 ™),
One example of a resulting spectrum is shown in Fig. 10.

To eliminate the effects of possibly non-negligible
spin-lattice relaxation during the mixing period, we may
calculate the ratio of cross-peak intensity to diagona peak
intensity which is independent of relaxation, provided
both spins relax with equal rates,

98)

(23)
_Q__lﬂ (99)
- {23), *
D 1+eWx Tm .
We may solve this equation for W,m):
1 D—-C
W, ) =—In |7T—=|. 100
: T DycC (100

Experimentally it is useful, however, to repeat the mea-
surement for different mixing times 7, and to determine
the spin-diffusion rate by a least-squares analysis of the
experimental data. Experimental data from such a series
of measurements are shown in Fig. 11.

C. Experimental results

Malonic acid, doubly 3C labeled at the two carboxylic
positions and embedded in a matrix of natural abundance
molecules, represents an almost ideal system of two spins
S=% coupled to a large number of extraneous spins

- I=1+. Since the doubly labeled molecules show a well-

1.0
0.9+
0.8
0. 71
0.6
0.5
0. 44
0.3
0.2+
0.1

o6

© 20 40 80 80 100
Mixing Time (ms)

FIG. 11. Experimental determination of the spin-diffusion

rate in a single crystal of malonic acid—'*C, (orientation 2). Six

experimental points are shown together with abest exponentia
fit.
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resolved dipolar coupling, this system makes it possible to
check the validity of Eq. (36) for the calculation of the
spin-diffusion rate.

In addition to measuring the spin-diffusion rate, the
line shape of the zero-quantum transition had to be deter-
mined. This was done for two different orientations of
the crystal with comparable dipolar couplings but dif-
ferent offsets and different linewidths. The spectra for
the orientation with the smaller resonance offset (orienta-
tion 1) are shown in Fig. 12. The spin-diffusion rate was
determined as described above. All parameters which
occur in Eq. {36),

- d* -
Ton = (1,,2(2—1-)—_282(T 7Tt

can now be evaluated independently. The results for the
two chosen orientations are as follows:

Orientation 1 Orientation 2
L y—230Hz L g—250 Hz
2 29

L 51200 Hz 1 353012
2T 2

72T = 137 us T2RT =78.3 us

Tsplcale)=7.2 ms Tspfcale)=20.8 ms

Tsplexpt)=6.7 ms Tsplexpt)= 19.15 ms
These data show in both cases agreement between the ex-
perimental spin-diffusion time constant T'sp(expt) and the
spin-diffusion time constant Tsp {calc) computed from
zero-quantum linewidth, offset, and dipolar coupling con-

stant according to Eq. (36).

V. MEASUREMENTS OF“N SPIN DIFFUSION

In order to measure the dependence of the spin-
diffusion rate on the difference in resonance frequency of
two spins, it turned out to be useful to choose a quadrupo-
lar system. !N resonance in ammonium sulfate was
selected. Since the quadrupolar splitting [~200 kHz in
(NH,4),S04] is usually much larger than al dipolar cou-
plings, it is possible to vary the spectral distance of two
resonance lines by dlightly reorienting a single crystal
without appreciably affecting dipolar couplings. Since the
availablerf fields were not sufficiently strong to cover the
full spectral range of 200 kHz, only half of the spectrum
was excited.

A. Evolution of the spin system

The same experimental method as in the case of the
spin-5 System was used. The relevant Hamiltonian dur-
ing evolution and detection is here

H#=q,(S%,—21)+g,(8%,—21). (101)
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FIG. 12. Measurement of the line shapeg®)(w) of the zero-
quantum transition in doubly *C-labeled malonic acid (orienta-
tion 1). In the top trace, the full proton-decoupled multiple-
guantum spectrum is shown. The next trace shows the result of
applying a four-step phase cycle in order to eliminate one- and
two-quantum coherence. By the insertion of an additional free
precession period also the center peak, due to longitudinal mag-
netization, could be eliminated (trace 3). The insertion of a180°
refocusing pulse shifts both zero-quantum lines to the center of
the spectrum (trace 4). Except for the bottom trace, all are pro-
ton decoupled. The bottom trace shows the proton-coupled
zero-quantum. line shape. Note the wider scale of this trace.

For equal sign of the two quadrupolar coupling constants,
the initial condition created by the selective cross-
polarization process is proportional to

o(0)=51"+ 55 (102)

where the upper index indicates a single transition opera-
tor corresponding to the m= 1 to m O transition. The
density operator after the evolution period is

o(t)) =840 )cos(q1t1)+Sly sin(g;¢;)
+S(2§c°)cos(q2t1)+S2y sin{gqt;). (103)

Th.e first (m/2)_, mixing pulse on the (1,0} transitions
converts the x component into polarization. We neglect
again coherence which decays during the mixing period
and obtain for o(#,,0),

a(t,,0)=8} °’cos(q1t1)+S(21,°)cos(q2t1)
=1+(S1,+35%,—2)cos(g; 1)
+ (85,4384, —2)cos(qa2;) . (104)

The selective excitation therefore creates a mixture of Zee-
man and quadrupolar order. By spin diffusion it evolves

into [compare Egs. (62)—(66)]
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olt),Tm) =1 {S1[s +d expl — 7y /TZ5)]+S,[s —d exp( — 7, /TE5)]+(35%, —2)[s exp( —1,,, /TES)

+d exp(— Ty /T3] +(353; —2)[s exp(—1,, /TE3) —d exp( — 7., /TE)]} |

with

s=cos(qt,}-+coslg,t,) , ‘
(106)
d =cos(qt;)—coslq,t;) .

For equal sign of the coupling constants, ngzoo and
T§D=3T§?§. The magnetization which is finaly detected
after the second mixing pulse leads then to the following
relative peak intensities:

C=+1[4—exp(—7,, /3TE5) -3 expl — 7, /TE)],
- 107)
D=+[4+exp(—7, /3TE>)+3exp(—7,, /TE5)] .

Therefore, the time dependence of the ratio C/D is biex-
ponential. As can be seen from Fig. 13, however, it is dif-
ficult to detect experimentaly the dight deviation from a
single exponential.

B. Experimental results

The spin-diffusion time was measured for two pairs of
lines at five dlightly different crystal orientations chosen
so as to produce differences in quadrupolar splittings be-
tween 200 Hz and 2.5 kHz. The resulting dependence on
the difference of resonance frequencies is shown in Fig.
14. The spin-diffusion times are within experimental er-
ror proportional to the square of the offset for both line
pairs, indicating that the perturbation theory used to
derive the expression for the spin-diffusion rate is appli-
cable in this case.

These experimental results su§§e§t possible applications
of spin-diffusion measurement$®5161 A -measurement of

1.0
0.9+
0.8+
0.7
0.6
0.5+
0.4
0.3
0.21
0.11

0 d T T T T T T T T
0 2 4 6 8 10

Mixing-time (s)

e

oin

FIG. 13. Experimental determination of the N spin-
diffusion rate in an ammonium sulfate single crystal. The ratio
of cross-peak intensity over diagonal peak intensity of line pair
(8) has been measured for five different mixing times 7,, and an
offset of 360 Hz. The experimental values do not allow one to
discriminate between the expected nonexponential behavior
(dashed curve) and the approximation by a single exponential
(solid curve).

(105)

[

the rate of spin diffusion between two spins provides in-
formation on the size of the respective dipolar coupling
constant and on the distance between the two spins. In
the case of ammonium sulfate this information alows one
to assign the resonance lines to the two N sites in the
crystal which had not been possible previously.*?

The dipolar coupling constant d can be deduced from
the measured rate constants by means of Egs. (46) and
(66). The required zero-quantum linewidths could not be
measured in this case, but a good estimate can be obtained
from TiQT, the relaxation time of single-quantum coher-
ence as 75" =+ 732, which holds if the two spins relax
independently. The numerical values for the two pairs of
nuclei are d®=1.5 Hz and d=5.7 Hz. This may be
compared with the values calculated from the crystal
structure. Numerous dipolar couplings contribute to spin
diffusion between two classes of spins and the effective
spin-diffusion rate is determined by the average over the
squares of the respective couplings for which the values
1.6 and 6.5 Hz were computed. The good agreement be-
tween the two data sets allows an unambiguous assign-
ment of the line pairs to the nuclear positions.

Tﬁ
(s}
12
104 (b)
B-
Ty 64
(5} 4
2
0+ Fr T T T T T
2.5 1.0 1.5 2.0 2.5

- - Difset (kHz)

FIG. 14. “N spin-diffusion times Tsp =T$5 =+T%, in am-
monium sulfate for the two nonequivalent sites as a function of
the offset between the two resonance lines. The offset is varied
by a dight reorientation of the crystal. The orientation of the
crystal is such that the magnetic field is close to the crystallo-
graphic a axis. The line pair (a) has a quadrupole coupling con-
stant of 60 kHz, the line pair (b), of 80 kHz. The experimental
points are shown together with a best fit by a parabola
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VI. MEASUREMENT OF DEUTERIUM
SPIN DIFFUSION

Deuterium resonance in fully deuterated malonic acid
has features similar to N resonance in ammonium sul-
fate. There is again the possibility of varying the spectral
separation of the resonance lines by a slight reorientation
of the crystal which is small enough to leave the dipolar
couplings virtually invariant. In addition, it is possible to
discriminate between single- and double-quantum spin
diffusion by measuring the diffusion of Zeeman and qua-
drupolar order sgparately. Since this crystal contains only
one spin species, the features associated with spin dif-
fusion in homonuclear systems, discussed in Secs.IID
and Ill C, may be investigated experimentally.

A. Evolution of the spin system

1, Observation of Zeeman order
The density operator after nonselective preparation is
o(0) =S1x +S2 (108)
It evolves under the Hamiltonian of Eg. (101) to
o(t1)=S8xcos(q21)+(S1,S1,+ 51,51, )sinlg 2y)
+82x€08(qat 1)+ (82,82, + 52,5, )sin(g,2,) .
(109)

As before, a (w/2)_, mixing pulse is applied and only
longitudinal terms are kept:
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o(t;,0)=58,cos(gt{)+S5,c08(gy2;) .
Spin diffusion leads to
o(t1,7m) =75 {S1;[s +d exp( —7,, /T%5)]
+Syls —dexp(—,/T%)]} , (111)

with s and d defined in Eq. (106). After the last (7/2),
pulse, the signal is acquired and Fourier transformed to
yield the following pesak intensities:

(110)

=[1—exp(~7, /TE)],
X (112)
=7[1+exp(—7,, /T5)] .

Each spin gives rise to two lines on the diagona w;=w,
and two lines on the diagonal ;= —a,, al of equa in-
tensity. For a two-spin system we find eight diagonal
peaks with the same intensity, as well as eight spin-
diffusion cross peaks. A typical spectrum is shown in
Fig. 15.

\

2. Observation of guadrupolar order

If the first mixing pulse is a (m/4), pulse, then the den-
sity operator at the beginning of the mixing period be-
comes

o(t1,0)=S,cos(q1,) +(S%, — 82, )sin(g,2,)
+82:c08(q2t1 ) +(S3; — 53, )sin(g,t, ),

and after coherences have been eiminated,

(113)

21

FIG. 15. Measurement of the diffusion of deuterium Zeeman order in malonic acid—d, (orientation 3), with B, parallel to the
direction (0.544, —0.734, 0.405) in the standard orthogonal system. The lines on the main diagonal @;=w; (lower right to upper left)
correspond to the 1D spectrum of four nonequivalent deuterons with quadrupole coupling constants g /2w of 21.6, 27.5, 31.6, and
38.1 kHz. The transitions labeled + 1, £2 belong to the carboxylic deuterons, those labeled £3, 4 to the methylene deuterons. Nega-
tive coordinates mark m=—1—m=0 transitions, positive coordinates mark m=0-sm = 1 transitions. The lines a w; = —w, are
due to a coherent exchange of magnetization between the two transitions belonging to the same spin. The remaining lines are due to
spin diffusion.
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ol1,,0+)=(35% —1)sin(q,t;)+ (35} —1)sin(g,t;) .
(114)

This pulse sequence therefore creates pure quadrupolar or-
der. If the transmitter is not exactly on resonance, or if
quadrature detection in @; is used, some Zeeman order
may be created in addition. It is possible to suppress the
undesired Zeeman order by adding two experiments, in
one of which the Zeeman order is inverted with a m pulse
during the mixing period. Spin diffusion of pure quadru-
polar order then leads after the mixing period to

olt1,Tm)=(38%, — 1)+ [s exp( — 7, /TES)
+d exp( —fm/T%)]
+(38% —Dylsexp( -7, /TEH)

—dexp(—7,,/T$)], (115
where in contrast to Eg. (106)
s =sin(q¢;)+sin(gy (),
(116)
d=sin(q,t;) —sin(q,¢;) ,
and the resulting peak intensities are
|C| =7 |[expl—7p /TEE)—exp( —7,, /TE)]| ,
' (117)

| D | =[exp(—Tpn /TE&) +exp(—7r /TE)] .

The peaks occur at the same positions as in the measure-
ment of Zeeman order. However, the peaks on the diago-
na @,=w, are positive, while those on the diagonal
@ =—w; are negative. The cross-peak amplitudes have
the same sign as the corresponding diagonal peaks.

B. Experimental results

Figures 16 and 17 show two pairs of spectra, comparing
diffusion of Zeeman and quadrupolar order. Whereas in
Fig. 16 both Zeeman order and quadrupolar order diffuse,
in Fig. 17 only Zeeman order is transferred. Figure 16
therefore represents an example for single-quantum spin
diffusion, while Fig. 17 suggests a double-quantum pro-
cess. The absence of a single-quantum spin diffusion in
this case, put into evidence by the missing diffusion of
quadrupolar order, is not yet fully understood.

We also measured the offset dependence of the spin-
diffusion times. The results for single-quantum spin dif-
fusion are shown in Fig. 18, those for double-quantum
spin diffusion in Fig. 19. The results indicate the predict-
ed quadratic offset dependence in the case of single-
quantum spin diffusion, while in the case of double-
quantum spin diffusion, the offset dependence is much
stronger; it is approximately proportional to the fourth
power of the offset. This is consistent with the prediction
reached in Sec. II C 3 that double-quantum spin-diffusion
processes should only be observable when the 8-S, dipo-
lar coupling becomes so strong that the second-order per-

turbation treatment breaks down.

It is also interesting to compare the spin-diffusion times
of Zeeman and quadrupolar order. A purely Kinetic
analysis [Eq. (66)] predicts that quadrupolar order should
diffuse three times faster than Zeeman order. The ratio
found experimentally for large offsets is only 2.2. The
difference between these values can be attributed to the
finite heat capacity of the dipolar bath. As is shown in
Fig. 20, a numerical evaluation of the time evolution
given by Eq. (89) gives a consistent result for a spin-
diffusion time T§>=+T% and a dipolar relaxation time
Tp=0. 165, which is of the expected order of magnitude
in view of a spin-lattice relaxation time of 2 s.

Diffusion of Zeeman - Order

kHz

FIG. 16. Comparison of the diffusion of Zeeman order with
the diffusion of quadrupolar order in malonic acid—d, for crys-
tal orientation 4, with B, paralel to (0.467, -0.878, 0.098). In
the upper haf, a partia spectrum monitoring the exchange of
Zeeman order is shown. The transitions are labeled with the
same numbers as in Fig. 15. In the lower half, the same area of

a2D spectrum monitoring the diffusion of quadrupolar order is

shown. The peaks on the diagona w;=-—, and the cross
peaks in these quadrants [e.g., lines (1,—1),(1,—2), etc.] arein-
verted in this case. The spin-diffusion cross peaks in the lower
spectrum for 7,, =2 s show about the same intensity as in the
upper spectrum for a mixing time 7, =68, indicating clearly
that quadrupole order is transferred faster than Zeeman order.
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Diffusion of Zeeman - Order

FIG.17. Two-dimensional Zeeman and quadrupolar spin-
diffusion spectra of malonic acid—d, for crystal orientation 3.
The upper spectrum shows part of Fig. 15 and the transitions
are labeled with the same numbers. The behavior is different
from that in Fig. 16. In the upper spectrum the lines which in-
dicate spin diffusion such as (—3,—4),(3,4), etc., show almost
the same intensity as the diagonal peaks, indicating that transfer
of Zeeman order is virtually complete, while their absence in the
lower spectrum indicates that no quadrupolar order is
transferred.

20
18]
16

141
To *#]
(5)10:

6 1 2 3 4 5 6
Offset (kHz)

FIG. 18. Offset dependence of the *D spin-diffusion times
T% and T2 in malonic acid—d, for the case of single-
quantum spin diffusion (crystal orientation 4). Comparison of
TZ, with T§ demonstrates again that the exchange of quadru-
polar order is faster than that of Zeeman order. The curves
represent best fits of the experimental data byparabolas.

16
14
o]
TSD 10 ]
(5) 8 -

0 5 1o 15
Of fset (kHz)

FIG. 19. Spin-diffusion times for diffusion of Zeeman order
by double-quantum spin flips in malonic acid—d, as a function

- of offset for crystal orientation 3. The curve is shown as a guide
_to the eye and has no theoretical significance. The experimental
— points deviate strongly from the quadratic behavior found in all

" the previous cases. This can be explained by the violation of the

conditions for the validity of the perturbation treatment.

VIlI. CONCLUSIONS

The agreement of experimental and theoretical results
verifies that the calculation of the spin-diffusion rate in
resolved spectra by perturbation theory is applicable to
many practical situations. The spin-diffusion rate is pro-
portional to the square of the dipolar coupling and to the
amplitude of the zero-quantum spectrum evaluated at

i 1 2 3 4 5 ] 7
Mixing time (s)

FIG. 20. Ratio of cross- to diagonal peak intensity’ C/D asa
function of the mixing time for diffusion of quadrupolar order
in malonic acid—d, for an offset of 8/27=6.04 kHz. The ex-
perimental data are compared with a numerical evaluation of
Eq. (89) with the parameters T$S =+T%,=5.86 s, determined
from the measurement of diffusion of Zeeman order, Css=4.92
kHz?, as estimated from the measured linewidths and
Tp=0.16 s. The calculated behavior (solid line) almost coin-
cides with a single exponential with a spin diffusion time
T8 = 7.03 s (dashed line).
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w©=0. For offsets larger than the linewidth, the spin-
diffusion rate becomes inversely proportional to the
square of the offset, except for cases when the perturba-
tion treatment breaks down. The dominant spin-diffusion
mechanism was found to be a single-quantum process,
while double-quantum processes have also been detected
in the case of very strong dipolar coupling. In the latter
case, second-order perturbation theory becomes inappli-
cable and the offset dependence starts to deviate from the
quadratic behavior. Single-quantum spin diffusion contri-
butes to the diffusion of Zeeman as well as quadrupolar
order, while the double-quantum mechanism causes ex-
clusively the diffusion of Zeeman order.

The conservation of energy in the course of spin dif-
fusion among nonequivalent spins is either established by
the heteronuclear coupling to abundant extraneous spins
with a strong homonuclear dipolar interaction or by the
dipolar interaction among the involved spins themselves.
In the latter case, the heat capacity of the dipolar reser-
voir is often too small to alow spin diffusion to proceed
to completion. The bottleneck for spin diffusion is then
the spin-lattice relaxation of the dipolar bath.

All experiments presented in this paper have been per-
formed on 100% abundant spins. The theory presented
here remains applicable even in dilute systems for the Cal-
culation of spin diffusion between individual spins. How-
ever, it is no longer possible to assume that classes of
“equivalent” spins remain internally in thermodynamic
equilibrium because the rate constants depend on the ran-
dom spatial separations of the dilute spins. Here, the rate
of polarization exchange among equivalent spins becomes
important, leading to a very complex network of rate pro-
cesses and to nonexponential time dependence.

D. SUTER AND R. R. ERNST 32

Single crystals were selected for all the measurements
presented here to alow comparison with theory. Howev-
er, practical applications of spin-diffusion measurements
are envisaged mainly in disordered systems.“’” Spin dif-
fusion may provide structural information on heterogene-
ous systems such as polymer blends, biological materias,
and minerals.

In polycrystalline or amorphous systems, magic angle
sample spinmng must normally be applied to obtain suffi-
cient spectral resolution. Spin diffusion is strongly influ-
enced by the sample spinning. For small angular velocity,
spinning leads to an averaging of the spin-diffusion rate
over the various microcrystallite orientations. It has been
shown®3* that this may considerably enhance the spin-
diffusion rate. For a rotation rate equal to a submultiple
of the offset between two resonance lines, the rotation
may even provide the energy balance which is required for
the spin-diffusion process.>*> On the other hand, if the
spuming rate exceeds the dipolar couplings, they are aver-
aged to zero and spin diffusion is quenched.*® We should
mention that related problems of spin diffusion have also
been im;?st%ated in other fields, such as electron spin res-
onance.
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