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A theoretich analyss is presentd for liquid-stae T,, relaxation in a coupled two-spi systen |
=1/2, S=1 in the presene of two radio-frequeng fields applied to eat of the spins individually.
It is demonstrate that the relaxation rate constan TIpl of the spin | due to scala relaxation sharply
increass when the two radio-frequeng fields are matchel accordig to the Hartmam—Hahn
condition Relaxation measuremeston the amino-protos of 3-nitroaniline shov goad agreement
with theory © 199 America Institute of Physics [S0021-9608)00518-2

I. INTRODUCTION

In relaxation theol ard in practicd relaxation measure-
mensin liquids, one may distinguis betwea relaxation due
to the rotationd modulation of anisotropt interactionssuch
as dipolar, quadrupolarand chemica shieldirg anisotropy
interactionsard relaxation causeé by the modulatio of iso-
tropic interactions suc as chemicé shift and scala spin—
spin couplingst? The latter mechanism are sensitive to
slow motiond processeseven in the presene of rapid over-
all molecula tumbling, ard can be influencel by the appli-
cation of strorg rf fields In fact, rotating-frane T, measure-
mens hawe becone routine procedurs for separatig the
two kinds of processedeadimg to the sensitive monitoring of
slow forms of motion3#

In this paper we concentrag on scala relaxati in-
ducal by a heteronucleascala spin—spin interaction modu-
lated by slow time scak processesAbragant distinguishes
betwea “scalar relaxation of the first kind” and “scalar
relaxation of the secoml kind.” For the first kind, the random
processe modulae the J-coupling constantwhich makes it
similar to the dipolar, chemicé shieldirg anisotrofy (CSA),
and quadrupola mechanismsOne may also call this type of
mechanim scala relaxation by J-coupling modulation On
the othe hand for the scala relaxation of the secoml kind,
the modulation is due to rapid relaxation of one of the two
couplal spins One can characterie this mechanim as scalar
relaxation induced by randon flipping of the coupling
partner’

Dependimg on the relaxation rate of the coupling partner
spin S and magnituek of the scala coupling constamn J, the
spectrun of the observe spin | changs from a well-
resolvel multiplet to a single possiby broadend line®’ In
the limitin g ca of fag relaxatian of spin S, the situation can
be analyzel on the bass of Bloch—-Wangsnes—Redfield
(BWR) theory?® as first shown by Solomon® This latter ap-
proad leads to the concep of scala relaxation of the second
kind. The effea of the S-spin flipping can be compare to
that of chemicé exchang of the spin S, which also cause a
coalescene of the spectra lines ard ultimately leads to
Redfield-ty spin relaxation.

Scala relaxatian is mog convenienty explored by rotat-

0021-9606/98/108(18)/7662/8/$15.00

7662

ing frame relaxation measurement§™ A dependeneof T,
on the rf-field strengh indicates the presene of slow
relaxation-actie processesTheir influence can be quenched
by the application of sufficiently strorg rf fields'? Similar
effect are characteristi of relaxatio by the isotropcc com-
ponert of the chemicé shift mediatel by a chemical
exchangé? This mechanim usualy can be distinguished
from scala relaxatian of the secom kind by the fact that it is
insensitiwe to the rf field applied to the coupling partne S.

In this pape we predid and demonstrat a surprising
effed in doubk resonane spin-lockirg experimend where
two rf fields applied to spin | ard spin S with amplitudes
w1, and wqg, respectively satisfy the Hartmam—Hahn
matchirg condition wq;= w4g. It turns out tha unde this
condition the scala relaxatio is revived and the decoupling
effed of the appliedwg rf field is largely removed This is
due to the presene of spectradensiy terns at the difference
frequency w1 — w15, J(Tg, w1 —w1g), in the expression
for the relaxatio rate constant:

Ty, = 1(2m)?S(S+1)

X{I(Tq, 0+ w15)+I(Tg, w1 — wi9)}. (]

The derivatian of this result which predics a maximun of
Ty, nearw; =w;s, is given in Sec 1.

Effects similar to the one reportel in this pape can be
expected alswo for scala relaxation of the first kind, ard po-
tentially for dipolar relaxation mediatel by relatively slow
motiond processgin the us to ms range.

II. SCALAR RELAXATION OF THE SECOND KIND IN
THE PRESENCE OF rf FIELDS

A. General formalism

We conside a two-sphn systen IS with | =1/2, S>1/2
in isotropic solution The equatia of motion for the density
operato of the systemp(t), including the lattice variables, is
given by

G P0= — (A g+ Tt oyt Hg+ Hp(), ()
where 74 are the Hamiltonian commutatio superoperators,
Hip()=[7; ,p(1)], with
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Liouville-von Neumann equation for p(t)
Eq.(2)

BWR treatment with respect to %

BWR treatment with respect to 3
Eq.(5)

SLE treatment
with respect to

BWR treatment
with respect to #

Numeric solution Time-independent
perturbation theory
treatment

with respect to %

{

FIG. 1. Schene of the various theoretich approachs for the analyss of
scala relaxation of the secoml kind. The analyticd approat followed in
this pape is shown with a bold line, while the approab usel for numerical
simulatiors is indicatel with a doubk line [Bloch—-Wangsnes—Redfield
(BWR), stochastt Liouvill e equation (SLE)].

Results for the scalar refaxation of the second kind )

T7= wol g+ wesSy, (33

1 . .
T=— 2 (oylpe PNt o SemPlest ),
2 p={1,—1}
(3b)
1
Ty=2m3 2, (—1)PI,S.,, (30)
p=-1
2 2
qQ \[
p
7™ (28<zs 1)ﬁ)p_ (=4 ( 769
7
-5 (Z5R(Q)+ gN;p(Q)))Ap. (3d)

Herel,, S, are componert of the first-rark sphericatensor
spin operatorslo=I,, 1..;=%(1/y2)l . . A, are components
of the second-rank spherical tensor spin operator
Ao=(INB)[3S;—S(S+1)],  A.;=F(1/2)(S,S.+8S.S)),
A.,=(1/2S%, wq and wgg are Larma frequencies,wy,
=—1v,By; and w;s=—7ysB15 correspod to the strengtls of
the two applied rf fields By, ard B,g, w, and wg are carrier
frequencis of the rf fields, ¢, and ¢ are rf field phasesd is
the scala spin—coupling constam betwea spirs| ard S, Q
is the quadrupad momer of the S nucleus eq is the z com-
ponern of the electrc field gradien tensor, 7 is its asymme-
try parameter() represertdthe sd of Euler angles tha speci-
fies the orientation of the principd axes of electrc field
gradiem tensa in the laboratoy frame of reference and

(2) (Q) are componert of the second-rak Wigner rota-
t|on matrlces The super-Hamiltonia 7/R symbolically rep-
resens the lattice or more specificaly the reorientationamo-
tion of the molecules in the liquid.*

The relaxation mechanim discussd in this pape is a
two-step process First, the nuclea quadrupola interaction
7/Q of spin S is modulatel by the lattice motion ]/R and
leads to quadrupolarelaxation of spin S. The motion of the
latter, in turn, modulate the heteronucleaJ-coupling inter-
action J/J ard causs scala relaxation of the secoml kind of
spin |. Thissuggesttwo alternative approachefor the treat-
mert of scala relaxation as indicated by the left and right
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halves of Fig. 1. The two approachediffer in the sequence
.%fQ ard 7A/J are included which has rathe profourd conse-
guences.

The mod widely usal approab stars with a perturba-
tion treatmenm of Z/Q (left haf of Fig. 1). Standad BWR
theory is usal with the den5|y matrix factorized into spin
ard lattice parts,p(t) = p|at0'|5(t), whet it is assumd that
the lattice is nat perturbe by the coupling to the spin system
ard can be describé by the equilibrium densiy operatorp,(;t.
The resut is amaste equatia for the spin density operator
o5(t) of the IS spin systen alone:

d . A . A . A A
aals(t):—(l.%z+|.%,f+|.,7,//J+FQ)(<r.S(t)—a,‘g) (4)

with the equilibrium spin densiy operatora’s ard the Red-
field superoperaton for quadrupolarelaxatio of the spin
S.

The equatim of motion in the form of Eq. (4), which can
be evaluate in a combineal bass of the spirs | ard S, is
usefd for numericd calculations It has been widely
used® 8 to investigae avariely of line shag effecs in sys-
tems containirg quadrupolaspins including differentid line
broadenig or dynamt frequeny shifts Unde certan con-
ditions Eq. (4) can be alo treatel using time-independent
perturbatio theoly as applied to the J-coupling term 7/J
Recenty sudh a treatmen was useal to analyz the scalar
relaxation of the secoml kind in the absene of rf fields!®

An alternatie approab (the right half of Fig. 1) starts
from a perturbatio treatmem of the J- couphr‘g tem 7/3,
while postponig the consideratia of 7/Q until later. To
begi with, the spin S is considerd as patt of the lattice
whos motion modulats the J-coupling interactian .7%.
This interpretatio is indea justified since the evolution of
individud spirs S involves an elemen of randomnes asso-
ciated with the quadrupola relaxation proceed on a much
faste time scak than the evolution of the spin |, and remains
in a goad approximatiom unaffecte by the spin I. This al-
lows one to use the produd ansat for the densiy operator,
p(t)= pIat <o (t), wher it is assumd that the extended
lattice” (lattice plus spin S) is nea equilibrium and pIat s

p|at0'3 The evolution of the spin densiy operatoro(t)
can be describe then using a versin of the BWR theory
with. 7/J playing the role of a we&k perturbation, 173l
<A gl, 1742

In this work we investigae the effects of the scala re-
laxation in the presene of two rf fields This situatian favors
the secoml approab describe above indicated by bold ar-
row at the top of Fig. 1. The calculatiors reporta below
allow one to obtain compat analyticd expressioawhich are
genera with respet to the spin quantum numbe of spin S
ard the detaik of quadrupolarelaxation Egs (11) and (12).
We begh by applying a Redfield-typ procedue in the form
suggeste by Argyres ard Kelley?! and Albers ard Deutch??

d A A A

&(T,(t):—(i.%//z—l—i,,%/rf-l-l"J)((n(t)—a'?), o

5

fng TrSIat{plata-Sj dT[7/Jv[U(t t—7).7;,0011¢,
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where we introducel the superoperatof‘J describirg the sca-
lar relaxation of the spin |. The equilibrium spin density
operato of the spin S entes in this expressia essentiall as
identity, o2=E/Trg{E}, in accordane with the nuclea mag-
netic resonane high-temperatwr approximation The equi-
librium lattice densiy operatorp,%lt refers to the reorienta-
tiond degres of freedan and in the ca® of isotropically
tumbling rigid molecules is equd to 1/47. We further as-
sune aclassich behavia for the lattice and denog the trace
over the lattice variables by a horizonta bar, Tnat{me(t t

—-7)}= U(t t— 7). The evolution superoperatdﬂ(t t—17)
represergthe solution of Eq, (2), where the J-coupling term
7/3 is omitted, p(t)= U(t t—7)pt—7n=U(t;t—1)p(t—17)
u(t;t—7)~ 1 Likein the standad BWR theory, the neglect
of J/J in the computatian of U(t t—7) corresponds to a
second-ordeperturbatia treatmem of .77 in Eq. (5).

It is convenien to introdue a rotatirg frame represen-
tation, p(t)=e" '7/thr(t) where the evolution super-
operator can be expressed as U(t t—-r)=e" 72t
U'(t;t—7)e" 2= \We further sele¢ a bask {B;} for the
I-spin operatos in the rotating frame in which we evaluate
the relaxation superoperatoof Eq. (5). We do not dlscuss
smal dynamt frequeng shifts associate with Im(FJ) and
focus insteal on the relaxation contributiors Re(';):

Re(T'));; =Re Tns[ BJL dr.27'(1),[ 0 (t;t— 1)

The time dependene in .77(t) comes solely from the
rotating-frane representation7(t) =e'” 2.7 ;.2

For simplicity we assune tha the two rf fields are ap-
plied on-resonancep, = wq , ws= wos, With the phasesp,

= ¢s= /2. The evolution superoperator is then expressed as

Or(t,t _ 7_) — Olf( 7_) OrS( 7_) — e_i“‘llIyTe_i(“’lSSy+'7/Q+'7/R)T.

(7
Note that the evolution superoperatois factorizeal into two
parts The averag over the lattice degres of freedam in Eq.
(6) applies only to Ug(7).

The resuls of Egs (6) ard (7) can be usdal to calculate
the autorelaxatia rate constam Tl for the spin magnetiza-
tion By=1,. Using the explicit form of .77,(t) one obtains:

1

> (-

pgq=-1

T1_p1=Re(27TJ)2 1)P*agl(PFa)(wo ~wog)t

x [ “aretavor-ons-
0

XTrs{ly[1,S5.[U](P1q,1,]UXDS_ ]}
X (Tr{I} Trs{E}) . 8)

The terms with p+ g+ 0 contan fag oscillatoly time depen-
dencie at the difference of the Larma frequencis and its
doubk and therefoe can be discarde using a secula ap-

Skrynnikov et al.

proximation The commutato in Eq. (8) can be transformed
using a simple commutatim identity which is formulated
below for arbitray functiors f;(1)="f;(14,11,1 _1):
LFi(DF(S), F;(HFI(S) =), f;(D]F(SFI(S)
+H(OHEMI(S),FH(S]. (9
Making use of this identity, we obtain

1
T{!=Re (27d)2| dr >, e d@au—wos)7
1o 0 g1

X (Tr{ly[1 g [ON(P 1] Trs{SqUN(1)S_ o}

+Tr{,[0N(D) 1411 ot Tre{[Sq UL M)S_ o1}
X(Tr{IZ} Trs{E}D % (10)

The lag term in the above summatia is zeo since the trace
of ary commutato is equa to zero.

The superoperato Ur(r) represents a purely coher-
ent evolution The ensuimy transformatio can be expres-
sed by reduced Wigner  matrices, Ul (7)1
=Eé,=ildél,)yq(— wq,7)l 4 . Consequentlythe resut of Eq.
(10) can be rewritten as

1

dr > e 'dea~ @G 1)

T, =Re (277J)2f0 )

1

A (ou D) Tr{ly[ g [lqr 11T Tr {12}

(11
with the correlation functions

GH(1)=Trs{SUN NS HTrs(E}. (12)

To this end the S-spin correlation functions Gﬁ( 7) have
to be determined The propagato US( 7) represents the uni-
tary evolution unde the effed of the stochasticajt modu-
lated quadrupola interaction and of the S-spin rf field. A
unitarly propagatio preservs the nomm in the operate space,
but the averagilg over the ensemb of lattice functiors leads
to a “dephasing’ of the S-spin operato componerg which
causs a decy of Gq(T)

The calculation of GS( 7) can be expedited if we recall
an analoge in a more fam|I|ar context Conside the evolu-
tion of an ensemtd of S spins unde the effed of quadrupo-
lar interaction modulatel by molecula tumbling ard a rf
field. Assumirg the temperatue of the lattice to be constant,
the formd solution of the Liouville-von Neumam equation
leads to the following expressia for the enseml® expecta-
tion value (S):*®

<Sq>( 7)

=Trs{Sqos(1)HTrs{E}

= Trs{SqUL(7) ly(0)}/ Tre(E} (13

Upon setting og(0)= S_4 we obtan a full analoge of
q(T) Eqg.(12). Note, however, that the origin of these two
correlation functiors is substantiaif different The correla-
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tion function in Eq. (12) represers a modulation of the
Hamiltonian 7% ard does not depenl on the stak of the S
spin, wherea the one in Eq. (13) describs the evolution of
the S-spin state This differene shoul be ket in mind as,
for example the outcone of the analyss basel on Eq. (12)
does nat deper on the initial stae of the spin S (i.e., the
resut for the I-spin relaxation rate does not depem on
whethe the S spin is locked alorg the B, g field or forced
into nutatian abou B;g).

Practich method for evaluatig Eq. (13) hawe bee de-
velopeal a long time aga In particulag Gqs(r) can be evalu-
ated using the Redfield or the stochast Liouvill e equation
(SLE)?* formalism The latter option representg with the
dashé line in the diagran of Fig. 1, becoms relevan if the
qguadrupola relaxation of the spin S is found to lie outside
the validity range of Redfiet theory The approab corre-
spondiry to the extrene right wing pat in Fig. 1 has been
applied by Benets et al.?® to the analyss of paramagnetic
relaxation.

Here we assune tha the evolution of the quadrupolar
spirs in liquids can be adequatsl describe by Redfield
theory, as is usualy the ca® in liquids. This leads straight-
forwardly to the representatiot

Gqs( T):TrS{Sqe—(iwlséy“iQ)TS_q}/Trs{E} (14

with the quadrupolarelaxation superoperatof“Q of spin S.
It shoutl be pointed out that the correlation function Eq. (14)
can becone complex-valud since the evolution unde fQ is
nonunitary The expressia in Eq. (14) can be evaluaté in a
straightforwad manne and substitute in the expressia for
T., Eq (11).

B. Two-spin, /=1/2, S=1, system in the presence of
on-resonanc e rf fields

In the following, we addres the ca% of spin S=1 which
allows for an analyticd solution It shout be noted tha mo-
noexponentiaquadrupola relaxation for S=1 is predicted
by a rigorous Redfiet] theory treatmerft® ard no mixing oc-
curs betwea S, ,S,,S, and othe coherencgor spin orders,
suc as quadrupola order, unde the conditiors typicd of
liquid stak relaxation measurements$n this case the matrix
of the maste equatim for the spin S displays a block-
diagona structure with the {S,,S,,S,} blodk given by

- 1 -

— 0
TlQ 1S
(iw1s3,+ o) Lo (15)
) =| —wis — .
155+t Tols, 5.5, 1s Too
1
0 0o —
L Toal

If the molecula motion can be modela by isotropc tum-
bling with the correlation time rg=1/6Dg, the relaxation
rates for S=1 are given by!

1 3 e’Qq
Tio 80\S(2S-1)%

+4J3(7r,20¢s))

2 .
1+§ (J(1R,w0s)

(16)
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2

n

4+ =
1 3

1 3

eZQq 2
T_2Q:l_60(5(25—1)ﬁ) (33(7=.0)

+5J( 7R, wos) +2I(7R,2005))
where

27

el =172

is the spectr& densiy function Redfiel theow for quadru-
polar relaxatian is valid for shot correlation times fulfilling
the condition (e2Qq/#%)7r<1. In practice this condition
al ensurs that w,57r<<1, o tha the spectra densities rel-
evar for T, and Toq, Eq. (16), becone insensitie to w;s.

The correlation functiors Gqs( 7) can be further obtained
in a standad manne by diagonalizig the matrix Eq. (15),
yielding:

S+1
Go(n)= 3 3 )(cleﬂl“rcfleﬂ-lf),
(17)
S+1
G-S:l(T):_S( 6 )(0—197A17+CleleT"‘efﬁTzQ),
where
Ner=T, =% - ofg
1 1+ I'_
Cip== | lt——ee],
2 JIZ — w2

Substitutirg the resuls of Eq. (17) into Eqg. (11) we obtain
the expressia for scala relaxatio in the rotating frame of
the spin | = 1/2 couplda to the spin S=1 in the presene of
two on-resonanerf fields:

3 1
Tlplzﬁ(ZWJ)ZS(SJ’l)kf{E_ll} Re{2¢, L (A, wy)

+2¢L (A, — w1) +C_kL(Ay, 00— wost 1))
+C_kL(Ng, @ — wos— 1)) +I(T2q , 0o — wos
+ 1)) +I(Taq,wg — wos— 1))} (18)
with

L\ @)=2| -

1
—) (N compl).

In the limiting ca of w,5=0, this expressia is equd to the
resut of Solomon®

TIpl: ﬁ(ZWJ)ZS(S"' 1){2J(T1Q ,(,()l|) +J(T2Q , W0
(19

For heteronuclewith sufficiently differert Larmar fre-
quencies the conditiors |wg — weg|> w1, w15 amd |wy
—wog T2o>1 are usualy well fulfilled and the last two
terms in Eq. (19) ard the lag four terms in Eq. (18) are
negligible In the limiting cae of w4, =0, Eq. (18) is simpli-
fied to

—wost wq)) +I(Toq, 0o — wos— 1))}
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T, =42m3)2S(S+1)I(T1q,319), (20)

where w5 denote the scala S-spin rf-field strength, g
= w15V T20/T1g. Wefurther transcrile the resut of Eq,. (18)
in two slightly differert forms, dependig on the ratio of w4g
ard [T'_|.

(i) w15<|T"_|: the eigenvalus \ ..; and weighsc..; are
real This condition requires Tz‘Ql>T1‘Ql, which is character-
istic of medium-sie or large moleculesFor large molecules
and/a large quadrupola coupling constants the value of
[T _| can easiy exceel 10* s, This mears tha the condi-
tion (i), unde discussio here is often fulfilled even for
rathe strorg rf fields employel in present-dg NMR spec-
troscopy In this case the resut of Eq. (18) can be reformu-
lated as

Ty, =52m)?S(S+ 1){clJ(x;1,wll)+c,lJ(xji,wll)(}z. )
1

The decy constars N.;, Too>N>\_;>T;3, and
coefficiens c..,, ¢c;+c_;=1, depem on w;g, Which results
in a nontrivid dependeneof T, on wys in Eq (21). Ty,
decreasewith an increag of wy .

(i) w1s=|T_|: the eigenvalue \ ..; contan the imagi-
naly part, ®;s= \/wzls—l“z,. This condition is relevan for
smal molecules with T;5=T,q, aswell as for medium-size
and large molecules provided tha T,q is not very short.
Unde the® circumstancesEqg. (18) can be written in the
form:

T_lzi(ZWJ)ZS(SH) T &gt wq))
1p 12 1 W1S 11

1 . r. 1
+J(F+1,5)15_w1|)_5_1SQ(F+1,6515+0’1|)

r_ 1
—=—Q(I'; ", &35~ wy)

(22)
w1s

where the terms Q(7,w) =2w7?/(1+ w?7?) ariee from the
imaginay pars of c.,, ard therefoe bea formd resem-
blane to dynamt frequeng shifts This formula involves a
single decy constantI’ , = (TI(31+ Tz’Ql)/Z. It shout be em-
phasizé that the rf field w,5 leads to asamplirg of spectral
densities at new frequencieswy, + &5 and wy; — &1s.

In the following we concentrat on the extreme narrow-
ing situatin for the S-spin quadrupola relaxation where
T10=T2q=Tq (I'_=0). Equation (22) can then be simpli-
fied to:

Ty, =15(2md)2S(S+ 1){I(Tq, 01 + @19)

+I(Tq, 01— w19} (23

Thisis Eq. (1) given in Sec I. In the absene of an |-spin rf
field, w;,=0, Eq. (23) reproduce the expressia reported
recenty by Murali and Nageswaa Rad’ (it appeas tha the
resuls derived in the appendk of Ref. 27 are valid only in
the extrerme narrowirg limit, T15=Tyo).

The mog remarkabé featue of Eq. (23) is the presence
of wq,— w5 in the argumen of the secoml spectra density.
This temm will lead to a maximum in the relaxation rate
constan Tl_p1 nea the Hartmam-Ham condition, w4,
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=wyg. It shoul be stressd tha Eg. (5) does not lead to the
usually expected enhanced Hartmam-Hahn cross-
polarization transfe betwea S and | spins but rathe to
enhancd |-spin autorelaxation.

The enhancd | -spin relaxation can be understod based
on the first approab to scala relaxation representa by the
left half of Fig. 1. The full spin densiy operatorog(t) of the
IS spin systen is taken into account and the J coupling
betwea the two spirs will indeal induce aHartmam—-Hahn
polarization transfer’®?® The latter is, however strongly
overdampd by the rapid S-spin quadrupola relaxation and
remairs negligible even for matchel rf fields, w1 = w4s. In-
stead the effed of the J coupling in this situatian is mani-
festad in increasd |-spin autorelaxation The situatin is
reminiscen of the effects of fag chemicd exchang which
eventualy leads to a exchange-narrovebline and a T, relax-
ation enhancement.

The treatmem presentd in this pape with the resulting
Eqg. (23) applies to the limiting ca® where the polarization
transfe betwee the two spin specisis strongly overdamped
by the rapid S-spin quadrupola relaxation For this reason,
the vanishirg net polarization transfe is disregardd by the
formaliam represente by the right haff of Fig. 1. The stae of
the spin S becoms independenof spin | and the two-spin
densiy operato can be factorized into o g(t) = m(t)ag. The
S spin is then considerd to be patt of the environmentand
the phenomenn becoms apure autorelaxatia effea of the
| spin.

C. Validity range and condition s for the observation
of a T7, maximum

The validity of Eq. (23), ard the prediction of a TIpl
maximun depem on the applicability of Redfied theory
which is determiné by the condition 277JTo<1. The situa-
tion is closey related to chemicé exchang leadirg to ex-
chang broadening coalescenceand exchang narrowing,
whete the smallnes of the paramete 27wJ Ty indicates the
coalesceng of |-spin spectrun into a single line. As is fur-
ther discussd below, Redfiel theow is still accurag¢ for
2mITo=0.1.

For areliable observatio of the Tl’pl maximum the ap-
plied rf fields hawe to be sufficienty strong,w,sTq, w1, Tg
>1, leadirg to the following combineal inequaliy for the
observatio of the effed basel on Eq. (23):

This criterion can be extendd to cove also the more general
case describe by Eq. (22), wher Tq is replacel by I',
=(U2(Tg+T29):

27l '<1<wisTig. (25)

We further investigate thes conditiors by performing
compute simulatiors basel on Eq (4).2° As mentioned
above this equatia can be usal to comput the line shae of
the 1-spin resonance$! The stratey is depictel in Fig. 1
with adoubk line (left path. The detaik of thes simulations
are describé in Sec Il ard in the figure captions The
numericd approab was usal to estimae Tl_pl relaxation
rate constars for the following two situations 1='H, S
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=1N (e’Qq/h=14MHz, »=0.4,J=65H2 and|="1C,
S=2H (e’Qq/h=02MHz, 7=0.4, J=20H2. An agree-
mert bette than 1% betweea the simulatel Tl_p1 values and
the resuls of Egs (18) ard (22) has been obtainal in the
range of 50< 7r<<500 ps for the H-1*N pair ard 1.5<
<50 ns for Y3C—?H pair. Unde thes conditions the param-
eta 27JT ;! takes values up to 0.28 for both systemsThis
illustrates goad accurag of the Redfiel theowl even for rela-
tively high values of 27JI'; 1. Similar conclusios with re-
gad to the validity range of Redfie theoy were reached
using the SLE methal for othe relaxation mechanisms°

A TIpl maximum was consistentf found in both consid-
ered cases The magnitue of the increag in Tl_p1 is propor-
tiond to I'}*, with I';*~2T,q in the spin-diffusia limit.
The effed become weake as T, shortess for large mol-
ecules and may also be maskel by increasimg dipolar relax-
ation.

D. Three-spin, I=1/2, I'=1/2, S=1, system

In Sec Il the predictel increag in the relaxation rate is
demonstrate for proton T;, relaxation in an **NH, group.
The type of spin systen chose for the experimenthstudy
warrans abrief discussio of the scala relaxatio in a spin
systen comprisirg two equivalen spirs | =1/2 couplal to a
guadrupolaspin S=1. Both T, ard T, relaxatia in suc a
systen are in general multiexponentih due to cross-
correlation effects However the T, relaxation investigated
in this work is expectd to be monoexponentialThe se& of
the relevan symmetry-adapte spin operatos tha span the
single-quantm spin | manifold consiss of I,+1,, I,
+1,0y, Lty and Ll +1,15, where aprime is usel to
maik the secoml of the two equivalen spins With both spins
1/2 locked alorg the y axis the precessin frequencis for
the abowe coherence in the rotating frame are 0, * wy,,
*wq, and = 2w, , respectively Thus the cros relaxation
betwea 1,+1, ard the red of the coherenceis negligible
providel that the rf amplituck is sufficiently high compared
to the I-spin relaxation rate constantsThe relaxatio of the
ly+ I)’, mock in the spin-locking experimenis therefoe mo-
noexponentigland it can easiy be verified tha the corre-
spondiry relaxation rate constan Tl‘p1 is given by the same
expressionEq. (18), as previousy derived for 1.

E. Off-resonanc e rf field

For completenesswe give the resut for off-resonance
spin S irradiation with the rf frequencywg, which can be
obtainel in analytica form for the ca® of T,5=T,o=Tg:

Ty t=5(2m)2S(S+1){2c0g6 I(To,w1))
+sifg J(Tg, 01+ Q1g)
+sif0 J(Tq, 0y —Q19)}, (26)
where o=tan w;s/(wos— ws)] and Qs

= \/w125+(wos—ws)2. This equation predics a maximum in
the relaxation rate constam T[pl when the S-spin carrie fre-
guency wg matche the resonane frequency wgg. Poten-
tially, this offset dependene can be usal for indired regis-
tration of the spin S spectrun in situatiors where direct
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observatio is impossibke becaus of a very shot relaxation
time To. Sud an approab beas some resemblane to the
internuclea double-resonarcmethod INDOR 3!

Ill. EXPERIMENTAL RESULTS

We investigate the T,, relaxation of the amino-group
protors in 3-nitroanilire (see Fig. 2, inse). A sampé with a
concentratia of 5 mM 3-nitroanilire in acetonedg was pre-
pared and the specta were acquirel on a Bruker AMX600
spectrometeat a temperatue of 278 K. A study of scalar
relaxation of the secom kind in this systen was previously
publishel by Mlynarik®? (the measuremestreportel in Ref.
32 were carried out at a temperatug of 295 K, where we
observe sone minor interferene from chemicé exchange
effects.

For the smal molecuk considerd here the quadrupolar
relaxation of N satisfies the conditiors of extrere narrow-
ing, correspondig to T,o=T,q. Using the scala coupling
constant,!J=61.0 Hz, obtaina by Mlynarik, ard the qua-
drupola relaxation time Tq=4.24X 104 sfrom our experi-
ments we can estimaé the characterist paramete 27wJTg
=0.16 It was alo found that **N decouplirg with a rf field
strengh of 2 kHz can easily be maintainel over the relax-
ation delay of 0.2 s, thus providing w,sTo>5. We conclude
tha the system unde consideratia fulfill s the conditiors of
Eq. (24).

The rf powa was calibratel by recordirg a series of
single-pule experimers with incrementd pulse length and
fitting the amplituce of the signd with a dampel sine curve.
The main soure of uncertainy was asubtk distortion in the
shage of the pulse generatd by the protan amplifier in the
high-powe mode The application of a similar calibration
procedue to the relatively sharp'N line of the NO, group
(linewidth~100 Hz) resultel in an estimae for w,g.

The measurd proton relaxation rate constars T, pl con-
tain a dominan contribution from scala relaxation of the
secom kind, as given by Eqs (19 ard (23), togethe with
smalle contributiors from othea mechanismsof which only
dipolar relaxatian is of relevance Dipolar relaxation also
fallsin the extrere narrowirg regime so that its contribution
to Tl’p1 can be estimatel with good accurag from a T;*
measurementleadirg to a value of 0.49s 1. Othe terms
tha can potentialy contribue to the line broadening® can be
safely neglectd in the presen situation.

Additionally, we explorel the possibiliy of a ROESY
transfe from NH, protors to the partially spin-lockel pro-
tons of the aromatc ring, but no sud effecs hawe been
detected.

The resuls of the experimens are presentd in Fig. 2.
Figure 2(a) shows the resuls of a traditiond proton reso-
nan@ experimen measurig T[pl as afunction of w4, in the
absene of 1N irradiation A one-parametefit basel on Eq.
(19), including the independenyl measurd contribution
from dipolar relaxation leads to the quadrupola relaxation
time T,o=427us, in good agreement with the value of
T2%= 424 us obtained from a direct linewidth measurement
by ““N resonance.

The resuls shown in Figs 2(b) ard 2(c) represehproton
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FIG. 2. Relaxation rate constan Tl’pl of the amino-groyp protors in 3-
nitroaniline (T=278 K), measurd at 600 MHz *H resonancgas afunction
of the spin-lockirg field strengthw,, in the presene of on-resonancé*N
decouplilg with amplitudew;s. (8 w,g/27=0; the continuous curve rep-
resens the result of the fitting by Ty '+ Ty, 4, Where T, is computed
from Eq. (19) ard the constam contributian Tl‘pl,dip is determinel from Ty
measuremeBtTIp%dip:Tglz 0.49 s™1. The fitting is performel for a single
parameterT,q, yielding a value of 427 us. (b) w,g/2m=762 Hz; the con-
tinuous curve represersgthe resut of one-parametefitting of T[pfsc+ TIp%dip,
Eq. (23), with respetto w5 usirg afixed value of To=427 us. The dashed
curve is calculatel using the sare values for Tq and w;g, assumig in
addition that the amplituce of the inhomogeneous*N rf field within the
sampe is distributed accordimg to a Gaussia law with the mea value w; g
ard the standad deviation 0.1 w,g (the distribution is truncatel at w;g
+0.3w;g). (€) w1¢/27m=1353 Hz; analogous to pangd).
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resonane experimeng with high-power!N irradiation The
solid curves were obtainel from Eq. (23) with w5 as a
single fitting parameterusing the value To=427 us. The
obtainedw;g values agree within a few percen with those
estimatel directly from the ¥*N rf field calibration As can be
seen the enhancemdnof the relaxation rate nea the
Hartmam-Ham matchirg condition is slightly smalle than
predictal theoretically The deviatim increase toward the
higher w,5 powe levels [Fig. 2(c)].

This discrepang can be explainal by the presene of
inhomogeneit of the two rf fields over the volume of the
sample An improved agreemenwith the experimenthdata
is obtainel by assumiiy tha the amplituce of the 14N rf field
within the sampe is describé by a Gaussia distribution
with the standad deviatin of 10% of the meanw,g value.
The resuls are shown with the dashe curves in Figs 2(b)
ard 2(c). Besides rf-field inhomogeneity othe source of
this discrepang canna be excluded.

Figure 2reveat tha measurd relaxation rates neve ex-
ceal the value of T, ! in the absene of rf fields [intercept
with the verticd axis in Fig. 2(a)]. Therefore it is somewhat
misleadirg to spe& abou “enhanced’ relaxatian in this
context It is rathe a defea of the decouplilg effed that
occus nea Hartmam—Ham conditions leadirg to a recov-
ety of a substantib portion of the origind relaxation rate.
From Eq. (23) it is see tha in the limiting cas of strorg rf
fields undeg Hartmam—Hahn conditiors T, pl (scalay reaches
the maximum of one-hal of T;l (scalay.

The experimens sud as presentd in Figs. 2(b) ard 2(c)
shov sone potentid for the determinatio of relaxation
times T . The mod informative patt of the dispersim curve
can be adjustel to occu at arbitrarily high w4, fields Thisis
an advantag over traditiond T[pl experiments Fig. 2(a),
where the mod informative patt of the curve occuss at low rf
powe and can often nat be recorda becaus of a loss of the
B4, spin-lockirg properties This has particula relevane for
determinatio of long relaxation times T, [provided tha the
conditiors Eq. (24) are nat violated|. As discussd above a
limitation of the preseh measuremernechniqe is its sensi-
tivity to rf-field inhomogeneity’> althoudh the ensuirg small
erra in Tg can in principle, be eliminated by extrapolating
measuremestat severa rf-field strengtls to w,5=0.

The theoretich resuls obtainel in this pape hawe been
verified also by compute simulatiors base& on Eq. (4). We
hawe computel aseries of spectratraces which representhe
signd of the amino-groy protons recordel with different
duratiors of the spin-lockirg period asillustrated in the inset
of Fig. 3. From thes simulations the Tl’pl values hawe been
extract@ (shown by the asterisk in the plot of Fig. 3). For
3-nitroaniline the simulate TIpl values are found to be in
perfe¢ agreemenwith the analytica resuls using Eq. (23).

The theory presentd in this article also shed sone light
on the problem of S-spin decoupling?’ which is routinely
usel in the spectroscop of deuteratd proteins? Our calcu-
lations indicak tha in practie Eqs (22) or (20) are often
suitabk for estimatirg the effed of deuterium decouplirg on
13C or N relaxation For instance for on-resonancéH de-
coupling with w,g/2m=2 kHz, scalar relaxation of°C is
reducel below the leve of deuterium-induce dipolar relax-
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FIG. 3. Relaxation rate constan T[pl of the amino-groyp protors in 3-
nitroaniline The solid curwve is the sanme as shown in Fig. 2(c) [computed
from Eq. (23)]. Asterisks represen the resuls of numerica simulations
basel on Eq. (4). The superoperatoin Eq. (4) is evaluaté in the basis
[m;,mg)(m/ ,mg| for the presetw,, and w,s values giving rise to a 36
X 36 matrix. This matrix is subsequenyl usal to simulae a series of H
specta for differert duratiors of the spin-lockirg periad in T,, experiment.
The intensities for differert spin-lockirg times are fitted to a single expo-
nentid to obtan T, value The T;,' values derived for differentw,, values
are shown by asterisks The values of J and w5 usel in the® simulations
are the sarre as given in the text and in the captian to Fig. 2, ard the se of
spin-lockirg times ty is the sane as usel in the actua measurementsThe

elemens of I‘Q matrix are computel using 7, €2qQ/%, and % adjusted
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