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In this paper, the lineshape variations in the multiplet structure fragments with a spin-1
2 and spin-1 directly bonded to each

of a spin-1
2 nucleus I (13C) scalar coupled to a quadrupolar spin S other such as 13C– 2H, 13C– 14N, 15N– 2H, and 1H– 14N. All

( 2H) as a function of the strength of the irradiating radiofrequency these spin pairs have a J-coupling interaction between them.
field applied in the vicinity of the S-spin resonance and of the However, the spin–spin splitting is partially or totally
relaxation times of the latter are presented. These lineshapes were ‘‘washed out’’ by the rapid quadrupolar relaxation of the
simulated using an exact theoretical treatment based on the solu- spin-1 (3, 4) . There is usually some residual line broadening
tion of the complete-density-matrix equations ( including both co- in the observed spectrum of the spin-1

2 nucleus. Since one
herent and incoherent parts) in the presence of RF irradiation of

of the motivations behind isotope editing is to enhance reso-spin S. The relaxation mechanisms for the spin system include
lution, and thereby facilitate structure determinations of mac-chemical-shift anisotropy (CSA) for spin I, quadrupolar interac-
romolecules of larger size (1, 2, 5–8) , strategies have beention for spin S, and the mutual dipole–dipole interaction between
used to minimize this residual linewidth by the use of radio-I and S. The simulations incorporate interference effects arising
frequency irradiation in the vicinity of the resonance of thefrom the simultaneous presence of these tensor interactions of
spin-1 nucleus (9) .the same order, which cause both lineshape variations as well as

dynamic frequency shifts. The RF field strength of the irradiation The effect of such an RF perturbation has several compo-
was varied over a wide range, and the two cases of ( i ) complete nents, the relative importance of which depends on the relax-
and (ii ) incomplete ‘‘washing out’’ of the spin coupling between ation and spectral parameters of the spin system (10, 11) .
the nuclei are considered separately. The simulations illustrate the If the J coupling is only incompletely averaged by the relax-
dependence of the spectrum of spin I on various parameters such ation of the quadrupolar nucleus, the RF irradiation may be
as the value of the scalar coupling constant, the quadrupolar relax- used to complete the spin decoupling, and thereby cause line
ation times, and the irradiation strength in commonly realized

narrowing. On the other hand, even if the J coupling isexperimental context. In addition, a simpler theory for the case
completely washed out by the quadrupolar relaxation, theof completely washed out scalar coupling in which the scalar inter-
RF perturbation may be used to modify the spectral densitiesaction is treated exclusively as a relaxation process is presented
contributing to the linewidth of the spin-1

2 resonance, andin the Appendix. The procedure given in this paper is applicable
this too leads to line narrowing especially in the long-correla-to lineshape calculations for any spin-1

2–spin-1 coupled system.
tion-time limit. The role of RF perturbation in these twoq 1996 Academic Press, Inc.

cases is clearly delineable; in the case of decoupling, the
coherent interplay between the RF and J-coupling interac-
tions is the primary factor, and, in the other case, the line

INTRODUCTION narrowing of the fully decoupled resonances is an example
of manipulating the relaxation effects by the coherent RF

Recent developments in high-resolution multinuclear mul- perturbation typically manifest in rotating-frame relaxation
tidimensional NMR methods for the determination of macro- experiments such as the CAMELSPIN (12) or ROESY ex-
molecular structure involve extensive use of selective, semi- periments (13) . It is, nevertheless, possible to cast a unified
selective, or uniform 13C, 15N, and 2H labeling of the macro- formulation in which both these phenomena can be seen
molecule (1, 2) . Such labeled spin systems often contain under appropriate physical conditions. One of the motiva-

tions of this paper is to provide such a formalism along with
computer-simulated lineshapes to illustrate the effects. The* Present address: Center for Interdisciplinary Magnetic Resonance, Na-
theory and simulations provide a basis for optimizing thetional High Magnetic Field Laboratory, 1800 E. Paul Dirac Drive, Tallahas-

see, Florida 32310. strengths of the RF field to be used in the experiments.
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Furthermore, these results help to clarify some of the confu- field applied in the vicinity of the S-spin resonance. The
equation of motion for the spin density matrix s is givension in the literature on the subject which appears to have

led to the use of RF field strengths far in excess of those by
necessary to obtain line narrowing in the spectra.

The line narrowing generated through the use of RF fields ds

dt
Å 0i[ H0( t) / HJ / H*( t) , s] , [1]is yet another example of a variety of experiments in NMR

that use RF fields to manipulate the spin Hamiltonian of the
system. There are a number of examples of using RF fields

where
to effectively alter the coherent (or spectral) part of the
Hamiltonian such as spin decoupling and cross polarization

H0( t) Å 0[v0IIz / v0SSz / vr (Sxcos vSt / Sysin vSt)] ,(14) . Experiments that modify the incoherent (or relaxation)
part of the spin Hamiltonian are often not possible and are HJ Å JIrS [2]
less common. Recent experiments designed to select relax-
ation pathways to retain specific pair-wise dipolar interac-

with v0I (vI) and v0S (vS) as the Larmor frequencies for the
tions and suppress spin-diffusion effects are examples of

I and S spins respectively and vr as the RF field strength in
tailoring the relaxation Hamiltonian without altering the

the vicinity of S-spin resonance in units of radians per sec-
spectral Hamiltonian (15, 16) . In a number of situation such

ond. H1( t) includes the quadrupolar relaxation Hamiltonian
as the line-narrowing experiments considered here, an exact

of spin S, dipolar interaction between spins I and S, and the
theoretical treatment requires solution of the complete-den-

CSA for spin I,
sity-matrix equations (including both coherent and incoher-
ent parts) in the presence of the RF perturbation. Such a

H*( t) Å H*Q( t) / H*D( t) / H*C( t) . [3]procedure for the calculation of lineshapes for a spin-1
2 ( 13C)

nucleus coupled to a spin-1 (2H) nucleus relaxing through
Transforming to a doubly rotating frame withquadrupolar interaction in the presence of a strong RF irradi-

ation of the latter spin is given below. The theory is used
R( t) Å exp( ivIIzt)exp( ivSSzt)to simulate lineshapes over a range of RF field strengths

inclusive of the cases of complete and incomplete washing
s*( t) Å R( t)s( t)R01( t) [4]

out of the spin coupling between the nuclei. In the Appendix,
a simpler theory for the case of completely washed-out scalar

and using the standard treatment for relaxation (4) yieldscoupling, in which the scalar interaction is treated exclu-
sively as a relaxation process, is presented.

For the relaxation of the spin system, three mechanisms ds*
dt

Å 0i[ H*0 / H*J , s*] 0 G(s* 0 s0) , [5]
are considered: the chemical-shift anisotropy (CSA) of spin
I (1

2) , quadrupolar interaction for spin S (1), and their mutual
wheredipolar interactions. Since all these are tensor interactions

of rank 2, interference terms can arise between relaxation
mechanisms such as, dipolar–quadrupolar interaction and H*0 Å 0(DvIIz / DvSSz / vrSx) ,
dipolar–CSA cross correlations (4, 17) . So-called dynamic

H*J Å JIzSz ,frequency shifts arising from the imaginary part of the spec-
tral densities of the relaxation mechanisms can also occur

DvI Å v0I 0 vI , DvS Å v0S 0 vS , [6](4, 18–20) . These effects are also included in the present
formulation. The procedure in this paper is, therefore, appli-

and G is the relaxation super operator (14) correspondingcable to lineshape calculations for any spin-1
2–spin-1 coupled

to the Hamiltonian H1( t) . In HJ , only the JIzSz term is re-system under a variety of commonly realized experimental
tained for further calculations. If the quadrupolar relaxationconditions.
of spin S is strong such that the spin coupling is totally
obliterated, HJ may be written as JIrS( t) leading to scalar

THEORY relaxation of the second kind (4) . If this is the case, the
lineshape calculation is simpler than the general case pre-

The density-matrix method is convenient for the calcula- sented here. The derivation of longitudinal and transverse-
tion of the lineshape variations in the multiplet structure of relaxation rates of spin I for such a case in the presence of
a spin-1

2 nucleus I as a function of the relaxation times of a strong RF irradiation of spin S is described briefly in the
Appendix.quadrupolar spin S and of the strength of the irradiating RF
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The six spin-product states ÉmI , mS … of the I–S spin sys- (2s1q), and one two-spin-flip three-quantum (2s3q) coher-
ences will now be coupled to the three single-quantum coher-tem are
ences I1 , I2 , I3 , so that the dimension of Eqs. [9] through
[12] becomes 9 instead of the 3 which it is in the absenceÉ1 … Å É

1
2, 1… , É2 … Å É

1
2, 0… , É3 … Å É

1
2, 01 … ,

of irradiation. The elements of s* corresponding to the nine
É4 … Å É01

2, 1… , É5 … Å É01
2, 0… , and É6 … Å É01

2, 01 … . coherences are given by

In the absence of any S-spin decoupling field, the I-spin I1 Å »
1
2, 1És*É01

2, 1… Å »1És*É4 … ,
spectrum is a triplet with frequencies given by

I2 Å »
1
2, 0És*É01

2, 0… Å »2És*É5 … ,
v I

ab Å DvI / JmS , [7]
I3 Å »

1
2, 01És*É01

2, 01 … Å »3És*É6 … ,

where
Z1 Å »

1
2, 0És*É01

2, 1… Å »2És*É4 … ,

Éa … Å É01
2, mS … and Éb … Å É

1
2, mS … . D1 Å »

1
2, 1És*É01

2, 0… Å »1És*É5 … ,

Z2 Å »
1
2, 01És*É01

2, 0… Å »3És*É5 … ,For calculation purposes, it is convenient to rewrite Eq. [5]
as ds*/dt Å As*, where

D2 Å »
1
2, 0És*É01

2, 01 … Å »2És*É6 … ,

As* Å 0i[ H*0 / H*J , s*] 0 G(s* 0 s0) . [8]
2s1q Å »

1
2, 01És*É01

2, 1… Å »3És*É4 … ,

A formal solution of Eq. [8] may be written as 2s3q Å »
1
2, 1És*É01

2, 01 … Å »1És*É6 … . [13]

s*( t) Å eAts*(0), [9]
The matrix elements of G(s* 0 s0) appearing in the A

where s*(0) is the density matrix immediately following a matrix (see Eq. [8]) can be defined by the equations
p /2 pulse on the I spin and is given by a unit column vector,
and A is a 3 1 3 matrix. Following the procedure given in

»aÉG(s* 0 s0)Éa* … Å ∑
bb=

Raa=bb=(s* 0 s0)bb=Chap. X of Ref. (4) , the time-domain signal arising from
the free-induction decay of the three single-quantum I-spin

0 i(dvaa=s*aa=)axa= , [14]transitions (I1 , I2 , and I3) can be represented as

G( t) Å Xs*( t) Å XeAts*(0), [10] and

where X is a row vector with elements (1, 1, 1) equal to Raa=bb= Å 1
2{Jaba=b = / Jb=a =bathe normalized intensities of the lines in the spectrum in the

absence of any relaxation. The spectrum is then given by 0 da=b = ∑
g

Jagbg 0 dab ∑
g

Jga=gb=}, [15]
the Fourier transform of G( t) , i.e.,

withF(v) Å reFXrH*
`

0

e (A0ivE ) tdtJrs*(0)G . [11]

Jaba=b = Å *
`

0`

» »aÉH*( t)Éb…
In the above, E is a unit matrix and re stands for the real
part. Evaluation of the above integration yields

1 »a*ÉR01(t)H*( t 0 t)R(t)Éb * …* …avdt, [16]

F(v) Å re[Xr[A 0 ivE]01
rs*(0)] . [12]

in which » …av represents an ensemble average, and dvaa= repre-
sents a dynamic frequency shift defined later in Eq. [21].The situation becomes complicated in the presence of an

S-spin decoupling field. Six additional multiple-quantum co- For the calculation of Jaba=b = , it is convenient to express
the three relaxation Hamiltonians in terms of their irreducibleherences (MQs), two zero-quantum (Z1 , Z2) , two double-

quantum (D1 , D2) , one two-spin-flip single-quantum spherical tensor components as
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TABLE 1
Lattice Functions Fq and Spin Operators Aq in the Relaxation Hamiltonians

Quadrupolar relaxation Dipolar relaxation CSA relaxation

FD
q Å 0

√
6
gIgs\

r 3
IS

D (2)
0q (VD).FQ

q Å
√

3
2

e 2qQ

2S(2S 0 1)
FC

Iq Å
√

3
2
dzz

AD
0 Å

1√
6

(3IzSz 0 IrS)[D (2)
0q (VQ) 0

√
1
6
hQD (2)

/2q (VQ) 0
√

1
6
hQD (2)

02q (VQ)]. [D (2)
0q (VCI

) 0
√

1
6
hCI

D (2)
/2q (VCI

) 0
√

1
6
hCI

D (2)
02q (VCI

)].

AD
{1 Å |

1
2

(IzS{ / I0Sz)AQ
0 Å

1√
6

[3S 2
z 0 S(S / 1)] AC

I0 Å
2√
6
vIIz.

AD
{2 Å

1
2

I{S{.AQ
{1 Å |

1
2

(SzS{ / S{Sz) A
C

I
{1 Å |

1
2
vII{

A
C

I
{2 Å 0.

AQ
{2 Å

1
2

S 2
{ .

Note. See Eq. [17] in the text. The Hamiltonians are expressed in angular frequency units. The expressions are in standard notation. Superscripts Q,
D, and C denote the three relaxation mechanisms. e 2qQ is the quadrupolar coupling constant in radians per second. gI and gS are gyromagnetic ratios
of spin I and S and rIS is the distance between them. hQ and hCI

are the asymmetry parameters for quadrupolar and CSA interactions, respectively. dzz is
the largest principal value of the CSA tensor. D (1)

q=q (V) are the Wigner rotation matrices. For further details, see Refs. (20–22).

H*( t) Å ∑
2

qÅ02

(01) qFq( t)A0q , [17] / ∑
2

qÅ02

J(vCIq ) »ÉFCIq É
2
…av »aÉACI0qÉb…

1 »a*ÉACI0qÉb * …*where Fq are the lattice functions and A q are the spin opera-
tors such that, F*q Å (01) qF0q and A†

q Å (01) qA0q . The
/ ∑

2

qÅ02

J(vQ
q ) »ÉFD

q FQ*q É…av »aÉAD
0qÉb…various Fq and Aq for the three relaxation mechanisms

(21, 22) are given in Table 1. The calculation of the spectral
densities may now proceed along the lines described, for 1 »a*ÉAQ

0qÉb * …*
example, in Ref. (17) . Assuming an isotropic motion de-
scribed by a correlation time tc leads to Lorentzian spectral / ∑

2

qÅ02

J(vD
q ) »ÉFQ

q FD*q É…av »aÉAQ
0qÉb…

densities through

1 »a*ÉAD
0qÉb * …*

»Fq( t)F*q =( t 0 t)…av Å dqq =»ÉFqÉ
2
…avexp(0ÉtÉ/tc ) ,

/ ∑
2

qÅ02

J(vCI
q ) »ÉFD

q FCI*
q É…av »aÉAD

0qÉb…

and
1 »a*ÉACI0qÉb * …*

1
2 *

`

0`

exp( ivqt)exp(0ÉtÉ/tc )dt Å tc

1 / v 2
qt

2
c

/ ∑
2

qÅ02

J(vD
q ) »ÉFCIq FD*q É…av »aÉACI0qÉb…

Å J(vq) . [18] 1 »a*ÉAD
0qÉb * …*. [19]

The Jaba=b = in Eq. [16] may be expressed as In Eq. [19 ] , the first three terms are the auto-correla-
tion relaxation rates, the fourth and fifth terms are the
cross correlations between dipolar and quadrupolar re-1

2Jaba=b = Å ∑
2

qÅ02

J(vD
q ) »ÉFD

q É
2
…av »aÉAD

0qÉb… »a*ÉAD
0qÉb * …*

laxation mechanisms, and the last two terms are the cross
correlations between the dipolar and CSA relaxation

/ ∑
2

qÅ02

J(vQ
q ) »ÉFQ

q É
2
…av »aÉAQ

0qÉb… mechanisms. Using the orthogonality of the Wigner rota-
tion matrices, the various averages in Eq. [19 ] are given
by1 »a*ÉAQ

0qÉb * …*
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presence of spin–spin coupling, if the dynamic shifts are
different for different multiplet resonances, these effects are

»ÉFD
q É

2
…av Å

6
5
g 2

I g
2
S\ 2

r 6
IS

, seen as a change in spin–spin multiplet patterns (19, 20) .
We consider only such shifts in the present calculations. For
the IÅ 1

2, SÅ 1 coupled spin system, dynamic-shifts differen-»ÉFQ
q É

2
…av Å

3
40

(e 2qQ)2

[S(2S 0 1)]2 S1 / h
2
Q

3 D ,
tial with respect to the spin–spin multiplet arise from the
imaginary part of the quadrupolar–dipolar cross-correlation
term of the longitudinal relaxation of spin S and from the

»ÉFCIq É
2
…av Å

3
10
d 2

zzS1 /
h 2

CI

3 D ,
CSA–dipolar cross-correlation term of the longitudinal re-
laxation of spin I.

The A matrix is given on the following page. The relax-
»ÉFD

q FQ*q É…av Å »ÉFQ
q FD*q É…av

ation rates Raa=bb= and the dynamic shifts dvaa= appearing in
A are give in Table 2 and Table 3, respectively. The variousÅ 0 3

10
gIgS\

r 3
IS

(e 2qQ)
2S(2S 0 1) spectral density terms such as JQ(v), JD(v) (see Table 2)

for the case of I Å 1
2 and S Å 1 are given by1 [(3 cos2uQ–D 0 1)

0 hQsin2uQ–Dcos 2fQ–D] ,
JQ(v) Å 3

160
(e 2qQ)2S1 / h

2
Q

3 D tc

1 / v 2t 2
c

,
and

»ÉFD
q FC*Iq É…av Å »ÉFCIq FD*q É…av JD(v) Å 3

10 Sg
2
I g

2
S\ 2

r 6
IS

D tc

1 / v 2t 2
c

,

Å 0 3
10
gIgS\

r 3
IS

dzz[(3 cos2uCI–D 0 1)

JCI (v) Å 3
10
v 2

I d
2
zzS1 /

h 2
CI

3 D tc

1 / v 2t 2
c

,0 hCI
sin2uCI–Dcos 2fCI–D] , [20]

where uQ–D/uCI–D and fQ–D/fCI–D are respectively the polar
JQ–D(v) Å 3

80
gIgS\

r 3
IS

(e 2qQ)[(3 cos2uQ–D 0 1)and azimuthal angles of the dipolar vector in the principal
axis system of the quadrupolar tensor/CSA tensor.

The dynamic shifts represented by dvaa= are given by 0 hQsin2uQ–Dcos 2fQ–D]
tc

1 / v 2t 2
c

,

dvaa= Å Laa=aa=
and

Å Kaaa=a= / Ka=a=aa 0 ∑
g

Kagag 0 ∑
g

Kga=ga= , [21a]

JCI–D(v) Å 3
10
gIgS\

r 3
IS

vIdzz[(3 cos2uCI–D 0 1)
where

0 hCI
sin2uCI–Dcos 2fCI–D]

Kaba=b= Å ImS*
`

0

» »aÉH*( t)Éb …

1 tc

1 / v 2t 2
c

. [23]

1 »a*ÉR01(t)H*( t0 t)R(t)Éb* …* …avdtD ,
The imaginary part of the spectral densities which determine
dvaa= in Table 3 are given by

[21]
LQ–D(v) Å vtcJQ–D(v) ,

where Im stands for the imaginary part. These terms add to
andthe first term in Eq. [8] , thereby modifying the frequency

of the transition a r a*. Such dynamic-shift terms arise for
LCI–D(v) Å vtcJCI–D(v) . [24]all spectral densities at nonzero frequencies in Eq. [21].

However, in the absence of spin–spin coupling, the dynamic SIMULATIONS
shifts change v0I and v0S , i.e., effectively alter the chemical
shifts which are not readily detected, although they are ob- Lineshapes of a 13C nucleus (I) coupled to a deuterium

nucleus (S) which is subjected to a decoupling field wereservable in specially designed experiments. However, in the
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A
Å 0

i(
D
v

I
/

J
/
dv

14
)

R
14

25
R

14
36

0
0

0
0

0
iv

r
√ 2

iv
r √ 2

/
R

14
14

R
25

14
0

i(
D
v

I
/
dv

25
)

R
25

36
0

0
i v

r √ 2

0
iv

r
√ 2

0
iv

r
√ 2

iv
r √ 2

/
R

25
25

R
36

14
R

36
25

0
i(
D
v

I
0

J
/
dv

36
)

0
0

0
0

i v
r √ 2

0
iv

r
√ 2

/
R

36
36

0
0

0
0

0
0

iv
r

√ 2

iv
r √ 2

0
i(
D
v

I
0
D
v

S
/

J 2
0

iv
r

√ 2
/
dv

24
)
/

R
24

24

0
0

0
0

0
i v

r √ 2

0
iv

r
√ 2

0
i(
D
v

I
/
D
v

S
/

J 2
iv

r √ 2
/
dv

15
)
/

R
15

15

0
0

0
0

0
0

iv
r

√ 2

iv
r √ 2

0
i(
D
v

I
0
D
v

S
0

J 2
iv

r √ 2
/
dv

35
)
/

R
35

35

0
0

0
0

0
i v

r √ 2

0
iv

r
√ 2

0
i(
D
v

I
/
D
v

S
/

J 2
0

iv
r

√ 2
/
dv

26
)
/

R
26

26

0
0

0
0

0
0

i(
D
v

I
0

2D
v

S
0

0
iv

r
√ 2

iv
r √ 2

/
dv

34
)
/

R
34

34

0
0

0
0

0
0

0
i(
D
v

I
/

2D
v

S
iv

r √ 2

0
iv

r
√ 2

/
dv

16
)
/

R
16

16

[2
2]
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TABLE 2
The Redfield Relaxation Elements Appearing in the A Matrix

R1414/3636 R2525

Å 0[4JQ(vS) / 8JQ (2vS) / 8
3 JD(0) / 1

3 JD(vI 0 vS) / 2JD(vI) Å 0[8JQ(vS) / 2
3 JD(vI 0 vS) / 2JD(vS) / 4JD(vI / vS)

/ JD(vS) / 2JD(vI / vS) / 2
3 JC

I(0) / 1
2 JC

I(vI)] / 2
3 JC

I(0) / 1
2 JC

I(vI)]

{ [4
3 JC

I
–D(0) / JC

I
–D(vI)]

R1425 Å R2514 Å 4JQ(vS) 0 JD(vS) R1436 Å R3614 Å 8JQ(2vS)

R2424/3535 R1515/2626

Å 0[6JQ(0) / 6JQ(vS) / 4JQ(2vS) / 2
3 JD(0) / 2

3 JD(vI 0 vS) Å 0[6JQ(0) / 6JQ(vS) / 4JQ(2vS) / 2
3 JD(0) / 1

3 JD(vI 0 vS)

/ JD(vI) / 3
2 JD(vS) / 2JD(vI / vS) / 2

3 JC
I(0) / 1

2 JC
I(vI)] / JD(vI) / 3

2 JD(vS) / 4JD(vI / vS) / 2
3 JC

I(0) / 1
2 JC

I(vI)]

0 [4JQ–D(0) / 2JQ–D(vS)] { [1
3 JC

I
–D(0) / 1

2 JC
I
–D(vI)] 0 [4JQ–D(0) / 2JQ–D(vS)] { [1

3 JC
I
–D(0) / 1

2 JC
I
–D(vI)]

R3434 R1616

Å 0[4JQ(vS) / 8JQ(2vS) / 4JD(vI / vS) / 2JD(vI) / JD(vS)]Å 0[4JQ(vS) / 8JQ(2vS) / 2
3 JD(vI 0 vS) / 2JD(vI) / JD(vS)]

/ 4JQ–D(vS)/ 4JQ–D(vS)

Note. The various spectral density terms such as JQ(v), JD(v), etc., are defined in Eq. [23] (see text).

simulated on the basis of Eq. [12] with the A matrix given narrowing limit is not valid, as in the present simulations in
which v0Stc ú 1. Thus, in the absence of any 2H decouplingin Eq. [14]. The parameters common to all the simulations

were J /2p(13C– 2H) Å 22 Hz, tc Å 20 ns, e 2qQ Å 1.1 1 field, in Figs. 1–3, wherein the value of (5T1QJ)2 É 880,
the multiplet structure is expected to be a triplet, and, in Fig.106 s01 , and gIgS\ /r 3

IS Å 22 1 103 s01 . In Figs. 3 and 4,
4, the multiplet structure is a collapsed singlet since (5T1QJ)2the CSA of the spin I was also included with dzz Å 100 ppm.
É 10.For simplicity, the asymmetry parameters hQ and hCI

and
In Fig. 1, only the quadrupolar and dipolar relaxationpolar angles uQ–D and uCI–D were set equal to zero in all the

mechanisms were considered. Although the cross correla-simulations. In Figs. 1–3, the proton Larmor frequency was
tions of the two relaxation mechanisms were included inchosen to be 600 MHz, and, at this frequency, the value of
the relaxation rates, and these appear only for the multiplethe longitudinal relaxation time of the quadrupolar nucleus,
quantum coherences, the dynamic shifts were omitted inT1Q Å [4JQ(v) / 16JQ(2v)]01 (4) , is about 43 ms. In
order to contrast with Fig. 2 in which they are included.Fig. 4, the proton Larmor frequency was 190 MHz and the
The expected triplet structure is seen in the absence of S-computed T1Q is 4.5 ms. It has been shown that, in the
decoupling (Fig. 1a) . In Figs. 1b–1h, the simulated lines-extreme narrowing limit and in the absence of any decou-
hapes with RF field strengths nr Å vr /2p of 11, 22, 50, 100,pling field, as the parameter (5T1QJ)2 is varied from 1000
150, 500, and 1000 Hz, respectively, applied to 2H nucleusto 1 the I-spin spectrum changes from a fully resolved triplet
on resonance are presented. In the simulation of Fig. 1b (nrto a narrow singlet and is a broad singlet when (5T1QJ)2 Å
Å 11 Hz), the ratio vr /J Å 0.5 and the multiplet structure10 (3) . The product (5T1QJ)2 is a useful parameter to predict
is little affected as the decoupling field strength was insuffi-the nature of the multiplet structures even when the extreme
cient and the situation remains about the same even for vr /
J Å 1 (Fig. 1c) . When the ratio was increased to about 2,
as in Fig. 1d (nr Å 50 Hz), the central line was sharpened.

TABLE 3 The intensities of the outer lines in the multiplet structure
Dynamic Shifts Appearing in the A Matrix were also reduced. For vr /J É 5 (nr Å 100 Hz) (Fig. 1e) ,

the multiplet structure is only partially collapsed and the
dv14 Å 04LQ–D(vS) / LC

I
–D(vI) outer lines were broadened and merged with the base of the

dv25 Å 8LQ–D(vS)
central line. However, at about vr /J É 7 (nr Å 150 Hz),dv36 Å 04LQ–D(vS) 0 LC

I
–D(vI)

the collapse of the multiplet structure is complete and adv24 Å dv15 Å 2LQ–D(vS) / 1
2 LC

I
–D(vI)

broad singlet appears as the spectrum (Fig. 1f) . A furtherdv35 Å dv26 Å 2LQ–D(vS) 0 1
2 LC

I
–D(vI)

increase of nr to a value of 500 Hz sharpened the singlet
dv34 Å dv16 Å 04LQ–D(vS) (Fig. 1g). A subsequent increase of nr to a value of 1000

Hz (Fig. 1h) further narrowed the line and the decouplingNote. The terms LQ–D(vS) and LC
I
–D(vI) are defined in Eq. [24] (and Eq.

[23]) (see text). was more or less complete. There was no further change in
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as the relaxation rates arising from the cross correlations are
differential in the multiplets. The shift is the same for the
two outer lines and is larger by a factor of two for the central
line (see Table 3). The irradiating RF field reduces the
dynamic shift and it causes the collapse of the spin multiplet.
The magnitudes of the various parameters used in the simula-
tions determine the extent of reduction in the two kinds of
splitting. Thus, in Fig. 2f, at the end of the first stage of
decoupling when the collapse of the multiplet structure from
spin–spin coupling is complete, a small residual dynamic
shift of the central resonance persists. However, for a nr of
1000 Hz (Fig. 2h), all the effects, viz., decoupling, vanishing
of dynamic shifts, and line narrowing are complete, similar
to that in Fig. 1h.

FIG. 1. Simulated 13C spectra of a 13C– 2H spin system. The spectra
were plotted as a function (v0I 0 v /J) . The parameters used in the simula-
tion are J /2p(13C– 2H) Å 22 Hz, tc Å 20 ns, e 2qQ Å 1.1 1 106 s01 , hQ

Å 0, gIgS\ /r 3
IS Å 22 1 103 s01 , and the proton Larmor frequency was set

at 600 MHz. The irradiation amplitudes nr Å vr /2p in (a) 0, (b) 11, (c)
22, (d) 50, (e) 100, (f ) 150, (g) 500, and (h) 1000 Hz. Dynamic shifts
were not included in these spectra. Note that the vertical scales are not the
same in all the figures.

the lineshape for any more increase in nr (data not shown). It
can be clearly seen from these simulations that the complete
decoupling takes place in two stages as the decoupling field
is increased. In the first stage, a collapse of the multiplet
structure occurs (Fig. 1f) , and, in the second stage, the
residual linewidth coming from the scalar relaxation is re-
moved (Figs. 1g and 1h).

In Fig. 2, the 13C lineshapes correspond to a case wherein
FIG. 2. Simulated 13C spectra of a 13C– 2H spin system with the samethe dynamic shifts arising from the cross correlations of the

parameters as described in the legend to Fig. 1, and with the dynamicquadrupolar and dipolar relaxation mechanisms were also
shifts arising from the quadrupole–dipole cross correlation included. The

included. The dynamic shifts arise for all the single- and 2H irradiation RF field amplitudes in (a) – (h) are the same as described
multiple-quantum coherences. In Figs. 2b–2h, nr was varied in the legend to Fig. 1. Note that the vertical scales are not the same in all

the figures.from 11 to 1000 Hz as in Fig. 1. The dynamic shifts as well
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the behavior of the decoupling process is essentially the
same as in the previous cases.

A totally different situation is obtained in the simulations
shown in Fig. 4, where the proton Larmor frequency was
changed to 190 MHz. At this frequency, the T1Q values
correspond to 4.5 ms and the parameter (5T1QJ)2 É 10. A
broad singlet is seen as expected (Fig. 4a); however, the
singlet is shifted from the center by the dynamic shifts aris-
ing from both cross correlations discussed above. The shift is
noticeable since, in the long correlation limit, the linewidths
(R1414 and R3636) of the outer two lines get contributions
from the dominant spectral density at zero frequency from
the mutual dipolar relaxation [JD(0)] and are very broad
compared to the sharp central line (R2525) that is unaffected
by the same spectral density (see Table 2]. Thus, although

FIG. 3. Simulated 13C spectra of a 13C– 2H spin system with CSA of
spin I (dzz Å 100 ppm, hCI

Å 0) included along with the other interactions

in Figs. 1 and 2. Dynamic shifts arising from cross correlations between
quadrupolar and dipolar interaction as well as CSA and dipolar interactions
are included. The 2H irradiation RF field amplitudes in (a) – (h) , and all
other parameters are same as described in the legend to Fig. 1.

In Fig. 3, the relaxation arising from chemical-shift anisot-
ropy of spin I is also considered. Dynamic shifts arising
from both the cross correlations between quadrupolar and
dipolar and that between CSA and dipolar interactions were
included. (The S-spin chemical-shift anisotropy was not con-
sidered as it is very small for a nucleus such as deuterium).
The cross correlation of CSA and dipolar interactions differ-
entially affect the relaxation rates of the outer two lines of
the three single-quantum coherences of spin I. The differen-
tial effect leads to the appearance of a narrower line on the

FIG. 4. Simulated 13C spectra of a 13C– 2H spin system with all thelow-frequency side and a broader line on the high-frequency
interactions and the parameters used and described in the legend to Fig. 3

side (Fig. 3a) . The central line is unaffected by this cross except that the proton Larmor frequency was set at 190 MHz and the
correlation both in its relaxation rate and dynamic shift. In irradiation amplitudes are nr Å vr /2p in (a) 0, (b) 11, (c) 22, (d) 50, (e)

100, (f ) 150, (g) 1000, and (h) 5000 Hz.Figs. 3b–3h, nr was varied between 11 and 1000 Hz and
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there is a collapse of the multiplet, the dynamic shifts which line narrowing appears as v 2
r T2QT1Q @ 1 instead of the cor-

are differential on the multiplets do not vanish due to the rect v 2
r T 2

1Q @ 1 as given in Eq. [A8]. It is not clear how
differential linewidths on the three overlapping multiplets. these authors have arrived at the term v 2

r T2QT1Q , which ap-
Again, nr is varied from 11 to 5000 Hz (Figs. 4b–4h) and pears to be a saturation factor, in the expression for spectral
as it approaches about 150 Hz (Fig. 4f) , the singlet appears densities for relaxation through scalar coupling. Since, for
at the center. In Fig. 4g nr was 1000 Hz and the sharpening macromolecules, T2Q is generally smaller than T1Q (at least
of the singlet is complete, and a further increase of nr to a by a factor of 10), larger RF field strengths were estimated
value of 5000 Hz (Fig. 4h) did not narrow the line any than are actually needed. The reduction in decoupling power
further. is useful from an experimental point of view. It reduces RF

heating effects, and, furthermore, when the quadrupolar spin
is deuterium, the minimization of RF irradiation reducesCONCLUSION
interference with the field-frequency lock which usually uses

The lineshape analysis presented above illustrates the the deuterium signal.
dependence of the I-spin spectrum on various parameters
such as the S-spin quadrupolar longitudinal relaxation APPENDIX
time, the scalar coupling between spins I and S, and the

As described in Abragam’s book (4), if the I-spin spectrumstrength of the decoupling RF field at the S-spin reso-
is a singlet due to rapid relaxation of spin S, the scalar couplingnance. When the product (5T 1Q J ) 2 is about 900, as in the
of the two-spin system I and S with I Å 1

2 and SÅ 1 may besimulation of Figs. 1 –3, the I-spin spectrum is a triplet
in the absence of decoupling. For a given T 1Q , the primary considered as a random Hamiltonian in the manner
condition for complete decoupling is vr J

01 @ 1 (and for
that decoupling field strength the condition vrT 1Q @ 1 H1( t) Å JIrS( t) Å ∑

1

qÅ01

(01) qFq( t)A0q , [A1]
will also be satisfied) , and the resulting I-spin spectrum
is a narrow singlet.

On the other hand, when the product (5T1QJ)2 is about 10, with
as in the simulation of Fig. 4, the I-spin multiplet structure is
collapsed even in the absence of any decoupling field and

A0 Å Iz ; A{1 Å |
1√
2

I{ ; and F0 Å JSz ; F{1 Å |
1√
2

JS{the J coupling is rendered time dependent, leading to scalar
relaxation of the second kind (4) . The primary contribution
to the linewidth due to scalar relaxation comes from the

andspectral density at zero frequency in the absence of irradia-
tion (see Appendix) . The effect of irradiation is to change
this frequency from zero to vr (Eq. [A8] in the Appendix) . Sz(0)Sz(t) Å S(S / 1)

3
exp(0t /T1Q) ,

By increasing the irradiation strength, vr increases, and the
linewidth contribution diminishes to a vanishingly small Sx(0)Sx(t) Å Sy(0)Sy(t)
value. Therefore, the condition to suppress this relaxation
pathway by irradiation is v 2

r T 2
1Q @ 1 (see Appendix) . Thus, Å S(S / 1)

3
exp(0t /T2Q) , [A2]

as may be seen from Fig. 4g, with vrT1Q É 28 for vr /2p Å
1000 Hz and T1Q Å 4.5 ms, the line narrowing is almost
complete. This result is at variance with that reported in an where the bars over the operators represent time averages

due to the rapid relaxation of spin S. Time averages of crossearlier publication by Browne et al. (23) in which an order
of magnitude larger irradiation strength was estimated to products between different operators vanish.

The equation of motion for the macroscopic observablereduce such relaxation effects and obtain line narrowing.
This incorrect estimate was based on an erroneous equation corresponding to the operator Q in the rotating frame (Eq.

[3]) is given asfor the T2 of spin I. In their paper (23) , the condition for

d »Q …

dt
Å 0i»[vrSx , Q]… 0 K*

`

0

dt [exp(0ivrSxt)H*1 ( t 0 t)exp( ivrSxt) , [ H*1 ( t) , Q]] L , [A3]
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where » … implies taking a trace after multiplying with the With the operator Q Å Ix , and by substituting Eqs. [A4]
and [A5] in Eq. [A3], an expression for 1/T2 for spin I candensity matrix of spin I. The effect of RF on spin S appears

in Eq. [A2] in the first term of the right-hand side which be evaluated as
is a free precession term, and also as a transformation prop-
agator for the second term in the commutator within the d»Ix …

dt
Å 0J 2

3
S(S / 1)H T1Q

1 / v 2
r T 2

1Q
integral. The above equation is the same as that derived
for the viscous liquid case in the presence of an RF field
(4 , Chap. XII) . In the doubly rotating frame (Eq. 3) , the

/ 1
2 F T2Q

1 / (vI 0 vS)2T 2
2Q

random Hamiltonian is given by H*1 ( t ) Å R ( t )H1 ( t )
R01( t ) with

/ T2Q/2
1 / (vI 0 vS / vr )

2T 2
2Q

A*0 Å Iz ; A*1 Å 0
1√
2

I/exp( iv1t) ;

/ T2Q/2
1 / (vI 0 vS 0 vr )

2T 2
2Q
GJ »Ix … . [A6]

A*01 Å
1√
2

I0exp(0ivIt) ,

The first term on the right-hand side of Eq. [A6] arisesand
from terms due to F0A0 and those in the square bracket arise
from the q Å {1 part of the random Hamiltonian. T1Q and

F*0 Å JSz ; F*1 Å 0
1√
2

JS/exp(0ivSt) ; T2Q are the longitudinal-relaxation and the transverse-relax-
ation times of spin S, respectively. From Eq. [A6] since vI

0 vS @ vr , the I-spin transverse-relaxation time is
F*01 Å

1√
2

JS0exp( ivSt) . [A4]

1
T I

2

Å J 2

3
S(S / 1) F T1Q

1 / v 2
r T 2

1QIt remains to compute T01(t)H*1 ( t 0 t)T(t) , where
T(t) Å exp( ivrSxt) . Since [T , Aq] Å 0, only the Fq are
modified: / T2Q

1 / (vI 0 vS)2T 2
2Q
G . [A7]

The above expression shows that 1/T I
2 decreases as vr is

increased. It may be noted that as vr goes to zero the above
expression is the same as that given in Chap. VIII of Ref.
(4) . Furthermore, if the condition vI 0 vS @ vr is not
satisfied (this may happen if this calculation is performed
for two homonuclear spins or if an uncoupled spin I relaxes
by an external random field), the decay rates of »Ix … and
»Iy … differ (4 , Chap. XII) and should, therefore, be evaluated
separately. However, in the present case, since vI 0 vS @
vr , the two transverse decay constants are identical and a
single T2 can be defined for the I-spin spectrum.

Note that the contribution from the second term in Eq.
[A7] is negligible since (vI 0 vS)T2Q @ 1, and, hence, the
expression for 1/T I

2 is

F*0
T01(t) J

2
[exp( ivrt)(Sz / iSy)

/ exp(0ivrt)(Sz 0 iSy) ,

F*1
T01(t)

0 J√
2

exp[0ivS( t 0 t)]

1 FSx /
1
2

{exp( ivrt)(Sz / iSy)

0 exp(0ivrt)(Sz 0 iSy)} G ,

F*01

T01(t) J√
2

exp[ ivS( t 0 t)]

1
T I

2

Å J 2

3
S(S / 1)

T1Q

1 / v 2
r T 2

1Q

. [A8]
1 FSx 0

1
2

{exp( ivrt)(Sz / iSy)

Equation [A8] shows that the effect of RF irradiation of
0 exp(0ivrt)(Sz 0 iSy)} G . [A5] spin S to change the frequency of the spectral density from

zero to vr and the condition for suppression of the linewidth
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