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Dipolar recoupling techniques of homonuclear spin pairs are
commonly used for distance or orientation measurements in solids.
Accurate measurements are interfered with by broadening mech-
anisms. In this publication narrowband RF-driven dipolar recou-
pling magnetization exchange experiments are performed as a
function of the spinning frequency to reduce the effect of zero-
quantum T2 relaxation. To enhance the exchange of magnetization
between the coupled spins, a fixed number of rotor-synchronous
p-pulses are applied at spinning frequencies approaching the
rotational resonance (R2) conditions. The analysis of the powder
averaged dipolar decay curves of the spin magnetizations as a
function of the spinning frequency provides a quantitative mea-
sure of the dipolar coupling. An effective Hamiltonian for this
experiment is derived, taking into account all chemical shift pa-
rameters of the spins. The length of the nbRFDR mixing time and
the number of rotor cycles per p-pulse are optimized by numerical
simulations for sensitive probing of the dipolar coupling strength.
The zero-quantum T2 relaxation time can easily be taken into
account in the data analysis, because the overall exchange time is
almost constant in these experiments. Spinning-frequency-depen-
dent nbRFDR experiments near the m 5 1 and m 5 2 R2 condition
re shown for doubly 13C-labeled hydroxybutyric acid. © 2000

Academic Press

Key Words: magic angle spinning; rf-driven dipolar recoupling;
distance measurement; rotational resonance; spinning frequency
dependence.

INTRODUCTION

Nuclear dipole–dipole interaction plays an important rol
structural investigations by solid-state NMR studies. T
spin–spin interaction consists of bilinear terms that are
versely proportional to the cube of the distance betwee
nuclei. A large variety of radio frequency (rf) schemes h
been developed to obtain internuclear distances in stati
rotating polycrystalline samples (1–13). In the last decad
almost all distance measurements have been performed
magic angle spinning (MAS) conditions (2–13). MAS average
out the chemical shift anisotropy and the secular dipolar i
action of spin1

2 nuclei by producing rotational echoes a
consequently narrowing spectral lines (14, 15). The nonsecula
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flip-flop terms of the homonuclear dipolar interaction betw
the spins are not averaged out (15). Thus MAS rotationa

choes of a homonuclear coupled spin system decay acc
o an effective dipolar interaction that is strongly dependen
he isotropic chemical shift difference between the interac
pins. Matching this chemical shift difference to a mult
nteger of the spinning frequency enhances the dipolar d
ignificantly (16) and can be used to determine internuc
istances (3, 17). This rotational resonance (R2) experimen

has been extensively used to obtain valuable structural
mation for biological molecules (18). Increased spin diffusio
in natural abundant13C spins has also been observed at
rotational resonance criteria (19).

R2 experiments on homonuclear spin pairs can be desc
by a spin evolution in the zero-quantum subspace. A z
quantum relaxation time must be introduced to represen
fects on the spin pair that are not directly correlated to
chemical shift or the dipolar interactions (3, 20). The dipola
decay of the signals during the magnetization exchang2

experiment is affected by the chemical shift anisotropy (C
interactions of the coupled spins as well. Hence, accurate
analysis of this experiment is fairly complicated.

Other experiments for measuring distances in homonu
spins have been introduced. In the SEDRA (5), RFDR (6), and
RIL (9) experiments the zero-quantum decay is extende
yond the stringent R2 condition while in other experimen
(4, 10–12) the dipolar decay occurs in the double-quan
pace where this resonance condition is irrelevant. All ex
ments use rf irradiation fields in the form of short synch
ously applied pulses or phase-modulated continuous
CW) irradiation fields. In the latter, the chemical shift in
nces on the dipolar decays are minimized, while in the p
ecoupling experiments the effect of the chemical shift an
opy is retained. In the SEDRA and RFDR pulse experim

set of synchronously appliedp pulses on a rotating samp
induces dipolar decay of signal. These pulses on coupled
relieve the strict R2 condition and broaden the range of sp
ning frequencies over which dipolar recoupling occurs.
interpretation of the experimental data in these experiment
be somewhat more complicated than in other experim
however, they do not require intense rf power, are tolera
pulse imperfections (21), and impose no limiting criterion o
h-
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205SPINNING-SPEED-DEPENDENT nbRFDR
the ratio between the rf power and the spinning rate. Sele
polarization exchange between spin pairs is possible
modified RFDR experiment (22, 23). By extending the tim
between consecutive pulses to integer multiples of the
period, NtR, instead of one rotor period, the bandwidth
recoupling is narrowed. These narrowband RFDR (nbRF
experiments were described both theoretically and experi
tally elsewhere (22, 23).

All these recoupling techniques still suffer from interfere
y the zero-quantum (ZQ) relaxation process as in R2 experi-

ments. Short relaxation times can mask measurements of
dipolar interactions. Quantifying the ZQ relaxation parame
is not a trivial task, and only lately have experiments b
devised to measure the homogeneous and inhomogeneo
broadening in homonuclear spin systems (20, 25, 26). New
variations of established techniques that are aimed at me
ments of the dipolar decay independent of other attenu
factors have emerged recently. Costa and co-workers (24) have
suggested rotational resonance tickling (R2T) to recouple th
dipolar interaction with reduced dependence on ZQ relaxa
Constant-time homonuclear dipolar recoupling by Benneet

l. (21) was introduced to enable relaxation-free measurem
f dipolar dephasing. Balazset al. have used constant-time2

to eliminate variable rf heating at long decoupling times (27).
We have used the spinning frequency dependence o

ongitudinal exchange in nbRFDR experiments to mea
istances and conformations of two nonequivalent13C nuclei.
he experiment is performed without variation of the time o
elds in order to minimize the effect of the ZQ relaxat
echanism and other experimental factors on the data ana
he selectivity of the pulse cycle is preserved; therefore,
airs with chemical shift differences that are in the nbRF
ecoupling bandwidth will exhibit strong magnetization
hange.
In the following, an average Hamiltonian for the nbRF

xperiments is derived, and a relaxation model that takes
ccount zero-quantum relaxation together with relaxa
echanisms induced by the rf pulses is discussed. A me
logy for obtaining internuclear distances from nbRFDR
eriments as a function of the spinning frequency is
uggested. Finally, after presenting some details abou
aterials and the experiments, the results of spinning
uency-dependent nbRFDR experiments, analyzed in ter
pin–spin distance and relative CSA orientation, are sho

NARROWBAND RFDR RECOUPLING

The RFDR Experiment

In a one-dimensional RFDR (6) experiment on a rotatin
polycrystalline sample the weak dipolar interaction betw
two dipolar coupled homonuclear spins, otherwise averag
MAS, is recovered by means of their chemical shift differe
modulated by rf irradiation. The equilibration of the s
ve
a
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magnetizations is induced by the recoupled dipolar interac
It can be measured as an attenuation of the magnetiz
difference and analyzed in terms of a nuclear distance. E
dation of the dipolar coupling strength from the decay of
magnetizations can be complicated by the dependence
effective interaction on the chemical shift parameters of
spins. However, this fact can also be utilized to obtain a
tional conformational information. For example, the mu
orientation of the CSA tensors of the spins can be ded
when prior knowledge of the distance separating the spi
available (21). RFDR experiments can, therefore, prov
tructural information about the interacting spins and ca
sed as an alternative or complementary avenue for the
vailable techniques used in structural MAS NMR.
The 1D RFDR pulse sequence starts with preparation o

pins in opposite polarizations and is followed by a setp
pulses that are applied synchronously with the rotor c
These pulses induce spin exchange that is promoted b
dipolar interaction. The time dependence of the polariza
difference is measured by transferring the longitudinal ma
tization to observable signals and following their intensitie
a function of the length of the dipolar-mixing period. T
dependence of the RFDR dipolar recoupling on the isotr
chemical shift difference,Dv, is rather broad and efficie
magnetization exchange is expected over a range of fre
cies crudely defined byvR , Dv , 2vR, wherevR is the
spinning frequency (13). Outside this range, less pronoun
exchange is expected around the rotational resonance
tions (3, 13, 16), i.e., in the vicinity ofDv 5 0 andDv 5 mvR

for integerm $ 3. The broadband nature of the recoup
ermits observation of exchange between several spin
imultaneously. This is advantageous for correlation spec
opy of multiple spins (6, 28), but not for accurate distan
easurements (29).
The bandwidth of frequencies over which recoupling ta

lace can be narrowed by extending the number of
eriodsNtR between consecutivep pulses. Boenderet al. (24)

and Bennettet al. (23) have separately shown that suc
odification creates frequency-selective exchange that ca

ist in measuring weak dipolar couplings in the presenc
arger dipolar couplings.

he Narrowband RFDR Average Hamiltonian

The nbRFDR pulse sequence is shown in Fig. 1. The
ycle time of the nbRFDR experiment is 2NtR, during which

both the isotropic and the anisotropic chemical shift inte
tions are refocused. An effective spin Hamiltonian for th
experiments was derived by using average Hamiltonian th
(AHT) (22), while taking into account only isotropic chemi
hifts, and by means of Floquet theory (23), including chemica
hift anisotropy (CSA) contributions. The spin evolution
overned by the action of this Hamiltonian during the nbRF
ixing time,tm 5 l z 2NtR, with l an integer number. In th
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206 GOOBES, BOENDER, AND VEGA
following, the zero-order average Hamiltonian calculation
be extended to include CSA terms. This derivation illustr
the contribution of the CSA interactions to the nbRFDR m
netization exchange mechanism. Although it resembles
Floquet derivation already presented elsewhere (23), the

resent calculation is more general and provides new ins
nto the physical origin of the effective dipolar interact
ecovered by this pulse experiment.

The total MAS Hamiltonian of a homonuclear spin pair
he form

H~t! 5 H CS
1 ~t! 1 H CS

2 ~t! 1 H D
12~t! 1 HRF~t! [1]

with

H CS
1 ~t! 5 F2

1

2
Dv 1 O

n522

2

Zn
1einvRtG I z

1

H CS
2 ~t! 5 F1

1

2
Dv 1 O

n522

2

Zn
2einvRtG I z

2

H D
12~t! 5 O

n522,nÞ0

2

Zn
12einvRtS2I z

1I z
2 2

1

2
~I 1

1 I 2
2 1 I 2

1 I 1
2 !D .

[2]

The first two terms represent the chemical shift interaction
the two spins, and the third term represents the dipolar i
action. The isotropic chemical shifts are assumed to be
with opposite signs,6(1/2)Dv, without loss of generality. Th
Zn

1, Zn
2 are complex coefficients (13, 23) that depend on th

CSA anisotropy {vCSA
1 , vCSA

2 }, the asymmetry parameters {h1,
h2}, and the Euler anglesV r 5 { a r , b r , g r}, transforming the
CSA tensor of spin-1 from its principal axis system (PAS
the rotor frame, andV12 5 { a12, b12, g12}, transforming the

AS of the CSA tensor of spin-2 to the PAS of the CSA

FIG. 1. The narrowband RFDR pulse sequence: An inversion of one
pins using the DANTE sequence is followed by a delay without decou

nd. Then, a set ofp pulses is applied, each pulse in the middle ofN rotor cycles
of lengthtR. A secondp/2 pulse is used to transfer longitudinal magnetiza
nto detectable signal. The standard RFDR experiment is a private c
hich N 5 1.
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spin-1. The dipolar interaction coefficients,Zn , are propor-
tional to the dipole–dipole coupling strengthm 0g

2\/4pr ij
3 and

depend on the polar angles {u d, w d} of the internuclear dis-
tance vectorrW 12 with respect to the PAS of spin-1 and onV r 5
{ a r , b r , g r} ( 13). The rf HamiltonianHRF(t) describes th
presence of twop pulses that are applied at times (1/ 2)NtR

and (3/ 2)NtR, making the whole Hamiltonian periodic with
cycle time of 2NtR.

To obtain the zero-order average Hamiltonian ofH(t), it is
convenient to transform the Hamiltonian first to the togg
frame (T) of the rf pulses and then to the interaction repre
tation (I) of the chemical shift terms of the Hamiltonian. T
chemical shift and the dipolar terms in the toggling frame
the limit of very shortp pulses, are given by

H ~T!~t! 5 H CS
~T!~t! 1 H D

~T!~t!

H CS
~T!~t! 5 5

H CS
1 ~t! 1 H CS

2 ~t! 0 , t #
1

2
NtR

2H CS
1 ~t! 2 H CS

2 ~t!
1

2
NtR , t #

3

2
NtR

H CS
1 ~t! 1 H CS

2 ~t!
3

2
NtR , t , 2NtR

H D
~T!~t! 5 H D

12~t! 0 , t , 2NtR. [3]

The dipolar term is unaffected by the pulses but does
commute with the chemical shift terms.

The interaction frame Hamiltonian consists merely of
transformed dipolar term

H ~I!~t! 5 expH i E
0

t

dt9~H CS
~T!~t9!!J

3 H D
12~t!expH2i E

0

t

dt9~H CS
~T!~t9!!J . [4]

Both transformations are cyclic in the AHT sense (30, 31). The
transformation to the toggling frame is cyclic because th
Hamiltonian is periodic with 2NtR and exp{2i * 0

2NtR

dt9HRF(t9)} 5 1. The chemical shift interaction frame tra-
formation is cyclic because the chemical shift interactions
refocused at the end of each nbRFDR cycle and exp{2i * 0

2NtR

dt9HCS
(T)(t9)} 5 1. Therefore, calculation of the evolution o-

rator in the original frame can be reduced to calculation o
perator in the interaction frame (23).
The chemical shift unitary operators can be written a

imple product of exponents

e
g,

in
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207SPINNING-SPEED-DEPENDENT nbRFDR
UCS~t! 5 expH2i E
0

t

dt9~H CS
1 ~t9! 1 H CS

2 ~t9!!J
5 expH2iSV1~t! 2

1

2
DvtD I z

1J
3 expH2iSV2~t! 1

1

2
DvtD I z

2J [5]

with V i(t) the accumulated phases of the anisotropic chem
shift interactions,

V i~t! 5 E
0

t

dt9 O
n522

2

Zn
i exp$invRt9% [6]

nd

V i~t 1 NtR! 5 V i~t!. [7]

hen it follows that

U CS
21I z

1I z
2UCS 5 I z

1I z
2

U CS
21I 1

1 I 2
2 UCS 5 exp$iDV~t!%exp$2iDvt%I 1

1 I 2
2

U CS
21I 2

1 I 1
2 UCS 5 exp$2iDV~t!%exp$iDvt%I 2

1 I 1
2 [8]

with

DV~t! 5 V1~t! 2 V2~t!

5 E
0

t

dt9 O
n522

2

~Zn
1 2 Zn

2!exp$invRt9%. [9]

This difference phase is the parameter that solely represen
CSA contributions to the Hamiltonian, indicating that only
difference between the CSA tensor components affect
nbRFDR dipolar dephasing. The interaction frame Ham
nian can now be evaluated by insertion of Eq. [8] into Eq.
and the result can be written as

H ~1!~t! 5 O
n522

2

Zn
12exp$invRt%

3 S2I z
1I z

2 2
1

2
~eif~t!I 1

1 I 2
2 1 e2if~t!I 2

1 I 1
2 !D [10]
al

the

he
-

],

with

f~t! 5 5 DV~t! 2 Dvt I

2DVS1

2
NtRD 2 DV~t! 2 Dv z ~NtR 2 t! II

DV~t! 2 Dv z ~t 2 2NtR! III

I: 0 , t ,
1

2
NtR

II:
1

2
NtR , t ,

3

2
NtR

III:
3

2
NtR , t , 2NtR

, [11]

where the equalityDV(t 1 NtR) 5 DV(t) has been used.
rder to calculate the zero-order average Hamiltonian, we

he CSA part of the unitary operator as a sum of Fou
omponents:

exp$iDV~t!% 5 O
m52`

`

Cmexp$imvRt%. [12]

he C-coefficients define the strength of the difference
ween the CSA tensors. They could be considered as the
enter and sideband amplitudes of a spin with a CSA te
qual to this difference.
The average Hamiltonian can now be deduced by si

ubstitution of boundaries and integration over a w
bRFDR cycle using the following integral:

1

2NtR
E

2NtR/ 2

NtR/ 2

exp$i ~m 1 n!vRt 2 iDvt%dt

5
1

2
sincHNp~~m 1 n!vR 2 Dv!

vR
J . [13]

he resultant zero-order average Hamiltonian is given by

H̃ ~0! 5 2
1

2
@d12~V r!I 1

1 I 2
2 1 d12*~V r!I 2

1 I 1
2 # [14]

with an effective dipolar frequency,

d12~V r! 5
1

2 O
n522

2 O
m52`

`

~Cm2nZn
12 1 e2iDV~NtR/ 2!C*m2nZn

12*!

3 sincHNpSm 2
Dv

vR
DJ . [15]
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208 GOOBES, BOENDER, AND VEGA
A similar expression was derived by Boenderet al. (24) for
venN values. The effective dipolar frequency,d12(V r), of a

spin pair in a crystallite depends, through the dependen
the Zn

i , Zn
12 coefficients, on the Euler anglesV r 5 { a r , b r ,

g r}. Different crystallites in a powder will, hence, experien
a different effective frequency. The interaction parameters
govern the dipolar frequency are the spinning frequency
dipolar interaction parameters, the isotropic chemical
differenceDv, and the CSA tensor parameters defined by
Cm coefficients.

The dependence on the CSA parameters is very intricat
becomes significant when the spinning frequency is not m
stronger than the CSA difference of the spins. TheZn

12 coeffi-
cients are directly proportional to the dipolar interac
strength and are used to deduce the distance between th
nuclei. As was previously derived (6, 13), the spin part of th
Hamiltonian contains only the zero-quantum dipolar flip-
termsI 1

1 I 2
2 and I 2

1 I 1
2 . The dynamics of the spin system un

such a Hamiltonian therefore takes place in the zero-qua
subspace.

In a 1D nbRFDR experiment the magnetization exchan
monitored by the time dependence of^I z

1 2 I z
2&(2lNtR),

^I z
1 2 I z

2&~2lNtR! 5
1

8p 2 E dV rcos$ud12~V r!u2lNtR%. [16]

For evenN values, the constant phase shift in Eq. [15] vani
and thed12(V r) coefficients become real.

FIG. 2. Numerical calculations showing the spinning frequency dep
The normalized difference signal of a coupled spin pair is plotted as a fun

imulations of nbRFDR withN 5 8 (dash-dotted line), nbRFDR withN 5 1
the chemical shift difference instead of the spinning frequency, for conv
were used in the simulation.
on

at
e

ift
e

nd
ch

two

r
m

is

s

The sinc-function maximizes at the rotational resona
conditionvR 5 (1/m)Dv and vanishes when its argumen
6p, i.e.,vR 5 (N/(Nm 6 1))Dv. Thus, the span of spinnin
frequencies over which the dipolar recoupling is effec
around each resonance condition is approximately given

DvR 5
2

Nm2 1 m
Dv. [17]

For RFDR (N 5 1), the sinc-functions for differentm values
verlap, and a complicated exchange response as a func

he spinning frequency can be expected. For higher valu
, the sinc-functions become narrow, and efficient magne

ion exchange can be expected only close to the rotat
esonance conditions. The efficacy of the nbRFDR recou
s shown in Fig. 2 as the normalized residual signal plotte
he chemical shift difference scaled by the spinning freque
he reciprocal dependence of the bandwidth onN causes th
xperiment to become more frequency selective at highe
es ofN. Without any significant overlap of the sinc-functio

he value ofd12(V r) at the R2 conditions becomes independ
of N (for evenN),

d12~V r! 5 O
n522

2 O
m52`

`

Re$Cm2nZn
12%. [18]

ence of the exchange between coupled spins in RFDR and nbRFDR e
n of the isotropic chemical shift difference scaled by the spinning frequency,Dd/nR.
nbroken line), and RFDR withN 5 1 (dashed line) were carried out vary

ence. A dipolar interaction of 450 Hz, anR of 10 kHz, and a mixing time of 6.4 m
end
ctio

6 (u
eni
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209SPINNING-SPEED-DEPENDENT nbRFDR
This result can be compared to the dipolar coefficient in a
experiment,

dR2
12~V r! 5 O

n522

2 O
m52`

`

Cm2nZn
12, [19]

which can be deduced following a derivation similar to
above. TheC-coefficients define the amplitude of the si
modulation. When the spinning frequency is larger than
CSA tensor strengths, these coefficients become zero, e
C0 5 1. This same condition is encountered when all te
parameters of the two spins are equal. In these cases ef
nbRFDR exchange may only be expected around the R2 con-
ditions m 5 1, 2. If these conditions do not hold, maxim
values ofd12(V r) are also encountered atm 5 0 andm . 2.
This is also shown in Fig. 2, for nbRFDR simulations us
N 5 8, 16.

The above derivation shows the complicated dependen
the dipolar coefficients on all spin parameters. For simplici
discussion, the experimental properties of the rf pulses
higher order corrections to the average Hamiltonian were
taken into account. It is therefore preferable for the analys
experimental nbRFDR data to measure all available CSA
rameters of the two-spin system and to use a simulation
gram that takes into account all interaction parameters, as
as pulse parameters, and calculates the exact spin dynam
the following sections we show how we obtained internuc
distances using nbRFDR experiments in cases where the
dependence of the data is not negligible. But beforehand
discuss the influence of broadening mechanisms on the
netization exchange and construct a model that is then us
analysis of experimental data.

ZERO-QUANTUM AND DOUBLE-QUANTUM
SPIN RELAXATION

The nbRFDR exchange between the longitudinal mag
zation components of a spin pair in an individual crystallite
be described, as in the R2 experiment (3, 20), by the motion o
a magnetization vector m# (VR; t) in the zero-quantum subspa
of the spins with components

mx~V r; t! 5 ^I 1
1 I 2

2 1 I 2
1 I 1

2 &~t!

my~V r; t! 5 ^I 1
1 I 2

2 2 I 2
1 I 1

2 &~t!

mz~V r; t! 5 ^I z
1 2 I z

2&~t!. [20]

he Hamiltonian of Eq. [14], governing the motion of t
ector, has the general form

H# 5
1

2
ud12u~I 1

1 I 2
2 exp$id 12% 1 I 2

1 I 1
2 exp$2id 12%!, [21]
t

e
ept
or
ent

of
f

nd
ot
of
a-
o-
ell
. In
r

SA
e
g-
for

ti-
n

with d 5 ud uexp{id }, and can be represented by
effective magnetic fieldd# 12 of strengthud12u in thex–y plane o
the zero-quantum frame. The magnitude of this vector dep
on the spinning frequency and on the selectedN value of the
nbRFDR experiment. During the nbRFDR mixing time
m# (VR; t) vector rotates around thed# 12-field and itsz-compo-
nentmz(V r ; tm) at the end of this time,tm, is proportional to
the difference signal,S1(tm) 2 S2(tm), that is obtained from
the signalsS1(tm) 5 ^I z

1&(tm) and S2(tm) 5 ^I z
2&(tm) of the

two nuclei. The interference of the oscillatingmz(V r ; tm)
components gives rise to a decaying signal in the powde
is equal toS1(tm) 2 S2(tm) 5 (1/8p 2) z * dV rmz(V r ; tm).
This signal can be analyzed in terms of the dipolar te
components in order to deduce the dipolar coupling stre
and, from it, the internuclear distance. This analysis
require preliminary knowledge of the chemical shift para
ters in the cases mentioned above.

In addition to the dipolar field, them# -vectors react to
variety of other mechanisms that influence the overall po
decay. In the case of an isolated carbon spin pair, perhap
most important effect causing additional signal attenua
during the nbRFDR pulse experiment, is the residual inte
tions with the protons in the sample (21, 22, 24). While pulse
parameters can be taken into account in numerical simula
the effects of inefficient decoupling fields and cross-pola
tion during the pulses are hard to predict.

In the case of R2 it is common to assemble the decay
effects, which are independent of the pulse parameters
relaxation parameterT2

ZQ, influencingm# (V r ; t). Its magni-
ude has been discussed extensively in the
3, 20, 25, 29), and its orientation dependence has been

malized (26). In most cases a single isotropicT2
ZQ relaxation

time is used to reflect all mechanisms that diminishmx(V r ,
t) and my(V r , t) for all V r (13, 23). If in addition to this
relaxation and the standard spin–lattice relaxation of
spins, the magnitude ofm# (V r ; t) is reduced during the
pulses, by cross-polarization or pulse imperfections,
effective overall relaxation mechanism in the zero-quan
subspace becomes complicated. Because only the ex
tion values of the diagonal elements,^I z

1& and^I z
2&, in the spin

density operator are monitored in an nbRFDR experime
is assumed that they decay exponentially with some
constantsT1

1 and T1
2, respectively. Furthermore, it is a-

sumed that these relaxation mechanisms change the
tive zero-quantum relaxation time,T2

ZQ, by some unknow
amount. A rigorous analysis of the spin evolution requir
spin density calculation, using the Liouville spin-opera
formalism (20, 26). However, here we will restrict our trea
ment to a simple Bloch equation approach.

The spin pair evolution can then be described by the fol
ing set of rate equations, settingd12 5 0 in Eq. [21] for
simplicity,
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d

dt 1
mx

my

mz

Mz

2 5 1
2GZQ 0 0 0

0 2GZQ d12 0
0 2d12 2G 1 2G 2

0 0 2G 2 2G 1
21

mx

my

mz

Mz

2 , [22]

ntroducing thez-component of a double quantum magnet
ion

Mz~tm! 5 ^I z
1&~tm! 1 ^I z

2&~tm!

5 S1~tm! 1 S1~tm! [23]

and the relaxation parameters

G ZQ 5
1

T2
ZQ

G 1 5
1

2 S 1

T1
1 1

1

T1
2D

G 2 5
1

2 S 1

T1
1 2

1

T1
2D . [24]

The general solution of these rate equations is quite co
cated. However, here we only consider cases where the o
dipolar oscillations are larger than the relaxation rates,ud12u .
GZQ, G1, G2. The approximate solution of Eq. [22] formz(tm)
andMz(tm) is then

mz~tm! 5 mz~0!cosd12tm z RZQ~tm!

Mz~tm! 5 Mz~0! z R1~tm!, [25]

ith R1(t) 5 exp{2G1t) andRZQ(t) 5 exp{2(GZQ 1 G1)t/
}. As long as the dipolar frequencies are larger than
elaxation rates, thez-components of the magnetizations

independent of the difference between the individual d
processes of both spins. Moreover, when the orientation
pendence of the relaxation parameters (26) is also neglected
he powder signals of the two spins can be written as

S1~tm! 5
1

2
~S1~0! 2 S2~0!! fd~tm! RZQ~tm!

1
1

2
~S1~0! 1 S2~0!! R1~tm!

S2~tm! 5 2
1

2
~S1~0! 2 S2~0!! fd~tm! RZQ~tm!

1
1

2
~S1~0! 1 S2~0!! R1~tm!, [26]
-

li-
rall

e

y
e-

here the normalized nbRFDR decay curve is defined b

fd~tm! 5
1

8p 2 z mz~V r;0! E dV rmz~V r; tm!, [27]

wheremz (V r ; 0) is the normalization factor off d (tm). These
expressions cannot be used in cases where the dipolar d
ing is weak and the pulse and decoupling effects influenc
signals significantly. Then this simple relaxation mode
invalid and exact solution of the rate equation in Eq. [22] m
be used for the analysis of the data. However, here we re
ourselves to the approximate solution in Eq. [25] and in fu
work a more generalized treatment will be discussed
applied.

In the range of dipolar interactions and relaxation de
parameters, where Eq. [26] is valid, experimental nbRF
data can be fit to simulated data based on the theoreticalf d(tm)
unctions. The powder decay signals must, therefore, be
ected by introducing two independent effective decaying f
ions. In practice the relaxation decay functions,RZQ(tm) and
R1(tm), are not necessarily simple exponential functions,
they cannot be measured easily and independently. Ther
we suggest measuring nbRFDR exchange at variable spi
frequency, instead of measuring it as a function of the
change time. The powder decay signals can then be mea
at mixing timestm that change only slightly, and the data
be fitted plainly by introducing two fixed parametersRZQ(tm)
andR1(tm). In the next section the spinning-frequency-dep-
dent nbRFDR approach is introduced and an experim
procedure that suits different ranges of dipolar interactio
suggested.

SPINNING-FREQUENCY-DEPENDENT nbRFDR

In nbRFDR experiments the functionf d(tm) strongly de-
pends on the offset of the spinning frequency from the2

condition, DvR 5 mvR 2 Dv, and onN. The narrowban
character of these experiments makes it possible to modi
value of this function significantly by small changes to
spinning frequency. By choosing a fixed value forN and l in
tm 5 l z 2NtR and allowing only small changes,6DvR,
around some averagevR, the mixing time varies by a fact
approximately given by 2DvR/vR. If this time variation is
much shorter than the relaxation times of the experiment
reasonable to assume thatRZQ 5 RZQ(tm) andR1 5 R1(tm)
are constant throughout the experiment. To utilize this fac
first normalize the experimental signalsSi(tm, vR), which are

ependent on both the spinning frequency and the valuesN
nd l , and define the experimental function as follows:

Fi~vR! 5
Si~tm, vR!

~1/ 2!~Si~0, vR! 2 Sj~0, vR!!
i , j 5 1, 2. [28]
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211SPINNING-SPEED-DEPENDENT nbRFDR
These functions account for the dependence of the sign
the initial state of the two spins. The signal of the inverted
will change its values from negative to positive by the actio
this normalization. The mixing timetm is changing accordin
to the value of the spinning frequency, but the integersN and
l are kept fixed. Using Eq. [26], the nbRFDR function can n
be rewritten as

fd1~vR! 5 c1@F1~vR! 2 c2~vR!#

fd2~vR! 5 c1@F2~vR! 1 c2~vR!# [29]

with

c1 5
1

RZQ

c2~vR! 5
~S1~0, vR! 1 S2~0, vR!!

~S1~0, vR! 2 S2~0, vR!!
R1. [30]

Two f di(vR) functions are introduced for the two spins. Th
are calculated numerically and can differ slightly due to
ferences in the CS parameters and the effect of the pulse
c1 term is independent ofvR and can be introduced as
constant parameter in data analysis. Thec2(vR) term is depen-
dent on the signals at zero mixing time. In most cases
expect this term to be small, because the signal preparat
aimed at obtaining the conditionS1(0, vR) 5 2S2(0, vR). It
is also expected that this term will exhibit a weak depend
on the spinning frequency caused by slight broadenin
rotational resonance is approached. This dependence is s
accounted for by measuring the signal at zero mixing time.
vR-dependence off d(vR) is modified by particular choices ol
andN. Depending on the approximate dipolar coupling, th
integers must be chosen to make the measurements sens
small variations in the dipolar parameters.

In Figs. 3 and 4, examples off d(vR) decay curves are show
for a set of dipolar interactions, ranging from 50 to 550
corresponding to13C–13C distances of 5.34 to 2.40 Å, resp-
tively. All frequency parameters in the calculations are c
puted, for convenience, in units of Hz. Therefore, we rede
the isotropic chemical shift difference and the spinning
quency asDd 5 Dv/2p and nR 5 vR/2p, respectively. Th
f d(nR) functions are calculated forDd 5 14.6 kHz and with
zero CSA tensor parameters. Close to them 5 1 R2 resonanc
condition, we have chosen (N, l ) pairs that are equal to (16,
and (12, 2) for the ranges 50–350 Hz and 300–550
respectively. In the vicinity of the secondm 5 2 R2 condition,
hese values are (12, 2) and (8, 2) for the same coupling ra
espectively. As can be seen, the differences betwee
unctions are significant and indicate that it should be pos
o fit experimentalFi(nR) data to theoreticalf d(nR) functions
ith the appropriate choice ofc1 and c2 parameters, and

obtain the magnitude of the dipolar interaction.
on
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We have shown above that thef di(nR) functions are als
dependent on the CSA parameters of the coupled spins a
the direction of the dipolar vector with respect to these ten
It is therefore necessary to take these parameters into ac
in data analysis. In most instances the values of the che
shift anisotropy and asymmetry parameters can be obt
from independent measurements (32). However, the Euler an
gles transforming one CSA tensor to the other and the
angles of the dipolar vector in one of the CSA tensor P
frames are in general not known. The angular depend
disappears when the nbRFDR dipolar coefficientsd12(V r) in
Eq. [15] become independent of the CSA parameters.
happens when the spinning frequency is larger than the
interactions and theCn-coefficients forn Þ 0 become negl-

ible. The dipolar coefficients depend then only on theZn
12

parameters in the spin Hamiltonian, and the data rely e
sively on the interatomic distancer IS. When possible it i

FIG. 3. Theoretical decay curves ofnR-dependent nbRFDR experime
on a spin pair with dipolar couplings ranging between 300 and 550 H
plotted as a function of the proximity to the rotational resonance (R2) condi-
ions. In (a) calculations using an (N, l ) pair of (12, 2) near them 5 1 R2

condition are shown, and in (b) calculations using an (N, l ) pair of (8, 2) nea
the m 5 2 R2 condition are shown. The difference between the dip
ouplings of adjacent curves in the figures is 50 Hz. The isotropic che
hift difference used in these calculations wasDd 5 14.6 kHz, and the CS

interactions were set to zero.
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212 GOOBES, BOENDER, AND VEGA
therefore advisable to perform experiments at the highes
sible spinning rate, i.e., around them 5 1 rotational resonanc
ondition. When form 5 1 the CSA effects can be neglec
nd the internuclear distance can be determined, addi
xperiments aroundm 5 2, with the conditionuZn

1 2 Zn
2u $

vR, can yield angular information.
Based on these considerations, the following experim

methodology for obtaining dipolar interactions, and from th
internuclear distances by spinning-frequency-depen
nbRFDR, is proposed. For clarification we assert that we f
on the distance between two nonequivalent13C-nuclei. The
following steps are suggested to implement this approac

(i) First it is necessary to determine the isotropic chem
shifts, the CSA interactions, and the asymmetry paramete
the spins. This can be done using the Herzfeld–Berger32)
ideband pattern analysis of the13C MAS spectra measured

FIG. 4. Theoretical decay curves ofnR-dependent nbRFDR experime
on a spin pair with dipolar couplings ranging between 50 and 350 H
plotted as a function of the proximity to the rotational resonance (R2) condi-
ions. In (a) calculations using an (N, l ) pair of (16, 2) near them 5 1 R2

condition are shown, and in (b) calculations using a (N, l ) pair of (12, 2) nea
the R2 m 5 2 condition are shown. The difference between the dip
couplings of adjacent curves in the figures is 50 Hz. The isotropic che
shift difference used in the calculation wasDd 5 14.6 kHz, and the CS
interactions were set to zero.
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a simple off-R CPMAS experiment at low spinning freque-
cies.

(ii) When the isotropic chemical shift difference betw
the spins is known, a range of spinning frequencies is ch
close to them 5 1 or m 5 2 resonance condition. Wh

ossible, nbRFDR experiments around both conditions sh
e performed. For eachm, a pair of integersN andl is chosen

hat satisfytm 5 l z 2NtR, according to the expected mag-
tude of the dipolar interaction, as was shown in Figs. 3 an

(iii) In the next step the nbRFDR experiment is set up. A
initial CPMAS excitation of the spins and ap/2 flip-back
pulse, a method for selective inversion of one of the spi
chosen. The initial longitudinal magnetizations of the nbRF
experiment are measured by setting the mixing time to
The initial valuesS1(0, vR) andS2(0, vR) for each spinnin
rate are used to correct for the broadening of the signa
changes in CP transfer efficiency as R2 is approached. After th
CPMAS excitation and the inversion, the signals are unli
to satisfy S1(0, vR) 5 2 S2(0, vR). This condition is no
crucial for the analysis of the data; however, maximizingS1(0,
vR) 2 S2(0, vR) will improve the quality of the data. At th
stage two experiments are performed at a far off-R2 spinning
frequency, where no dipolar dephasing occurs; a pair (N, l ) is
chosen and two experiments, similar to the nbRFDR ex
ment, with and without pulses in the mixing time are p
formed. These experiments are used to render the effe
relaxation parameters and enable us to ascertain the valid
Eq. [30]. If the relaxation processes cause a reductio
Si(tm)/Si(0) values that are comparable to the effective dip
frequency, our model fails to predict the experimental re
and a rigorous treatment must be undertaken to includ
decaying effects in the spin dynamics simulations (22).

(iv) At this stage a set of nbRFDR measurements are
ormed as a function of the spinning rate and the signals o
wo spins are acquired and normalized according to Eq.
his results in two vR-dependent experimental functio

F 1(vR) andF 2(vR).
(v) These data are analyzed in two stages. First the

shifted, according to Eq. [29]. The shift parameterc2(vR) is
considered constant unless the initial signals exhibit spin
frequency dependence. In that case the individual ratios o
initial signals for each spinning frequency are included in
shift procedure. A shift parameter is chosen that minim
{ F 1(vR) 2 F 2(vR) 2 2c2(vR)} and the resulting two shifte
data sets {Fi(vR) 6 c2(vR)} are stored together with th
average data set

F# ~vR! 5 ~1/ 2!~F1~vR! 1 F2~vR!!. [31]

(vi) After this procedure the shifted data sets or the resu
average data set are fitted to one of the simulated se
functions f d1(vR) and f d2(vR) for different dipolar and CS
parameters. These functions are calculated taking into ac
all known parameters, such as spinning frequencies, iso

re

r
al



d
rica

,
rs
or
ee

ur

c ec
t t

ct
of
-

t e

en
f t
ed
wo

fu
co
ini
s
Th

s
p s o
t pe
t

plie
2.

itio
on

l
an

o 9
rat
Hz
at

rate

p tabi-
l in

ing to

d e for
s ers
a hifts,
a eters
o d in
T rn of
s plot
s roce-
d fold.

ig.
xyl

vail-
the
ely,

de-
oxyl

c lec-
u two
c orre-
s AS
N hree
d emi-
c two
w more
s
l s

are
y,
pec-
lines

ea-

213SPINNING-SPEED-DEPENDENT nbRFDR
and anisotropic chemical shift parameters, (N, l ) values, an
pulse lengths. The fitting is ideally done using a nume
least-square procedure with two unknown parametersc1 and
dIS, minimizing

x 5 O
i51

2 O
j

@ fdi~v R
j ! 2 c1F# i~v R

j !# 2, [32]

where the sum is over all values of the spinning frequencyvR
j .

However, when the number of variable CSA paramete
large or the signal-to-noise ratio of the data is low, it is m
efficient to fit the data by optimizing the agreement betw
f d(vR) andc1{ Fi(vR) 6 c2} using a proper choice of param-
eters in the simulation. During this minimization proced
only experimental points that corresponds tof di(vR) , 1 are
onsidered. This ensures that the dipolar dephasing is exp
o be stronger than the relaxation effect ofc1. When a good fi
is achieved, the dipolar interaction strength can be extra
and from that a distance can be obtained. The accuracy
experiment is determined by the value ofx and by the devia
ions between the values ofFi(vR) 6 c2. The whole procedur
is repeated when data are obtained close to bothm 5 1 and
m 5 2 R2 conditions. Agreement between the two experim
is, of course, required. Depending on the relative sizes o
CSA tensors, orientational information can also be obtain

(vii) By writing the expressions for the signals of the t
spins separately, the determination of distances between a
labeled spin and a natural abundant spin could also be ac
plished when the isotope abundances are known and the
signalsSi(0, vR) are measured. Bothc1 and c2 parameter
must then be determined during the fitting procedure.
approach is under investigation at the moment.

MATERIALS AND EXPERIMENTAL METHODS

DL-3-Hydroxybutyric acid (HBA) 1,3-13C2 sodium salt wa
urchased from Isotec Inc., Matheson, USA. Experiment

he HBA sample were carried out on a Bruker 300DSX s
rometer equipped with a 4-mm WB MAS probe tuned to1H
and13C frequencies. Continuous wave decoupling was ap
during preparation and mixing periods with an rf power of 9
kHz, and TPPM decoupling was applied in the acquis
period with the same rf power. Cross polarization to carb
was achieved using a13C rf power of 65 kHz. The DANTE
inversion employed 32 pulses of 0.35ms (5°) at a power leve
of 60 kHz. The total DANTE time was adjusted to be
integer multiple oftR. The nondecoupled period was set t
ms to remove residual transverse magnetization. Prepa
and detectionp/2 pulses were applied at an rf power of 90 k
Experiments near them 5 1 condition were performed
spinning frequencies of 7800 to 8500 Hz stabilized within61
Hz.
l
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Mixing p pulses of 30 and 90 kHz were used in two sepa
experiments. Experiments near them 5 2 condition were

erformed at spinning frequencies of 4444 to 4800 Hz s
ized within 61 Hz. Mixing p pulses of 90 kHz were used
these experiments. The pulses were phase cycled accord
the XY-4 phase cycle (34).

All simulations were carried out using the K4 (35) spin
ynamics program and the SIMPSON simulation packag
olid-state NMR (36) that take into account CSA paramet
nd angles, dipolar coupling and polar angles, isotropic s
nd finite length pulses. Chemical shift anisotropy param
f the hydroxyl and COOH carbons in HBA are summarize
able 1. They were deduced from the sideband patte
low-spinning CPMAS experiments using the Bruker Xed
oftware. This program is based on the Herfeld–Berger p
ure for extraction of CSA values from the sideband mani

RESULTS AND DISCUSSION

NbRFDR measurements were carried out on a doubly13C-
labeled sample of 3-hydroxybutyric acid (HBA), shown in F
5. The HBA molecule is labeled at the hydroxyl and carbo
carbons. The crystal structure of this compound is not a
able; however, the structure of an HBA derivative, where
methyl hydrogens are replaced by chlorine atoms, nam
4,4,4-trichloro-3-hydroxybutyric acid (Cl-HBA), has been
termined (33). The distance between the hydroxyl and carb
arbons in this derivative is 2.48 Å. Assuming that the mo
lar structure of the hydroxybutyric acid is the same in the
ompounds, we expect to measure a similar distance, c
ponding to a dipolar interaction of 485 Hz. The carbon M
MR spectrum of the enriched HBA sample consists of t
ominant peaks. The carboxyl carbon has an isotropic ch
al shift of 180.5 ppm and the hydroxyl carbon shows
ell-resolved resonances at 62.0 ppm and 64.6 ppm. The
hielded hydroxyl resonance is denoted by C–OH(1) and the
ess shielded one by C–OH(2). The isotropic shift difference
between the carboxyl line and the two hydroxyl lines
Dd(1) 5 118.5 ppm andDd(2) 5 115.9 ppm, respectivel
corresponding to 8933 and 8747 Hz on our 300-MHz s
trometer. The CSA parameters corresponding to the three

TABLE 1
Chemical Shift Anisotropy Values of the Hydroxyl and

Carboxyl Carbons in 3-Hydroxybutyric Acid (HBA)

d iso d11 d22 d33

C–OH(1) 62.0 4.4 27.7 232.1
C–OH(2) 65.5 7.8 24.1 231.9
COOH 180.5 17.8 61.4 279.2

Note.All values are given in units of ppm, averaged from CPMAS m
surements at spinning frequencies of 0.6, 2.0, and 2.5 kHz.
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214 GOOBES, BOENDER, AND VEGA
are summarized in Table 1. The decaying signals of the
boxyl and the two hydroxyl lines were collected close to
m 5 1 and them 5 2 R2 condition, with spinning frequenci
around 8100 and 4550 Hz, respectively. To demonstrat
dramatic effect of spinning frequency on the extent of dip
exchange, them 5 1 nbRFDR spectrum of HBA at tw
adjacent spinning frequencies is plotted in Fig. 5. A shift of
spinning frequency by about 250 Hz results in substa
dipolar exchange between the COOH and C–OH(2) carbons an

decrease of 40% of the C–OH(2) line intensity fortm > 4 ms
nd (N, l ) 5 (8, 2). The C–OH(1) carbon experiences

FIG. 5. The 3-hydroxybutyric acid (HBA) molecule is drawn toget
with 13C nbRFDR spectra of a doubly13C-labeled HBA sample. The COO
ideband at;70 ppm and the C–OH(1) and C–OH(2) sidebands at;170 ppm

are marked with stars. Spectrum (a) was recorded at anR of 7874 Hz
orresponding toDd(2) 2 nR 5 870 Hz of the C–OH(2) line andDd(1) 2 nR 5
060 Hz of the C–OH1 line. Spectrum (b) was recorded at anR of 8130 Hz
orresponding toDd(2) 2 nR 5 620 Hz andDd(1) 2 nR 5 800 Hz. A shift of
he spinning frequency by 250 Hz toward them 5 1 R2 condition causes a
ncreased exchange between the carboxyl and C–OH lines and, conseq

significant attenuation of their line intensities. In the drawing of the H
olecule the torsion angles are indicated by round arrows.
r-
e

he
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e
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smaller effective interaction and therefore a correspon
decrease of its line intensity by only 15%.

Distance Measurements near the m5 1 Rotational
Resonance

The m 5 1 nbRFDR experiments were carried out with
(N, l ) pair of (8, 2), i.e., with fourp-pulses applied over 3
rotor cycles. The carboxyl line intensity is decomposed
two contributions, one experiencing coupling to the C–O(1)

carbon and the other to the C–OH(2) carbon. The experiment
functions given in Eq. [28] are calculated as follows:

FC–OH~i !~nR! 5
SC–OH~i !~tm, nR!

0.5~SC–OH~i !~0, nR! 2 0.5SCOOH~0, nR!!

FCOOH~nR! 5
0.5SCOOH~tm, nR!

0.5~SCOOH~0, nR! 2 SC–OH~1!~0, nR!!

1
0.5SCOOH~tm, nR!

0.5~SCOOH~0, nR! 2 SC–OH~2!~0, nR!!
. [33]

FIG. 6. The normalized experimental nbRFDR data of HBA are plotte
a function of the spinning frequency (a) close to them 5 1 R2 condition and
b) close to them 5 2 R2 condition. Open symbols on both plots corresp
o experiments withp-pulses of 5.5ms. The filled symbols in (a) correspo
to similar nbRFDR measurements carried out withp-pulses of 16ms. Squares
circles, and diamonds correspond to the experimental results of the C–(1),
C–OH(2), and COOH lines, respectively.
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215SPINNING-SPEED-DEPENDENT nbRFDR
TheseF(nR) are shown in Fig. 6a(open symbols) as a functi
of the spinning frequency. The spinning frequency was va
by 460 Hz, corresponding to a change of less than 6% intm,
between 3.84 and 4.064 ms. Similar experiments, depicte
the filled symbols in Fig. 6, were performed with 16ms
p-pulses. These experiments produced similar values fo
dipolar interaction and the effective relaxation parame
This result confirms that a carbon power as low as 30 kH
sufficient to drive the exchange between the carbons
ciently. Experiments far off-R2 and without nbRFDR pulse
showed that theT1 values of the13C-nuclei are larger than 40

s, and that the pulses alone produce a signal decay o;30
sec. These time parameters are both much longer tha

engths of the nbRFDR mixing.
In Fig. 7a the experimental decay curves of the two C–O(i )

lines are plotted as a function ofDd (i ) 2 nR, with i 5 1, 2.
hese curves show overlapping decay curves, implying tha
ydroxyl carbons associated with these resonances expe

he same dipolar interaction. To obtainc2 the average o
the normalized signal intensities of the two13C–OH lines

FIG. 7. The normalized experimental nbRFDR data of the C–OH(1) and
C–OH(2) lines of HBA are plotted as a function of (a)Dd(1) 2 nR andDd(2) 2
nR close to them 5 1 R2 condition and of (b)Dd(1) 2 2nR andDd(2) 2 2nR

close to them 5 2 R2 condition, respectively. The decay curves of the
hydroxyl resonances in (a) exhibit identical dipolar decay character an
similar dipolar decay behavior in (b).
d
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0.5(FC–OH(1)(nR) 1 FC–OH(2)(nR)), were compared withFCOOH(nR),
since the carboxyl line decays due to the exchange with
hydroxyl lines. The initial signal intensitiesS(0, vR) as a
function ofvR varied by less than 8%, justifying the use of
[29] with a constantc2 value. As a result a constantc2 5 0.04

as necessary to fit the decay curves of the carboxyl
ydroxyl carbons.
The last step in the data analysis involved fitting of

hifted data of the two hydroxyl-carbons to theoreticalf d(nR)
curves, resulting in dipolar interaction strength and a nu
distance. In Fig. 8 the normalized and corrected nbR
decay curves of the C–OH(1) and the C–OH(2) carbon lines ar
shown. Theoretical solid curves correspond to dipolar
plings between 300 and 550 Hz. These curves were calcu
ignoring the CSA parameters of the interacting carbons.
ing these CSA parameters into account resulted in shifts o
theoretical curves that were less than 6%. Thus omissio

FIG. 8. The corrected experimental results (open circles) of HBA, acc
ing to Eq. [28] withc1 5 1.1 andc2 5 0.04,close to them 5 1 R2 condition
are depicted together with simulated decay curves for dipolar coupling
tween 300 and 550 Hz. The experimental curves of the COOH line (a) a
sum of the C–OH lines (b), as well as the theoretical lines, are plotted
function of Dd 2 nR with Dd 5 0.5(Dd(1) 1 Dd(2)). The vertical dashed line
mark the point where the theoretical model does not hold anymore an
experimental data can deviate from the relaxation-independent calcula

is-
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CSA interactions of22400 and26000 Hz is justified fo
pinning frequencies ranging between 7800 and 8500
ood agreement with one of the theoretical curves is obta

or a value ofc1 5 1.1. Forboth carbons the dipolar coupli
of the best fit was 4506 50 Hz, corresponding to an intern
clear distance of 2.56 0.1 Å. This distance is thus compara
o the reported result for the Cl-HBA derivative (33). The value
f 1.1 for the c1-parameter corresponds to an effective
elaxation time of about 40 ms. This is of the same orde
agnitude as the effective relaxation parameter of 30
easured above. At spinning frequencies correspondin

Dd 2 nRu values that are larger than 800 Hz, the effec
ipolar frequency becomes smaller than 30 Hz. In this re

he simplified relaxation model is no longer valid and we m
ot expect an agreement between theory and experimen
ig. 8 this boundary value is represented by the vertical d

ine, indicating the positions where the deviations betw
xperimental and calculated data become significant.

SA Orientation by Measurements near m5 2 Rotational
Resonance

NbRFDR experiments on HBA were repeated close to
5 2 R2 condition with (N, l ) values equal to (8, 2). Th

normalizedF(nR) curves of the three carbon lines, shown
Fig. 6b, were again computed from the experimental ca
signals as a function of the spinning frequency and fortm 5 0,

s given in Eq. [33]. The dipolar decays of the two hydro
esonances are replotted in Fig. 7b as a function of
d (i ) 2 2nR values. As can immediately be seen from th

results, the two hydroxyl lines do not follow the same dip
decay function and therefore do not experience the sam
fective dipolar interaction. The divergence of the two funct
can not stem from a difference between the carbon dista
COOH7 C–OH(1) and COOH7 C–OH(2), since them 5 1

bRFDR measurements indicated that they are equal. We
herefore conclude that in them 5 2 nbRFDR experiments, th
SA tensor parameters influence the dipolar decay sub

ially. Additionally, the large deviation between the two d
ets in Fig. 7b can not be resolved by taking into accoun
mall differences in the principal values of the CSA tenso
he two hydroxyl carbons. Thus it must be a result of
resence of two types of HBA molecules in the sample ha

wo unique conformations. Since the carboxyl carbons ex
single line in the carbon spectrum and the hydroxyl ca

wo lines, we expect that the NMR data can be explained
hange in the relative orientation of the hydroxyl moiety in
olecule. As discussed in the theoretical section the di
ecay curves of two interacting carbons are indeed depen
esides the dipolar coupling strength, the isotropic chem
hift difference, and the rf pulse parameters, on the differ
etween the CSA tensors. Their principal values are d
ined experimentally, but the directions of the principal a
re not known. Thus the data must be compared to simu
ecay curves for different relative CSA tensor orientation
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The structure of the HBA molecule can be defined by
orsion angles around carbon–carbon bond directions, as
ng that the bond lengths and angles are fixed and the m
roup performs a fast threefold jump motion. The two tor
ngles that can affect the relative orientation of the hydr
nd carboxyl CSA tensors are

c, the torsion angle of the methine–hydroxyl carbon b
around the carboxyl–methine carbon bond, and

f, the torsion angle of the bond between the carbon an
oxygen of the hydroxyl group around the methine–hydr
carbon bond.

To investigate thec- andf-dependence of the nbRFDR de
functions, we assume that the structural parameters o
protons, oxygens, and carbons in HBA and in its deriva
Cl-HBA are the same. These parameters are known (33) and
are assigned to thec 5 f 5 0 conformation of HBA.

To continue we must determine the CSA tensor direc
ith respect to the local structure of the carboxyl and hydr
arbons. Examples of the relative directions of the princ
xes of these CSA tensors can be found in the literature
e have chosen tensor orientations that are about cons
ith reported directions (37–39). In the case of the carbox
arbon, the tensor was fixed with itss zz-axis perpendicular t

thesp2 plane and thes yy-axis in the direction of the methin
carboxyl bond. The CSA tensor of the hydroxyl carbon
oriented with itss zz in the direction of the C–OH bond ands yy

perpendicular to the plane defined by the methyl–hydr
bond and the C–OH bond. The directions of these te
components are of course not exact, but we expect that th
not deviate significantly (615°) with respect to their re
directions (37–39). The relative orientations of these tens
are expressed by the Euler anglesV12 5 { a12, b12, g12} defining
he transformation of a vector in the PAS of the hydroxyl C
o the PAS of the carboxyl CSA. Calculating these Euler an
or c 5 f 5 0, while using the atomic coordinates of Cl-HB
in Ref. (33), gave the values (220, 167, 305). The polar an
uD, wD) of the carboxyl–hydroxyl carbon–carbon vector in

PAS of the carboxyl carbon were also computed forc 5 f 5
0 and resulted in (102, 124). For each pair of torsion angle
calculated the correspondingV12 and (uD, wD) angles and th
expected nbRFDR decay curvef d(nR) for a C–OH line as
function of the off-R2 value, (Dd 2 2nR), taking into the
account the experimental (N, l ) values. In addition, a conto
plot of the value off d(nR) for a fixed spinning frequency, 45
Hz, as a function of thec andf has been constructed and
shown in Fig. 9. Because thes yy-axis of the carboxyl CS
tensor is aligned along thec rotation axis, only half of th
contour plot between 0# c , 180 is shown. The experimen
values off d(nR) for the C–OH(1) and C–OH(2) carbons are 0.1
and 0.38, respectively. These values do not correspond
unique pair of angles (c, f). We therefore compared thef d(nR)
curve for the torsion angles (c, f) 5 (0, 0) with the experi
mental data and found that the dataFd

(1)(nR) of C–OH(1) are
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217SPINNING-SPEED-DEPENDENT nbRFDR
very close to this curve. A best fit close to this zero tor
angles resulted in a set of angles in the range (156 15,2156

0). The spread of this range of possible angles is due t
nsensitivity off d(nR) to changes in (c, f) in the neighborhoo
of (0, 0). The result of this fitting procedure is shown in F
10a. It conforms to the structural assumption and shows
only C–OH(2) satisfies the Cl-HBA conformation. The fitting
he C–OH(1) data is shown in Fig. 10b and corresponds to a
of torsion angles (156 5, 21406 15). Other pairs of angle
which have nbRFDR curves close to the curve of this pair
located on the contour plot at (105,275) and (140, 150
Plotting the complete decay curves for these conformatio
a function of the spinning frequency and comparing them
Fd

(2)(nR) showed that the (105,275) conformation can b
ejected. The remaining angles are possible, but it is
ikely that the first pair describes the data. The main differe
etween the conformations of C–OH(1) and C–OH(2) in the

HBA molecules corresponds then to a rotation of the hydr
carbon around the methine–hydroxyl carbon bond of a
2120°. This rotation interchanges the proton, methyl,
hydroxyl bond directions in C–OH(1) with those in C–OH(2).

CONCLUSIONS

We have shown that spinning-frequency-dependent nbR
experiments provide an alternative method for measuring

FIG. 9. Contour plot showing the calculated decay of hydroxyl carbo
andf. On aDd(i ) 2 2nR scale, this spinning frequency corresponds to an
Contour levels increase in units of 0.04. Experimental results for the C–O(2) c
ectangle, are overlaid on the plot. The C–OH(2) molecule can reside in eith
an be in many possible conformations; however, its experimental va
onformation of Cl-HBA.
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R
n-

fined structural features of homonuclear spin pairs. It can be
at high magnetic fields, employs a small number ofp-pulses, an
oes not require strong rf fields. It has the frequency selectiv
FDR and can be used to monitor specific interacting spin

22, 23). The nbRFDR results are influenced by relaxation m
anisms in a fashion similar to other recoupling techniques (7, 24).
A simple relaxation model that includes contributions from z
quantum relaxation phenomena, spin–lattice relaxation time
pulse imperfections has been suggested. Because in our
ments the lengths of the dipolar mixing times are about con
the effects of relaxation processes, which are slower tha
dipolar dephasing, can be conveniently eliminated by simple
manipulation.

The nbRFDR approach is demonstrated on a doubly la
HBA, setting up a methodology and displaying the differen
that can be expected form 5 61 andm 5 62 R2 conditions
In our case the first R2 condition provided a nuclear distan
and the second R2 condition supplied us with relative orien-
tions of the CSA tensors and molecular conformations.

Applying the spinning-dependent nbRFDR approach
measuring large distances between13C nuclei could require
modification of the simple relaxation model for the data a
ysis. Exact solutions of the rate equation in Eq. [22] and
introduction of orientational dependent relaxation param
could be necessary when the dipolar interactions become

in HBA at a spinning frequency of 4587 Hz, as a function of the torsionc
Rlue of2425 Hz for the C–OH(1) carbon and2241 Hz for the C–OH(2) carbon
on, depicted by a filled circle, and for the C–OH(1) carbon, depicted by a fille
(105,275) conformation or a (140, 150) conformation. The C–OH(1) molecule

is marked at the (15,215) conformation which is closest to the crystal struc
ns
off-2 va
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218 GOOBES, BOENDER, AND VEGA
same order of magnitude as the relaxation rates. Also, whe
isotropic chemical shift differences become much smaller
the magnitudes of the CSA tensors or the values of the spi
frequencies at the R2 conditions become small, modificatio
in the analysis of nbRFDR data must be considered. Nar
band RFDR experiments on singly13C-labeled samples c
also be performed, provided spectra with sufficient dyna
range can be achieved. All these issues must be invest
and methodologies must be developed to extend the ap
bility of the spinning-frequency-dependent one-dimensi
nbRFDR experiments.

FIG. 10. The corrected nbRFDR experimental results (open symbo
BA are plotted with simulated curves of severalc andf values. The best-fi

simulated curves are shown as a solid line in the two graphs and corresp
(c, f) values of (15,2140) for C–OH(1) (a) and (15,215) for C–OH(2) (b).
Simulations of neighboring conformations are shown as dotted and dash
curves. In (a), the dash-dotted curve corresponds to a simulated decay o
2140) conformation and the dotted line corresponds to a (15,2125) confor
mation. In (b), the dash-dotted curve corresponds to a simulated decay o
215) conformation and the dotted line corresponds to a (15,260) conforma
tion. Signal-to-noise ratios in all nbRFDR and reference experiments are
than 100; therefore, error ranges in the torsion angles, stated in the tex
deduced only by the spread of the experimental points around the sim
curves.
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