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A formal description of zero-quantum �ZQ� NMR processes using multipole-multimode Floquet
theory is proposed for studying polarization transfer in magic angle spinning experiments.
Specifically, we investigate the factors affecting the accuracy and precision of 13C– 13C distance
measurements that are based on ZQ-magnetization exchange processes in rotational resonance
width experiments. With suitable examples drawn from measurements in N-acetyl-
�U-13C, 15N�-L-valine-L-leucine, we substantiate our approach and propose methods for improving
the accuracy and reliability of such 13C– 13C distance measurements in uniformly 13C, 15N-labeled
solids. In addition, the theoretical model presented in this article provides a more general framework
for describing relaxation phenomena involving multiple decay rate constants in zero-quantum
processes. © 2006 American Institute of Physics. �DOI: 10.1063/1.2194905�

I. INTRODUCTION

Nuclear magnetic resonance �NMR� is one of the most
prominent spectroscopic techniques for probing interactions
at the molecular level. In particular, it offers great control
and flexibility in the design of experiments since it is pos-
sible to individually manipulate spin interactions at the
atomic level. With recent advances in the methodology for
measuring distances and torsion angles, NMR spectroscopy
has become an important tool in the arsenal of techniques for
structural characterization of biological as well as a wide
variety of other systems. Presently, the majority of structural
data that exist in the literature is based on x-ray crystallog-
raphy and solution-state NMR spectroscopy, but in the recent
past solid-state NMR �SSNMR� has emerged as a viable al-
ternative for structural studies of both crystalline and amor-
phous solids of chemical and biological relevance. Specifi-
cally, by combining magic angle spinning �MAS�,1,2 cross
polarization,3,4 and multiple pulse experiments5 in the form
of dipolar recoupling techniques,6–8 one of which is dis-
cussed herein, it is possible to perform structural studies with
low � or less abundant nuclei, such as 13C, 15N, even on
systems with macroscopic disorder. The purpose of this pa-
per is to provide an analysis of experiments to measure
13C– 13C distances in rotational resonance width �R2W� ex-
periments based on multipole-multimode Floquet theory
�MMFT�. The approach provides a considerable improve-
ment in the accuracy and precision compared with previous
treatments of R2W experiments and should be applicable to
other experiments involving multiple spin systems and relax-
ation times.

Among the internal spin interactions present in coupled

spin systems, the dipole-dipole couplings have special struc-
tural significance owing to their rigorous dependence on in-
ternuclear distances and distance geometries. In analogy with
scalar �or J� couplings in solution NMR spectra, the dipolar
interactions are used to establish spatial proximity and con-
nectivity in the solid state. However, because the dipole cou-
pling and the chemical shift anisotropy are second rank in-
teractions, they are both attenuated by MAS. Thus, while
MAS increases the spectral resolution by removing the
chemical shift anisotropy, it concurrently attenuates the dipo-
lar couplings, removing the source of the structural data. A
special class of experiments6–8 known as dipolar recoupling
techniques is required to reintroduce these essential interac-
tions into multidimensional MAS spectra in a manner con-
sistent with the goal of high resolution. In addition to their
role in spectral assignments, the dipolar interactions provide
local structural information via internuclear distances and
molecular torsion angles. In particular, intramolecular
13C– 13C and 13C– 15N distances have been used to constrain
polypeptide backbone and side-chain conformations and are
essential for the overall refinement of the three-dimensional
molecular structure.9 As a consequence, optimization of the
accuracy and precision of distance constraints obtained from
such experiments is crucial towards obtaining high quality
structures. In this article we examine the factors affecting the
accuracy of 13C– 13C distance measurements using rotational
resonance �R2� experiments10,11 and methods derived from
this approach.12–14

In the original version of the R2 experiments,11 the dipo-
lar interaction between a particular spin pair is selectively
reintroduced by matching the isotropic chemical shift differ-
ence to an integer multiple of the sample spinning frequency,
�r /2�. The distance information is extracted by monitoring
the magnetization exchange as a function of the mixing time
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and simulating the resulting exchange trajectories to a par-
ticular dipolar coupling constant, a phenomenological damp-
ing rate constant TZQ

−1 , and in some cases, the chemical shift
tensors of the individual spins.12 Using such an approach,
internuclear distances were determined in several cases using
selectively labeled compounds ranging from simple amino
acids to membrane proteins.15–19 However, in uniformly la-
beled samples the application of the R2 method is less
straightforward, primarily due to the uncertainties associated
with the estimation of the zero-quantum �ZQ� relaxation rate,
especially for relatively weak couplings. Since interesting
distance constraints of biological relevance are often ob-
tained in the weak coupling limit, it is of considerable im-
portance to gain insight into the exchange dynamics in the
presence of such dissipative processes. To this end constant
time experiments in the form of R2W �Ref. 13� were pro-
posed as an alternative to the conventional R2 approach. In
the R2W approach the magnetization exchange profile is ob-
tained by monitoring the exchange dynamics in a series of
experiments with varying sample spinning frequencies
��r /2�� using a fixed mixing time �m. In combination with
multidimensional spectroscopy, the three-dimensional R2W
approach �3D-R2W� was demonstrated to permit measure-
ments of intramolecular 13C– 13C distances in uniformly la-
beled samples.14 However, while the constant time approach
minimizes the sensitivity of the experiments to relaxation
and reduces the errors in the measured distances, there re-
main inaccuracies in the data. For example, several of the
measured distances were �0.5 Å longer than the diffraction
distances, suggesting that the theory for describing the ex-
periments is inadequate. These discrepancies could be attrib-
uted either to an inadequate description of the exchange dy-
namics �usually resulting from the residual 13C– 13C and
13C– 1H interactions�20,21 or inaccuracy in the estimation of
the relaxation parameters.

The observed decay of the coherences in recoupling ex-
periments is often attributed to the residual heteronuclear
13C– 1H dipolar interactions during the recoupling period.
Although the application of strong decoupling fields on the
proton spins minimizes the residual heteronuclear 13C– 1H
dipolar interactions, the combined effects of sample spin-
ning, decoupling fields, and chemical shift dispersion �CSD�
conspire to complicate the characterization of the zero-
quantum relaxation rate. Consequently, a simple exponential
model incorporating a phenomenological damping rate con-
stant TZQ

−1 has been used to model the dissipation �or relax-
ation� during the recoupling period.12

Recently, Karlsson and Levitt examined the validity of
such an approach in detail under several experimental
conditions.22 Under strong 1H decoupling or no decoupling
fields, their simulation results based on a simple relaxation
model �involving an orientation-independent decay rate con-
stant� are in good agreement with the experiments. However,
in the intermediate decoupling regime the authors simulate
their experimental data using a set of simulations involving
different decay rate constants �also referred to as multiple
differential transverse relaxation �MDTR� model�.23 Al-
though this study highlights an interesting feature of the R2

exchange dynamics, their description, based on a vector

model �i.e., the spin Hamiltonian and the density operator are
approximated by vector quantities�, does not describe higher
order effects and zero-quantum processes involving multiple
relaxation rates.

In this paper we improve the description of the exchange
dynamics, and concurrently address the issue of the accurate
estimation of the relaxation rates, and advance the quality
of the distance measurements. In particular, by using
MMFT24,25 we develop an analytical model for describing
zero-quantum recoupling sequences in MAS NMR experi-
ments. In the MMFT approach the spin Hamiltonian and the
density operator are expressed in terms of irreducible tensor
operators dressed with Fourier labels. By means of the effec-
tive Hamiltonians, derived from the contact transformation26

procedure, the spin dynamics in the Floquet-Liouville space
are constrained to a reduced subspace of finite dimension
corresponding to the ZQ subspace �5�5� in the standard
operator space. Compared with existing theoretical
models,13,14 the spin dynamics predicted by the MMFT ap-
proach accounts explicitly for a large part of the damping of
the ZQ coherence, which was previously modeled as a free-
fit parameter. Besides highlighting the role of ZQ damping
parameters in the exchange dynamics, the model provides a
framework for describing relaxation phenomena involving
multiple decay rate constants. To experimentally test the va-
lidity of the approach, we employed 3D-R2W experiments
for measuring multiple distances in the dipeptide N-acetyl-
�U-13C, 15N�-L-valine-L-leucine �N-Ac-VL�. Relative to pre-
vious theoretical descriptions,14 the MMFT approach im-
proves the accuracy of these 13C– 13C distance measure-
ments and allows a systematic evaluation of the ZQ
relaxation parameters employed in the fitting of our experi-
mental data.

An outline of the paper is as follows. In Sec. II A, we
briefly present the basic theory for describing R2 experiments
followed by a detailed description of the spin dynamics using
the MMFT approach. In Sec. III we describe our results ob-
tained using this approach followed by a brief summary.

II. THEORY

A. Basic theory

The Hamiltonian of an isolated two-spin system during
MAS is represented by

H�t� = ��1�t� + �1�I1z + ��2�t� + �2�I2z

+ �12�t��2I1zI2z − 1
2 �I1

+I2
− + I1

−I2
+�� , �1�

where �1�2� represents the isotropic chemical shifts of spins 1
and 2 and ���t�=�

m�0
m=−2

2
��

�m�eim�,t the anisotropic time-

dependent interactions characterized by �.
The time-independent components ��

�m� are represented
by
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��
�m� = �

m1

RP,�
�2�m1 �

m2=−2

2

Dm1m2
��PM� �

m=−2

m�0

2

Dm2m��MR� , �2�

where RP,�
�2�m1 denotes the component of the irreducible spatial

tensor defined in the principal axis system and Dm1m2
��AB�

the Wigner rotation matrix.27 In the case of the chemical shift
anisotropy �CSA�, the RP,I�S�

�2�0 =�anis and RP,I�S�
�2�±2 =− 1

�6
�anis	

��anis and 	 represent the chemical shift anisotropy and
asymmetry parameter� components are nonzero in the prin-
cipal axis frame while in the case of the dipolar interactions
only the RP,IS

�2�0 =�6bjk �where bjk= �
0�I�S� /4�rIS
3 ��rad/s�

represents the dipolar coupling constant� is nonzero in the

dipolar principal axis frame. In order to describe the interfer-
ence effects under rotational resonance conditions, the rotat-
ing frame Hamiltonian �Eq. �1�� is transformed into an inter-
action frame defined by the transformation operator U1

=exp�in�rtI1z�exp�−in�rtI2z�,

H̃�t� = U1H�t�U1
−1

= ��1 − n�r�I1z + ��2 + n�r�I2z + �1�t�I1z + �2�t�I2z

+ �12�t��2I1zI2z − 1
2 �I1

+I2
−ei2n�rt + I1

−I2
+e−i2n�rt�� , �3�

TABLE I. Multipole-operator basis for two-spin system.

Multipole representation Standard representation

Single-spin operators
T�1�0�10� �T�1�0�01�� iI1z �iI2z�

T�1�±1�10� �T�1�±1�01�� �
1
�2

iI1
± �� 1

�2
iI2

±�

Two-spin operators
T�0�0�11� 2

�3
I1 · I2

T�1�0�11� 1
�2

�I1
+I2

−− I1
−I2

+�
T�1�±1�11� I1

±I2z− I1zI2
±

T�2�0�11� − 2
�6

�3I1zI2z− I1 · I2�
T�2�±2�11� −I1

±I2
±

T�2�±1�11� ±�I1
±I2z+ I1zI2

±�

TABLE II. The G coefficients involved in the Floquet Hamiltonian �Eq.
�9��. �a� N=1, R2 condition. �b� N=2, R2 condition.

�a� N=1, R2 condition

G12,±1
�0� = 1

�3
G12

�±1�− 1

2�3
G12

�±2�, G12,±2
�0� = 1

�3
G12

�±2�− 1

2�3
G12

�±1�

G12,±3
�0� =− 1

2�3
G12

�±2�, G12,±1
�1� = ± 1

2�2
G12

�±2�, G12,±2
�1� = �

1

2�2
G12

�±1�,

G12,±3
�1� = �

1

2�2
G12

�±2�, G12,±1
�2� =−�2

3G12
�±1�− 1

2�6
G12

�±2�

G12,±2
�2� =−�2

3G12
�±2�− 1

2�6
G12

�±1�, G12,±3
�2� =− 1

2�6
G12

�±2�.

�b� N=2, R2 condition

G1
�m�=�1

�m�, G2
�m�=�2

�m�, G12,±1
�0� = 1

�3
G12

�±1�− 1

2�3
G12

��1�,

G12,±2
�0� = 1

�3
G12

�±2�, G12,±3
�0� =− 1

2�3
G12

�±1�, G12,±4
�0� =− 1

2�3
G12

�±2�

G12,±1
�1� = �

1

2�2
G12

��1�, G12,±3
�1� = �

1

2�2
G12

�±1�, G12,±4
�1� = �

1

2�2
G12

�±2�

G12,±1
�2� =−�2

3G12
�±1�− 1

2�6
G12

��1�, G12,±2
�2� =−�2

3G12
�±2�,

G12,±3
�2� =− 1

2�6
G12

�±1�, G12,±4
�2� =− 1

2�6
G12

�±2�.

TABLE III. Coefficients involved in the second order correction terms �Eq. �16��. The indices involved have the
following values: m1=−4 to 4 and m=−2 to 2. In the case of N=1 R2 condition, m1=−3 to 3.
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where the index n=1 represents the standard N=2 condition
in R2 experiments �i.e., ��1−�2�=N�r�.

Employing the multipole-operator basis28,29 �Table I�,
the Hamiltonian in the interaction frame is reexpressed as

H̃�t� = ��1 − n�r�iT�1�0�10� + �1�t�iT�1�0�10�

+ ��2 + n�r�iT�1�0�01� + �2�t�iT�1�0�01�

+ 1
�3

�12�t�T�0�0�11� − �2
3�12�t�T�2�0�11� − �12�t�

�� 1
2�3

T�0�0�11� + 1
2�2

T�1�0�11� + 1
2�6

T�2�0�11��
�ei2n�rt − �12�t�� 1

2�3
T�0�0�11� − 1

2�2
T�1�0�11�

+ 1
2�6

T�2�0�11��e−i2n�rt. �4�

The explicit time dependence is due both to the MAS Hamil-
tonian in the interaction frame and the transformation opera-
tor U1. In the conventional R2 experiments the dipolar inter-
action between a particular spin pair is selectively introduced
by matching the isotropic chemical shift difference to an in-
teger multiple of the sample spinning frequency, i.e., ��1

−�2�=N�r. Subsequently, the distance information is ex-
tracted by monitoring the magnetization trajectory as a func-
tion of the dipolar mixing time. In contrast, in the R2W
experiments13,14 the magnetization exchange profile is re-
corded by monitoring the exchange dynamics as a function
of the spinning frequency under constant mixing times.

To zeroth order the effective Hamiltonian for the N=2
condition in the interaction frame in both cases is represented
by

H̃0,AHT = ��1 − n�r�iT�1�0�10� + ��2 + n�r�iT�1�0�01�

− 1
2�3

�G12
�−2� + G12

�2��T�0�0�11� − 1
2�2

�G12
�−2� − G12

�2��

�T�1�0�11� − 1
2�6

�G12
�−2� + G12

�2��T�2�0�11� , �5�

where the G coefficients have the same definitions as illus-
trated in Eq. �2�, i.e., G�

�m�=��
�m�. Expressing the density op-

erator in the multipole basis, i.e., �t�=�q
�k�

��k1k2 , t�T�k�q�k1k2�, the spin dynamics in the operator space
is described by the following set of differential equations:

i�
d

dt	
�̂0

�1��10,t�

�̂0
�1��01,t�

�̂0
�0��11,t�

�̂0
�1��11,t�

�̂0
�2��11,t�


 = 	
0 0 − i�2

3G4 i��2
3G3 + 1

�3
G5� − i 1

�3
G4

0 0 i�2
3G4 − i��2

3G3 + 1
�3

G5� i 1
�3

G4

− i�2
3G4 i�2

3G4 − iTZQ
−1 − �2

3 �G1 − G2� 0

− i��2
3G3 + 1

�3
G5� i��2

3G3 + 1
�3

G5� − �2
3 �G1 − G2� − iTZQ

−1 − 1
�3

�G1 − G2�

− i 1
�3

G4 i 1
�3

G4 0 − 1
�3

�G1 − G2� − iTZQ
−1


	
�̂0

�1��10,t�

�̂0
�1��01,t�

�̂0
�0��11,t�

�̂0
�1��11,t�

�̂0
�2��11,t�



�6�

where the Gi’s represent coefficients corresponding to the
operators T�1�0�10�, T�1�0�01�, T�0�0�11�, T�1�0�11�, and
T�2�0�11� �in that order�. Since polarization transfer experi-
ments involve contributions from coherent and incoherent
processes, the incoherent effects are often modeled by a phe-
nomenological damping term TZQ

−1 �also referred to as 1/T2
ZQ

in the literature� along the diagonal corresponding to the
two-spin ZQ polarizations �0

�k��11, t�. Subsequently, depend-
ing on the initial conditions, the spin polarizations are evalu-
ated by solving the above differential equations and are rep-
resented by

�i�t� = �
j,k

�ike
it�k�kj

−1� j�0� , �7�

�Iz�t�� = Tr�Iz�t�� = �0
�1��01,t� , �8�

where �ik and �k represent the eigenvectors and eigenvalues,
respectively, and the polarization transfer from spin 1
��0

�1��10, t�� to spin 2 ��0
�1��01, t�� is measured in our experi-

ments. Although we have assumed a uniform relaxation rate
corresponding to the ZQ spin polarizations ��k�0�11, t�, the
model �Eq. �6�� provides a more general framework for in-
cluding different relaxation rates corresponding to the rank
of the spin polarization. Since quantitative agreement with
the experimental data necessitates a complete description in-
clusive of the CSA and higher order contributions, we em-
ploy the MMFT approach for describing the spin dynamics
in the zero-quantum subspace.

B. Spin dynamics using the MMFT approach

Following the MMFT approach,25 the spin Hamiltonian
in the interaction frame �Eq. �4�� is transformed into a time-
independent Hamiltonian �also referred to as Floquet Hamil-
tonian� represented below:
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HF = �rN + ��1 − n�r�iT0
�1�0�10� + ��2 + n�r�iT0

�1�0�01� − 1
2�3

�G12
�−2� + G12

�2��T0
�0�0�11�

− 1
2�2

�G12
�−2� − G12

�2��T0
�1�0�11� − 1

2�6
�G12

�−2� + G12
�2��T0

�2�0�11� + �
m=−2,

m�0

2

G1
�m�iTm

�1�0�10� +

�
m=−2,

m�0

2

G2
�m�iTm

�1�0�01� + �
m=−4,

m�0

4

G12,m
�0� Tm

�0�0�11� + �
m=−4,

m�0

4

G12,m
�1� Tm

�1�0�11� + �
m=−4,

m�0

4

G12,m
�2� Tm

�2�0�11� , �9�

where Tm
�k�q�k1k2� represents the irreducible Floquet tensor

�IFT� operators �i.e., Tm
�k�q�k1k2�=T�k�q�k1k2� � Fm�. The G12,m

�k�

coefficients illustrated above have been tabulated in Table II.
To reduce the complexity in the Floquet-Liouville space,

we employ the effective Hamiltonian approach described in
the original articles.30–32 In this approach the spin dynamics
in the Floquet-Liouville space are reduced to the standard
Liouville space description using an effective Hamiltonian

derived from the contact transformation procedure. One ob-
vious advantage of such an approach is the description of the
higher order corrections in terms of operators �see Refs.
30–32 for a more detailed discussion�.

In order to apply the contact transformation procedure
the Floquet Hamiltonian �Eq. �9�� is rewritten as a sum in-
volving a zero order and a perturbing Hamiltonian as
follows:

H0 = �rN + G1iT0
�1�0�10� + G2iT0

�1�0�01� + G3T0
�0�0�11� + G4T0

�1�0�11� + G5T0
�2�0�11� , �10�

H1 = �
m=−2,

m�0

2

�G1
�m�iTm

�1�0�10� + G2
�m�iTm

�1�0�01�� + �
m=−4,

m�0

4

�G12,m
�0� Tm

�0�0�11� + G12,m
�1� Tm

�1�0�11� + G12,m
�2� Tm

�2�0�11�� . �11�

Subsequently, the Floquet Hamiltonian �Eq. �9�� is trans-
formed as follows:

�12�

where H1 ,H2 , . . . ,Hn represent the perturbations and S1 the
transformation function. The transformation function S1 is
expressed by

S1 = i	 �
m=−2,

m�0

2

�C1
�m�iTm

�1�0�10� + C2
�m�iTm

�1�0�01�� + �
m=−4,

m�0

4

�C12,m
�0� Tm

�0�0�11� + C12,m
�1� Tm

�1�0�11� + C12,m
�2� Tm

�2�0�11��
 , �13�

where the C coefficients are obtained by solving a set of linear equations corresponding to a particular operator given below:
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0 = H1 + i�S1,H0�

= iTm
�1�0�10��G1

�m� − m�rC1
�m� − 1

�3
G4C12,m

�2� + � 1
�3

G5 + �2
3G3�C12,m

�1� − �2
3G4C12,m

�0� � +

iTm
�1�0�01��G2

�m� − m�rC2
�m� + 1

�3
G4C12,m

�2� − � 1
�3

G5 + �2
3G3�C12,m

�1� + �2
3G4C12,m

�0� � +

Tm
�0�0�11��G12,m

�0� − m�rC12,m
�0� + �2

3G4C1
�m� − �2

3G4C2
�m� − �2

3 �G1 − G2�C12,m
�1� � +

Tm
�1�0�11��G12,m

�1� − m�rC12,m
�1� + � 1

�3
G5 + �2

3G3��C1
�m� − C2

�m�� − �G1 − G2���2
3C12,m

�0� + 1
�3

C12,m
�2� �� +

Tm
�2�0�11��G12,m

�2� − m�rC12,m
�2� + 1

�3
G4C1

�m� − 1
�3

G4C2
�m� − 1

�3
�G1 − G2�C12,m

�1� � . �14�

Employing the following relations between the IFT operators:

Tr�Tm
�k�q�k1k2�Tm

�k�−q�k1k2��  1, �15a�

�Tm
�k�q�k1k2�,N� = mTm

�k�q�k1k2� , �15b�

�Tm
�k�q�k1k2�,Tm�

�k��q��k1�k2��� � �
k1�,k2�,k�,q�

2�i=1→2�kiki�ki��Tm+m�
�k��q��k1�k2�� , �15c�

with �i=1→2�kiki�ki�� = 1 if �
i=1

2

ki + ki� + ki� = odd

= 0 otherwise,

the diagonal corrections to the zero order Hamiltonian are obtained by evaluating H2
�1�,

H2
�1� = �i/2��S1,H1�

= iT0
�1�0�10�A1 + iT0

�1�0�01�A2 + T0
�0�0�11�A3 + T0

�1�0�11�A4 + T0
�2�0�11�A5, �16�

where the Ai coefficients are tabulated in Table III.
The commutator relation �Eq. �15c�� between the IFT

operators is identical to the multipole operators without the
Fourier index. Employing Eq. �15c�, the second order contri-
butions resulting from the various cross terms are deduced.
The dipolar-dipolar cross terms result in corrections involv-

ing longitudinal single-spin operators Tm
�1�0�10� and Tm

�1�0�01�
while the cross terms between the CSA-dipolar interactions
result in longitudinal two-spin operators Tm

�k�0�11�.
Using the effective Floquet Hamiltonian �HF

effH0

+H2
�1�� the spin dynamics in the Floquet-Liouville space are

constrained by the following set of differential equations:

i�
d

dt	
�̂0,0

�1��10,t�

�̂0,0
�1��01,t�

�̂0,0
�0��11,t�

�̂0,0
�1��11,t�

�̂0,0
�2��11,t�


 = 	
0 0 − i�2

3C4� i��2
3C3� + 1

�3
C5�� − i 1

�3
C4�

0 0 i�2
3C4� − i��2

3C3� + 1
�3

C5�� i 1
�3

C4�

− i�2
3C4� i�2

3C4� − i�TZQ
�0� �−1 − �2

3 �C1� − C2�� 0

− i��2
3C3� + 1

�3
C5�� i��2

3C3 + 1
�3

C5� − �2
3 �C1� − C2�� − i�TZQ

�1� �−1 − 1
�3

�C1� − C2��

− i 1
�3

C4� i 1
�3

C4� 0 − 1
�3

�C1� − C2�� − i�TZQ
�2� �−1


	
�̂0,0

�1��10,t�

�̂0,0
�1��01,t�

�̂0,0
�0��11,t�

�̂0,0
�1��11,t�

�̂0,0
�2��11,t�


 ,

�17�

where �̂q,0
�k� �k1k2 , t� represents the spin polarization in the

Floquet-Liouville space corresponding to the Fourier index
zero and Ci�=Gi+Ai. Equation �17� expressed in the Floquet-
Liouville space is exactly identical in form to the one derived

in the standard Liouville space using the zero order average
Hamiltonian treatment Eq. �6� except for the second order
corrections represented by the A coefficients. The diagonal
terms �TZQ

�k� �−1 represent the ZQ relaxation rate corresponding
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to the two-spin ZQ polarizations �̂0,0
�k� �11, t� and provide an

apparent validation of the use of multiple decay rate con-
stants. Analogous to Eq. �8�, the expectation value of an
observable in the Floquet-Liouville space is given by

�Iz�t�� = Tr�Iz,FF�t�� = �0,0
�1��01,t� , �18�

where Iz,F is the Floquet-detection operator. In the next sec-
tion we describe the methods employed for simulating the
experimental results.

III. RESULTS AND DISCUSSION

To substantiate the MMFT model presented in the pre-
vious section, we performed 3D-R2W experiments measur-
ing 14 13C– 13C distances �in the range of 2–7 Å� in the
dipeptide N-acetyl-�U-13C, 15N�-L-valine-L-leucine �the
N-terminal acetyl group was not labeled� �Fig. 1�. The mea-
sured distances were compared with the distance constraints
previously determined by x-ray crystallography.33 To mini-
mize intermolecular effects the sample was diluted in natural
abundance �91% natural abundance, 9% N-acetyl-�U
-13C, 15N�-L-Val-L-Leu �N-Ac-VL�� prior to crystallization.
All of the experiments were performed at 500 MHz �1H fre-
quency� using the pulse sequence shown in Fig. 2. A selec-
tive z filter was used to eliminate all transverse magnetiza-
tion other than the carbonyls, after which the polarization
transfer to the side-chain carbons is monitored. The experi-
mental details are identical to those described previously.14

Figure 3 shows the one dimensional 13C spectrum of the
sample. The sample spinning frequencies employed in the
two-dimensional experiments were chosen to satisfy the N
=2 R2 condition between the desired carbonyl and side-chain
carbons. This matching condition was chosen for practical
reasons; note that the mathematical description would differ
slightly for the N=1 condition �see Table II�.

A series of R2W experiments were performed as a func-
tion of the sample spinning frequency under a constant mix-
ing time of 30 ms, with the spinning frequency ranging from
8.5 to 10.1 kHz, in nonuniform steps of �10–50 Hz to ob-
tain optimal matching profiles. Figure 4 illustrates represen-
tative two-dimensional �2D� slices from the 3D-R2W experi-
ment corresponding to the spinning frequencies of 8.791 and
9.116 kHz �two different N=2 matching conditions; see fig-
ure legend�.

The experimental data from the 3D-R2W experiments
were processed using NMRPIPE,34 wherein the cross-peak vol-
umes were extracted by automated fitting to two-dimensional
Gaussians. To compensate for the dependence of cross-
polarization �CP� enhancements on the sample spinning fre-
quency ��r /2��, all the data points in each 2D slice were
normalized to the initial carbonyl intensities derived from
reference experiments conducted at identical spinning fre-
quencies with zero mixing time. The extracted cross-peak
intensities are illustrated in Fig. 5. These plots represent the
raw data used in the carbonyl—side-chain distance measure-
ments.

In general, several factors, such as the orientation of the
chemical shift tensors, residual heteronuclear 13C– 1H inter-
actions, higher order corrections, and ZQ relaxation param-

eters, affect the accuracy of the distance measurements in
uniformly labeled solids. Although residual 13C– 1H interac-
tions are minimized by strong 1H irradiation, the separation
of the ZQ relaxation rate TZQ

−1 from the dipolar-coupling con-
stant constitutes a major challenge in measuring distances
using R2 experiments. Previously this issue was partially ad-
dressed by invoking the uncorrelated random field �URF�
model35–37 in which the fluctuations resulting from the ran-
dom fields at individual spin �13C� sites are estimated with
measurements of the single-quantum linewidth. In the limit
of rapid fluctuations, the random fields between a particular
spin pair are assumed to be uncorrelated and the relaxation
mechanism is approximated by an exponential decay of the
ZQ coherences. Due to inherent rapid molecular motion, the
local fields in the liquid state should be highly uncorrelated
�at least in principle� in the strong coupling regime. Never-
theless, such random fields and their correlation properties
are difficult to quantify and are highly dependent on the state
of the system �i.e., solid or liquid state�. To this end, Karls-
son et al.38 measured the ZQ relaxation rates experimentally
in both diluted �10%, corresponding to 2.96 Å� and fully
labeled samples �98%, corresponding to 1.53 Å�. In the di-
luted sample the measured ZQ relaxation rate was in good
agreement with the URF model. However, there were signifi-
cant deviations in the fully labeled sample, a discrepancy
that was attributed primarily to multiple-quantum relaxation
arising from intermolecular dipolar interactions. Neverthe-
less, the results do not clarify the validity or failure of the
URF model in the strong and weak coupling regimes in a
single sample �say, a diluted sample�. In the experiments
reported here we can investigate the validity of the URF
model in distance measurements by employing a model sys-
tem �9% labeled N-Ac-VL� involving dipolar coupling con-
stants ranging from 500 to 28 Hz �i.e., 2.5–6.4 Å�.

Employing the URF approach, the ZQ relaxation rate
�ZQ ��or TZQ

−1 �, i.e., �ZQ=�i+� j where �i�j� represents the
linewidth of spin i �or j�� in the R2W experiments were
calculated by measuring the linewidths of the individual
resonances from simple CP experiments recorded at spinning
frequencies far from any R2 matching conditions. To distin-
guish the contributions of the higher order terms from the
ZQ relaxation parameters, the experimental cross-peak inten-
sities were simulated using both the zero order and the ef-
fective Hamiltonians derived from the MMFT approach. Ad-
ditionally, employing two different relaxation models the
validity of the URF approach was tested in our simulations.

FIG. 1. Diagram of the dipeptide N-Ac-VL derived from the crystal struc-
ture �Ref. 33�.
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In model 1, the zero-quantum relaxation parameter was cal-
culated based on the URF approach, while in model 2 it was
employed as a free-fit parameter. To demonstrate the differ-
ence between the current approach and other existing theo-
retical descriptions, the experimental data were also simu-
lated using the fictitious spin operator approach14 �Table IV�.
In the first set of simulations the ZQ relaxation rate TZQ

−1 was
calculated based on the URF model and only the internuclear
distance r was employed as a free-fit parameter �ranging
from 2 to 7 Å� to fit the experimental cross-peak intensities.

Following the URF approximation, the line broadening
observed far from the R2 condition was used to estimate the
random fields generated by various spin-spin and spin-lattice
interactions. This approach is valid only when the two line-
broadening mechanisms observed on R2 and off-R2 matching
conditions are mutually independent. The distances obtained
from the fictitious spin model correlate reasonably well with
the x-ray data, but the actual fit quality �e.g., root mean
square deviation �RMSD�� is rather poor. Remarkably, while
the zeroth order MMFT approach is better able to reproduce
the experimental data, its correlation with the x-ray distances
is actually worse. The discrepancies noticed in both ap-
proaches may be attributed either to an inadequate descrip-
tion of the coherent spin dynamics �i.e., spin Hamiltonian� or
due to inaccuracies involved in the estimation of the zero-
quantum relaxation rate.

To rule out the latter possibility, the ZQ relaxation rate
TZQ

−1 was employed as a free-fit parameter along with the

internuclear distance �model 2 in Table IV, columns 6–9�.
Although the MMFT model results in better fits �smaller
RMSD�, there is no significant improvement in the agree-
ment between the NMR and x-ray distance �except for an
apparent systematic improvement of the two shortest dis-
tances V�→VB and L�→LB�. Note that the correlation be-
tween the fictitious spin results and the x-ray data is worse
than the results obtained from the MMFT approach. In addi-
tion, the estimated ZQ relaxation rate TZQ

−1 differs signifi-
cantly in both formalisms. The TZQ

−1 values estimated from the
fictitious spin operator formalism �typically 300–500 Hz�
appear overdamped when compared with the magnitude of
the dipolar coupling constants being measured. In contrast,
the relaxation rates estimated from the MMFT approach are
similar to, or slightly larger than, the relaxation rates calcu-
lated based on the URF model, except for a remarkably low
TZQ

−1 observed for the strong coupling regime �r�2.5 Å�. The
absence of improvement in the distance measurements using
both models suggests that the estimation of the relaxation
parameter is not the factor limiting the quality of the fits of
our data.

To improve the accuracy of the coherent description in
the MMFT analysis, we incorporated second order correc-
tions including the CSA interactions into the calculations of
the distance constraints. The second order corrections in R2

experiments arise from the cross terms between the CSA and
the dipolar interactions �i.e., CSA-dipolar and dipolar-
dipolar�. Our analysis reveals a major contribution from the
cross terms between the CSA and the dipolar interactions in
the exchange dynamics. When these corrections involving
CSA interactions are included, one has to consider both the

FIG. 2. Pulse sequence for 3D-R2W experiment. The following phase cy-
cling scheme was employed: �1= �16�1,16�3�, �2=2, �3=1, �4= �8
�2,8�4�, �5=1, �6= �4�3,4�1�, �7=1234, and �rec

= �1234,3412,3412,1234,3412,1234,1234,3412�. The labels 1,2,3,4 cor-
respond to the phases x ,y ,−x ,−y, respectively. The dipolar mixing time
�tmax� was fixed at 30 ms.

FIG. 3. One-dimensional 13C MAS spectrum of N-Ac-VL recorded at �r

=10.5 kHz. The unlabeled acetyl carbonyl carbon is visible at reduced
intensity.

FIG. 4. Representative two-dimensional slices from the 13C– 13C R2W ex-
periment in N-acetyl-�U-13C, 15N� L-Val-L-Leu �N-Ac-VL� recorded on a
500 MHz spectrometer at �a� 8.791 and �b� 9.116 kHz, corresponding to the
LC�–L� and LC�–V� N=2 R2 matching conditions, respectively.

FIG. 5. Resonance width profiles �cross-peak intensities� as a function of
spinning frequency, polarization transfer from �a� leucine and �b� valine
carbonyl carbons to the indicated side-chain carbons. Intensities are scaled
relative to the carbonyl CP intensities.
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magnitudes and orientations of the CSA tensor elements for
each nucleus. In typical simulations, where the structure is
unknown, the magnitudes can be estimated based on stan-
dard values, but the relative orientations are not necessarily
known. To explicitly account for the orientation dependence,
a series of simulations with different orientations relative to
the molecular frame, defined by the internuclear vector, was
performed. The conventions employed are depicted sche-
matically in Fig. 6.

The simulations reveal that the R2W matching condition
is very sensitive to the CSA orientations. This is schemati-
cally illustrated in Fig. 7�a� showing the resonance profiles
for two CSA orientations that represent the two extremes.
Fig. 7�b� and 7�c� illustrate how these CSA tensor orienta-
tions have varying, but generally significant, effects on both
the intensity and width of the resonance profile for a wider
range of distances and relaxation conditions. Our simulation
results predict that these contributions are predominantly
governed by the larger CSA �carbonyls� and by the relative
orientations of the largest CSA tensor elements, as deter-
mined by the � Euler angles �in �PM�, with a reduced de-
pendence on � and �. The two displayed orientations reflect
parallel or perpendicular alignments of the shielding tensors
with respect to the internuclear vector.

When examining an unknown structure where the pre-
cise information about the CSA tensor orientation is absent,
it is still possible to evaluate the range of possible distances
by fitting the data to such theoretical CSA tensor orientation
extremes. Later in the structure determination process when
a rough structural model is available, the R2W data may be
refined with provisional CSA tensor orientations in order to
obtain more precise 13C– 13C constraints. The procedure may
be repeated in an iterative manner since more precise CSA
tensor orientations should lead in principle to more precise
distances and vice versa. To illustrate this point, we present
in Table V the measured SSNMR distances from a single
iteration of simulations in which no assumptions were made
regarding the orientations of the CSAs, but using two ex-
treme CSA orientations discussed above. The indicated range
of distances reflects the effect of the uncertainty of the CSA
orientations. Note that the x-ray distance tends to fall within

FIG. 6. Illustration of the Euler angles used to define the relative CSA tensor
orientations, showing here the CSA tensors for a leucine C�2 methyl group
and C� carbonyl.

FIG. 7. Effect of CSA orientations. �a� Simulated polarization transfer be-
tween a leucine carbonyl and methyl carbon as a function of MAS rate for
two hypothetical CSA orientations using an internuclear distance r=4.4 Å
and TZQ=26 ms. CSA orientations ��PM,�PM,�PM� of LCO/L� are
�0,90,0� / �0,0 ,0� �solid lines� and �0,0 ,0� / �0,90,0� �dashed lines�, exem-
plifying two extreme cases. Panels �b� and �c� illustrate the distance depen-
dence of the maximum and width of the R2 matching condition for both
orientations, now with TZQ=30 ms �black� and 10 ms �gray�.

TABLE IV. Estimated 13C– 13C internuclear distances in N-Ac-VL using zero order Hamiltonians derived from the MMFT and the fictitious spin operator
approach. The CSA interactions were neglected in the simulations. The ZQ relaxation rate in model 1 was calculated based on the URF approach while in
model 2, it was employed as a free-fit parameter. In all the simulations the internuclear distance r was used as a free-fit parameter.
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this region. The magnitude of this range �typically �1 Å�
shows that the orientations of the CSA tensors play a vital
role in the accuracy/reliability of the R2 distance measure-
ments, especially for large B0 values.

If a three-dimensional structure is available, either from
other sources as is the case here or based on an initial data fit
as discussed above, the CSA orientations can be estimated39

and combined with known CSA magnitudes.40 Here the
x-ray structure was used to generate the required CSA orien-
tations with the aid of the SIMMOL software,41 and the
MPACKAGES from Levitt’s group. The resulting CSA orienta-
tions and other relevant parameters employed in our simula-
tions are provided in Table VI.

Using this information, we performed the final two se-
ries of simulations that included the second order terms, the
results of which are listed in Table VII. Again the reliability
of the URF model is compared with a free-fit approach,
analogous to the procedure described above. Compared with
the zero-order fit results from Table IV, there is a general
�and significant� improvement of both the determined dis-
tance and the quality of fits. This is true in both the strong
and weak coupling regimes, and in particular, for the “free-
fit” approach, yielding results that compare well with the
x-ray distances, as shown in Fig. 8. Further, the improved
quality of these simulations permits us to address a few im-
portant points.

TABLE V. Estimated range for 13C– 13C internuclear distances with systematic variation of the orientation of
the CSA tensors covering both the extremes. These calculations employ the MMFT model, include second order
terms, and use relaxation models 1 and 2 as in Table IV.

Atoms

x-ray
distance

�Å�

MMFT model 1 �URF� MMFT model 2 �free fit�

1/TZQ �Hz� r �Å� 1/TZQ �Hz� r �Å�

V� V� 2.55 46.0 3.0–3.8 4.3–40 2.6–2.9
V�2 2.97 38.7 3.0–3.8 13–67 2.6–3.9
L� 3.72 42.4 4.0–4.9 73–81 3.8–4.8
V�1 3.88 40.4 3.7–4.7 38–55 3.7–4.7
L�1 4.29 37.2 3.9–5.0 44–59 3.9–4.8
L� 4.35 44.6 4.3–5.3 61–64 4.2–5.2
L�2 5.90 39.6 4.2–5.3 93–99 4.0–4.9

L� L� 2.47 42.5 2.8–3.7 3.2–5.6 2.1–2.9
L� 3.83 44.8 4.0–4.8 52–70 3.8–4.7
V�2 4.36 38.8 4.0–5.0 41–54 4.0–4.9
L�1 4.68 37.3 4.4–5.4 48–61 4.3–5.0
L�2 4.87 39.7 4.1–5.2 44–57 4.1–5.0
V� 4.98 41.6 4.2–5.3 71–75 4.1–5.0
V�1 6.46 40.5 4.9–5.9 61–60 4.7–5.7

TABLE VI. CSA parameters used for simulation of the examined C–C distances. The orientations were esti-
mated using the MPACKAGES and SIMMOL packages. The relationships between the structural elements and CSA
tensor orientations for side-chain carbons were obtained from Veeman �Ref. 39�. The magnitudes of the CSA
tensors were approximated by free amino acid values from Ye et al. �Ref. 40� �* marks missing values, assumed
same as V��.

Atom 1

CSA parameters

Atom 2

CSA parameters

� �ppm� 	 �PM �deg� � �ppm� 	 �PM �deg�

L� −67.6 0.99 �40,128,122� L� 24.0 0.92 �33,160,−149�
�29,118,157� L�

* 11.3 0.91 �−84,87,−88�
�118,63,131� V�2 −15.3 0.0 �−49,102,−84�

�−138,74,−151� L�1 −20.0 0.0 �173,132,158�
�−156,47,−126� L�2 −20.0 0.0 �27,138,47�

�104,50,130� V� 11.3 0.91 �148,89,−28�
�101,53,132� V�1 −15.3 0.0 �−6,12,7�

V� 68.3 1.00 �160,33,90� V� 11.3 0.91 �119,94,−13�
�156,64,114� V�2 −15.3 0.0 �−66,64,−60�

�−100,23,−47� L� 24.0 0.92 �−49,48,−170�
�137,25,105� V�1 −15.3 0.0 �−41,26,48�

�−130,55,−50� L�1 −20.0 0.0 �−170,95,−58�
�−132,35,−4� L�

* 11.3 0.91 �138,88,−75�
�57,147,20� L�2 −20.0 0.0 �−109,19,120�
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One instance where the importance of using the proper
CSA orientations is highlighted is in the R2W profiles de-
scribing the polarization transfer from the leucine carbonyl
carbon to the � carbons �i.e., LCO–L�1 �4.67 Å� and
LCO–L�2 �4.87 Å��. Since the LCO–L�1 distance is 0.2 Å
shorter, one would expect the �maximum� polarization trans-
fer to be larger than for the LCO–L�2 pair. However, as can
be seen in Fig. 5�a�, the actual profiles show the reverse
pattern. Our data fits attribute this to the differences in the
relative orientation of the CSA tensors.

As an illustration of typical results in both the strong and
weak coupling regimes, we examine the polarization transfer
in the cases LCO–L��2.54 Å� and LCO–V��4.98 Å�. Figures
9 and 10 show the data fits obtained in the various MMFT-
based analyses, where both the internuclear distance r and
TZQ

−1 were employed as free-fit parameters �model 2�. In Figs.
9�a� and 10�a� the experimental cross-peak intensities �rep-
resented by ���� are compared with results obtained using

the zero order Hamiltonian with free-fit optimized ZQ relax-
ation �solid line�. In Figs. 9�b� and 10�b�, the same set of
simulations is performed with the effective Hamiltonians in-
stead of the zero order Hamiltonian. As can also be seen in
the RMSD plots �panels �c� and �d��, the improvement of the
fit is accompanied by a shift of the optimum TZQ and dis-
tances �closer to the x-ray values�.

Figures 9 and 10 also show the same fits in the absence
of any relaxation, TZQ �represented by gray ----�. Remark-
ably, for shorter distances �2.5–3.0 Å� the data are repro-
duced quite well without any relaxation, in line with the
observation that simulations of these short distances fit best
when a ZQ relaxation is used that is significantly smaller
than suggested by the URF calculation. This apparent dis-
agreement with the shorter distances might be attributed to
the breakdown of the URF model in the strong coupling

TABLE VII. Calculated 13C– 13C internuclear distances in N-Ac-VL, using the unique set of orientations given
in Table VI based on the MMFT model with second order terms and a free-fit TZQ.

Atoms

x-ray
distance

r �Å�

Model 1 �URF� Model 2 �free fit�

1/TZQ �Hz� r �Å� 1/TZQ �Hz� r �Å�

V� V� 2.55 46.0 3.2 9.5 2.6
V�2 2.97 38.7 3.4 7.4 3.0
L� 3.72 42.4 4.1 73.5 4.0
V�1 3.88 40.4 3.8 44.4 3.9
L�1 4.29 37.2 4.6 49.8 4.6
L� 4.35 44.6 4.6 76.3 4.4
L�2 5.90 39.6 4.4 102.0 4.7

L� L� 2.47 42.5 3.4 6.1 2.55
L� 3.83 44.8 4.2 58.5 4.2
V�2 4.36 38.8 4.6 50.2 4.6
L�1 4.68 37.3 4.7 51.3 4.6
L�2 4.87 39.7 4.7 51.0 4.6
V� 4.98 41.6 4.8 82.0 4.6
V�1 6.46 40.5 5.5 61.3 5.3

FIG. 8. Comparison between the x-ray structure and measured SSNMR
distances, obtained using effective Hamiltonians with estimated CSA orien-
tations, and free-fit optimization of both the internuclear distance and the
zero-quantum relaxation �model 2�. Open squares indicate distances affected
by intermolecular multispin effects.

FIG. 9. Simulations and experimental results illustrating the separate con-
tributions of the higher order corrections and the ZQ parameters on the
exchange dynamics. The results presented here correspond to the strong
coupling, LCO–L� �2.47 Å x-ray distance�. In �a� the experimental data
����� are fit using the zero order Hamiltonian both with �solid lines,
TZQ=63 ms, r=2.85 Å� and without relaxation ��----�, r=2.2 Å�. In �b� the
experimental data are fit using the effective Hamiltonians both with �solid
line, TZQ=165 ms, r=2.55 Å� and without relaxation ��----�, r=2.3 Å�. Pan-
els �c� and �d� show the contour plots for the simulations including relax-
ation for the zero order and effective Hamiltonian respectively �contours
indicate 95%–99% confidence intervals�.

214107-11 Theory of rotational resonance width experiments J. Chem. Phys. 124, 214107 �2006�



regime, i.e., the random fields at the individual spin sites
may be correlated at least in the strong coupling regime
�2.5–3.0 Å�. In general, the local fields at any given carbon
spin site originates from its interaction with the surrounding
protons in addition to its own interaction with the external
magnetic field �say, the isotropic and anisotropic chemical
shift interactions�. When the separation between the two car-
bons decrease, the local fields become correlated, which for
instance may be associated with efficient spin diffusion
among the protons. Consequently, the URF-based ZQ relax-
ation rate seems to overestimate the damping observed under
R2 conditions in the strong coupling regime. By contrast, in
the weak coupling regime the two line broadening mecha-
nisms �residual 13C– 1H interactions and homonuclear
13C– 13C recoupling due to R2 condition� seem to be uncor-
related and independent of one another, thereby resulting in a
ZQ relaxation rate similar to the URF estimate.

In the extreme weak coupling limit �long distances�,
there is a significant contribution from intermolecular inter-
actions with equivalent spins in surrounding molecules �in
addition to the intramolecular interaction of interest�. This is
reflected in all the models, resulting in large discrepancies
for distances exceeding 6 Å �indicated as open squares in
Fig. 8�. In spite of the dilution �9% in our case� the residuals
from short intermolecular contacts make the weaker intramo-
lecular couplings ��40 Hz� appear substantially stronger. To
estimate the magnitude of this effect, appropriate two- and
three-spin systems were simulated numerically using
SPINEVOLUTION,42 and the resulting profiles were combined
using a weighted average based on isotopic dilution. For ex-
ample, in the case of the LCO–V�1 intramolecular dipolar
coupling �corresponding to 28 Hz or 6.46 Å�, the �diluted�
presence of two stronger couplings due to intermolecular
contacts �98 Hz/4.26 Å and 45 Hz/5.51 Å� should result in
an effective coupling of �40 Hz �5.7 Å�. This apparent
“shortening” of the longest distances is clearly seen in Fig. 8.
Since knowledge of intermolecular contacts corresponding to

the intramolecular distances of interest are not available
a priori for an unknown structure, caution should be exer-
cised while fitting such long distances, especially in undi-
luted samples. These effects are, however, characteristic only
of small molecules and should in principle be minimal in
larger �bio�molecules wherein the probability of encounter-
ing such short intermolecular contacts is remote.

Another way that other spins affect a particular distance
measurement is when multispin effects take place due to
nonequivalent spins. This occurs when, at a certain MAS
rate, a single carbonyl is transferring magnetization to two
different aliphatic carbons. Such a scenario is not addressed
in our analysis, but despite the overlap of various resonance
profiles �see Fig. 5�, the distance measurements seem gener-
ally reliable. However, these effects could explain why some
of those resonance profiles do not fit well. The small effect
on the accuracy of the distance measurement in cases as the
one presented above is encouraging for the intended applica-
tion of the MMFT treatment to larger biomolecules, where
spectral overlap is not uncommon. In this context, it is im-
portant to note that multispin effects on a particular carbon-
carbon �e.g., carbonyl-aliphatic� pair requires not just prox-
imity of the resonances in the spectrum but also a reasonable
proximity of the corresponding nuclei in space. Distant sites
in a large bio-molecule having similar resonances would still
be independent for the purposes of the presented analysis.

Although the ZQ relaxation rate in model 2 is employed
as a free-fit parameter in the simulations, it does in fact cor-
respond to actual spin interactions neglected in the definition
of the spin system and should not be mistaken as a random
variable employed to fit the experimental data. A formal un-
derstanding of the ZQ relaxation �or damping� behavior re-
quires a treatment incorporating at least four spins �two car-
bons and two protons� and will be discussed elsewhere. In
contrast to the existing fictitious spin operator formalism, the
MMFT approach does provide a general framework for de-
scribing multiexponential relaxation processes in ZQ experi-
ments. In the ZQ subspace �Eq. �17��, the two-spin ZQ po-

larizations �̂0
�k��11, t� could in principle be assigned with

three separate decay constants �TZQ
�k� �−1 corresponding to the

rank �represented by k� of the spin polarizations. A formal
treatment to explain multiexponential decay processes
should address the various contributions to the relaxation
mechanism. Work along these lines requires a more sophis-
ticated approach for describing relaxation in SSNMR,
wherein the radio frequency irradiation on protons during the
recoupling period is included and will be addressed in future
publications.

IV. CONCLUSIONS

In summary the MMFT approach improves the accuracy
of the 13C– 13C distance measurements in R2W experiments
for a wide range of distances. The analytical two-spin model
provides a general framework for describing ZQ relaxation
processes involving multiple decay rate constants. The ZQ
relaxation rates estimated from the MMFT model are signifi-
cantly lower than the best-fit values obtained from the ficti-
tious spin operator approach and tend to give a less degen-

FIG. 10. Simulations and experimental results illustrating the separate con-
tributions of the higher order corrections and the ZQ parameters on the
exchange dynamics. The results presented here correspond to the weak cou-
pling, LCO–V� �4.98 Å x-ray distance�. In �a� the experimental data �����
are fit using the zero order Hamiltonian both with �solid lines, TZQ=12 ms,
r=4.5 Å� and without relaxation ��----�, r=3.8 Å�. In �b� the experimental
data are fit using the effective Hamiltonians both with �solid line, TZQ

=12 ms, r=4.6 Å� and without relaxation ��----�, r=4.0 Å�. Panels �c� and
�d� show the contour plots for the simulations including relaxation for the
zero order and effective Hamiltonian, respectively �contours indicate 95%–
99% confidence intervals�.
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erate solution. The requirement for lower ZQ relaxation rates
can be explained by the inclusion of higher order terms,
dominated by the CSA-dipolar cross terms that result in
damping of the desired coherence. In the intermediate and
weak coupling regimes, the estimated ZQ relaxation rate
from model 2 �free fit of relaxation� is in good agreement
with the URF model. However, in the strong coupling limit
�say, �3 Å� the ZQ relaxation rates calculated from the URF
model overestimate the actual relaxation, thereby underlining
the breakdown of the basic assumptions of the URF ap-
proach. In the strong coupling limit the local fields at the
individual spin sites may be correlated through residual het-
eronuclear 13C– 1H dipolar interactions and homonuclear di-
polar 1H– 1H interactions. For the sake of simplicity we have
neglected any explicit contributions arising from these inter-
actions in our description of the exchange dynamics. Still,
our data fits result in accurate distances, with the few excep-
tions being in the form of inherent intermolecular and other
multispin effects resulting in explainable and rather small
deviations.

In combination with the effective Hamiltonians and the
free fit of the ZQ relaxation parameter, the MMFT model
presented herein provides a convenient and reliable frame-
work for extracting distances in uniformly 13C, 15N-labeled
solids both in the weak and strong coupling regimes. A for-
mal theory quantifying the ZQ relaxation rate employed in
the R2W experiments will be presented in future publica-
tions.

ACKNOWLEDGMENT

This work was supported by grants from the National
Institute of Health �EB-001960, EB-003151, and EB-
002026�.

1 E. R. Andrew, A. Bradbury, and R. G. Eades, Nature �London� 182,
1659 �1958�.

2 I. J. Lowe, Phys. Rev. Lett. 2, 285 �1959�.
3 S. R. Hartmann and E. L. Hahn, Phys. Rev. 128, 2042 �1962�.
4 A. Pines, M. G. Gibby, and J. S. Waugh, J. Chem. Phys. 59, 569 �1973�.
5 U. Haeberlen, High-Resolution NMR in Solids: Selective Averaging �Aca-
demic, New York, 1976�.

6 M. H. Levitt, in Encyclopedia of Nuclear Magnetic Resonance, edited by
D. M. Grant and R. K. Harris �Wiley, New York, 2002�, Vol. 9, p. 165.

7 A. E. Bennett, R. G. Griffin, and S. Vega, in Solid State NMR IV: Meth-
ods and Applications of Solid-State NMR, edited by B. Blumich
�Springer-Verlag, Berlin, 1994�, Vol. 33, p. 1.

8 S. Dusold and A. Sebald, Annu. Rep. NMR Spectrosc. 41, 185 �2000�.
9 R. Tycko, Annu. Rev. Phys. Chem. 52, 575 �2001�.

10 E. R. Andrew, S. Clough, L. F. Farnell, T. A. Gledhill, and I. Roberts,

Phys. Lett. 21, 505 �1966�.
11 D. P. Raleigh, M. H. Levitt, and R. G. Griffin, Chem. Phys. Lett. 146, 71

�1988�.
12 M. H. Levitt, D. P. Raleigh, F. Creuzet, and R. G. Griffin, J. Chem. Phys.

92, 6347 �1990�.
13 P. R. Costa, B. Sun, and R. G. Griffin, J. Magn. Reson. 164, 92 �2003�.
14 R. Ramachandran, V. Ladizhansky, V. S. Bajaj, and R. G. Griffin, J. Am.

Chem. Soc. 125, 15623 �2003�.
15 P. R. Costa, D. A. Kocisko, B. Q. Sun, P. T. Lansbury, and R. G. Griffin,

J. Am. Chem. Soc. 119, 10487 �1997�.
16 F. Creuzet, A. McDermott, R. Gebhard, K. van der Hoef, M. B. Spijker-

Assink, J. Herzfeld, J. Lugtenburg, M. H. Levitt, and R. G. Griffin, Sci-
ence 251, 783 �1991�.

17 L. K. Thompson, A. E. McDermott, J. Raap, C. M. van der Wielen, J.
Lugtenburg, J. Herzfeld, and R. G. Griffin, Biochemistry 31, 7931
�1992�.

18 K. V. Lakshmi, M. Auger, J. Raap, J. Lugtenburg, R. G. Griffin, and J.
Herzfeld, J. Am. Chem. Soc. 115, 8515 �1993�.

19 A. E. McDermott, F. Creuzet, R. Gebhard, K. Vanderhoef, M. H. Levitt,
J. Herzfeld, J. Lugtenburg, and R. G. Griffin, Biochemistry 33, 6129
�1994�.

20 P. T. F. Williamson, A. Verhoeven, M. Ernst, and B. H. Meier, J. Am.
Chem. Soc. 125, 2718 �2003�.

21 L. Sonnenberg, S. Luca, and M. Baldus, J. Magn. Reson. 166, 100
�2004�.

22 T. Karlsson and M. H. Levitt, J. Chem. Phys. 109, 5493 �1998�.
23 M. Helmle, Y. K. Lee, P. J. E. Verdegem, X. Feng, T. Karlsson, J. Lugten-

burg, H. J. M. de Groot, and M. H. Levitt, J. Magn. Reson. 140, 379
�1999�.

24 J. H. Shirley, Phys. Rev. 138, 979 �1965�.
25 R. Ramachandran and R. G. Griffin, J. Chem. Phys. 122, 164502 �2005�.
26 J. H. V. Vleck, Phys. Rev. 33, 467 �1929�.
27 A. R. Edmonds, Angular Momentum in Quantum Mechanics, 3rd ed.

�Princeton University Press, Princeton, NJ, 1974�.
28 B. C. Sanctuary, J. Chem. Phys. 64, 4352 �1976�.
29 B. C. Sanctuary and T. K. Halstead, Adv. Magn. Opt. Reson. 15, 79

�1990�.
30 M. R. Aliev and V. T. Aleksanyan, Opt. Spektrosk. 24, 520 �1968�.
31 M. R. Aliev and V. T. Aleksanyan, Opt. Spektrosk. 24, 695 �1968�.
32 R. Ramesh and M. S. Krishnan, J. Chem. Phys. 114, 5967 �2001�.
33 P. J. Carroll, P. L. Stewart, and S. J. Opella, Acta Crystallogr., Sect. C:

Cryst. Struct. Commun. C46, 243 �1990�.
34 F. Delaglio, S. Grzesiek, G. W. Vuister, J. Pfeifer, and A. Bax, J. Biomol.

NMR 6, 277 �1995�.
35 A. Kubo and C. A. McDowell, J. Chem. Soc., Faraday Trans. 1 84, 3713

�1988�.
36 D. Suter and R. R. Ernst, Phys. Rev. B 32, 5608 �1985�.
37 P. M. Henrichs, M. Linder, and J. M. Hewitt, J. Chem. Phys. 85, 7077

�1986�.
38 T. Karlsson, A. Brinkmann, P. J. E. Verdegem, J. Lugtenburg, and M. H.

Levitt, Solid State Nucl. Magn. Reson. 14, 43 �1999�.
39 W. S. Veeman, Prog. Nucl. Magn. Reson. Spectrosc. 16, 193 �1984�.
40 C. Ye, R. Fu, J. Hu, L. Hou, and S. Ding, Magn. Reson. Chem. 31, 699

�1993�.
41 M. Bak, R. Schultz, T. Vosegaard, and N. C. Nielsen, J. Magn. Reson.

154, 28 �2002�.
42 M. Veshtort and R. G. Griffin, J. Magn. Reson. 178, 248 �2006�.

214107-13 Theory of rotational resonance width experiments J. Chem. Phys. 124, 214107 �2006�


