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The rate constant of radiofrequency-driven (RF-driven) polar- frequencies of the two spins involved in the transfer process
ization transfer and that of polarization transfer under slow- (10) . This dependency makes the extraction of structural
magic-angle sample spinning (S-MAS) are compared using a information from the rate constants difficult. Polarization-
model system, polycrystalline a-a*- 13C2-phthalic acid. While the transfer techniques, which do not suffer from this problem,
rate constant under RF irradiation in static samples strongly de- have been developed. Radiofrequency (RF)-driven polariza-
pends on the orientation of the internuclear vector, the rate con- tion transfer (17) uses a strong pulsed spin-lock field which,
stant under S-MAS is hardly sensitive to that orientation and,

in the rotating frame, scales down the effective resonance-thus, depends almost exclusively on the internuclear distance.
frequency difference below the homogeneous width of theConsequently, polarization-transfer rate constants obtained under
zero-quantum (ZQ) line. Typically, this technique can elimi-S-MAS can be interpreted more simply when used to study local
nate the dependence of polarization transfer on resonanceorder in polycrystalline or amorphous solids. q 1998 Academic Press

frequency over a chemical shift range of 10 kHz using a RFKey Words: solid state NMR; polarization transfer ; spin diffu-
field strength of about 100 kHz (10, 12) . More recently,sion; RF-driven; S-MAS.
polarization transfer under slow-magic-angle sample spin-
ning (S-MAS) was proposed (18) . Here, the resonance-

INTRODUCTION frequency difference during polarization transfer is modu-
lated by slowly rotating the sample about an axis at a magic

Transfer of nuclear spin polarization, often termed spin dif- angle respective to the static magnetic field. For spin pairs
fusion, can provide detailed information about the local struc- with equal isotropic values of their CSA tensors the reso-
ture in solids (1–13). It is especially useful for studying amor- nance-frequency difference always changes its sign during
phous solids and can well complement scattering techniques a full rotation about the magic angle axis, so that polarization
in crystalline systems. One application of nuclear polarization transfer averaged over a rotor cycle is efficient for all spin
transfer is the determination of the relative orientation of mo- pairs. It was shown that polarization transfer under S-MAS
lecular fragments. This can be achieved by correlating the becomes independent of resonance-frequency over a range
relative orientation of chemical shielding anisotropy (CSA) wider than that covered by RF-driven spin diffusion (18) .
tensors of neighboring nuclei using two-dimensional nuclear Indeed, it is so wide that polarization transfer between deu-
magnetic resonance (2D NMR) spectroscopy (14–16). terons with quadrupolar coupling constants up to 100 kHz

Proton-driven polarization transfer (4–9) has been used to can easily be observed (21, 22) .
measure relative orientations between inequivalent sites in This paper focuses on the different behavior of polariza-
polycrystalline solids. In these 2D experiments, the time dur- tion transfer under RF-driven and S-MAS conditions. As
ing which polarization transfer occurs is chosen long enough derived from perturbation theory, the rate constant of polar-
so that a quasi-equilibrium state is reached (10). The corre- ization transfer between two spins depends on the square of
sponding quasi-equilibrium spectra contain no information on their dipolar coupling (23–25) . The two techniques affect
distances between inequivalent sites but suffice to extract the the dipolar couplings in different ways. The application of
relative orientation of CSA tensors. If the system under study the RF field approximately halves the strength of the dipolar
is amorphous and, thus, contains at most short range order, interactions, while the rotation of the sample under S-MAS
the quasi-equilibrium spectrum does not provide any detail causes a modulation of the angle between the internuclear
about the relative orientations. Structural information must be vector and the static magnetic field and, consequently, a
retrieved from the rates at which the polarization is transferred modulation of the dipolar couplings. To illustrate the conse-
from one spin to its neighbors (10). quence of this difference, measurements in 13C-labeled

The rate constants of polarization transfer of the proton- phthalic acid at the two carboxylic groups are presented.
On the basis of these measurements and of correspondingdriven technique often strongly depend on the resonance
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255RF-DRIVEN AND S-MAS POLARIZATION-TRANSFER TECHNIQUES

calculations, it is shown that S-MAS modulation leads to initial rate approximation (10) and, consequently, must be
measured from the initial slope of the crosspeak intensities.average rate constants which depend almost exclusively on

the distance between the spins. The consequence of the dif- In RF-driven polarization transfer, the scope of the spin-
lock sequence is to reduce the effective resonance-frequencyference between the two polarization-transfer techniques is

discussed in view of investigating local order in amorphous difference of the irradiated spins to a value much smaller
than the homogeneous width of the ZQ line, so thatsolids. In the course of this comparative study, the orienta-

tion of the carboxylic 13C CSA tensor with respect to the FRF
ij (0) will coincide with the central value of the line

molecular frame in phthalic acid was determined. (10, 12) . In addition, the spin-lock sequence decouples the
S spins from possible heteronuclear spins, yielding narrowed
ZQ lines and correspondingly higher FRF

ij (0) values. For aTHEORETICAL BACKGROUND
homonuclear spin system in which each pair of neighbors
is surrounded by several other spins, the width of the ZQ lineWe consider two coupled spins, S Å 1

2, whose energy
does not vary appreciably with the resonance frequencies Vilevels are broadened by coupling to additional spins, such
and Vj , and consequently, FRF

ij (0) will virtually take thethat the homogeneous linewidth of the broadened levels is
same value, FRF(0) , over the whole range of resonancelarger than the dipolar coupling between the two spins. Then,
frequency. The dipolar coupling bij is left unaffected by thethe rate constant of polarization transfer between the two
RF irradiation, the scaling of the dipolar interactions is ac-spins i and j is given by (23)
counted for by the factor sij . For efficient spin-lock sequences
sij É 00.5 (10, 12) , and the rate constant W RF

AB becomesWij Å 1
2ps 2

ijb
2
ijFij(0) , [1]

W RF
AB Å 1

8p»b
2
ij…ABFRF(0) . [4]

where sij is a scaling factor, bij the dipolar coupling between
spin i and spin j , and Fij(0) the intensity of the normalized

In polarization transfer under S-MAS, the sample rotationzero-quantum spectrum sampled at frequency zero. The scal-
modulates the resonance frequencies, Vi and Vj , and theing factor is sijÅ 1 for polarization transfer with the magneti-
dipolar coupling bj (Eq. [2]) . The rotation frequency iszation stored along the static magnetic field (proton-driven,
selected to be small compared to the homogeneous linewidthS-MAS), and approaches sij Å 00.5 for RF-driven polariza-
of the ZQ line but higher than the polarization transfer ratetion transfer in the case of efficient spin-lock sequences
constants, so that a rate constant averaged over one rotation(10, 12) . The dipolar coupling bij depends on the in-
period can be calculated from the instantaneous values takenternuclear distance rij , and on the angle between the in-
by bij and FH

ij (0) during one rotor cycle (18) . We haveternuclear vector and the static magnetic field uij

WU ij Å 1
2pb 2

ijF
H
ij (0) , [5]

bij Å 0
m0g

2
S\

4pr 3
ij
S3 cos2uij 0 1

2 D , [2]
where the bar stands for the average of the static values over
one rotor period, and FH

ij (v) is the ZQ spectrum of the spin
where gS is the gyromagnetic ratio. The intensity of the pair i and j under the coupling to the protons. The rate
normalized ZQ spectrum Fij(0) corresponds to the intensity constant WV AB , evaluated from the intensity at (VA , VB) in
of the ZQ line sampled at Vi 0 Vj from its maximal value, the 2D spectrum is
where Vi and Vj are the resonance frequencies of spin i and
spin j . WU AB Å 1

2p»b
2
ijF

H
ij (0) …AB . [6]

Two-dimensional NMR spectroscopy of polycrystalline
or amorphous samples cannot provide the rate constant of

The average over all spin pairs with the particular reso-polarization transfer between particular spins, but it yields
nance frequencies VA and VB in Eqs. [4] and [6] can includethe rate constant as a function of the resonance frequencies
pairs with different relative orientation of their CSA tensorsof the spins that exchange their polarization. In the initial
and also pairs with different orientation of the internuclearrate approximation, an average rate constants WAB can be
vector with respect to the static field. These types of degener-defined
acy cannot be used to simplify the calculation of the average
rate constants without making assumptions about the struc-

WAB Å » 1
2ps 2

ijb
2
ijFij(0) …AB , [3] ture under investigation. However, for polarization transfer

under S-MAS in polycrystalline samples or in unoriented
amorphous systems, there is one additional degeneracywhere »rrr…AB stands for the average over all pairs with the

particular resonance frequencies VA and VB . It is important which arises from the absence of macroscopic order. All
spin pairs related by a rotation about the static magneticto note that the average rate constant WAB is defined in the
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256 ROBYR AND GAN

field contribute to the same rate constant WV AB , but the trajec-
tories of the dipolar coupling and those of the resonance
frequencies during a rotor cycle differ for different pairs.
Consequently, enhanced transfer due to small resonance fre-
quency differences happens for many different instantaneous
values of uij . A general evaluation of the average rate con-
stant is not possible, but if the ZQ spectrum is known, the
rate constant for a given geometry can be calculated. A set
of such calculations allows the evaluation of the maximal
deviation from an ideal situation where the averaging leaves
the rate of polarization transfer independent of the angular
part of the dipolar coupling. In this situation, the rate con-
stant can be written as

WU AB Å
p

10 Sm0g
2
S\

4p D2

»r 06
ij …AB » FH

ij (0) …AB . [7]

The ZQ term » FH
ij (0) …AB can be evaluated as proposed in

Ref. (18) . Usually, it hardly depends on the resonance fre-
quencies. In a forthcoming section, it will be shown that
even for the most stringent case with a unique relative orien-
tation of the CSA tensors and a unique orientation of the
internuclear vector with respect to the CSA tensors, Eq. [7]
is a reasonable approximation.

EXPERIMENTAL

The measurements were performed on a-a*-13C2-phthalic
acid (13C ú 99%) (Isotech, OH) using a home-built spec-
trometer working at a proton frequency of 300 MHz. The
2D polarization-transfer experiments followed the general
scheme of 2D exchange spectroscopy (16) . Carbon coher-
ences are prepared by cross-polarization from the protons.
They freely precess during the evolution period under proton
decoupling. Then, polarization transfer takes place during

FIG. 1. Unit cell of phthalic acid. The crystal structure is monoclinicthe mixing time, where one component of the transverse
and belongs to the space group C2/c , with a Å 5.0698 Å, b Å 14.3178magnetization is stored along the z axis for transfer under
Å, c Å 9.6305 Å, and b Å 93.2607. The structure consists of infinite chainsS-MAS or spin-locked in the rotating frame for RF-driven
of hydrogen-bonded molecules.

transfer. Finally, the carbon coherences are detected under
proton decoupling.

The S-MAS data were obtained with a Chemagnetics
The 2D separated-local-field spectrum (26) , needed to(Fort Collins, CO) 6-mm double-resonance MAS probe as

evaluate the ZQ spectra under S-MAS, was obtained fromdiscussed previously (18) . The MAS frequency was 100 {
a 2D experiment with zero mixing time and without decou-1 Hz. The RF fields on the 13C and the 1H channels were
pling during the evolution period.both matched at 62 kHz.

The RF-driven polarization-transfer spectra were obtained
with a Chemagnetics (Fort Collins, CO) 4-mm double-reso- PHTHALIC ACID
nance MAS probe. The probe was operated in the static
mode with both radiofrequency channels for 13C and 1H The unit cell of phthalic acid belongs to the space group

C2/c and consists of infinite chains of hydrogen-bondedmatched at 100 kHz. The mixing sequence consisted of a
WALTZ17 sequence (19) on the 13C channel with simulta- molecules (Fig. 1) (27, 28) . A twofold rotation axis trans-

forms each half of a molecule into the other, and thus alsoneous homonuclear decoupling of the protons using a
BLEW12 sequence (20) . The duration of the 17th pulse of relates the two 13C CSA tensors of the carboxylic groups.

The four molecules in the unit cell are related in pairs bythe WALTZ sequence corresponded to a flip angle of 907.
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257RF-DRIVEN AND S-MAS POLARIZATION-TRANSFER TECHNIQUES

inversion symmetries so that in a crystallite only two differ-
ent orientations of the carboxylic groups exist. The distance
between the two carboxylic carbons in the same molecule
is 3.05 Å. The next shortest distance between inequivalent
sites is 4.10 Å. The closest equivalent neighbor is at 3.82
Å in the nearest hydrogen-bonded molecule. Consequently,
since the rate of polarization transfer decreases with the sixth
power of the distance, the exchange of polarization in the
initial rate regime is confined almost exclusively to the two
inequivalent sites in the same molecule. This restriction
allows us to investigate and compare the dependence of the
rate constants on the angular part of the dipolar coupling in
RF-driven and S-MAS polarization transfer. Before focusing
on the rate constants of polarization transfer, the relative
orientation of the two carboxylic 13C CSA tensors and their
orientation in a molecule-fixed frame shall be characterized.

ORIENTATION OF THE 13C CSA TENSORS

From the quasi-equilibrium spectrum of Fig. 2a, the rela-
tive orientation between the two carboxylic 13C CSA tensors
of the same molecule can be obtained (8, 14, 15) . Determin-
ing this orientation is equivalent to positioning the twofold
symmetry (C2) axis in one of the two principal axis systems
(PAS) of the CSA tensors. The analysis was performed in
two steps. First, the homogeneous line, assumed to be a 2D
Gaussian function, and the eigenvalues of the CSA tensors
were determined by least-squares fitting of a 2D spectrum

FIG. 2. (a) Two-dimensional quasi-equilibrium polarization-transferwith zero mixing time. We obtained dxx Å 238.4 ppm, dyy Å spectrum of a-a*-13C2-phthalic acid obtained under slow-magic-angle sam-
165.5 ppm, and dzz Å 100.6 ppm (from TMS), and for the ple spinning using a mixing time of 200 ms. (b) Best computer fit of the
width of the 2D Gaussian function 1010 Hz. In a second spectrum (a). In the least-squares fit, the polar angles uc and fc , which

orient the twofold symmetry axis in the principal axis system of the CSAstep, the 2D spectrum of Fig. 2a was fitted to determine the
tensor of the carboxylic carbon, are optimized. We obtained uc Å 58.77 {polar angles, uc and fc , of the C2 axis in the PAS of the
1.07 and fc Å 56.57 { 1.07.CSA tensor as shown in Fig. 3. The fit yielded uc Å 58.77

{ 1.07 and fc Å 56.57 { 1.07.
From the orientation of the C2 axis in the PAS of the CSA

transformation approximately corresponds to an orientationtensor, it is not possible to unequivocally orient the CSA
of the CSA tensor where its z axis is tilted by 3.57 in thetensor in a molecule fixed frame (8) . The relation between
direction of the nearest hydrogen-bonded molecule.the two frames can only be determined up to a rotation about

Another possibility to orient unequivocally the CSA ten-the C2 axis. To discuss this problem further, it is convenient
sor in the molecular frame is to use the rate constants ofto define a molecular frame with its zm axis perpendicular
polarization transfer measured with the RF-driven techniqueto the (OCO) plane, its ym axis along the C|O bond, and

its xm axis pointing in the direction of the nearest hydrogen- (Fig. 4a) . Assuming that FRF
ij (0) Å FRF(0) , the rate con-

stants of Fig. 4a can be fitted to Eq. [4] . Two parametersbonded molecule as sketched in Fig. 3. According to empiri-
cal rules (29, 30) , the most shielded direction of the CSA were optimized in a least-squares fit: FRF(0) and C, the

angle of the rotation about the C2 axis that generates alltensor should be perpendicular to the carboxylic plane, and
thus coincides with the zm axis. However, the information possible orientations of the CSA tensor in the molecular

frame consistent with the values obtained for uc and fc (Fig.obtained so far constrains the z axis of the CSA tensor to
lie on a cone about the C2 axis with aperture uc (Fig. 3) . 3) . We obtained C Å 4.97 { 7.07 and FRF(0) Å (1.98 {

0.01) 1 1004 s. The value of C agrees with the nominalSelecting the smallest angle between the z axis of the CSA
tensor and that of the molecular frame consistent with this value of zero derived from the empirical rule. The rate con-

stants yielded by the fit are shown in Fig. 4b. The overallrestriction, one can obtain the orientation of CSA tensor in
the molecular frame. The resulting set of Euler angles (a, agreement between the experimental and the calculated rate

constants is good. However, significant deviations occur.b, g) relating the two frames is (56.27, 03.57, 058.67) . This
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258 ROBYR AND GAN

ties of the ZQ spectra FH
ij (0) can be approximately evaluated

from the cross-product of two one-quantum spectra (31, 32) .
These are obtained from sections along v1 in the 2D sepa-
rated-local-field spectrum (26) shown in Fig. 5. The calcu-
lated rate constants are displayed in Fig. 4d. The mean value
is 15.5 s01 and the variations are between{19%. Their mean
value is 30% higher than that of the experimental data (Fig.
4c) . Nevertheless, if the distance between the two carboxylic
carbons is calculated from the experimental rate constants,
the obtained value, 3.23 Å, is only 6% larger than that mea-

FIG. 3. Schematic representation of the angles uc , fc , and C. The polar
angles uc and fc define the orientation of the twofold symmetry (C2) axis
in the principal axis system of the CSA tensor of the carboxylic carbon.
The molecular frame (xm, ym, zm) is defined such that its zm axis is perpen-
dicular to the OCO plane and its ym axis is along the C|O bond. In
combination with the angles uc and fc , the rotation of angle c about the
C2 axis defines unequivocally the orientation of the CSA tensor in the
molecular frame. For C Å 07 the z axis of the CSA tensor is in the plane
defined by the C2 axis and the zm axis.

They are partially reflected in the large errors for the parame-
ter C. Most probably, these deviations are due to the simplic-
ity of the model used to calculate the rate constants. The
model considers only the coupling bij between two nearest
S spins explicitly; the other couplings among the S spins are
assumed to broadened the energy levels of the two neighbors
so that the broadening is larger than the coupling bij and

FIG. 4. Rate constants of RF-driven and S-MAS polarization transferindependent of the resonance frequencies of the two neigh-
between the two carboxylic carbons in phthalic acid as a function of the

bors. This type of model can describe the spin dynamics of resonance frequencies VA and VB . (a) Experimental rate constants obtained
homonuclear systems with dominant dipolar couplings only from RF-driven polarization-transfer experiments using the WALTZ17 se-
to a limited accuracy. quence. The rate constants were measured from a fit to a straight line of

the time dependence of the off-diagonal intensities in the initial rate regime
scaled by the respective intensities of the quasi-equilibrium spectrum. SixRATE CONSTANTS OF POLARIZATION TRANSFER
experiments were used with mixing times increasing from 0 to 2.5 ms
in 0.5-ms steps. For each pair of resonance frequencies, only cross-peak

The rate constants of polarization transfer measured under intensities below half of the respective quasi-equilibrium value were consid-
ered. The decay of the spin-locked magnetization during the mixing timeRF-driven conditions vary from 20 to 330 s01 (Fig. 4a) .
was negligible. (b) Best fit of the distribution of the rate constants shownThe variation is due to a correlation between the resonance
in (a) . The angle C of the rotation of the principal axis system of thefrequencies and the orientation of the 13C– 13C vector with
carboxylic 13C CSA tensor about the twofold symmetry axis (see Fig. 3)

respect to the static magnetic field. This orientation is a and the intensity of the ZQ spectrum at frequency zero FRF(0) were opti-
determinant for the strength of the dipolar coupling, and mized. The results are C Å 4.97 { 7.07 and FRF(0) Å (1.98 { 0.01) 1

1004 s. (c) Experimental rate constants obtained from S-MAS polarization-consequently, for the rate of polarization transfer.
transfer experiments. The rate constants were measured from four experi-The rate constants measured using S-MAS are shown in
ments with mixing times 0, 10, 20, and 30 ms as mentioned in (a) . Longitu-Fig. 4c. Their mean value is 11.5 s01 and their variations
dinal relaxation during the mixing time was negligible. (d) Rate constants

are confined within {13%. The rate constants WV AB can be of polarization transfer under S-MAS calculated from the crystal structure
calculated from Eq. [6] using the orientation of the CSA and the intensities of the ZQ spectrum. The ZQ intensities were obtained

from cross-products of two proton-coupled one-quantum spectra.tensor in the molecular frame determined above. The intensi-
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259RF-DRIVEN AND S-MAS POLARIZATION-TRANSFER TECHNIQUES

the variations of the rate constants increased only up to
{25%. It is important to note that if different orientations
of the internuclear vector exist for the same relative orienta-
tion of the two CSA tensors, the error will be substantially
lower than that given above. Such geometries are expected
in amorphous systems.

The two polarization-transfer techniques can be compared
on the basis of the differences between the rate constants in
Figs. 4a and 4c. On average, the RF-driven technique can
transfer spin order faster. However, the duration of the trans-
fer is limited by the decay of the spin-locked polarization,
while under S-MAS the longest transfer time is set by the
longitudinal relaxation of the magnetization.

Both techniques can be used to study local order in polycrys-
talline or amorphous solids. The RF-driven technique pre-
serves the sensitivity of the rate constants to the orientation
of the vector between the correlated nuclei in the molecularFIG. 5. Experimental 2D separated-local-field spectrum of the carbox-

ylic carbons in phthalic acid. The one-quantum spectra, resolved according frame. In contrast, the S-MAS technique offers the possibility
to the chemical shifts, can be obtained from sections along v1 . to study orientational correlation as a function of the distance

only. This can be especially useful for studying local order in
amorphous solids. If P(a, b, g, r) defines the probability of

sured by X-ray (28) . The regions of low and high rate finding two groups whose distance is r and whose relative
constants in the two data sets coincide well, but the relative orientation is given by the Euler angles (a, b, g), the weighted
deviations from the respective mean value are larger for the probability integrated over the whole distance range,
calculated rate constants. The smaller experimental mean PV (a, b, g) Å * P(a, b, g, r)r06dr, might be reconstructed
value and the smaller experimental variations compared to from the rate constants. Such probability distribution would
those calculated are, at least partially, due to deviations from provides direct information about local order even if a detailed
the initial rate regime, where the off-diagonal intensities are molecular model is not available.
assumed to increase linearly with the mixing time. If the explicit dependence of the rate constants on the

If the rate constants are calculated by averaging the geo- orientation of the vector between the spins is not desired,
metrical part and the spectral part separately in Eq. [6] , three aspects speak in favor of the S-MAS technique. First,
» (3 cos2(uij) 0 1)2

…AB » FH
ij (0) …AB , the resulting values dif- the broadening of the energy levels of the S spins by the

fer from those in Fig. 4d by less than 2%. Furthermore, the nearby protons is usually much larger than the dipolar inter-
variations of » FH

ij (0) …AB as a function of the resonance fre- actions among the S spins, so that perturbation theory, lead-
quencies VA and VB are below 4%. Therefore, most of the ing to Eq. [1] (23, 24) , can be safely applied. Second, polar-
variations of the rate constants in Fig. 4d are due to an ization transfer under S-MAS is hardly sensitive to the ZQ
incomplete averaging under S-MAS of the dependence of linewidth (18) . Therefore, errors made by approximating
the rate constants on the angular part of the dipolar coupling. the ZQ spectrum by the cross-product of two 1Q spectra

To obtain a more general understanding of the averaging have little effect on distances obtained from rate constants
of polarization transfer under S-MAS, rate constants were of polarization transfer under S-MAS. Third, the S-MAS
calculated for different relative orientations of the CSA ten- technique can easily be used to study systems with a reso-
sors and different orientations of the internuclear vector. nance-frequency spread of many tens of kilohertz on stan-
These calculations show that the variations of the rate con- dard commercial spectrometers, while the investigation of
stant WV AB depends on the relative orientations of the in- such systems with the RF-driven technique would require
ternuclear vector and the CSA tensors. However, over the RF fields much stronger than 100 kHz.
whole frequency range, the maximal deviation from the
mean value remains almost constant, slightly below {20%. CONCLUSION
For the typical situation where the width of the ZQ line is
on the same order as the range covered by the resonance The comparison of rate constants in a model system has

demonstrated a major difference between RF-driven and S-frequencies, this is a good estimation of the maximal error
made when using Eq. [7] to establish a relationship between MAS polarization transfer. While both techniques can render

the transfer of polarization independent of resonance fre-the structure and the rate constants of polarization transfer.
Even when the width of the ZQ line is more than one order quency, they lead to different dependences of the rate con-

stants on the orientation of the internuclear vector with re-of magnitude narrower than the resonance-frequency range,
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