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One- and two-dimensional 13C exchange nuclear magnetic reso-
nance experiments under magic-angle spinning (MAS) can provide
detailed information on slow segmental reorientations and chem-
ical exchange in organic solids, including polymers and proteins.
However, observations of dynamics on the time scale of seconds or
longer are hampered by the competing process of dipolar 13C spin
exchange (spin diffusion). In this Communication, we show that fast
MAS can significantly slow down the dipolar spin exchange effect
for unprotonated carbon sites. The exchange is measured quantita-
tively using the centerband-only detection of exchange technique,
which enables the detection of exchange at any spinning speed,
even in the absence of changes of isotropic chemical shifts. For
chemically equivalent unprotonated 13C sites, the dipolar spin ex-
change rate is found to decrease slightly less than proportionally
with the sample-rotation frequency, between 8 and 28 kHz. In the
same range, the dipolar spin exchange rate for a glassy polymer
with an inhomogeneously broadened MAS line decreases by a fac-
tor of 10. For methylene groups, no or only a minor slow-down of
the exchange rate is found. C© 2001 Academic Press
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INTRODUCTION

Slow molecular processes with ratesk = 1/(2τc) on the or-
der of 103/s down to less than 0.1/s play an important role in
materials properties of synthetic polymers (1, 2), the function of
biopolymers (3), transport of small molecules in zeolites (4, 5),
or structure–property relationships in food-related materials6).
Solid-state exchange nuclear magnetic resonance (NMR) m
suring segmental reorientations (2, 7–11) is a powerful tool for
studying such processes since it provides information abou
time constants as well as the geometry of the segmental mo
with high selectivity. In particular, 1D magic-angle spinnin
(MAS) exchange NMR methods (12–17) provide good signal
intensity and site resolution.

A shortcoming common to all solid-state exchange exp
iments is that they cannot directly distinguish the effects
1 To whom correspondence should be addressed. E-mail: srohr@iastat
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molecular dynamics and dipolar-coupling-induced spin
change (also referred to as13C spin diffusion) (18–23). The
only known way to achieve this is to vary the parameters t
control the rates of the exchange processes. For exampl
experiments at different temperatures one expects the ra
the motional process to change while the dipolar spin excha
processes remain nearly unaffected (24). However, even if one
can tell the processes apart (24–26), spin diffusion prevents
the detection of molecular motions with time constants clo
to or slower than those of the spin exchange. Dipolar13C
spin exchange in organic solids at natural isotopic abunda
becomes significant on a time scale of 0.5 to 5 s (25–27), with
a strongly nonexponential profile (28, 29).

To extend the dynamic range of the experiments toward lon
mixing times, one must decrease the rate of dipolar spin
change. Methods for controlling the rate of13C spin diffusion
have been the subject of many papers (for a review, see (22)).
However, the main intention in most cases has been to sp
up the spin exchange process, in order to use it in correla
experiments for structural studies. So far, no exchange exp
ment with reduced dipolar13C spin diffusion on the time scale
of seconds has been successfully demonstrated.

Fast MAS suppresses the13C–13C and13C–1H dipolar cou-
plings as well as instantaneous isotropic and anisotropic ch
ical shift differences that form the homogeneous Hamilton
(30) responsible for13C spin diffusion. While more traditiona
MAS exchange NMR methods such as EIS (12), ODESSA (13,
14), and time-reversed ODESSA (13, 14) utilize the alteration
of relative spinning sideband intensities due to the excha
processes and thus work well only for moderate MAS rotat
speeds, the centerband-only detection of exchange (COD
technique can be performed at any MAS frequency (15, 16).

In this Communication, we show that CODEX NMR und
fast MAS is a successful approach for performing excha
NMR that can characterize segmental reorientations, w
reducing the efficiency of undesirable dipolar spin exchan
between unprotonated carbons by means of the high spin
29 1090-7807/01 $35.00
Copyright C© 2001 by Academic Press

All rights of reproduction in any form reserved.



I

s
a
v

l
e

l

y
e

-

e

a

up
ue

er

e,

ic

for
ith
re
130 COMMUN

speed. We have studied various13C-labeled model compound
to quantify the spinning-speed dependence of the spin exch
between chemically equivalent sites. This case is most rele
for dynamics studies using singly13C-labeled molecules or seg
ments, where spin diffusion between the chemically equiva
labeled sites limits the detection of motions on the time scal
seconds (24–26).

THEORETICAL BACKGROUND

CODEX and fits of the mixing-time dependence.In a
CODEX experiment, both exchange and reference data are
quired and compared for each mixing time. In this way, t
influence ofT1 relaxation drops out and the resulting exchan
intensity is normalized to values ranging from unity fortm¿ τc

down to 1/M for tm À τc. M is the number of sites accessib
to the exchange process. For spin exchange, the distributio
exchange rates can be taken into account by replacing the e
nential decay by a stretched exponential function (29, 31). The
CODEX decay in the case of sufficiently long CODEX reco
pling cycles (δNtRÀ 2π, δ being the chemical shift anisotrop
parameter andtR = 1/νR the MAS rotation period) can thus b
expressed as (16)

I (tm) = 1

M
+
(

1− 1

M

)
· e−(tm/τSD)β , [1]

with the spin diffusion time constantτSD and the nonexponen
tiality parameterβ. In a crystalline material,M is identical to
the number of magnetically inequivalent sites per unit cell. F
the amorphous polycarbonate,M approaches infinity becaus
of the extremely large number of different relative orientatio
of two neighboring carbonate groups. In the fitting of the e
perimental decays, 1/M was kept fixed at its theoretical value
which provides a more reliable fit.

RESULTS AND DISCUSSION

Figure 1 shows cross-polarization/magic-angle spinn
(CP/MAS) spectra for both the alanine–glycine mixture (a) a
the polycarbonate–glycine mixture (b) (see Experimental fo
description of the sample compositions; the powder mixtu
of these13C-labeled compounds were prepared simply to m
sure several compounds simultaneously and thus reduce
experiment time; this also ensures identical experimental c
ditions for the components of a given mixture). In (a), the pe
(from low field) are due to13COO alanine,13CH2 glycine, and
13CH3 alanine. The splitting of the glycine methylene signal in
two peaks is due to two different crystal modifications (32): the
line at∼43 ppm corresponds to theγ -form, while that at about
44 ppm is the signal of theα-modification. The different forms

differ in the number of magnetically inequivalent molecules p
unit cell, determined by crystallography, and thus in the num
M in Eq. [1]: M = 3 for theγ - (33, 34), andM = 2 for theα-
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FIG. 1. CP-MAS spectra of the mixtures of (a)13COO alanine (Ala),
13CH2–15N glycine (Gly), and13CH3 alanine at a rotation speed ofνR =
8 kHz; (b) 100% O13COO-labeled polycarbonate (PC) and13COO glycine at
νR = 28 kHz. TPPM decoupling atγ B1/2π = 130 kHz was applied. A total of
32 accumulations were added for each spectrum.

form (35). Since theT1 of 13CH3 alanine is only∼70 ms, reliable
exchange decays could not be obtained for this methyl gro
and will not be discussed. The resonances in Fig. 1b are d
to (from low field)13COO glycine and O13COO polycarbonate
(PC). Figure 2 shows CODEX decays for13CH2 glycine as well
as the carboxyl carbons in unlabeled methylmalonic acid (upp
right corner) in (a), O13COO PC in (b), and13COO glycine in
(c). To cover several orders of magnitude of the mixing tim

FIG. 2. CODEX decaysS/S0 (tm) for (a)13CH2 glycine:α-(filled symbols)
andγ -form (open symbols). Data for the COO site in unenriched methylmalon
acid are shown in the upper right corner, with rotation frequencies of 5 (v), 10
(e), and 25 kHz (s) at NtR = 0.8 ms. (b) O13COO-Enriched polycarbonate.
(c) 13COO-Labeledγ -glycine. For the13C-enriched samples,NtR was set to
1 ms for (a) and to 0.5 ms for (b) and (c). Sample rotation frequencies
the 13C-enriched samples of 8, 12, 16, 20, 24, and 28 kHz were used, w
corresponding symbols indicated in (c). A total of 128 accumulations we

er
ber

added at each mixing time for both the exchange (S) and the reference (S0)
experiment, except for unenriched methylmalonic acid, which was measured
with 576 and 5760 scans at 10 and 25 kHz, respectively.
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FIG. 3. Spin exchange timesτSD = (kSD)−1 vs MAS rotation frequency
νR for the five13C-enriched substances (four amino acids and polycarbon
as indicated in the plot. The time constantsτSD were extracted by fitting the
CODEX decays of Fig. 2 with Eq. [1]. The dashed line is the functionτSD = 5×
10−5S2νR.

we have chosen a plot of intensity vs log(tm). The time constant
τSD of the spin diffusion process is close to the mixing tim
value at which the intensity drops down to 1/e. It is obvious
from Fig. 2 that the effect of the sample rotation rate is qu
different for different types of carbons: it ranges from almo
no effect (13CH2 glycine) to a slow-down of the spin diffusion
by almost one order of magnitude (PC). In order to enabl
more detailed discussion, we fitted all decays with Eq. [1] a
plotted the extracted13C spin diffusion time constantsτSD as
a function of the MAS rotation frequency in Fig. 3. The no
exponentiality parameterβ ranges between 0.7 and 0.8, exce
for theα-carbons in glycine, where it is around 0.9 for13CH2 in
γ -glycine and close to 1.0 for13CH2 in α-glycine.

For the unenriched methylmalonic acid, the data shown in
upper right corner of Fig. 2a exhibit a significant shift to t
right, which shows a marked slow-down of spin exchange w
increasing rotation speed. However, sensitivity and experime
time did not permit the measurement of more complete s
diffusion curves; therefore, we will discuss only the data fro
the13C-enriched substances in more detail.

Discussion of13C spin diffusion. To discuss the differen
behavior of the spin diffusion time constantτSD, we divide the
five different types of carbons into three groups. The carbo
carbons in13COO alanine and13COO glycine are typical exam
ples of unprotonated chemically equivalent carbons, while thα-
carbons in the two13CH2 glycines are examples for strongly1H-
coupled carbons. Last, the 500-Hz inhomogeneously broade
resonance of PC represents a distribution of isotropic chem
shifts due to conformational effects in the amorphous polym

Thus, this substance is an example for spin exchange betw
slightly chemically nonequivalent carbons.
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Since the spin exchange under the present conditions invo
the direct13C–13C coupling as well as the1H–13C and1H–1H
couplings, a quantitative description is complicated and beyo
the scope of this Communication. Spin dynamics simulatio
might provide deeper insight. However, it is expected that at le
for the strongly coupledα-carbons, the1H–1H couplings play
a major role; thus, more spins may have to be considered t
can currently be handled in rigorous calculations. Therefore,
will restrict ourselves to a qualitative discussion.

Several cases of spin exchange have been treated in
literature. A common one is proton-driven spin diffusio
(18, 22, 36). In this case, the coupling of the13C’s to protons, as
indicated by the undecoupled homogeneous13C linewidth, is
much larger than the13C–13C dipolar coupling. The spin diffu-
sion rate is then proportional to the overlap integral of the lines
the exchanging13Cs, which increases with decreasing linewid
(18, 22, 23, 36).

Spin exchange between chemically equivalent spins.A
more tractable case is exchange between chemically equ
lent proton-decoupled13C sites, first treated by Maricq and
Waugh (30) and sometimes considered “n = 0 rotational reso-
nance” (37). Chemically equivalent spins (more generally, spi
in the strong coupling limit of|ωA

iso − ωB
iso|<ωAB

dipol) with dif-
ferent chemical shift tensor orientations, i.e., magnetic inequ
alence, exchange magnetization with a rate that is proportio
to D ·1σ/νR, D being the dipolar coupling and1σ the instan-
taneous isotropic and anisotropic chemical shift difference (30),
which reflects the difference in orientation of the interactio
chemical shift tensors (30). Even though the dipolar coupling is
much smaller than the rotation speed and the isotropic che
cal shift difference is zero, MAS does not “spin out” the dipol
coupling up to very high rotation frequencies. The sum of the
stantaneous anisotropic chemical shift difference and the dip
coupling does not commute with itself at different rotor orie
tations, i.e., they form a homogeneous Hamiltonian in the se
of Maricq and Waugh (30). Thus, the anisotropy effect after
full rotation period does not vanish. It increases proportion
to the dipolar couplingD and the instantaneous chemical sh
difference1σ .

For this description to be applicable, the1H–13C coupling
must be negligible. This is the case when sufficiently stro
proton decoupling is applied during the mixing time. It als
holds if the effective C–H coupling under MAS is smaller tha
the13C–13C dipolar coupling responsible for the spin exchang
this can be achieved for unprotonated carbons by fast s
ple rotation. The linewidths plotted in Fig. 4 show that this
indeed the case for the COO carbons at rotation speeds a
∼15 kHz.

The essential dependence for our consideration is the de
dence of the spin exchange rate 1/τSD on 1/νR, the inverse of
the rotation frequency. It can be seen from Fig. 3 that the c

eenboxylic carbons in13COO alanine and13COO glycine fit the
expected dependenceτSD ∼ νR relatively well for high rotation
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FIG. 4. Linewidths of13C resonances without1H decoupling. The symbols
match those in Fig. 3. For13COO–alanine and13COO–glycine, it was deter-
mined by measuring the linewidth in undecoupled CP/MAS spectra; otherw
it was determined by rotor-synchronized Hahn-echo experiments withou1H
decoupling during the echo delays. Due to longer Hahn-echo delays for sl
rotation frequencies, the first CH2 data points of1 and, were obtained from
two delays only; thus, they have a larger uncertainty, which might explain the
expected drop for the lowest rotation speed. Dashed lines indicate the stro
relevant13COO–13COO dipolar coupling in alanine, glycine, and polycarb
nate, as determined from the crystal structures and from NMR data.

speeds. To show the shape of this dependence, we have p
the dashed lineτSD = 10−5S2νR for comparison. The difference
in the absolute values forτSD for alanine and glycine is probabl
due to the different distances and relative13COO-group orien-
tations in their crystal structures, i.e., due to differences inD
and1σ .

Effects of homogeneous C–H linewidth.At smaller speeds
the change in the spin exchange time constant withνr is slowed
down by a counteracting effect: The line narrowing with incre
ing rotation speed observed in Fig. 4 leads to a more efficient
onance overlap with increasingνR, which according to the theory
of proton-driven spin diffusion increases the spin diffusion r
(18, 22, 27). As a result, the increase ofτSD with νR at slower
rotation speeds is less steep than theνR-proportional curve.

For the strongly1H-bonded CH2 carbons in glycine, proton
driven spin diffusion will lead to efficient spin exchange
(shorterτSD), as we indeed observed experimentally. The
pendence of the spin-diffusion rate on the rotation frequenc
only weak. This can be understood from the presence of str
13C–1H and 1H–1H couplings that are not considered in th
theory of Maricq and Waugh (30). These couplings are reflecte
in the widths of the undecoupled13C resonances. For13COO
glycine and13COO alanine, we measured the linewidth from C

MAS spectra that were acquired without1H decoupling. Since
this is not possible for theα-carbons and the carboxyl carbon i
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PC due to spectral overlap and distribution of isotropic che
cal shifts, respectively, we performed rotor-synchronized Ha
echo experiments for these compounds (without1H decoupling
during the echo delays). The results are plotted in Fig. 4.
much larger linewidths of the CH2 carbons, compared to those
the carboxylic carbons, confirm the presence of stronger1H–13C
and 1H–1H couplings. A more detailed discussion would r
quire an extensive theoretical treatment and/or extensive
dynamics simulation and is beyond the scope of this Comm
cation.

Spin exchange between chemically inequivalent sites.The
strongest effect of the rotation speed on the spin exchange
constant is seen for the O13COO-labeled PC. It again repre
sents weakly1H-coupled13C spins but in contrast to the case
13COO alanine and13COO glycine, the exchange now happe
between slightly chemically inequivalent spins. Since the m
imum isotropic chemical shift difference is comparable to, a
the13C–1H dipolar coupling is always smaller than, the13C–13C
dipolar coupling, this case represents a good example for
theory of Maricq and Waugh (30). Indeed, the dependence
the spin exchange time constant qualitatively fits the expe
dependence on the rotation frequencyτD ∼ νR. This result ob-
tained for PC is expected to be generally relevant for excha
NMR investigations of unprotonated sites in amorphous po
mers. The results shown here indicate that the application of
MAS in exchange experiments will extend the applicability
such experiments considerably. Given that the overall dyna
range of MAS exchange studies of molecular dynamics c
ers about three frequency decades so far, gaining one addit
frequency decade by efficiently suppressing spin diffusion p
vides an extension of the dynamic range for the observatio
molecular motions by about one-third.

SUMMARY AND OUTLOOK

Combining fast MAS and the recently introduced CODE
technique, we have studied the spinning-speed dependen
the rate of13C spin exchange. Quantitative experiments w
performed using singly13C-labeled compounds. The data sho
that it is possible to reduce the rate of dipolar13C spin ex-
change between chemically equivalent unprotonated nucle
proximately inversely proportional to the rotation speed.
unprotonated chemically inequivalent sites, the reduction m
be even stronger. A fourfold increase in rotation frequency
28 kHz, reduced the spin diffusion rate in O13COO-labeled poly-
carbonate, where the13C-labeled sites are slightly chemical
inequivalent, by a factor of 10. Limited data of COO groups
unlabeled methylmalonic acid also showed a measurable s
down of spin exchange. On the other hand, the proton-dr
spin diffusion between CH2 groups was not strongly depende
on the rotation speed, up to the maximum of 28 kHz used h
These results are expected to also apply for studies of slow
n
namics using other important nuclei like15N (17). Although the
use of fast MAS requires small MAS rotors with limited sample
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volume, this is in part compensated by the better radiofreque
performance of such probes. Also, for partially enriched s
stances the necessary minimum number of 128 accumulat
as required for complete phase cycling, may be already s
cient for a reasonable signal-to-noise ratio, as we have sh
for the singly labeled amino acids. We anticipate that furt
developments in probe technology will enable even higher
tation speeds (38) so that the disturbing effect of dipolar13C
spin exchange in MAS studies of slow dynamics can be furt
reduced.

EXPERIMENTAL

NMR parameters. Experiments were performed on
DSX400 spectrometer using a Bruker 2.5-mm MAS pro
Typical 13C 90◦ pulses were 2.5 µs, and1H-TPPM (two-pulse
phase modulation) decoupling fields of 130 kHz were appli
Constant amplitude cross polarization at the (−1) spinning side-
band of the matching condition was used, with a Hartman
Hahn match carefully adjusted for each MAS spinning f
quency.

The CODEX technique is a 1D MAS exchange method t
works well under the conditions of fast MAS (15, 16). It is
based on a stimulated echo generated by the anisotropic che
shift which is recoupled before and after the mixing time
trains of two 180◦ pulses per rotation period. The recouplin
efficiency depends only on the total time of recoupling (16) and
can be matched easily for different rotation frequencies. Un
conditions of fast spinning, transverse relaxation is very slo
therefore, it is necessary to extend the original phase cycle
proper cancellation of transverse magnetization that has surv
the z-periods, not only the mixing timetm but also the second
z-periodtz. For the convenience of the reader, we provide t
phase cycle in the Appendix.

It must be noted that recoupling of dipolar interactions
fast-relaxing heteronuclei (for example,14N) will result in addi-
tional exchange (39, 40). In amino acids, this relaxation-induce
dipolar exchange with recoupling (RIDER) effect (39) is largest
for α-carbons since they are directly bonded to nitrogen.
that reason, the model substance forα-carbons,13CH2-labeled
glycine, was also15N enriched. Since theT1 of 15N is longer than
that of14N, the RIDER effect, which becomes effective only
long recoupling timesNtr anyway (39), will be small, and we
have neglected it in this work.

Samples. In compounds at natural13C abundance, the ratio
of spin exchange rate and the relaxation timeT1 is often close
to 1. Spin exchange is so slow that the duration of the mix
time, and thus the whole experiment, becomes very long, and
sensitivity is low. Therefore, precise data are difficult to obta
with such compounds. For this reason, we used mostly13C-
labeled amino acids and a polymer in which the spin excha
rate is about one order of magnitude faster than in natural a

dance, so that exchange decays can be acquired in reaso
experimental times. At ambient temperature and on the ti
CATIONS 133
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scale of interest, these molecules or their building blocks co
taining the13C nuclei under investigation do not perform signif-
icant molecular motions.

We used two13C-labeled samples containing powder mixture
of five polycrystalline amino acids and one glassy polymer. Th
mixtures are not special in any way; they simply permitted u
to reduce the experiment time, since the components in a giv
mixed powder are measured simultaneously. Each compon
can be clearly identified, based on its characteristic isotrop
chemical shifts. Due to the large grain sizes in the powder mi
tures, undesired spin exchange between the molecules of the
ferent materials is completely insignificant. This approach als
ensures identical measurement conditions for all components
the mixture. The first sample (alanine–glycine mixture) contain
13COO alanine (1-13C alanine),13CH2–15N glycine (2-13C,15N
glycine), and13CH3 alanine (3-13C alanine) (99% labeled, 4 mg
of each); the other (polycarbonate–glycine mixture) consists
9 mg of 100% O13COO bisphenol-A polycarbonate and 1.3 mg
13COO glycine (1-13C glycine). Running through the minimum
phase cycle of 128 accumulations for each mixing time, at sho
mixing times we obtained a signal-to-noise ratio of about 1
for polycarbonate and of more than 100 for the13C-enriched
sites in the amino acids. The overall acquisition time for eac
sample covering 10 logarithmically spaced mixing times wa
about 2.5 h at each rotation speed. In addition, we used ab
10 mg of methylmalonic acid as a sample with13C in natural
isotopic abundance. All compounds except for PC were obtain
commercially and used without further treatment.

APPENDIX

Under fast MAS, transverse magnetization can survive mixin
times of even some tens of milliseconds, as it is evident fro
the longT2 times in Fig. 4. We provide here an extended phas
cycling that takes care of the proper cancellation of undesir
transverse components during bothtm and tz. The 180◦ pulses
of the CODEX recoupling cycles have fixed phases accordi
to thexy8 scheme (41) and will not be listed below. The terms
“store” and “read-out” refer to the 90◦ pulses before and after
the mixing time. “First” refers to the mixing timetm between
the evolution times, “second” to the secondz-period, thez-filter
tz before data acquisition.

1H-90◦ (+x−x)64

1H-CP (+y)128

13C-CP (+x)128

First store pulse ((−y)8(−x)8(+y)8(+x)8)4

First read-out pulse ((+y)8(+x)8)2((−y)8(−x)8)2

((−x)8(+y)8)2((+x)8(−y)8)2

Second store pulse (−y)64(−x)64

Second read-out pulse ((+y)2(−x)2(−y)2(+x)2)16
nable
me

Receiver ((0 2 1 3 2 0 3 1)2 (2 0 3 1 0 2 1 3)4

(0 2 1 3 2 0 3 1)2)2
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The first two steps in the phase cycle eliminate spurious sign
from T1 relaxation during the secondz-period (tz) and suppress
directly excited13C signals by alternating the sign of the1H
excitation pulse. The next three steps, which complete the
eight scans, cycle the second read-out pulse and the receive
keep the second store pulse constant. This achieves CYCLO
(42) phase cycling as well as the cancellation of transverse m
netization that might have survivedtz. The proper combina-
tion of signals is obtained in the next step (cos81 · cos82 and
sin81 · sin82; see (15, 16)). The inversion of the first store pulse
in concert with the receiver results in the removal of spurio
signals fromT1 relaxation duringtm. Finally, the cancellation of
transverse magnetization that might have survived the mix
time tm (first z-period) is achieved by a fourfold cycling of the
first read-out pulse.
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