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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. © 2001 Academic Press

INTRODUCTION

Slow molecular processes with rates= 1/(2z;) on the or-

der of 16/s down to less than 0.1/s play an important role in t
materials properties of synthetic polymets?®), the function of

biopolymers 8), transport of small molecules in zeolitek ),

or structure—property relationships in food-related mater@&ls (
Solid-state exchange nuclear magnetic resonance (NMR) m
suring segmental reorientatiors 7—1J is a powerful tool for

studying such processes since it provides information about
time constants as well as the geometry of the segmental motih
with high selectivity. In particular, 1D magic-angle spinnin
(MAS) exchange NMR method42-17 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

molecular dynamics and dipolar-coupling-induced spin ex-
change (also referred to 43C spin diffusion) (8-23. The
only known way to achieve this is to vary the parameters tha
control the rates of the exchange processes. For example,
experiments at different temperatures one expects the rate |
the motional process to change while the dipolar spin exchang
processes remain nearly unaffect@d)( However, even if one
can tell the processes apa4{26, spin diffusion prevents
the detection of molecular motions with time constants close
to or slower than those of the spin exchange. Dipdfa
spin exchange in organic solids at natural isotopic abundanc
becomes significant on a time scale of M5ts £5-27, with

a strongly nonexponential profile§, 29.

To extend the dynamic range of the experiments toward longe
mixing times, one must decrease the rate of dipolar spin ex
change. Methods for controlling the rate’8€ spin diffusion
have been the subject of many papers (for a review, 28¢. (
However, the main intention in most cases has been to spee
up the spin exchange process, in order to use it in correlatio
experiments for structural studies. So far, no exchange exper
ment with reduced dipoldC spin diffusion on the time scale
of seconds has been successfully demonstrated.

Fast MAS suppresses tRéC—-3C and'3C-H dipolar cou-

he. ) . . ! :
p%ngs as well as instantaneous isotropic and anisotropic chen

ical shift differences that form the homogeneous Hamiltonian
(30) responsible fof3C spin diffusion. While more traditional
\S exchange NMR methods such as E18)( ODESSA (3,
, and time-reversed ODESSAZ, 19 utilize the alteration

Q]ferelative spinning sideband intensities due to the exchang

Qcesses and thus work well only for moderate MAS rotatior
peeds, the centerband-only detection of exchange (CODE>
echnique can be performed at any MAS frequeridy; (L.§.

In this Communication, we show that CODEX NMR under
fgst MAS is a successful approach for performing exchange

‘E\WR that can characterize segmental reorientations, while

reducing the efficiency of undesirable dipolar spin exchange

1 To whom correspondence should be addressed. E-mail: srohr@iastate.b@tween unprotonated carbons by means of the high spinnin
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speed. We have studied variot¥€-labeled model compounds

to quantify the spinning-speed dependence of the spin exchange
between chemically equivalent sites. This case is most relevam(a)
for dynamics studies using singl§C-labeled molecules or seg-
ments, where spin diffusion between the chemically equivalent
labeled sites limits the detection of motions on the time scale of
secondsZ4-269. sib oY
THEORETICAL BACKGROUND 180 140 100 60 20 ppm

13C00 Gly

13C00 Ala
13CH; Ala

13CH, Gly

CODEX and fits of the mixing-time dependencia a
CODEX experiment, both exchange and reference data are ac-(b)
quired and compared for each mixing time. In this way, the
influence ofT; relaxation drops out and the resulting exchange
intensity is normalized to values ranging from unity far< . 013co0 PC
down to M for t,, > 1.. M is the number of sites accessible
to the exchange process. For spin exchange, the distribution ol 190 170 150 130 ppm
exchange rates can be taken into account by replacing the expo-
nential decay by a stretched exponential funct@2®, @). The  FIG. 1. CP-MAS spectra of the mixtures of (2fCOO alanine (Ala),
CODEX decay in the case of sufficiently long CODEX recou-CHz—°N g'ygi”eg(G'y)f and'*CH; alanine at a rotation speed ok =
ping cycles €Nia > 2r, 5 being he chemical st aisotropy” 4 0 100 8GO0 el acatiort () dhoco gvere
parametedl’ ag-dg)z 1/vr the MAS rotation period) can thus be32 accumulations were added for each spectrum.
expressed a

1 1 o form (35). Since theT; of 13CH; alanine is only~70 ms, reliable
| (tm) = Vil (l - M) - /T [1] exchange decays could not be obtained for this methyl grou
and will not be discussed. The resonances in Fig. 1b are du
, e b _to (from low field)**COO glycine and &COO polycarbonate
with the spin diffusion time constanf® and the nonexponen (PC). Figure 2 shows CODEX decays 1€H; glycine as well

tiality parameters. In a crystalline materialM is identical to . . .
ty p B L cryst . .M . as the carboxyl carbons in unlabeled methylmalonic acid (uppe
the number of magnetically inequivalent sites per unit cell. FOr

o= right corner) in (a), ®COO PC in (b), and®COO glycine in
the amorphous polycarbonaté, approaches infinity because ) o
i . . . (c). To cover several orders of magnitude of the mixing time,

of the extremely large number of different relative orientation

of two neighboring carbonate groups. In the fitting of the ex-

perimental decays,/M was kept fixed at its theoretical value, 10 Metbylmalonic acid [ 4 o o,
; ; ; : €00 §x EENSEN
which provides a more reliable fit. S/8, ~ N
0.8 \\'\\‘§'§\<8 kHz|
S\
RESULTS AND DISCUSSION a-Gly TR
0.6 AR '\
Figure 1 shows cross-polarization/magic-angle spinning \\s \
(CP/MAS) spectra for both the alanine—glycine mixture (a) anc 04 2 )
the polycarbonate—glycine mixture (b) (see Experimental for i |
description of the sample compositions; the powder mixture . . H |
of these!3C-labeled compounds were prepared simply to mea oL &2 (®) 0”CO0PC (¢) °CO0Gly
sure several compounds simultaneously and thus reduce t %% 01 g1 10 0 gt 10 oLt 10

experiment time; this also ensures identical experimental con- L _ _
ditions for the components of a given mixture). In (a), the peaks G2 CODEXdecays/$ (tm) for (a) “CHs glycine:a-(filled symbols)
f | field due td3COO0 alaninel*CH. glvci d andy -form (open symbols). Data for the COO site in unenriched methylmalonic
ggl’om ow _Ie ) are u_e. a am,ne’ 29 ycmg, an " acid are shown in the upper right corner, with rotation frequencies &f)510
CHgz alanine. The splitting of the glycine methylene signal int@y), and 25 kHz ©) at Ntz = 0.8 ms. (b) G3COO-Enriched polycarbonate.
two peaks is due to two different crystal modificatioBR){ the (c) 13COO-Labeledy-glycine. For the'3C-enriched sampled\tz was set to
line at~43 ppm corresponds to theform, while that at about 1 ms for (@) and to 0.5 ms for (b) and (c). Sample rotation frequencies fo
44 ppm is the signal of the-modification. The different forms the ~°C-enriched samples of 8, 12, 16, 20, 24, and 28 kHz were used, wit}

differ in th b f tically i ivalent | | corresponding symbols indicated in (c). A total of 128 accumulations were
ifrer in the number of magnetically inequivalent molecules p%ﬁded at each mixing time for both the exchang8gdnd the references)

unit cell, determined by crystallography, and thus in the numbgiyeriment, except for unenriched methylmalonic acid, which was measure
M in Eq. [1]: M = 3 for they- (33, 39, andM = 2 for thew-  with 576 and 5760 scans at 10 and 25 kHz, respectively.
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10 s7 . - Since the spin exchange under the present conditions involve
013C00 PC 3 the direct'3C-3C coupling as well as theH-3C and'H-'H
/ couplings, a quantitative description is complicated and beyon
% the scope of this Communication. Spin dynamics simulation:s
SD ] . . . . o
T QACOO Gly might provide deeper insight. However, itis expected that at leas
e — for the strongly coupled-carbons, théH-'H couplings play
& . . A
a major role; thus, more spins may have to be considered the
1s ./-// - can currently be handled in rigorous calculations. Therefore, we
1 ¢ , will restrict ourselves to a qualitative discussion.
] ./i Several cases of spin exchange have been treated in tt
T ~vg o 13CO0 Ala . - - . e
. B literature. A common one is proton-driven spin diffusion
§< 13CH, y-Gly, —* (18, 22, 36. In this case, the coupling of tAéC’s to protons, as
o Na—a—" indicated by the undecoupled homogenedi linewidth, is
\w-’w——l—sv/v\‘” much larger than th€C-'3C dipolar coupling. The spin diffu-
01s CH, a-Gly sion rate is then proportional to the overlap integral of the lines of
70 10 20 30 the exchanging®Cs, which increases with decreasing linewidth
vy [kHz] (18, 22, 23, 3R

FIG. 3. Spin exchange timessp = (ksp)~!vs MAS rotation frequency Spin exchange between chemically equivalent SpiAS.

v for the five13C-enriched substances (four amino acids and polycarbona . . .
as indicated in the plot. The time constamgs were extracted by fitting the Wore tractable case is exchange between chemically equivi

3~ ) .
CODEX decays of Fig. 2 with Eq. [1]. The dashed line is the functign= 5 x lent prOton'deCOUpled C sites, f'rSt treated by _Ma”Cq and
1075SuR. Waugh B0) and sometimes considered = 0O rotational reso-

nance” 87). Chemically equivalent spins (more generally, spins

we have chosen a plot of intensity vs lggk The time constant jn the strong coupling limit ofwh, — Wl | < wdAi%ol) with dif-

5P of the spin diffusion process is close to the mixing timgerent chemical shift tensor orientations, i.e., magnetic inequiv
value at which the intensity drops down tgel It is obvious glence, exchange magnetization with a rate that is proportion:
from Fig. 2 that the effect of the sample rotation rate is quit® D . Ac/vg, D being the dipolar coupling andlo the instan-
different for different types of carbons: it ranges from almoshneous isotropic and anisotropic chemical shift differe86 (
no effect {*CH; glycine) to a slow-down of the spin diffusionwhich reflects the difference in orientation of the interaction
by almost one order of magnitude (PC). In order to enablecfemical shift tensor$3(). Even though the dipolar coupling is
more detailed discussion, we fitted all decays with Eq. [1] anfuch smaller than the rotation speed and the isotropic chem
plotted the extracted’C spin diffusion time constants® as  cal shift difference is zero, MAS does not “spin out” the dipolar
a function of the MAS rotation frequency in Fig. 3. The noncoupling up to very high rotation frequencies. The sum of the in-
exponentiality parametgt ranges between 0.7 and 0.8, exceitantaneous anisotropic chemical shift difference and the dipolz
for thea-carbons in glycine, where itis around 0.9 t8€H, in  coupling does not commute with itself at different rotor orien-
y-glycine and close to 1.0 fdfCH in a-glycine. tations, i.e., they form a homogeneous Hamiltonian in the sens
For the unenriched methylmalonic acid, the data shown in the Maricq and Waugh30). Thus, the anisotropy effect after a
upper right corner of Fig. 2a exhibit a significant shift to they|| rotation period does not vanish. It increases proportional
right, which shows a marked slow-down of spin exchange witg the dipolar coupling® and the instantaneous chemical shift
increasing rotation speed. However, sensitivity and experimengg@ferenceAo.
time did not permit the measurement of more complete spinfor this description to be applicable, the—3C coupling
diffusion curves; therefore, we will discuss only the data frofust be negligible. This is the case when sufficiently strong
the *C-enriched substances in more detail. proton decoupling is applied during the mixing time. It also
Discussion of'3C spin diffusion. To discuss the different holds if the effective C—H coupling under MAS is smaller than
behavior of the spin diffusion time constant®, we divide the the'3C-3C dipolar coupling responsible for the spin exchange;
five different types of carbons into three groups. The carboxylis can be achieved for unprotonated carbons by fast san
carbons in3COO alanine an#’COO glycine are typical exam- ple rotation. The linewidths plotted in Fig. 4 show that this is
ples of unprotonated chemically equivalent carbons, whiletheindeed the case for the COO carbons at rotation speeds abo
carbons in the tw&®CH; glycines are examples for strongil-  ~15 kHz.
coupled carbons. Last, the 500-Hz inhomogeneously broadene@he essential dependence for our consideration is the depe
resonance of PC represents a distribution of isotropic chemidaince of the spin exchange ratérdp on 1/vg, the inverse of
shifts due to conformational effects in the amorphous polymeie rotation frequency. It can be seen from Fig. 3 that the car
Thus, this substance is an example for spin exchange betwberylic carbons in**COO alanine and*COO glycine fit the
slightly chemically nonequivalent carbons. expected dependencé® ~ vy relatively well for high rotation
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AVl/z N * T T ' PC dqe to spectrgl overlap and distribution of isotropic chemi
CH,y-Gly, cal shifts, respectively, we performed rotor-synchronized Hahn
[Hz] 64‘7*6\6\ echo experiments for these compounds (witHéltlecoupling
1000 4 13CH, G-GN | during the echo delays). The results are plotted in Fig. 4. Th
much larger linewidths of the GHtarbons, compared to those of
the carboxylic carbons, confirm the presence of strohget*C
"\J3COO0 Gly and 'H-'H couplings. A more detailed discussion would re-
\-\ Gly,Ala quire an extensive theoretical treatment and/or extensive sp
'\ LR Vee dynamics simulation and is beyond the scope of this Communi
100 §-77 sz cation.
cc \0\.\. Spin exchange between chemically inequivalent sit€be
O 3COO Ala strongest effect of the rotation speed on the spin exchange tin
O\O constant is seen for thel@COO-labeled PC. It again repre-
\0\0 sents weaklyH-coupled!C spins but in contrast to the case of
10 | OBCOOPC ¥~ | 13COO0 alanine an#*COO glycine, the exchange now happens

' ' ' between slightly chemically inequivalent spins. Since the max
s 10520025 30 imum isotropic chemical shift diff i ble t
v, [kHz] imum isotropic chemical shift difference is comparable to, anc
r the*C—H dipolar coupling is always smaller than, tR€-3C
FIG.4. Linewidths of'3C resonances withodit decoupling. The symbols dipolar couplipg, this case represents a good example for th
match those in Fig. 3. FOBCOO-alanine and3COO—glycine, it was deter- theory of Maricq and Waugh3(). Indeed, the dependence of
mined by measuring the linewidth in undecoupled CP/MAS spectra; otherwighe spin exchange time constant qualitatively fits the expecte

it was determined by rotor-synchronized Hahn-echo experiments wittbut dependence on the rotation frequen§y~ vr. This result ob-
decoupling during the echo delays. Due to longer Hahn-echo delays for slower,

rotation frequencies, the first GHlata points ofA andV were obtained from tained for PC is EXpeCted to be generally relevant for exchang

two delays only; thus, they have a larger uncertainty, which might explain the INMR investigations of Unpmtgna_ted sites in amorphqus poly:
expected drop for the lowest rotation speed. Dashed lines indicate the strong@étr's. The results shown here indicate that the application of fa

relevant'>COO-}*COO dipolar coupling in alanine, glycine, and polycarbodM|AS in exchange experiments will extend the applicability of
nate, as determined from the crystal structures and from NMR data. such experiments considerably. Given that the overall dynami
range of MAS exchange studies of molecular dynamics cov
ers about three frequency decades so far, gaining one additior

(%ﬁency decade by efficiently suppressing spin diffusion pro
vides an extension of the dynamic range for the observation c
molecular motions by about one-third.

speeds. To show the shape of this dependence, we have pl
the dashed lineSP = 10-°S?uk for comparison. The difference
in the absolute values faP for alanine and glycine is probably
due to the different distances and relathh€ OO-group orien-
tations in their crystal structures, i.e., due to difference®in
andAoc.

Effects of homogeneous C—H linewidttAt smaller speeds, Combining fast MAS and the recently introduced CODEX
the change in the spin exchange time constant with slowed technique, we have studied the spinning-speed dependence
down by a counteracting effect: The line narrowing with increashe rate of'3C spin exchange. Quantitative experiments were
ing rotation speed observed in Fig. 4 leads to a more efficient regrformed using singl}*C-labeled compounds. The data show
onance overlap with increasimg, which according to the theory that it is possible to reduce the rate of dipold€ spin ex-
of proton-driven spin diffusion increases the spin diffusion ratthange between chemically equivalent unprotonated nuclei a|
(18, 22, 27. As a result, the increase ofP with v at slower proximately inversely proportional to the rotation speed. For
rotation speeds is less steep thamtkeroportional curve. unprotonated chemically inequivalent sites, the reduction ma

For the strongly'H-bonded CH carbons in glycine, proton- be even stronger. A fourfold increase in rotation frequency, tc
driven spin diffusion will lead to efficient spin exchange 28 kHz, reduced the spin diffusion rate iA%C00-labeled poly-
(shorterzSP), as we indeed observed experimentally. The dearbonate, where th€C-labeled sites are slightly chemically
pendence of the spin-diffusion rate on the rotation frequencyiigequivalent, by a factor of 10. Limited data of COO groups in
only weak. This can be understood from the presence of stramgabeled methylmalonic acid also showed a measurable slov
13CH and *H-*H couplings that are not considered in thelown of spin exchange. On the other hand, the proton-drive
theory of Maricq and Waugl80). These couplings are reflectedspin diffusion between Cigroups was not strongly dependent
in the widths of the undecouplédC resonances. FFCOO on the rotation speed, up to the maximum of 28 kHz used here
glycine and®*COO alanine, we measured the linewidth from CPFhese results are expected to also apply for studies of slow d
MAS spectra that were acquired withdid decoupling. Since namics using other important nuclei likeN (17). Although the
this is not possible for the-carbons and the carboxyl carbon iruse of fast MAS requires small MAS rotors with limited sample

SUMMARY AND OUTLOOK
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volume, this is in part compensated by the better radiofrequersgale of interest, these molecules or their building blocks con
performance of such probes. Also, for partially enriched sutgining the'*C nuclei under investigation do not perform signif-
stances the necessary minimum number of 128 accumulatidoant molecular motions.
as required for complete phase cycling, may be already suffi-We used twd3C-labeled samples containing powder mixtures
cient for a reasonable signal-to-noise ratio, as we have shoefiiive polycrystalline amino acids and one glassy polymer. The
for the singly labeled amino acids. We anticipate that furthemixtures are not special in any way; they simply permitted us
developments in probe technology will enable even higher r reduce the experiment time, since the components in a give
tation speeds3@) so that the disturbing effect of dipola?C mixed powder are measured simultaneously. Each compone
spin exchange in MAS studies of slow dynamics can be furthean be clearly identified, based on its characteristic isotropi
reduced. chemical shifts. Due to the large grain sizes in the powder mix:
tures, undesired spin exchange between the molecules of the d
EXPERIMENTAL ferent materials is completely insignificant. This approach alsc
ensures identical measurement conditions for all components i
NMR parameters. Experiments were performed on ahe mixture. The first sample (alanine—glycine mixture) contains
DSX400 spectrometer using a Bruker 2.5-mm MAS prob&cQO0 alanine (1**C alanine) 23CH,—°N glycine (243C, 15N
Typical **C 90° pulses were & us, and'H-TPPM (two-pulse glycine), and-*CHs alanine (3t3C alanine) (99% labeled, 4 mg
phase modulation) decoupling fields of 130 kHz were appliegf each); the other (polycarbonate—glycine mixture) consists o
Constant amplitude cross polarization at thd ] spinning side- 9 mg of 100% G3COO bisphenol-A polycarbonate and 1.3 mg
band of the matChing condition was Used, with a Hartmanﬁ3coo g|ycine (11-3C g|ycine)_ Running through the minimum
Hahn match carefully adjusted for each MAS spinning frgshase cycle of 128 accumulations for each mixing time, at shot
quency. mixing times we obtained a signal-to-noise ratio of about 15
The CODEX technique is a 1D MAS exchange method th@§r polycarbonate and of more than 100 for t€-enriched
works well under the conditions of fast MASg, 16. It is sjtes in the amino acids. The overall acquisition time for eact
based on a stimulated echo generated by the anisotropic chemigahple covering 10 logarithmically spaced mixing times was
shift which is recoupled before and after the mixing time bghout 2.5 h at each rotation speed. In addition, we used abol
trains of two 180 pulses per rotation period. The recouplingo mg of methy|ma|onic acid as a Samp|e Wil in natural
efficiency depends only on the total time of recouplifi)@nd  jsotopic abundance. All compounds except for PC were obtaine

can be matched easily for different rotation frequencies. Undg&smmercially and used without further treatment.
conditions of fast spinning, transverse relaxation is very slow;

therefore, it is necessary to extend the original phase cycle for

proper cancellation of transverse magnetization that has survived APPENDIX

the z-periods, not only the mixing timg, but also the second o . .

z-periodt,. For the convenience of the reader, we provide this Under fast MAS, transverse magnetization can survive mixing

phase cycle in the Appendix times of even some tens of milliseconds, as it is evident fror
It must be noted that recoupling of dipolar interactions tg‘e I_ongTz times in Fig. 4. We provide here an _extended phz_;\se

fast-relaxing heteronuclei (for examptéN) will result in addi- cycling that takes care of the proper cancellation of undesiret

tional exchanged®, 4. In amino acids, this relaxation-induced@nsverse components during beghandt,. The 180 pulses
dipolar exchange with recoupling (RIDER) effe@j is largest of the CODEX recoupling cycles have fixed phases according

for a-carbons since they are directly bonded to nitrogen. Fkﬁ the,>’<y8 sc“hemez(l)"and will not be listed below. The terms
that reason, the model substancedetarbons 3CH,-labeled store” and “read-out” refer to the 9Qoulses before and after

glycine, was als&®N enriched. Since th; of 1°N is longer than € Mixing time. “FiESt” refef,s to the mixing timg, between
that of 4N, the RIDER effect, which becomes effective only af€ €volution times, “second” to the secangeriod, thez-filter
long recoupling timesNt, anyway 89), will be small, and we 'z Pefore data acquisition.

have neglected it in this work.

Samples. In compounds at natur&fC abundance, the ratio H-90° (+x —x)®4
of spin exchange rate and the relaxation tifads often close ~ 'H-CP @yt
to 1. Spin exchange is so slow that the duration of the mixing'3C-CP G-x)128
time, and thus the whole experiment, becomes very long, and th€irst store pulse €y)B(—x)B(+y)B(+x)®)*
sensitivity is low. Therefore, precise data are difficult to obtain First read-out pulse  4y)8(+x)8)2((—y)8(—x)8)?
with such compounds. For this reason, we used mdsey (—x)B(+Y)®)2((+x)3(—y)®)?
labeled amino acids and a polymer in which the spin exchangeSecond store pulse  —f/)%4(—x)%
rate is about one order of magnitude faster than in natural abunSecond read-out pulse H§)?(—x)?(—y)?(+x)?)1®
dance, so that exchange decays can be acquired in reasonalieceiver 021320313(20310213)

experimental times. At ambient temperature and on the time (0213203 1)?
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The first two steps in the phase cycle eliminate spurious signalsE. R. deAzevedo, T. J. Bonagamba, and K. Schmidt-Rohr, Pure-exchang
from T, relaxation during the secormperiod ;) and suppress  Solid-state NMR,). Magn. Resori.42,82-96 (2000). _ _
directly excited3C signals by alternating the sign of thel 12.Y. Yar_]g, M. Schuster, B. Bifhich, and H.W: Spiess, Qynamlc magic-angle
excitation pulse. The next three steps, which complete the first 2779 53'2'322%6&;%5730[”" Exchange-induced sidebantism. Phys.
elght scans, CyCle the second read-out pul_se an_d the recelverlg.l‘({/. Gerardy-Montouillout, C. Malveau, P. Tekely, Z. Olender, and Z. Luz,
keep the Secon_d store pulse constant. Th.IS achieves CYCLOP&pESsA, a new 1D exchange experiment for chemically equivalent nucle
(42) phase cycling as well as the cancellation of transverse mag-in rotating solids,). Magn. Resoti23,7-15 (1996).
netization that might have surviveg. The proper combina- 14. D. Reichert, H. Zimmermann, P. Tekely, R. Poupko, and Z. Luz, Time-
tion of signals is obtained in the next step (dps cos®, and reverse ODESSA. A 1D exchange experiment for rotating solids with severa
sind; - sind,; see (5,16). Theinversion ofthe first store pulse  970uPs of equivalent nuclel, Magn. Resorl.25,245-258 (1997).
in concert with the receiver results in the removal of spuriods: & R- deAzevedo, W-G. Hu, T. J. Bonagamba, and K. Schmidt-Rohr,
. . . . . Centerband-only detection of exchange: Efficient analysis of dynamics ir
signals fromT; relaxation durind,. Finally, the cancellation of

it i ' ! solids by NMR,J. Am. Chem. Sot21,8411-8412 (1999).
transverse magnetization that might have survived the miXing  » jeazevedo W-G. Hu T.J Bonagamba, and K. Schmidt-Rohr, Prin

time ty, (first z-period) is achieved by a fourfold cycling of the  ciples of centerband-only detection of exchange in solid-state NMR, anc
first read-out pulse. extension to four-time centerband-only detection of exchadg&hem.
Phys.112,8988-9001 (2000).

E. R. deAzevedo, S. B. Kennedy, and M. Hong, Determination of slow mo-
tions in extensively isotopically labeled proteins by magic-angle-spinning
13C-detected®N exchange NMRChem. Phys. LetB821,43-48 (2000).

The authors thank Prof. Mei Hong for her generous help with the setup 3%: C. E. Bronniman, N. M. Szeverenyi, and G. E. Macfét; spin diffusion
the experiments. TJB and KSR acknowledge support by the Director for Energy 0f adamantanel. Chem. Phys79,3694-3700 (1983).
Research, Office of Basic Energy Science, in the Materials Chemistry Prograén H. T. Edzes and J. P. C. Bernards, Two-dimensional exchange NMR in stati
of Ames Laboratory, which is operated for the U.S. Department of Energy by powders—interchain C-13 spin exchange in crystalline polyethyleden.
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Forschungsgemeinschaft DFG for financial support. The authors thank Peaf. p. L. VanderHart, Natural-abundan&C-13C spin exchange in rigid crys-
H. W. Spiess for making thé3C-labeled polycarbonate available. TJB also  tglline organic solids]. Magn. Resoriz2, 13-47 (1987).
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Yannoni, CPMAS polarization transfer methods for superposed chemica
exchnage and spin diffusion in organic solidsMagn. Resor7,84-100
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