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A major problem in dynamic 1D “C MAS NMR concerns the
exchange between magnetically inequivalent, but chemically
equivalent sites, whose signals are not resolved in the regular 1D
spectrum. This difficulty may be overcome by properly preparing
the initial nonequilibrium state of the spin system in the exchange
experiments. In the present paper we discuss the advantages and
limitations of several such experiments already in use and propose
a new sequence, which we term SELDOM-ODESSA. Unlike the
other 1D-exchange methods, this experiment yields pure absorp-
tion spectra that can more readily be analyzed quantitatively. The
experiment is a hybrid comprising a SELDOM sequence, for se-
lective excitation of one of the spinning sideband manifolds in the
spectrum, followed by the ODESSA sequence, which induces al-
ternate polarization in the excited sideband manifold. The evolu-
tion of the spectrum following this sequence provides information
on both the exchange between congruent sites belonging to the
same group of equivalent nuclei, and the exchange between in-
equivalent sites. Results are presented for a tropolone sample
specifically enriched in carbon-13 at the carbonyl and hydroxyl
sites. The dominant exchange mechanism in this sample involves
spin diffusion. The various spin exchange processes in this sample,
in the presence and absence of proton decoupling during the
mixing time, are measured and discussed. © 2000 Academic Press

Key Words: magnetization transfer; spin diffusion; SELDOM,;
ODESSA, tropolone.

INTRODUCTION

internuclear dipolar interactions, is often encountered in ca
bon-13 NMR, in particular of enriched samples. In fact, thi
effect can be turned to an advantage and is currently exte
sively used for structural studies in a variety of system:
including molecular crystals, amorphous materials, an
biopolymers 4-12.

For the discussion of MAS exchange experiments in mole
ular crystals it is convenient to distinguish between the follow
ing three cases. (i) exchange between magnetically equivale
nuclei, i.e., nuclei related to each other by translation or inve
sion; (ii) exchange between congruent nuclei, i.e., nuclei th
are related by other than the above symmetries. The princig
values of their chemical shift (CS) tensors are identical, bt
their principal axes (PAS) are not, although they are related t
the crystal symmetry; (iii) exchange between inequivalent nt
clei, which have different CS tensors. Spin exchange betwe
magnetically equivalent nuclei does usually not affect the MA!
spectra, while the other two types of exchange processes
readily be distinguished from the nature of the cross-peal
between the spinning sidebands (ssb) in the spectra of rot
synchronized 2D-exchange experimeni8<15. Thus, ex-
change between congruent nuclei (type ii) shows up as aL
cross-peaks (i.e., cross-peaks between ssb belonging to
same manifold), while exchange between inequivalent nucl
(type iii) is manifested in the appearance of hetero cross-pes
linking ssb belonging to different manifolds.
_Two-dimensional-exchange experiments are often vel

Modern solid-state NMR techniques, such as one- and two

dimensional MAS experiments, serve as extremely poWentlinne—consuming. It is therefore desirabletc_) Ioc_)k for alternativj
tools for the investigation of dynamic processes in solige), 1D mgthods. In fact, the standard magnetlza.tlon transfer _(M
Magnetization transfer methods are especially suited to tRé&Periments 16, 17 are the methods of choice for studying
investigation of slow processes whose rates are of the order@fchange between inequivalent nuclei, providing the same ty
or slower than, the longitudinal relaxation times. The interpr& Information as the hetero cross peaks in 2D-exchange sp:
tation of such results in terms of molecular rotations or cherH9S¢oPY 48). The measurement of exchange between congr
ical transformation is, however, often hampered by spin diff@t nuclei, by 1D experiments, is subtler. Two such 1D mett
sion, which has similar effects on the NMR spectra, as do r&|S Were proposed. One involves a TOSS sequence and
exchange processe8)( This effect, which depends on themonitoring of the ssb as they are reintroduced by the exchang
EIS, exchange induced ssbd. More recently we have intro-

L To whom correspondence should be addressed. E-mail: pt@meth-rmifliced an altemative. 1D _methOdZ(]i, which we termed
nancy.fr. ODESSA, for one-dimensional exchange spectroscopy |
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FIG.1. Crystal and molecular structure of tropolone. (a) Projection dowa thés. (b) Projection down thet axis (only the A and D molecules are shown).
(c) Structural formula and numbering system used.

sidebands alternation. The method is simple to apply when then-13 nuclei in this sample at room temperature is 90
spectrum consists of a single ssb manifold due to a numberTobpolone crystallizes in the monoclinic P2 space group
interchanging congruent sites. However, the method results(#b), with two centrosymmetric dimers per unit cell (Figs. 18
phase distorted spectra when the spin system consists of swd 1b). The two molecules within a dimer are completel
eral inequivalent groups of nuclei. In a later version of thequivalent, because they are related by inversion symmet
ODESSA method, which we termed time reverse ODESSA (atile the two dimers in the unit cell (e.g., A and D) are relate
tr-ODESSA) @1), the phase twist problem was eliminated foby the monoclinic symmetry and are therefore congruen
cases when the exchange involves only congruent nuclei, lalkkewise, carbons 1 and’1(Fig. 1b) are congruent as are
though it reappears when the exchange also involves inequigarbons 2 and 2 but carbons 1() and 2(2) are, of course,
lent nuclei. A comparative study of the 2D-exchange, EIS, amiequivalent.
ODESSA methods was recently publish@®)( In the enriched sample enhanced spin diffusion results in fa
In the present paper we introduce yet another modificationgfin exchange between all types of carbd4, 6. Neglect-
the original ODESSA method, which eliminates the phaseg the naturally abundant carbon-13 nuclei, tH€ MAS
twist even in the presence of exchange between inequivalgpectrum of this sample exhibits two ssb manifolds due t
nuclei. To do so we apply a selective excitation by a SELDOMarbons 1(1) and 2(2). Such a spectrum, recorded by the
pulse train 23) prior to the start of the ODESSA sequence, sstandard CPMAS method (Fig. 2a), is shown in Fig. 3a. T
that at the beginning of the mixing time only one ssb manifolobtain information on spin exchange between carbons 1 and
is excited. During the mixing time, exchange between congroermal MT methods can be used; however, to measure the s|
ent, as well as between inequivalent, nuclei results in changeshange between congruent pairs, ODESSA (or EIS) -tyj
in the ssb intensities, all having the same phase as that of éx@eriments must be performed. For the analysis of the resul
originally excited ssb manifold. We demonstrate the use of thige shall use the chemical shift tensors as derived in RéJ. (
Sel-ODESSA method on a sample of carbon-13 enriched t(gee Table 1).
polone and compare its performance with several of the otherFor the calculation of the evolution of spectra during the
1D-exchange methods mentioned above. mixing time due to exchange, we shall need the elements of t
population matrix,P,,

THE MODEL COMPOUND—CARBON-13
ENRICHED TROPOLONE
Pu(tm) = [exp(Kty) 1uPi(0), (1]
As a model compound we chose a tropolone sample selec-
tively enriched with carbon-13 in the carbonyl (1) or the
hydroxyl (2) positions (Fig. 1c). The synthesis of the condefined as the fractional population of those nuclei that at tt
pound @4) was such that 25% of the molecules were enrichdzeginning of the mixing time were at sitend at its end in site
in position 1 and another 25% were enriched in position 2, &0 The P,(0) are the initial populations of sitésandK is the
that no doubly labeled molecules, other than those due to #sechange matrix. Considering for the moment just a single ur
natural isotopic abundance, are present. Theof the car cell in the tropolone crystaK acquires the form,
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a CP h ACQ where

a=1+A+B+C, b=1-A-B+C,

b ]cp =7y | T iACQ c=1-A+B-C, d=1+A-B-C,
N-times and

¢ |cpll| ﬂzd T ACQ

SELDOM A = exfd —2(Kyy + Kio) Tl

B = exd —2(ky, + Kip) Tl

1

d cP ETRI_] o FACQ C = exd —2(kiz + Kyp) 7ol
When the spin exchange is governed by spin diffusion |

ACQ involves all pairs of nuclei in the lattice with a distribution of
rate constants, depending on their mutual dipolar interactior
An approximate expression for the rate constant of the spil
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<mes diffusion process has the forky, = d/r{, wherer; is the
£ CP] T, H‘;I]?TRH = GT, l’FcQ internuclear distancgs amﬂ is a constant d(_apending on the
nuclear magnetogyric ratio and on an ill-defined spectral ove
SELDOM & ODESSA lap function. Using the tropolone lattice as determined b

FIG. 2. Pulse sequences for MAS 1D-exchange experiments with diffe%g'ray crystallography25) with 6 X 6 X 6 unit cells and fixed
ent preparations of the initial nonequilibriummagnetization (only thex 0 values (1.145x 10* A® s for i, j=1,1and?2, 2. and
channel is depicted). (a) Regular CP-MAS. (b) Magnetization transfer (M0.716x 10° A®s *fori,j = 1, 2 and 1, 2 etc.) we computed
for two inequivalent sites. The evolution peridg, is adjusted to bring the two the time dependence of the following populatioRs;., P,,,

magnetizations into antiphase and at the same time to be an integer numb : -
rotation periods. (c) Sel-MT, with selective excitation of a single ssh manifol?r?a the sum oP,; and P,,. The computation procedure is

(d) ODESSA pulse sequence. The preparation period is half a rotation and Q%SP”bed In Ref'_ZG) a_nd the res_ults (ope_n circles) are plOtthC
mixing time is an integer number of rotations. (e) Time reverse ODESSIN Fig. 4. The main points to notice are, first, that the evolutiol
(tr-ODESSA). The preparation period is half a rotation period, the mixing timef the P;;’s is not exponential. This is not so readily seen in the
is an odd number of half rotation periods, and the acquisition starts ha"’liﬁear—log plots of Fig. 4, but becomes quite evident in log
rotation after the read-out pulse. (f) SELDOM-ODESSA (Sel-ODESSA): @ear plots £6). We shall, nevertheless, use the former way o
hybrid 1D-exchange experiment consisting of a SELDOM pulse train followe . ' ' . A . Lo
by the ODESSA sequence. presenting results because it makes it easier to discrimine
between dynamic processes of different time scales. Secol

the curves folP,, andP,, are nearly the same, thus justifying

—k ki Ky Ko the assumption made above that = k,,.
K K ke Decay functions due to a distribution of rate constants a
T I 2] oft dint f stretched t
T ok ko —k Ky | [2] often expressed in terms of stretched exponent&fy, (

I(2'1 k2’1’ k2'2 —k
exp( —ktP),

wherek = ki1 + Koy + kyy @ndky = k. Also, by symmetry \ hereg is a measure of the distribution. We have according!

ki> = kyo and we shall assume thiel,, = k., We are thus fitteq the results of Fig. 4 to equations of the forkil —

left with only three independent rate constamts;, kio, and  exp(—kr)]. The results are drawn as solid curves in the figure

ki». Under these circumstances, the conditional probabilitig$e fit to the experimental points is quite satisfactory an:

in Eq. [1] become yields 8 values in the range of 0.62 to 0.74. In the analysis ¢
the experimental data we shall still use Egs. [3], but rather the
simple exponential functions we shall fit them to stretche
exponents with fixe@ = 0.68. We wish to emphasize that this
is still an approximation, but indirectly accounts for the distri-

[3] bution in the rate constants and considerably simplifies tf
analysis.

exdK(mm)] =

o0 Tw
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FIG. 3. Carbon-13 spectra of the tropolone sample at a spinning rate of 1.84 kHz for different pulse sequences. The cross-polarization contact tin
ms and in the 1D-exchange experiments the mixing time was the shortest possible (one rotation period, except for tr-ODESSA where it was half(@)rota
Standard CP-MAS spectrum. The centerbarids<( 0) and theN = 1, 2 ssb of carbons 1 and 2 are indicated. (b) Spectrum obtained with the MT seque
(Fig. 2b) with selective inversion of the ssb manifold of carbon 2. (c) Spectrum obtained with the MT sequence of Fig. 2c by selectively excitintatiitoksb
of carbon 1, using a modified SELDOM pulse train, employing 135° (rather than the usual 90°) pulses. (d) ODESSA spectrum, obtained with the mése s
of Fig. 2d. (e) tr-ODESSA spectrum obtained with the pulse sequence of Fig. 2e. (f) Spectrum obtained using the Sel-ODESSA sequence of Figtiaé, by
excitation of the ssb of carbon 1.

EXPERIMENTAL Rotor synchronization was affected as described in R8). (

] Typical experimental conditions were carbon-#8 pulse

The MAS NMR measurements were carried out on a Brukgjigih, 4 us: protona/2 pulse width, 4.2us; CP contact time,
DSX300 spectrometer operating at a carbon-13 frequency Pfys: recycle time 10 s. The number of accumulations range

75.5 MHz. All measurements were performed at room tempgjatween 16 and 80, depending on the type of experiment.
ature (22°C) on the enriched tropolone sample described in the

previous section. Its synthesis has been described in BR&f. ( PULSE SEQUENCES AND BASIC EQUATIONS

TABLE 1 (&) MT Sequences

Chemical Shift Parameters for Carbons 1 and 2 of Tropolone

. . (
(from Ref. 26)° Figure 2 shows different pulse sequences for 1D MA!

exchange methods. Sequences 2b and 2c are normal MT
periments, while the rest are of the ODESSA type. The variol

CTiso O xx Tyy Ozz . ) .
sequences differ in the way the spin systems are prepar
Carbon 1 177.8 66 32 —98 before the mixing time. These initial states are visualized in tr
Carbon 2 165.8 6 18 ~94  spectra of Fig. 3, which were recorded after a “zero” mixing

#Thex axes are perpendicular to the molecular plane. yhgis of carbon t'me, (m practice one, or one-half, rotation per'Od)'
1 is 9° off the G=0 bond while that of carbon 2 is off from the C2-C3 bond Figure 2b shows a sequence often used to measure excha

by 10°. between two inequivalent site4q, 17. The fixed delay pe-
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FIG. 4. Plots of the fractional populationB;; (), of nuclei which initially occupied sitpand at timer,, sitei, for carbons 1 and 2 in crystalline tropolone.
Py, in this figure is the sum o, andP,,. The spin exchange mechanism was assumed to be spin diffusion. The calculations were performed as des
in Ref. (26). A lattice of 6 X 6 X 6 unit cells was used for a sample enriched to 25% in carbon-13 at positions 1 and 2. The open circles are results
calculations and the solid lines are best fits to stretched exponentials functions of tha[form exp(—k;)75].

riod, t., during the preparation stage is adjusted so that afich a sequence would leave the nonresonant ssb manifold:
the following #/2 pulse one magnetization is selectively inthe x — y plane during the, delay and eventually to their
verted relative to the other. At the same time it is also necessmplete saturation.

sary to ensure that,, equals an integer number of rotation

periods (Fig. 3b). The latter condition is essential to achieve #5) ODESSA-type Sequences

initial state of full difference magnetization between the two
ssb manifolds. The approach to equilibrium as a result of spj

exchange and relaxation processes is then readily analyzed | b sequence20, 21) must be used. The original ODESSA

terms of standard kinetic equations. As explained above, 9 quence is the same as for the rotor-synchronized MAS 2|

processes governed by spin diffusion we shall use stretcheex hange experiment8, 14, except that the evolution time is
exponents, so that

fixed at Te/2 (Fig. 2d). The mixing time is adjusted to an
integer number of rotation periods, = GTg, and the phase
(1M1 = 12t ] = [1ag— 15 cycle is adjusted so that the anti-echo combination is stored
[110) — 1%(0)] — 1515 the receiver 15). This sequence leads to alternate, even—oc
polarization of the ssb2(Q). Since different congruent sites
= exil (ki + ko) TRIEXA— T/ T, 141 onribute differently to the various ssB8), spin exchange
_ will result in redistribution of the polarization and to a corre-
where thd"'s are the ssb intensities (either of a selected one §5onding change in the sideband intensities.
a sum over several). Equations describing the evolution of the peak intensities :
When there are more than just two types of inequivalegtfunction of the mixing time in the ODESSA experiment were

nuclei in the system, alternative sequences must be soughtiégived in Ref. 20). Here we shall only give the final equations
selectively excite one ssb manifold. Such a sequence is shawnthe anti-echo time-domain signal,

in Fig. 2c, where the preparation period includes a SELDOM

pulse train 23), which saturates all ssb manifolds but one (Fig. + _ ©a a
3c). Since, however, we wished to compare spectra recorded S(t ) = 2 expliofTe2) 2 ()
under the same MAS frequency, we could not, in the present
case, use the normal SELDOM sequence (a traint60° X exdi(wf, + Noglt], (5]
pulses). Such a pulse train would lead to an antiphase align-

ment of the two manifolds and not to selective saturatiomhere the sideband intensities of théh manifold| (), are
Instead, we used a train af135° pulses. It is easy to see thagiven by

Sequences 2b and 2c are not suitable for studying exchar
Btween congruent sites. For such measurements, an ODES

a N
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FIG. 5. Experimental carbon-13 MT spectra (Fig. 2b) of the tropolone sample recorded for different mixing times as indicatedg4 kHz,yB, = 0,
total number of scans, 32). Center: Corresponding simulated spectra using Eq. [4] and parameters given in Tables 1 and 2. Right: Intensityaplbtsiqkeft
of Eq. [4]), for different proton decoupling powes@, during the mixing time. The intensities are sums of the three most intenséssb(, 1, 2).

12(T) = [ 2" Paigi(Tm) > (—)M1 5% ]exp(—7,/Ty), [6] an odd integer number of rotation periods, = (2G +
ai,bj M 1)Tx/2, the acquisition starf§/2 after the read-out pulse and
the phase cycle ensures that the echo (rather than the anti-ec

whereS’ means summation over dj (b # a) and alli in a signal is stored in the receiver. The resulting signal then has t

(but not overa). In these equationsy, is the isotropic CS of form (21)

all the congruent sites of typ andN, M label the ssh, with

0 corresponding to the centerband. The indigeb, label the ~ S™(t, 7) = >, >, (=) Mi(texdi(wd, + Nogt], [7]
various groups of equivalent nuclei and the indiggdabel the a N

different congruent sites within each group. The tet§ are

the normalized cross-peak intensities in rotor-synchronizeghere, however, the sideband intensitié$, are now defined
MAS 2D-exchange experiment. Their definition in terms of thas

CS tensors of the interchanging sites is given in R28).(In

Eq. [6], the summation inde&i(bj) corresponds to all con- a _ N i(a _ b

gruent sites(j) in a(b). IN(T) = 2 Pai,bj(Tm)eXdl(wiso Wit T/ 2]

The normal ODESSA method works well for a single group o
of equivalent nuclei. When several inequivalent groups of X2 ()M (T exp =T/ T1). (8]
nuclei are present, each ssb manifold acquires a different phase M
factor of w3, Tr/2 (see Eq. [5]), which cannot be cancelled
simultaneously for all manifolds. Figure 3d shows a spectrumEquation [8] differs from that for the normal ODESSA (Eq.
of the tropolone sample recorded by this sequence. The phd&sin two respects. First, for exchange involving only con-
of the ssb of carbon-1 have been adjusted to pure absorptigrnyent nuclei within the same symmetry type, there is no pha
consequently those of carbon-2 are twisted. twist. Second, whenm,, = 0 the observed spectrum is identical

The problem was partially resolved by the tr-ODESSA sée that of the normal MAS with all peaks “positive” (see Fig.
quence 21) shown in Fig. 2e. It differs from the normal3e), rather than alternating as in normal ODESSA. The resel
ODESSA in that the mixing time is adjusted to the last half dflance of the spectrum to that of normal MAS is a bit mis:

ai,bj
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FIG. 6. Left: Sel-MT (Fig. 2c) spectra of the tropolone sample, for the indicated mixing times (1.40 kHz,yB, = 0, total number of scans, 64). The
selective excitation of carbon 1 was achieved by a rotor-synchronized SELDOM train of twenty 90° pulsgs=withms. Center: Corresponding simulated
spectra using Eg. [4] and parameters given in Tables 1 and 2. Right: Intensity plots (left-hand side of Eq. [4]) as function of the mixing timeefdr dif
decoupling powers. Open and closed symbols correspond to excitation of carbon 1 and 2, respectively. The intensities are sNms @f theand 2 ssb.

leading. In reality the alternate polarization of the ssb is alsoFor that purpose we propose another modification of th
present in the tr-ODESSA throughout the mixing time as I@DESSA method which does exactly that, i.e., it results i
normal ODESSA, but is canceled by th&/2 delay that undistorted ODESSA spectra even in situations where tt
follows the detection pulse. When exchange between inequiechange involves inequivalent sites. To do so we precede t
lent nuclei @ andb) takes place a phase twist proportional tODESSA sequence with a selective excitation so that at tt
(wd, — wi)T/2 will show up. It can, in fact, be phasedbeginning of the mixing time only one ssb manifold is excited
symmetrically for both manifolds and used for kinetic studie& pulse sequence that does the trick well is shown in Fig. 2
by eye fitting with simulated spectra (see below). However, fdir consists of a SELDOM pulse train, followed by the normal
quantitative analysis of complex situations one desires to WOBDESSA experiment. An example of a spectrum acquired k

with pure absorption spectra. this Sel-ODESSA sequence is shown in Fig. 3f. This sequen:
ensures that only the selected group of equivalent nuclei a
TABLE 2 quires a phase delay during the ODESSA preparation peric

Best-Fit Rate Constants for the Spin-Diffusion Processes so that the equation for the Sel-ODESSA signal becomes

in the Enriched Tropolone Sample

S+(t, 1-m) = exqiwiaéoTR/z) E 2 IRJ(Tm)

ve/kHz vB,/kHz Kir, Kopls™ Kig Kipls™* b N
MT 1.84 0 1.0 X exfdi(wl, + Nogt]. [9]
18 0.44
63 0.11 . . .
368 0 038 As may be seen from this equation, all the ssb manifold
63 0.09 acquire the same constant phase even when exchange betw
Sel-MT 1.4 0 0.71 inequivalent nuclei takes place. The main disadvantage of tl
63 0.21 method is the diminished signal intensity, due to the selecti\
Sel-ODESSA 1.4 0 0.86 0.86

excitation of the spectrum and losses inherent to the SELDO
sequence.

63 3.0 0.21
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In the next section we apply the various sequences to the Exp. Cal.
enriched tropolone sample. As discussed above, this sample
exhibits exchange both between congruent and between in-

T, /s
equivalent sites, thus allowing us to evaluate the merits and v v
o . 3.57
limitations of the various methods.

RESULTS AND DISCUSSION

(a) MT Experiments MLUJ MMM‘SW
The left-hand side of Fig. 5 shows the results of the M U . MAM

experiments on the enriched tropolone sample recorded with
pulse sequence b of Fig. 2. In this experiment the polarization
of carbon 2 (2) was initially inverted and the approach to
equilibrium as a function of the mixing time was monitored.

Simulated spectra calculated using Eq. [4] are shown in the LM-AMLUM?.O’] } A MM
center column. Relevant plots are given on the right-hand side- U U

They include results from three exchange experiments re-

corded in the absence of proton decoupling during the mixing
time, intermediate decoupling, and maximum decoupling

power tolerable by our probe, respectively. Similar results for
the Sel-MT experiment (Fig. 2c) are shown in Fig. 6. The solid U 0 J
lines in the diagrams of Figs. 5 and 6 were fitted to th

experimental results using Eq. [4] and the resulting kinetic T T T T T O [ OT T T T T TTT
parameters are summarized in Table 2. We shall address these®® *® 10 10 30 2020001010050
results in the last section of the paper. Regarding the sensitivity
of the Sel-MT experiment, it is clear that for just two inequiva- _ ' _ _
lent sets of interchanging nuclei, Sel-MT has no advantage!G- 7- Experimental (left) and simulated (right) tr-ODESSA (Fig. 2e)
§Pectra of the tropolone samplez(= 1.40 kHz,yB, = 0, total number of

over normal MT. It may, however, be useful in more COmplescans, 32) for different mixing times. The simulated spectra were calculate

systems, where spectra simplification may be necessary. fom Eq. [7] with the parameters of Tables 1 and 2.

ppm

(b) ODESSA Experiments

To obtain information on the spin exchange between cofibserved, up to large,’s, where the spectrum consists of two
gruent pairs of carbons, it is necessary to perform ODESsmanifolds. The second and fourth columns show correspon
type (or EIS) experiments. The normal ODESSA spectra (Figld simulated traces and in Fig. 9 the normalized intensities f
3d) for spin systems with several ssb manifolds cannot, hoi*eN = 0, 1, and 2 ssb of both carbons are plotted. The soli
ever, be simultaneously phased, even,at 0. We, therefore, lines in this figure are best-fit curves calculated using Eq. [9
resort to t-ODESSA (Fig. 2e). Spectra recorded with thiEhe resulting kinetic parameters are summarized in Table
sequence are shown in the left column of Fig. 7, with corrélthough the fitis not perfect, in particular the intensities of the
sponding simulated traces (using Eq. [7]) on the right. Initiallpeaks due to carbon 2 are smaller than expected from t
(shortr,’s) both manifolds are phased to pure absorption, bgimulations, the overall agreement is quite satisfactory. Esp
with increasingr,,, a phase twist, due to exchange between ti§lly pronounced is the effect of decoupling in hindering the
inequivalent carbons 1 and 2, sets in. The fit between tARIN exchange between inequivalent nuclei and at the sar
experimental and simulated spectra is quite satisfactory diiie enhancing the spin exchange between congruent sites
can be used for quantitative analysis of the spin exchange

kinetics. However, in more general cases, where a large num- SUMMARY AND CONCLUSIONS
ber of ssb manifolds is present, such an approach may be not
easy to carry out in practice. We have discussed several 1D MAS exchange experimen

To eliminate the phase twist altogether we apply the Seldith particular emphasis on spin exchange between congrue
ODESSA sequence depicted in Fig. 2f. Spectra recorded withclei. For such measurements ODESSA-type experiments |
this sequence, without and with proton decoupling during ti€lS) must be used. In the present work we introduced a ne
mixing time, are shown in the first and third columns of Fig. &xperiment, consisting of a hybrid of the SELDOM and the
respectively. Well-phased spectra are obtained for all mixit@DESSA sequences. Unlike in the earlier versions of th
times, starting atr,, = 0, where only one ssb manifold isODESSA method, the spectra resulting from this Sel-ODESS
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FIG. 8. Sel-ODESSA (Fig. 2f) spectra of the tropolone sample for different mixing times, without (left two columns) and with (right two columns) pr
decoupling during the mixing times = 1.40 kHz, total number of scans, 80). For each case the left column is experimental and the right one is calculatec
Eq. [9] and parameters given in Tables 1 and 2.

experiment can readily be phased to pure absorption for :
mixing times. It is therefore more suitable for quantitative
kinetic analysis. On the other hand, the method suffers from
reduced signal-to-noise ratio, since only one ssb manifold
excited and there is an additional loss in intensity due t
transverse relaxation during the SELDOM sequence.

We have applied the various methods to measure the sy
exchange rate in a tropolone sample specifically enriched
*C in the carbonyl and hydroxyl positions. In this enrichec
sample the spin exchange is dominated by spin diffusion. Tw
such processes may be distinguished in tropolone, viz., s
exchange between the inequivalent carbon$) Hadd 2(2) and
spin exchange between the congruent carbons 1(2) ¢86.1
The enriched tropolone sample thus seems to provide an id
system for comparing the various experimental methods. |
practice, in the absence of proton decoupling, the results we

I'(x )/ au.

T e not sensitive to the spin-diffusion rates between the congrue

-3 -2 -1 - - - . . .
100 107 100 100 10 10° 107 100 100 10 nuclei, k;, and k,,. This is partly due to the fact that the
T /s orientation differences between the CS tensors of carbons

' and 1 and between carbons 2 ant&e quite smallZ4, 26.
FIG. 9. Plots of theN = 0, =1 ssb of carbons 1 and 2 obtained byconsequently, exchange between such pairs results in a sn
Sel-ODESSA experiments of the type shown in Fig. 8. Left: Without protonﬁcect on the ssb intensities. which is difficult to detect in the
decoupling. Right: With proton decoupling during the mixing time. Thé !

solid curves are calculated from Eq. [9] with the rate constants shown f€sence of other similarly fast processes (exchange betwe
Table 2. inequivalent nuclei). This is particularly so because the con
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bined exchanges between the inequivalent nucle; 2 and asymmetry of the hydrogen-bond potential in benzoic acid, Chem.
2 — 1', is indirectly equivalent to 1> 1', thus masking the ~ Phys. Lett. 187, 471-478 (1991).
effect of the direct 1 1’ process. 9. P. Robyr, Z. Gan, and U. W. Suter, Local order between chain

Referring to Table 2, several effects may be noted. In a Se9MeNts in the glassy polycarbonate of 2,2-bis(4-hydroxylpheny)
propane from ~C polarization-transfer NMR, Macromolecules 31,

simple-minded picture of proton-driven spin diffusion, the g199_6205 (1998).

rate of the process appears to depend on the spectral °Vei@m. Kaji and F. Horii, Analyses of the local order in poly(ethylene
between the interchanging resonancas).( This overlap terephthalate) in the glassy state by two-dimensional solid-state
may be affected by external factors, such as proton decou- **C spin diffusion magnetic resonance spectroscopy, J. Chem.
pling during the mixing time or the sample-spinning rate. Phys. 109, 4651-4658 (1998).

The results of Table 2 are consistent with this picture. /- W. Heinen, C. B. Wenzel, C. H. Rosenmoeller, F. M. Mulder, M.
particular, there is a pronounced reductionkig with in- Fokko, G. J. Boender, J. Lugtenburg, H. J. M. de Groot, M. van

. the d i hich cl | flects th Duin, and B. Klumperman, Solid-state NMR study of miscibility and
creasing the decoupling power, which clearly retiects the phase separation in blends and semi-interpenetrating networks of

decrease in the spectral overlap between carbons 1 and 2.:c.japeled poly(styrene-co-acrylonitrile) and poly(styrene-co-ma-
Likewise, there is a reduction ik, with increasing the leic anhydride), Macromolecules 31, 7404-7412 (1998).

spinning rate (see the MT results in Table 2). The power of. P. Tekely, M. J. Potrzebowski, Y. Dusausoy, and Z. Luz, Measure-
the Sel-ODESSA method is well demonstrated by the cor- ments of spin diffusion and intermolecular distances between
responding results fdty;,, which could only be obtained by chemically equivalent nuclei in rotating solids, Chem. Phys. Lett.

; . ) . 291, 471-479 (1998).

this method. For this process, i.e., spin exchange between _

congruent nuclei, the effect of proton decoupling is opposi e3' A F. Dedong, A. P. M. Kentgens, and W. S. Veeman, Two-dimen-
g ! P piing pp sional exchange NMR in rotating solids: A technique to study very

to that for exchange between inequivalent nuclei. Here the gjow molecular reorientations, Chem. Phys. Lett. 109, 337-342

decoupling increases the “self-overlap” of the spectral lines (1984).

and consequently leads to an acceleration of the spin-diffus. A. Hagemeyer, K. Schmidt-Rohr, and H.W. Spiess, Two-dimen-

sion process, as indeed observed experimentally. sional magnetic resonance experiments for studying molecular
order and dynamics in static and rotating solids, Adv. Magn.
Reson. 13, 85-130 (1989).
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