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One- and two-dimensional static and magic-angle spinning
(MAS) exchange NMR experiments for quantifying slow (7, > 1
ms) molecular reorientation dynamics are analyzed, emphasizing
the extent to which motional correlation times can be extracted
directly from the experimental data. The static two-dimensional
(2D) exchange NMR experiment provides geometric information,
as well as exchange time scales via straightforward and model-free
application of Legendre-type orientational autocorrelation func-
tions, particularly for axially symmetric interaction tensors, as
often encountered in solid-state 2H and **C NMR. Under condi-
tions of MAS, increased sensitivity yields higher signal-to-noise
spectra, with concomitant improvement in the precision and speed
of correlation time measurements, although at the expense of
reduced angular (geometric) resolution. For random jump mo-
tions, one-dimensional (1D) exchange-induced sidebands (EIS)
13C NMR and the recently developed ODESSA and time-reverse
ODESSA experiments complement the static and MAS two-di-
mensional exchange NMR experiments by providing faster means
of obtaining motional correlation times. For each of these exper-
iments, the correlation time of a dynamic process may be obtained
from a simple exponential fit to the integrated peak intensities
measured as a function of mixing time. This is demonstrated on
polycrystalline dimethylsulfone, where the reorientation rates
from EIS, ODESSA, time-reverse ODESSA, and 2D exchange are
shown to be equivalent and consistent with literature values. In the
analysis, the advantages and limitations of the different methods
are compared and discussed. © 1998 Academic Press

Key Words: exchange NMR; EIS; ODESSA; motional correla-
tion times; dimethylsulfone.

INTRODUCTION

sidebands (EIS) g, 7), onedimensional exchange spectros-
copy by sidebandalternation (ODESSA) §), and “time-re-
verse” ODESSA 9) complement the 2D exchange experi:
ments; while sacrificing geometric resolution, these 1D MA
exchange experiments provide faster means of obtaining
tional correlation times without the need to determine explic
itly longitudinal (T,) relaxation times, as will be shown later.
This represents a significant advantage to the direct meast
ment of time scales associated with slow dynamic molecul
processes. After a brief account of the various exchange te
niques available, a detailed description of the EIS experime
will be given, illustrating how motional correlation times may
be extracted directly from experimental data. This leads
insightful comparisons with analyses of 2D exchange
ODESSA, and time-reverse ODESSA spectra, from which
will be shown that direct extraction of motional correlatior
times is also possible.

Each of the different solid-state exchange NMR methods
based on the dependence of the NMR frequency on the orie
tation of the principal axes system (PAS) of the nuclear sp
interaction tensor relative to the static magnetic fiBjd(1).
Two-dimensional exchange NMR monitors changes in the:
angular-dependent NMR frequencies occurring during a mi
ing time (,,,) by correlating the frequencies in the evolutior
(t,) and detectiontg) periods, which bracket the mixing time;
see Fig. 1a. Changes in the NMR frequencies manifest the
selves as off-diagonal intensity in the 2D exchange spectrt
Sw,, w,; t,,), which can be regarded as a correlation map «
the frequencies measured in the evolution and detection pe
ods,w; andw,, respectively, and which parametrically depend

Static (i.e., nonspinning) and rotor-synchronized MAS twd?" the mixing timet,,. In other Words.! _the two-di_r.nension.al
dimensional (2D) exchange NMR experiments have been SRECIUT(w,, w,; ty,) represents the joint probability density
tensively used to study slow reorientational dynamics in soli@f finding a certain PAS orientation with respect to the extern
state materials for motional time scales ranging frofiagnetic field, and thus a certain NMR frequenaeyduring
milliseconds to second445). However, these 2D methods carf€ €evolution periodt;, and, after a time interval,, later,
be exceedingly time-consuming. For random jump motiondnding the same PAS with a NMR frequenay during the
the one-dimensional (1D) MAS methodsefchangeinduced detection periodt, (10). Fast magic-angle sample spinning

1 Current address: Symyx Technologies, Santa Clara, CA 95051.

averages the anisotropies of these interactions, resulting
higher-resolution NMR spectra with peaks at the positions
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chemical exchange or conformational transitions are detect
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Y, a single static 2D exchange spectrum, information on the tin
scale of the process at any given temperature requires that a
of 2D exchange spectra be acquired as a function of the mixi
(a) LA T, time t,,. The time scale can be quantified directly from the
13 cp | ¢t ” { =KT, H " experimental spectra by computing the rise of the ratios

! m 2 off-diagonal intensity to overall intensitR?°(t,) from each
individual spectrum (in slices where diagonal and off-diagon.
intensities are well separated), by calculating the time-depe
- d_ent second-order orientational autocorrelation func

cr [P b tion Cy(ty) = (0(0)o(ty) = (wi0)(ty) = [dw; [do,

(b) Y, Y, w1, w,; t) w0, (1, 16, or by following the loss of corre-
B ; H f KT, - | " lation from_ the decr_eas_e of the echo intensity of the 2l
CP 1h m R™E | #y L2 exchange time-domain signal for selected values of the evol

tion time t; as a function of the mixing timel{). The latter
provides complementary information to the 2D exchange e

'H || cp |DD DD

NS

12 b2 periment, because the echo intensity is related to the diago

' || cp DD DD fraction of the 2D exchange spectrum and can be used to prc

(C) T 7 the decrea_se of _the spectral diagonal in favor of off-diagon
2 2 exchange intensity.

Be cP ﬁ gﬂ ’% g H tn=KTy H In quantifying an elementary dynamic process, an activatic

f energy is often sought, which requires determination of tf

T Tl T s temperature dependence of the respective motional correlat
FIG.1. Schematic diagrams of the pulse sequences used for excahgetimes. This entails the acquisition of series of high-signal-tc
NMR experiments. (a) Static and MAS 2D exchange and ODESSA experipise-ratio 2D exchange spectra with varying mixing times
ments. Transverse proton magnetization created m2gpulse is transferred _different temperatures, which is typically time-consuming an

to 13C by cross-polarization (CP); the information about the NMR frequenci . . . . . .
during the subsequent evolution tirhgis stored along the-axis by the first Giten infeasible, especially in the case of dilute nuclei or fc

13C @/2-pulse, which initiates the mixing timtg,. Molecular reorientations can species with Iong spln—lattlce relaxation timeés For exam-
take place during the mixing period, thereby altering the NMR frequencigg|e, one static 2D exchangéC NMR spectrum of benzene,
which are measured in the detection timeafter the secondr/2-pulse. A 99% 3C enriched at a single ring site, adsorbed on Ca-LS
refocusingm/2-pulse can be used to create a Hahn echo in the detection periggg|ite required 66 h of measurement tinlB)( Time require-
High-power proton dipolar decoupling (DD) is applied to remove heter(}-nemS are high even if only the decay of the echo intensity
nuclear*H-*3C dipolar couplings during, andt,. For the MAS and static 2D . . . .
exchange NMR experiments, a two-dimensional dataFget, t,; t,) is the time domain is followed for a few selected evolution time
generated by repeating the experiment with incremented values of the evdly- Furthermore, to extract precisely the motional correlatic
tion time t; while keepingt,, constant. For rotor-synchronized MAS 2Dtime, it is often necessary to correct for spin—lattice relaxatic
exchange ;r”d OﬁESSA' the ag)d“iona'bfe?‘:][fﬁ”gﬁf* KTr (whereK'is an — qyring the mixing time, which leads to a decrease in the over.
integer andTy is the rotor period) must be fulfilled. For ODESS#,is setto  _. . . .

half a rotor period. (b) Pulse sequence for time-reverse ODE$Si8;set to signal intensity, so thal, ShOUId_b.e knO\.Nn from mdepgndent
half a rotor period, and the mixing time is rotor-synchronized to be a halmeasuremems' Consequently' it is desirable to examine exf
integral number of rotor periods. Acquisition starts one-half rotor period aftémental techniques that yield improved sensitivity over th
the mixing timet,,. The same pulse sequence is used for rotor-synchronizggatic 2D exchange experiment, thereby reducing the amount

MAS 2D exchange, except signal acquisition begins immediately after the fijgh e necessary to acquire a spectrum. Moreover, as will |
7/2-pulse. (c) Pulse sequence for the EIS experiment. A TOSS sequence,i

used to suppress spinning sidebands during the preparation period, followegb?wn' It IS p_OSSIbIe_tO aChleve. this Wh.lle still preservmg bk
a mixing timet,,, lasting an integral number of rotor periods. direct extraction of time scale information for jump-type re

orientation processes, without the need to determine the sp
lattice relaxation timer; explicitly.
as cross peaks in non-rotor-synchronized MAS 2D exchangeA variety of techniques that are one-dimensional analogs
NMR spectra 11, 12. This can also be achieved at modedhe static 2D exchange experiment exist for quantifying mc
spinning speeds by applying a combination of a TO&& tional correlation times. For example, selective excitation h:
suppression okidebands) 13) and time-reverse TOSS pulsebeen used to select a narrow band of frequencies from
sequences in the evolution and detection periods of a twohomogeneously broadened powder spectrum, after whi
dimensional exchange NMR experiment to effect evolutiomolecular-motion-induced changes in the angle-dependent f
under the isotropic chemical shift alon&4j, or by chemical quencies are detected in spectral intensity outside of the i
shift scaling techniqueslb). tially selected band of frequencie$)( Although only a one-
Whereas information on geometrical aspects of slew(1 dimensional experiment needs to be performed, the reducti
ms) jump-type reorientational processes can be obtained froffmeasurement time is marginal, because most of the signa
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\\,\'fa) obessa  (b) E’S;‘Srgxerse (c) Els

suppressed by the selective excitation. Alternatively, select
inversion of a fraction of an inhomogeneously broadened po
der lineshape is another one-dimensional analog to the 2D
exchange experiment. This method, however, is applicable
only to systems that do not experience rapid homogeneoys
signal decays, that is, shdfs relaxation times19). Similarly, ™
selective inversion MAS techniques using, for example, the
DANTE pulse sequence, can be used to invert selectively one
family of spinning sidebands and monitor their return to equi-
librium as a function of a mixing timelQ). These techniques
are experimentally demanding and are typically executed using
specialized instrumentation often not available in commercial
spectrometerslo). tn =7
The rotor-synchronized MAS 2D exchange NMR experiment
is directly related to the static 2D exchange experiment in that it
detects molecular reorientation as discrete cross peaks between
different sidebands in the 2D plan2, §). Because four different
two-dimensional time domain signals have to be acquired to
obtain pure absorption mode spectra, i.e., two signals with the

<<’l7C

pulse sequence depicted in Fig. 1a and two signals yielding the  >> 1,

time-reversed counterparts with the pulse sequence shown in Fig.

1b, the experiment is time-intensive to perform. It is therefore ] 1 U I g
desirable to use, whenever possible, equivalent 1D methods. ' '

The ODESSA experiment recently proposed by Tekely and
co-workers is closely related to the rotor-synchronized MASFIG. 2. Simulated™*C NMR spectra for dimethylsulfone under the con-
2D exchange experimerB); The same pulse sequence is useditions of different 1D MAS exchange experiments for a spinning spees of
as for the 2D exchange experiment with a rotor-synchroniz&g?™ X 1800 Hz, a*C frequency of 125.4 MHz, and the chemical shift tenso

. . . . . . given in Ref. ). o, = 63.5,0,, = 60.7, ando,, = 6.0 ppm. Each series
m'X'”Q time and with the evo_lutlon period T'Xed at a valge= . simulates no exchange,( < 7.), exchange when the mixing time equals the
Tr/2 in the ODESSA experiment; see Fig. 1a. If no reorienyrrelation time for the motiort,, = r.), and full exchanget(, > ) for (a)
tation takes place during the mixing time, a MAS spectrum {3DESSA spectra, (b) time-reverse ODESSA spectra, and (c) EIS spectra. -
obtained in which all of the odd-numbered sidebands ageectra are normalized to the first spectrum in each series.
inverted. Dynamic processes during the mixing time result in a
reduction in the overall intensity of the ODESSA spectrum arile T, relaxation time is known from independent measure
modification of the sideband patterns; see Fig. 2a. Tineents or obtained from a fit to the spectra (an unnecess:
ODESSA method works properly if the experiment is perrestriction, as will be shown later).
formed on-resonance and if only one isotropic chemical shift, Another 1D exchange MAS method that is closely related f
and thus one family of sidebands, is present. These shortcdhe 2D exchange experiment is the EIS technique, designed
ings are overcome in the time-reverse ODESSA experimelfang et al. (6). As will be shown later, EIS also permits
which generates spectra with all families of sidebands imotional correlation times to be extracted directly from th
phase, provided only the orientations associated with the miata without explicit determination of the longitudinal relax:
clear spin interaction tensors change and the isotropic valu®n time T,. In samples with an isotropic distribution of
remain constant9). Here, too, the evolution time is fixed tomolecular orientations, the spinning sidebands can be st
half a rotation periodt; = Tg/2, the mixing time is set to an pressed through the use of the well-known TOSS pulse ¢
odd number of half rotor periods,, = (2K — 1)Tg/2, and, quence, yielding only peaks at the positions of the respecti
unlike the case of the time-reverse MAS 2D exchange signatotropic chemical shifts in the 1D TOSS spectra; see Fig. 2
acquisition starts at, = Tg/2 after the detection pulse; sedaop. As shown in Fig. 1c, the TOSS and the exchange NM
Fig. 1b. As shown in Fig. 2b, in the absence of molecul@xperiments can be combined by incorporating TOSS in tl
reorientation dynamics, the time-reverse ODESSA spectrypreparation period of an exchange experiment. This is followe
resembles a normal MAS spectrum; however, when dynamimg a mixing time during which molecular dynamics can occt
are present, the overall intensity of the time-reverse ODES$Ad cause frequency changes that reintroduce sidebands in
spectrum is diminished, and the sideband patterns are modifieD.MAS spectrum acquired in the subsequent detection peric
For both the ODESSA and time-reverse ODESSA expesee Fig. 2c. This combined TOSS/exchange experiment cc
ments, it has been demonstrated that the time scale cansbiites the EIS techniqué,(7), in which simply the presence
extracted directly from the experimental da& 9), provided of sidebands provides evidence for frequency changes, suct
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those produced by molecular motion; suppressed sidebandsta®veen thez-principal axis of the coupling tensor and the
restored as a result of molecular reorientation (or magnetizxternal magnetic fiel®, is relevant:
tion transfer via spin diffusion), which allows direct character-
ization of_ the asso_mated time scale. Other_ spinning sideband  ,(g) — w,, = % §(3 co2B — 1) = 8P,(cosB), [2]
suppression techniques can also be used instead of the TOSS
sequence, for example, SELTICSideband elimination by
temporaryinterruption of thechemicalshift) (20).

The EIS technique was first demonstrated on polycrystalline
dimethylsulfone (DMS) §); however, comparison with com-

where P,(cos B) is the second-order Legendre polynomial
rLI\Iote that in?H NMR, where the dominant interaction is
bétween the electric field gradient (EFG) tensor and the nucle

puter simulations of the spectra appeared to be necessarelFCtrIC quadrupole moment, the angular dependence is gi

yield motional time constants from the experimental data. T e he same expressions Eq. [1] and Eq. [2], except for a
experiment was later applied to study spin diffusion in ign in frc_)r_1t of the anglg dﬁpendent term, accounting for t
dipotassium salt of-glucopyranose-1-phosphate and in spider 0 transitions of the spih = 1 system.

silk (21), bu_t thg data were anglyzed in a manner that reguir%o\S and TOSS

the determination of spin—lattice relaxation times. As will be

shown later, the experimental EIS data can be analyzed inSample rotation renders the orientation of each molect
terms of the raticRE'S(t,,,) of combined sideband intensity towith respect to the external magnetic field time-depender
the total (sideband- centerband) intensity of the EIS spec¥esulting in a time dependence of the NMR resonance fr
trum, which is analogous to an analysis of static 2D exchanggency. In MAS NMR, sample rotation at a frequeney =
spectra using the off-diagonal-to-total intensity re@’(t,,). 27/ Tg, WhereTy is the period of rotation, can conveniently be
This work represents a first-time demonstration of the simptescribed in a frame fixed with the sample rotor, called tf
and direct extraction of motional correlation times for a singlkotor frame (RF), with the rotor axis as tge-axis inclined at
random-jump-type motion using EIS, expanding significant§,, = 54.74° with respect td3, and the time-dependent
the description given in the original papess, {b. Further- azimuthal angle given asgt. This requires that the chemical
more, these results will be shown to be closely related to tBBift interaction tensow, as well as the external magnetic field
ODESSA, time-reverse ODESSA, and static 2D exchang that constitutes thg --axis of the laboratory frame (LF), be
experiments. We will demonstrate consistency among the a;cpressed in the RF. AlthougH™® can be converted directly
sults obtained from each of these exchange NMR techniguetp ¢~ it is often convenient to transform from the PAS vie
and other methods for quantifying molecular jump motion&uler angles«( , B’, ¥') to a molecular frame (MF), fixed to a

specifically in dimethylsulfone. local molecular segment, where molecular reorientation
more easily described. The transformation is then extend
THEORY from the MF to the RF using the Euler angleg (3, v):

In the solid state, the NMR frequency depends on the ori- PAS. 0 MF, 0 RE LF, B,
entation of a molecule in the external magnetic fiBjgdue to o' By @By 0,0 mwrt
the anisotropy of the nuclear spin interactions, which are 3
described by second-rank tensatsZ2. For the case of a spin [3]

| = % nucleus possessing a chemical shift anisotropy (CSA), hi h lar-d dent f q q
the angular dependence of the NMR frequency in the rotati this case, the angular-dependent frequency depen S on
three Euler anglesef B, y), on all elements of the chemical

f is gi by 1,2 . ) o : o
rame is given by 1, 22 shift tensor in the MF (which is usually nondiagonal in this

N frame), as well as explicitly on timel):
w(a, B) = wg, +58(3 cogB — 1 — nsifBcog2a)), [1]

o(t) = w(a, B, vy + wgt)

wher_e_wiSO denotes_ the isotropic chemical shift frequenéy, Clicogy + wgt) + Ccog 2y + 2wrt)
specifies the coupling strength, and the asymmetry parameter

represents the deviation from axial symmetry aboutztiagis + SI%in(y + wgt) + SsiN(2y + 2wgt),  [4]

of the chemical shift tensow; the polar anglesx and 8

describe the orientation of the magnetic fiBlgiin the principal where the isotropic part has been omitted from the equati
axes system (PAS) of the interaction tensB*S. The principal and explicit expressions for the coefficie@§«, g, "F),
axes system for the generally dominating intramolecular co85%«, B, ¢¥7), S, B, ¢"F), SYa, B, c™F) are given
tributions is determined by the local symmetry of the moleculdsewhereZ, 22, 23. Note that the dependencies in Eq. [4] ca
in the vicinity of the nucleus under study. In the case of amlways be written in terms of the sum of (+ wgt), because
axially symmetric coupling tensom(= 0), only the angle8 bothy and wkt correspond to rotations about the rotor axis.
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For a single segment, the MAS time-domain signal is then ©
given by @, 249 = > eNwlgNfx(q, B, vy, a"F)

N=—o

t
exp i| dtw(t) R A ME
D[L ] XZ’ITJ’ doe “(a, B, G,g )
0

expi®(a, B, v + wgt, gMF))eXp(—i(D(a, B, v, gMF)) .
=t (a By, @), By + ot @), 5] = T duer(a, By, 0 R B ), (L]

N=—o

g(t)

where the so-callefHfunctions are given by2) ) _ )
with Fy(a, B, a“'F) representing the Fourier transform of
MR\ s .
f(a, B, v + wgt, gMF) = expi®(a, B, y + wrt, gMF))_ f(a, B, 0, ™) with respect tof (1):

[6] 1 [
Fu(a, B, a"F) = wa do e ™f(a, B, 6, a"). [12]
Note that thef-functions are periodic with 0
f(a, B, v, o) = f(a, B, y + nN2m, o) For a macroscopic sample, the contributions from all mc
- - lecular orientations with different{ B8, y) must be taken into

account, weighted by the orientational distribution functiol

) ] . P(«, B, ), resulting in the signal for each species:
for integern; hence, all calculations can be confined to an

interval of 2r. Sideband intensities are best calculated, as

=f(a, B, v + NwgTr, @) [7]

X . i o 2m T 2m
described by Mehring22), by using the equalities G(t) = J daf Sinﬁdﬁj dy P(a, B, y)E°=g)h(b).
0 0 0
1 2w
expliz sin @) = 27TJ do 8(0 — @)expiz sin0), and [13]
0

In Eqg. [13] the evolution of the magnetization due to the
1 (2= isotropic chemical shift has been reintroduced, along with
exp(iz cosg) = wa d6o 8(60 — @)expiz cosh). [8] appropriate apodization functioh(t) to take into account
0 transverse relaxation with the time constdnt e.g.,h(t) =
exp(—t/T,). A normalization constant for an isotropic powdel
Letting ¢ = y + wgt and inserting sampleP(a, B, y) = 8; has been used. The integration ove

v then effectively produces a second FT with respec, teee

1 2w . . * H
1= Z’TTJ do 8(6 — v — wgl) 9] Eaq. [12], yielding the ternFY(a, B, ¢"7) in Eq. [14]:
0

* . ) 1 2 T .
into Eq. [5], followed by expansion of the delta function into an G(t) = 2 eostehnt 872 J d“j sin gdp
infinite series of plane waves, N=- 0 0

Xf dy €+ (a, B, 7, ") Fula, B, g")h(t)
0

80—y — wgt) = > exgd—iN(0 — y— wgt)], [10]

N=—o

yields the MAS time-domain signal:

R B
> e"“SD‘e'N‘"RtAﬂTJ daf sin pdp
0

N=—o0 o

9(t) = f*(a, B, v, &™) X Fl(a, B, ") Fy(e, B, a")N(t)

1 (7 -
X zwj do 8(6 — v — wgt) f(e, B, 6, a™) = > gosdgNort| MASh (1), [14]
0

N=—o
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resulting in the positive and real valuE%(«, B, o) Fy(a, allowed to last an integral number of rotor periods, durin
B, a™F) = |Fy(a, B, c™)|?, a property that is preservedwhich frequency exchanges can occur that ultimately reintr
during integration over and 8, producing positive sidebandduce spinning sidebands into the spectrum. At the end of t
intensitiesIN° in the MAS spectrumZ5). Fourier transfor- mixing period, the magnetization is returned to the transver
mation of Eq. [14] yields a spectrum with peaks locatedgt plane by anothet/2-pulse for detection of the signal. Depend
= w5, + Nwg, Which have intensities given (" = 1/47 ing on the phase of the pulse at the beginning of the mixir
2"da [ZsinBdBF}Fy and absorptive and dispersive lineperiod, either the sine or the cosine component of the trar
shapes determined byt): verse magnetization (or more precisely, the real or imagina
part of the complex time-domain signal, respectively) is st

o lected for detection after the mixing period. Both componen

l(w) = > [Alw— wy) +iD(w — wy]I¥™S. [15] have to be measured and added to obtain the EIS spectr

N=—o Although the summation of the two components can &

achieved in a single experiment by using the appropriate pul

Applying the TOSS pulse sequende), with four r-pulses Phases and adding the time-domain signals, it is preferable
applied at times, throughr, and signal acquisition starting atobtain the sine and cosine components in separate experime
75 after cross polarization, essentially suppresses the tefff combine the data afterwards, thereby preserving the p
f*(a, B, v, oM7) in Eq. [5]. Thus, instead of Eq. [11], oneSibility to adjust their respective phases independently. In ti
obtains the time-domain signal: absence of frequency changes, for example due to molect

motions, the mixing period has no effect other than to allo

. spin—lattice relaxation to occur. Under these circumstances, 1

_ iNwgt <N MF spectrum displays only centerband signals at the isotro

9(t) = 2 e Fya, B, z"). [16] cEemicaI shiftps; )t/he eff)éct of magnetiza%ion created by spiE

lattice relaxation is eliminated by proper phase cycling. In tk
presence of molecular motion (or magnetization transfer |
spin diffusion), however, the delicate nonequilibrium state ¢
the nuclear spins prepared by the TOSS sequence is pertur

N=—o

Integration over the anglg then yields a delta function:

o I m during the mixing time, with the consequence that sideban
_ iwistaiNort _ ~ H 1
G = 2 erre 8#1 daj sin Bdp arise in the spectrum.
N 0 0 Before the mixing time, the signal of a single molecula
o segment is thus given by either the real or imaginary part of tl
v f dy €VFy(a, B, a"F)h(1) complex TOSS signafy(a, B, y + wgrs, a™F), depending
o - on the phase of the pulse preceding After the mixing time,

the signal evolves as a normal MAS free-induction dece
> 1 (2= ™ (FID), resulting in the EIS time-domain signal for a single
> evsighnt /| da | sinpdp molecule or molecular segment:
0

N=-—c 0
X Fy(a, B, gMF)SN,oh(t) ilj?e,lm(t; tm) = ﬁne[ fl(a' B, v + wgrTs, g.MF)]
1 2w ™ ) * MF
— 47Tf daJ‘ sin BdB Fy(a, B, gMF)elw‘SDth(t) X 1%, B, v + wrTs + wglpy, g )
0 0

_ X f(a, B, v + wgTs + wrty + wgt, QJ-MF).
= 1{9%%“=h(t), [17] -
[18]

with the result that a centerband-only spectrum is obtained,
the intgnshi/ltXlsgossof which is in general different from the 1o ampjitude of the complex signal detected after the mixir
intensity o of the centerband in the conventional MASie is proportional to the real or imaginary part of the sign:
spectrum Z6). prepared by the TOSS sequence before the mixing time. Th
the resulting EIS time-domain signal for a particular set c
Euler anglesd, B, ) with respect to the rotor frame is a MAS

In the EIS experiment shown in Fig. 1c, at the paigiwvhere FID, phase-shifted bwgt,, and multiplied by the real number
the acquisition begins in a standard TOSS measurement, Re{f,(«, B, v, o"")] or Im[ fy(a, B, v, "7)]. The sub-
transversé*C magnetization is rotated to thedirection by a scripts 1 and 2 on thé-functions refer to the orientations
wr/2-pulse, and a mixing time begins. The mixing period iassociated with the chemical shift tensors relative to the mc

Monitoring Random Jump Motions with EIS
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ecule-fixed (MF) frame at the beginning and at the end of tleé jumps amongZ equally populated equivalent siteB; (=
mixing time, respectively. The indicesj = 1, ...,Z label 1/Z), with the probabilityk,,, of a jump between any two sites
the number of siteZ among which exchange takes place, and described by an exchange matrix whose elements are
oro F represent the chemical shift tensors in site site kKnop €Xcept for the diagonal terms, which ar§Z — 1)k,
], respectrvely For a particular molecular segment in tHeefining the microscopic rate coefficiekt,. as the overall
sample, the contribution to the EIS time-domain signal is rate for leaving a single sitéq,,; = (Z — 1)k Yields the
relationt, = Pj/kpop = 1/(ZKyop = (Z — 1)/(Zkqic) between
the correlatron timer, and the various rate coefficients. The
g(t; t,) = E Pi(tm [ gkdt; to) + igin(t; t)],  [19] differential equations (Eqg. [22]) can then be solved to obta

ij
. 1 1
with V\/ji(tm) = z + <8ij - Z) eXF(_Zkhoptm)

Pi(tw) = [exp(Kty) ]iP, t tn\] 1
ZGX%_T>6U+|:1_9X%—T):|Z, [23]
= [exﬁ(g - g)tm)]jipi, [20] ¢ ¢

or in terms of the joint probability density
whereP; = P(g;) is the equilibrium population of sitewith

chemical shift tensop;, 11 is the exchange matrix with ele- P.(t,) = Wi(t,) P,

mentsII, ., which form # n gives the probability per unit """ "

time for exchange from siten to siten, and R is a diagonal _ tm tm

matrix with elements I, that account for spin—lattice relax- B exp( T 8Py + 11— ex T PP [24]

ation at the different sites. Assuming that thevalues are the

same for all sites, Eq. [20] simplifies to That means Py(t,) is simply a linear combination of

Pj(tm = 0) = §;P; (no exchange) an(t,, — «) = P,P; (full
exp< _ tm)[exp(Htm)]jiPi exchange) for arprt_rary valuest,}f This property is characteristic
T, for models describing random jumps (all jump rates proportion

Pi(tm)

to P)) from an arbitrary orientation to any other orientation amon
= Pij(tm)exp< - > , [21] equivalent sites or random jumps among inequivalent sites witt
single common reorientation geometry.

where the joint probability densitly;;(t,,) = P(g;, g;; ty) is
the fractional population of those nuclei that at the beginning
the mixing time were in sitewith chemical shift tensogr; and Before proceeding with the analysis of the EIS experimer
at its end are in sitg with chemical shift tensou ;. Note that the static 2D exchange NMR experiment will be discusse
even in the absence of motion, the overall srgnal (Eq. [19%yiefly, because it stands out among all of the one- and tw
decays with the relaxation timg,. dimensional exchange NMR experiments in that the 2D e
The joint probability density;(t,,) = P(g;, o ;; t) canbe change spectrurf(w,, w,; t,,,) represents a direct mapping of
expressed as the product of the probability derBrtyt P(gi) the joint probability density;;(t,,) into the ,, w,)-frequency
of finding a molecule with chemical shift tensef; and the space 10). Hence, from Eq. [24] it can be directly concludec
conditional probability densityV; (t,.)=W(g ;; t|a;) thatits that for random jump-type motions among equivalent sites, tl
tensor isg ; at timet,, provided it waso; before the mixing associated static 2D exchange spectr8fw,, w,; t.,) is a
time. In that regard, the matrix W consrstsrofolumn vectors linear combination of the diagonal spectrum and the spectrt
W,, thej elements of which are recognized as the conditiongdr full exchange {, 100. For any type of reorientation dy-
probabilitiesW(g ;; tm|gi) of finding a particle on sitat time namics and the special case 9f = 0 (axially symmetric
t, if it was initially at sitei att = 0. For a stationary Markov interaction tensor), only the Euler ang® between thez-
process, the conditional probability density; (t,,) follows the principal axis of the coupling tensor and the external magne
set of differential equations field is needed to describe the reorientation geometry. In the
circumstances, calculating the two-time frequency average:

gttatic 2D Exchange Orientational Autocorrelation Functions

Wi(t) = D TLWi(t), [22] (010p)(ty) = (w(0) (tp))

k=1

= JJ’ dwldwzwlwzs(wlr (.02; tm) [25]

with the initial conditionW; (t = 0) = §;;. The simple case
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is equivalent to calculating the second-order orientational au- tm
tocorrelation functiorC,(t,,) (1): R(B3 tw) = exp( - Tc) 8(Ba)
Caltn) = 5(P(cos Bt = 0))) Py(cod Bt = 1)) +1- el - ) |Rgi o, 0
5
= 52 (0(0)w(ty). [26]

which results in the expected monoexponential decay of tl
correlation functionC,(t,):
This provides direct and model-free access to the motional

correlation timer, from a series of static 2D exchange NMR
spectra that have been acquired as a function of the mixin o0 tm
time: The experimental spectral intensi§(w,, w,; t,,) is .t :J dBs P2(C°S(B3(tm)))[e)(p<_ TC) 8(Bs)
integrated numerically, weighted by the product of the fre- o
quency coordinates of the individual points. ¢
Form = 0, the 2D exchange spectra are uniquely determined + [1 — exp< — m) } R( Bs; tn — oo)]
by a one-dimensional reorientation angle distribution Te
R(Ba; t,), Where the reorientation angBy = B, — B, is the o
angle between the relative orientatighs= B (t = 0) andp, —|1_ o
= B(t = t,,), of the chemical shift tensor during andt,, [1 Joo dBa R(Bal tn )PZ(COE(B3(tm)))]
respectively €, 10:

o
X exp<_ tT"‘) + J dBs R(Bs; tm — o) Po(CogBs(tn)))
(08

S(wy, wy; ty) = f dBs R(Bs tn) S (wy, wp).  [27]

=(1— lim Cy(ty; Bg))exp<— t:) + lim Cy(ty; Ba)-

fo— tm—

This integral represents the sum of the subspectra for each
reorientation angle, S; (0,, ®,), weighted by factors
Ri(Bs; t,) for 0° = B; = 180°. Because of the equivalence of
the spectra fop,; and 180°— B,, integration is restricted to 0° As indicated, in the limit of long mixing times, a plateau value
= B3 = 90°: lim,  Cy(ty, Bs) is reached, which depends on the reorier
tation angleB; and reorientation angle distributid®(B; t,,,).
For example, for a random jump motion between four equi
R(Bs tm) = Ri(Bs; tn) + R(180° — B tn).  [28]  gient, equally populated, tetrahedrally arranged siteg, lim
Cy(t B3) = 0.25*P,(cos(0)) + 0.75*P,(cos(109.8)) =
Thus, a relation equivalent to Eq. [26] is obtained by expresd- This approach to calculating the orientational autocorrel

ing the process in terms of the reorientational argyeelative tion function from static 2D exchange spectra appears to be
to the initial positiong; (t = 0) = 0°: general one. Its suitability has additionally been demonstrat

for motional processes involving isotropic rotational diffusion
and also when nonaxially symmetric interaction tensors a
Cy(tm) = (Py(cogBs (t = 0) = 0°)) Py(cogBs (t = t))))  present, in which case the normalization factor in Eq. [2€

— (P,(cod (L)) needs to be replaced by §)(1/(1 + 7%3)) (1, 16.

[31]

= ngdﬁa R(Bs: tm) Po(cod Balt)). [29] Comparison of MAS Exchange Experiments

° Proceeding with the analysis of the EIS experiment, tf

mixing time is set to an integral number of rotor period
Equation [29] allows for straightforward calculation of thgotherwise sidebands will be present in the EIS spectrum ev
autocorrelation functiorl€,(t,,) based solely on the reorienta-in the absence of dynamics.) Consequently, the tegty, can
tion angle distributionR(B3; t,). For a random jump-type be omitted from Eq. [18] because of the periodicity of the
motion among equivalent sites, the reorientation angle distfifunctions, so that the EIS time-domain signal for a singl
bution is given by molecule or molecular segment becomes
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FiMj—N = Fy_n(a, B, giMF’ngp)

tm
g(tv tm) E Pu(tm)eXF( T )
1 1 o -
X fy(a, B, ¢, o) f%a, B, ¢, aF) = j dge "™ Mo, B, & ") 5 B, & o).
- - 0

X fa, B, ¢ + wgt, ngF), [32] [37]

Using Eq. [35], the intensites of thidth-order sidebands in
where¢ = y + wgts. From Eq. [32], the full EIS signal is ODESSA or time-reverse ODESSA spectra are calculated
obtained after integration over the three Euler angle8, and (8, 9):

v. Introducing again the evolution due to the isotropic chemical

shift and damping functiom(t) yields the EIS time-domain to)

signal, which can be compared with Eqgs. [14] and [17] for the IR At = 2 Pij(tm)eXD< - T) IOPES, [38]
time-domain MAS and TOSS signals, respectively: i !

1 . i . where
G(t; tm)zswzj daf sianBJ dy e“stg(t; t,)h(t)
0 0 0 “
IPEA= 3 (DM [39]

o M=—ox
— E eiw.sgteinRtl E'S(tm)h(t), [33]

N=—o ©
Ii,j\‘,trODESSA: E (_1)M(_1)NI R/iﬁD [40]
wherel 5'S(t,,,) is the intensity of théNth-order sideband in the M=

EIS spectrum, as given by
Applying the same notation to describe the unweighted inte

sity of the Nth-order sideband in the EIS spectrum, the corre

t\
155¢t,) = > Pi,-(tm)exr<— Tl) IGES sponding expressions fo},;5'S and1};E'Sin Eq. [34] become
i

) 1 (> [~ o
— E Pu(tm)exr<_ ) E éMwms' i, EIS [34] ”{,]Els . 477j daj dB Sin B SMVOFI’MJ_NFIN, [41]
0 0

M=—o

and
In Eq. [34] we applied the notatidi='S and1l;5'S to facilitate

comparison of the expressions for the intensities of the center- and
sidebands in the EIS spectrum with those observed in rotor- [iES _ E e'M‘”RTS 1

2m T

i SN

synchronized MAS 2D exchange, ODESSA, and time-reverse I f dov f Sin BdB BwoFui-nFi
0 0

ODESSA experimentdiz®, 1°P=5%*and I{"°°FSS* used in M

Refs. @, 5, 8, 9. For these measurements, thg" values repre- 1 (e ”

sent the unweighted exchange cross peaks (or diagonal peaks if = 4] da J sin BdB Fi! [42]
i = j) correlating theMth Fourier component of sifewith the Nth m 0 0

component of sit¢, and are given by the expression

Equations [41] and [42] contain a delta functidy, , as
1 (% m ) _ A opposed tof},)* (Eq. [35]) because of the TOSS sequence i
iR = 47.,J daj dB sing (Fw*FiinFi  [35] EIS, analogous to the difference between Egs. [14] and [17
0 0 From Eq. [42], it can be seen that the phase faet§f™,
which appears in Eq. [34] multiplying the sideband intensitie
where 13,515 and which could lead to severe phase distortions in tt
resultmg spectrum, actually has no effect; the delta function
2m the integral forll;5'S, Eq. [41], causes the phase to facto
= Fy(a, B, ) = f dé e ™f(a, B, & o) vanish altogether with the sum ovist. This results from the
2m 0 n application of the TOSS sequence before the mixing time
[36] suppress all of the sidebands. More precisely, the cancellati
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of the phase factor is a consequence of the Hahn-echo coradialysis of the data, they can nevertheless be used to seps
tion of the TOSS sequence, which causes the signal to fneltiple dynamic processes, such as molecular reorientati
refocused at timers (1). The Hahn-echo condition is alsoand magnetization transfer via spin diffusi@).(Again, due to
responsible for the beneficial circumstance that the occurrenthe Hahn-echo condition of the TOSS sequence, such ph:
of different isotropic chemical shifts, and consequently moustortions do not exist in EIS spectra, even for the case
than one family of spinning sidebands in the EIS spectrurhemical exchange between groups with different isotrop
does not result in phase-distorted spectra, as is observed indhemical shifts.
ODESSA experiment9). There, for a spin system consisting Additionally, differences are apparent between the EIS e
of several distinct groups of equivalent nuclei with differenperiment and MAS 2D, ODESSA, or time-reverse ODESS.
isotropic chemical shifts?,, w2, ..., the ODESSA time- measurements, based on a comparison of Egs. [35] and [41]
domain signal becomes the expression fot;5'S in Eq. [41], a delta function replaces
the (F},)* term in Eq. [35], indicating that different sideband
Ta intensities are expected for the different experiments. To del
GOPESSAL; t,) = ) eXP<iw§o 2) onstrate this, Fig. 3 compares the center- and sideband int
a sities of simulated EIS (Fig. 3(a)) and time-reverse ODESS
" spectra (Fig. 3(b)) (which are identical to the intensities of th
ioa a,ODESS ODESSA spectra), as functions of the reorientation argle
X 2 expli(0f, + Noglt) [FOP55AL,,), for the case of a two-site exchange process involving anmgxia
[43] symmetric chemical shift tensor in the limit of full exchange
(t,, — ). The intensities of the centerbands and first- ar

whereX, reflects summation over the different species preseficond-order sidebands are shown in Fig. 3 for a spinni

Itis clear from Eq. [43] that each sideband family is associat€f€€d Owg = 2m X 0.45 (see Eq. [1]), which was selected as
with different phase factors2, Te/2. The EIS signal by &Ccompromise between rapid spinning with little or no sidebar

comparison is free of this difficulty, again as a result of thitensity and very slow spinning with low or negative TOSS

Hahn-echo condition inherent to the TOSS pulse sequenceNtensity (3¢, 24, 2. Specifically, the relative intensities of
EIS and time-reverse ODESSA sidebands are functions of bc

reorientation geometry and sample spinning speed (in additi
- . to chemical shift tensor values). The intensity of the EI!
GES(t t) = 2 2 expli(0fo + Nop)IR®(tw).  [44]  conterband in Fig. 3a decreases with increasing reorientat
a N angle, while the EIS sidebands generally increase in intens
- ) as 3; becomes larger. In contrast, the intensities of all time
The phase difficulties of the QDESSA experiment can, hoWsyerse ODESSA peaks in Fig. 3b decrease with incregging
ever, be overcome by performing time-reverse ODESS (4t 0w reorientation angles. The intensity of the time-rever:
which cancels distortions arising from the preceding phagshegsa centerband in Fig. 3b decreases over the entire ra
factors;_see Eq. [43]. Phase distortio_ns, hov_vever, can sti_II OCRHT reorientation angles from 0° to 90°, while the intensit
in the time-reverse ODESSA experiment, if the dynamic proyres of some sidebands increase slightly at higher reorie

cess involves exchange between groups with different isotropigio, angles. For example, the intensity of the= —2
shifts, resulting in “phase transfero time-reverse ODESSA sideband, decreases with increasing
reorientation angle from 0° to about 35°, then steadily ir
© creases at higher jump angles up to 90°. Intensity changes in
GUOPESSAt: 1) = >, > (—1)Nexpli(w, + NwR)t) Nth-order time-reverse ODESSA (or ODESSA) peak as
b N=— function of reorientation anglg; reflect variations in the

T corresponding MAS 2D exchange peak intensitids2®

X > ZPamj(theXF(i(wgo — W) 2R>|a‘bi, summed oveM, for M — N even compared tM — N odd;

a j see Egs. [35] through [40].
[45] Focusing on the relative intensity variations of the sideban
of the EIS and time-reverse ODESSA spectra, the plots in Fi
where the NMR interaction tensors before the mixing time aBreflect a significant dependence on reorientation apgle

labeled with the single indeai, and the sum over the tensord=or small reorientation angles, the EIS sidebands show le
after the mixing time indexed bkj has been separated intooverall change in their intensities relative to the EIS spectru
sums over the isotropib and anisotropig parts. When ex- obtained in the absence of motion, compared to the respect
change occurs between different groups, phase facif¥s{ time-reverse ODESSA spectra. For example, a reorientati
wi)Tr/2 appear, leading to phase distortions. While sua@ngle of 20° leads to reductions of both time-reverse ODESS
phase distortions in time-reverse ODESSA spectra complicated EIScenterbandsy about 8% compared to the total re-

N=—c
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, —— — — sensitive to small reorientation angles and of similar sensitivi
i \\ EIS at large 65°) reorientation angles compared to MAS 2C
08 | (a ) ~ exchange or ODESSA.
I \ In the absence of exchange, the shift tensgrando .
06 L 0 Eq. [37] are identical, and tHefunctions cancel in the mtegral
- — (f*f = 1). Performing the integration in Eq. [37] then result:
- oal in F)f_n = 8y n» SO that the sideband intensities in Eq. [35
! are equal to the intensities in the conventional MAS exper
ol N ] ment (Eq. [14]):
: = {—f":—-: TR '—_'::1'_:'._:‘_"35- 2 1 (2~
T e e T 0 120 =4wf f dB sin B F* 8y nFn = Sunl¥S.  [46]
Jump angle (degrees) 0 0
08 ——— — — — : Analogously, for the EIS spectrum in the absence of exchang
- (b) tr ODESSA |  Fo [41]becomes
0.6
[ (e m
04 P INS = 477[ daJ dB sin BdyoFo = Snol¢0>°  [47]
_Z — \ 0 0
I ~. —— 0
0.2 [y ~g -
?'-T-T.:::r______‘__”_ ;: -— T T and a centerband-only spectrum is observed (Eq. [17]).
0 [rITmmm=es - e R Combining Egs. [24], [34], [42], and [47] yields the expres
i ] sion for the intensities of the sidebands in an EIS spectrum f
oo L .. e L . ] the case of random jump motions amafgquivalent sites:
0 20 40 60 80

Jump angle (degrees)

FIG. 3. Simulated center-I{) and sidebandl(, N # 0) peak intensities
for an axially symmetric chemical shift tensor undergoing a slow two-site jump
motion through a variable jump anglg;, while the sample is spinning atz
= 27 X 0.45. Peak orders| for each of the curves are indicated on the graphs.
Peak intensities are normalized to the no-motipg € 0°) limit. (a) The EIS
centerband decays, while the EIS sidebands generally rise with increasing
reorientation angle, so that the sum over all EIS peak intensities remains
constant. The changes in peak intensities with changing reorientation angle are
stronger in the center of the curves (20° to 60°) and weaker at the edges, near
0° and 90°. (b) Time-reverse ODESSA peak intensities, which are the same for
the ODESSA experiment. Note that the dependencies of the peak intensities on
the jump angles are more pronounced over the range 0° to 50° and relatively
weak from 50° to 90°.

spective spectral intensities measured by the two experiments
in the absence of such reorientation dynamics. However, the
collective intensity changes of the time-reverse ODESl-
bandsare approximately twice those of the EIS sidebands.
While the EIS sidebands rise to a combined intensity of about

I8 5(tm)

8% of the no-exchange EIS spectrum for a reorientation angle

of 20°, such motion yields a decrease in the combined inten-
sities of the time-reverse ODESSA sidebands by about 16%. In
contrast, for reorientation angles from about 65° to 90°, the
increase in intensity summed over all EIS sidebands is slightly

3o
el
2

(s e
[

L]

WETRE
+ [1 exp( — t:) ] II\,e’E'S] , [48]

I5ES= > PPILES, [49]

ij

larger than the corresponding decrease in intensity sumnfesm which the final absorptive EIS spectrufS(w) can be
over all time-reverse ODESSA sidebands. These differenaasmputed a$='S(w) = S5__.. A(o — wy)I5' (analogous to
show the EIS experiment under these conditions to be ldgaking the real part of Eq. [15].)
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Extraction of Correlation Times so that Eqg. [50] can be rewritten as

Equation [48] represents the EIS spectrum for random jump- S s ¢
type motions as being composed of the sum of the no-exchange REIS(t,) = —voos— [1 — exp< — m)]
TOSS spectrum, which decays as exp{/7.), and the full- lo
exchange spectru{$'E'S which rises to its final value as t

-l

Te

exp(—t. /7o), analogous to the case of the static 2D exchange [52]

NMR experiment discussed earlier. Therefore, taking the ratio

RE'S(t,,,) of the combined intensities of all sidebands (exclud- e _ |
ing the centerband) and the integrated intensity of the ent]’l"@ere the abbreviatioR™ denotes the sum over all sideband:

spectrum eliminates the exponential factor associated with ﬂlﬂée_znsmes (excluding tr;_e cgnte_rkt])and) in the fL;]II-exchange ((];'
T, relaxation. This allows the motional correlation timeto Imit (t,, — =), normalized with respect to the centerban

be determined directly from a series of EIS spectra that haglgly TO_SS spe<_:trum inftensity. i _

been acquired as a function of the mixing time, without the Equation [52] is very similar to the expression obtained for th

need for explicit determination of,: ratio of the combined intensities of the off-diagonal cross-pea
1

to the total integrated area of all peaks in the rotor-synchr
nized MAS 2D exchange NMR experimefRP:MAS(t ).

Tc

s Snzo 185t Analogous to Eq. [48], the intensities of the MAS 2D exchang
RES(t) = >u 55t peaks are given by
s 1— _ Lm |feElS tn)
N0 ex ) |M 122(tm) = > Pij(tm)eXF< - -|—1>|R/E§D
t t ' &
109%%xg — — | + 2y |1 —exg — — | |IRES
T T tn MAS tn
¢ ¢ = eX - Tf SM,NIN ex - ?
[50] 1 c
+ [1—exp<—m>]lﬁﬁD], (53]
To proceed, the sum over all peaks in the full exchange EIS Te
spectrum ' needs to be evaluated. Using Egs. [36], [37], [42], .
[47], [49] and the relationS5_ . exp(N(6 — ¢)) = where Egs. [24] and [46] have been used and with
8(60 — ¢) (analogous to Eg. [10]), one arrives at )
I = 2 PP [54]
. i
2 INES= 2 X PP I
N N 112D is given by Eq. [35]. The rotor-synchronized MAS 2D
o i exchange spectrum for random jump-type motions is the sum
=) pip,i da | sinBdB Fijl (Fi, a no-exchange MAS spectrum (Eq. [46]) which decays ¢
N i M4 exp(—t,/7.), and the full-exchange spectrum (Eq. [54]) whict

0 0

rises to its final value as exp(,/7.), yielding for the ratio of the
intensity of off-diagonal cross peaks to total spectral intensity:

N “da| “sin s -

=2 PP, al sinpdB ;— fe,2D

] o Jo Rzo,MAs(t):mw[l_eXF](_tm” [55]
m T '

27 2w 2N IP\IAAS c
X J d@f do 8(6 — ¢) fi(a, B, 6, o) . , o
o o - Similarly, for the case of the static (non-spinning) 2D exchang

experiment:
X f3a, B, 0, ¢} foa, B, ¢, @ ')

Rty = 3 3 Pin[l - exp<— t:)] - [el

1 2w T R
= > PP, 477[ daf sin BdB F, L i
i
° ° In contrast to Eq. [55] for the 2D MAS exchange experimen
= z pipj|gossz 10958 [51] where the prefactor is comprised of a combination of the si

ij populations and the sideband intensities, Eq. [56] for the static :
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exchange experiment in general yields direct information abawith the result that

the number of siteZ involved in the random jump motion,

provided symmetry does not render some of the sites equivalent. ROPESSAt,,)

Executing the double sum in Eqg. [56] for equally populated sites IS | [ @] S, (— M(— DME

yields =
g Sy (—DMNAS + [1 — €7 3y (=MW

R(t,) = % [1 - exp< - Tm)] . [57]
; S DD + O — 5, (DM MR

Sy (=DM
For a random jump motion among equivalent sites, ODESSA

spectra are also composed of the sum of a no-exchange spectrum
and a full-exchange spectrum (Egs. [24], [38]). ODESSA spectra, | . . .
contain positive and negative peaks, so summing over the inteﬁ.—us'.ng a d|rect analogy for the time-reverse OPESSA ane
sities of all ODESSA sidebands or the entire spectrum involvgg's’ |.(.a.,.tak|ng . pgak to t_he er_m.re speptrur
adding large positive and negative numbers to obtain a smATC gllm_lnqtes the need to determine oﬂ'gltexpll.cnly. This
value. Consequently, the ratio of the combined ODESSA sid&Ho 1S similar to, but not the same as, Eq. [58]:
band intensities to the total ODESSA spectrum intensity (analo-
gous to the analysis of EIS spectra usRig(t,,,) in Eq. [50]) may INCPES A )
be sensitive to small experimental imperfections, such as noise>y 15° 5554t
associated with implementation of the ODESSA experiment. Al- NS 4[] — @] 3, (— M 1)
ternatively, taking the ratio of the integrated area of one peak to — N M MN
the total spectral intensity yields greater sensitivity to reorientation € 2y NS+ [1 — €] Sy 2y (=DM DM
and still permits the extraction of a motional correlation time [61]
without explicitly determiningT,. For convenience, taking the
negative value of the integral intensity when an odd-number
sideband appears in the numerator yields a ratio that decre
monotonically with increasing mixing time:

[60]

f%\évever, the ratio in Eq. [61] will not be used here for analysi
St time-reverse ODESSA spectra, because the double-sumr
tion term in the denominator cannot be simplified using Ec
[59], due to the appearance of both )" and (—1)™ in the

(—1)MOPESSA ) sums containing th&s;2P term.
RRPES*AL,,) =S 1B ) An expression equivalent to Eq. [58], however, may b
NN obtained for time-reverse ODESSA spectra by modifying th
g MAS | [ — gWn]S, (= 1)M(—1)N 2D intensity ratio from that used in Eq. [61]. ODESSA and time
= &S (—D)NIMAS 4 [1 — e ]S, 3, (— 1M reverse ODESSA signals are closely related (see Egs. [3

(58] [40]), and, in the absence of phase distortion, a time-rever

ODESSA spectrum can be converted into an ODESSA spe

trum by inverting all of the odd-numbered sidebands. Doing ¢
where Egs. [24], [38], [39], [46], and [54] have been used. Theermits the same simplification (Eq. [59]) used to obtain E
double-summation term containitif3° in the denominator may [60], thereby allowing the motional correlation time to be mor
be further simplified, because the sums dvieandN are equiv- conveniently extracted from a series of time-reverse ODESS
alent. The sum over the intensities of the peaks along a givgpectra:
column or row in the 2D exchange spectrum is constant (neglect-
ing aT, relaxation factor in both the numerator and denominator | IODESSAt )
of Eq. [58], which cancels), independent tgf and equals the ~ R{°"*°*At,) = S (— 1) TOPESA )
intensity of the corresponding sideband in the 1D MAS spectrum: N N "

&N + [1— @] By (—DM(=DMGE°

TS (DM + [1 - €7 Sy (- DM (- PP

S 5= S 1= S (59
N M

S (- MM + (R — Sy (- DM
3 For example, because of the inversion center of a benzene molecule, NMR  ~— EN (_1)N|l'\\‘/IAS :
frequency changes due to the six-site jump motion in the plane of the molecule
are indistinguishable from frequency changes due to a three-site jump motion. [62]
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Equation [62] has a simpler form and fewer parameters tharing the different exchange NMR methods. The use of DM
Eq. [61], making it more convenient to use in the analysis. with *3C in natural abundance (1.1%) renders magnetizati
While a correlation timer, may be extracted directly from atransfer via spin diffusion inefficient; thus, molecular motion:
series of static 2D exchange, MAS 2D exchange, El&re the sole source(s) of NMR frequency changes giving rise
ODESSA, or time-reverse ODESSA NMR spectra (Egs. [57@xchange features in tHéC NMR spectra. Furthermore, these
[55], [52], [60], and [62], respectively) there are importantesults can be compared against literature values for DN
differences among these experiments. The ratios for 2D exchange rates determined using oth& and®H NMR mea-
change and EIS spectra contain two fitting parameters, namslyement strategie21-29.
a correlation time and a full-exchange limit, but only the In a crystal, DMS molecules undergo slow twofateflips
full-exchange limit of the static 2D exchange raf3°(t,,) about their individual G symmetry axes, which exchange the
yields directly the number of sited participating in the ex- positions of each pair of otherwise chemically equivaler
change process. While it is the most experimentally timenethyl groups. The reorientation angles for thaxes of the
consuming of the experiments discussed here, static 2D &% chemical shift andH electric field gradient tensors asso-
change NMR also gives direct access to the orientatiorgiated with the methyl groups are close to the angles betwe
autocorrelation functio,(t,,), which permits extraction of a two vertices of a tetrahedrorn3{ = 109.5°). The elliptical
correlation time for types of molecular reorientational motioridges of a static 2D exchandéC NMR spectrum and simu-
other than random jumps. Unlike EIS spectra, ODESSA @tions of static'*C lineshapes yield a value of 108° for the
time-reverse ODESSA spectra obtained in the absence of meerientation angle, while the elliptical ridges and a best-
lecular reorientation contain sidebands: The spectra are MA&onstruction of selectag, slices of a 2D exchangd# NMR
spectra with every odd-numbered sideband either invertggectrum yield 106° and 108°, respectivedy (30. Addition-
(ODESSA) or not (time-reverse ODESSA). Consequently, bely, 3C VACSY experiments31) and 2D exchangéH NMR
causeRy ESSA(t,, = 0) = R{°PFSSA(t,, = 0) # 0, fitting in the intermediate exchange regin®)have been performed
the ratios for ODESSA and time-reverse ODESSA specisa DMS, using kinetic parameters based on the Arrheni
requires three fitting parameters, one of which may be obtaingguations reported in Ref27 and 33.
from MAS peak intensities. The ODESSA and time-reverse Figure 4 shows experimental ODESSA, time-revers
ratios also each contain a sum overI)MN*S in their de- ODESSA, TOSS, and EISC NMR spectra acquired on DMS
nominators, which involves adding positive and negative peagsinning atwr = 27 X 1800 Hz and aflf = 289 K. For
to obtain a small value. Thus, the errors for correlation tim€SDESSA and time-reverse ODESSA the primary effect ¢
obtained from ODESSA and time-reverse ODESSA are egynamics is an overall decay of the entire spectrum wit
pected to be larger than for correlation times determined on ti@reasing mixing time, diminished further By, relaxation;
basis of EIS spectra. For the conditions considered here ( slight changes in ODESSA and time-reverse ODESSA relati
0, wg = 2m X 0.49), the EIS experiment is less sensitive teak intensities are a subtle secondary effect. As shown in F
small reorientation angles than the ODESSA, time-reverag, top, the ODESSA spectrum acquired with a mixing time «
ODESSA, or MAS 2D exchange experiments, although approximately 3 ms closely resembles the spectrum (Fig. :
large reorientation angles-65°) the sensitivities are similar. top) simulated for the case of no exchange. ODESSA spec
Finally, when multiple isotropic shifts are present in the spegcquired with mixing times of approximately 16 and 50 m
tra, peaks in ODESSA spectra are phase-distorted. The phasgg. 4a, middle and bottom) show diminished intensity, cor
of peaks in time-reverse ODESSA spectra are distortedsiktent with the simulated spectra in Fig. 2a, middle and bc
isotropic shifts change during the mixing time, while EIS angbm. The time-reverse ODESSA spectra, shown in Fig. 4b a
MAS 2D exchange are free of this difficulty. All of theseacquired with the same parameters as the spectra in Fig.
exchange NMR experiments quantify the same correlation tirago show decreasing intensity with increasing mixing time
T and consistency among the exchange NMR experimegisnsistent with the simulations in Fig. 2b. Slight differences i
may be checked by conducting several of these experimentss@fne relative peak intensities between the experimental &

the same sample, as will be shown later. simulated time-reverse ODESSA spectra in Figs. 4b and 2b :
attributed to their sensitive dependence on the cros
RESULTS AND DISCUSSION polarization parameters employ&d@he sideband intensities of

the experimental EIS spectra in Fig. 4c rise with increasir

The relationship among the EIS, ODESSA, time-reversgixing time, while the centerband intensity decreases. Tl
ODESSA, and static 2D exchange NMR techniques can be
clearly seen by examining slow dynamic processes in solid, _ _ 3 3 o
polycrystalline dimethylsulfone (DMS), (@*2502 The sim- Relative peak |nten5|tlgs are sensitive to the cross-polarlzgtlon ((?P) I
le. well-studied molecular reorientation dvnamics of DM meters; for example, a time-reverse ODESSA spectrum acquired with a
ple, ) y_ ontact time of 4 ms (not shown) instead of 2 ms (Fig. 4b, top) was virtuall
make it an excellent compound for comparing the measufgentical to the simulated spectrum in Fig. 2b, top. All spectra in Fig. 4 wer

ments and analyses of motional correlation times obtaineftained using identical CP parameters.
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tions may be obtained after applyinf, corrections from

independent measurements, or the data may be analyzed
cording to the ratioRQPESSAt,,) in Eq. [58] orRECPESSAL, )
in Eqg. [62], which do not require explicit determinationf.
Figure 5a shows that the centerband raRg°ES=At,,)
-y l (filled symbols) and sideband ratRP®=SSAt,) (open sym-
bols) for ODESSA spectra obtained on DMSTat= 289 K
both decrease with increasing mixing time. The lines are fits
a*exp(—t,/t.) + b, which yield correlation times of, =
17 £ 6 ms and 18+ 6 ms, reflecting self-consistent agreemer
between two different peaks in the same series of ODESS
spectra. The corresponding time-reverse ODESSA ratios (E
[62]) obtained from a series of spectra for DMSTat 289 K
are shown in Fig. 5b. The fits &*exp(—t,/7.) + b in Fig. 5b
are similar to Fig. 5a, although not identical; nevertheless, tl
correlation timeg, = 19 = 7 ms and 20= 7 ms obtained from
the time-reverse ODESSA results in Fig. 5b agree with th
ODESSA measurements within the experimental uncertaintie
The correlation times for dimethylsulfone measured at
289 K are also in good agreement with the EIS and static Z
exchange data shown in Figs. 5c and 5d, respectively. As t
‘ ; v : : : : ‘ EIS sidebands increase with increasing mixing time, the E
10 %0 0 10050 0 10 50 0 ratio RE'S(t,,) (Fig. 5¢) rises with increasing,. The EIS data
ppm ppm ppm are fit toc*(1 — exp(—t,/7o) (Eq. [52]), which contains one
FIG. 4. Experimentaf3C NMR of spectra of DMS obtained using differ- less fitting parameter than the fits to the ODESSA and tim
ent solid-state exchange NMR techniques while spinning-at- 2 x 1800 reverse ODESSA results in Figs. 5a and BB (t,, = 0) = 0).
Hz at a temperature af = 289 K. (a) ODESSA spectra with mixing times of Because changes in relative peak intensities are the domin
approximately 3, 16, and 50 ms. (b) Time-reverse ODESSA spectra Witlffact of dynamics in the EIS spectra, rather than a second:

mixing times of approximately 3, 16, and 50 ms. (c) TOSS spectrum and EIT : . . .
spectra with mixing times of approximately 16 and 50 ms. The dominant effe% fect as in the ODESSA spectra, the fit in Fig. 5c ylelds

of dynamics for ODESSA and time-reverse ODESSA spectra is a reductionGRrrelation time Wit_h higher precision, = 16 * 2 ms. The
the intensity of the entire spectrum with increasing mixing time, whereas f&lS full-exchange limit ot = R = 0.34=+ 0.01 comprises

the EIS spectra it is the reappearance of spinning sidebands. a combination of site populations and sideband intensities (s
Egs. [49], [50]), which are influenced by chemical shift tensc

experimental EIS spectra in Fig. 4c show excellent agreem&A{U€s and spinning speed, as well as reorientation angles
with the EIS simulations in Fig. 2c. Egs. [32]-[34]). This is in contrast to the 2D exchange dat

If the time scale for molecular reorientation and the which yield site populations and geometric information di

relaxation time are widely separated (by a factor of about 10 tly- The ratio of off-diagonal to total intensig”™(t,,) of a
greater), both may be extracted simultaneously from a biexpdle slice in the 2D spectrum, shown by the open symbols
nential fit to the intensity of a single ODESSA peak as &9- 5d, yields a full-exchange limit of 0.58 0.04, a model-
function of mixing time. The centerband intensif§PESSAt,,) independent verification of a two-site jump process (Eg. [57]
and N = 1 sideband intensity QPESSAt, ), for example, This is consistent with twofoldr-flips that exchange the po-
typically show significant decreases with increasing mixingftions of the methyl groups in (CGH,SG,. A fit to d*(1 —
time. Such biexponential fits to ODESSA and time-rever&XP(—t./7c)) yields a correlation time of, = 21 = 4 ms.
ODESSA peaks have been used to quantify molecular redftegration over the entire 2D spectrum to obtain the orient
entation rate& = 1/(2r.) in DMS (8, 9). Rates ofk = 65.2 tional autocorrelation functiof,(t,,) (Egs. [25], [26]), shown
s ' (r.=8ms)and 112s' (7, = 4 ms) atT = 298 and 305 by the filled symbols in Fig. 5d, better utilizes the informatior
K, respectively, have been reported using ODESSAlard present in the spectrum. A fit to (¥ e)*exp(—t,/7) + e
71 st (. = 7 ms) atT = 298 K using time-reverse (Ed. [31]) yields a correlation time af, = 19 + 2 ms. Taking
ODESSA; discrepancies were found between th& fivalues the*3C chemical shift tensor of DMSn(~ 0.08) to be axially
and those obtained from independent measurements, andsyr@metric, the full-exchange limit o€,(t,,) in Fig. 5d is
reason for the discrepancies is not yet kno@ngj. At slightly 0.32 = 0.02, consistent with a 108° jump angle,
lower temperatures thg, relaxation and motional time scales0.5*P,(cos(0)) + 0.5*P,(cos(108)) = 0.32. Results ob-
are similar. In this case, time scales for molecular reorient@ined at other temperatures show similar consistency amc

100 50 0 100 50 0 100 50 0

L 111.

| l
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e ey 3 TABLE 1
Motional Correlation Times 7, for Dimethylsulfone (DMS) over
J2s the Temperature Range 271 to 289 K, as Determined from the
. Different Exchange *3C NMR Experiments Indicated
E 42
;f:’ R Time-reverse
@ ; 0 E 1.5 Temperature EIS ODESSA ODESSA 2D exchange
3 + (K) 7 (Ms) 7 (Ms) 7 (Ms) 7 (Ms)
ot - E 31
o 271 125+ 16 134+ 47 132+ 46 —
R ? o5 275 92+ 12 105+ 37 115+ 40 114+ 17
1 ] 280 53+ 7 49+ 17 64+ 22 —
L b e 0 284 29+ 4 40+ 14 37+ 13 40+ 6
0 50 100 150 289 16+ 2 17+ 6 20+ 7 20+ 3
t (ms)
T T 3
measurements made using the different exchange NMR te
e niques.
-~ R 1, Correlation times from EIS, ODESSA, time-reverse ODESS/
= E 0 and static 2D exchangéC NMR measurements in the tempera
a 1.5 ture range ofT = 271 to 289 K are tabulated in Table 1. The
6 i ODESSA and time-reverse ODESSA correlation times report
T - 1 are averages from the centerbands Bnd 1 sidebands, and the
2 x 2D exchange correlation times are averagd®Bft,,) andC.(t,,).
R 1 ? s Although there is some scatter, the correlation times genera
0 bueiiiit, L b L 1o agree within the estimated uncertainties. The DMS reorientati
0 50 100 150 rate ofk = 29 + 19 s * (7, = 17 ms) measured dt = 288 K
ta(ms) using on-resonancH selective inversion-recoven29) is also
05 — : : : : : : 05 consistent with the correlation times measuretl &t289 K listed
] in Table 1; other values reported in Re29( were obtained at
04 [ (c) Joa higher temperatures. Decay of the exchange NMR signals due
Py ] short T, relaxation times prevents accurate quantification of th
~x - Joa DMS reorientation time scale at temperatures significantly belc
= 271 K using the exchange methods. Static 2D exch&i@aIMR
e 102 results were obtained at only three different temperatures beca
] of the increased measuring time requirements of this experim
1 o4 compared to the 1D MAS exchange methods.
0 P Lo b Lo b s L Lo a1 " 0
0 20 40 60 80 100 120 140 160 FIG. 5. Extraction of motional correlation times from experimental DMS
t (ms) exchange®*C NMR data afT = 289 K. (a) The ratios of ODESSA centerband
1 ' _ . intensities angN = 1 sideband intensities to the total intensity of the spectre
] ! i T ' T T T ] ROPESSAt ), filled symbols, andRPPESSAt,.), open symbols, respectively, Eq.
\ ( d ) 1 [58]. Corresponding fits to t_he _data points are shown uategp(—t./7) + b,
08 - 408 which for the centerband ratio yields= 1.7+ 0.2,b= 1.2+ 0.1, andr, = 17 =
;e 2D 6 ms and for the sideband ratio= 1.4+ 0.2,b = 0.7+ 0.1, andr, = 18+ 6
o 06 L R Jos ms. (b) The corresponding ratios for time-reverse ODESSA centerband intensi
% andN = 1 sideband intensitie®°°PESSAt, ), filled symbols, andRiCPESSAt ),
Py & 1 open symbols, respectively, Eq. [62]. The data have been fit asegp(—t,/7.)
<5 04t . 104 + b, yieldinga= 1.4+ 0.2,b= 1.5+ 0.1, andr, = 19 = 7 ms for the centerband
o [ el : ratio anda = 1.2+ 0.2,b = 0.6 = 0.1, andr, = 20 = 7 ms for the sideband ratio.
02 L Cc o2 (c) The ratioR®'(t,,)) of the EIS sideband intensities to total intensity, which ha
H 2 1 been fit using*(1 — exp(-t,/7)), yieldingc = 0.34* 0.01 andr, = 16 = 2 ms.
N A ] (d) The ratioR?°(t,,) of static 2D exchange off-diagonal-to-total intensity (open

symbols) for one slice of the spectrum where exchange and diagonal peaks
well separated and resolved. The data have been fit as{ig— exp(—t./7))),
yieldingd = 0.50=* 0.04 andr, = 21 = 4 ms. The orientational autocorrelation
function C(t,) (filled symbols) is also shown and has been fit using—-1
e*exp(—t. /1) + € yieldinge = 0.32* 0.02 andr, = 19 = 2 ms.

g
0 20 40 60 80 100 120 140 160
t_(ms)
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12 —— 77— — over the temperature rande= 271 to 289 K (Fig. 6, lower
: }\ ] right corner) show greater consistency and less scatter cc
10 - ., 1 pared to the rest of the data set.
\.\ 4
w & b‘um ] CONCLUSIONS
- ) 0 ]
~ 6t (‘\(3 < 1 In the study of slow molecular reorientation, static 2D ex
£ i “\g 2o ] change NMR gives information on the geometry and time sca
4+ O™ 1 of the motion directly and model-free. Quantification of the
i * B2 ] time scale, however, requires a series of spectra with varyi
2 - v ng mixing times, which is experimentally time-consuming, oftel
i S ] prohibitively so. Measuring time requirements for characteri:
ot ing random jump-type motions can be significantly reduced |
26 238 3.0 3.2 3.4 36 3.8

T K using 1D MAS exchange techniques, namely EIS, ODESS
1000/T, or time-reverse ODESSA, which still permit the direct extrac

FIG. 6. Arrhenius plot of DMS reorientation rates as measured usingtion of a correlation time without the need for explicit infor-
variety of 2H and **C NMR techniques, includingH selective inversion mation onT, relaxation. ODESSA is suitable for samples ir
on-resonance (filled diamonds9), 2H selective inversion off-resonance which only a single isotropic chemical shift is observed, whil

(open circles) 29), *H static lineshape (filled circles)2g), *°C static ..~ . .
lineshape (open diamondsJ7), °C MAS (filled triangles) 28), 2°C EIS time-reverse ODESSA may be used on samples with multig

(open triangles):3C ODESSA (filled squares}3C time-reverse ODESSA SP€cies yielding more than one isotropic shift; however,
(open inverted triangles), and 2D exchand€ NMR (open squares). To €xchange occurs between different isotropic shifts, then phe
permit direct comparison, the rates from Re#7) have been divided by 2 distortion of the time-reverse ODESSA spectrum will resul
and the exchange correlation times converted to rates Usind/(2r.). A The E|IS experiment is more flexible in this regard and yielc
i”g\,lﬂef;rii?r:’; fit o all data yields, = 4 x 10°°s™* = ; decade an€&s o onarally more precise quantitative timescale measureme
- ' for large angle motions. However, sideband suppression usi
TOSS can be experimentally demanding, and EIS appears tc
The correlation times reported in Table 1 have been converleds sensitive than ODESSA or time-reverse ODESSA to sm
to ratesk = 1/(2r,) for direct comparison to literature valuesangle motions.
obtained at higher temperatures, which are compiled in the Ar-Molecular reorientational rates in DMS obtained using EIS
rhenius plot in Fig. 6. A single fit to all data, spanning a®@DESSA, time-reverse ODESSA, and static 2D exchalige
approximately 100-K temperature range from 271 K to 368 K adMR are shown to be consistent among the various exchar
spanning four orders of magnitude in the rate coefficients, yieldgperiments over the temperature rang& ef 271 to 289 K, as
an Arrhenius prefactor df, = 4 X 10*%s™t = % decade and well as with other NMR techniques applicable to faster reoriel
an apparent activation energy Bf = 83 = 3 kJ/mol. At this tation rates at higher temperatures. In addition, the direct extr:
scale, the rate coefficients measured using EIS, ODESSin of motional correlation times using EIS has been recent
time-reverse ODESSA, and static 2D exchatt2NMR from demonstrated for benzene adsorbed on Ca-LSX zedi@e It
T = 271 to 289 K overlap so tightly that it is difficult to appears that these approaches may be beneficial for extending
distinguish their individual data points in the lower right-handtility of the ODESSA and time-reverse ODESSA experimen
corner of the plot, a sign of their excellent agreement. Simunto the regime where motional correlation times are on the orc
lated 2D exchangéH NMR spectra obtained using this new setf T,. The direct quantification of slowr{ = 10 3 to 10" s)
of kinetic parameters are in good agreement with the datarmblecular reorientation dynamics is relevant to a more thorou
Kaufmannet al. (32). Brown et al. (29) have rationalized the understanding of the properties of a wide variety of solids, inclu
large magnitude of the apparent preexponential factor by usiing polymers, crystals of small organic molecules, and adsorb
a model in whichk, was taken to be independent of tempemolecules in nanoporous zeolites.
ature and a linearly temperature-dependent activation energy
term was included. However, they also indicated that any weak EXPERIMENTAL
temperature dependencies in the apparent Arrhenius parame-
ters may lead to significant errors when extrapolating far from EIS, ODESSA, and time-reverse ODES$% NMR spectra
the data, with which we concur. Regardless, the reorientatiohDMS were measured on a Chemagnetics CMX-500 spectro
jump rates for slow molecular reorientation in DMS, as mea&ter operating at a°C frequency of 125.4 MHz and ¥ fre-
sured by a variety of*C and °H NMR strategies, show quency of 498.6 MHz. The sample was spum@t= 27 X 1800
excellent agreement over four orders of magnitude. Moreoveétz in a 7.5-mm outer diameter zirconia PENCIL rotor. Long-terr
the rates determined from the EIS, ODESSA, time-reverstbility of better thant5 Hz was achieved using a Chemagnetic
ODESSA, and static 23°C exchange NMR measurementswutomatic spinning speed controller. For each of the foregoil
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experiments, spectra were acquired at temperaturéT;QQ?]_, instrumentation and facilities supported by the NSF Division of Material
275. 280. 284. and 289 K. The temperature was calibrated V\)ﬁﬁsearch under Grant DMR-9222527, and through the UCSB Materials F

. . earch Laboratory program under Award DMR-9632716 is gratefully af
methanol 84) and controlled using a standard variable temper nowledged. Partial support has also been provided by Shell B. V., the Da

ture Unit_ﬂ’_c_’m Ch_emagnetics, with the accuracy, stability, anghq Lucile Packard Foundation, and the U.S. Army Research Offi
reproducibility estimated to be1 K. (DAAH04-96-1-0443). B.F.C. is a Camille and Henry Dreyfus Teacher
During the preparation period of the EIS experiment (Figcholar and an Alfred P. Sloan Research Fellow.

1c), a TOSS pulse sequence was used, with timingsg =

0.8111, 1,/Tg = 1.7699, 15/Tg = 2.1888, 7,/Tg = REFERENCES

3.2301, andrs/Tg = 4.0 (35). Suppression of the sharp,

narrow sidebands in a DMS Spectrum with TOSS is experil. K. Schmidt-Rohr and H. W. Spiess, “Multidimensional Solid-State

. . NMR and Polymers,” Academic Press, San Diego (1994).

mentally demanding36), and phase cycling of the TOSS hridtRonr. and : g

sequence was essential to achieving effective sideband sifp-: Hagemever, K. Schmidt-Rohr, and H. W. Spiess, Two-dimen-
. 13 /2 pulse lenath varied between 5.2 sional nuclear magnetic resonance experiments for studying mo-

pression 1' 37)' The™C m ¢ pulse gth vari : lecular order and dynamics in static and in rotating solids, Adv.

and 5.5us; a CP contact time of 2 ms and a recycle delay of Magn. Reson. 13, 85-130 (1989).

1 s were used. For each of the 1D MAS exchange experiments, @) A. F. de Jong, A. P. M. Kentgens, and W. S. Veeman, Two-

two signals, which differed only in the phase of the pulse dimensional exchange NMR in rotating solids: A technique to study
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