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We discuss procedures for processing data in rotor-synchro- polarization between the two nuclei. In studies of molec
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ized two-dimensional magic angle spinning (2D MAS) NMR
xchange measurements for both structural and dynamical stud-
es. We show, both mathematically and experimentally, that there
re two distinct data processing procedures that lead to 2D MAS
xchange spectra with purely absorptive crosspeaks. One proce-
ure is that described previously by Hagemeyer, Schmidt-Rohr,
nd Spiess (HSS). The other procedure is related, but different,
nd leads to crosspeak intensities given by the formulae of Herz-
eld, Roberts, and Griffin (HRG). In 2D MAS exchange experi-
ents on doubly 13C-labeled L-alanylglycylglycine, we demon-

trate that the HSS and HRG crosspeak intensities can be ex-
racted separately from the same data set and contain independent
nformation. Processing and analysis of 2D MAS exchange data
ith both the HSS and the HRG procedures may enhance utili-

ation of the information content of 2D MAS exchange measure-
ents.
Key Words: solid state NMR; molecular structure; molecular

ynamics; two-dimensional spectroscopy; magic angle spinning.

INTRODUCTION

Two-dimensional (2D) exchange spectroscopy, comb
ith magic angle spinning (MAS) at moderate or slow spe
as been shown to be a useful technique for investigating
olecular motions (1–6) or molecular conformations (7–10) in

olids, including organic molecular solids (1, 4–6), synthetic
olymers (2–4), and biopolymers (7–10). Information abou
olecular motions or conformations is contained in the in

ities of crosspeaks in a 2D spectrum that connect spin
ideband lines arising from two different chemical shield
nisotropy (CSA) tensors or tensor orientations in the
pectral dimensions. A simple radiofrequency (RF) pulse
uence for 2D MAS exchange measurements is shown in
. In studies of molecular motions (1–6), the CSA tensors int 1

ndt 2 are associated with the same nucleus, and the chan
he CSA tensor betweent 1 andt 2 is due to molecular, usual
rientational, motion. In studies of molecular conformati
7–10), the CSA tensors int 1 and t 2 are associated with tw
ifferent nuclei that are weakly dipole-coupled, and the ch

n the CSA tensor betweent 1 andt 2 is due to exchange of sp
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otions, the kinetics can be extracted from the dependen
he spinning sideband crosspeaks on the exchange pert,
hile the symmetry can be extracted from the crosspea

ensities in the fully exchanged (i.e., longt) limit. In studies of
olecular conformation, the relative orientation of the
SA tensors, which contains structural information if the C

ensors have been characterized, can be extracted fro
pinning sideband crosspeak intensities in the fully excha
imit. This structural information is then purely angular
ature.
As shown originally by Veeman and co-workers (1, 2), it is

ssential that the RF pulses in the 2D exchange sequen
ynchronized with the MAS sample rotation if crosspeaks
o arise only when exchange occurs. In an unsynchron
xperiment, crosspeaks appear even if the CSA tensorst 1

nd t 2 are identical. As shown originally by Spiess and c
eagues (3, 4), two different types of synchronizationmust be
mployed in order to obtain 2D MAS exchange spectra
urely absorptive crosspeaks. In one data set, which we
all data set I,t is required to be an integer multiple of t
ample rotation periodtR. In the other, which we shall call da
et II, t 1 t 1 is required to be an integer multiple oftR.
In this paper, we show theoretically and experimentally

here are two different procedures for processing data sets
I, both resulting in purely absorptive spinning sideband cr
eaks, but with different crosspeak intensities. One proce
rocedure is that of Hagemeyer, Schmidt-Rohr, and S
HSS) (3). The other leads to crosspeak intensities given b
ormulae derived by Herzfeld, Roberts, and Griffin (HRG
he context of 2D dipolar/chemical shift correlation exp
ents (11). As discussed below, in certain cases it may
dvantageous to perform both the HSS and the HRG pro

ng procedures on the same data set in order to extract ma
nformation from the data.

THEORY

Following earlier treatments of 2D MAS exchange exp
ents (2, 3, 4, 8), the NMR signals in data set I due to e
1090-7807/99
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142 TYCKO AND BERGER
hange from site 1 to site 2 in a molecule with orienta
pecified by Euler anglesa, b, andg in the MAS rotor can b
xpressed as

SIx~a, b, g, t1, t2! 5 Re@ f1~g! f1~g 2 vRt1!* eiV1t1#

3 f2~g 1 vRt2! f2~g!* eiV2t2 [1a]

SIy~a, b, g, t1, t2! 5 Im@ f1~g! f1~g 2 vRt1!* eiV1t1#

3 f2~g 1 vRt2! f2~g!* eiV2t2 [1b]

or f 5 x andf 5 y in Fig. 1. In these expressions,V1 and
2 are the isotropic shifts from the RF carrier frequency it 1

nd t 2, vR 5 2p/tR, and

fk~g! 5 expH i
v0

vR
@Ak~a, b!sin 2g 2 Bk~a, b!cos 2g

1 Ck~a, b!sin g 2 Dk~a, b!cosg#J , [2]

hereAk(a, b), Bk(a, b), Ck(a, b), andDk(a, b) are rea
unctions of the CSA tensor elements int k andv0 is the Larmo
requency (4, 8). [Equation [1] differs from equations in pr
ious treatments (8) because the pulse sequence for data

n Fig. 1 is assumed to begin at time2t 1, rather than time 0
0Ak/vR in Eq. [2] equalsak in Eq. [2a] of Ref. (8), etc.] The
MR signals in data set II can be expressed as

SIIx~a, b, g, t1, t2! 5 Re@ f1~g 1 vRt1! f1~g!* eiV1t1#

3 f2~g 1 vRt2! f2~g!* eiV2t2 [3a]

SIIy~a, b, g, t1, t2! 5 Im@ f1~g 1 vRt1! f1~g!* eiV1t1#

3 f2~g 1 vRt2! f2~g!* eiV2t2. [3b]

s in the earlier treatments (3, 4, 8), after pairwise combina

FIG. 1. Simple radiofrequency pulse sequence for 2D MAS exch
easurements. Arrows indicate time points that coincide with the beginn
rotor period. The two types of rotor synchronization considered in this

re shown. In data set I, the exchange periodt is a multiple of the MAS roto
eriod. In data set II,t 1 1 t is a multiple of the rotor period. For the13C NMR
xperiments described here, the initial 902x pulse is replaced by cross-pol

zation from protons and proton decoupling is applied during thet 1 and t 2

eriods.
t I

nd integration overg, the signals can be expressed as

SI1~a, b, t1, t2!

5 E
0

2p

dg~SIx 1 iSIy!

5 O
M,N52`

1`

AM,Nexp@i ~MvRt1 1 NvRt2 1 V1t1 1 V2t2!#

[4a]
SI2~a, b, t1, t2!

5 E
0

2p

dg~SIx 2 iSIy!

5 O
M,N52`

1`

BM,Nexp@2i ~MvRt1 2 NvRt2 1 V1t1 2 V2t2!#

[4b]

SII1~a, b, t1, t2!

5 E
0

2p

dg~SIIx 1 iSIIy!

5 O
M,N52`

1`

BM,Nexp@i ~MvRt1 1 NvRt2 1 V1t1 1 V2t2!#

[4c]
SII2~a, b, t1, t2!

5 E
0

2p

dg~SIIx 2 iSIIy!

5 O
M,N52`

1`

AM,Nexp@2i ~MvRt1 2 NvRt2 1 V1t1 2 V2t2!#

[4d]

ith

AM,N 5 ~F M
~1!!* F N

~2!GM2N
~1,2! [5a]

BM,N 5 F M
~1!F N

~2!RM1N
~1,2! [5b]

FN~a, b! ~k! 5
1

2p E
0

2p

dge2iNgfk~g! [6a]

e
of
k
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143DUAL PROCESSING OF 2D EXCHANGE DATA
GN~a, b! ~ j ,k! 5
2p E

0

dge2iNgf j~g! fk~g!* [6b]

RN~a, b! ~ j ,k! 5
1

2p E
0

2p

dgeiNgf j~g!* fk~g!*. [6c]

urther combination of the data according to the HSS pr
ure yields

SHSS1~a, b, t1, t2!

5
1

2
~SI1 1 SII2!

5 O
M,N52`

1`

AM,Ncos~MvRt1 1 V1t1!exp@i ~NvRt2 1 V2t2!#

[7a]

SHSS2~a, b, t1, t2!

5
1

2i
~SI1 2 SII2!

5 O
M,N52`

1`

AM,Nsin~MvRt1 1 V1t1!exp@i ~NvRt2 1 V2t2!#.

[7b]

tandard processing ofSHSS1 andSHSS2 (12) yields a 2D spec
rum in which the intensity of the crosspeak connecting

th spinning sideband int 1 with theNth spinning sideband
2, when averaged over molecular orientations, is!M,N 5
4p)21 * 0

p db sin b * 0
2p daAM,N(a, b). We have previousl

hown that!M,N is purely real (8), so the crosspeaks are
urely absorptive.
An alternative procedure for combining the data is given

SHRG1~a, b, t1, t2!

5
1

2
~SII1 1 SI2!

5 O
M,N52`

1`

BM,Ncos~MvRt1 1 V1t1!exp@i ~NvRt2 1 V2t2!#

[8a]
e-

e

y

5
1

2i
~SII1 2 SI2!

5 O
M,N52`

1`

BM,Nsin~MvRt1 1 V1t1!exp@i ~NvRt2 1 V2t2!#.

[8b]

rocessing ofSHRG1 and SHRG2 yields a 2D spectrum wit
rosspeak intensities equal to@M,N 5 (4p)21 * 0

p db sinb

0
2p daBM,N(a, b), which correspond to the expressions
RG (11). @M,N is also purely real (8). In fact, if s1 ands2 are

he two CSA tensors in a common axis system, then@M,N(s 1,
2) 5 !2M,N(2s 1, s 2).
!M,N and @M,N both depend on the principal values a

rientations of the CSA tensors int 1 andt 2, and therefore bot
ontain dynamical or structural information. An important d
inction between the two forms is that, when the CSA tens
dentical int 1 andt 2 [i.e., f 1(g) 5 f 2(g)], !M,N 5 0 for M Þ

but @M,N is generally nonzero. Thus, HSS processing
uces crosspeaks only if a true exchange process o
hereas HRG processing produces crosspeaks in any ev

he experiments described below, the isotropic shiftsV1 and
2 are resolved in the MAS spectra. It is then possibl
easure separately the crosspeaks that result from exc

called intersitecrosspeaks) and the crosspeaks that are
endent of exchange (calledintrasitecrosspeaks). The inters
rosspeaks contain structural or dynamical information.
oth types of data processing, the crosspeak intensities c
valuated numerically for any assumed CSA tensors int 1 and

2, using Eqs. [2], [5], and [6]. Quantitative comparisons
ween experimental data and simulations can then be us
xtract structural or dynamical parameters.
Signal decays duringt 1 and t 2 due to spin relaxation o

ephasing have been suppressed in the above treatme
ourse, if signal decays were truly absent, the 2D spectra w
imply be sums of delta functions and it would only be n
ssary to acquire data sets I or II, but not both. In real ex

ments, both data sets are necessary to eliminate disp
omponents in the 2D spectra (3, 4, 8, 12).

EXPERIMENTAL AND NUMERICAL METHODS

A 30-mg polycrystalline sample of the tripeptideL-alanyl-
lycylglycine (AGG), in which 5% of the AGG molecul
ere13C-labeled at the carbonyl positions of Ala-1 and Gly
as prepared as previously described (7, 8). 2D MAS ex-
hange measurements (7–10) were carried out at a13C NMR
requency of 188.6 MHz, using a Bruker Instruments DM
50 spectrometer and a 4-mm Bruker MAS probe. Meas
ents were performed at room temperature. The MAS s
asvR/2p 5 4.695 kHz. Proton RF amplitudes were 50 k
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144 TYCKO AND BERGER
13C magnetization was prepared by cross-polarization, us
amped RF amplitude on the13C channel.13C p/2 pulses wer
ms in length. The exchange period wast 5 512 ms, sufficien

or complete exchange between the two13C-labeled sites. Tw
undred fifty-sixt 1 points were acquired, with an incremen
5 ms and 16 scans per point per data set. The total s
cquisition time was approximately 14 h. Experimental
ere processed with the NMRPipe software package (13).
Crosspeak intensities!M,N and @M,N were evaluated nume

ally as functions of the dihedral anglesf andc that describe th
onformation of AGG at Gly-2, i.e., that determine the rela
rientations of the CSA tensors of the two labeled sites. Cros

ntensities were calculated using trapezoidal quadrature wi
qual size subintervals for the 2p-periodic integrals overa andg
nd composite two-point Gaussian (Gauss–Legendre) quad
ith 32 equal size subintervals for theb integrals over the interv

0, p]. These calculations assume the chemical bond angle
SA principal axis system described previously (7, 8). Calcula-

ions for Fig. 3 were carried out over a grid off, c values, in
ncrements of 6°. The calculations assume complete excha
ll molecular orientations. The effect of14N–13C dipole–dipole
oupling on the spinning sideband crosspeak intensities (7, 8) was
ot included in these calculations. This effect is negligible a
agnetic field strength of the current experiments, as disc

urther below. Minima inx2 (defined below) were comput
sing the quasi-Newton (BFGS) option in the program CONM
vailable as TOMS algorithm 500 from NETLIB (http://ww
etlib.org) (16).

RESULTS AND DISCUSSION

Figure 2 shows the carbonyl region of 2D MAS excha
pectrum of the13C2-AGG sample, processed with both

FIG. 2. 2D MAS exchange spectra of doubly13C-labeled AGG, processe
hat include the labeled carbonyl and natural-abundance carboxyl13C signals, w
f intersite crosspeaks, which result from exchange between the labeled
ites, and intrasite crosspeaks, which are independent of exchange and
ave the same values in (a) and (b). All lineshapes, including those of
a

al
a

ak
32

ure

nd

at

e
ed

,

e

SS (Fig. 2a) and the HRG (Fig. 2b) procedures.
rincipal values of the carbonyl13C chemical shift tensors o
la-1 and Gly-2 have previously been determined (7, 8) to
e d11, d22, d33 5 245, 186, 88 ppm and 242, 182, 89 pp
espectively, leading to isotropic chemical shifts of 173
71 ppm. Both 2D spectra, which derive from the sa

ime-domain data, show diagonal peaks for spinning s
and orders from23 to 13 and crosspeaks that connect
pinning sideband lines. Intersite crosspeaks, which con
pinning sideband lines of the two different labeled s
ppear as doublets oriented perpendicular to the diag
f the 2D spectra. Intrasite crosspeaks, which connect
ing sideband lines of a single site, appear as dou
riented parallel to the diagonal. As predicted above,

ntrasite crosspeaks are prominent in Fig. 2b but are n
bsent in Fig. 2a. The small residual intrasite crosspea
ig. 2a result from spin–lattice relaxation of14N nuclei
irectly bonded to the carbonyl carbons, a process tha
hange the principal values and orientations of the effe
arbonyl CSA tensor of a single13C site (i.e., the sum of th

13C CSA tensor and the13C–14N dipole– dipole couplin
ensor) duringt without changing the isotropic shift (7, 8).
ntrasite crosspeaks that result from14N spin–lattice relax
tion are weaker in the present experiments than in ea
xperiments at lower field because the13C–14N coupling is
eaker relative to the13C CSA. As expected, the carbox
arbon of Gly-3, with an isotropic shift of 179 ppm, co
ributes crosspeaks to Fig. 2b but not to Fig. 2a.

Figure 3 shows fits of calculated intersite crosspeak in
ities to experimental intersite crosspeak intensities (i.e.,
mes) extracted from the 2D exchange spectra in Fig. 2. T
ts are represented as contour plots of thex2 deviation betwee

ccording to the HSS (a) or the HRG (b) procedure. The regions of the 2D
spinning sideband orders from23 to13, are shown. Arrows indicate examp
bonyl carbons of Ala-1 and Gly-2 and connect spinning sidebands of thedifferent
nnect spinning sidebands of a single site. Contour levels increase by fars of 2 and
gonal peaks, are absorptive in bothn1 andn2.
d a
ith
car
co

dia
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alculations and experiments as a function of the dihe
nglesf andc of Gly-2 assumed in the calculations. We de
2 by

x 2~f, c! 5
1

s 2 O
M,N523;MÞN

13

$@EM,N
~1,2! 2 l~f, c!CM,N

~1,2!~f, c!# 2

1 @EM,N
~2,1! 2 l~f, c!CM,N

~2,1!~f, c!# 2% [9a]

l~f, c!

5

O
M,N523;MÞN

13

@EM,N
~1,2!CM,N

~1,2!~f, c! 1 EM,N
~2,1!CM,N

~2,1!~f, c!#

O
M,N523;MÞN

13

$@CM,N
~1,2!~f, c!CM,N

~1,2!~f, c!

1 CM,N
~2,1!~f, c!CM,N

~2,1!~f, c!#%

,

[9b]

FIG. 3. Fits of calculated spinning sideband crosspeak intensities t
erimental crosspeak intensities extracted from the 2D MAS exchange s

n Fig. 2. Contour plots represent the dependence of the total squared de
2 between calculated and experimental crosspeaks on thef and c dihedral
ngles assumed in the calculations (see text for details). (a) Calculate
rosspeak intensities fit to experimental HSS crosspeak intensities. (b)
ated HRG crosspeak intensities fit to experimental HRG crosspeak inten
c) Calculated HRG crosspeak intensities fit to experimental HSS cros
ntensities. (d) Calculated HSS crosspeak intensities fit to experimental
rosspeak intensities. In all plots, the darkest regions representx2 , xmin

2 , with

min
2 5 200, 300, 700, and 1500 in (a), (b), (c), and (d). White regions repr
2 . xmax

2 , with xmax
2 5 1000, 1100,1500, and 2300 in (a), (b), (c), and

ontours increase in units of 200. Thef, c values for Gly-2 in AGG
etermined from the crystal structure (14) are indicated by crosses.
al

M,N
(i , j ) is the experimental crosspeak intensity connecting
andM of site i with sidebandN of site j , and CM,N

(i , j ) is the
alculated intensity (either!M,N or @M,N) of the same cros
eak for the assumed values off andc. The scaling factorl
inimizesx2 at each choice off and c and is the only fre

tting parameter besidesf and c. All other parameters, d
cribing the chemical bonding geometry and CSA tensor
ntations relative to the bonding geometry, are fixed as
cribed previously (7, 8). Only negative values off are plotted
n Fig. 3 because the quantitiesCM,N

(i , j ) are invariant to th
ubstitution of2f, 2c for f, c, implying thatx2(2f, 2c) 5
2(f, c) (8).
For Fig. 3, the valuesEM,N

(i , j ) with i Þ j are extracted from th
D exchange spectra by integrating the spectral intensity
ectangular areas that enclose the intersite crosspeaks
alues ofs2 are determined by integrating the spectral inten
ver 160 equal areas centered at positions in the 2D spect
re well removed from crosspeaks (8). The signal-to-nois
atio, defined as the ratio of the largestEM,N

(i , j ) with M Þ N and
Þ j to s, is 24.1 in Fig. 2a and 26.0 in Fig. 2b. The sum
qs. [9] are restricted toM Þ N because the intersite cro
eaks withM 5 N are not sufficiently well resolved from th
iagonal peaks to be measured accurately.
According to the AGG crystal structure determined by S

amanian and Lalitha (14), the f and c values for Gly-2 ar
83° and 170°. The plots in both Figs. 3a and 3b, which s

2(f, c) for HSS calculations fit to the HSS spectrum and H
alculations fit to the HRG spectrum, both display region
inimum x2(f, c) that are very close to these values. O

ocal minima inx2(f, c) are also apparent. These “false” lo
inima arise because, for any givenf, c values, there ar

ypically several otherf, c pairs that correspond to simila
lthough not identical, relative orientations of the CSA ten
f the two labeled sites (8). Interestingly, several of the loc
inima in Fig. 3a do not appear in Fig. 3b, i.e., they lea

ignificantly largerx2 values in the HRG spectrum. Thus
ombination of the two forms of data processing allows th
ocal minima to be ruled out with a high level of confiden

In Fig. 3a, the global minimum inx2(f, c) is 152.1 atf, c 5
74.9°, 168.5°. The next lowest minimum inx2(f, c) is 162.7
t f, c 5 299.4°,2126.7°. In Fig. 3b, the global minimum
2(f, c) is 223.2 atf, c 5 299.3°, 164.3°. The next lowe
inimum inx2(f, c) is 226.0 atf, c 5 294.3°,2127.1°. The

argerx2 values and the smaller difference between global
ext lowest local minimum values for the HRG spectrum
ig. 3b may be due to the difficulty of accurately determin

he experimental intersite crosspeak intensities in the pre
f the large and partially overlapping intrasite crosspeaks
Simultaneous fitting of both 2D spectra (results not sho

oes not improve the precision of thef, c measurement in th
ase because the global minima in Figs. 3a and 3b do
oincide precisely. The principal advantage of analyzing
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146 TYCKO AND BERGER
onsideration as possiblef, c values.
The differences in calculated crosspeak intensities at va

, c combinations depend on the choice of sample spin
requencyvR. It is clearly advantageous to perform exp
ents at a spinning frequency that maximizes the differe
etween crosspeak intensities at the truef, c values and th

ocal minimumf, c values. The valuevR/2p 5 4.695 kHz
sed in the experiments in Fig. 2 is close to the value of
Hz that maximizes the sum6 of the squared differenc
etween the calculated crosspeaks (CM,N

(i , j ) with 23 # M Þ N #
; i , j 5 1, 2 and 2, 1) atf, c 5 283°, 170° and at296°,
132°, for a 13C NMR frequency of 188.6 MHz and th

arbonyl CSA tensors given above. The latterf, c values
orrespond roughly to the deepest local minima in Figs. 3a
b. 6 is greater than 90% of its maximum within the inter
.94 kHz# vR/2p # 6.71 kHz.
In cases where the signal-to-noise ratio of the 2D M

xchange measurements does not permit a reliable diffe
tion of “true” and false minima inx2(f, c), additional solid
tate NMR measurements, such as measurements of con
ime double-quantum filtered dipolar evolution curves (15),
an be carried out on the same doubly13C-labeled samples.
Figures 3c and 3d show the results of fitting calculated H

rosspeak intensities to the experimental HSS spectrum
alculated HSS crosspeak intensities to the experimental
pectrum, respectively. In both cases, the global minim
2(f, c) are substantially greater than in Figs. 3a and 3b
either case does the global or any of the local minima c
pond to the crystallographicf, c values. These results co
rm that the HSS and HRG crosspeak intensities for AGG
eally quite different from one another. The fact that
osition and number of the local minima in Figs. 3a and 3b
ifferent also indicates that the HSS and HRG crosspea

ensities contain independent structural information. It is th
ore advantageous to process the 2D MAS exchange
ccording to both procedures and to carry out fits to both
f calculated crosspeak intensities, as in Figs. 3a and 3b
In mathematical terms, the independence of the informa

ontent of the HSS and HRG spectra is expressed in the
hat the time-domain NMR signals (i.e., the orientation
veraged functionsSIx, SIy, SIIx, andSIIy) depend on both th

M,N and the@M,N values, as can be seen in Eqs. [4]. Nei
he HSS nor the HRG spectrum can be used alone to r
truct all of the time-domain data. In principle, the two spe
ould be used together to reconstruct the time-domain da
To date, experimental 2D MAS exchange data acquire

oth structural (7–10) and dynamical (1–6) studies have bee
rocessed exclusively according to the HSS prescription
iscussed above, the HSS prescription leads to crosspeak

f a true exchange process occurs. This is an important ad
age when the exchanging sites do not have resolved s
pinning sideband lines, i.e., when the isotropic shifts int 1 and
2 are the same. However, when the exchanging sites
us
g

es
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s
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rosspeaks that arise from exchange and the intrasite
eaks that are independent of exchange. The HRG and
pectra are then both potentially accessible and useful.
In principle, even in the case of unresolved lines, the

ribution to the crosspeak intensities from a true excha
rocess could be separated from the contribution that is
endent of exchange in an HRG spectrum, since the intr
rosspeaks depend only on the carbonyl13C CSA (and13C–14N
ipole–dipole coupling in lower fields) andv0/vR and thus
ould be calculated separately and subtracted. In pra
actors such as contributions from unresolved natural-a
ance signals with uncertain intensities may make su
eparation difficult to implement accurately, especially
tructural studies of doubly labeled systems of high molec
eight.
Finally, we note that in the 2D MAS experiments of He

eld et al. (11), unlike in later 2D MAS exchange experime
1–10), the NMR spectra in thet 1 and t 2 dimensions wer
pectra of the same nuclear spin determined by two diffe
pin interactions, namely the heteronuclear dipole–dipole
ling in t 1 and the CSA int 2. No exchange processes w

nvolved. Thus, the issue of the separation of exchange-d
ent from exchange-independent crosspeaks did not
lso, the beginnings of both thet 1 and thet 2 periods coincide
ith the beginnings of rotor periods and the spectra int 1 were
ymmetric. It was therefore only necessary to collect one s
ignals, namelySIIx.

CONCLUSIONS

We have demonstrated that there are two independen
edures for processing 2D MAS exchange data, both of w
ield 2D spectra with purely absorptive crosspeaks. One
edure leads to crosspeak intensities given by the HSS ex
ions. The other leads to crosspeak intensities given b
RG expressions. The experimental 2D MAS exchange s

ra of AGG illustrate the desirability of carrying out both d
rocessing procedures and fitting calculations of the HSS
RG crosspeak intensities to the two resulting 2D spe
hen the exchanging sites have resolved sets of spin
ideband lines. Use of both the HSS and the HRG cross
ntensities may increase the information obtained from

AS exchange measurements in both structural and dyna
tudies.
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