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A simplified method for acquiring pure-phase two-dimen-
ional exchange spectra under slow magic-angle spinning
MAS) is introduced. It combines rotor-synchronized 2D ex-
hange spectroscopy with whole-echo acquisition leading to a
implification in data acquisition and data processing compared
o the States-type data sampling using “time reversal” (A.
agemeyer et al., Adv. Magn. Reson. 13, 85 (1989)). As an

dded benefit, it allows for well-defined mixing times of an
rbitrary integer multiple of the MAS rotor period. The pro-
osed method is, however, only applicable to samples where an
cho of the free-induction decay can be obtained, i.e., where the
nhomogenous linewidth is larger than the homogeneous line-
idth. This is, for example, the case in rare-spin spectroscopy of

amples with natural isotopic abundance. The usefulness of the
ew method is demonstrated, using 13C spectroscopy, on two
odel compounds. © 1999 Academic Press

Key Words: NMR; MAS; 2D exchange; pure-phase spectra;
hemical exchange; polarization exchange.

INTRODUCTION

Two-dimensional exchange spectroscopy (1) plays an im
ortant role in nuclear magnetic resonance spectros
NMR). 2D exchange spectroscopy can be used to inv
ate the topology and kinetics of chemical exchange
esses, to determine internuclear distances in solids
iquids by analyzing polarization-transfer processes, an
valuate the relative orientation of molecular segment
hemical-shielding tensor correlation in the solid state
sotropic phase, the 2D exchange spectrum is usuall
orded as an amplitude-modulated spectrum duringt 1 in
rder to obtain pure-phase lineshapes using TPPI-type2, 3)
r States-type (4) data sampling. This requires that11 and
1 quantum coherences are simultaneously selected b
hase cycle duringt 1 (5).
The combination of two-dimensional correlation spect

opy with magic-angle spinning (MAS) is only straightforw
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f the spinning speed is fast compared to the width of
hemical-shielding (CSA) tensors so that all spinning s
ands have negligible intensity. Otherwise, the naive co
ation of MAS and 2D exchange spectroscopy leads to
eaks within the spinning sideband manifold of one spin (o

nating from one CSA tensor) even in the absence o
xchange mechanism as well as to phase distortions o

ines. In such a situation, the determination of relative te
rientations and the detection of chemical or polarizat
xchange processes between nuclei with an identical iso
hemical shift becomes impossible. These undesired
eaks can be avoided by performing the experiment w
otor-synchronized mixing time and selecting21 quantum
oherence during the evolution timet 1 (6–8). However, this
oherence-selection scheme prevents the acquisition of
hase two-dimensional spectra (5). One can resort to absolu
alue mode representation of these spectra at the expe
pectral resolution.
A solution to the problem of pure phase was found
agemeyeret al. by recording four States-type amplitud
odulated data sets (9, 10) and combining them in a suitab
ay (vide infra). Two of the four data sets are recorded

he mixing timetm synchronized with the rotor period wh
he other two are recorded such that the mixing timetm plusthe
volution time t 1 is synchronized with the sample rotat
“time-reversal” scheme) (5). Recently a modified version
he experiment was introduced where the “normal” (tm syn-
hronized) and the time-reversed (tm 1 t 1 synchronized) dat
ets are already combined during the acquisition of the
11).

Whole-echo acquisition (12) is an alternate method
btain pure-phase two-dimensional spectra. It is less
uently used than TPPI or States-type data acquisition

t relies on the fact that an echo of the FID can be indu
e.g., by ap pulse) without significant signal loss. Four
ransformation of such an echo signal leads to a pure
orptive spectrum with a vanishing dispersive part (13). The
hole-echo-type acquisition of 2D data sets thus all
ure-phase two-dimensional spectra selecting either11 or

u
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672D EXCHANGE NMR SPECTRA UNDER SLOW MAS
1 quantum coherence int 1 (phase modulation). So fa
hole-echo acquisition was mainly used in the contex
ynamic-angle spinning (14) and multiple-quantum MA
15, 16) of quadrupolar nuclei.

In this contribution, we describe the combination
hole-echo acquisition and rotor-synchronized 2D
hange spectroscopy to simplify the data-acquisition
rocessing scheme for pure-phase two-dimensional
hange spectra under slow MAS. Using whole-echo ac
ition allows us to select either11 or 21 quantum coher
nce duringt 1 and at the same time obtain pure-phase
pectra. For whole-echo acquisition it is sufficient to s
hronize the mixing timetm (or tm 1 t 1) with the MAS
ample rotation. It is not necessary to combine data
btained with slightly different rotor-synchronized mixi

imes and it becomes possible to acquire spectra with
efined mixing times. The time-reversal scheme introd

rregularities in tm which are in the order of one rot
eriod. Therefore, the proposed scheme is of partic

nterest for experiments with short mixing times of one o
ew rotor periods only.

THEORETICAL BACKGROUND

The theory of 2D correlation spectroscopy under s
agic-angle spinning has been extensively covere

he literature (6 –10) and we only review the main poin
hich are of relevance in connection with the whole-e
xperiment. Despite the fact that the basic experim

or 2D exchange spectroscopy is an amplitude-modu
xperiment, it is easier to describe the slow-spinning
hange experiment in terms of the phase-modulated s
enerated by the11 and21 quantum coherences duringt 1.
he cosine-modulated signal of an amplitude-modul
xperiment is the sum of the11 and the21 quantum
oherences. In thet 2 domain, we detect21 quantum coher
nce. The pathway which selects21 quantum coherenc
uring t 1 is sometimes referred to as “anti-echo” pathw
election while the pathway which selects11 quantum
oherence is referred to as “echo” pathway selection
rder to avoid confusion with the signal echo induced in
xperiment (by thep pulse) we will, however, avoid the

erms.
As mentioned before, the experiment described he

nly of practical relevance in the absence of strong
lings and can, therefore, be analyzed in the context
lassical magnetization function. In this article we w
ssume that the resonance frequencies are only deter
y the (anisotropic) chemical shift. For a one-dimensio
xperiment, the spectrum is obtained by the Fourier tr

orm of the signal functiong (61)(t) 5 ¥ k gk
(61)(t), where

k
(61) 5 M k,x 6 i z M k,y is the complex magnetizatio
riginating from spink. The plus-and-minus signs apply
f
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he selection of11 and 21 quantum coherence, resp
ively.

For a two-dimensional exchange experiment, the si
unction G(61)(t 1, t 2, tm) 5 ¥ k,l Gk,l

(61)(t 1, t 2, tm) is given by
1)

Gk,l
~61!~t1, t2, tm! 5 Ck z gk

~61!~0, t1! z Pk,l~tm!

3 gl
~21!~t1 1 tm, t1 1 tm 1 t2!. [1]

ere,Gk,l
(61) is the signal contribution that oscillates, during

volution period (t 1), with the resonance frequency of spik
nd, after the mixing period of lengthtm, oscillates in the
etection periodt 2 with the resonance frequency of spinl . The

nitial polarization of spink after excitation is denoted byCk;
k,l(tm) is the transfer function describing the exchange
ess (chemical exchange or polarization transfer) betw
pins k and l ; and gk(t a, t b) is the one-dimensional sign
unction mentioned above but now evaluated between the
oints t a and t b (17):

gk
~21!~ta, tb! 5 e2iVk~tb2ta! z f *k~v r ta! z fk~v r tb! [2]

gk
~11!~ta, tb! 5 @ gk

~21!~ta, tb!#*

5 e1iVk~tb2ta! z fk~v r ta! z f *k~v r tb!. [3]

he first term on the right hand side of Eqs. [2] and
epends only on the isotropic chemical shiftV k while the
unctions f k(f) contain the time-dependent anisotro
hemical-shift contributions. The functionsf k(f) depend
xplicitly on the anisotropy and asymmetry of the C

ensor, the three Euler anglesa, b, and g, that describ
he orientation of the crystallite in the rotor-fixed co
inate system, and the rotor angle as a function of
5 v rt. The asterisk (*) denotes the complex conjug

he functionsf k(f) are periodic and fulfill the relation
hip (17)

fk~f! z f *k~f! 5 1. [4]

hey can be expressed as a Fourier series with unit
requency

fk~f! 5 O
m52`

`

dm
k z e1imf z e1img. [5]

he coefficientsdm
k depend on the principal values of t

hemical-shielding tensor, the spinning speed, and the
uler anglesa andb. The dependence off k(f) on the Eule
ngleg is written explicitly in order to allow averaging ov

his angle in a later step.
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68 ERNST, KENTGENS, AND MEIER
Inserting Eq. [2] into Eq. [1] leads for the selection of21
uantum coherence duringt 1 to

Gk,l
~21!~t1, t2, tm! 5 Ck z Pk,l~tm! z e2iVkt1 z e2iV l t2f *k~0!

3 fk~v r t1! f *l ~v r~t1 1 tm!!

3 f l~v r~t1 1 tm 1 t2!!. [6]

ssuming a rotor-synchronized mixing time,tm 5 N z 2p/v r,
e can use the periodicity off k(f) 5 f k(f 1 N z 2p) to
btain

Gk,l
~21!~t1, t2, tm! 5 Ck z Pk,l~tm! z e2iVkt1 z e2iV l t2f *k~0!

3 fk~v r t1! z f *l ~v r t1! z f l~v r ~t1 1 t2!!.

[7]

or the case of no transfer during the mixing period,
k,l(tm) 5 d k,l , we obtain, using Eqs. [4] and [5],

Gk,k
~21!~t1, t2, tm!

5 Ck z e2iVk~t11t2! O
n52`

` O
m52`

`

dm
k @dn

k#* e1imvr~t11t2!e1i ~m2n!g,

[8]

FIG. 1. Pulse sequence for the measurement of rotor-synchronized 2
he magnetization can evolve duringt 1 and is stored along thez axis for the
hex-y plane and the echo is generated by ap pulse. Acquisition is started d
f the experiment with the sample rotation is indicated below the pulse se
t 1) 21 quantum coherence (t 2) pathway (“anti-echo” pathway). In this ca
ynchronization which is necessary for the11 quantum coherence (t 1) 21 qu

1 plus the mixing timetm have to be an integer multiple of the rotor cycle
he phase cycle for the experiment in (a) is given byf1 5 02, f2 5 1, f3 5
320. Here, the phases are given as multiples of 90°. For the experime
.,

hich clearly shows that only peaks with the same side
rderm in both dimensionst 1 andt 2 are retained. Equation [

eads to a diagonal spectrum even for the case of a s
rystallite assuming that the start of each scan is synchro
ith the rotor position to ensure a constant value ofg for all
volution timest 1. The sidebands of different order m ha
owever, different phases since the coefficients¥ n dm

k [dn
k]*

re, in general, different complex numbers.
Integration over the Euler angleg using

1

2p
z E

0

2p

dg z e2i ~n2m!g 5 dn,m [9]

eads to

Gk,k
~21!~t1, t2, tm! 5 Ck z e2iVk~t11t2! O

n52`

`

dn
k@dn

k#* e1invr~t11t2!.

[10]

he Fourier coefficients are now all real and all sidebands
he same phase which is a prerequisite to obtain pure-p
pectra. The average over the Euler angleg also precludes th
eed to synchronize the start of the scans with the

xchange spectra under MAS using whole-echo acquisition. After cross-
ing time by ap/2 pulse. The secondp/2 pulse returns the magnetization in
tly after the finalp pulse in order to record the whole echo. The synchroniza
nce. (a) shows the synchronization which is necessary for the21 quantum coherenc

he mixing timetm has to be an integer multiple of the rotor cycle. (b) shows
tum coherence (t 2) pathway (“echo” pathway). In this case the evolution t
both cases the echo timete has to be synchronized with the sample rotation a
11,f4 5 1, f5 5 0000 1111 2222 3333,f6 5 0, andfR 5 0213 3102 203
in (b) only the phasef3 has to be changed to 0033.
D e
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que
se t
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692D EXCHANGE NMR SPECTRA UNDER SLOW MAS
osition. Averaging over the Euler angleg is automatically
btained in a powder sample. For mixing due to chemica
agnetization exchange (Pk,l(tm) Þ d k,l), cross peaks appe
heir phase is the same as for the diagonal peaks.
If we now consider a second experiment where we selec11

uantum coherence duringt 1 and calculate the time-doma
ignal we obtain the11 quantum equivalent to Eq. [6] as

Gk,l
~11!~t1, t2, tm! 5 Ck z Pk,l~tm! z e1iVkt1 z e2iV l t2 z fk~0!

3 f *k~v r t1! f *l ~v r ~t1 1 tm!!

3 f l~v r ~t1 1 tm 1 t2!!. [11]

ssuming again a rotor-synchronized mixing time, expan
he functionsf k(f) in Fourier series, simplifying to the case
o transfer during the mixing time, and averaging over
uler angleg lead to the signal function

Gk,k
~11!~t1, t2, tm! 5 Ck z e2iVk~t22t1! O

n52`

` O
m52`

` O
p52`

` O
q52`

`

dn
k

3 @dm
k #* @dp

k#* z dq
ke2i ~m1p2q!vrt1

3 e1iqvrt2 z e2i ~m1p2n2q!g

5 Ck z e2iVk~t22t1! O
m,p,q

d ~m1p2q!
k z @dm

k #*

3 @dp
k#* z dq

ke2i ~m1p2q!vrt1 z e1iqvrt2. [12]

FIG. 2. Shift of the echo maximum in a 2D exchange spectrum u
hole-echo acquisition and selection of21 quantum or11 quantum coher
nce duringt 1. Selecting21 quantum coherence duringt 1 makes the ech
aximum shift along the linet 2

echo 5 te 2 t 1 to shortert 2 times for increasin
alues oft 1. For11 quantum coherence selection duringt 1 the echo maximum
hifts along the linet 2

echo5 te 1 t 1 to bigger values oft 2 for increasingt 1 times.
his has the advantage that the echo timete can be kept as short as possib
he origin of thet 2 time is immediately after thep pulse of the pulse sequen
see Fig. 1).
r

g

e

his signal gives rise to undesired cross peaks among lin
sideband manifold since the magnetization evolves

ifferent resonance frequencies duringt 1 and t 2.
However, if we synchronize the mixing timetm plus the

volution timet 1 by setting (t 1 1 tm) z vr 5 N z 2p in Eq. [11]
nd again take into account the periodicity off k(f), we obtain
fter averaging over the Euler angleg

Gk,k
~11!~t1, t2, tm!

5 Ck z e2iVk~t22t1! z O
n52`

`

dn
k z @dn

k#* e1invr~t22t1!, [13]

hich is exactly the complex conjugate of Eq. [10] w
espect to the timet 1. Combining Eqs. [10] and [13] allows
o construct a cosine-modulated signal int 1 as required for a
mplitude modulated signal:

Gk,k
cos~t1, t2, tm! 5 Gk,k

~21!~t1, t2, tm! 1 Gk,k
~11!~t1, t2, tm!

5 Ck z e2Vkt2 O
n52`

`

dn
k@dn

k#*

3 e1invrt22 cos~~Vk 1 nv r!t1!. [14]

In the same way one can construct a sine-modulated s
The lineshape of the peak6 k,l(v 1, v 2) 5 F{ Gk,l(t 1, t 2)} in

he 2D spectrum can be expressed in terms of the 1D ab
ion mode (Ak and Al) and dispersion mode (Dk and Dl)
ignals (5). The lineshape is given by

6k,l~v1, v2! 5 Ak~v1! z Al~v2! 2 Dk~v1! z Dl~v2!. [15]

wo-dimensional absorption mode lineshapes are only
ained if the dispersive component vanishes, i.e., for

Dk~v1! z Dl~v2! 5 0. [16]

his condition can be fulfilled in two different ways: (i) For
mplitude-modulated 2D spectrum (see Eq. [14]) this is ach
y settingDl(v2) equal to zero after the first Fourier transform

ion using TPPI or States data processing. (ii) In the whole-
chemeDl(v2) is already zero because the Fourier transforma
f a FID which is symmetric about the time origin leads t
urely absorptive signal. We can, therefore, directly use eithe
f the phase-modulated signals of Eqs. [10] or [13] to ob
ure-phase 2D spectra. One can either select21 quantum cohe
nce (anti-echo pathway selection) duringt1 and synchronize th
ixing time tm with the rotor period or one can select11
uantum coherence (echo pathway selection) duringt1 and syn
hronize the mixing timetm plus the evolution timet1 with the

g
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70 ERNST, KENTGENS, AND MEIER
otor period. Advantages and disadvantages of the two sch
ill be discussed in the next section.
The experiment can now be applied to exchange proc

etween nuclei with different tensor orientations and iden
r different isotropic shifts. In these experiments, the c
eaks will bear the information about rates and pathways o
xchange process, very much like in a static sample but
igher resolution and sensitivity.

EXPERIMENTAL REALIZATION

The pulse sequence for the experimental implement
f the 2D exchange experiment under slow MAS us
hole-echo acquisition is shown in Fig. 1. After cro
olarization andt 1 evolution, the magnetization is stor
long thez direction by ap/2 pulse. After the mixing tim
m the magnetization is brought back into thex-y plane by
notherp/2 pulse and the echo is generated by ap pulse
fter a time periodte. The acquisition is started directly af

he p pulse in order to acquire the full echo. The t
ossible ways of synchronizing the pulse sequence wit
otor period are indicated below the pulse sequence. F
a shows the rotor synchronization suitable for21 quantum

FIG. 3. Two-dimensional exchange spectra of hexamethylbenze
ynchronized by a homebuilt electronic device. Both spectra were re
5 2 rotational-resonance condition. Five hundred twelve incremen

cquisition with an echo time ofte 5 20.401 ms (118z t r) while (b) show
tates-type spectrum in (b) clearly shows the unwanted cross peaks
t 74.5 and 189.5 ppm, respectively, and to the resonance of the CH3 group

n (a) shows, as expected, only the diagonal peaks and no cross pea
re at 1.25, 2.5, 5, 10, 20, 40, and 80% of the maximum peak intens
nd the aromatic carbons overlap.
es

es
l
s
e

th

n
g
-

e
re

election duringt 1 (sometimes referred to as anti-echo s
al selection (5)) while Fig. 1b shows the rotor synchro
ation suitable for11 quantum selection duringt 1 (some-
imes referred to as echo signal (5)). Both experimenta
chemes give similar results. The11 quantum selectio
uring t 1 (Fig. 1b) has the advantage that the echo maxim

n t 2 shifts to longer times with increasing timet 1 (Fig. 2).
his allows one to choose the minimum timete to acquire

he whole echo. In the case of the21 quantum selectio
Fig. 1a), the echo maximum int 2 shifts to shorter time
ith increasing timet 1 requiring a delayte which is at leas
s long ast 1

max in order to acquire the whole echo for
esiredt 1 times (Fig. 2). The drawback of the11 quantum
election duringt 1 is that it leads to a small variation in t
ength of the mixing time during the course of the exp

ent since the sum oftm 1 t 1 is synchronized with the roto
eriod. The maximum deviation from the mixing time is

he order oft r/2. For mixing times covering a large numb
f rotor periods, this deviation is of no practical conce
owever, for short mixing times, it can become a probl
In order to achieve a good suppression of the unwanted

eaks, it is important to synchronize the second carbonp/2

for a short mixing time oftm 5 t r ' 173 ms. The mixing time was active
rded at a MAS spinning speed ofv r/(2p) 5 5783 Hz which corresponds to t
inith 16 scans each were acquired. (a) shows a spectrum with whole
spectrum recorded with States-type sampling without “time reversal
tween the center band of the aromatic carbon at 132 ppm and its fi

17 ppm. All lines show phase-twisted lineshapes. The whole-echo sp
ince the mixing time is too short for spin diffusion to proceed. The co
Due to the rotational-resonance condition, the sideband manifolds o
ne
co
tst 1 w
s a
be
at

ks s
ity.
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712D EXCHANGE NMR SPECTRA UNDER SLOW MAS
ulseand the p pulse, which generates the echo signal wi
igh precision. Deviations from the exact multiple of a ro
ycle as small as 2° produce strong additional cross-
ignals as well as small phase twists in the lineshapes.
mplies that for mixing times long compared to a rotor cy
ctive synchronization of the basic 2D exchange sequence

he rotor cycle is required, i.e., measuring the position o
otor and restarting the pulse programmer at the stored
osition. For the additional echo time,te, which is chosen a
hort as possible and thus never exceeds a few rotor pe
assive synchronization is sufficient if the spinning spee
easonably stable, i.e., it is sufficient to set the mixing tim

multiple of the rotor cycle.
There are two important consequences for the process

ata sets acquired with whole-echo acquisition. First, the
mum of the window function is a function oft 1 and needs t
e shifted the same way as the echo maximum is shifting
ig. 2). Second, a first-order phase correction is nece
ecause the origin of the time axis is not at the start o
cquisition but at the echo maximum.

RESULTS AND DISCUSSION

In order to demonstrate the usefulness of the method
ave recorded polarization-exchange (rotor-driven spin-d

FIG. 4. Two-dimensional exchange spectra of hexamethylbenzene fo
32 pert 1 increment) were the same as in Fig. 3. The whole-echo spec
he CH3 group. However, there are only very weak cross peaks between
aximum peak intensity. They are due to imperfect rotor synchronization
ll the resonances except for the11 and21 sideband of the aromatic carbo
.5, 5, 10, 20, 40, and 80% of the maximum peak intensity. Due to the
arbons overlap.
a
r
ak
is

,
ith
e
or

ds,
is
o

of
x-

ee
ry
e

e
-

ion) spectra and spectra showing exchange due to mole
eorientation.

Rotor-driven 2D spin-diffusion spectra of hexamethylb
ene at then 5 2 rotational-resonance condition (18, 19) are
resented in Figs. 3 and 4. Under this condition the13C spin-
iffusion process in hexamethylbenzene at natural iso
bundance is fast enough to produce significant cross

ntensity for mixing times in the order of a few seconds. F
hort mixing time (one rotor period) no spin diffusion ta
lace and the whole-echo acquisition leads, as expected
ross-peak-free two-dimensional spectrum (Fig. 3a) while
pectrum acquired with States-type sampling without
eversal (Fig. 3b) shows the unwanted cross peaks due
election of11 quantum and21 quantum coherence duringt 1.
he crystal structure of hexamethylbenzene belongs to th#

pace group (20) with a single molecule per unit cell. Th
xperiments were carried out at room temperature wher
eorientation of the hexamethylbenzene around the sixfold
s fast on the NMR timescale. We expect, therefore, no c
eaks between the different sidebands (neither by che
xchange nor by spin diffusion to neighboring molecules

he aromatic carbon even for longer mixing times.
Figure 4 shows the same two spectra acquired with a lo
ixing time of 2 s. During this time spin diffusion will lead

mixing time oftm ' 2 s. All experimental conditions except for the number of sc
(a) shows strong cross peaks between the three lines of the aromatic
center band and the sidebands of the aromatic carbon at a level of ab

he States-type spectrum without “time reversal” (b) shows strong sidebads between
The peaks have strongly phase-twisted lineshapes. The contour levels
tional-resonance condition, the sideband manifolds of the methyl andtic
r a
trum
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transport of polarization between the methyl and the arom
13C spins. The whole-echo spectrum (Fig. 4a) indeed sh
lear cross peaks between the CH3 resonance and the aroma
pinning sideband manifold. Cross peaks within the arom
pinning sideband manifold are negligible. Clearly all line
he whole-echo spectrum have pure phase. The State
pectrum, again without time reversal (Fig. 4b) shows
xpected strongly phase-twisted lineshapes for the dia
nd the cross peaks. Moreover, it shows additional strong
eaks among the spinning sidebands of the aromatic reson
he spectra in Figs. 3a and 4a were recorded by selectin
1 quantum coherence duringt 1, i.e., with the experiment

cheme shown in Fig. 1a where the mixing timetm is synchro
ized with the sample rotation.
As a second example we have measured the 2D exch

pectrum of polyoxymethylene at a temperature ofT ' 808C.
t this temperature the crystalline part of the polymer sho
crew-type motion which leads to cross peaks between
idebands due to different orientations of the chemical-sh
ng tensors (8). At a mixing time oftm ' 909ms (Fig. 5a) ther
re almost no cross peaks visible and the diagonal is p
bsorptive. For a longer mixing time oftm ' 2 s strong cros
eaks between the spinning sidebands of the chemical-s

ng tensor can be seen. All peaks still show pure absor
ineshapes. These spectra were recorded by selecting11 quan-
um coherence duringt 1, i.e., with the experimental schem

FIG. 5. Two-dimensional exchange spectra of polyoxymethylene (D
undred twenty-eightt 1 increments with 32 (a) and 128 (b) scans were ac
909ms and (b)tm ' 2 s. The mixing time was actively synchronized usi

lmost no cross peaks between the spinning sidebands (center-band fr
eaks among the spinning sidebands of the CH2 group due to the screw-typ
urely absorptive. The contour levels are at 1.25, 2.5, 5, 10, 20, 40, an
tic
s

ic

pe
e
al
ss
ce.
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ge
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ld-
e

hown in Fig. 1b where the mixing timetm plus the evolution
ime t 1 was actively synchronized with the sample rotation
easuring the position of the rotor.
The application of the whole-echo method relies on

ossibility of generating an echo by applying ap pulse to the
ystem. This limits the application of the proposed metho
ystems where the decay of the FID is not determined by thT2

elaxation time of the observed spins but by an inhomoge
roadening which can be refocused by ap pulse. In system
ith high-abundant nuclei or in uniformly labeled materials
omonuclearJ-coupling and the homonuclear dipolar coupl

imit the application of the whole-echo method since th
nteractions cannot be refocused by ap pulse. However, fo
bserving chemical-exchange processes the proposed m
pens a simpler alternative to acquire pure-phase two-di
ional exchange spectra under slow MAS. In systems w
he minimum number of scans pert 1 increment is dictated b
he length of the phase cycle and not by the required si
o-noise ratio, the whole-echo acquisition has the added b
hat only one data set is required. This leads to a reducti
he required measurement time.

CONCLUSIONS

We have shown that it is possible to combine whole-e
cquisition with two-dimensional exchange spectroscopy

n) at a spinning speed ofvr/(2p) 5 1100 Hz at a temperature ofT ' 808C. One
ired using an echo time ofte 5 10 z tr ' 9.084 ms. The mixing times were (a)tm

a homebuilt electronic device. The spectrum in (a) with a short mixing tim
ency 67 ppm) while the spectrum in (b) with a long mixing time showss
tation motion of the polyoxymethylene chains. The lineshape of all the
0% of the maximum peak intensity.
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er slow MAS to obtain pure-phase spectra. Compared t
ethod using States-type data acquisition and time rev
nly one instead of two or four different data sets mus
cquired. This makes data acquisition and data proce
onsiderably simpler. If the minimum number of scan
imited by the phase cycle, this also leads to a possible sa
n time. The whole-echo method allows, in addition, the us
ell-defined mixing times of an integer multiple of the ro
eriod if the21 quantum coherence pathway is selected du

1. This can be an advantage for short mixing times of a
otor cycles.
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