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A simplified method for acquiring pure-phase two-dimen-
sional exchange spectra under slow magic-angle spinning
(MAS) is introduced. It combines rotor-synchronized 2D ex-
change spectroscopy with whole-echo acquisition leading to a
simplification in data acquisition and data processing compared
to the States-type data sampling using “time reversal” (A.
Hagemeyer et al., Adv. Magn. Reson. 13, 85 (1989)). As an
added benefit, it allows for well-defined mixing times of an
arbitrary integer multiple of the MAS rotor period. The pro-
posed method is, however, only applicable to samples where an
echo of the free-induction decay can be obtained, i.e., where the
inhomogenous linewidth is larger than the homogeneous line-
width. This is, for example, the case in rare-spin spectroscopy of
samples with natural isotopic abundance. The usefulness of the
new method is demonstrated, using “*C spectroscopy, on two
model compounds.  © 1999 Academic Press
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INTRODUCTION

Two-dimensional exchange spectroscopylays an im-

; revised December 21, 1998

if the spinning speed is fast compared to the width of th
chemical-shielding (CSA) tensors so that all spinning side
bands have negligible intensity. Otherwise, the naive comb
nation of MAS and 2D exchange spectroscopy leads to cro
peaks within the spinning sideband manifold of one spin (orig
inating from one CSA tensor) even in the absence of a
exchange mechanism as well as to phase distortions of t
lines. In such a situation, the determination of relative tensc
orientations and the detection of chemical or polarization
exchange processes between nuclei with an identical isotroy
chemical shift becomes impossible. These undesired cro
peaks can be avoided by performing the experiment with
rotor-synchronized mixing time and selectingl quantum
coherence during the evolution time (6—8). However, this
coherence-selection scheme prevents the acquisition of pu
phase two-dimensional spectf.(One can resort to absolute-
value mode representation of these spectra at the expense
spectral resolution.

A solution to the problem of pure phase was found b
Hagemeyeret al. by recording four States-type amplitude-
modulated data set9,(10 and combining them in a suitable

portant role in nuclear magnetic resonance spectroscopgy (vide infra). Two of the four data sets are recorded witl
(NMR). 2D exchange spectroscopy can be used to invedtie mixing timer, synchronized with the rotor period while
gate the topology and kinetics of chemical exchange prthe other two are recorded such that the mixing timelusthe
cesses, to determine internuclear distances in solids awplution timet, is synchronized with the sample rotation
liquids by analyzing polarization-transfer processes, and (dime-reversal” scheme)5j. Recently a modified version of
evaluate the relative orientation of molecular segments bye experiment was introduced where the “normal, §yn-
chemical-shielding tensor correlation in the solid state. khronized) and the time-reversed, (+ t; synchronized) data
isotropic phase, the 2D exchange spectrum is usually ets are already combined during the acquisition of the da
corded as an amplitude-modulated spectrum dutingn (11).
order to obtain pure-phase lineshapes using TPPI-t9p8)(  Whole-echo acquisition1) is an alternate method to
or States-type4) data sampling. This requires thatl and obtain pure-phase two-dimensional spectra. It is less fr
—1 quantum coherences are simultaneously selected by guently used than TPPI or States-type data acquisition sin
phase cycle during, (5). it relies on the fact that an echo of the FID can be induce
The combination of two-dimensional correlation spectroge.g., by am pulse) without significant signal loss. Fourier
copy with magic-angle spinning (MAS) is only straightforwardransformation of such an echo signal leads to a pure a
sorptive spectrum with a vanishing dispersive pag)( The

1 To whom correspondence should be addressed. Laboratorium Whole-echo-type acquisition of 2D data sets thus allow
Physikalische Chemie, ETH-Zentrum, 8092rich, Switzerland. pure-phase two-dimensional spectra selecting eith&ror
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—1 quantum coherence i (phase modulation). So far,the selection of+1 and —1 quantum coherence, respec-
whole-echo acquisition was mainly used in the context oively.
dynamic-angle spinningl@) and multiple-quantum MAS For a two-dimensional exchange experiment, the sign:
(15, 16 of quadrupolar nuclei. function G V(ty, t,, 7,) = 24 G P(ty, to, 7,) is given by

In this contribution, we describe the combination of1)
whole-echo acquisition and rotor-synchronized 2D ex-
change Spectroscopy to simplify the data-gcquis?tion and  GV(ty, tp ) = Cer 90, t) * Py (7
processing scheme for pure-phase two-dimensional ex-
change spectra under slow MAS. Using whole-echo acqui- X gty + oty Tt tp). (1]
sition allows us to select either1 or —1 quantum coher-
ence duringt; and at the same time obtain pure-phase 2Bere,G{ ;" is the signal contribution that oscillates, during the
spectra. For whole-echo acquisition it is sufficient to syrevolution period {;), with the resonance frequency of spin
chronize the mixing timer,, (or 7, + t;) with the MAS and, after the mixing period of length,, oscillates in the
sample rotation. It is not necessary to combine data selgtection period, with the resonance frequency of spiriThe
obtained with slightly different rotor-synchronized mixingnitial polarization of spirk after excitation is denoted b@,;
times and it becomes possible to acquire spectra with welz (1) is the transfer function describing the exchange prc
defined mixing times. The time-reversal scheme introducesss (chemical exchange or polarization transfer) betwet
irregularities in 7,, which are in the order of one rotorspinsk andl; and g.(t., ts,) is the one-dimensional signal
period. Therefore, the proposed scheme is of particultunction mentioned above but now evaluated between the tin
interest for experiments with short mixing times of one or pointst, andt, (17):
few rotor periods only.

gk Pt t) = e MO (0 t,) - (o) [l

g9k (ta, to) = [9i Y (ta, 1) ]*
The theory of 2D correlation spectroscopy under slow = et f (1) FX(o,ty). [3]
magic-angle spinning has been extensively covered in

the literature §—10 and we only review the main points-l-he first term on the right hand side of Egs. [2] and [3]
which are of relevance in connection with the WhOIG'eChtﬁ’epends only on the isotropic chemical sHif; while the
experiment. Despite the fact that the basic experimeff, +ions f.(¢) contain the time-dependent anisotropic

for 2D exchange spectroscopy is an amplitude-modulatgfle ica_shift contributions. The functiorfg(¢) depend

experiment, it_ is ea_sier to describe the slow-spinning_e Xplicitly on the anisotropy and asymmetry of the CSA
change experiment in terms of the phase-modulated SI90&sor, the three Euler angles B, and v, that describe

generated by the-1 and—1 quantum coherences duritg e grientation of the crystallite in the rotor-fixed coor-
The gosme-_modulated signal of an amplitude-modulat nate system, and the rotor angle as a function of tim
experiment is the sum of the-1 and the—1 quantum ¢ = wt. The asterisk (*) denotes the complex conjugate

coherences. In they dom_ain, we detect1 quantum coher- The functionsf,(¢$) are periodic and fulfill the relation-
ence. The pathway which selectsl quantum coherencesShip a7

during t; is sometimes referred to as “anti-echo” pathway
selection while the pathway which selectsl quantum N
coherence is referred to as “echo” pathway selection. In f(¢) - i) = 1. [4]
order to avoid confusion with the signal echo induced in our i } ] )
experiment (by ther pulse) we will, however, avoid these They can be expressed as a Fourier series with unit ba:
terms. frequency

As mentioned before, the experiment described here is
only of practical relevance in the absence of strong cou- >
plings and can, therefore, be analyzed in the context of a f(p) = O dK-etimb.grimy, [5]
classical magnetization function. In this article we will m=—c
assume that the resonance frequencies are only determined
by the (anisotropic) chemical shift. For a one-dimensiondhe coefficientsdy, depend on the principal values of the
experiment, the spectrum is obtained by the Fourier transhemical-shielding tensor, the spinning speed, and the tv
form of the signal functiong”“"(t) = ¥, g¢"”(t), where Euler anglesx and 8. The dependence df(¢) on the Euler
g’ = M, = i-M,, is the complex magnetizationanglevy is written explicitly in order to allow averaging over
originating from spirk. The plus-and-minus signs apply forthis angle in a later step.

THEORETICAL BACKGROUND
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FIG. 1. Pulse sequence for the measurement of rotor-synchronized 2D exchange spectra under MAS using whole-echo acquisition. After cross-pol
the magnetization can evolve duribgand is stored along theaxis for the mixing time by ar/2 pulse. The second/2 pulse returns the magnetization into
thex-y plane and the echo is generated by pulse. Acquisition is started directly after the firapulse in order to record the whole echo. The synchronizatior
of the experiment with the sample rotation is indicated below the pulse sequence. (a) shows the synchronization which is necessdryfamttven coherence
(t,) —1 quantum coherence,j pathway (“anti-echo” pathway). In this case the mixing timehas to be an integer multiple of the rotor cycle. (b) shows the
synchronization which is necessary for i quantum coherencé,j —1 quantum coherence,j pathway (“echo” pathway). In this case the evolution time
t, plus the mixing timer,, have to be an integer multiple of the rotor cycle. In both cases the echafin@s to be synchronized with the sample rotation also
The phase cycle for the experiment in (a) is givendiy= 02, ¢, = 1, ¢s = 0011,, = 1, ¢s = 0000 1111 2222 3333hs = 0, anddr = 0213 3102 2031
1320. Here, the phases are given as multiples of 90°. For the experiment in (b) only thepphmeseto be changed to 0033.

Inserting Eq. [2] into Eq. [1] leads for the selection 6fL  which clearly shows that only peaks with the same sidebar

guantum coherence durirtg to orderm in both dimensions, andt, are retained. Equation [8]
leads to a diagonal spectrum even for the case of a sing
G<k’—|1>(t1, th, Tm) = Cy* Pyi(7y) - @ 1% @1 ¥(0) crystallite assuming that the start of each scan is synchroniz

with the rotor position to ensure a constant valueydbr all

X filwrty) £ (ot + 7)) evolution timest,. The sidebands of different order m have,

X ity + 7 + 1)), [6] however, different phases since the coefficieBtsdy[df]*
are, in general, different complex numbers.
Assuming a rotor-synchronized mixing timg, = N+ 27/ w,, Integration over the Euler anglgusing
we can use the periodicity df(¢) = fi(¢p + N - 27) to
obtain 1 2m _
27 f dy-e "M = Sn.m [9]
Gl V(ty, ty, ) = C* Pyy(7y) - €71%4 - e f §(0) 0

X fk(wrtl) : fT(wrtl) : fl(wr(tl + tz))-
leads to

[7]

For the case of no transfer during the mixing period, i.e., Gl (ty, ty, o) = Cy - @ 1T X g gKJ*g et

Pwi(Tm) = 8y, We obtain, using Egs. [4] and [5], n=-—
[10]
Gf(,](l)(tl! t21 Tm)
o o The Fourier coefficients are now all real and all sidebands ha
=C e it N N gk[gk]xgtimelurtigtim-ny - the same phase which is a prerequisite to obtain pure-phe

n=—o m=— spectra. The average over the Euler anghdso precludes the

[8] need to synchronize the start of the scans with the rot
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This signal gives rise to undesired cross peaks among lines
a sideband manifold since the magnetization evolves wit
different resonance frequencies duringandt,.

However, if we synchronize the mixing time, plus the
evolution timet, by setting {;, + 7.,) - o, = N- 27 in Eq. [11]
and again take into account the periodicityfib), we obtain
after averaging over the Euler angje

Gty to )

0

," ‘, — . a1 Qkta—ta) , k. K% A +inorta—t1)
I ll C.-e > dk-[d¥]*e . [13]

»
»
n=—ow

t
which is exactly the complex conjugate of Eq. [10] with

FIG. 2. Shift of the echo maximum in a 2D exchange spectrum usingESPECt to the time,. Combining Egs. [10] and [13] allows us
whole-echo acquisition and selection eflL quantum or+1 quantum coher- tO construct a cosine-modulated signat jras required for an
ence duringt;. Selecting—1 quantum coherence durirtg makes the echo amplitude modulated signal:
maximum shift along the lin&€™ = 7, — t, to shortert, times for increasing
values oft;. For +1 quantum coherence selection durtnghe echo maximum
shifts along the lings™° = 7, + t, to bigger values o, for increasing; times. Gty ty, 7y) = Gfgkl)(tlv ty, Tn) + G<k,+kl)(t11 ty, T
This has the advantage that the echo timean be kept as short as possible.

The origin of thet, time is immediately after ther pulse of the pulse sequence *
(see Fig. 1). = C-e ™ 3 difdk*
n=-—o%
" . . . +inwt:
position. Averaging over the Euler angleis automatically X e™"2 cog (Y + nw)ty).  [14]

obtained in a powder sample. For mixing due to chemical or
magnetization exchang®{, () # 8.,), cross peaks appear. Inthe same way one can construct a sine-modulated sign
Their phase is the same as for the diagonal peaks. The lineshape of the pedk, (wi, w,) = F{ G, (ty, tz)} in

If we now consider a second experiment where we setdct the 2D spectrum can be expressed in terms of the 1D abso
quantum coherence during and calculate the time-domaintion mode (A, and A|) and dispersion modeD(, and D)
signal we obtain thet1 quantum equivalent to Eq. [6] as  Signals b). The lineshape is given by

Gfll)(tb tp, Ty) = Cy* Piy(T) * e i, g-iflitz, f.(0) Fri(w1, @) = Alwy) - A(wy) — D(wy) * Di(wy).  [15]
x 3 H +
Piloty) ot + ) Two-dimensional absorption mode lineshapes are only ol
X fio(ty + 7 + to)). [11] tained if the dispersive component vanishes, i.e., for

Assuming again a rotor-synchronized mixing time, expanding Du(®,) - D/(w,) = 0. [16]
the functiond,(¢) in Fourier series, simplifying to the case of

no transfer during the mixing time, and averaging over the,is condition can be fulfilled in two different ways: (i) For an
Euler angley lead to the signal function amplitude-modulated 2D spectrum (see Eq. [14]) this is achieve
by settingD,(w,) equal to zero after the first Fourier transforma-
oo E = tion using TPPI or States data processing. (ii) In the whole-ect
Gl (ty, ty, 7o) = G- @' F0 F > > di schemeD,(w,) is already zero because the Fourier transformatio
N=—% m=-w® p=-w© g=- of a FID which is symmetric about the time origin leads to &
X [d<]* [dg]* . dqe—i(m+p—q)mr11 purely absorptive signal. W_e can, therefore, directly use either o
of the phase-modulated signals of Eqgs. [10] or [13] to obtai
pure-phase 2D spectra. One can either seldctjuantum coher-
=G e i Y d(km+p_q) [dX]* ence (an_ti-echo pz_ithway selection)_durmgnd synchronize the
mixing time 7, with the rotor period or one can selegtl
_ _ guantum coherence (echo pathway selection) durirzmd syn-
X [df]* - die "Mt @9t [12] - chronize the mixing timer, plus the evolution timet, with the

X e+iqw(tz . e*i(erp*n*q)y

mp.q
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FIG. 3. Two-dimensional exchange spectra of hexamethylbenzene for a short mixing time=ofr, ~ 173 ws. The mixing time was actively
synchronized by a homebuilt electronic device. Both spectra were recorded at a MAS spinning speéamf= 5783 Hz which corresponds to the
n = 2 rotational-resonance condition. Five hundred twelve incrementg with 16 scans each were acquired. (a) shows a spectrum with whole-ec
acquisition with an echo time af, = 20.401 ms (118 7,) while (b) shows a spectrum recorded with States-type sampling without “time reversal.” T
States-type spectrum in (b) clearly shows the unwanted cross peaks between the center band of the aromatic carbon at 132 ppm and its first ¢
at 74.5 and 189.5 ppm, respectively, and to the resonance of thgHp at 17 ppm. All lines show phase-twisted lineshapes. The whole-echo spectr
in (a) shows, as expected, only the diagonal peaks and no cross peaks since the mixing time is too short for spin diffusion to proceed. The conto
are at 1.25, 2.5, 5, 10, 20, 40, and 80% of the maximum peak intensity. Due to the rotational-resonance condition, the sideband manifolds of the
and the aromatic carbons overlap.

rotor period. Advantages and disadvantages of the two schersekection during, (sometimes referred to as anti-echo sig:
will be discussed in the next section. nal selection %)) while Fig. 1b shows the rotor synchroni-
The experiment can now be applied to exchange procesgasion suitable for+1 quantum selection during (some-
between nuclei with different tensor orientations and identicaéines referred to as echo signaB)). Both experimental
or different isotropic shifts. In these experiments, the crogghemes give similar results. Thel quantum selection
peaks will bear the information about rates and pathways of thgringt, (Fig. 1b) has the advantage that the echo maximu
exchange process, very much like in a static sample but Wi}htz shifts to longer times with increasing timte (Fig. 2).
higher resolution and sensitivity. This allows one to choose the minimum timgto acquire
the whole echo. In the case of thel quantum selection
(Fig. 1a), the echo maximum it shifts to shorter times
y)vri]th increasing time, requiring a delayr, which is at least

max

EXPERIMENTAL REALIZATION

The pulse sequence for the experimental implementati g i
of the 2D exchange experiment under slow MAS usin S I.ong as;l in Qrder to acquire the whole echo for all
whole-echo acquisition is shown in Fig. 1. After crossdesiredt, times (Fig. 2). The drawback of thel quantum
polarization andt, evolution, the magnetization is storedselection durlng'llls thgt it IeaQs to a small variation in the.
along thez direction by an/2 pulse. After the mixing time '€ngth of the mixing time during the course of the experi:
. the magnetization is brought back into tkey plane by ment since the sum af, + t, is synchronized with the rotor
another/2 pulse and the echo is generated byrpulse Period. The maximum deviation from the mixing time is in
after a time period-. The acquisition is started directly afterthe order ofr,/2. For mixing times covering a large number
the 7 pulse in order to acquire the full echo. The tw®f rotor periods, this deviation is of no practical concern
possible ways of synchronizing the pulse sequence with thewever, for short mixing times, it can become a problem
rotor period are indicated below the pulse sequence. Figurdn order to achieve a good suppression of the unwanted crc
la shows the rotor synchronization suitable fat quantum peaks, it is important to synchronize the second carbth
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FIG. 4. Two-dimensional exchange spectra of hexamethylbenzene for a mixing time~oR s. All experimental conditions except for the number of scan:
(32 pert, increment) were the same as in Fig. 3. The whole-echo spectrum (a) shows strong cross peaks between the three lines of the aromatic cal
the CH, group. However, there are only very weak cross peaks between the center band and the sidebands of the aromatic carbon at a level of about
maximum peak intensity. They are due to imperfect rotor synchronization. The States-type spectrum without “time reversal” (b) shows stratsgostiebam
all the resonances except for thd and—1 sideband of the aromatic carbons. The peaks have strongly phase-twisted lineshapes. The contour levels are |
2.5, 5, 10, 20, 40, and 80% of the maximum peak intensity. Due to the rotational-resonance condition, the sideband manifolds of the methyl anithe
carbons overlap.

pulseandthe 7 pulse, which generates the echo signal with sion) spectra and spectra showing exchange due to molecu
high precision. Deviations from the exact multiple of a rotoreorientation.

cycle as small as 2° produce strong additional cross-peakRotor-driven 2D spin-diffusion spectra of hexamethylben
signals as well as small phase twists in the lineshapes. Thishe at then = 2 rotational-resonance conditio§, 19 are
implies that for mixing times long compared to a rotor cyclesresented in Figs. 3 and 4. Under this condition i@ spin-
active synchronization of the basic 2D exchange sequence Wifffusion process in hexamethylbenzene at natural isotop
the rotor cycle is required, i.e., measuring the position of thundance is fast enough to produce significant cross-pe
rotor and restarting the pulse programmer at the stored rof@fensity for mixing times in the order of a few seconds. For :
position. For the additional echo time,, which is chosen as gphort mixing time (one rotor period) no spin diffusion takes
short as possible and thus never exceeds a few rotor periqqgce and the whole-echo acquisition leads, as expected, t
passive synchronization is sufficient if the spinning speed é?oss-peak-free two-dimensional spectrum (Fig. 3a) while tt
reasonably stable, i.e., it is sufficient to set the mixing time Eopectrum acquired with States-type sampling without tim

a multiple of the rotor cycle. re\fersal (Fig. 3b) shows the unwanted cross peaks due to t

There are two important consequences for the processin%o ection of+1 quantum and-1 quantum coherence during

. X - . €
Qata sets acqqlred with whole.-echo acqwsmon. First, the maﬁﬁe crystal structure of hexamethylbenzene belongs to the |
imum of the window function is a function df and needs to

be shifted the same way as the echo maximum is shifting (Sseoeacg group 20) with a single molecule per unit cell. The
eriments were carried out at room temperature where t

Fig. 2). Second, a first-order phase correction is necess - ) ,
because the origin of the time axis is not at the start of tﬁgorlentatlon of the h_examethylbenzene around the sixfold ax
acquisition but at the echo maximum. is fast on the NMR timescale. We expect, therefore, no cro:
peaks between the different sidebands (neither by chemic
RESULTS AND DISCUSSION exchange nor by spin diffusion to neighboring molecules) ¢

the aromatic carbon even for longer mixing times.

In order to demonstrate the usefulness of the method, weFigure 4 shows the same two spectra acquired with a long
have recorded polarization-exchange (rotor-driven spin-diffarixing time of 2 s. During this time spin diffusion will lead to
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FIG. 5. Two-dimensional exchange spectra of polyoxymethylene (Delrin) at a spinning spegtf2ef) = 1100 Hz at a temperature df~ 80°C. One
hundred twenty-eight; increments with 32 (a) and 128 (b) scans were acquired using an echo time=df0- 7, ~ 9.084 ms. The mixing times were (&)
~ 909 us and (b)r,, ~ 2 s. The mixing time was actively synchronized using a homebuilt electronic device. The spectrum in (a) with a short mixing time s
almost no cross peaks between the spinning sidebands (center-band frequency 67 ppm) while the spectrum in (b) with a long mixing time shows str¢
peaks among the spinning sidebands of the Gtéup due to the screw-type rotation motion of the polyoxymethylene chains. The lineshape of all the pea
purely absorptive. The contour levels are at 1.25, 2.5, 5, 10, 20, 40, and 80% of the maximum peak intensity.

a transport of polarization between the methyl and the aromagicown in Fig. 1b where the mixing time, plusthe evolution
C spins. The whole-echo spectrum (Fig. 4a) indeed shotisie t, was actively synchronized with the sample rotation by
clear cross peaks between the gEsonance and the aromatianeasuring the position of the rotor.
spinning sideband manifold. Cross peaks within the aromaticThe application of the whole-echo method relies on thi
spinning sideband manifold are negligible. Clearly all lines ipossibility of generating an echo by applyingrgpulse to the
the whole-echo spectrum have pure phase. The States-tgpstem. This limits the application of the proposed method t
spectrum, again without time reversal (Fig. 4b) shows tlsystems where the decay of the FID is not determined by the
expected strongly phase-twisted lineshapes for the diagorelbxation time of the observed spins but by an inhomogenol
and the cross peaks. Moreover, it shows additional strong cresseadening which can be refocused byrgulse. In systems
peaks among the spinning sidebands of the aromatic resonamgth high-abundant nuclei or in uniformly labeled materials the
The spectra in Figs. 3a and 4a were recorded by selecting Hwmonuclead-coupling and the homonuclear dipolar coupling
—1 quantum coherence durirg, i.e., with the experimental limit the application of the whole-echo method since thes
scheme shown in Fig. 1a where the mixing timgs synchro- interactions cannot be refocused byrgpulse. However, for
nized with the sample rotation. observing chemical-exchange processes the proposed mettl
As a second example we have measured the 2D exchangens a simpler alternative to acquire pure-phase two-dime
spectrum of polyoxymethylene at a temperaturd e 80°C. sional exchange spectra under slow MAS. In systems whe
At this temperature the crystalline part of the polymer showstlhe minimum number of scans pgrincrement is dictated by
screw-type motion which leads to cross peaks between the length of the phase cycle and not by the required signe
sidebands due to different orientations of the chemical-shield-noise ratio, the whole-echo acquisition has the added bene
ing tensors§). At a mixing time ofr,, ~ 909 us (Fig. 5a) there that only one data set is required. This leads to a reduction
are almost no cross peaks visible and the diagonal is puréhe required measurement time.
absorptive. For a longer mixing time ef, ~ 2 s strong cross

peaks between the spinning sidebands of the chemical-shield- CONCLUSIONS
ing tensor can be seen. All peaks still show pure absorptive
lineshapes. These spectra were recorded by seleetinguan- We have shown that it is possible to combine whole-ech

tum coherence during,, i.e., with the experimental schemeacquisition with two-dimensional exchange spectroscopy ur
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