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A new pulse sequence for high-resolution solid-state hetero-
uclear double-quantum MAS NMR spectroscopy of dipolar-cou-
led spin- 1

2 nuclei is introduced. It is based on the five-pulse
equence known from solution-state NMR, which is here applied
ynchronously to both spin species. The heteronuclear double-
uantum (HeDQ) spinning-sideband patterns produced by this
xperiment are shown to be sensitive to the heteronuclear distance,
s well as the relative orientations of the chemical-shift and dipo-
ar tensors. In particular, it is shown that the HeDQ patterns
xhibit an enhanced sensitivity to the chemical shielding tensors as
ompared with the single-quantum spinning-sideband patterns.
he detection of HeDQ patterns via the I and S spins is discussed.
he isolated 13C–1H spin pair in deuterated ammonium formate
ith 13C in natural abundance was chosen as a model system, and

he perturbing influence of dipolar couplings to surrounding pro-
ons on the 13C–1H DQ coherence is discussed. The pulse sequence
an also be used as a heteronuclear double-quantum filter, hence
roviding information about heteronuclear couplings, and thus
llowing the differentiation of quaternary and CHn bonded car-
ons. The elucidation of 13C–1H dipolar proximities is presented
or a sample of bisphenol A polycarbonate with 13C in natural
bundance, recorded with a broadband version of the synchro-
ized five-pulse sequence. © 1999 Academic Press

Key Words: double-quantum spectroscopy; heteronuclear dipo-
ar correlation; CSA/dipolar tensor correlation; spinning-sideband
atterns; magic-angle spinning.

INTRODUCTION

Multiple-quantum (MQ) nuclear magnetic resona
NMR) spectroscopy is a valuable tool for the identifica
nd characterization of spin systems in solution (1–4), where
Q methods have proved to be particularly useful for b

pectral simplification and the analysis of molecular motion
uch solution-state applications, the excitation of MQ co
nces between like spins is achieved by utilizing theJ coupling
etween the nuclei in a two-dimensional experiment, whic

he simplest version consists of three pulses (1). An extension
o this sequence to include az filter (5), henceforth referred t
s the five-pulse sequence, exhibits some experimental a

1 To whom correspondence should be addressed.
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ages, but is based on the same principles. MQ spectrosc
ot restricted to homonuclear spin systems; for example,het-
ronuclear multiple-quantum correlation (HMQC) expe
ents involving two different spin species correlate the ch

cal shifts of spins within one molecule via the heteronucleJ
oupling (6, 7).
In the solid state, the absence of isotropic molecular

ling means that anisotropic interactions, namely, for sp12
uclei, strong dipolar interactions, and the chemical-shift

sotropy (CSA), must be considered. The broadenings as
ted with these anisotropic interactions complicate the e

ments and substantially limit the spectral resolut
evertheless, in recent years, there has been a sustained
y different research groups in this field, and both homonu

1H–1H (8–13), 13C–13C (14–17), and 31P–31P (18, 19) and
eteronuclear13C–1H (20) and 13C–15N (21) high-resolution
olid-state MQ spectra have been measured. By harnessi
nherent information content of the anisotropic dipolar
SA interactions, much information about both structure
ynamics in solids can be obtained. For example, homonu
igh-resolution DQ measurements to probe proximities
lready found successful applications in structural determ

ion studies of hydrogen-bonded systems (13) and crystalline
s well as disordered13P–31P phosphate systems (18, 19).
oreover, by evaluating residual dipolar couplings in poly
elts and elastomers, MQ NMR was shown to probe poly
ynamics on time- and lengthscales not accessible by
ethods (10, 11). Also, MQ methods can act as a dipolar fi

or rigid domains in semicrystalline polymers (14). MQ spec-
roscopy has furthermore opened up the possibility of d
ining torsion angles in polymeric (15, 16) and biologica

17, 21) systems, this being an important step toward struc
etermination of increasingly complex molecules in the s
tate.
These solid-state methods differ from their solution-s

nalogues in that they employ the dipolar coupling rather
he comparably weakJ coupling to excite the MQ coherenc
dditionally, in most of the above examples, high resolutio
chieved by applying fast magic-angle spinning (MAS),
uch methods are henceforth referred to as MQ MAS N
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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288 SAALWÄCHTER ET AL.
pectroscopy. Under MAS, there are two different method
he excitation and reconversion of MQ coherences. First
hree- or five-pulse solution-state sequences can be used
veraging of the dipolar coupling by MAS means that
pproach is however limited to excitation times of half a r
eriod, tR/2, and is thus applicable to only strong dipo

nteractions or slow MAS spinning frequencies (9). On accoun
f the analogy to the solution-state method, MQ excita
tilizing the three- or five-pulse sequence will thus be refe

o as “quasi-static.” Alternatively, so-called dipolar recoup
ethods such as Back-to-Back (14) or C7 (16, and reference

herein) must be used.
An important feature and a valuable source of informatio
Q MAS NMR spectroscopy is the presence of spinn

ideband patterns in the MQ dimension of the spe
8, 9, 12, 14, 16, 21). These patterns originate from two d
inct mechanisms (12), first, rotor encoding of the reconversi
amiltonian, and second, evolution of the excited MQ co
nces under local interactions, for example, dipolar coup

o other spins. Only the first mechanism is present in total
oherence spectroscopy (i.e., where the MQ coherence
ponds to the highest excitable coherence). The simples
xample is represented by double-quantum (DQ) NMR

solated spin-12 pairs. The DQ spinning-sideband patterns
ained in this case have been investigated for inorganic
rganic solids with well-localized homonuclear dipolar in
ctions (9, 14). Additionally, it has been shown both theore
ally and experimentally that only odd-order sidebands
xpected for an isolated spin pair when using a quasi-s
xcitation method witht 5 tR/2 (12).
In this paper, we present a new scheme for high-resol

eteronuclear DQ (HeDQ) spectroscopy of dipolar-cou
13C–1H spin pairs in natural abundance, based on quasi-
xcitation under MAS. We show that HeDQ spinning-sideb
atterns can be obtained by the simple application of a
hronized five-pulse sequence (referred to as SYNCHRO
ince four of the five pulses, representing DQ excitation
econversion, are applied synchronously on both chann
uch patterns are dependent on both heteronuclear d
ouplings, and hence internuclear distances, and the re
rientation of the CSA tensor relative to the heteronuc
ipolar tensor.
Methods for obtaining similar information were develop
uch earlier, a large class of those being referred to as

ated local field (SLF) NMR experiments (1), where the appli
ation of homo- and heteronuclear decoupling of the abun
pins, together with optional refocusing pulses on the rare
hannel, in the two dimensions of a two-dimensional (
ouble-resonance experiment allows the correlation or se

ion of different isotropic and anisotropic interactions. T
etermination of dipolar coupling constants and the rela
rientations of the dipolar and CSA tensors in single cry
22) as well as in powdered samples (23–25) has been reporte
or an overview of these and other methods for the dete
r
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ation of distances via dipolar couplings under MAS, suc
EDOR (rotational-echo double resonance, (26)) and rota

ional resonance, see Ref. (27). Recently, the SLF method h
een extended to experiments involving homonuclear DQ
tead of SQ coherences in the first dimension of the ex
ent. Using such an approach, torsional angles could b

ermined by Schmidt-Rohr for the static case (15), and by
evitt and co-workers (16) under MAS. Torsion angle me
urements in labeled amino acids using the SLF schem
olving HeDQ coherences, excited by an HMQC seque
ith REDOR-type recoupling under MAS, have also b
ublished by Honget al. (21).
Although the comparably simple SYNCHRON4 experim

s not specifically designed to measure relative tensor ori
ions, we show a dependence of the HeDQ dipolar spinn
ideband patterns on the orientation of the chemical shie
ensor. This topic will be discussed under Theory, where
ive an analytical treatment for so-obtained spinning-side
atterns. The arguments will be supported by numerical
lations as well as experimental measurements on a m
ystem containing an isolated1H–13C spin pair, in our cas
euterated ammonium formate. We emphasize the fact th

echnique is suitable for measurements of13C in natural abun-
ance.
As a more qualitative approach, in the last section of

aper the SYNCHRON4 experiment is shown to be usefu
roviding information about heteronuclear dipolar proximit
llowing spectral editing for peak assignments. The inves

ion of through-bondconnectivities in the solid state using
couplings in an HMQC experiment has been reported

iously by Frankeet al. (28), but, due to long MQ excitatio
imes, these experiments suffer from lowS/N. From our ex
eriment, relative dipolarthrough-space13C–1H proximites
an easily be derived from a 2D HeDQ spectrum or even
imple HeDQ-filtered measurements. This is demonstrate
sample of bisphenol A polycarbonate, again measured

13C in natural abundance.To achieve DQ excitation indepe
ent of the spectral offset, a broadband version of the S
HRON4 sequence is presented. The effect of molecular

ion on the HeDQ spinning sidebands is also discussed.

THEORY

As a starting point, we consider an isolated rigid het
uclear spin-12 pair (IS), where the two nuclear species I an
ave magnetogyric ratiosg I and gS, respectively, and a
oupled by dipolar (D) interaction. The influence of the ch
cal-shift interaction is considered for both nuclei.

Heteronuclear double-quantum coherences are excited
agic-angle sample spinning by the SYNCHRON4 pulse
uence presented in Fig. 1. The full 2D experiment ca
ubdivided into five periods. The preparation period may
ist, as shown in Fig. 1, of a Hartmann–Hahn cross-pola
ion (CP) pulse sequence and subsequent 90° flip-back p
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289DOUBLE-QUANTUM SPECTROSCOPY IN DIPOLAR SOLIDS
n both channels to generatez polarization for both spi
pecies. Alternatives are first to leave out the proton flip-b
ulse, thus allowing the proton magnetization to dephas
econd to miss out the CP step and additionally destroy
esidual S-spin polarization by applying saturation pulses,
hat only initial S- or I-spin polarization remains. The effect
hese variations will be discussed below.

The first two 90° pulse pairs with the same phase,f1,
eparated by the timet, represent the excitation period. T
etection of multiple-quantum coherences alone can
chieved by a standard phase cycle of these pulses, a
cribed under Experimental. The 90° pulse pair and the
equent second delayt, which follow the MQ evolution perio
f variable durationt 1, represent the reconversion peri
hile the last 90° pulse pair and the purging periodt d act as a
filter to suppress unwanted signal contributions. In com

son to the classical three-pulse sequence, the inclusionz
lter not only gives cleaner spectra, but is in our caseessentia
ecause of CSA evolution during excitation/reconvers
ithout az filter, it is not possible to achieve correct amplitu
odulation of the signal att 2 5 0 with respect to the evolutio

n t 1, resulting in phase errors in the final 2D spectrum.
ncomplete evolution through all orientations of the CSA
or for tR/2 will always lead to some contribution to t
maginary part of the signal att 2 5 0, which is supposed to b
ero for pure amplitude modulation. This problem is ea
voided by applying thez filter.

FIG. 1. Pulse schemes for heteronuclear double-quantum spectro
nder fast MAS. Narrow bars correspond to 90° pulses. In (a), the diff
tages of the experiment are identified. The preparation period usually co
f a conventional CP sequence, storing the magnetization on both ch
long thez direction to create initial I-andS-spin polarization. The evolutio

nterval during excitation/reconversion,t, must be set equal to half a ro
eriod to obtain properly phased spectra. For the selection of pure
volution duringt 1, the phases of all pulses belonging to the respective pe
re cycled together as a group, following the phase cycling procedur
cribed in the text. To achieve an offset-independent broadband excita
Q coherences,p pulses must be inserted into the excitation and reconve

ntervals, respectively (b).
k
or
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ch
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The first four pulses of the original five-pulse sequence
ynchronously applied to both radiofrequency channels.
fth pulse is a read-out pulse and can in principle be applie
ither of the two spin species. For optimum spectral resolu
e chose to acquire the rare spin (S5 13C) signal.
In order to handle the spectral width of13C chemical shifts, th

ulse sequence to be used in the case of off-resonance exc
s slightly more complicated (Fig. 1b). Evolution of the s
ystem due toisotropicchemical shifts is refocused by applyingp
ulses during excitation and reconversion. This is importan
amples with more than one carbon signal, since due to the
hemical-shift dispersion of13C, the antiphase magnetizatio
rom signals at the edges of the spectrum would have ev
lmost completely out of phase with respect to the last pulse
xcitation/reconversion periods, so that virtually no DQ si
ould be created. By means of refocusing, uniform excita
fficiency is thus achieved for the whole spectral range, but a
xpense of an interference of thep pulses with the chemical-sh
nisotropy. This will be dealt with under Experimental. For
ake of clarity of the calculations, the compensation is no
luded in the analytical treatment of the sequence.

otor-Modulated Spin Hamiltonians

The secular approximation of the heteronuclear dip
amiltonian (denoted by(0)), modulated by MAS at a spinnin

requencyvR, is given by

H D,IS
(0) ~t! 5 2dIS~t!I zSz, [1]

here we define

dIS~t! ; O
m522

2

2 2D ISd2m,0
~2! ~bM! D 0,2m

~2! ~VPDR!

3 exp$imvRt%I zSz. [2]

and S represent the spin operators of the dipolar-cou
uclei, andVPD R denotes the set of Euler angles (aD

IS, bD
IS, gD

IS)
elating the principal axes system (PAS) of the dipolar c
ling tensor (PD) of the heteronuclear IS spin-1

2 pair to the
otor (R) reference frame. Thus, powder averaging has
erformed overVPD R. As long as chemical-shift anisotropy
eglected, the angleaD

IS is arbitrary and can be omitted fro
he averaging procedure. In addition,bM 5 arccos(1/=3) 5
4.70 denotes the magic angle between the rotor axis an
tatic magnetic field. The Wigner rotation matricesDm,m9

(2) (a, b,
) 5 exp(2ima)dm,m9

(2) (b)exp(2im9g) follow the convention
f Refs. (29, 30). The heteronuclear dipolar coupling const
IS 5 (m 0/4p)g IgS\/r IS

3 depends on the internuclear dista
IS and on the magnetogyric ratiosg j of the nuclei involved.
The computation of the spin propagators describing the

volution of the spin system under MAS requires the sp
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art of the rotor-modulated dipolar HamiltoniandIS(t) to be
ntegrated over time,

H D,IS
(0) ~t0, t9! 5 E

t9

t0

H D,IS
(0) ~t!dt

5 E
t9

t0

2dIS~t!dtIzSz ; 2dIS~t0; t9!I zSz, [3]

here

dIS~t0; t9! 5
D IS

2vR
$Î2 sin~2b D

IS!@sin~vRt0 1 g D
IS!

2 sin~vRt9 1 g D
IS!#

2 1
2 sin2~b D

IS!@sin~2vRt0 1 2g D
IS!

2 sin~2vRt9 1 2g D
IS!#%. [4]

To take into account chemical-shift effects, it must be
embered that the corresponding chemical-shift aniso
ASs may differ from that of the dipolar tensor. The tim
ependent chemical shielding Hamiltonians are then

H CS
I ~t! 5 2v0IsCS

I ~t!I z, [5]

H CS
S ~t! 5 2v0SsCS

S ~t!Sz, [6]

here the space parts of the chemical-shift Hamiltonians
iven by

s CS
j ~t! 5 s iso

j 2
d j

v0j
O

mÞ0
m522

2 O
n522

2 HD 0,n
~2! ~V PCSPD

j ! D n,2m
~2! ~V PDR

IS !

2
1

Î6
h I@D 22,n

~2! ~V PCSPD

j ! D n,2m
~2! ~V PDR

IS !

1 D 2,n
~2! ~V PCSPD

j ! D n,2m
~2! ~V PDR

IS !#Jd2m,0
~2! ~bM!eimvRt.

[7]

n the above expressionj equals I or S, whilev 0js iso
j is the

sotropic precession frequency, withs iso
j 5 1/3(s x

j 1 s y
j 1 s z

j)
epresenting the isotropic part of the CSA tensor andv 0j

enoting the Larmor frequency of thej spin species. Th
raceless symmetric part of the tensor in its principal a
ystem is characterized by the anisotropy parameter in
uency units,d j [ 2v 0j(s z

j 2 s iso
j ), and the asymmetr

arameterh [ (s y
j 2 s x

j )/d j (29). The set of Euler angle
escribing the orientation of the chemical shielding tenso

he PAS of the heteronuclear dipolar tensor (i.e., the mole
-
y

-

re

s
e-

in
ar

rame) is denoted byVPCSPD

j , and the corresponding Eu
ngles are termed (aCS

j , bCS
j , gCS

j ). Only (aCS
j , bCS

j ), then
imply representing two polar angles, need to be conside
SA is only effectively present for one of the two spins. T
ill be dealt with in the Appendix.
The time integrals of the chemical-shift Hamiltonia

resent in the spin propagators are then given by

H CS
I ~t0, t9! 5 E

t9

t0

H CS
I ~t!dt 5 2v0I E

t9

t0

s CS
I ~t!dtIz

; 2v0IsCS
I ~t0; t9!I z, [8]

nd similarly

H CS
S ~t0, t9! 5 2v0SsCS

S ~t0; t9!Sz, [9]

here

s CS
j ~t0; t9! 5

1

vR
HC1

j ~sin~g D
IS 1 vRt0! 2 sin~g D

IS 1 vRt9!!

1
C2

j

2
~sin~2g D

IS 1 2vRt0!

2 sin~2g D
IS 1 2vRt9!!

2 S1
j ~cos~g D

IS 1 vRt0!

2 cos~g D
IS 1 vRt9!!

2
S2

j

2
~cos~2g D

IS 1 2vRt0!

2 cos~2g D
IS 1 2vRt9!!J . [10]

he dependencies on the remaining angles and the t
omponents reside in the coefficientsC1,2

j and S1,2
j . These

oefficients depend on CSA/dipolar PAS orientations and
ensor components, and are given in the Appendix, w
pecial cases and possible simplifications are discussed.

eDQ Spinning-Sideband Patterns

The spin system response for the experiment in Fig. 1, b
n synchronous radiofrequency excitation in heteronu
pin systems, is calculated using density operator forma
1). For the heteronuclear case, the ensemble of dipolar
led pairs behaves inhomogeneously; i.e., the dipolar Ha

onians commute with themselves and with the chem
hift Hamiltonians at each moment in time. Therefore,
pin evolution under these interactions can be evalu
ndependently.

At the end of the preparation period (see Fig. 1), the in
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291DOUBLE-QUANTUM SPECTROSCOPY IN DIPOLAR SOLIDS
ensity operator can be written in the high-temperature ap
mation as

r~0! > pII z 1 pSSz, [11]

herepI andpS are factors describing the relative magnit
f the initial magnetizations. Depending on the prepara
eriod of the experiment, these factors depend on the p
ure used for cross-polarization (CP), its efficiency, or
epresent the spin population in thermal equilibrium. For
ase of normal CP,pI andpS depend on the orientation of ea
rystallite relative to the rotor axis, and thus distortions of
Q spinning-sideband patterns could be expected. How

uch distortions were not observed experimentally, and nu
cal density matrix simulations further showed that this po
le source of error is not significant. ThepI factor can be set t
ero if the I-spin transverse signal after cross-polarizatio
eft to dephase, and is not stored in thez direction. Alterna
ively pI 5 pI,eq andpS 5 0 for the case where the experim
s conducted in such a way that I spins are polarized an
-spin signal is saturated at the beginning of the experim
The density operator at the end of the excitation perio

iven by

r~t! 5 Px
I Px

SE~t; 0! Px
I Px

Sr~0!

3 Px
S21

Px
I 21

E~t; 0! 21Px
S21

Px
I 21

, [12]

hich can be obtained from solving the Liouville–von N
ann equation. The propagators describing I and Sp/2 radio-

requency pulses arePx
I 5 exp(i p

2 I x) and Px
S 5 exp(i p

2Sx),
espectively, while the evolution propagator for the (t; 0) time
nterval is

E~t; 0! 5 exp$2i2dIS~t; 0!I zSz%exp$iv0Is
I~t; 0!I z%

3 exp$iv0Ss
S~t; 0!Sz%, [13]

here the notations introduced in Eqs. [3] and [8] are use
xpress the quantities present in the exponents. Using these
ators within straightforward product operator algebra (31), we obtain

r~t! 5 pI$2I zcos@dIS~t; 0!#cos@v0IsCS
I ~t; 0!#

2 I xcos@dIS~t; 0!#sin@v0IsCS
I ~t; 0!#

1 2I zSysin@dIS~t; 0!#sin@v0IsCS
I ~t; 0!#

2 2I xSysin@dIS~t; 0!#cos@v0IsCS
I ~t; 0!#%

1 pS$2Szcos@dIS~t; 0!#cos@v0SsCS
S ~t; 0!#

2 Sxcos@dIS~t; 0!#sin@v0SsCS
S ~t; 0!#

1 2SzI ysin@dIS~t; 0!#sin@v0SsCS
S ~t; 0!#

2 2SxI ysin@dIS~t; 0!#cos@v0SsCS
S ~t; 0!#%. [14]
x-

n
e-
t
e

e
r,
r-

i-

is

he
t.
is

to
pa-

At the end of the excitation period, the spin modes pre
re longitudinal magnetization (I z andSz terms), single-quan

um (SQ) coherences (I x andSx terms), antiphase magnetiz
ion (I zSy and SzI y terms), and heteronuclear zero-quan
HeZQ) as well as HeDQ coherences (I xSy andSxI y terms). A
hase cycle applied to the excitation or reconversion p
llows us to distinguish and separate these spin modes wi
xception of longitudinal magnetization and HeZQ. It is a
vident from Eq. [14] that the MQ coherences (I xSy andSxI y),
hich can be detected on either channel, are encoded by t
amiltonian duringexcitation,in a way which depends on t
ode of preparation (represented by the coefficientspI andpS).
The HeDQ coherences are selected by the phase cyc

hus we only consider what happens to these coherences
atter periods of the experiment. For an isolated IS spin
eDQ coherences are total spin coherences, i.e., [I 6S6,
D,IS
(0) (t)] 5 0, and consequently do not evolve under dip

oupling. Nevertheless,both chemical-shift interactions mo
late HeDQ coherences during theevolutionperiod.
Sign discrimination of the DQ evolution duringt1 is experi-
entally achieved by shifting the reconversion phases by 45

he same value oft1 and the two reconversion phase settings
pectrum in the direct dimension will be modulated by thex and
he y component of the DQ signal, respectively. Performing
D experiment this way, a hypercomplex dataset will result.
lso possible to increment the reconversion phases in steps

or subsequent increments oft1. This is the TPPI method, whic
s commonly used in single-quantum 2D experiments (1, 29).
hese considerations are based on the fact that the sensitivi
Q coherence to a phase shiftDf of the excitation or reconve
ion pulses is twice that value in effect. To simplify calculatio
he same effect is achieved by shifting the phases on only
hannel by 90°. The normalized orthogonal signals detected

1 dimension can then be calculated to be

Sx
j ~t1; t2 5 0! } a z bx z c, [15]

here

a 5 sin$dIS~t; 0!%$ pIcos$v0IsCS
I ~t; 0!%

1 pScos$v0Ss CS
S ~t; 0!%%,

bx 5 cos$v0IsCS
I ~t1 1 t; t! 1 v0SsCS

S ~t1 1 t; t!%,

c 5 sin$dIS~t 1 t1 1 t; t1 1 t!%

3 cos$v0IsCS
j ~t 1 t1 1 t; t1 1 t!%,

nd

Sy
j ~t1; t2 5 0! } a z by z c, [16]

here

by 5 sin$v0IsCS
I ~t1 1 t; t! 1 v0SsCS

S ~t1 1 t; t!%,
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herej denotes the detected spin species and therefore m
eplaced by either I or S. In the case of powdered sample
verage of the above equations over the orientationsVPD R of

he dipolar tensor must be performed.
The following conclusions can be drawn from the ab

esults:

(i) The heteronuclear dipolar couplingonly contributes to
he spinning-sideband pattern on account of theencoding in the
econversion period,given by thet 1 dependence ofdIS in the
oefficientc of Eqs. [15] and [16]. This reflects directly t
otal spin coherence character of HeDQ coherences exci
n isolated IS spin pair, with dipolar interactions of the
oherence to remote spins being neglected in the above
ation.
(ii) The CSA interactionsencode the HeDQ patterns due

he rotor modulation during theevolutionperiod (contribution
x andby) as well as during theexcitation(contributiona) and
econversionperiods (contributionc). In comparison, the he
ronuclear-encoded single-quantum signal, given by

Sx
j ~t! 5 pjcos$dIS~t; 0!%cos$v0js CS

j ~t; 0!% [17]

nd

Sy
j ~t! 5 2pjcos$dIS~t; 0!%sin$v0js CS

j ~t; 0!%, [18]

xhibits only effects ofCSA interactions corresponding
hose of theevolutionperiod. Thus, the additional chemic
hift evolution duringexcitation and reconversiongives an
nhancedeffect of the chemical-shift interaction on the doub
uantum spinning-sideband patterns, depending on the c
ientspI andpS, which are under the control of the experim
alist.

(iii) Both I- and S-spin signals carry information about
elative orientation of the CS and heteronuclear dipolar ten
his provides a basis for experiments to determine these a
sing HeDQ coherences.
(iv) If the CSA tensor of one spin species has rather s

omponents, as, for example, I5 1H in the case of a13C–1H
air, Eqs. [15] and [16] can be simplified by sett
CS
I (t0; t9) 5 0. NeglectingsCS

S as well will yield formulae
hich are, apart from the prefactor in the dipolar coup
onstantdIS, identical to those for the homonuclear case9).
his is obvious, because in both cases the mechanis
ideband generation is identical; the sidebands result only
he rotor encoding of the reconversion period.

(v) The above equations are general, describing the H
pinning-sideband patterns recorded using different ex
ental preparation procedures. For instance, if after the c
olarization process I3 S the I-spin transverse magnetizat

s not stored along thez direction by a flip-back pulse an
llowed to dephase, we can setp 5 0 in Eqs. [15] and [16]
I
be
an

e

in

ri-

-
ffi-
-

rs.
les

ll

of
m

Q
ri-
s-

urthermore, if presaturation pulses are applied to S s
nstead of a CP and only the polarization of the I spins is
or the experiment, the HeDQ patterns can nevertheles
etected at both resonances and are described by Eqs. [1

16] with pS 5 0. Thus, the preparation period enables on
ontrol which spin’s CSA influences the pattern duringexci-
ation. Moreover, the HeDQ pattern can be detected at
esonances, with the difference that theCSA influenceon
he pattern duringreconversionis only that of thedetected
ucleus.

imulations

In Fig. 2, heteronuclear13C-detected dipolar-encoded sing
nd double-quantum spinning-sideband patterns are com

or a typical range of13C–1H bond distances. The spectra w
alculated by Fourier transformation of the time domain
als given by Eqs. [17] and [18] and [15] and [16], resp

ively. Powder averaging was performed using a set of
airs of (bD

IS, gD
IS) angles describing vector orientations eve

istributed on a sphere, as generated using the REPUL
ethod (32). For each orientation, the signal was avera
ver 25 values forgD

IS between 0° and 360°, resulting in a to
umber of 4800 interaction tensor orientations. The chem
hift anisotropy (CSA) was neglected in these calculations
he spinning frequency was set equal to 8 kHz.

FIG. 2. Calculated dipolar (a)13C SQ and (b) HeDQ spinning-sideba
atterns for a13C–1H spin pair at 8 kHz MAS. The spectra represent solut
f Eqs. [17] and [18] and [15] and [16], respectively, after powder avera
nd Fourier transformation, and are plotted on the same vertical scale
as neglected for these calculations.
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293DOUBLE-QUANTUM SPECTROSCOPY IN DIPOLAR SOLIDS
The HeDQ patterns for a heteronuclear spin-1
2 pair presente

n Fig. 2b share many similarities with homonuclear spin-
Q patterns recorded using the three (or five)-pulse sequ

9). In both cases, the centerband is absent, with the side
t 6nR being the most intense. Exclusively odd-order spinn
idebands without phase distorsions are present only for
ation/reconversion timest 5 tR/2 (where tR is the rotor
eriod). In the limit of very fast MAS, i.e.,vR/D IS @ 1, both

ypes of DQ patterns are composed of mainly spinning s
ands of first order. These considerations also illustrate
estrictions of quasi-static excitation, i.e., being limited to o
trong couplings (or slow MAS) and the missing freedom
xcitation time. Thus, the study of DQ excitation dynamics

he measurement of weak couplings must be left to recou
equences. Variation of the spinning speed is a possible w
nding a suitable compromise between either distributing
ntensity over too many sidebands or having too few sideba
uch that a fitting procedure for extracting the heteronu
istance is no longer possible.
The sensitivity of SQ and HeDQ patterns to the variatio

he distance is rather similar, although it should be noted
he S/N is smaller for heteronuclear DQ MAS spectra, es
ially where the nuclei involved have small gyromagn
atios. The advantages of HeDQ spectra will, however, bec
pparent when considering the influence of additional inte

ions on the DQ coherence, for example, CSA or dip
ouplings to remote spins.
If one of the two nuclei in question exhibits a CSA which

arge with respect to the spinning speed, the patterns sh
ronounced asymmetry. The patterns in Fig. 3 were calcu
sing the principal values of the formate tensor measure
alcium formate (33). For bCS

j 5 0, the orientation of the CS
ensor is such that the least shielded direction (s z) points along
he dipolar axis; this is what would be expected from chem
ntuition, if possible packing effects are ignored. The asym
ry of the pattern is more pronounced in the HeDQ case, m
ue to the fact that there is no strong centerband intensity

he SQ case. It should be noted that the influence of
dditionally leads tothe appearance of weak even-order s
ands.Moreover, the patterns are dependent on the rel
rientation of the dipolar and the chemical-shift tensor. T
ffect can serve as a basis for new experiments for the d
ination of these angles, which have been measured bef

ingle-crystal studies (33) based on X-ray diffraction results,
sing static 2D SLF spectroscopy (23). In addition, the relativ
rientation of the heteronuclear dipolar tensor and the che
hielding tensors can be also measured using SQ spin
ideband patterns (27, and references therein). As noted un
heory, the encoding of the chemical-shift interaction on
eDQ spinning-sideband patterns is present during the e

ion, evolution, and reconversion periods as is evident in
15] and [16]. Hence, the effect of CSA isenhancedin HeDQ
atterns compared with the SQ patterns. Naturally, the pos
ccuracy of measuring the relative orientation scales with
ir
ce
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trength of the CSA interaction, described by the anisot
arameterd.
The influence of remote protons on HeDQ spinning-s

and patterns has been studied by numerically solving
iouville–von Neumann equation for a three-spin system

his end, a C11 program has been developed, which perfo
iscrete step-by-step evaluations of the propagators c
ponding to the pulse sequence to be simulated. The simu
ime step is usually 1ms, and CSA and all dipolar interactio
re taken into account. The powder averaging procedu
gain performed using the same REPULSION method
cribed above. In the simulation program, perfect coher
election is achieved by simply setting all elements of
ensity matrix to zero except for those corresponding to
ronuclear DQ coherences.
In Fig. 4, spectra for two possible arrangements of the t

pins (one13C–1H spin pair of the formate and an additio

FIG. 3. Calculated dipolar (a)13C SQ and (b) HeDQ spinning-sideba
atterns for a13C–1H spin pair at 8 kHz MAS, showing the effect of13C
hemical-shift anisotropy on the patterns. The patterns depend on the r
rientation of the dipolar and the CSA tensor, which is here represent
arying thebCS

j Euler angle, corresponding to a rotation of the CSA te
round they axis of the molecular frame. In the case of HeDQ (b), even-o
idebands and a centerband arise, containing additional information o
agnitude and orientation of the CSA tensor (see inset). The CSA t
rincipal values used here were those of calcium formate (33), and the distanc

CH was set to 115 pm (best fit distance for the experimental HeDQ spectr
elow). The spectra are plotted on the same vertical scale.
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emote proton) are compared. In the case of the linear arr
ent, the interactions present int 1 are still inhomogeneous
ature (therefore the signal is periodic with respect totR; see
ef. (29, p. 132)). Upon decreasing the distance between

hird spin and the pair, a decrease in overall signal intensity
he appearance of a strong centerband and even-order sp
idebands are observed (Fig. 4a). For a remote proton lo
bove (or below) the formate proton, the proton–proton ve
eing perpendicular to the formate plane, phase distortion
omogeneous broadening of the signals are observed (Fig

n the latter case, the dipolar coupling of1H9 with the 13C–1H
pin pair is different compared to the linear topology, lead
o different HeDQ patterns for short distancesr HH9. This is a
rue geometrical effect, since the contribution of the13C–
emote proton coupling is in both cases small.

The signal reduction is due to the relatively strong pert
ng homonuclear interaction between the two protons c
ared with the heteronuclear13C–1H dipolar coupling, which

eads to dephasing of the signal during excitation/reconver
he observation of a centerband and even-order sideband
eneral feature of MQ spectroscopy for cases where th
erence evolving int 1 is not the total spin coherence, so t
idebands do not arise only due to reconversion rotor enc

FIG. 4. Simulated dipolar HeDQ spinning-sideband patterns for a13C–1H
pin pair at 8 kHz MAS. The effect of an additional remote proton on
atterns is shown. In (a), all three spins are arranged linearly (C–H. . .H9),
hereas in (b) the remote proton is located above the formate proton, p
icular to the formate plane. The CSA of the formate carbon was take
ccount, and the distancer CH was set to 115 pm. All spectra are plotted on
ame vertical scale.
e-

e
nd
ing

ted
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the mechanism considered under Theory), but also du
volution rotor modulation; i.e., the presence of additio
dipolar) interactions influence the MQ coherence evolu
uring t 1. These mechanisms of MQ sideband generation
een analyzed in detail for the equivalent case of quadru
ystems (12). The appearance of theseadditional spinning
idebands is therefore a good measure of the extent to w
he use of the spin-pair approximation for the evaluation o
ipolar coupling is justified. In comparison, for the case of
atterns, such information is less apparent, being obtained

rom the linewidths of the spinning sidebands.
Further investigations have shown that all these adv

ffects can be reduced to a great extent by increasin
pinning speed (it is then however necessary to use recou
equences) and introducing homonuclear decoupling o
rotons. Further work along these lines is under way. F
uccessful application of heteronuclear DQ spectroscop
olving protons in a strongly coupled spin network, as c
only encountered in most organic solids, it is espec

mportant to be aware of these complications.

EXPERIMENTAL

amples

Deuterated ammonium formate was chosen as a mode
tance for an isolated13C–1H spin pair due to its favorab
pin–lattice relaxation behavior, and the possibility of stud
he effect of remote protons by comparison to measureme
ndeuterated formate. The widely used calcium formate
ot employed in this work because the presence of para
etic doping agents such as Mn21 or Fe31—which are essenti

or achieving an experimentally tolerableT1 value—was foun
o cause distortions in the DQ spinning-sideband patterns
herefore hamper an exact evaluation of the dipolar cou
onstants.
Deuteration was performed by dissolving ammonium
ate (NH4HCO2) in D2O (about one percent by weight fo
ate), gently heating to about 80°C, and evaporating the2O
t this temperature under reduced pressure. This procedu
epeated twice. The crystals were then immediately drie
0°C in an oil pump vacuum for about 20 min. Long expos

o vacuum must be avoided because of loss of the format
o its high vapor pressure. Ammonium formate is highly
roscopic, and thus the rotor was filled in a glove box to a
eexchange of water protons. We estimate the degree of
eration to be about 95%. TheT1 relaxation times of th
mmonium formates are strongly dependent on the degr
euteration, such that recycle times were 0.5 and 5 s for the
ndeuterated and the deuterated formate, respectively.
For the dipolar connectivity measurements, bispheno

olycarbonate, henceforth referred to as polycarbonate
as chosen as a typical amorphous polymer with a l
ispersion of13C chemical shifts. The polymer was mel

e

en-
to
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295DOUBLE-QUANTUM SPECTROSCOPY IN DIPOLAR SOLIDS
irectly into the rotor to achieve the optimum filling. TheT1

elaxation time of PC is relatively short, allowing recycle tim
f only 1.5 s.

nstrumentation

All experiments were performed on a Bruker DSX 3
pectrometer operating at 300.23 MHz for1H and 75.49 MHz
or 13C. A commercial Bruker double-resonance MAS pr
upporting rotors of diameter 4 mm was used. To avoid p
ems withB1 inhomogeneity, the samples were all locate
he middle part of the rotor using Teflon spacers. The 90° p
ength was 3ms, corresponding to aB1 radiofrequency mag
etic field strength ofv1/2p 5 83.3 kHz. Continuous wav
ipolar decoupling,v1/2p ' 65 kHz, was applied in all13C
easurements during acquisition.

ulse Sequences

Heteronuclear DQ spinning-sideband patterns were
ured in 2D experiments following the pulse scheme in Fi
he HeDQ coherences excitation was preceded by a co

ional Hartmann–Hahn cross-polarization (CP) sequence w
rotonB1 field corresponding tov1/2p 5 83.3 kHz and the13C
eld matched on the first rotational sideband (83.3 kHz2 nR).
P contact times were chosen to achieve maximum si
orresponding to 100 and 500ms for the formate and P
amples, respectively. Using 900 flip-back pulses on both cha
els, initialz magnetization was created for both spin spec
he relative magnitude of I and S magnetization could
stimated (by leaving out the flip-back pulses in the prepar
eriod for either channel and observing the loss in signal)
bout the same, corresponding to equal coefficientspS andpI

n Eqs. [15] and [16]. These values were used in all simula
s well, but it should be noted that the dependence o
ideband intensities on the relative distribution of magne
ion within experimental imperfections, like matching of
P field strengths, is rather small. Simulations showed t

elative variation of the coefficients of 50% amounted to
ensity changes of not more than about63% for the case of th
elatively large CSA contribution during excitation of a13C in
ormate. Larger effects could be expected if the other spin1H
n our case) had a nonnegligible CSA, e.g.,15N or 31P.

To select the HeDQ coherences, the phases of all puls
he excitation period (both channels) were cycled sim
eously in four steps of 90° increments, together with a 1
hase change of the readout pulse for each step. Additio
YCLOPS together with a two-step cycle to correct for fl
ngle deviations (all excitation and reconversion pulses sh
y 180°, keeping the phase of the read-out pulse constan
dded, yielding a 32-step phase cycle. The dephasing delt d

ere on the order of 10 ms, which does not lead to signifi
ignal reduction due to the comparably long13C T1 relaxation
imes, and ensures almost complete relaxation of unwa
oherences. For nuclei with shortT , a long purging delay ca
1
e
b-

se

a-
.
n-
a

al,

s.
e
n
e

s
e
-

a
-

in
-
°
ly,

d
as

s
nt

ed

asily be avoided by an additional phase cycle of thez filter. To
chieve sign discrimination in theF 1 dimension, the TPP
ethod extended for DQ spectroscopy was used; i.e., the
f either excitation or reconversion is incremented by 45°
ubsequent slices. Typically, 128 slices int 1 with increments
f 3.5 to 6ms were measured, corresponding to between
nd five rotor periods of acquisition int 1 and a total experime

ime of 24 to 36 h for each HeDQ spectrum of PC or deuter
ormate, with 13C in natural abundance. Due to its fastT1

elaxation, and thus short repetition time (0.5 s for the un
erated and 5 s for the deuterated formate), spectra of the
euterated ammonium formate were acquired in typically 8–
Due to the large spread of chemical shifts in PC, which

olymer containing both aliphatic and aromatic groups,
ffset-compensated version of the five-pulse sequence
b) had to be used. Offset compensation is of great impor

or nuclei with a large dispersion of chemical shifts, such
13C, where it is necessary to achieve uniform excitation ov
pectral width in the order of 15 kHz. Otherwise, for the u
pectral range of13C, the DQ excitation efficiency for signa
ar from resonance would be almost zero. The theore
erivation did not take into account thep pulses in the middl
f the excitation and reconversion intervals. It may merel
entioned that the incomplete refocusing of the CSA evolu
ithin tR/2 (only possible within 2tR) adds some smallphase
istortionsto the spinning-sideband patterns, which are h
ver hardly visible experimentally. Moreover, such sl
hase errors are tolerable as long as only connectivities a
e determined.

FIG. 5. Spectra characterizing the formate samples used for the H
easuments: In (a),1H SQ MAS (nR 5 10 kHz) spectra are compared for
euterated and undeuterated ammonium formate samples. In (b), the r
ideband intensities obtained by integration from a13C CP MAS spectrum
ithout 1H decoupling at 10 kHz MAS of ND4HCO2 are shown to fit
alculated heteronuclear dipolar sideband pattern (Eq. [17]) including
ith a distance ofr CH 5 110 pm.
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RESULTS AND DISCUSSION

eDQ Spinning-Sideband Patterns for1H–13C Pairs

The degree of isolation of the1H–13C spin pair achieved b
euteration was tested in different experiments. These re
re presented in Fig. 5.1H SQ MAS spectra of deuterated a
ndeuterated formate at a rotor frequency of 10 kHz are sh

n Fig. 5a. The almost complete disappearance of dip
pinning sidebands and the marked line narrowing
D4HCO2 illustrate the clear suppression of homonuc

1H–1H dipolar interactions. The good isolation of the spin p
llowed us to measure a heteronuclear SQ dipolar spin
ideband pattern of13C by simply omitting continuous wav
ipolar decoupling during the acquisition interval in a CP M
xperiment (see Fig. 5b). Due to reasons not completely
erstood, the linewidths were different for different sideb
rders. Therefore, the integrals of the peaks are compared

ntensities from a simulation performed within the two-s
pproximation including CSA (Eqs. [16] and [17]). A C–
istance of 110 pm gave the best fit to the experime
pectrum. This result means that the rigid heteronuclear
air approximation used in the above theoretical derivatio
pplicable to the ND4HCO2 system.
Experimental 13C-detected HeDQ spinning-sideband p

erns obtained for the formates, along with simulated patt

FIG. 6. Heteronuclear13C-detected DQ spinning-sideband patterns
requencies. The spectra represent sum projections of thev1 dimension of two-
eak Gaussian broadening was applied to the spectra in (a), which, for

elatively large damping function had to be applied in (b) in order to avo
AS, which is broadened by 3.5 kHz due to a smaller number of acqut

esults for ND4HCO2 are compared to (c) spectra calculated using Eqs. [1
olinear with the dipolar tensor (bCS

S 5 0).
lts

n
ar
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r
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re depicted in Fig. 6. The most important conclusions ca
rawn by comparing the experimental results obtained fo

wo types of formate: Spectra of NH4HCO2 exhibit pronounce
enterbands and even-order spinning sidebands, along
airly low S/N ratios. A rather large perturbing influence is th
xerted by the abundant proton background in the undeute

ormate, although from the crystal structure (34), the closes
ormate proton–remote proton distance is derived to be
m, which gives a dipolar proton–proton interaction more
ve times smaller than the C–H interaction, not even con
ring the motional averaging due to rapid tumbling of the N4

1

ons. As predicted by the comparably simplistic three-
alculations (see Fig. 4), the signal-to-noise ratio is mark
educed if couplings to remote protons are present. In add
e believe that this is also due to fast relaxation of
ntiphase magnetizations evolving in the excitation/recon
ion intervals. Likewise, the HeDQ coherence duringt 1 relaxes
omparably fast, which leads to broad lines; very little
roadening was applied in the NH4HCO2 spectra, whereas th

ine broadening in the ND4HCO2 is mostly artificial in order to
void cutoff effects in the indirect dimension. As is obvio

rom the DQ FIDs for the two samples atnR 5 12 kHz (Fig. 7)
he HeDQ signal of ND4HCO2 was not fully relaxed after fiv
otor periods oft 1 evolution. In the undeuterated case, alm
o signal was detectable after three rotor periods.

(a) undeuterated and (b) deuterated ammonium formate at differen
ensional experiments corresponding to the experimental scheme in Fig.

mparison of the intensities, are also plotted on the same vertical scale.ntrast, a
utoff effects, and the line broadening is 2 kHz, except for the spectrum0 kHz
ces. These spectra were then scaled to equal peak heights. The expe
nd [16], with the CSA values given in Fig. 3, and an orientation of the C
for
dim
co
id c
ired1 sli
5] a
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297DOUBLE-QUANTUM SPECTROSCOPY IN DIPOLAR SOLIDS
As already concluded from computer simulations, a reme
his problem is homonuclear decoupling duringt1 and even durin
xcitation/reconversion. Experiments along these lines are
ently under way. Under increasingly fast MAS, theS/N also
ncreases considerably, which is a result of the spinning o
nteractions responsible for relaxation of the MQ coherence

The third column in Fig. 6 shows simulated HeDQ patte
alculated using the theoretical spin-pair formulae (Eqs.
nd [16]). With a distancer CH 5 115 (65) pm, the simula

ions match the experimental data best. From crystallogra
easurements, C–H bond lengths are typically of the ord
10 pm. Nevertheless, the result agrees with earlier find
35, and references therein), which show that distances
ured by NMR are expected to be slightly larger than th
rom scattering experiments due to different averaging of
ibrational motions of the molecules.
The simulations assuming the expected colinear arra
ent of the dipolar and the CS tensor withs z along the dipola
xis gave the best match, although it should be stated th
ependence of the patterns on the orientation of the tens
ather weak (but still larger than for SQ spectra). An accu
etermination of the anglesaCS

j and bCS
j would require bette

xperimental data, for example, as would be provided
sotopic labeling. Also, the even-order spinning sideband
lightly more pronounced in the experimental spectra, ind
ng a small residual influence of remote protons, probably f
ncomplete deuteration.

ipolar Connectivities Using HeDQ Spectra

A full two-dimensional HeDQ spectrum of polycarbonat
resented in Fig. 8. As is obvious from the spectrum, by v

FIG. 7. Sum-projected DQ time domain signals of the HeDQ cohere
uring t 1 at nR 5 12 kHz, illustrating the different relaxation behavior of th
oherences in the two formates. Fourier transformation yields the corres
ng spectra in Fig. 6.
to

ur-

of

s
]

ic
of
gs
a-
e
st

e-

the
is

te

y
re
t-

e

f the presence of the refocusingp pulses in the compensat
ariant of the experiment, the excitation efficiency is not
endent on the frequency offset, which is here located in
iddle of the spectrum. The expected coupling of the aliph

arbons (a, b) to the aliphatic protons and the couplings o
romatic carbons (c, d, e) to the aromatic protons can clea

FIG. 8. Two-dimensional13C-detected HeDQ spectrum of polycarbon
ecorded at a MAS frequency of 10 kHz, using the compensated variant
ulse sequence in Fig. 1. The projection along the DQ dimension is com
ith a HeDQ-filtered spectrum (which corresponds to the Fourier transfo

he first slice) and a conventional13C CP MAS spectrum. The relative prot
hifts in the DQ dimension can be evaluated by projecting the spectrum
he vC 1 vH 5 vC diagonal, and are shown to be in accord with those f

1H SQ MAS spectrum.

s

d-



i ton
a sit
t co
p s
v de
s ua
t wit
t ud
e d
t nar
o n is
c h
t cle
d the
i en
p MA
f ct
b ver
f ce
i re-
c

l of
o ern

i rela-
t is to
b or-
g can
b ring
p the
p e
a
m in
a nol
A lo-
g iffer-
e
a the
t unt
f par-
i the
fl
p nd a
g bing
c

her-
e uced,
a y are
p ment
o DQ
c e case
o reti-
c t the
c t the
H f the
C be
d
q emi-
c to
r -
l he
c
s erly
p ven-
o

w tation
m uasi-
s ple-
q pulse
s encies
o e is
r etric
d opens
u nd I-

DQ
s Th
e ) a
a eigh
b
c t 1
fl the
s
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dentified. No cross couplings between, e.g., methyl pro
nd aromatic carbons are visible. Thus the method is sen

o only the strongest couplings in the system. Weaker
lings to the quaternary carbons (b, e) in the system are
isible, but with the signal exclusively present in the first-or
idebands. By simply measuring a heteronuclear double-q
um-filtered spectrum (which corresponds to the first slice,
1 5 0, in the 2D experiment), it is possible to obtain a cr
stimate of the heteronuclear coupling constants, i.e., to

inguish carbons directly bound to protons from quater
nes. At 10 kHz MAS, the resolution in the DQ dimensio
omparable to the resolution of the1H SQ MAS spectrum, suc
hat a further increase of the rotor frequency and homonu
ecoupling duringt 1 evolution would be needed to increase

nformation content of HeDQ spectra. Yet the pulse sequ
resented here is limited to strong couplings, such that at

requencies larger than 20 kHz even the signals of dire
ound1H–13C pairs become considerably weakened. For

ast MAS up to 35 kHz, or in the case of HeDQ coheren
nvolving nuclei with small gyromagnetic ratios, efficient
oupling techniques are required.
Finally, in Fig. 9, the sum projection of the HeDQ signa

ne of the aromatic carbons (d), along with simulated patt

FIG. 9. Sum projection of one of the aromatic signals (d) in the He
pectrum of PC (cf. Fig. 8) along the DQ dimension (bottom trace).
xperimental spectrum is compared with spin-pair simulations (top trace
nother pair of simulations (middle trace), taking the influence of the n
oring aromatic proton into account. The simulations include13C CSA and
orrespond to the inclusion (solid lines) or absence (dashed lines) of a fas
ip motion. The simulations with and without the ring flip are plotted on
ame vertical scale.
s
ive
u-
till
r
n-

h
e
is-
y

ar

ce
S
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y
s

s,

s displayed. The spinning-sideband pattern exhibits a
ively strong centerband and second-order sidebands, as
e expected from the abundant proton network found in
anic solids. Nevertheless, some features of the spectrum
e understood by considering the fact that the phenyl
erforms a fast 180° flip motion around the axis defined by
olymer backbone. This motion leaves two protons and on13C
s a relatively isolated three-spin system (36). In Fig. 9, the
easured HeDQ pattern for this13C is compared with two-sp
nd full three-spin simulations of the phenyl ring in bisphe

including CSA (37) and bond distances from crystal
raphic measurements (increased by 5% to account for d
nt motional averaging) on bisphenol A pivaloate (38), with
nd without fast 180° flips. The effects considered in

hree-spin simulation including the flips cannot fully acco
or the features of the experimental spectrum, but, by com
ng this simulation with the one not taking into account
ips, it is obvious that the partial averaging due to themotional
rocessaccounts for a substantial spectral simplification, a
ain in signal intensity due to the suppression of pertur
ouplings.

CONCLUSIONS AND OUTLOOK

A new pulse sequence for exciting double-quantum co
nces in rigid heteronuclear spin systems has been introd
nd it has been shown that high resolution and sensitivit
rovided by fast MAS. The sequence allows the measure
f dipolar spinning-sideband patterns originating from He
oherences. The general features of such patterns for th
f isolated spin-12 pairs have been investigated both theo
ally and experimentally. It has been demonstrated tha
hemical shielding interactions of both spin species affec
eDQ patterns and consequently, the relative orientation o
SA tensor relative to the dipolar tensor can in principle
erived from such measurements. Compared to13C single-
uantum spinning-sideband patterns, the effect of the ch
al-shift interaction isenhancedin the HeDQ patterns due
otor modulation of this interaction during theexcitation, evo
ution, and reconversionperiods of the experiment. For t
ase of preparation/reconversion timet 5 tR/2 and isolated IS
pin pairs, the chemical-shift interactions lead to prop
hased, asymmetric HeDQ patterns with low-intensity e
rder spinning sidebands.
HeDQ patterns can be recorded using recoupling (20, 21) as
ell as pulse sequences employing the quasi-static exci
ethod. The sequence introduced in this work is a new q

tatic method for the excitation of heteronuclear multi
uantum coherences under MAS. It is based on the five-
equence applied synchronously at the resonance frequ
f both heteronuclei. The SYNCHRON4 pulse sequenc
obust and has the advantage of simplicity. The symm
esign of the sequence with respect to the two channels
p the possibility of using different preparation schemes a

e
nd
-

80°
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r S-spin detection, as a means of achieving different enco
f the patterns by the chemical shielding interaction of
ifferent nuclei during the excitation or reconversion perio
broadband excitation of HeDQ coherences can be ach

y 180° refocusing pulses applied in the middle of the ex
ion and reconversion periods.

High-resolution HeDQ MAS NMR spectroscopy has a
een shown to be applicable to probing heteronuclea
olar proximities in organic solids with13C in natural
bundance.As is evident from the HeDQ spinning-sideba
atterns visible in a two-dimensional HeDQ spectrum o
ample of polycarbonate, sideband analysis is limited to w
solated spin pairs unperturbed by remote spins. In the
pinning limit, it is nevertheless possible to extract valu
nformation on the relative dipolar couplings, thus distan
etween the nuclei involved. Still, due to the quasi-static c
cter of the HeDQ excitation, the method presented is lim

o strong couplings; a further problem being that for redu
AS frequencies (needed to probe weaker couplings)S/N
ecreases due to relaxation of the signals during excita
econversion.

As already mentioned, a remedy to these problems is
ast MAS (nR . 20 kHz), combined with the use of recoupli
echniques. The influence of remote spins, which affect the
elaxation (thusS/N) and cause distortions in the sideba
atterns, can be expected to be significantly decreased a
igh spinning frequencies. Also, homonuclear decoupling

ng t 1 will increase the resolution of13C–1H correlation exper
ments. New developments along these lines will soon
ublished elsewhere. One could also envisage a multidi
ional experiment establishing, for instance,1H–1H and13C–1H
hemical-shift correlations, which may accurately be disc
nated by different dipolar coupling strengths between
uclei. As to advanced solid-state structure determination
elieve that HeDQ techniques involving coherent polariza

ransfer will be the methods of choice rather than incohe
Q techniques (e.g., CP correlation), due to the much m

ocalized, and as regards quantitative interpretation, les
anding character of two-spin modes such as HeDQ.
elieve that heteronuclear MQ MAS NMR spectroscopy
pen up new perspectives, especially with respect to sit

ectivity and resolution, which are the prime prerequisites
MR structure determination of complex systems, suc
olymers or biomolecules in the solid state.

APPENDIX

Expressions for the time dependence of the dipolar cou
Eq. [4]) and the chemical-shift evolution (Eq. [10]) un
AS were given under Theory. In the dipolar case, the s
etry axis of the interaction tensor is orientated along tz
irection. Here, we give expressions for the coefficientsC1,
2, S1, andS2 in Eq. [10] for arbitrary orientations of the CS

ensors with respect to the dipolar (z) axis. Since a gener
ng
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olution of Eq. [7] is algebraically demanding, we con
urselves first to the case of a general, nondiagonal, arbit
riented CSA tensorsPD specified by its componentss ij in the
ipolar frame. The coefficients for the traceless symmetric
f the tensor read (29)

C1 5 2
3Î2$1

4 ~s11 1 s22 2 2s33!sin 2bD
IS

2 1
4 ~s22 2 s11!sin 2bD

IScos 2aD
IS

1 1
2 s12sin 2bD

ISsin 2aD
IS 1 s13cos 2bD

IScosaD
IS

1 s23cos 2bD
ISsin aD

IS% , [A1]

C2 5 1
3 $1

2 ~2s11 2 s22 1 2s33!sin2bD
IS

2 1
2 ~s22 2 s11!~1 1 cos2bD

IS!cos 2a

1 s12~1 1 cos2bD
IS!sin 2aD

IS 2 s13sin 2bD
IScosaD

IS

2 s23sin 2bD
ISsin aD

IS% , [A2]

S1 5 2
3 Î2$1

2 ~s22 2 s11!sin bD
ISsin 2aD

IS

1 s12sin bD
IS cos 2aD

IS 2 s13cosbD
IS sin aD

IS

1 s23cosbD
IScosaD

IS% , [A3]

S2 5 2
3 $1

2 ~s22 2 s11!cosbD
ISsin 2aD

IS

1 s12cosbD
IScos 2aD

IS 1 s13sin bD
ISsin aD

IS

2 s23sin bD
IScosaD

IS% , [A4]

here (aD
IS, bD

IS) are Euler angles relating the molecular (i
ipolar) frame to the rotor system, within which the pow
verage must be performed. The traceless symmetric par
SA tensor in its principal axis frame reads

sPCS 5 S ~sx 2 s iso! 0 0
0 ~sy 2 s iso! 0
0 0 ~sz 2 s iso!

D
5 2

d

v0
z 12 1

2 ~1 1 h! 0 0

0 2 1
2 ~1 2 h! 0

0 0 1
2 . [A5]

he transition from the principal axis frame of the tensor to
ipolar frame is most straightforwardly performed by ma
ultiplication

sPD 5 R̃PCSPDsPCSR̃ PCSPD

21 , [A6]
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here
R̃PCSPD 5 S cosaCS
j cosbCS

j cosgCS
j 2 sin aCS

j sin gCS
j sin aCS

j cosbCS
j cosgCS

j 1 cosaCS
j sin gCS

j 2sin bCS
j cosgCS

j

2cosaCS
j cosbCS

j sin gCS
j 2 sin aCS

j cosgCS
j 2sin aCS

j cosbCS
j sin gCS

j 1 cosaCS
j cosgCS

j sin bCS
j sin gCS

j

cosaCS
j sin bCS

j sin aCS
j sin bCS

j cosgCS
j

D
5 ~R̃ PCSPD

21 ! T. [A7]
r in

nt
tion
lua
18
n

thi
re
A

f th

n o
f th
he

the
0]
ca
aCS
j , bCS

j , gCS
j ) are the Euler angles relating the CSA tenso

ts principal axis frame to the molecular/dipolar frame.sPD can
e evaluated numerically from Eq. [A6] and its compone
an then be substituted into Eqs [A1]–[A4]. As to calcula
fficiency, this is the method of choice for numerical eva

ions of the time domain signals according to Eqs. [15]–[
ecause the setup of the relative tensor orientations ca
oved outside of the powder averaging loop.
For one special case, the algebra involved is still wi

cceptable range. If only one CSA tensor is conside

CS
j is of no importance, since it is only when two CS

ensors are being correlated that, at least for one o
ensors, a final rotation around the dipolarz axis must be
onsidered in order to fully describe the relative orientatio
ll three tensors in question. Since under Experimental o
aper only cases wheresCS

I 5 0 are considered, which is t
ase when dealing with the negligible CSA of spin I5 1H, we
ere give the evaluation of the coefficients [A1]–[A4] for
ase ofgCS

S 5 0. These equations, together with Eq. [1
epresent the solution of Eq. [7] for this special case. We
nally write

C1 5
2Î2

3 Hdh

2
sin~a D

IS!cos~2b D
IS!sin~2a CS

j !sin~b CS
j !

2
d

4
cos~a D

IS!cos~2b D
IS!sin~2b CS

j !

3 @h cos~2a CS
j ! 1 3#

2
dh

4
sin~2a D

IS!sin~2b D
IS!sin~2a CS

j !cos~b CS
j !

2
d

8
cos~2a D

IS!sin~2b D
IS!

3 @h cos~2a CS
j !~cos2~b CS

j ! 1 1! 2 3 sin2~b CS
j !#

1
3d

8
sin~2b D

IS!@sin2~b CS
j !

3 ~h cos~2a CS
j ! 1 3! 2 2#J , [A8]
s

-
],
be

n
d,

e

f
is

,
n

C2 5
1

3 Hdh

2
sin~2a D

IS!~cos2~b D
IS! 1 1!sin~2a CS

j !cos2~b CS
j !

1
d

4
cos~aD

IS!sin~2b D
IS!sin~2b CS

j !@h cos~2a CS
j ! 1 3#

2
dh

2
sin~a D

IS!sin~2b D
IS!sin~2a CS

j !cos~b CS
j !

2
d

4
cos~2a D

IS!~cos2~b D
IS! 1 1!

3 @h cos~2a CS
j !~cos2~b CS

j ! 1 1! 2 3 sin2~b CS
j !#

1
3d

4
sin2~b D

IS!@2 2 sin2~b CS
j !

3 ~h cos~2a CS
j ! 1 3!#J , [A9]

S1 5
2Î2

3 Hdh

2
cos~2a D

IS!sin~b D
IS!sin~2a CS

j !cos~b CS
j !

2
d

4
sin~a D

IS!cos~b D
IS!sin~2b CS

j !@h cos~2a CS
j ! 1 3#

1
dh

4
cos~a D

IS!cos~2b D
IS!sin~2a CS

j !sin~b CS
j !

2
d

4
sin~2a D

IS!sin~b D
IS!@h cos~2a CS

j !

3 ~cos2~b CS
j ! 1 1! 2 3 sin2~b CS

j !#J , [A10]

S2 5
2

3 Hdh

2
cos~2a D

IS!cos~b D
IS!sin~2a CS

j !cos~b CS
j !

1
d

4
sin~2a D

IS!cos~b D
IS!

3 @h cos~2a CS
j !~cos2~b CS

j ! 1 1! 2 3 sin2~b CS
j !#

2
dh

2
cos~a D

IS!sin~b D
IS!sin~2a CS

j !sin~b CS
j !

2
d

4
sin~a D

IS!sin~b D
IS!sin~2b CS

j !

3 @h cos~2a CS
j ! 1 3#J . [A11]
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9. M. Feike, C. Jäger, and H. W. Spiess, J. Non-Cryst. Solids 223, 200
(1998).

0. W. Sommer, J. Gottwald, D. E. Demco, and H. W. Spiess, J. Magn.
Reson. A 113, 131 (1995).

1. M. Hong, J. D. Gross, and R. G. Griffin, J. Phys. Chem. B 101, 5869
(1997).

2. R. K. Hester, J. L. Ackerman, B. L. Neff, and J. W. Waugh, Phys.
Rev. Lett. 36, 1081 (1976).
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