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A new pulse sequence for high-resolution solid-state hetero-
nuclear double-quantum MAS NMR spectroscopy of dipolar-cou-
pled spin-1 nuclei is introduced. It is based on the five-pulse
sequence known from solution-state NMR, which is here applied
synchronously to both spin species. The heteronuclear double-
quantum (HeDQ) spinning-sideband patterns produced by this
experiment are shown to be sensitive to the heteronuclear distance,
as well as the relative orientations of the chemical-shift and dipo-
lar tensors. In particular, it is shown that the HeDQ patterns
exhibit an enhanced sensitivity to the chemical shielding tensors as
compared with the single-quantum spinning-sideband patterns.
The detection of HeDQ patterns via the I and S spins is discussed.
The isolated C-"H spin pair in deuterated ammonium formate
with *C in natural abundance was chosen as a model system, and
the perturbing influence of dipolar couplings to surrounding pro-
tons on the *C—'H DQ coherence is discussed. The pulse sequence
can also be used as a heteronuclear double-quantum filter, hence
providing information about heteronuclear couplings, and thus
allowing the differentiation of quaternary and CH, bonded car-
bons. The elucidation of *C-"H dipolar proximities is presented
for a sample of bisphenol A polycarbonate with *C in natural
abundance, recorded with a broadband version of the synchro-
nized five-pulse sequence. © 1999 Academic Press

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

INTRODUCTION

Multiple-quantum (MQ) nuclear magnetic

resonanc
(NMR) spectroscopy is a valuable tool for the identificatio
and characterization of spin systems in solutidr4), where

tages, but is based on the same principles. MQ spectroscopy
not restricted to homonuclear spin systems; for exantpgé,
eronuclear multiple-quantum correlation (HMQC) experi-
ments involving two different spin species correlate the chen
ical shifts of spins within one molecule via the heteronuclkear
coupling @, 7).

In the solid state, the absence of isotropic molecular tum
bling means that anisotropic interactions, namely, for spin-
nuclei, strong dipolar interactions, and the chemical-shift ar
isotropy (CSA), must be considered. The broadenings asso
ated with these anisotropic interactions complicate the expe
iments and substantially limit the spectral resolution
Nevertheless, in recent years, there has been a sustained ef
by different research groups in this field, and both homonucle:
'H-'H (8-13, “C-"°C (14-1%, and *P-"'P (18,19 and
heteronuclear®C—'H (20) and “*C-*N (21) high-resolution
solid-state MQ spectra have been measured. By harnessing
inherent information content of the anisotropic dipolar anc
CSA interactions, much information about both structure an
dynamics in solids can be obtained. For example, homonucle
high-resolution DQ measurements to probe proximities hav
already found successful applications in structural determin:
tion studies of hydrogen-bonded systerfi8)(and crystalline
as well as disordered®P-'P phosphate systemd§, 19.
Moreover, by evaluating residual dipolar couplings in polyme
melts and elastomers, MQ NMR was shown to probe polyme
dynamics on time- and lengthscales not accessible by oth

ethods 10, 11). Also, MQ methods can act as a dipolar filer
glpr rigid domains in semicrystalline polymers4). MQ spec-
troscopy has furthermore opened up the possibility of dete

MQ methods have proved to be particularly useful for botWining torsion angles in polymericly, 1§ and biological

spectral simplification and the analysis of molecular motion.

m7, 21) systems, this being an important step toward structur

such solution-state applications, the excitation of MQ Coheq_etermination of increasingly complex molecules in the solic

ences between like spins is achieved by utilizingtleeupling
between the nuclei in a two-dimensional experiment, which in
the simplest version consists of three pulsBs An extension
to this sequence to includezdilter (5), henceforth referred to -
as the five-pulse sequence, exhibits some experimental advafiditionally,

' To whom correspondence should be addressed.
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state.

These solid-state methods differ from their solution-stat
analogues in that they employ the dipolar coupling rather tha
the comparably weak coupling to excite the MQ coherences.
in most of the above examples, high resolution i
achieved by applying fast magic-angle spinning (MAS), anc
such methods are henceforth referred to as MQ MAS NMF
1090-7807/99 $30.00
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spectroscopy. Under MAS, there are two different methods foation of distances via dipolar couplings under MAS, such a
the excitation and reconversion of MQ coherences. First, tREDOR (otationalecho double resonance, 26)) and rota-
three- or five-pulse solution-state sequences can be used. fibieal resonance, see Re27j. Recently, the SLF method has
averaging of the dipolar coupling by MAS means that thiseen extended to experiments involving homonuclear DQ ir
approach is however limited to excitation times of half a rot@tead of SQ coherences in the first dimension of the expel
period, T:/2, and is thus applicable to only strong dipolament. Using such an approach, torsional angles could be d
interactions or slow MAS spinning frequenci€.(On account termined by Schmidt-Rohr for the static caskb)( and by
of the analogy to the solution-state method, MQ excitatidrevitt and co-workers 6) under MAS. Torsion angle mea-
utilizing the three- or five-pulse sequence will thus be referresirements in labeled amino acids using the SLF scheme i
to as “quasi-static.” Alternatively, so-called dipolar recouplingolving HeDQ coherences, excited by an HMQC sequenc
methods such as Back-to-Backdf or C7 (16, and references with REDOR-type recoupling under MAS, have also beer
therein) must be used. published by Honget al. (21).

An important feature and a valuable source of information in Although the comparably simple SYNCHRON4 experiment
MQ MAS NMR spectroscopy is the presence of spinnindgs not specifically designed to measure relative tensor orient
sideband patterns in the MQ dimension of the specttians, we show a dependence of the HeDQ dipolar spinning
(8,9, 12,14, 16, 21 These patterns originate from two dissideband patterns on the orientation of the chemical shieldir
tinct mechanismsl@), first, rotor encoding of the reconversiontensor. This topic will be discussed under Theory, where w
Hamiltonian, and second, evolution of the excited MQ cohegive an analytical treatment for so-obtained spinning-sidebar
ences under local interactions, for example, dipolar couplingatterns. The arguments will be supported by numerical sin
to other spins. Only the first mechanism is present in total spitations as well as experimental measurements on a moc
coherence spectroscopy (i.e., where the MQ coherence comgstem containing an isolateti—"C spin pair, in our case
sponds to the highest excitable coherence). The simplest sdeluterated ammonium formate. We emphasize the fact that t
example is represented by double-quantum (DQ) NMR tdchnique is suitable for measurements®afin natural abun-
isolated spins pairs. The DQ spinning-sideband patterns olgance.
tained in this case have been investigated for inorganic andAs a more qualitative approach, in the last section of thi
organic solids with well-localized homonuclear dipolar interpaper the SYNCHRON4 experiment is shown to be useful fo
actions 0, 14). Additionally, it has been shown both theoretiproviding information about heteronuclear dipolar proximities
cally and experimentally that only odd-order sidebands aaflowing spectral editing for peak assignments. The investige
expected for an isolated spin pair when using a quasi-statign of through-bondconnectivities in the solid state using the
excitation method withr = 7:/2 (12). J couplings in an HMQC experiment has been reported pre

In this paper, we present a new scheme for high-resolutigiously by Frankeet al. (28), but, due to long MQ excitation
heteronuclear DQ (HeDQ) spectroscopy of dipolar-coupldiines, these experiments suffer from I&N. From our ex-
C—'H spin pairs in natural abundance, based on quasi-statieriment, relative dipolathrough-space*®*C—"H proximites
excitation under MAS. We show that HeDQ spinning-sidebaraan easily be derived from a 2D HeDQ spectrum or even fror
patterns can be obtained by the simple application of a sygimple HeDQ-filtered measurements. This is demonstrated f
chronized five-pulse sequence (referred to as SYNCHRON#sample of bisphenol A polycarbonate, again measured wi
since four of the five pulses, representing DQ excitation antC in natural abundanceTo achieve DQ excitation indepen-
reconversion, are applied synchronously on both channeldgnt of the spectral offset, a broadband version of the SYN
Such patterns are dependent on both heteronuclear dip@&RON4 sequence is presented. The effect of molecular m
couplings, and hence internuclear distances, and the relati® on the HeDQ spinning sidebands is also discussed.
orientation of the CSA tensor relative to the heteronuclear
dipolar tensor. THEORY

Methods for obtaining similar information were developed
much earlier, a large class of those being referred to as sepaAs a starting point, we consider an isolated rigid hetero
rated local field (SLF) NMR experiment4)( where the appli- nuclear spins pair (IS), where the two nuclear species | and S
cation of homo- and heteronuclear decoupling of the abunddr@ve magnetogyric ratioy, and -y, respectively, and are
spins, together with optional refocusing pulses on the rare sgioupled by dipolar (D) interaction. The influence of the chem
channel, in the two dimensions of a two-dimensional (2Dgal-shift interaction is considered for both nuclei.
double-resonance experiment allows the correlation or separaHeteronuclear double-quantum coherences are excited unc
tion of different isotropic and anisotropic interactions. Thenagic-angle sample spinning by the SYNCHRON4 pulse se
determination of dipolar coupling constants and the relativpience presented in Fig. 1. The full 2D experiment can b
orientations of the dipolar and CSA tensors in single crystadsibdivided into five periods. The preparation period may cor
(22) as well as in powdered sampl&3(29 has been reported. sist, as shown in Fig. 1, of a Hartmann—Hahn cross-polariz:
For an overview of these and other methods for the deterrtibn (CP) pulse sequence and subsequent 90° flip-back puls
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The first four pulses of the original five-pulse sequence ar
synchronously applied to both radiofrequency channels. Tt
fifth pulse is a read-out pulse and can in principle be applied t

(a) L b é either of the two spin species. Fo_r optimum_spectral resolutior
S C_Fﬂél Ml : t we chose to acquire the rare spin £5C) S|gngl. _
el S 1 In order to handle the spectral width 8€ chemical shifts, the
preparation evolution detection pulse sequence to be used in the case of off-resonance excitat
is slightly more complicated (Fig. 1b). Evolution of the spin
~ excitation reconversion system due t@sotropicchemical shifts is refocused by applying

pulses during excitation and reconversion. This is important fc

¢ G900 samples with more than one carbon signal, since due to the lar

(b) H% Z chemical-shift dispersion of’C, the antiphase magnetizations
from signals at the edges of the spectrum would have evolve

T 05 R almost completely out of phase with respect to the last pulse of tt

excitation/reconversion periods, so that virtually no DQ signa
FIG. 1. Pulse schemes for heteronuclear double-quantum spectroscgppuld be created. By means of refocusing, uniform excitatiol

under fast MAS. Narrow bars correspond to 90° pulses. In (a), the differegfficiency is thus achieved for the whole spectral range, but at tr

stages of the_experlment are |dent|f|ed_. The preparathn perlod usually cons&@ense of an interference of thepulses with the chemical-shift

of a conventional CP sequence, storing the magnetization on both channe . . . .

along thez direction to create initial land S-spin polarization. The evolution anisotropy. This will be dealt with under EXpe”mental- For the

interval during excitation/reconversiom, must be set equal to half a rotor Sake of clarity of the calculations, the compensation is not ir

period to obtain properly phased spectra. For the selection of pure Rfuded in the analytical treatment of the sequence.
evolution during,, the phases of all pulses belonging to the respective periods

are cycled together as a group, following the phase cycling procedure t#g tor-Modulated Spin Hamiltonians
scribed in the text. To achieve an offset-independent broadband excitation o?

DQ coherencesy pulses must be inserted into the excitation and reconversion The secular approximation of the heteronuclear dipola
intervals, respectively (b). Hamiltonian (denoted b§"), modulated by MAS at a spinning
frequencywg, is given by

on both channels to generate polarization for both spin

species. Alternatives are first to leave out the proton flip-back HB\s(t) = 2dis(1)1.S,, [1]
pulse, thus allowing the proton magnetization to dephase, or

second to miss out the CP step and additionally destroy anpere we define

residual S-spin polarization by applying saturation pulses, such

that only initial S- or I-spin polarization remains. The effects of )

these variations will be discussed below. = _ (2 @

The first two 90° pulse pairs with the same phasde, ds®) = 2 = 2Dsd%q(Bu) DELn(Decr)
separated by the time represent the excitation period. The
detection of multiple-quantum coherences alone can be X explimogt}l,S,. (2]
achieved by a standard phase cycle of these pulses, as de-
scribed under Experimental. The 90° pulse pair and the suband S represent the spin operators of the dipolar-couplel
sequent second delaywhich follow the MQ evolution period nuclei, and(),,r denotes the set of Euler angless( 85, vb)
of variable durationt,, represent the reconversion periodielating the principal axes system (PAS) of the dipolar cou
while the last 90° pulse pair and the purging perigdct as a pling tensor Py) of the heteronuclear IS spif-pair to the
z filter to suppress unwanted signal contributions. In compaetor (R) reference frame. Thus, powder averaging has to t
ison to the classical three-pulse sequence, the inclusiorzof performed ovel),z. As long as chemical-shift anisotropy is
filter not only gives cleaner spectra, but is in our cassential neglected, the angle; is arbitrary and can be omitted from
because of CSA evolution during excitation/reconversiothe averaging procedure. In additioBy = arccos(1%/3) =
Without az filter, it is not possible to achieve correct amplitud&4.7’ denotes the magic angle between the rotor axis and tt
modulation of the signal @ = 0 with respect to the evolution static magnetic field. The Wigner rotation matric$), («, 8,
in t,, resulting in phase errors in the final 2D spectrum. Thg) = exp(—ima)d&,(B8)exp(—im’y) follow the conventions
incomplete evolution through all orientations of the CSA terof Refs. 9, 30. The heteronuclear dipolar coupling constant
sor for 7x/2 will always lead to some contribution to theD s = (wo/4m)y,vshir s depends on the internuclear distance
imaginary part of the signal @& = 0, which is supposed to ber s and on the magnetogyric ratiog of the nuclei involved.
zero for pure amplitude modulation. This problem is easily The computation of the spin propagators describing the fre
avoided by applying the filter. evolution of the spin system under MAS requires the spatic

m=-2
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part of the rotor-modulated dipolar Hamiltoniahy(t) to be
integrated over time,

t
HEs(t", 1) = J HE)s(t)dt
;

v

J’ 2d,s(t)dtl,S, = 2di5(t"; t')1,S, [3]
v

where

Dis .
dis(t’; t') = 7{ sin2Bp)[sin(wgt” + v
—sin(wgt’ + v5)]
1sin?(BE)[siN(2wgt” + 2y5
— sin2wgt’ + 2vy9)]. (4]

frame) is denoted bylL.e,, and the corresponding Euler
angles are termedafs, BLs Yto. Only (aks BLy, then
simply representing two polar angles, need to be considered
CSA is only effectively present for one of the two spins. This
will be dealt with in the Appendix.

The time integrals of the chemical-shift Hamiltonians
present in the spin propagators are then given by

t" t"
chs(t”y t') = J chs(t)dt = _wmf O'I(:S(t)dtlz
t’ t’
= —wgoedt’; t)1,, (8]
and similarly
HE(t", t') = —wosoedt"; t')S,, [l

where

To take into account chemical-shift effects, it must be re- ;i (7, t/) = 1{ Cl(sin(yS + wgt”) — sin(yS + wgt'))
membered that the corresponding chemical-shift anisotropy WR

PASs may differ from that of the dipolar tensor. The time-

dependent chemical shielding Hamiltonians are then

Hedt) = —woedt)l, (5]
Hgs(t) = _woso'gs(t)sz' (6]
where the space parts of the chemical-shift Hamiltonians are
given by
S 2 2
O-CS(t) o-|so j E Z { (2)(‘QPcsDD) D£12) m(Q PoR
0 mn:iOZ n=-2

1 (2)
- f "h[D 2n(Q PC§DD) D, m(Q PoR
\

+ D(zzr)m(QPcsDD)D(z) DR)]} mO(B )elment,
[7]
In the above expressionequals | or S, Whilewoj-a{50 is the

isotropic precession frequency, wiity, = 1/3(o} + o} + o?)
representing the isotropic part of the CSA tensor angl

(02}
+ = (sm(Zy + 2wgt")

—sin(2y5 + 2wgt’))
— Si(coqyE + wgt")
—codyp + wgt'))

J
- = (cos(Zy + 2wgt")

— coq2y5 + 2wt ))} [10]

The dependencies on the remaining angles and the tens
components reside in the coefficien® , and S},. These
coefficients depend on CSA/dipolar PAS orientations and CS,
tensor components, and are given in the Appendix, whel
special cases and possible simplifications are discussed.

HeDQ Spinning-Sideband Patterns

The spin system response for the experiment in Fig. 1, bas
on synchronous radiofrequency excitation in heteronucle:
spin systems, is calculated using density operator formalisi

denoting the Larmor frequency of thie spin species. The (1). For the heteronuclear case, the ensemble of dipolar-co
traceless symmetric part of the tensor in its principal ax@sed pairs behaves inhomogeneously; i.e., the dipolar Hami
system is characterized by the anisotropy parameter in ftenians commute with themselves and with the chemica
qguency units,5; = woj(oz — o), and the asymmetry shift Hamiltonians at each moment in time. Therefore, the
parametern = ((rjy — 0)/8; (29). The set of Euler angles spin evolution under these interactions can be evaluate
describing the orientation of the chemical shielding tensors iimdependently.

the PAS of the heteronuclear dipolar tensor (i.e., the molecularAt the end of the preparation period (see Fig. 1), the initia
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density operator can be written in the high-temperature approx-At the end of the excitation period, the spin modes presel
imation as are longitudinal magnetization (andS, terms), single-quan-
tum (SQ) coherenced ,(andS, terms), antiphase magnetiza-
p(0) = pl, + psS, [11] tion (I.,S, and S,l, terms), and heteronuclear zero-quantur
(HezQ) as well as HeDQ coherencésS, andS,l, terms). A

wherep, andps are factors describing the relative magnitud@hase cycle applied to the excitation or reconversion pulse
of the initial magnetizations. Depending on the preparatiGhlows us to distinguish and separate these spin modes with t
period of the experiment, these factors depend on the progégeptlon of longitudinal magnetization and HeZQ. It is alsc
dure used for cross-polarization (CP), its efficiency, or ju§ivident from Eq. [14] that the MQ coherenceésS, andS.,),
represent the spin population in thermal equilibrium. For théhich can be detected on either channel, are encoded by the:
case of normal CRy, andps depend on the orientation of eacHamiltonian durmgpxmtaﬂon,m a way which d_epends on the
crystallite relative to the rotor axis, and thus distortions of tH80de of preparation (represented by the coefficipn&dps).
MQ spinning-sideband patterns could be expected. However,l "€ HeDQ coherences are selected by the phase cycle
such distortions were not observed experimentally, and numEHS We only consider what happens to these coherences in |
ical density matrix simulations further showed that this possRtter periods of the experiment. For an isolated IS spin pai
ble source of error is not significant. Thefactor can be set to H?OPQ coherences are fotal spin coherences, ik.3.],
zero if the I-spin transverse signal after cross-polarization fipis(t)] = 0, and consequently do not evolve under dipola
left to dephase, and is not stored in thelirection. Alterna- coupling. Nevertheles$oth chemmal-sh_ﬁt interactions mod-
tively p, = P, andps = O for the case where the experiment!laté HeDQ coherences during theolutionperiod. _

is conducted in such a way that | spins are polarized and the>9n discrimination of the DQ evolution durirtg is experi-
S-spin signal is saturated at the beginning of the experimeﬁ‘i‘.enta”y achieved by shifting the reconversion phases by 45°. F

The density operator at the end of the excitation period {3¢ Same value df and the two reconversion phase settings, th
given by spectrum in the direct dimension will be modulated byttand

the y component of the DQ signal, respectively. Performing the
oI Se/ . InS 2D experiment this way, a hypercomplex dataset will result. It i
p(7) = PiPLE(r; 0)PiPyp(0) also possible to increment the reconversion phases in steps of
X PSP E(r; 0) PSP [12] for subsequent increments f This is the TPPI method, which
is commonly used in single-quantum 2D experimerits20).
which can be obtained from solving the Liouville—von NeuJlhese considerations are based on the fact that the sensitivity c
mann equation. The propagators describing | andSradio- DQ coherence to a phase shif of the excitation or reconver-
frequency pulses arB. = exp(3l,) and P$ = exp(zS,), Sion pulsesis twice that value in effect. To simplify calculations

respectively, while the evolution propagator for theq) time the same effect is achieved by shifting the phases on only ot
interval is channel by 90°. The normalized orthogonal signals detected in tl

t, dimension can then be calculated to be
E(r; 0) = exp{—i2ds(7; 0)1,S,}expliwgo'(T; 0)1,}

Sl(t;; t,=0) = a-b,-c, [15]
X expliweso™(1; 0)S,}, [13]

where
where the notations introduced in Eqgs. [3] and [8] are used to

express the quantities present in the exponents. Using these propa- 5 — sin{dis(7; 0)H p,cod wyoh(7; 0)}
gators within straightforward product operator algeBi, (ve obtain s
+ PsCOg woso s(7; 0)}},

p(7) = p{—1,codds(; 0)]cod wyocs(T; 0)] b, = codwuotdt; + 7 T) + wesoat; + T 7)),

= l,coddis(7; 0)Isin wyocs(T; 0)] c=sifdg(tr+t;+ 7, t, + 1)}

+ 21,Ssinds(r; 0)Isif wgoey(T; 0)] X cowookhdT + t, + 7t + 7)),

- ZIXSySir{dIS(T; 0)Jcod wooedT; 0)]} d
an

+ psl —Scod dis(r; 0)]cod wosoo(7; 0)] .
) Si(t;; t,=0) = a-by,-c, [16]

— Scogdis(7; 0)]siMwosres(r; 0)]

where

+ 2S5/l sindis(T; 0)]sin woso2s(T; 0)]
— 2§,1sinds(T; 0)]cod wosods(7; 0)1}.  [14] b, = sifwooes(ty + 7 T) + weso sty + 75 T},
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wherej denotes the detected spin species and therefore must be SQ HeDQ
replaced by either | or S. In the case of powdered samples, an e

average of the above equations over the orientatidops of H n ﬂ ﬁ
the dipolar tensor must be performed. __,_A_A_MLA_A_A_ 100 pm

total spin coherence character of HeDQ coherences excited in
an isolated IS spin pair, with dipolar interactions of the DQ
coherence to remote spins being neglected in the above deri=

The following conclusions can be drawn from the above
results: U 105 pm JUUUL
(i) The heteronuclear dipolar couplingnly contributes to A }\ “ I\ A 110 pm ‘\ " “ j\
the spinning-sideband pattern on account ofgheoding in the
reconversion periodgiven by thet, dependence dods in the Hi ﬂ '\ h \
coefficientc of Egs. [15] and [16]. This reflects directly the 115 pm

120 pm A

the rotor modulation during thevolutionperiod (contributions
b, andb,) as well as during thexcitation(contributiona) and
reconversiorperiods (contributiort). In comparison, the het-

i

vation.
(i) The CSA interactiongncode the HeDQ patterns due to h
A 125 pm A
T B S S S B e e S

T T r T
40 -20 O 20  40kHz -50 0 50 kHz

eronuclear-encoded single-quantum signal, given by
(a) (b)
j — . i .
S|t = ijOS{dls(t, 0)}Coqw010'cs(tv 0)} [17] FIG. 2. Calculated dipolar (a}°’C SQ and (b) HeDQ spinning-sideband
patterns for &°C—"H spin pair at 8 kHz MAS. The spectra represent solutions
and of Egs. [17] and [18] and [15] and [16], respectively, after powder averaging

and Fourier transformation, and are plotted on the same vertical scale. CS
was neglected for these calculations.

Si(t) = —p;coddis(t; 0)}sifwgokyt; 0)},  [18]

exhibits only effects ofCSA interactions corresponding to _ . . .
those of theevolutionperiod. Thus, the additional chemical—_':urthermore’ if presaturation pulges_are applied _to S Spir
shift evolution duringexcitation and reconversiongives an instead of a CP and only the polarization of the | spins is use

enhancecffect of the chemical-shift interaction on the doublef-Or the experiment, the HeDQ patterns can nevertheless |
2tected at both resonances and are described by Egs. [15] ¢

guantum spinning-sideband patterns, depending on the coeffiz~~". . :
: , : 6] with ps = 0. Thus, th t d bl t
cientsp, andps, which are under the control of the experlme%ogtx'l wrr)]isch spin’sué S AE;nalrfgr?gislot?]gepr;:terennzurgs oi?e {

talist. tation. Moreover, the HeDQ pattern can be detected at bot
(iif) Both I- and S-spin signals carry information about theesonances, with the difference that ti&A influenceon
relative orientation of the CS and heteronuclear dipolar tensattse pattern duringeconversionis only that of thedetected
This provides a basis for experiments to determine these angiesleus.
using HeDQ coherences.
(iv) If the CSA tensor of one spin species has rather sm -
components, as, for example= 'H in the case of 8°C—'H Slmuiations
pair, Egs. [15] and [16] can be simplified by setting In Fig. 2, heteronucledfC-detected dipolar-encoded single-
oes(t”; t') = 0. Neglectingogs as well will yield formulae and double-quantum spinning-sideband patterns are compat
which are, apart from the prefactor in the dipolar couplintpr a typical range of’C—"H bond distances. The spectra were
constantds, identical to those for the homonuclear caSg ( calculated by Fourier transformation of the time domain sig
This is obvious, because in both cases the mechanismnais given by Egs. [17] and [18] and [15] and [16], respec
sideband generation is identical; the sidebands result only froiwvely. Powder averaging was performed using a set of 19
the rotor encoding of the reconversion period. pairs of (85, vy5) angles describing vector orientations evenly
(v) The above equations are general, describing the He@i@tributed on a sphere, as generated using the REPULSIC
spinning-sideband patterns recorded using different expamethod 82). For each orientation, the signal was average«
mental preparation procedures. For instance, if after the crosser 25 values forys between 0° and 360°, resulting in a total
polarization process+> S the I-spin transverse magnetizatiomumber of 4800 interaction tensor orientations. The chemica
is not stored along the direction by a flip-back pulse and shift anisotropy (CSA) was neglected in these calculations, ar
allowed to dephase, we can ggt= 0 in Egs. [15] and [16]. the spinning frequency was set equal to 8 kHz.



DOUBLE-QUANTUM SPECTROSCOPY IN DIPOLAR SOLIDS 293

The HeDQ patterns for a heteronuclear spipair presented
in Fig. 2b share many similarities with homonuclear spin-pair
DQ patterns recorded using the three (or five)-pulse sequence
(9). In both cases, the centerband is absent, with the sidebands
at = vy being the most intense. Exclusively odd-order spinning
sidebands without phase distorsions are present only for exci-
tation/reconversion times = /2 (where 7 is the rotor
period). In the limit of very fast MAS, i.epr/Ds > 1, both
types of DQ patterns are composed of mainly spinning side-
bands of first order. These considerations also illustrate the
restrictions of quasi-static excitation, i.e., being limited to only
strong couplings (or slow MAS) and the missing freedom in__, |
excitation time. Thus, the study of DQ excitation dynamics and

the measurement of weak couplings must be left to recoupling
sequences. Variation of the spinning speed is a possible way of ﬂ

finding a suitable compromise between either distributing the—"—A—J
intensity over too many sidebands or having too few sidebands,
such that a fitting procedure for extracting the heteronuclear
distance is no longer possible. \ h
The sensitivity of SQ and HeDQ patterns to the variation of
the distance is rather similar, although it should be noted that
the S/N is smaller for heteronuclear DQ MAS spectra, espe- n
cially where the nuclei involved have small gyromagnetic
ratios. The advantages of HeDQ spectra will, however, becorhé — — ~ * = = " T T T T T T
apparent when considering the influence of additional interac>° )
tions on the DQ coherence, for example, CSA or dipolar (a) (b)

couplings to remote spins. FIG. 3. Calculated dipolar (af*C SQ and (b) HeDQ spinning-sideband
.. . e . . . O alculate Ipolar (a, an e spinning-siadeban
If one of the two nuclei in question exhibits a CSA which IS\atterns for aC—H spin pair at 8 kHz MAS, showing the effect 8iC

large with respect to the spinning speed, the patterns showhamical-shift anisotropy on the patterns. The patterns depend on the relat
pronounced asymmetry. The patterns in Fig. 3 were calculai@®@ntation of the dipolar and the CSA tensor, which is here represented
using the principal values of the formate tensor measured f@rying thegts Euler angle, corresponding to a rotation of the CSA tensor
calcium formate 3). ForBjcs = 0, the orientation of the CSA a_round they axis of the molecular_frame. In _th_e case of HeDQ (b), ev_en-orde|
tensor is such that the least shielded directiey) points along S|deb§nds and a t_:ente_rband arise, containing addltl_onal information on t
. . o . magnitude and orientation of the CSA tensor (see inset). The CSA tens
the dipolar axis; this is what would be expected from chemicgncipal values used here were those of calcium forn&8g @nd the distance
intuition, if possible packing effects are ignored. The asymmes, was set to 115 pm (best fit distance for the experimental HeDQ spectra; s
try of the pattern is more pronounced in the HeDQ case, moskgjow). The spectra are plotted on the same vertical scale.
due to the fact that there is no strong centerband intensity as in
the SQ case. It should be noted that the influence of CS#rength of the CSA interaction, described by the anisotrop
additionally leads tdhe appearance of weak even-order sideparametess.
bands.Moreover, the patterns are dependent on the relativeThe influence of remote protons on HeDQ spinning-side
orientation of the dipolar and the chemical-shift tensor. Thizand patterns has been studied by numerically solving tf
effect can serve as a basis for new experiments for the deteisuville—von Neumann equation for a three-spin system. T
mination of these angles, which have been measured beforghis end, a G-+ program has been developed, which perform:
single-crystal studies3@Q) based on X-ray diffraction results, ordiscrete step-by-step evaluations of the propagators corr
using static 2D SLF spectrosco@®43j. In addition, the relative sponding to the pulse sequence to be simulated. The simulati
orientation of the heteronuclear dipolar tensor and the chemitiate step is usually 1ts, and CSA and all dipolar interactions
shielding tensors can be also measured using SQ spinniage taken into account. The powder averaging procedure
sideband pattern®27, and references therein). As noted undeagain performed using the same REPULSION method d¢
Theory, the encoding of the chemical-shift interaction on theeribed above. In the simulation program, perfect coherenc
HeDQ spinning-sideband patterns is present during the excisalection is achieved by simply setting all elements of th
tion, evolution, and reconversion periods as is evident in Egiensity matrix to zero except for those corresponding to he
[15] and [16]. Hence, the effect of CSA &hancedn HeDQ eronuclear DQ coherences.
patterns compared with the SQ patterns. Naturally, the possiblén Fig. 4, spectra for two possible arrangements of the thre
accuracy of measuring the relative orientation scales with thpins (one**C—"H spin pair of the formate and an additional
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o 'H (the mechanism considered under Theory), but also due
& C ¢ evolution rotor modulation; i.e., the presence of additiona
; Mg 3 0 Py (dipolar) interactions influence the MQ coherence evolutior
@?:@ """""""""" © - ‘ duringt,. These mechanisms of MQ sideband generation hav

been analyzed in detail for the equivalent case of quadrupol

systems 12). The appearance of thesalditional spinning
220 pmwj\/\ﬂ\w sidebands is therefore a good measure of the extent to whi

the use of the spin-pair approximation for the evaluation of th

H n dipolar coupling is justified. In comparison, for the case of SC
patterns, such information is less apparent, being obtained or
260 pm from the linewidths of the spinning sidebands.

Further investigations have shown that all these advers
effects can be reduced to a great extent by increasing tl
spinning speed (it is then however necessary to use recoupli

320 pm sequences) and introducing homonuclear decoupling of tt
protons. Further work along these lines is under way. For
successful application of heteronuclear DQ spectroscopy i
volving protons in a strongly coupled spin network, as com
400 pm monly encountered in most organic solids, it is especiall
LELEN LA BLAL AL DAL DAL B T

important to be aware of these complications.

| LI N N BN

-40 20 0 20 40kHz 40 20 0 20 40kHz

(@) (b)

FIG. 4. Simulated dipolar HeDQ spinning-sideband patterns f6Ca'H Samples

spin pair at 8 kHz MAS. The effect of an additional remote proton on the Deuterated ammonium formate was chosen as a model st
patterns is shown. In (a), all three spins are arranged linearly {C+H),

whereas in (b) the remote proton is located above the formate proton, perpa@nce for an isolateC—"H spin pair due to its favorable
dicular to the formate plane. The CSA of the formate carbon was taken irgpin—lattice relaxation behavior, and the possibility of studying
account, and the distance, was set to 115 pm. All spectra are plotted on thghe effect of remote protons by Comparison to measurements
same vertical scale. undeuterated formate. The widely used calcium formate we
not employed in this work because the presence of parama
remote proton) are compared. In the case of the linear arrangetic doping agents such as Mror Fe€*—which are essential
ment, the interactions presenttipare still inhomogeneous in for achieving an experimentally tolerable value—was found
nature (therefore the signal is periodic with respectgosee to cause distortions in the DQ spinning-sideband patterns ai
Ref. (29, p. 132)). Upon decreasing the distance between ttieerefore hamper an exact evaluation of the dipolar couplin
third spin and the pair, a decrease in overall signal intensity aodnstants.
the appearance of a strong centerband and even-order spinnirigeuteration was performed by dissolving ammonium for-
sidebands are observed (Fig. 4a). For a remote proton locateate (NHHCO,) in D,O (about one percent by weight for-
above (or below) the formate proton, the proton—proton vectorate), gently heating to about 80°C, and evaporating t}@ D
being perpendicular to the formate plane, phase distortions aidhis temperature under reduced pressure. This procedure v
homogeneous broadening of the signals are observed (Fig. 4bpeated twice. The crystals were then immediately dried
In the latter case, the dipolar coupling 1’ with the ®*C—‘H  80°C in an oil pump vacuum for about 20 min. Long exposure
spin pair is different compared to the linear topology, leadirtg vacuum must be avoided because of loss of the formate di
to different HeDQ patterns for short distanagg,. This is a to its high vapor pressure. Ammonium formate is highly hy-
true geometrical effect, since the contribution of tHE— groscopic, and thus the rotor was filled in a glove box to avoi
remote proton coupling is in both cases small. reexchange of water protons. We estimate the degree of de
The signal reduction is due to the relatively strong perturiteration to be about 95%. The&, relaxation times of the
ing homonuclear interaction between the two protons cormammonium formates are strongly dependent on the degree
pared with the heteronucleaiC—H dipolar coupling, which deuteration, such that recycle times were 0.8 &ns for the
leads to dephasing of the signal during excitation/reconversiamdeuterated and the deuterated formate, respectively.
The observation of a centerband and even-order sidebands isfeor the dipolar connectivity measurements, bisphenol /
general feature of MQ spectroscopy for cases where the pmlycarbonate, henceforth referred to as polycarbonate (PC
herence evolving irt; is not the total spin coherence, so thatvas chosen as a typical amorphous polymer with a larg
sidebands do not arise only due to reconversion rotor encoditigpersion of**C chemical shifts. The polymer was melted

EXPERIMENTAL
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directly into the rotor to achieve the optimum filling. ThHe
relaxation time of PC is relatively short, allowing recycle times
of only 1.5 s.

Instrumentation
All experiments were performed on a Bruker DSX 300

NH,HCO,

Integrals

spectrometer operating at 300.23 MHz fét and 75.49 MHz
for **C. A commercial Bruker double-resonance MAS probe ! l
S

supporting rotors of diameter 4 mm was used. To avoid prob-
lems with B, inhomogeneity, the samples were all located in
the middle part of the rotor using Teflon spacers. The 90° pulse
length was 3us, corresponding to B, radiofrequency mag- J
netic field strength ofw,/27m = 83.3 kHz. Continuous wave LL
dipolar decouplingw,/2m ~ 65 kHz, was applied in al’C =TT T
measurements during acquisition. 0020 a0k 0200 20 A0k
(a) (b)
FIG. 5. Spectra characterizing the formate samples used for the HeD(
Heteronuclear DQ spinning-sideband patterns were megeasuments: In (ajH SQ MAS (v = 10 kHz) spectra are compared for the
sured in 2D experiments following the pulse scheme in Fig. deuterated and undeuterated ammonium formate samples. In (b), the relat
The HeDQ coherences excitation was preceded by a Convgﬁeban? intensitie§ obtained by integration fron’@ CP MAS spectrum
tional Hartmann—Hahn cross-polarization (CP) sequence WitPﬁ‘"(If[]O”t H decoupling at 10 kHz MAS of NRHCO, are shown o fit &
. . 3 calculated heteronuclear dipolar sideband pattern (Eq. [17]) including CS,
protonB, field corresponding t@,/2m = 83.3 kHz and the’C i, 4 distance of o — 110 pm.
field matched on the first rotational sideband (83.3 kHzy).
CP contact times were chosen to achieve maximum signal,
corresponding to 100 and 50@s for the formate and PC easily be avoided by an additional phase cycle ofzthiker. To
samples, respectively. Using lip-back pulses on both chan-achieve sign discrimination in thE, dimension, the TPPI
nels, initialz magnetization was created for both spin speciesiethod extended for DQ spectroscopy was used; i.e., the phe
The relative magnitude of | and S magnetization could lm either excitation or reconversion is incremented by 45° fo
estimated (by leaving out the flip-back pulses in the preparatisnbsequent slices. Typically, 128 slicestinwith increments
period for either channel and observing the loss in signal) to b€3.5 to 6 ws were measured, corresponding to between tw
about the same, corresponding to equal coefficipgtandp, and five rotor periods of acquisition tpand a total experiment
in Egs. [15] and [16]. These values were used in all simulatiotine of 24 to 36 h for each HeDQ spectrum of PC or deuterate
as well, but it should be noted that the dependence of tfmate, with *°C in natural abundance. Due to its faBt
sideband intensities on the relative distribution of magnetizeelaxation, and thus short repetition time (0.5 s for the undet
tion within experimental imperfections, like matching of theerated ad 5 s for the deuterated formate), spectra of the un
CP field strengths, is rather small. Simulations showed thatlauterated ammonium formate were acquired in typically 8—12 |
relative variation of the coefficients of 50% amounted to in- Due to the large spread of chemical shifts in PC, which is
tensity changes of not more than abat8% for the case of the polymer containing both aliphatic and aromatic groups, thi
relatively large CSA contribution during excitation of % in  offset-compensated version of the five-pulse sequence (Fi
formate. Larger effects could be expected if the other spin (1b) had to be used. Offset compensation is of great importan
in our case) had a nonnegligible CSA, e.gN or *P. for nuclei with a large dispersion of chemical shifts, such a:
To select the HeDQ coherences, the phases of all pulses’@, where it is necessary to achieve uniform excitation over
the excitation period (both channels) were cycled simultapectral width in the order of 15 kHz. Otherwise, for the usua
neously in four steps of 90° increments, together with a 188pectral range of’C, the DQ excitation efficiency for signals
phase change of the readout pulse for each step. Additionafly, from resonance would be almost zero. The theoretic:
CYCLOPS together with a two-step cycle to correct for flipderivation did not take into account thepulses in the middle
angle deviations (all excitation and reconversion pulses shifteflthe excitation and reconversion intervals. It may merely b
by 180°, keeping the phase of the read-out pulse constant) wiaentioned that the incomplete refocusing of the CSA evolutio
added, yielding a 32-step phase cycle. The dephasing dglaywithin 7:/2 (only possible within ;) adds some smajihase
were on the order of 10 ms, which does not lead to significaglistortionsto the spinning-sideband patterns, which are how
signal reduction due to the comparably lofi§ T, relaxation ever hardly visible experimentally. Moreover, such slight
times, and ensures almost complete relaxation of unwantgthse errors are tolerable as long as only connectivities are
coherences. For nuclei with shdrt, a long purging delay can be determined.

Simulation

Pulse Sequences
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NH,HCO, ND,HCO, Simulations

VR

L~ 12kHz

LL_ 10 kHz
Ll 8kHz

L\.A_I\_ 6 kHz
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FIG. 6. Heteronuclear®C-detected DQ spinning-sideband patterns for (a) undeuterated and (b) deuterated ammonium formate at different sg
frequencies. The spectra represent sum projections @f,temension of two-dimensional experiments corresponding to the experimental scheme in Fig. 1. C
weak Gaussian broadening was applied to the spectra in (a), which, for comparison of the intensities, are also plotted on the same verticahsaatealn c
relatively large damping function had to be applied in (b) in order to avoid cutoff effects, and the line broadening is 2 kHz, except for the spetktin at ]
MAS, which is broadened by 3.5 kHz due to a smaller number of acqtjrslices. These spectra were then scaled to equal peak heights. The experime
results for NDHCO, are compared to (c) spectra calculated using Egs. [15] and [16], with the CSA values given in Fig. 3, and an orientation of the CSA
colinear with the dipolar tensoBgs = 0).

RESULTS AND DISCUSSION are depicted in Fig. 6. The most important conclusions can k
o _ . _ drawn by comparing the experimental results obtained for th
HeDQ Spinning-Sideband Patterns fai—""C Pairs two types of formate: Spectra of NHCO, exhibit pronounced

The degree of isolation of th#—'3C spin pair achieved by centerbands and even-order spinning sidebands, along w

deuteration was tested in different experiments. These resiftély low SN ratios. A rather large perturbing influence is thus
are presented in Fig. 3H SQ MAS spectra of deuterated andxerted by the abundant proton background in the undeuterat
undeuterated formate at a rotor frequency of 10 kHz are shof@mate, although from the crystal structu@4), the closest
in Fig. 5a. The almost complete disappearance of dipomrmate proton—remote proton distance is derived to be 28
spinning sidebands and the marked line narrowing f&M. which gives a dipolar proton—proton interaction more thal
ND4HC02 illustrate the clear Suppression of homonuc'eéwe times smaller than the C-H interaction, not even consic
'H-"H dipolar interactions. The good isolation of the spin paRfing the motional averaging due to rapid tumbling of the;NH
allowed us to measure a heteronuclear SQ dipolar spinnin@ds. As predicted by the comparably simplistic three-spit
sideband pattern ofC by 5|mp|y omitting continuous wave calculations (see Flg 4), the signal-to-noise ratio is marked|
dipolar decoupling during the acquisition interval in a CP MA$educed if couplings to remote protons are present. In additio
experiment (see Fig. 5b). Due to reasons not completely uie believe that this is also due to fast relaxation of the
derstood, the linewidths were different for different sidebar@ntiphase magnetizations evolving in the excitation/reconve
orders. Therefore, the integrals of the peaks are compared véidn intervals. Likewise, the HeDQ coherence dutingelaxes
intensities from a simulation performed within the two-spigomparably fast, which leads to broad lines; very little line
approximation including CSA (Egs. [16] and [17]). A C—Hbroadening was applied in the NHCO, spectra, whereas the
distance of 110 pm gave the best fit to the experimentiie broadening in the NFHCO, is mostly artificial in order to
spectrum. This result means that the rigid heteronuclear spiivoid cutoff effects in the indirect dimension. As is obvious
pair approximation used in the above theoretical derivationsfiem the DQ FIDs for the two samples af = 12 kHz (Fig. 7),
applicable to the NEHCO, system. the HeDQ signal of NLHCO, was not fully relaxed after five

Experimental “*C-detected HeDQ spinning-sideband patotor periods oft; evolution. In the undeuterated case, almos
terns obtained for the formates, along with simulated patterms signal was detectable after three rotor periods.
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ND,HCO, of the presence of the refocusiagpulses in the compensated
variant of the experiment, the excitation efficiency is not de
pendent on the frequency offset, which is here located in th
middle of the spectrum. The expected coupling of the aliphati
carbons (a, b) to the aliphatic protons and the couplings of th
aromatic carbons (c, d, e) to the aromatic protons can clearly

NH,HCO,

IllllllIIIIllIIIlI

0 200 400 ps

FIG. 7. Sum-projected DQ time domain signals of the HeDQ coherences
duringt, atvg = 12 kHz, illustrating the different relaxation behavior of these
coherences in the two formates. Fourier transformation yields the correspond-
ing spectra in Fig. 6.

As already concluded from computer simulations, a remedy to
this problem is homonuclear decoupling duripgnd even during
excitation/reconversion. Experiments along these lines are cur-
rently under way. Under increasingly fast MAS, tB8 also
increases considerably, which is a result of the spinning out of
interactions responsible for relaxation of the MQ coherences. |,

The third column in Fig. 6 shows simulated HeDQ patterns &
calculated using the theoretical spin-pair formulae (Egs. [15] &
and [16]). With a distancec, = 115 (=5) pm, the simula-  +,
tions match the experimental data best. From crystallographicS.
measurements, C—H bond lengths are typically of the order of =
110 pm. Nevertheless, the result agrees with earlier findingsg
(35, and references therein), which show that distances mea-§
sured by NMR are expected to be slightly larger than those &
from scattering experiments due to different averaging of fast@
vibrational motions of the molecules.

The simulations assuming the expected colinear arrange€
ment of the dipolar and the CS tensor withalong the dipolar
axis gave the best match, although it should be stated that the},
dependence of the patterns on the orientation of the tensors i%
rather weak (but still larger than for SQ spectra). An accurate S
determination of the angles.s and B+s would require better
experimental data, for example, as would be provided by
isotopic labeling. Also, the even-order spinning sidebands are
slightly more pronounced in the experimental spectra, indicat-

um

qua

Bisphenol-A
HHH polycarbonate

13C CP MAS

3C HeDQF
projection
kHz 1
p @
-15 7
104 A

H-SQ-MAS

5 @

160 140 120 100 80 60 40 ppm

25 1

single-quantum dimension w¢/27

. . . FIG. 8. Two-dimensional*C-detected HeDQ spectrum of polycarbonate,
ing a small residual influence of remote protons, probably frop.  od at a MAS frequen

cy of 10 kHz, using the compensated variant of tt

incomplete deuteration. pulse sequence in Fig. 1. The projection along the DQ dimension is compar:
_ o _ with a HeDQ-filtered spectrum (which corresponds to the Fourier transform c
Dipolar Connectivities Using HeDQ Spectra the first slice) and a convention8C CP MAS spectrum. The relative proton

. . _shifts in the DQ dimension can be evaluated by projecting the spectrum alor
A full two-dimensional HeDQ spectrum of polycarbonate ige o, + w, = wc diagonal, and are shown to be in accord with those from
presented in Fig. 8. As is obvious from the spectrum, by virtieH SQ MAS spectrum.
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is displayed. The spinning-sideband pattern exhibits a rel:
tively strong centerband and second-order sidebands, as is
be expected from the abundant proton network found in ol
ganic solids. Nevertheless, some features of the spectrum c
be understood by considering the fact that the phenyl rin
performs a fast 180° flip motion around the axis defined by th
polymer backbone. This motion leaves two protons and'ie
as a relatively isolated three-spin systed®)( In Fig. 9, the
measured HeDQ pattern for thiC is compared with two-spin
and full three-spin simulations of the phenyl ring in bispheno
A including CSA @7) and bond distances from crystallo-
graphic measurements (increased by 5% to account for diffe
...... ent motional averaging) on bisphenol A pivaloa88)( with
and without fast 180° flips. The effects considered in the
three-spin simulation including the flips cannot fully account
experiment for the features of the experimental spectrum, but, by compa
ing this simulation with the one not taking into account the
flips, it is obvious that the partial averaging due to thational
processaccounts for a substantial spectral simplification, and
gain in signal intensity due to the suppression of perturbini
couplings.

2-spin simulations
H

3-spin simulations

-40 -20 0 20 40 kHz

FIG. 9. Sum projection of one of the aromatic signals (d) in the HeDQ
spectrum of PC (cf. Fig. 8) along the DQ dimension (bottom trace). The
experimental spectrum is compared with spin-pair simulations (top trace) and .
another pair of simulations (middle trace), taking the influence of the neigh- A NeW pulse sequence for exciting double-quantum cohe

boring aromatic proton into account. The simulations incléi® CSA and ences in rigid heteronuclear spin systems has been introduct
correspond to the inclusion (solid lines) or absence (dashed lines) of a fast 1807d it has been shown that high resolution and sensitivity al
flip motion_. The simulations with and without the ring flip are plotted on th‘brovided by fast MAS. The sequence allows the measureme
same vertical scale. . o . L

of dipolar spinning-sideband patterns originating from HeDC

coherences. The general features of such patterns for the c:

of isolated spin3 pairs have been investigated both theoreti
identified. No cross couplings between, e.g., methyl protonally and experimentally. It has been demonstrated that tt
and aromatic carbons are visible. Thus the method is sensitoreemical shielding interactions of both spin species affect th
to only the strongest couplings in the system. Weaker codeDQ patterns and consequently, the relative orientation of tf
plings to the quaternary carbons (b, e) in the system are SGIEA tensor relative to the dipolar tensor can in principle be
visible, but with the signal exclusively present in the first-ordeterived from such measurements. Compared®® single-
sidebands. By simply measuring a heteronuclear double-qugnantum spinning-sideband patterns, the effect of the chen
tum-filtered spectrum (which corresponds to the first slice, wittal-shift interaction isenhancedn the HeDQ patterns due to
t, = 0, in the 2D experiment), it is possible to obtain a crudetor modulation of this interaction during thkecitation, evo-
estimate of the heteronuclear coupling constants, i.e., to digtion, and reconversionperiods of the experiment. For the
tinguish carbons directly bound to protons from quaternacase of preparation/reconversion time /2 and isolated IS
ones. At 10 kHz MAS, the resolution in the DQ dimension ispin pairs, the chemical-shift interactions lead to properh
comparable to the resolution of thd SQ MAS spectrum, such phased, asymmetric HeDQ patterns with low-intensity ever
that a further increase of the rotor frequency and homonucleader spinning sidebands.
decoupling during, evolution would be needed to increase the HeDQ patterns can be recorded using recouplity 21 as
information content of HeDQ spectra. Yet the pulse sequeneell as pulse sequences employing the quasi-static excitati
presented here is limited to strong couplings, such that at MASethod. The sequence introduced in this work is a new quas
frequencies larger than 20 kHz even the signals of directyatic method for the excitation of heteronuclear multiple-
bound'H-"C pairs become considerably weakened. For veguantum coherences under MAS. It is based on the five-puls
fast MAS up to 35 kHz, or in the case of HeDQ coherencequence applied synchronously at the resonance frequenc
involving nuclei with small gyromagnetic ratios, efficient reof both heteronuclei. The SYNCHRON4 pulse sequence |
coupling techniques are required. robust and has the advantage of simplicity. The symmetri

Finally, in Fig. 9, the sum projection of the HeDQ signal oflesign of the sequence with respect to the two channels ope

one of the aromatic carbons (d), along with simulated patterng the possibility of using different preparation schemes and

CONCLUSIONS AND OUTLOOK
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or S-spin detection, as a means of achieving different encodisgution of Eq. [7] is algebraically demanding, we confine
of the patterns by the chemical shielding interaction of theurselves first to the case of a general, nondiagonal, arbitrari
different nuclei during the excitation or reconversion periodsriented CSA tensoa, specified by its components; in the
A broadband excitation of HeDQ coherences can be achiewdigolar frame. The coefficients for the traceless symmetric pa
by 180° refocusing pulses applied in the middle of the excitaf the tensor read?20)
tion and reconversion periods.

High-resolution HeDQ MAS NMR spectroscopy has also
been shown to be applicable to probing heteronuclear di-C, = 3,/2{}(0, + 05, — 2035)sin 285
polar proximities in organic solids with®C in natural

abundanceAs is evident from the HeDQ spinning-sideband — 3(0,, — 011)SIN 2B5C0S vy

patterns visible in a two-dimensional HeDQ spectrum of a

sample of polycarbonate, sideband analysis is limited to well- + 301,8in 2B85sin 205 + 0,5C0S B5cosay
isolated spin pairs unperturbed by remote spins. In the fast

spinning limit, it is nevertheless possible to extract valuable + 0723008 Bpsinap}, [A1]

information on the relative dipolar couplings, thus distances, s
between the nuclei involved. Still, due to the quasi-static char-Cz = 3{3(— 011 — 022 + 2033)SiN’Bp
acter of the HeDQ excitation, the method presented is limited

S
to strong couplings; a further problem being that for reduced —2(022 = 01) (1 + cosBp)cos &

MAS frequencies (neede_d to probe _Weaker C(_)uplir@’:"_,\) _ + o(1 + coBE)sin 2¢'S — op.sin 28/Scosals
decreases due to relaxation of the signals during excitation/ . s
reconversion. — 058IN 2Bpsinag} [A2]

As already mentioned, a remedy to these problems is very
fast MAS (v > 20 kHz), combined with the use of recoupling St = 3 y2{3(022 — o1)sin Bgsin 2
techniques. The influence of remote spins, which affect the MQ
relaxation (thusS/N) and cause distortions in the sideband
patterns, can be expected to be significantly decreased at such + 0,,€0SBCos A}, [A3]
high spinning frequencies. Also, homonuclear decoupling dur-
ing t, will increase the resolution dfC—H correlation exper- S, = 5{3(02, — 011)cosBpsin 2o
iments. New developments along these lines will soon be
published elsewhere. One could also envisage a multidimen-
sional experiment establishing, for instanté-"H and*C—'H — 0,38inB5cosas}, [A4]
chemical-shift correlations, which may accurately be discrim-
inated by different dipolar coupling strengths between the
nuclei. As to advanced solid-state structure determination, wéere ¢, By) are Euler angles relating the molecular (i.e.,
believe that HeDQ techniques involving coherent polarizatigfipolar) frame to the rotor system, within which the powder
transfer will be the methods of choice rather than incoherediterage must be performed. The traceless symmetric part o
ZQ techniques (e.g., CP correlation), due to the much mdeSA tensor in its principal axis frame reads
localized, and as regards quantitative interpretation, less de-
manding character of two-spin modes such as HeDQ. We

+ 01,8IN B5 cos 5 — o,c08B5 sinas

+ 01,C0SB5COS 25 + 058N BESIN ay

believe that heteronuclear MQ MAS NMR spectroscopy will Cra™) 0 0
open up new perspectives, especially with respect to site se- Opcs = 0 (oy = 00 0
lectivity and resolution, which are the prime prerequisites for 0 0 (02— 0iso)
NMR structure determination of complex systems, such as .
polymers or biomolecules in the solid state. S —2(1+m) 0 0
= o 0 —-i1-m) 0]. [A9]
APPENDIX 0 0 1

Expressions for the time dependence of the dipolar coupling
(Eq. [4]) and the chemical-shift evolution (Eq. [10]) undeflhe transition from the principal axis frame of the tensor to the
MAS were given under Theory. In the dipolar case, the syndipolar frame is most straightforwardly performed by matrix
metry axis of the interaction tensor is orientated alongzhemultiplication
direction. Here, we give expressions for the coefficiedis
C,, Si, andS; in Eq. [10] for arbitrary orientations of the CSA . .
tensors with respect to the dipolar)(axis. Since a general Op, = Recpo0r Rl [A6]
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where
COSalLCOSBLLOSYLs — Sinaksinybs SN akLoSBLLOSYLs + COSatsSinybs  —Sin BLs COSYLs
Rpepy = | ~COSaLCOSBLSIN Vs — SINalCOSYLs  — SN akLOSBLsSIN Yes + COSaLLOSYLs  SiN Bhs SN Yes
cosaksin Bkg Sin akssin Bhs COSYks
= (Rekpy) ™. [A7]
(aks, BLs Lo are the Euler angles relating the CSA tensor in 1(8n _ _ _
its principal axis frame to the molecular/dipolar franoe, can €2~ 3 {2 sin(2a5) (Cos’(Bp) + 1)sin(2aty cos’(Bts)
be evaluated numerically from Eq. [A6] and its components S _ _
can then be substituted into Eqs [A1]-[A4]. As to calculation + 4 codap)sin(2Bp)sin(2BLy)[n cod2aty) + 3]
efficiency, this is the method of choice for numerical evalua- 5
tions of the time domain signals according to Egs. [15]-[18], - 777 sin(a)sin(2B5)sin(2akgcod Ly
because the setup of the relative tensor orientations can be 5
moved outside qf the powder averaging loop. S -2 cos2a'$)(co(BS) + 1)
For one special case, the algebra involved is still within _ _ o
acceptable range. If only one CSA tensor is considered, X [ coq2akg)(cos(BLy + 1) — 3 sin?(BLg]

vks is of no importance, since it is only when two CSA
tensors are being correlated that, at least for one of the
tensors, a final rotation around the dipolaraxis must be .

considered in order to fully describe the relative orientation of X (1 cod2acy + 3)]} ' [A9]
all three tensors in question. Since under Experimental of this

i ? Sin2(BE)[2 — sin?(BLy)

paper only cases whekes = 0 are considered, which is the = 22 {877 cog2a)sin(BS)sin(2akycod Bl
case when dealing with the negligible CSA of spis I'H, we 3 2
here give the evaluation of the coefficients [A1]-[A4] for the 8 e .. _ _
case ofySs = 0. These equations, together with Eq. [10], — 4 Sin(ap)cod Bp)sin(2Beg[n cod2aty + 3]
represent the solution of Eq. [7] for this special case. We can 5
finally write + T”fl cog a5)cog 2B 5)sin(2aty)sin(Bry)
o H IS\ o IS j
22 (8m . - — 4 Sin(2ap)sin(Bp)[n cod2aty
C, = 3 12 sin(ap)cog2B ) sin(2a kg sin( Bl
5 _ X (cos’(Bd + 1) — 3 Sinz(Bjcs)]} : [A10]
— 4 C0dap)cos2B)sin(2BLy)
2 (67 . ) .
X [ cog2aky + 3] $=3 {2 cos2a 5)cod B 5)sin(2aty cod Bty
87] . IS\ IS\ : j i 8 H IS IS
~1 sin(2a3)sin(2B 5)sin(2a kg cod By +t2 sin(2a3)cogB 5

_ g co%2a!5)sin(2B 15 X [ co82aky (coS(Bke + 1) — 3 SiI(BLo]
87’ IS\ i IS\ i j H j

X [ cos2aky (COS(Blg) + 1) — 3 SiM(Bls)] ~ 5 Ccodap)sinBo)sin2atysinBes

+ 3 sin2BB s (8L - & sinaf)sinBE)sin 2L

X (1 cod2ake + 3) — 2]} : [A8] X [ cod2ake + 3]} . [Al1]
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