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Scalar {) couplings in solid-state NMR spectroscopy are sensitive to covalent through-bond interactions that
make them informative structural probes for a wide range of complex materials. Until now, however, they
have been generally unsuitable for use in isotopically enriched solids, such as proteins or many inorganic
solids, because of the complications presented by multiple coupled but nonisolated spins. Such difficulties
are overcome by incorporating zfilter that results in a robust method for measuring pdweoupling
modulations between selected pairs of nuclei in an isotopically enriched spin system. The reliability of the
new experimental approach is established by using numerical simulations and tested dfCHalyeled
polycrystallineL-alanine. It is furthermore shown to be applicable to partially enriched systems, when used
in combination with a selective double-quantum (DQ) filter, as demonstrated for the measurement of
2J(?°Si—0—2°Si) couplings in a 50%6°Si-enriched surfactant-templated layered silicate lacking long-range
3D crystallinity. J-coupling constants are obtained with sufficient accuracy to distinguish between different
295i—0—2%Sj pairs, shedding insight on the local structure of the silicate framework. The new experiment is
appropriate for fully or partially enriched liquid or solid samples.

1. Introduction

Scalar §) couplings have been used in liquid-state NMR since
its inception, as central inputs for the determination of complex

molecular structures, through the use, for example, of Karplus

relationships, which empirically correlatéJyy couplings to
dihedral angles, for example, or for the determination of atomic
connectivities. Even very small couplings, such as those

observed for hydrogen bonds in proteins, can be used as

structural constraints for the precise determination of the
secondary structure of complex biomoleciids. addition, J
couplings are responsible for the modulation of the density
matrix that is routinely exploited to provide through-bond
coherence transférwhich is the basis of a vast number of
multidimensional NMR experiments.

In solids, despite pioneering early wotk€ J couplings have
been exploited for rigid systems only relatively recently, with
the introduction of several robust through-bond correlation
technique$2° In particular, during the past few years, through-
bond mediated correlation techniques, complementarily to

ments are possible because, under MAS, efficient decoupling
techniques lead to transverse dephasing timethat are much
longef®29than the inverse of the apparent line widla*). As

a result, thoughl couplings are often not resolved in one-
dimensional (1D) spectra of solidsmultiplets can be observed

in a J-resolved dimension where the often dominant inhomo-
geneous broadening is refocuséd? In addition, Duma and
co-workerg! have recently shown theoretically that, for the case
of isolated spins pairs, combined effects of chemical shift
anisotropy (CSA) and dipotedipole couplings surprisingly tend

to stabilize J-coupling modulations under MAS. Rather than
perturb theJ modulation, this leads to robust and reliable
measurements af couplings over a wide range of conditions.
Such an approach has recently been used to meddece
couplings along the retinal chromophore chain in bovine
rhodopsin using a series of selectively labeled samples, thus
shedding new molecular-level insights on the mechanism of
sight and visual respongé.

Among key remaining challenges with respect to the use of

through-space methods that use dipolar couplings, have enablegcalar {) interactions in solid-state NMR is the measurement

significant advances in the structural investigations of biological
solids under magic-angle spinning (MAB)The measurement
of J couplings by spir-echo modulatiof?23 has also recently
become of high interedt 2’ Despite their weak intensities
compared with typically larger and often dominant anisotropic

of J couplings in multispin systems. Indeed, modulation under
the influence of multiple interacting spins is invariably observed
in isotopically enriched solids, making the measuremeni of

couplings among individual spin pairs heretofore difficult or
impractical in most cases. This is particularly problematic for

interactions,] couplings as small as 7 Hz have been measured increasingly widespread cases where isotopic enrichment is used

by spinr—echo modulation, yielding insights on systems with
hydrogen-bond-mediaté@N—5N J couplings?* Such measure-
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or required, for example, as in NMR studies of proteins, and
given the fact that nonselective isotopic enrichment is typic-
ally more straightforward to achieve than site-specific labeling.
Here, we demonstrate a new robust technique that is appropriate
for either liquid or solid samples and which provides pure
J-coupling modulations between selected pairs of nuclei in an
isotopically enriched spin system. The reliability of the new
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Figure 1. (a) Pulse sequence used for simultaneous refocusing of a selextegled spin pair. andS correspond to two nuclei of the same type.
After the CP step, a first-filter element is applied to properly define the time origin of theoupling modulation (see text for details). A spin

echo period follows, during which a cosine-modulated semiselective pulse is applied to refocus the chemicalstdffahd undesired-couplings,

while retaining the evolution unddrs. A secondz-filter element is finally applied before detection to remove the dispersive anti-phase components
of thel-spin magnetization. (b) Experimental behavior of ##&H resonance of 99%C-enriched. -alanine, as a function of thedelay, observed

with the simultaneous refocusing experiment described in (a). A cosine-modulated R¥SNBGB of 8 ms duration was used to achieve simultaneous
refocusing of the'®CH and*3CO sites. The green line shows the best fit to the experimental peak intensities using a “shifted” cosine function,
cos(2t(r + tsnin)) exp(—2t/T). (c) Fitted time shiftdsnx as functions of the length of the refocusing soft pulse. A cosine-modulatédpQi3e

from 2 to 12 ms was used here to achieve simultaneous selective refocusiagpopling interactions associated with tRE€H—13CH; (blue
crosses) of3CH—13CO spin pairs (red circles).

experimental approach is established by using numerical simula-A 1 ms contact time was used for cross-polarization (CP) from
tions and tested on fully*C-labeled polycrystalline-alanine. protons to13C, and proton decoupling was achieved using
It is furthermore shown to be applicable to partially enriched SPINAL64* at a nutation frequency of 140 kHz. The spin
systems, when used in combination with a selective DQ filter, echo modulation experiments using the principle of “simulta-
as demonstrated for the measurement2gf°Si—0—2°Si) neous refocusing” were performed by using the pulse sequence
couplings in a 5096°Si-enriched surfactant-templated layered shown in Figure 1a, at a MAS frequency of 23 kHz (far from
silicate. The measured couplings provide strong additional rotational resonance conditiois Ther delay was incremented
structural constraints for these technologically important materi- by multiples of the rotor period (1 n¥s 23rr), and 16 transients
als, and more generally for the wide range of materials that were used for each value of Thezfilters after CP and before
cannot be characterized by diffusion or diffraction methods signal acquisition were set to 10 ms and 1 ms, respectively (see
because they lack long-range order, and for which solid-state explanation below). Simultaneous refocusing was achieved by
NMR is the only method that provides detailed molecular-level cosine-modulated shaped pulses, with the frequency of the

information. cosine modulation being half of the desired difference between
the two bandwidths. Further specific details are given in the

2. Experimental Section caption of Figure 1.
2a. Samples.99% 3C-enriched polycrystalline.-alanine The zfiltered in-phase anti-phase (IPAP) experiments were

was used as a model compound to test the new experi-acquired at 30 kHz MAS, using the pulse sequence of Figure
mental methods introduced here. The sample was obtained2, Which was designed as a pseudo-2D experiment, witl the
from EURISOTOP and used without further purification. delay being incremented from 0.8 to 25.6 ms using 0.8 ms
2)(295i—0—29Si) couplings measurements were carried out increments (24 rotor periods). 32 scans were acquired for each
on a surfactant-templated layered silicate with molec- experiment, with a recycle delay of 6 s. Selective refocusing
ularly ordered 1-nm-thick sheets prepared with 58%i en- was achieved using 1% truncated Gaussian ptifsese zfilters
richment, as described previousR® The development of  Wwere set to 5 ms after CP and 1 ms before acquisition,
molecular order and resultant structures of the silicate layers respectively. Further specific details are given in the captions
are established by strong interactions between anionic sili- of Figure 4.
cate framework moieties and cationic headgroups of the 2c.2°Si NMR Experiments. For the?®Si NMR measurements
CHz(CH,)15—NEtMe™ surfactant molecules, which cannot be on the 50%°Si-enriched surfactant-templated layered silicate,
removed without the collapse and disordering of the layered a 4-mm CP-MAS probehead was used at a MAS frequency of
silicate structure. 10 kHz, with the temperature of the sample being regulated to
2b. 13C NMR Experiments. All experiments were performed 298 & 1 K. Heteronuclear decoupling was conducted by using
on a Bruker AVANCE-500 wide-bore NMR spectrometer the SPINAL64 schen# at a proton nutation frequency of 90
operating at'H, 13C, and?°Si frequencies of 500.14, 125.76, kHz. Silicon-29 chemical shifts are referenced to liquid neat
and 99.35 MHz, respectively. A 2.5-mm CP-MAS probehead, TMS (spinning at 2 kHz, witil = 293 K). CP from protons to
providing MAS sample rotation frequencies up to 35 kHz, was 2°Si was achieved usina 9 msadiabatic passage through the
used for thé=C experiments on the 99%C-enriched. -alanine. Hartmanr-Hahn conditior?® which yields dramatically in-
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Figure 2. Pulse sequence of ttefiltered IPAP experiment for selective measuremeni obuplings in multispin systems, S, andX correspond

to the same type of nuclei. Two semiselective pulses are applied sequentially in the middle of the echo period, and another one is applied on the
Sspins at the end of this block. The two selective refocusing pulses ddpias are identical. As in Figure 1&filter elements are inserted before

and after the spirecho period (see text for details). All of the selective pulses are rotor-synchronized and designed for refocusing (e.g., Gaussian
pulses® Gaussian cascad#sRE-BURP3 or R-SNOB').

creased efficiency compared with a ramped CP for this length of the selective pulses. Transverse relaxation was

compound, under the conditions used here. artificially inserted during the processing by using 10-Hz
The selective double-quantum (DQ) filteréi experiment Lorentzian line broadening of the spiecho evolution. The
was carried out using an experimentally optimizgdlelay of powder average was performed using a set of{l4#} angles

9 ms, withz-filter durations of 500 ms and 13s after CP and generated by the REPULSION algoritffhand 12 evenly spaced

before acquisition, respectively. Selective excitation of the site values of the third Euler anghe No significant changes in the

4 spins was achieved using an E-BURShaped excitation pulse  integrated signals were observed upon further increase of the

of 9.1 ms. number of orientations. MAS frequencies from 6 to 35 kHz
The experiments for measurilg;s; couplings were acquired  were used, and the durations of the soft pulses were varied from

according to the pulse sequence of Figure 7a, in similar 0.5 to 4.0 ms.

conditions as those used for the selective DQ-filtered experi-

ment, using E-BURP shaped excitation pulses of 9.1 ms and 3. Selective Measurement of-Coupling Interactions

15 ms for the selectlye excitation of 1@ and theQ® 2,95' . 3a. Simultaneous RefocusingThere are potentially several

resonances, respectively (becayse of the smaller |sotrop|cWays in which J-coupling measurements might be made

frequency dlfference_ betwee@® sites 1 and_ 2). Theo delay selectively in a multispin system. One way is to simultaneously

was set to 9 ms, andin the IPAP block was incremented from g selectively refocus the scalar interactions experienced by a

210 20 or 24 ms (depending on the.posmon of the roqt of the specific spin pair, according to the sequence of Figure 1a,

cos(2uJr) function) for the o?servanon of ;fhé modulation. 6,91 the use of cosine-modulated semiselective soft fiitées.

Gaussian pulsésof 5 ms Qf) or 8 ms (°) were used 10 (gemiselective pulses, which are also referred to as “multiplet-

achieve selective refocusing of bdtAndS spins. The number

: X h selective pulses® are defined as pulses that irradiate selectively
of transients ranged between 512 and 2048 (depending on the, yansitions associated with one multiptdt.Cosine modula-

sensitivity) in the different series of experiments, and the recycle 4, a5 the effect of splitting the excited region into two bands
o_lelay was set to 6 to 8 s, which corrt_esponded to an experimentay, o+ are separated by twice the modulation frequency.
time of 10-50 h for eachJ-coupling measurement. Long In the ideal case of an isolated spin pair in solution, it is

zdilters of 500 ms were used after CP and at the beginning of |, o|;_known that the density matrix at the end of a spétho
thez-iltered IPAP block to circumvent probehead heating. The . _ 7 — 7, starting from an initial density matria(0) = —1,

lastzilter, for the removal of anti-phase contributions before g given by
acquisition, was set to 50 ms. The estimated errors associatec]

with the J-coupling measurements were calculated by varying  4(27) = [1,cos(2t,7) — 1, Ssin(2td,er)] exp(=27/T,) (1)
randomly the plotted points around the experimental values

(according to a Gaussian distribution, whose standard deviationwhereT, is the transverse (liquid-state) relaxation time of the
is given by the random noise level) and fitting the obtained | spins.
curve. This was repeated 4096 times for each set of experiments, However, in the context of simultaneous refocusing ahd

y|e|d|ng a standard deviation of each fitteldvalue to the Sspins by means of a |Ong cosine-modulated soft pu|se’ the
eXpeI’imentally fitted VE.IIUe that was taken as an estimate of the evolution of the in_phase Component as a function shows
measurement uncertainty. a shift in the position of the zero-crossing, corresponding to
2d. Numerical Simulations. All simulations results were the root of the cosine fUnCtiOﬂoot (Wthh also Corresponds to
obtained using the SIMPSON simulation progféand standard  the maximum of the sine-modulated anti-phase coherence),
numerical techniqué%on a three-spin system whose parameters compared with the expected value gfy = 1/4
correspond to the intramolecuf&C spin system of fully labeled
L-alanine. The'3C Larmor frequency was 125.7 MHz. Hard Troot = L/4J - toin 2
pulses were taken to be “ideal” pulses (i.e., no evolution occurs
during the pulse), and soft pulses were implemented as a seriesThe time shifttsyi; arises due to nonnegligible evolution of
of 100 short nonideal pulses, at a radio frequency that was the simultaneously irradiatedcoupled spins during a long
shaped according to a 1% truncated Gaussian envelope. Theulse, this evolution being similarly responsible for the crea-
integrated signal amplitude was obtained from the intensity of tion of undesirable multiple-quantum coherences in the case
the signal of the selected nucleus. Ther increments were of semiselective inversion of twd-coupled nuclei, as first
chosen as multiples of the rotor period, as well as the overall shown by Emsley et df Using the zero-order average Hamil-
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tonian theory, Miao and Freem@&rpredictedtsnix to be
tohire ~ to/2 3)

wheret, is the pulse duration, which means that the time origin
of the evolution is shifted (backward in time) by half the pulse
duration when the twal-coupled spins are simultaneously
irradiated. Though this does not predict an intrinsic problem,
the authors point out the limited accuracy of the zero-order
average Hamiltonian theory used for this prediction, which
would require further investigations for accurate determination
of the value oftoo IN practical cases.

For the case of solids under conditions of MAS, the pulse
sequence for simultaneous refocusing Jefoupled spins is
shown in Figure 1a. Aftet3C{1H} cross-polarization transfer
from protons td'°C nuclei, azfilter (see explanation below) is
applied, followed by a rotor-synchronized selective sigoho

(under heteronuclear decoupling) and a second subsequen

zfilter for the removal of anti-phase contributions before

detection. Figure 1b shows the experimental behavior of the

I-spins signal as a function of thedelay. In the case of an
ideal pulse, during which no evolution occurs, the observed

magnetization would in most cases reproduce the behavior of

an isolated spin pair in solutiéh
S(z) O exp(Z/T,")cos(2tJr) (4)

whereTy' is the transverse dephasing time for solids under MAS

and heteronuclear decoupling. In practice, because of the long

duration of the pulse, the time shift predicted from the liquid-

state analysis is clearly visible, as can be seen from the dampe

cosine fit overlaying the modulated signal intensities in Figure
1b (with a fitted valuetshir = 2.2 ms in that particular case.)

For the case of solids under conditions of MAS, the measured

shift of the time origin of the modulationshix, depends on the
duration of the soft pulse applied, as shown in Figure 1c for
different J-coupled3C spin pairs in-alanine. (This effect is
general, and not restricted to the R-SN®& Q3" pulse shapes
used for parts b and c of Figure 1, though its amplitude might

J. Phys. Chem. B, Vol. 110, No. 34, 20085985

modulation that arises frodcouplings between a selected pair
of spins in a multispin system. The way this sequence works
can be understood on the basis of the assumption that, under
semiselective irradiation, all of the individual transitions in the
selected multiplet evolve as isolated pseudo-sping1/2) (ref

44) (or “fictitious” spins | (1/2), ref 55) with fictitious
chemical shifts, as long as the transitions of the connected spins
are not simultaneously irradiated. Moreover, if the pulses that
are used are designed for refocustid’ then there will be no

net evolution under the fictitious chemical shift of the spin and
hence no net evolution due to theouplings during the pulse.
Thus, a selective spirecho sequence must act on each spin in
the pair sequentially but still refocus the chemical shifts over
the whole period.

In thezdiltered IPAP, CP is immediately followed byzfilter
that properly defines the time origin of tdenodulation. Indeed,
in view of the discussion abové.coupling evolution also occurs
Huring CP, since all of th&C spins are irradiated simultaneously
for 1 ms or more. The-filter is followed by the IPAP block.
As shown schematically in green in Figure 2, the chemical shift
of spinl is refocused, since it experiences free evolution during
T + ts, is inverted, and then evolves freely during another
ts delay. Since no evolution occurs undkgs during pulses on
either thel or S spins as long as they are not irradiated
simultaneously, thé spins only evolve undelis during botht
delays (as shown in red in Figure J)s is not refocused, since
both spins are refocused between the wperiods. Finally,
the J couplings of thd spins to all other nuclei are refocused,
as thel spins are inverted between the twot ts periods,

a'vhereas any other coupled nuclei are not (in blue). The sequence

ends with a secondHfilter to remove anti-phase contributions

to the observed signal, and a pure absorption phape signal

is then detected. (The other spins, on which complicated line
shapes are expected, are not considered.) To summarize, we
observe a pure cosine modulation of thespin resonance
intensity due toJis as a function of ther delay of the echo,
while all otherJ couplings and the chemical shift are refocused.

The results predicted by numerical simulations of a simple

change from one shape to another, for a constant pulse length.y-coupled multispin system with parameters corresponding to
The MAS frequency was chosen such that rotational resonancethe three'3C atoms of fully enriched-alanine are shown in

conditiong®4°are avoided. In addition to the linear dependence

Figure 3. In Figure 3a, the red plot corresponds to the fitted

on the pulse length expected, according to the liquid-state value of the"*CH—13CO J coupling from theJ modulation, as

analysis, it can be seen that the behavior of the fittgdl is
significantly different for the'3SCH—13CO or the!3SCH—13CHj3

a function of the MAS spinning frequency. The blue plot
represents the standard deviation of the fits. Each pair of blue

spin pairs. This suggests that there are probably (and not sur-and red points in these curves corresponds to a fit of the

prisingly) additional effects, due to dipolar couplings and/or
CSA interactions, and that the value of theoupling might

integrated intensity of théspins, as a function of thedelay.
As long as rotational resonance conditions are avoided (here,

also play a role, despite the first-order analysis of eq 3 suggestingvr = 3.9, 15.8A, and 19.7 kHz wheren = 1, 2, 3, or 4), the

that it does not.
The conclusion of Figure 1c is that, unless two roots of the

fitted J coupling is extremely close to the value used in the
simulations (54 Hz for thé3CH—13CO pair), as shown by the

cosine modulation can be precisely observed, simultaneouscurve in Figure 3b (left), and the agreement between the fit
refocusing of coupled spins using soft pulses is not suitable for and the simulated data is outstanding. If rotational resonances

guantitative measurements dtouplings. Indeed, only if two
roots are present can the time shift be reliably included in the
fit procedure. Because this is typically not the case in solid-
state NMR, as soon akcouplings are weaker than 20 to 25
Hz, an alternate approach is required.

3b. zFiltered IPAP. The homonuclear solid-state IPAP

sequence was first adapted from a similar heteronuclear liquid-

state NMR experimePft->1to detect spin-state-selective spectra
in fully enriched solids under conditions of MA352 Interest-

are matched, then the curve cannot be fitted by a simple cosine-
modulation decay since, as can be seen from the central peak
in the Fourier transformation of the simulated data in Figure
3c (left), an additional zero-frequency component appears
(Figure 3c, right), together with increased noise and stronger
dephasing (leading to broader peaks in Figure 3c, right)
compared with Figure 3b (right), where the line widths are
dominated by the 10 Hz line broadening applied. This effect
was previously predicted theoretically and observed experimen-

ingly, the homonuclear experiment has since been shown to betally for the case of isolated spin pairs in solids under MAS by

useful also in liquid$# In the present paper, thfiltered IPAP

Duma et aP! and arises from the combined effects of CSA and

sequence (Figure 2) is used to observe accurately the cosinalipolar couplings close to rotational resonance. The purpose
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Figure 4. Experimental data obtained using tlrdiltered IPAP
experiment (Figure 2) on polycrystalline 99%€-enriched.-alanine

at an MAS spinning frequency of 30 kHz. The experiment was applied,
respectively, on th€CH—1CH; (a) and thé3*CH—3CO (b) pairs, with

the intensity of thé3CH carbon being detected (i.e., corresponding to
the | spins) in both cases. The plotted points correspond to the integrated
intensity of the!3CH resonance. Gaussian soft puf8e$ 1 ms (a) and

4 ms (b) were used for refocusing. For each experiment, 512 fits were
obtained by adding random noise to the experimental data, with the
standard deviation of the noise being twice the standard deviation of
the plotted intensities to the fit. The error of thk value was
subsequently taken to be the standard deviation of the 512 Jittatlies
from the value obtained from the experimental data.

Figure 3. Numerical simulations of the-filtered IPAP experiment
on the3C spin system of-alanine. The characteristics of the spin
system were chosen as described in ref 71. A magnetic field of 11.74
T was used for the simulations. (a) The red plot shows the fitted value
of LJ(*3CO—13CH) as a function of the MAS spinning frequency. Two
millisecond Gaussian pulses were used, wi#mdS corresponding to
the 33CH and*3CO carbon spins of-alanine, respectively. The blue
plot shows the root-mean-square deviation (rmsd) of the simulated
peak intensities to the best fit, which provides an estimation of the
quality of the fit; better fits are thus represented by low rmsd values.
(b) (left) Evolution of calculated®CH peak intensity as a function of
the 2 delay, and corresponding best fit, at a MAS frequency of 13
kHz, which is far from any rotational resonance condition. (right)
Fourier transformation of the simulated peak intensities. 7 delay . . . .
ranged from O to about 40 ms, and the plotted intensities correspondHz value obtained with the nonselective experiment. The
to the first point of the free-induction decay of tHE€H resonance. In  agreement is even better for ti€H—13CQO spin pair for which
(c), the same calculations are done at a MAS frequency of 16 kHz, 13(13CH—13CO) was found to be 53.74 0.19 Hz, compared
‘f‘g’g'Ch B close to then = 1 rotational resonance condition for  ith 53.96 + 0.25 Hz for the reference experiment. Similar
H="CO (~15.8 kHz). results were obtained by inverting theand S spins for both
pairs, which further demonstrates the reliability of the experi-
ment. Moreover, the experiment was repeated for several soft
pulse durations ranging from 1 to 4 ms, and the results were in
excellent agreement with the reference values as well. These

here is to show that, even in such particular conditions, the
behavior observed in multispin systems through the use of the
zfiltered IPAP experiment nicely reproduces the behavior of

an isolated spin-pair, and the reader is referred to ref 31 for a o5 115 demonstrate that théiltered IPAP experiment provides

deeper treatment_of_the underlying p_hysic_s. o an accurate way to measutecouplings in fully enriched
To test the predictions of the numerical simulatian§ltered multispin systems, independently of the pulse length.

IPAP experiments were carried out on 99%WC-enriched
L-alanine using the pulse sequence of Figure 2. Results are,
shown in Figure 4, where the integrated intensities of different
J-coupled3C spin pairs are shown for this three-spin system.  4a. Limitations Arising from Partial Enrichment. The
Figure 4 shows the integrated signal intensities and fits for the zfiltered IPAP experiment provides a way to observe selectively
13CH resonance associated with differdatoupled spin pairs,  single J-coupling modulations in enriched solids. However,
13CH—13CH; and¥CH—13CO, plotted as functions of the delay  systems with only partial enrichment are becoming increasingly
time 7. As expected, the data are well fitted by single cosine widespread, notably in structural studies of proteins and solid-
modulations, and the fitted couplings are found to be very state materials. For such systems, several accommodations must
similar to the reference values obtained frasfiltered spin- be made to the basic approach outlined above. The problem
echo measurements that used a nonselective hard pulse foarises from the fact that drspin in a partially enriched multispin
refocusing and detected tA#O or13CHj; resonance (data not  system may be covalently bonded to either a labeled or a
shown). Indeed, the fitted value obtained 3(:3CH—13CHa) nonlabeledstype atom, with the probability defined by the level

is equal to 33.20t 0.26 Hz, compared with the 34.250.19 of enrichment. As a consequence, #tered IPAP sequence

Partially Enriched Systems
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couplings of high interest with respect to local structural

information will often be much weaker. Usually, only one root
of the cosine-modulated component can be observed, because

e
S ¢s) = ol I = Iz—ﬁI!e.r w‘ W' W

Z-filter

of probehead limitations (such as the duration of high power

Figure 5. Pulse sequence of the selective through-bond double- Irradlat!on) ,Or due to samples V,V'th intrinsically shofb
quantum filter. After CP, the magnetization is directed back along the r€laxation times. In these cases, in the presence of unlabeled
zaxis for the desired resonance to be selectively excited. The Stype background moietied,couplings cannot be determined
magnetization of the selectively excited spin is then transferred through by using thez-filtered IPAP experiment alone.
homonuclearJ couplings to bonded neighbors via a refocused ; 5 PP
INADEQUATE block. The length of they delay is experimentally 4b. Selective DQFz lPAP.' Ne_vertheless, the dlfflcul_tles
determined for optimized through-bond transfer. prese_nteo_| by an ot_herW|se_|dent|caI _nbnoupled population

of spins in a partially enriched solid can be overcome by

yields more complex behavior. The signal intensity measured 2PPIlying thezfiltered IPAP experiment in combination with a
for the | spins as a function of is now a superposition of a  Selective double-quantum (DQ) filter (see Figure 5). The
single-exponential decay weighted by the proportion of un- select|ve.DQ filter removes the smgle-exponentlal.cor)tnbutlon
labeledStype spins (e.g12C, 28Si) and thels cosine-modulated to the splr’re_cho curve by transfgrrmg the magnehzapon from
exponential decay weighted by the proportion of labSéyipe a sele_cted site to |t§-(?oupled nelghbors through their shared
spins (e.g.13C, 2Si). Such behavior has previously been ob- chemical bonds. Th_ls method is ba!sed. on the refocused
served by Brown et @ in 11%3C-enriched cellulose extracted INADEQUATE experiment® where azfilter is inserted after
from wood, using the standard spiacho experiment for solids. ~ CP to enable the selective excitation of only the desired
However, in that paper, since a nonselective approach was usedf€sonance by using a selective®$citation pulse. Only the
the authors could not distinguish between the couplings due toSites that ard coupled to the excite@ spins will yield a signal
two potentially enriched neighbors and an averageupling at the end of t_hls experiment, gnd these can be selected as
constant was given folC nuclei that are directly linked to ~ discussed prewous_ly_above and_ illustrated below. We note that
two distinct carbon atoms (the contribution of triply labeled Sequences that similarly provide a through-bond mediated
13C—-18C—13C fragments being neglected). In the case of large magnetization transfer from a selectively excited site in solids
J couplings, long transverse dephasing tinfes and good have been proposed in the literature and could also have been
signal-to-noise, where several oscillations of the cosine modula-Used heré®
tion can be observed, the IPAP sequence can be used directly 4c. Application to Partially 2°Si-enriched Layered Silicates.
(with the level of enrichment being additionally determined). Recently, the structure of a noncrystalline surfactant-templated
This is the simplest way to extend the analysis proposed in silicate with molecularly ordered layers was characterized by
ref 26 to measure “pair-specific’ couplings in partially enriched Hedin et al., by using a combination of solid-state NMR, X-ray
multispins systems. However, in many (if not most) cases, diffraction, and molecular modelin§.As shown in Figure 6a,
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Figure 6. (a) Schematic structure of two surfactant-templated silicate layers, viewed parallel to the layers, which are separated by the alkyl chains
of the cationic surfactant species (adapted from Hedin &).alVe used the sam@&Si site color code to describe the structure of the surfactant-
templated silicate sample under investigation in this article. (b) Schematic diagram illust&in@—2°Si connectivities among tetrahedrally
coordinated Si sites in a surfactant;(ENTMeEt headgroup)-templated silicate with five molecularly ordered and equally populated Si sites
enriched to 50% iR°Si. (c)2°Si CP-MAS spectrum (at 298 K) of the&&-NTMeEt-surfactant-templated silicate layers, acquired within 8 transients,

with a recycle delay of 3 s, and a contact time of 9 ms. (d) DQ-filtéP&dMAS spectrum (at 298 K) of the surfactant-templated silicate material
recorded using the pulse sequence of Figure 5. An E-BUBY pulse of 9.1 ms was applied to selectively excite the silicon-29 resonance of site

4. A total of 128 transients were accumulated with a recycle delay of 5 s. The length ofiltiees was set to 1%s, and ther delay was 9 ms.
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this material is interesting in that it possesses high degrees ofcant differences in the intensities of tASi signals observed.
both mesoscopic order, established by self-assembly of theThis is due to several factors, including most importantly that
surfactant species, as well as local molecular order within its only 2°Si—0—2°Si pairs involving site 4 have been selectively
1-nm-thick silicate sheets, though without the long-range 3D excited and detected. In addition, there is an overall sensitivity
periodicity characteristic of crystalline solids. In these systems, loss of about/, due to the elimination of zero-quantum
measurement of thi(2°Si—0—2°Si) couplings is of particular ~ coherences by the DQ filter, with a portion of the magnetization
interest, since they are directly related to the geometry of the also lost through transverse dephasiggiuring the long spirr
siloxane linkages. As shown in Figure 6c¢, for a §0EH,):15— echoes required due to the wedBi—O—2°Si J couplings. As
NEtMet-templated silicate sample prepared with 53%i expected, in Figure 6d2°Si site 3 yields a signal with
enrichment, five well-resolved resonances are observed in thesignificantly greater integrated intensity than sites 2 and 5,
295 CP-MAS spectrum, consistent with the five distinct, equally consistent with each site 3 being linked to two sites 4 and vice
populated?®Si sites in the materi@f The peaks at+-97.3 and versa. The difference in th&Si signal intensities associated
—99.3 ppm, labeled sites 1 and 2, respectively, correspond towith sites 2 and 5 could be due (i) to differences in CP efficiency
Q° 2%S;j sites, whereas the peaks&t06.1,—110.0, and-116.5 from one site to another, (ii) to differences in theouplings
ppm (sites 3, 4, and 5, respectively) correspond to fully between pairs24, 3—4, and 4-5, since the intensity build up
condensed tetrahedrally coordinat@d 2°Si sites (whereQN is proportional to sif(27Jisto) (see Figure 5), and/or (iii) to
refers to a Si atom linked tNl other Si atoms through siloxane differences in thél,’ relaxation time from one site to another.
bridges.) The refocusedSi{ 2°Si} INADEQUATE? spectrum At this point, (ii) seems to be the most plausible explanation
(not shown here) of the material under consideration establishessince, under the conditions used here, the integrated intensities
that the interconnectivities among the five distitiSi sites are of sites 2 and 5 in the CP-MAS spectrum (Figure 6c) are approx-
the same as those reported for a related silicate-surfactantimately the same and the effect of the variationg gfamong
material synthesized with a different surfactant headgroup, asthe different sites is not expected to be strong (considering the
described in ref 33: site 1 is linked to sites 2, 3, and 5; site 2 long T, values measured in section 5 and tg&lelay of 9 ms

is linked to sites 1, 4, and 5; site 3 to two different site-4 nuclei used here). The efficiency of the DQ filter in the present case,
and once each to sites 1 and 5; site 4 is linked to two different calculated from the intensity of peak 5, is approximately 7%
site-3 nuclei and once each to sites 2 and 5; and finally, site 5 (and less for site 2), and approximately 30% taking into account
is connected to sites 1, 2, 3, and 4. All of these tetrahe&®al the level of enrichment (only 25% of the-% pairs are doubly
site connectivities are summarized schematically in Figure 6b, labeled), with the maximum theoretical efficiency being 50%
where the gray lines correspond to siloxane bridges (and to because of the DQ filtering. Better efficiency is expected for
silanol groups for th&)® moieties). The structural analyses of largerJ couplings, since shortep delays can be used in that
such complicated hierarchically ordered solids have relied on case, thus reducing the effects of transverse dephasing.
small-angle X-ray scattering to establish the ca. 4-nm spacing 4e.2J(29Si—0—2%Si) Coupling Measurements in Partially
between adjacent silicate sheets and a combination of 2D2¢gj.enriched Layered SilicatesCombining the selective DQ-

double-quantum?Si{2°Si} MAS NMR, wide-angle X-ray  filtered MAS experiment with the-filtered IPAP sequence
scattering, and quantum-chemistry calculations to establish localallows2J(2°Si—0—2°Si) measurements of coupled spin pairs to

atomic Ordering of the 2D silicate frameworkdn the absence be made with h|gh degrees of Se]ectivity, even in partia”y
of Iong-range 3D molecular Order, NMR is the most informative enriched mu|tispin Systems_ Once tHfsi magnetization has
means of obtaining detailed insights on the local structures of peen selectively transferred through the scalar couplings to the
these and similar complex solid materials. As a consequence,nearest®Si neighbors of the selecte®ispin (e.g., site 4 in the
every additional constraint that NMR may provide can poten- example of Figure 6c), insertion of thefiltered IPAP block
tially increase the reliability of the NMR-based structural (Figure 2) permits selective detection of the modulation of mag-
determination of such solids lacking long-range crystallinity. netization on a spin moietyproduced byl-coupling interactions
To that end, the use of the combined double-quantum andinvo|\/ing a specific +S spin pair. In this cases represents
zfiltered IPAP experiment to measufd(**Si—0—2°Si) cou- the spins that have been selectively excited at the beginning of
plings are expected to provide strong constraints in the analyseshe through-bond DQ-filter block, as shown in the pulse se-
of complicated solid structures, including the surfactant-tem- quence of Figure 7a. Thespins to be monitored should be
plated silicates. from among the resolved®Si moieties that are covalently
4d. Selectively Excited and DQ-filtered Interactions in bonded via siloxane bridges to the selectively excifeshin
29Sj-enriched Layered SilicatesBy selectively exciting a given ~ moieties.
resonance and then applying a double-quantum filter before Two representative examples of  quantitative
detection, it is possible to distinguish the spins that are coupled 23(295j—0—29Sj) measurements obtained by using the combined
to the excited nuclei. For example, Figure 6d shows a double- pQ-filtered/-filtered IPAP (DQzIPAP) experiment are shown
quantum-filtered?’Si CP-MAS spectrum obtained using the in parts b and ¢ of Figure 7 for the noncrystalline lamellar
selective through-bond DQ filter introduced above (with no silicate-surfactant mesophase whose molecularly ordered frame-
zfiltered IPAP sequence included), where site 4 has beenwork is 50% enriched ir7Si. The experimental points cor-
selectively excited. It can be seen from this DQ-filtered MAS  respond to the integrated signal intensities of¥% |-spin site
spectrum that the excited site 4 yields the most intense resonancef interest, and the error bars correspond to the standard
and that magnetization is transferred to sites 2, 3, and 5 but notdeviation calculated from the noise regions in the spectrum. In
to site 1. This is consistent with the silicate structure shown in hoth cases (parts b and ¢ of Figure 7), there is no systematic
parts a and b of Figure 6, wheftSi site 4 is linked via siloxane  error detectable for the fits, and the same was true for all mea-
bridges to sites 2, 3 (twice), and site 5 but not site 1. surements made. This suggests that random noise appears to
Comparison of the conventional CP-MAS and DQ-filtered be the only significant source of errors in the data. All the results
29Si spectra in parts ¢ and d of Figure 6 for the 50% obtained are summarized in Table 1, where it can be seen that
295i-enriched layered silicate-surfactant material shows signifi- 2Js;s; coupling constants were obtained for four of the eight types
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Figure 7. (a) Pulse sequence of the DQ-filtered axfiltered IPAP (DQz-IPAP) experiment. (b) Evolution of integrated peak intensity of site 5

as a function of the delay and corresponding fit to a pure cosine-modulated function. The data were obtained by applying the pulse sequence de-
scribed in (a) withl and S spins corresponding to sites 5 and 4, respectively. (c) Evolution of integrated peak intensity of site 5 as a function of
ther delay and corresponding fit, withand S spins corresponding to sites 5 and 3, respectively. The fitted values for the twa}oongling be-

tween the two silicon sites are indicated together with the refocused transverse dephasing time. The spinning frequency was 10 kHz, an¥ SPINAL64
heteronuclear decoupling at a proton nutation frequency of about 90 kHz was applied. Other experimental details are given in the Experimental
Section.

TABLE 1: Experimental 2°Si—0—29Sj J-Coupling Constants 295i—0—29Sj spin pair involving sites 1 and 5, which in this
Selectively Measured for Four Tetrahedral-site Pairs in a case was probably due to a shdt for site 1. For the +3
509% *Si-enriched Surfactant (Gis—N"MeEt,)-templated 295j—0—29Sj spin pair, which vyields very weak intensity

Silicate with a Molecularly Ordered F k . . . .
ficate with a Moleclarly Trdered Framewor correlations in the refocusedSi{ 2°Si} INADEQUATE spec-

“Si— #si ZSSe.teC.tedl Zggxcited . - trum (not shown) compared with the other pairs, the absence
SPin pair_ 7S spin, 1spin, Jsisi(H2) 2 (msy of observed zero crossing indicates:as-coupling value that
4-5 4 S 15.6+ 0.8 55 is significantly less than 8 Hz. Finally, the only remain#igi
> 4 155+05 90 spin pair involves sites 1 and 2, which cannot be accessed
3-5 3 5 12.0+ 3.0 85 . - . -
5 3 119+ 10 100 because of the small difference between the isotropic frequencies
2-5 2 5 11.3+ 0.6 85 of these two peaks (ca. 200 Hz). Such closely spaced isotropic
1-5 nonmeasurable frequencies would require that all of the soft pulses be very
3-4 nonmeasurable long (8 ms for each 180pulse and about 15 ms for the 90
i:g i 4 3-8& 2.6 70 pulse on theS spins), whereas fA®Si—0—29Sj pairs 2-4 and
1— nonmeasurable 2—5, for which only thel spins (site 2) required such long soft

_ _ o pulses, experimental conditions were already near the limit of
aThe T, values are estimates, with uncertainties of €40 ms, feasible probehead high_power-decoup"ng tolerances.
due to signal-to-noise limitations and the limited range ofvalues . L .
used (from 2 to 48 ms). More gene_rally, the small differences in isotropic frequency
among the different resolved resonances (from 200 to 700 Hz

of 295i—0—29Sij linkages in the 5098°Si-enriched surfactant- ~ at 11.7 T) require the use of long selective pulses, during which
templated silicate sample. For the<(8) and (3-5) 2°Si spin high-power proton decoupling must be applied. These limita-
pairs shown, thd couplings were separately measured in two tions, in addition to the longo delays required for coherence
different experiments by inverting the sites corresponding to transfer through smaflsisi couplings and the long contact time
thel and S spin moieties, and in these cases, both values wereused for CP, lead to particularly long high-power irradiation
in excellent agreement, adding further confidence to the results.Periods. As a result, to prevent probehead damage ditgrs
Among the2°Si—0—2%Si spin-site pairs listed in Table 1, (500 ms each) without heteronuclear decoupling were applied
several are missing for different reasons that are detailed hereafter CP and between the DQ filter and the IPAP block and an
(ignoring pairs +4 and 2-3 for which covalent linkages do  additional shorter-filter (50 ms) was inserted before acquisition.
not exist in this sample). First, since each sit®¥Si is coupled ~ ?°Si spin-diffusion experiments (see the Supporting Informa-
to two site-3 nuclei, and each site 3 to two sité%i nuclei, it tion), acquired under identical MAS and temperature condi-
is not possible to observe a single cosine modulation for pair tions as thel-coupling measurements, show that no (or at least
3—4. Indeed, if site 3 is the selectively excité®i site and  negligible) 2°Si—2°Si magnetization transfer through spin dif-
site 4 is the detecte?Si moiety, the magnetization on site 4 fusion occurs during suckfilters.
comes from &°Si-labeled site 3, but site 4 is also coupled to Significant quantitative differences are thus observed for the
another site 3 that has 50% probability to be nonlabeled. The 2J(3°Si—0—2°Si) couplings measured selectively for different
consequence is a superposition of a single-cosine and a cosinepairs of2°Si sites in the partially enriched silicate framework
square modulation undég-_, that interferes with observations  of the surfactant-templated solid. In analyzing the results, the
of the root of the cosine modulation and makes the measuremeng®Si J-coupling values measured appear to depend on the extent
of J;—4 unfeasible. Second, no root could be observed for the of silica site condensatior") of the nuclei in the spin pair
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considered. As shown in Table 1, spin pairs that incl@ie a5
295 sites tend to havé couplings that are smaller (e.§J—4 a) I 1
~ 8 Hz and?J;—3 < 8 Hz) than spin pairs involving tw@* 35
moieties. It has been suggested that the proximities and
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electronegativities of associating ligands may play a role in
determining] couplings®”-58which in the present system would
be expected to include strongly interacting solvent molecules
or ionic species and their accompanying dynamics. Indeed, the
cationic surfactant headgroups interact more strongly with 0
anionicQ?® sites (also H ions associated with silanol moieties) 120 130 140 150 160
than to more condenseg* sites. Si-0-Si Angle (°)

Previous observations of Harris and co-workers in the
characterization of aqueowSi-enriched silicate anions in b) 14'51
liquid-state?®Si NMR measurements reported no clear correla- 3-5
tion between?°Si J couplings and the extent of silicate site
condensatiof? The2J(2°Si—0—2°Si)-coupling values reported
in the literature for silicate anions in solution, which range
between 3.6 and 10.2 H2,%¢ are significantly smaller than
the values obtained here (except fdp_4, 2J1-5, and2J,_3), LS ane
which may be due to solvent or internal motions effects.
Renewed interest has very recently emerged for the character- %,3 2.9 3 3.1 32 3.3
ization of silicate anions in solutidi;%8and new structures have Si-Si Distance (R)
been proposed with the help of quantum-mechanical methods.Figure 8. MeasuredJ(?Si—0—2%Si)-coupling constants as functions
The 2Jg;s; scalar coupling constants reported in refs 67 and 68 of Si—O—Si bond angles (a) and SBi distances (b), assuming that
(and the values and structures reported by Harris and co-the silicate layers have the same structure as those determined in ref
worker$%6) are expected to be useful as a database for 33 for a closely related system (see text). Error bars between_ 0 and 8
establishingl-coupling constant trends, as functions of the local 2 @re used for the 33 pair, whose correspondinisisrcoupling

f L ! s . constant is estimated below 8 Hz. Each pair gives rise to two distinct

structure, either empirically or by using ab initlscoupling angles and distances, because every site is the superposition of two
calculations, since significant progress has been made in thesgjightly nonequivalent sites (not resolved in the NMR spectrum) in the
areas (see refs 69 and 70 for reviews). structure proposed in ref 33.

Nevertheless, in solids, variations in the local geometries of
relatively static S-O—Si framework fragments and ligands, fully isotopically enriched solids. In simulations, as well as
especia”y S+0-Si bond ang|es and SSi distances’ are eXperimenta”y, thel modulation obtained with thefiltered
expected to dominate the variation?#8i J couplings between  IPAP sequence for fully labeled multispin systems, such as
different sites. As mentioned above, a structure was propdsed Polycrystalline’*C-enriched -alanine, reproduces accurately the
for the molecularly ordered framework of a closely related behavior obtained using a standard spitho experiment for
surfactant-silicate solid, which was synthesized by the cationic the ideal case of an isolated two-spin pair, provided rotational
surfactant CH(CH,)1s—NMeEt", instead of CH(CHy)is— resonances are avoided. In partially enriched systems, combining
NEt,Me™, for the material studied here. From single-pl%gi thezfiltered IPAP experiment with a selective double-quantum
MAS Spectra, both materials have five equa”y populated, filter enables the removal of Slng|e-eXp0nentla| decayS associ-
tetrahedrally coordinated Si sites, though with different isotropic ated with signals from spins with unlabeled neighbors.
295j chemical shifts, despite identical X-ray diffraction patterns ~ For a fundamentally interesting and technologically important
and29Si—0—2%Sj site connectivities among the different sites. noncrystalline surfactant-templated layered silicate enriched to
Taking the layered silicate structures therefore to be similar 50% in 2%Si, 2J(2°Si—0—2%Si) couplings were obtained for
(within the uncertainties of structures calculated from energy Most of the Si-O—Si pairs, ranging from 8.2 to 15.5 Hz,
m|n|m|zat|on Calcu'aﬂons), thé_coup“ng constants measured Wlth gOOd aCCUI’acy The S|gn|f|cant d|ﬁerences Observed |n the
here can be plotted as functions 288i—0—29Si bond angles 2Jsisi coupling constants were attributed to correlations with
and distances, as shown in Figure 8. Though the potential errorSi—O—Si bond angles and distances. The approaches presented
bars are relatively large for the pairs involvingQ® site, a ~ here for measuringl couplings selectively in isotopically
qualitative trend is suggested, where lar§a@oSi—0O—29Si) enriched systems (and systems containing naturally abundant

couplings correspond to larger-SD—Si bond angles and larger ~ SPins {/2), such as"P) are applicable generally to both liquids
Si—O-Si distances. Further investigations will be required to @nd solids. Such methodological advancements are anticipated

test the general utility oRJ(2°Si—O—2%Si)-coupling data as  t0 enable new and accurate measurementS@#3C scalar
inputs for the structural determination of crystalline solids and couplings in partially enriched proteirisisi couplings in zeolite
especially materials lacking long-range 3D order, such as Molecular sieves or clay minerals, or other multiple-quantum-
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proteins or the layered silicates considered here. filtered couplings (e.g.}cc), from which new and detailed
structural and functional insights on the properties of these

5. Conclusions complicated heterogeneous systems are expected to arise.
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