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Abstract: The structure of a novel molecularly ordered two-dimensional (2D) silicate framework in a
surfactant-templated mesophase has been established by using a combination of solid-state nuclear
magnetic resonance (NMR) spectroscopy, X-ray diffraction, and quantum chemical and empirical force-
field modeling. These materials are unusual in their combination of headgroup-directed 2D crystalline
framework ordering, zeolite-like ring structures within the layers, and long-range mesoscopic organization
without three-dimensional (3D) atomic periodicity. The absence of registry between the silicate sheets,
resulting from the liquidlike disorder of the alkyl surfactant chains, has presented significant challenges to
the determination of framework structures in these and similar materials lacking 3D crystalline order. Double-
qguantum 2°Si NMR correlation experiments establish the interactions and connectivities between distinct
intra-sheet silicon sites from which the structure of the molecularly ordered inorganic framework is
determined.

Introduction crystalline phyllosilicate minerals, only two, makatitand
silinaite? have to our knowledge had their structures solved by
dsingle-crystal XRD. Several phyllosilicates have been structur-
ally analyzed by powder XRD methods, including kanertite,
RUB-10? RUB-155 RUB-18/ HLS g and AMH-3? all of which
have 3D crystalline registry between their molecularly ordered
sheets. In the absence of 3D atomic periodicity or when ordered
domain dimensions are small, detailed determination of inor-

Solid-state NMR, in combination with energy minimization,
provides the means to establish the structures of partially ordere
solids, particularly those with high degrees of molecular order
but lacking long-range atomic crystallinity. An interesting
example is the family of lamellar surfactant-directed silicate
mesophases with molecularly ordered inorganic framewbrks.
Such framework ordering has been shown to depend on the™ ™. . e
structure-directing influences of strongly interacting surfactant ganic framework structures has been e'x.ceedlngly d|ff|cult'.
headgroups, though disorder of the hydrophobic surfactant tails O the case of molecularly ordered silicate-alkylammonium
disrupts atomic registry between otherwise crystalline 2D silicate Surfactant mesophases (e.cue!C"MezEt, where Me represents
sheetd. In the absence of 3D crystalline order in these @ Methyl group, Etis an ethyl moiety, and¢Cefers to a 16-
composites, determination of the atomic arrangements in the carbon-atom alkyl chain), there is no 3D atomic registry between
molecularly ordered frameworks has been challenging and notadjacent S|I|c§1te sheets. Furthermore, thg dimensions of the
previously possible. Even for inorganic compounds with 3D ordered domains are small (@0 nm), as estimated from XRD
crystalline registry between molecularly ordered sheets, it has @nd transmission electron microscopy (TEM). The mobile and
proven difficult to grow the large crystals needed for single- disordered alkyl surfactant chains hinder molecular ordering

crystal X-ray diffraction (XRD) structure determination. For
example, of the more than 20 naturally occurring layered 3D
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among the lamellar sheets and give rise to strong amorphousof the *H radio frequency field was ramped between 80 and 100% of
background X-ray scattering at wide angles, which obscures its maxim'um value. Sixt'y-four acquisitjqns were recorded for (_each of
measurements of ordering over molecular length scales. As athe 144t increments using a 2-s repetition delay; theT; relaxation
consequence, it has not been possible to determine the structureénes were approximately 400 ms. Dipeldipole interactions were
of the highly ordered 2D-silicate frameworks in self-assembled "¢introduced by 1.6-ms rotor-synchronized BAB&omposite rf-pulses

. . . . with rf-field strengths of 100 kHz, and TPPfHecoupling was applied
silicate-surfactant mesophases using conventional scattering, - o : . . )
methods uring the acquisition and the dipetélipole recoupling periods.

The d | f ful hni f solid The 2°Si NMR dipole—-dipole interaction strength<Dj and their
e development of powertul new techniques of solid-state corresponding?°Si—0—2°Si distances r) were determined from

NMR and molecular simulation, however, permit detailed spinning-sideband-analygésof dipole—dipole-mediated 2D DQ
structural analyses of complex molecularly ordered inorganic 29gj2esj MAS NMR spectra. These NMR spectra were acquired on
frameworks lacking 3D crystallinity, in this case a lamellar a Bruker DMX-300 NMR spectrometer operating at 59.64 MHz under
silicate-surfactant mesophase. By using 2D correlZfishNMR conditions of MAS at 5 kHz at room temperature using a 4-mm
techniques, the interconnectivities of five equally populated, probehead?Si dipole-dipole interactions were reintroduced using
tetrahedrally coordinated framework silicon sites (so-called rotor-synchronized BABA composite rf-pulses with rf-field strengths
T-sites) are unambiguously established. Out of a very large Of 50 kHz and a 3.2-ms mixing time period together witbn-rotor
number of possible framework configurations, only one set of Synchronized-increments.

tetrahedrally coordinated Si site connectivities is consistent with ~ TWo-dimensiona*Si MAS NMR anisotropic-isotropic chemical
the NMR measurements. With additional constraints imposed shift correlat_lon spectra were acquired under MAS conditions with
by small- and wide-angle XRD data, an energy-minimized sample rotation frequencief of 3 and 5 kHz on a Bruker DSX-500

truct lculated usi irical f fiaRi I spectrometer. Cross-polarization 81 magnetization was used for
structure was caiculated using empirical force fietaas we sensitivity enhancement. The NMR experiment “Separation of Undis-

as quantum chemical modelii§ These results were cross- ,ed Powder patterns by Effortiess Recoupling (SUPER)3,

validated by independent comparison with isc_)trF)%?Ei NMR modification of an NMR technique developed by Tycko et'&ivas
chemical shifts calculated from ab initio predictions, based on used to separate anisotropic and isotrofi chemical shifts. By

the minimum energy structure. This allows, for the first time, applying blocks of 36D pulses symmetrically distributed within each
inorganic framework structures to be determined in the absencerotor period, the?*Si chemical shift anisotropy (CSA) was partially
of 3D order, here, the 2D-crystalline silicate sheets in a reintroduced. Although th®Si CSA line shape was preserved, its quasi-

surfactant-templated mesophase. static spectrum was narrowed. The scaling between the recorded
spectrum and the static spectrum can be described analytically and
Experimental Section depends on th&Si rf-field strength and the MAS spinning speéd®

The 1D anisotropi@®Si line shapes for the five different silicate sites
were obtained from projections of the SUPERiI NMR spectrum onto
the anisotropic frequency axis after scaling. In the SUPER NMR
experiment, the!H rf-field strength was 28, and the?°Si rf-field

Lamellar silicate-C16N"Me,Et surfactant mesophases were synthe-
sized by combining an aqueous solution containing 0.69 mmol
dimethylethylhexadecylammonium bromide (ACROS 99%) in 83.7

mmol water, with a separate alkaline solution containing highly charged strength was 12.32 the latter corresponding to a scaling factor of
silica anions that were enriched 3#8i (50%) to enhance NMR signal 0.153 The 5-kHz MAS experiments were performed with a 2.5-mm
sensitivity. The alkaline silicate solution was prepared by dissolving MAS probehead, which provided high# rf-field strengths, while
0.58 mmol Si(X(s) enriched 95.65% (Oak Ridge National Laboratory) the 3-kHz experiments used a 4-mm probehead, which provided more
in 2°Si and 0.54 mmol SiQ@(ACROS CAB-O-SIL M5 scintillation stable and precise sample spinning at lower MAS speeds.

grade) in 11.1 mmol methanol, 18.8 mmol water, and 1.24 mmol . . . . s 20
tetramethylammonium hydroxide. The combined solution had an initial Two-d|mens|onaD-coup||_n'g-med|ated S{*Si NMR spectra were
acquired under MAS conditions at 8 kHz at room temperature using a

H of ~12.5, which b tly reduced-tbl.5 by the additi A : . .
pro WRIC Was SUDSEqUENTly Feclice y the accition mixing time of 9.6 ms. (This experiment is also referred to as the so-

of concentrated HBr, leading to the formation of a white precipitate. .
9 precip called “Incredible Natural Abundance DoublE Quantum Transfer

The precipitate was annealed in its mother liquor at A3%n a Teflon- E ) " and by it INADEOUATESYSThe mixing i
lined stainless steel autoclave for 23 days, after which it was washed Xperiment,-and by Its acronym Q . )l € mixing ime
with distilled water twice, filtered, and dried. was optlmlze_d by maximizing integratétsi signal intensity in a series
The resulting powder sample was characterized by X-ray diffraction of 1D ‘]'COUpII.n g-medlate$8| NMR spectra. A phase cycle applfoprlate
on a Scintag X2 powder diffractometer with ®y radiation (1.54 A) for the selection of DQ signafswas used, and TPPM decoupling (50
' kHz) was applied during the acquisition and tBevolution time

over a range of @ angles from 1 to 35 in increments of 0.05 . . . -
rang ges periods. Thé®Si 9C° pulse length was 3.3s, and sixty-four acquisitions
Transmission electron microscopy (TEM) measurements were con- ) . o
were recorded for each of the ®6increments using a 2-s repetition

ducted using a JEOL 2010 HR microscope operating at 200 kV. dela
Solid-state’*Si NMR spectra were acquired on a Bruker AVANEE Y- . L .
Empirical energy minimizations of the molecularly ordered silicate

500 spectrometer operating at 99.35 MHz using an 11.7-T wideboref K ; d usi h YLeod d ab
magnet. Two-dimensional (2D) dipotalipole-mediated Double- framewor structure were per ormed usmgstJFg GtLevde and a
Quantum (DQY?Si{ 2Si} NMR spectra were acquired under conditions initio quantum molecular dynamics using VA ULP uses a widely
of magic-angle spinning (MAS) at 12.5 kHz at room temperature using : :
a 4-mm probehead. Although dipolar interactions are in general (12) Feike, M.; Demco, D. E.; Graf, R.; Gottwald, J.; Hafner, S.; Spiess, H. W.
L. . . J. Magn. Res. Ser. A996 122, 214-221.

averaged under fast MAS conditions, they are reintroduced in the DQ (13) Bennett, A. E.: Rienstra, C. M.; Auger, M.: Lakshmi, K. V.: Griffin, R. G.
experiment by rotor-synchronized radio frequency (rf) pulses that are J. Chem. Phys1995 103 6951-6958.

f R 20Q; o e (14) Graf, R.; Demco, D. E.; Gottwald, J.; Hafner, S.; Spiess, HIWChem.
applied stroboscopically?°Si signal sensitivity was enhanced and Phys.1997, 106, 885-895.

otherwise long?®Si T, relaxation times were circumvented by cross- (15) Lesage, A.; Emsley, L1. Magn. Reson2001, 148 449-454.
polarization oftH magnetization to neart3Si nuclei; the amplitude ~ (16) ifgaggéééégger, ©.; Caldarell, S.; Emsley.LAm. Chem. S0d99%
(17) Liu, S. F.; Mao, J D.; Schmidt-Rohr, K. Magn. Resor2002 155, 15—
(10) GULP (the General Lattice Utility Program) written and developed by J. 28.
D. Gale, Curtin University of Technology, Perth, Australia. (18) Tycko, R.; Dabbagh, G.; Mirau, P. A. Magn. Reson1989 85, 265—
(11) Kresse, G.; Furthmuller, Comput. Mater. Sci1996 6, 15-50. 274.
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applied® force-field for silicates and includes a shell-model representa-

tion for the non-hydroxyl oxygen atoms. The ab initio minimization | 1nm

with VASP'! uses plane wave basis sets on a periodic lattice and

interactions between ions and electrons described by pseudo-potentials.

The a- and b-axis spacings were fixed to 0.85 and 0.68 nm, as
established by wide-angle XRD data. An arbitrary (and insensitive)
c-axis spacing of 1.75 nm was used to separate the silicate sheets
instead of~3.5 nm as established by small-angle XRD, due to the
difficulty of explicitly modeling the surfactant species, particularly the
disordered alkyl chains and for reasons of computational efficiency.

Isotropic?®Si NMR chemical shifts for silicon T-sites in the energy-
minimized structure were calculated by using density functional theory,
specifically the PARATEC cod@with periodic boundary conditions.
The GIPAW methott ensures a reliable prediction of isotropic chemical
shifts by using computationally efficient pseudo-potentials. T9%
chemical shift scale was normalized, so that experimental and theoretical
isotropic chemical shifts for quartz coinciéfe.

Results and Discussion

Solid-state NMR interactions are sensitive to local nuclear
environments, yielding information on molecular structures and
ordering which complements that available from scattering
methods, particularly for poorly ordered systethd! ‘NMR
crystallography’ has been applied to crystalline solids to measure
molecular or orientational orderifgand used to make detailed
refinements of crystal structuré%;28 as well as to study phase
transitions?® Recent methodological advances in solid-state
NMR spectroscopy exploit homonuclear through-bodd
couplings or through-space dipetdipole couplings, allowing
detailed information on local bonding geometries and distances
to be obtained*30-3> This is especially useful for systems
lacking the long-range 3D atomic order that is typically required
for structure determinations using diffraction methods. Such is
the case for the lamellar silicat€igN*"Me,Et mesophase

Figure 1. Energy-minimized structure of the molecularly ordered silicate

depicted schematically in Figure 1. This system has been shownsheets in the lamellar silicate€,sN"Me,Et mesophase. (a) Side-view,

to have a molecularly ordered silicate framework possessing
five well-defined tetrahedrally coordinated silicon sites with 1:1:
1:1:1 populations, as evidenced by five narrowl(ppm)2°Si
NMR peaks under conditions of MAS, and lamellar mesoscopic
ordering, as established by SAX&urthermore, by correlating

(19) Henson, N. J.; Cheetham, A. K.; Gale, J.@hem. Mater1996 8, 664—
670

(20) PARATEC (PARAIlel Total Energy Code) by Pfrommer, B.; Raczkowski,
D.; Canning, A.;. Louie, S. G.; Lawrence Berkeley National Laboratory
(with contributions from Mauri, F.;. Cote, M.; Yoon, Y.; Pickard C. and
Heynes, P.) for more information see www.nersc.gov/projects/paratec.

(21) Pickard, C. J.; Mauri, FPhys. Re. B 2001, 63, 245101.

(22) Profeta, M.; Mauri, F.; Pickard, C. J. Am. Chem. So@003 125 541—
548.

(23) Eckert, H.Prog. Nucl. Magn. Reson. Spectrod4€92 24, 159-293.

(24) Laws, D. D.; Bitter, H. M. L.; Jerschow, AAngew. Chem., Int. Ed. Engl.
2002 41, 3096-3129.

(25) Tycko, R.; Dabbagh, Gl. Am. Chem. S0d.991, 113 3592-3593.

(26) Taulelle, F.; Samoson, A.; Loiseau, T.; Ferey JGPhys. Chem. B998
102 8588-8598.

(27) Beitone, L.; Huguenard, C.; Gansmuller, A.; Henry, M.; Taulelle, F;
Loiseau, T.; Ferey, GJ. Am. Chem. So@003 125, 9102-9110.

(28) Fyfe, C. A,; Lewis, A. R.; Chezeau, J. M.; Grondey,JHAm. Chem. Soc.
1997 119 12210-12222.

(29) Liu, S. X.; Welch, M. D.; Klinowski, JJ. Phys. Chem. B997, 101, 2811~
2814

(30) Lee, Y. K.; Kurur, N. D.; Helmle, M.; Johannessen, O. G.; Nielsen, N. C.;
Levitt, M. H. Chem. Phys. Lettl995 242 304-309.

(31) Baldus, M.Prog. Nucl. Magn. Reson. Spectro2002 41, 1-47.

(32) Fyfe, C. A,; Grondey, H.; Feng, Y.; Kokotailo, G. Them. Phys. Lett.
199Q 173 211-215.

(33) Feike, M.; Graf, R.; Schnell, I.;"dar, C.; Spiess, H. WJ. Am. Chem.
Soc.1996 118 9631-9634.

(34) Schmidt-Rohr, KMacromolecules1996 29, 3975-3981.

(35) Sakellariou, D.; Brown, S. P.; Lesage, A.; Hediger, S.; Bardet, M.;
Meriles, C. A.; Pines, A.; Emsley, lJ. Am. Chem. So@003 125 4376—
4380.

showing the layered structure in profile. The alkyl chains of the surfactant
are disordered; their positions are not exact. (b) Top-view of the 2D silicate
framework showing four- and six-membered silicate rings. The five different
tetrahedrally coordinated silicon sites are highlighted, and the surfactant
molecules are excluded for clarity. Two of the silicon sites are incompletely
condensed® species, site 1 (orange) and site 2 (yellow), while site 3 (red),
site 4 (green), and site 5 (blue) are fully conden@édhoieties. The various

Si sites correspond to the respectively labeled peaks in th&3iIMAS

NMR spectrum of Figure 2.

natural abundance 2BSi{?°Si} MAS NMR signal intensities
mediated by through-bond-coupling interactions, inter-
connectivities among the five tetrahedral sites (T-sites) were
established, although incompletely so. For the reasons discussed
above, and becaudtsi—0O—2°Si J-couplings cannot distinguish
interactions between multiple like sites, the interconnectivities
among the framework T-sites could not be fully specified. Thus,
the structure has remained indeterminate.

Historical obstacles to the determination of difficult frame-
work structures can be overcome by exploiting recent advance-
ment$415in ‘NMR crystallography’. Theé?Si nuclei in layered
silicate frameworks lend themselves especially well to such
approaches, as their solid-st&¥8i MAS NMR spectra generally
yield well-resolved?®Si peaks from distinct Si site$. An
advantageous approach is to exploit through-space homo-
nuclear dipole-dipole-coupling interactions, which are generally
stronger and longer-range than weaker through-Jerwlipling

(36) Lippmaa, E.; Magi, M.; Samoson, A.; Engelhardt, G.; Grimmer, AJR.
Am. Chem. Sod98Q 102, 4889-4893.
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interactions. Pairwis&®Si—0—2°Si dipole—dipole couplings are 1 2 3 4 5

measured in a 2D Double-Quantum (D88 2°Si} MAS NMR
experiment to establish spatial proximities of nearest-neighbor

and next-nearest-neighbor T-sites. Because?iBe dipole—- \ g
dipole correlations between next-nearest-neighbor T-sites are : Lp230 o
weak, it is helpful to partially enrich the silicate frameworks in ; I S
295 (from 4.7% at natural abundance+&0%). This increases E G L2058
the concentration of°Si—0—2°Si spin pairs and, importantly, j _____ #f i g
enhances the sensitivity of the 2D [3€5i NMR measurements. 9} """ = 10 i
On the basis of the D@°i NMR correlations measured ’""iir'—-i.'-'-'-'-'—'-g """ z | 2
(positions and intensities), it is possible to establish wh#&h o--oo- 61;3 ------- s ] %
nuclei occupy nearest-neighbor T-sites, linked through bridging PR & F-200 =
covalently bonded oxygen atorhd? and which?°Si framework e o : =
sites are more distant, though still interacting through distance- P L 190 T
(and mobility-) dependent dipotedipole interactiond? Dipole— : - : . E;
95 -100 -105 -110 -115 2

dipole interactions permit double-quantu#iSi states to be
created, with each D&Si chemical shift corresponding to the Single Quantum Chemical Shift (ppm)
sum of the chemical shifts of the two individu&5i nuclei in

a given dipole-dipole-coupled spin pair. By reintroducing the
dipole—dipole interaction and with appropriate phase cycling,
the intensities among the DQ and single-quant®®i chemical
shifts can be correlated to identify different framework Si site
connectivities and to distinguish nearest and next-nearest T-site
neighbors among the interactid®si spin pairs.

Figure 2, for example, shows a dipeldipole-mediated 2D
DQ 2°Si MAS NMR spectrum for a molecularly ordered
silicate-Ci16N*MeyEt lamellar mesophase with clearly evident
signal correlations that can be categorized unambiguously both
by type and intensity. The strong ‘off-diagonal’ intensities in
the spectrum correspond to D€Si signals that are correlated  Figure 2. Dipole—dipole-mediated 2D Double-Quantusi{ S} MAS
to two different?Si sites at their respective chemical shifts, NMR spectrum from a lamellar silicateC1N*MezEt mesophase with a
which establishes that the different pairs of distif®Si sites molecularly ordered framework, enriched 50%¢%8i. A single-pulse&Si
are in close spatial proximities. Similarly. ‘diagonal’ sianal MAS NMR spectrum, with five resolved peaks of equal 1:1:1:1:1 integral
¢ i p p : Y . g > 9 intensities accompanies the contour plot along the horizontal single-quantum
intensity, in which a single peak appears with a DQ shift that dimension, while the double-quantum dimension lies along the vertical axis.
is twice that of the corresponding chemical shift, reflects the Spatial proximities between pairs of dipeldipole-coupledSi sites are
close proximity of chemically and structurally identical sites established by correlatédSi signal intensities at identical double-quantum,

.y L y . y L : chemical shifts. The lowest contour level is at 4% of the full intensity, and
Framework site connectivities are established by assigning theeach new level corresponds to an intensity increase by a factor of 2. The
strongest intensities in Figure 2 to neighbori#f§i—O—2°Si molecular building unit from which the ordered silicate framework is
sites (0.26-0.33 nm§8 and by taking into account th&iSi sites constructed (see discussion below) accompanies the spectrum.
1 and 2 are incompletely condens@d species and that sites ] o )
3, 4, and 5 are fully condens@@f species, the number densities and symmetri€ framework moieties (sites 3, 4, and 5). These
of all five sites being identical. Q" represents a tetrahedrally ~ differences can be quantified by line shape fits to the spectra
coordinated silicon site, witm nearest-neighbor-O—Si— (Figure 3), from which the*’Si CSA tensor elements are
moieties.) The integral intensities of the five narrow, well established. The values determined in this manner \ere
resolved peaks in the one-puldSi MAS NMR spectrum in 922 033 = {—156, 71, —61} ppm for site 1{—144,—83,
Figure 2 are the same. —73} ppm for site 2, and —112.5,—98.5, —98.5 ppm for
site 3. The CSA tensor elements determined by line shape fitting
correspond t&°Si chemical shift anisotropié(d;) of 60 and
40 ppm forQ® sites 1 and 2, respectively, and 10 ppm @
site 340 The narrow and symmetr#®Si line shapes in Figure
3 for sites 4 and 5 precluded accurate determination of the CSA
tensor elements for these sites. Instead, the line widths of the
peaks in the anisotropSi frequency dimension were deter-
mined, yielding full-width-at-half-maximum values of 13 and
L0 ppm for sites 4 and 5, respectively. The W8I Q° sites

The silicon T-site assignments are based on kndé#gi
chemical shift rangedH-to-2°Si cross-polarization propertiés,
and are validated separately by correlating isotropic and
anisotropic?°Si MAS NMR line shape$! Figure 3 shows 1D
293i chemical-shift-anisotropy (CSA) line shapes that are
associated with each of the five different silicate framework
sites, as obtained from projections onto the anisotropic axis of
a 2D ?°Si MAS NMR anisotropie-isotropic correlation spec-
trum. The broad powder line shapes associated with sites 1 an
2 are characteristic of the reduced Symmem@%ﬁgsl T-sites, 39) The magnitude and asymmetry of a given CSA tensor are expressed by

compared to the narrower line shapes from the more condense the anisotropy parameta¥,= (011 — 0iso), and the asymmetry parameter,
n = (022 — 033)/0, respectively, with principal CSA-tensor elementg)(
011 < 022 < ozzand the isotropic chemical shiftso = (011 + 022 + 033)/3.

(37) Olivier, L.; Yuan, X.; Cormack, A. N.; gger, C.J. Non-Cryst. Solid2001, (40) The relatively large chemical shift anisotropies@f sites 1 and 2 also
293 53-66. account for the comparatively l10#Si DQ signal intensities associated
(38) Hench, L. L.; West, J. KAnnu. Re. Mater. Sci.1995 25, 37—68. with these moieties.
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Figure 4. J-coupling-mediated 2D INADEQUATE®SH{ 2°Sj} MAS NMR
spectrum from a lamellar silicateC16NtMeEt mesophase with a molecu-
larly ordered framework (see Figures 2 and 3). Projections of the spectrum
accompany the contour plot along the horizontal single-quantum and vertical
double-quantum dimensions. Proximities between paidscofupled nearest-
neighbor?°Si T-sites are established by correlaté8i signal intensities at
identical double-quantum chemical shifts. Systematic noise du&;to
relaxation during the measurement is visible for the signal associated with
T site 4, due to the greater intensity of this signal relative to the others.

-50 -100 -150

298i NMR Chemical Shift (ppm) a cationic surfactant headgroup, which fulfills the 4-fold
Figure 3. 1D 29Si NMR spectra obtained from projections onto the coordingtion of_each _T-sit(_e. Similarly, sig_nal inten;ityin Figure
anisotropic axis of a 2D anisotropic-isotropic correlatf88i MAS NMR 4 associated witlQ* site 5 is correlated with four signals from

spectrum acquired at room-temperature spinning at 3 kHz (dotted lines) or sites 1, 2, 3, and 4, from which its full complement of four

5 kHz (solid lines) for the same lamellar silicates8*Me,Et mesophase cita R .
of Figure 2. The broad line shapes associated with sites 1 and 2 confirm framework T-site interconnectivities is established. These results

them to beQ*type moieties, while the narrow spectra associated with sites '€ confirmed by the separate dipektipole-mediated 2D
3, 4, and 5 show these to I@#-type moieties. Chemical-shift-anisotropy  double-quanturd®Si MAS NMR spectrum in Figure 2: the most

(CSA) line shape fits (dashed lines) accompany spectra 1, 2, and 3, fromintense pairs of correlated signals result from dipalépole
which chemical shift tensor elements are estimated: i@ 022, 033} =

i i i 29Qi—N—29c; i
{—156,—71, —61} ppm; Site 2 011, 02, 033 = {—144, 83, —73 ppm; mtergctlons t_)etweemeares{nelghbor S_l (@] Sl T-S|te§,
site 3 (width comparable also to sites 4 and( 6}, 025, 033 = {—112.5, consistent with the through-bondmediated 2°Si—0—2°S;j
—98.5,-98.5 ppm. interactions established in Figure 4.

The connectivities ofQ* sites 3 and 4 require closer
have nonzero asymmetry parametersyof= 0.16 and 0.23, examination, but are also clearly establishidoupling interac-
respectively, reflecting their less symmetric electron distribu- tions unfortunately do not allow interconnectivities to be
tions. For each of the thrééSi Q* moieties; ~ 0, as expected.  established between chemically equivalési T-sites, such as
These measurements unambiguously establish the reducedpetween two different adjacent site-3 moieties. Nor dan
symmetries and large chemical shift anisotropies that are correlations be measured between T-sites that are more distant
characteristic ofQ® sites 1 and 2, compared @"* sites 3, 4, than nearest-neighbdfSi—0—2°Si moieties, becaus&®s J-
and 5. coupling interactions are inherently weak. However, stronger

Once theQ3 and Q* designations for the five framework Si  through-space dipotedipole interactions are sensitive to both.
sites are known, the intraframework connectivities for sites 1, The dipole-dipole-mediated 2D D@Si MAS NMR spectrum
2, and 5 are readily determined from the correlated signal pairs of Figure 2 discussed above shows strong correlated signal
in J-coupling- and dipoledipole-mediated double-quantum intensities among nearest-neighbor sites 1, 2, and 5, in addition
2D 29Si{29Sj} MAS NMR spectra. In particular, the 2D to other signals of substantially stronger or weaker intensity.
INADEQUATE 2°Si{2°Si} MAS NMR spectrum of Figure 4 The significantly less-intense signals in Figure 2 arise from
reflectsJ-mediated interactions betweanaresineighbor?°Si— more weakly coupled, more distant T-sites, whereas the most
0—29Si T-sites. For example, signal intensities associated with intense signals arise from more strongly or multiply coupled
Q° site 1 are correlated with signals from sites 2, 3, and 5, sites. (No mobility differences exist between the differéisi
whereas the othe®® site 2 displays signal correlations with moieties in the solid silicate framework.) Specifically, site 3
sites 1, 4, and 5. Thus, the local framework interconnectivities displays strong®Si DQ intensity correlations with sites 1 and
of Q3 sites 1 and 2 (each bonded to three oth€—Si nearest 5, establishing each of these species to be nearest-neighbor
neighbor species) are fully specified; a termir&@~ must also framework moieties. Likewise, site 4 displays stréfg§i DQ
be associated with each of the<@® moieties, charge- intensity correlations with sites 2 and 5. The very weak
compensated by either a proton (as a silanol spe¢i€s{) or intensities that are observed for the ‘diagonal’ signals in the
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Table 1. 2°Si NMR Dipole—Dipole Interaction Strengths (D) and Table 2. Summary of Nearest-Neighbor Connectivities among the
Their Corresponding 2°Si—0O—2°Si Distances (1), as Determined Five Different Tetrahedrally Coordinated Silicon Atom Sites in a
from Spinning-Sideband Analyses of a 2D DQ 2°Si MAS NMR Lamellar Silicate—C16N*Me2Et Mesophase with a Molecularly
Spectrum? Ordered Framework?
DQ D (Hz) r (nm) silicon 29Si NMR isotropic connectivities to adjacent Si sites
coherence +5Hz +0.003 nm T-Site chemical shift, ppm ‘Q"-type’ via bridging oxygen atoms
4-5 186 0.297 1 —97.0 Q3 2,3,and 5
3-5 195 0.292 2 —101.0 Q® 1,4,and5
3—-4 201 0.290 3 —103.7 (o 1, 5, and two different 4’'s
4 —109.1 (o 2, 5, and two different 3’s
aFor each DQ coherence, the sideband manifolds associated with each 5 —114.7 o4 1,2,3,and 4

site in a given pair were analyzed separately, and the symmetric results
were averaged; as indicated, the estimated uncertainties are small. The 2The connectivities are established by the strong intensity correlations
dipole—dipole interactions and distances can be determined only qualita- shown in the 2D DJSi MAS NMR spectra of Figures 2 and 4. The sites
tively for the Q® sites, because of their large and interfering chemical shift are labeled ‘1’ to ‘5’ in a sequence of decreasing isotrofisi NMR
anisotropies. chemical shift.

2D DQ 2°Si NMR spectrum of Figure 2 furthermore indicate
that there are no nearest-neighbor T-site connectivities between
any identical sites (i.e., site 3 does not have another sit&i3

as a nearest-neighbor T-site, nor does site 4 have another site-4
295i as a nearest neighbor). This, and the fact that the
interconnectivities of T-sites 1, 2, and 5 are fully specified, leads
to only a single allowable framework configuration, namely that
eachQ* site 3 is connected to two site-4 moieties and similarly
that eachQ* site 4 is connected to two site-3 species. This is
consistent with the correlated D&Si signals in Figure 2
between sites 3 and 4, which are twice as intense as for other ‘ ‘ ' ‘ ' '

T
. . ) 5 10 15 20 25 30 35
nearest-neighbor T-sites (e.g., between sites 3 and 5). 20 (degrees)

29c . . ) . .
Si NMR. dI%OI.e_dlpzc;le. Inj[eractlon strength@ﬁ and their Figure 5. X-ray powder diffraction pattern from the molecularly ordered

corresponding®Si—O—2°Si distancesr( were independently gjiicate-G¢N*+Me,Et mesophase material for whiéfSi NMR spectra are

determined forQ* sites 3, 4, and 5 to confirm that they are given in Figures 2-4. Diffraction peaks at 3.46, 1.74, and 1.15 nm correspond

within the range anticipated for typical nearest-neighbor T-site to the first three orders of diffraction from the I_ayered mesophase structure,
i _ . whereas those at 0.85 and 0.68 nm are attributed t@-tland b-axes of
mc.)let.les. yalues foD andr (D O r9) yvere obtained from the silicate framework structure, respectively.
spinning-sideband-analysésf 2D DQ 2°Si MAS NMR spectra,
in which d|p0|e—d|po|e interactions were reintroduced under eration here, a substantially Iarger number of realistic tOpO'Ogica|
MAS conditions*! As shown in Table 1, th&Si—2°Si dipole— possibilities exist. Out of the large number of possible configu-
dipole coupling constants and distance measurements establiskations, the 2D D@Si NMR results nevertheless constrain the
quantitative|y thatQ4 sites 3 and 4 (as well as site 5) are framework T-site interconnectivities to jUSt a Single set.
separated by 0.290.30 nm, well within the range expected for More subtle details of the framework structure are obtained
adjacent9Si—0—2%i T-sites. from analyses of the less intense signal correlations in the
Thus, the nearest-neighbor interconnectivities among all five dipole-dipole-mediated D@Si MAS NMR spectrum of Figure
of the tetrahedrally coordinated silicate sites in the framework 2. The spectrum was acquired using a 1.6-ms double-quantum
are unambiguously determined, as summarized in Table 2. Forexcitation time, such that the weak ‘diagonal’ intensity correla-
the two triply connectedd® moieties and three quadruply tions each reflechextnearest-neighbot*Si—O—Si—0—2°Si
connectedQ’ moieties in the molecularly ordered silicate  Proximities between two identical site-3, site-4, or sitéSi
C16N+|\/|e2Et mesophase under consideration here, the total framework moieties. In a.ddition, weak but distinct ‘off-diagonal’
number of different interconnectivity patterns statistically could intensity correlations are clearly observed between sites 1 and
be as high as 18!/(3!31414148 1.3 x 10'° (most of which are 4 and between sites 2 and 3. These constraints are crucial to
not physically reasonable). On the basis of realistie Gi-Si the determination of the framework structure.
bond angles and distances, recent topological analyses have Mesoscopic and molecular order in the silica@eN*MezEt
identified, for example, of order B@lifferent possible frame- ~ Mesophase are additionally evident from the XRD data shown
work configurations for 3D crystalline networks comprised of in Figure 5. The small-angle regime shows three peaks with
three distinct tetrahedrally coordinated atomic stfeBor the d-spacings of 3.46, 1.74, and 1.15 nm, corresponding to the
five-T-site (pentanodaD |ayered silicate structure under consid- first three orders of diffraction from the lamellar mesostructure.
A number of sharp diffraction peaks can be seen at wider angles,

(41) The intensities of the spinning sidebands that appear in 2B3%BIMAS which arise from the 2D molecular ordering of the silicate
NMR spectra depend on the strengths of the dipdlipole interactions . .
(D) between coupled spin pairs, as well as on MAS spinning speed and framework and the corresponding organization of surfactant

the number of excitation cycles applied during the recoupling process. With 1 - i
D constant and the MAS speed held constant, several mixing times with molecules: Temperature-dependent XRD experiments (data not

different excitation cycles were examined, which led to comparable values Shown) revealed that while the small-angle diffraction peaks

for D andr. Measurements made using shorter mixing times are less affected g e to the lamellar mesophase (and several of the Wide—angle
by influences from more distant and multigRSi couplings, and thus tend !

to give more accurate results; a short mixing time (3.2 ms) was used to peaks) shift markedly with temperature, many of the wide-angle

3.46 nm

Intensity (a.u.)

obtain the values reported in Table 1. ; g i
(42) Friedrichs, O. D.; Dress, A. W. M.; Huson, D. H.; Klinowski, J.; Mackay, peaks do not. In particular, those _correspondlng B_pacmgs
A. L. Nature 1999 400, 644—647. of 0.85 and 0.68 nm do not vary with temperature (in the range
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from about—30°C to 60°C), indicating that they are associated Table 3. Fractional Coordinates for the Molecularly Ordered

: _ Ce _ al llarly Ordered
with molecular ordering of the silicate framework. Comparison aggﬁﬁhgggg“ew”k Structure of the Lamellar Silicate—C1sN*MezEt

with the proposed framework structure (see below) suggests that

fractional coordinates

these peaks correspond to #reandb-axes of the silicate unit framework
cell atom site X Y z
The XRD analysis of a 2D framework structure, in combina- Si-1 g'ggfzz 8'58617;’ g'gglzg
t@o_n_ with the nearest- and next-_nearest-neighbor T-sit_e connec- Si-2 0.9238 0.3240 0.1242
tivities established by 2D D&Si NMR, greatly constrains the 0.2728 0.8241 0.7960
ways in which the five distinct tetrahedrally coordina®8i Si-3 8-1;;8 g-gﬁf 8-83'153
sites can bg arranged. T_o assess Whethgr the NMR/XRD-derlved Sia 0.4635 0.1490 0.8664
framework interconnectivities are consistent with a stable and 0.7283 0.9981 0.0562
energetically preferred structure, quantum chemical simulations Si-5 0.8722 0.6114 0.9801
were performed, from which atomic coordinates were extracted. o1 %%g‘(‘)(i %-58%1% %-3%%1
To do so, the Si connectivities among the five distinct T-sites 0.1111 0.2911 0.1351
in Table 2 were first converted into atomic positions on a two- 0-2 0.9303 0.1092 0.8800
dimensional crystal lattice with a formula unit of 1§Dz,Ha. 0.2577 0.0292 0.0541
Structural minimizations were then performed with both empiri- 03 8 'gglgg 8 '32173 8 'gggg’
cal force field® and periodic ab initio method3,using lattice 0-4 0.4175 0.3359 0.1088
coordinates that were fixed to those determined from the wide- 0.7943 0.7995 0.8084
angle XRD data 4 and b-axis spacings 0.85 and 0.68 nm, 0-5 g-g%g g-éggg g-éégg
respectively, Figure 5) to ensure self-consistency. To preserve 06 0.9161 0.4593 0.0474
generality, these minimizations were carried out with no 0.2817 0.6929 0.8735
symmetry imposedR1). Both approaches yielded very similar 0-7 0.8415 0.4317 0.1962
results, which are summarized in Table 3 as fractional coordi- 08 %%ﬁg %'71%3 %‘éﬁé
nates of Si and O atoms in the layered sheet framework. In 0.5503 0.9534 0.0846
both cases, they demonstrate that the structure derived from the 0-9 0.4498 0.0112 0.9405
2D DQ 2°Si NMR and XRD results is indeed stable with only 010 %7729%% %156‘;3 %%%52
minor refinements in atomic positions. Only one framework i 0.4053 0.6764 0.0061
configuration was found to fit all of the constraints imposed by 0-11 0.4106 0.3715 0.8867
the NMR and XRD data. 0.7810 0.7820 0.0270
The energy-minimized silicate framework structure thus H-1 8'2%% g'g’gfg g'zgf;
obtained by quantum chemical modefthgs shown in Figure H-2 0.4016 0.6103 0.7169
1. Note that the~1.0-nm-thick silicate sheets have a combina- 0.8540 0.5729 0.2017

tion of four- and six-membered silicate rings in a locally highly ) ] )

dered oben 2D framework. The four-membered rina in Fiqure aThe coordinates were derived from the 2D ¥¢si MAS NMR
oraered op ' R . 9 g interconnectivity constraints, small- and wide-angle XRD data, and
1b forms a rhombus with two site-4 Si atoms along the short optimized by quantum-chemical energy minimization with a unit cell
diagonal and two site-3 Si atoms along the long diagonal. This dimension of a, b, ¢} ={0.85, 0.68, 1.75nm, average SiO distance=
. . . 0.163 nm, standard deviatica 0.002 nm.
is in notable agreement with the different correlated 2D DQ

oy . . " . .
Si NMR signal intensities observed along the diagonal in and XRD constraints. Furthermore, based on the local T-site

F'ggretzb: t\s/\tlrongt\el\: ng:(t-Ziarest-ne:(ghB?S_l lnterﬁl_ftlprls ar(:,_ bonding configurations in the framework, separate ab initio
evident between two site-2 framework Species, while interactions predictions can be made of the expected isotré{8cchemical

are yveaker between nearby _S|te-3 r_nO|et|es. Furtherm_ore, theshifts for the different T-sites as an independent verification of
terminal oxygen atoms associated with @&framework sites

re directed outward toward the sili rfactant interf self-consistency. These calculations make use of recent com-
are directed outward towa e stie acta eriaces, putational and theoretical advances that enable detailed quantita-

) S . - Yive analyses of the effects of local electron density on NMR
structure-influencing interactions of the cationigsl8™Me,Et . Y yon
. ; + signals. They have been used, for example, to examine and
headgroups. The manner in which th&N*Me,Et surfactant oo . . . . . .
. . . - . predict isotropic chemical shifts for different bonding geometries
headgroups interact with and direct the silicate framework is .

. o1 X . i
under further study using neutron diffraction and NMR cross- n crygtalllne _soI|d§. Taple 4 shqws the predlqted_lsotroﬁ?sl
chemical shifts associated with each T-site in the energy

polarization techniques. The presence of four- and six-membered .~ . . .

. : : : . ; -~ minimized framework structure (Figure 1), along with the
silicate rings in the 2D crystalline framework is consistent with - . L : . .

. . experimentally determineéfSi isotropic chemical shifts and
similar locally ordered structures that are formed in the presence . .

. . . . CSA tensor elements. Comparison of the independently pre-

of nonsurfactant cations or quartenary amines in solution and . ) . ; )
. . 245 dicted and experimentally measurétsi isotropic chemical
in the syntheses of 3D crystalline zeolitgs? : .

Th i inimized structure depicted in Fi shifts shows them to be in reasonable agreement. Careful
1 t_efresu”m?tﬁnedrgybrlnlnlmlzteLﬁ%S;r;EALFJQrg teplc € Irt]' _tlgure inspection of the structure shows that it has 10 different Si-

satishes af otthe double-quan ! interconnectivity atom T-sites, with an inversion center that places it in the space

(43) Szostak, RMolecular Siees Principles of Synthesis and Identification grOUpPl The five _resowed peaks in the experlmeﬁ?SI_l MAS
Van Nostrand Reinhold: New York, 1989. NMR spectrum (Figure 2) and the closely spaced pairs of peaks

(44) Engelhardt, G.; Michel, DHigh-Resolution Solid-State NMR of Silicates H imi i i29Qi i i i
and ZeolitesJohn Wiley and Sons. Chichester, 1987, (Table 4) with similar isotropic®®Si chemical shifts in the

(45) Harris, R. K.; Knight, C. T. GJ. Mol. Struct.1982 78, 273-278. calculated MAS spectrum, indicate that the structure has nearly
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Table 4. Experimental and Predicted *°Si Isotropic Chemical membered-ring moieties, which are linked together in contiguous
Shifts (oiso) and Experimentally Determined Chemical Shift Tensor

Elements {011, 20, 03} for the Molecularly Ordered Silicate 2D shegts that are apprommgtely 1.0 nm th|ck.. The structure is
Framework Structure of the Lamellar Silicate—C1sN*MezEt energetically stable, as confirmed by modeling. Independent
Mesophase? predictions of isotropic?®Si chemical shifts, based on the
experimental chemical geometries (bond angles and distances) of lattice T-sites, yield
framework  predicted o, experimental oiss shift tensor elements self-consistent results. These findings establish that the cationic
site" “Si (ppm) “Si (ppm) {on, o, 0z} *Si (ppm) surfactant headgroups direct molecular framework ordering in
g:i* —gé-i —97.0 {-156,-71,-61 a manner that is apparently analogous to the role of organic
Sio _99.0 1010 (~144,-83,-73 cations in zeolite §yntheses, formlng unusual open 2D silicate
Sj-o* —99.4 sheets. The combination of 2Bcoupling (through-bond) and
Si-3 —100.8 —103.7 {—112.5,-98.5,-98.5 2D dipole—dipole-coupling (through-space) D&Si NMR
g::i* :igg'g _109.1 measurements, in conjunction with quantum chemical modeling
Si-4* —108.0 ' and X-ray diffraction, captures key and subtle characteristics
Si-5 -111.7 —114.7 of the novel two-dimensionally ordered framework structure of
Si-5* —-110.3

this lamellar silicate-surfactant mesophase. These results rep-
aThe predicted®Si isotropic chemical shifts were calculated for the rese_nt a new way to_establl_sh the fram(_awork structure; of
energy minimized structure (Figure 1), whose fractional coordinates are partially ordered, semicrystalline, or heavily defected solids.
oncitionsi 21> Chémical snift ealcuiations yield pairs of slosely spaced _c! 8N approach is expected to have broad impact on many
peaks (e.g'., Si-1 and Si-1*) that appear to beyequivglent within thg repsolution '.cechnol(.)glcallly |mp0rta|.'1t materials, such as surfactant-templated
limits of the NMR measurements. inorganic solids, proteins, polymers, and nanocrystals, whose
high extents of often short-range molecular ordering would
2-fold symmetry, within the resolution limits of the NMR  otherwise be indeterminate.
measurements. Interestingly, the slanted elliptical intensity
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