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Abstract: Self-assembled lamellar siliesurfactant mesophase composites have been prepared with crystal-
like ordering in the silica frameworks using a variety of cationic surfactant species under hydrothermal conditions.
These materials represent the first mesoscopically ordered composites that have been directly synthesized
with structure-directing surfactants yielding highly ordered inorganic frameworks. One-dimensional solid-
state2°Si NMR spectra, X-ray diffraction patterns, and infrared spectra show the progression of molecular
organization in the self-assembled mesophases from structures with initially amorphous silica networks into
sheets with very high degrees of molecular order. The silicate sheets appear to be two-dimensional crystals,
whose structures and rates of formation depend strongly on the charge density of the cationic surfactant
headgroups. Two-dimensional solid-state heteronuclear and homonuclear NMR measurements show the
molecular proximities of the silica framework sites to the structure-directing surfactant molecules and establish
local Si—0O—Si bonding connectivities in these materials.

Introduction for improved adsorption, catalytic, mechanical, and thermal
properties of these materials, in addition to providing enhanced
resolution for studying interactions at specific inorganic frame-
work sites. Such molecular-level information is crucial for

fnaéf‘;ﬁﬂfe‘;‘fl‘j ggiﬁ rgg?gr;ﬁ)spu;igogselgv?g'g?ergﬁl:i\rl]elﬁggﬁc understanding and controlling the placement of other atoms in
' prep g the framework, which have led to MCM-type materials with

surfactant species to produce mesoscopically ordered lamellar

. diverse macroscopic reaction properties.
(MCM-50), hexagonal (MCM-41), or cubic (MCM-48) struc- Cooperative self-assembly mechanisms and the resultant
tures in approximately micrometer-sized domains. However,

; C morphologies of silicatesurfactant mesophases have been
until now, such long-range periodic mesostructures have not

. . examined and are well understood at ambient temperatures in
been accompanied by evidence of the short-range molecular, . . o
ordering typical of crystalline solids, such as zeolites. For highly alkaline (pH> 12) solutions: Under these conditions,
g typica Y ’ : . silicate anion species are stable in solution, allowing the process
example, the high degree of long-range hexagonal mesoscopic e
T ) : = . .7 of mesophase self-assembly to be uncoupled from the kinetics
organization and uniformity of siliceous MCM-41 materials is

) . . of silicate polymerization. As a consequence, it has been possible
in marked contrast to the short-range disorder of their amorphous | i sili » liquid | d
silicate walls. X-ray diffraction ané®Si magic-angle spinning to prepare lyotropic silicatesurfactant liquid crystals under
T . . conditions of thermodynamic equilibrium, which has permitted

(MAS) NMR studies have repeatedly shown that the inorganic ) - . -

X - X detailed study of the molecular origins of their phase beha¥viors.
oxide frameworks in M41S materials are amorphous both before MCM-tvpe structures can be subsequently broduced by the
and after calcination treatments. The desirability of producing yp q y P y

. - S . ¥ polymerization of the oligomeric silicate anions into highly
molecularly ordered inorganic frameworks lies in the potential cross-linked networks by reducing the pH or increasing the

Mesoporous solids with sharply defined and adjustable pore
sizes over the range £3.0.0 nm are attractive candidates for
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use of specific molecular templates (e.g., €CH,)3N, (CHs)3N, bromide (Q6NMe2E_tBr), were pur_chased from Aldrich and required
(CHa)aN™) significantly affects the final architectures of crystal-  no further preparation. The remaining surfactanisN®eEtBr, Cis-
line composites formed under hydrothermal conditiong @0 NEtBr, and GeNPr;Br, were synthesized from cetyl bromide;c8r

°C). In an analogous fashion, modifying the surfactant head- (Aldrich), and an excess of the appropriate alkylamine (i.e.,.NMeEt
group species used in hydrothermal mesophase syntheses iyc® and NPs). The reactants were refluxed for-3 days in an

: . ethanolic solution and recrystallized from ethanol/ethyl acetatd.§3
expected to influence the final molecular structures of the : .
. . Mesophase Synthese3etramethylammonium hydroxide (TMAOH,
resultant inorganic networks.

25 wt % in HO), hydrobromic acid (HBr), methanol (GBH), and
Until now, however, the influence of the headgroup of the tetramethy! orthosilicate (TMOS) were used as received from Aldrich.
surfactant species on local ordering of inorganic oxideso- Lamellar silica-surfactant composites were prepared at room temper-
phase frameworks has not been observed. This has been dueture using the following molar compositions: 1.0 8iQ.7 surfactant:
in part, to the difficulty of using elevated temperatures.40 0.7 TMAOH: 113.4 HO: 9.9 CHOH. A typical synthesis procedure
°C) in surfactant_based inorgamorganic mesophase Syntheses ianIVed diSSOlVing an appropriate amount of SUrfaCtam in W.ater, after
Such conditions can lead to a degradation of the surfactanth'Ch T';_"Ggg and t‘;HOHdé"eC;e ag‘t’ﬁd anldt_the St‘_)'Utéop S“”et(:l forso
: : ; : min. was then added and the solution stirred for another
SPECIES, tr_lggerlng a col_Iapse Of. the organized mesostructure Or?nin, after which time the pH was lowered to 11.5 with concentrated
the formation of crystalline zeolites10 The use of lower non-

h h | o I I HBr. After 2 h of stirring, each mixture was aliquoted into a number
ydrothermal temperatures=400 °C) allows well-ordered ot jentical Teflon-lined Parr reaction vessels which were sealed and

mesostructured products to form, although amorphous inorganiCpjaced in an oven at 13%C. The reaction vessels were individually
frameworks result, making it difficult to examine the role the  removed from the oven after specified intervals of time and then allowed
headgroup plays in affecting the inorganic order. Such disor- to cool to room temperature. The mesophase precipitates were
dered frameworks have been characteristic of all such inorganicsubsequently washed with deionized water to remove any excess
oxide—surfactant mesophases observed to date. surfactant and solvents. _ '

Efforts to produce hybrid M41Szeolite composites have ~ Characterization. X-ray powder diffraction (XRD) data were
employed hydrothermal synthesis conditions aimed at producing @cduired on a Scintag PAD X diffractometer using Cul tadiation
mesoporous solids with crystalline inorganic walls. One such and a liquid nitrogen cooled germanium solid-state detector. Typically,

’ . ._the data were collected fronf? 1o 35° (20) with a resolution of 0.02
method has used surfactants to produce M41S materials in

. . . . . and a count time of 2s at each point.
concert with small amines to nucleate zeolite crystallites in the |,¢areq (IR) spectra were recorded with a Nicolet 850 IR spec-

inorganic walls'**?However, resulting bulk materials are often  yometer using the standard KBr pellet method. For each experiment,
composed of a segregated mixture of both MCM-41 materials 256 spectra were accumulated with a resolution of 2cm

and zeolite crystallites. Similar challenges have also been Solid-state nuclear magnetic resonance (NMR) experiments were
confronted in postsynthesis treatments of MCM-41 materials performed at room temperature on a Chemagnetics CMX-180 spec-

with small amineg2 Thus, the preparation of inorgariorganic trometer using _awi(_jebore supe_rconducting 4.2 T magnet, except for
mesophase solids with crystalline ordering in the inorganic the spectrum in Figure 8 which was recorded on a CMX-500
framework has proven elusive and difficult. spectrometer using a widebore superconducting 11.7 T magnet. A

. - double-resonance magic-angle-spinning (MAS) probehead was used
Here, we describe syntheses of self-assembled silica with 7.5 mm Pencil rotors. All cross-polarization experiments were

surfactant mesophase. sol@s (created using a_smgle OrganiGyerformed at the HartmanrHahn mismatch conditiof: ywBu =
template) that for the first time possess crystal-like molecular ,, g . + o, . 'H and 2Si chemical shifts were referenced to
ordering in their inorganic frameworks. The molecular structures tetramethylsilane (TMS).

of the highly ordered frameworks in the lamellar composites  Two-dimensional (2D)%Si{H} HETeronuclear chemical shift
are strongly influenced by the surfactant headgroup moieties, CORrelation (HETCOR) NMR experiments® were acquired under
whose charge density distributions appear to be a key variable.conditions of magic-angle sample spinning atbkHz, using a 7.(«s

In addition, the structure-directing function is provided by #/2 'H pulse, followed by a 4.0 ms contact time. The HETCOR
different components at different stages of the synthesis, initially exPeriment exploits short-range through-space dipdipole interac-

by self-assembly of the surfactant species and subsequently b)}lons to correlate the chemical shifts of different types of nuclei to
two-dimensional crystallization of the inorganic framework elucidate molecular structure. The HETCOR pulse sequence is depicted
.. . schematically in Figure 1a and has been described elsewhere, as applied

These processes are elucidated through a combination of SOlld'to inorganic-organic mesophase materi&ld’ Because the magnitudes

state NMR, X-ray diffraction, and infrared SpectroScopy mea- o the i4—2%sj dipole-dipole couplings vary inversely with the cube
surements made on lamellar siliesurfactant composites as  of the distance separating the spin pair, only correlations between

mesophase order and subsequent two-dimensional crystallizationspatially nearby species-<1 nm) are observed in HETCOR spectra.

develop. Additional reductions of the magnitude of dipeldipole couplings can
be caused by motion between interacting spin pairs, serving to further
Experimental Section decrease the distance over which correlations can be observed. The

expansion of the HETCOR spectrum into two frequency dimensions
Surfactant SynthesesThe cationic surfactants, cetyltrimethylam-  provides significantly improved resolution compared to 1D NMR
monium bromide (&NMesBr) and cetyldimethylethylammonium spectra.
Two-dimensionaf®Si Incredible Natural Abundance DoublE QUAN-

(7) Borade, R. B.; Clearfield, AZeolites1994 14, 458-461. tum Transfer Experiments (INADEQUATE) were performed under
849 Chen, X.; Huang, L.; Quanzhi, 0. Phys. Chem. B.997 101, 8460~ MAS conditions at 6 kHz using a jiZs *H pulse, followed by a 3.6

(9)' Sayari, A.; Kruk, M.; Jaroniec, M.; Moudrakovski, I. Ady. Mater. 4.0 ms contact time, andwadelay of 15.6 ms (corresponding to 1/4
1998 10, 1376-1379. whereJsi-s—=16 Hz). The INADEQUATE NMR experiment exploits

(10) Beck, J. S.; Vartuli, J. C.; Kennedy, G. J.; Kresge, C. T.; Roth, W. homonuclear, through-bond couplings that are sensitive to the
J.; Schramm, S. EChem. Mater1994 6, 1816-1821.

(11) Huang, L.; Guo, W.; Deng, P.; Xue, Z.; Li, Q. Phys. Chem. B. (14) Stejskal, E. O.; Schaefer,J. Magn. Res1977, 28, 105-112.

200Q 104, 2817-2823. (15) Janicke, M. T.; Landry, C. C.; Christiansen, S. C.; Kumar, D;
(12) Karlsson, A.; Stoker, M.; Schmidt, RMicro. Meso. Mater1999 Stucky, G. D.; Chmelka, B. . Am. Chem. S0d.998 120, 6940-6951.

27, 181-192. (16) Vega, A. JJ. Am. Chem. S0d.988 110, 1049-1054.
(13) Kloetstra, K. R.; van Bekkum, H.; Jansen, J.Ghem. Commun. (17) Janicke, M. T.; Landry, C. C.; Christiansen, S. C.; Birtalan, S;
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Figure 1. Schematic representations of pulse sequences used for two-

dimensional solid-state NMR experiments that (a) correi®®e and
1H chemical shifts of nuclei that are dipetéipole-coupled to each
other (the HETCOR experiment) and (b) selectively exditoupled
295i—29Gj pairs (the so-called INADEQUATE experiment).

hybridization of atomic orbitals and, accordingly, to nearby substituent
groups. This method was originally developed to determine the
molecular structures of relatively low-molecular weight organic com-
pounds in solutiotf and has also been applied to establish?fse—
O—2°Sj site connectivities in solid-state zeolite structiied?

The 2D INADEQUATE experiment yields enhanced spectral resolu-
tion by indirectly detecting double-quantum signals that arise between
J-coupled specie¥ The double-quantum frequency is the sum of the
chemical shifts of twal-coupled nuclei with respect to the transmitter
frequency, which provides a substantially more sensitive scale for
establishing interatomic connectivities compared-timupling values.
The INADEQUATE NMR pulse sequence is depicted schematically
in Figure 1b? Initial cross-polarization frontH to the 2°Si spins is
used to enhanc&Si signal sensitivity and to take advantage of the
shortT; relaxation times of théH speciesT1 < 0.6 s); by comparison,
theT; relaxation times of th€* 2°Si nuclei are very longT; > 150 s)
in these samples. Following the cross-polarization contact-time, con-
tinuous-wave decoupling is applied to thé species for the remainder
of the experiment to suppret#s spin diffusion and imprové®Si spectral
resolution during detection. While such decoupling is applied?i8ie

J. Am. Chem. Soc., Vol. 123, No. 1942901

J-coupled to othef’Si species to be separated from isola&i nuclei

that are not. Ther/2 pulse then forces the magnetization of the
J-coupled ?°Si nuclei into double-quantum coherences, which are
subsequently converted into single-quantum coherences by the final
74 pulse for detectiof?

For samples containing®Si in natural abundance (4.7%), this
experiment effectively suppresses the otherwise overwhelming single-
guantum coherences from isolatétsi nuclei, while retaining the
double-quantum coherences btoupled?°Si—0-?°Si species, which
are over an order of magnitude weaker. Filtering the double-quantum
signals is made more difficult by the presence of oxygen atoms that
are covalently bound between neighboring silicon atoms. Such bridging
oxygen atoms reduce the strength of associg®id-2°Si J-couplings,
leading to lower signal intensities froAiSi—2°Si spin pairs. While
several earlier studies have relied ¥8i enrichment to enhance such
signals??2627 28j in natural abundance has been used here. The reader
is referred to reviews of the theoretical and experimental aspects of
the INADEQUATE experiment, which have been published else-
wherg?42528

Results and Discussion

The inorganic frameworks of self-assembled siliestar-
factant mesophase composites can organize into molecularly
ordered sheets under alkaline, hydrothermal conditions. Such
highly ordered frameworks are strongly influenced by the
headgroups of the surfactant species, which interact via elec-
trostatic interactions, van der Waals forces, %T@m examine
the role(s) of the headgroups in determining framework order,
silicate—surfactant composites were synthesized with different
cetyltrialkylammonium surfactant species. Specifically, the
charge density and charge distribution of the trialkylammonium
headgroups were systematically varied by modifying the type
and combination of the alkyl moieties present using methyl,
ethyl, and propyl groups.

I. Silica—Cetyltrimethylammonium (C ;gNMez*) Compos-
ites. Standard M41S-type materials synthesized usingN€
Mes™Br~ as structure-directing surfactant species have yielded
highly mesoscopically ordered final products without significant
local order in the inorganic framewof#€:2° This surfactant
possesses a cationic headgroup with three methyl groups (and
the Gg alkyl chain) attached to the nitrogen atom, presenting a
relatively small headgroup over which the monovalent positive
charge is distributed. This results in a relatively large average
charge density that is approximately symmetric.

The lamellar silica-CigNMes™ system was characterized
during the course of hydrothermal synthesis to monitor sys-
tematically the changes in its morphology and inorganic
framework ordering as a function of time. After 1 day under
hydrothermal conditions, X-ray powder diffraction (Figure 2a,

magnetization is manipulated with a series of three pulses separatedt day) reveals a product with relatively poor lamellar meso-

by two delay periodsg, and an evolution time;, before being detected.
The delay periods after the cross-polarization period and after the
pulse are optimized for maximum signal intensity when set equal to
1/4Jsi-si.>* This allows the magnetization ofSi nuclei that are

(18) Bax, A.; Freeman, R.; Frenkiel, T. A.; Levitt, M. H. Magn. Res.
1981, 43, 478-483.

(19) Morris, R. E.; Weigel, S. J.; Henson, N. J.; Bull, L. M.; Janicke,
M. T.; Chmelka, B. F.; Cheetham, A. K. Am. Chem. Socl994 26,
11849-11855.

(20) Fyfe, C. A.; Feng, Y.; Gies, H.; Grondey, H.; Kokotailo, G.JI.
Am. Chem. Sod99Q 112, 3264-3270.

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

(22) Fyfe, C. A,; Gies, H.; Feng, Y.; Grondey, Heolites199Q 10,
278-282.

(23) Early, T. A.; John, B. K.; Johnson, L. B. Magn. Res1987, 75,
134-138.

(24) Bax, A.; Freeman, Rl. Magn. Res198(Q 41, 507-511.

structural order, characterized byt@0reflection at 3.6 nm and

a weak200reflection at 1.76 nm. The local molecular organi-
zation of the silica framework in this material is shown in the
295i CP/MAS NMR spectrum (Figure 2b, 1 day) to be amor-
phous, as characterized by three inhomogeneously broadened
resonances centered-af0, —100, and—109 ppm, which are
typical of M41S and other siliceous mesophase compos-

(25) Mareci, T. H.; Freeman, R. Magn. Res1982 48, 158-163.

(26) Fyfe, C. A.; Gies, H.; Feng, Y. Am. Chem. So4989 111, 7702-
7707.

(27) Fyfe, C. A.; Gies, H.; Feng, YJ. Chem. Soc., Chem. Commun.
1989 17, 1240-1242.

(28) Buddrus, J.; Bauer, Angew. Chem., Int. Ed. Endl987, 26, 625—
642.

(29) Vartuli, J. C.; Schmitt, K. D.; Kresge, C. T.; Roth, W. J.; Leonowicz,
M. E.; McCullen, S. B.; Hellring, S. D.; Beck, J. S.; Schlenker, J. L.; Olson,
D. H.; Sheppard, E. WChem. Mater1994 6, 2317-2326.
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Figure 2. A series of (a) X-ray powder diffraction patterns, g&i CP/MAS NMR spectra, and (c) FTIR spectra showing progressive mesoscopic
and framework ordering in silicasurfactant mesophases synthesized usinfi@e;Br as the structure-directing species. (* denotes reflection
from C;eNMes™)

ites#629.30These??Si CP/MAS signals arise fror®?, Q3, and Figure 2b, 2 days, shows that the silica framework in the silica
Q* 2%Si species, respectively, where the superscript denotes theC;gNMez™ composite has a greatly increased degree of molec-
number of silicon atoms that are covalently bonded to a central ular organization, as evidenced by the two narf8&i reso-

293j atom through bridging oxygen atorfisThe broad (e.g., nances at-102 ppm Q3 2 ppm fwhm) and—112 ppm Q*

Q3 ~9 ppm fwhm) overlapping resonances are attributed to a 2 ppm fwhm).Q? species that were previously observed in low
distribution of Si~O—Si bond angles or bond lengths and concentrations in Figure 2b, 1 day, are not detected, pointing
typifies locally disordered environments in the silica frame- to anincreased extent of silica polymerization as a consequence
work.3! The FTIR spectrum for this material (Figure 2c, 1 day) of the longer hydrothermal treatment. These results are consis-
is displayed over the range 46000 cnt?, which is dominated tent with earlier studies of hydrothermally prepared M41S
by broad absorption bands from the amorphous silica matrix. materials®2°3¢ which however did not examine framework
Bands are observed at 443 and 785 &iftom the symmetric ordering. The FTIR spectrum in Figure 2c, 2 days, shows two
stretching and bending vibrations of-SD moieties, along with bands at 606 and 698 cry which were not previously present.
bands at 719 and 730 crharising from the surfactant species. These new signals occur at frequencies that are similar to bands
Inorganic framework vibrations in mesophase composites are,that have been assigned to framework vibrations associated with
in general, not well understood with respect to specific silica double-four-membered (D4R) and six-membered rings, respec-
framework structures. However, for zeolites and mineral tively, in synthetic silicate compound$:3° The presence of
silicates, IR bands in the region 55020 cmt! have been D4R species in the framework matrix would be consistent with
attributed to different silicate ring structur&34 While as- previous solution-phas®Si NMR measurements of Firouzi et
signment of the broad asymmetrical band at 588w still al. in alkaline lyotropic silicate C;gNMes™ liquid crystals® In
under investigation, bands associated with silica ring structuresthese unpolymerized silica systems, preferential interactions
have not been definitively observed. These results are consistentvere shown to occur between the trimethylammonium head-

with the broad?®Si line widths observed in ti&Si MAS NMR group moieties of the surfactant and soluble D4R silicate anions.
spectrum of Figure 2b, indicating a heterogeneous distribution Longer hydrothermal treatment (up to several weeks) of the
of Si—O—Si bond angles and bond lengths. ordered silica-C;gNMes™ composite solid yielded XRD?Si

For longer hydrothermal treatments under otherwise identical NMR, and FTIR data that were unchanged from those in Figure
conditions, however, substantial ordering occurs in the silica 2, 2 days, indicating that the ordered product is structurally
Ci1eNMezt composite over both mesoscopic and molecular stable.
length scales. For example, after 2 days of hydrothermal The two2°Si NMR peaks in Figure 2b at102 ppm and
synthesis at 135C, the silica-C;NMes" product has developed —112 ppm are confirmed to arise fro@® and Q* moieties,

a high degree of lamellar mesoscopic ordering, as evident in respectively, in the ordered silie€l;gNMes™ composite, based

the X-ray diffraction pattern of Figure 2a, 2 days, which shows on the variations of their signal intensities wiH—2°Si cross-
distinct low anglel00, 200, and300 reflections at 3.57, 1.78,  polarization contact time. The presence of nearby protons affects
and 1.19 nm, respectively. In addition, two broad high-angle the nuclear spin relaxation rates ¥6i moieties via hetero-
reflections are observed at 0.41 and 0.35 nm, which reflect nuclear dipole-dipole couplings. Incompletely polymeriz€#
molecular ordering of the silicate framework and likely ac- (andQ?) silicon sites are anticipated to have charge-balancing
companying organization of the strongly interacting surfactant surfactant or silanol species nearby, with associated protons that
headgroup&:3° More importantly, the?°Si MAS spectrum in contribute to more rapid relaxation @f 2°Si species compared

(30) Melosh, N. A.; Lipic, P.; Bates, F. S.; Wudl, F.; Stucky, G. D; (35) Tuel, A.Chem. Mater1999 11, 1865-1875.
Fredrickson, G. H.; Chmelka, B. Macromoleculed999 32, 4332-4342. (36) Almond, G. G.; Harris, R. K.; Franklin, K. R. Mater. Chem1997,
(31) Engelhardt, G.; Michel, DHigh-Resolution Solid-State NMR of 7, 681-687.
Silicates and Zeoliteslohn Wiley & Sons: New York, 1987. (37) Mozgawa, W.; Sitarz, M.; Handke, M. Mol. Struct.1999 511—
(32) Jacobs, P. A,; Beyer, H. K.; Valyon,Zeolites1981, 1, 161-168. 512 251-257.
(33) Garces, J. M.; Rocke, S. C.; Crowder, C. E.; Hasha, DClays (38) Sitarz, M.; Mozgawa, W.; Handke, M. Mol. Struct.1997 404,
Clay Miner.1988 36, 409-418. 193-197.
(34) Jansen, J. C.; van der Gaag, F. J.; van BekkunZddlites1984 (39) Sitarz, M.; Handke, M.; Mozgawa, Vpectrochim. Acta, Part A

4, 369-372. 1999 55, 2831-2837.
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Figure 3. Plots of the integrate#’Si peak areas for th@® (O: —102
ppm) andQ* (M: —112 ppm) species measured for various contact times
in a series of?°Si CP/MAS experiments performed on the ordered
silica—C;sNMes"™ mesophase composite synthesized under hydrothermal
conditions at 133C for 2 days (see Figure 2b, 2 days). The data have
been fit to eq 1 using least-squares analyses, and the results ar
displayed in Table 1.

to fully polymerizedQ* 2°Si sites. Figure 3 displays plots of
the integrated areas of ti@® andQ* 2°Si signals, as functions
of the H—2°Si cross-polarization (CP) contact time. The
integrated signal intensities of bot?8i resonances show initial

J. Am. Chem. Soc., Vol. 123, No. 1942981
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Figure 4. 2D ?°Si{H} HETCOR NMR spectrum acquired for the same
ordered silica-C;gNMes™ mesophase characterized in Figure 2b (2

éjays) and Figure 3. Separate single-pé?S&MAS and'H MAS spectra

accompany the HETCOR contour plot along the horizontal and vertical
axes, respectively. The correlations observed in the 2D HETCOR
spectrum establish that bo@f andQ* silicon moieties are interacting
strongly with the protons of the surfactant headgroup. 512 acquisitions
were recorded for each of the 128ncrements using a 3-s repetition

delay.

increases for short contact times, according to their respectiveTable 1. 2°Si—'H Cross-relaxation Time Constanfsfy) and

1H—-2%Si cross-relaxation time constant$gy. These time
constants are characteristic of the approximate strengtthé-of
295i dipole—dipole couplings and depend on intermolecular
distances and dynamics: closer spatial proximities and lower
molecular mobilities yield stronger couplingfs*' The decreases

observed in the integrated signal intensities (Figure 3) at longer

contact times arise from proton spifattice relaxation in the
rotating frame, as described by the characteristic fimg.*?2
Determination of the proton spiflattice relaxation time
constants,Ty,1, Was performed using a previously described
proceduré?® The Tsy relaxation time constants for eaé?si
moiety were then determined by fitting the data in Figure 3 to
the equatiorf?

M(7) = M, (exp(—7/Ty,) — expC/Tgi))/(1 — Toiy/ Tym)
1)

using a least-squares analyses, whdie) is the integrated

Proton Spir-Lattice Relaxation Time Constant$.f.) Determined
by Least-Squares Analyses of the Data in Figure 3 Fit to Eq 1 for
the Silica-C;gNMes™ Composite Hydrothermally Synthesized at
135°C for 2 Days

Si site 2Sipeak  Tsn Tao 25Si peak line width
type (ppm) (ms)  (ms) (fwhm, ppm)
Q? —102 7.1 4.0 2.0
Q* —-112 18.0 54 2.0

values are substantially more sensitive to local site structure
and dynamics. For example, tli species {102 ppm) have
aTsiy value of 7.1 ms, which differs markedly from that of the
Q* species £112 ppm) for whichTsiy = 18.0 ms. This
difference in cross-relaxation times is accounted for by the
stronger?°Si—!H dipole—dipole couplings and thus shorter
cross-relaxation time constants associated with @¥e?°Si
species, as compared @ moieties. The relative)® and Q*
cross-relaxation times measured for the ordered stlica

29Si peak area for the respective signals measured at differentc,gN\Mes* composite vary with sample hydration, but agree well

contact timeg andMp is a normalization parameter determined

using least-squares analysis and is proportional to the number

of silicon species present. As shown in Table 1, Thg values
for the Q® and Q* resonances are similar (4.0 and 5.4 ms,
respectively) and thus yield limited insight into the molecular
differences between these two types of sites. Howeveildhe

(40) Zumbulyadis, N.; O'Reilly, J. MMacromolecule4991, 24, 5294
5298.

(41) Leonardelli, S.; Facchini, L.; Fretigny, C.; Tougne, P.; Legrand, A.
P.J. Am. Chem. S0d.992 114 6412-6418.

(42) (a) Maciel, G. E.; Sindorf, D. WJ. Am. Chem. Sod98Q 102
7606-7607. (b) Gabrielse, W.; Gaur, H. A.; Feyen, F. C.; Veeman, W. S.
Macromoleculed4994 27, 5811-5820. (c) Klur, I.; Jacquinot, J.-F.; Brunet,
F.; Charpentier, T.; Virlet, J.; Schneider, C.; Tekely JPPhys. Chem. B
200Q 104, 10162-10167.

(43) Mehring, M.High-Resolution NMR Spectroscopy in Salifipringer-
Verlag: New York, 1976.

with values previously reported for similar silicate moietie4?

On the basis of one-dimensional (1D) NMR methods alone,
it is not possible to rule out macroscopic phase separation of
the silica and organic species into distinct regions. Such
structural questions can be resolved, however, through the use
of powerful two-dimensional (2D) NMR techniques, which
allow coupled species to be identified and probed. For example,
2D 29Si{1H} heteronuclear correlation (HETCOR) NMR mea-
surements provide detailed insight on interfacial molecular
interactions between different silica sites and the proton-
containing amphiphilic surfactant species. Figure 4 shows the
2D 29Si{'H} HETCOR contour plot spectrum of the same
ordered silica- C;gNMes* lamellar mesophase composite studied
in Figure 2, 2 days, and Figure 3. Separately acquired single-
pulse!H and?°Si MAS spectra are plotted along the vertical
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and horizontal axes, respectively, to aid the interpretation of Qt
the 2D data set. In the vertical dimension, theMAS spectrum 2
is composed of resonances arising predominantly from the
C1eNMes* surfactant species, as indicated. (The weak signal at p
2.1 ppm arises from protons associated with a small amount of

neutral species resulting from partial decomposition of the

surfactant species during the extended hydrothermal synffesis.

The2°Si dimension contains two resonances from the s@he

and Q* silica moieties previously observed under cross- #siMAS

polarization conditions (Figure 2b). For the 4-ms contact time ~}
used, the 2D2°Si{1H} HETCOR spectrum shows strong L’
intensity correlations arising from dipotalipole couplings i
between the methyl protons on the;g8Mest surfactant e
headgroup and bot@? and Q* 2°Si species. Similaf®Si{ 1H} e
correlations were observed even for very short contact times e
down to 100us, although with stronger intensity developing Ve

first for the Q3 sites, consistent with their stronger interactions @, - - -@
N

\
1 LI 1
220 -230 -240

1
-210

with the surfactant headgroup species. These results establish
the close molecular proximities<@t nm) of the cationic

surfactant headgroup to bot®® and Q* silica species in the e
ordered inorganic framework. e

The ordered lamellar silicaC;6NMes™ composite appears .
to share framework structural features in common with a L
naturally occurring clay mineral, sodium octosilicate. This |,-
layered crystalline phyllosilicate has a composition®8SiO,*
9H,0 that yields &°Si CP/MAS NMR spectrum (not shown L LS L I S e e e
here) which is nearly identical to that in Figure 2b, 2 days, with ~ ° %o 0 S e s a0
a Q3 peak at—99.8 ppm (fwhm: 1.2 ppm) and @* peak at

_ ) . . Figure 5. 2D 2°Si INADEQUATE NMR spectrum acquired for the
;Lll'l ppm (fwhm: 0.3 pplll . The .dense thrgg-dlmen3|onal same silica-C;eNMes™ mesophase characterized in Figure 2b (2 days),
mineral structure of crystalline sodium octosilicate, however,

’ A _ c Figure 3, and Figure 4. A single-pul3Si MAS spectrum accompanies
also yields a powder X-ray diffraction pattern with numerous the contour plot along the horizontal axis, while the double quantum
high angle reflections, though the crystal structure is still not dimension lies along the vertical axis. TH&SI—2°Si correlations

known33 Determining the molecular organization of the inor- observed indicate that tetrahedrally coordinat®8 moieties are
ganic frameworks in layered phyllosilicates is in general a J-coupled to theQ* species through a covalently bonded bridging
difficult task, even with their local and long-range order, and Oxygen atom. 8192 acquisitions were recorded for each of the 16
few phyllosilicate crystal structures have been soRfdThis increments using a 3-s repetition delay.

difficulty is exacerbated in the case of the ordered sitica pepyeen successive silicate lay&slolecularly ordered silica

surfactant composites considered here, because despite the highheets result. as 2D order nucleates and grows. Within an
degree of local framework organization, few high-angle XRD jgividual lamellar mesophase domain, the ordered silicate
reflections are observed (Figure 2b). Structural characterizationgnhaets will be uniaxially stacked, possessing transversely

challenges are compounded by the absence of+large singl&sotropic orientations without three-dimensional periodicity
mesophase domains. For the ordered siiCgNMes™ com- (though common symmetry elements should exist with respect
posite (Figure 2a, 2 days), scanning electron micrographs reveak, the director normals of the sheets.) For these reasons, the
that the powder sample comprised domains less thamit structures of the molecularly ordered frameworks in the
size. As a result, little crystallographic information is available composites are difficult to establish.

to assist with the assignment of framework sites and structural Nevertheless, detailed additional insight on framework struc-

symmetry. tures with high degrees of molecular order (Figure 2b, 2 days)
Molecular framework order and the absence of 3D crystal- can be obtained using the 2D solid-state INADEQUATE NMR
linity in the lamellar silica-C1gNMes* composite arise as a  technique (Figure 1b). The INADEQUATE NMR experiment
result of the disorder and mobility of the alkyl surfactant chains. relies upon homonucledrcouplings between adjacefiSi sites
As individual silicate layers anneal during extended hydrother- in a covalently bonded network to establish molecular site
mal treatment into what are essentially 2D crystalline sheets, connectivities in the siliceous framework structure. For example,
the poorly ordered and highly mobile alkyl chain moieties Figure 5 presents a contour plot of the 243i INADEQUATE
separate and prevent 3D crystalline registry from developing spectrum for the same ordered sike@;gNMes™ composite
prepared under hydrothermal conditions at 285for 2 days

(44) A separate 2D°C{'H} HETCOR spectrum (not shown here) a5 examined in Figure 2b, 2 days, and Figures 3 and 4. A
establishes that tH# signal at 2.1 ppm arises from the two methyl groups L inal 1s&9Si MAS is sh |
and the a-carbon attached to the uncharged nitrogen atomNgf- quantitative single-pulse*Si spectrum Is shown along

dimethylhexadecylamine, a product arising from partial thermal decomposi- the horizontal axis to aid the interpretation of the 2D spectrum.
tion of the GeNMes ™ surfactant speci€sThe absence of correlated intensity  The vertical scale corresponds to the double quantum frequency

in Figure 4 between th#Si framework moieties and the protons associated . : ; ; ; _ 229G ani ;
with surfactant degradation products (el,N-dimethylhexadecylamine) dimension, in which different-coupled*Si spin pairs may be

demonstrates that such nonionic decomposition species are not-dipole resolved. Two covalently bondedSi atoms in different sites
dipole-coupled with, and are thus not strongly interacting with, the silicate will share the same double-quantum frequency, though possess
framework.

(45) Annehed, H.; A&, L.; Lincoln, F. J.Z. Kristallogr. 1982 159, (46) Burton, A.; Accardi, R. J.; Lobo, R. F.; Falcioni, M.; Deem, M. W.
203-210. Chem. Mater200Q 12, 2936-2942.
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Figure 6. A series of (a) small-angle X-ray powder diffraction patterns 28) CP/MAS NMR spectra, and (c) FTIR spectra for siticarfactant
mesophases synthesized using cetyldimethylethylammonium bromigeME;EtBr) and annealed at 13% for different lengths of time.

different isotropic chemical shifts. Inspection of the 2fSi

after 1 day under hydrothermal conditions at 2@5as indicated

INADEQUATE spectrum reveals strong signals that correlate by the XRD pattern shown in Figure 6a, 1 day. The XRD

the intensities of th&)® and Q* resonances. Because of their
mutualJ-coupling of approximately 16 Hz, both ti@® andQ*

reflections at 3.66, 1.84, and 1.24 nm correspond tolbh@
200, and300reflections, respectively. THESi CP/MAS NMR

29S| sites possess the same double quantum frequency, fromspectrum of this sample shown in Figure 6b, 1 day, reveals three

which it can be concluded unambiguously that @especies

broad?°Si resonances centered-a90, —100, and—112 ppm

are linked through covalent bonds (here, via bridging oxygen that are attributable t@?2, Q3, andQ* species, respectively. The

atoms) to theQ* moieties. As indicated by its designatigfSi
atoms inQ? sites are bonded to a terminal oxygen atom (or
hydroxyl group). The remaining covalent bonds of such
tetrahedrally coordinate@? silicon species are between similar
Q@3 silicon sites or to th&* silicon moieties through the bridging
oxygen atoms. Similarly, th&#Si INADEQUATE NMR results
show thatQ* sites are covalently bonded to at least Qesite,
with the remaining three covalent bonds involving some
combination of theQ* or Q3 species. Multiple covalent bonds

broad line widths of thesé&’Si NMR resonances (e.gQ3: 9
ppm fwhm) are characteristic of a disordered silica framework,
which is similar to that observed for the lamellar silica
CieNMes™ mesophase obtained after an identical synthesis
time of 1 day (Figure 2). The FTIR spectrum of the sitica
CisNMezEtT composite shown in Figure 6c¢, 1 day, contains a
band at 721 cmt that arises from vibrations due to the surfactant
and bands at 442 and 786 charising from symmetric
stretching and bending vibrations of -8D framework

to similar sites cannot be distinguished on the basis of the mojeties3?-34 As in the FTIR spectrum of the silieeaC;gNMes*

INADEQUATE NMR data. These results establish that the
ordered silica-C;gNMest composite possesses an intercon-
nected silicate network, with intimately mixe@® and Q*
species.

1. Silica—Cetyldimethylethylammonium (C1NMe,Et™)
Composites

To examine more generally the role(s) of cationic surfactan
headgroups in inducing molecular order in silica frameworks,
cetyltrialkylammonium bromide surfactants with different alkyl-
ammonium moieties were used to prepare layered silicate

composite shown in Figure 2c, 1 day, there is an asymmetrical
band at 582 cm! that remains under investigation. Nearly
identical XRD,?°Si MAS, and IR results are obtained after 2
days of hydrothermal treatment of silie€;sNMe;EtT meso-
phases under otherwise identical conditions. Thus, hydrothermal
syntheses lasting 2 days or less yield lamellar stiCagNMe,-

Et" mesophase composites, though without any evidence for

; the formation of locally ordered structures in the inorganic

framework.

In contrast, after 3 days of hydrothermal treatment, a lamellar
silica—C;6NMezEtT composite is obtained with a well-ordered

surfactant mesophases under otherwise identical alkaline condi<silicate framework. This is evidenced by the emergence of five

tions. For example, instead of the trimethylammonium head-

group moiety present in the ordered sitic@;gNMes* composite

narrow distinct peaks at97.0,—101.0,—103.7,—109.1, and
—114.7 ppm in thé®Si CP/MAS spectrum of Figure 6b, 3 days.

discussed above, a dimethylethylammonium headgroup wasLonger hydrothermal treatment of the composite (to 7 days)

introduced to obtain the cationic surfactant cetyldimethylethyl-
ammonium bromide (NMezEtBr). This rather subtle modi-

leads to improved spectral resolution (Figure 6b, 7 days), with
the 29Si peak line widths narrowing to 1 ppm or less. The

fication to the surfactant species (replacing one of the three appearance of the five well-resolveliSi NMR peaks is

methyl groups with an ethyl moiety) yields a slightly larger

accompanied by the presence of both low- and high-angle

alkylammonium headgroup with a somewhat reduced and asym-reflections in the powder X-ray diffraction patterns of Figure

metrically distributed charge density. Using thigs@Me,Et*

6a, 3 and 7 days. This is indicative of molecular ordering in

surfactant with the same synthesis procedure described previ-the silicate sheets and likely accompanying organization of the

ously, a lamellar silicaC;gNMe;Ett composite was obtained

surfactant headgroups between the inorganic layers. Such a
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Figure 7. Plots of the integrated®Si peak areas fo€)® (@: —97.0 SARRAARASS SALSE AR PN MBI
ppm; v: —101.0) andQ* (x: —103.7 ppm: —109.1 ppm<: —114.7 i DA ppm e

ppm) silica species measured for various contact times in a series OfFigure 8. 2D 29S{{1H} HETCOR NMR spectrum acquired for the same
#°Si CPMAS experiments performed on the ordered sifiCaNMe;- ordered silica-C;NMe;Et" mesophase characterized in Figure 6b (7
Et" mesophase synthesized under hydrothermal conditions at@35 days) and Figure 7. Separate single-p#1§éMAS andH MAS spectra

for 7 days (see Figure 6D, 7 days). The data have been fit to €q 1 using,ccompany the HETCOR contour plot along the horizontal and vertical
least-squares analyses, and the results are displayed in Table 2. 5yes, respectively. The correlations observed in the 2D HETCOR

- - . L ) ) spectrum establish that all five silicon moieties are interacting strongly
structure with five distinct silicon sites is similar to intermediate  jth the methyl and ethyl protons of the surfactant headgroup; 512

products obtained during zeolite syntheses, albeit prepared withacquisitions were recorded at 11.7 T for each of the tL@8crements
small molecular templates. FTIR spectra acquired for the using a 3-s repetition delay.

ordered lamellar silicaCi;gNMe,Et™ composites (Figure 6c¢, 3 soci 1 ) )

and 7 days) show multiple narrow new bands that are not present! 20/€ 2. *Si—'H Cross-relaxation Time Constanest) and

. . - . - roton Spinr-Lattice Relaxation Time Constant$:4) Determined

in Figure 6¢, 1 day, which are attributed to various ordered py | east-squares Analyses of the Data in Figure 7 Fit to Eq 1 for
silicate framework structures. Specifically, the bands at 535, the Silica-C,;NMe,Et" Composite Hydrothermally Synthesized at
605, and 652 cm' arise from vibrations that can be assigned 135°C for 7 Days

to five-, six-, and four-membered silicate rings, respectively, s;site 2Gipeak  Tsi Tip 295 peak line width

with the band at 746 cnt being attributable to vibrations from type (ppm) (ms) (ms) (fwhm, ppm)
double-four membered ring43"3The bands at 591, 783, and Q? “97.0 >4 15 11
809 cnt! remain under investigation. These results show that 5.1 12.5
prolonged hydrothermal treatment leads to a molecularly ordered — Q® —101.0 3.1 1.3 1.0
2D silica network, though with a significantly different local 5.0 12.7
" + i & —-103.7 5.1 1.1 1.0
structure from that of the silicaC;6NMes* composite discussed 13.2 10.9
above. - 0% ~1091 55 12 0.8
To determine the extent of condensation (i@3, Q% of 11.9 12.2
each of the five?®Si sites in the ordered silieeCigNMe,Et* (04 -114.7 2.4 15 1.1
composite, the relaxation time constantg,y and Tsiy, Were 11.5 113

determined. This is particularly necessary in the present case,
because the respective range€8fandQ* 2°Si chemical shifts  to fully condensed* 2°Si sites. Thus, thé®Si isotropic chemical
overlap the positions of several of the peaks observed in Figureshifts of the peaks in Figure 6b, 7 days, and their corresponding
6b. Proton spirrlattice relaxation time constant$y,n, were cross-polarization and relaxation times establish the two down-
determined as described previously and are shown in Table 2.field peaks to be&Q® moieties and the three upfield peaks to be
The results display biexponential relaxation behaviors, which fully polymerizedQ* species.

indicate the presence of two types of siliegoroton dipole- To determine whether the vario@ and Q* silica species
dipole couplings'?® The Tsiy values were subsequently deter- occupy sites in the inorganic framework of the ordered silica
mined from a series of cross-polarization measurements with C;gNMe;EtT™ mesophase, 23°Si{H} HETCOR data were
varying contact times. The resulting integrated intensities for acquired to probe heteronuclear dipetiipole couplings be-
each?°Si peak are plotted in Figure 7 as a function of cross tween the?°Si moieties and protons of the structure-directing
polarization contact time and fit to eq 1. At short contact times, surfactant species. £Si{H} HETCOR spectrum is shown in
the two downfield peaks®: —97.0 ppm;v: —101.0 ppm) Figure 8 for the molecularly ordered lamellar composite
display a more rapid initial increase in intensity than the three hydrothermally synthesized at 13& for 7 days using &-

upfield peaks peaksx( —103.7 ppm;O: —109.1 ppm;<: NMe;EtBr. The accompanying 10H MAS spectrum is
—114.7 ppm). As previously discussed, this is characteristic of composed of resonances arising predominantly from the sur-
stronger heteronuclear dipeteipole couplings betwee? factant, GeNMe;Et", and from a small quantity of its thermal

295 sites and proton species associated with hydroxyl moieties decomposition products. Its appearance is similar to théH.D
or surfactant headgroups, resulting in shorter cross-polarizationMAS spectrum of Figure 4 for the ordered silie@;eNMest
and relaxation time constanis;y and Ty, (Table 2), compared composite, with the exception that additional contributions from
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Figure 9. 2D 2°Si INADEQUATE NMR spectrum acquired for the
same ordered silicaC;eNMe;Et" mesophase characterized in Figure
6b (7 days), Figure 7, and Figure 8. A single-pi&i MAS spectrum
accompanies the contour plot along the horizontal axis, while the double
guantum dimension lies along the vertical axis. The atomic connec-
tivities between pairs of silicon atoms can be established from the
correlated intensities at identical double-quantum frequencies. 2048
acquisitions were recorded at for each of thet@@icrements using a
2-s repetition delay.

-90

the methylene<{CH,-) and methyl species associated with the
ethyl headgroup moiety exist at 1.2 and 3.1 ppm, respectively,
although they overlap other signals present. The?23) MAS

spectrum contains the five resonances previously recorded undetsg; gjtes (Figure 6b, 7 days). Moreover

cross-polarization conditions (Figure 6b, 7 days), although with

integrated peak areas that establish 1:1:1:1:1 relative populations

The 2D HETCOR spectrum shows clear chemical shift cor-
relations between all fivé®Si sites and the protons associated
with the surfactant headgroup. This establishes that the proton
attached to the two methyl headgroup moieties-(MHj3: 3.1
ppm) and the single ethyl headgroup species QW ,CHs: 3.1
ppm, N-CH,CH3: 1.2 ppm) are dipotedipole coupled to each
of the five different?°Si sites. This provides unambiguous
evidence that a substantial fraction (if not all) of the five different
silica species are molecularly adjacentl(nm) to the cationic
headgroup of the structure-directingNMe,Et" surfactant
species, consistent with incorporation of the differ®8i sites
into the molecularly ordered silica sheet framework.

The 2D INADEQUATE 2°Si NMR spectrum in Figure 9
establishes the intra-framework connectivities between co-
valently linked @Q® and Q* 2°Si moieties in the ordered
silica—C1eNMe,Et" product. The contour plot of the 2BSi
INADEQUATE spectrum shows numerous correlations among
the different?°Si species for a delay time of 15.6 ms that
corresponds to &coupling constant of 16 HZ. For example,

(47) A separate 2B°Si INADEQUATE spectrum (not shown here) was
acquired from the same silieaC;gNMezEt"™ composite using a delay period
7 of 12.5 ms, corresponding taJecoupling constant of 20 Hz. The resulting
spectrum contained correlations similar to those observed in Figure 9,
indicating that no stronger correlations in this range of interaction strengths
appear to be present.

J. Am. Chem. Soc., Vol. 123, No. 1942901

correlated signal intensity in the 2D spectrum is observed
between site 2@ —101 ppm) and sites 1, 4, and 5. As
discussed above (Figure 5), such correlations arise from
intramolecularJ-couplings between covalently connected spe-
cies. Thus,Q® site 2 is shown to have covalent linkages to
silicate sites 1, 4, and 5 (each through a bridging oxygen atom).
The remaining fourth bond for the tetrahedrally coordina@@d
295i species 2 is a terminating hydroxyl (erO~) group.
Similarly, 2°Si—29Si J-coupling correlations are measured
between site 5 and sites 1, 2, and 4, thus establishing adjacent
intra-framework tetrahedral positions for these species in the
ordered silica framework. That only three of the four neighbor-
ing 2°Si species foQ* site 5 are accounted for indicates either
a second covalent linkage to one of the other three moieties or
a covalent linkage to another site like itself, which are not
discernible in the INADEQUATE spectrum. This is also the
case forQ* site 4, which shows correlated intensity with sites
2, 3, and 5; the fourth neighboring site is expected to be a second
linkage to one of these species or to another site 4 species. By
similar analysis and reasoning, the INADEQUATE NMR
spectrum in Figure 9 shows th&?® site 1 shares covalent
linkages with species 2 and 5 and a terminal hydroxyH@r)
group. The fourth unaccounted for bond of tetrahedrally
coordinated site 1 will be a second covalent linkage to species
2 or 5 or another site like itself. Finall* site 3 in this manner
is shown to share the fewest intensity correlations with the other
framework sites, manifesting only one linkage to species 4
through a bridging oxygen atom. The remaining three tetrahedral
site neighbors of site 3 thus appear to be one or more site 3 or
4 species. These results confirm that the highly ordered
framework in the silica-C;eNMe;EtT composite comprises a
densely interconnected network that appears to preclude the
possibility that multiple macroscopically distinct phases exist.
Whereas the ordered silie€;gNMes™ composite was shown
to have an inorganic framework resembling an octosilicate-type
structure with two resolvabl&Si species (Figure 2b, 2 days),
the ordered silicaCigNMeyEtt composite has five distinct
the molecular
environments in the framework of the silie€NMe,Et"
material are even more highly ordered, yield#i§i peak line
widths of 0.8-1.1 ppm fwhm, compared te2.0 ppm for the
silica—C;6NMes™ product. Similar molecular ordering has

Srecently been noted by Tuel in intermediates present during

syntheses of zeolites in which tetraethylammonium hydroxide
was used as a molecular templ&tén this study, materials with
five distinct?°Si MAS resonances were observed with isotropic
chemical shifts that are different from those observed here. In
addition, the FTIR spectrum for the silie€;eNMe;Ett material
(Figure 6¢, 7 days) indicates the presence of a variety of silicate
ring structures that are more numerous than observed in the
ordered silica-CigNMes™ composite. On the basis of these
results, particularly the 2B°Si INADEQUATE spectrum, the
number of different arrangements of the silicate framework is
significantly constrained to only five candidate configurations
that are consistent with the data. The silicon site connectivities
of these structures are provided as Supporting Information, and
efforts are currently underway in our laboratory to determine
the correct framework configuration.

An added consequence of usingslMeEt" as the structure-
directing surfactant is that the duration of the hydrothermal
synthesis required to obtain a composite with an ordered silicate
framework increases to 7 days, compared to the 2 days needed
when GgNMest is used. The relative swiftness of the latter
can be attributed to the high charge density of the hydrophilic
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Figure 10. A series of°Si CP/MAS NMR spectra acquired on lamellar ppm

silica—surfactant mesophase composites synthesized using surfactantgigure 11. 2D 2°Si INADEQUATE NMR spectrum acquired for the
with different cationic cetyltrialkylammonium headgroups under other- same ordered silicaC;sNMeEtL+* mesophase characterized in Figure
wise identical hydrothermal conditions at 136 until molecularly 10c, 19 days. A single-pul$éSi MAS spectrum accompanies the con-
ordered silicate frameworks were obtained. The times required for such tour plot along the horizontal axis, while the double quantum dimension
ordering to occur depend strongly on the charge densities of the cationiclies along the vertical axis. The correlations observed reveal structural
surfactant headgroups, with higher charge densities promoting more connectivities between framework silicon atoms that correspond to a
rapid formation of ordered frameworks. different framework structure compared to the material synthesized
using GeNMe,EtBr species (Figure 9). 2048 acquisitions were recorded
NMes™ headgroup. Replacement of one of the methyl for each of the 114; increments using a 2-s repetition delay.
moieties on the trialkylammonium headgroup with an ethyl
group (-CHCHj), results in a lower and asymmetrical charge the two previous cases, the silie€gNMeEt* composite
density distribution. Framework ordering using this surfactant similarly transformed into a product with a highly ordered
(C1NMe;EL") still occurs, but at a significantly slower rate,  silicate framework. This process began after approximately 10
yielding an entirely different molecularly ordered silicate sheet days under hydrothermal conditions and was completed after
structure after 7 days. The longer hydrothermal treatment 19 days, as evidenced by tFSi CP/MAS spectrum in Figure
required to achieve a highly ordered composite appears to bejoc, which contains no discernible signal from amorphous silica.
due to the lower charge density of thedNMe;Et" headgroup  This lengthened hydrothermal treatment is consistent with the
and the correspondingly weaker electrostatic interactions at thejower charge density of the surfactant headgroup, which is
silicate-surfactant interface. This will be discussed in more expected to interact still more weakly with the anionic inorganic
detail below. framework. The?*Si CP/MAS spectrum of the ordered lamellar
silica—C;eNMeEt" composite (Figure 10c) shows five narrow
(0.8—1.1 ppm fwhm)?°Si peaks at isotropic chemical shifts of
—97.4,—-99.4,-106.0,—110.2, and—116.5 ppm. These are
The 2°Si MAS NMR spectra of lamellar silicasurfactant different from the positions of the fiv&Si resonances measured
composites obtained after extended hydrothermal treatmentsfor the silica-CigNMe;Et" material, indicating that these
with different cationic trialkylammonium headgroups are dis- materials possess different framework structures with different
played in Figure 10. Figure 10a,b shows #&i CP/MAS molecular environments surrounding e&@8i species. This is
spectra of the ordered products obtained usingN®les" and confirmed by the 2D INADEQUATE®Si NMR spectrum of
CisNMeyEt, respectively, as the structure-directing species, as the silica-C;eNMeEL " composite in Figure 11, which shows
discussed in detail above. When the trialkylammonium head- very different sets o#°Si—2°Si correlations that reveal different
group of the cationic surfactant was modified to include a methyl silicate site connectivities compared to the ordered silica
and two ethyl group moieties, eNMeEL*, a lamellar com- CieNMeEt™ composite. SpecificallyQ* site 5 displays cor-
posite with an amorphous silica framework again resulted after related intensity with each of the other four species, sites 1, 2,
hydrothermal syntheses lasting as long as 9 daysvidenced 3, and 4, which result frord-couplings through covalent bonds
by XRD and?°Si MAS NMR results (not shown here). As with  via bridging oxygen atoms. By comparison, the INADEQUATE

Ill. Other Silica —Cetyltrialkylammonium Surfactant
Composites
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spectrum in Figure 9 for the siliesaCigNMeEt™ composite disordered and locally amorphous. These results emphasize the
showed no correlation between sites 5 and 3. Similarly, Figure importance of both the hydrothermal synthesis temperature and
9 shows a clear correlation between sites 1 and 2, which is notthe charge density of the surfactant species on the structure of
observed in the 2D INADEQUATE®Si spectrum of the silica the mesoscopically ordered inorganic framework. Such consid-
Ci16NMeEbL+ composite in Figure 11. In this case, these results erations are related to syntheses of crystalline zeolites, where
constrain the molecular structure of the silicate framework to molecular template species are known to influence the molecular
three possible scenarios, with silicon site connectivities that are structures of the resultant inorganic networks.
tabulated and available as Supporting Information. The possible .
bonding schemes do not match and are distinct from the Conclusions
candidate structures for the silie€ieNMe;Et" composite, Lamellar silicate-cetyltrialkylammonium composites with
affirming the strong structure-directing functions of the surfac- highly ordered inorganic frameworks were prepared by sys-
tant headgroups on the molecular organization of the orderedtematically varying the charge density and symmetry of the
silicate frameworks. hydrophilic surfactant headgroup moieties under otherwise
When three ethyl or thre@-propyl groups are present, identical hydrothermal alkaline synthesis conditions. All of the
producing even larger cationic trialkylammonium surfactant resulting materials possessed lamellar mesostructural order with
headgroups, still weaker, although symmetric, charge density initially amorphous silica frameworks. With extended hydro-
distributions result. These surfactants were used to determinethermal treatment at 13%C; however, the disordered frame-
whether the degree of headgroup asymmetry plays a significantworks transformed into molecularly ordered silicate sheets in
role in the crystallization of the silicate network. Consistent with times that depended strongly on the charge-density of the
the results presented above, silicaseirfactant composites take  surfactant headgroups, according to the sequerdéMes™ <
longer to form molecularly ordered frameworks, as the size of —NMe,Ett < —NMeEb" < —NEtst < —NPrt. Furthermore,
the cationic trialkylammonium headgroups increases and the1D and 2D solid-state NMR methods show that different
charge density is reduced. Figure 10d shows?#8e CP/MAS headgroup moieties yield ordered frameworks with generally
NMR spectrum from the lamellar silieeC1éNEts* composite  different 2D crystalline structures. While the silica@;gNMes*
synthesized under hydrothermal conditions at 1@5for 22 composite has an ordered framework resembling an octosilicate
days. In this spectrum, fivé®Si peaks are observed at the mineral structure, GNMe,Ett and GeNMeEL" surfactant
identical isotropic shifts measured in the composite prepared species yielded ordered frameworks with distinct structures that
using GeNMeEbL™ (Figure 10c). In addition, a bro&8Si signal appear to be different from known naturally occurring or
is also present in this spectrum, indicating that a small fraction synthetic minerals. These results provide new understanding of
of poorly ordered silica still remains after several weeks of the molecular factors that promote the crystallization of ordered
hydrothermal treatment. No molecular order in the framework inorganic frameworks in composite mesophases. Efforts are
in fact is observed at all until after 13 days, when the initial underway in our laboratory to incorporate such insights into
appearance of narrow components ini& MAS spectrumis  the design and synthesis of mesoporous solids with molecularly
first observed. Attempts to record a Z%6i INADEQUATE ordered frameworks, with the aim of enhancing the catalytic
spectrum for this sample were hampered by the incompletely properties of these systems.
crystallized silica sheets of this silicat€;gNEtst composite
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materials is dependent upon the organic template species use lilica—C,NMe,Et" and the silica-CyNMeEt* frameworks,

as well as the temperature employed. Increased synthesis ' o . - ' .
temperatures %140 °C) resulted in decomposition of the candidate silicon site connectivities are provided, basedSin

. . INADEQUATE NMR results in Figures 9 and 11 (PDF). This
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