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Abstract: Multiple-qguantum®™ MAS NMR spectroscopy has been used to study defect sites in siliceous
as-made ZSM-12 zeolite synthesized with perdeuterated benzyltrimethylammonium cations. The results of
two-dimensional double-quantum and triple-quanitihMAS NMR experiments show that three silanol (SiOH)
protons of the defect site engage in hydrogen bonding with the charge-compensating siloxy d®iap.
Simulations of the double-quantum sideband pattern were used to determine an average dipolar coupling between
the protons of 4.040.5) kHz (an equilateral triangular geometry is assumed). This value corresponds to a
maximum distance of 3.1H0.1) A, if the protons are rigid. We believe that these results have important
implications concerning the nucleation mechanism of high-silica zeolites, as they provide new information on
the structure of charge-compensating units in the zeolite colloidal precursors reported by others.

Introduction tropic couplings are eliminated under the conditions of fast
Zeolites are an important class of microporous solids which MAS. The dtevfetlﬁprﬂent of lexpe(;!melnts ;Nh'd:. aIIovxa thteh
are used industrially in heterogeneous catalysis, the adsorptionme""s‘ureme_n or the homonuclear dipolar interaction under the
and separation of gases, and ion-exchange operdtidhs. _ |gh-_resolut|on conditions of MAS_has been a major advance

catalytic and adsorption properties of zeolites are strongly n sollq-state NMR spectroscoﬁ;‘}.Usmg_double-quaptum (OQ)
affected by structural features such as the framework composi-and tnple-quan_tum (TQ) techniques it is now po§5|b|e to extract
tion, topology, and identity of extraframework cations. Frame- ?ructur_al d?tg'lsaf homo?uclel\?l\r/lsgstems_ of srilhnsthe t\;vod- h
work defects including stacking faults and tetrahedral vacanciestr:mensl'or_]""th OlIJZZ%-_quan um eXp%”TePh prisen_ e I ﬁ.rﬁe
are also known to affect the catalytic and adsorption properties Tf? s;i%!n e’ |m(atn§|ontr(]:orrispop Is ?ffte Cf (:\rzmc; sbll :
of zeolites? However, the structures of defects in zeolites are ' ¢ i '“?e”SI'O” (r:](_)nhacljns %C ertnhlca r? s OI h?t (;uthe
difficult to study because they are usually not ordered in the q“i_” _umt_S|gna SIV\_’ II(:: e;ﬁn on the tC en:jlcabls : Ot €
crystallographic sense, and therefore are not easily amenabl articipating nuciei. For a two-spin system double-quantum

intensity is observed at a chemical shiftdfq = 61 + 02 —

to analysis by diffraction methods, Oc + n(vmas/vrer), Whered; and d, are the chemical shifts of

Solid-state NMR spectroscopy offers numerous powerful the t leipe is the chemical shift of th ior f
methods suitable to characterizing structural features which do € two nucleloc IS the chemical shift of the carrier frequency,
vmas and v are the sample spinning frequency and the

not exhibit long-range order. Strong anisotropic couplings . . ;
g-rang g P Ping reference frequency, respectively, amis an integer number

present in solids usually cause severe NMR line broadening in representing the order of spinning sidebands observed in the
nonrotating powders. Magic-angle spinning (MAS) can be used ; ; . . 2 ) .
gp g g'e sp g( ) DQ dimension. All chemical shifts given in the text of this report

to improve spectral resolution, as it averages out the anisotropic in the F2 di i
couplings that lead to broad lines. High-resolution spectra can are In the imension. .
The dipolar coupling is strongly dependent on the internuclear

be obtained under the conditions of MAS, which allows a dist q b d to determine th v of th
straightforward and quantitative characterization based on the Istance and can be used to determiné the geometry of the
coupled spins. Distances and bond angles can be determined

isotropic chemical shift of different sites. Although measure- - h ; !
P g from sideband patterns in the F1 dimension of nonrotor

ments of anisotropic interactions, such as the homonuclear ; . .
dipolar coupling, contain structural information, these aniso- synchronized two-dlm_ensmnal (2D) DQ NMR spectra or by
measurement of multiple-quantum excitation curves. The ex-

gﬁd.dress.tcorfr%sﬂondence to this author. perimental spectra and curves are then simulated for different
Tw’ggf};?;ghz Wﬁhivlvnir;funiversiwu”ster. geometries/interaction strengths, as has been demonstrated for
(1) (@) Barrer, R. M.Hydrothermal Chemistry of Zeolite#\cademic a number of spith = %/, isotopes. Two-dimensional MQ NMR

Press: London, 1982; (b) Newsam, J. M. 8olid State Chemistry  spectroscopy offers the additional advantage that spectral
CompoundsCheetham, A. K., Day, P., Eds.; Clarendon Press: Oxford,

1992. (c) Van Bekkum, H.; Flanigen, E. M.; Jansen, Jinroduction to (3) (a) Baldus, M.; Geurts, D. G.; Meier, B. 13olid State NMRL998
Zeolite Science and Practic&lsevier: Amsterdam, 1991. 11, 157. (b) Hafner, S.; Spiess, H. \Loncepts Magn. Resot998 10,

(2) (a) Chester, A. W.; Chu, Y. F.; Dessau, R. M.; Kerr, G. T.; Kresge, 99.
C. T.J. Chem. Soc., Chem. Commai885 289. (b) Nagy, J. B.; Gabelica, (4) (a) Lee, Y. K.; Kurur, N. D.; Helmle, M.; Johannessen, O. G.; Nielsen,
Z.; Derouane, E. GChem. Lett1982 1105. (c) Woolery, G. L.; Alemany, N. C.; Levitt, M. H.Chem. Phys. LetfL995 242, 304. (b) Eden, M.; Levitt,
L. B.; Dessau, R. M.; Chester, A. \eolites1986 6, 14. (d) Hunger, M.; M. H. Chem. Phys. Lett1998 293 173. (c) Green, H.; Titman, J. T.;
Kérger, J.; Pfeifer, H.; Caro, J.; Zibrowius, B.; Bw, M.; Mostowicz, R. Gottwald, J.; Spiess, H. WChem. Phys. Lettl994 227, 79. (d) Gottwald,
J. Chem. SocFaraday Trans1987 83, 3459. (e) Kraushaar, B.; DeHaan, J.; Demco, D. D.; Graf, R.; Spiess, H. \€hem. Phys. Lett1995 243
J. W.; Van De Ven, L. J. M.; Van Hooff, J. H. ©Chem. Lett1986 1523. 314.
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artifacts are easily discerned because multiguantum resonances
in the indirect dimension appear at frequencies that are different

from those of single-quantum resonanges.

Here we report a double- and triple-quantum NMR spectros-
copy investigation of as-made all-silica ZSM-12 zeolite syn-
thesized with perdeuterated benzyltrimethylammonium cations

as the structure directing agent. Previous studies of several as-

made all-silica zeolites synthesized with a variety of quaternary

ammonium compounds have shown the presence of a resonance

in the one-dimensiondH MAS NMR spectra at approximately
10 ppm? This resonance was assigned to internal defect silanol

groups which are hydrogen bonded to the charge-compensating

siloxy group. On the basis of empirical correlaticnghe

chemical shift of the resonance at 10 ppm corresponds to a

Si—OH:-++~O—Si oxygen-oxygen distance of 2.7 A. This wotrk
shows that there are two silicetoxygen bonds broken per

charge in the organic structure-directing agent, and thus the

defect site consists of one charged SiPoup and three SiOH
groups. On the basis dH NMR spectra of all-silica ZSM-5
made with perdeuterated,g-tetrapropylammonium cations
(TPA), it was suggested that there are two strongly hydrogen-

bonded silanol protons responsible for the resonance at 10 ppm.
In addition, the third silanol was assigned to a resonance at 6.5

ppm in thelH MAS NMR spectrum. Since the first report on
these defect sitessubstantial developments in NMR methods
have taken place which now allow a more sophisticated study
of homonuclear spin systems.

Here we investigate the structure of these defect sites using

DQ and TQH MAS NMR. Our results show that in as-made

ZSM-12 the resonance at 10 ppm is in fact due to three protons

in close proximity, and not by two as was suggested previously.

This was deduced from the sideband patterns observed in two-

dimensional rotor-encoded double-quantum (DQ) MAS experi-
ments, and independently verified using triple-quantum (TQ)
MAS NMR by the observation of a triple-quantum signal at 10

ppm.

Experimental Section

All-silica ZSM-12 was synthesized with benzyltrimethylammonium
(BTMA) hydroxide using a synthesis gel composition of 1 S8015
RTOH™:0.05 NaOH:40 HO. Perdeuterated benzyltrimethylammonium
chloride was synthesized frodg-trimethylamine (CIL, 99-%) andd;-
benzyl chloride (CIL, 99-%) in acetone. Details of the synthesis of
benzyltrimethylammonium hydroxide can be found elsewh&wiution
IH NMR verified there was no proterdeuteron exchange during the
organic synthesis within detection limits of NMR. The synthesis of
all-silica ZSM-12 was performed as follows: 25 mL of a 0.3 N
die-benzyltrimethylammonium hydroxide solution was adde8 g of
Cab-O-Sil M5. Ground NaOH (0.1 g; 95% Aldrich) were added to
this solution, followed by 7 mL of deionized water. The solution was
allowed to mix for 2 h, until a translucent homogeneous liquid was
obtained. The mixture was then charged into two 23 mL Teflon lined
autoclaves and heated to 180 for 13 days under static conditions.
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Figure 1. Pulse sequences used for double- and triple-quantum MAS
experiments: (a) five-pulse sequence and (b) C7 sequence for TQ MAS.

night at 80°C. Samples were dried under vacuum-€0orr) overnight
at 100°C prior to the NMR experiments to eliminate the presence of
physisorbed water.

Analytical. Powder X-ray diffraction (XRD) was performed using
a Philips X'Pert System with Cu & radiation. The patterns were
collected from 4-50° 26 using the step scan mode, a (°.G2ep size,
and a 15 s count time per step. Analysis of the XRD patterns verified
the materials are a pure and highly crystalline ZSM-12. Thermogravi-
metric (TGA) measurements were performed using a Cahn TG-121
microbalance with a heating rate of’/min from room temperature
to 650°C in air.

Solution*H NMR spectra were measured using a Bruker AC 250
spectrometer operating at 250 MHz with the chemical shifts referenced
to tetramethylsilane. Solid-statel NMR spectra were acquired on a
Bruker Avance DSX 500 operating at 500.13 MHz. Thé¢ MAS
NMR spectrum was acquired using the DEPTBequence to remove
the probe background. The DEPTH sequence consists of aldfe
(3.5us) followed by two 180 pulses. Two-dimensional double-quantum
(DQ) and triple-quantum (TQ) NMR experiments were performed with
the following general setup: excitation, evolution, reconversion, z-filter,
read pulse, and detection. Rotor-encoded 2D DQ spectra were acquired
with this setup using a simple two-pulse excitation and two-pulse
reconversion, as found in ref 3b. Two-dimensional TQ NMR experi-
ments were performed using a variation of the C7 sequéwkere a
90° pulse is placed in front of the C7 sequence, thereby exciting triple-

The autoclaves were then quenched and the solids collected by filtration,quantum (and higher odd order) coherences. The pulse sequences used

washed several times with deionized water, and allowed to dry over-

(5) (@) Schmedt auf der Gue, J.; Eckert, HChem. Eur. J1998 4,
1762. (b) Graf, R.; Demco, D. E.; Hafner, S.; Spiess, H.S#lid State
NMR 1998 12, 139. (c) Graf, R.; Demco, D. E.; Gottwald, J.; Hafner, S.;
Spiess, H. WJ. Chem. Phys1997 106, 885.

(6) Ernst, R. R.; Bodenhausen, G.; Wokaun,inciples of Nuclear
Magnetic Resonance in One and Two DimensidBsford University
Press: New York 1987.

(7) Koller, H.; Lobo, R. F.; Burkett, S. L.; Davis, M. B. Phys. Chem.
1995 99, 12588.

(8) Eckert, H.; Yesinowski, J. P.; Silver, L. A.; Stolper, E. M.Phys.
Chem.1988 92, 2055.

(9) Shantz, D. F.; Fild, C.; Koller, H.; Lobo, R. B. Phys. Chem. B
1999 103 10858.

are shown in Figure 1. The rotor-encoded 2D DQ MAS NMR
experiments are performed with an increment titpehat is not a
multiple of the rotor period (e.gty = 7.58us = Ntg). This leads to

the observation of sidebands in the second spectral dimension, the
number and relative intensities of which are directly related to the
dipolar coupling between spiri$.The rotor-encoded 2D DQ MAS
spectrum was acquired with a 9fulse length of 3.5us, a recycle
delay of 5 s, and a delay between the pulses 0fi8Qd; was changed

in 7.58us increments, the rotor frequency was 11 kHz, 16 scans were
acquired per FID, and 1024 experiments were performed. The delay
between the reconversion pulses and the read-out pulse was 10 ms

(10) Corey, D. G.; Ritchey, W. MJ. Magn. Resonl1988 80, 128.
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Figure 2. 'H MAS NMR spectrum of as-made all-silica ZSM-12
zeolite synthesized with perdeuterated benzyltrimethylammonium
cations.
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for all experiments. The TQ C7 experiments were performed using a 100
3.57us 9C pulse and a rotor frequency of 10 kHz, thereby satisfying
the necessary condition for C7 experiments that = 7wr. The C7
experiments were performed ugina 3 srecycle delay,t; was 14 12 10 8 6 4 2
g\:remented in 10@@ intervals, an 80@s excnapon time was used, F2(SQ) & / ppm
scans were acquired per FID, and 64 experiments were performed.
All 2D MQ spectra were rescaled in the MQ dimension such that Figure 3. DQ rotor-encoded 2BH MAS spectrum of as-made all-
autocorrelation signals have the same chemical shift in both dimensions.silica ZSM-12. The spectrum on top is the 1D SQ spectrum shown in
The DQ rotor-encoded sideband patterns were numerically calculated Figure 2.
with the SIMPSON software packaédfeConvergence of the simulated
DQ spectra was satisfied with a powder average of 30168 )
orientations and by approximating the time-dependent Hamiltonian discerned by the signals observed for the BTMA cations,
by a product of piecewise constant Hamiltonians with a time step of Substantial proton/deuteron exchange occurred during the zeolite
0.5 us. Force field calculations were performed using the minimizer synthesis period. The amount of proton/deuteron exchange was

T T T T T T T T T T T

module in Ceriu$3.812 The force field derived by Hill and Sauét unexpected, and it has not been observed in other perdeuterated
based on ab initio calculations was used, and was supplemented withstrycture directing agents in zeolites before.

the universal force field generatdtfor terms not available in the force Multiple-Quantum NMR . Figure 3 shows the two-dimen-

) . ; 14 :

field, i.e., the bond and angle parameters for Sgboups. sional rotor-encoded DQ MAS NMR spectrum. The signal at

10 ppm in the SQ dimension is due to a double-quantum
coherence generated by the cluster of silanol protons of the
H NMR. The!H NMR spectrum of as-made all-silica ZSM-  defect site. The other two signals are double-quantum coherences
12 is shown in Figure 2. The lines at 2.2 and 1.2 ppm are due due to the methylene (4.5 ppm) and methyl (3.3 ppm) groups.
to silanol protons on the surface of the crystal¥he narrow Also, as expected, no DQ signals are observed at 1.2 or 2.2
line at 3.3 ppm is due to the methyl protons, the broad ppm as the silanol protons on the surface of the crystals are
asymmetric resonance at 4.5 ppm is assigned to the methylenésolated. The presence of a signal in the DQ spectrum indicates
protons of the BTMA cations, the signal at 7.5 ppm is due to that two protons are in close proximity<g A), as the DQ
the aromatic protons, and the line at 10.2 ppm is due to silanol coherences observed are strongly dependent on the internuclear
protons hydrogen bonded in the charge-compensating defectdistance. Two important things can be discerned from the
sites in the framework.!H NMR spectra of samples that have spectrum upon closer inspection. First, the resonance at 10 ppm
not been dehydrated (not shown) exhibit an additional resonancehas a central line in the DQ dimension but a central lineais
at approximately 5 ppm, which is assigned to a small amount observed for the signals at 4.5 and 3.3 ppm. The presence of a
of physisorbed water. Th#H NMR spectrum of as-made Al-  strong central line is consistent with the resonance at 10 ppm
ZSM-12 synthesized with BTMA cations deuterated at the being due to more than two protons in close proximity. Spiess
methyl and aromatic position also shows an asymmetric and co-workers have demonstrated when the sideband pattern
resonance between 5.2 and 4.5 ppm (see also ref 9). Thisis encoded in the second spectral dimension that a strong central
asymmetric line and the signal at 4.5 ppm in the all-silica ZSM- line is not observed for isolated spin patfsSecond, the lines
12 sample studied here are both assigned to two structurallyin Figure 3 have two different shapes. While the resonance at
inequivalent protons within the same methylene group, based10 ppm is broadened along the autocorrelation diagonal, the
on the double-quantum NMR experiments described below. As lines at 3.3 and 4.5 ppm are parallel to the F2 axis. This
difference indicates that the two latter lines arise from protons
in two inequivalent sites. DQ MAS NMR experiments per-

Results and Discussion

(11) SIMPSON, A general NMR simulation package. Written by M. Bak
and J. T. Rasmussen, Department of Chemistry, University of Aarhus,

Denmark. formed on a sample of Al-ZSM-12 made with BTMA deuterated
ggg %r'l}ljﬁ ?3.8,Ra péroduct ffp“ﬂc"ei‘;’ﬁ“ n?ligﬂgti{aggnfzg\go(fg)ogted- at the methyl and aromatic positions (not shown) exhibit a
a, 1, J. R.; Sauer, Jd. YS. e 1 . appe A . . B )

A. K. Casewit, C. J.: Colwell, K. S.- Goddard, W. A., IIl: SKiff. W. M. similar resonance gt 4.5 ppm. This resonance in the Al-ZSM
Am. Chem. Sod 992 114 10024. 12 sample is attributed to the double-quantum coherence

(14) The validity of this approach is questionable if one attempts to obtain generated by the methylene protons which are chemically
quantitative results. However, the simulations provide useful insights into inequivalent in the zeolite. Therefore, the signal at 4.5 ppm in

the effects of steric constraints and the plausibility of models of the defect _. . . . -
cluster within a realistic zeolitic environﬁ]em. y Figure 3 is attributed to BTMA cations with both deuterons at

(15) Hunger, M.Catal. Re. Sci. Eng.1997, 39, 345. the methylene position exchanged for protons. Obviously, some
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Figure 4. TQ 2D *H MAS spectrum of as-made all-silica ZSM-12.
The spectrum at the top is the 1DSQ spectrum shown in Figure 2.
of the methyl groups are also proton-exchanged and give rise 4.5 kHz 1 JL \
tOthellneat33ppm PR I ST S N S S T NN S T B Y B N B B
Triple-quantum NMR experiments were performed using the 40 220 0 20 40

pulse sequence shown in Figure 1b to verify the interpretation v/ kHz

of the DQ results (Figure 4). It should be noted that the chemical

shift scale of the TQ dimension was rescaled by a factdf-of Figure 5. Sideband pattern of the resonance at 10 ppm from the 2D

. . ‘o - . - rotor-encoded DQH MAS spectrum (top). Simulations of the sideband
to make it easier to distinguish between real signals and artlfacts.Ioattern for a three-spin system with identical couplings. The dipolar

The only signal observed is at 10 ppm, due to the three silanol ., jing strengths are given in the figure. The numbers on top are
protons of the defect site. This result shows that the defect 5'|a”0|integrated areas normalized to the biggest peak.
groups have clusters of three protons in close proximity which
are responsible for the resonance observed at 10 ppm. Theof the experimental sideband pattern shows that the central line
inhomogeneously broadened line observed suggests that thexnd two first-order sidebands combined have relative intensities
cluster of three protons is isolated and is not part of a network of 1:1.1.
of spins. The results of the TQ experiment and the rotor-encoded  The three-spin system was modeled as an equilateral triangle
DQ MAS experiment can only be explained if more than two (Figure 5) and as a linear equidistant arrangement of three
protons in close proximity are responsible for the resonance atprotons (not shown). These two models are respectively the
10 ppm. Quadruple-quantum MAS NMR experiments were not |imiting cases with maximum and minimum dipole interactions
performed to verify that the proton cluster size is less than four. for equivalent distances. Since the shape of the double-quantum
However, TGA and®Si NMR spectra for several as-made excitation curve of a three-spin system is determined by a single
materiald show conclusively that there are four® @roups parameter, the mean dipolar interactidnye have used this
(where @ stands for %-Si[OSil,, X = OH or O)* per organic  simplification for the simulation of the double-quantum sideband
charge, i.e., @N* = 4. One of the @ groups is the charge  pattern. We believe that the triangular model is a more
compensating siloxy (SiQ group, and thus the maximum reasonable assumption because the protons are likelp a
number of silanol protons per defect site is three. #8eNMR linear configuration. The best agreement between the simulated
spectra, which determine the3(Q* ratio, and the TGA  and experimental patterns is for a dipolar coupling strengsh,
experiments, which determine the organic content, show thatof 4.0 + 0.5 kHz for the triangular model and 10 kHz for the
there are four @groups per BTMA cation. linear model. Given that the silanol protons are not completely
Line-Shape Simulations.The DQ and TQ MAS spectra  rigid8 the dipolar coupling will give an estimate of the
show that the defect sites in this sample consist of three silanolmaximum distance between protons, as the effective dipolar
protons which are strongly hydrogen bonded to the charge- coupling would be reduced by motion. A dipolar coupling
compensating siloxy group. Numerical simulations of the MQ of 4.0 + 0.5 kHz corresponds to a proteproton distance of
line shape may be used to extract more quantitative information 3.1+ 0.1 A. The linear model would result in proton distances
from the experimental datd-Here we use numerical simulations  of 2.3 A. We believe that the triangular model is a better model
to estimate the distance between the silanol protons of the defect -
site. Figure 5 shows the experimental and simulated sideband g;gZF,{_|°3,’\"GthpSéf%s%?’a'ﬁ;s}ﬁféaMgggégezgnml;geg g\;ﬁ%eljﬁed with
patterns (slices along the DQ dimension) of the silanol resonancedeuterated silanol groups do not have a Pake doublet indicative of rigid

from the 2D rotor-encoded DQ—l MAS spectrum. |ntegration deuterons, but rather a Gaussian line. This line suggests that the deuterons
are not rigid. However, without knowing the geometry of the motion in

(16) Engelhardt, G.; Michel, DHigh-Resolution Solid State NMR of  detalil, it is not possible to determine the effect of the motion on the dipolar
Silicates and ZeolitedWiley: Chichester, 1987. coupling.
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Figure 6. Model of the defect sites in as-made all-silica ZSM-12. A
fragment of the zeolite pore was used to artificially create the defect
site.

to represent the structural defect, because steric effects will
prevent three protons from arranging in a linear fashion. It is
worth noting that there are only certain pairs of silie@mxygen
bonds that could be broken which satisfy the experimental
observation that the defects do not contafrg@ups £°Si NMR
spectroscopy).

The experimental data support the following conclusions.
First, 'H MAS NMR (1D) of the as-made ZSM-12 confirms
that there are silanol protons engaged in hydrogen bonding
with the charge-compensating siloxy group, forming—Si
OH---~O—Si groups with oxygeroxygen distances of 2.7 A.
Second, DQ and T@H MAS NMR experiments show that all

J. Am. Chem. Soc., Vol. 122, No. 28, GBER

interactions, and this work clearly shows that it is stabilized by
the three hydrogen-bonded silanol protons, rather thartey

as was suggested previouglf¥here is growing evidence that
small amorphous colloidal aggregates containing tetrapropyl-
ammonium cations and silica form before the detection of the
first crystals of ZSM-5 zeolite during synthed®Since the peak

at 10 ppm in théH NMR spectra is detected early during the
zeolite synthesisjt is reasonable to assume that structures, such
as the defect model suggested here, are also present early on as
charge-compensating groups for the organic cations. Conse-
quently the determination of the defect site structure gives
additional information about the structure of the silicate species
that the organic structure-directing agent interacts with during
zeolite nucleation and crystallization.

Conclusions

Double-quantum and triple-quantuthi MAS NMR have
been used to study the defect sites in siliceous as-made
ZSM-12 synthesized with deuterated benzyltrimethylammonium
cations. The results are consistent with a structural model of
the defect sites where all three silanol (SIOH) protons are
engaged in hydrogen bonding with the charge-compensating
siloxy (SiO") group. Based on simulations of the D
NMR spectra, a maximum distance between the protons of 3.1
(£ 0.1) A is determined. The defect site cluster investigated
here probably plays an important role in the nucleation process
of high-silica zeolites.
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