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Abstract: The location of the fluoride ion in tetrapropylammonium fluoride silicalite-1 ([TPA]-F-[Si-MFI]),

an as-synthesized siliceous zeolite with the MFI topology, has been unambiguously determined using solid-
state NMR experiments alone. With thd—2°Si CP-INADEQUATE experiment, the 12 peaks in the highly
resolved?®Si MAS NMR spectrum of [TPA]-F-[Si-MFI] were assigned. Using these peak assignments it was
possible to performtH/°F/2°Si triple resonance CP, REDOR, and TEDOR experiments to measu® F
distances and thus locate the fluoride ion. It is covalently bonded to Si-9 in #&&6{§cage of the zeolite
framework and exchanges between two “mirror-related” Si-9 sites, making them equivalent on the NMR time
scale. The importance of this result and the general applicability of the approach are discussed.

Introduction route is that larger crystals can be maHeand it has also
afforded pure silica phases with low framework densitiés.
addition, the fluoride route can be used to prepare catalytically
active materials by incorporating other elements such as B, Al,

Zeolites and related microporous materials are commonly
prepared by hydrothermal crystallization of alkaline reaction

mixtures. For highly siliceous materials, this synthetic route Fe, Ga, Ge, and Ti into the framew@rR and to prepare non-

generally leads to substantial numbers of$-O" and Si- sili,con-,base,d microporous materials such as AfP@nd

OH defect sites which can be observedlblyand2°Si magic GaPQs$

ermatt syl route has been developed that can bé carreg. BECaUSe of the superor qualty of the producs, there is
y P considerable interest in understanding the role that the fluoride

out near neutral pH and employs fluoride fons as the mineral- ions play in the synthesis of zeolites under these conditions
izing agent rather than hydroxide ions, as first reported by piay y '

Flanigen and Patton for the synthesis of fluoride silicalife-1. The initial motivation for including fluoride ions in the synthesis

In subsequent years, the scope of this synthesis route has beelquxture was for F 1o replace OH as the mineralizing agent

further extended by Guth, Kessler, and co-workerand more since the solid silica sources are not soluble near neutral pH. It
has also been proposed that the fluoride ions may catalyze the
recently by Camblor and co-workefs.

h ¢ notable diff bet the fluorid q condensation reaction involved in-SD—Si bond formatiori!
€ most notable diierence between e fluonde and ., ever, chemical analysis solid-state!%F and2°Si MAS

hydroxide synthetic routes is that materials synthesized in NMR 16 X- iffraction (XRD - 4220
fluoride media have been shown to have substantially fewer spectroscopy; 1 and X-ray diffraction ( ) studies”

defect site$:° Another important aspect of the fluoride synthetic (8) Chzeau, J. M.; Delmotte, L.; Guth, J. L.; Soulard, Keolites1989

9, 78.
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(3) Guth, J. L.; Kessler, H.; Wey, R. INew Deelopments in Zeolite Valencia, S.; Camblor, M. AJ. Am. Chem. Sod.999 121, 3368.
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reveal that many of the as-synthesized zeolites incorporate theroute and one where the improvements in the quality of the

fluoride ions into their structure. Therefore, it is thought that
the fluoride ions may play additional roles such as charge

crystals due to this synthesis method are most apparent, the
location of the fluoride ion within this framework is still

balance and acting as templates or structure directing agents.unknown. There have been attempts to locate the fluoride ion

By probing the location of the fluoride ions in zeolite frame-
works, it is hoped that significant insight into these additional

in [TPA]-F-[Si-MFI]; however, the answer remains ambiguous
as there are several proposed locations. In an XRD study of a

roles of fluoride ions in zeolite syntheses can be gained andtwinned crystal, Price et al. proposed the fluoride ion to be in

used in a predictive manner.
Despite the importance of the role that fluoride ions play in

the channel intersection, 2.45 A away from the positively
charged nitrogen of the TPA templ&fdJsing published atomic

this synthesis method, there are very limited structural data coordinates for the MFI framework and TPA cation tempkFte,

concerning the location of fluoride ions in purely siliceous
zeolite frameworks. Single-crystal XRD, the method of choice
for determining structures of crystalline solids, is limited in its
application to zeolites due to their microcrystalline nature and
to problems arising from crystal twinnirf§ There are additional
complications in that fluorine and oxygen have very similar
numbers of electrons making them difficult to distinguish. In
particular, F anions are isoelectronic with the OH groups which

Mentzen et al. constructed Fourier electron density difference
maps from powder X-ray diffraction data collected on a [TPA]-
F-[Si-MFI] sample and observed two extraframework sites: one
in a [415°67] cage of the framework and the other in the channel
intersection, 2.32 A from the nitrogen of the template catfon.
Although the site in the framework cage was assigned to the
fluoride ion, no satisfactory explanation could be given for the
site in the channel intersection. The aim of the present work is

can occur as defects within zeolite frameworks. There are only to resolve this discrepancy and present an unambiguous location
four crystal structures of as-synthesized purely siliceous zeolite Of the fluoride ion in [TPA]-F-[Si-MFI].

materials made via the fluoride route which unambiguously
locate the fluoride ions: two single-crystal structures of clathrasil

Koller et al. showed that the presence of five-coordinate
SiOyF sites in a purely siliceous zeolite could also be detected

materials and two zeolite structures determined by synchrotronby solid state'H—2%Si cross polarization (CP) MAS NMR

XRD on very small single crystals.

The single-crystal structure of the clathrasil octade&asil
revealed a fluoride ion location in a small interstitial cavity of
the framework: a double four-ring or §4cage (cages are
denoted as{™'™...] according to the numbemn of windows
consisting ofn Si atoms). This location is quite far away from

spectroscopy, as these five-coordinate silicon sites give reso-
nances that are shifted to high field (arourd45 ppm) and

are substantially enhanced B—2°Si cross polarizatiof? In

the case of some materials, a broad peak betwektb and
—150 ppm appears in th&Si spectrum due to an exchange
process involving the fluoride ions in which they are thought

the template cation, demonstrating that the fluoride ions are nott© be mobile between different Si@tetrahedra? This motion

found exclusively as intimate ion pairs with the template cation,

gives rise to an average chemical shift for silicon sites whose

and hence that their locations may be determined by other €nvironments change between four-coordinate;s#hd five-
effects, perhaps related to templating or structure-directing roles.coordinate SiQ,F". By lowering the temperature, this motion

In the single-crystal structure of another clathrasil norldsie

can be “frozen out”, yielding a narrow peak at arountl45

fluoride ion is also located a considerable distance away from PPM:*** Thus far, five-coordinate SiF~ sites have been

the template in a small [5%? cage of the framework.
Furthermore, in this case, the fluoride ion was found to be
directly covalently bonded to one of the silicon atoms in the
four-ring of this cage, creating a five-coordinate & silicon
site. This phenomenon of five-coordinate S~ sites in the
four-rings of small interstitial cavities of zeolite frameworks

detected by?°Si CP MAS NMR spectroscopy in some seven
structures in total, including [TPA]-F-[Si-MFI?

Although 1%F MAS and?°Si CP MAS NMR can detect the
presence of fluoride ions and SjgF~ sites, these techniques
alone cannot determine tHecation of fluoride ions within
zeolite frameworks. Using two-dimensional NMR spectroscopy,

has also been observed recently in the crystal structures of zeolitdt iS Possible to assign the resonances in 38 spectrum to

SSZ-23° and ITQ-4° determined from low-temperature syn-
chrotron XRD data collected on very small crystals. The
observation of fluoride ions located in small cages of the
framework is not limited to purely siliceous zeolites, as fluoride
ions have been found in the frameworks of several AlRaad
GaPQ materials synthesized in a similar fashion via the fluoride
route® The fluoride ions in these materials have been found to
occupy three different types of environments: in the small
double four-ring structural units, as a bridging atom between
gallium or aluminum atoms, or as a terminal Ga-F gréép.
Although tetrapropylammonium fluoride silicalite-1 ([TPA]-

F-[Si-MFI]), an as-synthesized siliceous zeolite with the MFI
topology?Z® was the first material synthesized via the fluoride

(19) Camblor, M. A.; Daz-Cabéas, M.-J.; Perez-Pariente, J.; Teat, S.
J.; Clegg, W.; Shannon, I. J.; Lightfoot, P.; Wright, P. A.; Morris, R. E.
Angew. Chem., Int. Ed. Endgl998 37, 2122.

(20) Bull, I; Villaescusa, L. A.; Teat, S. J.; Camblor, M. A.; Wright, P.
A.; Lightfoot, P.; Morris, R. EJ. Am. Chem. So200Q 122 7128.

(21) Price, G. D.; Pluth, J. J.; Smith, J. V.; Bennett, J. M.; Patton, R. L.
J. Am. Chem. S0d.982 104, 5971.

(22) Matijasic, A. M.; Paillaud, J. L.; Patarin, J. Mater. Chem200Q
10, 1345.

(23) Meier, W. M.; Olson, D. H.; Baerlocher, Btlas of Zeolite Structure
Types 3rd ed.; Elsevier: New York, 1996.

each of the unique silicon sites in a zeolite framework. The
two-dimensional INADEQUATE experiment, which probes
connectivities between nuclei via thi&coupling, has been
previously used to successfully assign the peaks in%#5e
spectra of a variety of zeolit@8-3° Once the peaks are assigned,
there are a number of solid-state NMR experiments which can
be employed to measuteF—2°Si distances and therefore locate
the fluoride ion. Cross polarizatich, %6 Rotational Echo Double
Resonance (REDORY;*8and Transferred Echo Double Reso-

(24) van Koningsveld, H.; van Bekkum, H.; Jansen, JAGa Crystal-
logr. 1987, B43 127.

(25) Mentzen, B. F.; Sacerdote-Peronnet, M.; Guth, J. L.; Kessler, H.
C. R. Acad. Sci. Paris, Ser. 1991, 313 177.

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

(27) Fyfe, C. A.; Grondey, H.; Feng, Y.; Kokotailo, G. I..Am. Chem.
S0c.199Q 112 8812.

(28) Fyfe, C. A.; Feng, Y.; Grondey, H.; Kokotailo, G. T.; Mar, A.
Phys. Chem1991, 95, 3747.

(29) Fyfe, C. A.; Grondey, H.; Feng, Y.; Kokotailo, G. T.; Ernst, S;
Weitkamp, JZeolites1992 12, 50.

(30) Morris, R. E.; Weigel, S. J.; Henson, N. J.; Bull, L. M.; Janicke,
M. T.; Chmelka, B. F.; Cheetham, A. K. Am. Chem. Sod 994 116,
11849.

(31) Hartmann, S. R.; Hahn, E. Phys. Re. 1962 128 2042.

(32) Pines, A.; Gibby, G.; Waugh, J. $. Chem. Physl973 59, 569.
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nance (TEDORf“%experiments, which probe the heteronuclear ( a) 2
,

dipolar couplings between nuclei, have been demonstrated to )
be reliable in measuring distances between isok¥&EPSi spin H Isp in fock decouple recycle delay
pairs in octadecasff41:42 r a2 aua
The aim of the present work is to unambiguously determine som. | contact
the location of the fluoride ion in as-synthesized [TPA]-F-[Si- Si puse | T T b k

MFI] zeolite using these solid-state NMR techniques. In
structural studies of small molecules or ions occluded in zeolites
such as this, solid-state NMR has advantages over XRD in the

many cases where large enough single crystals are not available(b) =

for XRD. If samples of sufficient quality can be synthesized, H I spin lock decouple recycle delay
the solid-state NMR techniques presented in this paper can be

extended to any other fluoride-containing zeolite frameworks.
°E contact pulse | spin lock
Experimental Section
Sample The [TPA]-F-[Si-MFI] zeolite was prepared in a fluoride- g contact pulse [ 4 acquire FID

containing medium by hydrothermal synthesis in a PTFE-lined auto-
clave for 15 days at 20TC following the procedure described by Guth
et al* The molar composition of the synthesis mixture was 1.0,SiO
(Aerosil 130, Degussa), 0.08 tetrapropylammonium bromkii@8%s,
Fluka), 0.04 ammonium fluoride, and 2Q®1. The sample was washed (C) ni2

with distilled water and dried at 80C overnight. ; spin recycle
1H/19F/29Si Triple Frequency Probe.Because this as-synthesized lock decouple delay
zeolite still contains the TPA template, it was necessary to aply
decoupling during acquisition to obtain high-resolutiéisi NMR 1 T 2 a T 2 @
spectra. Therefore, an H/F/X triple-resonance probe capable of operating F I I I I I I
at 'H, 1°F, and?Si frequencies simultaneously was required to carry
out the NMR experiments which probe the interactions betwéen N2 e /2 —>
and?°Si. A separate radio frequency channel with matching and tuning contact il acquire
capabilities for fluorine was added to a Bruke’X double frequency Bgj pulse I FID
CP MAS probe. Thé% circuit had its own radio frequency coil which T ' :
was mounted externally on the cylindrical MAS stator (Doty Scientific, ” nt, N
7 mm Standard Speed). The coil was a modified version of the
Alderman-Grant desid# having its radio frequency field orthogonal
to both the inner solenoid coil and the external magnetic field. Although (d) =
the outer coil is large, it is relatively efficient due to its being part of 1 I spin decouple recycle
a single frequency circuit and its radio frequency field being orthogonal lock delay
to the external magnetic field: 300 W givest# pulse length of 6.5
us. A full description of this design will be published elsewh&re.
NMR Spectrometer. Solid-state NMR experiments were performed 19 contact a mEEEE &
on a Bruker DMX-400 spectrometer operating at frequencies of 400.13 F pulse I
MHz for *H, 376.434 MHz for*®F, and 79.495 MHz fof°Si. The°F Coheirence
pulses were routed through a Bruker high-power amplifier tuned to Transfer
the '%F frequency. The®Si chemical shifts were referenced to R ) . '
tetramethylsilane (TMS) using s (the cubic octamer 8D, JOSi- 29 acquire
(CHs)3]s) as an external secondary reference. The [TPA]-F-[Si-MFI] Si —‘ l FID
sample and a small amount of potassium iodide (to measure the spinning T >
rate) were packed inta 7 mmzirconia rotor with Vespel caps. The [ N7, —>i—— mT, —>

1H—29Sj, 1H—19F, and!%F—2°Sj CP match conditions were found on

i . 29G; -
the [TPA]-F-[Si-MFI] sample, rather than by using a model compound. Figure 1. Pulse sequences used: (&)—*Si CP-INADEQUATE,

(b) *H—'°F—2°Si double cross polarization wifit decoupling, (c}F/

(33) Stejskal, E. O.; Schaefer, J.; Waugh, JJSMagn. Reson1977, ?°Si REDOR with 'H—2Si CP and'H decoupling, and (d}°F/*Si
28, 105. TEDOR with *H—%F CP and'H decoupling.
(34) Mehring, M.Principles of High-Resolution NMR in Solidnd ed.;
Springer-Verlag: Berlin, 1983. All spectra were collected at 327 K, the temperature at which the

(35) Hediger, Slmprovement of Heteronuclear Polarization Transfer

in Solid-State NMRPh.D. Dissertation, Eidgenossishe Technische Hoch- resonances in théSi spectrum are best separated. The following

schule. Zurich. Switzerland. 1997. parameters were common to all experiments:19 us *H 7/2 pulse
(36) Fyfe, C. A.; Lewis, A. R.; Cheeau, J. MCan. J. Chem1999 77, length, 35 kHz'H decoupling power, 100 ms acquisition time, and a
1984. 2 s recycle delay.
(37) Gullion, T.; Schaefer, J. Magn. Reson1989 81, 196. CP-INADEQUATE. The pulse sequence is shown in Figure la.
ggg (H3|un”g;02\ \TN ,S\/C:ggfg’, ?gﬁayfggnﬂ ,\Fjlgz%ngfs% %]_3299527 96,205 The 'H—2%Sj contact time was 10 ms, tR&Si /2 andx pulse lengths
(40) Hing: A H Vega’, S.’; Schaefer', J. Magn. Reson. Ser. ’1_3993 were 8.0 and 16.@s, respectively, and the echo timewas 8 ms.
103 151. Sixty-four experiments, each of 1664 scans, were collected iFhe
(41) Fyfe, C. A; Lewis, A. R.; Cheeau, J. M.; Grondey, H.. Am. Chem. sweep widths in thé-; and F, dimensions were 1200 and 2400 Hz,
Soc.1997 119, 12210. respectively, so that increments tinwere synchronized with the 2.4

Hir(s“czh)ir?egagggia Fé?;’fe’ }3{&gemge:]mgés%%gufgoznigR'; Delmotte, L.; kHz spinning rate. To increase the resolutier§ Hz line broadening
43) Aﬁde’rman D. W.: Grant. D gMJ. Magn Resoth?é 36, 447 was applied in the, dimension before Fourier transformation.

(44) Fyfe, C. A.; Brouwer, D. H.; Lewis, A. R.; Marcus, T.; Coschizza, Cross Polarization. For 'H—2°Si CP spectra, 128 scans were
M. Manuscript in preparation. collected using a contact time of 10 ms. The spinning rate was 2.0
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temperature at which the peaks are best separated, the spectrum
ﬂ can be deconvoluted into 12 individual peaks, as shown in
Figure 2Db, indicating that this material has an orthorhombic
Pnmastructuré®24on the NMR time scale. This high resolution
of the 2°Si spectrum is a critical requirement for the NMR
(a) L/\ﬁ experiments designed to locate the fluoride ion within the
— framework. However, not all of the peaks are narrow; in
comparison to the main group of peaks, the peak 55 ppm
is broadened substantially. Koller et al. proposed that this peak
k_& arises from framework silicon sites undergoing dynamic ex-

(b)

change between four- and five-coordinate environments as the
fluoride ions are mobile between different SiQetrahedrd213
The peaks at-109 and—117 ppm in the?°Si spectrum are

also broadened slightly, indicating that these silicon sites are
also affected by the fluorine exchange process, but to a lesser
degree.
_1& _11[0 _150 _150 To assign the*Si resonances to each of the unique silicon
*3i Chemical Shift (ppm vs. TMS) sites in the MFI framework, a two-dimensional CP-INADE-

Figure 2. (a) H—2Si CP MAS spectrum of [TPAl-F-[Si-MFl, ~ QUATE experiment (Figure 1a) was carried out. WhenThe
collected at 327 K. (b) Deconvolution of the experimental spectrum elaxation time is long, the optimal echo timé the preparation
with 12 Lorentzian peaks: simulated spectrum (upper) and individual period of the INADEQUATE experiment is 1/ whereJ is

peaks (lower). the scalaid-coupling between the coupled nuclei. For the-Si

O-Si linkages in zeolites]s;—s; is thought to be approximately
kHz. In the!H—1%F—29Sj double CP experiment (Figure 1b), 960 scans 10 to 15 Hz25 which means that ideally should be ap-
were collected using &H—'%F contact time of 12 ms antfF—2°Si proximately 16 to 25 ms. However, thie values of some of
contact times between 0.2 ms and 10 ms. FR€°Si match condition  the silicon nuclei in this sample are short: for the broad peak
was set to the-1 spinning sideband of the HartmanHahn match at—125 ppmTy is about 6 ms, whild values for the slightly
prOFZ'II_:eD%]g ﬂ%i Spinning rate V\t'as 8.75 |t<|—:jz ¢ ifBi—-2S] CP broadened peaks at109 and—117 ppm are about 40 and 60

- N1ESE SXpenmen's consisted of an Inite ! ms, respectively, and tHe values for the other peaks are greater
followed by the'®F/2°Si REDOR experiment during whichd decou- . .
than 100 ms. Consequently, it was necessary to compromise

pling was applied, as shown in the pulse sequence in Figure 1c. At h sh ho ti h
each increment af, two spectra were collected: a reference spectrum and use a much shorter echo timerof: 8 ms, to ensure that

in which the dephasing pulses on'F are not applied%) and a not all of th(? magn_etization of these s_ignals depha_sed during
dephased spectrum in which these dephasing pulses are agg)ied (the preparation period. The spectral width was restricted to the
The REDOR curve consists of a plot 65S, whereAS= & — S. group of eleven resolved peaks betweel07 and—119 ppm,

The!'H—2°Si CP contact time was 10 ms, tHiSi z refocusing pulses  since as expected, connectivities to the broadest peald 25

were 18.8s, and thé’F x dephasing pulses were 138, The spinning  ppm were not observed in experiments with larger spectral

rate was 4.04 kHz. Two-hundred scans were collected for each \yigths. The results of this experiment are shown in Figure 3.

Sp’icégjé"é The oul Hee is shown in Fidure 1d. The contact Nineteen out of twenty-two possible connectivites are observed;

time forlH.—JgFe(?I;J \?vzgi%uris??l'hlse/z ecl)ndn pulsgeuleengtHS fo(re bcc?th *“ no connectivities involving the broadgst pea‘ﬁ"?5 ppm are
seen as expected, and the connectivities to the slightly broadened

19F and?°Si were 6.5 and 13.@s, respectively. The number of rotor )
cycles before coherence transfey Was incremented while the number peak at—109 ppm are very weak at best due to their sffert

of rotor cycles after coherence transfer was fixedmat= 2. The values. Nonetheless, it was possible to assign all the peaks in
dephasingr pulses were applied at 1/4 and 3/4 of the rotor cycles and the?°Si spectrum with those connectivities that were observed.
the refocusingr pulses were applied air,/2 andmz,/2. The spinning To carry out the analysis, a computer program was written to
rate was 4.01 kHz. 4800 scans were collected for each spectrum. Noassign the peaks using the known connectivity pattern of the
line broadening or resolution enhancement was applied during process{MF| framework’” and the connectivites observed in the INADE-
ing of the data for the CP, REDOR, and TEDOR experiments. QUATE experiment. Due to the symmetry of the framework,
Calcqlatlons.Calculatlons'to deconvolute tA&i MAS spectra with two equally valid sets of peak assignments are possible, as
Lorentzian peaks, to assign the peaks from the results of the indicated above the INADEQUATE projection in Figure 3. The

INADEQUATE experiment, o fit the oscillations in the CP, REDOR, correct assignment is indicated in bold; the alternative assign-

and TEDOR curves, and to find the location of the fluoride ion were
, 19 ,29G;
carried out usinglathematicaversion 3.0*> Atomic coordinates for ment can be ruled out based on the results of the%—2°Si

the MFI framework used in these calculations were taken from the double CP experiments described below.

single-crystal XRD structure of van Koningsveld ef4l With the peaks assigned to specific silicon sites in the MFI
framework, a magnetization transfer experiment fi@fmto the
Results 29Si nuclei in the framework will yield direct and unambiguous

The very high quality of this [TPAJ-F-[Si-MFI] sample, information about which silicon sites are near the fluoride ion.
particularly the lack of @defects typically found in the products I the *F—2Si cross polarization experiment, the rate of the
of non-fluoride syntheses, is reflected in #e—~29Si CP MAS magnetization transfer is expected to depend on the distance
spectrum presented in Figure 2a. The peak widths are suf-Petween the nuclei: the closer the fluorine ion is to a silicon
ficiently narrow to resolve all the resonances arising from the S'te: ;[Qe fgitgr the increase in #18i magnetization of that peak.
crystallographically unique silicon atoms, indicating that the The “F— S'4§:_P experiment was performed as a double CP
sample is also perfectly ordered on a local basis. At 327 K, the experiment®-48in which the magnetization was first transferred

(45) Wolfram, S.Mathematica: A System for Doing Mathematics by (46) Schaefer, J.; McKay, R. A.; Stejskal, E. ©.Magn. Resonl979
Computer,Version 3.0; Wolfram Media: Champaign, IL, 1996. 34, 443.
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Alternative
Assignment: 9 6 71212 548 113 10—
Proposed
Assignment: 10 1 127 65 2311 84 9-

Double Quantum Frequency

__________

T T T T T
-110 -112 -114 -116 -118

*Si Chemical Shift (ppm vs. TMS)
Figure 3. Two-dimensionatH—2°Si CP-INADEQUATE spectrum of
[TPA]-F-[Si-MFI] collected at 327 K. Above the 2-D plot is'ed—2°Si

CP MAS spectrum with the two possible sets of peak assignments in
which the arrows indicate the assignment of the broad peakl@t

T
-108

ppm. The 19 observed connectivities are labeled according to the

Fyfe et al.

(@)

oA
T T T T
110 -115 -120 125
#3i Chemical Shift (ppm vs. TMS)

Figure 4. Comparison of (a) thetH—2°Si spectrum to (b) &H—1F—2%

Si double CP spectrum collected with a sht¥&—2°Si contact time
(0.8 ms) demonstrating the close proximity of silicons 8 through 12 to
the fluoride ion.

were extracted from these spectra, yielding fe—2°Si CP
curves shown in Figure 6 which provide further information
about the location of the fluoride ion within the!p#67] cage.
Comparing the relative rates of magnetization transfer, it is clear
that the fluoride ion is closest to Si-9, and the next closest silicon
is Si-10, followed by Si-8, Si-12, and Si-11, with Si-1 through
Si-7 much further away. A computer program was written to
search the MFI unit cell for all positions which have the closest
silicon framework sites in the order of Si-9 Si-10 < Si-8 <
Si-12 < Si-11. The possible positions which are in agreement
with this order are shown in Figure 5c. The fluoride ion location
is now narrowed down to a more specific region within the
[415%67] cage.

proposed assignment scheme (indicated above the projection in boldface This same analysis rules out the alternative assignment from

text). The alternative assignment can be ruled outhyy-19F—2°Si
double CP experiments (see text).

from H to 1°F and then fromi°F to 2Si. Using an H/F/X triple-
resonance probe has two advantages in this situatith:
decoupling can be used during the acquisition time, without
which the?°Si peaks are broadened by interactions withlthe

nuclei to the point where individual resonances are not resolved.

An equally important advantage is thatis considerably shorter
for the 'H nuclei (Ty = 0.7 s) than for thé®F nuclei (T, = 2.5

the INADEQUATE experiment, as mentioned previously. This
alternate assignment has the order of the five closest peaks as
Si-10 < Si-9 < Si-11 < Si-7 < Si-8. When the unit cell was
searched for possible positions which agreed with this order,
no solutions at all were found, indicating that this assignment
cannot be correct.

There is another feature in the CP curves that can be exploited
to locate the fluoride ion even more specifically. In the CP
curves for Si-9, Si-10, and Si-8 there is an oscillatory behavior
at the beginning of each curve. This arises from the fact that

s), which means that the recycle time between experiments canthe 1°F and2°Si nuclei are, to a first approximation, isolated
be made much shorter, resulting much better S/N and makingspin pairs for those silicons which are close to the fluoride ion.

variable contact time experiments viable.

In Figure 4, alH—19—2°Si CP MAS spectrum collected
with a short contact time is compared to f&—2°Si CP MAS
spectrum. The extreme selectivity of tR&—2%Si transfer
clearly shows that the fluoride ion must be closest to silicon

The period of the oscillation depends on the dipolar coupling
between the two nuclei, which in turn depends on the distance
between them. A sound theoretical analysis of the dynamics of
cross polarization between isolated spin pairs in a powder sample
under MAS conditions was recently developed by Hedfger

sites 8, 9, 10, 11, and 12. These five silicon sites make up aand summarized in ref 36.

[415267] cage of the zeolite framework, as shown in Figure 5b.
This is very direct evidence that the fluoride ion is located
somewhere within this cage and not as an intimate ion pair with
the TPA cation template in the channel intersection.

A series oftH—19F—29Si CP experiments with contact times

between 0.2 and 10 ms were carried out. Using the deconvo-

lution shown in Figure 2, the peak areas for each silicon site

(47) Schaefer, J.; Stejskal, E. O.; Garbow, J. R.; McKay, Rl.Magn.
Reson1984 59, 150.

(48) Hagaman, E. W.; Ho, P. C.; Brown, L. L.; Schell, F. M.; Woody,
M. C.J. Am. Chem. Sod.99Q 112, 7445.

Since the'9F/2%Si spin pairs are not completely isolated, these
CP curves will have contributions from both the isolated spin
pairs and the extended network ¥F nuclei. Therefore they
were fit to a linear combination of two functions:

SCP(t) = MCP[XSsoIatec(t) + (1 - X)Snetworl‘t)] (1)
Mcp is a scaling factor an&ework describes the signal arising

from the extended network dfF nuclei and is described by
the exponential growth-decay equation:
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Figure 5. (a) MFI framework viewed down the straight channels. (b)
MFI framework around the channel intersection where the TPA cation
resides. The [%?6% cage made up of silicons 8 through 12 is
highlighted. (c) Possible fluoride ion locations in thé#?| cage which
have the closestFSi distances in the order Si-9 Si-10 < Si-8 <
Si-12 < Si-11 corresponding to the relative rates of magnetization
transfer presented in Figure 6. (d) The mean of the fluoride ion locations
in the [45267] cage which are 2.05 to 2.11 A from Si-9, 2.65 to 2.75
A from Si-10, and 3.26 to 3.50 A from Si-8, according to the fits of
the oscillations in the CP curves shown in Figure 8. The location is at
fractional coordinates (0.278 0.001, 0.25Gt 0.001, 0.458t 0.001).

J. Am. Chem. Soc., Vol. 123, No. 28, 208487

exp-UTy,) — exp(-tTep)
1= (TedlTyp)

whereTcp is the rate constant for the growth of magnetization
andTy, is the rate constant for magnetization decay due to spin
lock relaxation.Sseiated IS the signal arising from the isolated
spin pair and can be described by the equation

S1etwork(t) = (2)

Siotaed) = SEXPEUT,,) — XD Tood0ua(®)  (3)

whereTgampis the rate constant for the damping of the oscillation
function, g+1(t)

aDt . .
—sin(20)| sin6 do
o)

g+1(t) is the function derived by Hedig&rto describe the cross
polarization behavior of isolated spin pairs at th& spinning
sideband HartmanHahn match condition under MAS condi-
tions. Using the methodology developed by Mueffeithe
integral in eq 4 can be expressed as a sum of Bessel functions
of the first king?6:5

0.1(0) = 5/;700 (4)

nDt
9.1(t) = Jo| —

Loyt g (™ (5)
g1—4(2<)2 * V2

Finally, D is the heteronuclear dipolar coupling constant (in
angular frequency units) between the two isolated $pinticlei,
which is related ta, the distance between the two nuclei:

(6)

For these equations to be valid, it is necessary to collect CP
data at either the-1 or the—1 spinning sideband Hartmarnn
Hahn match conditions. The HartmanHahn match profile,
presented in Figure 7, was constructed by monitoring the
intensity of one peak in th&Si spectrum (Si-10) as a function
of the 2°Sj radio frequency power while keeping th¥ radio
frequency power constant. The four maxima are clearly
separated by the 3.75 kHz spinning rate. BF—2°Si CP data
presented in this paper were collected at exactly-tthespinning
sideband match condition. It is advantageous to collect CP data
at the£+1 match conditions rather than th& match conditions
because the S/N is typically higher and the oscillations have a
shorter period, leading to reduced uncertainty in the measure-
ment of D.

These equations were used to fit the oscillations in the CP
curves for Si-9, Si-10, and Si-8 to extract tHE/2°Si dipolar
couplings from which FSi distances can be calculated ac-
cording to eq 6. The CP curve for Si-9 (Figure 8a) can be fit
well with a 1°F2°Si dipolar coupling of 2500+ 100 Hz,
corresponding to a+Si distance of 2.0 0.03 A. Similarly,
fits of the CP curves for Si-10 (Figure 8b) and Si-8 (Figure 8c)
yield °F/2°Si dipolar couplings of 114@- 60 and 5804 60
Hz, which correspond to +Si distances of 2.7& 0.05 and
3.384 0.12 A, respectively. With these-Si distances, it is
possible to locate the fluoride ion very specifically. A computer
program was written to search the solutions presented in Figure
5c for F~ positions which are in agreement with all three
observed FSi distances. The mean and standard deviation of

V2

D = (uy,ysh)/(167°r%)

(49) Mueller, K. T.J. Magn. Reson. Ser. 2995 113 81.
(50) Vogt, F. G.; Aurentz, D. J.; Mueller, K. ™Mol. Phys.1998 95,
907.
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Figure 6. 19F—29Sj CP curves acquired via #—F—2°Sj double

CP experiment. Peak areas were extracted according to the deconvo-

lution presented in Figure 2.
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Figure 7. Hartmann-Hahn *F—2°Si cross polarization matching
profile. The intensity of the peak for Si-10 is plotted as a function of
the 2°Si radio frequency power. ThEF radio frequency power was
24.5 kHz, the spinning rate was 3.75 kHz, and the contact time was 2
ms.

the locations which meet these criteria is at fractional coordinates
(0.276+ 0.001, 0.250+ 0.001, 0.458+ 0.001). This location
is shown in Figure 5d.

F—Si distances can also be determined by measufiRf
295 dipolar couplings with REDOR and TEDOR experiments.
However, both of these experiments are limited in their ability
to measure the closestiSi distance to Si-9. Both experiments

require an accurate measurement of low-intensity signals. Due

to the broad nature of the peak for Si-9 arising from motional
averaging, it is very difficult to accurately measure the signal
among the noise when it is of low intensity. In addition, the
success of the REDOR experiment is dependent.oaf the
295i nucleus. In the case of Si-9, the shdstleads to a rapid
disappearance of the signal, making it even more difficult to

get an accurate measurement of the Si-9 signal intensity. Both

the REDOR and TEDOR data for Si-9 were not considered

Fyfe et al.
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Figure 8. Results of fitting the oscillations in the experimental CP
data to theoretical®=2°Si CP curves. The best fits are indicated by
the solid lines while error estimates are indicated by the dashed lines.
(a) Si-9: D = 2500+ 100 Hz,Mcp = 140,x = 0.12, Tgamp= 2.5 ms,

Tep = 350 ms, Ty, = 95 ms. (b) Si-10:D = 1140+ 60 Hz,Mcp =
120,x = 0.23, Tgamp= 3.2 ms,Tcp = 72 ms, Ty, = 29 ms. (c) Si-8:

D =580+ 60 Hz,Mcp = 83,x = 0.29, Tgamp= 1.9 ms,Tcp = 8 ms,

Ti, = 48 ms.

6

which the FSi distances can be calculated, the REDOR curves
were fit with the following functiorf®

ASS =
1
16k% —

whereMg is a scaling factor that depends on the occupancy of

MR(l — [3(Y 2D + 22 [JMnDrr)]Z) @
= 1

reliable enough for distance determination. Nonetheless, it WaSE- 4nd the efficiency of the experimemSis the difference

possible to measure the-Si distances to Si-10, Si-8, Si-12,
and Si-11 by both REDOR and TEDOR.

The results of the REDOR experiment are presented in Figure
9. To determine thé®°F/2°Si dipolar coupling constants from

between the dephased and reference sigiglr{is the number
of rotor periodsD is the dipolar coupling constant (see eq 6),
andr, is the time for one rotor revolution. THEFSi dipolar
coupling constants and corresponding$i distances resulting
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Table 1. 9F/°Si Dipolar Coupling Constant} and

1.0 4 Corresponding FSi Distances Determined by CP, REDOR, and
P I . . TEDOR as Well as Fractional Coordinates of the Fluoride lon
/{ a\"\-._‘ //' * e ¢ PO, s S Location Determined from Each Set of Distances
0.8 1 CP REDOR TEDOR
'y Si-9 2500+ 100 Hz  — -
AS 0671 f 2.08+ 0.03 A
So f Si-10 1140+ 60 Hz ~ 960+50Hz 1000+ 100 Hz
0.4 - 2.70+ 0.05 A 2.86+0.05A 2.82+0.09 A
Si-8 580+ 60 HZA 234%1 Abool—ézA 2735;: 5000ng
027 (a) Si-10 Si-12 SOEOA2D  HOL4Otz  4s0radHE
3.90+0.14A 3.68+0.11Hz
0.0 —— — — T Si-11 - 300+ 40 Hz 360+ 30 Hz
421+018A 3.97+0.12A
F~ location
1.0 4 X 0.276+ 0.001 0.273:0.001  0.286t 0.003
y 0.250+ 0.001 0.25G+ 0.001  0.25Gt 0.002
AN P iy z 0.458+ 0.001 0.45140.001 0.426t 0.004
0.8 - S TN e 2T T
//y" The measured +Si distances and Flocation are in good
_A_S 06 7 A agreement with the results of tA#—2°Si CP experiment.
SO / The results of the TEDOR experiment are presented in Figure
0.4 1 /,,r’ 10. The equatiof? used to fit the experimental TEDOR curves
V4 _ was
024 f (b) Si-8 .
ot S =M exp(—nr,/Tdamg(E([Jo(&(n ~mpr,)?
e 1
10 - — [3(/2(n + mDr)) — >
116k — 1
0.8 - TN
AR S NS ([3V2(00 — mDr)P? - [3(V2(n + m)Drr)lz)) ®
AS 06 A Ve
av e
So // a whereMry is scaling factor andgampis a damping factor. By
041 /) incrementing the number of rotor periods before the coherence
transfer ) and keeping the number of rotor periods after the
0.2 4 ya (C) Si-12 coherence transfenm) to a minimum, the experiment was
d limited by T, of the *°F nuclei rather than by, of the 2°Si
0.0 s S S e S B S A A nuclei. However, it was still not possible to accurately measure
signal intensities for the broad Si-9 peak due to the low intensity
104 of the signal after the first point. THEF/2°Si dipolar coupling
’ constants and corresponding-8i distances resulting from
fitting the data with eq 8 are tabulated in Table 1. Again, these
08 1 P o distances were then used to locate the &t fractional
e T T coordinates (0.286- 0.003, 0.250+ 0.002, 0.426+ 0.004).
A_S 06 4 S The measured distances and location oféfe in reasonable
Sp agreement with the results from both the REDOR and CP
0.4 1 . experiments.
0.2 ) (d) Si-11 Discussion
.. The F-Si distances measured by CP, REDOR, and TEDOR
0.0 L e e experiments are in good agreement with each other. The
0 10 20 30 distances determined by CP are shorter than the same distances

determined by REDOR and TEDOR, a trend that was also
observed in measurements on octadeé&$li.REDOR and
TEDOR tend to give longer distances as the efficiency of the
dipolar dephasing is reduced due to finite pulse lengths, radio
frequency inhomogeneity, and instability of the spinning rate;
the CP experiment is less affected by these fac¢oREDOR

and TEDOR were not able to accurately measure th&iF
distance to Si-9 due to its shdr and broad line width, whereas
from fitting the data with eq 7 are tabulated in Table 1. These the CP experiment was not limited by these factors. However,
distances were then used to locate the & fractional REDOR and TEDOR were more effective in measuring the
coordinates (0.273 0.001, 0.250+ 0.001, 0.451+ 0.001). longer distances to Si-11 and Si-12 as the influence of the

n rotor cycles

Figure 9. Results of fitting the oscillations in the experimental REDOR
data to theoretica®F°Si REDOR curves. The best fits are indicated
by the solid lines while error estimates are indicated by the dashed
lines. (a) Si-10:D = 960+ 50 Hz,Mg = 0.90. (b) Si-8:D = 530+

40 Hz,Mgr = 0.86.(c) Si-12:D = 380+ 40 Hz,Mr = 0.79. (d) Si-11:

D = 300+ 40 Hz,Mgr = 0.74.
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Figure 10. Results of fitting the oscillations in the experimental
TEDOR data to theoreticaPF/?°Si TEDOR curves. The best fits are
indicated by the solid lines while error estimates are indicated by the
dashed lines. (a) Si-10D = 1000+ 100 Hz,M; = 300. (b) Si-8:D
=575+ 50 Hz,Mr = 265. (c) Si-12:D = 4504+ 40 Hz,M; = 225.

(d) Si-11: D = 360+ 30 Hz,Mr = 220. All curves had a damping
factor of Tgamp= 12.5 ms.
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Figure 11. lllustration of the proposed exchange process involving
the fluoride ion. The evidence presented in this paper suggests that the
fluoride ion jumps between “mirror-related” Si-9 atoms, causing these
atoms to exchange between five-coordinate,&O and four-coordinate
SiOyz environments and giving an average structure with orthorhombic
Pnmasymmetry.

extended network of°F nuclei overwhelmed the oscillations

in the CP curves of these nuclei. For all three experiments, the
measured £ Si distances could be slightly affected by interac-
tions to distant®F nuclei, but this effect is difficult to quantify.
These experiments show that although each of these techniques
measures the heteronuclear dipolar coupling constant, each has
its own characteristic advantages and limitations and a more
complete structure determination will be obtained when they
are used together.

These results shed light onto the nature of the motion of the
fluoride ion in [TPA]-F-[Si-MFI]. The INADEQUATE experi-
ment which assigned the broad peak-d25 ppm to Si-9 and
the IH—19F—29Sj double CP experiments which demonstrate
efficient 1°F—29Si cross polarization to this site clearly show
that Si-9 is the silicon site that is exchanging between four-
and five-coordinate environments. The location of the fluoride
ion found in this paper is the average position of this exchange
process and implies that the fluoride ion motion involves
jumping between the “mirror related” Si-9 sites of the frame-
work, as illustrated in Figure 11, making them equivalent on
the NMR time scale. We predict that structural analysis at a
lower temperature, where this motion is frozen out and the
mirror plane is destroyed giving 24 T-sites, will locate the
fluoride ion at a position off the mirror plane and directly bonded
to Si-9 with a shorter £Si distance. Since Si-9 is connected
to Si-8 and Si-10 (via bridging oxygens), the shofigvalues
and slight broadening of these peaks which can be seen in the
29Sj spectra can also be understood to arise from the fluoride
ion motion as the environments around Si-8 and Si-10 change
with the dynamics of the Si-9 coordination.

The location of the fluoride ions in [TPA]-F-[Si-MFI] may
shed also some light onto the role(s) which they play in the
synthesis of this material, particularly the substantial decrease
in the number of defects in the crystals. First, the fluorine ions
act as the mineralizing agent, facilitating the dissolution of the
silica source. Second, the fluoride ions can act as catalysts in
the formation of Si-O—Si bonds!! The attack of F upon the
silicon of a four-coordinate Si§DH site gives a negatively
charged five-coordinate species, which will in turn increase the
negative charge on the oxygen atoms around that silicon,
favoring nucleophilic attack on a nearby silicon atom which
liberates HO and, in most cases, FA third possible role of
the fluoride ions might be to stabilize-SD—Si bonds in four-
rings. The results presented in this paper and the other XRD
structural studies indicate that ks most often found near four-
rings, often directly bonded to one of the Si atoms which make
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up the four-ring. In these cases, one might speculate that thegive F—Si distances to Si-10, Si-8, Si-12, and Si-11 which give
fluoride ion does not act catalytically in assisting the formation the location of the fluoride ion in agreement with the CP
of the SO—-Si linkages, but remains directly bonded to a experiment. From this location, it is proposed that the fluorine
silicon as these SiF  sites in the four-rings may be is covalently bonded to Si-9 but jumps between the two “mirror-
energetically preferred. This role could be particularly important related” Si-9 sites, making them equivalent on the NMR time
in the synthesis of [TPA]-F-[Si-MFI] as the four-rings, consist- scale.

ing of Si-9 and Si-10, are formed when pentasil chains are linked A more complete understanding of the role of fluoride ions
together to form sheets. It is possibly in this step of t_he forma_tion in this synthesis method will depend on locating the fluorine in
of the MFI framework where incomplete condensation reactions qer zeglite frameworks. Undoubtedly, some further structures
involving the four-rings leads to a large number of defects in ;.. pa determined by X-ray diffraction, particularly using
non-fluoride syntheses. It is also possible that the fluoride ions synchrotron sources, but the general approach outlined here also
could act as structure-directing agents when the sheets link ., o< these structures accessible by solid-state NMR. We are

:ggether tof f%mthlf tg_rel\c/lal-:olllnlﬁnsmnalt_fralmevr\]/ork s(;rugtu_re. In currently extending this work to other related systems and are
e case of [TPA]-F-[S-MF], the negatively charged 50 investigating the application of these techniques to the low-

sites on one sheet may interact with the positively charged TPA temperature structure of [TPA]-F-[Si-MFI] in which the fluorine
cation template molecules on the surface of another sheet tomotion is frozen out

align and register the sheets to form the MFI framework.
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