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Abstract: A general protocol is described for structure determinations of organic sorbate—zeolite complexes
based on the selective, through-space, distance-dependent transfer of magnetization from protons in
selectively deuterated organics to framework silicon nuclei. The method was developed using the known
structure of the high-loaded ZSM-5/p-xylene complex containing p-xylene-ds or p-xylene-dy. It was then
applied to determine the unknown structure of the low-loaded ZSM-5/p-xylene complex using NMR alone.
For the high-loaded complex improved data were obtained below 273 K, where slow motions and exchange
processes of the p-xylene are eliminated. The general approach was validated by the exact agreement of
the experimental *H—2°Si CPMAS spectra obtained at a specific contact time and the complete 24-line
spectra simulated using 1/Tcp vs M, correlations from only the six clearly resolved resonances. For the
low-loaded complex the 2°Si resonances were assigned at 267 K, and variable contact time CP experiments
were carried out between 243 and 173 K using the same specifically deuterated p-xylenes. All possible
locations and orientations of the p-xylene guests were sampled, and those solutions that gave acceptable
linear 1/Tcp vs M, correlations were selected. The optimum p-xylene location in this temperature range
was determined to be in the channel intersection with the long molecular axis parallel to [0,1,0] (ring center
fractional coordinates {—0.009, 0.250, 0.541}) with the ring plane oriented at an angle of 30 + 3° about
the crystallographic b axis. A subsequent single-crystal X-ray study confirmed this predicted structure.

Introduction with average structural parameters from the X-ray structure of
the framework, if it is known and if the resonances can be
assigned to silicons at specific T-siteSuch correlations are
most valid when the X-ray data are of high quality, preferably
from single-crystal diffraction studies.

More recently, the link between the two techniques has been
further developed by the demonstration that two-dimensional
COSY and INADEQUATE experiments can reliably delineate

In recent years, high-resolution solid state NMR spectroscopy
has emerged as a complementary technique to X-ray diffraction
methods for the investigation of the structures of molecular sieve
systems. In the case of low Si/Al ratio materials, the spectra
give insight into the local silicon environments, the distribution
of Si and Al over the T-sites, and the effects of chemical
treatments, information not directly obtainable from diffraction the three-dimensional bonding connectivities ASD—Sie)

measurements.A very direct connection between the two . .
y within the frameworl€ In cases where the structure is known,

techniques is made in the case of highly siliceous zeolites whose ) . .
Soc: . these experiments may be used to assign the resonances in the
Si MAS spectra show a series of very narrow resonances

. I ; 29Si MAS spectrum to silicons at specific T-sites where this
whose numbers and intensities reflect directly the numbers and L .
. . . . .. cannot be done from the relative intensities. Even complex cases
occupancies of the crystallographically inequivalent T-sites in

the asymmetric unit in the unit célFurther, the isotropic can be solved, for example, the monoclinic form of ZSM-5

average chemical shifts of the resonances may be correlatec%N hefe thgre are 24 T-sites, all of which are of equal occupancy.
n situations where the structures are unknown or poorly

" Deceased. . . . (3) (a) Fyfe, C. A.; Gobbi, G. C.; Murphy, W. J.; Ozubko, R. S.; Slack, D. A.
*Present address: Bruker Analytik GmbH, Silverstreifen, D-76287 J. Am. Chem. S0d984 106, 4435. (b) Fyfe, C. A.; Strobl, H.; Kokotailo,
Rheinstetten, Germany. G. T.; Kennedy, G. J.; Barlow, G. B. Am. Chem. S0d 988 110, 3373.
(1) A description of the range of applications of these experiments in chemical (4) Fyfe, C. A.; Strobl, H.; Kokotailo, G. T.; Pasztor, C. T.; Barlow, G. E.;
systems is given in: (a) Fyfe, C. Aolid State NMR for Chemist€FC Bradley, S.Zeolites1988 8, 132.
Press: Guelph, ON, 1984, (b) Engelhardt G.; MichelHlgh-Resolution (5) Fyfe, C. A.; Feng, Y.; Grondey, HMicroporous Mater.1993 1, 393.
Solid State NMR of Silicates and Zeolitd®hn Wiley and Sons: New (6) Fyfe, C. A.; Feng, Y.; Grondey, H.; Gies, H.; Kokotailo, G. I.. Am.
York, 1987. Chem. Soc199Q 112 3264. (b) Fyfe, C. A.; Grondey, H.; Feng, Y
(2) (a) Lippmaa, E.; Magi, M.; Samoson, A.; Tarmak, K.; Engelhardt])G. Kokotailo, G. T.; Gies, HChem. Re. 1991, 91, 1525.
Am. Chem. Sod 981, 103 4992. (b) Fyfe, C. A.; Thomas, J. M.; Klinowski, (7) Fyfe, C. A.; Grondey, H.; Feng, Y.; Kokotailo, G. J. Am. Chem. Soc
J.; Gobbi, G. CAngew. Chem., Int. Ed. Endl983 22, 259. 1990 112 8812.
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described, the 2D NMR data may be used to propose possibleof a similar systent3® The13C NMR spectra of the high-loaded
topologies or space groups for refinement of powder X-ray form have been reported to show three resonances for the CH
diffraction date® groups of thep-xylene moleculed?

Much of the interest in the structures of these materials derives There is only very limited structural information available
from a desire to understand their molecular sieving character- from other methods concerning the structure of the low-loaded
istics? which are critical to their use as catalysts, sorbents, and form of thep-xylene/ZSM-5 complex. The only diffraction study
host frameworks. However, despite the importance of the is the powder X-ray diffraction work of Mentzen and Vigne-
problem, few sorbateframework structures have been deter- Maeder!®> who proposed that thp-xylene was located at the
mined using diffraction techniques. Although the framework channel intersection with its long axis along the straight channel,
topologies can often be determined from refinements of powder based on a comparison of simulated and experimental powder
X-ray data, these data are usually too limited to reliably diffraction patterns. However, two different orientations of the
determine the locations of organic guests within the frameworks. ring gave similar agreement. There are also solid-state NMR
The microcrystalline nature of these materials in almost all casesexperiments by the same grotfiThere have also been attempts
precludes the use of single-crystal X-ray diffraction, an excep- to predict the structure theoretically:Reischman et &g
tion being the work of van Koningsveld and co-workers, who considered three possible locations for pheylene: the straight
have determined the structures of several complexes of ZSM-5channel, the zigzag channel, and the channel intersection. From
where large enough single crystals can be obtalféH. their calculations, they suggested that the lowest energy structure

In the first part of the present work we have developed a was that where the molecule was in the channel intersection
method using solid state NMR spectroscopy, specifically cross with its long axis along the straight channel direction, but no
polarization (CP) MAS NMR experiment3,as an alternative  further structural details were given. Pickett et®dbund several
method for determining the three-dimensional structures formed energy minima: one in the straight channel and two in the
between sorbed organic molecules and molecular sieve frame-ntersection with that in the straight channel being the global
works. The CP experiment is based on the heteronuclear dipolarenergy minimum. Snurr et &?. studied both benzene and
interaction that is through-space and dependent on the inter-p-xylene: the latter structure was not described in detail but
nuclear distance, making it possible to obtain three-dimensionalthe location was said to be the same as for benzene and was at
structural data. A definite advantage to using the dipolar the channel intersection. A recent review indicates a lack of
coupling is its inverse third-power dependence on the inter- more recent theoretical studies on the structure of this system.
nuclear distance, which means that relatively accurate distanced preliminary account of some of the work presented here has
can be obtained. In the second part a computer-assisted variatiotoeen given in ref 21.
of the same protocol was used to determine the (unknown) Once the reliability of the method is clearly established, the
structure of the low-loaded form {24 molecules/unit cell) with longer term goal of the present work is to extend these
a view to testing the validity of the approach with a subsequent measurements to other zeolite/sorbate systems of unknown
single-crystal structure determination. structure where the use of single-crystal diffraction techniques

The system chosen for developing and validating the method is precluded by small crystallite sizes or other effects. This could
was the orthorhombic form of zeolite ZSM-5 containing 8 improve the understanding of the size and shape selectivity
molecules op-xylene per unit cell (u.c.), as there is considerable properties that are central to many of the practical applications
literature data available against which to measure the viability of these materials.
and reliability of this approach. Most importantly, there is an In a broader context these structures represent an opportunity
excellent single-crystal X-ray diffraction derived structure by to investigate organic molecule/surface interactions in very well
van Koningsveld and co-worketsIn addition, the?*Si MAS defined systems, as the vast majority of framework sites in these
NMR spectrum shows highly resolved signals, and all of them structures are part of internal surfaces that are perfectly ordered
have been assigned to specific T-sites from INADEQUATE and have different shapes in different frameworks. These studies
experiment$.Previous work has reported tAld NMR spectra could also be reference points for the study of the interaction
of partially deuterate@-xylenes in ZSM-%32and the'H spectra of organic molecules with similar but less ordered and less well
characterized surfaces.

(8) (a) Fyfe, C. A.; Grondey, H.; Feng, Y.; Kokotailo, G. T.; Mar, A.Phys.
Chem 1991, 95, 3747. (b) Fyfe, C. A.; Grondey, H.; Feng, Y.; Kokotailo, Materials and Methods
G. T.; Ernst, S.; Weitkamp, Zeolites1992 12, 50.
(9) (a) Breck, D. WZeolite Molecular Siges John Wiley: New York, 1974. Sample Preparation. The highly siliceous sample of ZSM-5 was

b) Barrer, R. M.Zeolites and Clay Minerals as Sorbents and Molecular L . . . - .
gi)e/es Academic Press: London,y1978_ (c) Smith, J2¥olite Chemistry similar to those used previously f&iSi MAS NMR investigation$:8

and CatalysisRabo, J. A., Ed.; ACS Monograph 171; 1976. fdjyanced

Zeolite Science and Application¥ansen, J. C.; St&er, M.; Karge, H. G.; (13) (a) Kustanovich, I.; Fraenkel, D.; Luz, Z.; Vega, S.; ZimmermannJ.H.
Weitkamp, J. Eds.; Stud. Surf. Sci. Catal. 85, Elsevier Science B.V.: The Phys. Chem1988 92, 4134. (b) Kustanovich, I.; Vieth, H. M.; Luz, Z.;
Netherlands, 1994. Vega, S.J. Phys. Chem1989 93, 7427.
(10) (a) van Koningsveld, Hl. Mol. Catal.1998 A134 89. (b) van Koningsveld, (14) Relschman P. T.; Schmitt, K. D.; Olson, D. H.Phys. Cheml1988 92,
H.; Jansen, J. C.; de Man, A. J. Mcta Crystallogr.1996 B52 131 (c) 5165.
van Koningsveld, H.; Jansen, J. C.; van BekkumAEta Crystallogr 1996 (15) Mentzen, B. F.; Vigne-Maeder, Mater. Res. Bull1987, 22, 309.
B52 140 (d) van Koningsveld, H.; Jansen, JNGcroporous Mater1996 (16) Lefebvre, F.; Mentzen B. Mater. Res. Bull1994 29, 1049.
6, 159. 7) (a) Cheetham A. K, BuII L. MCatal. Lett.1992 13, 267. (b) Fuchs, A.
(11) van Koningsveld, H.; Tuinstra, F.; van Bekkum, H.; Jansen, JActa H.; Cheetham, A. KJ Phys Chem. R001, 105 1947.
Crystallogr. 1989 B45, 423. (18) Relschman P. T.; Schmitt, K. D.; Olson, D. H.Phys. Cheml1988 92,
(12) (a) Hartmann, S. R.; Hahn, E. Bhys. Re. 1962 128,2042 (b) Pines, A.; 5165.
Gibby, M. G.; Waugh, J. S1. Chem. Physl973 59, 569. (c) Schaefer, J.; (19) Pickett, S. D.; Nowak, A. K.; Cheetham, A. K.; Thomas, JNbl. Simul.
Stejskal, E. OJ. Am. Chem. Sod 976 98, 1031. (d) Stejskal, E. O. ; 1989 2, 353.

Schaefer, J.; Waugh, J. $. Magn. Resonl977, 28, 105. (e) Stejskal, E. (20) Snurr, R. Q Bell, A. T.; Theodorou, D. N. Phys. Cheml993 97, 13742.
O.; Memory, J. DHigh-Resolution NMR in the Solid State, Fundamentals (21) Fyfe, C. A.; Diaz, A. C Lewis, A. R.; Chezeau, J.-M.; Grondey, H.;
of CP MAS NMROxford University Press: 1994f) Yannoni, C. SAcc. Kokotailo, G T. InSolid State NMR Spectroscopy of Inorgamc Matenals
Chem. Res1982 15, 201. Fitzgerald, J. J., Ed.; ACS Symposium Series 717; 1999; p 283.
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Samples containing approximately 3, 6, and 8 molecules per u.c. of H/?°Si CP Experiments.Variable contact time experiments on the
p-xyleneds and p-xylened, were prepared by adding an exactly high-loaded complexes of 6 and 8 molecules pkylened, and
measured amount gfxyleneds or p-xylened, to a weighed amount p-xyleneds in ZSM-5 were carried out at 293 K, 273 K, and below
of ZSM-5 in a glass vial and then sealing and heating at 353 K for 8 and those on the complexes of 3 moleculep-gfleneds andp-xylene-

h. The exact loadings were checked before and after the NMR d,in ZSM-5 at 293, 243, and 233 K using the experimental arrangement
experiments by thermogravimetric analysis (TA Instruments TG51 for long-term operation at low temperatures described above. The
thermogravimetric analyzer). experiments involved variation of the contact times up to 100 ms, and

Previous work on the-xylene/ZSM-5 system has shown that at typical 90 pulse times were 1is (*H) and 11.24s (°Si). The number
loadings between 2 and 4 molecules per u.c. the system is completelyof scans accumulated for each contact time varied between 1000 and
orthorhombic Pnmg with 12 independent T-sites in the asymmetric  3000.
unit, while between 6 and 8 molecules per u.c. it transforms completely ~ Additional experiments at 400 MHz were carried out on the low-
to a second orthorhombic phas®2(2;2;) with 24 independent loaded form at even lower temperatures (down to 173 K) using a DSX
T-sites3P< Quantitative?Si MAS spectra of a sample with a loading ~ Spectrometer courtesy of Bruker Spectrospin (see Acknowledgments).
of 4 molecules per u.c. showed the presence of only a small amount of Variable contact time experiments on the complexes of 3 molecules
the high-loaded form, but this makes an appreciable contribution to per u.c. ofp-xyleneds in ZSM-5 were carried out at 213, 193, and
the spectrum whertH—2Si cross polarization is used due to the 173 K, and for a low-loadeg@-xyleneds sample at 213 K.
polarization transfer being much more efficient in the high-loaded phase, ~ Details of the fitting of the experimental data and the calculations
at least at ambient temperature. To ensure that the spectral intensitydone to locate th@-xylene molecules within the ZSM-5 framework
came exclusively from the low-loaded form, a loading of 3.4 molecules are presented in the text.
per u.c. was used in subsequent experiments. For simplicity, this is
referred to as “3 molecules” in the rest of the text.

NMR Experiments. Most experiments were carried out using a General Comments.To determine the geometric relationship
Bruker MSL 400 spectrometer equipped with a standard Bruker 7 mm between sorbed organics and the silicon atoms of the framework,
MAS double-tuned probe operating at 400.13 MHz for protons and experiments such as GPfransferred echo double resonance
79.6 MHz for#si. Chemical shifts are referenced to TMS using/Q (TEDOR)28 and rotational echo double resonance (REDOR)
as intermediate standard. Low-temperaté® MAS spectra were st pe used, since these are based on the heteronuclear dipolar
obtained using a cooling system designed to work at low temperature jso 4 ction between the nuclei that is a function of the through-

for long periods of time with stable spinning rates in the range 2.5 0 o interuclear distance. In the present work we examine
3.5 kHz. In this arrangement the bearing gas was also the cooling gas

and a pressurized 200 L liquid nitrogen Dewar was used as the cold the pOtenF'al of the cross po'_ar'zatlon experiment to obtain
bearing gas reservoir. This precooled bearing gas was cooled furtherStructural information on the high- and low-loaded complexes
by passing it through a coil immersed in liquid nitrogen in a 25 L formed betweermp-xylene and zeolite ZSM-5.
Dewar. Dry nitrogen drive gas was required to avoid disruption of the ~ There are a number of factors that could compromise the use
sample spinning due to ice formation. The pressurized 200 L liquid of the CP technique for structure determinations, and care must
nitrogen supply was also used to provide the drive gas because thebe taken to ensure that they are not affecting the experiments:
Dewar has another output from which gas can be drawn off under the First, the distances between the protons on the guest molecules
control of a pressure regulator. The temperature was regulated _wit'hin and the silicon nuclei in the framework must be reasonably well
g;enjl?r:gtti)cem l:/\?iltrrlngmz nE;TI(rT?;ir\l{;;];:g(e) ;?T;]Zeﬁﬁaenﬁ:’ggg |23'et| I': defined. This was achieved in the present work by investigating
the 25 L Dewar. Variable-temperature, wide-line deuterium NMR two closely related _par_tlally deuterated SySteWylenedA'

(1), where the polarization source is the protons in the methyl

spectra were obtained using a home-built probe that accommodated . .
both 5 mm and 10 mm horizontal solenoid coils. A quadrupolar echo groups, andp-xyleneds (2), where the polarization source is

sequence (98-7—90,—7-acqy? was used, and typical 9Qulse times the four protons on the aromatic ring. Although these proton
were ca. 3 and 6s for the 5 and 10 mm coils, respectively. Low-  Spin systems do not qualify as “isolated nuclei”, which is the
temperaturéH measurements were carried out with a flow of cold optimum situation for obtaining unambiguous structural data,
nitrogen gas and the temperature regulated using the Bruker VT-1000it was hoped that their isolation would be good enough to obtain
temperature control unit. useful structural information. However, because of their relative

Inadequate Experiments.These were performed using a standard jsolation, they may not qualify as truly abundant spin systems,

pulse sequenéin which the last 90 pulse was replaced by a 135 the normal assumption in the interpretation of CP dynamics.
pulse to provide quadrature detection in the double quantum frequency

domain. The experiment was carried out at various temperatures, chosen CHj CD,

for optimal spectral resolution and reliability of the CP parameters,

using the experimental arrangement for working at low temperatures. D

The 2°Si 9¢° pulse length was 8.2&s, and the collected data were

processed and plotted using the program 2D-WINN¥R.

Results and Discussion

2D Spin Diffusion Measurements.A standard 2D NOESY se- D
quencé?was used with a cross polarization step substituted for the CH o
initial 90° pulse?® Proton decoupling was applied during both the : ’
mixing and acquisition times, and the longest mixing time was limited 1) Q)

to 120 ms.

Second, the CP process can be affected by motions of the

ggg g?%gk M Davis, J. M., Valie, M. 1Can. J. Phys198d ﬁféég’lgéson guest molecules, and these must be as well-defined as possible.

1981, 43, 478. (b) Mareci, T. H.; Freeman, R. Magn. Resonl1982 48,

158. (26) (a) Hing, A. W.; Vega, S.; Schaefer,Jl.Magn. Resonl992 96, 205. (b)
(24) 2D Win-NMR Bruker-Franzen Analytik GmbH: Bremen, Germany, 1996. Hing, A. W.; Vega, S.; Schaefer, J. Magn. Reson. Ser. 2993 103
(25) (a) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R.RChem. Phys. 151.

1979 71, 4546. (b) Szeverenyi, N. M.; Sullivan, M. J.; Maciel, G. E. (27) (a) Gullion, T., Schaefer, Adv. Magn. Reson1989 13, 57. (b) Gullion,

Magn. Reson1982 47, 462. T.; Schaefer, JJ. Magn. Reson1989 81, 196.
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In the present work, these were determined directly from the

°H NMR solid state spectra of the complexes. A variety of

molecular motions can be taken into account in the theoretical

second moment calculations as long as their nature is known.

However, translational motions, particularly between inequiva- a)

lent sites, may possibly invalidate the structural determination,

and if these are slow, they may be difficult to detect even by 232468
2H NMR. The cross polarization time constarficf) values
obtained from the fitting of the CP data can also be affected by
motions; specifically, the proton relaxation time in the rotating
frame T,y IS very sensitive to very slow molecular motions.
If T1pq) is comparable to or less thdap, the normal assumption
that T1,my > Tcp can no longer be made, and if this is not
recognized, erroneoutcp values will be obtained. Last, the
T1,m) Values can be affected by the amount of sorbate present, A10 112 114 116 -118 120

which can be varied to a certain extent without introducing ppm from TMS

structural changes of the sorbate/framework complex, and within gigre 1. (a) 2si CP MAS NMR spectrum of ZSM-5 loaded with 8
this stability region a loading should be selected where the molecules ofp-xyleneds per u.c., contact time 5 ms. (B3Si MAS NMR

relaxation behaviors, particularly in terms ®f,q), are most spectrum of the same sample obtained using a recycle delay of 350 s to
ensure complete relaxation of the silicon nuclei. Thé @@ise length was

appropriate. 13 us. Labels refer to the T-site numbering in ref 11
With these factors in mind, extensive studies of both the high- He: g '
and low-loaded complexes were carried out. In the first part, 130 kHz

the high-loaded complex where the structure was known is
studied to develop a clear and reliable protocol that could be
applied to other systems whose structures were unknown. To
limit the amount of data presented, although investigations of
complexes of both deuterated xylenes were carried out, in the
main, only those data from thexyleneds complexes that are a)
considered more accurate are presented in the paper and in the
case of the high-loaded complex, only those data from the 8
molecules per u.c. case are shown. All the other data are
presented in the Supporting Information.

I: Method Development Using the High-Loaded Form of
the p-Xylene/ZSM-5 Complex.The 2°Si CP MAS spectra for
zeolite ZSM-5 loaded with 6, 7, and 8 moleculespekylene

are almost identical and indicate that the framework structure b)

is the same at all loadings. As previously reported, the 8 I r T T T T T T .
molecule per u.c. form is orthorhombic, space gré2s2;2;, 200 100 0 -100 -200
and has 24 T-sites in the asymmetric dAiThe assignment of kHz

the different resonances to the appropriate silicons shown in Figure 2. Room-temperaturéH NMR spectra of selectively deuterated

Figure 1b comes from previously reported INADEQUATE p-xylenes in ZSM-5 at a loading of 8 molecules per u.c.g&ylene-da:
. g . 90° pulse length 2.8:s, echo delay 12s, recycle delay 6 s, 5204 scans,
experiments. In the spectra, the resonances corresponding t0 5500 1y fine broadening. (h)-Xylenede: 90° pulse length 6us, echo

silicons 1, 3, 10, 12, 16, and 17 are reasonably well-defined, delay 8us, recycle delay 1 s, 3676 scans, 200 Hz line broadening.
and particular attention will be paid to these in the structure
determinations. value, but the splitting of 130 kHz between the central
Deuterium NMR Spectra. Vega and co-worketd used the singularities clearly shows that the rings are rigid at this
2H NMR spectra of various deuteratpekylene/ZSM-5 systems  temperature and this loading of organic molecules. In fact, the
to investigate the motions of the sorbate molecules in detail. rings appear to be static up to 333 K in this experiment. The
Although the system studied was NZSM-5 and is thus narrow central line is indicative of completely isotropic motion,
significantly different from that studied here, the theoretical but the fraction of molecules involved is small (its concentration
spectra for the different molecular motions such as methyl group is estimated to be<10%) and probably reflects molecules on
rotation and 180ring “flips” provide excellent reference points  the exterior surfaces of the crystallites or at defect sites at this
for the present work and were used in the interpretation of the maximum loading. Similar spectra are observed for the 6
spectra described below. molecule complex (Supporting Information Figure Sla) with
The2H spectra of some of the present samples are shown inthe absence of the narrow component, which lends support to
Figure 2. The spectrum of thp-xylened, intercalate at 8 the assignment proposed above.
molecules per u.c. (Figure 2a) shows a narrow central compo- In the case of thg-xyleneds intercalate (Figures 2b, Sl1b),
nent, broadened by the exponential multiplication used to the splitting in the?H spectrum is now reduced to 44 kHz,
enhance the very broad main signal. The intensity of the major indicating methyl group rotation, but there is no evidence of
broad component in the spectrum is greatly underestimated infree rotation of the molecule or of large-scale diffusion. Again
the quadrupolar echo experiment because of its very dhort a small, very narrow central resonance is observed for the 8

7546 J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005
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molecule case, which is thought to be due to a small fraction Table 1. Shortest Calculated Si—H Distances? from the
of freely diffusing molecules adsorbed on the exterior surface. Sindle-Crystal X-ray Crystal Structure for ZSM-5 Loaded with 8
; . Molecules per u.c. of p-Xylene
Thus, on the time scales of tAld experiments, botp-xylene

. . B 29Gj -Sil
molecules have stationary rings and rotating methyl groups at > > Haron fs (A Here s )
room temperature, and this must be taken into account in the Si1 :_'113 g'fgg I|-|—|-_819 33%35
calculation of second moments and distances. It should be H-3 5354 H-5 4103
emphasized that the location of discrete atomic positions in Si3 :2 géfg :-113 2-}8&
diffraction experlments _does not necessarily indicate the abse.nce H-12 1627 H-15 4795
of molecular reorientations, as these are often between equiva-  sj10 H-2 4.318 H-5 3.596
lent positions, i.e., positions of minimum potential, as in the H-13 5.413 H-9 3.804
. : H-1 5.889 H-8 5.858
case of 180 ring flips, and as such are not detected by Si12 H-3 3.205 H-18 4.494
diffraction experiments, which reflect the positions that most H-12 3.386 H-10 4.990
of the atoms occupy most of time. Even where diffraction Site e Ty e s
experiments detect disorder, this could still be either static or H-4 4.758 H-7 4.463
oy o e SRR N
. . . . . | - . - .
Cro_ss Polarization E_xpenments_. The cross polar|zat_|on H-13 3572 H-19 1,089
experiments were carried out using the standard spin-lock H-2 5.044 H-20 4.495

sequence with spin temperature inversion to suppress arfifacts. _ - . _
During the spin-locking step, there is coherence transfer from alTheAhydrogen atomic positions were calc'llilated usingHQdistances

1 29Si via the h | dipolar int i if the t of 0.98 A for the aromatic hydrogens and 1.1 A for the methyl hydrogens,
H to <°Si via the heteronuclear dipolar interaction if the tWo and the appropriate geometries for a planar aromatic ring and tetrahedral
spin-locking fieldsH ¢y andHy i satisfy the HartmanaHahn CHz group.

match condition, eq 1. In the present work the two rf fields

were matched experimentally. enhancements of the different signals based on their distances
from the proton magnetization sources and that these effects
"WHigy ™ sHusi 1) could be used to determine the geometric relationship between

the host lattice and the organic guest molecules. The effects of

Quantitatively, the cross polarization process is usually the distance dependence can be seen qualitatively from a
described using eq 2 with the assumptions gt < Ty comparison of the CP spectrum with that from a simple
and Ty, is very long compared tdcp and can be neglected  quantitative one-pulse experiment as shown in Figure 1. The
and that the number ofH nuclei is “much larger” than the  structure is orthorhombic with 24 T-sites of equal occupancy.
number of 2°Si nuclei. This latter condition is at least ap- In the CP experiment, some signals are obviously enhanced
proximately satisfied in the present cases because of the lowcompared to others. The resonances due to the silicons 1, 3,
natural abundance 8fSi (4.6%). However, in samples of this 10, 12, 16, and 17 are quite well resolved, and these were used
type, the protons are present at quite low concentration and therein the initial study.
may be relatively small homonuclear dipolar couplings between  since the structure is known in the present instance, it will
protons on different molecules, so the proton reservoir may not pe possible to compare calculated second moment values
be a strongly coupled abundant spin system. Thus, eq 2 may(calculated according to Van Vie¥kusing the internuclear
be expected to give only an approximate description of the gistances from the X-ray structure) to tfigr values deduced

behavior of theS nucleus £°Si) magnetization. experimentally from fitting the CP curves to eq 2. Table 1 lists
4 the closest StH distances calculated from the XRD structtite.
1) = 1o[1= (Ted Tapp))] T€XP(-UTyp4)) — EXPEUTeR)] The hydrogen numbering corresponds to the two different kinds
2 of p-xylene molecules, XYL2 3) located in the sinusoidal

channels and XYL1 4) located at the intersection of the
sinusoidal and straight channels as shown in Figure 3. The
locations of silicons 1, 3, 10, 12, 16, and 17 are highlighted in
red in this figure.

I, represents the theoretical maximum signal intensity obtainable
from the polarization transfer in the absence of any loss due to
relaxation processes. Of particular importance, the cross polar-
ization time constantcpis proportional to the second moment
of the dipolar line shapes (eq 3) and hence has an inverse
dependence on the sixth power of the internuclear distafte

1Mep= C(A0Y) (A0, 3)

C is a constant andAw?);s and Aw?), are the heteronuclear
(1,S and homonuclearl,{) second moments, respectively.
Hence,

UTep 0 (A0?)s O (1" v Y r° )

It was anticipated then that ti#€Si CP MAS NMR spectra

of these systems would show substantial differences in the XYL2 3) XYLl 9

(28) Fyfe, C. A.; Veregin, R. PTrans. Am. Crystallogr. Asso¢97Q 43. (29) Van Vleck, J. HPhys. Re. 1948 74, 116.
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Figure 3. Structure of the high-loadgaxylene/ZSM-5 framework structure
viewed down the straight channel showing the locations ofptixglene
molecules in the sinusoidal channel (XYL2) and in the intersection of the
channels (XYL1) based on the structural data of ref 11. Oxygen atoms
bridging the silicons are omitted for clarity, and the locations of the silicons 0
whose resonances are used to obtain the CP curves are highlighted in red.

0 " 100000 200000
Calculated Second Moment (Hz?)
29Si CP/MAS spectra were obtained as a function of contact gigyre 4. (a) Intensities of thé®Si CP MAS NMR signals as indicated as
time (CT) up to a maximum of 60 ms for samples of ZSM-5 functions of the contact time at 293 K for ZSM-5 loaded with 8 molecules
loaded with both 8 and 6 molecules of the specifically deuterated ©f PXyleneds per u.c. (b) Plot of experimentalTde values vs the calculated
. second moments.
p-xylenesl and2 at 293 K. The spectra were deconvoluted in

terms of Lorentzian functions and the intensities of the reason- tq wvo sets of data for the loadings of 6 molecules approximate
ably well-resolved resonances of silicons 1, 3, 10, 12, 16, and peyter the expected behavior, with clear maxima and decays,
17 tabulated and fit to eq 2 using the nonlinear statistics packagey, ;t the fits are still not exact, particularly at shorter contact
in Mathematic&® The data from these fits are given in Tables times.
2 and SI2 and SI3 in the Supporting Information. To conserve 4 differences in behavior between the 6- and 8-molecule
space, the results for both sorbates will be described, but for loadings are due mainly to differences in fhgg values. At
the most part, only d.ata for the-xyleneds systems will be 5 |9ading of 8 molecules per u.c., tiig, values are too long
presented as figures; those for thexyleneds systems are  rg|ative to theTcp values for clear decays to be observed for
available in the Supporting Information. the curves, and eq 2 is simplified to

Figure 4a shows a plot of these data for fhwayleneds ’

sorbate {) at a loading of 8 molecules. Qualitatively, there is I(t) = I, exp(t/Tep) (5)
agreement between the CP curves of both deutemigtenes
at both loadings and the known structure (Figure 3). Thus for | the case of ZSM-5 loaded with 6 moleculespetylene-
p-xyleneds, at loadings of 8 molecules (Figure 4a) and 6 g per u.c. (Supporting Information), a value @i, was
molecules (Figure Sl4a in the Supporting Information), the opained from least-squares fits to the linear decays of plots of
curves indicate that silicons 12, 3, and 17 are much more In(1) vs CT for Si 12 and Si 3. The average value of 12.0 ms
efficiently polarized (and hence closer to the polarization a5 ysed in fitting all of the other curves, and an estimate of
source) than silicons 16, 10, and 1, in excellent agreement with — 103 7 is also obtained for these two sites. Using the above
Fhe Si-H distances shown in Table 1. The dlstlnctlgn is clgarest value for Ty, and fitting the curves using a nonlinear least-
in the ea.rly' part of the curves where the growth is dpmmated squares fit to eq 2 to obtai and Tep gives the data in Table
by Tcp. Similarly, the data for the-xyleneds system (Figures g2 (supporting Information). The calculated curves from these
Sl2a, SISa) suggest that Si 1 and Si 10 are polarized morefiis are those shown together with the experimental data points
efficiently than Si 17, Si 16, Si 3, and Si 12, in agreement With i, Figure Si4a. There is some variation lig (the theoretical
the data of Table 1. maximum magnetization) for the different silicon sites. Although
However, the fits of the curves to eq 2 are only moderately 4| are of equal occupancy in the structure, it is possible fthat
good, partlc‘l‘JIarIy for the two 8 molecule systems, e.g., Figure ¢q|q vary, as there is some degree of isolation of the groups
4a. In the “conventional” caseT¢p < Tiw), there is an  of proton spins, and different silicon sites may be in contact
exponential grqwth due to polarization transfer_and the CUIVe yith different numbers of protons. Keepigfixed at the value
reaches a maximum value before an exponential decay dom"optimized for Si 12 yields a slightly different set B&p values
nated byTi,¢). The curves that grow fastest have the highest (data not shown), but the order is unchanged.
maxima, and the maxima in the series shift to _Ionger contact ' 1q further probe the quality of the fits to eq 2, the resulting
time values as they become lower. The curves in Figure 4a do_yalues were correlated to the heteronuclear second moments.
not reach clear maxima even at the maximum contact time, andgrom the known structure, these can be calculated exactly taking
the fits are relatively poor, particularly at shorter contact times. jhto account the motional characteristics observed in2the
(30) Wolfram, SMathematica: A System for Doing Mathematics by Computer NMR spectra and are given for the 8-molecule Ioading in Tables
v. 3.0; Wolfram Media: Champaign, IL, 1996. 2 and SI1.
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The total second moment for the interactions of the methyl a) Z1  s182 22
hydrogens with the silicon atoms was averaged for a rotation
around the methyC; axis3! and a static model was used in the
case of interactions involving the aromatic hydrogé&n&.
Second moments for the 6-molecule complexes were scaled by
a factor 6/8= 0.75 to account for the incomplete occupancy of b)
the sorbate sites.
Since Tep is directly related to thé'H/2°Si heteronuclear
second moment via eq 4, a plot offgb vs (Aw?);s should be
a straight line that goes through the origin. The experimental
results are shown in Figure 4b for the 8-molecule loading of
p-xyleneds. A moderately good linear correlation is obtained,
but the straight line deviates from the origin. This could be
caused, in part, by the fact thatandTcp are strongly correlated,
but there is also a large variation within thevalues themselves.

Although, as discussed earlier, some moderate variation might 21 20 19 18
be expected, the differences observed more probably reflect the pem
poor quality of the fits to eq 2. ¢) P

Similar results are obtained for the complex with 8 molecules 18
of p-xylened; (2). There is some small variation ificp ‘ 5
depending on whethdy is fixed at the value found for Si 10 = [0
or used as a variable (Table SI1 in the Supporting Information). A
The plot of 1T¢p vs the calculated second moments (averaged &/ B

\~

for 3-fold reorientation of the methyl groups) gives a reasonable
linear correlation, but the scatter in the data is even larger than
for p-xyleneds, as the dipolar interactions are considerably
weaker (Figure SI2b). Again, the straight line does not intersect 21
the origin, and there is considerable variatior 4n — T
The corresponding linear correlations for the loadings of 6 ppm
molecules are considerably better (Figures Slflb, _S|5b' Table rig,e 5. 13c CP NOESY experiments for the complex of ZSM-5 with 8
SI2), although the scatter for thpexylened, case is still larger molecules ofp-xylene containing a singlé*C-labeled methyl group. (a)
and the line does not pass exactly through the origin. These *°C spectrum with the resonances assigned as indicated. (b) Experiment
: 3 done at room temperature (293 K) with 32 experiments, 64 scans in each
|m_proved fits are thO_UQh_t to be due to the curv_es Fhems_el\_/esexperiment, a sweep width of 800 Hz, and 128 data points collected during
being better approximations to the CP behavior implicit in  the acquisition. The mixing time was 100 msgdan2 mscontact time and
eq 2. 8 s recycle delay were used. (c) Same acquisition parameters as in (b) but
We suspected that the problems with the fitting of the CP 2t a temperature of 273 K.
data in the case of the 8-molecule loadings might be due to
very slow diffusional processes of thexylene molecules

In our specific system it is possible to use this technique to

i ithin the ch s S i iaht well be t study the exchange process of the organic guest molecules
olccurrlng W:j n edc anﬂe S. Some 1“0 |fonhs r‘r:jlg we E,\;’; within the zeolite channels because, for this particular and quite
slow to be detected on the time scale of the deuterium unigue case, four different methyl groups can be resolved in

experiment but could be important in the CP experiments when the 13C NMR spectrum, corresponding xylene molecules

working with contact times as long as 60 ms. Any diffusion i, i gtraight and zigzag channels (Figure 5a). Figure 5b shows
process could produce errors particularly in the fitting of the o op chemical exchange NOESY spectrum for the complex
CP curves for the 8-molecule loadings _ of 8 molecules oft3C (methyl) pxylene on ZSM-5 at room

To investigate this, 2D-exchange CP NOESY experinténts temperature with a mixing time of 100 ms.
were conducted on complexes of ZSM-5 with 8 molecules of  The cross-peaks in the spectrum indicate the carbons that are
p-xylene containing a singl&C-labeled methyl group. In this exchanging. Using 8H/13C/29Si CP TEDOR experimer# the
experiment, the initial carbon magnetization is obtained using fouyr different methyl resonances can be assigned as indicated
a CP sequence. During an evolution peritithe carbon spins i Figure 5a, where Z1, Z2 are the methyl carbons on XYL2 in
are proton-decoupled and are subject to chemical shift andthe zigzag channel and S1, S2 those on XYL1 in the straight
Zeeman interactions. At the end of the evolution period, @ 90 channel (Figure 3). Full details of the assignment are given in
pulse is applied to the spins, which maps tHE shift ref 33. Thus, the 2D CP NOESY spectrum at room temperature
information into thez-magnetization. If, during the interval shows that there are in fact very slow motional processes
following this pulse, which is called the mixing period, the occurring in this system involving the methyl groups in both
environment changes, the$€ spins show the new chemical intra- and intermolecular exchange.
shift modulated with the previously encoded one. After a two-  These motions are too slow to be detected in the deuterium
dimensional Fourier transformation the presence of off-diagonal NMR spectra, but could be important on the time scale of the
peaks indicates exchange between the correlated diagonal peakgross polarization experiments and could affecffthgy) values.
It should also be noted that there could also be other slow

(31) Michel, J.; Drifford, M.; Rigny, PJ. Chim. Phys197Q 67, 31.
(32) Slichter, C. PPrinciples of Magnetic Resonanc8pringer-Verlag: New
York, 1990; p 65. (33) Fyfe, C. A,; Diaz, A. CJ. Phys. ChemB 2002 106, 226.
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resonances, it is possible to calculate the intensities of all of
the 24 silicon resonances in the spectrum, even if they are not
clearly resolved. Thus, for any given contact time value, the
intensity distribution of the complete spectrum can be simulated
using eq 2. As an example, the calculated CP spectra are
compared in Figure 7 to the experimental ones for a contact
time of 5 ms, for thep-xylene complexes at 273 K. As can be
; seen, excellent agreements are obtained, giving further support
0 10 20 30 40 50 to the general validity of this approach. Thus, the interpretation
Contact Time (ms) of the CP MAS experiments is in good agreement with the
known structure of the high-loaded form ZSM-5 wjikxylene.
b) To apply this method to systems of unknown structure,
si3 Si12 p_reliminary evaluations of the data may be_made from relative
=~ 1504 distances based on the relatiltg values. A trial structure may
then be proposed and, following the reverse approach, the
i 17 sorbate position adjusted to optimize the linear correlations
Si1 between the Tcp values and the calculated second moments.
50 Tsi 10 o Then, a comparison of observed and calculated CP spectra, like
?‘ 6 those in Figure 7, should serve as an additional test.

0 © 100000 200000 In cases where spin-diffusion experiments cannot be done to
Calculated Second Moment (Hz?) demonstrate the absence of exchange processes involving the
Figure 6. (a) Intensities of thé°Si CP MAS NMR signals as indicated as  guest molecules (i.e., when different spin environments are not
functions of the contact time at 273 K for ZSM-5 loaded with 8 molecules resolved for the guest molecules in the NMR spectrum), then
of p-xyleneds per u.c. (b) Plot of experimentalTdp values vs the calculated . . . ’ .
second moments. exlperlmepts should be garrled out at dlfferelnt temperztures c:mtll
. . self-consistent contact time curves ang values are obtaine

motions not detected by the NOESY experiment, as they do g - .

over a range of temperatures. Useful structural information can

not involve chgmlcal exchange. Figure 5c shows the 2D CP also be obtained from a singléSi CP MAS NMR spectrum if
NOESY experiment of the same sample at a temperature of - ) . .
L . .~ polarization transfer is restricted to a very short (few mil-
273 K, which indicates that at this temperature the chemical . . : .
liseconds) contact time. In this case, tfig,w) relaxation

exchange between the organic molecules is slowed to beprocesses could be considered unimportant, and a plot of the

negligible even at a mixing time of 100 ms. . - . -
. . . elative signal intensitiesly/lsim, wherex represents the
Thus, the variable contact time CP experiments were repeated . . ; : .
different T-sites resolved in the spectrum andhe site with

for the high-loaded complexes pixylened, and ds in ZSM-5 . . . . . .
; the maximum signal intensity) as a function of the relative
at a temperature of 273 K. Figure 6a shows the CP curves for > 2
second moments A@?)six/(Aw?)sim calculated from the

8 molecules per u.c. gb-xyleneds obtained at 273 K. The e . :
) . structure) should again yield a linear correlation.
curves still do not show clear maxima, but are now very well

defined, and the two groups are very clearly separated. The data 1 NS approach has been tested on the 273 K data from ZSM-5
can now be fitted very well to eq 2 (as can data obtained at '0@ded with 8 molecules gb-xyleneds and p-xylened, at a
lower temperatures), yielding the parameters presented in Tablecontact time of 1 ms. The resulting correlations were of
2. Figure 6b shows that there is now an excellent linear COMParable quality to those presented in Figures 6 and SI3.
correlation (which now intersects the origin) off&4 with the This approach assumes that all of fhealues are equal, and
calculated second moments for thexyleneds complex. We '_[he data in Table 2 indicate that_they are approximately constant
feel that this confirms the importance of taking into account N the present case, although this may not always be so. In cases
the motional characteristics of the system for all different time WhereTi,) is too long to observe a clear signal decay, or when
scales when interpreting the cross polarization data in theseth® CP experiment is too inefficient to do a complete variable

structure determinations, although it should be noted that the contact time CP study in a reasonable experimental time, this
relative order of théfcp values is unchanged. method may be useful. Because the restricted volume within

Similar results are obtained fgr-xyleneds, again with a the channels and cavities of zeolite molecular sieves makes the

larger scatter in the data (see Supporting Information). The graphsorbateframework_éH—?gsi) distances interdependent, the
of the 17cpvalues vs the calculated second moments (averaged9eneral approach is quite forgiving: a number of different
for 3-fold reorientation of the methyl groups) is a straight line &PProximations can be introduced and at least the approximate
that goes close to the origin (Figure SI3, Table SI1), although posmpr_\ of the gues_t molecule \_/\{lthln the host m_a_tnx may still
the correlation fop-xylened, is not as good as fqu-xylene- bg efficiently determl_ned. In addition, we have verified that other
de, due to the motional averaging caused by the methy! rotation, dipolar-based experiments such as REBG#n also be used,
which makes the second moments much smaller, andghe  Which, since they depend on different relaxation times, may be
values are also spread over a smaller range. the methods of choice for particular systems and in all cases
The corresponding data for loadings of 6 molecules are shownWhere they are applicable could provide useful structural
in the Supporting Information (Figures SI6, SI7 and Table SI3). information.
The CP curves are quite similar to those obtained at 293 K, Part Il: Application of the Method to Determine the
and the corresponding linear plots are of good quality. Structure of the Low-Loaded Form of the p-Xylene/ZSM-5
Now that the exact linear relationship betweedck/and Complex. As in the previous study of the high-loadpekylene/
(Aw?)s has been established for the six clearly resolved ZSM-5 system, complexes of the two specifically deuterated
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Table 2. Experimental and Calculated Parameters Related to the 1H/2°Si Cross Polarization Experiments on ZSM-5 Loaded with 8
Molecules per u.c. of p-Xylene-ds at 293 and 273 K

293K 273K
resonance second second

2Gj T-site (ppm) I,? (au) Tep?(Ms) moment (Hz?)° I, (au) Tep?(Ms) moment (Hz?)®

Sil —112.0 312+ 15 18+ 1 58 338 142+ 2 20+ 0.6 58 338

Si3 —118.9 306+ 4 11+ 04 193 823 156 1 6.2+ 0.2 193 823

Si 10 —111.6 258+ 13 22+ 1 42 548 14H 4 26+ 2 42 548

Si12 —116.7 295+ 6 9.5+ 04 231890 16% 2 5.2+ 0.2 231890

Si 16 —117.6 374+ 16 24+ 2 46 716 166+ 6 22+ 2 46 716

Si 17 —117.3 3125 12+ 0.5 129 398 15@: 1 9.3+ 0.2 129 398

;Calculated using a nonlinear fitting program, using e§ Galculated from the XRD data taking into account al-8i interactions up to a distance of
8 A.

a) T=293K

130 kHz

) T=243K

) T=213K

7

d) T=193K
| | | | | | |
200 100 0 -100 -200
i L] 1 1 ] 1 1 L 1 L} L 1 kHZ
-112 -114 116 -118 -120
ppm from TMS Figure 8. 2H quadrupolar echo NMR spectra pixylened, in ZSM-5 at

a loading of 3 molecules per u.c. at the temperatures indicated. The 90
Figure 7. () Experimenta#®Si CP MAS NMR spectrum of ZSM-5 loaded  pulse length was 3.4Bs, echo delay 3@s, and between 1000 and 4000
with 8 molecules ofp-xyleneds per u.c. at 273 K obtained at room  scans were accumulated with a recycle delay of 20 s. The spectra were
temperature with a contact time of 5 ms. ¢8%i CP MAS NMR spectrum processed with a line broadening of 1000 Hz.
calculated from the Tkp vs second moment correlation in Figure 6b for a . .
contact time of 5 ms. Sum of components (black) shown in red. (c) that all thep-xylene molecules in the sample are undergoing

Experimental?’Si CP MAS NMR spectrum of ZSM-5 loaded with 8  discrete 180 flips around the methytmethyl (C1-C4) mo-
rolecties op (’éy)'z‘ggfg‘;:p&;%ﬁ-ﬁs ;eprggt%?y:ué;&ﬂg dﬁr"gg]htﬁgrzztaa lecular axis on the deuterium NMR time scale. Lowering the
vs second moment correlation in Figure SI3b for a contact time of 5 ms. temperature to 243 K produces a broadening of the spectrum
and the appearance of a splitting of 130 kHz between the inner
xylenes1 and 2 were investigated, ensuring that a unique singularities characteristic of static (nonflipping) aromatic rings.
structure was determined from two independent experiments. The spectrum indicates the presence of a distribution of
Again, in the main, only the data from tipexyleneds complex molecules with stationary aromatic rings and molecules whose
are presented as figures; the remaining data are given in therings undergo 180flips around the C+C4 molecular axis.
Supporting Information. As before, the use of the specifically Reducing the temperature further increases the proportion of
deuterated xylenes also makes it possible to probe their motionalp-xylene molecules with static aromatic rings, as shown in the
characteristics vie?H NMR spectroscopy, at least on the spectra at 213 and 193 K. In the case of ihayleneds
spectroscopic time scale of these experiments. The quadrupolaintercalate, théH spectrum at 193 K (Supporting Information
echo?H NMR spectra ofp-xylened, absorbed on ZSM-5 ata  Figure SI9) shows a reduced quadrupolar line shape with a
loading of 3 molecule per u.c. obtained at the temperatures splitting of 40 kHz, indicating rotation of the methyl groups
indicated are shown in Figure 8, from which the changes in the about theirC; axes as expected, but there is no evidence for
motional states of the molecules can be deduced. By comparingdiffusional motion. Thus, in this temperature range,fhg/lene
the experimental spectra with the simulated spectra previously molecules in the low-loaded complex have freely rotating methyl
presented by Veg® the following conclusions can be drawn: groups and aromatic rings that are static or undergoing 180
the spectrum op-xylened, at room temperature (293 K) shows flips around their methytmethyl axes, the proportions depend-
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Figure 10. (@) 2°Si CP MAS NMR spectrum of ZSM-5 loaded with 3
249K molecules op-xylene-g per u.c. at 233 K, contact time 5 ms, recycle delay

2 s. (b)2°Si MAS NMR spectrum of the same sample obtained using a

recycle delay of 350 s to ensure complete relaxation of the silicon nuclei.

The29Si 9¢° pulse length was 18s. The resonances used in the fitting are
263K labeled with their T-site numbers.

their shifts could possibly cross over when lowering the
temperature, a new INADEQUATE experiment was done to
unequivocally assign the signals for this sample at 267 K, the
temperature at which the largest number of signals are clearly
resolved. The analysis of the INADEQUATE spectrum (not
shown) gives the assignment of the signals corresponding to Si
11 and Si 12, which were clearly resolved in the spectrum at
low temperature, compared to the previously assigned room-
temperature spectrum. The viability of using the cross polariza-
295K tion process in structural investigations of this system is

demonstrated qualitatively in Figure 10, which compares the
CP MAS and single pulse spectra of the low-loagedylene-
33k ds complex at 233 K. In the CP spectrum, there are clear
differences in the relative intensities of the different resonances,
reflecting the differences in the distances of the nuclei from

40 a2 14 18 e the proton polarization source, namely, the aromatic ring.
ppm from TMS As seen earlier, in these structure determinations by NMR,
Figrre |9. 25i NllAS dNMR Spectftat r?f (tjhffff COTltﬂeX of fSM-S \(/jv_itht3d it is important that there be no effects from diffusional motions.
T e oo . ot e feent femperaures dated, 0 he study ofthe igh-oadied complexkyiene in ZSH-5,
T-sites in the zeolite framework. TRESi 9¢° pulse length was 7.0s and It was important to consider not just motions on the time scale
between 32 and 56 scans were accumulated with a recycle delay of 12 s.of the 2H NMR spectra but also much slower motions, more
on the time scale of the cross polarization experiments. In the
ing strongly on the temperature. These molecular motions havecase of the low-loaded form it is expected that similar motions
to be considered in the calculation of the second moments, andcould occur and that they could be of much lower energy due
in general, it must be kept in mind that these conclusions are to the large amount of free volume available. In the high-loaded
valid only in the context of the time scale of the deuterium form, data collected at 273 K and below were reliable for
experiments (many tens of kHz). It is anticipated that the structure determinations, but it was anticipated that considerably
p-xylene molecules must all be considered to be flipping on lower temperatures could well be needed to obtain reliable
the time scale of the CP experiments, and it is possible that structural data on the low-loaded form.
much more extensive motions might occur on this time scale  In the high-loaded form, it was possible to probe at least some
at ambient temperature and above. of these slow motions directly b{¥C 2D-chemical exchange
In the present work, the behavior of the complex was experiments, as the four methyl groups on the two crystallo-
investigated over a considerable range of temperature?®8ie  graphically inequivalent molecules were all inequivalent with
NMR spectra of the system ZSM-5 with 3 moleculepefylene unigue chemical shifts, and this aided in the selection of an
are sensitive to changes in the temperature, and the chemicabhppropriate temperature for the CP experiments. However, in
shifts of some signals are significantly affected on lowering the the present case, there is only one molecule present and variable-
temperature, as seen from the serie¥8f MAS NMR spectra temperaturé3C CP MAS spectra (not shown) indicate that the
obtained at the different temperatures shown in Figure 9. The two methyl groups are equivalent at a temperature of 233 K.
resonances in the room-temperature spectrum have been previThus, complete sets of variable contact tiHi#?Si experiments
ously assigned using the INADEQUATE experiment as were collected for bottp-xylened, (1) and p-xyleneds (2)
indicated, but because some signals can shift considerably anccomplexes at a series of temperatures down to 233 K. For each
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1 Table 4. Experimental and Calculated Parameters from the Least

o @ a) Squares Fit to the Data from the *H/?°Si Cross Polarization
o o o o o Experiments at 233 K on ZSM-5 Loaded with 3 Molecules per u.c.
% o0 Si8 T=203K of p-Xylene-ds
e ] o resonance second
i o T-site (ppm) I, (au)? Tep (Ms)? moment (Hz?)
F ° . Si2 —-117.7 47.1+ 0.9 7.4+ 05 15810
..g 1 e bag 4 ", & Si2 Si3 —114.6 4514+ 0.5 6.9+ 0.4 14 338
= 020 R %0 < v g% Si4 -1155  24.0£0.2  11.8+:03 3634
N M RET LN Si8 -118.1 76.7+ 0.6 42402 33727

; t o i ot _ Si10 —110.4 34.9+ 0.6 9.2+ 0.5 8522

l Si12 —113.8 46.0£ 0.7 7.7£0.4 13 883

0 10 20 30 40 50 60

a Calculated with a nonlinear fitting program using eq 2 Wit held
constant at 76.9 m$.Calculated for solution 58.

Contact Time (ms)

of the curve maxima for the different resolved silicons changes
compared to that of the CP plots at lower temperatures. This
behavior is a clear indication of the presence of extensive
molecular motions in the system at room temperature that
compromise the CP data.

In fact, at temperatures above room temperature, all the
signals are enhanced to approximately the same degree, indica-
tive of extensive diffusional averaging of the interactions. Thus,
the room-temperature specttannotbe used for distance and
structure determinations as was claimed by Ment2aithough
no proper study was reported.

In general terms, the other data shown in Figures 11b,c for
the CP data at lower temperatures approximate better the general
behavior expected from eq 2, although the profiles still change
with temperature, indicating possible motional effects. That is,
there is an exponential growth due to polarization transfer and
a decay from the loss of proton magnetization dud {gy).

The curves that grow fastest have the highest maxima, and the

maxima in the series shift to longer contact time values as they

become lower. There are clear consistencies between the data

sets obtained at different temperatures. Thus, in Figure 11 all

. the data obtained at temperatures below 243 K indicate that Si

0 10 20 30 40 50 60 8 is much more efficiently polarized (and hence closer to the
Contact Time (ms) 1H polarization source) than the other silicons. Si 3, Si 2, and

Figure 11. Intensities of theH/2°Si CP MAS NMR signals as functions ; ; ; ; ;
of the contact time for ZSM-5 with a loading of 3 moleculespatylene- Si 12 have an intermediate enhancement, and Si 4 and Si 10

ds per u.c. at the temperatures indicated. The lines represent the best fitsa'® only weakly polarized and therefore are much further away

Intensity (a.u.)

=
0 10 20 30 40 50 60

Intensity (a.u.)

calculated using eq 2 in a nonlinear least-squares fitting progranilugh from the aromatic protons. For thexylened, system at low
held constant an, unrestrained. temperatures, Si 3 and Si 2 polarize much more efficiently than
Table 3. Selected Relaxation Parameters for the H and 29Si Si 8, Si 12, Si 4, and Si 10 (Supporting Information, Figure
Nuclei in the Specifically Deuterated p-Xylene/ZSM-5 Complexes SI10).
at233 K These two sets of qualitative information preclude the
nuclei ca. 5% T;(s) T2 (ms) Tio) (MS) p-xylene being in the zigzag channel system. The variable
H (ring) 0.8 0.04 76.9 contact time cross polarization curves were then fitted to eq 2,
1H (CHa) 0.8 0.05 59.5 i :
295 (framework) 30 114180 with Tipw) fixed at the value found from the clearest decay,

again using the nonlinear statistics package in Mathem@tica.
contact time at each temperature, the spectra were deconvoluted he calculated curves from these fits are the solid lines shown
in terms of Lorentzian curves and the areas of the resolved together with the experimental data points in Figure 11.
signals for Si 3, Si 2, Si 12, Si 8, Si 4, and Si 10 tabulated. The In the case of ZSM-5 loaded with 3 moleculespekylene-
resulting intensity vs contact time curves are shown in Figure ds per u.c., the value fof1,) was obtained from least-squares
11 for 2 and in the Supporting Information fdr, respectively. fits to the linear decays of plots of I)(vs contact time for Si
These data were then tested to see how well they fit the expected for each different temperature. Thus, for example, for the data
cross polarization behavior. Table 3 lists some of the relaxation carried out at 233 K, the value of 76.9 ms was used in fitting
parameters for théH and 2°Si nuclei in the specifically  all of the other curves at that temperature. Using this value of
deuterated low-loadef-xylene/ZSM-5 complexes at 233 K. Ty, and fitting the curves using nonlinear least-squares fits
The CP curves in Figure 11a for the experiment carried out to eq 2 to obtair, and Tcp values yields the data in Table 4.
at room temperature cannot be fitted to eq 2. Although some There is some variation iky, which was unconstrained, for the
signals show some enhancement compared to others, the ordedifferent silicon sites in all the different data sets. Although all
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the silicon sites are of equal occupancy in the structure, it is be from 0 to 0.6 A because the molecule clearly touches the
possible that, could vary, as there is some degree of isolation zeolite framework for larger shifts. Translation along yteis
of the groups of proton spins and different silicon sites may be moved the molecule from the mirror plane wp3 A along the
in primary contact with different numbers of protons. The straight channel.
variation inl, is thought to probably reflect, in a general sense,  Therefore, with this program all possible viable positions and
the quality of the fits to eq 2. orientations of thep-xylene molecule in the straight channel

A similar approach was used for the analysis of the contact were sampled. The calculated atomic positions for the molecule
time curves for the-xylened,; complex (Supporting Informa-  after each change were then used in a subroutine to calculate
tion, Table Sl4). In this case, the values Taf) were obtained  the heteronuclear second moments between the guest molecules

from least-squares fits to the linear decays of plots df) la¢ and the silicon atoms in the zeolite framework. For the aromatic
contact time for Si 3 at each temperature, and nonlinear least-protons, motional averaging due to ring “flips” was usédjith
squares fits of the curves to eq 2 yielded thand Tcp values. the averaged SiH second moments for the aromatic protons

For both complexes, the data obtained from the lowest tem- calculated for every solution in an independent program. The
perature investigated (233 K) were used for the structure expectation that a plot of T¢p vs second moments should be
determination. a straight line for an acceptable sorbate location was included
The approach taken to locate thexylene molecules in the  as a filter in the program. A least-squares linear regression
complex was as follows: thg-xylene molecule was located at ~ subroutine quantified (aR?) the linearity of the plots of the
a specific position inside the zeolite, and all the-Hidistances calculated second moments from the atomic coordinates for
between the guest molecule and the zeolite framework were every possible position and orientation of figylene molecules
calculated (the atomic positions for the silicon framework were Vs the experimentalcp values. The program output only the
taken from the published ZSM-5 orthorhombic structure, space p-xylene positions and orientations with the best linear regres-
groupPnm3.1%¢ The initial atomic coordinates for thexylene sions: in this case a value Bf > 0.95 was chosen as the cutoff
molecule were calculated from an origin in the center of the point for acceptable fits for both deuterated xylene data sets.
aromatic ring assuming the following interatomic distances: These solutions were further reduced by considering thedSi
Cring—Cring = 1.40 A, GrethyrCring = 1.47 A, and G-H = 0.9 distances involving all 12 silicon atoms. Any solutions with
A. The labeling of the atoms is shown Si—H distances shorter than 2.8 A were rejected as reflecting
repulsive interactions. Note that 2.8 A is sufficient to also

Hl y exclude collisions between thexylene hydrogens and the
C2=—=C3 framework oxygen atoms. Despite these constraints, 106 possible
solutions were found withR? correlation values between 0.98
H-5 = C-7 == C-1 C-Ymm C-8m H-6 and 0.995 (the highest correlation value found).
Because of the experimental error in the measurements of
O i the Tep values, it would not be valid to select the location of
H/4 :3 the p-xylene molecule with the be&? correlation value as the

only criterion for best solution; in fact, the data for fheaylene-

ds case provide no information on the ring orientation. One
S) approach would be to screen these solutions to eliminate any
that were not common to both complexes, but this was not done
in the present study in order to see if the data from the two
complexes independently led to the same solution and a different
selection procedure was used. To define the expected linear
relationship between Tép and Aw?)is, only the intensities of

the six best-resolved resonances were used. However, as in the
case of the known high-loaded structure, if a linear relationship

- X ‘ is established for a particular structure, it can be used to predict
crystallographia, b, andc axes to the starting coordinates of ¢ jntensities of all 12 resonances in the spectrum, and these

the p-xylene molecule. The new rotated_ coordina_tes (ring center 0 he summed to give the total spectrum for comparison with
{0,0,3) were translated to the Cartesian Oczoordlnate reference e experimental data for any given contact time. The theoretical
system used for the reportéthmastructuré®so thep-xylene  jnqjvidual Lorentzian lines for the 12 silicon sites were
molecule was initially located with the long molecular axis  cacyjated for a contact time of 10 ms to obtain the simulated
parallel to theb axis and had its center on the mirror plafig, (- MR spectra for each of the 106 solutions. The total areas of
0.25,2}). In this reference system, theaxis runs parallel ta the theoretical spectra (obtained by adding the 12 individual
(ano_l thus approximately aloqg the smusmdql channels), and the| 5renizian peak lines, assuming an average valuky)as well

y axis runs parallel to the straight channdgis). The program a5 the individual Lorentzian areas for the best resolved peaks
was written to systematically rotate the molecule (uaﬁgtéps) (Si 10, Si 4, and Si 3) were compared with the experimental
up to 180 abouty and up to 60 aboutx andz (crystallographic  yajyes for both complexes. For both complexes the same three

¢ axis). Thep-xylene was also methodically translated (Using  stryctures were found to give the best matches, further confir-
0.1 A steps) from the initial position in the mirror plane along mation of the validity of the approach.

To account for the fast rotation of the methyl groups about
their C; axes, the three hydrogens of the £iere located at
the center of the triangle formed by the three hydrogen atoms
as indicated irb, where they are labeled as H-5 and H-6 (C7- -
H5, C8- -H6 distances= 0.31 A).

A computer program was written in the TURBO PASCAL
languagé* to systematically apply rotation matrixes about the

X, ¥, andz The translations along andz were constrained to In general, the predicted spectra calculated as described above
(34) Turbo PASCAlversion 5.0; Borland International: 4585 Scotts Valley Dr., from the_se_three_snuc_tur?s ggree well W'_th_the_ two Obse_r_ved
Scotts Valley, CA 95066. ones. This is again an indication of the variation in the position
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Figure 13. Plot of the experimental T¢p values vs the calculated second
moments (for solution 58) for ZSM-5 loaded with 3 moleculep-adylene-
ds per unit cell at 233 K.

a T=213K

Figure 12. Predicted structures of the low-loaded fornpefylene in ZSM-
5, solutions 14 (green), 58 (black), and 96 (magenta). Solution 58 preserves
the Pnmasymmetry of the framework.

and orientation of the organic molecule that acceptably fit the
data. These three structures (solutions 14, 58, and 96) are quite
similar and are shown in Figure 12. For solution 58, shown in
bold in the figure, the mirror plane of thexylene molecule
coincides exactly with the crystallographic mirror plane, with : . . . :
the long molecular axis parallel to theaxis [1,0,0] and the 0 20 40 60 80 100
plane of the aromatic ring oriented at an angle of 88out the Contact Time (ms)
y axis. In solutions 14 and 96, the molecules have the aromatic
rings oriented almost identically to solution 58 (with an angle
of 36° alongy), but they are shifted respectively by 0.1 and 0.3
A from the mirror plane. Also in solutions 14 and 96, the long
molecular axes of the-xylene molecules are shifted respectively
9° and 12 from the [0,1,0] direction and £5and 6 from the
[0,0,1] direction. Because of the mirror plane, solutions 14 and
96 will also have mirror images, but for clarity, these are not
shown in the figure. The average atomic positions for solution
96 and its mirror image are very similar to those of solution
58, as are those for solution 14’s average coordinates. The
maximum differences in atomic positions between solution 58 Contact Time (ms)
and the_ average solution 96 and 14 are less than 0.5 and 0.3 Arigure 14. Intensities of th&H/2°Si CP MAS NMR signals as functions
respectively. of the contact time for ZSM-5 with a loading of 3 moleculespatylene-

These structures all give acceptable fits to the observed datads per u.c. at (a) 213 K and (b) 193 K. The lines represent the best fits
and when taken together, provide an indication of the precision calculated using eq 2 in a nonlinear least-squares fitting progranmigith)

. . . . held constant anth, unrestrained.
with which the organic molecule has been located in the
framework at this temperature. TR& CP MAS NMR spectra relationship between Tép and second moments to have a
of the low-loaded complex offCHs] p-xylene in ZSM-5 nonzero intercept, and such an effect was observed in the present
acquired at 293, 253, and 233 K (not shown) show only a single work at 233 K for both complexes, as illustrated for the
resonance at 19 ppm, which indicates that the chemical p-xyleneds case in Figure 13 (Figure SI11 for tipexylened,
environments for the methyl carbons are identical on the “NMR  case) for solution 58. Similar effects are seen for the other cases.
time scale”. Of the three best solutions, only solution 58 has As previously noted, this could be due in part to the high degree
the necessary local symmetry (long molecular axes of the of correlation betweet, and Tep, but it could also be due to
p-xylenes perpendicular to the mirror plane in the channel interfering motions including their effect on relaxation times.
intersection) to exhibit a singl&C resonance and is favored To resolve this point, additional experiments were carried
on this basis. out on p-xyleneds and p-xylened; complexes at lower tem-

Thus, the data from both complexes yield the same generalperatures with the assistance of Bruker Spectrospin, Karlsruhe.
solution for the location ofp-xylene within the ZSM-5 The resulting contact time curves are shown in Figure 14 for
framework. However, effects from slow motions cannot be ruled the p-xylene-ds complex. In all cases, the fits of the curves to
out. In the case of the high-loaded form, these caused the lineareq 2 are improved over those at higher temperatures, and in the

) Intensity (a.u.) )

Inte:r'ﬁity (a.t_J,)

0 20 40 60 80 100
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Table 5. Experimental and Calculated Parameters from the a)100

Least-Squares Fits to the Data from the H/2°Si CP Experiments T=213K
on ZSM-5 Loaded with 3 Molecules of p-Xylene-ds per u.c. at the
Temperatures Indicated
T-site Iy (au) Tep (Ms)
213 k2 <
Si2 928+ 15 21.4+0.8 =
Si3 854+ 16 20.9+£0.9 I~
Si4 367+ 20 45+ 4 =
Si8 942+ 39 12.2+0.9
Si 10 567+ 13 36+ 2
Si12 894+ 13 23.2+0.8
193 Kb
Si2 9164+ 17 32+1 0 . . . . . .
Si3 819+ 17 28+ 1 0 10000 20000 30000
Si4 609+ 43 1144+ 11 Calculated Second Moment (Hz?)
Si8 8474+ 39 15+ 1
Si 10 707+ 23 58+ 3 b) 80
Si12 865+ 18 31.8+0.9 T=193K
R?=0.99
2 Calculated with a nonlinear fitting program using eq 2 viliil) held '
constant at 245 m&Calculated with a nonlinear fitting program using eq 60
2 with Ty,¢) held constant at 278 ms. Si8
case of the-xyleneds complex, the data sets at 213 and 193 %_ 0 si3
K are identical (an almost complete overlap of the resonances £ si2 '
of Si 2 and Si 8 precluded the use of a data set obtained at 173~ ! Si12
K, but the other curves at this temperature are the same as those 20 Si10
at 213 and 193 K). The parameters from these fits are given in Si4
Table 5.
The same structure-fitting protocol described above for the 0 - - - . . .
data at 233 K was carried out with the automated program for 0 10000 20000 30000

2
the p-xyleneds CP data at 193 K. The best solution found was Calculated Second Moment (Hz®)

almost identical to solution 58, but the plane of the aromatic Figure 15. Plots of experimental Ttp vs the calculated second moments

ring is inclined 27 abouty instead of 33. This may be due to o ZSM-5 loaded with 3 molecules per u.c. piyleneds at (a) 213 K
and (b) 193 K.

a thermal effect, as the framework structure could be somewhat

different from the X-ray structure determined at hlgher tem- l, were allowed to vary. The calculated spectra for both

perature, while the NMR data reflect the actual situation at these deuteratedp-xylenes for a contact time of 10 ms at the

low temperatures.

) temperatures indicated are shown in Figure 16. There is excellent
Figure 15 shows the plots of Tdp vs the calculated second

> agreement for the-xyleneds system, and the small deviation
moments for the best solution, for the complexes of ZSM-5 i, yhe  wylened, case is thought to be due to the larger errors
loaded with 3 molecules gi-xyleneds. Data for thep-xylene- j, these measurements and the more severe spectral overlap at
ds complex at 213 K are presented in the Supporting Information 515 k.

(Figure Sl12a). Fop-xyleneds, the intercept is zero within The final fractional coordinates of the predicted structure of
experimental error, suggesting that any motions now have aha |ow-loaded complex gi-xylene in ZSM-5 from this work

minimal effect on these experiments. A nonzero intercgpt is still 5.0 given in Table 6, and representations of the predicted
found for thep-xylened, data at 213 K when the location and gy ctyre are shown in Figure 17. Within the uncertainties
orientation found from the 193 K-xyleneds data are used 10, 61ying the use of the room-temperature framework coordi-
calculate the seco'nd moments, although the intercept is smaller oies of a related (low-loaded) syst&tfithe approximations
than at 233 K. This could be due to the overestimatioigf in the treatment, and the fact that the data suggest a limited

from the contact time fits for silicons 4 and 10, which are quite  giqyiption of acceptable orientations, we consider Figure 17

poor due to the very low signal intensities. In addition, slow 1, e 4 reliable representation of the structure. For the best
motions (especially “rocking”) of thp-xylene molecules could | tion, thep-xylene molecule is located on the mirror plane

have a larger effect on the locations of the methyl hydrogen j, he channel intersection (fractional coordinates of the ring

nuclei than on the ring protons. center ard —0.009, 0.250, 0.54) with the long molecular axis

Theoretmgl spectra were also qglculated using various pro- parallel to [0,1,0] and the plane of the aromatic ring oriented at
tocols to assigm, values to those silicons that are not resolved an angle of 30 3° about the crystallographic axis.

and included in the contact time curve fittings in order to assess | is"worthwhile to consider the implications of some more
the most appropriate method for use in future work. To thiS gonera| aspects of the present work to NMR structure determi-
end, various possible strategies were tested for their ab'l_'ty 10 nations of zeolite/sorbate complexes: First, the original intent
reproduce the CP curves. It was found that using the maximum a5 15 check the correctness of the predicted structure by single-

lo value or the averagig value did not fit the curves very well oy q1a x ray diffraction. After completion of the work presented
but that using the empirical dependence betwgeand the o635 e succeeded in obtaining and refining such single-
second moments found in the original fits (Table 5) worked

almost as well as the original curve fitting where bddp and (35) Diaz, A. C. Ph.D. Thesis, University of British Columbia, Canada, 1998.
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ppm from TMS

Figure 16. (a) Experimentad®Si CP MAS NMR spectrum of ZSM-5 loaded
with 3 molecules op-xyleneds per u.c. at 193 K with a contact time of 10
ms. (b)?°Si CP MAS NMR spectrum calculated from theTds vs second
moment correlation in Figure 15b for a contact time of 10 ms. Sum of
components (black) shown in red. (c) Experimerfai CP MAS NMR
spectrum of ZSM-5 loaded with 3 molecules pkylened, per u.c. at a
temperature of 213 K with a contact time of 10 ms.{¥i CP MAS NMR
spectrum calculated from theTkk vs second moment correlation. Sum of
components (black) shown in red.

1 1
-107  -109

Table 6. Fractional Atomic Coordinates for the Complex of ZSM-5
Loaded with 3 Molecules per u.c. of p-Xylene-ds @

atom X y z

H-1 —0.0998 0.3098 0.6104

H-2 —0.0998 0.1901 0.6104

H-3 0.0817 0.1901 0.4720

H-4 0.0817 0.3098 0.4720

H-5 —0.0090 0.4111 0.5412

H-6 —0.0090 0.0888 0.5412

C-1 —0.0090 0.3203 0.5412

C-2 —0.0624 0.2851 0.5819

C-3 —0.0624 0.2148 0.5819

C-4 —0.0090 0.1796 0.5412

C-5 0.0443 0.2148 0.5005 ) ) )

Cc-6 0.0443 0.2851 0.5005 Figure 17. (a) Predicted structure (solution 58) of the low-loaged/lene/

C-7 —0.0090 0.3947 0.5412 ZSM-5 complex showing the orientations of fhylene molecules (zigzag

c-8 —0.0090 0.1052 0.5412 channel highlighted). (b) Channel intersection viewed along the straight
Si1 0.3044 0.0285 —0.2022 channel, and (c) the zigzag channel. The silicon T-sites are labeled and
Si2 0.2811 0.0629 0.0202 oxygen atoms have been omitted for clarity.

Si 3 0.1232 0.0640 0.0191

Si4 0.3041 —0.1292 —0.1934 crystal diffraction dat&® The structure is identical in all
g:g 8'15133523 :g'ggg _00'30229107 important aspects to that obtained in the present study. The
Si7 0.4230 0.0565 —0.3460 method has thus been validated in a further critical test. A second
Si8 0.0712 0.0276 —0.1923 important point is that the same structure was obtained from
b 0.1814 0.0573 —0.3423 measurements carried out over a temperature range of about
Si 10 0.4217 —0.1722 —0.3336 40 °C

Si11 0.2741 —0.1724 0.0250 : o ) )

Si12 0.0684 —0.1301 —0.1904 Although it is very important that slow motions not com-

promise the distance measurements, it is difficult to monitor
aThe p-xylene coordinates were calculated from the NMR data at 193

: : ; their occurrence unless there is some symmetry-induced in-
K for the best solution. The zeolite framework coordinates are those for . . . . S
the room-temperature orthorhombic structure reported in ref 10c. The €duivalence involving the nuclei in the sorbate, which in general
coordinates of H-5 and H-6 are the centriods of the triangles formed by the
hydrogen atoms in the (rotating) methyl groups. (36) Lewis, A. R. Ph.D. Thesis, University of British Columbia, Canada, 1998.
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will not be the case. In general, the self-consistency of structuresof p-xylene in ZSM-5, completely reliable data were obtained
obtained at different temperatures may be the best guide. only at 213 K and below. The same structure was determined

A further implication of the present data is that some degree independently from the two different specifically deuterated
of slow motion can be tolerated in these distance-dependentxylenes and from data collected over a temperature range of
measurements, perhaps because of the constraints imposed bgbout 40°C. The data also showed that although motions that
the channels. Productive future research efforts will be in the interfere with the measurements must be avoided, some degree
development of protocols to systematize, for general application, of very slow motion can be tolerated in these experiments. As
the convergence of acceptable solutions as a function of long as appropriate care is taken, this general approach can be
temperature to a single limiting structure. extended to other substrates and other molecular sieve frame-
works. A critical test of our approach as described in the present
paper will be its application to systems with unknown structures

In general terms, there is good agreement between the crosaind then a check of the predicted structures by X-ray diffraction
polarization dynamics and the known structure of the high- techniques. Such a study has already been carried out on the
loaded complex. Our data agree with the locations of the low-loaded structure op-xylene in ZSM-5, and the predicted
p-xylene molecules in the sinusoidal channels and the channelstructure was identical to that found in a subsequent diffraction
intersections. Similar results have been obtained using thestudy3¢ Further experiments of this type are currently in
REDOR pulse sequence on the same systéridge feel that progress, as are extensions and optimization of the general
there is a high potential for using these techniques to investigateapproach described in the present work.
unknown sorbate/framework structures, provided proper precau-
tions are taken, most importantly the avoidance of any motions ~ Acknowledgment. C.A.F. acknowledges the support of the
of the organic sorbates that could affect the results. In the presenfNatural Sciences and Engineering Research Council (NSERC)
case, the presence of chemical exchange in the high-loaded fornPf Canada in the form of operating and equipment grants. A.C.D.
makes the problem obvious, but in general, not all motions will thanks INTEVEP, Venezuela, for a Postgraduate Scholarship.
involve exchange and variable-temperature studies will have The authors thank Bruker Spectrospin, Karlsruhe, for their help
to be carried out to establish experimentally the temperature in obtaining some of the low-temperature spectra referred to in
where the effects of such motions have been acceptablythe text.
suppressed. This temperature could well be quite low.

In the second part of the present study we have shown that
the general protocol that we developed and tested on the
(known) structure of the high-loaded formmkylene in ZSM-5
can be used successfully to determine an unknown structure,
that of the low-loaded form. In the case of the low-loaded form JA0432822

Conclusions

Supporting Information Available: Tables and figures for
complexes of 3, 6, and 8 molecules per u.c.pefylene in
ZSM-5 not presented in the text. This material (in PDF format)
is available free of charge via the Internet at http://pubs.acs.org.
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