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Understanding the interactions between guest species and host 11
zeolite frameworks, which are central to the synthesis and applica- (a)
tions of zeolites, requires detailed structural information for these
complexes. For most zeolites, structure determination by X-ray
diffraction is limited due to their microcrystalline nature and the
weak contribution, relative to the framework, of the guest species
to the X-ray scattering intensity. Solid-state NMR spectroscopy
offers an alternative and complementary method for structure
determination of zeolite hosguest complexes.

We have developed an approach to determine the locations of
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2
sorbate molecules in highly siliceous zeolite frameworks from solid- M
state?°Si{H} CP MAS NMR data. This approach require$Si
MAS NMR spectra in which most of the resonances arising from
M‘

the inequivalent Si atoms in the structure are resolved. The peaks
are first assigned by performing and analyzing a two-dimensional
29Si INADEQUATE correlation experimeritThe relative rates of 220K
295j{ 1H} cross polarization measured betweentHanuclei of the
sorbate molecule, and those Si atoms whose resonances are resolve
in the 2°Si spectrum are then used to determine the location of the
sorbate molecule.

Since motions of the sorbate molecules are reduced as the
temperature is lowered, it is desirable to coll&Si{'H} CP MAS
NMR data at as low a temperature as is reasonably possible. How-
ever, for many of the systems we have studied, although the spectra
are highly resolved at room temperature, the peaks broaden substan-
tially as the temperature is lowered such that the resolution of the Mw K
individual 2°Si peaks is lost. This effect is shown in Figure 1a which | | ! T I |
presents a series 81Si MAS NMR spectréof the p-dibromoben- 110 118 110 18 +120

-120
29
zene/ZSM-5 complex (pDBB/ZSM5) with a loading of 4 molecules Si chemical shift (ppm)

. . o . Figure 1. Variable-temperaturé®Si MAS NMR spectra of the pDBB/
i\
per unit cell (molecules/u.c?)This loss of resolution in thé®Si ZSM-5 complex with a loading of 4.0 molecules/u.c. (a) Sample packed in

spectrum is a significant limitation to application of the solid-state air and spun with air as the drive gas (32 scans withf@0ses and recycle

NMR structure determination technique at low temperatures. delays of 5-10 s, no'H decoupling applied, see text). (b) Sample purged
This line broadening does not arise frof/2°Si dipolar with N2 gas for 24 h and spun withNas the drive gas (16 scans with®45

interactions as high powe decoupling does ot improve the  BUSE8 a1 /eyl delays betueen 60 and 126 secouping apolec)

resolution of theé?*Si spectra at any of the temperatures presented

in Figure 1a. Furthermore, the same behavior in the line broadeningthe line broadening arising from increased distributions in chemical

is observed for the low-loadeg-xylened,dZSM-5 complex in  shifts brought about by structural disorder.

which there are no protons. The true nature of the line broadening is revealed by measure-
It is possible that th|s |ine broadening may be "inhomogeneous”, ment Of th629$I relaxation timeS. |f thé—z relaxation tlme iS ShOI‘t

a reflection of disorder in the sorbate/zeolite complex that may arise €nough (such thaf; ~ T3*), the resolution in a spectrum becomes

from reduced guest molecule motions at lower temperatures. It is limited by Ta:

kngwn that the ;SM-S framework is somewhat flexiple and interacts Peak width at half-height (in Hzy 1/(=T,) 1)

quite strongly with the sorbate molecules. Subtle differences in the

local geometry of the Si atoms throughout the structure could give 2°Si Ty, T,, andT;, relaxation times were measured over a range of

rise to distributions of°Si chemical shifts and spectra with broader temperatures, and the me#8i relaxation times are plotted versus

peaks and lower resolution. Fully loaded ZSM-5 complexes with temperature in Figure 2. There is a minimum in all of the relaxation

p-xylene andp-dichlorobenzene (8 molecules/u.c.), in which there times at about 200 K which corresponds to the maximum in the

should not be any site vacancies, give spectra with sharp peaks apeak width, indicating that the line broadening is a relaxation effect.

low temperature which seems to be consistent with this proposal. The minimum meafT, value of about 2 ms corresponds to a mean

However, the slight increase in resolution in the spectra presentedpeak width of about 160 Hz according to eq 1, consistent with the

in Figure 1a at temperatures below 200 K is not consistent with measured maximum mean peak width.
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Figure 2. Temperature dependence of #i8i mean peak widths at half-
height (black circles) ant’Si meanT; (blue diamonds)Ts, (red triangles),
and T, (green squares) relaxation times plotted as Togys 1/T for the
pDBB/ZSM-5 complex with a loading of 4 molecules/u.c.

' zig-zag
channel

Figure 3. ZSM-5 framework with Si sites coded according &si T,
relaxation times for the pDBB/ZSM-5 complex with 3.5 molecules/u.c. at
300 K. On the basis of these data, the paramagnetic oxygen molecules are
proposed to be localized mainly in the zigzag channels and the sorbate
Since the resolution of th&#Si MAS NMR spectra appears to  molecules in the channel intersection. The spheres represent those regions

be a function of the®Si T, relaxation times, it is important to  in the zeolite where the oxygen molecules are proposed to be localized.
identify the source of thé®Si relaxation. For zeolites, the major ] o
relaxation source is often paramagnetic molecular oxygen which @nge, suggesting that the sorbate molecules have a significant
fills the empty space in the channels of the zedlileo confirm influence on the @motions, including limiting diffusion.

this is the present cas®Si MAS NMR spectra were collected on Itis important to be aware of the fact that, over the course of a
the pDBB/ZSM-5 sample after placing the sample in a flow ef N long expe_nment in whlch_bhs used_as the bearing and plrlve gases
gas for 24 h. The low-temperature MAS was performed using N for MAS, it may be possible for ©in the pores of zeolites to be
rather than air for the drive gas to prevent@m re-entering the displaced, p.oten.tlally Ieadmg to dramat!c changes in the spectrum
sample. In Figure 1b, the series #6i spectra of the oxygen- and relaxan_on times during the (_axpe.rlment. In the presence of
reduced sample are compared to those of the same sample packeBaramagnetic @ the *H T,, relaxation time can be very short at

in air. The difference in the resolution between these spectra is |OW temperatures, leading to inefficie#6i{ *H} cross polarization.
very striking, clearly indicating that the paramagnetic molecular BY reducing the @ the'H T,, times become longer, giving rise to
oxygen is responsible for the line broadening. more efficient>*Si{H} cross polarization.

The individual?Si nuclei have quite different relaxation times, Although it is important to keep in mind that there may be other
suggesting that the oxygen molecules are localized relatively '€@sons for line broadening, it may be possible to distinguish
specifically in the zeolite channel system. For example, The ~ P€tween “homogeneous” and “inhomogeneous” broadening by
relaxation times, measured for the23i peaks in the fully resolved ~ checking whether the line widths are directly relatedsaccording
295i MAS NMR spectrum of the pDBB/ZSM-5 complex with a O €d 1. If the line brgadenln_g is “lnhomogeneous”, then g
loading of 3.5 molecules/u.c. at 300 K, range from 3 to 10 s. In SPectra may detect disorder in the zeetit@rbate complex. If the
Figure 3, the different Si atoms of the ZSM-5 framework are coded line broadening is “homogeneous”, then purging withmhay lead
according to theifl; relaxation times. The shorteBtvalues belong 0 increased spectral resolution.
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