
Dynamic Properties of Cyclohexane Guest Molecules Constrained within the Zeolite
H-ZSM-5 Host Structure: A Wide-Line Solid State 2H NMR Investigation

Abil E. Aliev † and Kenneth D. M. Harris* ,‡

Department of Chemistry, UniVersity College London, 20 Gordon Street, London WC1H 0AJ, U.K., and
School of Chemistry, UniVersity of Birmingham, Edgbaston, Birmingham B15 2TT, U.K.

ReceiVed: January 8, 1997; In Final Form: March 10, 1997X

Dynamic properties of perdeuterated cyclohexane (C6D12) molecules included within the zeolite H-ZSM-5
host structure have been studied by variable-temperature wide-line solid-state2H NMR spectroscopy. Three
types of rapid motion have been identified for the C6D12 molecules in the temperature range 93-233 K as
follows: motion A, rapid reorientation about theC3 symmetry axis of the C6D12 molecule; motion B, rapid
restricted wobbling of theC3 symmetry axis, described as precession of theC3 symmetry axis on the surface
of a cone (the half angle of which increases with increasing temperature); motion C, a rapid four-site jump
motion, the geometry of which is dictated by the orientations of the tunnel axes at the intersection between
the zigzag and straight tunnels of the H-ZSM-5 host structure. The temperature dependence of the quadrupole
echo2H NMR line shape in the temperature range 263-368 K is interpreted in terms of cyclohexane ring
inversion occurring in the intermediate motion regime, in addition to motions A-C, which are in the rapid
motion regime. From the2H NMR line shape analysis, the activation energy for the cyclohexane ring inversion
process is estimated to be ca. 48 kJ mol-1. The dynamic properties are compared with those of cyclohexane
in other solid host structures, and the constraints imposed by the H-ZSM-5 host structure on the dynamic
properties of the cyclohexane guest molecules are assessed.

1. Introduction

Much of the impetus underlying current research on solid
inclusion compounds is driven by the desire to understand the
ways in which properties may be conferred upon organic guest
molecules by virtue of embedding them within a solid host
structure. Properties of the guest molecules that have been
investigated widely in this regard include the conformational
properties (importantly, guest molecules included within a solid
host structure are often constrained to exhibit uncharacteristic
conformational behavior) and the dynamic properties, as
discussed in more detail below. A wide range of host structures
are available for such studies, and the fact that they differ
substantially in their structural and chemical properties provides
a basis for determining which factors play a major role in
controlling the properties of the guest molecules. Examples of
solid host structures are aluminosilicates (including zeolites and
clays), aluminophosphates, layered chalcogenides, and layered
metal phosphonates, as well as crystalline organic host solids
such as urea, thiourea, tri-o-thymotide, perhydrotriphenylene,
and deoxycholic acid. The topologies of the “inclusion cavities”
within these host solids are varied and encompass linear tunnel
structures, isolated cages, networks of intersecting tunnels and/
or cages, and two-dimensional regions within layered hosts.
Guest molecules within solid host structures usually undergo

a variety of dynamic processes that reflect, to a greater or lesser
extent, the structural attributes of the host structure and the
physical constraints imposed by the host structure. Different
dynamic processes occur on different characteristic time scales,
and a range of experimental and computational techniques are
therefore required to study the dynamic properties of the guest
molecules in different systems. One of the most extensively
used techniques in this regard has been wide-line solid-state

2H NMR spectroscopy,1-4 based on the fact that2H NMR line
shape analysis is a particularly sensitive probe of molecular
motions with characteristic time scales in the range 10-3-10-7

s (the so-called “intermediate motion regime”). For motions
with time scales in this range,2H NMR line shape analysis can
generally allow the mechanism and rate of motion to be
established, with the temperature dependence of the rate of
motion leading to information on activation parameters. If the
characteristic time scale of the motion is shorter than 10-7 s
(the so-called “rapid motion regime”), details of the exact rate
of motion cannot be established, although2H NMR line shape
analysis can, in general, still provide detailed information on
the geometry and mechanism of the motion. Since the
characteristic time scales of reorientational motions of guest
molecules in solid inclusion compounds are often within the
range probed by2H NMR line shape analysis, this technique
has been applied widely to study the dynamic properties of such
inclusion compounds.
The dynamic properties of cyclohexane guest molecules have

been investigated in a range of solid inclusion compounds, such
as the thiourea host structure,5 the Cd(CN)2 host structure,2 and
the Cd(mtn)Ni(CN)4 [mtn) CH3NH(CH2)3NH2] host structure.6

It is interesting to note that the2H NMR line shape reported at
103 K for C6D12 in the Cd(CN)2 host structure is almost identical
with the line shape observed at 93 K in the present paper for
C6D12 in the H-ZSM-5 host structure. However, full details of
the dynamic model responsible for the observed line shape in
the case of C6D12/Cd(CN)2 were not reported in ref 2. To our
knowledge, only limited information is available regarding the
dynamic properties of cyclohexane in zeolitic host structures
and has so far been confined to experimental2H NMR studies7

of the dynamics of C6D12 guest molecules in zeolite L, with
only a qualitative analysis of the temperature dependence of
the observed2H NMR line shape. From the2H NMR spectra
reported for C6D12 in zeolite L, it is clear that the2H NMR line
shape and its temperature dependence (and hence, the dynamic
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properties of the C6D12 guest molecules) are different from those
reported here for the same guest molecules in the H-ZSM-5
host structure.
In this paper we report the dynamic properties of perdeuter-

ated cyclohexane guest molecules included within the zeolitic
host H-ZSM-5. This work provides a basis for comparing the
dynamic properties of cyclohexane in H-ZSM-5 with the
dynamic properties of the same guest molecule in other solid
host structures and allows an assessment of the constraints
imposed by the H-ZSM-5 host structure on the dynamic
properties of guest molecules within it. The framework structure
of ZSM-58,9 contains a set of zigzag tunnels intersecting a set
of straight tunnels, each with 10-membered ring openings. The
diameter of the straight tunnel ranges between ca. 5.4 and 5.6
Å, and the diameter of the zigzag tunnel ranges between ca.
5.1 and 5.5 Å. The angle between the tunnel axes of adjacent
segments of the zigzag tunnel is 112.7°.
Although the H+ form of ZSM-5 has been used in this work,

it is considered unlikely that the dynamic properties of the C6D12

guest molecules will differ significantly depending on the nature
of the extraframework cation or depending on the number of
acidic sites on the zeolite framework. Indeed, as discussed
previously,7 strong interactions between an aluminosilicate host
structure (zeolite L) and the guest molecules may be expected
for guest molecules (e.g., benzene) that possessπ-electron
density and interact strongly with the extraframework cations.
Such cation effects were also studied in detail in a subsequent
report10 for different guest molecules (benzene, hexane, and
cyclohexane) and samples of zeolite L containing different
extraframework cations (Li+, K+, Cs+). For benzene and
hexane, it was found that the size of the cation influences
significantly the steric environment of the guest molecules,
whereas in the case of cyclohexane, the nature of the cation
has a substantially smaller effect on the dynamic properties of
the guest molecules. In summary, cyclohexane guest molecules
are unlikely to be affected significantly (in contrast, for example,
to the case for benzene andp-xylene11) by the chemical
properties of the H-ZSM-5 host structure, and as such, cyclo-
hexane serves as a valuable probe of the physical constraints
imposed by the zeolite framework structure.
Clearly, in the case of C6D12 guest molecules, with two

different deuteron positions (axial and equatorial) and a possible
combination of several different types of molecular motion, it
is not satisfactory to attempt to rationalize observed2H NMR
line shapes solely through qualitative analyses based on simple
analytical expressions (of the type considered in refs 2 and 7).
Instead, we believe that a comprehensive understanding of the
dynamic properties (at least in the case of complex, multicom-
ponent motions) can be obtained only through detailed numerical
calculations to simulate the observed2H NMR line shapes and
their temperature dependence, allowing the relative validity of
different plausible dynamic models to be assessed objectively
and critically. Thus, this approach has been adopted in our
analysis of the2H NMR spectra for the C6D12/H-ZSM5 system
reported here. We note that such an approach would enhance
considerably the present level of understanding of the dynamic
properties of C6D12 guest molecules in other host materials, such
as Cd(CN)22 and zeolite L7,10 discussed above.

2. Experimental Section

The sample of H-ZSM-5 (Laporte Inorganics, RD1136/88)
used in this work was calcined in a muffle furnace at 500°C
for over 24 h before use. Perdeuterated cyclohexane (denoted
C6D12) was obtained commercially and was used without further
purification. The C6D12/H-ZSM-5 inclusion compound was

prepared by contacting ca. 5 cm3 of liquid C6D12 with ca. 1 g
of powdered H-ZSM-5 in a round-bottomed flask under vacuum
for ca. 3 days. After this time, the excess liquid was removed
under vacuum and the solid was allowed to dry. The flask was
sealed and removed to a drybox, within which the solid was
transferred to the sample holders used for the solid-state NMR
experiments. It has been demonstrated previously12 by ap-
propriate control experiments that this method of preparation
of the C6D12/H-ZSM-5 inclusion compound leads to adsorption
of C6D12 on the internal surfaces (rather than the external
surfaces) of the H-ZSM-5 host material. From elemental
analysis (carbon percentage), the loading of C6D12 guest
molecules within the H-ZSM-5 host structure in the sample of
C6D12/H-ZSM-5 used in this work is estimated to be 3.0 guest
molecules per unit cell (which corresponds, on average, to 0.75
guest molecules per intersection site between the zigzag and
straight tunnels).

2H NMR spectra of C6D12/H-ZSM-5 were recorded at 46.1
MHz on a Bruker MSL300 spectrometer, using standard Bruker
5 mm high-power probes. The stability and accuracy of the
temperature controller (Bruker B-VT1000) were ca.(2 K. 2H
NMR spectra were recorded using the conventional quadrupole
echo [(90°)φ-τ-(90°)φ(π/2-τ-acquire-recycle] pulse se-
quence13 with 90° pulse duration in the range 2.0-3.3 µs and
echo delaysτ ) 13 µs andτ ) 200µs. Note that no spectral
distortions occur within this range ofτ, and such distortions
are observed only forτ < 10µs for the probe used. The recycle
delay was taken as ca. 5T1 and ranged from 1 to 20 s depending
upon the temperature. Phase cycling was employed to eliminate
quadrature phase errors.

3. Simulation and Interpretation of 2H NMR Spectra

Simulations of2H NMR spectra for motions occurring in the
rapid motion regime were carried out using the program
FASTPOWDER.14 Simulations of2H NMR spectra for C6D12

ring inversion in the intermediate motion regime were carried
out using a version of the2H NMR simulation program
MXQET15 modified to allow calculation of2H NMR spectra
in the case of the exchange of deuterons between sites with
different quadrupole coupling constants and different asymmetry
parameters. The quality of the agreement between the simulated
and experimental spectra was assessed objectively on the basis
of the following function:

whereI i
exp is the intensity of theith digitized data point in the

experimental spectrum (i ) 1, 2, ...,M) andIi
calc is the intensity

of theith digitized data point in the calculated spectrum. Typical
values of R for the best fits between the simulated and
experimental spectra were between 3% and 7%. We emphasize
that this approach provides an objective assessment of the level
of agreement between experimental and simulated2H NMR
spectra and removes much of the subjectivity that is character-
istic of the traditional approach of comparing experimental and
simulated2H NMR spectra “by eye”.
In modeling dynamic processes, each2H site involved in the

motion can be defined by the Euler angles{R, â, γ}, which
specify the orientation (relative to a space-fixed reference frame)
of the principal axis system of the electric field gradient (EFG)
tensor at the2H nucleus (we useVPAS to denote the EFG tensor

R) 100( ∑
i)1

M

(I i
exp- Ii

calc)2

∑
i)1

M

(Ii
exp)2 )1/2
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in its principal axis system at the2H nucleus). Note the
following: (a) the components ofVPASare taken such that|Vzz|
g |Vyy| g |Vxx|; (b) the static quadrupole coupling constantø is
defined ase2Qqzz/h (whereQ is the electric quadrupole moment
of the nucleus andeqzz) Vzz) ∂2V/∂z2 is the largest principal
component of the EFG tensor at the nucleus); (c) the static
asymmetry parameterη is defined asη ) (|Vyy| - |Vxx|)/|Vzz|
and is in the range 0e η e 1 [note that since theVPAS tensor
is traceless,Vzz ) -(Vxx + Vyy)]; (d) the z-axis of VPAS is
assumed to lie along the direction of the C-D bond.
The values of the static2H quadrupole coupling constant and

the static 2H asymmetry parameter for solid cyclohexane
obtained from2H NMR studies of a polycrystalline sample at
77 K have been reported previously16 to beø ) 174 kHz and
η ) 0.0, and these value ofø andη are assumed in the present
work. Note that other experimental assessments of these
parameters are in close agreement (for example,17 ø ) 173.7
kHz andη e 0.01).
Many of the2H NMR spectra reported here represent motions

that are rapid (i.e., occurring at frequencies greater than ca. 107

Hz) relative to the2H NMR time scale. In general,2H NMR
line shapes in the rapid motion regime can be simulated as
though they are “static” spectra by using a motionally averaged
(“effective”) quadrupole coupling constant (denotedø*) and a
motionally averaged (“effective”) asymmetry parameter (denoted
η*) and assuming no motion of the effective deuteron. In
general,ø* and η* differ from the static quadrupole coupling
constant (ø) and the static asymmetry parameter (η). Further-
more, in considering such spectra to be represented by an
effective static deuteron (with quadrupole interaction parameters
ø* and η*), the orientation of the principal axis system of the
EFG tensor for this effective deuteron generally differs from
the orientation of the principal axis system of the EFG tensor
for the true static deuteron (with quadrupole interaction param-
etersø and η). In much of the subsequent discussion, it is
convenient to discuss2H NMR spectra for motions occurring
in the rapid motion regime in terms of the effective quadrupole
interaction parametersø* and η*.

4. Results and Discussion

Figures 1-4 show 2H NMR spectra of C6D12/H-ZSM-5
recorded at various temperatures between 93 and 368 K. At
93 K, the 2H NMR line shape is not a Pake powder pattern
characteristic of deuterons that are static (or undergoing motion
that is slow with respect to the2H NMR time scale). Thus, it
is clear that motion is occurring that is intermediate or rapid
with respect to the2H NMR time scale. At 93 K, the2H NMR
line shape is independent of the echo delayτ, suggesting that
the dynamic process is not in the intermediate motion regime
and must therefore be in the rapid motion regime. The observed
line shape at 93 K can be considered as a superposition of two
contributions: a “central part” with line width of ca. 28 kHz
and a “wide part” with line width of ca. 85 kHz, with the ratio
of these line widths close to 1:3. This situation is characteristic
of a C6D12 molecule undergoing rapid reorientation about its
C3 symmetry axis (motion A; see below), as observed for the
C6D12/thiourea5 and C6D12/Cd(CN)22 inclusion compounds. On
the basis of this dynamic model, the central part with line width
of ca. 28 kHz is assigned to equatorial deuterons and the wide
part with line width of ca. 85 kHz is assigned to axial deuterons.
For this dynamic model, the ratioø*(eq)/ø*(ax) is independent
of temperature and is consistent with the observation, from our
experimental results, that although the line widths of the central
part and the wide part decrease gradually on increasing the
temperature from 93 to 233 K, the ratio of these line widths

remains constant at ca. 1:3. Thus, the2H NMR spectra are
consistent with the expectation that ring inversion of the C6D12

guest molecules (which would interconvert axial and equatorial
deuteron environments) is slow with respect to the2H NMR
time scale in the temperature range 93-233 K.
Rapid reorientation of the C6D12 molecule about itsC3

symmetry axis alone cannot account for the2H NMR spectrum
of C6D12/H-ZSM-5 in the range 93-233 K, and it is necessary
to invoke additional motions. After considering a wide range
of plausible dynamic models, the following combination of
motions was found to give a good account of the2H NMR
spectra in the temperature range 93-233 K. We recall that, in
describing these dynamic processes as rapid, the characteristic
time scale of these motions is less than 10-7 s.
Motion A is a rapid reorientation of the C6D12molecule about

itsC3 symmetry axis, which we represent as a nearest-neighbor
2π/3 jump motion. From spectral simulations for motion A
and by use of the static quadrupole interaction parametersø )
174 kHz andη ) 0.0, the motionally averaged quadrupole
interaction parameters areø*(ax) ) 173.7 kHz,η*(ax) ) 0 for
the axial deuterons (θ ) 2.1°) andø*(eq) ) 56.1 kHz,η*(eq)
) 0 for the equatorial deuterons (θ ) 71.5°). In each case,θ
denotes the angle between theC3 symmetry axis (rotation axis)
of the C6D12molecule and thez-axis of the (static)VPAS tensor
(the direction of the C-D bond), with the molecular geometry
taken from MM2 calculations. For both axial and equatorial
deuterons, thez-axis of theVPAS tensor for the “effective”

Figure 1. Experimental2H NMR spectra for C6D12/H-ZSM-5 recorded
with echo delayτ ) 13 µs between 93 and 293 K.
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deuteron resulting from motion A in the rapid motion regime
lies along the rotation axis (i.e., the molecularC3 symmetry
axis).
Motion B is a rapid reorientation of theC3 symmetry axis of

the C6D12 molecule on the surface of a cone of half-angleâ0
(this type of motion is often described as “wobbling”). In the
spectral simulations reported here, this dynamic process has been
represented as a nearest-neighbor 2π/36 jump motion between
36 orientations of theC3 symmetry axis equally spaced on the

surface of the cone. For this model,18 the effective quadrupole
coupling constantø* is proportional to (3 cos2 âï - 1)/2. When
motion B is combined with motion A, the value ofø* is
decreased below that for only motion A (with the value ofø*
decreasing asâ0 is increased). Thez-axes of the effectiveVPAS

tensors for both the axial and equatorial deuterons lie along the
axis of the cone, although clearly the magnitude ofø* is different
for the axial and equatorial deuterons.
Motion C is rapid four-site jumps of thez-axis of the effective

Figure 2. Experimental (left side) and simulated (right side)2H NMR spectra for C6D12/H-ZSM-5 recorded with echo delayτ ) 13 µs. The
simulated spectra were calculated using the combination of motions A-C discussed in the text. The temperature at which each experimental
spectrum was recorded and the cone half angleâ0 for motion B used in calculating each spectrum are shown. All simulated spectra shown are for
p1 ) 0.3.

Figure 3. Experimental (left side) and simulated (right side)2H NMR spectra for C6D12/H-ZSM-5 recorded with echo delayτ ) 13 µs. The
simulated spectra were calculated assuming the cyclohexane ring inversion process (in addition to motions A-C) discussed in the text. The temperature
at which each spectrum was recorded and the rate (κ) of the cyclohexane ring inversion process used in calculating each spectrum are shown.
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VPAS tensor for the combined motions A and B. The four
orientations of thez-axis of the effectiveVPAS tensor are shown
below:

The anglesφ(m,n) between each pair of orientationsm andn
are the following:φ(1,2)) 90°; φ(1,3)) 180°; φ(1,4)) 90°;
φ(2,3)) 90°; φ(2,4)) 112.7°; φ(3,4)) 90°. For this set of
orientations, simulated2H NMR spectra in the rapid motion
regime are the same for nearest-neighbor exchange (1T 2 T
3 T 4 T 1) and for all-sites exchange processes. The
geometrical relationship between these orientations is closely
associated with the geometrical relationship between the orienta-
tions of the tunnel axes at the intersection of the zigzag and
straight tunnels in the H-ZSM-5 host structure. If we consider,
at least initially, that the C6D12 molecules reside preferentially
at the intersections of the zigzag and straight tunnels, the
orientations involved in motion C can be interpreted readily in
terms of thez-axis of the effectiveVPAS tensor pointing toward
the “entrances” to the tunnels: orientations 1 and 3 are directed
toward the entrances to the straight tunnel, whereas orientations
2 and 4 are directed toward the entrances to the zigzag tunnel.
Owing to the differences in the diameters and the shapes of the
two types of tunnel, we should in general expect the populations
of orientations 1 and 3 to be different from the populations of
orientations 2 and 4. Thus,p1 ) p3 andp2 ) p4 ) 1/2 - p1
(with ∑i pi ) 1). The proposal that the C6D12 guest molecules
reside preferentially at the intersections of the zigzag and straight

tunnels is consistent with the results of preliminary computa-
tional investigations of C6D12/H-ZSM-5, which will be the
subject of a detailed future paper.19 As discussed in more detail
in section 5, the proposed dynamic model for motion C does
not in fact require that the C6D12 guest molecules are located
only at the intersection sites but rather that if the guest molecules
translate into the tunnels, reorientation of thez-axis of the
effectiveVPAS tensor occurs only when the guest molecules
encounter the intersection sites.
From comparison of the2H NMR line shapes simulated for

the combination of motions A-C in the rapid motion regime
with the experimental2H NMR spectrum at 93 K, the values
of â0 andp1 are estimated to be 0° and 0.3, respectively (Figure
2). Thus, motion B has no significant effect on the line shape
at 93 K, and sincep1 > p2 for motion C, theC3 axis of the
C6D12 guest molecule has a preferential orientation in the
direction of the straight tunnel rather than the zigzag tunnel.
The experimental spectra recorded at 123, 163, and 213 K have
been considered in detail in order to estimate the amplitude of
motion B at higher temperatures, with the values ofâ0 andp1
varied in the spectral simulations. The best fits (Figure 2)
between the experimental and simulated spectra are found for
â0 values of 18°, 24°, and 31° at 123, 163, and 213 K,
respectively, and withp1 ) 0.3 at all temperatures. As expected,
the value ofâ0, and hence, the effective amplitude of the
wobbling motion, increases with increasing temperature.
Qualitatively, new line shape changes are observed in the

2H NMR spectra recorded at temperatures between 263 and 368
K (Figures 1 and 3). Furthermore, the2H NMR spectra recorded
between 293 and 368 K demonstrate a clear dependence on the
echo delayτ (see Figures 3 and 4). At 293 K, for example, the
observed line shape is nearly Lorentzian with line width∆ν1/2
) 3.6 kHz for echo delayτ ) 13 µs and is nearly Gaussian
with ∆ν1/2 ) 1.4 kHz for echo delayτ ) 200µs (Figures 3 and
4). Although the observed line shape at 293 K resembles the
characteristic line shape for rapid isotropic motion, this pos-
sibility can be rejected by the fact that, for temperatures above

Figure 4. Experimental (left side) and simulated (right side)2H NMR spectra for C6D12/H-ZSM-5 recorded with echo delayτ ) 200 µs. The
simulated spectra were calculated assuming the cyclohexane ring inversion process (in addition to motions A-C) discussed in the text. The temperature
at which each spectrum was recorded and the rate (κ) of the cyclohexane ring inversion process used in calculating each spectrum are shown.
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293 K, the line shape depends on the value of the echo delayτ,
suggesting that within this temperature range a dynamic process
(in addition to motions A-C) occurs in the intermediate motion
regime. At 368 K, the2H NMR spectrum atτ ) 13 µs (an
almost axially symmetric powder pattern (Figure 3)) can be
accounted for by a single deuteron, without requiring us to
invoke separate subspectra for axial and equatorial deuterons.
This implies that the additional motion in the intermediate
motion regime involves exchange of deuterons between the axial
and equatorial positions (i.e., exchange between the orientations
of the C-Dax and C-Deq bonds and hence between thez-axes
of the effectiveVPAS tensors for the axial and equatorial
deuterons that result from motions A-C). Clearly, this ad-
ditional motion constitutes ring inversion of the C6D12molecule.
To simulate the ring inversion of the C6D12 molecule, we
consider (as discussed in ref 6) an exchange between two sites
for which thez-axes of theVPAS tensors are antiparallel but the
magnitudes ofVzzare different, with|Vzz(eq)| ≈ |Vzz(ax)|/3. In
practice, optimal agreement between the calculated and experi-
mental line shapes is obtained for|ø*(ax)| ) 51 kHz,η*(ax) )
0 and|ø*(eq)| ) 16.5 kHz,η*(eq) ) 0. These values for|ø*-
(ax)| and |ø*(eq)| can be regarded as the effective quadrupole
interaction parameters for axial and equatorial deuterons result-
ing from motions A-C occurring simultaneously on time scales
that are rapid relative to the2H NMR time scale.
The rate (κ) of the C6D12 ring inversion process has been

determined as a function of temperature by fitting independently
(see Figures 3 and 4) the2H NMR spectrum recorded at each
temperature and for each of the echo delaysτ ) 13µs andτ )
200 µs. As shown in Figures 3 and 4, the sets ofκ(T) that
provide the best fits of the experimental2H NMR line shapes
for τ ) 13 µs andτ ) 200 µs are in close agreement, giving
further support to the validity of the proposed dynamic model.
On the assumption of Arrhenius behavior (i.e.,κ )
A exp[-Ea/(RT)]) for the temperature dependence ofκ, the
activation parameters for the C6D12 ring inversion process are
estimated (from a graph of ln(κ/s-1) versusT-1/K-1; Figure 5)
to beEa ) (48( 2) kJ mol-1, A) (1.3( 0.1)× 1013 s-1. The
enthalpy of activation is estimated (from a graph of ln(κT-1/
s-1K-1) versus T-1/K-1) to be∆Hq ) (45 ( 3) kJ mol-1.

5. Concluding Remarks

The variable temperature solid-state2H NMR studies reported
here have provided detailed insights into the dynamic properties

of cyclohexane guest molecules included within the microporous
solid host material H-ZSM-5. Specifically, the results suggest
that the reorientation of the cyclohexane molecules is determined
both by the molecular structure of the guest molecules and by
the structural constraints imposed by the zeolite framework (with
particular regard to motion C).
It is relevant to discuss motion C in more detail, since this

motion directly reflects the geometry of the zeolite host structure
at the points of intersection between the zigzag tunnels and the
straight tunnels. It has been shown by computer simulation19

that at sufficiently low temperature the cyclohexane guest
molecules prefer to reside at the sites of intersection between
the zigzag and straight tunnels rather than within the tunnels.
Motion C can be interpreted readily in terms of the cyclohexane
molecules residing at these intersection sites, with the molecular
C3 symmetry axis, after averaging over motions A and B,
oriented preferentially along the directions of the tunnel axes.
The 2H NMR analysis suggests that there is a preference for
the C3 symmetry axis to be oriented in the direction of the
straight tunnel rather than in the direction of the zigzag tunnel.
It is important to emphasize, however, that2H NMR line

shape analysis is sensitive only to those components of the
motion that involve reorientation of theVPAS tensor, and this
technique cannot provide information on translational compo-
nents of the motion. Thus, analysis of the2H NMR spectra
reported in this paper cannot directly indicate the extent to which
the cyclohexane guest molecules translate along the tunnels of
the zeolite host structure. Thus, the2H NMR spectra are equally
consistent with a dynamic model in which the cyclohexane guest
molecules translate into the straight tunnels and/or zigzag tunnels
but when inside these tunnels undergo no reorientational motions
in addition to those described above as motion A and motion
B. In such a dynamic model, the molecular reorientation
described by motion C may be interpreted in terms of the
reorientational processes that occur when the cyclohexane
molecule reaches the point of intersection between the tunnels,
including the possibility that the cyclohexane molecule diffuses
from one type of tunnel into the other. It is relevant to note,
however, that the proposal that the guest molecules can translate
along the tunnels and undergo reorientation described by motion
C at the tunnel intersections is valid only if each cyclohexane
guest molecule is constrained to experience only one specific
intersection site within the zeolite. If, on the other hand, the
guest molecule could move from one intersection site to another
(by complete translation along one of the segments of the
straight tunnel or the zigzag tunnel that links two intersections),
the nature of the ZSM-5 structure dictates that motion C should
involve six (rather than four) possible orientations of the
molecularC3 axis. In summary, it is clear that techniques other
than2H NMR spectroscopy (for example, computer simulation20

and/or incoherent quasielastic neutron scattering) are required
to assess the translational aspects of the motion of the cyclo-
hexane guest molecules in this inclusion compound and thus to
allow a definitive discrimination between the dynamic models
speculated above.
On the basis of2H NMR line shape analysis, the activation

energy (Ea) for the ring inversion process for C6D12 guest
molecules inside the H-ZSM-5 host structure is estimated to be
48 ( 2 kJ mol-1 and the enthalpy of activation (∆Hq) is
estimated to be∆Hq ) 45( 3 kJ mol-1. These values are in
close agreement with those obtained for cyclohexane in other
environments: (i) in the gas phase,∆Hq ) 50.6 kJ mol-1;21

(ii) in solution,∆Hq ) 48.1 kJ mol-1,22∆Hq ) 43.1 kJ mol-1;23

(iii) in the C6D12/thiourea inclusion compound,Ea )
46.4 kJ mol-1 and ∆Hq ) 43.9 kJ mol-1;5 (iv) in the

Figure 5. Graph of ln(κ/s-1) versusT-1/K-1 for the cyclohexane ring
inversion process of C6D12 within the H-ZSM-5 host structure.
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Cd(mtn)Ni(CN)4‚1/2C6D12 [mtn) CH3NH(CH2)3NH2] inclusion
compound,Ea ) 44.7 kJ mol-1.6

Thus, although the intramolecular cyclohexane ring inversion
process is not affected significantly by including the cyclohexane
molecule within the H-ZSM-5 host structure, the motion of the
whole molecule (particularly motion C) is affected significantly
by the host structure. This is evident from the significant
differences in the dynamic properties reported here for cyclo-
hexane within the H-ZSM-5 host structure in comparison with
the dynamic properties of cyclohexane within the other host
structures discussed in (iii) and (iv) above.
In conclusion, it is clear that the structural character of the

zeolite host structure exerts significant constraints on the
dynamic properties of the cyclohexane guest molecules inves-
tigated here. Extensions of the present work to investigate the
dynamics of other guest molecules in microporous inorganic
host structures using2H NMR spectroscopy are likely to reveal
equally interesting insights into the constraints imposed on the
motion of the guest molecules, with particular interest in guest
molecules that have direct relevance with regard to catalytic
applications of zeolites.
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