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The dynamic and conformational behavior of three related alkylcyclohexane molecules, cyclohexane (CH),
methylcyclohexane (MCH), artdans-1,4-dimethylcyclohexane (DMCH), loaded within completely siliceous
zeolite ZSM-5 has been investigated by variable temperature FT-Raman spectroscopy. Our results indicate
that at room temperature CH molecules inside the ZSM-5 framework undergo significant reorientational motions
around different axes as well as ring inversion and that the reorientational motions have ceased when the
temperature is lowered to 153 K. For MCH and DMCH, in contrast, the major molecular motions are removed
upon initial loading into the ZSM-5 framework. At low temperatures, the symmetry of CH inside ZSM-5
clearly deviates from the perfeDgy symmetry of the free molecule. At room temperature, the conformational
equilibrium of MCH guest molecules still exists in the ZSM-5 host, but at low temperatures, MCH adopts the
equatorial conformation exclusively. Interestingly, for DMCH absorption into ZSM-5 results in an increase

in the population of the high-energy, small-volume diaxial conformer. The low-temperature Raman spectra
of the ZSM-5 framework have also shown that for CH/ZSM-5 and MCH/ZSM-5 complexes, the zeolite
framework is not rigid and undergoes significant thermal motion at room temperature. For DMCH/ZSM-5,
the zeolitic framework also undergoes thermal motion, but there is a larger distributionrr ©OFSli angles.

Introduction (CH), methylcyclohexane (MCH), arithns-1,4-dimethylcyclo-
Zeolites are microporous materials that are widely used in hexane (DMCHY.® Their findings indicated that the diffusion
industry as catalysts and sorbents. For example, several decadegoefficient oftrans-1,4-dimethylcyclohexane was 2 orders of
after it was first synthesized, zeolite ZSM-5 remains one of the magnitude larger than the diffusion coefficients of other two
most commercially significant zeolites and is commonly used sorbates. Two arguments were put forward to explain the
in the petroleum industry to convert methanol into more complex observed difference. Chon and Park attributed the difference to
hydrocarbong. Applications of zeolite materials are, in many the methyl groups interacting with the framework to produce a
cases, related to the interactions between the zeolite frameworkfavorable orientation for channel crossihddagaltizs et al.
and an absorbed guest species. Therefore, understanding theuggested that this can be related to a low-energy barrier in
behavior of guest molecules inside zeolite hosts is very channel crossing for thezans-1,4-dimethylcyclohexane mol-
important. ecules® Very recently, our group preformed a powder-XRD
Recently, several research groups have focused on thestydy involving the absorption of CH, MCH, and DMCH into
diffusion of alkylcyclohexanes in ZSM-5, namely cyclohexane zsM-54 The focus was on the possible phase transitions of the
*To whom correspondence should be addressed. E-mail: yhuang@ Z€0lite induced by the sorbed organic species. Our results clearly
julian.uwo.ca. indicated that CH/ZSM-5 and MCH/ZSM-5 systems show no
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evidence of a phase change, but the absorption of DMCH doesmolecules within the framework. The first mechanism would
induce a monoclinic to orthorhombic phase transition in the be isotropic tumbling similar to the motion experienced by the
ZSM-5 framework. molecules in the liquid. However, the cyclohexane molecules
We have now turned our attention to the dynamic and are believed to reside at the intersections of the straight and
conformational properties of these alkylcyclohexanes incorpo- sinusoidal channels within the ZSM-5 framewdtk.he channel
rated inside the ZSM-5 framework. Because Raman spectros-intersections form a spherical cavity with a diameter of about
copy has proven to be a powerful tool in the analysis of dynamic 8.7 A2 whereas the kinetic diameter of the CH molecule is
and conformational behavior of molecular systéme have approximately 6.0 & The close match in diameter implies that
carried out a systematic variable temperature FT-Raman studythe CH molecules are probably not experiencing isotropic
of these alkylcyclohexane/ZSM-5 systems. Furthermore, the FT-tumbling within the framework and a further explanation is
Raman approach is actually a preferred technique for directly needed. The stable chair conformation of cyclohexabg (
monitoring the behavior of the guest species inside zeolitic hosts symmetry) has a £principal rotation axis and 3 &rotation
because the weak Raman scattering of the zeolite frameworkaxis perpendicular to this principal axis. The reorientation of
allows one to observe the signals arising from the sorbate the CH molecules about one or more of its rotation axis is
molecules’ probably a more reasonable explanation for the observed motion
) _ of the guest molecules. Indeed, these motions were detected in
Experimental Section the plastic phase of pure CH sofi¢lA further contribution to

Completely siliceous ZSM-5 was prepared according to a the dynamic behavior may also be due to the inversion of the
procedure previously described, with slight modificatiofhe cyclohexane backbone between equal energy chair conforma-
sample purity and crystallinity were checked by powder X-ray tions. The activation energy for this process in pure liquid CH
diffraction. Cyclohexanex99.9%), methylcyclohexane (spec- IS approximately 10 kcal/mdf, and does not seem to be affected
tro-grade) and 1,4-trans dimethylcyclohexan©9.9%) were significantly by loading into the ZSM-5. The overall motion is
obtained from Aldrich Chemical Co., Eastman Kodak, and Fluka most likely a combination of a reorientation about the molecular
Chemika, respectively. All chemicals were used without further Cs and G axes coupled with ring inversion. &4 NMR study
purification. ZSM-5 was calcined at 53C for 24 hto remove  Of cyclohexane in the acidic form of ZSM-5 confirmed that
the organic template. Carefully weighed aliquots were loaded restrictions imposed by the framework at room-temperature
with precise amounts of the organic sorbates. The loading for prevent isotropic motion from occurring, and that a combination
all samples was 4 molecules per unit cell of ZSM-5. These of several different motions is required to reproduce He
samples were sealed in glass vials and placed in an oven for 3NMR powder patterd® With cooling, the full width at half-

h at 10 degrees below the boiling point of the organic molecule height (fwhh) of several bands due to the CH molecules
that was loaded. All Raman spectra were recorded on a Brukerdecreases significantly with decreasing temperature. For ex-
RFS 100/S spectrometer equipped with am*NdAG laser ample, the fwhh of the(C—C) band at 1026 cnt is ~14 cnt
operating at 1064.1 nm, and a liquid nitrogen cooled Ge detector.in both the liquid and the CH/ZSM-5 system (Figure 1A). When
The laser power was typically 80 mW at the sample and the the CH/ZSM-5 system is cooled to 153 K the fwhh of this band
resolution was 2 ciri. Low-temperature measurements were is reduced to~5 cnmt. The narrowing of this and other bands
achieved using a Bruker Eurotherm 800 series temperatureimplies that the dynamic nature of the guest molecule has
control unit, which regulated the sample temperature within changed. A previous single-crystal X-ray study of pure CH at
+1 °C. 150 K indicated that in the ordered crystalline phase (phase II),
all motions associated with cyclohexane molecules have ceased,
with the exception of ring inversiolf. We have also obtained
the Raman spectrum of crystalline cyclohexane at 153 K. The

Results and Discussion

FT-Raman spectra of CH, MCH, and DMCH absorbed in ;
completely siliceous ZSM-5 were measured as a function of spectrum shows th?t_the fwhh ?f th(?—(? S”e“?h”?g r_node/-
temperature. To assist in interpreting the results, the spectra of(c_:__c) at 1026_ cm- 1S ~4_cm— ’ This is an indication that
pure CH and DMCH in their respective ordered solid phases at within the zeolite the reorientational motion of c'y(.:Iohexane'
low temperature were also obtained. The dynamics of guest molecules has ceased at 153 K, and the only remaining dynamic

species can be monitored via the changes in Raman line widthgP"0CesS is probably ring inversion.

as a function of temperature. In general, the line widths for these A different situation was observed for the MCH/ZSM-5 and
small organic molecules in liquid phases are rather broad dueDMCH/ZSM-5 complexes. These two systems showed signifi-
to molecular tumbling, whereas in an ordered solid phase the cant band narrowing for several bands upon loading into the
corresponding line width usually becomes much narrdives. zeolite framework. A comparison of the line width of the same
an important spectral parameter, the vibrational line width has ¥(C—C) mode is given in Figure 1. At room temperature, the
been extensively employed to study the molecular dynamics line width of this mode decreased by 6 and 4-¢érfor the MCH

associated with orderdisorder phase transitions in many
organic solids, including cyclohexafe.

A comparison between pure liquid cyclohexane and cyclo-
hexane in ZSM-5 at room temperature exhibited virtually no
difference in the line width for all of the bands observed. The
spectral profile and line widths of the room-temperature
spectrum of CH in ZSM-5 are also very similar to those of pure

and DMCH systems, respectively, upon absorption. Further
cooling of these systems down to 153 K, however, did not result
in a significant change in line width as was observed in the
CH/ZSM-5 system. This line narrowing upon absorption implies
that initial loading into the zeolite results in the removal of much
of the molecular motion associated with the MCH and DMCH
molecules. To further confirm these findings, we have also

CH crystallizing in a disordered phase (phase 1) where extensivemeasured the FT-Raman spectrum of pure DMCH at 153 K.
molecular motions occuf. These results suggest that the At this temperature, the pure DMCH crystallizes in an ordered
cyclohexane molecules inside the ZSM-5 framework still phase where the molecular reorientational motions have ceased.
undergo significant motions at room temperature. Conceivably, The line widths in a majority of the bands of DMCH in the
several explanations may describe the motion of the CH ordered crystal phase are comparable to those of the same bands
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Figure 1. Temperature dependence of the full width at half-height
(fwhh) in cn? for the »(C—C) band of (A) CH, (B) MCH and (C)
DMCH absorbed in ZSM-5.

of DMCH inside ZSM-5 at room temperature. For example,

our data show that the line width for tméC—C) mode centered

at 1060 cn1l in the ordered crystal phase at 153 K is as narrow
as~5 cnrL. This value is the same as that of DMCH adsorbed
in ZSM-5 at room temperature. These results confirm that the

degree of molecular motion of the sorbed species has been

limited due to confinement within the ZSM-5 framework. Other
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of two separate bands, confirming that this doubly degenerate
Eg mode is beginning to split (Figure 2). The observed splittings
for the Eg modes of CH in ZSM-5 at 153 K are very similar to
those found in the Raman spectra of ordered pure CH crystals
at low temperatures, which have been reported in the litefdture
and obtained in this study. For instance, Figure 2 shows that
the Eg mode at 2922 cmt is clearly split into a doublet at 148

K in the spectrum of the pure solid CH phase. A single crystal
X-ray study has shown that at this temperature pure CH
crystallizes in an ordered phase (phase IlI) and that the
conformation of the CH molecules is still the chair configuration,
but the symmetry is distorted significantly froBgy (the site
symmetry is onlyC;).16 This explains why in the corresponding
Raman spectra all the doubly degenergiemodes are split.
The similar splitting pattern for thEy modes displayed in the
spectra of pure solid CH and the CH molecules inside the zeolite
at low temperature suggests that at 153 K the molecular
symmetry of CH loaded inside the zeolitic framework must be
lower than perfecDsq, resulting in the removal of degeneracy
of the Eg modes.

At room temperature, pure methylcyclohexane is known to
exist in two rapid equilibrating conformations (95% with the
methyl group in the equatorial position, and 5% with it in the
axial positiod*19. Bands due to the ring-breathing mode of
MCH molecules appear in the Raman spectrum between 800
and 740 cml. This region provides evidence for the existence
of the two stable conformers of the molecule (Figure 3). Two
peaks are observed in this region: a strong band at 776 cm
and a much weaker band at 753 ©mnThey have been
previously assigned unambiguously to the equatorial and axial
components, respectivelj.A previous study has shown that
the axial mode observed in the spectrum of the pure liquid at
room temperature disappears when cooled to 152 K, suggesting
that MCH molecules in the pure liquid adopt the low-energy
equatorial conformation exclusively at 152KUpon loading
MCH into the zeolite, the peak due to axial conformer, although
very weak, is still visible (Figure 3), which indicates that a small
portion of the MCH molecules retains the axial conformation.
With cooling to 153 K, this peak disappeared, indicating that
all the MCH molecules adopt the low-energy, equatorial
conformation exclusively.

possible motions are the wobbling of the guest molecule around ~ The conformational behavior of DMCH inside ZSM-5 is also
an axis directed along the two methyl bearing carbon atoms of Worth mentioning. At ambient conditions, DMCH molecules

the DMCH molecule, and ring inversion.

in the pure liquid are known to exist primarily in the diequatorial

Low temperature Raman spectroscopy has also been usedonformation. An equilibrium does exist, however, between the

effectively for the conformational study of many organic
molecule. Therefore, it should provide valuable insight regard-
ing the structural and conformational properties of guest
molecules within the host structures. Liquid cyclohexane exists
primarily in the stable chair conformer and posse&ggoint
group symmetry. Therefore, the Raman active modes Aaye
andEg symmetry. Interestingly, when the CH/ZSM-5 complex
was cooled to 153 K, all thé;y modes remained as singlets,
but severaEy modes split into doublets. For example, tg
mode of CH absorbed in ZSM-5 due to the CHuvisting
appeared as a single band positioned at 1267 ca room
temperature. Upon cooling to 153 K, it is clearly split into two
components (Figure 2). In the-€H stretching region the band
centered at 2922 cm in the spectrum of pure CH liquid has
been assigned as & mode due to the.{CH,).1” Upon loading
into the zeolite and cooling to 153 K, the line shape of this

diequatorial and diaxial conformers with relative populations
of 99.7% and 0.3%, respectively. Because of the low
concentration of the diaxial conformer at ambient conditions,
the room temperature Raman spectrum of pure liquid DMCH
only contains the bands due to the diequatorial conformer.
However, a number of vibrational studies on a series of pure
dimethylcyclohexané&2°® and trans-1,4-dihalocyclohexarfé
have shown that when high external pressures are applied, the
population of diaxial conformers was increased significantly due
to the smaller molecular volume of the diaxial conformer (for
example, the GICI distances are 5.24 and 6.32 A for the aa
and ee conformers dfans-1,4-dichlorocyclohexane, respec-
tively.?1), leading to an increased packing efficiency in the
crystal?® In the present case, a significant increase in the
population of the diaxial comformer upon loading was observed.
This is evident from the change in the-€l stretching region

mode becomes asymmetric and a shoulder begins to develop abf DMCH upon adsorption. Figure 4 shows that upon absorp-

2919 cnr! (Figure 2). Deconvolution of this region indicates

tion, the band positioned at 2950 chin the spectrum of pure

that the asymmetry of this peak is indeed due to the contribution DMCH liquid split into a doublet and the splitting becomes more
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Figure 2. FT-Raman spectra of CH absorbed in ZSM-5, pure CH liquid and the ordered crystalline phase in selected spectral region at different
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Figure 3. FT-Raman spectra of MCH sorbed in ZSM-5 at different
temperatures and the pure liquid in ring breathing region.

evident at low temperatures. The 2950 ¢rband observed in
the spectrum of pure DMCH can be assigned toAl@H) mode
due to the methine groups and thg{CHs), which are
accidentally degenerat@?! The splitting observed upon absorp-
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Figure 4. FT-Raman spectra of DMCH absorbed in ZSM-5 and the
pure liquid at different temperatures in the-8 stretching region.

accidental degeneracy. Upon absorption, a new band appeared
at higher energies at 2974 cin(Figure 4). The frequency of

this new band is much higher than those of thetCvibrations
observed at ambient conditions for pure DMCH which adopts
almost exclusively the ee conformation. These observations are
consistent with the conformational changes reportedréors
1,4-dichlororcyclohexane (which has the sa@wg symmetry

tion indicates that there are significant interactions between theas DMCH). An early study by Ellestad et al. showed that careful

zeolitic framework and the €H bonds of DMCH, which affect
v(CH) andv,{CHj3) differently, resulting in the removal of the

annealing can yield a solid phase wéns-1,4-dichlorocylo-
hexane in which all of the molecules adopt the aa conforma-
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Figure 5. FT-Raman spectra of zeolitic framework vibrations of unloaded ZSM-5, CH/ZSM-5, MCH/ZSM-5, and DMCH/ZSM-5 in-tte-Sii
bending region at 298 and 153 K. The bands labeled with * are due to the sorbate molecules.

tion.2! The formation of this “aa” phase was accompanied by corresponding to the contributions from all the-81—Si bonds.
the appearance of several characteristic “aa” bands, includingSecond, the StO—Si linkage or S-O—Si bond angles may
a strong band in the high-energy side of the K stretching undergo large-amplitude thermal motions at room temperature,
region at 2989 cm'. This band was assigned to the-8 which would also yield a broad profile. Low-temperature Raman
stretching vibration due to the methine group of the aa measurements should shed light on the origin of this broadning.
conformer, whose frequency is much higher than that of the If the first explanation is correct, a decrease in temperature will
corresponding band for the ee conformer (2963 YAt As not affect the distribution of nonequivalent-SD—Si bond
pointed out by Fyfe et al. there is considerable evidence from angles significantly and, as a result, no significant line narrowing
physical organic chemistry that methyl groups and chlorine should occur. In the second case, lowering the temperature
atoms have identical steric effeésso we assigned the new  should reduce the thermal motions of the-8i—Si linkages,
band at 2974 cm' to the DMCH with the aa conformation.  leading to substantial band narrowing. In the CH/ZSM-5 system
Our Raman data suggest that upon loading, a significant portionthe width of the profile decreased from47 cntto ~23 cnrt
of DMCH adopts the aa conformation, which has a smaller- (Figure 5) upon decreasing temperature, which indicates that
volume. Inside ZSM-5, DMCH is located at the intersection of the Si-O—Si linkages in ZSM-5 have relatively large thermal
straight and zigzag channélés mentioned earlier, the channel motions at room temperature. Our Raman data indicate clearly
intersections have a spherical cavity with a diameter of about that the lattice of ZSM-5 is reasonably flexible at room
8.7 A, which is very close to the kinetic diameter of DMCH temperature, as proposed by Muller and Corfdt.is also
(> 9 C)2 Obviously, such a “tight fit” is the reason DMCH interesting to note that at 153 K, the band at 382 ttogether
undergoes a conformational change from lower energy ee with the shoulder at 364 crm are shifted toward higher energies
conformation with a larger molecular volume to higher energy to 393 and 385 cri, respectively. It has been shown previously
aa configuration with a smaller volume. Upon lowering the that the frequencies of the-TO—T bending modes of zeolites
temperature, the aa band at 2974-érnecomes slightly more (T = Si or Al) are sensitive to the average-D—T angle. The
intense, implying that the population of aa conformer is further frequency of a FO—T bending mode has an inverse depen-
increased. This is because upon cooling, the unit cell of ZSM-5 dence on the average-D—T angle?® meaning that a higher
shrinks slightly. Consequently, the increased constraints imposedT —O—T bending frequency corresponds to a smaller average
by the zeolitic framework at low-temperature further shifts the T—O—T angle. In the present case, the observed high-frequency
conformational equilibrium in favor of diaxial conformer. shift suggests that the shrinkage of the ZSM-5 unit cell at low
However, the severe band overlap precludes us from determiningtemperatures is accompanied by the reduction in the average
the conformational energy change quantitatively. Si—O—Si angle. It should also be pointed out that the spectral
The zeolitic framework vibrations also exhibited some profile due to zeolitic vibrations for CH/ZSM-5 complexes and
interesting changes with temperature. The most intense Ramarits behavior at low temperature are identical to those of unloaded
bands due to the ZSM-5 framework appear in the region between(empty) ZSM-5 (Figure 5). This similar behavior is due to the
450 and 250 cm* (Figure 5). The bands in this region arise fact that the framework structures of CH/ZSM-5 and unloaded
from Si—O—Si bending vibrations? For CH/ZSM-5 complex, ZSM-5 are both monoclinic as shown by powder XRD
the most prominent zeolitic vibrations include a relatively intense studies*!! However, the similarity also implies that the inter-
peak centered at 382 cthand a shoulder at 364 crh The actions between CH and the framework are weak.
overall profile is rather broad at room temperature with the fwhh ~ For the MCH/ZSM-5 complex, our previous study showed
of ~47 cntl. This broadness may arise from one or a thatthe PXRD pattern of MCH/ZSM-5 is identical to those of
combination of two possibilities. First, for ZSM-5 there are a CH/ZSM-5 and calcined (unloaded) ZSM-5, suggesting that the
large number of nonequivalent-SD—Si linkages within the structure of MCH/ZSM-5 is also monoclinfcEigure 5 shows
framework24 This may result in a broad spectral envelope due the zeolitic bands of MCH/ZSM-5 at both 298 and 153 K. The
to many closely lying unresolvable-SD—Si bending vibrations overall spectral appearance at room temperature looks very
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similar to that of CH/ZSM-5 and unloaded ZSM-5. The not rigid and undergoes significant thermal motion at room
framework vibrations of the MCH/ZSM-5 complex also behaved temperature. For DMCH/ZSM-5, the framework also undergoes
similarly to CH/ZSM-5 and unloaded ZSM-5 upon lowering thermal motion and there is a larger distribution of-8i—Si
the temperature. These observations are expected since thangles. The unique ability of DMCH to adopt a conformation
framework symmetry of all three systems is monoclinic. of smaller volume and to induce a structural change in the host
However, a careful inspection of the spectra reveals a subtleframework may be responsible for the unusually large diffusion
difference. For MCH/ZSM-5, there is a new band positioned at coefficient of DMCH in ZSM-5 compared to CH and MCH.
404 cnt! which appears as an obvious shoulder on the high- .
frequency side of the 381 crhmain band. The appearance of AcknO\_NIedgment. Y.H. acknowle_dges the Natural Science
this new peak is an indication that the zeolitc framework and Engineering Research Council of Canada for a research
undergoes a noticeable distortion upon absorption of MCH, 9rant and the award of an FT-Raman spectrometer.
implying that the interaction between MCH and the framework
is stronger than that in the CH/ZSM-5 complex.
For the DMCH/ZSM-5 system, however, the situation is much (1) Bhatia, S.Zeolite Catalysis: Principles and Application€RC

different. At 153 K, instead of one broad envelope, some peak Preig:) (E;?](C)?I’Rlit;ogérlk?gg'. HJ. Catal. 1988 114 1.
sharpening was observed in this region. The profile now clearly (3) Magalhaes, F. D.; Laurence, R. L.; Conner, W.JCPhys. Chem.
encompasses at least 3 well resolved zeolitic bands at 395, 386B 199§ 102, 2317. )
and 366 cm?, indicating that the SiO—Si linkages undergo (4) Huang, Y.; Havenga, E. Aangmuir1999 15, 6605.

. . (5) Gardiner, D. J.; Graves, P. FRractical Raman Spectroscopy.
thermal motion at room temperature, but the overall width of gpinger-veriag: New York, 1989, p 104.
the profile remains about the samet0 cnt! upon cooling (6) (a) Huang, Y.J. Am. Chem. S0d.996 118 7233. (b) Huang, Y.;
(Figure 5). The DMCH/ZSM-5 system possesses orthorhombic Ea‘f”gﬁéi ﬁé;?é%oclhfgq '72%0‘};)0@,2%?3;5@“7 ur?ngbgb;bga\}zeng%
symmetry; which is different from the CH/ZSM-5 and MCH/ Shﬁailey, R. .J.; Co.rbin, D. R7.; Maiiszewskyj, N.;’Ud-orié‘, T.J; éa\/anéfgh,
ZSM-5 systems. The low-temperature Raman results indicater. R.; Rush, J. J.; Grey, C. B. Phys. Chem. B999 103 431.
that in the orthorhombic phase there is a larger distribution of ~ (7) Robson, HCollection of Verified Zeolite Synthesis. Microporous

the S-O—Si linkages, implying that the interactions between ™Mesoporous Materl998 22, 628.
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