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INTRODUCTION

The incorporation of molecules into the internal void of
microporous materials allows studying the chemical and
photochemical properties of individual molecules and permits
us to control the chemical processes by a judicious choice of
size and shape of the confining space. Among such materials,
zeolites are of particular interest because they are characterized
by a regular porous structure and offer a wide range of
framework topologies. Zeolites are crystalline aluminosilicates
of general formula |M+

n|[AlnSimO2(m+n)]
n− in which the

substitution of Si(IV) by Al (III) atom in the lattice requires
the presence of charge-balancing cations M+ to ensure the
charge neutrality. High specific surface area, accessibility of
extra-framework cations, and shape selectivity of crystalline
lattice with respect to sorbed molecules have led to many
industrial applications of zeolites such as acid catalysts in oil
chemistry, in ion exchangers, and in gas separation.1−5 Medium
pore size ZSM-5 zeolites (MFI structure type) have a porous
system consisting of intersecting channels of two types formed
by rings of ten oxygen atoms. Channels called straight channels
run along the b crystallographic axis and have a nearly circular
shape of 0.53 nm × 0.56 nm, whereas the second type of
channels, sinusoidal channels, have an average direction along
the a axis with an opening of 0.51 nm × 0.55 nm. Molecules of
size smaller than the pore dimension are able to diffuse in the
porous system, but the particular shape of sinusoidal channels
results in a slower diffusion of even small molecules in these

channels than in straight ones. Furthermore, the presence of
extra-framework cations in the void can strongly affect the
behavior of guest species. Recently, we reported the remarkable
influence of the cation nature on the reactivity of electron
donor molecules sorbed in M-ZSM-5 zeolites (M+ = H+, Li+,
Na+, K+, Rb+, Cs+). For this structure, the interactions of
polyaromatic hydrocarbon and diphenyl-polyene molecules
with the atoms of host lattice and with the charge-balancing
cations were found to be responsible for ionization of the guest
molecules and resulted in the formation of long-lived charge-
separated states.6−9 The nature of the cation was found to affect
drastically the electron donor ability of the zeolite framework
and plays a crucial role for the stabilization of charge-separated
states.10,11

Molecules of diphenyl-polyene family and trans-stilbene (t-
St), in particular, are of significant interest for the chemistry,
photophysics, and material science. trans-Stilbene is often
considered as a prototype system for the photoisomerization
reaction and as a model photosensitized electron-donor
structure.12−16 Consequently, there exists a large body of
both experimental and computational studies aimed at
elucidation of the structure of the molecule and its change
upon photoexcitation. Results of X-ray analysis of the
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molecule17,18 in the solid phase and a number of computational
studies19 showed that the molecule has a planar conformation
in the ground state and is characterized by the C2h symmetry
point group.20 Gas-phase electron diffraction data21 and some
computational studies19 indicated that the two benzene rings
are tilted with respect to the central CC double bond. Recent
experimental22 and subsequent computational23 studies have
shown that encapsulation of t-St in organic hosts strongly
influences the fluorescence properties of the molecule and that
the size of the cage plays a crucial role by allowing the molecule
to accept specific conformation in both the ground and excited
states.
The size of phenyl group of ca. 0.5 nm and the alignment of

the groups in the trans-stilbene isomer makes the molecule a
good probe for investigation of possible changes in its structural
and electronic properties upon interaction with an inorganic
matrix. In particular, the size of the molecule allows it to be
included into the channel system of ZSM-5 zeolite. The
structure of the t-St/ZSM-5 complex has been previously
investigated using synchrotron X-ray scattering technique.24,25

This study demonstrated that t-St sorption occurred in a
straight channel with one phenyl ring close to the intersection
of the straight and sinusoidal channels. The sorption of two
molecules per unit cell was found to produce an elliptical
distortion of the shape of straight channels of the framework.
The present article reports results of combined experimental

and modeling study of t-stilbene molecule occluded in cation-
exchanged M-ZSM5 zeolites (M = Na+, K+, Rb+, Cs+). The
systems were characterized by a variety of spectroscopic
methods. The electronic states were examined by the diffuse
reflectance UV−vis absorption (DRUVv) spectroscopy and
emission fluorescence techniques. The vibrational dynamics of
the t-St/zeolite systems was studied by means of the Raman
scattering, infrared absorption, and inelastic neutron scattering
methods.
The experimental data obtained by these techniques were

completed by results of molecular modeling. The sorption sites
and the conformations of occluded t-St molecules were
investigated by the Monte Carlo (MC) and energy
minimization (EM) calculations. The interpretation of the
vibrational spectroscopic results was carried out on the basis of
ab initio calculations of both a free molecule and t-St complexes
with Na+, K+, and Cs+ ions. The presented results complete the
structural data of refs 24 and 25 and are expected to assist the
interpretation of our recent studies on the (photo)chemistry of
t-St in ZSM-5 zeolites.10,11

EXPERIMENTAL SECTION
Characterization of Exchanged Zeolites. As-synthesized

ZSM-5 samples (Si/Al = 13.5; average particle size ∼1 μm)
were obtained according to the template procedure in alkaline
medium from VAW aluminum (Schwandorf, Germany). The
as-synthesized zeolite structures were calcined at 450 °C under
air to evacuate the template. The initial Na+ extra-framework
cation of aluminated zeolites was exchanged by Li+, K+, Rb+, or
Cs+ using the corresponding MCl salts. The exchange process
was carried out by suspending the zeolite sample in MCl
aqueous solution under stirring. After 24 h, the solid phase was
filtered off and dried at 200 °C in oven for 12 h, then stirred
again with a fresh solution of the chloride salt and then dried.
The procedure was repeated four times. The resulting sample
was washed by deionized water, isolated, dried at 200 °C for 12
h, and then calcined at 450 °C in ambient air for 6 h. The

elementary analyses of the M-ZSM-5 samples indicated that the
Na+ cations of the parent material have been completely
exchanged by Li+, K+, Rb+, or Cs+ using the above procedure.
The unit cell analyses of M-ZSM-5 samples yielded the
M6.6(AlO2)6.6(SiO2)89.4 formula. The chemical analyses, powder
XRD patterns, 29Si, 27Al MAS NMR, IR, Raman, DRUVv, and
EPR spectra of bare exchanged zeolites were found to be
characteristic of diamagnetic well-crystallized porous com-
pounds. However, the 27Al MAS NMR spectra of hydrated M-
ZSM-5 provided evidence of the presence of small amount of
extra-framework hexacoordinated aluminum species.

Preparation of t-St Loaded Zeolites. Weighed amounts
(∼1.4 g) of exchanged zeolite sample were introduced to an
evacuable heatable silica cell placed in a vertical oven connected
to a piping network. The sample was heated stepwise up to 450
°C under the flow of dry argon for 3 h, and the sample was then
cooled to room temperature in the argon atmosphere. Weighed
amounts of t-St corresponding to one molecule per unit cell of
M-ZSM-5 were introduced to the cell under dry Ar; then, the
powder mixture was shaken. After homogeneous mixing, the
powder was transferred under dry argon to a quartz glass
Suprasil cell and sealed. All t-St@M-ZSM-5 samples were
stocked in the sealed cells at 40 °C for 6 months in the dark.
The inter- and intracrystalline migrations of t-St molecules were
monitored by the conventional diffuse reflectance UV−visible
absorption spectroscopy and Raman spectroscopy. After six
months, the t-St loaded samples exhibit the UV absorption and
Raman bands characteristic of t-St occluded in molecular form
without any spontaneous ionization, as observed in acidic H-
ZSM-5. However, a weak amount of t-stilbene radical cation
species was observed in Li-ZSM-5 structure. Consequently, this
sample was excluded from the consideration in the present
study.

INSTRUMENTATION

Diffuse Reflectance UV−Visible (DRUVv) Absorption
Spectroscopy. The UV−visible absorption spectra of the
samples in the ground state were recorded in the region 200−
900 nm using a Cary 6000 spectrometer. The instrument was
equipped with an integrating sphere to study the diffuse
reflectance of powdered t-St/zeolite samples stocked under an
inert atmosphere in quartz cells; the corresponding bare zeolite
was used as the reference. The DRUVv spectra were plotted as
the Kubelka−Munk function

= − =F R R R K S( ) (1 ) /2 /2
(1)

where R represents the ratio of the diffuse reflectance of the
loaded zeolite to that of the dehydrated neat zeolite, K
designates an absorption coefficient proportional to the
concentration of molecule, and S is the scattering coefficient
of the powder.

DRIFTS. The FTIR instrument is a Nicolet Magna 860
apparatus equipped with a liquid-nitrogen-cooled MCT
detector (Mid-IR) with the suitable beam splitter. The spectra
were recorded with a 2 cm−1 resolution using 1064 scans.

Raman Spectroscopy. A Bruker RFS 100/S instrument
was used as a near-IR FT-Raman spectrometer with a CW
Nd:YAG laser (λ0 = 1064 nm) as excitation source. A laser
power of 100−200 mW was used. The spectra of samples
stocked under argon in the quartz cells were recorded in the
region 3500−150 cm−1 with a 2 cm−1 resolution using 600
scans.
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Fluorescence Emission. The experiments were carried out
on a Fluoromax 3 (Jobin Yvon) spectrometer using a xenon
lamp (150 W) as excitation source.
Inelastic Neutron Scattering. The inelastic neutron

scattering (INS) experiments were performed on the IN1BeF
spectrometer at the Institut Laue-Langevin (ILL) in Grenoble,
France. IN1BeF is a beryllium filter detector spectrometer using
neutrons delivered from the hot source of the ILL. The incident
energy on this spectrometer is varied stepwise and is selected
by Bragg scattering from different copper monochromators. In
this work, the target energy range was covered with the
Cu(220) plane. This configuration gives a high flux, but a
moderate instrumental resolution that varies from 3 meV (24.2
cm−1) at low energy transfers to 6 meV (48.4 cm−1) at large
energy transfers. Only scattered neutrons, which have lost
energy owing to a vibrational transition and which have a mean
energy of ∼3.7 meV (30 cm−1) can pass through the beryllium
filter before being detected. The spectra are thus shifted up in
energy by this value, but the frequency values given in the text
have been corrected for this effect. The estimated accuracy on
the frequency values is ca. 2.5 meV (20 cm−1). The spectra
were recorded at 10 K to decrease the mean-square amplitude
of the atoms and thus to sharpen the vibrational peaks. The
samples were contained in sealed cylindrical aluminum cells.
The transfer of the equilibrated sample from the quartz cell to
the neutron cell was carried out under an inert atmosphere in a
glovebox. It is worth noting that the INS spectra are related to
the density of vibrational states and show all possible
vibrational transitions of the system. A discrimination of the
vibrational modes over the symmetry can be done by using the
infrared and Raman experiments.

COMPUTATIONS

Structural Models. The modeling of trans-stilbene sorption
in the M-ZSM-5 zeolites was performed with Material Studio
Modeling package (version 5.2) from Accelrys International.
The positions of atoms in zeolite framework were taken from
the results of X-ray and neutron diffraction studies.26,27 The
substitution of Si by Al atoms in the framework was done in T-
atom sites of immediate vicinity of location of the Cs+ ions in
Cs-exchanged ZSM-5 zeolite determined in XRD experi-
ments.28,29 The positions of extra-framework cations were
then optimized by MC simulations and kept fixed in the
modeling of t-St sorption (vide infra). The structure of the t-St
molecule was taken from previous works.30

Force Fields. The zeolite-sorbate interaction energy EZS was
described by the sum of Lennard-Jones (LJ-9-6) and
Coulombic potentials

∑= − +αβ αβE A r B r q q r/ / /
ij

ij ij i j ijZS
9 6

(2)

where the indices i and j run over atoms of the zeolite and of
the guest molecule, respectively, and the indices α and β stand
for the atomic kinds of the atoms i and j. Values of the Aαβ and
Bαβ parameters for unlike interactions were obtained by
Waldman−Hagler combination rules31 with the help of the
Aαα and Bββ like parameters for the H, C, and O atoms and Na+,
K+, Rb+, and Cs+ ions of the COMPASS force field.32 In the
calculation of the host−guest interaction energy, the Lennard-
Jones interactions of “buried” Si and Al atoms with extra-
framework cations and with atoms of guest molecule were
omitted. The partial charges qi of Si, Al, and O atoms of zeolite

lattice and of M+ ions were the same as those used in refs 28
and 29. The charges of atoms of t-St molecule were taken from
results of ab initio calculations of the molecule.30 The
intramolecular energy ES of t-St molecule was described with
a molecular mechanics force field

θ θ

ϕ γ

= Σ − + Σ − + Σ

+ −

θ

ϕ

E r r

n

K ( ) K ( )

K [1 cos( )]

S bonds r 0
2

angles 0
2

dihedral

0 (3)

where Kr, Kθ, and Kϕ are the force constants for bond-
stretching, angle-bending, and torsional internal coordinates,
respectively, and r0, θ0, and γ0 are the equilibrium bond lengths,
valence angles, and torsional angles in a free t-St molecule.
Values of the parameters of eq 3 were taken from the
COMPASS force field.32

Monte Carlo Simulations. The preferred adsorption sites
of t-St molecule in the M-ZSM-5 zeolites were obtained in MC
simulations using the Metropolis algorithm for the canonical
NVT statistical ensemble. The calculations were performed for
the temperature of 298 K. The simulation box consisted of 2 ×
2 × 4 orthorhombic cells of zeolite lattice and of one guest
molecule; the periodic boundary conditions were applied to the
system in all directions. A cutoff radius of 1.2 nm was used for
the L-J potential, whereas the long-range electrostatic
interactions were treated with the Ewald sum method. In the
MC simulations, the positions of framework atoms and of
charge-balancing cations were fixed, and the structure of t-St
molecule was kept rigid. One MC step consisted of a random
displacement or of an arbitrary rotation of the molecule as a
whole.
The docking procedure preceding each MC simulation

always found the position of molecule in a straight channel to
be much more energetically preferred over a location of t-St in a
sinusoidal channel, in agreement with the experimental
data.24,25 The initial configuration of MC simulations therefore
corresponded to trans-stilbene situated in a straight channel of
zeolite structure. A typical MC simulation run took 108 steps,
and the first 106 steps corresponding to the equilibration period
were excluded from the subsequent analysis. A histogram of the
EZS energy distribution was generated in each simulation run.
For each studied system, the configuration with the minimum
energy was used in EM calculations aimed at the optimization
of the structure of cation−molecule complex in the zeolite void.

Energy Minimization Calculations. In the EM calcu-
lations, the zeolite framework was held rigid, whereas the
charge-balancing cations and atoms of t-St molecule were
allowed to move. The total energy of the system was described
by the sum of EZS and ES energies (eqs 2 and 3). The EM was
performed using the conjugate gradient minimization algo-
rithm.

Calculation of the Vibrational Spectra. The vibrational
analysis of a free t-St molecule and of M+-t-St complexes (M+ =
Na+, K+, Cs+) was performed with the help of ab initio
quantum-chemical calculations using Gaussian03 code.33 The
calculations were carried out at the DFT level with the B3LYP
exchange-correlation functional and 6-311(d,p) basis set for H,
C, Na, and K. The LANL2DZ effective core potential was used
for the Cs atom. The geometry optimization of a free t-St
molecule was done assuming either the planar geometry of the
molecule (C2h point group) or without any symmetry
constraints in the C1 symmetry.
Results of ref 19 showed that the structure of t-stilbene

molecule is sensitive to the level of theory used in quantum-
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chemical calculations. Consequently, in addition to the DFT
calculations, the geometry optimization, followed by the
vibrational analysis, was carried out for a free t-stilbene
molecule at the MP2 level using the same 6-311(d,p) basis
set. The MP2 calculations were done for both the C2h and C1

conformations.
The computation of the infrared absorption coefficients and

Raman scattering activities of vibrational modes for the
optimized structures was done via the internal capabilities of
the Gaussian03 code. To be compared with the intensity in the
experimental Raman spectra, the Raman scattering activity of
mode k was scaled by the factor (assuming Stokes scattering)

ω ω ω ω ω= − − −S T k T( , ) ( ) / (1 exp( / ))k 0 k
4

k k B (4)

where ωk is the frequency of the mode, ω0 stands for the
frequency of the exciting radiation, and kB and T are the
Boltzmann constant and temperature, respectively. The
spectrum was then convoluted with a Lorentzian function
with the hwhm equal to 4 cm−1. The Raman spectra
calculations did not take the zeolite lattice into account because
the perturbations of molecular vibrational states by weak
interactions with the solid were expected to be small.
Furthermore, the calculation of Raman scattering intensities
of complete t-St/zeolite system would simply be unfeasible with
the present methodology. A posteriori justification of this
assumption is reported in the following section of the article.
The INS spectra were simulated following previous

works.34−36 The vectors of Cartesian atomic displacements in
vibrational modes were obtained from the eigen-vectors of
mass-weighted Hessian matrix taken from the Gaussian03
checkpoint file. The INS intensities were computed assuming
the one-phonon scattering mechanism and in the isolated-
molecule approximation. The influence of the zeolite lattice on
the INS spectra was taken into account in an indirect way by
considering the contribution of external zeolite modes into the
two-phonon scattering. The frequency of the bath mode used
for these calculations was equal to 100 cm−1, which
approximately corresponds to the frequency of breathing
vibrations of zeolite pore system.37,38 The calculations showed
that the two-phonon scattering due to both the internal and
external modes has a small contribution to the total scattering
intensity. To be compared with the experimental INS spectra,
the computed scattering intensities were convoluted with a
Gaussian function having hwhm of 2 meV (ca. 16 cm−1)
corresponding to the experimental resolution.

RESULTS AND DISCUSSION
1. t-St Sorption in M-ZSM-5 Zeolites. Figure 1 shows t-St

molecule sorbed in Na-ZSM-5-zeolite and illustrates a situation
typical of the minimum energy conformation of the t-St@M-
ZSM-5 complexes. The molecule lies in a straight channel with
two phenyl rings situated in the intersections of the straight and
sinusoidal channels of the zeolite lattice. One of the phenyl
rings is facially coordinated to the M+ cation by cation−π
interaction. The EM allowing for the flexibility of t-St structure
and the mobility M+ ions resulted only in small displacements
of the entities with respect to the positions obtained in the MC
simulations. Table 1 gathers some geometrical characteristics
obtained in the MC/EM calculations for t-St/cation complexes
in zeolites and in ab initio calculations for free complexes. One
sees that the distance between the cation and the plane of
phenyl ring increases with the increase in the cation radius in

both the occluded and free complexes. The differences in the
distances obtained for the occluded and free t-St/cation
complexes are obviously due to the sterical hindrances imposed
by the zeolite lattice on possible complex conformations in the
zeolite void. The structure of molecule after the EM shows a
deviation from the planar geometry. It is noteworthy that the
sorbed molecule is characterized by a larger tilting angle ϕ than
in free t-St/M complexes. The DFT calculation of a free t-St in
which the constraint of planar structure in the geometry
optimization was relaxed leads to the tilt angle of 9.6° between
the two phenyl rings of the molecule. Such a configuration is
more energetically stable than the planar structure of C2h

symmetry by only 2 × 10−3 kcal/mol. The MP2 calculation
of a free molecule in C1 symmetry gives the tilt angle of 53.8°
and the energy difference of −7 × 10−2 kcal/mol with respect
to the planar molecular structure; the tilted conformation was
found to be more stable that the C2h one. These results are in
agreement with data of quantum-chemical calculations19 that
pointed to a small energy difference between the planar and
tilted conformations of trans-stilbene. The authors of ref 19
suggested that the planar conformation of t-St molecule in
solution and in solid state is due to the intermolecular
interactions.
The distribution of EZS energy obtained for t-St occluded in

M-ZSM-5 zeolites is presented in Figure 2. The mean values of
the host−guest interaction energy weakly depend on the cation
type and were found to slightly increase from Na+ to Cs+

(Table 1). The energy distributions are characterized by a
relatively small width (≈ 2 kcal mol−1) that implies the
existence of only one t-St sorption site for each system in
agreement with the XRD data by Parise et al.24,25 The
repartition of the energy into the van der Waals and
electrostatic contributions indicates the major role of the van
der Waals interactions whose variations account for the changes
of the total energy. Only a weak variation of the electrostatic
energy term as a function of charge-compensating cation can be
observed. The molecular modeling results therefore point to
the major role of the zeolitic framework and of van der Waals
interactions for the conformation of the sorbed t-St molecule.
The DFT calculations of free t-St/cation complexes yield the

interaction energy between the molecule and cation equal to
−29.2 kcal/mol (Na+), −20.5 kcal/mol (K+), and −12.0 kcal/
mol (Cs+). The general tendency of the interaction energy is in
a line with the trend found in the classical simulations. It should

Figure 1. t-St-predicted sorption site in straight channel of NaZSM-5.
Red, yellow, and gray sticks represent the O, Si, and Al atoms of the
framework, respectively. The white and shaded spheres represent the
H and C atoms of the t-stilbene molecule, respectively. The puple
sphere represents the Na+ cation.
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be noted that the interaction energy computed for t-St/Cs+

cation complex is probably underestimated because of an
incomplete treatment of the dispersion interactions between
the π-electrons of phenyl ring and highly polarizable Cs+ cation
in the DFT calculations.
2. Diffuse Reflectance UV−Visible and Fluorescence

Emission Spectroscopy. The diffuse reflectance UV−visible
(DRUVv) spectra obtained 6 months after the mixing of t-St
and dehydrated M-ZSM-5 zeolites are presented in Figure 3. All
spectra show an intense and broad absorption band in the UV
region between 250 and 350 nm with a maximum at ∼310 nm.
This absorption band is characteristic of the t-St molecule in
the neutral form.39 Note that even if weak shifts are observed
for the maximum of intensity as a function of the cation type
then no obvious tendency can be deduced from the spectra. In
contrast, the fluorescence emission spectra recorded 6 months
after mixing clearly show various behaviors according to the
cation nature (Figure 3). The spectra obtained after an
excitation performed at 300 nm show a broad band between
330 and 450 nm with a maximum at 345 nm for all samples.
For t-St incorporated in Na-ZSM-5, weak bands are also
observed at 366, 389, and 415 nm (Table 2). This spectrum is
similar to the spectrum obtained in a polar solvent such as
ethanol.40,41 These spectral features are probably due to the
vibronic transitions given that the distances between these
maxima are equal to ∼1600 cm−1 that roughly corresponds to
the vibrational frequency of double CC bond. This finding

suggests that the observed feature might be due to the
vibrational dynamics of the molecule in the ground state. Note
that no such a pattern could be observed in the excited state
using the DRUVv absorption technique. The emission
spectrum recorded for t-St occluded within K-ZSM-5 is very
similar to that observed for Na-ZSM-5. Furthermore, in the
structures exchanged with the bigger Rb+ and especially Cs+,
the emission spectra show clearly the high intensity increase in
the bands centered at 393, 416, and 445 nm with respect to
those observed at 345 and 367 nm (Table 2).

Table 1. Characteristics of t-St/M Complex Obtained in MC/EM Calculations for trans-Stilbene Occluded in M-ZSM-5 Zeolites
and in DFT Calculations for a Free t-St/M+ Complexa

t-St@M-ZSM-5 free t-St/complex

M+ EI RM‑Ph RM‑C ϕ EI RM‑Ph RM‑C ϕ

(kcal mol−1) (Å) (Å) (deg) (kcal mol−1) (Å) (Å) (deg)

Na+ −29.6 2.38 2.53 45.4 −29.2 2.37 2.74 0.2

K+
−27.4 2.94 2.94 17.6 −20.5 2.82 3.12 6.6

Rb+ −26.0 3.06 3.06 18.2

Cs+ −25.5 3.77 3.86 18.8 −12.0 3.45 3.62 5.9
aEI, sorption energy and molecule-cation interaction energy for sorbed molecule or t-St/M+ complex, respectively; RM‑Ph, distance from the cation
M+ to the plane of phenyl ring; RM‑C, distance from the cation M+ to the closest carbon atom of the molecule; ϕ, dihedral angle between the planes
of two phenyl rings.

Figure 2. Distribution of calculated energies of t-St occluded in
MZSM-5 zeolite at 298 K for the loading of one t-St molecule per unit
cell: (a) M+ = Na+, (b) M+ = K+, (c) M+ = Rb+, and (d) M+ = Cs+.

Figure 3. Diffuse reflectance UV−visible absorption (left) and
fluorescence emission (right) spectra recorded 6 months after the
mixing of solid t-St and M6.6ZSM-5 dehydrated at 723 K under argon:
(a) solid t-St, (b) M+ = Na+, (c) M+ = K+, (d) M+ = Rb+, and (e) M+ =
Cs+.

Table 2. Optical DRUVv, Fluorescence Emission and Raman
Data for t-St Occluded in M-ZSM-5 (M+ = Na+; K+, Rb+,
Cs+) Dehydrated at 723 K under Argon

zeolite λmax (nm) λmax (nm) ν (cm−1)

(Si/A
l = 13.5) absorption emission Raman

Na-ZSM-5 308 345, 366, 389, 415 1637, 1602a, 1594, 1192,
998, 963

K-ZSM-5 309 346, 367, 390, 416 1639, 1602, 1593, 1192, 999,
963

Rb-ZSM-5 309 345, 369, 393, 416,
444

1640, 1603, 1593, 1191, 999,
963

Cs-ZSM-5 309 345, 367, 390, 415,
445

1640, 1603, 1593, 1190, 999,
963

aShoulder.
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3. Vibrational Spectroscopy. The Raman and IR spectra
of trans-stilbene molecule in the solid phase and in solution are
well-documented,20,42−44 and the spectra do not significantly
differ from each other. For the molecule characterized by the
C2h symmetry, 72 vibrational modes are distributed over the
symmetry species in the following way: 25Ag + 11Bg + 12Au +
24Bu, with the Raman active Ag and Bg modes inactive in the
infrared spectrum and vice versa. Displacements of atoms in the
Ag and Bu modes lie in the molecular plane, whereas the Bg and
Au modes correspond to the out-of-plane vibrations. There are
no degenerate modes, and thus no splitting can be expected
upon adsorption due to the lowering of symmetry. The
complete assignment of the vibrational spectrum of trans-
stilbene with C2h symmetry was done by Watanabe et al.44

Results of the present DFT calculations of the IR and Raman
intensities for the t-St molecule with nonplanar geometry show
only a marginal violation of the selection rules specific to the
planar structure with the C2h symmetry. Consequently, for the
sake of clarity, the symmetry characters of vibrational modes of
the molecule in the following discussion refer to those of the
C2h point group.
3.1. Inelastic Neutron Scattering. Figure 4 shows the

experimental INS spectra of t-St@Na-ZSM-5 and t-St@Cs-

ZSM-5 systems and compares them with the simulated INS
spectra of t-St@Na+ and t-St@Cs+ complexes and with the
spectrum calculated for a free trans-stilbene molecule. The
experimental spectra are well-reproduced by the simulated
spectra of t-St/cation complexes, and they are very similar to
the INS spectrum computed for an isolated molecule. This
result justifies the use of the isolated molecule approximation in
the simulation of the INS spectra. The analysis of Figure 4
reveals that the spectra of the zeolitic systems do not
significantly differ from each other and small changes in
intensities of some peaks can hardly provide any valuable
information. This observation allows us to conclude that the
interaction of molecule with the host structures only slightly
perturbs the energies of molecular vibrational states and the
forms of the vibrational modes. The analysis of vibrational
modes shows that the most intense peaks at 1016 and 1202

cm−1 are due to a number of close-lying modes that can be
described as ring-breathing vibrations and in-plane CCH angle-
bending vibrations, respectively.

3.2. Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS). To get a better understanding of the
behavior of occluded t-St molecules, the samples were also
analyzed using DRIFTS technique. Figure 5 shows the spectra

obtained for the equilibrated t-St@M-ZSM-5 systems (M =
Na+ and Cs+). The spectra of a bare zeolite structure and of a
solid t-stilbene are also presented for comparison. Unfortu-
nately, too high intensity of zeolite bands with respect to weak
t-St molecule signals does not permit us to extract the spectrum
of occluded trans-stilbene by subtracting the zeolite contribu-
tion. The spectral region from 800 to 1400 cm−1 is completely
masked by the absorption of zeolite lattice modes,45 and the
broad and intense band centered at 1630 cm−1 is due to an
overtone of T-O symmetric stretching framework vibrations.46

In the spectral region above 1400 cm−1, the spectra of the t-St/
zeolitic systems contain weak bands at ca. 1597 and 1584 cm−1

(C−C stretching vibrations in phenyl rings), at 1498 and 1455
cm−1 (in-plane CCH angle-bendings), and at 766 and 695 cm−1

(ring puckering and out-of-plane CH bending vibrations).42,44

The positions of bands in the IR spectrum of the t-St/zeolite
systems differ from the positions in the spectrum of solid trans-
stilbene by 6 cm−1 at most, which suggests only a weak
perturbation of the molecular vibrational states by the sorption.
The most notable change in the DRIFT spectrum is the

appearance of a new band at 1700 cm−1 for the t-St@Cs-ZSM-5
sample. This feature, which was never previously described, is
also observed as a shoulder in the spectrum of t-St@Na-ZSM-5
system (Figure 5c). One might attempt to assign the band to
one of molecular modes. However, the Raman peak at 1640
cm−1 corresponds to the most high-frequency mode of the
molecule in this spectral region (vide infra). Furthermore, all
INS data suggest a weak perturbation of the molecular
vibrations by the host−guest interactions. In addition, the
positions of infrared bands of occluded t-St show frequency
shifts of only a few wavenumbers, whereas the position of the
band at 1700 cm−1, being assigned to a molecular vibrational
mode, implies a shift of a few tens of wavenumbers, which is
much more than the shifts measured for other vibrational

Figure 4. Experimental (exp) and simulated (calc) inelastic neutron
scattering (INS) spectra of t-St@Na-ZSM-5 and t-St@Na+ (red) and t-
St@Cs-ZSM-5 and t-St@Cs+ (blue). The simulated INS spectrum of
free t-St molecule (black) is shown as a reference. The theoretical
spectra are based on the results of the DFT calculations.

Figure 5. Diffuse reflectance infrared fourier transform (DRIFT)
spectra of solid t-St (a), bare dehydrated Na-ZSM-5 sample (b),
equilibrated t-St@Na-ZSM-5 (c), and t-St@Cs-ZSM-5 (d) samples.
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modes. Hence, the band cannot be attributed to a fundamental
vibration of sorbed molecule. The high intensity of the band at
1700 cm−1 compared with the intensities of bands at 1597 and
1455 cm−1 does not allow assigning this feature to an overtone
transition. The Fermi resonance effect also cannot explain the
appearance of the band because no important downward shift,
which could be induced by the resonance interaction, was
observed for trans-stilbene modes in the region 1700−1400
cm−1. Therefore, the unambiguous interpretation of this feature
necessitates additional studies.
3.3. Raman Spectroscopy. Figure 6 displays the off-

resonance Raman spectra of t-St@M-ZSM-5 samples and

compares them with the Raman spectrum of t-St in solid phase
(Figure 6a). The spectra are presented in the 900−1700 cm−1

spectral range to highlight the interactions between the M+

cations and the guest molecules through possible perturbations
of the aromatic ring and central CC double bond vibrational
modes. The spectra of t-St occluded in M-ZSM-5 zeolites are
very similar to those of the molecule in the solid phase
characterized by main Raman peaks at 1639 cm−1 (stretching of
central CC bond), 1593 cm−1 (CC stretching + CCH angle-
bending), 1192 cm−1 (CCC angle-bending in rings), and 996

cm−1 (ring breathing).43 Only small shifts and slight broadening
of the peaks without notable changes in their relative intensities
are observed upon the sorption. The spectral shifts are slightly
sensitive to the nature of extra-framework cation. Therefore,
the peak due to the stretching vibration of central CC bond
shifts from 1637 cm−1 in Na-ZSM-5 to 1640 cm−1 in Cs-ZSM-
5. Besides these little changes, new Raman signals emerge upon
t-St incorporation in the ZSM-5 channels. A new Raman peak is
observed at 1603 cm−1, which appears as a shoulder in the
spectrum of t-St@Na-ZSM-5 system and rises in intensity with
the increase in cation ionic radius from Na+ to Cs+ (Figure 6).
Another low intensity band appears at 963 cm−1 in the spectra
of all samples.
Figure 7 shows the calculated Raman spectra of a free

molecule and of t-St/cation complexes. The frequencies in the

computed spectra were scaled by the factor 0.9776 obtained
from the comparison of the vibrational frequencies computed
for an isolated molecule with the experimental frequencies of
trans-stilbene molecule in a solid state44 in the spectral region
1000−1700 cm−1. The interaction of the molecule with the
cations leads to a downward shift of Raman peaks and to the
appearance of a signal at 1601 cm−1 close to the position of the
Raman peak at 1603 cm−1 coming up in the experimental
spectra of zeolitic systems. The calculations show that this new
Raman active mode arises from the Bu mode at 1603 cm−1 of a
free t-St molecule that becomes Raman active in the stilbene−
cation complexes. Displacements of atoms in the parent Bu

mode and in the 1601 cm−1 Raman active mode of t-St@Na+

complex are displayed in Figure 8. The computed Raman
spectra of t-St/cation complexes also show the appearance of a
Raman peak at 967 cm−1 (not shown) that originates from the
Au mode of isolated molecule at 969 cm−1. The Raman activity
of this formerly forbidden mode is in line with the appearance
of the 963 cm−1 peak in the experimental Raman spectra of
sorbed molecules. This mode can be characterized as in-phase
out-of-plane CH vibration of the CHCH group. Displace-
ments of atoms in the corresponding mode of the t-St@Na+

complex are presented in Figure 9. Both the DFT and MP2
calculations of a free trans-stilbene molecule show that the
Raman activity of this mode also arises from the twisting the

Figure 6. FT Raman (λ = 1064 nm) spectra recorded for equilibrated
t-St@M6.6ZSM-5 dehydrated at 723 K under argon: (a) solid t-St, (b)
M+ = Na+, (c) M+ = K+, (d) M+ = Rb+, and (e) M+ = Cs+. (A) In the
1700 to 950 cm−1 spectral range. (B) In the 1680 to 1540 cm−1

spectral range.

Figure 7. Computed Raman spectra of (a) free t-St molecule, (b) t-
St@Na+, (c) t-St@K+, and (d) t-St@Cs+ complexes. Results of DFT
quantum-chemical calculations.
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two phenyl rings with respect to each other, whereas the
intensity of modes in the region 1400−1700 cm−1 is almost
unaffected by the nonplanar structure of the molecule. It is
noteworthy that no significant Raman intensity for other Bu and
Au modes was computed for the molecular structures with
nonplanar geometry. This finding is in an agreement with the
data of ref 19, where the planar and nonplanar configurations of
t-St molecule were computed to have very similar spectra.
Hence, the computational results allow explaining the observed
Raman spectral features of the t-St@M-ZSM-5 systems in the
region 1400−1700 cm−1 as primarily due to the molecule−
cation interaction, whereas the new Raman peak appearing in
the spectra of occluded t-stilbene at 963 cm−1 is due to both the
nonplanar geometry of the molecules and the molecule−cation
interaction.
Despite the fact that the DFT calculations permit us to

account for the appearance of new peaks in the Raman spectra
of the t-St@zeolite complexes, there exist two features that the
calculations of free t-St/cation complexes do not mimic. First,
the measured frequency shifts induced by the t-St/zeolite
interactions are notably smaller than the shifts calculated for
free complexes. Second, the experimental data suggest that the
largest perturbation of the molecule occurs in Cs-exchanged
ZSM-5 structure, whereas the DFT calculations indicate that
the interaction of t-St molecule with cesium cation affects the
vibrational dynamics of the molecule to a lesser extent. Indeed,
taking the intensity of the 1603 cm−1 Raman peak as a measure
of the perturbation strength (Figure 6), one sees that the
intensity is largest in the t-St@Cs-ZSM-5 system, in contrast
with the quantum-chemical results showing the less perturbed
molecule in the t-St@Cs+ complex (Figure 7). It is worth
noting that the results of MC calculations also show that the t-
St molecule has a lower adsorption energy in Cs-ZSM-5 zeolite
than in sodium one. These discrepancies can probably be
attributed to the confinement effect. One can suppose that the
molecule−cation interaction interferes with the cation−frame-
work and molecule−framework interactions. Therefore, the
cation−framework interactions bind the cations to specific
extra-framework sites, and because the Na cations have smaller
size than the Cs cations, one can expect that the former are

closer to the zeolite walls as compared with the latter.
Therefore, the small sodium ions are expected to be less
accessible to the sorbed molecules because of the constraints
imposed by the size and shape of zeolite void. These hindrances
do not allow the molecule to approach the cation in a way to
form a complex with the structure similar to that in a free state.
This hypothesis is, however, not supported by the data of Table
1 that show that the characteristic distances between the
molecule and Na+ ion in both sorbed and free state do not
significantly differ from each other. Simulations taking the
framework flexibility into account and thus allowing for the
distortion of the zeolite lattice upon t-stilbene sorption24,25 are
probably necessary to shed a light on the origin of the
discrepancy.

CONCLUSIONS

The results of experimental studies performed with a variety of
spectroscopic techniques show that the trans-stilbene molecule
is adsorbed in M-ZSM-5 zeolites (M = Na+, K+, Rb+, Cs+) in a
molecular form. The UV−visible spectra of the systems do not
reveal notable changes compared with solid phase and in
solution. Furthermore, the comparison of the experimental and
calculated INS spectra of t-St occluded in M-ZSM-5 structures
shows that the experimental data are in a good agreement with
the spectrum computed for both a free trans-stilbene molecule
and t-St/cation complexes. These results point to weak
perturbation of the electronic and vibrational states of the
molecule upon sorption.
Molecular modeling calculations performed by MC method

followed by the EM predict t-St sorption in the straight
channels with aromatic phenyl ring facially coordinated to M+

ion. The feasibility of such configurations is supported by the
spectroscopic experiments through the observation of changes
in the spectra that depend on the cation type. Therefore, the
fluorescence emission spectra exhibit a vibronic structure that
intensifies with the cation size. Furthermore, small peak shifts
and peak broadening are observed in the Raman spectra of
occluded molecules as a function of extra-framework cation.
These spectral modifications are accompanied by the
appearance of new peaks at 1603 and 963 cm−1 that increase
in intensity with the cation size from Na+ to Cs+. Ab initio
quantum-chemical calculations performed on free t-St/cation
complexes demonstrate that these new Raman peaks are due to
formerly forbidden modes that become Raman-active because
of polarization of the molecule by the cation−π interaction. A
deviation of molecule from planar configuration was found to
play a secondary role for the Raman activity of the modes. It
should, however, be noted that the calculations of free
complexes do not take into account the confinement effect
by zeolitic lattice, and this effect is suggested to account for
some differences between experimental and computational
results. Because of strong absorption bands of the zeolite lattice

Figure 8. Atomic displacements in the 1603 cm−1 vibrational mode of t-St@Na+ complex (left) and in the parent Bu mode of a free trans-stilbene
molecule (right). Sodium ion is shown as a big purple ball. Results of DFT quantum-chemical calculations.

Figure 9. Atomic displacements in the 969 cm−1 vibrational mode of t-
St@Na+ complex. Results of DFT quantum-chemical calculations.
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vibrations, the IR spectra are less informative compared with
the Raman data, and no unambiguous interpretation can be
done for some features in the observed IR spectra.
The results of spectroscopic measurements supported by the

data of calculations indicate that the zeolite framework acts as a
chemically inert matrix that imposes sterical constraints on the
possible molecular conformations and the dynamics of trans-
stilbene molecules in the zeolite void. In the cation-exchanged
zeolite structures, the characteristics of t-St molecules depend
on the nature of charge-balancing cations, and, in contrast with
free cation-molecule complexes, the stronger influence is found
to be caused by cations of larger size.
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