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Vibrational dynamics of the salicylideneaniline molecule in the solid
phase and the confined state

Matthieu Hureau,? Konstantin S. Smirnov,*® Alain Moissette® and Hervé Jobic®

The salicylideneaniline (SA) molecule, both in the solid phase and sorbed in silicalite-1 zeolite, was studied by a large palette of vibrational
spectroscopic methods (INS, Raman, and infrared) and by computational techniques. The comparison of the experimental and calculated
spectra unambiguously indicates that the molecule is present in the cis-enol form in both phases. The results of the study allowed the proposal
of a complete assignment of the vibrational spectrum of the SA molecule. The analysis of peak positions in the Raman and INS spectra of the
molecule in the solid and sorbed states, and of the corresponding vibrational modes, shows that the confinement by the zeolite mostly affects
those modes whose vibrational amplitude is localized on atoms of the phenol ring. This finding suggests that the molecule sits in the zeolite
void such that the phenol ring is affected by the sorption to a greater extent than the benzene one. This assumption is corroborated by results
of molecular modeling that shows the most energetically preferred position of the molecule in the straight channel of the zeolite framework

with the phenol ring lying between two channel intersections, whereas the benzene ring is situated in the intersection.

1 Introduction

There has been a considerable interest over the last few decades
in molecular compounds exhibiting photochromic properties,
which are of crucial importance for the development of photo-
sensible devices such as optical memories and photoswitches.'™
Among such molecules, 2-hydroxybenzylideneaniline (hereafter
referred to as salicylideneaniline, SA) has been a subject of
studies that started almost half a century ago.® The SA molecule
belongs to the Shiff bases family and is often considered as a
prototype molecule revealing reversible photoreactivity.

The SA molecule can exist in several tautomer forms, as shown
in Fig. 1. The structure of SA in a solid phase has been investigated
in a number of studies’” and crystalline salicylideneaniline was
found to have three polymorphic forms of which two are photo-
chromic, whereas one form is thermochromic.’ It is generally
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agreed that the ground state SA isomer is the cis-enol form (Fig. 1a)
and that the reactivity of the molecule is related to the proton
transfer that leads to the formation of the cis-keto structure
(Fig. 1b) in the excited state.® The photochromism of the SA
molecule and of its derivatives was suggested to result from the
existence of the twisting angle between the phenol and benzene
rings, in contrast to the thermochromic forms that have a planar
structure.®°~** This assumption found support in a recent study
of SA-related compounds.*?

Numerous experimental and theoretical studies have been
undertaken to unravel the mechanism and rates of the elementary
steps of SA photoreactivity, and to find out the intermediates along
the reaction path.*>' Among different experimental techniques
used to study photochromic molecules, methods of conventional
vibrational spectroscopy provide the information at the length- and
time-scale relevant to the process of interest. Despite the long history
of studies on the photochromism of SA, vibrational spectroscopic
investigations of the molecule in both the solid state and solution
are few in number.”>® Most of these works were primarily focused
on changes in the electronic spectrum of the molecule upon photo-
excitation, whereas results obtained by means of vibrational spectro-
scopy were limited to specific spectral intervals, commonly the C—=N
mode region, around 1600 cm ™. Furthermore, the assighments of
bands to the vibrational modes of the molecule were incomplete.

Among the papers cited above, that by Turbeville and
Dutta* reported the most comprehensive results. Making use of
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resonance Raman, infrared, and NMR spectroscopy the authors Weighed amounts (ca. 1.2 g) of silicalite-1 were introduced into
investigated the characteristics of the SA molecule in a crystalline an evacuable and heatable glass cell placed in a vertical oven

form, in different solutions, and sorbed in large cages of NaY zeolite.

The observed spectral features in the region 1000 to 1700 cm™*
were classified into different groups and the assignment of bands
was performed with the use of isotopic deuterium and '°N
substitution. The influence of the solvent nature on the spectra
of the molecule was studied and the photoproduct of SA in the
solid form was ascribed to the trans-keto SA isomer (cf. Fig. 1d).

The first goal pursued in the present work is to investigate the
vibrational dynamics of the SA molecule in a solid phase with
particular attention to covering whole spectral interval characteri-
stics of molecular vibrations and on the assignment of observed
spectral features to the vibrational modes. The second goal of
the study is to characterize salicylideneaniline confined in an
inorganic matrix. The reason for this second objective is that such
a matrix (acting like a solvent) has a number of advantages over the
classical fluid solvents because it provides a controlled geometrical
and chemical environment, a degree of confinement, and a high
thermal stability. Silicalite-1 zeolite (all-silica analog of ZSM-5
zeolite) is chosen in the present study as such a host medium.*”
This material is characterized by the smaller size of its pores and it
is more chemically inert than the NaY zeolite used in previous
works on SA-zeolite systems.”**® Because of the inert nature of
silica walls and the fact that the size of zeolite pores tightly fits the
size of the molecule, one can expect that SA sorbed in silicalite-1
should exist in an immobile quasi-isolated state.

These goals are achieved by using a number of experimental
techniques such as the Raman, infrared, and inelastic neutron
scattering (INS) spectroscopies. The complementary informa-
tion obtained by these methods are supplemented by results of
quantum-chemical calculations and molecular modeling. Such a
combination of the methods allows us to report the most complete,
to the best of our knowledge, vibrational spectroscopic study of the
salicylideneaniline molecule in the condensed phase. For the sake
of clarity and to keep the paper within a reasonable scope, no results
concerning the electronic spectra of the molecule or the vibrational
spectra of photochromic products are presented here. Furthermore,
the high-frequency region of C-H, N-H, and O-H stretching vibra-
tions is excluded from the discussion as it is less informative.

2 Experimental and
computational procedures
2.1 Experimental part

Sample preparation. Salicylideneaniline was obtained from

Sigma Aldrich (97%) in powder form that was used as is.

connected to a piping network. The sample was heated stepwise
up to 450 °C under a flow of dry argon for 3 hours and then
cooled to room temperature in the argon atmosphere. Amounts
of salicylideneaniline corresponding to one molecule per two
unit cells of silicalite-1 structure were introduced into the cell
under a dry argon atmosphere and then the powder mixture was
shaken. After a homogeneous mixing the powder was transferred
in a quartz glass Suprasil cell under dry argon, sealed, and stocked
at 40 °C. The process of sorption of the SA molecule into
silicalite-1 was monitored by conventional diffuse reflectance
UV-visible absorption spectroscopy and Raman spectroscopy.
After six months, the UV-vis and Raman spectra of the system
did not show any further evolution, thus indicating that the
system had come to an equilibrium and that SA was present in
the zeolite void in a molecular form.

The experimental protocol is identical to that used previously in
the studies of anthracene,” t-stilbene,*® and N-alkylphenothiazine®'
sorbed in ZSM-5 zeolites, where the molecules were found to
penetrate the zeolite pore systems.

Raman measurements. Raman spectra of the SA molecule in
a solid phase were measured with a HR Labram spectrometer
using 632 nm laser radiation and a resolution of 0.3 cm™". The
accumulation time was equal to 60 s and an average of 20 spectra
was taken. The spectra of the molecule in a sorbed state were
obtained either with the same setup and conditions indicated
above, or by using a FT-Raman Bruker spectrometer with a
1064 nm excitation wavelength and 100 mW laser power. In the
latter case the resolution was equal to 1 cm ™" and the spectra
were averaged over 1600 scans.

DRIFT measurements. DRIFT spectra of SA in a solid phase
were recorded by the ATR technique with a resolution of 2 ecm™?,
and the spectra were averaged over 400 scans. The spectra of
silicalite-1 and of the SA molecule sorbed in the zeolite were
measured with a diffuse reflection sphere under flux of argon
and at room temperature. The spectra were averaged over
1800 scans with a resolution of 2 em™" and the region between
1320 and 1400 cm ™' was omitted because the IR signal arising
from the zeolite in this spectral region was too strong.

INS measurements. Inelastic neutron scattering experiments
were carried out using the new spectrometer LAGRANGE at the
Institut Laue-Langevin, Grenoble, France. This spectrometer
combines an extended energy range, a higher resolution, and an
increased detected flux compared with the previous instrument.
The scattering cross-section for hydrogen being much larger than
of other elements, INS traditionally emphasizes vibrational modes
involving hydrogen atoms. In this work, measurements were



performed using a Cu(220) monochromator. The estimated
accuracy on the frequency values is £10 cm ™.

The samples were transferred inside a glovebox, into cylind-
rical aluminum cells. The cells were placed in a cryostat and
cooled to 10 K to decrease the influence of the Debye-Waller
factor, and thus sharpen peaks in the vibrational spectra.

2.2 Computational part

Quantum-chemical calculations. The calculations employed
density functional theory and were performed at the B3LYP level
with the 6-311++G(d,p) basis set. The hybrid B3LYP exchange-
correlation (XC) functional is known to be reliable for computing
the vibrational spectra of both isolated and periodic systems.***?
This combination of the XC functional and basis set was
successfully used in our previous study of ¢trans-stilbene sorbed
in ZSM-5 zeolites.>* Structures of different isomers of the enol
and keto forms of the salicylideneaniline molecule were opti-
mized in the C; and Cs point symmetry groups. As soon as the
stationary point was found, the structural optimization was
followed by a vibrational analysis, indicating whether the
optimized structure corresponded to a minimum or to a saddle
point on the potential energy surface. The calculations were
done with the Gaussian 09 code.?”

Spectra calculations. The computation of the infrared and
Raman activities of the vibrational modes of the SA isomers was
carried out by using the internal capabilities of the Gaussian 09
program. The Raman scattering intensity I, of mode m with
the angular frequency w,, was subsequently obtained as

(wo — u)m)4
om(1 — exp(—hon /kgT))

Iy = R, 1)
where w, is the frequency of the incident radiation, T is the
temperature, and 7/ and kg have their conventional meaning. The
quantity R, is the Raman activity computed under the assumption
of linearly polarized incident radiation. As the peak intensities in
the DRIFT and IR absorbance spectra have no one-to-one corre-
spondence, computed values of the IR absorption coefficients were
used for a semi-quantitative analysis of the data of the DRIFT
measurements. The resulting Raman and IR stick spectra were
convoluted with a Lorentzian function with HWHM = 2 cm ™.
The inelastic neutron-scattering spectra were simulated by using
an approach described elsewhere.****>° The calculations were
carried out both in the isolated molecule approximation and
considering the contribution of bath phonons to the scattering
intensity. In the latter case the phonon bath frequency was taken to
be equal to 100 cm™"; a reason for choosing this value of the bath
mode is discussed below. The resulting stick spectra were con-
voluted with a Gaussian function whose width parameter ¢
mimicked the resolution function of the LAGRANGE spectrometer.
As the quantum-chemical calculations generally overesti-
mate the frequencies of vibrational modes, corrected frequency
values wg. were obtained with the help of scaling function

Wse = Awqc * b, (2)

where wqc is the frequency obtained in the quantum-chemical
calculations, and the parameters a = 0.9724 and b = 6.7 cm ™ *

were found by a linear least squares regression of theoretical vs.
experimental frequencies of the trans-stilbene molecule in the
region 0-1700 cm ™~ '.** Note that the parameter values in eqn (2)
are by no means universal and are bounded by the combination
of XC functional/basis set. In the following discussion, the
frequency values refer to the scaled theoretical frequencies
s, 1f Not explicitly stated otherwise.

Molecular modeling. The simulation of the sorption posi-
tion of the SA molecule in the MFI structure was carried out by
using a combination of Monte-Carlo and energy minimization
techniques. The simulations were performed with the Materials
Studio program suite.*® The model system consisted of two
unit cells (1 x 1 x 2) of the orthorhombic silicalite-1 lattice
(576 atoms) and one sorbed SA molecule. The zeolite frame-
work was assumed to be rigid. The interaction of the molecule
with the atoms of the host lattice was described as the sum of
electrostatic and van der Waals interaction potentials. The
partial atomic charges of atoms of the SA molecule were
computed with the electronegativity equalization method using
parameters reported in ref. 41, set T1. Charges of magnitude
+1.36 |e”| and —0.68 |e”| were assigned to the silicon and
oxygen atoms of the zeolite lattice, respectively. These values
are the mean values of ESP charges computed by the split-
charge equilibration method with parameters given in ref. 42.
Test calculations have revealed that the electrostatic energy
gives a minor contribution to the host-guest interaction energy
that is dominated by the van der Waals interactions.

To choose the van der Waals interaction potential, a number
of force fields were tested against experimental values of the
heat of adsorption H,4s of benzene and phenol molecules in
silicalite-1, that can be viewed as constituent blocks of the SA
molecule. These test calculations have shown that the reference
values are best reproduced with the combination of the above
charge parameters and the PCFF force field.** Thus, the calcu-
lated heat of adsorption of benzene in silicalite-1 is equal to
H,gs = 54.7 k] mol™ ! and is in a good agreement with the
experimental values of 52 k] mol " and 50 k] mol~* by Pope®*
and by Song and co-workers,*> respectively. The computed
value of the heat of adsorption of phenol in silicalite-1 H,qs =
65.9 k] mol " is in good agreement with a theoretical estimation
of 61.7 k] mol~" obtained by Klemm et al.*® The intramolecular
interactions in the SA molecule were also described with the use
of the PCFF force field.*

The host-guest interaction energy Ey,, was computed as Ey,g =
Er — Ey, — Eg, where Er, E}, and E; are the total energy of the system,
the energy of the zeolite framework, and the intramolecular energy,
respectively. The latter quantity was calculated by taking the
geometry of the molecule in the confined state.

3 Results and discussion
3.1 Relative stability of SA isomers

Table 1 reports the relative energies of the SA molecule isomers
computed at the B3LYP/6-311++(d,p) level with respect to the
lowest energy structure. Results of the DFT calculations show
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Table 1 Relative energies of SA isomers (cf. Fig. 1)

Isomer Relative energy/k] mol "
cis-Enol form 0.00
cis-Enol form 2¢ 55.23
trans-Enol form 45.40
trans-Enol form 2¢ 38.58
cis-Keto form 19.50
trans-Keto form 61.92

¢ Proton of OH group in trans position.

Fig. 2 cis-Enol form of the SA molecule. Light gray, gray, red, and blue balls
correspond to hydrogen, carbon, oxygen, and nitrogen atoms, respectively.

that the cis-enol form (Fig. 2) is the most stable conformer and
this form is more energetically preferred than the cis-keto isomer,
by 19.5 k] mol . All other conformers have energies lying 38
to 62 k] mol~* higher than that of the cis-enol SA isomer. For
each conformer the structure optimization in the Cs symmetry
resulted in an energy value very close to that obtained in the
optimization without the symmetry constraint. However, these
planar structures with the Cs symmetry were found to have a
negative frequency corresponding to twisting the benzene and
phenol rings with respect to each other. The resulting C;
structure of the cis-enol SA isomer has a twisting angle of
38.2°. The energy difference between the SA conformers and
the structural parameters of the most stable cis-enol form of the
molecule obtained in the present work are in good agreement
with results of recent computational studies performed with
basis sets of similar quality.">*" The computed value of the
twisting angle between the rings is, however, notably smaller
than the values obtained experimentally in refs. 7-9. A credible
explanation for this difference is that the calculations were
carried out for a free molecule, whereas the experimental angle
values were obtained for molecules in crystalline samples of
the two a polymorphs of SA. The calculations show that the
potential energy surface along the twisting angle coordinate is
very flat. Thus, the mode frequency is wgc = —46 cm™ " and the
energy difference between the planar Cs and twisted C; SA
structures is only 3.94 k] mol ™%, i.e. ~1.6 kgT at the ambient
temperature. The corresponding values reported by Ortiz-Sanchez
et al.'® are —47 cm ™! and 3.14 kJ mol ™.

3.2 Vibrational spectra of SA in the solid phase

Fig. 3 shows the vibrational spectra of SA powder recorded with
the three spectroscopic techniques. The complementary nature of
the methods permits a detailed analysis of the observed spectral
features. The Raman spectroscopy provides the most pertinent
data because it covers the entire frequency interval of interest.

2T

T T T T T T T T [ T T T T T T T T T T T T T

Intensity (arb. units)

0.5

DRIFT

o S T B
200 400

600 800 1000 1200 1400 1600
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Fig. 3 Experimental vibrational spectra of the SA powder sample.

Nevertheless, in the spectral region below 900 cm ™", where the

Raman scattering has a low intensity, the INS spectroscopy
yields a wealth of information amplified by the high resolution
of the LAGRANGE spectrometer in this region.”” The DRIFT
spectrum completes the characterization.

Fig. 4 and 5 compare the experimental Raman and INS
spectra of the SA powder with the corresponding spectra
calculated for the two most stable forms of the SA molecule:
the cis-enol and cis-keto isomers. The analysis of these figures
unambiguously indicates that the molecule in the solid phase
exists in the cis-enol form. A slight difference in the position of
peaks and/or intensities of some modes can be ascribed to a
systematic error inherent to the theoretical level used in the
calculations, and to the fact that the calculations were per-
formed for an isolated molecule.

Making use of the results of the calculations and the
analysis of the intensities in the Raman, IR, and INS spectra,
one can suggest a complete assignment of the observed spectral
features to the vibrational modes of the molecule.t It is note-
worthy that due to lowering the resolution in the INS spectra,*’
the spectral features above 600 cm™ " are the envelopes of several
vibrational modes that hamper a precise attribution of the INS
peaks in this energy region. However, the complementary nature
of the three spectroscopic techniques facilitates the removal of
uncertainties in the attribution.

The suggested assignment} completes that by Turbeville
and Dutta®>® and, in some cases, corrects their attribution of
observed Raman peaks to specific modes. Thus, the calcula-
tions unambiguously reveal that the experimental Raman peaks
at 1590 cm™ ' and 1484 cm ™' can be characterized as modes of
the benzene ring, and not the phenol ring (there is a systematic
shift of ca. 6 cm™" between the mode frequencies measured in
the present work and the values reported in ref. 24). The most
important contributions to the potential energy distribution (PED)
of these two modes come from the internal coordinates formed by
the atoms of the former entity. Fig. 6 displays the vibrational
mode with w,. = 1185 cm ™ * that was ascribed to a mixed C-O
stretching and O-H bending vibration.>* The calculations show
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Fig. 4 Low- (a) and mid-frequency (b) parts of the experimental Raman

spectrum of SA powder and of the calculated Raman spectra of the two
most stable SA isomers.
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Fig. 5 Experimental INS spectrum of SA powder and the calculated INS
spectra of the two most stable SA isomers.

that the most important contributions to PED of the mode
actually come from the C15-N14 and C12-C5 bond stretching,

Fig. 6 Displacements of atoms in the vibrational mode with wg. = 1185 cm™L

The vibrational amplitudes were scaled by a factor of 5.

73% and 48%, respectively, whereas the contribution of the
C2-07 stretching and C2-O7-H10 bending internal coordinates
is only 13% and 1%, respectively (¢f. Fig. 2 for atom numbering).
The interested reader is referred to Table S1 of ESIf for more
details on the mode assignment.

The experimental Raman spectrum of the SA molecule in the
solid state contains one peak at 111 cm ™" that cannot be assigned
on the basis of the calculations. Supplementary measurements
have shown that the peak position is sensitive to temperature.
Thus, the peak shifts to 120 cm ™" when the temperature is lowered
to 123 K. Furthermore, anticipating results presented in the
following section, the peak is absent in the Raman spectrum of
the SA molecule sorbed in silicalite-1. Taking these facts into
account, the peak at 111 cm™ " is attributed to an intermolecular
mode of the SA molecules in the solid phase. The intermolecular
mode frequency a posteriori justifies the frequency value of the
bath mode used in the INS spectra modeling.

3.3 Vibrational spectra of the sorbed SA molecule

Silicalite-1 has the MFI structure type and its framework is
characterized by a porous system consisting of intersecting
channels formed by rings of ten oxygen atoms.>” Straight
channels run along the b crystallographic axis and have a
nearly circular shape with dimensions of 5.3 A x 5.6 A, while
a second type of channel, termed sinusoidal channels, have an
average direction along the a axis with dimensions of 5.1 A x
5.5 A. The diameter of a sphere that can diffuse along the a- and
b-directions is equal to 4.7 and 4.46 A, respectively.”” These
values are very close to the transverse size of the SA molecule
estimated as 4.6 A. The distance between the channel inter-
sections is ca. 10 A that is slightly smaller than the length of the
SA molecule (ca. 11.4 A).

Fig. 7 presents the Raman and INS spectra of the SA molecule
sorbed in silicalite-1 and compares the spectra with those of the
molecule in solid phase. A relatively low resolution in the INS
spectra above 600 cm ™' and the proximity of some vibrational
modes hamper the detailed interpretation of the spectrum
variation in this spectral region. Nevertheless, the combination
of the INS and Raman scattering techniques allows us to extract
the maximum information from the comparison. Unfortunately,
the infrared spectrum is dominated by the diffuse reflectance
signal due to the zeolite lattice, and therefore the spectrum is
useless for a quantitative analysis.

The analysis of the spectra in Fig. 7 shows that the Raman
and INS spectra of the molecule in the solid and sorbed states
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Fig. 7 INS (a) and Raman (b) spectra of the SA molecules sorbed in silicalite-1 (noted hereafter as SA@silicalite) compared with the spectra of the
molecule in solid phase.

Table 2 Vibrational modes of the cis-enol SA molecule with maximum frequency shift upon sorption. Potential energy distribution (PED) reports internal
coordinates and the corresponding percentage (in parentheses) of three largest contributions to the PED for each mode. Internal coordinates definition:
R - bond-stretching, § — angle-bending,  — out-of-plane, t — torsion; numbering of atoms corresponds to Fig. 2. Df, D2, and DL, stand for the

amplitude localization criterion (3) for the phenol, benzene rings, and imine

group, respectively

1

Wexp/CM ™

Solid SA SA@silicalite Aw wgfem™? PED D% D /% Din/%
161 152 -9 149 Teacs (93), Tescs (26), Toomr (22) 48.8 43.7 7.5
218 231 +13 219 Teaos (89), Teice (37), Toscrz (19) 56.6 6.0 37.4
360 342 —18 342 Tesco (78), Teics (34), Wcira (26) 45.9 29.1 25.0
1031 1043 +12 1029 Rescs (91), Reacs (28), Reocs (18) 96.2 3.6 0.2
1149 1157 +8 1152 Scacenr (44), dcocert (42), dcecans (41) 98.0 1.4 0.6
1273 1283 +10 1287 Re207 (94), dcicans (15), Rescia (15) 78.7 8.2 13.2
1319 1328 +9 1325 Reacs (63), Reics (43), Reocs (42) 64.2 32.4 3.3
1401 1411 +10 1418 Scao7m10 (90), Reics (23), Resco (16) 97.6 0.2 2.2
1456 1463 +7 1456 Re207 (50), Reacs (49), Reocs (41) 89.8 7.0 3.2
1571 1577 +6 1570 Reiania (57), dca07m10 (53), Roics (39) 85.2 7.1 7.7

are very similar to each other. It is, however, instructive to analyse
those vibrational modes of the SA molecule whose frequencies
are affected by the sorption to the maximum extent. These modes
are listed in Table 2. The comparison of the frequencies of the
vibrational modes of the molecule in the solid and sorbed states
shows that the frequency differences are relatively small and the
maximum difference does not exceed 18 cm . Such a small
frequency shift points to a weak perturbation of the molecule by
the sorption and indicates that silicalite-1 is a relatively inert
environment. It is worthy to note that the Raman spectrum of the
sorbed molecules does not contain the peak at 111 cm™ ', which
supports the assignment of this peak to an intermolecular mode.
Table 2 shows that the two modes with frequencies wy. = 149
and 342 cm ™" undergo a downward frequency shift upon sorption.
Analysis of the atomic displacements reveals that these modes
have a similar form that can be described as the anti-phase motion
of the phenol and benzene rings in the direction perpendicular to
the plane of the rings. A possible explanation for the downward
shift of their vibrational frequencies is that the intermolecular
interactions in the solid phase constrains these vibrations to a
larger extent than the interactions with the silicalite-1 lattice.
This hypothesis is in line with the disappearance of the peak at
111 cm ! in the Raman spectrum of sorbed salicylideneaniline.
Most of the modes represented in Table 2 are shifted upward
upon sorption. Analysis of the potential energy distribution in
the modes shows that the dominant contributions to PED come

from the internal coordinates of the phenol ring. Thus, the
mode with ws. = 1029 ecm ™" (Table 2) with a frequency shift of
+12 cm™ " upon sorption has 91% of the potential energy coming
from the variation of the C3-C6 bond. The atomic displacements
in the mode are shown in Fig. 8a, which illustrates that the
vibrational amplitude is localized on the light hydrogen atoms of
the phenol ring.

Therefore it is of interest to analyse the atomic displacements
and their localization in the modes that are shifted upon sorption.

Fig. 8 Displacements of atoms in the vibrational modes with we. = 1029 cm™*

(@) and ws = 1023 cm~* (b) (cf. caption to Fig. 6).
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For this purpose three groups of atoms were defined in the
molecule: atoms of the phenol ring, the benzene ring, and those
of the imine group. The degree of localization D}’ for atoms of
group k in mode m was calculated as

o= ; (Limy’ / 3Ly, (3)

where L™ stands for the vector of Cartesian displacements of
atom i in the mode m; the sum in denominator runs over all
atoms of the molecule. Values of the Dy criteria are reported in
the right-hand part of Table 2. The analysis of the values shows
that the vibrational amplitude of almost all modes with a large
upward frequency shift is localized on the phenol ring. Thus,
96% of the vibrational amplitude of the mode with ws. =
1029 ecm™' is due to the displacements of H atoms of the
phenol ring (Fig. 8a). For comparison, the mode with wg. =
1023 cm ™' (Fig. 8b) in which displacements of atoms are similar
to those in the wy. = 1029 cm ™' mode, but the amplitude is
localized on the atoms of benzene ring (D%, = 97.5%), undergoes
a frequency shift of only +2 cm™". It should, however, be noted
that the trend is not universal and, for example, the mode with
se = 1325 cm ™ is shifted by +9 cm ™", while it has comparable
DX, values for both the phenol and benzene rings.

In our opinion, such different behaviours of the vibrational
mode frequencies reflects a different degree of confinement of
the phenol and benzene rings of the molecule by the silicalite-1
framework. Indeed, large frequency shifts of the modes loca-
lized on the phenol ring indicate that this part of the sorbed
molecule is more constrained than the benzene ring. Given the
size and shape of the molecule and the topology of the zeolite
void, one can suggest that the benzene ring of SA resides in the
intersection of the straight and sinusoidal channels, whereas
the phenol ring is situated in the section of the straight channel
between two intersections, where the ring is subjected to a
larger confinement than the benzene one. From the structural
view-point it is unlikely that the molecule can reside in a
sinusoidal channel because the topology of the zeolite pore
system would apply too strong constraints on the molecular
geometry. Consequently, we propose that the most probable
adsorption site of the SA molecule is the straight channels of
the silicalite-1 framework. This assumption is supported by
results of molecular modeling.

Fig. 9 displays the position of the SA molecule inside the
zeolite framework in the most energetically favored sorption
site, after the energy minimization procedure. The molecule
lies in the straight channel with the benzene ring situated in
the channel intersection, as it was deduced from the analysis of
the vibrational frequency shifts. The host-guest interaction
energy En in this sorption site is Ep, = —113.6 kJ mol .,
The calculation of the Ey, energy profile of the SA molecule
along a straight channel reveals that this sorption position is
ca. 8 k] mol ' more energetically preferred than a position with
the phenol ring lying in the intersection (Eng = —105.8 kJ mol™*).
Our test simulations of the phenol sorption in silicalite-1 have
shown that the molecule prefers a position in a channel

Fig. 9 A view of the SA molecule sorbed in silicalite-1. A piece of zeolite
framework between two intersections of straight and sinusoidal channels
is shown. The straight channel runs along the b-axis, the sinusoidal
channels have an average direction perpendicular to the image plane
(a-axis). The intersection of the straight and sinusoidal channels, where the
benzene ring is situated, is highlighted with bold sticks.

intersection with the OH group pointing to sinusoidal channel.
Such an orientation of the phenol ring of sorbed SA molecule
would, however, cause too strong structural distortions of the
molecule and thus is energetically unfavored. Forcing the SA
molecule to be sorbed in a sinusoidal channel has resulted in a
Eng energy of ca. —34 kJ mol ™", that is much higher than the
host-guest interaction energy for the molecule sorbed in the
straight channel.

4 Conclusions

The vibrational spectra of the salicylideneaniline (SA) molecule
in the solid phase and confined in silicalite-1 zeolite were
studied using a large palette of vibrational spectroscopic methods
in addition to computational techniques. The comparison of
Raman, infrared, and inelastic neutron scattering spectra of the
SA molecule with the theoretical spectra obtained by using
results of quantum-chemical calculations of different SA iso-
mers in a free state, unambiguously shows that the molecule
exists in the cis-enol form in a condensed phase. The analysis of
the experimental data is greatly facilitated by the complemen-
tary nature of the techniques and by the comparison of the
experimental and calculated peak intensities. Making use of
the results of the calculations, a complete assignment of the
observed spectral features to the vibrational modes of the
molecule is performed.

All experimental spectroscopic data indicate that the sorbed
SA molecules are present in the cis-enol form in the zeolite
channels. The confinement induces only a weak perturbation
of the vibrational dynamics of the molecule in comparison with
that in solid SA. The displacements of spectral peaks in the
Raman and INS spectra of SA upon sorption and the analysis of
the corresponding vibrational modes show that the confine-
ment mostly affects the vibrational modes whose amplitude is
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localized on atoms of the phenol ring. This finding allows the
suggestion that the sorbed SA molecule is located in the zeolite
channel, such that the phenol ring lies in the section of
the straight channel between two intersections, whereas the
benzene ring is situated at the channel intersection. This
assumption is corroborated by results of molecular modeling
using a combination of Monte-Carlo and energy minimization
techniques.
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