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ABSTRACT: In this contribution, we tried to shed light on the
molecular structure of octyl methoxycinnamate (octinoxate, OMC)
adsorbed in NaX zeolite, which represents a promising hybrid UV
filter system. The combination of infrared spectroscopy and density
functional theory modeling was crucial to identify all the complex
host—guest interactions and to unveil that, although slightly
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thermodynamically unfavored, OMC is dominantly present in the ot Np. A % Experiment

trans-form inside the NaX framework. We also showed that the t A

interaction between the zeolite Na cations and the OMC molecule oo o250 J
is the key feature that determines the stability and efficacy of these Wavonumber ferr’)

hybrid UV filters. These findings confirm that cationic zeolites are
promising materials for the encapsulation of UV filters to decrease their negative impact on the environment and their
photochemical instability.

1. INTRODUCTION Fortunately, the public has become more and more

Sunlight is the main external energy source for Earth; the solar conscious of the adverse effects of excessive exposure to

spectrum is constituted by infrared rays (IR, wavelength range ;. _I‘ Thus, the p aram'ount importance of skin cancer has
750 nm —1 mm), visible light (Vis, 400~750 nm), and elicited strong research interest for the development of more
) ) )

ultraviolet rays (UVR or UV, 100—400 nm). About 8.3% of the effective and safe UV filters (UVfs). UVFs have become almost

solar radiation at the Earth’s surface is represented by UVR, ubiquitous in personal-care produ'cts iy ch as sunscreens,
while visible and infrared radiations represent 42.3 and 49.4%, shampoo, shower gels,. and bOdY lotions. .
respectively.l UV rays are further divided into UVA (315—400 Sunscreen formulations are, in fact, the main method of
nm), UVB (280—31S nm), and UVC (100—280 nm), which health protection against solar exposure. The main targets of
acco,unt for about 6.3, 1.5 ,an d 0.5%, respectively. ' an ideal sunscreen are protection against sunburns, skin aging,
Dy 1., . ) . . s . . : :

Despite its quite low contribution to sunlight, UV radiation skin .sensmzatlon, and skin Carcinogenesis. S.unscreen must
has an important impact on human health; indeed, balanced provide broad—spect.rum UV protection, ﬁ.lt'ermg' both L
sunlight exposure is of paramount importance in preventing and UVA, and possibly also the shortest visible light beyond

health issues. On the one hand, correct and safe UVR exposure 400 nm. ] ) ]
is responsible for the production of about 90% of the Sunscreen formulations are complex mixtures of different

requirement for vitamin D in humans? and health issues compounds, basically UV filters, emollients, and emulsifiers.

arise from UVB exposure deficit.’ On the other hand, UVR is UVfs are the real active component of sunscreens absorbing
. ) . .
linked to most of the adverse effects of excessive and UV rays; for effective UV protection, UVfs should form a

unprotected solar exposure and is considered the main cause uniform layer on the skin and remain stable and active during
of skin carcinogenesis and sensitization.* the whole UV exposure. In order to prevent undesired allergic

' . .11
During the last decades, the number of skin cancers reactions, UVfs should not permeate the viable skin.

diagnosed annually increased continuously, including both

malignant melanoma (MM) and nonmelanoma skin cancer Received: August 30, 2023
(NMSC).® The American Cancer Society estimates 106,110 Revised: ~ November 6, 2023
new cases of MM in the United States for 2021, with over Accepted: November 22, 2023
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7 .
7,000 deaths.” Also, European countries reported an overall
increase in melanoma incidence rate.” Skin cancer is also a cost
burden for many countries.”
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Figure 1. (a) FAU framework topology. Sodalite (sod) cages and double six-membered rings (d6r) are shown as solid blue and orange building
blocks, respectively; the FAU “supercages” connected by 12MRs are transparent. (b) Na sites associated with sod and d6r cages (Na2/Na2’/Na3)
and with 12MR rings (Na6). Yellow = Si, cyan = Al, red = O, and purple = Na; fractionally occupied sites are represented by partially colored

spheres. (c) Molecular structure of OMC.

UVfs are organic or inorganic compounds that absorb UV
photons reaching excited electronic states and then dissipating
energy without losing efficacy. Most UVfs have limited
absorption ranges, and for these reasons, several filters are
combined to obtain broad-spectrum protection.

Many issues linked to the use of UV filters remain: first of
all, their photochemical instability, in fact, exposure to UV
radiation, can lead to photochemical reactions that compro-
mise their safety and efficacy;' " also, not less important, their
impact on the environment.

Due to their high lipophilicity and low biodegradability,"*
UV filters, especially the organic ones, can bioaccumulate at
different trophic levels,® particularly in fatty tissues, in all the
exposed organisms (e.g., mussels, crustaceans, eels, fish, marine
mammals, and aquatic birds, see e.g., refs 16—18).

Recently, a method to improve the stability of UV filters in
sunscreen formulation involving the molecules encapsulation
in a zeolitic matrix has been proposed by our group.'’ Zeolites
are microporous materials showing different systems of
channels and cages”” that have been used for the encapsulation
of several organic molecules”'~** and, very recently, for the
encapsulation and shielding of UVfs."” Our recent research
showed that the encapsulation of avobenzone (butylmethoxy
dibenzoylmethane, C,yH,,0;, AVO) and octinoxate (octyl
methoxycinnamate, C;3H,,0;, OMC), which are two of the
most used organic UVfs, in cationic zeolites (i.e., zeolite L and
NaX-FAU) is highly efficient, resulting in an enhanced UV
filtering capacity. Selected systems among those studied have
been characterized by experimental crystallographic techniques
in order to gain knowledge regarding the mechanism of
stabilization and the phenomena occurring in the material. In
fact, understanding the effects of spatial confinement on filter
stability is of paramount importance for the further develop-
ment of this interesting new class of materials. In a recently
published paper,”® thanks to the combination of X-ray powder
diffraction and spectroscopic techniques, it has been possible
to define the position of OMC molecules in the channels of
zeolite L (LTL/OMC) and to elucidate the host—guest and
guest—guest interactions arising from the encapsulation. It was
demonstrated that the OMC molecules were located in the 12-
membered ring (12MR) main channel, establishing links
between the carbonyl group oxygen and zeolite extraframe-
work K cations. This interaction probably dominates the

stability and efficacy of LTL/OMC material and may explain
why—among different systems studied and reported by our
group elsewhere'’—the cationic zeolites display the most
promising features for possible future applications for the
encapsulation of UV filters.

The aim of this paper is to investigate the interaction of the
same molecule (OMC) with another zeolite, that is NaX
(framework type FAU?’). This hybrid material, along with
LTL/OMC, previously investigated from the structural point
of view,”® is a promising candidate since it shows high stability
and efficacy and would be of paramount importance to
compare the two systems to draw a complete picture of the
interaction driving the stability and the efficacy of these filters.
Unfortunately, the high symmetry of X zeolite, coupled with
the complexity of the guest molecule, prevents a structural
refinement of diffraction data, and for this reason, we propose a
multi-technique approach, involving both infrared spectro-
scopic experiments under controlled atmosphere and elec-
tronic structure calculations in the framework of dispersion-
corrected density functional theory (DFT) to unravel the
structure of a stable zeolite-UV filter hybrid, that is NaX/
OMC.

2. MATERIALS AND METHODS

2.1. Materials. Octinoxate (C,3H,¢O05, liquid, molar weight
(MW) 290.40 g/mol, specific gravity (SG) 1.01 g/mL, purity
>96,0%) was purchased from TCI (Tokyo Chemical Industry
Co., Ltd.). Faujasite zeolite (framework type FAU,* Figure 1)
was used in its sodic low-silica forms (13X-FAU, Si/Al = 1.2)
and was purchased from BDH Chemicals (Product 54017, out
of stock). The FAU structure is characterized by a tridimen-
sional 12MR channel system (maximum diameter of a sphere
that can diffuse along them: 7.35 A). NaX-FAU has Na cations
spread over different crystallographic sites, accounting for
about 90 Na per unit cell (p.u.c.), and it will be labeled as NaX
in the following.

2.1.1. Hybrid NaX/OMC Preparation. The NaX zeolite was
dehydrated at 450 °C for 3 h before UVF loading to remove all
the H,O molecules and mixed, at room temperature, with neat
OMC in a glass tube. The mixture was stirred, homogenized,
sealed, and heated at 100 °C for 48 h. The sample was then
washed with acetone to remove the unloaded UV filter present
on the external surface of the zeolite grains. Before analysis, the
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sample was dried for 48 h at 60 °C for solvent removal after
the washing process. Details of sample preparation are available
in ref 19.

2.2. Methods. 2.2.1. FT-IR Spectroscopy. To perform FT-
IR measurements, the NaX/OMC sample was pressed in self-
supporting pellets (“optical density” of ca. 10 mg-cm™) and
placed in quartz cells equipped with KBr windows, enabling in
situ data acquisition during adsorption—desorption experi-
ments.”” For the outgassing procedure and the thermal
treatments, the cells were connected to a conventional vacuum
line (residual pressure <1 X 107* mbar). The IR spectra were
acquired using a Bruker Equinox SS spectrometer equipped
with an MCT detector. For each spectrum, 128 interferograms
at 2 cm™' were averaged. The IR spectrum of the isolated
octinoxate molecule was acquired in a transmission cell for
liquids by diluting 15 yL of C3H,40; in 785 uL of CCl,.

2.2.2. Computational Models and Force Field Calcula-
tions. For the computational modeling, a fully ordered
structure model of NaX was used based on the experimental
crystal structure data of the dehydrated form at room
temperature (space group Fd3, a = 24.98 A).”® First of all, a
fully ordered distribution of Si and Al with a Si/Al ratio of 1.0
was assumed, resulting in a framework composition of
[AlyeSiggO34)- Al atoms were placed at the T2 site of the
experimental crystal structure. For charge balance, 96 Na
cations were distributed over four experimentally observed
sites (Na2/Na2’, Na3, Na6)*® in a way that experimental
occupancies were matched as closely as possible while at the
same time avoiding close cation—cation contacts (see the
Supporting Information, section S1 for more details). To study
the adsorption of OMC, models of the cis- and trans-forms of
OMC were taken from a previous computational study by Fois
et al.”” After optimization of the structures of NaX and cis-/
trans-OMC using DFT (see the following subsection),
adsorption configurations of both isomers in the pores of
NaX were generated using preliminary force field simulations.
Loadings of 1 and 4 OMC p.u.c. were considered in these
calculations, which employed the Adsorption Locator module of
the DS Biovia “Materials Studio” suite. This module allows the
determination of low-energy adsorption configurations from
Monte Carlo simulations with slowly decreasing temperature
(simulated annealing, temperature range 10,000 K — 100 K).
The COMPASS 1III force field was used in these simulations,™
in which all zeolite atoms, including Na cations, were fixed at
their initial positions. Typically, 30 separate annealing cycles
were run for each isomer and loading. Among the resulting 30
configurations, S distinct low-energy configurations were
selected for the following DFT calculations.

2.2.3. DFT Calculations. All DFT calculations were
performed with the Quickstep code within the CP2K package
(version 9.1), which uses the Gaussian and plane-wave (GPW)
method.”** To account for dispersion interactions, the rev-
vdW-DF2 functional was employed.”> The calculations used
“molecularly optimized” basis sets distributed with the CP2K
code (BASIS MOLOPT)** and Goedeker—Teter—Hutter
pseudopotentials devised by Krack.”> The first Brillouin zone
was sampled at the I" point only. Structure optimizations were
carried out with double-{ basis sets using a plane-wave cutoff
energy of 600 Ry. To compute adsorption energies, single-
point calculations were subsequently run for the optimized
structures, using triple-{ basis sets and a cutoff energy of 900
Ry, in keeping with earlier work.*® For a given complex, the
adsorption energy was calculated as

24244

E,;. = (Eppr[NaX/cis- or trans-OMC] — Eppr[NaX]
— N-Epgrltrans-OMC])/N

where N = 1 or 4. The first term on the right-hand side
corresponds to the DFT energy of the adsorption complex of
cis- or trans-OMC in NaX, the second term is the DFT energy
of the zeolite without OMC, and the third term is the DFT
energy of trans-OMC in the gas phase. For isolated OMC (cis
and trans) and selected NaX/OMC adsorption configurations,
the IR spectra were predicted with DFT calculations
employing the finite displacement method. For computational
efficiency, only displacements of the guest molecules were
considered for the NaX/OMC systems. Additional calcu-
lations, including cation displacements, revealed no prominent
impact in the wavenumber range of most interest (1800—1200
cm™'). DFT-calculated IR spectra were plotted using
MOLDEN,”” employing a Lorentzian broadening with a full
width at half-maximum of 10 cm™.

For the nonlocal rev-vdW-DF2 exchange—correlation func-
tional, there is no simple way to separate the contribution of
dispersion interactions from the total adsorption energy. In
order to estimate the magnitude of dispersion interactions, the
DFT energies were recomputed using the PBE-D3 func-
tional®®*’ for structures previously optimized with the rev-
vdW-DF2 functional. For PBE-D3, the pairwise dispersion
correction term can easily be separated from the total energy.
Table S1 lists the PBE-D3 energies and the dispersion-only
contribution as well as various other intermediate values of
adsorption energies. Although PBE-D3 delivers systematically
more negative adsorption energies than rev-vdW-DEF2, it is
worth noting that the correlation is excellent (Figure S2),
providing confidence that the PBE-D3 results should at least
provide a semiquantitative estimate of the relative importance
of dispersion interactions.

3. RESULTS AND DISCUSSION

3.1. FT-IR Study of NaX/OMC. As the first step of our
spectroscopic study, we studied the IR spectrum of the NaX/
OMC sample in air (Figure 2, light blue curve), which is
dominated in the 1800—1200 cm™" range by the vibrational
modes of the OMC molecules. In particular, we can identify
the peaks due to aromatic ring vibrations in the OMC at 1605,

Air

Outg 30's
Outg 3 min
Outg 20 min
Outg 60 min

l0.3

Absorbance

1800 1700 1600 1500 1400 1300 1200
Wavenumber (cm™)

Figure 2. FT-IR spectra of the NaX/OMC sample at increasing
outgassing time at room temperature.
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1512, and 1423 cm™ (see the computational part below for a
more complete assignment of the different vibrational modes).
The high wavenumber spectral region, between 3800 and 3000
cm™, is out of scale owing to the strong absorption of the
v(O—H) stretching mode associated with hydrogen-bonded
OMC and water molecules.*”*' On increasing the outgassing
time at room temperature (Figure 2), we can see a progressive
decrease of the OMC bands, which indicates the presence of a
fraction of loosely bound molecules. In this respect, it is worth
discussing the behavior of the v(C=O0) vibration, which
shows different components in the 1710—1640 cm™" range. In
particular, the shoulder at 1710 cm™ has a frequency very
similar to the £(C=0) signal in the free OMC molecule (vide
infra), suggesting its assignment to free carbonyl groups
interacting with the external zeolite surfaces. This hypothesis is
further confirmed by the complete disappearance of this signal
upon outgassing the sample at room temperature.

Figure 3 shows the effect of outgassing the sample at
increasing temperatures up to 200 °C, since at higher

——RT —100 °C
150 °C —— 200 °C

0.3

J‘”"\\

3800 3600 3400 3200 3000
Wavenumber (cm')

0.2

Absorbance

T T T T T
1800 1700 1600 1500 1400 1300 1200
Wavenumber (cm™)

Figure 3. FT-IR spectra of the NaX/OMC sample outgassed for 1 h
at increasing temperatures.

temperatures, the OMC filter starts to decompose. The signals
related to adsorbed H,O molecules progressively decrease, and
the 3800—3000 cm ™' range is now in scale (inset of Figure 3).
We can, thus, recognize two bands at 3690 and 3648 cm™'
ascribed to the stretching mode of hydroxyl groups located in
different positions in the zeolite framework.””™** In the
spectral region of the v(C=0) vibrations, we can now clearly
identify at least three components at 1700, 1683, and 1637
cm™! ascribed to the OMC molecules in which the carbonyl
group is involved in increasingly stronger interactions with the
NaX framework. This interpretation is also in agreement with
the observation that the first two components disappear after
outgassing at 200 °C. Moreover, other vibrational modes of the

filter also experience a bathochromic shift upon removal of the
adsorbed water and of the less tightly bound OMC molecules.
In particular, the stretching mode of the C=C double bond
close to the carbonyl shifts from 1640 to 1600 cm™, and the
highest aromatic ring vibration shifts from 1605 to 1573 cm™".

From the analysis of the IR spectra, a complex picture
emerges in which OMC molecules in different local environ-
ments are present inside the zeolite, characterized by different
stabilities and vibrational properties; thus, a detailed computa-
tional study appears to be crucial to elucidate at the molecular
level all the possible interactions between the filter and the
NaX framework.

3.2. DFT Modeling of OMC Adsorption in the NaX
Zeolite. An initial comparison of the DFT total energies of
trans- and cis-OMC showed that the rev-vdW-DF2 functional
predicts trans-OMC to be favored over the cis form by about
19 kJ mol™'. This result is in line with a previous
computational study, where similar energy differences were
reported for a variety of dispersion-corrected DFT ap-
proaches.”” Therefore, the total energy of trans-OMC was
used as the reference value in all adsorption energy
calculations. Table 1 reports the DFT adsorption energies
obtained for the different NaX/OMC adsorption configu-
rations, ordered according to the adsorption energy. As a
Boltzmann averaging over all five configurations always delivers
energy values that are very close to the E 4 value of the lowest-
energy case, the most emphasis in the discussion will be placed
on the lowest-energy configuration. Additionally, the relative
contribution of dispersion interactions (obtained from PBE-D3
calculations, see above) is also given.

At aloading of 1 p.u.c,, the calculations indicate an increased
stabilization of cis-OMC in the pores of NaX in comparison to
trans-OMC. However, the overall difference in adsorption
energy among the lowest-energy configurations is not very
large, amounting to about 11 k] mol™', or 3% in relative terms.
The relative contribution of dispersion interactions typically
amounts to about 50% of the total adsorption energy. While
this is clearly a significant contribution, it also indicates that
other, more localized interactions play an important role in
stabilizing the adsorbed OMC molecules. To analyze this in
more depth, the lowest-energy configurations of trans- and cis-
OMC are shown in Figure 4. Both notable differences and
common features are visible: first, the trans-OMC molecule
spans two FAU supercages. The methoxyphenyl and octyl
moieties occupy different cages, and the central ester group is
located approximately at the center of the connecting 12MR
window. In contrast, the bulkier, more compact cis isomer
occupies a single cage. In both cases, there are short contacts
between OMC oxygen atoms and Na cations that are located
in the 12MR windows (Na6 cations according to the
nomenclature used in prior work*®). The interatomic distances
between Na cations and the carbonyl and methoxy oxygen
atoms are similar for both isomers, in the range of 2.27 to 2.38

Table 1. DFT Adsorption Energies Obtained for NaX/OMC Adsorption Configurations (rev-vdW-DF2 Results) and Relative

Contribution of Dispersion Interactions (PBE-D3 Results)

loading isomer
1 OMC p.u.c. trans
1 OMC p.u.c. cis
4 OMC p.u.c. trans
4 OMC p.u.c. cis

E,g; [KJ mol™'] Egip/Eags [%]

—380/—357/—349/-343/-306 47/49/54/50/53
—391/-388/—384/-377/-364 47/48/46/47/48
—351/-337/-336/-334/-328 53/56/51/53/56
—361/-360/—357/—344/-339 51/50/52/53/56
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Figure 4. Lowest-energy adsorption configurations of trans- and cis-OMC in adsorbed NaX at a loading of 1 OMC molecule p.u.c. The complete
environment of the adsorbed molecules is visualized in the top panels, whereas the bottom panels show only the OMC molecule and the closest Na
cations. Short Na---Ogyc contacts are represented by gradient lines, with distances given as insets, and Na-+-Cqyc distances below 3 A are indicated

by thin gray lines.

A. The Na--O,,, interaction results in an elongation of the
Ceat=0,, double bond, which is more prominent for cis-
OMC (the DFT-optimized bond distances in the free molecule
amount to 1.228/1.226 A for trans-/cis-OMC). In addition to
these short Na---O contacts, which are likely dominated by
electrostatic interactions, there are also some fairly short
distances below 3 A from Na cations to some C atoms of the
phenyl ring and (for NaX/trans-OMC) of the C=C double
bond. These contacts point to a certain role of cation—7x
interactions.***®

At an increased loading of 4 OMC p.u.c., which is fairly close
to the experimental loading for the as-synthesized samples (i.e.,
4.3 molecules p.u.c'”), the slight preference for cis-OMC over
trans-OMC is retained, with the difference among the lowest-
energy configurations amounting to 10 kJ mol™" (adsorption
energies are always reported per molecule, not per unit cell).
The adsorption energies are about 30 kJ mol™" less negative
than those computed for the 1 OMC p.u.c. case, and the
relative magnitude of dispersion interactions is only modestly
increased. Since the symmetry had to be removed in order to
distribute the cations in the NaX model over partially occupied
equivalent crystallographic sites, different cages in the unit cell
differ in the local arrangement of the cations. As a
consequence, some of the adsorbed molecules will be located
in a “non-optimal” local environment, resulting in a decrease of
the total interaction strength in comparison to the 1 OMC
p-.u.c. case. This effect could be counterbalanced, or even
outweighed, by attractive guest—guest interactions. The
magnitude of such guest—guest interactions was estimated
on the basis of single-point calculations for the optimized
arrangement of the 4 OMC molecules, removing the NaX
framework. The resulting contribution of guest—guest
interactions is on the order of 20 to 30 kJ mol™ (per

molecule), corresponding to less than 10% of the adsorption
energy. Hence, it can be inferred that the OMC molecules are
adsorbed largely independently from each other and that
attractive interactions between them play only a secondary
role. Since the energy difference between trans- and cis-OMC
adsorbed in the zeolite is small, the next section will present
simulated IR spectra obtained for the DFT-optimized
structures. The analysis and comparison to experimental data
can deliver information about the dominant isomer present in
our samples.

3.3. Comparison between Computed and Experi-
mental IR Spectra. Figure 5 compares the DFT-computed IR
spectra of trans- and cis-OMC in the gas phase to the
experimentally measured spectrum of the OMC in CCl, in the
frequency range from 1800 to 1200 cm™". For some bands of
particular relevance for the discussion, an assignment to
molecular vibrational modes is made. In the frequency range of
1750 to 1600 cm™', the experimental spectrum shows three
bands of significant intensity, which can be assigned to C=0
stretching (1713 cm™"), C=C stretching (1637 cm™), and
the highest-frequency aromatic ring vibration (1605 cm™).
Without the application of any scaling factor, the DFT
calculations reproduce these values very well: the frequencies
of the ¥(C=0) vibration and the ring vibration are almost
identical for trans-OMC/cis-OMC, amounting to 1707/1706
and 1605/1605 cm™'. A more remarkable difference is
observed for the v(C=C) vibration, where the DFT value
for trans-OMC of 1633 cm™ agrees much better with
experiment than that of cis-OMC (1620 cm™). As a
consequence, the bands corresponding to v(C=C) and
aromatic ring vibrations are better separated in the computed
spectrum of trans-OMC. Bands corresponding to other
aromatic ring vibrations at about 1570, 1500, and 1420 cm™t
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Figure 5. DFT-calculated IR spectra of the OMC isomers in the gas
phase (blue/red) and experimental spectrum of the OMC in CCl,
(black). Spectra are normalized to have the same maximal intensity
and offset for clarity. In the calculated spectra, bands of particular
interest are indicated by symbols: open circles: v(C=0) vibrations,
squares: v(C=C) vibrations, hexagons: aromatic ring vibrations,
triangles: rocking and scissoring vibrations of H atoms at the C=C
double bond, and stars: I/(Cphen—Ometh) vibrations.

are present in the calculated spectrum of trans-OMC, although
the experimental intensity ratios are not reproduced. The third
of these vibrations makes almost no visible contribution to the
spectrum of cis-OMC. Rocking and scissoring vibrations of the
C=C—H groups fall in the frequency range between 1400 and
1200 cm ™. Two distinct bands arising from such vibrations at
about 1390 and 1350 cm™ in the calculated spectrum of cis-
OMC are not observed in the experimental spectrum. The
high-intensity band at about 1250 cm™, equally prominent in
the DFT-computed spectra of both isomers, corresponds to a
C—O stretching mode involving the O, atom (methoxy
group) and the attached carbon atom of the phenyl ring.
Altogether, the agreement with experiment is significantly
better for the DFT-calculated spectrum of trans-OMC,
corroborating that free OMC is present in the trans-form.*’

The DFT-computed spectra for the lowest-energy adsorp-
tion configurations of trans- and cis-OMC in NaX (1 molecule
p-u.c.) are compared to the experimental spectrum of NaX/
OMC outgassed at 200 °C (i.e., the highest temperature before
the OMC filter starts to decompose) in Figure 6a. All three
spectra exhibit a red shift of the v(C=0) vibration but with a
different magnitude. Indeed, for NaX/trans-OMC, the
calculated frequency of 1646 cm™ falls fairly close to the
experimentally observed band (1637 cm™). Conversely, a
much larger red shift to 1570 cm™ is obtained for the NaX/cis-
OMC case, bringing about a qualitative change in the order of
the three prominent maxima, ie., v(C=0), v(C=C),
aromatic ring, in this frequency range. Altogether, the band
positions and intensity ratios fit better for NaX/trans-OMC
than for cis-OMC, providing evidence that the trans-form
remains in the adsorbed state. Moreover, if cis-OMC was
present, then C=C—H rocking and scissoring vibrations
should give rise to two fairly intense bands at 1390 and 1340
cm™!. For NaX/trans-OMC, the most intense bands arising
from such vibrations fall close to 1305 cm™!, better matching
the (relatively weak) band at about 1295 cm™ in the
experimental spectrum. The C ., —O,. .4 stretching vibration
that was observed at 1250 cm™ in the spectra of free OMC is
red-shifted upon adsorption. While the shift in the
experimental spectrum is moderate, amounting to about 8 to
10 cm™', much more pronounced shifts are predicted in the
calculations, with the band being located at 1218 cm~!/1228
cm™! for trans-OMC/cis-OMC adsorbed in NaX.

The analysis in the preceding paragraph focused exclusively
on the lowest-energy configurations of trans- and cis-OMC in
NaX. The most significant modes were also analyzed for the
remaining 1 p.u.c. configurations. Typically, variations among
different configurations of the same isomers are relatively
small, remaining within +10 cm™'. Notable exceptions occur
for some stretching vibrations of trans-OMC in NaX: for the
v(C=O0) vibration, computed frequencies vary between 1646
and 1695 cm™". Frequencies between 1598 and 1636 cm™" are
predicted for the (C=C) vibration, and the frequency of the
V(Cpen—Opmetn) vibration also varies widely, from 1207 to 1263
cm™ . These observations point to a considerable dependence

(a) 1 OMC p.u.c. (b) 4 OMC p.u.c.
DFT: NaX/cis-OMC *
| |
Vo)
[0
(8]
c
]
Ke)
—
o
8 |Exp
<
o
DFT: NaX/trans-OMC
1800 1700 1600 1500 1400 1300 1200 1800 1700 1600 1500 1400 1300 1200

Wavenumber [cm™']

Wavenumber [cm™"]

Figure 6. (a) DFT-calculated IR spectra of NaX/OMC of lowest-energy adsorption configurations at a loading of 1 OMC/p.u.c. together with the
experimental spectrum of a NaX/OMC sample outgassed at 200 °C. (b) DFT-calculated spectra obtained for a loading of 4 OMC/p.u.c. together
with the experimental spectrum of a sample outgassed at 150 °C. See the caption of Figure 5 for the meaning of the symbols.
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of the band position on the local environment of the adsorbed
molecule.

This impact of the local environment on the vibrations of
adsorbed OMC molecules is also apparent when looking at the
DFT-computed spectra for the lowest-energy 4 p.u.c.
adsorption configurations. They are visualized in Figure 6b,
together with the experimental spectrum measured for a NaX/
OMC sample outgassed at 150 °C. We selected this spectrum
since it is representative of a higher coverage condition with
respect to the spectrum of the sample outgassed at 200 °C
(reported in Figure 6a) without showing significant traces of
adsorbed water. In the calculated spectra, the most prominent
changes when moving from low loadings to high loadings
occur in the frequency range from 1700 to 1500 cm™. In
particular, there are now several signals corresponding to
v(C=0) vibrations, which can be attributed to the presence
of OMC molecules in different environments. For NaX/trans-
OMC, two distinct bands at about 1690 and 1660 cm™! are
visible, and the band arising from v(C=C) vibrations also
splits (1637 and 1606 cm™). In the case of NaX/cis-OMC,
there are three discernible signals from v(C=0) vibrations,
with one of them being heavily red-shifted to 1565 cm™.
Bands corresponding to ¥(C=C) vibrations and aromatic ring
vibrations result in one broadened peak at about 1590 cm™" for
NaX/cis-OMC. In contrast, they remain well separated for the
trans isomer, better matching the experimental spectrum. In
the lower-frequency part of the spectrum, some of the
differences between the two isomers that were very visible
for low loadings become less evident in the spectra computed
for higher loadings. Generally, the peaks are broader due to
contributions from several molecules in different environ-
ments.

In order to gain further insights into the local (non-
dispersive) contributions to host—guest interactions, the
computed spectra can be analyzed in combination with the
DFT-optimized structures. Most emphasis in this analysis,
which considered not only the lowest-energy configurations
included in Figure 6 but also several additional ones from
Table 1, was placed on the (C=0) vibrations. Interestingly,
a plot of the computed frequencies against d(Na--Oy)
reveals no direct correlation (Figure 7a). This shows that the
elongation of the C=O0 double bond upon adsorption, which
is essentially linearly correlated with the stretching frequency,
is not a simple function of the distance to the nearest cation
but that additional factors contribute to it. On a qualitative
level, three scenarios can be distinguished: (1) if there are no
cations within 3 A of the O, atom, the elongation is
negligible, and the frequency remains close to that of free
OMC (usually above 1670 cm™); (2) if there is a single cation
in the vicinity, typically at distances between 2.2 and 2.4 A, the
C=0 double bond is elongated, with bond distances in the
range of 1.235 A to 1.250 A, and frequencies mostly falling in
an interval from 1610 to 1670 cm™; and (3) a “dual-site”
interaction with two Na cations results in even stronger
elongations (>1.25 A) and more pronounced red shifts in the
stretching frequency, typically from 1560 to 1570 cm™". Such
dual-site interactions, which have been reported, for example,
for carbon monoxide in Na-containing zeolites,"* ™% are
predicted only for cis-OMC. This peculiarity is related to the
geometry of the cis isomer, whose carbonyl group points away
from the bulkier parts of the molecule, reducing steric
repulsion. While only one cation in the vicinity of the carbonyl
group is shown in Figure 4, it is worth noting that a secondary
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Figure 7. (a) Calculated frequencies of (C=0) stretching mode
plotted against distance d(Na--O,,). Data points for cis-OMC and
trans-OMC are represented by blue and red diamonds, respectively.
For dual-site coordination of cis-OMC (open symbols), points are
shown at the lower of the two Na--O_, distances. If no contacts
below 3 A are present, the frequency is plotted at an arbitrary distance
of 3.02 A. (b) Representative example of a dual-site coordination of
the carbonyl group of cis-OMC to two Na cations. (c) Representative
example of an interaction of the trans-OMC phenyl ring with two Na
cations, with Na--Cp, distances below 3 A shown as thin gray lines.
Other cations and the zeolite framework are omitted from the
visualization in both panels.

contact with another cation with a distance of 3.02 A is
present. A more typical dual-site scenario is visualized in Figure
7b. With regard to the C=C double bond, the variation of the
calculated frequencies of the ¥(C=C) stretching mode points
to considerable sensitivity to the local environment; however,
no apparent correlations to other interatomic distances could
be deduced. The more pronounced red shift of the highest
aromatic ring vibration for NaX/trans-OMC can be explained
with the better accessibility of the phenyl ring of this isomer,
which is conducive to stronger cation—n interactions. A
representative example of an adsorption configuration with two
Na cations in the direct vicinity of the phenyl ring is shown in
Figure 7c. In that particular case, the red shift with respect to
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free trans-OMC exceeds 25 cm™". Finally, the frequency of the
U(Cphen—Ormern) vibration is also affected by the presence of Na
cations in the vicinity. Again, the red shift is not directly
correlated with the distance, with frequencies between 1240
and 1215 cm™' occurring in configurations where d(Na--
Oetn) falls between 2.28 and 2.47 A. Even more pronounced
red shifts to about 1205 cm™" are observed in cases of dual-site
interactions of O, with two Na cations. In view of the
observation of different types of localized interactions between
adsorbed OMC and Na cations, it is worth noting that the
cation displacements in the DFT-optimized structures of
OMC-loaded NaX with respect to guest-free NaX are very
small, remaining below 0.01 A.

Altogether, the body of evidence obtained from the
combination of IR spectroscopy and DFT shows that OMC
adsorbed in NaX is dominantly present in the trans-form. As
the calculations predict that cis-OMC should be energetically
slightly favored in the adsorbed state, it is useful to consider
possible reasons why there is no evidence for cis-OMC in real
NaX samples. First of all, the computational approach, based
on Monte Carlo insertions of the two isomers prior to the DFT
optimizations, does not permit any conclusions as to whether
conversion between them could occur in the pores of NaX. It
can be hypothesized that the confinement exerted by the
zeolite renders the transition state inaccessible, thus precluding
an isomerization of adsorbed trans-OMC to the cis form
despite the slight thermodynamic preference. This kind of
“transition state selectivity” is not an uncommon phenomenon
in zeolites.”' In order to further evaluate the possible
limitations of a trans-cis conversion in the zeolite pores, the
transition pathway was predicted by using constrained
optimizations, varying the H—C=C-H dihedral angle.
These calculations used a complete active space self-consistent
field (CASSCF) formalism, employing the ORCA code” with
def2-TZVP basis sets.”® Further details are supplied in section
S3 of the Supporting Information. Figure S3 shows the two
end points, trans- and cis-OMC, and the five selected
intermediate states. It is clearly visible that the transition
from the more elongated trans isomer to the more compact cis
isomer corresponds to a “folding” of the molecule. As
illustrated in Figure 3, trans-OMC spans two supercages in
the lowest-energy configuration, with the central part of the
molecule being located at the 12MR window. In other
configurations, at least the terminal methoxy group protrudes
through one of the windows. Consequently, the “folding”
required for the isomerization would almost inevitably result in
a collision of one part of the molecule with some atoms of the
framework. Hence, it is reasonable to conclude that the
transition to cis-OMC is much less likely to occur when
adsorbed in the zeolite pores than in the liquid phase.

Another possible pathway to the formation of cis-OMC/
NaX would be conversion prior to adsorption. While cis-OMC
should be preferentially adsorbed, its bulky nature might
impede diffusion into the structure. Indeed, preliminary force
field molecular dynamics simulations (NVT ensemble, T = 100
°C, COMPASS III force field, see section S4 of the Supporting
Information for more details) of OMC in an all-silica model of
FAU delivered an appreciable mobility of trans-OMC on the
time scale of the simulations. The self-diffusion coefficient
(averaged over S independent trajectories) amounts to 342 +
84 X 107 cm® s, Self-diffusion coefficients on the same order
of magnitude were predicted for triclosan in all-silica FAU at
room temperature.”’ In contrast, cis-OMC always remained in

the same supercage over the course of the 50 ns MD
simulation, both in all-silica FAU and in NaX. For the case of
trans-OMC in NaX, a movement of the molecule from one
12MR to an adjacent one during the simulation was observed
in one of the five trajectories, whereas only oscillations about
the initial location occurred in the other four trajectories. Even
though this result does not permit a reasonably accurate
quantitative determination of the self-diffusion coeflicient, the
whole body of results obtained for all-silica FAU and NaX
clearly points to a significantly higher diffusivity of trans-OMC
in comparison to cis-OMC.

4. CONCLUSIONS

From our combined experimental/computational approach, it
has been possible to unravel the nature and the host—guest
interactions of the UV filter molecules adsorbed in NaX
zeolites. Due to the complexity of the system, the under-
standing of the structural features of the hybrid would have
been impossible using conventional diffractometric techniques
previously exploited for systems with lower symmetry.*®

Infrared spectra showed in the as-synthesized sample the
presence of a small fraction of loosely bound molecules located
on the external zeolite surface. Moreover, progressive lowering
of the OMC loading by outgassing highlighted that in this
hybrid material, the molecules of the OMC are adsorbed in
different environments, giving rise to complex IR spectra that
could not be easily interpreted without the support of
thorough computational modeling.

The DFT calculations predicted that cis-OMC should be
energetically slightly favored in the adsorbed state, but a
systematic comparison with the experimental spectroscopic
results allowed us to conclude that the OMC is mainly present
in the trans-form. Indeed, the experimentally observed v(C=
O) red shift, due to the interaction with the Na cations, is
better described by the trans-OMC model. Moreover, the
v(C=C) and the highest aromatic ring vibration are well
separated in the experiment, and the more pronounced red
shift of the highest-frequency aromatic ring vibration predicted
for trans-OMC better corresponds to the experimental
findings.

A possible explanation for the absence of adsorbed cis-OMC
in the samples could be related to the bulky nature of this
isomer, which might hinder its diffusion into the zeolite
structure. Moreover, geometric considerations corroborated by
CASSCEF calculations of the transition pathway indicate that
the confinement exerted by the zeolite renders the trans-cis
transition state inaccessible, thus precluding an isomerization
of adsorbed trans-OMC to the cis form, despite the slight
thermodynamic preference.

The results of this joint experimental/computational study
show that the Na ions in the zeolite framework are able to
provide strong host—guest interactions, which hinder the
release of the OMC in the environment. On the other hand,
the relative contribution of dispersion interactions typically
amounts to about 50% of the total adsorption energy.
Moreover, the encapsulation minimizes the interactions
between filter molecules, which can lead to photochemical
instability,” as well as potentially suppress unwanted isomer-
ization reactions, which would reduce the UV filtering
capacity.””*” These evidence suggest that cationic zeolites
are promising materials for the production of hybrid UV filters
and that other framework topologies should be explored, trying
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to maximize the weight percentage of organic filters in the
system.
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