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. Introduction

The existence of a strongly bonded layer in
associating liquids within silica pores — a spectral
and molecular dynamics study+

Natalia Soszka, (2@ Magdalena Tarnacka, ) ** Barbara Hachuta, (2
Patryk Wtodarczyk, (22 © Roman Wrzalik,® Marek Hreczka,““ Marian Paluch® and
Kamil Kamirski 2 °

The properties of confined materials are assumed to be governed by the phenomena occurring at the
interface, especially the formation of an irreversible adsorption layer (IAL), which has been widely dis-
cussed and detected in the case of thin polymer films and silica nanoparticles. In this paper, we present a
novel experimental approach allowing us to reveal the formation of an IAL in two phenyl alcohols infil-
trated into various mesoporous silica templates. The proposed methodology (based on evaporation)
allowed us to detect the alterations in the OH and aromatic CH stretching vibration bands in infrared
spectra, which were considered as evidence of the existence of IAL in constrained systems. Such
interpretation was also confirmed by complementary molecular dynamics (MD) simulations that indicated
the creation of much stronger hydrogen bonds between alcohols and silanol units than between alcohols
themselves. Moreover, computation allowed us to identify additional enormously strong n-stacking inter-
actions between phenyl rings stabilizing the interfacial layer. MD simulations also shed new light on the
clustering process of both alcohols under confinement. Simulation and experimental data presented in
this paper allowed a much deeper understanding of the processes occurring at the interface-formation of
IAL and the association phenomenon at the nanoscale level.

surface effects. However, despite continuing research efforts,
the detailed understanding of the confinement effect is yet to

Soft materials under nanometric spatial constraint have
attracted over recent years a growing interest from both scienti-
fic and industrial perspectives, which arises due to their
(often) significantly different behavior from that of their bulk
counterparts, just to mention differences in phase
transition,” dynamics,®™ or the tendency to crystallization.®”
This makes them promising agents in developing a novel gene-
ration of drug carriers,®° sensors,'* coatings,'” fuel cells,"
etc. Changes in basic parameters of confined materials are
considered to be an effect of mainly two factors: finite size and
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be fully addressed (i.e., the contribution of different factors
allowing the prediction of the behavior of partially restricted
systems).

One can recall that a majority of recent studies suggested
the dominant influence of the latter issue (surface effects),
which consists of, eg, interactions'”’ (and surface
polarity"®'’) as well as roughness,">'® curvature'® and wett-
ability, might be the dominant factor. Nevertheless, it seems
that one of the most interesting surface effects affecting/gov-
erning the behavior of confined materials is the formation of a
fraction of molecules irreversibly adsorbed at the interface of
the applied constrained medium (assigned as an irreversibly
adsorbed layer, IAL). The occurrence of an IAL was first shown
in the case of annealing experiments of capped thin poly-
styrene films performed by Napolitano and Wiibbenhorst.>
The investigation revealed the shift of the segmental relaxation
process with time due to the density perturbation leading to
the thickening of ‘the layer of chains irreversibly adsorbed
onto the substrate’ (Guiselin brushes) upon annealing, result-
ing in a change in the glass transition temperature, T, (even
recovery of the bulk-like behavior).?°>* It was assumed that

This journal is © The Royal Society of Chemistry 2024
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the surface coverage increases as the new coming molecules
more loosely interact with the surface and are adsorbed by
fewer segments forming loops, tails, and trains,”*>* depending
on the polymer rigidity and, also sometimes, on the interfacial
dynamics.?® This was attributed to the formation of a defined
IAL of molecules due to a decreasing free volume over time.
Those observations also agreed with theoretical studies taking
into account various free volume-based models, ie., free
volume diffusion model®®**” or a cooperative free volume
model,”®*° which clearly show that the detected changes in
the segmental dynamics and T, might result from either the
diffusion of free volume holes or free volume-dependent seg-
mental relaxation behavior of confined systems, respectively.
Herein, it is also worth stressing that the formation of the IAL
was also reported in the case of materials cast on silica
nanoparticles.’’* Surprisingly, many of the above-mentioned
effects observed for various thin polymer films (considered as
one-dimensional confinement) are also recognized in higher-
dimensional spatially constrained systems such as porous
materials (two-dimensional confinement). One can mention
the changes in dynamics upon annealing observed for various
low->>*® and high-molecular-weight glass®**® formers infil-
trated within either silica or anodized aluminum oxide (AAO)
porous template characterized by different pore size, d =
10-160 nm. It should be also highlighted that in some cases,
even the recovery of the bulk-like properties after prolonged
annealing were reported.>**° However, despite those simi-
larities between the behavior of thin polymer films and porous
materials, we still do not know whether these effects have the
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same molecular origin. Up to now, the existence of IAL has
been experimentally confirmed only in the case of the former
systems; as for the latter, this issue has yet to be addressed.
This raises the question of whether it is possible to obtain/
extract this layer in membranes, and if formed, whether it is
governed by the same physics as in the case of thin films and,
thus, is a fundamental feature of spatially confined systems.
Herein, we address some of those questions as we investi-
gated two monohydroxy phenyl-substituted alcohols (PhAs),
2-phenyl-1-ethanol (2Ph1E) and 3-phenyl-1-propanol (3Ph1P,
see their chemical structures in Fig. 1), infiltrated into silica
mesopores of d = 4-8 nm by means of Fourier transform infra-
red (FTIR) spectroscopy. However, to verify the existence of IAL
in porous systems, we propose a slightly different approach in
contrast to the Guiselin brushes experiments.?>*'™** As porous
materials are characterized by highly curved interface when
compared to thin films (see Fig. S1 in ESI{), instead of remov-
ing the liquid inside the pores by ‘washing out’, the substances
were evaporated from the silica templates. This approach
would allow us to avoid the presence of any solvent, which
might remain in the system after the procedure. The choice of
materials for this study was not accidental. We chose two
associating liquids (characterized by a different length of alkyl
chain; see Fig. 1), which relatively easily evaporate at ambient
pressure. Moreover, in this study, we applied two types of silica
membranes, native (of untreated hydrophilic interface) and
silanized (of treated hydrophobic interface), to distinguish the
role of specific interactions (in this case, hydrogen bonding,
H-bonding) in the formation of IAL. The nanoporous silica
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Infrared spectra of bulk 2Ph1E (a) and 3Ph1P (b) together with those obtained for PhAs infiltrated into native silica templates of d = 4 nm

measured at T = 297 K in the spectral region 3800-2600 cm™ . The spectra were normalized to the OH stretching vibration peak. Additionally, in

each case, a spectrum of empty native silica template is included.
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templates were prepared by electrochemical etching of silicon
wafers and subsequent thermal oxidation, according to the
procedure reported in ref. 44 and 45.

lI.  Experimental

Materials

2-Phenyl-1-ethanol (2Ph1E) of purity > 98% and 3-phenyl-1-
propanol (3Ph1P) of purity 98% were purchased from Sigma
Aldrich. Before any experiments, the samples were dried under
a stream of liquid nitrogen. The chemical structures of com-
pounds are presented in Fig. 1.

Silica (SiO,) membranes

Mesoporous silica templates characterized by pore diameter
d = 4-8 nm were prepared by electrochemical etching of silicon
wafers and subsequent thermal oxidation. For more infor-
mation, see ref. 45.

Sample preparation

Before filling, SiO, membranes were dried in an oven at T =
373 K under a vacuum in order to remove any volatile impuri-
ties from the nanochannels. After cooling, the templates were
placed in a small glass flask containing alcohol. The whole
system was maintained for ¢ = 1.5 h at T = 323 K in a vacuum
(1072 bar) to allow infiltration of alcohols into the mesopores.
After filling, the excess sample located at the surface of the
membrane was removed.

Fourier transform infrared (FTIR) spectroscopy

Temperature- and time-dependent measurements were per-
formed using a Nicolet iS50 spectrometer (Thermo Scientific).
Every spectrum was an average of 16 scans collected with a
resolution of 2 cm™'. During low-temperature measurements
(T = 297-153 K), the bulk of each monohydroxy alcohol (MA)
was placed between two CaF, windows with 3.5 pm spacers
made of polyethylene terephthalate in order to obtain a
uniform thickness of samples. The spectra were recorded every
4 K, with a cooling rate of 4 K min~". Throughout the measure-
ments, liquid nitrogen was passed through the spectrometer
to avoid atmospheric H,O and CO, in the spectra. A Linkam
heating/cooling stage (Linkam Scientific Instruments Ltd,
Surrey, UK) was used to collect the spectra. The annealing
spectra of bulk substances were recorded using a GladiATR
(Pike Technologies) with a single reflection monolithic
diamond. To study the evaporation process, 2Ph1E was
measured at 7= 353 K and 3Ph1P at T = 363 K in a time scale
of 1 hour. For infiltrated systems, the temperature-dependent
experiments were performed in the temperature range T =
297-153 K with the use of a heating/cooling stage, collected
every 4 K at a rate of 4 K min~". As backgrounds, the spectra of
empty silica membranes were used in order to obtain data
without bands originating from empty pores. The annealing
measurements were performed at 7= 353 K and T = 363 K for
2Ph1E and 3Ph1P, respectively. For each system, the sample
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was heated up from room temperature to the desired anneal-
ing temperature, where spectra were collected every 1 minute
for 1 hour.

Raman spectroscopy

The Raman experiment for bulk and infiltrated 2Ph1E was per-
formed using a WITec confocal Raman microscope (CRM
alpha 300R) featuring an air-cooled solid-state laser (4 =
532 nm, P = 10 mW). An Olympus LMPlanFI 50x objective was
chosen. The collected Raman spectra were accumulated by 30
scans with an integration time of 2 s and a resolution of

2cem™n

Density functional theory (DFT) calculations

DFT calculations were performed with the ORCA 5.0.4
package.’®™° All the geometry optimizations were done with
the B97M-D4 functional and 6-31G(2df,2dp) basis set. Energy
evaluations were done using hybrid B97 functional with
additional D4 corrections and 6-311G(2df,2pd) basis set. The
interaction energies were calculated as a difference between
the energy of the optimized dimer and the sum of the energy
of isolated molecules, according to the following equation:

n
Eine = Er — ) E; )
i=1

where Ej, is the interaction energy, Er is the total energy of
the entire complex, and E; is the energy of every isolated mole-
cule forming a complex.

Molecular dynamics calculations

Molecular dynamics study was performed with the Gromacs
2023°'%* program package. The initial pore structures were
modeled in PoreMS software.”® Pores with two different sizes
were simulated. The length of the pores was equal to 8 nm
(12 nm for larger ones), while the inner diameter was equal to
4 nm (8 nm for larger ones). The pore was placed in a box with
a length of 12 nm (16 nm for larger ones). On both sides of the
pore, there was empty space (2 nm length on each side) pre-
pared for the molecular reservoir. The pore and additional
empty space were further filled with alcohol molecules (2Ph1E
or 3Ph1P). The initial simulation was done with the isother-
mal-isobaric ensemble (NPT), where the pressure was set to 1
bar in the z direction and temperature to 293 K (c-rescale
mode as barostat and v-rescale mode as thermostat were used).
The positions of silica net atoms were frozen in the x and y
directions while they were free in the z direction during simu-
lation (which was the direction of applied pressure). The initial
simulation time was equal to 5 ns, which was sufficient for
density equilibration. In the next step, the pore structure filled
with alcohol, without additional space outside the pore (reser-
voir), was cut and set as the starting configuration for the next
production runs. The production runs were done with frozen
silica net atom positions and canonical ensemble (NVT) with
the v-rescale thermostat type and temperature set to 293 K.
The NVT simulation time was equal to 20 ns, which was

This journal is © The Royal Society of Chemistry 2024
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sufficient for producing a well-equilibrated system. In all simu-
lations, AMBER force field was used, which is accurate for the
silica-organic materials systems.>® The bulk systems of 2Ph1E
and 3Ph1P were simulated with the NPT ensemble in a cubic
box (500 molecules each). The initial structures for bulk simu-
lations were prepared by the Packmol program.?” The maps of
distribution functions were done with the use of the TRAVIS
program®®®° for trajectory analysis. Cluster analysis was per-
formed in Gromacs software. The clusters were identified
based on the criterion of the distance between the acceptor
and donor atoms, which must be below 0.35 nm.

[1l. Results and discussion

To monitor all changes within the examined materials, we per-
formed FTIR measurements to probe their intermolecular
dynamics, where special attention was mainly paid to the
bands assigned to the stretching vibrations of (i) the hydroxy
(OH) groups that are not involved in intermolecular hydrogen
bonds (HBs) (named free OH) (Von free ~ 3550 cm™), (ii)
H-bonded OH units (Von bonded ~ 3330 cm™), as well as (iii)
the aromatic CH moieties (vcy aromatic ~ 3100-3000 cm ™), see
Fig. 1. The scope of this article is as follows. At first, we
studied the freshly prepared confined materials in comparison
to the bulk; then, the evaporation experiments were per-
formed; and at the end, experimental results were compared
with the outcome of the molecular dynamics simulations. To
our best knowledge, this study is the first one in the literature
that reveals/confirms the formation of a layer strongly bonded
to the curved surface with properties similar to IAL, which
complements our knowledge about this phenomenon, which
was mostly studied in case of thin films®*™®® or
nanoparticles.®®%°

Fig. 1 shows the FTIR spectra collected for both bulk com-
pounds and MAs infiltrated into the native silica mesopores at
room temperature; for comparison, the spectrum of the
‘empty’ native silica membrane is also included. Both MAs,
2Ph1E and 3Ph1P, are characterized by a similar position of
the bands assigned to the stretching vibrations of H-bonded
OH units (ca. 3330 cm™"), while their widths (the full width at
half maximum, FWHM) are slightly different (FWHM,pp1g >
FWHM3;pn1p; see Fig. S21). This indicates that 2Ph1E exhibits a
slightly higher heterogeneity in the distribution of HB strength
than 3Ph1P.”° Interestingly, only a few differences occurred in
the investigated systems after the incorporation of the exam-
ined PhAs into the silica mesopores (see Fig. S3t). We draw
the reader’s attention to four of them.

Firstly, a sharp peak at ~3750 cm™ originating from the
stretching vibration of ‘free’ (non-associated) OH (Si-OH)
groups in the spectrum of an ‘empty’ native silica membrane
is not detected in the spectra of confined MAs (grey line in
Fig. 1). This is a clear indication of the effective infiltration of
the studied alcohols.

Furthermore, surprisingly, the Vo pondea bands of confined
MAs are only slightly blue-shifted (shifted towards higher

1
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wavenumber) relative to the bulk samples, which suggests a
shortening of the OH bond lengths correlated with the weak-
ening of the existing HBs. This fact can result from increased
steric repulsion between alcohol molecules due to their con-
finement. One can also mention that the detected blue-shift
was widely noticed in the case of other confined MAs, ie.,
2-ethyl-1-hexanol, 2-ethyl-1-butanol, and 5-methyl-3-hepta-
nol,”* as well as confined water and its isotopic
derivatives.”>”’° In the latter case, the observed spectral effect
was explained by the formation of weak H-bonding inter-
actions between OH groups (interfacial water molecules) with
the silica oxygen atoms, which exhibit weaker H-bond accept-
ing ability compared to water molecules.”

Thirdly, the constrained systems exhibit a larger FWHM of
their von bondea bands compared to bulk ones, suggesting a
greater heterogeneity of the environments experienced by the
confined MA molecules. Interestingly, the broadening of these
bands in the analyzed spectra is more pronounced in the
lower wavenumber region. Therefore, at first glance, it may be
assumed that an increase in the voy pondea bandwidth arises
from the presence of OH groups engaged in stronger HBs
under confinement.

Lastly, the confined samples show a higher intensity of the
Von free Dands compared to bulk samples, which indicates that
the confinement affects the association process of MAs and
reduces the formation of H-bonded aggregates. It should be
highlighted that the same observations were found in the case
of MAs incorporated within silanized silica mesopores (see
Fig. S47).

Taking into account the above-mentioned findings, one can
assume that, surprisingly, the differences in the strength and
the population of HBs occurring in bulk and confined MAs are
relatively small despite the application of silica templates
characterized by small pore size of d = 4 nm. Note that the
same behavior was also observed in the case of PhAs within
silica templates of d = 8 nm. We assume that this interesting
behavior might be a result of two scenarios: (i) the mean size
of the nanoaggregates formed by the examined MAs is not
affected by the spatial restriction®*® or (ii) the recorded
signal is dominated by the ‘core’ molecules, which are charac-
terized by bulk-like properties.®*®> In this context, one can
recall that previous studies on a series of PhAs diluted in
carbon tetrachloride (CCl,) showed that they form nanoaggre-
gates consisting of 2-3 molecules (independent of their mole-
cular weight).”® It should be noted that these results agree well
with molecular dynamics computations, supported by X-ray
diffraction, which revealed that PhAs organize into dimeric
and trimeric H-bonded clusters, maintained by additional
weak interactions.®® Thus, it might indicate that the former
scenario is valid. However, as the latter cannot be completely
ignored, we decided to remove the ‘core’ molecules from the
examined confined systems. For this purpose, the studied
porous materials were heated to the chosen temperature (T =
353-363 K) to evaporate the molecules that are not strongly
interacting with the interface of membranes. Note that in the
case of bulk compounds, the complete evaporation at those
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temperatures was accomplished in less than one hour (¢ =
40 min; see Fig. S51); thus, the same procedure was applied in
the case of the examined incorporated MAs.

Fig. 2(a) and Fig. S7t show the FTIR spectra collected
before (¢ = 0 min) and after (¢ = 60 min, longer than required
to remove the bulk sample) the evaporation process of 2Ph1E
infiltrated into native silica mesopores. Data for confined
3Ph1P are shown in Fig. S8.f As one can see, a systematic
reduction of the intensity of all bands in the recorded spectra
was detected upon evaporation. However, despite this fact,
FTIR spectra collected after the evaporation revealed the pres-
ence of all three characteristic regions previously observed for
both bulk and confined MAs (before the evaporation);
however, with some differences. This finding might be shown
in a better way in Fig. 3, where we compare all available FTIR
spectra together. Note that data collected after the evaporation
did not exhibit the presence of a sharp peak at ~3750 cm™*,
characteristic for an ‘empty’ native silica membrane, which
clearly shows that molecules of examined alcohols are still
present within the porous materials after the evaporation
(Fig. 3). The same behavior was also observed in the case of
PhAs within silica templates of d = 8 nm, please see Fig. S6.}
Therefore, we assume that all changes observed within the
examined porous materials after evaporation are solely related
to the formation of the interfacial layer strongly bonded to the
pore walls.
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The most significant changes are observed in both voy
bonded aNd Von free band ranges (Fig. 2(a) and Fig. S71). In the
case of the vom pondea band, one can see a very broad structure
of relatively small amplitude, whereas for the von free band,
aside from broadening, a pronounced shift towards higher
wavenumber can be observed as well. Interestingly, the same
changes occurring within the ‘residual’ voy band were pre-
viously also observed for MAs diluted in CCl, solution”® (those
data are included in Fig. 3). As can be observed, the voy free
bands in both spectra are located in a similar spectral range,
which might imply that there are some non-H-bonded alcohol
molecules present in the confined samples. This observation
agrees with the results presented for water confined in peri-
odic mesoporous (organo)silicas, which showed that in the
adsorbed layer, non-bonded OH groups and van der Waals
water-water interactions may still exist.®” In this context, one
can also assume that the observed very broad and blurred vy
ponded Dand of confined 2Ph1E after evaporation also somehow
resembles the one recorded for dissolved PhAs, which was pre-
viously assigned to the dominant presence of small H-bonded
alcohol aggregates.”® Such complex character of the signal of
evaporated samples provides direct evidence of the existence
of different specific interactions occurring at the silica/alcohol
interface, i.e., O-H---O or O-H---1& HBs.

In the next step, we focused on the vcy aromatic bands
(located at 3100-3000 cm™'), which were well visible in the
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(a and c) FTIR spectra before and after the evaporation process of 2Ph1E infiltrated into native silica mesopores (d = 4 nm) at t = 0 min and t

=60 min in the (a) 3730-2600 cm™ and (c) 3130-2990 frequency regions. (b and d) Raman spectra of 2Ph1E within native silica nanopores at room
temperature after evaporation at T = 353 K in the (b) 3300-2700 cm™ and (d) 1700-1500 cm™ spectral regions.
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Fig. 3 Comparison of FTIR spectra recorded in the spectral region 3800-2600 cm™ at T = 297 K of bulk 2Ph1E (a) and 3Ph1P (b), MAs infiltrated
into native silica mesopores of d = 4 nm before and after evaporation, and bulk MAs within 0.1 M solution of CCl,. For comparison, in each case, the
FTIR spectrum of an ‘empty’ native silica membrane is also included. Data for the bulk samples measured within 0.1 M solution of CCl, were taken
from ref. 70. Data collected for PhAs within silica templates of d = 8 nm are shown in Fig. S6.}

spectra after the annealing process and, interestingly, they
shifted towards higher wavenumbers after evaporation for
both confined MAs (Fig. 2(c) and S7(d)f). This also clearly
proves two issues: (1) there are some molecules of alcohols
present within porous materials after the performed evapor-
ation (of duration longer than required for the bulk sample)
and (2) these molecules have a different conformation from
those observed for the freshly prepared samples due to the
adsorption processes (of physical and/or chemical nature).
Thus, this spectral region might be the fingerprint of the
remaining IAL within the examined mesoporous matrices.

To identify the mechanism of the adsorption processes
occurring at the silica/alcohol interface, i.e., physisorption or
chemisorption, we also performed Raman measurements on
infiltrated 2Ph1E at room temperature (T = 297 K) before and
after the annealing process. As shown in Fig. 2(b and d), the
positions of the vcy aromatic peaks (the band at 3058 cm™)
moved to a higher wavenumber (3063 cm™") after evaporation.
Moreover, the change in the band’s subtle structure located at
~1610 cm™" (the stretching vibrations of C=C groups) was
also visible (Fig. 2(d)). On the other hand, no new/additional
bands associated with creating a new type of bond, being the
manifestation of the chemisorption process, were observed in
the Raman spectra of infiltrated 2Ph1E after evaporation
(Fig. S9t). These findings clearly indicate structural/confor-
mational changes of MAs occurring in confinement after
annealing. What is more, they are an effect of the adsorption
processes of a physical nature (physical adsorption). In this
context, it can be added that gravimetric studies conducted for
aliphatic alcohols incorporated into MCM-41 mesoporous tem-

This journal is © The Royal Society of Chemistry 2024

plates also indicated that the physisorption process occurs in
confinement.®®

It should be highlighted that identical spectral effects were
observed during the evaporation of both alcohols from sila-
nized silica templates (Fig. S7(c, d) and S8(c, d)t). Surprisingly,
in the case of silanized systems, the remaining signal in FTIR
spectra originating from MA molecules was still detected after
¢t = 60 min, just like for native templates (Fig. S6(c, d) and S7(c,
d)t). Moreover, the vch aromatic bands were also shifted for
both MAs incorporated within silanized silica templates after
evaporation. However, the intensity of the analyzed signals was
smaller when compared to that coming from the untreated
templates. For better clarity, a comparison of FTIR spectra for
2Ph1E within silanized membranes of d = 4 nm is presented
in Fig. S10.1

In order to gain deeper insight into the behavior of studied
alcohols in pores, with special emphasis on the molecules
directly interacting with the pore walls, MD simulations were
carried out. In Fig. 4(c), the simulated model is shown. The
initial model is composed of an 8 nm-length silica pore with a
diameter of d = 4 nm and additional reservoirs on both ends
of the pore filled with the studied alcohol. The initial simu-
lation was performed in the NPT at temperature 7 = 293 K and
pressure p = 1 bar, which was applied in the z direction (aniso-
tropic) to obtain proper alcohol density inside the pore. As one
can see in Fig. 4(c), after the equilibration, the 2Ph1E alcohol
density in the pore is approximately 30% lower than in the
reservoir outside the pore (0.67 g cm™> versus 1 g cm™>), where
there is a typical bulk density. Importantly, this result agrees
very well with the data reported in ref. 89, where it was shown
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(a) Density maps of 2Ph1E within pores of d = 4 nm in the xy plane. From left to right, maps for 100%, 75%, 50%, and 25% of the initial

density are presented. (b) Density maps of 3Ph1P within pores of d = 4 nm in the xy plane. From left to right, maps for 100%, 75%, 50%, and 25% of
the initial density are shown. (c) Silica pore filled with alcohol: model and density map for an equilibrated model in the xz plane with marked average

density in the different zones.

that the free volume inside pores is higher with respect to the
bulk material. After the initial NPT simulation, the box was
limited to the pore only (without additional molecular reser-
voirs), and NVT production runs with constant volume were
performed. In the last step, the evaporation of alcohol from
the pore was simulated by performing NVT simulations with
reduced alcohol density inside the pore with 75%, 50%, and
25% initial density. This procedure mimics the evaporation
experiment described above. In Fig. 4(a) and (b), one can
observe the xy plane cut through the center of the pore with
the mapped alcohol density. It is clearly seen how the
reduction of the amount of alcohol molecules from 100% to
25% 1is associated with the formation of an alcohol layer on
the inner surface of the silica pore. Moreover, there are slight
differences between 2Ph1E and 3Ph1P. In the case of 2Ph1E,
the formation of the inner layer is more pronounced than in
the case of 3Ph1P (its formation becomes visible at 75% of
initial density). This is caused by the differences in the

6642 | Nanoscale, 2024, 16, 6636-6647

H-bond interaction energies between alcohol molecules as well
as between alcohol-silica molecules.

Moreover, the impact of the pore size on the formation of
the alcohol layer at the silica pore interface was checked by
performing additional MD simulations. The simulation was
performed on the silica pore characterized by d = 8 nm filled
with 2Ph1E molecules (see Fig. 5(a)). It was found that the
elimination of alcohol molecules from the pore interior led to
the formation of the same alcohol layer as in the case of the
pore with a diameter d = 4 nm. Although the process of layer
formation occurs in both systems, a significant difference in
alcohol density inside different pores was found. In the case of
d = 4 nm, the average alcohol density is equal to 0.67 g cm™,
while it is equal to 0.86 g cm ™ in the case of d = 8 nm (versus
1 g em™ in the bulk system). The formation of the alcohol
layer, as well as a comparison of alcohol density in the xy-
plane for 2Ph1E for both systems filled with molecules at 25%

of initial density, is shown in Fig. S11.}

This journal is © The Royal Society of Chemistry 2024
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(a) Maps of 2Ph1E presenting phenyl ring distance versus dihedral angle between phenyl rings in the pore system. The marked boxes are the

areas of sandwich-type n-stacking interactions. (b) Histogram comparing the formation of clusters in the 2Ph1E alcohol in bulk and in pores with dia-
meters d = 4 nm and d = 8 nm. (c) Model representing interactions at the pore—alcohol interface and the role of HBs and n—x interactions. (d)
Energy of n-stacking interaction between two 2Ph1E molecules calculated in the DFT model.

MD simulations have also been used to obtain HB cluster
distributions for 2Ph1E and 3Ph1P alcohols. In Fig. 5(b), a
comparison of histograms for 2Ph1E in the bulk and pores
with d = 4 nm and d = 8 nm is presented. As one can see, the
alcohol molecules form the strongest clusters in the bulk
system and the weakest in the small pore of d = 4 nm. The
clustering ability of alcohol molecules in large pores of d =
8 nm diameter is between that in small pores of d = 4 nm and
the bulk system. More distributions of clusters are presented
in Fig. S12.1 Interestingly, the distribution of self-assemblies
formed by alcohol-alcohol interactions in the pores is similar
to the distribution of clusters in a bulk system. However, the
average cluster size is slightly lower in the pores for both alco-
hols. This result is quite consistent with the FTIR data that
indicated a very small change in the position of the voy ponded
band in the pores with respect to the bulk sample. In the case
of 2Ph1E, we have an average cluster size, a, equal to 3.7 mole-

This journal is © The Royal Society of Chemistry 2024

cules in the bulk system and 3.2 molecules within the pores,
which can be related to the 30% lower density. For 3Ph1P, the
situation is similar, where a = 4.5 molecules and a = 3.3 mole-
cules within bulk and pores, respectively. In bulk 3Ph1P,
20.6% of molecules are non-H-bonded (monomers), while in
2Ph1E, there are 14.9% monomers, which means a higher
association degree of 2Ph1E than of 3Ph1P. The next compari-
son is related to all HBs in silica pores (ie., silica-silica,
alcohol-alcohol, and alcohol-silica) with initial and reduced
alcohol density (100% and 50%). 2Ph1E in both density scen-
arios (100% and 50%) has more clusters than 3Ph1P. For an
initial 100% density, there are only 6.9% free OH groups in the
entire 2Ph1E pore system, while this value is 22.2% for 3Ph1P.
However, when we compare HBs existing only in the core
region between alcohol molecules, the percentage of free OH
groups is higher in the pores than in the bulk for both systems
(30% free OH groups in 2Ph1E and 33% in 3Ph1P). This result

Nanoscale, 2024, 16, 6636-6647 | 6643
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also agrees with the FTIR data, showing an increase in the vy
free Dand intensity for confined samples compared to bulk
samples, thus the existence of a larger amount/number of
monomers under confinement. When the density is reduced
to 50% of the initial value, and we take into account all HBs
(silica-silica, alcohol-alcohol, and silica—alcohol), there are
14% free OH groups in 2Ph1E, while 30% in 3Ph1P. During
the reduction of alcohol density in the pores, the differences
between 2Ph1E and 3Ph1P systems become smaller, which can
indicate that the strength of the silica-alcohol bond and ten-
dency to form layer are similar for both systems, while
alcohol-alcohol HBs are much weaker in 3Ph1P. The same be-
havior was observed for 2Ph1E in the pore with diameter d =
8 nm. There are 10.6% free OH groups in the entire pore
system, while 19.3% free OH groups in the core area (alcohol-
alcohol). The data related to the average densities and
amounts of free OH groups in all studied systems are pre-
sented in Table S1.}

The formation of the layer caused by the physisorption
process is related to the H-bond interactions between hydroxyl
groups from alcohol and silica. Therefore, in the next step, we
performed an analysis of H-bond cluster formation in bulk
alcohols and in pores fully filled with alcohol and after partial
evaporation (50% of density). Moreover, we have used DFT cal-
culations to obtain interaction energies between alcohol mole-
cules and between alcohol and silica. It was found that the
H-bond energy between silica and alcohol is higher than
between two alcohol molecules, but only when the silica group
is a donor and alcohol is an acceptor of the H-bond. The inter-
action energy, Ei,, between two 2Ph1E molecules is equal to
Eine = 42.6 k] mol™'. When SiOH or SiO,H, groups are donors
and alcohol is the acceptor, the interaction energies are equal
t0 Einesion = 45.3 kJ mol™ and Eiyesion, = 50.2 kJ mol ™,
respectively. In the opposite situation, when the alcohol is a
proton donor, and SiOH or SiO,H, are acceptors, the inter-
action energies are equal to Eincsion = 30.5 KJ mol™* and
Einesio,n, = 32.1 kJ mol™, respectively. This is a clear indi-
cation that from the energetic point of view, the most stable
are connections of alcohol with the pore SiOH and SiO,H,
groups when the alcohol is an acceptor of hydrogen. In the
aromatic alcohols, there are also present z-stacking
interactions;’®°' thus, we have calculated the energies of two
possible n-stacking formations. The first one is a sandwich
type, which is slightly displaced, and the second one is a
T-shape n-stacking. The energy of the sandwich-type inter-
action is equal to Eint sandwich = 26.8 k] mol™", while the energy
of the T-shape reaches Ein¢r-shape = 16.4 KJ mol™. The sand-
wich-type interaction is shown in Fig. 5(d). The energy of sand-
wich n-stacking is two times smaller than the energy of the
H-bond. However, when alcohols are connected by HBs to the
inner layer of silica pores, these interactions can stabilize ener-
getically the layer. This effect was found during molecular
dynamics study, where in simulations mimicking evaporation,
sandwich n-stacking interactions are abundant (see Fig. 5(a)).
Therefore, the stability of the inner layer is greatly enhanced
by the strong HBs with silica and by the additional n-stacking
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interactions of alcohols connected to the silica by HBs. The
visualization of such stable connection of alcohol with silica
surface is presented in Fig. 5(c). It should be noted that this
finding correlates well with the results of FTIR measurements,
i.e., these m-stacking interactions occurring between the
studied MAs can be responsible for the shift of the vcy aromatic
bands towards higher wavenumbers after evaporation of con-
fined MAs. Hence, as observed from FTIR data and molecular
dynamics simulations, the formation of the interfacial layer
induces and strengthens m-stacking interactions between
alcohols.

IV. Conclusions

In summary, we conducted FTIR measurements for two MAs
infiltrated into native and silanized silica mesopores (d =
4-8 nm) to investigate any differences in the nature of inter-
actions under these conditions (the impact of confinement on
intermolecular interactions). Initially, the spectra of both
systems (bulk vs. confinement) showed only little discrepan-
cies, indicating that the ‘core’ layer of the molecule dominates
in infiltrated MAs. Interestingly, this finding was well sup-
ported by the MD simulations that revealed the small impact
of the nanoscale confinement on the association phenomenon
in both alcohols. To remove the bulk-like fraction (core layer),
we proposed a solvent-free approach depending on the evapor-
ation process. In this way, the layer at the interface was
revealed for the first time in 2D-constrained systems.
Importantly, the obtained ‘residual’ band was characterized by
a new subtle structure compared to that in the bulk and con-
fined MAs. The changes especially observed in the high-fre-
quency region of IR spectra suggested the differences in the
arrangement of both free and associated OH groups. The
source of the observed differences was the formation of a layer
adsorbed on the interface (IAL). It should be noted that these
changes were obtained regardless of the kind/type of silica
templates used (non-treated/treated). What is more, the
Raman spectra of 2Ph1E in native silica mesopores before and
after annealing clearly indicate the formation of IAL due to the
physisorption mechanism, not chemisorption. Importantly,
these suppositions were further confirmed by MD simulations,
which indicated the formation of the interfacial layer (con-
sidered as IAL due to its resistance to the evaporation process)
attached to the silica pores that is stabilized by the effective
H-bonds and enormously strong =-stacking interactions. In
conclusion, we present a pioneering work with a novel
approach to examining strongly bonded interfacial layers
formed in pores of similar characteristics to IAL investigated
in thin films or silica nanoparticles.

Data and materials availability

The ESIF file is available free of charge at https:/pubs.acs.org.
It contains additional figures and tables, including the sche-
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matic structure of silica mesopore templates, IR spectra of
bulk and infiltrated MAs at room temperature, IR spectra of
bulk MAs before and after evaporation, IR spectra of MAs infil-
trated into native silica pores (d = 4 nm and 8 nm) before and
after annealing, IR spectra of empty silanized silica template,
Raman spectra of bulk and 2Ph1E incorporated into nano-
pores before and after annealing at 297 K, distribution of
2Ph1E molecules in xy plane within d = 8 nm nanopore at
different levels of initial density, the density of 2Ph1E mole-
cules in the pore for the equilibrating NPT, schematic exist-
ence of strongly bonded alcohol layer at the silica interface for
silica mesopores (d = 4 and 8 nm) obtained from molecular
dynamics calculations, histograms comparing the formation
of clusters in MAs in mesopores with d = 8 nm with 100% and
50% alcohol densities, and a table including average densities
of alcohols, and the amounts of free OH groups in the studied
systems.
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