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Controlling the assembly of molecules in thin films is essential for developing functional materials for
sensitive and smart coatings. Highly oriented heterogeneous and optically anisotropic 2D silica films
were prepared at the liquid-liquid interface using octadecylsilane and perylenesilane as starting
materials. The film formation involved the organization of molecules assisted by van der Waals
interactions and network formation from silica polymerization. All films were fully characterized using
a wide range of instruments. Wetting behavior of the thin film was established using contact angle
measurement. The octadecylsilica (O-Si) film showed a water contact angle of ~107° on the
hydrophobic side and ~70° on the hydrophilic side. The films prepared from perylenesilane (P-Si) and
mixtures of perylenesilane and octadecylsilane (PO,-Si) through hydrolysis, were fully characterized and

showed higher contact angle than the O-Si films. As expected, an increase in the concentration of
Received 4th May 2017 tadecylsilane in PO,-Si film led to the disruption of th tacking of peryl followed b
Accepted 21st June 2017 octadecylsilane in PO,-Si film led to the disruption of the -7 stacking of perylene groups, followed by
changes in optical properties of the film, which were established using spectroscopic techniques. Such

DOI: 10.1039/c7ra05036d bifunctional anisotropic films can be used for creating interesting functional coatings on different
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1 Introduction

Interfacial polymerization or polycondensation has gained
popularity over bulk polymerization in recent years owing to its
wide range of applications in membrane technology"* and
catalytic applications.’ Polyamides* and polyureas® are widely
used for preparing thin or unimolecular films using interfacial
polymerization due to their high flexibility and thermal
stability.*” Interfacial polymerization is a process involving
polycondensation of reactants at the interface of two immis-
cible phases (i.e. air/water or liquid-liquid) under normal
conditions of temperature and pressure to yield a thin dense
polymer film.**° Such controlled polymerizations are widely
used to prepare 2D organic polymers but only a few studies have
been carried out to form structurally organized films from
organic/inorganic molecules as building blocks.'"**

Porous silica films are used for antireflective coatings*® and
as membranes for molecular separations.**** General methods

“Materials Research Laboratory, Department of Chemistry, National University of
Singapore, 3 Science Dive 3, Singapore 117543. E-mail: chmsv@nus.edu.sg
*Department of Physics, National University of Singapore, 2 Science Drive 3, Singapore
117542

T Electronic supplementary information (ESI) available: Molecular structure of
precursors used for preparing silica films, SEM images of silica films, TGA-DTA
analysis of O-Si, P-Si film and PO;4,-Si film, digital photograph of O-Si film
surface collected on a glass substrate, optical images of film in the presence
and absence of UV source. See DOI: 10.1039/c7ra05036d
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to prepare silicate films include the chemical vapor deposition
method (CVD)'**® or the sol-gel method followed by dip-
coating,"?° spin coating®** and spray coating.”® A simple and
cost effective methodology is needed to prepare homogeneous
silica film for practical applications. Liquid-liquid interface
conditions have been exploited for the synthesis of silica films
from methyltrimethoxysilane** and mesoporous silica films
were prepared for various applications.>

In this study, structurally oriented, optically anisotropic
silica films were prepared at the liquid-liquid interface poly-
merization and orientation dependent optical and wetting
properties were measured (Scheme 1). A unique advantage of
this method is the ability to incorporate desired molecules at
different concentrations without changing the direction of
molecular orientations (i.e. L to the plane of the film) during
the synthesis of silica film at the liquid-liquid interface. The
factors such as concentration, molecular structure, intermo-
lecular interaction and the aggregation properties are used to
control the organization and distribution of individual mole-
cules inside the film. Also, we investigate the structure-prop-
erty relationship of silica films prepared from octadecyl silane
and perylene silane molecules. Octadecylsilica films (O-Si)
showed hydrophobic properties on one side and hydrophilic
properties on the other side. Molecular orientation dependant
optical properties of perylene silica film (P-Si) and the hybrid
octadecyl-perylenesilica films (PO,-Si) were investigated in
detail.

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Molecular structure and schematic illustration of the general structure and formation of (a) O-Si and (b) P-Si and (c) PO,-Si at the

interface of two immiscible liquids.

2 Results and discussion

2.1. Mechanism of silica film formation at the liquid-liquid
interface

Silica film formation at the chloroform-water interface was
achieved through condensation of silane precursors (Fig. S17)
in the presence of a catalyst. The liquid-liquid interface offers
added advantages of forming a heterogeneous well-oriented
silica film using different monomers. Octadecyltricholorsilane
was dissolved in chloroform and PEI or ammonia was dissolved
in water. In the presence of the base catalysts, the chlorosilane
or alkoxysilane groups were hydrolyzed to silanols (-Si-OH) at
the interface between organic and aqueous phase, followed by
the condensation of Si-OH groups to form two dimensional Si-
O-Si network structures. Such interface reaction leads to well

This journal is © The Royal Society of Chemistry 2017

aligned silica films with hydrophobic organic groups are placed
in an oriented manner in the CHCl; layer.

Octadecylsilica (0-Si) films were compared using different
concentrations of octadecyltrichlorosilane and 2 wt% PEI as
a catalyst for a fixed time of 20 min. PEI was used as a preferred
catalyst over aqueous ammonia, due to the rapid polymeriza-
tion of octadecyltrichlorosilane at the chloroform-water inter-
face in presence of ammonia, preventing stable film formation
at the interface. Silica film formation was observed within
20 min upon the addition of octadecyltrichlorosilane in chlo-
roform layer and PEI catalyst in the aqueous layer. The film
formed was used for further characterizations. The observed
high rate of formation of the film could be due to high reactivity
of trichlorosilane which readily reacts with water to form Si-OH
group and undergo condensation stabilized by poly-
ethylenimine catalyst.*®

RSC Adlv., 2017, 7, 32692-32702 | 32693
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FESEM images of the film at the chloroform side (Fig. 1a and
S2at) and aqueous side (Fig. 1b) generated at the interface using
octadecylsilane were recorded. Minimum differences in
morphology of the film surface facing chloroform side (hydro-
phobic) and water side (hydrophilic) were observed. Micro-
structure analysis of hydrophilic side of the film was found to be
smoother with RMS roughness of 64.4, as compared to hydro-
phobic side which had a RMS roughness of 84.4. Hydrolysis and
condensation of silane precursors are much faster in the pres-
ence of water and silica film was formed at the interface of water
and chloroform. Owing to the presence of abundant water
molecules for the hydrolysis of octadecyltrichlorosilane, there is
little time for the individual clusters to grow before they cross-
link with each other leading to a smooth surface (Fig. 1b). As the
film thickness increases, the network hinders supply of water
molecules to the rest of the unhydrolyzed silane precursors in
the chloroform layer. The individual clusters grew in size before
crosslinking with each other leading to a formation of rough
surface of the film (Fig. 1a).

Similarly, perylenesilane with triethoxy group formed a film
at the interface after 1 day using ammonia as the catalyst.
FESEM image of P-Si film shows a rough surface which is
different from the surface morphology of O-Si film (Fig. 1c and
S2bt). P-Si film showed a surface roughness of ~115 on both
sides of the silica films. This is due to packing and aggregation
of rigid planar perylene molecules leading to highly disordered
films as compared to the film formed from flexible and linear
octadecyltrichlorosilane.

Silica films obtained by mixing N-(2-ethylhexyl)-N'-(3-
(triethoxysilyl)propyl)perylene-3,4,9,10-tetracarboxylic acid dii-
mide and octadecyltrimethoxysilane in molar ratios of 1:1,
1:10,1:100and 1 : 1000 showed changes in morphology upon

View Article Online
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increasing the concentration of octadecyltrimethoxysilane
(Fig. S2c-ff) when compared to silica film formed from pure
octadecylsilane (Fig. 1a) or perylenesilane (Fig. 1c) precursors.
At higher concentration of octadecylsilane such as PO;0-Si
(1:100) and POjgee-Si (1:1000), silica films formed were
continuous and showed a smooth morphology as compared to
silica film containing lower concentrations of octadecylsilane,
PO,-Si and PO,,-Si films. At higher concentration of octadecyl-
trimethoxysilane, the flexible octadecyl group tend to fill in the
gaps formed via the aggregation of the perylene units and form
a smooth film surface (Fig. 1d).

2.2. Fourier transform infrared spectroscopy (FT-IR) analysis

0O-Si and P-Si films formed were further analyzed by Fourier
transform infrared spectroscopy (FT-IR) (Fig. 2). A few peaks
corresponding to Si-O bonds are observed in the low frequency
region, 700-1400 cm ™ '. Asymmetric stretching vibration of Si-
O-Si can be observed at 1025 cm ™" for both O-Si and P-Si film,
which confirm silica network formation (Fig. 2a). A broad peak
at 3400 cm™ ' and at 1600 cm ™! corresponds to ~OH group from
silica or adsorbed water. Symmetric and asymmetric -CH,
stretching of O-Si film are observed at ~2851 cm™" and 2919
cm~'. The position of the -CH, asymmetric and symmetric
stretching peak maxima provides qualitative information about
the conformational order of the -CH,- groups on the alkyl
chains. For disordered random structures, the frequency of the
—-CH,- asymmetric stretching band is close to that of a liquid
alkane (2924 cm™') and for well packed alkyl chains, the
frequencies are shifted to lower wavenumbers (2915-2918
cm).?” The observed peak at 2919 cm " indicates high pop-
ulations of octadecyl chains are packed in a well ordered trans-
conformation.

Fig.1 FESEM micrographs of O-Si film (a) organic side and (b) aqueous side, morphologies on the organic side of (c) P-Si and (d) PO1g0-Si film.

32694 | RSC Adv., 2017, 7, 32692-32702

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra05036d

Open Access Article. Published on 27 June 2017. Downloaded on 1/13/2026 12:39:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

O-Si film

Transmittance (%)

View Article Online

RSC Advances
u PO,-Si films s
—
=
©
o 2923| 2851
c [11]
e e\
E 292212853 i
< 29232853 ! o
7
c
S
'—
1055

Wavenumber (cm™)

Fig. 2 FT-IR spectra of O-Si and P-Si films (a) and PO,-Si films of (i)

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

PO;-Si, (ii) PO1g-Si, (iii) PO190-Si and (iv) PO10g0-Si formed using a per-

ylenesilane : octadecylsilane molar ratio of 1: 1, 1: 10, 1: 100 and 1: 1000 (b) at CHCls/water interface.

In addition to the peaks corresponding to silica network, P-Si
film showed the presence of carbonyl stretching vibrations of
imide peaks around 1700 and 1600 cm™ ' and C=C aromatic
stretching vibrations around ~1590 cm™’, as previously re-
ported for other perylenediimide derivatives.”® Interestingly, IR
spectra of PO,-Si (using different molar ratio of perylene and
octadecylsilane) film, showed increase in the intensity of -CH,
alkyl stretching peaks with increase in concentration of octa-
decylsilane from 1:1 (PO;-Si) to 1:1000 (PO;g0-Si) and
decrease in diimide peak corresponding to perylene molecules
(Fig. 2b).

2.3. Thermogravimetric analysis (TGA)

Thermogravimetric analyses of silica films were performed
using a heating rate of 10 °C min ™" in air (Fig. 3, DTA of all silica
films are given in Fig. S31). Three weight loss regions were
observed for O-Si film. The first weight loss observed below
150 °C is due to loss of physically adsorbed water.”® Second
weight loss (~37.9%) at 200-400 °C region is due to the loss of
alkyl chain. The third loss of 43% at 400-800 °C region is due to
the degradation of all organic contents and complete dehy-
droxylation of Si-OH group to form Si-O-Si network. The 13%
residual weight is attributed to the SiO,.

The P-Si film shows a slight decrease in weight loss (5%) in
the region of 100-200 °C which could be due to loss of

-
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400 600 800

Temperature (°C)

200

Fig. 3 Thermogravimetric analysis of (®) O-Si, (m) P-Si film and (a)
PO100-Si film using a heating rate of 10 °C min~? in air.

This journal is © The Royal Society of Chemistry 2017

physisorbed water from the film. The second degradation in the
region of 300-500 °C with 53.2% weight loss is assigned to the
degradation of alkyl groups, partial degradation of perylene
diimide and unreacted ethoxy groups on silane functional
group. The third weight loss of 26.2% at 500-800 °C region
corresponds to degradation of all carbon contents, Si-C, and
C-N groups and the remaining 15% residual weight is attrib-
uted to the SiO,.3*3*

PO, 0-Si film showed a TGA trace almost similar to O-Si film,
with 40.3% weight loss around 150-400 °C region is due to the
loss of alkyl chain moieties from the material and unreacted
ethoxy groups on silane functional group and about 30.6%
weight loss in the region 400-550 °C due to the loss of perylene
groups. The observed weight loss (9.1%) at 550-800 °C accounts
for degradation of remaining carbon content present in the
film. The 17% residual weight is attributed to silica from
the film.

2.4. X-ray diffraction studies

Small angle X-ray diffraction (SAXD) and wide angle X-ray
diffraction curve (WAXD) of O-Si film are given in Fig. 4a,
which show diffraction peaks at 1.72°, 5.11° (SAXD) and single
strong peak around 21.53° (WAXD). Applying Braggs law,
2d sin § = A, with 2 = 1.5406 A gave corresponding d-values of
51.3 A, 17.28 A and 4.12 A, respectively. The d-spacing at 4.12 A,
is attributed to intermolecular interactions and van der Waals's
forces observed in densely packed alkyl chains.** Peak observed
at 51.3 A is closer to the reported value of d = 52.4 A for a bilayer
structure of octadecylsilyl groups.*

XRD profiles of P-Si film (Fig. 4b) showed diffraction peaks at
26 =2.91°,10.20°, 15.7° and 25.84° (corresponding d-spacing of
30.33 A, 8.67 A, 5.64 A and 3.44 A, respectively). The observed
peak with d = 8.67 A is similar to the width of perylene core
(calculated value = 9.2 A).** Similar ordering was also
observed for columnar packing of alkyl substituted perylene
diimide liquid crystals.*** Diffractions corresponding to 5.64 A
and 3.44 A are attributed to 7—7 stacking of cofacially stacked
perylene cores.* Similarly high resolution TEM images and
selected area electron diffraction pattern (inset in Fig. 5)

RSC Adv., 2017, 7, 32692-32702 | 32695
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Fig. 4 XRD spectra of (a) O-Si and (b) P-Si film showing a wide angle X-ray diffraction (inset — small angle X-ray diffraction pattern).

Fig. 5 TEM images of P-Si film (a) and POy40-Si film (b), (inset: selected area electron diffraction pattern of the corresponding film).

observed for P-Si film (Fig. 5a) and PO,¢,-Si (Fig. 5b) indicate
a close packed perylene crystalline lattice in the film.

2.5. Contact angle measurement

Hydrophobic and hydrophilic properties of the surface of the
silica films collected separately on a coverslip are measured
(Fig. S47) using contact angle setup. Morphology of water drop
was retained on the surface with alkyl chains (chloroform side)
and spreading of water was observed on the silica side (facing
the water side) of the film (Fig. 6, inset). The observed differ-
ences can be attributed to the distribution of long alkyl groups
on the organic side and the presence of PEI and -Si-OH moie-
ties on the water side of the film.

Fig. 6 AFM micrographs of the (a) aqueous side and (b) organic side of
O-Si film, (c) aqueous of the P-Si film. Inset: corresponding contact
angle of water on the surface of the films.

32696 | RSC Adv., 2017, 7, 32692-32702

Static contact angle measurements on silica films were per-
formed using a goniometer with 1 uL water droplets. The
wetting properties of silica film facing water side and chloro-
form side are shown in Fig. 6. One side of the O-Si film is
hydrophilic (# ~ 70.5°, Fig. 6a, inset) and the other side of the
film is hydrophobic (§ ~ 107.9°, Fig. 6b, inset). It is expected to
see such variations owing to the differences in functional
groups present on both sides of the film. However, P-Si film
surface showed a water contact angle 6 of ~118° (Fig. 6¢, inset),
which is greater than O-Si film. This can be attributed to the
close packing of perylene molecules on the silica film surface.
But, hydrophilic and hydrophobic side of the P-Si film did not
show significant differences in contact angle, which needs to be
further explored to understand the distribution of organic
moieties before and after transferring the film on the cover slip.
It is hypothesized that the perylene being a planar, rigid
aggregating molecule, the large aggregate formation leads to
defects on the surface, which then minimizes the difference in
functionality on both side of the film.

Silica films formed by using perylenesilane and octade-
cylsilane precursors at different molar ratios, showed an
increase in contact angle with an increase in the concentration
of octadecyl chains incorporated in the film (Table 1). The
increase in hydrophobicity observed can be attributed to the
introduction of C18 alkyl groups, which could fill the defects

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra05036d

Open Access Article. Published on 27 June 2017. Downloaded on 1/13/2026 12:39:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 1 Static contact angle of water droplets on the organic and
aqueous side of the silica films

Static contact angle (6)

Silane films* Chloroform side/deg Water side/deg

0-Si 107.9 70.5
P-Si 118.0 118.6
PO,-Si 125.8 125
PO, -Si 129.4 128
PO,0-Si 116.4 105.7

“ Where, O-Si and P-Si refers to film formed from octadecasilane and
perylenesilane alone. PO;-Si, PO,(-Si and PO,y0-Si film formed by
mixing perylenesilane and octadecasilane in certain molar ratios such
as1:1,1:10 and 1 : 100, respectively.

created by the aggregation and packing of perylene molecules
on the surface. But contact angle for PO;y-Si (~116°) is lower
than that of PO;-Si and PO,,-Si. With increase in concentration
of octadecylsilane, the packing of octadecyl groups tend to be
more dominant and compact, which then reduces the avail-
ability of alkyl chains needed to fill the defect caused by the
perylene aggregates.

2.6. Photophysical studies using silica films

Photophysical studies of P-Si film obtained from interfacial
polymerization and drop casting of perylenesilane on quartz
plate were done using spectroscopic techniques.

Optical images of dropcasted films from unreacted perylene
silane precursor using FITC filter and P-Si films are given in
Fig. S5.7 P-Si film showed a well-ordered homogeneous film
morphology. Interestingly, optical micrographs of PO;-Si, PO;¢-
Si, PO;00-Si and PO4¢0-Si in bright field and under FITC filter
showed significant changes from red to light green color with
increasing the concentration of octadecyl groups in the film
(Fig. S61). This is further supported by UV-Vis absorption and
emission spectra of the films (Fig. 7). The absorption spectrum
of perylenesilane in chloroform solution showed corresponding
monomeric peaks at 526 nm, 489 nm and 458 nm, due to T-7*
transition of the perylene rings, designated as 0-0, 0-1 and 0-2

500 600 700
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400 800
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transition (Fig. 7a).** Compared to solution state absorption
spectra, the spectra of the films are broad and less structured.
Inverse increase in intensity of A,; absorption peaks are
observed in all silica films compared to perylenesilane in solu-
tion with respect to Aqg_o. P-Si film showed merging of peaks at
489 nm and 458 nm and a broad featureless absorption spectra
indicating face to face stacked H-aggregates of perylene mole-
cules in the film. Similar peak pattern was also observed for
PO,,-Si film, which indicates perylene molecules inside the
silica films are aggregated via strong intermolecular -7
interaction. Upon increasing the concentration of octadecylsi-
lane in PO;4¢-Si and PO;gp-Si, (0-1), vibronic band at (458 nm)
showed a relative increase in intensity as compared to (0-0)
transition at 520 nm and also vibronic peaks are clear and less
broad in appearance. Such relative increase in intensity of (0-1)
vibrionic transition is typically observed for perylene molecules
stacked cofacially forming H-aggregates.”” Thus, ratio of
absorption intensity for A,_o/A¢_; increased from 0.78 for P-Si to
0.93 for POjg0o-Si film indicating that extent of aggregation
decreases with increase in concentration of octadecylsilane in
the hybrid silica film.*®

The emission spectrum of perylenesilane in chloroform
solution (Fig. 7b) showed characteristic non-aggregated peaks
at 532, 567 and 617 nm.*® Significant changes in fluorescence
properties were observed in silica films synthesized at the
interface of two liquids. P-Si film showed a broad emission
spectrum with a red shift in the maximum at 670 nm (Fig. 7b).
The longer wavelength band confirmed the presence of cofacial
T-T interaction between perylene groups in the solid state
which is in agreement with the data obtained from powder X-ray
diffraction studies (Fig. 4b). Intense excimeric peaks were
observed for PO;-Si at 650 nm and 698 nm. Also, with increasing
the concentration of octadecyl group with respect to per-
ylenesilane, a blue shift in emission maximum was observed
from 650 nm to 617 nm (PO4¢g0-Si), which clearly indicates the
reduction in -7 interaction of perylene groups in presence of
long octadecyl groups during film formation. PO;gg0-Si film
showed a major excimeric emission at 618 nm, whereas film
formed using 1 : 1 mixture of the two silane precursors (PO;-Si)
showed emission at 698 nm. However, the excimer emission of

600 700
Wavelength (nm)

500 800

Fig. 7 Normalized absorption (a) and emission (b) spectra of (W) perylenesilane solution in THF (0.1 mM), and solid state spectra of (®) P-Si, and
mixed perylenesilane—octadecylsilane films (A) 1 : 10 (PO10-Si), (V) 1 : 100 (PO190-Si), (#) 1 : 1000 (PO4000-Si) formed at the interface. Excitation

wavelength was at 350 nm.

This journal is © The Royal Society of Chemistry 2017
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PO;-Si film showed a bathochromic shift when compared to
PO, 90-Si film, which implies that strong m—m interactions and
well organized molecular aggregates in PO;-S facilitate better
exciton migrations in PO,4-Si film.*

In order to further understand the arrangement of perylene
molecules inside the film formed at the interface of two liquids,
optical anisotropy of the films was measured using polarized
UV-Vis absorption (Fig. 8) and polarized angle dependent
emission spectra (Fig. 9).

The measurements of absorbance anisotropy of the films
were performed by changing the position of the polarizer of the
incident light every 10° within the range of 0° to 90°. As expected
low degree of packing was observed in the dropcasted film of
perylenesilane (Fig. 8A) as compared to P-Si (Fig. 8B) and PO -
Si films (Fig. 8C). The degree of packing was measured by
calculating absorbance ratio A = Ay ¢/Ao-;. The absorbance
ratios for the drop casted film from perylenesilane, P-Si and
PO,o-Si were 0.6, 0.8 and 0.9, respectively. However, slight
variation in the absorbance ratio was also observed with the
changes in polarization angle from 0° to 90°, indicating polar-
ization dependent absorbance properties of the film. When the
sample was held normal to incoming polarized light, polariza-
tion dependence was maximum for PO,g,-Si film and least
polarization dependence was observed for drop casted film of
perylenesilane and interfacial film of P-Si (Fig. 8D).
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polarizer (from 0° to 360°) at every 20° (Fig. 9). Significant
differences in emission intensities of the polarized light parallel
and perpendicular to the plane of polarization were observed
for PO40-Si film (Fig. 9¢) when compared to P-Si film (Fig. 9b)
and drop casted film of perylenesilane precursor (Fig. 9a).
Among the three films investigated, the least differences in
parallel and perpendicular emission intensities were observed
for drop casted films of perylenesilane (Fig. 9a) owing to low
molecular order inside the film.

Polarization ratio was calculated using a formula (eqn (1)).**

I -1,

4L (1)

where, I and I, are the intensities parallel and perpendicular
to the polarized light. Polarization ratio of the drop casted film
of perylenesilane was 0.02, P-Si film was 0.05 and PO;,-Si film
showed a high polarization ratio of 0.2.

The alignment of perylene molecules can be quantitatively
measured using the dichroic ratio (D) which is defined as the
ratio of intensities of the dye molecule parallel (f;) and
perpendicular (7, ) to the incident polarized light, as shown in
eqn (2).” D value is used to calculate the order parameter (S), as
shown in eqn (3).** Dye molecules are said to be fully aligned if
the calculated order parameter, S = 1 and completely random
alignment when S = 0.**

The lack of polarization dependence for the dropcasted film I
indicates that precursor perylenesilane molecules are randomly D= 1, (2)
oriented on the glass slide.** Further, in order to study the
alignment of dye molecules in P-Si, and PO,,-Si films, polar- S_ D-1 3)
ized emission spectra were recorded by rotating the incident - D+2

1.2
—a—0°
2 2
7] ®
5 5
£ £
o To
= 8
® ® 0.
E E
S
o S o.
4 =z
T T T T T 0.0 v T T T T
450 500 550 600 650 700 450 500 550 600 650 700
12 Wavelength (nm) Wavelength (nm)
. 1.2
> —a—0°
£ 1.0- 488 ——30° |10
@ e |3
©
9 o3- —v—90° |~(gl
< o
- (%)
T 0.6 & 06+
N 2
© 0.4- O 0.4
£ 3 |
S 0.2 <2
: c D
0.0 T T T T 0.0+ T T T T
450 500 550 600 650 700 0 40 80 120 160 200

Wavelenghth (nm)

Polarization Angle (degrees)

Fig. 8 Polarized UV-Vis absorbance spectra of drop casted film of perylenesilane monomer (A), interfacial silica films of P-Si (B) and POo-Si (C)
on quartz plate and the plot of peak absorbance vs. polarization angle (D) of drop casted film of perylenesilane (4), interfacial film of P-Si (W) and

PO100-Si (®) as a function of polarization angle of the incident light.
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Dichroic ratio of two silica films and the drop casted film of
perylenesilane are depicted graphically with respect to polari-
zation angle in Fig. 9d. The estimated values of D and S are
summarized in Table 2.

Drop casted film of perylenesilane showed the least order
parameter (S ~ 0.02), indicating a fully random arrangement of
perylene molecules. This is expected due to the random orga-
nization of perylene molecules in the drop casted film. On the
other hand, introduction of long octadecyl groups in excess with
respect to perylene molecules (PO4¢0-Si) provides an induced
higher degree of order in the film, formation and organization
of large aggregates of perylene is retarded, which then lead to
alignment of molecules inside the silica film.

2.7. PO,Si film as fluorescent sensor for sensing aniline
vapors

Perylene tetracarboxylic diimide is widely used in optical
sensing due to its high photostability, and good electron defi-
cient properties.”> Recently, perylene incorporated nanofibers
were used as a fluorescent sensor to sense amine vapors. As

a proof of concept, silica films prepared in this study using
different combination of perylenesilane and octadecylsilane
(PO;-Si, PO;¢-Si, PO;9y-Si) were exposed to aniline vapors
(30 min and 24 h). Efficient fluorescence quenching was
observed from all three silica films. Percentage quenching
efficiency was calculated from the fluorescence data using the
following eqn (4).

(4)

o

I —1
Quenching efficiency(%) = ( 7 ) x 100

where, I, and I are the fluorescence intensities of PO,-Si films in
the absence and presence of amines.

Fluorescence quenching can be attributed to photoinduced
electron transfer from HOMO of electron rich aniline to HOMO
of electron poor perylene molecules. However, due to changes
in aggregation of perylene, the vapor sensing for aniline is
slightly different for different silica films (Fig. 10). Silica film
formed using a combination of 1: 1 mixture (PO4-Si) showed
higher quenching efficiency of ~81% than PO;40-Si (69%).
Decrease in concentration of perylene in the film led to changes

Table 2 Absorbance ratio, polarization ratio (P), dichroic ratio (D) and order parameter (S) of silica films and drop casted film from perylenesilane

Absorbance ratio, Polarization
Sample Ag-olAo-1 Aemi (Nm) degree (P) Dichroic ratio (D) Order parameter (S)
Perylenesilane dropcast film 0.6 654 0.02 0.91-1.06 —0.03-0.02
P-Si film 0.8 660 0.05 1.5-1.84 0.14-0.22
PO440-Si film 0.9 650 0.2 1.9-2.3 0.23-0.30

This journal is © The Royal Society of Chemistry 2017
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in structure, solubility of amines in the film and interaction of
amines with perylene molecules inside PO;go-Si films. The
observed fluorescence quenching can be attributed to strong
interaction between electron deficient perylene molecules with
electron rich aniline molecules.***

3 Conclusions

A direct method for preparing functionalized optically aniso-
tropic silica film at the liquid-liquid interface is reported.
Structural changes and optical properties of the films were
studied by varying the composition and concentration of the
silane precursor molecules during silica film formation. The
films formed were characterized using IR, SEM, XRD and TGA
analyses. Wetting properties of the silica films were determined
using contact angle measurements. O-Si film showed a water
contact angle of ~107° for alkyl chain side and ~70° for the
silica side of the film. The P-Si film showed a higher contact
angle of ~118°, which can be attributed to strong aggregation
induced packing of perylene units on the surface of the film. To
further explore the correlation between molecular organization,
surface wetting and photophysical properties, films were
synthesized using various combinations of perylenesilane and
octadecylsilane (1: 1,1 : 10,1 : 100 and 1 : 1000) molecules. An
increase in concentration of octadecylsilane inside the film led
to the formation of homogenous film, which resulted in
changes in properties of the silica films. Also, organization of
perylene molecules inside the silica films was examined using
polarized absorption and emission anisotropy of the film,
measured using a polarized spectrophotometer. PO;qo-Si film
showed a high dichroic ratio (D) of 2.3 when compared to the
values of P-Si film (D = 1.8) and drop casted film of per-
ylenesilane (D = 1.08). Thus, PO4g-Si films showed strong
molecular alignment with an order of parameter, S = 0.3 and
the least order of parameter was observed for drop casted film of
perylenesilane (S = 0.02). Different films also showed inter-
esting optical responses in presence of aniline vapors. In this
study, we investigated the structure-property correlation of
perylene incorporated anisotropic 2D silica films formed
through hydrolysis and condensation of silane precursors at the
interface of water and chloroform. Such ordered silica films
may have potential applications in different areas and we are
currently exploring them in our lab.
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4 Experimental
4.1. Materials
Trichloro(octadecylsilane), octadecyltrimethoxysilane, poly-

ethylenimine (PEI, 50%) were obtained from Sigma Aldrich.
Ammonia solution (25%) was obtained from Merck and N-(2-
ethylhexyl)-N'-(3-(triethoxysilyl)propyl)perylene-3,4,9,10-
tetracarboxylic diimide were synthesized using a known litera-
ture report.*>** Molecular structures of the starting materials
are given in Fig. S1.1 All chemicals and AR grade solvents were
used as received. Deionised water was used to dissolve
ammonia and PEI in the aqueous layer in all experiments.

4.2. Setup for interface polymerization

The unimolecular thin silica films were prepared at the inter-
face of two immiscible liquids (e.g. water and chloroform) using
the condensation of relevant silica precursors dissolved in
organic phase and catalyst dissolved in the water phase
(Scheme 1). The film formation depends on the reactivity and
concentration of the reagents. Clean glass cover slips were used
to collect and fully characterize the films. Scooping the film
from organic side to water phase will expose the hydrophilic
surface to the air, whereas collecting the film from water side
exposes the hydrophobic surface to the air. Films collected were
dried at room temperature for a day for further characterization.

4.3. Preparation of octadecylsilica (O-Si) film

In a typical procedure, chloroform (10 mL) and water (10 mL)
were taken in a 25 mL transparent plastic container and the
system was allowed to stabilize for a few minutes. Octadecyl-
trichlorosilane (0.031 mL) was slowly injected into chloroform
(CHCI;) solution followed by addition of 2 wt% PEI solution into
the aqueous layer on top of the CHCI; solution. The system was
kept at room temperature for film formation at the interface. A
white film formed at the interface after 30 min was collected,
washed thoroughly with water, dried and used for full charac-
terization and property investigations.

4.4. Preparation of perylenesilica (P-Si) film

The perylene silica film was prepared by placing chloroform (5
mL) and water (5 mL) in 25 mL beaker. N-(2-Ethylhexyl)-N'-(3-
(triethoxysilyl)propyl)perylene-3,4,9,10-tetracarboxylic acid dii-
mide (labelled as perylenesilane, 5 mL, 2 mM) and ammonia
solution (5 mL, 2 M) were added into CHCl; and water layers,
respectively, and kept undisturbed at room temperature. The
film formed at the interface after 24 h was collected, washed
with water and dried at room temperature for further
characterization.

4.5. Preparation of hybrid perylene-octadecylsilica (PO,-Si, x
= 1, 10, 100, 1000) film

For the preparation of octadecyl - perylene silica film, a mixture
of N-(2-ethylhexyl)-N'-(3-(triethoxysilyl)propyl)perylene-3,4,9,10-
tetracarboxylic acid diimide (i.e. perylenesilane) and octadecyl-
trimethoxysilane (i.e. octadecylsilane) in molar ratios of 1:1,

This journal is © The Royal Society of Chemistry 2017
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1:10, 1:100 and 1 : 1000 were dissolved in CHCl; (10 mL) in
a beaker. Ammonia solution (10 mL) was added slowly on top of
the CHCI; solution without disturbing the system. The
ammonia initiated the polymerization of monomers at the
interface under ambient conditions.

4.6. Characterization

The IR spectra were recorded in the range of 4000-400 cm !

using a Bruker ALPHA FT-IR Spectrophotometer with a resolu-
tion of 4.0 cm ™. The UV/Vis absorption studies were performed
on a Shimadzu-1601 PC spectrophotometer. The steady state
fluorescence studies were carried out on Agilent Cary Eclipse
Fluorescence Spectrophotometer. Wide angle X-ray diffraction
(WAXRD) were recorded using Bruker-AXS: D8 DISCOVER with
GADDS powder X-ray diffractometer with Cu-Ka (A = 1.5406 A)
at 40 kv and 40 mA over a range of 26 angle from 5° to 80° and
small angle X-ray diffraction from 26 = 0° to 10°. The thermal
analyses of the samples were performed on a TA instrument
2960 (DTA-TGA) analyzer within the temperature range of 30-
800 °C. Surface morphologies of the silica films were deter-
mined using Field Emission Scanning Electron Microscope
(FESEM on a JEOL JSM-6701F instrument) at 5 kV after coating
the films with platinum. Transmission Electron Microscopy
(TEM, JEOL JEM 2010) was used to establish the morphology of
silica films collected on copper TEM grid. The contact angle
measurements were carried out using the video-based fully
automated Data Physics optical contact angle microlitre dosing
system (OCA 40 Micro). Water drops (1 pL per drop) with known
surface tension were dispensed using Teflon coated motor
driven syringe. The contact angles were measured at ambient
conditions and a video was recorded (72 frames per second) for
every dispensed solvent droplet. Any dynamic changes to the
droplet on the surface were precisely observed through this
method. The contact angles were evaluated using the sessile
drop technique.”

4.7. Absorption anisotropy measurement

For absorption anisotropy studies, a custom microscope
attached with a polarizer and an analyzer was constructed. The
light source used was a halogen and deuterium lamp (Ocean

(b) WCE
GV_%:s
il s

-
o

(@ W

sv_H_,O_;

3 7
7 ] g 9 3 7
.' ( * Light .
4 \Vj s 4 Fiber
i} 3 ource WV e
l 1 2 Source
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e Sample == Sample

Fig. 11 Schematic representation of solid state absorption anisotropy
(a) and emission anisotropy setup (b). (1) Objective lens, (2) half wave
plate, (3) polarizer, (4) beam splitter, (4')dichroic beam splitter, (5)
polarizing beam splitter, (6) fiber to spectrophotometer, (7) lens, (8)
405 notch filter, (9) 425 long pass filter.
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Optics D-2000 BAL) with a wavelength range from 250 to
2500 nm. The schematic diagram given in Fig. 11a shows the
details of the absorption anisotropy setup. The input light
comes through a fiber of about 600 um core diameter and the
light is collimated using a lens. After collimation, the light
passes through a polarizer and a half-wave plate to control the
incident light polarization. The light is focused on the sample
with a 40x objective. The back-reflected light was passed into
a polarization analyzer and finally collected into the optical
fiber connected to the UV-Vis Spectrophotometer (Ocean Optics
Q65000). Our measurement range was limited to the polarizer
working range from 420 to 680 nm. The samples were mounted
on a Teflon substrate and the background signal was measured
using blank glass/quartz substrates.

4.8. Emission anisotropy measurement

For photoluminescence measurements, a custom made spec-
trophotometer connected to a microscope with a polarizer and
analyser was used (Fig. 11b). A fiber coupled with 405 nm laser
was attached to the microscope and the polarization was
controlled using a polarizer and a half-wave plate. After the
dichroic and excitation long pass filter, the collected PL signal
was analyzed with another polarizer. The spectrophotometer
comprises of Andor Shamrock SR500 spectrograph that has
a 600 line grating at a blaze of 500 nm typically used for pho-
toluminescence measurements. The signal is recorded with
a sensitive air-cooled Andor iVac camera. The measurements
were conducted with an exposure time of 1 s and 10 accumu-
lations to improve the SNR (signal-to-noise ratio).
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