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The organic vapor absorption capacity of poly(methyl metacrylate) (PMMA), filled with oleic acid (OLEA)
capped TiO; nanocrystals (NCs) with curved shape, rod-like and spherical, is studied. The NC shape
combined with the nature of the capping molecules can be used to enhance or reduce the PMMA ability
to absorb different solvent molecules in a controlled way. Indeed, the arrangement of the ligands at the
NC surface demonstrates an effective tool to control the extent of the interaction between the pene-

trating molecules and the embedded NCs from the outer to the inner specific chemical functionality of
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1. Introduction

Polymer networks exposed to solvent vapors absorb the organic
molecules and swell to an equilibrium state, where the tendency to
absorb solvent molecules is balanced by the elastic response of the
network [1]. After desorbing the solvent molecules, the polymer
then shrinks and returns to its initial volume. The swelling and
shrinking properties of polymers are currently being exploited in
a large number of important industrial applications including
chemical sensing [2-5], controlled drug delivery [6], muscle-like
actuators [7], and metal extraction and separation applications [8].
On the other hand, in many technological fields the swelling is
considered detrimental and needs to be avoided. Indeed, the
penetration of molecules from outer environment into polymers
can have disastrous effects, as in the case of water or gases mole-
cules diffusion into food and beverage packaging. In this scenario
the ability to enhance or reduce/inhibit the gas or vapor diffusion
into a polymer material, according to the needs of the final appli-
cations, would have tremendous technological fallout.

Recent studies have shown that the ability of a polymer to
absorb solvent molecules can be modified by filling the polymer
with inorganic nanoparticles [9-15]. In particular, the interaction
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between the active sites on the surface of the nanoparticles and the
penetrating molecules can control the selectivity, rate and effi-
ciency of the absorption capability of the host polymer, thus
offering a powerful tool to quantitatively vary the swelling/
shrinking behavior in the polymer composite.

In this perspective curved nanofillers, rod-like and sphere sha-
ped, present specific advantages due to their high surface-to-volume
ratio, which can dramatically increase the number of active sites
available for interaction with analyte molecules. Furthermore the
use of colloidal nanocrystals (NCs) as nanofillers would offer further
remarkable advantages afforded by the ease in both manipulating
the shape and tailoring the chemical characteristics of the surface by
using versatile functional groups, including biocompatible ones,
able to effectively and selectively interact with different analytes.

In this work, we highlight on how the shape, rod-like or
spherical, combined with surface chemical properties of the
nanofillers can influence the swelling behavior of a polymer. This is
a fundamental technical issue that needs to be fully clarified for
possible exploitation of the potential offered by polymer compos-
ites for suitably controlled vapor/gas absorption properties as well
as for all those applications where the interaction between capped
nanoparticles and analyte molecules plays a fundamental role.

Here we demonstrate that the dispersion of TiO; colloidal NCs,
capped by oleic acid (OLEA), in poly(methyl metacrylate) (PMMA)
results in a degree of swelling upon exposure to the same solvent,
that can be increased or reduced by simply varying the geometry,
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Fig. 1. FT-IR spectra in the 3500-400 cm™ region of: (a) OLEA and (b) OLEA capped
TiO, nanorods.

rod-like or spherical, of the nanofiller involved. The comparison
between spherical and rod shaped TiO, NCs has been made
possible thanks to an effective colloidal synthetic route [16] that
allows to manipulate the NC shape, providing gram-scale quantities
of organic-capped spherical or rod shaped NCs dispersed in chlo-
roform solution by simply controlling the NC growth kinetics.

The swelling of the PMMA nanocomposite films was investi-
gated at room temperature by measuring vis-IR reflectance spectra
of the samples, deposited on Si substrates, in the presence of
solvent vapors. Different solvents, like acetone, ethanol, propan-
2-ol and water, were carefully chosen for their difference in
polarity, number of C-H bonds, and pure PMMA swelling ability.

Then the swelling results were related to atomic force micros-
copy (AFM) observations and glass transition temperature, Tg,
measurements performed on the PMMA nanocomposite samples to
clarify fully the critical role played by the nanoscale curvature and
the organic capping of the fillers in controlling the absorption
capacity of the host polymer.

2. Experimental section

Titanium tetraisopropoxide (Ti(OPr')4 or TTIP, 99.999%), trime-
thylamino-N-oxide dihydrate ((CH3)sNO-2H,O or TMAO, 98%,
water solution), anhydrous ethyleneglycol (HO(CH,),OH or EG,
99.8%), and oleic acid (C;gH33CO,H or OLEA, 90%) were purchased
from Aldrich and were used as-received without further purifica-
tion or distillation. All solvents used were of analytical grade and
purchased from Aldrich.

Loy
g i

&S .
AT

Organic-capped anatase TiO, NCs were synthesized by hydro-
lysis of TTIP using technical grade OLEA as surfactant at low
temperatures (80-100 °C) [16]. Briefly, hydrolysis of TTIP was
carried out by an excess of aqueous base solution in the presence of
TMAO as catalyst for polycondensation. The morphology of the
resulting TiO, NCs was modulated by varying the rate of water
supply in the reaction mixture. One-dimensional growth was
guaranteed by direct injection of large aqueous base volumes in
OLEA: TTIP mixtures, while nearly spherical particles were
obtained upon in situ water release (from the slow esterification
reaction of OLEA and added EG).

The extraction procedures were subsequently performed in air:
TiOy NCs were readily precipitated upon addition of an excess of
ethanol (or methanol) to the reaction mixture at room temperature.
The resulting precipitate was isolated by centrifugation and
repeatedly washed (three times) with ethanol to remove surfactant
residuals. The resulting OLEA capped rod-like and dot-like TiO, NCs
were homogeneously dispersed in chloroform solutions. By this
way, highly concentrated transparent solution of TiO, NCs was
obtained, stable over months.

Nanocomposite materials were prepared by incorporation of
pre-made nanoparticles in organic polymers with the use of
a common blending solvent by adding high molecular weight
PMMA to a CHCl3 solution of TiO, nanorods and nanospheres at
increasing nanofillers concentration (from 0.025M to 0.2 M),
corresponding to an NC load percentage in polymer ranging
from 4 wt% to 36 wt%. Prior to the incorporation, the NCs were
repeatedly washed (three times) with ethanol to remove
surfactant excess. A polymer concentration of 0.05g/ml was
selected to achieve optically clear nanocomposite solutions. The
NC/polymer blend was gently stirred until the complete polymer
dissolution in CHCl3. Thin films were prepared depositing by
spin-coating (using an EC101DT Photo Resist Spinners, Headway
Research Inc.) few drops of the NC-polymer mixture onto
properly cleaned glass and silicon substrates at 3000 rpm for
30s. The film thickness, measured by means of Alpha-Step 500
surface profiler, was found in the range from 400 nm up to
1 pum, strongly depending on the NC concentration and surface
ligand compositions.

Fourier transform infrared (FT-IR) spectroscopy was used to
investigate the nature of the organic coating on the surface of the
TiOy NCs. TiO, powders for FT-IR analysis were prepared by
washing the extracted precipitate repeatedly (three times) in order
to remove physisorbed surfactant molecules, and then evaporating
the residual solvent under vacuum at room temperature.

In Fig. 1 the typical IR spectra in the region 3500-400 cm™! of
the OLEA capped TiO, nanorods (Fig. 1b) are reported and
compared with that of the pure acid (Fig. 1a). A similar spectrum
was obtained for the OLEA capped TiO, dots. Above 2000 cm™! the

Fig. 2. TEM image of TiO; (a) nanospheres-PMMA nanocomposite and (b) nanorods-PMMA thin films deposited on a carbon-coated 400 mesh copper grids by spin coating.
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TiO, sample (Fig. 1b) exhibits the intense antisymmetric and
symmetric C-H stretching vibrations [17] (at 2920 and 2850 cm ™,
respectively) of the —CH,- groups in the hydrocarbon moiety. The
shoulder at 2960 cm™~! can be associated with the asymmetric
stretching of the terminal —CHj3 group of the alkyl chain. A weak but
definite band at 3008 cm™, attributable to the olefinic C-H [17a], is
also present in the OLEA capped TiO,. Below 2000 cm™!, the
spectrum of the OLEA capped TiO, NCs shows the two character-
istic bands centered at 1520 and 1436 cm™! related to the COO~
antisymmetric and symmetric stretching vibrations of carboxylate
anions complexed with surface Ti centers. The lack of clear
evidence for the free C=O stretching band at around 1650-
1720 cm™! (cf. 1775 cm™! for OLEA in the vapor phase) seems to
exclude the presence of both un-ionized OLEA monomers and
dimmers [17a,b] possibly having the C=O0 involved in H-bonding
with a Ti-OH3 surface group. Then the FT-IR analysis confirms the
coordination behavior of the polar moiety of the fatty acid binding
the NC surface atoms and the attachment of a monolayer of OLEA to
the NC surface. The FT-IR analysis clearly shows the coordination

Acetone (x=0.25)
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behavior of the polar moiety of the fatty acid binding the NC surface
atoms.

Low resolution transmission electron microscopy (TEM) images
were recorded using a Jeol Jem 1011 microscope operating at an
accelerating voltage of 100kV. TEM samples were prepared
depositing one drop of nanocomposite solution onto a carbon-
coated 400 mesh copper grids by spin coating at 6000 rpm. The
content of NCs dispersed in PMMA was 80 wt%. The images in Fig. 1
show nanospheres (Fig. 2a) and nanorods (Fig. 2b) of 6 nm of
diameter and 30 nm of average length.

The surface morphology and roughness of the as-prepared
PMMA and PMMA composite films were investigated by atomic
force microscopy (AFM) operating in air in tapping mode with
a high resonance supersharp Si tip (k=30N/m, f,=300 kHz)
and Al coated Si tips (k=40 N/m, fo =300+ 100 kHz). For each
sample, images were recorded from different positions and
different scan sizes ranging from 1 pm x 1 pm to 50 pum x 50 pm
in order to check the lateral uniformity of the TiO,/PMMA thin
films.
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Fig. 3. Solvent uptake at the equilibrium, d.., as a function of the TiO, loading in the case of spherical and rod-like nanofillers for the exposure to vapors of (a) acetone, (b) water, (c)
ethanol, and (d) propan-2-ol alcohol. x is the molar fraction of the vapor in air. The dotted lines are guide for the eye.
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A dynamic mechanical thermal analyzer (DMTA) of the Polymer
Laboratories was used to determine storage, E/, and loss, E”,
modules or internal friction Q-1 (=E”[E’). All the samples were
obtained by evaporating the solvent in air for 24 h and then dried
under vacuum at the same temperature for two days. To improve
the homogeneity, the as-prepared samples were compression
molded between two disks of Teflon at a temperature of 100 °C for
1 h and then quickly cooled at room temperature. In this way we
obtained rods with approximate size of 20 x 10 x 0.3 mm. The
measurements were carried out in the —20/180 °C temperature and
0.3-30 Hz frequency range at a heating rate of 2°C/min. The
analysis of the mechanical spectra revealed an a-relaxation which
follows the variation of the glass transition temperature (Tg) with
the spherical and rod-like nanofillers.

The swelling was investigated by measuring at room tempera-
ture the visible and infrared reflectance spectra of the samples
deposited on Si substrates in the presence of the different solvent
vapors: acetone, ethanol, propan-2-ol and water. These solvents
were carefully chosen for their difference in polarity, number of
C-H bonds, and pure PMMA swelling ability. The absorption of the
solvent molecules causes an increasing of the film thickness and as
a consequence a shift of the position of the maxima and minima in
the reflectance pattern of the PMMA composite films. The reflec-
tance spectra were performed using a Cary 5 UV-vis-NIR spec-
trophotometer arranged for experiments in the presence of gas or
vapor. The samples were inserted into a glass tube through which
flowed synthetic air (20.5% of volume O in N) as carrier gas with
a flow of 200 sccm. The organic vapor was introduced by bubbling
synthetic air through the organic liquid. A mass flow controller
system was automatically directed by Omicron apparatus. A more
detailed description of the swelling measurements is in Supple-
mentary material.

3. Results and discussion

Fig. 3 shows the measured solvent uptake, d., at the equilib-
rium, i.e. at time t = o, as a function of the TiO, NC loadings in the
case of spherical and rod-like nanofillers for the four vapors tested.
The solvent uptake o, at time t, defined as follows:

8¢ = (dr — do) x 100/dy

where d,, is the initial thickness of the unswollen film and d;
that of the swollen sample at time t, was obtained by fitting the
experimental reflectance spectra of the PMMA and PMMA
composite films, deposited on Si substrates, before and after a time
of exposure, t, to solvent vapors.

The numerical analysis of such spectra was performed by using
the standard matrix method [18]. The theoretical curves were
obtained by using the optical constants measured on reference
samples deposited onto quartz substrate [12] and assuming that
the absorption of the solvent vapors produces negligible variation
of refractive index of the PMMA and PMMA nanocomposite [19]. In
Fig. 3 we observe a general enhancement of solvent uptake in
composites at lower TiO; loadings (<8 wt%) in comparison with the
pure PMMA (0 wt%). Only for PMMA composite filled with rod-like
NCs in the presence of the polar solvents, water and acetone, the
outcome is quite different; we indeed observe an immediate
decrease in 6. even at low loadings of TiO,. Further additions of
TiO, NCs, sphere or rod shaped, decrease the ¢., values, as has been
already observed in the literature for similar polymer composites
[20]. We attribute this behavior observed for NC loadings higher
than 8 wt¥% to three different occurring events: (a) the reduction of
the organic component in the nanocomposites which is the part of
this hybrid system able to absorb solvent molecules, (b) the
increasing of the inorganic part, which limits the ability of polymer

chains to move and to accommodate solvent molecules, (c) possible
aggregation phenomena of the nanofillers, which cause a reduction
of the sites available for the interaction with the penetrating
molecules as it is explained in the following.

To quantify better the variation of the PMMA absorption
capacity induced by the fillers in the dilute case (NC content
<8 wt%) we plot in Fig. 4 the histogram of the relative variation of
0, given in Fig. 3, of the PMMA nanocomposites with respect to
that of the pure PMMA, (5Ti02/PMMA — 6PMMA)/5PMMA7 for both rod
and sphere shaped fillers, at the fixed NC content of 4 wt%, as
a function of the different solvents investigated.

The general trend indicates that films with TiO, nanospheres
possess an enhanced response to the polar solvents, acetone and
water, as compared to those with TiO, nanorods, which instead
lower the absorption capacity of the PMMA toward the same polar
solvents. The exposure to weakly polar solvents, such as ethanol
and propan-2-ol, causes an increasing swelling in the PMMA filled
with both sphere and rod shaped NCs, but a better response is
evident for nanorod fillers than for spherical ones. Remarkably, an
original response was noticed for the exposure of the PMMA
nanocomposites to propan-2-ol, which is generally considered
a “poor” solvent for the swelling of bare PMMA. An impressive
increase in PMMA swelling was indeed observed to occur for both
nanorod and nanosphere inclusions, making thus the propan-2-ol
a “good” solvent for the PMMA composite. Hence, Fig. 4 unequiv-
ocally demonstrates that the presence of organic-capped NCs at
low loadings in PMMA matrix can enhance or reduce the process of
solvent absorption in the matrix.

Fig. 5 shows 2 um x 2 pm tapping mode AFM plan view of 4 wt%
TiO nanosphere (Fig. 5a) and nanorod (Fig. 5b) PMMA composites.
A typical AFM image of pure PMMA thin film is also reported for
comparison (Fig. 5¢). The AFM measurements were performed on
as-prepared samples before their exposure to solvents. The analysis
of the AFM images shows that the morphology and surface
roughness depend on the NC shape. Anyway, neither pores nor
holes are present on the surface of the pure PMMA and PMMA
nanocomposite films. Hence the occurrence of porosity on the film
surface cannot be invoked to explain the different swelling
behaviors observed in the PMMA composites. In addition, struc-
tures compatible with the occurrence of few isolated aggregates
can be observed superimposed to the overall morphology of the
PMMA composite.

To provide more insight into the characteristics of the NC-
polymer interface, the glass transition temperature, T;, was

p=1.66D
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Fig. 4. Relative variation of solvent uptake at the equilibrium,
(Otio,/pMMA — OpMma)/Opmma, for the PMMA composites with nanospheres and nano-
rods, at the fixed content of 4 wt%, as a function of the different solvents. u is the

electric dipole moment of the solvent molecule.
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Fig. 5. 2 um x 2 um tapping mode AFM plan view of the nanocomposite thin films deposited on Si substrate: (a) 4 wt% TiO, nanosphere PMMA composite, z scale = 6 nm; (b) 4 wt%

TiO, nanorod PMMA composite, z scale =9 nm; (c) pure PMMA, z scale = 14 nm.

measured as a function of the NC content for both spherical and
rod-like fillers. Fig. 6 shows a decrease of T at low values of NC
loadings with respect to the value found for the pure PMMA. The
higher concentration of TiO> NCs reveals a T value much higher
than that obtained for the pure PMMA. This trend is typically found
for all the investigated samples, irrespectively of the NCs shape. By
focusing our attention on the behavior of the dilute case (<8 wt%),
the observed decrease of T can be related, according to the most
recent interpretation [21], to an increase of the polymer chain
mobility in the vicinity of the fillers due to the presence of voids
surrounding the NCs. These voids are formed because of a weak
interaction of the polymer with the filler particle, which prevents
the bonding of polymer segments on the NC surface.

The lowest value of T; observed at 4 wt% in the PMMA with
nanospheres is due to the larger amount of interface area provided
by the nanospheres with respect the nanorods [22].

According to these results the presence of free volume around
the TiO, NCs should increase the swelling degree in the PMMA
nanocomposites when exposed to the different solvent vapors
irrespectively of the filler shape. Furthermore, we should expect
a higher response toward all the investigated solvents by the
spherical NC based PMMA composite than by the nanorod-based
counterpart. Actually, Fig. 4 highlights two relevant features that
are not in agreement with the above discussed conclusion: (a) the
swelling degree induced by the polar solvents in the PMMA is
increased in the presence of dots and is reduced by the rod inclu-
sions and (b) larger swelling for exposure to the weakly polar
solvents is observed in the PMMA filled with nanorods rather than
in the spherical NC equivalent. This behavior unequivocally indi-
cates that a different amount of voids inside the composite samples
cannot account for the absorption capacity of the PMMA nano-
composite. The geometric characteristics of the NC surface

combined to its organic capping, i.e. the spatial arrangement of the
capping molecules at the nanofiller surface, rather represents the
key factor to understand the observed results.

The investigated OLEA capped nanofillers consist of nanosized
titania cores terminating with an hydrocarbon periphery, as is
illustrated in Fig. 7a and b, since a monolayer of OLEA molecules is
co-ordinated, through their polar functional groups - CO3, by means
of a bidentate type of bonding to the metal atoms at the oxide
surface, as reported in the literature [ 17] and confirmed by the FT-IR
measurements. The sites, where the carboxyl group co-ordinate the
metal atoms, together with the free Ti-O sites (not co-ordinated to
any specific group) can be easily approached by the diffusing vapor
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Fig. 6. T; of the PMMA nanocomposite as a function of the TiO, loading for spherical
and rod-like nanofillers. The dotted lines are guide for eyes.
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molecules, due to the radial distribution of the OLEA molecules at the
spherical surface of titania particle as sketched in Fig. 7a.

Due to their polar character, the carboxyl group and/or the Ti-O
sites are more prone to efficiently interact with the solvent polar
molecules via a strong dipole-dipole interaction, finally resulting in
an increased sorption ability of the polymeric matrix toward
acetone and water. In the case of the OLEA capped nanorods, the
surface is less accessible for the polar molecules, being the capping
molecules more densely packed than in the spherical particles (see
sketch of nanorod in Fig. 7b). Such geometry results in a more
efficient screening of the dipole-dipole interaction between
solvent molecule and the polar bonds, carboxyl group of the OLEA
and the free Ti-O sites, at the NC surface. In addition, the long
apolar alkyl chain of the OLEA molecules presents a weak affinity
for the polar solvents, especially for the water, thus causing
a decrease of absorption capacity of the PMMA even with low NCs
content for these solvents as evident in Fig. 4.

In agreement with this model, the increased absorption of
propan-2-ol and ethanol in the PMMA composites, for both
spherical and rod-like nanofillers, can be attributed to the affinity
between aliphatic chains of the ligands and the C-H bonds in these
solvents. The enhanced sensitivity of the PMMA toward the
propan-2-ol can be ascribed to the larger number of C-H bonds in
the propan-2-ol than in the ethanol. In this instance, the larger
swelling observed for the rod-like fillers than for the nanospheres
in the presence of weakly polar solvents can be ascribed to the fact
that in the case of the nanospheres the polar bonds on the filler
surface, carboxyl group of the OLEA and the free Ti-O sites, are not
efficiently screened by aliphatic chains of OLEA. Then, the weak
affinity between these surface polar bonds and the propan-2-ol and

ethanol occurs in competition with the interaction between OLEA
aliphatic chains and the C-H bonds of these solvents, causing the
smaller absorption capacity observed in PMMA with nanospheres
when exposed to the weakly polar solvents with respect to the case
of PMMA with nanorods.

It is worth to notice that at low content of NCs a certain degree of
aggregation has to be taken into account, and as a consequence
isolated NCs and some small aggregates could be dispersed in
the PMMA matrix as evident in the AFM image (Fig. 5). Due to the
protecting effect of the surface organic coating, the TiO, NCs in the
polymer form close-packed aggregates [23] where each NC retains
its individuality, as confirmed also by TEM images. Thus the OLEA
molecules on the outer surface of these small aggregates continue
to have a geometrical distribution characterized by the OLEA
carboxyl groups and the free Ti-O sites ease to approach in the case
of spherical NC aggregates and screened by the aliphatic chains of
the OLEA in the rod-like NC aggregates (inset of Fig. 7a and b). Since
the above-discussed hypothesis relies on the interaction between
vapor and organic coated NC surface, they stand also in the pres-
ence of these small aggregated NCs, which may only turn into
a slight reduction of the amount of sites available for absorption.

At NC content higher than 8 wt% the aggregation phenomena
could cause a more relevant reduction of the amount of sites avail-
able for interaction with the penetrating molecules, thus contrib-
uting to induce the decrease in the swelling for composites having
NC content higher than 8 wt%, irrespectively of the filler shape.

4. Conclusions

Inorganic-capped NCs dispersed in a polymer, at low loading, can
control the absorption capacity of different solvents in the host
polymer. The overall results demonstrate that the NC shape together
with the nature of the capping molecules could be used for tuning the
sensitivity of the polymer composite to a specific vapor composition.
The distribution of the ligands at the NC surface can be effective to
control the extent of the interaction between the penetrating mole-
cules and the embedded NCs from the outer to the inner specific
chemical functionality of the coordinating ligand molecules.
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