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ABSTRACT: We report on a novel catalytic system based on electrospun polymer nanofibers,
which were modified with a metal-containing polyhedral oligomeric silsesquioxanes (M-POSS).
In particular, a titanium-based POSS, characterized by an amino group as reactive side, was
contacted with poly(styrene-co-maleic anhydride) (PSMA) nanofibers, which were dispersed in
a solvent capable of solubilizing the above metal silsesquioxane. FTIR measurements evidenced
the occurrence of the reaction between the MA group of PSMA and the amino group of POSS
molecule. The catalytic activity of the PSMA/Ti-POSS-NH2 system was proved in the
degradation of sulforhodamine B under UV light. The presence of metal center, directly
attached to the nanofiber surface, renders the system catalytically active.
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Electrospinning is a simple method capable of producing
ultrafine fibers with diameters, ranging from nanometer to

micrometer scales.1 In particular, polymer nanofibers have been
studied for a number of applications including composites,
filtration, and biomaterials. Among the various exploitations of
these materials, recently their use as support of homogeneous2

and heterogeneous catalysts3,4 has been proposed. Indeed,
immobilization of catalyst on solid supports is of great interest
because it can make the handling and recovery of catalysts
much easier. Nanostructured supports, such as mesoporous
materials and nanoparticles, are widely studied because they
provide a high surface to mass ratio;5,6 among these, polymer
nanofibers offer several advantages over other nanostructures.
Long and continuous polymer nanofibers can easily be made
with an electrospinning process.7,8 This technique is applicable
to a variety of polymer materials. The electrospun polymer
nanofibers can be structurally tailored to nonwoven mats, well-
aligned arrays, or membranes.9 The large surface-to-mass ratio
of nanofibers provides an advantage of higher loading per mass,
and thus higher catalytic activity per mass. Moreover,
electrospun nanofibers can be easily recovered from solution
and reused.
In particular, as far as Ti-based catalysts are concerned, the

object of the present work and generally applied as titanium
dioxide (TiO2), electrospinning has been used to prepare both
neat TiO2

10−13 nanofibers or rice grain-shaped TiO2 meso-
structures14 and polymer-containing TiO2 nanofibers.2,15−17

Moreover, electrospun nanofibers have been used as support of

titanium dioxide, deposed by several techniques, such as sputter
coating,18 layer by layer,19 and tip coating.20

Indeed, TiO2 has been extensively studied as a photocatalyst
because of its chemical stability and nontoxicity.21 In recent
years, one of the most active areas in photocatalysis is
environmental remediation with TiO2-based photocatalysts,
which turned out to be effective for the degradation of many
organic pollutants.22 Moreover, the photocatalytic activity of
TiO2 was enhanced by doping the nanoparticles with
nitrogen,23 or by using composite systems based, for example,
on carbon nanotubes24 and graphene.25 However, one the
major drawback of the above catalytic system is the difficulty of
the photocatalyst recovery by separation of the fine TiO2

particles from the liquid. As previously mentioned, to solve
this problem, many immobilization systems have been tested
employing several supports.
In this work, a novel titanium-based heterogeneous catalytic

system based on polymer nanofibers has been assessed. In
particular, for the first time, grafting of the metal center on the
nanofiber surface has been attempted through the exploitation
of a functionalized metal-containing polyhedral oligomeric
silsesquioxanes (POSS), namely a silsesquioxane potentially
capable of reacting with the polymer surface. Indeed, the
polymer/M-POSS nanofibers should represent not only an
easily recoverable catalyst but, with respect to the other
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mentioned catalytic systems, should also hold higher accessible
catalytic centers because of the direct grafting of the metal on
the polymer surface.
In general, POSS are organic/inorganic molecules, sizing

approximately 1 to 3 nm, with general formula (RSiO1,5)n,
where R is hydrogen or an organic group, such as alkyl, aryl, or
any of their derivatives. As far as M-POSS are concerned, they
can be prepared from incompletely condensed structures, i.e.,
open-corner POSS molecules.26 Indeed, M-POSS, already
exploited in the field of both homogeneous and heterogeneous
catalysis (e.g., epoxidation27 and lactide polymerization28),
turned out to strongly affect thermo-oxidative degradation of
polymer nanocomposites.29,30

In our work, a titanium-based POSS, characterized by an
amino group as reactive side (Figure 1), was contacted with

poly(styrene-co-maleic anhydride) (PSMA) nanofibers, which
were dispersed in a silsesquioxane solvent.
Indeed, this work has been preliminary focused on the study

of the influence of the electrospun nanofiber morphology on
nanofiber disperdibility in a solvent capable of solubilizing Ti-
POSS-NH2 molecules. In particular, as shown in Figure 2, by
keeping constant all the electrospinning paramenters (polymer
concentration, voltage tension, air flow, distance, etc.) and
increasing the relative humidity (Rh) the morphology
completely changes; passing Rh from 20 to 50%, the
homogeneity of the fibers increases.
It is worth mentioning that the above parameter, which is

generally not studied, was only recently considered by Casper
et al.,31 who concentrated their investigation on the influence of
the amount of moisture on the surface morphology of
electrospun PS fibers from THF, finding that high level of
humidity (above 30%) favored the formation of pores on the

surface of the fibers. Moreover, in a previous work of ours, the
effect of Rh on the morphology of PVDF-based nanofiber was
assessed.32

Moreover, recently, Tripatanasuwan et al.33 studied the
effects of the relative humidity on the evaporation rate and
solidification of the charged jet during electrospinning of
poly(ethylene oxide) from aqueous solution. It was reported
that increasing the relative humidity, the nanofibers diameter
decreased, thus demonstrating that the vapor concentration of
the solvent is a parameter capable to control the fiber
morphology. In our case, there is no water present in the
polymer solution, so the humidity does not act directly on the
solvent concentration in the chamber but it is probably
responsible for the polymer precipitation. Indeed, a higher
relative humidity might facilitate the polymer precipitation in
the ejected solution and, as a consequence, decreases the
elongation time of the charged jet. Therefore, at low relative
humidity the process of polymer precipitation is not induced
and a slower solidification occurs; that is, the charged jet
undergoes a more prolonged elongation, thus promoting the
formation of thinner nanofibers. Conversely, at high relative
humidity, the polymer precipitation is promoted and,
consequently, the faster solidification leads the nanofiber
average diameter to increase as well as their dimensional
homogeneity to improve. Clearly, the surface reaction between
the PSMA nanofiber and the solubilized POSS requires the
electrospun membrane dispersion in the solvent, namely, the
disentanglement of the electrospun mats, which consists of
intricate single nanofibers. The dispersion has been found to be
related to the nanofiber morphology and in particular, the
presence of beads turns out to facilitate the electrospun mat
disentanglement. Indeed, the defective nanofibers (Figure 2a)
are well-dispersed in MeOH.
To study the kind of interactions and/or reactions occurring

between Ti-POSS-NH2 and the polymer surface, we have
analyzed neat PSMA nanofibers, the amino type Ti-POSS, and
the modified nanofibers by FT-IR measurements.
In Figure 3, IR spectra of PSMA, Ti-POSS-NH2, and the

nanofibers contacted with the above metal-POSS are reported.
The neat POSS shows a strong Si−O−Si stretching absorption
band at ca. 1100 cm−1, which is the typical absorption peak of
the silsesquioxane inorganic framework.26 PSMA holds two
characteristic absorption peaks at 1772 and 1850 cm−1 due to
symmetric and antisymmetric stretching vibrations of the
anhydride carbonyl group as well as a peak at 1213 cm−1

Figure 1. Amino hexaisobutyl titanium POSS (Ti-POSS-NH2).

Figure 2. SEM micrograph of: (a) PSMA nanofibers prepared by applying a Rh of 20%; (b) PSMA nanofibers prepared by applying a Rh of 50%.
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attributed to the stretching vibration C−O−C of maleic
anhydride units.34 In the spectrum of the nanofibers treated
with Ti-POSS-NH2, together with the peaks characteristics of
the neat polymer matrix, new bands at ca. 1100 and 1740 cm−1

appear together with a shoulder at 1710 cm−1. The former
band, as previously reported, is due to Si−O−Si stretching
vibration and gives evidence of the presence of POSS on the
polymer surface, whereas the ones at higher wavenumbers at
1740 cm−1 and the shoulder at 1710 cm−1, can be assigned to
the carbonyl group stretching vibration of a carboxyl acid and of
an amide, respectively.35 It is worth underlining that the
intensity of these peaks do not disappear in the samples after
extraction of unbound POSS, evidencing the occurrence of a
grafting reaction between the silsesquioxane molecules and the
polymer. Thus, as illustrated in Figure 4, these results prove the
occurrence of the reaction between the MA group of PSMA
and the amino group of POSS molecules.
Indeed, as previously reported in the case of the preparation

of hybrid systems based on PSMA and an amino-funtionalized
POSS via melt blending36 or vapor-phase grafting,37 the
temperatures applied (above 140 °C) allowed the subsequent
condensation reaction with the formation of a cyclic imide
linkage. Conversely, as demonstrated by FT-IR analysis, the
mild conditions used to modify PSMA nanofibers, turn out to
promote only the first step of the reaction between the MA and
the amino group.
Is important to underline that the morphology of the

nanofibers does not change after the contact with Ti-POSS-
NH2, while SEM-EDS and XPS analysis demonstrates a
homogeneous Si distribution on the fiber surface (atomic

percentage of ca. 10%). Clearly, these results confirm the
occurrence of the silsesquioxane surface grafting on the
nanofiber surface.
The degradation of sulforhodamine B (sB) was investigated

to determine the photocatalytic activity of the electrospun
nanofibers.
Figure 5 shows the plots of decrease in sB concentration with

UV exposure time in presence of PSMA/Ti-POSS-NH2

nanofibers, compared to pure PSMA nanofibers. Indeed, in
the case of the solutions containing the treated nanofibers, the
concentration of sB decrease rapidly after 20 min of exposure
and after 40 min about 50% of the above reagent is degraded.
Conversely, the concentration of sB for the neat PSMA
nanofiber-based solution remains the same. It is important to
point out that a following catalytic test demonstrated that the
activity of the catalytic system is completely maintained.
Although the results are only preliminary, and a more

detailed investigation, mainly on the reaction mechanism and
on the catalyst durability, needs to be accomplished, they
demonstrate that the nanofiber/M-POSS system, characterized
by highly available catalytic centers, shows a relevant photo-
catalytic activity.
In conclusion, a novel catalytic heterogeneous system,

characterized by the presence of metal centers directly attached
to the surface of electrospun nanofibers, has been assessed

Figure 3. FTIR spectra of: (a) PSMA electrospun nanofibers, (b) Ti-
POSS-NH2, and (c) treated PSMA electrospun nanofibers.

Figure 4. PSMA electrospun nanofiber surface and Ti-POSS-NH2 reaction scheme.

Figure 5. Decrease in sB concentration with UV irradiation time (in
presence of electrospun webs).
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through the exploitation of a functionalized M-POSS capable of
reacting with the polymer matrix. Indeed, the surface reaction
has been successfully applied to the grafting of a titanium
amino-functionalized POSS on PSMA nanofibers.
Moreover, the work demonstrates the photocatalytic activity

of the nanofiber/M-POSS system for degradation of the
organic dye sulforhodamine B. Clearly, the easy separation of
the nanofibers after the reaction makes the developed
heterogeneous catalyst a promising system for a practical
exploitation.
Besides the catalytic activity, thanks to the presence of the

siliceous POSS structure, other peculiar properties of the
nanofiber/M-POSS system can be envisaged.
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