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Sol-Gel in the Presence of Cationic Polymer
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ABSTRACT: Self-standing and coated-on-glass films were
prepared from polymer—inorganic ormosils, using the cati-
onic polymer poly(methacrylamide propyl quaternarydime-
thyldodecyl bromide). The inorganic compound was grown
in sol-gel reactions based on methyltriethoxysilane
(MeTES), with or without addition of the titanium-precur-
sor: tetraisopropyl orthotitanate. As evidenced by thermog-
ravimetric analysis and differential scanning calorimetry
data, the thermal properties of the films are highly depend-
ent on the internal morphology. Inorganic granules with a
TiO, rich shell have a more polar surface, which stimulates
stronger electrostatic interactions with the polymer, hence, a
reduced mobility for the amino end and a smaller probabil-
ity to have amino ends engaged in interactions at the surface

of the granules. Coated-on-glass films drawn from pure cati-
onic polymer suffer from partial dewetting. Topographic
and force-versus-distance recordings using atomic force mi-
croscopy showed a change in the energy balance and no
dewetting regions were encountered for polymer/MeTES
based composites. However, because of nongrafted poly-
mer, these films are not immune at washing with water/
acetone. Explorations of antibacterial activity against the
gram-negative bacteria, Pseudomonas aeruginosa, were done
using ormosil films with alkoxysilanes combinations. © 2007
Wiley Periodicals, Inc. ] Appl Polym Sci 106: 2625-2633, 2007

Key words: morphology; microstructure; inorganic materi-
als; atomic force microscopy (AFM); thermal properties

INTRODUCTION

The efforts of the last years to obtain filmogen poly-
mer—inorganic hybrids are justified by the need to
improve the performances of usual polymers.'™"” For
fﬂmogenlg’19 or nonfilmogen hybrids, dispersing
nanometric-sized inorganics into polymer matrices,
(i) an increase in both thermal and dimensional stabil-
ities, (ii) improved physico-mechanical performan-
ces, ™77 (iii) fire resistance,” (iv) decreased water
absorption,” or (v) gas permeability”'’ were achieved.
Depending on the properties of the end-product,
filmogen hybrids can be further used as waveguide
materials with either nonlinear' or photochromic''
properties, conducting films® membranes,”'’ contact
lenses,'” and anticorrosive coatings.'®

In what concerns the special case of cationic poly-
mers, they are interesting candidates for organic—
inorganic preparations since electrostatic interactions
can strengthen the links between the reaction part-
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ners. Moreover, several cationic polymers were
shown to have antibacterial activity.?**"

In the present paper we report our investigations
on polymer—inorganic ormosils prepared with a
newly synthesized cationic polymer, namely poly
(methacrylamide propyl quaternarydimethyldodecyl
bromide), abbreviated in the following text as PCs.

As in our previous works,”** we used different
alkoxysilanes, with or without the addition of a tita-
nium-compound.

EXPERIMENTAL
Materials

The alkoxysilanes, methyltriethoxysilane (MeTES),
phenyltriethoxysilane (PTES), octyltriethoxysilane
(OTES), and vinyltriethoxysilane (VTES), all products
from Merck Schuchard, tetraisopropyl orthotitanate
(TIP), (3-glycidoxypropyl) trimethoxysilane (GMPS),
and 3(trimethoxysilyl)propylmethacrylate (MPTS)
from FlukaAG and rhodamine B (A.R.) were used
without further purification. Dimethyl aminopropyl
methacrylamide, dodecylbromide, and 2,6-ditert-
butyl-4-methylphenol (all from Catalyze, France) and
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Figure 1 Chemical formula of the monomer.

glycerol, ethylene glycol, a-bromnaphtalene, chloro-
form, and 2,2-azoisobutyronitrile (AIBN) (all Sigma
products) were used as received. Ethanol (Chimopar,
Romania) was purified by rectification. Maleic anhy-
dride (MA) (Reagent) was purified by sublimation.

Polymer

The monomer (3-methacrylaminopropyl)-N,N-di-
methyl-1-dodecylammonium bromide (see Fig. 1)
was obtained by quaternisation of dimethyl amino-
propyl methacrylamide with dodecylbromide in
ethanol, at 80°C for 10 h. 2,6-Ditert-butyl-4-methyl-
phenol (800 ppm) was added as inhibitor against
polymerization. In the next step, the quaternized
monomer was purified by precipitation in chloro-
form. Further, the monomer was resolubilized in
ethanol and polymerized using AIBN, under nitro-
gen, at 80°C for 3 h. The final polymer, recovered
after precipitation with nonsolvent, was resolubilized
and characterized using light scattering. An average
molar mass of (50 = 0.05) X 10° g/mol was found.

Film preparation

In all ormosil-polymer recipes, the cationic polymer
was dissolved in 8 mL ethanol prior to the addition
of the other reagents for the sol-gel reaction. A con-
stant amount of methyl-containing precursor (i.e.,
2.25 g MeTES) was used. Meanwhile, the amount of
cationic polymer was changed (see Table I). The
inorganic precursor MeTES was hydrolyzed for 4 h
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with acidic water (0.44 g, 0.01M HCl), under contin-
uous stirring.

In compositions with TIP, MA was used as a com-
plexing agent that slows down the sol-gel process of
the titanium compound.** When TIP was incorpo-
rated in the recipe, the hybrids were prepared by a
two-step method because TIP hydrolyzes at a much
higher rate than MeTES.*?® After a prehydrolysis
step with 0.14 g acidic water for 2 h, the TIP and
maleic anhydride were added to the solution, to-
gether with the second portion of water (0.3 g). The
mixture was stirred for another 2 h.

In addition, composites with PC3 (0.8 g), TIP (0.2
g), and variable MeTES/RTES combinations were
prepared also via the two-step method. These films
can be identified by the index: PC5-Me-R-TIP, with R
denoting the organic moiety attached to the silanes
precursor. This moiety was changed from methyl
(MeTES) to: phenyl (PTES), octyl (OTES), propylme-
thacrylate (MPTS), vinyl (VTES), or 3-glycidyloxy-
propyl (GMPS). In the recipes with combinations
of silica-precursors, the initial amount of MeTES
(2.25 g) was replaced with an equal amountofa1:1
mixture of MeTES : RTES.

All final sols were homogeneous and fluid. For
AFM and wettability investigations, thin films were
deposited on glass slides (precleaned with piranha
solution, repeatedly washed with water, EtOH, and
dried under nitrogen) by dip-coating. The slides
were left further to dry at room temperature (25°C),
under a mild nitrogen stream, for 2 weeks. No mac-
roscopic cracks (i.e., visible with eye resolution)
were observed after drying. The thickness of the
films, the profile, and the extent of thickness varia-
tion along the film surface were measured with a
profilometer (Talystep Taylor Hobson). All the final
films had a thickness of ~ 30 pm. For the thermogra-
vimetric analysis (TGA) analysis, well-determined
amounts from all formulations were deposited on
poly(ethylene) sheets and dried in similar conditions
(as the other samples). Before measurements, the

TABLE I
Films Indices and Appearance

Appearance of the film

Polymer/silane Polymer TIP/MA

Film index (%) (8) (g/8) Transparency Strength
PC0-Me 0 - - Opalescent Flexible, soft
PC1-Me 8.2 0.2 - Opalescent Flexible, soft
PC2-Me 15.2 0.4 - Opalescent Flexible, soft
PC3-Me 26.2 0.8 - Transparent Flexible, soft
PC0-Me-TIP 0 - Opalescent Flexible, hard
PC1-Me-TIP 8.2 0.2 0.2 / 0.038 Opalescent Flexible, hard
PC2-Me-TIP 15.2 0.4 Opalescent Flexible, hard
PC3-Me-TIP 26.2 0.8 Transparent Flexible, hard
PC3 100 0.8 - Transparent Brittle
PC3-TIP 26.2 0.8 0.2 / 0.038 Transparent Flexible, hard

In all recipes with MeTES, 2.25 g were used.

Journal of Applied Polymer Science DOI 10.1002/app
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polymer substrate was peeled off, yielding self-
standing composite films.

Methods

TGA was carried out at a heating rate of 20°C/min
in air using a Du Pont 2000 instrument. Same instru-
ment was used for differential scanning calorimetry
(DSC), at a speed of 10°C/min. To avoid artefacts in
the DSC curves, the recordings presented in this pa-
per were made after an initial heating (up to 120°C)-
cooling cycle.

Wettability studies were conducted according to
the liquid-solid contact angle method. A tiny drop
(from a liquid with known properties) is gently
deposited on the solid surface of the film and the
contact angle is measured during a time interval of
several seconds. The image of the drop profile is
recorded by video enhanced microscopy. Using the
same procedure, the contact angles were measured
using four different liquids: water, glycerol, ethylene
glycol, and a-bromnaphtalene. On the basis of the
obtained values, the Lifshitz-van der Waals (y-W
and acid-base (y; and <) contributions of the sur-
face tensions were calculated as in ref. 23.

A home-built instrument (Twente University, The
Netherlands) was used to observe the structure
(height profile) at the film/air interface. The micro-
scope was operated in constant force imaging mode
at a setpoint control force of 5 nN in air. Also, the
interaction between the AFM tip of the cantilever
and the films was measured in air with the instru-
ment operated in the force-versus-distance mode.
The silicon nitride cantilever (Park Scientific Instru-
ments, with a nominal spring constant 0.1 N/m)
was driven up and down at a frequency of 1 Hz.
Contact mode AFM and force-versus-distance scans
were performed on the film surface as obtained after
drying and, also, on “washed” films. The latter ones
were obtained by flushing the films’ surface at room
temperature with water (2 min), followed by acetone
(2 min), and finally redrying at room temperature.

Fluorescence emission spectra were recorded with
a Perkin Elmer 204 spectrophotometer equipped
with a 150 W xenon lamp as the excitation source
(Mexcitation = 360 nm).

The testing of the antibacterial activity was done
using the gram-negative bacteria, Pseudomonas aerugi-
nosa, prepared as suspension in peptonated water at
a concentration of 5 X 10° cells per mL. For these
tests, the composite films were first deposited on fil-
ter paper pads (10 X 20 mm?). Experiments with
clean pads were done as ““witness.” A standard
method for antibiotics tests was used, following the
protocol below. The pads were first carefully put on
top of culturing media (blood gelose) supported in
Petri dishes with diameters larger than the surface
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of the pads. Next, 0.3 mL of bacteria suspension was
pipetted on top of the free culturing medium, the so-
conditioned specimens were incubated for 24 h at
37°C, afterwards kept at ambient temperature and
examined every day.

RESULTS AND DISCUSSIONS

In our earlier work,? using different RTES precur-
sors, we found that polymer-free composites with
MeTES and TIP have a very regular structure (made
from spherical granules with a diameter around 46
nm) and a high resistance against washing with sol-
vent. Because of the special composition, i.e., a com-
pact silica-rich core surrounded by a more porous
shell with a predominant TiO, composition, dye
incorporation and retention are exceptionally good.
As evidenced by transmission electron microscopy,*
for preparations made only with MeTES, the porous
shell does not exist and washing with water/acetone
induces a small removal of dye.

The main difference between the ormosils pre-
pared in Ref. 23 and the composites, which are the
focus of this report, is the presence of an added
polymer, which is not grafted to the inorganic struc-
tures, but has the capability to interact with them,
especially at the end of the formulation, after stirring
is stopped and the sols are deposited for solvent
evaporation.

The films casted from the MeTES and MeTES-TIP
composites have been first analyzed with FTIR. For
the pure PCs-polymer, one can distinguish the fol-
lowing peaks in the FTIR spectra [Fig. 2(a,b)]:

« at 1650 cm ™!, a strong stretching vibration of the
C=C group conjugated with C=0;

. at 1530 cm ™, also a strong peak attributed to
the amine moiety O=C—N—, which is H-
bonded and in the trans configuration;

. the twin peaks at 1490 and 1465 cm ™' represent
the symmetric and asymmetric C—H deforma-
tion vibrations from the CHj groups linked to
the quaternary ammonium N;

« the contributions at 1200 and 970 cm™' are the
C—N stretching vibrations (due to the amine
arrangement of the first N);

o in the region 670 cm ! down to 400 cmfl, there
is a superposition of two contributions, which
are the skeletal vibrations of the alkene group.

Using MeTES in preparations, additional peaks
indicate the formation of an inorganic compound
with the Si—O—Si strong contribution dominating
in the 1000-1150 cm ™' spectral region [Fig. 2(a)]. The
5i—O—Si symetric stretching gives a contribution at

~ 770 cm~'. The presence of a peak at 1270 cm ™,

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 FTIR spectra for films prepared from cationic polymer (PC;) added to the sol-gel recipe with MeTES (a) or TIP (b).

specific to C—O bending in Si—O—C, is an indica-
tion that the inorganic compound is not fully hydro-
lyzed and the composite film contains a fraction of
ethoxy groups attached to the inorganic network.

The individual contributions from the skeletal
alkene groups are more easy to identify in the films
PC;-Me (with i = 1, 2 or 3), e.g., see Figure 2(a), the
peaks at 680, 590, and 405 cm ! for PCs-Me.

For the hybrids PC-Me-TIP, the FTIR spectra were
found to be identical with PC;-Me, since the small
contribution expected at ~ 960 cm™' for Si—O—Ti
groups is screened by the strong silica contribution.
By contrast, in PC;-TIP, the presence of the
Ti—O—Ti links changes the shape of the spectra in
the 1000-850 cm ™' range [see the region between the
dotted lines in Fig. 2(b)].

Thermal properties

TGA measurements provide information about the
thermal stability and reflect the bulk properties of
the end materials produced via the sol-gel method.
The pure polymer has two main degradation steps,
with significant weight losses at temperatures
around 244°C (oxidative degradation) and 320°C
(scission of the main chain) [Fig. 3(a,b)].

A noticeable increase in the thermal stability of
the cationic polymer was found for all polymer—inor-
ganic hybrids with MeTES [Fig. 3(a,c)]. Using DTG
curves [like Fig. 3(b)], a specific identification of the
individual (i.e,, per degradation step) maximum
rates for thermal decompositions proves that the
inorganic reduces the contact of polymer’s vulnera-
ble organic moieties with the oxygen. These results

are in good agreement with previously published
data. 692227
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A visible shift towards lower temperatures for the
oxidative step is seen for the TiO, containing films
[Fig. 3(c) compared with Fig. 3(a)]. This decrease
goes so far that, for the hybrid PC;-TIP, the end-
product is even more susceptible to thermal decom-
position than the starting pure polymer [see Fig. 3(d)
compared with Fig. 3(b)]. The observed effect can
have two sources. The first one is a modified mor-
phology of the granules (as demonstrated in Ref. 23
for Me-TIP granules when compared with particle
made from pure MeTES) and, hence, a different
interaction of the organic chains with the inorganic
matrix. The second explanation can be a catalytic
effect of TiO, on the thermal oxidation.?®

TIP presence in the initial recipes also stimulates
an advanced thermal degradation at temperatures
above 400°C [Fig. 3(d)].

Polymer contacts with the inorganic are sensitive
to the local polarity and specific interactions. Differ-
ences in the chain mobility would be expressed in
differences in the temperatures associated with con-
formational transitions. These can be measured with
DSC.*! The endothermic peak (around 110°C) in
the DSC curve of the pure polymer indicates that, in
bulk, the cationic polymer has a certain degree of
association induced by the dipolar interactions at the
amine groups (for which FTIR showed hydrogen
bonding). At higher temperatures, thermal degrada-
tion begins and gives in the DSC curve an exother-
mic signal.

When the starting material is a mixture between
polymer and the sol-gel result of MeTES hydrolysis,
few additional features are visible. The endothermic
peak has two contributions: one being identical with
the pure (bulk) polymer and a second contribution
at lower temperatures (denoted II in Fig. 4). Then,
there is another endothermic transition in the tem-
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Figure 3 Thermogravimetrical curves (full lines) and derivative DTG curves (dotted lines) for several hybrids.

perature range 180-230°C (marked III, Fig. 4), fol-
lowed by thermal degradation.

If the composite is prepared with both silica and
titania precursors, the II-nd and Ill-rd contributions
are much closer to the polymer main peak (I). On
the hybrid PCs-TIP, the DSC curve has only the I
and III-rd contribution, with the last one around
125°C.

We can ask ourselves: how can these observations
be reconciliated in a generic picture?

The answer is related with the possible interac-
tions inside the composite materials. One should
recall that the cationic character of the polymer
would stimulate electrostatic interactions with nega-
tive sites on the inorganic. If these interactions are
weak, the amine end of the polymer has enough mo-
bility to search for favorable orientations and find its
interaction companions (i.e., other amine groups
from neighboring chains). Taken into account that
the resulting bridges are in a constrained configura-
tion, like a network very close to the silica surface,
dipol-dipol interactions with the inorganic may
strengthen even more these superficial orderings,
hence generating configurations less susceptible to
temperature. The melting peak at temperatures
higher than those measured for pure, bulk PC (i.e.,
the IlI-rd peak) supports this hypothesis. On the

EXO
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Ls
thermal degradation

0 50 100 150 200 250
TEMPERATURE (©C)

Figure 4 DSC thermograms of various hybrids.
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other hand, because of these ““surface-tight” arrange-
ments, the Br-terminated alchilic end will be forced
to form a sort of polymeric brush, with a small
degree of ordering, expressed in the appearance of
peak II.

For formulations with MeTES and TIP, if the
resulting granules have a TiO, rich shell, the surface
will have a higher superficial polarity and a higher
affinity for interactions. In these conditions one can
expect stronger electrostatic interactions, which
means a reduced mobility for the attached amino
end and a smaller probability to have amino ends
engaged in interactions at the surface of the gran-
ules. This is the reason why peak III is almost
“embedded” at the end of peak I for the composite
PC3-Me-TIP and peak II has almost disappeared. In
the film made from PC;-TIP, peak III remains
slightly more visible than in PC3-Me-TIP.

Differences in polarities at the microscopic level
can also be evidenced if a dye is used as “marker.”
According to the recipe already used in ref. 23, rho-
damine B was added as ethanolic solution at the end
of the sol-gel process, stirred for another 2 h before
casting films from the end products. After drying,
the films have been subjected to fluorescence spec-
troscopy, with identification of the emission maxima.
For pure PC; and films in the series: PC-Me, (with
i = 1-3) the same value was obtained: 564 nm. In
contrast, the dye-doped formulation prepared only
with MeTES had the maximum at 557.5 nm. Such a
red shift in the position of the emission maximum
indicates a higher polarity in the microvicinity of
Rh-B in the hybrids when compared with pure inor-
ganic. The red shift is even bigger for the film series:
PC;-Me-TIP (with i = 0-3), in perfect agreement with
a higher polarity due to the TiO,. If we compare the
obtained value, 570 nm, with the one obtained on
TiO,/SiO, hybrids in ref. 23 (namely 578 nm), the
data suggest that polymer interactions with the polar
sites on the TiO,-rich shell of the granules creates a
less polar microenvironment.

o X { ) 5 1 X { pim) 10
Figure 5 Topography of the PC; film, from pure polymer,
as prepared (left image) and after washing (right image).
Please note the two different length scales on the images:
5 pm, left and 10 um, right. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Topography of a sol-gel PCy-Me film, as pre-
pared (a) and after washing (b). [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Characterization of the film surface: wettability
and AFM data

Continuing with the investigations at the nanoscale,
nondoped films obtained by coating-on-glass have
been used for topographical imaging, using AFM
(contact mode). The film cast from pure polymer is
not flat, but has irregular small holes, which are
formed during solvent removal after film deposition
on glass. Such a partial dewetting was seen also for
other combinations polymer—substrate and is attrib-
uted to instabilities generated by the interplay
between the energy in the film and the interaction
with the surface. (For more details the reader can
see ref. 32 and references therein.) If the surface is
washed, the holes grow in size (i.e.,, the surface
imaged in Fig. 5—right is actually four times bigger
than the image on the left).

For a film drawn from PCy-Me (i.e., with no poly-
mer), the topography resembles the morphology also
found in ref. 23: small granules of inorganic material
can be easily identified in Figure 6(a). Washing the
surface of the PCy-Me film with water and acetone
stimulates a reorganization of the granules located in
the superficial layers and few particle-aggregates are
visible in Figure 6(b).

Using different amounts of polymer in the hybrid
formulations also generates less regularity at the film
surfaces. An example of it is given in Figure 7(a),

X {nm)

Figure 7 As prepared (a) and washed (b) surface for a
film made with the hybrid PCs-Me, imaged with AFM.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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which shows that the very regular granules seen for
PCy-Me [Fig. 6(a)] are now replaced in PC-Me with
aggregates of various sizes. The formation of these
agglomerations has its source in the electrostatic
polymer—inorganic interactions (as explained already
in the text).

Since no grafting agent (for the polymer chains in
the film) was used, the polymer is easily removed
by washing and the remaining surface [see Fig. 7(b)]
shows characteristics seen already: regular granules
in the inorganic regions [like in Fig. 6(a)] and empty
regions (or holes), like in Figure 5(a,b). The most no-
ticeable influence of the inorganic on the general as-
pect of the hybrids is the holes’ disappearance in the
initial (unwashed) films. The presence of the inor-
ganic and its interactions with the cationic organic
chains changes the energy balance and no dewetting
regions are encountered for PC-Me composites.
However, because of nongrafted polymer, these
films are not immune on washing.

Similar observations, as obtained with AFM for
PC;-Me films, also hold for the PC;-Me-TIP compo-
sites.

The AFM silicone nitride tip is polar and, in the
force histograms obtained from force-versus-distance
measurements, the polar—polar interactions are
reflected in higher adhesion forces when compared
with (tip) polar-nonpolar (sample) interactions.

A relative high incidence of the CHj-groups cover-
ing the inorganic spheres in PCy-Me gives a narrow
force histogram (not shown here), with adhesion
forces between 2 and 4 nN. On the contrary, for the
pure polymer film, enhanced interactions between
the cationic ends of the polymer and the negatively
charged AFM tip shift the force histogram to higher
forces: 12-14 nN. In the organic-inorganic hybrids,
PCi-Me, it seems that only a part of the charged
ends of the cationic polymer are facing the inorganic
and the adhesion values are spread between 4 and
8 nN. In the PC5-TIP hybrid, the polymer contribution
dominates.

Two populations, with different polarities, contrib-
ute to the force histogram for washed PC;-Me. While
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Figure 8 (a) Equilibrium contact angle as a function of
the volume of the deposited water drop. Example given
for a PCi-Me film. (b) Influence of the polymer-to-inor-
ganic ratio (expressed here via the coefficient a which is
equal with the polymer amount in the PC;/Me; a = 1
denotes PCs).
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Figure 9 AFM imaging of the film surface before (a) and
after (b) washings with water/acetone, for the hybrid PCs-
Me-GMPS-TIP. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

the first population has characteristics similar to the
as prepared films (i.e., adhesion = 4-8 nN), the sec-
ond population belongs to pure polymer islands
(more polar: 12-14 nN), which have been created af-
ter partial mobilization of the polymer by the solvent
combination used in the washing step.

Polymer solubility in water also affects the mea-
surement of the contact angles. (These measurements
were part of the wettability studies, which give an
average over the film superficial properties at the
macroscale.)

A variation of the contact angle with water [like in
Fig. 8(a)] was seen for small drops deposited on all
films with polymer. For drop volumes larger than
15 pL, an equilibrium value is attained. The compo-
sition of the hybrids has detectable influence on the
hydrophilic-hydrophobic balance at the surface. As
expected, with the addition of more polymer [i.e.,
increase of the a index in Fig. 8(b)], the hybrids are
more hydrophilic. Kept in the dried state, the films
proved to be quite stable and no significant varia-
tions in the contact angles were seen between meas-
urements done after 5 days or 4 months from films’
deposition. The presence of TIP in the PC;-Me-TIP
hybrids was not noticed in the wettability studies
and identical data were obtained as for PC;-Me.

Hybrids with alkoxysilanes combinations
(PC3-Me-R-TIP)

Using combinations of alkoxysilanes, the properties
of the hybrids can be more finely tuned towards
desired directions (see examples below).

A better coverage of the granular inorganic with
organic material [see Fig. 9(a) compared with Fig.
7(a)] and smaller degree of agglomeration after
washing [Fig. 9(b) compared with Fig. 6(b)] was
obtained for PC3-Me-GMPS-TIP. This composite also
has the highest internal polarity (Fig. 10).

The differences in the internal polarity were inves-
tigated using rhodamine (Rh-B) as marker (see Fig.
10). The measured emission band of Rh-B results
from electronic transitions, which are changes from

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 10 Changes of the wavelength of the emission
peak (Amax) for fluorescence spectra of rhodamine B-doped
hybrids, as a function of composition. All hybrids belong
to the PC3-Me-R-TIP series.

the vibrationally lowest-lying level of the first
excited electronic state S; to the vibrationally excited
sublevels of the electronic ground state.*

The wavelength (around 580 nm) of the peak char-
acteristic for the fluorescence emission spectra of the
dye-doped hybrids confirm that Rh-B exists in the
cationic form in these composites.**> Blue shift of
the peak positions (from 580 nm towards 560 nm)
are an indication for the decrease in Rh-B cationic
species and formation of new species at the expense
of this cation. In dye-doped solids, highly acidic
cage environment is capable to supply more protons
(H") to rhodamine-B cation. These (H") ions are
attached to the nitrogen atom (uncharged) carrying a
lone pair of electron in the structure of Rh-B cation,
resulting higher protonated form. Because of Cou-
lombic repulsive interactions, the attachment of H*
ion at the nitrogen atom carrying positive charge is
not possible. Thus, a higher protonated form of Rh-B
induces a blue shift in the fluorescence peak of the

TABLE II
The Bacteria’s Penetration Index (BP) Through the
Sample Indicates a slight (BP = 1) or Complete (BP = 2)
Damage Caused by the Microorganisms

Incubation time

Hybrid 24h 48h 72h 144h
Witness (paper support only) 2 2 2 2
PC0-Me-TIP 0 0 1 2
PC3-Me-TIP 0 1 1 2
PC3-Me-PTES-TIP 0 1 1 2
PC3-Me-GMPS-TIP 0 0 0 0
PC3-Me-OTES-TIP 0 0 0 0
PC3-Me-MPTS-TIP 2 2 2 2

For samples with 100% antibacterial activity: BP = 0 (no
penetration).
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TABLE III
The Surface Energy (mJ/m? Components of Hybrid
Films with RTES

Hybrid film yEW vd Vs v30T
PC3-Me-TIP 39.058 0.006 0.109 39.078
PC3-Me-PTES-TIP 37.220 0.041 1.916 37.650
PC3-Me-GMPS-TIP 35.806 0.023 1.637 36.067
PC3-Me-OTES-TIP 31.068 0.017 0.096 31.134
PC3-Me-MPTS-TIP 36.412 0.025 1.721 36.618
PC3 39.149 0.696 4.321 39.271

The Lifshitz-van der Waals (y5V) surface energy is
related with the interaction between the film components
as manifested at the solid/air interface. Meanwhile, the
acid-base (y¢ and g ) contributions indicate the surface
character as electron acceptor or, respective, donor.

dye in the hybrid films. The balance between the cat-
ionic form and higher protonated forms of Rh-B is
the basis for the different A, values obtained for
the fluorescence peaks of the composites (Fig. 10).
Besides a high internal polarity, PC3-Me-GMPS-TIP
also has the best antibacterial activity (see Table II).

The pads treated with PC3-Me-GMPS-TIP, as well
as the ones with PC3;-Me-OTES-TIP, are well pro-
tected against bacterial attack and no bacterial
growth was seen on the pads, around, or under the
pads. In all other cases, the bacteria spread around
and under the pads (Table II).

For the time being one can only advance a hypo-
thetical explanation for the antibacterial activity of
some of the composites. The materials having
advanced biocidal capabilities (i.e., PC3-Me-GMPS-
TIP and PC3-Me-OTES-TIP) do not share identical
values for surface (Table III) or internal (Fig. 10)
polarities. However, these composites have the lon-
gest alkylic chains. The presence of a long alkylic
chain was already proved to have antibacterial
effects®® for the PCs alone.

For long-term stability and resistance against sol-
vents, it is recommended to have a grafting of the
polymerizable chains in the hybrids, after film depo-
sition. This can be achieved using an UV-activated
initiator (as in ref. 22). We expect that antibacterial
activity will be maintained in the grafted state, as it
was seen already for polyamide fibers grafted with
methacryloyloxyethyl  dimethyldodecylammonium
bromide.*!

CONCLUSION

Different properties of film casted from complex
combinations of the cationic polymer poly(methacry-
lamide propyl quaternarydimethyldodecyl bromide)
with sol-gel structures obtained from Si-based alkox-
ysilanes, with or without TIP, were investigated. Our
findings can be used for fine-tuning the preparation
recipe for dedicated end-products.



FILMOGEN ORGANIC-INORGANIC HYBRIDS

The most important finding is the possibility to

obtain coated-on-glass films without discontinuities
(i.e. dewetting holes) for polymer/MeTES based
composites.

Even if the here-presented studies of antibacterial

activity are still far from being complete, they are a
promising beginning along the path of certifying
coatings immune to bacterial attack.
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