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Insight into polymer-borate hybrid films - structural approach
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Transparent organic-inorganic hybrid films (mass ratio PVA/PEG/B,03=10/7/1) are obtained by polymer-assisted
sol-gel synthesis and solution-casting method at ambient temperature. An aqueous solution of boric acid (H3BO3) and
ethanol solution of trimethyl borate ((CHz0)3B) with pH adjustment are used as sources of cross-linking borate units.
Surface morphology and structure of the obtained hybrid films are studied by scanning electron microscopy (SEM),
Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD). XRD indicated that amorphous structure
with poor crystallinity is formed. SEM showed a homogeneous and microporous surface free of crystallites. The results
of FTIR spectroscopy revealed that the borate unit types and chemical bonds in the hybrid network are functionally
dependent on the type of boron-containing solution and pH. The most crosslinked hybrid structure including a large
number of polyborate ions is obtained from an aqueous solution of H3BOs at pH 10. Based on spectral data a probable
crosslinking mechanism in the hybrid network consisting of B-O-C bonds of ester complexes and hydrogen bonds is
proposed.
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INTRODUCTION

Hydrogels are subject to considerable attention
in the past 50 years, due to their excellent promise
in a wide range of applications. They also have a
degree of flexibility very comparable to natural
tissue due to their significant water content. The
biocompatibility properties and swelling effects in
biological conditions make them an ideal class of
materials for biomedical applications, such as drug
delivery and tissue engineering. It is essential to
develop biodegradable materials by modification of
traditional natural or non-degradable polymers
about specific environmental problems.
Commercially available biodegradable polymers
are mainly limited to the natural polysaccharides,
aliphatic polyesters, and polyethers, for example,
polyethylene glycol (PEG), polyvinyl alcohol
(PVA) [1-6].

PVA is a water-soluble polymer, employed in
practical applications due to its excellent chemical
resistance, biocompatibility, good film-forming
capability, non-toxicity, and biodegradability in the
presence of suitable microorganisms. The
properties of PVA make it particularly interesting
for the industrial elaboration of new
environmentally  friendly  biomaterials. PVA-
hydrogels obtained in the presence of crosslinking
agents (a second polymer, an inorganic species or
organically modified nanostructures) produce
materials with a significant change in structure and
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properties [3-13].

PEG possesses properties such as high
hydrophilicity, solubility in water and organic
solvents, biocompatibility and absence of
immunogenicity, antigenicity, toxicity. (PEG)-
based hydrogels are applied as optically transparent
photoactive substrates, solid polymer electrolytes,
biomedical and cosmetic materials with tunable
properties. Polymer blends and organic-inorganic
hydrogels based on PVA/PEG are extensively
studied for material packaging, anti-microbial
films, contact lenses, real-time immunoassays,
tissue  engineering  matrices,  acid-resistant
biomembranes and drug delivery systems [1-5, 10-
14].

H3BO3 is a weak Lewis acid possessing
antibacterial properties, and in dilute aqueous
solutions, B(OH)4- and B(OH)3 species are
existing simultaneously. At a concentration higher
than 0.025M and pH between 7 and ten a shifting of
acid-base equilibrium occurs, and various stable
polyborate anions are formed [15]. The crosslinking
efficiency of borate ions is well known, as well as
the formation of diol complexes so that H3BO3
relatively well dissolves in polyvalent alcohols and
polysaccharides to obtain  organic-inorganic
hydrogels with biomedical applications [16-21].

The purpose of this study is the preparation of
PVA/PEG/Borate hybrid films by different boron-
containing solutions and respective pH adjustment,
as well as their structural-morphological
characterization by XRD, FTIR and SEM. A
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probable crosslinking mechanism of the polymer-
borate hybrid network based on infrared spectral
data is proposed.

EXPERIMENTAL

Transparent self-standing hybrid films with
mass ratio PVA/PEG/B,0s= 10/7/1 are obtained by
the sol-gel process and solution casting method at
an ambient temperature as referred in our previous
studies [22-24]. The following analytical grade
reagents are used: polyvinyl alcohol 72000 (PVA)-
98% hydrolyzed, polyethylene glycol 400 (PEG),
trimethyl borate (CH30)sB, boric acid (H3BOs),
ammonia solution 25% (NHs.H20). Stock solutions
of 4wt. % PVA and 4wt. % HsBOs; are prepared in
double distilled water, while 4wt. % (CH30)sB in
ethanol. The pH value is adjusted of 5 to 10 by
ammonia solution (absent of alkali ions). The
hydrogels are made by initially mixing and
homogenization of relevant amounts of PEG and
boron containing solutions, after that PEG-borate
mixture is added to the PVA by constant stirring.
PVA-PEG-borates viscous solutions are cast onto
glass plates, dried at ambient temperature for one
week, after that the dried films are peeled off. The
surface morphology is observed by SEM (JEOL
JSM 5510). XRD is carried out on Siemens D500
diffractometer. FTIR spectra of starting materials
and obtained hydrogel films are recorded a Bruker
Tensor 27 instrument.

RESULTS AND DISCUSSION

The SEM micrographs of hybrid films prepared
of the boric acid solution are presented in Figure 1.

Fig. 1. SEM images of PVA/PEG/Borate hybrid
films prepared from an aqueous solution of H3BOj3 at (a)
pH 5 and (b) pH 10.

The surface morphology of the hybrid film,
obtained from boric acid solution without
adjustment of pH (pH=5) is shown as a relatively
homogeneous microporous surface structure with
large single surface pores and free of crystallites
(Fig.1a). The absence of microstructure in the SEM
picture also indicates the amorphous as well as
homogeneous nature of the samples. The surface of
the film obtained by a boric acid solution with pH
correction (pH=10) is different. The micrograph
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shows the presence of roughness and randomly
distributed structural aggregates (Fig.1b).

The structure of PVA/PEG/borate hybrid film is
studied by XRD. The X-ray diffraction pattern of
the sample obtained by boric acid solution without
adjustment of pH (pH=5) is represented in Figure 2.
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Fig. 2. XRD pattern of PVA/PEG/Borate hybrid film
prepared from an aqueous solution of H3BO:s.

The diffractogram contains an amorphous halo
at 19.7 deg260 (relatively broad peak) and a diffused
peak at 40.9 deg26, originating from the semi-
crystalline nature of PVA. There are no reflections
indicating crystallization of boric acid. XRD
confirmed the homogeneous and amorphous
structure of the hybrid film-observed by SEM.

The structural changes caused by cross-linking
of polymers and hydrated borate species derived
from different solutions at different pH values are
studied by FTIR spectroscopy. IR spectra of the
starting polymer compounds and aqueous solutions
of boric acid (pH 10 and pH 5) are presented in
Figures 3 and 4, respectively.

The following vibrational modes are assigned to
the chemical bonds in polymer compounds (Fig. 3):
3700-3100 cm? (veH-OH, vsC-OH, hydrogen
bonds), 2850-2960 cm* (vsCH>), 2300-1900 cm™ (§
hydrogen bonds), 1650 cm? (bending of H,0),
1460 cm? (O-H and 8CH2), 1380 cm? (8,CHs),
950 cm? (yC-OH), 780-850 cm™ (bending
vibrations of CH,). Absorption bands in the regions
1330-1220 cm? (8C-OH) and 1065-1020 cm™? (vC-
OH) can be attributed to the primary alcohol (PEG),
while these the in intervals 1370-1260 cm? (3C-
OH) and 1120-1080 cm? to (vC-OH) from the
secondary alcohol (PVA). Absorption bands in the
region 1200-970 cm™ are related to C-O bonds,
while these in the area of 1100-1000 cm? are
related to C-O-C stretching vibrations of esters [1,
2, 10-24].
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Fig. 3. FTIR spectra of (a) 4% aqueous solutions of
PVA, (b) PEGago.
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Fig. 4. FTIR spectra of 4 % aqueous solution of
H3BOs at (a) pH 10, (b) pH 5.

The main structural units under which boron
exists in crystals, glasses and aqueous solutions are
BO3, and BO4 groups and their rearrangement leads
to superstructural species such as pentaborate,
triborate, diborate, a.g. The B-O bonds frequency
regions are 1500-1200 cm* (vB-O of BOs), 1200-
850 cm* (vB-O of BO4) and 800-600 cm™ (bending
vibrations for various borate segments). The bands
in the intervals 1440-1430 cm™, 1330-1220 cm™,
690-660 cm? are related only to BOs units of
orthoborates  (BOs*),  metaborates  (BOy),
pyroborates (B.Os*) (Fig. 4). The vibrational
frequencies at 1430 cm®, 1320 cm?, 1220 cm?,
1090 cm?, 690 cm™ are assigned to pentaborates
(BsOg) and these at 1430 cm™, 1320 cm™, 1020 cnmr
1,915 cm™, 690 cm™ - to triborates (BsOs’) [22-28].
The spectrum changes when pH of an aqueous
solution of boric acid is adjusted to pH 10 (Fig 4a).
The main differences affect the band at 1220 cm™,

which is shifted to higher wavenumber-frequency
of 1500-1200 cm™. At the same time, new bands
appear in the region 1160-1080 cm™ related to BO4
groups, probably tetraborates and diborates (BsO7%:
1445 cm, 1330 cm?, 1160-1080 cm?, 670 cm™).

These effects are explained by partial
transformation of BOs to BO,4 and are reported in
[25-28].

FTIR spectra of hybrid films prepared from
aqueous solutions of HsBO3 and ethanol solutions
of (CH30)3:B (pH 10 and pH 5) are presented in
Figures 5 and 6, respectively.
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Fig. 5. FTIR spectra of hybrid films prepared with an
aqueous solution of HsBO3 at (a) pH 10, (b) pH 5.
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Fig. 6. FTIR spectra of hybrid films prepared with an
ethanol solution of (CH30)3B at (a) pH 10, (b) pH 5.

The comparison of FTIR spectra of the polymer-
borate films and these of initial compounds
indicates that the main changes are associated with
characteristic frequencies concerning OH groups of
PEG and H3:BOs. The characteristic bands of the
hybrid film obtained from an aqueous solution of
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Hs:BO; are shifted compared with the original
vibrations of PEG.

Two types of crosslinking interactions between
inorganic and organic components are observed -
hydrogen bonding and ester type. It can be seen that
absorption modes 2908 cm-1 (vsCH2), 1655 cm-1
(bending vibration of H20), and 590 cm-1 (bending
vibration of OH-) are displaced to higher
wavenumbers compared to PEG and PVA (Fig. 5).
The same tendency is observed with absorption
bands at 1105 cm-1 (C-O-C or C-O-B of esters) and
845 cm-1 (rocking mode of CH2), overlapping with
the region of BO4 groups (1200-850 cm-1).
Furthermore, the absence of absorption bands in the
region 2280-1950 cm-1 and frequency was shifting
from 3400 cm-1 to 3370 cm-1 is due to the
appearance of intermolecular hydrogen bonds.
Hydrogen bonding interaction between the
polymers and different boron species in solutions as
well as water molecules is taking place.
Replacement of intramolecular hydrogen bonds
(present in all precursors) with intermolecular
(involved in all hybrid films) is reported in [23, 24].
The opposite tendency is observed for absorption
bands at 1425 cm-1, 1335 cm-1, 1290 cm-1 (C-OH
of PEG), being shifted to lower wave number
frequencies. In this interval are also included the
specific modes concerning BO3 groups (1500-1200
cm-1). Based on these effects the formation of
PEG-borate ester complexes including BO3 and
BO4 groups is assumed. Polymer-borate ester
bonds (B-O-C) are expected to be in the absorption
interval 1400-1000 cm-1 concerning C-OH, C-O-C,
and B-O (from BO3 and BO4 units) chemical
bonds. The characteristic frequency of B-O-C
bonds is noted at 1030 cm-1 and is reported in [16-
18]. The FTIR spectrum of a hybrid film prepared
from aqueous solutions of H3BO3 at pH 10 shows
differences expressed by the higher BO4/BO3 ratio
(Fig. 5a). The absorption bands assigned to B-O
bonds in BO4 groups are shifted to lower wave
number frequencies (1095 cm-1, 920 cm-1, 840
cm-1), and their intensities are increased.
Moreover, the intensity of bands near to 1100 cm-1
(BO4 groups) increases simultaneously with the
decrease in those in the region 1425-1250 cm-1
(BO3 groups). This is indirect evidence that the
organic-inorganic borate films obtained from
aqueous solutions of H3BO3 at pH 10 contain more
PEG-BO4 crosslinked structures.

FTIR spectra of films obtained from an ethanol
solution of (CH30)3B at pH 10 are similar to those
of films prepared with aqueous solutions of H3BO3
without pH correction (Fig. 6a). This fact is
explained with the low degree of hydrolysis of
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(CH30)3B in ethanol, i.e. negligible amounts of
hydrated borate ions, respectively crosslinked PEG-
BO, containing structures exist. When the synthesis
is carried with an ethanol solution of trimethyl
borate without pH adjustment, there is almost no
hydrolysis (in a solution lacking hydrated borate
ions) and the network is represented mainly by
hydrogen bonding. The films are completely
soluble in contrast to these obtained by aqueous
solutions of H3BOs that swell [23].

Taking into account the spectral data, the
following crosslinked PEG-borate  structures
involved in the construction of the hybrid network
are proposed (Fig. 7). It is suggested that PVA-
PEG-Borate network is based on initially
crosslinked PEG-borate  ester  complexes
entanglement trough hydrogen bonds to long PVA
chains.
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Fig. 7. A possible mechanism for the formation of
PVA/PEG/Borate hybrid network based on cross-linked
PEG-borate structures.

CONCLUSIONS

Transparent PVA/PEG/Borate hybrid films are
prepared under different conditions by polymer-
assisted sol-gel process and solution casting
method.

The amorphous, homogeneous and microporous
nature of the hybrid materials was confirmed by
SEM and XRD analyses.

By FTIR spectroscopy it was found that the
types of borate units and chemical bonds in the
hybrid network are functionally dependent on the
type of boron-containing solution and pH. The
BO4/BOs ratios, type of crosslinking, final structure
and morphology of hybrid network are depending
on experimental conditions. The best crosslinking
hybrid structures with a predominant amount of
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polyborate ions are obtained from an aqueous
solution of HsBOs at pH 10.

Based on FTIR data a probable mechanism of
the formation of a hybrid network involving PEG-
borate ester complexes linked through the hydrogen
bonds of PVA chains is supposed.
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TIIOI'JIEJ] KbM XUBPUJIHU ITIOJIUMEP-BOPATHU ®NJIMU — CTPYKTYPEH I1IOJ1XO/]
Xp. Xpuctos, M. Hensnkosa*, B. CumeoHOB

Daxyrmem no xumus u Qapmayus, Coguscku ynueepcumem ,,Ce. Kn. Oxpuocku”, 6yn. Joc. bayyep 1, Cous 1164,
bvneapus

Iocrenmna Ha 1 1omm, 2017 r.; kopurupana Ha 11 sayapu, 2018 1.
(Pestome)

IMpo3paunu oprann4Ho-Heoprannyau (GuiaMu (MacoBo chotHouienne PVA/PEG/B,03=10/7/1) ca mony4deHnu upes
TIOJIAMEPHO aCHCTHPAaH 30JI-TeJIeH CHHTE3 M (HOPMOBaHe U3 Pa3TBOP MMPH CTaiiHa Temreparypa. Bomen pastBop Ha GopHa
kucennHa (H3BOs) u eranosos pastBop Ha tpuMeTmiacopar ((CHsz0)sB) c¢ ompeneneno pH ca u3mons3BaHu KaTo
W3TOYHMIIM HA OMpEXBamM OopaTHW emuHWIHN. [IoBBPXHOCTHATa MOpPGOIOTHS U CTPYKTypara Ha TONy9IEeHHUTE
XUOpHUAHU QUMK Ca U3YUSHH C TOMOIITA Ha CKaHUpaIa enekTponra mukpockonust (SEM), Fourier tparchopmuparia
uH(ppauepsena crekrpockorus (FTIR) u penrrenosa mudpakims (XRD). XRD counm uwe ce obpasysa amophHa
CTPYKTypa chC cnaba kpucramuuaHocT. SEM mokasBa XOMOreHHa MHKPOIIOpECTa IMOBBPXHOCT, CBOOOAHA OT
kpucramutd. Pesynratute ot FTIR criekTpockomusaTa MoKassar, 4e BUAOBETE OOPATHU €AMHHUIM U XUMUYHUTE BPB3KHU B
XxuOpuaHaTa Mpexa ca (QyHKIMOHAIHO 3aBUCUMU OT BUJIA Ha 00p-ChabpKamus pasteop 1 pH. Haii-cuiHo oMpexenaTa
XUOpHIHA CTPYKTYpPa, BKIFOYBAIIA TOJIAM Opoil MoNMOOpaTHH HOHH, Ce MOJIyYaBa OT BOJEH pa3TBOp Ha OOpHA KHUCETNHA
npu pH 10. Bb3 ocHOBa Ha crieKTpalHUTE JaHHU € NMPEAJoKEH BEPOsITEH MEXaHW3bM Ha OMPEXBAaHETO B XMOpHIHATa
Mpeska, crerosina ce ot B-O-C Bpb3KkH Ha ecTepHU KOMIUIEKCH W BOJOPOIHH BPB3KH.
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