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Abstract

Objectives. Synthesis and study of the properties of copolymers of vinyl benzyl alcohol (VBA)
with styrene with antimicrobial properties.

Methods. The study employed infrared (IR) and nuclear magnetic resonance (NMR) spectroscopy,
thin-layer chromatography, viscometry, and elemental analysis. The sessile drop method and
the pencil method were respectively utilized to determine the contact angles and hardness of
the films. The process of testing the film coatings’ resistance to the effects of molds consisted of
contaminating the film coatings applied to the glass with mold spores of the All-Russian Collection
of Microorganisms in a solution of mineral salts without sugar (Czapek—-Dox medium,).

Results. Homopolymers of vinyl benzyl acetate and its copolymers with styrene were
synthesized in this study. Homo- and copolymers of VBA were obtained by saponification. IR and
proton NMR (*H NMR) spectroscopy determined the composition of the copolymers. Employing
IR spectroscopy, the degree of saponification was monitored by the appearance of the hydroxyl
group absorption band and the disappearance of the ester group absorption band. According
to the IR spectroscopy data, only an insignificant (~3%) amount of ester groups remains in the
saponified copolymers. The influence of the copolymers’ composition on their solubility in various
solvents is demonstrated. IR spectroscopy of the copolymers revealed hydrogen-bond formation
between the unreacted ester groups and hydroxyl groups formed due to the saponification. The
viscometry of the solutions of mixtures of saponified and unsaponified copolymers, solutions
of mixtures of saponified copolymer with polyvinyl acetate, and viscometry of saponified
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copolymers in various solvents all support this conclusion. These bonds’ concentration depends
on the copolymer’s composition and can be controlled by the nature of the solvent from which
these copolymers’ films are formed. Saponified copolymer solutions form smooth, transparent
film coatings with excellent adhesion to metals and silicate glass surfaces. The contact angle
of these films, like the hardness, decreases as the VBA units’ concentration in the copolymers
increases and depends on the solvent polarity used to form the films. It has been demonstrated
that increasing the VBA units concentration suppresses the microorganisms’ growth.
Conclusions. Film coatings made of copolymers of styrene with VBA have been shown to have
high biocidal activity against molds; can be used to protect structural materials and products
from the effects of microorganisms.

Keywords: biocidal properties, vinyl benzyl acetate, hydrogen bonds, saponification, film
coatings, polyvinyl benzyl alcohol, copolymerization, styrene
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AnHOmMmauus

IMenu. CuHme3 u usyueHue ceolicme COnoauUMepos8 suHuUNbeH3unro8o2o cnupma (BBC) co cmupo-
JIOM, 061A0AOUUX AHMUMUKPOOHBLMU CE0TICMEaMU.

MemooOusl. B pabome uchonv3ogaHbl makue memoodsl kax HK- u SIMP-cnexmpockonus, moH-
KOCNOUHASL XPpOMaAMO2PpaAPuUsl, 8UCKOIUMEMPUS U dlemeHmHbLi aHaaus3. Kpaesvle yanvl emadu-
8aHusl U meepoocmb NIEHOK ONpeodesisiii Memooom cudsueli Kanau u «<memooom KapaHOaulay,
coomeemcmeeHHo. MemoO ucnoimaHuil cmoilikocmu NJeHOUHbLX NOKPblIMUll K 8030elicmauto
nsecHessblx 2pubos 3aKNUANCS 8 3APAIKEHUU NAECHOUHBLX NOKpbiMUll, HAHECeHHbIX Ha CMeKad,
cnopamu naecHeswvlx 2pubos Bcepocculickoll KONNEeKUUU MUKPOOP2AHUSMO8 8 pacmeope MuHe-
panbHblx coneti be3 caxapa (cpeda Yanexa-/lokca).

Pesynomameut. B pabome cuHmesupo8aHsbl 20MONOAUMEPLL BUHULOEH3UNAUeMmama U e20 CONONU-
mepul co cmupoaom. Hx omoineHuem nonyueHvl 20mo- u conoaumepol BEC. Cocmag conoaumepos
onpedeneH HK- u 'H 4MP-cnekmpockonueii. CmeneHb omblieHUst KoHmpoauposanu HK-cnek-
mpocKonueil no NOsI8AEHUIO NOJIOCbL NO2TI0ULeHUSL 2UOPOKCUNBHOU 2pYNnbl U UCUE3HOBEHUID NOJIOCHL
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No2oueHUSL CLOAKHOIPUPHOU epynnbt. TTo darHHbiM HK-cneKkmpocKkonuu 8 OMblIeHHbIX CONOU-
Mepax ocmaemcst AUb HesHauumensvHoe (~3%) Koauuecmeo cioiHosgpupHsix epynn. TlokazaHo
8/IUSIHUE COCMABA CONONUMEPO8 HA UX PACMEOPUMOCMb 8 PACMBOPUMEIX PASAUUHOU NPUPOObL.
HK-cnexmpockonuell conoaumepos nokasaHo obpaszosarue 8000p00HbLX casi3eli Mesx0y Henpope-
a2UPO8ABUUUMU CIOIAHOIPUPHBIMU 2pYNNamMi U 00pa308G8ULUMUCS 8 pe3ylbmame OMbLAEeHUS
2UOPOKCUNBHBIMU 2pynnami. Omom 8bl800 noomeepKoeH guckozumempuell pacmeopos cmecetl
OMbUIEHH020 U HEOMbLIEHH020 CONONUMEPO8, PACMBOPO8 CMecell OMbIIeHH020 CONOAUMEPA C
NOUSUHUNAUEMAMOM U SUCKO3UMEeMPUET. OMbLIEHHBLX CONONUMEPO8 8 PACMBOPUMENIX PA3-
AUUHOU npupodsl. KoHueHmpayus smux cesideli 3a8ucum om cocmaga CONOAUMEPA U MONEm
peayauposamsbcst Npupoooll pacmaopumenst, U3 Komopoao popmupyromest NIeHKU 9Mmux Cono-
aumepos. M3 pacmeopo8 OMbLAEHHbIX CONOUMEPOS hopmupyromest 2aadKue npo3pauHvle nie-
HOUHblEe NOKPbIMUSL C 8blLCOKOU adze3ueli K NOBePXHOCMAM MemaJsiog U CUNUKAMHO20 CMeKaa.
Kpaesoli yzon cmauusaHust amux NIEHOK, KaK U meepooCcmb, YMeHbUaAemes ¢ YygeiuueHuem
KOHUeHmpayuu 8 conoaumepax 3eeHvee BEC u 3agucum om NOASPHOCMU pacmeopumeist, U3
pacmeopa 8 Komopom chopMupo8aHsvL haieHKU. ITokasaHo, umo yeeauueHue KOHUEHMpayuu 38e-
Hbee BBEC npusooum K no0asieHuro pocma MUKpOOP2aHUIMO8.

Bbteoout. [IorxasaHo, umo njaeHOUHble NOKpblmus U3 conoaumepog cmupoaa ¢ BBC obaradarom
8blLCOKOU BUOYUUOHOT AKMUBHOCMbBIO NO OMHOULEHUIO K NJleCHe8blM epubam u moeym bbimb uUc-
NObL308AHbL 0L 3AULUMbL KOHCMPYKUUOHHBLX MAMEPUAIO8 U U30eNUll U3 HUX om go30elicmaust
MUKPOOP2AHUIMOS.

Knroueevle cnoea: 6uoyudHble c80licMaa, BUHUIOeH3UAUemam, 6000poOHble C8s3U, OMbLIEHUE,

nJieHOUHble NoKpoblmusi, NOAUBUHUNOEH3UN08bLIL cnupm, conosiumepusayust, Cmupos

Jlna yumuposanusa: I'ycapo M.B., Kpeuto A.B., Jlemesas E.A., TBepckoit B.A. Cunre3 u cBoiicTBa COMOMMMEPOB BUHUJI-
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INTRODUCTION

The synthesis and investigation of the properties
of polymers containing functional groups of diverse
nature with antimicrobial properties have piqued the
interest of researchers in recent years, as summarized
in reviews and monographs [1-9]. Unlike low
molecular weight compounds, polymer biocides
allow the formation of protective films that are
resistant to microorganism colonization, and they do
not “sweat out” the biocide. The biocidal properties
of such polymers should, of course, depend on the
concentration of the functional groups that provide
these properties. In most cases, these polymers
are obtained by chemically modifying precursor
polymers containing functional groups that can be
converted through chemical reactions into biocidal
ones or introducing groups with biocidal properties
into the structure of a macromolecule [10].

Phenols, other aromatic alcohols, and their
derivatives are known to have a broad spectrum
of biocidal action [11]. Carbon-chain polymers

containing phenolic groups can only be obtained
through chemical modification, which is associated
with the inhibition of polymerization of monomers
containing groups of aromatic phenols and a benzyl
alcohol group with properties similar to them. Thus,
in [12-16], polymers containing units of vinyl
benzyl alcohol (VBA) were obtained by chemical
modification of polymers containing units of vinyl
benzyl chloride (VBC). The modification included the
acylation of the polymers’ benzyl chloride groups with
potassium acetate, followed by their saponification
with the VBC units formation. However, according to
[14-16], intermolecular simple ether bonds are formed
in polymers with a high content of chloromethyl
groups, resulting from saponification, and benzyl
alcohol groups, resulting from the interaction of
residual chloromethyl groups with benzyl alcohol
groups. It was proposed in [17] that obtaining
copolymers of VBA by copolymerization of vinyl
benzyl acetate (VBACc) followed by saponification of
these copolymers will lead to excluding the formation
of these intermolecular bonds.
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This study employed this method to synthesize
polyvinyl benzyl alcohols and copolymers of VBA
with styrene and study their properties.

EXPERIMENTAL

Materials

VBC (Sigma-Aldrich, USA), which is a mixture
of m-(60%) and p-isomers (40%) stabilized with
4-tert-butylpyrocatechin (Sigma-Aldrich), is used for
VBA synthesis without additional purification.

Styrene, pur. (Angara-Reaktiv, Russia), was
washed from hydroquinone using a 30% aqueous
solution of caustic potassium, washed with water
from excess alkali to a neutral reaction of washing
waters, dried over calcined calcium chloride, and
distilled under vacuum, selecting a fraction at 46°C
and a pressure of 30 mm Hg.

Potassium acetate, puriss. (Reachim, Russia),
was drained by azeotropic distillation of water with
benzene.

Dimethyl sulfoxide (DMSO), puriss. (Chimmed,
Russia), was dried by holding over calcined calcium
chloride for several days, then held over calcium
hydride for 6 h at 80°C, followed by distillation over
a fresh portion of calcium hydride at 130°C and a
residual pressure of 25 mm Hg.

Before use, azobisisobutyronitrile (AIBN) was
recrystallized from methyl alcohol.

The remaining reagents and solvents were used
without additional purification because they were
purely reactive.

Methods of analysis

Using 'H NMR and IR spectroscopy, the
composition of VBAc copolymers with styrene and
the degree of their saponification were calculated.
The 'H NMR spectra of the VBAc copolymer
solutions in C,D,and VBA copolymers in DMSO-d,
were recorded on a DPX-300 spectrometer
(Bruker, Germany). Quantitative processing of
"H NMR spectra was carried out in the MestReNova
program'. IR spectroscopic studies were performed
on an Equinox 55 spectrometer (Bruker) in KBr
tablets and polymer films formed on germanium
plates.

Viscometric measurements were conducted in a
Ubbelohde viscometer at 30°C.

Films were formed from polymer solutions on
silicate glass substrates to determine the film coatings’
hardness, the wetting edge angles, and the resistance
of these films to the effects of mold fungi.

! Mestrelab Research S.L. https://mestrelab.com/

The wetting edge angles at the sample-water-
air interface were determined by the sedentary drop
method.

The films’ hardness was determined by the pencil
method [18] according to GOST P 54586-2011 (ISO
15184:1998)2.

The film coatings’ resistance to the effects of
mold fungi was evaluated using mold fungi of the All-
Russian Collection of Microorganisms of the following
species according to GOST 9.049-91° (method 1):
Aspergillus  niger van Tieghem, VKM F-1119;
Aspergillus terreus Thom, VKM F-1025; Aspergillus
oryzae (Ahlburg) Cohn, VKM F-55; Chaetomium
globosum Kunze, VKM F-109; Paecilomyces varioti
Bainier, VKM F-378; Penicillium funiculosum Thom,
VKM F-1115; Penicillium chrysogenum Thom,
VKM F-245; Penicillium cyclopium Westling, VKM F-265;
Trichoderma viride Pers. ex S. F. Gray, VKM F-1117.

In the absence of mineral and organic
contaminants, this method establishes the materials’
fungus resistance and their components. An
association of fungal spores with a concentration of
9-10° in 1 mL (1-10° in 1 mL of each type of spore)
was used for infection.

The films were tested using the following
method, which establishes the mushroom resistance
of the materials in the absence of mineral and organic
contaminants under optimal conditions for the mold
fungi development, but without an additional power
source.

The test method consisted in infecting the film
coatings applied to the glass with mold fungi spores
in a solution of mineral salts without sugar (Chapek—
Doks medium). As a result, fungi could only grow in
the nutrients contained in the material.

Infection of samples in sterile Petri dishes was
carried out by evenly applying a prepared suspension
of fungal spores to the surface of the dishes. The open
Petri dishes with samples were kept for 28 days, after
which the content and composition of microorganisms
were taken into account on experimental samples
according to the six-point scale (GOST 9.049-91)
given in Table 1.

Synthesis methods
The acylation of VBC was done using a method
similar to that described in [12, 19]. DMSO (85 mL),
VBC (34 mL, 0.24 mol), and potassium acetate

2GOST P 54586-2011 (ISO 15184:1998). Paints and varnishes.
Determination of film hardness by pencil test. Moscow:
Standartinform; 2012.

3 GOST 9.049-91 (Method 1). Unified system of corrosion and
ageing protection. Polymer materials and their components.
Methods of laboratory tests for mould resistance. Moscow:
Izd. Standartov; 1992.
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Table 1. Scale of fungi growth in scores

Score Score characteristic
0 Mold growth is not visible when viewed under a microscope
1 When viewed under a microscope, germinated spores and slightly developed mycelium
in the form of unbranched hyphae are visible
2 When viewed under a microscope, mycelium is visible in the form of branching hyphae, sporulation is possible
3 When viewed with the naked eye, fungal growth is barely visible, but clearly visible under a microscope
4 When viewed with the naked eye, the growth of fungi is clearly visible,
covering less than 25% of the tested surface
5 When viewed with the naked eye, the growth of fungi is clearly visible,
covering more than 25% of the tested surface

(27 g, 0.28 mol) were sequentially loaded into a
flask and stirred for 48 h at 40°C. The filtered acetate
and potassium chloride solution was then poured
into 300 mL of water, and VBAc was extracted
with ethyl acetate. The extract was rinsed with a
3% sodium bicarbonate aqueous solution and dried
over sodium sulfate. After removal at a reduced
pressure of ethyl acetate, an oily brown product was
obtained. The precipitate of 4-tert-butylpyrocatechin
released from the product was removed from the
filter after it was diluted with hexane. The resulting
VBAc was separated from the unreacted VBC on a
chromatographic column (silica gel, hexane—ethyl
acetate 5:1 mixture). Hexane and ethyl acetate were
removed on a rotary evaporator. The VBAc had a 65%
yield. Elemental analysis, thin-layer chromatography,
and IR spectroscopy all confirmed the absence of
VBC in the product. In the IR spectrum, there are
no bands of valence vibrations of the C—Cl bond at
v = 683 cm ! and fan deformation vibrations of the
CH,CI group 6 = 1266 cm™. In turn, the appearance in
the IR spectrum of the product of valence vibrations of
the ester group v = 1745 cm™! confirms the presence of
acetate groups in the reaction products.

VBAc polymerization and its copolymerization
with styrene were carried out at 70°C in benzene in
nitrogen-purged ampoules with a total concentration
of monomers of 1.75 mol/L. AIBN (3.00 mol %
relative to the total concentration of monomers)
was employed as the initiator. Polymers from the

solution were precipitated with isopropyl alcohol at
the end of copolymerization and re-precipitated from
the solution in benzene with isopropyl alcohol. The
resulting white polymers were vacuum dried to a
constant mass at 50°C.

Saponification of the obtained VBAc copolymers
with styrene and polyvinyl benzyl acetate (PVBAc)
was carried out with sodium hydroxide in a mixture
of 1,4-dioxane with water (2/1 by volume) at 80°C
for 20 h while stirring the solution with a magnetic
stirrer. At the end of the process, the polymers
were precipitated from the solution with a weak
hydrochloric acid solution, repeatedly washed with
this solution, vacuum dried at room temperature to a
constant mass.

RESULTS AND DISCUSSION

The copolymerization constants of styrene and
VBAc were calculated using the Feineman—Ross
method for the compositions of copolymers determined
by '"H NMR spectroscopy at low (up to 10%) conversion
of monomers.

In the '"H NMR spectrum, the signals of proton-
containing PVBAc groups (Fig. 1) represent
broadened signals that is characteristic for polymers.
The signals of the methylene (CH,) and methine
(CH) groups of the macromolecule’s main chain are
manifested in the region 6 = 1.58-2.04 ppm. The
signals of acetate groups (CH,) 6 = 1.87 ppm fall
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into the same region, which makes it possible to
determine the ratio of phenyl and phenyl acetate units
in the copolymer using the 'H NMR method. The
signals of ~CH - groups of benzyl acetate fragments
are significantly shifted to the low-field region and
manifest themselves at 6 = 5.1 ppm. Additionally, the
ratio of units in the copolymer was checked analyzing
the material balance using the signals of the aromatic
ring protons in the region & = 6.71-7.57 ppm.
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Fig. 1. "H NMR spectrum of PVBAc in C,D,.

The values of copolymerization constants found
were r, = 0.9 and r, = 1.0, and they were close to
the values of these constants previously determined
using the Kelen—-Tudosh method [17]: », = 0.78
and r, = 1.33. In this study, polymerization was
conducted in toluene at 60°C.

The close reactivity of these monomers under
the copolymerization conditions adopted in this
study made it possible to synthesize copolymers
whose macromolecules differ little in composition
regardless of the degree of monomer conversion. These
copolymers dissolve in the same solvents as polystyrene:
in benzene, toluene, 1,4-dioxane, tetrahydrofuran,
chloroform, acetone, and N,N-dimethylformamide
(DMFA), and do not dissolve in lower alcohols and
water. Unlike polystyrene, copolymers containing
from 28 to 84 mol % of VBAc units are dissolved in
DMSO.

IR spectroscopy of PVBAc and VBAc copolymers
with styrene of various compositions confirmed the
data obtained using 'H NMR spectroscopy.

The analysis of the IR spectra of these polymers
showed that the position of the valence vibration
band of the carbonyl group v(C=0) in the VBAc
units varied depending on the content of these units
in the copolymer. Thus, in the IR spectra of PVBAc
and a copolymer containing 84 mol % of VBAc units,

there was one band at 1737 cm™ (Fig. 2a and 2b).
With a decrease in the content of VBAc units in the
copolymer to 52 mol %, this band split into two bands
with maxima at 1746 and 1728 cm™ (Fig. 2c¢).
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Fig. 2. IR spectrum of (a) PVBAc, (b) styrene copolymers
with VBAc containing 84 mol %
and (c¢) 52 mol % of VBAC units.
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The position of the valence vibration band of the
ether group also changed. In PVBAc and a copolymer
containing 84 mol % of VBAc units, this band had a
maximum at 1031 cm™ (Figs. 2a and 2b). In the IR
spectrum of a copolymer containing 52 mol % of VBA
units, this maximum shifted to 1027 cm™! (Fig. 2c¢).

It is possible that this shift and splitting of the
vibration band of the carbonyl group are associated
with a change in the macromolecule conformation
caused by a change in the balance of hydrophobic
(styrene) and hydrophilic (VBAc) units in it.

As described in Experimental, the saponification
of ester groups in the synthesized VBAc copolymers
with styrene and PVBAc was conducted with sodium
hydroxide in a solution of an 1,4-dioxane/water
mixture at 80°C for 20 h with a significant excess
of alkali in relation to the number of acetate groups.
Table 2 shows the ratios of the concentrations of
copolymers and alkali solution and the yields of the
saponified copolymers obtained.

The solubility of saponified copolymers in various
solvents depends on their composition (Table 3).
They do not dissolve in water and dissolve in such
highly polar organic solvents as DMFA and DMSO.
Saponified copolymers containing less than 60 mol % of
styrene units do not dissolve in benzene and toluene.
All unsaponified copolymers do not dissolve in lower
alcohols. On the contrary, copolymers with a high
content of VBA units (more than 62 mol %) acquire
solubility in them after saponification.

In '"H NMR spectra in DMSO-d, (Fig. 3)
obtained by saponification of copolymers, positions
of the CH, and CH groups’ signals in the main chain
of the macromolecule changed little compared to
unsaponified samples and were manifested in the
region 6 = 1.42-2.04 ppm. The chemical shifts of
protons of the phenyl groups were observed in the

region 0 = 6.54-7.56 ppm. The most significant
change was observed for the signal ~CH,— group
benzyl acetate fragment, the chemical shift of which
moved from & = 5.10 to 4.40 ppm due to the lower
polarity of the hydroxyl group in comparison with the
acetate group.

IR spectra of saponified copolymers confirmed
the data of '"H NMR spectroscopy. In the IR spectra
of saponified copolymers (Fig. 4), compared with
the considered spectra of unsaponified copolymers
(Fig. 2), there were a wide valence vibration band
(3442-3355 cm™') and an in-plane deformation
vibration band (1374-1368 cm™) of the benzyl
alcohol hydroxyl group. In the spectrum, a band of
1122 cm™ corresponding to valence vibrations of the
C-0 bond in alcohols appeared, whereas the bands of
1746-1728 cm™! related to vibrations of the carbonyl
group practically disappeared. This allows concluding
that there is a high degree of saponification in all
the copolymers obtained and a low concentration of
residual acetate groups in them.

The appearance of a band with a maximum
of ~1700-1691 cm™ in the spectra of saponified
copolymers suggests the presence of intermolecular
and intramolecular hydrogen bonds between the
carbonyl group of unsaponified chain units with the
hydroxyl group of VBA units. Moskala [20] observed
such a low-frequency shift of the carbonyl group band
inthe IR spectra of a mixture of polyvinylphenol (PVP)
with polyvinyl acetate (PVA). The valence vibration
band of the PVA carbonyl group had a maximum of
1739 em™'. When mixing PVA with PVP, a shift of
this band to 1714 cm™' was observed. The intensity of
this band increased with an increase in the content of
PVP. This band refers to the valence vibrations of the
carbonyl group bound via a hydrogen bond with the
hydroxyl group of phenol.

Table 2. Conditions for the saponification of PVBAc and VBAc copolymers with styrene

and the yields of saponified copolymers

Copolyl.n.ers’

ol Tooruns | o VBAcunis, MO v | IOUINACL | 110 e, | Libiosane | Vit
Styrene VBAc mmol of units

82 18 1.5 15.1 10.1 9.3 18.6 81
60 40 3.0 30.0 10.0 60.0 120.0 52
48 52 24 243 10.1 5.5 11.0 79
38 62 4.2 20.9 4.9 8.3 16.6 80
16 84 5.2 25.8 5.0 8.3 16.6 99
0 100 1.1 5.6 5.1 1.7 3.4 49
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Table 3. Solubility of styrene copolymers with VBAc and with VBA

in solvents of various nature (“+” is soluble,

_

is insoluble)

Copolymer
composition, Solvents
mol % of units
E
5
<
S
£ g
% L g L %) E ; —g L =
] = -
3 S| 2 || E| S| 5| €| E| S| 5|2 |5 |52 &
S e E|E|E| 5| 2|5 22|22 5 2 ¢
2 <+ - = = s g | < = < = _
- o £ =
=
- 100 0 0 + + + + - + - - + - -
Acetate 18 - + + + + - + - - + - -
82
Saponified 2 16 | + + + + - + - - + + _
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Comparison of the IR spectra of saponified
copolymers showed that with increasing the saponified
units’ content in the copolymer, the maximum
friequency of the valence vibration band of the -OH
group in the region v = 3500-3100 cm™' shifted to
lower frequencies (Fig. 5), indicating the formation
of more strong hydrogen bonds involving hydroxyl
groups. The reduction in the width of this band in its

half-height indicates an increase in the exchange rate
between free and associated hydroxyl groups.

In the IR spectra of saponified copolymers with
a low (16 mol %) content of VBA units, there is a
band of 3583 cm™ (Fig. 6) related to vibrations in
free nonhydrogen-bonded —OH groups, whereas is
no this band in the spectra of copolymers with a high
(81 mol %) content of these units (Fig. 4b).
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Fig. 3. "H NMR spectra of dissolved in DMSO-d, (a) styrene copolymers (82 mol %) containing VBAc (2 mol %) and
VBA (16 mol %) units and (b) VBAc copolymers (3 mol %) containing VBA (97 mol %) units.
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Fig. 5. Dependence of the maximum of the 3442-3355 cm™
band in the IR spectra of saponified VBAc copolymers
with styrene on the content of VBA units in them.
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Fig. 6. IR spectrum of the styrene copolymers
(82 mol %) containing VBAc (2 mol %)
and VBA (16 mol %) units.
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The formation of hydrogen bonds between the
hydroxyl and carbonyl groups in these copolymers
was confirmed using IR spectroscopy of a mixture of
saponified (60%) and unsaponified (40%) copolymers
with a low (16 mol %) content of styrene units (Fig. 7).
In comparison with the IR spectrum of the saponified
copolymer, the maximum of the valence vibration
band was strongly shifted to the low-frequency region
in the spectrum of the mixture: from 3442 cm™ in the
spectrum of the saponified copolymer to 3387 cm™ in
the spectrum of the polymer mixture.

[}
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06 038
|

0.4

0.2
\

AR,

3500 3000
Wavenumber, cm™!

Fig. 7. IR spectrum of the mixture of saponified (60%)
and unsaponified (40%) VBAc copolymers
containing 16 mol % of styrene units.

A similar low-frequency shift of this band was
observed in the IR spectrum of a saponified copolymer
and PVA mixture (Fig. 8). These conclusions are
consistent with the results of the study [20] on inter and
intramolecular interactions in a mixture of PVP—PVA.
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Fig. 8. IR spectrum of the mixture of saponified VBAc
copolymers containing 16 mol % of styrene (40%)
with PVA (60%) units.

The conclusion about the formation of
intermolecular hydrogen bonds was confirmed using
the viscometry of the copolymer mixtures’ solutions
before and after saponification and by the dependence
of the reduced viscosity on the concentration of
copolymer solutions with a high content of VBA
units.

Figure 9 shows the dependence of the reduced
viscosity of the solutions of saponified and unsaponified
copolymer mixtures (containing 16 mol % of styrene
units) on the composition of these mixtures and
a similar dependence for mixtures of the same
saponified copolymer with PVA. The deviation of
these graphs upwards from additivity indicates clearly
the formation of intermolecular bonds in the solutions
of these polymer mixtures.
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Fig. 9. Dependence of the reduced viscosity of the solutions on the composition of (a) saponified and unsaponified
copolymer mixtures containing 16 mol % of styrene units, and (b) saponified copolymer mixtures containing 16 mol %
of styrene units with PVA. The solvent is 1,4-dioxane, 30°C. The concentration of the polymer mixture, g/dL: (a) 1 and (b) 2.

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2021;16(5):399-413

408



Maxim V. Gusarov, Alexander V. Krylov, Elena A. Deshevaya, Vladimir A. Tverskoy

The viscometry of saponified copolymer
solutions in various solvents also indicated the
formation of intermolecular hydrogen bonds in them
(Fig. 10). The dependencies of the reduced viscosity
on the concentration of the solutions of polystyrene
and copolymers with a high content of styrene units
in benzene are linear (Fig. 10a). In a nonpolar solvent,
such as benzene, macromolecules of copolymers
have a conformation in which the VBA units are
located inside the tangle of the macromolecule.
These dependencies are also linear for the solutions
of polystyrene and copolymer with a high (48 mol %)
content of styrene units in 1,4-dioxane (Fig. 10b).
However, for the solutions of copolymers with
a low (16 mol %) content of styrene units and a
copolymer that does not contain styrene units, these
dependencies are nonlinear. There is an increase in
the reduced viscosity associated with the formation of
intermolecular hydrogen bonds. These dependencies
for the solutions of copolymers with a high content
of VBA units in isopropanol have similar forms
(Fig. 10c).

As the result, hydrogen bonds between both
hydroxyl and hydroxyl and carbonyl groups are
realized in the VBA copolymers. The concentration
of these bonds depends on the composition of the
copolymer and can be regulated by the solvent from
which the films of these copolymers are formed.

Solutions of VBA and styrene copolymers form
smooth rigid transparent colorless film coatings with
high adhesion to metal and silicate glass surfaces.
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Table 4 shows that the films’ wetting contact
angles characterizing the hydrophobicity of their
surface decrease with increasing the concentration
of VBA units in the polymers. The wettability of the
films depends on the solvent from which the films
were formed. The contact angles of the films with a high
content of VBA hydrophilic units and a low (16 mol %)
content of styrene units were higher when forming
films from a solution in 1,4-dioxane (dielectric
constant is 2.2) than when forming from solutions in
a more polar solvent—isopropyl alcohol (dielectric
constant is 18.3). Such a change in the contact angle
is due to the dependence of the macromolecule
conformation on the solvent, which leads to a change
in the concentration of VBA hydrophilic groups on
the surface of the macromolecule tangle, i.e., their
concentration is higher when the formation of films
from a solution in isopropyl alcohol.

Such a change in the conformation of
macromolecules is reflected in the hardness of the
formed films too. Table 4 shows that the film formed
from a solution in isopropanol had a lower hardness
than the film formed from a solution in 1,4-dioxane.
As expected, for films formed from the same solvent
(1,4-dioxane), the polystyrene film has the highest
hardness. The hardness decreases wth an increase in the
VBA units’ concentration in the polymer.

Table 5 shows the results of microbiological tests
of the saponified VBAc copolymers with styrene.
Polystyrene had low fungicidal activity (fungi growth is
3 points). The introduction of even a small concentration
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Fig. 10. Dependence of the reduced viscosity on the concentration of solutions of styrene copolymer with VBA
at 30°C in (a) benzene, (b) 1,4-dioxane, and (c) isopropanol.
(a): 1-polystyrene; 2—styrene copolymer (48 mol %) with VBAc (7 mol %) and VBA (45 mol %) units;
3—styrene copolymer (82 mol %) with VBAc (2 mol %) and VBA (16 mol %) units.

(b): 1-VBACc copolymer (3 mol %) with VBA (97 mol %) units; 2—styrene copolymer (48 mol %) with VBAc (7 mol %)
and VBA (45 mol %) units; 3—polystyrene; 4—styrene copolymer (16 mol %) with VBAc (3 mol %) and VBA (81 mol %) units.
(c): 1-styrene copolymer (16 mol %) with VBAc (3 mol %) and VBA (81 mol %) units; 2—styrene copolymer (38 mol %)
with VBAc (3 mol %) and VBA (59 mol %) units.
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Table 4. Contact angles and the hardness of saponified VBA ¢ copolymers’ films with styrene

Content of styrene units in the Solvent Contact angle of wetting, Hardness
copolymer, mol % degree
100 90
82 85
H
48 80
1,4-dioxane
38
16 77
HB
0
16 Isopropanol 62 B

Table 5. Fungi growth on film coatings of the styrene copolymers with VBA of various compositions, in scores

Styrene copolymers with VBAc and VBA units, mol % .
Fungi growth,
scores
Styrene VBAc VBA
100 0 0 3
82 2 16 1
48 7 45
38 3 59
0
16 3 81
0 3 97

of VBA units (16 mol %) into the composition of a
macromolecule led to an increase in the copolymer
biocidal activity. A further increase in the VBA units’
concentration in the copolymer (45 mol % or more)
led to complete suppression of the microorganisms’
growth.

Thus, the styrene copolymers with VBA units
are effective biocides that inhibit the growth of mold
fungi.

CONCLUSIONS

It has been demonstrated that copolymerization
of VBAc followed by saponification of ester groups
in these copolymers yields soluble VBA copolymers
in a wide range of compositions. Saponification
occurs quantitatively in mild conditions. '"H NMR and
IR spectroscopy established the structure of styrene
copolymers with VBAc and these copolymers, after

saponification of the ester groups of the VBAc units
with the formation of the VBA units.

IR spectroscopy of copolymers and the viscometry
of the solutions of saponified and unsaponified
copolymers mixtures, solutions of mixtures of
saponified copolymer with PVA, and viscometry of
saponified copolymers in different solvents reveal
that the hydroxyl groups in these saponified polymers
form inter and intramolecular hydrogen bonds when
interacting with each other and carbonyl groups of
ester groups of unreacted VBA units.

It is shown that all saponified copolymers form
smooth, transparent film coatings on metals and
silicate glass. The hardness and edge angle of wetting
of these films decreases with increasing concentration
in the copolymer of the VBA units and depends on the
solvent’s polarity from which the films are formed.
In terms of mold fungi, these coatings have high
biocidal activity.
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