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The increase in the frequency and
scale of epidemics of infectious diseases
gives extreme urgency to the development
of new technologies for antiseptic and
disinfectant treatment of various media,
as well as materials/reagents for their
implementation. Antimicrobial polymer
materials of various chemical structures,
including those containing halogen-ac-
tive functional groups, are promising in
this regard.

This work is devoted to the synthe-
sis and investigation of the properties of
granular and fibrous polymer materials
with immobilized N-bromosulfonamide
groups of different structure. It is shown
that copolymers of styrene with divinyl-
benzene and polypropylene can be used
as a carrier polymer. A technique has
been developed that allows obtaining
polymers with a content of up to 23 %
of immobilized active bromine. The com-
pliance of the synthesized materials with
the declared structure has been prov-
en by IR spectroscopy and a complex
of chemical methods. A decrease in the
strength of the obtained polymers com-
pared to the original carriers has been
observed, especially in the case of fibers.
The stability of the synthesized polymers
during storage is lower that of the pre-
viously described chlorine-active ana-
logs. For the quantitative determination
of active bromine in the target materials,
a technique based on its rapid diffusion
Jrom the polymer into the taurine solu-
tion has been developed. Microbiological
research has shown that the synthesized
polymers have a pronounced antimicro-
bial activity, which is higher than that of
immobilized N-chlorosulfonamides and is
manifested even in the presence of a sig-
nificant organic load.

The set of investigated characteris-
tics of synthesized polymers with immo-
bilized N-bromosulfonamide groups
suggests the prospect of their use as com-
ponents of antiseptic dressing materials,
antimicrobial filters, devices for obtain-
ing antiseptic solutions, and other medi-
cal products
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1. Introduction

demic for the modern world [1, 2]. At the same time, new data

indicate that the annual probability of new extreme pandem-

The events of the past few years related to Covid-19 have  ics may increase up to 3 times in the coming decades [3].
clearly revealed the devastating consequences of the pan-  This is due to several main factors: climate change [4, 5], an




increase in population density in economic centers [6], in-
tensification of traffic flows [7], a decrease in the immune
protection of the population due to aging and negative
environmental conditions [8, 9], etc. Obviously, infectious
diseases, especially those transmitted by the aerogenic
mechanism, pose the biggest threat [10, 11]. Numerous
analyzes of the effectiveness of measures to counteract ep-
idemic processes have shown that preventive procedures,
primarily disinfection/antiseptic treatment [12, 13] and
the use of personal protective equipment [14], are of great
importance. Therefore, the creation and implementation
of new materials and technologies for disinfection is an
important and urgent task.

Halogen-active preparations (hypohaloid acids [15],
their salts [16], and various halamines [17]) are the most
promising for use as microbiocidal agents. Their attrac-
tiveness is due to bactericidal [18], fungicidal [19], viru-
cidal [20], antiprion [21] activities of a wide spectrum,
their systemic action [17] (and, as a result, the absence of
resistance to them), high speed of achieving the effect, as
well as cheapness and availability. Studies stimulated by
the pandemic show that, in addition to the classical uses
of such drugs (disinfection of various surfaces and water),
their medical use as antiseptic [22], wound healing [23],
anti-inflammatory agents [24]. Their inhalation use is
also promising for the protection and treatment of the
respiratory tract [25, 26]. At the same time, the toxicity
of these compounds at effective concentrations is low in
most cases [27,28]. The main disadvantage of classical
halogen-active preparations is their low stability (espe-
cially in solutions) [29], the insufficient purity of indus-
trially produced products based on them [30], as well as
the limitation of their final physical forms to solutions and
powders. Therefore, in recent decades, the production of
functional polymeric materials has been gaining popular-
ity, the variety of forms of which makes it possible to sig-
nificantly expand the scope of application of halogen-ac-
tive compounds without reducing microbiocidal activity.

2. Literature review and problem statement

Antimicrobial polymers are currently wide-
spread [31, 32] and are used as components of wound
dressings [33], implants [34], catheters [35], elements of
medical furniture and equipment [36], personal protective
equipment [37], filters of water and air treatment sys-
tems [38], etc. Some representatives are even considered
as a potential replacement for antibiotics [39]. Such ma-
terials differ in the nature of the polymer itself, its man-
ufacturing technology, physical form, physicochemical
and mechanical properties. According to the mechanism
of microbiocidal action, antimicrobial polymers can be
conventionally divided into three groups. The materials
of the first group include polymers impregnated with
an antimicrobial agent [40], which can be compounds of
different chemical nature: surfactants, metal salts, an-
tibiotics, peptides, etc. The polymer itself does not have
biocidal properties and serves as a carrier. The basis of
the antimicrobial action in this case is the diffusion of
the active agent from the polymer into the contaminated
medium. The second group includes materials with func-
tional groups covalently bound to the macromolecule and

possessing microbiocidal properties. The most common
here are polymers with quaternary ammonium and phos-
phonium groups [41]. Such materials, upon direct contact,
disrupt the equilibrium charge of the cell membrane of
microorganisms, which leads to their neutralization. In
this case, the diffusion of the antimicrobial agent into
the treated medium does not occur, and they are mainly
used as filters. The synthesis of these polymers is possible
by polymerization of the initially active monomer or by
functionalization of a suitable polymer carrier; chitosan
is the best known of the natural representatives of this
group. The third group combines the features of the first
two: such polymers contain grafted (immobilized) groups
that are capable of releasing an antimicrobial agent into
the medium under certain conditions [42]. Thus, these
materials have both their own antimicrobial activity and
the ability to neutralize pathogens in the medium in which
they are placed.

Halogen-active antimicrobial polymers mainly belong
to the third group [43, 44]. Polyurethanes, nylons, cellu-
lose, silica gel, etc. can act as carrier polymers. The most
common functional group in them is the N-chloroamino
group. It is immobilized on a carrier by grafting a cyclic
or acyclic amine, amide or imide, followed by “charging”
with active chlorine by reacting with a chlorinating agent
(more often molecular chlorine or sodium hypochlorite).
Chlorine-active polymers in which the N-chlorosulfon-
amide group is the carrier of active chlorine have also
been described [45,46]. Such materials have powerful
microbiocidal properties, can be used as oxidizing agents
for various inorganic compounds, and they are shown
to be promising as an element of water treatment sys-
tems. Bromine-active polymers, which can be synthesized
by reacting an analogous polymer with a brominating
agent, are described much less. For example, granular
bromine-active polymers synthesized by grafting a hy-
dantoin or uracil cycle to chloromethylpolystyrene with
subsequent bromination are described in [47]. The result-
ing materials contain 15-25 % of active bromine, can be
recycled and have antimicrobial properties against sus-
pended in water E. coli in flow systems. The disadvantage
of these materials is the active release of hypobromous
acid from them even into distilled water. The synthesis of
macroporous styrene-divinylbenzene granular polymers
with immobilized N-bromosulfonamide groups in the
sodium form from sulfonic acid cation exchangers of the
Purolite C-100 type is described in [48]. The content of
active bromine in them reaches 33 %. When 1 g of such
granules is added to 25 mL of a 0.1 N solution of FeCl, at
room temperature, a complete transition of Fe" ions to
Fe3* is observed after 1 day. The antimicrobial activity of
such polymers has also been confirmed: 0.1 g of granules
in contact with 1 mL of river water reduces the total mi-
crobial count from 35,000 to 48. The disadvantages of the
described materials are their existence only in granular
form and low stability (the decrease in the concentration
of active bromine during storage in a closed container was
10 % within 40 days). Thus, the literature data confirm
the possibility of using bromine-active polymers for dis-
infection, however, they do not always take into account
aspects important for their subsequent medical use, and
mainly describe granular forms. In addition, purpose-
ful work on studying the properties of bromine-active




materials is rarely carried out, which may be due to the
fact that chlorine-active analogs are more attractive for
disinfection purposes because of the greater availability
of a chlorinating agent (industrial sodium hypochlorite).
Obviously, the physicomechanical properties and the
economic component of the use of halogen-active poly-
mers depend mainly on the carrier polymer. Grafting or
copolymerization technologies for obtaining immobilized
traditional organic functional groups with a nitrogen
atom are generally quite complex, especially in the case
of inert supports such as polypropylene or polyethylene
terephthalate [49, 50]. It should be taken into account
that for medical materials, such as dressings, the presence
of organic fragments, as in the case of [47], is undesirable,
since this can cause allergic reactions. Moreover, the pres-
ence of complex fragments reduces the stability of such
polymers in aggressive environments and under storage,
as well as the possibility of their regeneration. Thus, the
selection of a suitable carrier polymer and the immobiliza-
tion of a stable functional group-donor of active bromine
on it is a promising task.

Previously, it has been shown that styrene-divinyl-
benzene copolymers in granular (raw material for the
production of cation exchangers of the Purolite C-100
and KU-2-8 type) and fibrous (radiation grafted to a
polypropylene thread, raw material for cation exchangers
of the FIBAN brand) forms are suitable as a carrier onto
which sulfonamide groups can be grafted, which are easily
converted into various N-chloro-sulfonamides [51]. Mate-
rials functionalized in this way contain a significant (up
to 13 %) amount of active chlorine, are extremely stable,
chemically resistant, and can be repeatedly regenerated.
They have been shown to have antimicrobial [52], viru-
cidal [53], and reparative [54] activity. Also there is the
possibility of using them to obtain chlorine-active solu-
tions [55]. The developed methods, the last stage of which
consists in “charging” the immobilized sulfamide group
with active chlorine, can be used for the synthesis of sim-
ilar and previously undescribed bromine-active polymers,
which, with a high degree of probability, would also have
an antimicrobial effect. Thus, previously described pro-
cedures should be adapted for obtaining such materials,
and the structure, chemical and antimicrobial properties
of products obtained should be investigated in order to
assess the prospects for their use in the production of
medical devices (protective masks, dressings, water and
air filters, etc.).

3. The aim and objectives of research

The purpose of the study is the synthesis of granular
and fibrous polymers with immobilized N-bromosulfon-
amide groups and the establishment of their main char-
acteristics. This will allow assessing the prospects for the
use of such materials for the production of medical and
sanitary-hygienic products. To achieve the goal, it was
necessary to solve the following tasks:

— to develop a method for the immobilization of the
N-bromosulfonamide group on granular and fibrous sty-
rene-divinylbenzene copolymers, to investigate the phys-
icomechanical properties and stability of the obtained
products;

— to study the chemical structure of the obtained poly-
mers and to determine the concentration of immobilized
functional groups;

—to reveal the presence of antimicrobial activity of
the synthesized materials against different types of mi-
croorganisms.

4. Materials and methods of research

4. 1. Object and hypothesis of the study

The object of the study is polymeric materials with
immobilized (covalently bonded) N-bromosulfonamide
groups, which are considered as potential active compo-
nents of medical devices with a microbiocidal effect. The
subject of research is the synthesis, chemical structure,
and antimicrobial properties of such polymers. The main
hypothesis is that when such a functional group is immo-
bilized on a neutral carrier polymer, diffusion of active
bromine into the external media will be possible. It will
begin in the presence of amine compounds in the treated
medium, including those of a microbiological origin, due
to which the microbiocidal effect will be achieved.

4. 2. Synthesis of polymers with immobilized N-bro-
mosulfonamide groups, their physico-mechanical prop-
erties and stability.

Two types of commercially produced polymers have
been used as carriers for functionalization, as in [51, 55]:
gel styrene-divinylbenzene resin (raw material for the
synthesis of sulfonic acid cation exchangers of the Puro-
lite C100 and KU-2-8 types [56]), and a fibrous copoly-
mer of styrene with divinylbenzene on a polypropylene
thread (raw material for the production of FIBAN K-1
sulfonic cation exchanger [57]). It was proposed to carry
out the immobilization of the N-bromosulfonamide group
on the polymer according to a procedure similar to that
previously described for the immobilization of the N-chlo-
rosulfonmide group [51, 55], adapting it under the use of
a freshly prepared solution of sodium hypobromite as a
halogenating agent.

4. 3. Study of the structure and chemical composi-
tion of synthesized polymers.

The proof of the structure of the polymers has been
carried out using IR spectroscopy on a Spectrum BX II
Perkin Elmer IR Fourier spectrometer (USA). The dried
polymer samples were ground in an agate mortar with
potassium bromide, then pressed into tablets, which were
further being analyzed.

The content of immobilized active bromine was being
determined by iodometric titration according to two
methods. The first technique (“direct titration”) is similar
to that described earlier for chlorine-active polymers [55].
Weighed sample of 1.0 g of polymeric sodium N-bromosul-
fonamide or N,N-dibromosulfonamide was being placed
in a 250 mL flask, then 100 mL of distilled water, 10 mL
of 10 % KI solution and 10 ml of 10 % H,SO,4 were being
added, stirring after adding each reagent. The contents
were being heated in a closed flask in a water bath until
the release of iodine begins. The released iodine was being
titrated with 0.1 N sodium thiosulfate solution. The heat-
ing and titration of the analyzed sample were being peri-




odically repeated until the release of iodine into the solu-
tion ceases. The content of active bromine in the polymer
in mass percent (X) is being calculated by the formula:

_V-K-0.00799-100
m b

X

where V — volume of 0.1 N solution of sodium thiosulfate,
which was used for titration of the analyzed sample, mL;
K — correction factor to normality for the titrant solution;
0.00799 — equivalent mass of active bromine, which corre-
sponds to 1 mL of 0.1 N sodium thiosulfate solution, g/mL;
m — the weight of the polymer sample, g.

The second method (“indirect titration after activa-
tion with taurine”) was specially developed by us and is
based on the previously described properties of the stud-
ied polymers to release active halogen into aqueous media
containing amine activators [55]. After determining the
content of active bromine by “direct titration”, a weighed
sample of 1.0 g of the corresponding polymer was being
placed in a flask with 100 mL of distilled water and stirred
on a magnetic stirrer for 15-20 minutes to swell. Then, a
deliberate excess of taurine (in this case, 0.5 g) was being
added to the flask and stirred on a magnetic stirrer for
10 min (in the case of fibrous polymers) or 40 min (in
the case of granular polymers). In this case, immobilized
active bromine is transferred from the polymer to the tau-
rine molecule, which leads to N-bromotaurine, which is
quite stable under the conditions of this experiment [58].
The content of active bromine in the obtained solution of
N-bromotaurine (aliquot 1.0 ml) was being determined by
standard iodometric titration in acetic acid [59], titrant —
0.002 N solution of sodium thiosulfate. The content of ac-
tive bromine in the polymer in mass percent (X) is being
calculated by the formula:

VK -CNa,$,0))] M(1/2Br,) 10
= z ,

al

m

where V — volume of 0.002 N sodium thiosulfate solution,
which was used for titration of the analyzed sample, mL;
K — correction factor to normality for the titrant solution;
C(NasS,03) — normality of sodium thiosulfate solution,
M(1,/2Bry)=79.9 — equivalent mass of active bromine,
g/mol; V,; — aliquot volume, mL; m — weight of the poly-
mer sample, g.

Determination of the content of free —SO3H groups in
polymeric sodium N-bromosulfonamide: immobilized sodium
N-bromosulfonamide was being treated with 1.0 N HCI
solution to convert it to the H-form, the product was being
rinsed with water until the filtrate is neutral, and dried in
a desiccator over sulfuric acid to constant weight. Next, a
weight sample of 0.3—0.5 g was being placed in 50 mL of dis-
tilled water and incubated for 24 h, then titrated potentio-
metrically with 0.1 N sodium hydroxide solution with a glass
electrode to pH 7.0. The content of —SO3sH groups in mg-
eq/g is being determined from the titration curve [60].

The content of free —SOsH groups in polymeric sul-
Jfonamide and N,N-dibromosulfonamide was being deter-
mined by the exchange capacity of 0.1 N calcium chloride
solution [60]. A weight sample of 1.5 g of polymer was be-
ing added to 100 mL of calcium chloride solution and kept
for 24 hours with occasional stirring. Then 25 mL of the
solution was taken and titrated with 0.1 N*NaOH solution

in the presence of an indicator — methyl red. The content
of =SO3H-groups (E) in mg-eq/g is being determined by
the formula:

_4-a-K-N-100
g-(100-W)

where a — the volume of NaOH solution used for titra-
tion, mL; N — the normality of the NaOH solution; K — the
correction factor for 0.1N NaOH solution; g — the weight
of the polymer sample, g; W — the water content in the
polymer, %.

4. 4. Study of the antimicrobial activity of the syn-
thesized polymers.

The antimicrobial activity of the obtained materials
was being determined by the modified agar well meth-
od [61]. The melted and cooled tryptone soy agar was
being contaminated with a suspension of test microor-
ganisms. Museum strains of the most common microor-
ganisms S. aureus, C. albicans, and E. coli were used as
test cultures. The microbial load was 1x107 CFU/mL. The
contaminated nutrient medium (20 mL) was being poured
into sterile Petri dishes and left to solidify. Then, wells of
8 mm in diameter were being formed in the thickness of
the nutrient medium with a sterile puncher. Samples of
the test materials were being placed to these wells (0.1 g
weighed portions for fibrous materials and weighed gran-
ules corresponding to the amount of immobilized active
bromine in latter) and 0.1 mL of a sterile isotonic sodium
chloride solution was being added to ensure uniform wet-
ting of the sample surface and diffusion of the activator
and active bromine. As a control, granular and fibrous
samples of polymeric sulfonamide “uncharged” with active
bromine and 0.9 % sodium chloride solution were being
used. After that, Petri dishes were being incubated for
24—-48 hours at 37 °C. All microbiological experiments
were being carried out in triplicate. The criterion for the
effectiveness of the antimicrobial action of the sample was
the diameter of zones of microorganism growth inhibi-
tion (average over three repeats).

5. Results of studying the synthesis and properties of
polymers with immobilized bromine-active groups

5. 1. Adapted procedure for the synthesis of N-bro-
mosulfonamides immobilized on a polymer, appear-
ance, physico-mechanical properties, and stability of
the obtained materials

The developed method is the same for granular and
fibrous polymer carriers and is described by the general
scheme (Fig. 1).

The sample of 26 g of carrier polymer (I) was being
placed in a 3-necked flask with a volume of 1 L, 300 mL
of 1,2-dichloroethane were being added, mixed and left
for 12 hours (for fiber) and for 24 hours (for granules) to
swell. Then, 58.0 g of freshly distilled chlorosulfonic acid
were being added from a dropping funnel with vigorous
stirring. The reaction mass was being stirred at a tempera-
ture of 50-60 °C for 3 hours, then cooled to +20 °C, the
polymer were being filtered off on a Schott filter, rinsed
several times with 1,2-dichloroethane, unload into a bea-
ker with ice water, mix and filter quickly. The resulting




sulfochloride (II) was being added in portions with stir-
ring to 300 mL of 12 % aqueous ammonia solution cooled
to 0 °C, stirred and left for 12 hours. The resulting poly-
meric sulfamide (IIT) was being filtered off on a Schott
filter, rinsed with water until neutral pH of the wash
water and dried first in air and then in a desiccator over
sulfuric acid to constant weight. Then 600 mL of 6.0 %
sodium hypobromite solution (freshly obtained by dis-
solving bromine in sodium hydroxide solution) was being
placed in a beaker, sulfamide was being added in portions
with stirring and left for 12 hours. The resulting N-bro-
mosulfonamide sodium (IV) was being filtered off on a
Schott filter, thoroughly rinsed with water until neutral
pH of the wash water, dried first in air and then in a desic-
cator over sulfuric acid to constant weight. To determine
the moisture content, the polymers dried in a desiccator
were being dried additionally in an oven at 90-95 °C to
constant weight. To obtain immobilized N,N-dibromosul-
fonamide (V), the same procedure was used, only at the
stage of bromination, the sodium hypobromite solution is
acidified by adding 50 mL of glacial acetic acid.

HSO5CI NH,4OH NaOBr
O — SO,CI —>O—S()2NH2 —>O—SOZNBrNa
| -H,0

Il Il
HOBr

O_ S()zNBrz
\

Fig. 1. Scheme for the synthesis of granular and fibrous polymers with immobilized

N-bromosulfonamide groups

The functionalized materials obtained by the de-
scribed method have a more yellow color compared to the
initial polymers, the depth of which correlates with the
concentration of immobilized bromine (Fig.2), and, in
contrast to chlorine-active analogues, have a more pro-
nounced characteristic odor.

b

Fig. 2. Appearance of the synthesized polymers:
a — granular N-bromosulfonamide sodium;
b — fibrous N-bromosulfonamide sodium

The moisture content of the polymers after drying in
a desiccator over sulfuric acid is 18—20 % for granular and
1.8-2.0 % for fibrous materials. The yields of materials (af-
ter drying over sulfuric acid) were: for N-bromosulfonamide
sodium in granular and fibrous form — 29.5 g and 26.0 g,
respectively; for N,N-dibromosulfonamide in granular and
fibrous form — 39.0 g and 32.4 g, respectively.

During the synthesis of granular materials, no notice-
able degradation and decrease in the strength characteris-
tics of the polymer carrier was observed, while the result-
ing fibrous forms have a lower strength than the initial
polymers and are more prone to destruction of the fiber
structure with the formation of highly dispersed dust.

The storage of polymers for one month in a closed
container in the dark showed that the decrease in the
concentration of active bromine in them over this period
is 4.0-6.0 % for granular forms and 8.0—10.0 % for fibers.

5. 2. Determination of the
structure of the synthesized poly-
mers and the content of immobi-
lized functional groups.

The IR spectra of the obtained
polymers are similar to the spectra of
v previously synthesized chlorine-ac-
tive polymers, are the same for gran-
ular and fibrous forms, and confirm
the declared structure. Spectra of the
initial granular polymeric sulfamide
in comparison with the correspond-
ing N-bromochlorosulfonamide sodi-
um and N,N-dibromosulfonamide are
shown in Fig. 3, a—c, respectively:

The results of determining the
content of immobilized active bro-
mine according to the two described
methods are shown in Table 1.

Table 1

The concentration of immobilized active bromine,
determined by two developed methods

Active bromine
Active bromine| concentration Divergence
Polymer concentration | (indirect titration | of results
sample (direct titra- | after activation | by different
tion), % w/w | with taurine), % | methods, %
w/wW
Granular
N-bromosulfon- 8.05 7.83 2.73
amide sodium
N-bromosulfon-| ., o5 12.96 0.85
amide sodium
Granular
N,N-dibromo- 14.45 14.38 0.48
sulfonamide
Fibrous
N,N-dibromo- 23.37 23.55 0.76
sulfonamide

The content of free sulfo groups in the synthesized
polymers was 0.30-0.32 mg-eq/g for granular and
0.25-0.27 mg-eq/g for fibrous forms.
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5. 3. Antimicrobial activity of synthesized polymers

Zones of microbial growth inhibition around the studied
samples (average of three repetitions) are shown in Table 2;
the control did not cause growth retardation in any case.
Fig. 4 shows the inhibition zones for S. aureus and C. albi-
cans caused by specific polymer samples.

Table 2

Zones of microbial growth inhibition around synthesized
polymer samples

Zone of microbial growth
Polymer sample inhibition, mm
E. coli | S. aureus | C. albicans
Granular N-brqmosulfonarmde 25 2% 35
sodium
Fibrous N—bromosulfonamide 2 8 38
sodium
Granular N,N-dibromosulfonamide | 35 46 >50
Fibrous N,N-dibromosulfonamide 38 42 >50

Fig. 4. Zones of growth inhibition for S. aureus (a) and C.
albicans (b) around polymer samples:
1 — granular N-bromosulfonamide sodium,
2 — granular N,N-dibromosulfonamide,
3 — fibrous N-bromosulfonamide sodium

Samples which inhibition zones exceeded 50 mm were
re-examined one by one in separate Petri dishes.

6. Discussion of the results of synthesis and properties of
polymers with immobilized N-bromosulfonamide groups

As can be seen from Fig. 3, the declared structure of
the resulting bromine-active polymers is confirmed. The
spectra of all compounds contain characteristic absorption
bands of the stretching vibrations of the groups —CH,— at
about 2924 cm™, as well as skeletal stretching vibrations
of aromatic fragments —C=C~ in the region of 1637 cm™.
The immobilized sulfonamide should have an absorption
band of the -NH, group in the region of 3420-3430 cm™,
however, the analysis of this signal is complicated by the
superposition of the absorption peak of the hydroxyl groups
of hydrogen-bonded water molecules adsorbed on the poly-
mer, and signals in this region are present in all samples.
The presence of S=O groups in all cases is confirmed by
characteristic peaks in the region of 1330-1340 cm™! (asym-
metric stretching vibrations), as well as 1200-1220 ¢cm™ and
1150-1190 cm™ (symmetric stretching vibrations), which

is consistent with the literature data for polystyrenesul-
fonamide [62] and bromo-derivatives of benzenesulfon-
amide [63, 64]. The absorption of the ~N—Br bond in the
region of 945-932 cm’!, noted by the authors of [63], in this
case is not sufficiently informative, because it is situated
in the region of “fingerprints”. This absorption is small in
comparison with the signals of other functional groups, both
because of the low specific absorption coefficient and lower
concentration on the polymer. Therefore, it is expedient to
determine the presence and concentration of immobilized
bromine titrimetrically.

The deterioration of the mechanical properties of the
synthesized fibrous bromine-active polymers compared to
the previously described chlorine-active analogs is probably
due to a more intense violation of the macromolecule struc-
ture upon immobilization of a bulkier bromine atom. This
is indirectly confirmed by a greater tendency of the fibrous
N,N-dibromosulfonamide to shedding in comparison with
N-bromosulfonamide sodium. At the same time, the initial
fibrous sulfamide, “uncharged” with active bromine, did not
differ from the corresponding one obtained in the synthesis
of immobilized N-chlorosulfonamides. Note that the granu-
lar polymers did not show a noticeable decrease in strength.
Destruction and subsequent mechanical losses of the fiber
also explain the lower yields of such products in comparison
with granular ones. The disadvantage of current work at
this stage is that the quantitative characteristics of the me-
chanical properties of the obtained polymers, as well as the
structure of their surface, were not studied by us within the
framework of this study and should be described separately
in the future.

The higher moisture content of granular polymers is ob-
viously due to a less developed surface compared to the fiber,
which makes it difficult to dry the material swollen during
synthesis. At the same time, all commercially produced
polymers of a similar structure also contain a significant
amount of bound water (up to 50 % for Purolite C100 cation
exchangers and 10—14 % for FIBAN K-1). The increase in
the moisture content of bromine-active polymers compared
to the starting materials is explained by an increase in hy-
drophilicity upon the embedding of polar sulfamide groups.
Complete drying of such materials via heating is techno-
logically possible, however, we have previously found that
this leads to a decrease in strength characteristics, partial
decomposition of functional groups, and a slowdown in the
diffusion of active halogen into aqueous solutions. Therefore,
taking into account the intended purpose of these polymers,
it is not advisable.

The stability of the synthesized polymers turned out
to be lower that of similar N-chlorosulfonamides — for the
latter, the decrease in active chlorine is 2—3 % per year for
granules and 5-6 % per year for fibers [51]. These data are
consistent with the repeatedly described lower stability of
bromine-active compounds compared to chlorine-active
ones. This aspect requires further study under different
storage conditions.

As can be seen from the results of titrimetric analy-
sis (Table 2), all synthesized materials contain a significant
amount of immobilized active bromine. The proof that it
is retained on the polymer in the covalently bound (not in
adsorbed) form is the fact that no active bromine is detected
in distilled water after the sample is soaked in. Taking into
account the higher molecular weight of bromine, its concen-
tration in the composition of the functional N-bromosulfon-




amide group generally correlates with that of the previously
described chlorine-active polymers. Thus, for immobilized
sodium N-chlorosulfonamide, the average molar concentra-
tion of active chlorine is 1.1 mmol/g, and for the synthesized
sodium N-bromosulfonamides, it is 1.0 mmol/g. It can be
concluded that the maximum possible concentration of the
active halogen immobilized on such carriers depends on the
content of embedded sulfamide groups, and the process of
their halogenation using the described synthesis procedure
proceeds completely. Note that one of the shortcomings of
the study is that we did not determine the concentrations of
immobilized sulfamide groups. This is due to the complexity
of both chemical (for example, determination of nitrogen
by Kjeldahl method or gravimetrical determination of sul-
fur) and instrumental (derivatography, chromatography)
approaches to such analysis due to the peculiarities of the
physico-mechanical properties of the carrier polymer and
the relatively low concentration of these groups against the
background of the macromolecule.

The data of Table 1 indicate a satisfactory convergence
of the results of determining the immobilized active bromine
concentration by the two developed methods, especially
in the case of fibrous polymers. The main disadvantage of
“direct titration” is the need to heat the reaction mixture to
facilitate the diffusion of reagents, which can lead, on the
one hand, to volatilization of the released iodine, and, on the
other hand, to additional oxidation of the iodide ion. The
method of “indirect titration” seems to be more accurate, but
its disadvantage is the time factor, as well as the fact that for
the correct choice of the required amount of activator (tau-
rine), it is still necessary to first determine the approximate
content of active bromine in the polymer. The possibility of
rapid diffusion of bromine from a polymer into the solution
of an activator, which we have proven, in addition to being
used for analytical purposes, opens up prospects for obtain-
ing antimicrobial bromine solutions in this way. The largest
discrepancy between the results, as seen, is observed for
granular N-chlorosulfonamide sodium, which is due to the
slowest diffusion of active bromine from this polymer into
solution and, accordingly, the need to carry out heating for
longer when analyzing by the “direct titration” method.

The low content of free sulfo groups proves that the de-
veloped procedure makes it possible to avoid the hydrolysis
of sulfochloride obtained at the first stage and, accordingly,
almost completely convert it into the target sulfonamide for
subsequent immobilization of active bromine. At the same
time, it is expedient to develop modified polymers that have
sulfo groups along with N-bromosulfonamide groups to im-
part ion-exchange properties to synthesized materials.

As can be seen from Table 3, all studied samples show
pronounced antimicrobial properties against all used micro-
organisms. The growth inhibition zones for these polymers
generally exceed those for the previously described for
chlorine-active analogs. Thus, in [52], the zones of growth
inhibition of S. aureus and C. albicans around a sample of
immobilized fibrous sodium N-chlorosulfonamide with a
concentration of 6.8 % active chlorine amounted to about
10.0 mm, which, even taking into account a slightly lower
content of the antimicrobial agent, is more than 2 times in-
ferior to the bromine-active fiber studied in this work. More
powerful and faster antimicrobial activity of active bromine
compounds compared to active chlorine in buffer solutions
was described earlier [65]. This activity is due to many fac-
tors: higher lipophilicity, higher rate constants of interaction

with thiol groups of the most important enzymes of micro-
organisms, higher content of hypobromous acid in solutions
with a pH close to physiological, etc. However, in the same
work, a significant decrease in the microbicidal properties of
hypochlorous acid and N-bromoamines was declared in the
presence of an organic load, the role of which in our case is
played by a nutrient medium. Conducted experiment shows
that this does not apply to N-bromosulfonamides immobi-
lized on the polymer. Probably the slow diffusion of active
bromine from the polymer into the medium does not allow
the entire amount of bound active bromine to be immedi-
ately neutralized by agar molecules and ensures its gradual
effect on microorganisms. This can also explain the smaller
inhibition zones around fibrous samples in comparison
with granular ones. As can be seen, the polymer samples of
N,N-dibromosulfonamides are more powerful microbicides,
apparently due to the higher concentration of immobilized
active bromine. Among all microorganisms under the exper-
imental conditions, C. albicans showed the highest sensitiv-
ity. The limiting factor in this microbiological experiment
is the inability to avoid the active bromine consumption by
the nutrient medium, which leads to an underestimation of
the antimicrobial activity. Further suspension tests should
evaluate it more accurately. At the same time, this method is
demonstrative for comparing the microbicidal properties of
the studied samples.

Thus, the results of the research, together with the data
obtained earlier for chlorine-active polymers, suggest that
the synthesized granular and fibrous styrene-divinylbenzene
polymers with immobilized N-bromosulfonamide groups are
promising for the manufacture of a wide range of medical
products. In particular, for the manufacture of dressings,
protective masks, respirators, air and water filters, as well as
stable sources of active bromine for the rapid production of
antiseptic solutions.

7. Conclusion

1. The method for the laboratory synthesis of granular
and fibrous styrene-divinylbenzene bromine-active poly-
mers has been developed. It has been established that their
storage stability is 10—12 times lower than that of chlo-
rine-active analogues. For the fibrous forms of the synthe-
sized materials, a loss of strength is noted, which is expressed
in shedding of the dried fiber.

2. Using chemical and instrumental methods of analysis,
it has been established that the developed methods make
it possible to obtain materials with immobilized N-bromo-
sulfonamide groups in the sodium form and in the form of
N,N-dibromosulfonamide. The concentration of immobilized
active bromine can reach 23 %.

3. It has been shown that the synthesized bromine-active
polymers have microbicidal activity against all studied mi-
croorganisms. Their antimicrobial properties are more than
2 times higher than those of chlorine-active analogues, and
appear even in the presence of a significant organic load.
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