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Abstract—The modification of epoxy-amine systems with reactive monomeric derivatives based on guanidine
has been attempted in order to create novel polymer coatings suppressing activity of pathogens. Preliminary
chemical interaction of these compounds with the epoxy component allows their covalent incorporation into
the epoxy-amine network to ensure prolonged action of the coating. The synthesized guanidine hydrosalicy-
late, hydro-4-aminosalicylate, hydro-5-sulfosalicylate, and dihydro-5-sulfosalicylate have been character-
ized by means of elemental and thermal analysis. The degree of hydrochloride substitution with the organic
salt residue and temperature of onset of the thermal decomposition under argon as well as temperatures of the
salts vitrification and melting have been determined. Solubility of the synthesized salts in a diane-epoxy
oligomer has been estimated. It has been shown that the substitution of hydrochloride with the organic resi-
due noticeably decreases the temperature of the onset of the reaction with the epoxy oligomer. Average func-
tionality of the guanidine salts in the reaction with the epoxy oligomer has been determined; it has been
revealed that most of the N‒Н groups of the modifiers are involved in the reaction, in certain cases these
being the residues of the organic salts. Stoichiometry of the guanidine‒epoxy oligomer binary mixtures as
well as this of the adducts synthesized with the oligomeric amine curing agent Jeffamine D-230 are presented.
The initial tests of the obtained films have revealed pronounced bacteriostatic activity towards the methicil-
lin-resistant S. Еpidermidis at the guanidine hydrosalicylate content as low 1 wt %, the parameter of the film
forming suppression being 19.2%.

DOI: 10.1134/S1560090423700896

INTRODUCTION
Development and preparation of novel polymer

protective coatings is among topical applied research
issues [1–3]. The epoxy compositions are demanded
materials of such type [4, 5]. They can form coatings
due to the chemical processes resulting in the forma-
tion of three-dimensional polymer networks, exclu-
sively resistant to negative environmental impact.
In order to enhance the protective action of the coat-
ing, epoxy compositions can be modified with different
compounds (see, for example, [6–8]), the modification
with reactive compounds capable of be chemically
involved into the three-dimensional polymer formation
being especially advantageous. Such approach allows
covalent incorporation of the modifier in the polymer
network to ensure its prolonged action.

The limited resistance to biological damage is a
serious issue of the coatings (including the epoxide
ones) operating in contact with microorganisms, in
particular, pathogens [9–12]. To improve the said
parameter, various inorganic and organic additives
have been used, among which reactive guanidine-con-

taining modifiers are remarkable. The guanidines and
their derivatives exhibit confirmed antimicrobial
(antiviral, sporicidal, and fungicidal), insecticide, pes-
ticide, algicide, cytotoxic, and anti-inflammatory
activity, being simultaneously effective towards the
aerobic and anaerobic microflora [13–18]. The water-
soluble polymeric derivatives of guanidines have been
widely used as the active component of many disin-
fecting formulations applied in agriculture and in
medicine [19, 20]. However, guanidine-containing
polymers are generally poor soluble in organic media
(epoxy compositions), which does not allow their
incorporation in the concentration sufficient to ensure
pronounced biological activity. The studies on tar-
geted modification of guanidine-containing oligomers
via the synthesis of the salts with different organic
acids [21–23] have demonstrated the increase in their
solubility in the epoxy-amine systems, which has
afforded uniform homogeneous coatings. However, it
has been impossible to completely avoid the use of an
organic solvent in the case of these systems. Another
approach to enhance the modifiers solubility in an
133
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Table 1. Principal parameters of the epoxide oligomer and the curing agent

Note. fe, fNH, fОН are average functionalities with respect to epoxide, –NH-, and –ОH-groups; w+ is the heating rate.

Oligomer Mn
Average number of 
units per molecule

fe /fNH / fОН
Tg (DSC, 

w+ = 10 K/min), K

Epikote 828 376 0.12 1.99/–/0.13 255
Jeffamine D-230 230 2.69 –/3.99/0.01 200
epoxy-amine system is to decrease its molecular mass,
down to the monomeric guanidine. The monomeric
guanidine bearing amino groups can itself chemically
interact with the epoxy oligomers, whereas its deriva-
tives (organic salts) can ensure additional biological
action due to the presence of the organic acid residue.
The effect of the nature of the acid residue on respira-
tory activity of model microorganisms has been
revealed in [22].

The salts with salicylic acid and its derivatives have
demonstrated the best biological effect among the
guanidine-containing modifiers synthesized and stud-
ied earlier [21–25]. Therefore, this study aimed to pre-
pare novel guanidine salts with salicylic acid and its
derivatives for targeted covalent modification of the
epoxy-amine coatings, which is an important step

towards the development of efficient polymer coatings
exhibiting biocide properties.

EXPERIMENTAL
The Epikote 828 diane epoxide oligomer (Hexion,

USA) (I) and the Jeffamine D-230 oligooxypropylene-
diamine (Hunstman, USA) (II) as well as commercial
(Merck) guanidine hydrochloride (CAS 113-00-8) (III)
and hydrocarbonate (CAS 593-85-1) (IV) were used
as the basic research objects. Other guanidine salts
were prepared using the aromatic acids: salicylic,
4-aminosalicylic (CAS 65-49-6; Aldrich), and 5-sul-
fosalicylic (CAS 97-05-2; Merck). Prior to the experi-
ments, the diane epoxide oligomer was kept at 60°С
during 3 h to remove the crystallites. Selected param-
eters of the epoxide oligomer and the curing agent are
collected in Table 1.

Synthesis of the guanidine derivatives was per-
formed from an aqueous-alcoholic solution of guani-
dine hydrocarbonate IV and equivalent amount of the
corresponding organic acid; the evolved carbon diox-
ide and then the solvent were removed from the reac-
tion mixture of a vacuum rotary evaporator. Complete
removal of the solvents was ensured by trituration of
the solid residue and additional drying in a vacuum
oven at residual pressure not exceeding 10 Torr and

temperature 60°С to constant mass. The components
mass during the synthesis are given in Table 2.

Degree of substitution of hydrocarbonate with the
organic acid residue was calculated from the data of
elemental analysis performed using an EA 1112 instru-
ment (Thermo Finnigan Italia S.P.A., Italy) via the
following equation

(1)
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Table 2. Charge of the reactants and yield of the products for the synthesis of organic salts of guanidine

Parameters
Synthesized guanidine salt

hydrosalicylate hydro-5-sulfosalicylate dihydro-5-
sulfosalicylate

hydro-4-
aminosalicylate

Preparation of aqueous solution of guanidine hydrocarbonate (IV)
Guanidine (IV), 
g (mol)

18.0 (0.10) 18.0 (0.10) 18.0 (0.10) 18.0 (0.10)

Water, mL 50 50 50 50

Parameters Organic acid
salicylic 5-sulfosalicylic 5-sulfosalicylic 4-aminosalicylic

Preparation of alcoholic solution of organic acids
Acid, g (mol) 27.6 (0.20) 43.6 (0.20) 21.2 (0.10) 30.6 (0.20)
Ethanol volume, mL 150 250 150 150
Yield of organic salt of 
guanidine, g (%)

39.3 (99.7) 54.8 (98.9) 33.3 (99.1) 42.2 (99.5)
with ntheor and npract being theoretical and experimental
values of the molar content of an element.

IR spectra of the synthesized salts were measured
in the ATR mode (ZnSe crystal) using a Nicolet 6700
spectrometer (Thermo Fisher Scientific, USA) over
the 550–4000 cm–1 range (resolution 4 cm–1; averag-
ing of 64 scans). To prepare the specimen, powder of a
guanidine salt was put at the ZnSe crystal surface to
completely cover it and pressed with a standard press.

Thermophysical properties of the guanidine salts,
features of their interaction with the epoxy oligomer,
and parameters of the cured systems were investigated
by means of differential scanning calorimetry and
thermal gravimetric analysis using DSC Q-100 and
TGA Q-500 instruments (TA Instruments, USA) in
the dynamic mode (constant heating rate 10 K/min).
The experimental data were processed using TA Uni-
versal Analysis 2000 software package (V4.5A). The
compositions were cured in an optimal regime elabo-
rated basing on the TTT-diagrams for that epoxy-
amine system [26, 27].

Biological activity of the cured epoxy-amine films
was probed via the formation of biofilms at the poly-
mer surface of the discs cut from the pristine and mod-
ified films. The discs were put in a Petri dish, the
S. Еpidermidis 21555 (MRSA) inoculum was intro-
duced in the titer of 106 CFU/mL, and the specimens
were incubated during 3 days under stationary condi-
tions at 36°С. Each 24 h, the plankton was removed,
gently washed three times with a physiological solu-
tion, and transferred in new Petri dishes with fresh
medium.

Analysis of density (biomass) of the biofilms (CV-
test) was performed via coloring with a 0.1% solution
of gentian violet. The discs were washed in a physio-
logical solution to remove not attached cells, trans-
ferred into test tubes, and dried at 50°С; then the dye
POLYMER SCIENCE, SERIES B  Vol. 65  No. 2  2023
was introduced to completely cover the discs. Upon
incubation during 15 min at room temperature
(25°С), the dye was removed, and the discs were
washed until the washings were colorless. The discs
were dried, and the dye was eluted with 70% alcohol
during 15–20 min. The colored alcoholic solution was
transferred to a for immunological tests (100 μL per a
well). The absorbance of the alcoholic solution was
measured at wavelength 580 nm using a Bioscreen
plate reader equipped with an automated system (Lab-
systems, Finland) and the original software. The effect
of the organic guanidine salt was expressed as the frac-
tion of the inhibition of the film formation with
respect to the reference:

(2)

RESULTS AND DISCUSSION
Four salts were synthesized from the commercial

guanidine hydrocarbonate; however, the degree of
substitution of hydrocarbonate with the organic acid
could not be estimated by means of NMR (as, for
example, in the case of oligohexamethyleneguanidine
[22, 23]), since the guanidine–acid residue could not
be correctly determined from the 1Н NMR spectra
due to exchange processes involving the guanidine
protons and residual protons of the solvent (DMSO-d6
or D2O). In the case of the 13С NMR spectra, the
experiment conditions affording adequate ratio of the
integral intensities could not be set up even in the
Inverse Gate mode. Therefore, the elemental analysis
method was used. The ratios between the principal
elements: carbon, hydrogen, nitrogen, and sulfur (in
the case of sulfosalicylates) were determined (Table 3).
The obtained data were compared to the values calcu-
lated from the theoretical formulas of the salts; they

sample

blank

OD
γ 1 100%.

OD
 = − × 
 
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Table 3. Degree of substitution of the guanidine salts as per elemental analysis

Guanidine salt М, g/mol
Theoretical value/experimental value/degree of substitution

С H N S

Hydrosalicylate 197 48.73/48.87/100.30 5.62/5.74/102.10 21.31/15.16/100.80 –/–/–

Hydrosulfosalicylate 277 32.77/32.68/99.70 3.78/3.92/103.70 14.33/15.88/110.80 10.93/12.85/117.60

Dihydrosulfosalicylate 336 30.68/27.81/90.60 4.58/5.09/111.10 23.85/27.56/115.60 9.10/10.21/112.20

Hydro-p-aminosalicylate 212 45.28/45.09/99.60 5.70/5.77/101.20 26.40/26.72/101.20 –/–/–
turned out to be very close, the deviation not exceed-
ing 6%. Hence, it could be argued that the salts of
guanidine and the organic acids with high degree of
substitution were obtained.

The obtained salts were investigated by means of IR
spectroscopy. The IR-Fourier spectra of the salts are
displayed in Fig. 1. The spectral bands were assigned
using the reference data [28–31]; the results are col-
lected in Table 4. It was found that the measured IR
spectra contained the absorption bands characteristic
of the expected functional groups of the synthesized
salts: hydroxylic, amine, carboxylic, sulfonic, and aro-
matic ones. It is important to note that the spectra of
the compounds contained strong absorption bands of
the νas and νs vibrations of the –СОО‒ groups. The νas

and νs bands of the –  groups were observed in the
spectra of the hydro-5-sulfosalicylate and dihydro-5-
sulfosalicylate. At the same time, characteristic bands

−
3SO
PO

Fig. 1. IR ATR spectra of the guanidine salts: dihydrosulfosalic
hydrosalicylate (4), and hydrochloride (5).

Т, %

1

3

4

2

5

4000 3500 3000 2500
�, 

10
of vibrations of non-ionized carboxylic groups were
absent in the spectra. The presence of the guanidinium
I and II bands in the spectra of the synthesized com-
pounds also confirmed their salt nature. Hence, the
results of the spectral investigation led to the conclu-
sion that the synthesized products were the salts of
guanidine and salicylic acid (or its derivatives).

The guanidine salts were investigated by means of
thermal analysis. Figure 2 displays the TGA thermo-
grams used to estimate the temperature of the speci-
mens decomposition and the DSC thermograms
revealing that the synthesized salts exhibited the crys-
tallization and vitrification transitions, i.e. were
semicrystalline, in contrast to completely crystalline
guanidine hydrochloride. In other words, the presence
of a bulky organic acid residue hindered the guanidine
salts crystallization.

Temperatures of the corresponding transitions are
shown in Table 5. From the table it is to be seen that
LYMER SCIENCE, SERIES B  Vol. 65  No. 2  2023
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Table 4. Characteristic absorption bands of the guanidine salts

G-Hs is the hydrosalicylate, H-Hss is the hydro-5-sulfosalicylate, G-Dss is dihydro-5-sulfosalicylate, G-Has is hydro-4-aminosalicy-
late, G-Hc is the hydrochloride гидрохлорид.
*The number in the parentheses correspond to the spectra in Fig. 1.

Wavenumber, 
cm‒1 Band assignment [28–31]

Presence in the spectrum*

G-Hs
(4)

G-Hss
(2)

G-Dss 
(1)

G-Has 
(3)

G-Hc
(5)

3472, 3437 Stretching of –ОН involved
in intramolecular hydrogen bonding

+
3416 +

3462, 3451 +
3469, 3437 +
3100–3000 Stretching of aromatic ‒СН + + + +

3366 νas–
+

3369 +
3338 +
3382 +
3343 +
3155 νs–

+
3124 +
3174 +
3209 +
3200 +
1634 Guanidinium I band +
1649 +
1653 +
1660 +
1660 +
1540 Guanidinium II band +
1576 +
1568 +
1578 +
1572 +
1488 νas–СОО‒ +
1506 +
1583 +
1585 +
1389 νs–СОО‒ + +
1388
1359 +
1378 +
1127 νas–

+
1126 +
1034 νs–

+
1039 +

δ+
2NH

δ+
2NH

−
3SO

−
3SO
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Fig. 2. TGA (a) and DSC (b) thermograms of guanidine hydrochloride (1, 1′), hydrocarbonate (2, 2 ′), hydrosalicylate (3, 3 ′),
dihydrosulfosalicylate (4, 4 ′), hydro-p-aminosalicylate (5, 5 ′), and hydrosulfosalicylate (6, 6 ′), obtained under argon atmosphere.
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the melting temperature of the crystalline part of the
organic salts was noticeably lower in comparison with
guanidine hydrochloride and hydrocarbonate and,
similarly to the vitrification temperature, was strongly
changed depending on the salt nature. Evidently, the
presence of polar sulfonic or amino groups led to
stronger intermolecular interactions, which caused
higher temperature of the phase transitions. Tempera-
ture of the decomposition onset (140 to 250°С) lim-
ited the temperature regime of further covalent incor-
PO
poration of the synthesized salts in the epoxy-amine
systems. Moreover, from the data in Table 5 it could be
concluded that guanidine hydrosalicylate, being trans-
formed in the liquid state at lower temperature afford-
ing the chemical interaction and revealing sufficient
thermal stability, was the most interesting for further
investigation.

The synthesized and characterized guanidine salts
were introduced in the epoxy-amine mixtures. Pre-
liminary investigation of solubility of those salts in the
LYMER SCIENCE, SERIES B  Vol. 65  No. 2  2023
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Table 5. Glass transition Tg, melting Tm, crystallization Tcr, and decomposition Td temperature of the synthesized guanidine
salts

Guanidine salt , where НА≡ Tm, °C Tg, °C Tcr, °C Td, °C

Hydrosalicylate

149.7 26.3 59.0 ~200

Dihydrosulfosalicylate

136.0 72.6 117.7 ~210

Hydro-p-aminosalicylate

112.9 45.2 – ~140

Hydrocarbonate

198.7 – – ~190

‒HCl
Hydrochloride

178.3 – – ~250

NH

H2N NH2�HA

OH
OHO

OH

S

O

OHO

O

HO

OHO

OH

NH2

O

HO OH
epoxy-amine systems revealed that up to 10 wt % of
the guanidine salts introduced in the epoxy oligomer
as well as the curing agent media was nor precipitated.
The most rational way to introduce the salt used in this
study was its dissolution in the amine, followed by the
addition of stoichiometric amount of the epoxide
oligomer. It should be noted that the stoichiometry of
the system should be calculated accounting for the
epoxy groups reaction with the guanidine protons as
well as the functional groups of the organic acid resi-
due in the salt. Possibility of the latter process was esti-
mated by means of DSC (Fig. 3).

It was revealed that noticeable chemical processes
in the absence of a catalyst were observed only in the
cases of sulfosalicylic and (less pronounced) salicylic
POLYMER SCIENCE, SERIES B  Vol. 65  No. 2  2023
acids. However, those processes occurred at tempera-
ture exceeding 120–150°С (as expected for aromatic
nucleophiles) and could not interfere the stoichiome-
try of the curing at lower temperature (according to
the TTT-diagrams, the curing was performed up to
100°С).

Further, the exothermic effect of the chemical
interaction between one of the guanidine salts (hydro-
salicylate) and the epoxide oligomer was estimated.
To do so, the DSC thermograms were recorded at dif-
ferent molar ratios between the epoxy group and the
reactive groups of the modifier (Fig. 4). It is known
that, other conditions being the same, the system stoi-
chiometry affects the heat effect of the reaction, which
is the highest at the equivalent ratio of the components
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Fig. 3. Interaction of sulfosalicylic (1), salicylic (2), and benzoic acids (3) and phenol (4) with the Epikote 828 epoxide oligomer.
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Fig. 4. DSC thermogram of the Epikote 828 : guanidine hydrosalicylate system, with the hydrosalicylate content in the mixture
with the epoxide oligomer 17.3 (1), 14.9 (2), 13.0 (3), and 11.6 wt % (4).
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[32]. Concentration dependence of the heat effect cal-
culated from the thermograms in Fig. 4, revealed that
the strongest heat evolution was reached at the average
functionality of the hydrosalicylate equal to six (Fig. 5),
likely corresponding to five protons of guanidine and a
carboxylic group of salicylic acid, the latter process
being probably catalyzed by the amino group of guan-
idine. In the cases of the hydrosulfosalicylates and
aminosalicylate the experiments were not necessary:
PO
the additional functionality of the sulfonic group and
two protons of the aromatic amine should be evidently
accounted for.

The actual stoichiometric ratios for different salts
with the epoxide oligomer and the epoxy-amine sys-
tem are shown in Table 6. Those values afforded com-
pletely cured homogeneous transparent films for fur-
ther experiments.
LYMER SCIENCE, SERIES B  Vol. 65  No. 2  2023
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Fig. 5. Heat effect of the reaction as a function of the guan-
idine hydrosalicylate content in the Epikote 828 epoxy
oligomer.
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It is important to note that the model salts synthe-
sized and characterized in this study allowed elucida-
tion of the involvement of different fragments of the
reactive guanidine modifiers of different molecular
mass in the epoxide oligomer curing, but can also be
used as independent modifiers covalently incorpo-
rated into the epoxy-amine network.

Biological activity of the obtained epoxy-amine
films modified with different amounts of guanidine
salicylate with respect to the biofilms of test microor-
ganisms was assessed. In the preliminary experiments,
the films revealed pronounced bacteriostatic activity
towards the epidermal staphylococcus S. Еpidermidis
21555 (MRSE).

Staphylococcus Еpidermidis is a major commensal
of human skin, however, it can cause infections related
to medical treatment. S. Еpidermidis has been recog-
nized among the most widespread causes of the hospi-
tal infections, the infecting frequency being as high as
in the case of S. Аureus. Due to the formation of bio-
films, S. Еpidermidis, especially the methicillin-resis-
tant strains, exhibit high epidemic potential, causing
heavy and difficult to treat infections [33]. The exper-
POLYMER SCIENCE, SERIES B  Vol. 65  No. 2  2023

Fig. 6. Decrease in the density of the biofilm at the epoxy-amine
to the reference sample (to modifier).
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Refere
iments revealed (Fig. 6) that at the guanidine hydrosa-
licylate content in the coating of 1 wt %, the parameter
of the biofilm forming inhibition  equaled 19.2% with
respect to the reference sample (without a modifier),
being 43.2% at 5 wt% of the additive.

CONCLUSION

In this study, the epoxy-amine systems based on
the diane epoxide oligomer and the oligomer amine
curing agent were modified with reactive monomeric
derivatives of guanidine. The possibility of covalent
binding of the modifier with the forming network was
demonstrated, which should allow prolonged bacte-
riostatic effect of the coating. The salts of guanidine
with organic acids were synthesized, and their solubil-
ity in the diane epoxide oligomer was estimated. It was
found that the exchange of hydrochloride with the
organic residue noticeably decreased the temperature
of the onset of the reaction with the epoxy oligomer.
Furthermore, average functionality of the guanidine
salts with the epoxy oligomer was determined, and it
was shown that most of the N‒Н groups of the modi-
fiers were involved in the reaction. For example, the
organic acid residue took part in the chemical interac-
tion. Stoichiometry of the binary guanidine–epoxide
oligomer systems as well as that of the obtained
adducts with the oligomer amine curing agent were
determined. It was marked that up to 10 wt % of the
salt could be incorporated using the suggested
approach, the most rational procedure being dissolu-
tion of the guanidine salt in the amine, followed by
addition of the stoichiometric amount of the epoxide
oligomer. Preliminary tests of the obtained films
revealed pronounced bacteriostatic activity towards
the methicillin-resistant strain of S. Еpidermidis.

In summary, targeted modification of the guani-
dine-containing compounds and optimization of the
procedures to incorporate them in the epoxy-amine
compositions as well as formation of the final coatings
affords novel materials with pronounced antimicrobial
 polymers modified with guanidine hydrosalicylate, with respect

0 40 60 80 100
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Table 6. Stoichiometry of the mixtures of the guanidine salts with the diane epoxide oligomer Epikote 828

Guanidine salt f М Мeq Epikote 828 : guanidine salt, by mass

Hydrosalicylate

5 + 1 = 6 197 32.8 1.0 : 0.17

Hydrosulfosalicylate

5 + 2 = 7 277 39.6 1.0 : 0.21

Dihydrosulfosalicylate

5 × 2 + 2 = 12 336 28.0 1.0 : 0.15

Hydro-p-aminosalicylate

5 + 3 = 8 212 26.5 1.0 : 0.14

OHON
H2 OH

NH
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H2N
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H2N
H2
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H2N
H2

OHON
H2 OH

NH2

NH

H2N
action, safe to human and animals. Such materials are
demanded at medical, pharmaceutical, and food facil-
ities.
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