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Abstract—The reaction products of polyhexamethyleneguanidine hydrochloride with the Cu?*, Zn*", and Ni*"
ions, which are the polyligand coordination compounds formed by polyguanidine and hydroxyl ligands, were
studied using IR, UV, and ESR spectroscopy. The influence of the nature of the chelating agent on the structure
of the complexes formed was revealed. Antibacterial properties of the synthesized complexes were assessed.
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Guanidine derivatives are known as broad-spectrum
biocides [1, 2]. However, the inevitable emergence and
spread of the microorganisms resistant toward poly-
guanidine preparations requires the development of the
methods for chemical modification of the active sub-
stance molecules, aimed at creating new drugs. The ability
of guanidine groups in polyhexamethyleneguanidine to
coordinate with transition metal cations is appropriate
for such modifications. There are only few published
data on the complex compounds of guanidine deriva-
tives as the most promising biocides of low toxicity [3, 4].

The aim of this work was to synthesize and study
the physicochemical and biocidal properties of the
polyhexamethyleneguanidine hydrochloride complexes
with ions Cu®", Zn®", Ni*", included as a structural unit
into the oligomeric matrix.

The IR spectra of the polyhexamethyleneguanidine
hydrochloride complexes of Cu*", Zn*" and Ni*" were
compared with the spectrum of the free ligand [5, 6].
Secondary amino groups are known [7] to give one
NH absorption band, but due to the formation of
hydrogen bonds, a second absorption band may appear
at lower frequency. The stretching vibrations of the
NH group are in the range of 3500-3050 cm ™' [7].

In the spectra of the Cu®" and Zn®" complexes the
stretching vibrations of NH groups are shifted to the
longer wavelengths by 13 cm ' for copper complex
and by 30 cm' for the zinc complex compared with
the ligand, indicating that the amino group is involved
in the formation of coordination bonds with the
respective metal ion and not involved in the formation
of hydrogen bonds [8]. In addition, the spectra contain
strong absorption bands with the maxima at 1048 and
1113 cm™' (Table 1) characterizing the Cu—-OH and
Zn—OH bending vibrations, respectively [9]. The bands
at 615 and 616 cm ' can be attributed to the Cu—O and
Zn—O stretching vibrations, respectively [10].

The IR spectrum of Ni*" complex is characterized
by the shift of stretching vibrations of NH groups from
3418 cm ' (ligand) to 3348 cm ' (complex). Also the
Ni—OH bending vibrations were observed at 1101 cm .
These data suggest the participation of amino groups
of the guanidine ligand in the formation of covalent
bonds with metal ions in the complex by the donor—
acceptor mechanism.

The process of dissociation of coordinated water in
complexes of d-elements in the presence of a proton
acceptor group may result in the appearance of
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Table 1. Characteristic absorption bands in the IR spectra of polyhexamethyleneguanidine hydrochloride complexes
Comp. no. Metal salt v(NH) v(CH) v(C=N) 6(M—OH) v(M-0)
I - 3418, 3196 2929, 2854 1636 - -
I CuSO, 3416, 3210 2936, 2860 1634 1113 616
IIa Cu(CH;COO0), 3416, 3212 2935, 2860 1635 1114 617
IIb CuCl, 3417, 3209 2935, 2860 1634 1112 616
I Zn(CH;COO), 3411, 3226 2929, 2855 1631 1048 615
v NiBr, 3384 2929, 2856 1634 1101 -

hydroxyl surrounding [11]. In our case, the proton
acceptors are the highly basic guanidine fragments of
the polymer. The coordination node of the complex
has a structure shown below.

NH-HCI
—NH—C—NH—(CH,)s—

HO—M—OH

T

—NH—C—NH— (CH,)s —

NH-HCI

In the IR spectra of copper complexes (Table 1)
there are no absorption bands corresponding to the
anions of metal salts (sulfate, acetate, chloride), which
confirms the interaction of metal ions with the
polyguanidine ligand by the donor—acceptor me-
chanism rather than through the formation of double
salts [12].

Electronic spectra of the copper complexes with the
polyhexamethyleneguanidine hydrochloride are charac-
terized by the appearance of three absorption bands, at
205, 228, and 271 nm (Fig. 1), in contrast to the
spectra of the free ligand, which has a maximum at
213 nm, and the spectrum of copper sulfate, which
absorbs at 207 and 259 nm. The shift of the maximum
to the region of 205 nm compared with the maximum
absorption of the free ligand, as well as the appearance
of the bands in the region of 228 nm can be attributed
to the formation of the different-ligand complexes of
the M[X,Y,] composition. It was noted [8, 12] that the
formation of such complexes leads to a distortion of
the structure, lowering its symmetry, and therefore to
the splitting of electronic levels, which increases the
number of absorption bands. The appearance of a
maximum at 271 nm can be attributed to the Cu—N
bonding [13].

The complex of polyhexamethyleneguanidine hyd-
rochloride with Zn*" is characterized by the appearance
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Fig. 1. Electronic spectra of the ligand I complexes with Cu®* (II), Zn** (III), and Ni** (IV). [I] = 1x107 M, [II] = 4x10 M,

[III] = [IV] = 2.7x107* M, the ratio metal:ligand = 1:2.
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Fig. 2. Electronic spectra of ligand I (2.7x107 M) with
Ni** (2.7x1072 M). The metal-ligad ratios are 2:1 (IVa), 1:1
(IVb), 1:2 (IV) , and 1:3 (IVe).

of a maximum at 238 nm, whereas in the spectrum of
zinc acetate this band is absent [14]. The maximum at
238 nm indicates a metal-ligand coordination [13, 14],
taking into account the effect of the blue shift of the
OH™ ligands. The appearance of a broad band in the
spectra of these complexes is obviously due to the
amorphous state of the product and, consequently, the
random orientation of the coordination polyhedrons in
the viscous matrix. It is also well known [13] that in a
series of d;—d;, complexes the complexes of the dy;—do
ions (Fe*", Co*", Ni*", and Cu*") have a lower symmetry.

Complexes of the polymer with Ni*" are charac-
terized by the appearance of absorption bands with
maxima at 238 nm and 406 nm. UV spectrum of nickel(II)
bromide is characterized by the absorption band at
244 nm. The absorption band at 238 nm can be
attributed to the formation of a coordination bond, as
in the zinc complex. The presence of the bands of low
intensity at 406 nm can be attributed to the vibrations
of lone electrons of the metal ions [13]. The
appearance of two absorption bands in the studied area
are characteristic of Ni*" complexes with other organic
ligands, for example, the spectrum of the complex of
nickel(I) with diethyldithiocarbaminate contains
bands at 328 and 395 nm [15].

Figure 2 shows the electronic spectra of the syn-
thesized complexes of Ni*" with various metal to ligand
ratios. The constant presence of the characteristic
absorption band (238 nm) indicates that the obtained
coordination compounds have similar structures
regardless of the molar ratio of metal ions and ligands.
This is typical also for the complexes of Cu*” and Zn*".

ESR spectra of the polyhexamethyleneguanidine
hydrochloride copper complex have the signals charac-
teristic of low-spin complexes of Cu®" with axial sym-
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metry and the hyperfine structure of the central ion
(®*Cu and ®Cu, I = 3/2) on the line of the parallel
orientation, which is resolved in the spectrum at the
liquid nitrogen temperature. The g-factors at room
temperature are as follows: g = 2.268 and g1 = 2.044,
and at liquid nitrogen temperature g|| = 2.327 and g1 =
2.047. It is seen that the values of gL are almost the
same at different temperatures of registration. The
following parameters of the spin Hamiltonian should
be accepted for this complex: g| = 2.327 and g1 =
2.047, Ay = 118 Gs. It is known that the square-planar
environment of the metal ion leads to a characteristic
anisotropy of the g-tensor: g| > g > 2. The values
obtained from the observed ESR spectra satisfy this
requirement (g|| = 2.327; g1 = 2.047). Thus, it can be
stated that the copper(Il) ion in this complex is in a
square-planar environment, or very near to it.

The geometric parameter G characterizing the ex-
change interaction between Cu’" centers in poly-
crystalline compounds can be estimated by the ratio
G = (g-2.0023)/(g+-2.0023) [20]. When G > 4, the
exchange interactions are negligible, while in the case
of G < 4 they are essential. The geometric parameter G
for the complex Cu[(I),(OH),] is 7.3, which indicates
the absence of a magnetic exchange interaction
between the Cu®’ sites, that is, the system is mag-
netically diluted, the metal polyhedra are distributed in
the polymer chain relatively evenly and do not form a
phase-isolated clusters.

The study of viscosity of the solutions of poly-
hexamethyleneguanidine hydrochloride complexes
with Cu**, Zn*", and Ni*" ions showed that the forma-
tion of the copper complexes leads to an increase in the
intrinsic viscosity from 0.052 dl g™* (ligand) to 0.064 dl g
(copper complex), and the formation of complexes
with Zn®" and Ni*" is accompanied by a decrease in
viscosity to 0.021 and 0.022 dl g', respectively. It can
be assumed that the increase in intrinsic viscosity of
the copper complexes is due to the cross-linking of the
ligand molecules through the metal ion (Fig. 3a). It is
also known [17] that intramolecular complex forma-
tion causes a decrease in the maximum size of the
polymer random coil and the corresponding decrease
in the viscosity of the solution. Thus, the copper
complexes most likely are intermolecular ones (Fig. 3a),
while zinc and nickel complexes are of the
intramolecular structure (Fig. 3b).

The stability constants for complexes of copper,
zinc, and nickel calculated by the method of [18] are
3.7x10° 1.45x10%, and 1.16x10” respectively.
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Fig. 3. Schematic structures the complexes of I with Cu"
(a), Zn*, and Ni** (b), L is guanidine fragment.

Antibacterial properties of the macrocomplexes and
metal salts against the test bacterium Lactococcus
lactis subsp. lactis 411 were evaluated using 0.01 wt %
aqueous solutions.

The polymeric ligand I and complexes with copper,
zinc and nickel (II, I11, and IV, respectively) exhibited
antibacterial properties. Among the metal salts, the

Table 2. Antibacterial properties of the ligand, metal com-
plexes, and metal salts (adsorption—titrimetric method)

Concentration Evaluation
Sample of accumulated| DS, of

p lactic acid, | rel. units | antibacterial

mmol dm™ properties
I 3.5 0.46 +
I 1.8 0.72 +
111 2.7 0.58 +
1v 2.8 0.57 +
CuSO45H,0 3.2 0.50 +
Zn(CH5COO),'H,O 6.2 0.04 -
NiBr,-:3H,0 4.1 0.36 -
Water 6.5 - -

* DS =1 — cuqd/Cacia, Where caaq is the concentration of lactic acid
accumulated in the lactococci cultural fluid with the sample
treated with biocidal agent, mmol dm3, cuiq is the concentration
of lactic acid accumulated in the lactococci cultural fluid with
the control (water), mmol dm™. The presence of antibacterial
properties in a sample (+ in the last column) was suggested at the
DS >0.45.
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Fig. 4 The kinetics of absorption of molecular oxygen by
bacteria P. fluorescens B2, before and after treatment with
aqueous solutions of complexes. (/) control, (2) ligand I,
(3) complex II, (4) complex III, and (5) complex IV.

antibacterial activity at concentrations of 0.01 wt %
was found in copper sulfate, while zinc acetate and
nickel bromide do not have antibacterial properties
(Table 2).

In parallel the antibacterial activity of the com-
plexes was studied by measuring the respiration rate of
bacteria Pseudomonas fluorescens B2 (Fig. 4, Table 3).

The data obtained suggest that the inclusion of
metal ions in the polyhexamethyleneguanidine
hydrochloride matrix by the considered mechanism
provides a much more pronounced suppression of
metabolic activity of the test organisms in comparison
with the free ligand, which is especially evident in the
copper-containing systems.

In the presence of the copper complex II (Table 3)
a decrease in respiratory activity of the test bacteria is
the sreongest: The reduction in the oxygen consump-
tion rate by the culture fluid was three-fold compared

Table 3. The rate of absorption of molecular oxygen by
bacteria P. fluorescens B2 treated with aqueous solutions of
polyhexamethyleneguanidine hydrochloride complexes of
Cu®’, Zn**, and Ni*

Sample Oxygen consumption rate, mg I min™'
I 0.21
I 0.12
I 0.17
v 0.17
Control 0.32
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to control. Note that this system also provides the
achievement of the highest values of the relative rate
of antibacterial activity DS by the adsorption—
titrimetric method.

Thus, the work showed a possibility of synthesis of
stable polyhexamethyleneguanidine hydrochloride
complexes with the ions Cu®*, Zn**, and Ni*" with high
biocidal activity. The inner sphere of the complexes is
formed by two ligand molecules and two hydroxy
groups, therewith, the ligand forms coordination bonds
by free electron pair of amine nitrogen atom of the
guanidine group.

EXPERIMENTAL

We used the polyhexamethyleneguanidine hydro-
chloride I described in [9], with the average molecular
weight 6400, containing mainly linear oligomers with
three monomer units, which was obtained by the
improved method [20].

The IR spectra of complexes in the form of tablets
with KBr were recorded on a spectrophotometer
TENSOR 27. The stability constants of complexes
were determined by calculation as described in [18]
based on the optical density of solutions. The ESR
study of copper complexes was performed on the X-
band, operating frequency 9.45 GHz in a Hp
rectangular resonator. The spectra were recorded at
room temperature (298 K) and liquid nitrogen
temperature (77 K).

The intrinsic viscosity of dilute aqueous solutions
of the ligand and its complexes with transition metal
ions was determined in a 0.5 molar solution of sodium
chloride on a VPZh-2 viscometer with a capillary
diameter 0.34 mm, at 25°C.

The assessment of antibacterial properties of
synthesized complexes was carried out in two ways, by
a modified adsorption-titrimetric method and by
respiration rate of the obligate aerobic bacteria [21].
As a test cultures were used lactic acid bacteria
Lactococcus lactis subsp. lactis 411 and obligate
aerobic bacteria Pseudomonas fluorescens B2.

The complexes of the polymer with transition metal
ions (Cu®*, Zn*", and Ni*") were synthesized using
methanol as a solvent. The metal ions as complexing
agents were added to methanol solutions of the
polymer as the alcoholic solutions of the cor-
responding salts in quantities not exceeding 1.0 wt %.
Preliminary experiments showed that at this amount of
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a metal salt the full solubility of the compounds in
methanol was retained and we were able to obtain a
homogeneous reaction systems.

For the synthesis of the metal derivatives of poly-
hexamethyleneguanidine hydrochloride, to its 10%
methanol solution were added dropwise with stirring
the methanol solutions of copper sulfate, acetate, or
chloride, zinc acetate, or nickel bromide at
concentrations from 0.3 to 0.4 wt %. Salt solutions
were added at a rate of 0.5 ml min"' for 10 min and
further the solution was stirred for 1 h at 40°C. The
resulting solution was evaporated on a rotary
evaporator, the residue was dried in a desiccator over
sulfuric acid. The resulting products were waxy
substances of yellow (zinc complex) of green (com-
plexes of copper and nickel) color.
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