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In the current study, the toxic material Poly-hexamethylene biguanide hydrochloride (PHMB) has been char-
acterized by UV-Visible and infrared spectroscopy in different solvent environments. The nature of the molecular
interactions between solvent molecules and PHMB via hydrogen bonds has been investigated using the Atoms in
Molecules (AIM) and non-covalent reduced density gradient (NC-RDG) analyses. Intermolecular interactions are
further supported by the Natural Bond Orbital (NBO) analysis, which was carried out to provide information

about the delocalization of charge and energy density of the atoms. The O—H---Cl and N—H-:--Cl hydrogen bond
types of interaction in solvent complexes have indicated weak hydrogen bonds. Moreover, we studied the
endocrine disrupting potential of PHMB by using VirtualToxLab technology.

1. Introduction

Poly-hexamethylene biguanide hydrochloride / polyhexanide /
polyaminopropyl biguanide (PHMB; CAS No: 32289-58-0), a member of
the antiseptic bioguanides, is a polymer possessing biocidal effects,
including antimicrobial activity [1-3]. Due to its biocidal activities, it
has been used as preservative for several products such as food, fabric
softeners, personal care products, water treatment agents, and surface
disinfectants [3,4]. Even though it was announced as safe with a low risk
of adverse health effects by the US Environmental Protection Agency
(EPA), it has limited usage (up to a maximum concentration of 0.3%) in
cosmetics and is considered unsafe in cosmetics that are in spray form as
it is considered to have acute toxicity when inhaled [5]. It is known that
PHMB has antimicrobial activity on yeast, bacteria, amoebae and also
human immunodeficiency virus type-1 [6-8].

The biocidal activity of PHMB depends on the physical disruption of
the membranes of target cells, so it can be said that it is a membrane-
active biocide. It is reported to be useful against multidrug-resistant
bacteria due to its preventative action on bacterial envelope develop-
ment [9]. It attaches to the anionic phospholipids of the bacterial
membrane and affects the membrane stability [10,11].

PHMB is used as antiseptic at hospitals and also found to be useful for
burns and chronic wounds [9,12-14]. Additionally, PHMB is suggested
to be impregnated to gloves in order to prevent or reduce the healthcare-
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associated infections [15]. Even though, PHMB containing products are
widely marketed and used as antiseptics, the risk assessment process for
them is still on going. Currently, its label as approved by the European
Union is “fatal if inhaled, causes damage to organs through prolonged or
repeated exposure, is very toxic to aquatic life, is very toxic to aquatic
life with long lasting effects, is harmful if swallowed, causes serious eye
damage, is suspected of causing cancer, and may cause an allergic skin
reaction” [16].

Besides beneficial effects, it has been reported that PHMB is toxic to
human keratocytes while treating a serious eye infection, namely
Acanthamoeba keratitis [17]. Moreover, PHMB has been shown to in-
crease liver tumor incidence when doses in excess of the maximum
tolerated dose are administered to the drinking waters of rats. The mode
of action of this effect has also been investigated, but no cytotoxic effect
in the liver has been found and it has been reported that PHMB may
cause increased cell proliferation [18]. Like all biocidal disinfectants,
PHMB occurs in the aquatic environment and its effects on aquatic or-
ganisms are yet to be known. The only study has been done on zebrafish
liver cell lines, and low cytotoxicity has been found [19].

The effects of PHMB on the endocrine system have not been inves-
tigated and are still unknown. Recently, a program, named VirtualTox-
Lab, has been reported to check the binding affinities of chemicals to
biologically important proteins. It enables to estimate the toxic potential
of chemicals, natural products, and drugs. This in silico technology is
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based on an automated procedure mimicking the interaction of chem-
icals with 16 proteins [20]. Here, we investigated for the first time the
endocrine disrupting potential of PHMB by using VirtualToxLab
technology.

Solvation effects are very important in deciding the functionability
and activity of a compound in a medium, especially inside the body of
living things [21]. Solvents affect the solubility, stability, and rate of
thermodynamic and kinetic control processes. Solvent effect-based sta-
bility, hydrogen bond formation between solvent and solute, dipo-
le-dipole interactions, and van der Waals interactions. Solvents exhibit
cluster features and also biological activity [22]. As a result of these
considerations, the purpose of this paper is to investigate the interaction
of PHMB with solvents.

This research is divided into two sections. The first part investigates
the spectroscopic and energetic features of the solvent effects on the
PHMB compound in solution, while the second part investigates the
PHMB-solvent complexes interactions. The Uv-Vis and FT-IR spectra
were investigated theoretically and experimentally in solutions
(ethanol, methanol, DMSO, water). FT-IR spectra are a major technique
for studying molecular vibrations. Since vibrational frequency changes
of solute molecules in solution reflect solute-solvent interactions, they
have also been used to investigate the effects of solvents. Attention has
been paid to the hydrogen bond cooperation effect and the nature of
interactions between solvent molecules using binary energy calculation,
atoms in molecules (AIM), and non-covalent interactions-low density
gradient (NCI-RDG) analysis. Furthermore, the Natural Bond Orbital
(NBO) analysis explains the delocalization of the charge between the
PHMB and the solvent molecule. The NBO search was measured in
redistribution in various (bond and anti-bond) orbitals and stabilization
energies.

2. Materials and methods
2.1. Experimental studies

PHMB was purchased from Aldrich and used without further puri-
fication. The FTIR spectra and UV-Vis absorption spectra of PHMB in
solution (ethanol, methanol, DMSO, water) were recorded. The FTIR
spectra were registered using a Mattson 1000 FTIR spectrometer within
the wavelength range of 400-4000 cm ™! and the assignments of all the
observed bands were made with 0.2 cm ™! resolution. UV-Vis absorption
spectra are recorded in the 200-600 nm range by using a Thermo Sci-
entific spectrophotometer.

2.2. Theoretical methods

2.2.1. Computational details

The calculations were carried out by using the Gaussian 09 program
package [23] and the GaussView molecular visualization program [24].
Vibrational wavenumbers and energy analysis of PHMB in different
solvents were also calculated at the DFT/B3LYP/6-311++G(d,p) level
of theory. Solute—solvent effects were taken into account by employing
the self-consistent reaction field (SCRF) method based on the polarizable
continuum model (PCM) developed by Tomasi et al. [25]. Global reac-
tivity descriptors such as HOMO-LUMO gaps and chemical hardness,
electronegativity, chemical potential, and electrophilicity index were
calculated for PHMB-solvent complexes. These parameters are obtained
using the DFT/B3LYP/PCM/6-311++G(d,p) level. The Gauss view 5.0
software was used to obtain the highest occupied and lowest unoccupied
molecular orbital maps (HOMO-LUMO) and molecular electrostatic
potential maps for identifying the potential region [26]. NBO analysis
was done on a molecule at the same level using second order Fock to
show that the stabilization comes from hyperconjugation of various
intramolecular interactions. The NBO analysis was carried out using the
NBO 3.0 software [27], which is included in the Gauss 09 package. Using
the Multiwfn software based on the quantum theory of AIM, the H-bond
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interactions were described in terms of electron density, p(r), its Lap-
lacian V?p(r) and potential energy density at ring critical points (BCP)
[28,29]. By employing Multiwfn [28] and the molecular visualization
program VMD [30], RDG analysis provided an easy-to-catch pictorial
visualization of different kinds of non-covalent interactions directly in
real space. The PHMB from the ground state at the TD-DFT/B3LYP/
6-311++G(d,p) level of theory was used to calculate the excited states
to achieve theoretical UV-Vis spectra in different solvents.

2.2.2. VirtualToxLab analyses

Toxic potential of PHMB (Fig. S1) was determined using Virtual-
ToxLab which enables to estimate the toxic potential by using binding
affinities of agents towards 16 biologically important proteins namely
androgen receptor (AR), estrogen receptor a (ERa), estrogen receptor f
(ERp), glucocorticoid receptor (GR), liver X receptor (LXR), mineralo-
corticoid receptor (MR), peroxisome proliferator-activated receptor y
(PPAR Y), progesterone receptor (PR), thyroid receptor a (TRa), thyroid
receptor B (TRP), four cytochrome P450 enzymes (CYP1A2, CYP2C9,
CYP2D6, CYP3A4), aryl hydrocarbon receptor (AhR) and potassium ion
channel (hERG). This in silico technology combines mQSAR and docking
to quantify the binding affinities. The values of toxic potential range
from 0.0 (none) to 1.0 (extreme) [20,31]. Here, the toxic potential and
binding affinity (ICs¢p nanomolar) of PHMB towards 16 proteins sus-
pected to trigger endocrine and metabolic disruption were determined.
Binding affinity greater than 100 uM was accepted as “not binding”.

3. Results and discussion
3.1. Energy analysis in solvent

The molecular dipol moment () is particularly sensitive to the sol-
vent dielectric constant (¢). The dipol moments of PHMB obtained by
means of the DFT calculations are portrayed in Table 1. The results
pointed out that the dipol moment was increased by changing the gas
phase to the solution, as well, by increasing the solvent polarity.
Generally, the dielectric constant of the solvent provides a rough mea-
sure of the solvent’s polarity.

The calculated total energies (E'Y), relative energies (AE) and sta-
bilization energy (Esolvation) for PHMB were compared and analyzed in
the gas phase and in various solvents. A decrease was observed at the
total energies for PHMB as the solvent polarity increased (ethanol =
—1049.84520158 a.u, methanol = —1049.84536564 a.u, DMSO =
—1049.84552806 a.u, water = —1049.84568073 a.u). As shown in
Table 1, structure of PHMB had the lowest energy in each medium when
moving from gas phase to solvent (ethanol to methanol to DMSO to
water) on a negative continuum. The dipole in the molecule will induce
a dipole in the medium. Besides, an electric field applied to the solute by
the solvent (reaction) dipole will in turn interact with the molecular
dipole to lead to net stabilization. The stabilization energy by solvents
was calculated as follows; Esolvation = Ein solvent—Ein gas. The Esolvation is the
stabilization energy by solvents, the relative energy of complex in a
solvent to that in the gas phase. The stabilization energy of the solvent
was used to evaluate the interaction strength of molecule with the sol-
vent. In terms of the energies, E'' showed a decrease with the increasing
dielectric constants of solvents, and Eggyation increased due to the solvent

Table 1
Solvation energies (“AE;), solvation free energies (')AGS), and dipol moments p
(in debye) of the PHMB in gas phase and different solvents.

e=1 e =24.5 e =32.7 e =46.7 e =80.1
“AE, 0 —23.3032 —23.7339 —24.1603 —24.5612
PAG, 0 —25.7141 —26.1946 —26.9998 —27.1109
u 1.1299 1.3109 1.3147 1.3188 1.3230

? AEs = Egolution — Egas (in kJ/mol).
® AG; = G solv — Ggas (in kJ/mol).



S. Celik and E. Tanis

effect.

Calculated AGgc}y of the PHMB were listed in Tablel. It can be found
that the AGgoy value increased with the rise of the solvent polarity, and
thus, the solvation of PHMB increased with the polarity of the solvent.
The value of AGy,ter Was more negative than that of ethanol, methanol,
and DMSO, which means that the solvation of PHMB in water was better
than in other solvents. The very high solubility of PHMB in water (>40%
w/w) is proof of the high hydration enthalpy [2]. The computed
ordering of the solvation free energies in several solvents was as follows:
water > DMSO > methanol > ethanol.

These results suggested that PHMB was easy to dissolve in polar
solvents and remained more stable in more polar solvents. The change in
dipole moments was in accordance with the changes in charge distri-
butions and molecular geometry in going from the gas-phase to solution.

3.2. Vibrational frequencies in solvent

The computed wavenumber shifts in different solvents with respect
to the gas phase are given in Table S1. The computed wavenumbers in
the phase and in solvents were all scaled by a factor of 0.9978. The DFT
calculated frequencies in the solvent phase were obtained using the PCM
model at the B3LYP/6-311++G(d,p). The experimental IR spectra in
liquid phase were given in (Fig S2). The IR intensities were calculated
from the gas phase to different dielectric media. The solvent effect on the
frequency difference Av between those in the gas phase and those in
solvents was tabulated in Table S1. Changes in vibrational modes were
obtained as significant when moving from the gas phase to solution.

In the study by Rodrigues et al. [32], the experimental and theo-
retical FT-IR of the PHMB molecule were investigated. The experimental
spectrum showed v(NH) bands between 3290 and 3400 cm™ L. The
amino group (NHp) stretching vibration usually occurs in the range of
3500-3300 cm ! [33]. In the region between 3100 and 3350 cm ™! of
the experimental IR spectrum, the v(NH), was in agreement with the
literature [34-36]. In our study, NH stretching vibrations in different
solvents shifted to 3418 and 3184 cm ™ in ethanol, 3418 and 3165 cm ™!
in methanol, 3430 and 3012 cm ! in DMSO, and cm ™! in water. The
presence of solvent groups interacting with this protonated region
resulted in a stronger intramolecular H-bond and a stronger down-
shifting effect. The aromatic CH stretching vibration wavenumbers
calculated in the expected ranges with previous studies [37,38] are in
the range of 3100-2700 cm™! and large shifts were observed in the
solvent.

The characteristic absorption peaks for PHMB were observed at
1650 cm ™! and about 1587 cm ™! attributed to C=N stretching and bend
vibration of NH3 [39]. When the experimental frequencies for this area
were compared, in all solvents, the peak at 1587 cm™ shifted to 1555
cm ™}, whereas the peak at 1650 cm ™! was detected at 1648 cm™!
(strong) in ethanol and 1655 c¢m~! (weak) in methanol and DMSO. The
C—N stretch appearing between 1000 and 1200 cm ™! [32,38] was seen
in this study as downshifted strong bands in the solvent.

The most important bonds were those located in the 2000-2400
cm ™! range, corresponding to nitrogen-related vibrations, including
combination bands due to nitrogen-carbon bonds in the biguanide
pseudo-aromatic ring. The remaining bonds were due to methylene
groups and residual hydration water. Bands associated with chlorine ion
were not present, but the -bonded behavior of some vibrations may be
due to chloride interference on —N—H vibrations [2].

For instance, comparison of Av between gas phases in solvent at the
largest change was observed for ve, Vo, V10, V11, V14, Vie V17 modes. The
average change of frequencies (Av) remained nearly the same the trend
from ethanol to water.

3.3. The absorption characteristics of the PHMB in the solvent

The experimental absorbance results of the PHMB in solution
(DMSO/ethanol/methanol and water) are shown in Fig. 1. PHMB
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Fig. 1. The experimental UV-Vis absorption spectra of PHMB in solvents.

material gave absorbance peaks at 283 nm with different absorbance
intensities in all solvents. In addition, it is seen that our results are also
compatible with the literature [5]. It is understood from these results
that PHMB has maximum absorbance peaks in the middle-UV region for
all solvents. Furthermore, the absorption of the PHMB material does not
change in the related solvents.

In order to determine the electronic properties of a molecule, it is
necessary to examine the electronic transitions from, o, 7, n ground state
orbitals to 6*, n*, n* excited states [40]. For this, ultraviolet spectros-
copy of PHMB molecule in gas and solutions was calculated using the
TD-DFT/B3LYP/6-311++G(d,p) level of theory and is listed in
Table S2. From the table, it is seen that the highest absorption peak
occurred in the gas phase at a wavelength of 301 nm, between the
HOMO — LUMO orbitals, with a band gap value of 4.11 eV. Absorption
peak values for solvents are the same, occurring at 211 nm, 209 nm and
208 nm.

3.4. HOMO-LUMO analysis and chemical descriptors of PHMB-solvent
complexes

The gap between the highest occupied molecular orbital and the
lowest unoccupied molecular orbital, Eg,p, and global rectivity de-
scriptors such as Electron affinity (A), lonization energy (I), Chemical
hardness () and softness (o), Electronegativity (), Chemical potential
(w and the Electrophilicity index (0) play an important role in chemical
reactions as well as electrical and optical performance [41]. These pa-
rameters, obtained using the DFT/B3LYP/6-311++G (d,p) level of
theory, are tabulated in Table 2 Fig. 2. Koopman [42] defines closed
shell components 1, p, and y as n = I-A, u=(-A)/2, x=I + A)/2, ® =
p2/2n. Electron affinity and ionization potential can be estimated
through HOMO and LUMO orbital energies as A = -Ejymo and I =
—Enomo- The electronegativity and chemical hardness are often used to
make chemical reactivity prediction. Also, a molecule with a small
frontier orbital gap is called a soft molecule. Soft molecules are more
polarizable and have a high chemical reactivity as well as low kinetic
stability [43,44]. Rodrigues et al. [32] HOMO-LUMO energy gap cal-
culations using both the B3LYP/6-31++(d,p) (5.33 eV) and M06-2X/
6-31++(d,p) (7.55 eV) functionals showed that PHMB is an electrical
insulator as it has a large HOMO-LUMO energy gap. In the present study,
the Eg,p, value calculated in the gas phase with the B3LYP/6-311++G(d,
p) method was 4.76 eV. In both studies, there is a large energy barrier
separating these orbitals, and HOMO-LUMO electronic transitions are
difficult to occur in PHMB. The lowest energy band gap was calculated
for the DMSO complex, (4.29 eV) and the highest energy band gap was
calculated for the water complex (4.82 eV). Therefore, it can be said that
the PHMB-H0 complex had higher chemical stability than the other
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Table 2

Calculated HOMO-LUMO energy gaps and quantum chemical properties of the PHMB-solvent complexes.
Parameters In gas PHMB---EtOH PHMB.--MeOH PHMB.--DMSO PHMB.--H20
Enomo-1-LumMO 11 gap (€V) 5.01 6.68 6.68 6.18 6.55
Enomo-LuMo gap(€V) 4.76 4.81 4.81 4.29 4.82
Chemical hardness (1) (eV) 2.38 2.40 2.40 2.15 2.41
Global softness () (eV) ~* 0.21 0.20 0.20 0.23 0.21
Electronegativity (y) (eV) 3.19 3.97 3.97 3.87 3.95
Chemical potential (1) (eV) -3.19 -3.97 -3.97 —3.87 —3.95
Electrophilicity index (w) (eV) 1 —-2.14 —-3.28 -3.28 -3.49 -3.23

solutions. In solvent with a large dielectric constant, the solvent-solute
interaction is more stabilized due to hydrogen bonding and dipole-di-
pole interactions [45,46]. Water is the solvent with the largest dielectric
constant and polarity among the other solvents studied. The larger the
HOMO-LUMO energy gap value, the greater the stability of the mole-
cule. Therefore, we can say that our result is in parallel with the liter-
ature. It is understood from the table that the chemical hardness value
was the highest and the lowest electrophilicity value was at the PHMB-
H0 complex.

3.5. AIM topological, reduced density gradient (RDG) and NBO analyses
of PHMB-solvent complexes

The AIM (Atoms In Molecules) approach involves specifying the
many characteristics of chemical bonds, such as hydrogen bonds [47].
This method is commonly used to calculate inter-atomic and intra-
atomic interactions. The electron density p(r), the Laplacian V2p(r),
the eigenvalues (A1, A2, A3), the kinetic energy densities G(r), the total
energy densities H(r), the potential V(r) and the bond energy Eyp are all
topological characteristics providing much information. The AIM theory
is commonly used to examine chemical bond characteristics, especially
hydrogen bonds. The hydrogen-bonds and their notions are well
described by the AIM theory. According to Rozas et al. [48], hydrogen
bond interactions can be classified as follows:

e Strong H-bonds are characterized byV?p(r) < 0, H(r) < 0, Egg > 100
kj/mol and their covalent character is established.

e Moderate H-bonds are defined byV?p(r) > 0, H(r) < 0, 50 < Eyp <
100 kj/mol and their partially covalent character.

e The weak H-bonds are characterized byV2p(r) > 0, H(r) > 0, Egp <
50 kj/mol and they are mainly electrostatic, with a distance between
the interacting atoms greater than the sum of their van der Waals
rays [49,50].

The intramolecular BCPs and ring critical points (RCPs) between
PHMB and EtOH, MeOH, DMSO, and H20 molecules were obtained
using the optimized PHMB-solvent complexes for AIM studies. In this
work, the following topological descriptors were utilized to determine
the nature of the hydrogen-bond between the investigated PHMB and
solvents. Fig. 3 depicted the graphical representation of the AIM analysis
of PHMB-solvent complexes, while Table 3 listed the calculated topo-
logical parameters. As shown in Fig. 3, the interactions between the
biguanide aromatic ring and the solvent molecules via hydrogen bonds
gave rise to the formation of the rings NRCP. In PHMB-solvent com-
plexes, O—H---Cl, N—H---Cl and N—H---O interactions between ligand
and solvent molecules were detected as intermolecular interactions,
whereas N—H:--N interactions were observed as intramolecular in-
teractions (see Fig. 3).

According to Table 3, strong hydrogen bond interactions in the
PHMB---(H20) complex had a negative laplacian V2p(r) and a negative
total energy density H(r) at the O—H---Cl of binding was indicative of a
strong covalent character. Also, N—H---Cl had lower values of p(r) and
Eyp than the other two H-bonds, N3-H15---O and N1-H18.--N5, indi-
cating that this bond is weaker. The hydrogen bond types (O—H-:--Cl,
N—H---Cl) of interaction in other solvent complexes had a positive

laplacian and total energy densities, indicating weak hydrogen bonds.
The N—H---N hydrogen bond in PHMB---(dimethyl sulfoxide/ethanol/
methanol) complexes had a moderate hydrogen bond character, since it
had a positive laplacian and a negative total energy density. The
computed interaction energies for the PHMB---(H20) complex were
considered the strongest interactions with hydrogen bond energies
among the PHMB-solvent complexes, indicating that the intermolecular
bond strength was strong in this complex.

The NCI analysis provides important information regarding a mole-
cule’s non-covalent interactions. Noncovalent interactions (NCI)
method developed by Johnson et al. assesses the molecular bonding and
nonbonding interaction regions by the reduced density gradient (s)
[51,52], which is described by.

i ()

The noncovalent interaction (NCI) analysis was used to illustrate the
interactions using graphical representations in real space. The examined
system had a somewhat weaker hydrogen bond, as mentioned in the
hydrogen bond AIM analysis, resulting in a tiny negative value. RGD
points plotted against electron density multiplied by the sign of second
eigenvalue (sign(A2)p) (left) and NCI plot (right) were shown in Fig. 4,
with the strong intermolecular interaction of each PHBM-solvent com-
plex. The isosurfaces use color codes to represent the many types of NCI
in actual space. Strong attraction (H-bonding), weak interaction (van
der Waals attraction), and strong repulsion (steric repulsion) were
shown by the colors blue, green, and red, respectively. Figure showing
the properties of H-bond interaction in the PHMB-solvent complexes are
represented by blue colored isosurfaces. N—H---Cl interaction showed
by green color in all complexes, representing weak intermolecular in-
teractions. The steric effect presented in the ring due to high repulsions
in all complexes was indicated by the red colored isosurface. These re-
sults were comparable to those found using the AIM method.

The Natural Bonding Orbital (NBO) method was used to analyze the
H-bonding interactions between a wide range of chemical systems [53].
The interaction between donor and acceptor in the NBO analysis was
characterized by a stabilization energy E®, where qi, F(i,j), and &i, j
indicate the occupation of the orbital i the Fock matrix element outside
the diagonal, and the diagonal elements, respectively. The value of
stabilization energy was proportional to the degree of the interaction
between donor and electron acceptor; the greater the value of E@, the
more intense the interaction between donor and electron acceptor was
observed. Table 4 lists the selected values of the calculated second order
interaction energy E® of H-bonds in the investigated PHMB-solvent. As
seen in the table, the highest stabilization energy, equal to 27.87 kcal/
mol, was in PHMB-H,0. We can see this interaction in the strong
anionic-cationic group interaction, which was formed in the hydrogen
bonding of 034-H26...Cl, between the pair of LP(Cl) orbitals and the ¢*
(034-H26) antibonding orbital. In all complexes, the interaction
LP(1)(Ns)—6"(N; —His) in the biagudin ring had the highest perturba-
tion energies, E® providing a stronger stabilization to the structure than
the other interactions. Furthermore, N—H....Cl hydrogen bonds were
weak, and this was confirmed by the low value of the energy E@®
assigned as LP — o* interaction system. All of these NBO results were
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Fig. 2. HOMO-LUMO diagram of the PHMB-solvent complexes.

consistent with the AIM topological and NCI analysis.

3.6. VirtualToxLab analyses

Toxic potential of PHMB was found as 0.055 indicating that PHMB
was a non-toxic compound according to VirtualToxLab analysis. It also
showed no binding to any of the proteins checked.

4. Conclusions

In this work, the solvent effects of PHMB were investigated by FTIR,
absorbance spectra, DFT, RDG, NBO, and VirtualToxLab analysis. It was
understood that the chemical stability of PHMB was highest in the
PHMB-H20 complexes. There was no notable change in the frontier
molecular orbitals and energy gap in the transition from the gas phase to
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Fig. 3. AIM analysis of the different critical points representing H-bonds between (a) PHMB - ethanol, (b) PHMB — methanol, (¢) PHMB - DMSO and (d) PHMB
- water.

Table 3
Topological parameters of hydrogen bonded interaction for PBHM-solvent complexes.

Interactions p(r) V2p(r) H(r) G(r) V(r) Epona(kJ/mol) M A2 A3

PHMB-EtOH O34-Hys....Cl 0.02246 0.06399 0.00002 0.01597 —0.01594 20.92 —0.00302 —0.02951 0.12376
Ny-Hss....Cl 0.01898 0.05465 0.00157 0.01201 —0.01052 13.80 —0.02077 —0.02045 0.09588
Ny4-Hjs....Cl 0.01670 0.05066 0.00189 0.01077 —0.00887 11.64 —0.01754 —0.01716 0.08536
N3-Hjs....0 0.03199 0.10991 0.00016 0.02681 —0.02614 34.30 —0.05252 —0.04980 0.21224
Ni-Hjg.... Ns 0.04050 0.11662 —0.00308 0.03224 —0.03086 40.50 —0.06300 —0.06113 0.24075

PHMB-MeOH 0O34-H3o....Cl 0.02595 0.06535 —0.00429 0.01679 —0.01719 22.56 —0.03246 —0.03168 0.12951
N,-Hgzs....Cl 0.01827 0.05382 0.00168 0.01162 —0.00993 13.03 —0.01974 —0.01940 0.09242
N4-Hgye....CL 0.01663 0.05051 0.00191 0.01107 —0.08807 115.59 —0.01745 —0.01710 0.08507
N3-Hjs....0 0.03204 0.10971 0.00064 0.02678 —0.02613 34.29 —0.05273 —0.04997 0.21243
Ni;-Hjg.... Ns 0.04068 0.11678 —0.00318 0.03237 —0.03556 46.67 —0.00302 —0.06151 0.24171

PHMB-DMSO C34-H3s....Cl 0.00629 0.01948 0.00103 0.00383 —0.01028 13.49 —0.00483 —0.00460 0.28923
Ny-Has....CL 0.01984 0.05634 0.00141 0.01267 —0.01127 14.79 —0.02205 —0.02171 0.10011
Ny4-Hjs....Cl 0.01967 0.05644 0.00143 0.01126 —0.01112 14.59 —0.02167 —0.02138 0.09951
N3-Hjs....0 0.03529 0.11881 —0.00038 0.03529 —0.03047 39.99 —0.05737 —0.05495 0.23112
Ni-Hjg.... Ns 0.04124 0.11773 —0.03427 0.03286 —0.03629 47.63 —0.06445 —0.06262 0.24490

PHMB-H,0 O34-Hzs....Cl 0.30457 —0.19842 —0.53495 0.03889 —0.57384 753.16 —0.13591 —0.13189 0.69387
N,-Hzs....Cl 0.01808 0.05285 0.00171 0.01149 —0.00978 12.83 —0.01949 —0.01917 0.09151
N4-Hye....CL 0.01657 0.05036 0.00191 0.01067 —0.00875 11.48 —-0.01737 —0.01701 0.08475
Ns-Hjs....0 0.02911 0.10395 0.00156 0.02445 —0.02291 30.06 —0.04646 —0.04412 0.19455
N;-Hg.... Ns 0.04061 0.11675 —0.00313 0.03232 —0.03546 46.54 —0.06324 —0.06361 0.24133
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Fig. 4. RDG scatter plots (left) and corresponding non-covalent interaction (NCI) plots (right) of (a) PHMB - ethanol, (b) PHMB — methanol, (c) PHMB — DMSO and
(d) PHMB - water. The isosurfaces were colored (right) with respect to the values of sign (A2)p (a.u.).

Table 4

Some selected second-order H-bonds interaction energies for the PHMB-solvent complexes.

H-bonds donor — acceptor E® (kcal /mol)* & —¢€i (a4u4)b F(ij)(au.)
PHMB-EtOH 034-Hys....Cl LP(4)(Cl)—6" (034 —Hys) 13.03 0.77 0.078
Ny-Has....Cl LP(4)(Cl)—6" (N —Hs3) 11.13 0.72 0.068
Ny-Hye....Cl LP(3)(Cl)~0" (N4 —Hase) 8.43 0.69 0.068
N3-His....0 LP(2)(0)—06" (N3 —Hs) 17.13 0.82 0.106
N;-His.... N5 LP(1)(Ns)—6" (N1 —Hig) 22.88 0.79 0.121
PHMB-MeOH 034-Hzg....Cl LP(4)(Cl)—0c" (O34 —Hzg) 13.84 0.74 0.091
Na-Hgs....Cl LP(4)(Cl)~0" (No —Ha3) 11.24 0.69 0.051
N4-Hys....Cl LP(3)(Cl)—o" (N4 —His) 17.98 0.71 0.068
N3-Hjs....0 LP(2)(0)—0" (N3 —His) 16.92 0.82 0.106
Ni-Hps.... Ns LP(1)(Ns)—c" (Ny —Hig) 23.01 0.79 0.122
PHMB-DMSO C34-Hss....Cl LP(1)(Cl)—6" (Cs4 —Has) 3.84 0.97 0.013
Np-Has....Cl LP(4)(Cl)—c" (N5 —Hs3) 10.27 0.70 0.076
Ny4-Hye....Cl LP(3)(Cl)—6" (N4 —Hyg) 8.82 0.73 0.069
N3-Hjs....0 LP(2)(0)—06" (N3 —H;s) 15.03 0.73 0.096
N;-Hps.... Ns LP(1)(Ns)—c" (Ny —Hig) 23.27 0.79 0.123
PHMB-H,0 034-Hae....Cl LP(4)(Cl)—6" (034 —Hsg) 27.87 0.73 0.093
Ny-Has....Cl LP(3)(Cl)—6" (Ny —Hss) 12.04 0.69 0.064
Ny-Hye....Cl LP(3)(Cl)~0" (N4 —Hie) 8.98 0.72 0.066
N3-Hjs....0 LP(2)(0)—6" (N3 —His) 16.88 0.89 0.010
Ni-His.... N5 LP(1)(Ns)—c" (N1 —Hig) 22.86 0.79 0.121

the solvent phase. The energy gap and electron potential in water sol-
vent are larger than in other solvents. A large gap means high stability
and low chemical reactivity. Therefore, the results confirm the stability
of PHMB in water. While the N—H---Cl interaction in all complexes
represented weak intermolecular interactions, it showed a steric effect in
the biguanide pseudo-aromatic ring due to high repulsions. The results
obtained using the AIM and NBO methods were consistent with each
other. In addition, it was determined that PHMB was a non-toxic com-
pound and did not bind to any defined protein.
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