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In this study, the effects of dimethyl sulfoxide (DMSO), ethanol, methanol, and water solvents on the elec-
tronic, optical, and some electrical and sensing properties of the Poly-hexamethylene biguanide
hydrochloride (PHMB) organic material were investigated in detail with experimental measurements.
The absorbance and fluorescence spectra, optical bandgap, refractive index, reflectance, contrast, and
electrical and optical conductivity of the PHMB material were experimentally examined in all studied sol-
vents and interpreted in detail. Quantum chemical calculations such as absorbance spectrum, frontier
molecular orbital (HOMO-LUMO), density of states (DOS or TDOS) and overlap population-based DOS
(OPDOS or COOP), and non-linear optical (NLO) property calculations were carried out with the help of
the density functional theory (DFT), and the results were compared to the experimental results. It was
concluded that the investigation of electronic, optical, NLO, and sensing properties of PHMB will con-
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tribute to the understanding and application areas of new-generation optoelectronic devices.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Polymers are some of the most widely used materials in medi-
cine, electronics applications, optical instruments, and industry.
Determining the optical properties of light-interacting polymers
is important in terms of their use in technological applications
and whether they are optical polymers. Optical polymers (OPs)
are widely used in industries due to their low cost and light weight,
as well as their favorable mechanical and optical properties [1,2].
Among polymers, conjugated polymers that can be processed with
the appropriate solution are always among the sought-after candi-
dates for inexpensive electronics and optoelectronics technology
[3].

Poly-hexamethylene biguanide hydrochloride |/ polyhexanide /
Poly aminopropyl biguanide (PHMB; CAS No: 32289-58-0; Chemi-
cal Formula: (CgHy7Ns)n x(HCI)) is an antiseptic biguanide-derived
polymer with biocidal effects, including antimicrobial effects [4-6].
Due to its biocidal activities, it has been used as a preservative for
several products such as foods, fabric softeners, personal care prod-
ucts, water treatment agents, and surface disinfectants [6,7].

The PHMB material has been studied in detail using various
analytical methods [8-19]. It is known that PHMB shows an
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antimicrobial activity on yeasts, bacteria, amoebae, and human
immunodeficiency virus type-1 [20-22]. Some studies have sug-
gested that PHMB can be used as a gas sensor due to its excellent
CO, gas absorption capacity [23], be utilized as a useful material
for supramolecular chemistry with its physical and chemical char-
acteristics [24] and kill bacteria selectively over host cells [25]. It
has also been found to be suitable for contact lenses [26], and it
can be used as a fluorescent optode-based chemical detector mate-
rial [27]. In a recent study, the electronic and vibrational properties
of PHMB were demonstrated experimentally and theoretically
[28]. Physical and chemical properties such as solubility in water
and alcohol, adhesion to glass, metal, and plastics made PHMB
attractive for the technological applications mentioned above [29].

Like optical polymers, Polymer Light Emitting Diodes (PLEDs)
are very important in optoelectronics technology, with many
advantages such as light, flexible, inexpensive, and full spectrum
color displays, high brightness at low drive voltage, and good print-
ability [30]. In this context, PHMB, a polymer-based material, may
be an important candidate for many optoelectronics technologies.
Therefore, the investigation of the electronic, optical, some electri-
cal, and sensing properties of this polymer and its evaluation in
terms of OPs and PLEDs laid the groundwork for this study. Thus,
a new material basis for optical and non-linear optical applications
can be established.
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The solvent is an essential complement to the active medium.
This is because it is known that solvent organic molecules signifi-
cantly change the structural and optical properties of a medium
[31-33]. Therefore, solvent environments that cause strong
changes in the properties of materials significantly affect the per-
formance of the designed devices [34].

In this study, the UV-Vis absorption spectra, fluorescence inten-
sity, optical bandgap (E,), refractive index, reflectivity, electrical
and optical conductivity, and contrast (o) of the PHMB molecule
were investigated experimentally in various solvents (ethanol,
methanol, DMSO, and water). Analyses on theoretical absorbance
spectra, HOMO-LUMO orbitals, DOS and OPDOS spectra, and non-
linear optical (NLO) properties were performed with the help of
the density functional theory (DFT), and the results were compared
to the experimental results.

2. Materials and methods
2.1. Materials

Poly-hexamethylene biguanide hydrochloride (PHMB), ethanol,
methanol, and DMSO were purchased from Sigma-Aldrich Co. LLC.
in liquid form at a purity of above 97%. The optimized monomer
structure of the PHMB molecule is shown in Fig. 1.

2.2. Experimental studies

The solutions were prepared in ethanol, methanol, DMSO and
water solvents using a digital vortex stirrer obtained from DLAB
CO., Ltd.

The UV-Vis absorption spectra of the PHMB solutions were
recorded in the 200-600 nm range by using a Thermo Scientific
spectrophotometer. The fluorescence spectral measurements of
the PHMB solutions for the studied solvents were carried out with
a Hitachi S-7000 fluorescence spectrophotometer at room
temperature.

2.3. Computational studies

The calculations of the PHMB were performed the TD-DFT
method using the Gaussian 09 [35] and Gauss View 5.0 [36] pro-
grams. In this context, DFT calculations in the literature have
become a tool where molecular geometry structure, electronic
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and optical properties provide very reliable results between theo-
retical and experimental data [37-43]. The solute-solvent effect
analyses were performed using the self-consistent reaction field
(SCRF) method based on the polarizable continuum model (PCM)
developed by Tomasi et al. [44]. To increase the accuracy of the
theoretical results, the excitation energies were calculated using
the 6-311++G(d,p), SDD and DGDZP basis sets of the B3LYP func-
tion, and the results were compared to the experimental results.
The energy gap E, values, which are the energy differences
between HOMO and LUMO orbitals, were obtained theoretically,
and the results were compared to the experimental results.

In order to investigate the non-linear optical (NLO) properties of
the PHMB polymer, the components of electric moments such as
first-order hyperpolarizability, electric dipole moments, and polar-
izability were calculated using the DFT/B3LYP-SDD level of the the-
ory, whereas the X, y, and z components of these electric moments
were used to calculate the total dipole moment, the average polar-
izability (o), and the total first static hyperpolarizability Brotar
[45,46]. The GaussSum?2.2 program [47], TDOS or DOS analyses,
and OPDOS or COOP analyses were used to determine the group
contributions of molecular orbitals.

3. Results and discussion
3.1. Experimental results

3.1.1. The absorption and fluorescence characteristics of the PHMB
solutions

The experimental absorbance results of the PHMB molecule
depending on the solvents (DMSO, ethanol, methanol, and water)
are shown in Fig. 2. The PHMB material provided absorbance peaks
at 283 nm with different absorbance intensities in all solvents. This
transition was most likely the m-n* transition of —C=N— in the
biguanide group reported in the literature [24]. Additionally, it
was seen that our results were compatible with the literature [5].
It was understood from these results that PHMB had the maximum
absorbance peaks in the middle-UV region for all solvents. In com-
parison to the results of Poly(methyl methacrylate) (PMMA) and
Cadmium Sulfide (CdS) nanocomposites [48-50], which are suit-
able for OLED and PLED applications and have an absorption band-
gap in the range of 190 nm-330 nm, it was understood that PHMB
may also be a suitable candidate for OLED and PLED applications.

Fig. 1. The optimized structure of PHMB obtained in the gas phase.
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Fig. 2. Experimental absorbance spectra of PHMB for different solvents.

Furthermore, the absorption of the PHMB material did not change
in the solvents that were used in this study.

The fluorescence spectrum, which determines the fluorescence
characteristics of the PHMB molecule, was measured in the ana-
lyzed solvents, and the results are presented in Fig. 3. The PHMB
molecule emitted light at 566 nm (or 2.19 eV) in DMSO, 567 nm
(or 2.18 eV) in methanol, and 568 nm (or 2.18 eV) in water, in addi-
tion to emitting light in the form of dual peaks at 589 nm (2.11 eV)
and 606 nm (2.06 eV) in ethanol. Additionally, it was observed that
the PHMB sample with a fluorescence spectrum in the visible
region emitted light in yellow and orange. A material that emits
photons in the visible region is used as a light source or in display
technology [51-53]. Therefore, PHMB, which has an emission spec-
trum in the visible region, is also suitable for display technology.
The absorption spectrum of PHMB was also not dependent on
the solvents used, while the emission maxima varied depending
on the solvents.

3.1.2. Bandgap energy, refractive index, reflectivity, and contrast

Optical bandgap is one of the important parameters that deter-
mine the optical characteristics of a material. It can be calculated
with the help of the Tauc relation [54] used in the literature
[55,56].

(ahv) = A (hv — E;)" (1)
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Fig. 3. Experimental fluorescence spectra of PHMB for different solvents.
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where o is the absorption coefficient, A is a constant, hv is photon
energy, E; is the optical energy gap, and n is a parameter which
measures the type of bandgaps. For PHMB, the type of bandgap
[57] was determined the direct allowed bandgap (n = 2). For this,
we plotted the (athv)? against E of the PHMB material for DMSO,
ethanol, methanol, and water as seen in Fig. 4. We calculated the
Eg values from the linear regions of Fig. 4, and these values are given
in Table 1. As seen in Table 1, the E; values of PHMB were approx-
imately 4.17 eV for DMSO, 4.10 eV for ethanol, and 4.06 eV for
methanol and water. The optical bandgap values obtained in this
study were in very good agreement with that of the PMMA polymer
[58], which has excellent optical and electrical properties.

The optical refractive index (n) is an important value for opto-
electronics, as it shows how the frequencies and wavelengths of
light change as it passes through the transparent material. The
experimental n values can be determined as follows [59],

N S R 55 )
| LR=1)

The results of the calculations are given in Table 1. The experi-
mental refractive index values were calculated for all solvents
using the experimental optical bandgap. There are many simula-
tions and experiments on increasing the outer coupling efficiency
of OLEDs with materials that have low refractive index values
[60-62]. As seen in the table, the refractive index values were quite
low, and the lowest value was in water. In comparison to the opti-
cal refractive index values of PMMA/TiO2, a metal oxide nanoma-
terial [63-65], PHMB was quite suitable for applications such as
optoelectronic devices.

Fig. 5 shows the experimental refractive index (a) and experi-
mental reflectivity (b) as a function of wavelength. At a 283 nm
wavelength, the refractive index peak of the material ranged from
1.3 to 2.6. The maximum peak corresponded to the approximate
optical bandgap value of the sample in the respective solvent. For
all solvents, the refractive index values decreased rapidly after
the optical bandgap values were reached. In Fig. 5-(b), the reflectiv-
ity peaks of PHMB in the studied solvents are observed at 283 nm.
It is seen that PHMB reflected about 20% of the incident light for all
solvents at these wavelengths. After these wavelengths, both the
refractive index and reflectivity values decreased. Additionally,
the reflectivity of PHMB appeared to increase from 1% to 20% over
a very short wavelength range for all solvents. This result indicated
that the absorption property of the sample was minimal at the
optical bandgap value.
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Fig. 4. The (ah9)? curves vs. photon energy (E) of the PHMB for different solvents.
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Table 1 1.0
The Eg; and experimental refractive index (n) values of the PHMB for different
solvents. —a—DMSO
08 | —o—Ethanol

Solvents E; (eV) n —o— Methanol

DMSO 417 1.39 —o— Water

Ethanol 4.10 1.43 0.6

Methanol 4.06 1.38 o

Water 4.06 3 0 4 g

Contrast, which is an important value for determining the sen-
sitivity of PHMB, was calculated by the following formula to show
the refractive index of medium 1, namely n,, and that of medium 2,
namely nj, in the solvent of PHMB [66]. Fig. 6 also clearly shows
that with increasing energy, the versus of the contrast increased,
and with the solvents, the sensitivity was controllable. Further-
more, the contrast values were very close to the contrast values
of the 26DczPPy material known for its applications in high-tech
devices [67].

ve—1- (%)2 3)

3.1.3. Electrical and optical conductivity

Electrical conductivity and optical conductivity are important
parameters that determine the optical and photonic properties of
high-tech devices [68-70]. They can be calculated with following
equations:

Contrast,a
o
=

o
()

0.0
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Fig. 6. The contrast of PHMB for different solvents.

ferent solvents. Therefore, it was seen that optical conductivity
changed according to the solvents that were used. Fig. 7 (b) shows
the change in optical conductivity in the solvents that were used in
the study depending on the photon energy. It can be observed that
when the photon energy was equal to the bandgap of PHMB, there
was a sudden increase in optical conductivity. It was seen that
electrical conductivity, like optical conductivity, changed accord-
ing to the solvents. The electrical conductivity of PHMB was also

onc found to be much greater than its optical conductivity.
aoptical = E (4)
4. Theoretical results
2
O electrical = ? ~O-uptical (5 )

The energy-dependent change in electrical conductivity in the
studied solvents is shown in Fig. 7 (a). Electrical conductivity
decreased from an energy value of about 1.6 eV and provided the
maximum peaks at 4.36 eV at different conductivity values for dif-

4.1. Analysis of UV-vis spectra

The absorbance calculations were made on the TD-DFT/B3LYP
level using the 6-311++G(d,p), SDD and DGDZVP basis sets, and
the results are presented in Fig. 8 for comparison. These basis sets
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(14 0.0
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T , : , : , : , . . . , :
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c
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Fig. 5. (a) Reflectivity; (b) refractive index of PHMB for different solvents.

4



E. Tams

5x10"
—Q—DMSO a)
—@— Ethanol

410" h —@— Methanol
—&— Water

3x10"

GC]CCITC(S)

2x10" -

1x10" -

16

Energy (eV)

Journal of Molecular Liquids 358 (2022) 119161

5x107

b)

4x10" -

G ope(S/m)

7
%10’ +——————— —————————

20 25 3.0 35 4.0 45 5.0 5.5 6.0

Energy (eV)

Fig. 7. (a) Electrical conductance b) Optical conductance values of the PHMB for different solvents.
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Fig. 8. Theoretical absorbance spectra of PHMB for different solvents.

were also used in this study as they have provided good linear cor-
relations between experimental and theoretical results in previous
studies [71-74]. As seen in the figure, the maximum absorbance
peaks were observed at 229 nm in DMSO, 231 nm in ethanol,
230 nm in methanol, and 228 nm in water in the SDD basis set.
The maximum absorbance peaks were observed at 208 nm in
DMSO, 209 nm in ethanol, 208 nm in methanol, and 207 nm in
water in the 6-311++G(d,p) basis set. Similarly, the DGDZVP basis
set calculations showed maximum absorbance peaks at 207 nm
in DMSO and water and at 210 nm in ethanol and methanol. It is
understood that the SDD basis set results were the closest to the
experimental absorbance results obtained at 283 nm in all solvents
that were studied. Therefore, further calculations were continued
using the B3LYP/SDD basis set.

4.2. Frontier molecular orbitals (FMOs) and total, population analysis

The frontier molecular orbital (FMO) theory, which considers
that electrons do not depend on bonds between atoms but move
under the influence of the nucleus in the whole molecule under
allowed and certain quantum conditions, describes the interac-
tions of HOMO-LUMO orbitals [75]. Here, the HOMO orbital indi-
cates the energy level filled with electrons, and the LUMO orbital
indicates the empty energy level with the electrons. The HOMO-

LUMO orbitals and the energy difference (E;) between these orbi-
tals are important in terms of electronic, optical, and chemical
reactivity properties. The energy values of the HOMO-LUMO orbi-
tals and the E, values between these orbitals for the studied sol-
vents were calculated using the TD-DFT/B3LYP/SDD basis set and
polarizable continuum model (PCM) within the SCRF theory, and
the results are given in Table 2. The E; values were found as
3.76 eV for gas, 4.47 eV for DMSO and ethanol, 5.44 eV for metha-
nol, and 4.64 eV for water. The PHMB molecule appeared to be a
better conductor with a lower energy gap in DMSO and ethanol
among the solutions. It was seen that this bandgap value was quite
compatible with the electronic bandgap results of the phenyl pyr-
ido indole (Ph-Cb1) molecule, which was found suitable for OLED
material design in a previous study [76]. Additionally, the Eg values
were quite compatible with the optical bandgap values.

Fig. 9 shows the contour plots of the HOMO and LUMO molec-
ular orbitals and the energy values of these orbitals for the PHMB
material. In Fig. 9, it is seen that the biguanide group contributed
the most to the HOMO and LUMO orbitals, while the methyl group
and Cl atom contributed very little.

HOMO and LUMO alone may not completely account for the
actual definition of frontier orbitals, as orbitals close to each other
in the frontier region may have semi-degenerate energy levels [77-
79]. These visual studies of the atomic orbitals of different parts of
the PHMB molecule make important contributions to donor-ac-
ceptor properties. In this context, density-of-states (DOS or TDOS)
and overlap population-based DOS (OPDOS or COOP) analyses
were carried out, and the results are presented in Figs. 10-11. For
this, the GaussSum?2.2 program [47] was used, and molecular orbi-
tal information was combined with unit-height and full-width
Gaussian curves at a half maximum (FWHM) of 0.3 eV. Zero, neg-
ative, and positive values on the OPDOS spectrum represent the
non-bonding, anti-bonding, and bonding states, respectively. Sup-
porting the results in Fig. 9, it is clearly seen in the OPDOS spec-
trum that the biguanide and hexamethylene groups mad the
greatest contribution to the bond orbitals. These spectra are a
graphical representation of molecular orbital compositions and
their contribution to chemical bonding.

4.3. Non-linear optical (NLO) properties

NLO materials are currently of great interest due to their wide-
spread applications in optoelectronic devices for telecommunica-
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Table 2

The computed values of HOMO, LUMO and energy gap of PHMB for different solvents.
Global descriptors DMSO Ethanol Methanol Water Gas
HOMO (eV) -9.40 -9.40 -9.66 -8.85 —5.57
LUMO (eV) —-4.93 —-4.93 —4.22 —4.22 —1.81
Energy gap (eV) 4.47 4.47 5.44 4.64 3.76

' J
H 2
9 HOMO o
9 LUMO
Fig. 9. Frontier molecular orbitals of PHMB in gas phase.
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Fig. 10. Total electronic density of states (TDOS) diagram of PHMB.

tions, information storage, optical switching, communications,
optical sensors, and signal processing [80]. New NLO materials
can be found adequately and reliably with the help of theoretical
calculations [81-85]. NLO properties were determined based on
electrical dipole moment () polarizability (o) and hyperpolariz-
ability (B) values using the B3LYP/6-311++G(d,p) basis set. Table 3
shows the 3 x 3 x 3 matrix results obtained from the output file of
the Gaussian 09 software by means of the following equations.
Mean polarizability (o).
Oxx + Oy + 0lz7)

(6)

Oltor =

1
3(

anisotropy of polarizability (Aa).

1
V2

[

2 2
Ao = [(Otxx —tyy)” + (oyy — Olzz)” + (0tzz — )’ + 602, + 602, + 6022,

)

mean molecular hyperpolarizability (B).

B = [(ﬁxxx + By + ﬁxzz)z + (Byyy + By + ﬁyXX)z + (Bzz + Bowc + ﬂzyy)z]
(8)
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Fig. 11. Partial electronic density of states (PDOS) diagram of PHMB.
Table 3 electrical, and sensing properties of the Poly-hexamethylene

The dipole moments p (D). the polarizability o (a.u.), the average polarizability o,
(x104 esu), the anisotropy of the polarizability Ao (x104 esu), and the first
hyperpolarizability p (x1073 esu) of PHMB.

I 0,0954 Brxx 1159,0990
My 0,7842 Brxy 1108,6254
1, 0,1589 Bryy 37,0689
Ho 0,8058 Byyy —1462,6347
O 26,4574 Brocz -311,6137
Oy 1,5239 Bryz 102,3333
Olyy 25,6392 Byyz 556,8009
Olxz 1,0481 Buzz 154,8988
Olys -1,0113 Byzz ~3,6367
Oz 17,1297 Brzz 67,0979
Oltotal 23,0755 Bx 1432,0663
Aa 46,6908 By 1351,0667
B, —357,6461
B 312,2850
total dipole moment [70].
3
2 2 2
Heor = <:ux + :uy + :uz> (9)

The Brot, Heot» and Aa values of a good NLO material should be
large enough compared to that of urea. The values of B and Aa
were calculated as 312.2850 x 10733 esu and 46.6908 x 10724
esu, respectively. It was seen that the first order hyperpolarizabil-
ity value of the PHMB was approximately 1.5 times higher than
that of urea, and similarly, the mean polarizability was about 12
times greater (B = 194.7 x 1033 esu and Ao = 3.8312 x 10
esu for urea). These results indicated that PHMB could be a good
NLO material.

5. Conclusion

In this study, the effects of dimethyl sulfoxide (DMSO), etha-
nol, methanol, and water solvents on the electronic, optical, some

biguanide hydrochloride (PHMB) organic material were investi-
gated in detail with experimental measurements. The experimen-
tal absorbance spectra of the PHMB material showed peaks at
283 nm in all studied solvents. Fluorescence intensity showed
peaks at 566 nm in DMSO, 567 nm in methanol, and 568 nm in
water, while dual peaks were seen at 589 nm and 606 nm in
the ethanol solution. The highest optical bandgap (directly
allowed) energy of the PHMB material was obtained in DMSO,
while the lowest was obtained in methanol and water. At the
283 nm wavelength, the refractive index peak of the material ran-
ged from 1.3 to 2.6. It was found that PHMB reflected about 20%
of the incident light for all solvents at 283 nm. It was observed
that the contrast values, which are the measure of sensitivity,
could be controlled with solvents. The electrical conductivity of
PHMB was determined to be much greater than its optical con-
ductivity. Additionally, it was concluded that the electrical con-
ductivity and optical conductivity of PHMB varied according to
the solvents. The results obtained in this study were quite com-
patible with the results of materials found suitable for optoelec-
tronics technology in the literature. Quantum chemical
calculations such as absorbance spectrum, HOMO-LUMO orbital,
OPDOS spectrum and non-linear optical (NLO) property analyses
were conducted with the help of the density functional theory
(DFT), and the results were compared to the experimental results.
Consequently, the PHMB polymer is suitable for optoelectronic
device applications with its electronic, optical, non-linear optical
(NLO), electrical, and sensitivity properties determined in this
study by using different solvents.
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