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ABSTRACT: New materials based on methacrylic polymers modified with 1-
(4-nitrophenyl)piperazine side chains, differing in the distance of the
chromophore from the polymer main chain and/or the separation between
the chromophoric units in the chain, are obtained and characterized in terms
of their potential applications in optoelectronic devices. The surface,
structural, and optical properties of the investigated materials are determined
using atomic force microscopy, spectroscopic ellipsometry combined with
transmission measurements, Raman and Fourier transform infrared spectros-
copy, as well as cyclic voltammetry. The relevant model systems are
additionally analyzed with quantum chemical density functional theory
calculations in order to enable the generalization of the structure−
photophysical property relationships for the optimization of the material
features. It is found that the structural modification of the material, relying on
the transit of the piperazine moiety away from the main polymer chain, leads to the hypsochromic shift of the absorption spectrum.
Moreover, the lowest refractive index values are obtained for the polymer with a distant ethylene group in the side-chains and
increased separation between the piperazine units. It was shown that the optical energy band gaps of the investigated piperazine-
containing polymers are in the range from 2.73 to 2.81 eV, which reveals their promising potential for the advances in photovoltaics,
field effect transistors, or electrochromic devices as an alternative for other widely applied polymer materials.

1. INTRODUCTION

In recent years, organic optoelectronic materials have been
receiving much scientific attention due to their low production
costs and possible rational design and precise tailoring of their
properties through modifications of their chemical structure.1

Among them, an important class of materials are donor−π-
conjugated bridge−acceptor (D−π−A) systems, which are
attractive for applications such as nonlinear optical devices,
organic light-emitting diodes, and organic solar cells (OSCs)
because of the intermolecular charge transfer character of their
excited state.2 Moreover, the molecular properties of these
“push−pull” systems depend on the ability of the donor groups
to provide electrons and acceptor groups to withdraw them.
Their mutual influence on the system properties strongly
depends on the character and relative positions of the
substituents in the system. Modification of each of the
donor, π-conjugated bridge, and/or acceptor groups is an
effective way to refine the properties of these materials.2−4

In polymeric materials, the chromophores can be dispersed
into a polymer matrix (guest−host system) or covalently
bonded to a polymer side chain or main chain. Guest
chromophores may deteriorate the materials properties by
introducing a plasticizing effect that lowers the glass-transition
temperature of the polymer and can lead to the phase

separation at high chromophore loading. Therefore, despite
the ease of synthesis and characterization, dispersion of
chromophores in polymer matrices is considered inappropriate
for numerous applications. These problems may be prevented
by attaching the chromophores to a polymer chain.5 One of
the most commonly used polymers in polymeric hybrid
materials is poly(methyl methacrylate) (PMMA). It is
attractive due to its hardness and colorlessness. PMMA
exhibits low optical absorption and high transmittance, good
insulating properties, and chemical resistance. Its glass-
transition temperature ranges broadly from approximately 87
to 157 °C.6 Due to these properties, PMMA is also used for
the preparation of the transparent gel electrolyte in solid-state
electrochromic devices.7

Piperazine derivatives comprise a broad class of chemical
compounds applied in many therapeutic areas such as
antibacterial, antifungal, antimicrobial, anticancer, antitumor,
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and anti-inflammatory agents among others.8−10 They have
also been widely used in chemistry as chelating or bridging
ligands11,12 and can be introduced as a spacer group to disrupt
the through-bond electronic communication between donor
and acceptor units.13 Piperazine can also be used as a
molecular dopant in solar cell systems, which can improve the
efficiency and stability of the polymer solar cells.14−16

Piperazine consists of a six-membered saturated ring
containing two nitrogen atoms at positions 1 and 4 in the
ring.8 It is an electron-rich group, which can act as an electron-
donating moiety.11,17,18 The presence of a nitrogen atom,
bearing a free electron pair, enables n−π* transitions in
addition to π−π* transitions.4 The proper substitution of the
piperazine ring allows for obtaining attractive nonlinear
materials characterized by the large hyperpolarizability
values.19 It has also been proven recently that the substitution
of the π-electron-conjugated (aromatic) system with one or
more piperazine groups leads to significant bathochromic shift
of the absorption bands, and their intensity is highly dependent
on the protonation of the system.20 Therefore, the idea of the
modification of the polymer chain with substituted piperazine
side groups arises as an interesting way of achieving new
materials with extraordinary features.
The aim of the present study is to design, synthesize, and

investigate the photo-physical properties of three new
methacrylic side-chain polymers based on 1-(4-nitrophenyl)-
piperazine for their potential applications in OSC devices. The
proposed systems differ in the distance of a chromophore from
the main polymer chain and the separation between two
adjacent chromophore units in the chain. The influence of
these modifications on the material surface and structural and
optical properties is analyzed in order to establish the
structure−optical property relationship for this class of
piperazine materials. Since, in general, these factors can have
only a minor effect, they act synergistically, enhancing the
material features, or cancel each other, and the process of the
material design becomes multidimensional; this thorough
study is supported by the theoretical density functional theory
(DFT) calculations, demonstrating the influence of the
intramolecular interactions between the chromophore units
in the system on its properties. Additionally, cyclic
voltammetry (CV) measurements have been performed in
order to determine the energy band gap, electron affinities, and
work functions for the obtained materials.21 The knowledge of
the optical energy band gap provides valuable information on
the choice of materials for the production of optoelectronic
devices.
To the best of our knowledge, the synthesis and

modification of piperazine-substituted methacrylic materials
for the optimization of their optical properties are presented
for the first time. Our measurements show that the studied
piperazine derivative polymers, thanks to their unique optical
properties combined with low energy band gaps and easy
chemical modification, are excellent materials for future
applications in miniaturized optoelectronic systems such as
photovoltaic devices, field effect transistors, or electrochromic
devices.22 Further on, the results of the present study may be
employed for the rational design of the new polymer materials
for the practical exploitation of sustainable energy sources or in
artificial lightning. One need to underline that the present
study is the basic research and should be treated as the first
step toward novel optoelectronic materials. The analysis of the
influence of the structural and electronic factors such as the

electron-donating or electron-withdrawing groups’ presence,
the π-electron delocalization, and the way of introduction of
the considered chromophores into the polymer chain on the
optical properties are perceived as the mandatory relations,
which need to be determined before further optoelectronic
research, including the precise ionization potential (IP),
electron affinity, current density, open circuit voltage, shunt
resistance, fill factor, and power efficiency.

2. METHODS
2.1. Materials. 2.1.1. 2-[4-(4-Nitrophenyl)piperazin-1-

yl]ethanol. A solution of bromoethanol (3.1 mmol), 1-(4-
nitrophenyl)piperazine (3 mmol), potassium carbonate (12
mmol), and acetone (30 mL) was heated at 80 °C for 20 h.
The cooled reaction solution was filtered to remove inorganic
materials and then evaporated down. The crude product was
purified using column chromatography on silica gel with ethyl
acetate, to give a yellow-brown oil; yield, 70%.

2.1.2. Synthesis of Arylpiperazinyl Methacrylates: General
Procedure. 0.005 mol methacryloyl chloride was added
dropwise to a mixture of 0.005 mol triethylamine and 0.0027
mol 1-(4-nitrophenyl)piperazinyl alcohol in 20 mL THF. After
being stirred for 12 h at 0 °C, the reaction mixture was treated
with dichloromethane, and the organic layer was washed with
an aqueous solution of NaCl, followed by drying over
magnesium sulfate and the removal of the solvent to give a
solid. The crude product was recrystallized from ethanol to
afford yellow powdery crystals.

2.1.3. (2-Methylacryloyl)-4-(4-nitrophenyl)piperazine. 1H
NMR (400 MHz, CDCl3): δ 8.14−8.10 (m, 2H), 6.80 (m,
2H), 5.60 (s, 1H, ethylene), 6.15 (s, 1H, ethylene), 3.40 (t,
2H), 2.70−2.64 (m, 6H), 1.96 (s, 3H).

2.1.4. 2-[4-(4-Nitrophenyl)piperazin-1-yl]ethyl 2-Methyl-
prop-2-enoate. 1H NMR (400 MHz, CDCl3): δ 8.15−8.11
(m, 2H), 6.85−6.80 (m, 2H), 5.60 (s, 1H, ethylene), 6.15 (s,
1H, ethylene), 4.25 (t, J = 5.8 Hz, 2H), 3.44 (t, J = 5.2 Hz,
4H), 2.72−2.65 (m, 6H), 1.96 (s, 3H).
In the case of polymer OK1, in anhydrous N,N-

dimethylformamide (2.5 mL) was dissolved 2-[4-(4-
nitrophenyl)piperazin-1-yl]ethyl 2-methylprop-2-enoate (0.19
g, 0.59 mmol), methylmethacrylate (0.059 g, 0.59 mmol), and
2,2-azobisisobutyronitrile (0.0024 g, 0.015 mmol). The
mixture was degassed and then heated at 80 °C for 24 h.
The solution was poured into methanol to precipitate the
polymer. The precipitation was repeated from N,N-dimethyl-
formamide to methanol to give OK1 (70%). Tg is 109 °C; Mw
is 33 kDa; and Mw/Mn is 1.6. Polymer OK2 was synthesized in
the same manner as OK1 to give purified OK2 (65%). Tg is
148 °C; Mw is 32 kDa; and Mw/Mn is 1.7. Polymer OK3 was
synthesized as presented above with a 3/1 molar ratio of
methyl methacrylate (MMA) and 2-[4-(4-nitrophenyl)-
piperazin-1-yl]ethyl 2-methylprop-2-enoate in the initial
mixture. Yield, 72%. Tg is 112 °C; Mw is 35 kDa; and Mw/
Mn is 1.85.
The copolymer ratio was determined by the integration of

relevant 1H NMR signals. Their structures were confirmed by
1H NMR spectra, as well as the respective composition in both
monomers (n/m ratio).

2.1.5. Poly[MMA-co-[4-(4-nitrophenyl)piperazin-1-yl]-
ethyl2-methylprop-2-enoate] OK1/OK3. 1H NMR (400
MHz, CDCl3): δ 2−0.5 (CH3 backbone), 2.72−2.65 (6H),
3.33 (2H), 3.58−3.4 (OCH3), 4.4−4.1 (4H), 6.81 (2H), 8.15
(2H).
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2.1 .6 . Poly[MMA-co-[4(2-methylacry loyl ) -4- (4-
nitrophenyl)piperazine] OK2. 1H NMR (400 MHz, CDCl3):
δ 1.5−0.5 (CH3 backbone), 2.72−2.65 (6H), 3.33 (2H),
3.58−3.4 (OCH3), 6.80 (2H), 8.13 (2H).
Figure 1 shows the molecular structures of methacrylic

polymers based on 1-(4-nitrophenyl)piperazine. It can be seen

that these compounds differ only in the length of the side chain
and copolymer ratios in final polymers.
2.1.7. Thin-Film Preparation. Homogeneous solutions of

methacrylic polymers with a nitrophenylpiperazine moiety in
dichloroethane (60 g/L) were filtered through 0.4 μm
membranes and cast by spin-coating onto glass substrates for
60 s at 1000 rpm. The residual solvent was removed from films
by heating them for 3 h at 70 °C.
2.2. Measurements. The 1H NMR (400 MHz) spectra

were recorded on a Mercury (Varian) 400 spectrometer.
Chemical shifts are in ppm with reference to the internal
standard tetramethylsilane.
A Q20 model of differential scanning calorimetry (TA

Instruments) with a continuous N2 purge was used to
determine the glass and phase transition temperatures (Tg)
of all polymers. Two scans were run at a heating rate of 10 °C/

min up to 200 °C, followed by a cooling to 20 °C, giving the
values of Tg.
The molecular weights of polymers were determined by gel

permeation chromatography (GPC) using a chromatograph
equipped with Spectra SYSTEM RI-150 and Spectra SYSTEM
UV2000 detectors. THF was used as an eluent at a flow rate of
1 mL/min at 35 °C. Polystyrene standards (580−4.83 × 103
g/mol) were used for calibration.
Transmission spectra were recorded on a Cary 5000

spectrophotometer (Agilent) in the range from 0.5 to 5.0 eV
at room temperature.
Ellipsometric azimuths (Ψ and Δ) were measured using the

V-VASE device (J.A. Woollam Co., Inc.) for three angles of
incidence (65, 70, and 75°). The measurements were
performed in the spectral range 0.5−5.0 eV at room
temperature. The optical constants (refractive index and
extinction coefficient) and the thickness of methacrylic
polymers based on 1-(4-nitrophenyl)piperazine thin films
were determined using a four-medium optical model of the
sample (i.e. glass/polymer layer/rough layer/ambient). The
optical constants of the studied polymer films were para-
meterized using the Gauss-shape and Sellmeier-type dispersion
relations in the absorption and transparent regimes,
respectively.23−27

An Innova (Bruker) atomic force microscope was used to
determine the surface topography of methacrylic polymers
based on 1-(4-nitrophenyl)piperazine thin films. The imaging
tapping mode (with standard Si tips) was used during the
measurements. The scan size was 2 μm × 2 μm. The roughness

parameters ( = ∑ | |=R y
N i

N
ia

1
1 average roughness and

= ∑ =R y
N i

N
iq

1
1

2 root-mean-square roughness), characteriz-

ing the surface quality of the prepared thin layers were
determined using NanoScope Analysis software (ver. 1.40).
Fourier transform infrared (FTIR) spectra were recorded in

the spectral range from 400 to 1500 cm−1 using the
spectrometer FT-IR Vertex 70 V. Raman spectra of thin
films were also measured. We used a micro-Raman

Figure 1. Structures of synthesized methacrylic polymers based on 1-
(4-nitrophenyl)piperazine.

Figure 2. The ωB97X-D/def2-SVP(vacuum)-optimized geometries of the ground state of the models of analyzed systems: (a) OK1/OK3 unit, (b)
OK1 dimer, (c) OK3 dimer, (d) OK2 unit, and (e) OK2 dimer.
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spectrometer (Senterra, Bruker Optik) with a λ = 785 nm laser,
of about 20× optical zoom, and 50 mW laser power.
Electrochemical characterization was carried out by means

of an Ivium Vertex potentiostat/galvanostat. CV was acquired
using a three-electrode cell, where piperazine-based polymeric
thin films were used as the working electrode and graphite wire
and Ag/AgCl (3.0 M KCl) were the counter and reference
electrodes, respectively. The scan rate was 100 mV/s starting
from the open circuit potential. All the measurements were
performed at room temperature in an aerated solution of 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6, for
electrochemical analysis, 99%, Sigma Aldrich) in acetonitrile
(CH3CN, HPLC Plus, ≥99.9% Sigma Aldrich).
2.3. Computational Details. The theoretical calculations

have been performed for the model systems presented in
Figure 2. The two molecules denoted further on as
“monomers” (Figure 2a,d, for OK1/OK3 and OK2,
respectively) were taken as the test systems for verification
of the applied computational methodology and the initial
investigation of the influence of the linker connecting the
piperazine with the polymer chain. Furthermore, the so-called
“dimers” are taken into account in order to analyze the effects
imposed by the different distance of the chromophores in the
polymer chain (see Figure 2b for OK1 dimer, (c) for OK3
dimer, and (e) for OK2 dimer). Full geometry optimization in
vacuum has been performed for all of these structures with the
ωB97X-D/def2-SVP approach. The character of the stationary
points has been confirmed by harmonic vibrational analysis.
The choice of a range-separated functional containing the
posteriori dispersion correction has been rationalized by its
overall good performance for the structural and spectroscopic
characteristics of the organic dyes as well as for the vibronic
coupling effects.28 The def2-SVP Weigend basis set, on the
other hand, provides a reliable compromise between the
quality of the obtained data and the computational costs. In
order to verify the proper reproduction of the experimental
absorption spectra, for the exemplary OK2 monomer model,
other functionals known for their usefulness for the optical
properties of the organic molecules have also been tested,
namely, PBE0, M06-2X, and CAM-B3LYP. Moreover, the
influence of the growing size of the basis set has been
additionally confirmed by the application of the def2-TZVP
basis set. All the approaches result only in tiny qualitative
differences in the obtained data, which do not affect the
discussion of the structural and absorption properties of the

piperazine materials. For the sake of comparison, these data are
provided in the Supporting Information, and the further
discussion in the paper exploits only the ωB97X-D/def2-SVP
approach.
Structural analysis of the dimers of the dyes attached to the

polymer chain is supplemented by the non-covalent interaction
analysis between the chromophore units performed with the
NCIPlot program.29−31

The absorption spectrum has been estimated for monomers
and dimers in a vertical approach in vacuum. The vibronic
coupling arising from the S0→ S2 most intensive transition for
the small illustrative example of OK2 monomer in the Franck−
Condon and Franck−Condon−Herzberg−Teller regimes
according to Barone et al.32 is also provided in order to verify
the origin of the absorption band shapes. The harmonic IR and
Raman spectra of the dimers of the analyzed systems, as well as
the full set of frontier orbitals involved in the vertical
transitions of the analyzed model systems, are given in the
Supporting Information.

3. RESULTS AND DISCUSSION
The copolymers OK1, OK2, and OK3 were obtained by
radical polymerization of these monomers with MMA. Their
structures were confirmed by 1H nuclear magnetic resonance
(NMR) spectra and an accordance was observed between the
observed n/m values in the polymers and the respective
amounts of the introduced monomer ratios. The copoly-

Figure 3. AFM images of OK1, OK2, and OK3 thin films.

Figure 4. Transmission spectra of methacrylic polymers based on 1-
(4-nitrophenyl)piperazine.
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merization ratio was calculated on the basis of the integration
ratio of 1H NMR signals. Nevertheless, as anticipated for the
resulting copolymers OK1, OK2, and OK3, the ratios of
arylpiperazinyl to PMMA fragments were 1:1, 1:1, and 1:3,
respectively. The structures of the synthesized copolymers are
presented in Figure 1. The lower concentration of the
arylpiperazinyl moiety, 25%, was obtained for copolymer OK3.
As expected, introduction of conformationally flexible alkyl

chains within the nitrophenylpiperazine fragment tend to
decrease Tg (OK1 vs OK2; OK3 vs OK2). The copolymer
molecular weights (Mw) are in the range of 32−35 kDa and
polydispersity indices (Mw/Mn) are 1.6−1.85, as measured by
GPC.
Figure 3 shows the atomic force microscopy (AFM) images

of three methacrylic polymers based on 1-(4-nitrophenyl)-

piperazine thin films. From these measurements, we
determined the roughness parameters of the studied polymer
thin films. We observed that the surfaces of all studied layers
are very smooth. We found that the values of the roughness
parameters (Rq and Ra) are 0.239 and 0.162 nm for OK1, 0.285
and 0.226 nm for OK2, and 0.213 and 0.168 nm for OK3,
respectively.
Figure 4 presents the transmission spectra of the studied

compounds. It can be seen that all studied compounds are
non-absorbing materials up to about 2.0 eV, and above this
value, they exhibit photon energy absorption, except the
polymer with the longer chain (OK3). It should be mentioned
that a similar behavior is also visible for the absorption
coefficient of the studied polymers calculated from the
spectroscopic ellipsometry (SE) measurements (see Figure
5). However, in Figure 4, there is only one visible absorption
band in the transmission spectra of OK thin films due to the
blocking of light by the glass. This band results from n−π*
electronic transitions. In this region, it can be seen that after
the addition of an ethylene group to the OK chain, there is a
shift in the transmission spectrum toward higher energies and
an increase in the bandwidth (see OK1 and OK3). In the
region up to 2 eV for OK1 and OK3, we can see more
oscillations than for OK2. This behavior is related to the
thickness of the thin layer. Thus, the thickness of compounds
with an additional ethylene group (OK1 and OK3) should be
several times greater than for OK2. In the spectral range of
2.8−3.8 eV, the transmission of OK2 is about 0.4, which
suggests that the OK2 thin film is thinner than OK1 and OK3.
The thicknesses of the samples were confirmed by SE
measurements (see Table 1).
From Figure 5, one can see that the absorption coefficient

presents two absorption regions. The first band (from 2.0 to
3.7 eV) results from n−π* electronic transitions, whereas the
UV region located in the 3.7−5.0 eV range is due to the
vibronic coupling of π−π*. It should be mentioned that the
shape of the absorption coefficient was parameterized using a
sum of Gaussian oscillators. The interband transition energies
of OK polymers are summarized in Table 1. These values refer
to the center of the absorption bands.
From Figure 5, it can be seen that the addition of an

ethylene group to the chain of OK causes the blue shift of the
absorption coefficient spectra as well as a narrowing of the
n−π* band and lowering of the π−π* band (see OK1 and
OK3). Besides, the n−π* band for all compounds does not
change much. However, there are certain characteristics that
distinguish between these materials in this region. The peaks at
3.06 eV for OK3 and 3.01 eV for OK1, that is, compounds
with an additional ethylene group, are more visible than in the
case of OK2 (compound without the ethylene group and as a
result with a shorter side-chain in the polymer). On the other
hand, the peak at about 3.18 eV is clearly visible for OK2. In
the case of OK1 and OK3, there are shoulders at about 3.40 eV
and 3.47 eV, respectively, which have been blue-shifted
compared to OK2 (3.18 eV) due to the additional ethylene
group. Moreover, the absorption coefficient spectra of the
compound without the ethylene group (OK2) is narrow and
has the highest value in the π−π* region. The sample with the
ethylene group and a longer polymer chain (OK3) possesses a
similar shape to the compound without the ethylene group
(OK2) and a similar absorption coefficient in this area.
However, the addition of the ethylene group and elongation of
the polymer chain cause a reduction in its absorption

Figure 5. Absorption coefficient of methacrylic polymers based on 1-
(4-nitrophenyl)piperazine.

Table 1. Values of Thickness (L), Optical Energy Band Gap
(Eg), and Energies of Inter-Band Transitions (E1−E4)
Determined from SE Measurements

OK1 OK2 OK3

L [nm] 772 ± 1 132 ± 1 1039 ± 1
Eg [eV] 2.80 ± 0.02 2.73 ± 0.02 2.81 ± 0.02
E1 [eV] 2.46 ± 0.03
E2 [eV] 3.01 ± 0.01 2.98 ± 0.04 3.06 ± 0.01
E3 [eV] 3.40 ± 0.05 3.18 ± 0.07 3.47 ± 0.17
E4 [eV] 4.56 ± 0.07 4.14 ± 0.03 4.26 ± 0.03

Figure 6. Tauc’s plot of methacrylic polymers with a 1-(4-
nitrophenyl)piperazine fragment.
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coefficient. In the case of OK1, that is, the compound with the
ethylene group and a 1:1 n/m ratio, this band is broadened and
flattened.
From Figure 5, one can see that the addition of the ethylene

group and elongation of the polymer chain of compound (see
OK3) reduce the value of the absorption coefficient. Whereas
the additional ethylene group in OK compound decreases the
value of the absorption coefficient only in the π−π* region.

To determine the optical energy band gap (Eg), we plotted
(αhν)2 as a function of energy and then we fitted the linear
dependence according to Tauc’s procedure (see Figure 6). The
presented fits show the existence of direct allowed band gaps
for all studied polymers. The Eg values of the studied polymers
are presented in Table 1, and they change as follows: OK2 <
OK1 < OK3. Thus, the compound without the ethylene group
and with a shorter side-chain in the polymer has the lowest
value of Eg. On the other hand, the sample with an alkyl chain
has the highest value of optical energy band gap.
Electrochemical investigations evidenced a negligible redox

response of 1-(4-nitrophenyl)piperazine containing methylene
groups, despite the length of the polymer. These polymers
showed just an irreversible cathodic peak at around −1.0 V/
AgAgCl. An evident redox activity was shown by the OK2
compound, as displayed in Figure 7.
OK2 showed an oxidation potential onset at −0.03 V/

AgAgCl and a reduction potential onset at −0.441 V/AgAgCl.
In addition, an irreversible cathodic peak was evidenced at
around −1.0 V/AgAgl, as in the cases of OK1 and OK3. The
irreversible cathodic peak, common to all the OK compounds,
can be assigned to 4-nitrophenyl reduction, in agreement with
literature.33

The oxidation potential onset is related to the IP according
to IP = Eonset

ox + 4.5, where Eonset
ox is the oxidation potential onset

Figure 7. CV curve of the OK2 compound.

Figure 8. Refractive index of methacrylic polymers based on 1-(4-
nitrophenyl)piperazine.

Figure 9. Raman spectra of OK1−OK3 thin films.

Figure 10. FTIR spectra of methacrylic polymers based on 1-(4-
nitrophenyl)piperazine measured as powders (a) and thin layers (b).
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with respect to the normal hydrogen electrode.21 Conse-
quently, an IP value of 4.67 eV was calculated for OK2.
According to Koopmans’ theorem, the highest occupied
molecular orbital (HOMO) energy is equal to the negative
IP energy value.34 Thus, the HOMO level of OK2 was located
at −4.67 eV with respect to the vacuum level. By considering
that the optical energy gap represents the distance between the
HOMO and LUMO levels, its LUMO level was located at
−1.94 eV.
It is well known that the knowledge of the refractive index

(n) is very important in the design of optical devices. The
dependence of the refractive index as a function of energy is
shown in Figure 8. It can be seen that the refractive indices of
studied compounds increase continuously as the energy
increases up to 2.7 eV. It means that n shows a normal
dispersion in this region, and this behavior can be described
using a well-known Sellmeier relation. Above 2.7 eV, we have
the anomalous dispersion (see the inset of Figure 8). The
values of the refractive index are almost similar for compounds
with the ethylene group (OK1) and without (OK2) in the
region of 1−2.3 eV. Whereas, the n values of OK2 are slightly
higher compared with OK1 from 2.3 to 2.7 eV. In the case of
compound with the ethylene group and a longer polymer chain
(OK3), the values of its refractive index are lower than those in
other studied samples. This behavior may be due to the
presence of a longer polymer chain as well as the refractive
index decrease with the decrease of the concentration of the
arylpiperazinyl moiety in copolymers (OK1 and OK2 vs OK3;
n/m ratio 1:1 vs n/m ratio 1:3).

Figure 9 shows the Raman plots for OK polymer thin films.
It should be noted that the spectra for OK1 and OK3 samples
are very similar. Whereas the spectrum of OK2 polymer differs
significantly from the other two due to the difference in the
chemical structure of the compound, that is, the absence of the
−CH2−CH2− group linking the polymer chain and the
piperazine ring. The bands at 853, 1100, and 1236 cm−1

observed in all registered spectra are typical for the PMMA
spectrum and can be assigned to δ(CH2), ν(C−C) skeletal
mode, and the first overtone involving (CO) of C−COO,
respectively. The characteristic band at around 1320 cm−1 was
derived from the NO2 symmetric stretch and the band at
around 1585 cm−1 was from the NO2 asymmetric stretch.35

Additionally, for the sample OK2, a strong band at 1390 cm−1

is observed. Moreover, the in the case of NO2, bands occur as
doublets (1107 and 1134 cm−1; 1310 and 1423 cm−1).
Figure 10 shows the FTIR spectra of powders and fabricated

films of OK1, OK2, and OK3 samples. Comparing the IR
spectra presented in Figure 10a,b, we can see that the
polymerization process has taken place. The main evidence to
prove that the monomers have been copolymerized is the
disappearance of the absorption peaks at 940 cm−1, which are
assigned to the C−H bond derived from the CCH2 group
and the stretching vibration band of CC at 1670 cm−1. Four
characteristic bands at 1720, 1520, 1330, and 1158 cm−1 are
visible in all the spectra of the deposited layers, which can be
assigned to the carbonyl group (CO), nitro group
(νas(NO2) and νs(NO2) vibrations), and ether group (C−
O−C), respectively.

Figure 11. Non-covalent interactions for OK1, OK2, and OK3 dimers presented in Figure 2. (ωB97X-D/def2-SVP) according to NCIPlot analysis.
Panels (a)−(c) present the relationship between reduced density gradient (s) and the sign of the second eigenvalue (λ2) of the promolecular
density. The spikes close to 0 correspond to the van der Waals interactions and correspond to the NCI surfaces, depicted in (d)−(f) with gradient
green color.
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The optimized dimer structures for OK1, OK2, and OK3,
presented in Figure 2, clearly show that the chromophoric
units incorporated into the polymer chain tend to arrange
themselves in a parallel way in order to maximize the mutual
dispersion π−π interactions. Neither the length of the linker
nor the distance between the dye moieties in the chain affect
significantly the alignment of the piperazine units. In all cases,
they tend to approach one another, exploiting the flexibility of
the polymer chain and the linker. Therefore, the intramolecular
interactions inside the polymeric chain are similar in all of the
analyzed systems, which is clearly confirmed by the non-
covalent interactions presented in Figure 11.
The vertical absorption spectrum calculated within the

ωB97X-D/def2-SVP approach is presented in Figure 12,
together with the most important frontier orbitals for OK1 and
OK2 dimers. Due to the shortcomings of the applied models
(such as model simplifications, intrinsic DFT limitations, or
the vertical approximation applied), a significant shift of the
absorption bands in the direction of higher energies with
respect to the experiment is noticed (for instance, theoretical
4.56 eV for OK1 dimer vs about 3.0 eV in the experiment).
However, the qualitative shape of the bands and the relative
positions of the two most intensive transitions in the
computational absorption spectrum reproduces well the
tendencies observed in the experiment. The estimation of
the quality of the applied approaches has been performed and

is summarized in Supporting Information (Figures S1 and S2).
The position and the shape of the spectrum for the exemplary
system, namely, OK2 monomer, calculated with different
functionals and basis sets are presented in Figure S1. The
qualitative agreement of the spectral shape with experimental
findings is achieved in all of the applied approaches, while the
shift of the signal arising from the increase of the basis set from
double- to triple-zeta is not larger than 0.25 eV. However, in
Figure S1, one can clearly notice that the selected functional
can affect the position of the most intensive band, and the
corresponding shift can be as large as 0.5 eV (4.49 eV at M06-
2X/def2-SVP vs 4.01 eV for the PBE0/def2-SVP approach).
On the other hand, the spectral shift arising from the
application of the Franck−Condon principle within the vertical
approximation at the ωB97X-D/def2-SVP level is presented
for the model OK2 monomer in Figure S2. The vertical S0 →
S2 transition is estimated to occur at 4.46 eV, while the
corresponding value for the adiabatic transition (between two
minima on the potential energy surfaces for S0 and S2 states,
respectively) appears at 4.24 eV, and the introduction of the
zero-point vibrational energy correction further improves the
result, giving the energy value equal to 4.10 eV. Thus, the
provided theoretical results should be treated as the qualitative
explanation of the nature of the experimentally observed
transitions.

Figure 12. Theoretical (ωB97X-D/def2-SVP)absorption spectra for OK1, OK2, and OK3 models presented in Figure 2 together with the frontier
molecular orbitals of OK1 and OK2 dimers involved in most intensive transitions in both ranges. Upper panel presents the influence of the distance
between the chromophore units in the polymer chain and the lower panel compares the influence of the length of the linker between the
chromophore and the polymer chain.
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All the investigated systems exhibit the two bands: one of
higher intensity, below 5 eV, and the other, less intensive,
between 5 and 6 eV. The orbitals involved in these transitions
(the selected ones are presented in Figure 12 and the
remaining part is depicted in the Supporting Information)
show the moderate charge transfer from the nitrogen atom in
the piperazine moiety to the terminal −NO2 group, confirming
their n → π* character. In contrast, the high-energy bands
originate mostly from the transitions of the π → π* type
localized either on a single monomer or delocalized between
the chromophoric units of adjacent monomers.

■ CONCLUSIONS
The three novel methacrylic side-chain polymers based on 1-
(4-nitrophenyl)piperazine are obtained and characterized with
respect of their photo-physical properties for optoelectronic
applications. The surface, structural, and optical properties of
the analyzed materials change with the increase of the
chromophore distance from the polymer main chain by adding
an ethylene group and also with the growth of the separation
between the chromophoric units in the polymer. The
experimentally obtained results were confirmed by the
theoretical DFT calculations, which reveal the similarity of
all of the investigated systems, but yet the possibility of precise
tuning of their photo-optical properties by the proposed
structural modifications.
We found that adding the ethylene group to the OK chain

causes the blue shift of the absorption spectrum, as well as
narrowing of the n−π* band and lowering of the intensity of
the π−π* band. It was shown that the lowest refractive index
values are for the compound with the ethylene group and the
longer polymer chain. Refractive index decreases with a
decrease of concentration of 1-(4-nitrophenyl)piperazine
fragment in the copolymer. It also turned out that the
investigated piperazine-containing polymers have a low optical
energy band gap, which increases slightly after the addition of
the ethylene group to their chain. Such behavior makes them
suitable materials for their use in optoelectronic devices due to
the possibility of modulating their energy band gap by
modifying their structure. Since the greater efficiency in
commercial devices can be obtained when the optical energy
band gap is in the visible region of the spectrum, all the studied
piperazine-containing polymers exhibit semiconductor behav-
ior (Eg in the range from 2.73 to 2.81 eV), thus they can be
used in optoelectronic applications (e.g., photovoltaic devices).
The present basic research considering the influence of the
structural and electronic factors on the optical properties of
new piperazine-based materials seems to provide promising
results in the field of optoelectronic materials and requires
further thorough investigations including the parameters of
crucial importance for real applications, such as electron
affinity, IPs, current density, open circuit voltage, shunt
resistance, fill factor, and power efficiency. Thus, the present
study delivers the valuable alternative for the widely applied
modifications of the PMMA chains with the popular
chromophores such as azobenzenes, providing the enhance-
ment of the properties essential for the construction of
practical devices.
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Viviana Figà − Euro-Mediterranean Institute of Science and
Technology Palermo, 90100 Palermo, Italy

Oksana Krupka − Taras Shevchenko National University of
Kyiv, 01601 Kyiv, Ukraine; orcid.org/0000-0002-7891-
7391

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcb.1c05654

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank Prof. M. Naparty (Institute of Mathematics
and Physics, UTP University of Science and Technology,
Poland) for AFM images. No financial support is declared.

■ REFERENCES
(1) Shepherd, W. E. B.; Platt, A. D.; Hofer, D.; Ostroverkhova, O.;
Loth, M.; Anthony, J. E. Aggregate formation and its effect on
(opto)electronic properties of guest-host organic semiconductors.
Appl. Phys. Lett. 2010, 97, 163303.
(2) Zhang, Z.; Edkins, R. M.; Nitsch, J.; Fucke, K.; Eichhorn, A.;
Steffen, A.; Wang, Y.; Marder, T. B. D-π-A Triarylboron Compounds
with Tunable Push-Pull Character Achieved by Modification of Both
the Donor and Acceptor Moieties. Chem.Eur. J. 2015, 21, 177−190.
(3) Gong, Y.; Tan, Y.; Liu, J.; Lu, P.; Feng, C.; Yuan, W. Z.; Lu, Y.;
Sun, J. Z.; He, G.; Zhang, Y. Twisted D−π−A solid emitters: efficient
emission and high contrast mechanochromism. Chem. Commun. 2013,
49, 4009−4011.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.1c05654
J. Phys. Chem. B 2021, 125, 10629−10638

10637

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c05654/suppl_file/jp1c05654_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c05654?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c05654/suppl_file/jp1c05654_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beata+Derkowska-Zielinska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0269-2771
https://orcid.org/0000-0002-0269-2771
mailto:beata@fizyka.umk.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Kaczmarek-Kedziera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4931-8701
https://orcid.org/0000-0002-4931-8701
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Malgorzata+Sypniewska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dariusz+Chomicki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Szczesny"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lukasz+Skowronski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Viviana+Figa%CC%80"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oksana+Krupka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7891-7391
https://orcid.org/0000-0002-7891-7391
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c05654?ref=pdf
https://doi.org/10.1063/1.3505493
https://doi.org/10.1063/1.3505493
https://doi.org/10.1002/chem.201405621
https://doi.org/10.1002/chem.201405621
https://doi.org/10.1002/chem.201405621
https://doi.org/10.1039/c3cc39243k
https://doi.org/10.1039/c3cc39243k
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c05654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(4) Achelle, S.; Plé, N.; Turck, A. Incorporation of pyridazine rings
in the structure of functionalized π-conjugated materials. RSC Adv.
2011, 1, 364−388.
(5) Tirelli, N.; Altomare, A.; Solaro, R.; Ciardelli, F.; Follonier, S.;
Bosshard, C.; Günter, P. Structure−activity relationship of new NLO
organic materials based on push−pull azodyes. 4. Side chain polymers.
Polymer 2000, 41, 415−421.
(6) Marin, L.; Zabulica, A.; Moleavin, I.-A. Luminescent guest−host
composite films based on an azomethine dye in different matrix
polymers. Opt. Mater. 2014, 38, 290−296.
(7) Figa,̀ V.; Chiappara, C.; Ferrante, F.; Casaletto, M. P.; Principato,
F.; Cataldo, S.; Chen, Z.; Husta, H.; Usta, A.; Pignataro, B. Symmetric
Naphthalenediimidequaterthiophenes for Electropolymerized Electro-
chromic Thin films. J. Mater. Chem. C 2015, 3, 5985−5994.
(8) Prabavathi, N.; Senthil Nayaki, N.; Krishnakumar, V.
Spectroscopic Investigation (FT-IR, FT-Raman, NMR and UV-Vis),
Conformational Stability, NBO and Thermodynamic Analysis of 1-(2-
Methoxyphenyl) Piperazine and 1-(2-Chlorophenyl) Piperazine by
DFT Approach. Pharm. Anal. Acta 2015, 06, 1000391.
(9) Prabavathi, N.; Nilufer, A.; Krishnakumar, V. FT-IR, FT-Raman
and DFT quantum chemical study on the molecular conformation,
vibrational and electronic transitions of 1-(m-(trifluoromethyl)-
phenyl)piperazine. Spectrochim. Acta, Part A 2014, 121, 483−493.
(10) Zhang, M.; Zeng, G.; Liao, X.; Wang, Y. An antibacterial and
biocompatible piperazine polymer. RSC Adv. 2019, 9, 10135−10147.
(11) Stewart, D. J.; Long, S. L.; Yu, Z.; Kannan, R.; Mikhailov, A.;
Rebane, A.; Tan, L. S.; Haley, J. E. The fluorescence of a chelating
two-photon-absorbing dye is enhanced with the addition of transition
metal ions but quenched in the presence of acid. Proc. SPIE 2016,
9939, 993904.
(12) Bhat, M. A.; Lone, S. H.; Butcher, R. J.; Srivastava, S. K.
Theoretical and experimental investigations into structural, electronic,
molecular and biological properties of 4-(3-chlorophenyl)-1-(3-
chloropropyl) piperazin-1-ium chloride. J. Mol. Struct. 2018, 1168,
242−249.
(13) Hurenkamp, J. H.; Browne, W. R.; Augulis, R.; Pugzľys, A.; van
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