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Metal silicates, obtained from abundant components in Earth’s crust, could offer desirable activity and selectivity
in catalytic applications. In this study, density functional theory (DFT), time-dependent DFT (TD-DFT), and
Hartree-Fock (HF) calculations were employed to compute specified features of acrylates-based n-type organic
semiconductors synthesized by copper(0)-mediated reversible deactivation radical polymerization (Cu’-RDRP).
After performing the molecular optimization, particular features of the synthesized semiconductor structure were
captured including IR, 'H and 3C NMR, and UV-visible spectra, TDOS spectrum, HOMO and LUMO patterns,
and energy gap. Lastly, the contour electron density surface (ESP) and molecular electrostatic potential (MEP)
plots were also computed utilizing the gauge independent atomic orbital (GIAO) approach. These analyses reveal
existence of an electron cloud around the semiconductor. The role of atomic charge for the transmission of
electrons has been well shown in changing cloud charge around the acrylate monomer after polymerization as
well as in changing the negative charge from organic to inorganic area in the polymer. According to these an-
alyses, well-agreeable compatibility was attained with by comparing our theoretical simulation data on the

acrylate-based n-type organic semiconductors and the reported experimental results in literature.

1. Introduction

Reversible inactivation radical polymerization (RDRP) techniques
have opened up a new horizon to synthesize supramolecular materials
possessing narrow molecular weight distribution (MWD) and high group
fidelity with a specific structure and molecular weight [1]. Out of plenty
of polymerization techniques, recently emerged RDRP by metallic cop-
per (Cu®), namely Cu’-RDRP, has significantly contributed to the filed
progress [2,3]. Cu’-RDRP is a robust methodology to successfully
polymerize acrylates, styrene, acrylamides, and acrylates (methyl). By
utilizing Cu’-RDRP, synthesis of many supramolecular polymers is
facilitated, with which the final polymer group performance is main-
tained at high conversion. Hence, this protocol is stunningly beneficial
for preparing block copolymers. Moreover, Cu’-RDRP provides acces-
sibility to several low-diffusion polymer degree index (PDI) materials
using a low-cost and straightforward experimental pathway [4-6]. It
also leads to obtain specific materials with low PDI and causes to

substantially decrease in the amount of monomer remaining at the end
of the reaction. Interestingly, around 90% and above conversions values
are quantitatively reported for chain viability during Cu’-RDRP re-
actions, wherein either high-value monomers are used, or a monomer
should be excluded from the reaction [7]. Worthwhile to mention that
polymeric compounds made of expensive monomers, which are
rendered by this protocol through a multi-step synthesis and meticulous
refining experiments, have broad and significant usage in organic elec-
tronics [8]. Plenty of these polymers, especially suitable for plastic
electronics, consist of an all-carbon backbone linear chain and attached
side chains of bonded pendants [9]. Amongst, supramolecular co-block
polymers are even more desirable candidates to be made by Cu’-RDRP
polymerization. Conspicuously, the high cost of monomers and the
complicated removal of remaining monomers with similar solubility
compared to the formed polymers reiterate the process significance
[10].

Out of many suitable polymeric monomers for the RDRP process, a
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Fig. 1. The optimization of compounds obtained by DFT/B3LYP method and 6-311G(d,p): a) Comp-1, b) Comp-2, ¢) Comp-3, and d) Comp-4. Note: highlighted
section shown in panel (d) of Comp-4 is to compare the N-C bond length of imidazole groups connected to Cu.

unique one is acrylic monomers [11]. Recently, acrylic-based n-type
organic semiconductors were synthesized by using the modified
Cu®-RDRP process and were comprehensively characterized by different
methods to study their pivotal features (e.g., optical properties). Such
semiconductor is an essential part for many high-tech devices and
advanced instruments, such as organic light-emitting diodes and some
types of organic thin-film transistors. Along this line, Cu’~RDRP poly-
merization method is tremendously assistive in producing high stable
acrylates-based polymers with narrow PDI values ranging from 1.14 to
1.39. Therefore, such materials with efficient optical properties are
known to be highly demanded as high-tech optoelectronics [12].

Besides experimental studies, the density functional theory (DFT)
method is used as a powerful gadget to study the electronic structure of
nanostructured materials at atomic level. By employing the DFT method
and considering electron correlation, FT-IR vibration analysis is rela-
tively determined and comparisons with experimental analysis on large
organic molecules are carried out [13-15]. Very few studies used DFT
calculation to describe the observed phenomena during the experi-
mental studies. For example, Tonge et al. [11] used DFT function theory
at B3LYP method and 6-31G+(d) basis set to calculate the high occupied
molecular orbital (HOMO) energy, energetically low-lying low unoc-
cupied molecular orbital (LUMO), HOMO-LUMO levels, and transition
state for the n-type organic semiconductors with acrylate-based mono-
mer polymerized by Cu®-RDRP method. Sauve et al. [6] applied DFT to
calculate ground-state geometries and energies of the acrylate-based
semiconductors. Christopherson et al. [12] employed DFT calculation
and the hybrid functions (B3LYP method and 6-31G+(d) and LANL2DZ
ECP basis set) as a supplement to their experimental work to simulate
the properties of phosphorescent iridium-containing acrylic monomers
synthesized by Cu’-RDRP polymerization method at room temperature.
In their study, the properties of the polymer were calculated by
considering the ground-state geometries and energies.

Relying on electron-deficient heterocyclic motifs, Tonge et al. [11]
synthesized three derivatives of n-type acrylate-based monomers
including 2,2,2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-HPolymer benz-
imidazole (TPBI), 3-(biphenyl-4-yl)-5-(4-tert-butylphenyl)-4-phenyl-4H-

1,2,4-triazole (TAZ), and Triphenyltriazines which are also highly
popular amongst organic electronics. In this study and as shown in
Fig. 1, they are named as compound 1 (Comp-1), compound 2 (Comp-2),
and compound 3 (Comp-3), respectively. Based on the Tonge et al.
study, Comp-3 exhibited the best performance for Cu’-RDRP polymer-
ization and hence is the basic polymer unit of derived complex illus-
trated as compound 4 (Comp-4).

In the present study, DFT calculation was employed to investigate
the optimized molecular structure and energy as well as Fourier trans-
form infrared spectroscopy (FTIR) analysis diagram of the presented
Comp-1 to Comp-4. In addition, the electron density surface (ESP) and
molecular electrostatic potential (MEP) plots were sketched and then
employed for calculating the cloud electron mass surface that clearly
determines the charge mass of the structure and each atom behavior.
Subsequently, the nuclear magnetic resonance spectroscopy (NMR) of
polymeric acrylate-based n-type organic semiconductors was verified
under optimized conditions. Ultimately, other imperative physico-
chemical characterizations of the polymer have been studied by deter-
mining HOMO and LUMO, bond lengths and angles, and other electronic
features such as the charge of atoms, electron affinity, and chemical
potential of the polymer.

2. Computational details

In the present work, the Gaussian 09 W software was employed to
perform density functional theory (DFT), time-dependent DFT (TD-
DFT), and Hartree-Fock (HF) calculations insights [16]. The molecular
structure optimization carried out via HF and DFT methods using B3LYP
functional and basis sets of 6-31G(d,p) and 6-311G(d,p) to get the
closest structure. Subsequently, IR and UV-visible spectra, HOMO and
LUMO analysis, energy gap, and molecular electrostatic potential (MEP)
plots were obtained and visualized by Gauss View 06 animation option
[17]. 1H NMR, and 13C NMR spectra were computed using the gauge
independent atomic orbital (GIAO) approach [18,19]. Total densities of
states of electron (TDOS) spectrum for the simulated compounds
(denoted as Comp-1, Comp-2, Comp-3, and Comp-4) were performed at
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Fig. 2. IR spectrum of compounds carried out by B3LYP/6-311G(d,p).
GaussSum 3.0 software.
3. Results and discussion
3.1. Molecular structures

According to Tonge et al. [11] single crystals of Comp-4 was suitable
for X-ray crystallography. The structure shows the CuBr2 centre
adopting a square planar geometry between two benzimidazole moi-
eties, with typical Cu-N bond lengths of 1.965 A in the P2;/c space
group.

In this study our calculation reveals that this subject as well as with
closely bond length and optimization structure shown the stable back-
bone a square planar geometry between two benzimidazole moieties
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with typical Cu-N bond.

The results of optimized Comp-1 to Comp-4 obtained by the DFT/
B3LYP method and 6-311G(d,p) are illustrated in Fig. 1. For the prep-
aration of Comp-4 (complex structure), first, the comp-3 and CuBr3 as Cu
structure were optimized separately by B3LYP/6-311G(d,p). Then, both
optimized compounds were appended to each other, and the resultant
design (comp-4) was again optimized using B3LYP/6-311G(d,p). Ac-
cording to the highlighted section of Comp-4 (i.e., the Cu-complexed
structure) illustrates in Fig. 1, the length of two N-C bonds of imid-
azole groups that are connected to copper from both sides, are 1.38 A
and 1.32 A for one end and 1.38 A and 1.43 A for the other end. Revealed
by our DFT calculation, it is inferred that the N-C bond elongates to-
wards Cu as a result of comparing the length of same bonds in this
structure. That is, Cu accepts electrons to its valence orbitals from Comp-
3, which is an excellent electron-donor, to form the Cu complex com-
pound (i.e., Comp-4) and make a stronger bond.

3.2. Spectroscopic characteristics

3.2.1. IR spectra

The IR spectrum is one of the most popular methods to determine the
structures in a chemical compound. For many years scientists and re-
searchers in DFT calculations get Raman spectra usually performed
using B3LYP functional with different basis sets [20-22]. In this study,
the IR spectra of the four compounds, carried out by B3LYP/6-311G(d,
p), have been demonstrated in Fig. 2. According to the figure, structural
bonds appeared in the IR spectra are as follows: C=N bond stretching at
1552 cm-1, C=O0 stretching at 1786 cm-1, benzylic hydrogens and ar-
omatic hydrogens at 3026 and 3239 cm-1, respectively, and ester C-O
group at 1198 cm-1.

3.2.2. 1H NMR and 3C NMR chemical shifts

Using the computational chemistry for confirming the closest struc-
ture, the GIAO 1H and 13C NMR chemical shifts in CHCI3 are mainly
calculated based on the B3LYP method with a 6-311G(d,p) basis set [11,
13]. Accordingly, 1H NMR and 13C NMR patterns were calculated for

Fig. 3. The images of frontier orbitals, HOMO and LUMO respectively for: (a, b) Comp-1, (c, d) Comp-2, (e, f) Comp-3, and (g, h) Comp-4 (blue: nitrogen, violet: zinc,
gray: carbon, red: oxygen, and white: hydrogen). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 4. The total densities of states (TDOS) plots of a) Comp-1, b) Comp-2, ¢) Comp-3, and d) Comp-4 calculated with B3LYP/6-311G(d,p) method and basis set.

Comp-3 and the result with labeling and specific atomic number for
Comp-3 is carried out. (See Fig. S1 in the supporting information). In this
study, with attention to experimental data [11], Comp-4 is para-
magnetic and is not suitable to be analyzed by 1H or 13C NMR spec-
troscopy. Thus, in this study, we did not compute 1H or 13C NMR
pattern for this compound. Lastly, the result demonstrates that theo-
retical and empirical results demonstrate a good agreement.

3.2.3. UV-visible spectra

UV visible and the electronic circular dichroism (ECD) are sensitive
spectroscopy methods for analyzing the structure configuration. ECD
illustrates the difference in absorption of right and left circularly
polarized light related to the electronic transitions of chromophores that
exist in a molecule [23-25]. According to the study reported by Tonge
etal. [11], Comp-1, Comp-2, and Comp-3 have strong light absorption in
the UV region of the UV-Vis spectrum. Herein, UV visible and ECD
calculation based on TD-DFT with B3LYP/6-311G (d,p) method and
basis set were conducted for Comp-1 to Comp-3, and the results are
illustrated. (See Fig. S2 to Fig. S4 in the supporting information).
Interestingly, according to this figure, absorption maxima at 280, 278,
and 267 nm (for Comp-1, Comp-2, and Comp-3, respectively) reveal
good agreement with experimentally reported data for UV-visible
analysis [11]. Also as comparison, UV-visible of COMP-3 analysis plots
calculated at ZINDO/S approach (See Fig. S5 in the supporting
information).

Table 1
Optimization energy and some thermodynamic properties of the compounds
carried out at B3LYP/6-311G(d,p) method and basis set.

Properties Comp-1 Comp-2 Comp-3 Comp-4
E(rhermaty (kcal/mol) 345.819 263.526 236.389 479.041
Cy (Cal/mol. K) 126.531 92.895 86.236 186.044
S (Cal/mol. K) 234.183 174.566 166.719 300.033
HOMO (eV) —-0.23624  —-0.22972  —0.22004  —0.19150
HOMO -1 (eV) —0.24478  —-0.26683  —0.22966  —0.21096
LUMO (eV) —0.07744 —0.06626 —0.06024 —0.06103
LUMO +1 (eV) —0.07205  —0.06072  —0.04991  —0.06099
HLGEgLumo - EHOMO €nergy 0.1588 0.16346 0.1598 0.13047
gap (eV)
HLGgLumo+1 - EHOMO-1 0.17273 0.20611 0.17975 0.14997

energy gap (eV)

3.3. Frontier orbitals of HOMO-LUMO and charge distribution

As illustrated in Figs. 3 and 4, the images of frontier HOMO and
LUMO and the total densities of states (TDOS) plots for Comp-1 to Comp-
4 are given. TDOS analysis is performed to further study the compati-
bility of examined structures according to molecular orbitals [26]. Ac-
cording to frontier orbitals of HOMO-LUMO and TDOS plots as
completion diagram, this compound’s atoms are more electronegative
than the others and have the nucleophilic property. The HOMO and
LUMO have strong determinative role in the chemical stability of mol-
ecules. HOMO is illustrating the capability to give electron and LUMO is



G. Moghadam et al.

Physica B: Condensed Matter 647 (2022) 414386

9

Fig. 5. Natural bond orbital (NBO) analysis plots based on color range corresponding to negative to positive charge distribution (red to green) for: (a) Comp-1, (b)
Comp-2, (c¢) Comp-3, and (d) Comp-4. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. The contour ESP plots on the left sides and the MEP plots on the right sides for: (a, e) Comp-1, (b, f) Comp-2, (c, g) Comp-3, and (d, h) Comp-4.

showing the capability to take electron. Also the energy of HOMO is
directly depending on the ionization potential while the energy of LUMO
is directly affiliated to electron affinity. Accordingly, optimized energy
and some other thermodynamic properties computed for these com-
pounds are listed in Table 1. According to this table and the TDOS plots,
in contrast with other compounds, Comp-3 is a good nucleophile as a
ligand for participating in chemical reactions for synthesizing organic
semiconductors, and also Comp-4 has a good energy gap as a complex
structure. Also, we reoptimized Comp-3 as the best monomer with
DFT-D method and comparing specific features of the energies of system
with conventional DFT and illustrated the results (See table S1 in the
supporting information).

The nucleophilic, electrophilic potential, dipole moment, and

interactions of molecules can be illustrated by charge distribution
analysis. Not only molecular charge distribution shows dipole moment
as a vector in three dimensions, but also, it is a decent approach to
describe the motion of electric charges around the molecules [13].
Natural bond orbital (NBO) analysis is another critical analysis for
describing molecular charge distribution [27]. Colored NBO plots are
given in Fig. 5 highlighting the range of negative to positive charge
distribution (by red to green) on the surface of all four compounds
respectively (Fig. 5a-d). According to the plots, benzimidazoles are
negative (—) regions while carbonyl groups and carbon of imidazole are
positive (+) regions. Additionally, the electron density surface (ESP) and
molecular electrostatic potential (MEP) plots of four compounds were
employed for calculating cloud electron mass surface and represented by
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the colored plot. ESP plots (Fig. 6a-d) and MEP plots (Fig. 6e-h) shown
as well as benzimidazole electron area as nucleophilic group and con-
centration of electron density appear in nitrogen atom of imidazole. Also
as comparison, Mulliken charge distribution analysis plot based on color
range negative to positive (red to green) from —0.520 to 0.435 eV on the
surface of Comp-3 calculated at B3LYP/6-311G (d,p) method and basis
set and the result illustrated (See Fig. S6 in the supporting information).

4. Conclusion

In summary, In this study, HF, DFT, TD-DFT calculations were
implemented to determine some specified features of acrylates-based
organic semiconductors synthesized by copper(0)-mediated reversible
deactivation radical polymerization (Cu®-RDRP). The optimization of
molecular, total densities of states of electron spectrum, IR and UV-vi-
sible spectra, HOMO and LUMO analysis, energy gap, molecular elec-
trostatic potential plots, and 'H NMR, and 3C NMR spectra were also
computed using the gauge independent atomic orbital (GIAO) method.
According to this analysis, the comparison between theoretical and
experimental results is in good agreement. The calculation illustrated
that benzimidazoles are negative (—) region and carbonyl groups and
carbon of imidazole are positive (+) region. The ESP plots shown as well
as benzimidazole electron area as nucleophilic group and concentration
of electron density appeared in nitrogen atom of imidazole. In contrast
with other compounds, Comp-3 showed suitable nucleophilic property
as a ligand for participating in chemical reactions for synthesizing
organic semiconductors, and also Comp-4 represented a good energy
gap as a complex structure.
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