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Abstract:

This research explores the electronic properties and conformational dynamics of the ZnP-COPV-Cgy organic
semiconductor via specialized Density Functional Theory (DFT) and Molecular Dynamics (MD) computational
techniques. First, through DFT calculations, we meticulously dissect essential HOMO, LUMO, and Molecular
Electrostatic Potential (MEP) electronic attributes providing insights into the intricate charge transfer processes
between the constituent donor-acceptor moieties. Furthermore, MD simulations were employed to unveil the molecular
system’s multifaceted conformational flexibility and stability. Our Root-mean-squared deviation (RMSD), end-to-end
distance, and torsional angles quantitative analysis of conformational attributes support the carbon-bridged oligo-
phenylenevinylene (COPV) molecular wire's m-skeleton planar and rigid conformation. This minimal end-to-end distance
variation (within +1 A) compared to the initially extended structure and the constrained torsional motion (within =+
20° for ZnP-COPV and + 30° for COPV-Cgg) after thermalization showcases COPV's ability to maintain structural
rigidity over time, aligning with the concept of effective m-conjugation. Finally, through the lens of TD-DFT, we
explored the dynamic evolution of the HOMO-LUMO energy gap, TD-DFT excitation energies and oscillator strengths,
as the molecular structure transforms over time. Our observed energy gap variation underscores the molecule's
adaptability in the face of structural modifications, hinting at an intriguing connection between structural stability and
enhanced electronic properties. Our research provides a comprehensive understanding of the intricate interplay between
conformational dynamics and electronic attributes in organic semiconductors, providing quantitative insights crucial
for designing stable, high-performance materials for cutting-edge optoelectronic applications and helping advance our
collective understanding of sustainable energy conversion.
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1. Introduction

Human progress is fundamentally supported by research into functional materials, highlighting the critical role of
computational models in creating materials with specific functions in a wide range of biological systems, photovoltaics,
and molecular electronics[I]. This synergy between physics, chemistry, materials science, and computer science
enhances the exploration of functions and applications in new devices. In addition to intrinsic properties, it is widely
acknowledged that exerting control over material structures is indispensable for eliciting their intended functions. While
investigating these functions, it becomes apparent that nanoscale structures play a significant role in shaping material
properties [2, B, [4, B, [6 [7]. The manipulation of material structures is crucial for showcasing material functions,
particularly in the realm of Conformational Dynamics and Electronic Properties. These processes underlie the essential
mechanisms governing long-distance electronic characteristics in diverse biological and molecular electronics systems.
For instance, the electron transfer in m-conjugated molecular wires—a vital facet of these processes—encounters
challenges such as limited electron transfer rates (kET) induced by twisting motions along the wire structure. As the
wire extends and flexes, there is a transition from coherent tunneling to incoherent hopping, driven by the exponential
decay of electronic coupling.

Overcoming these obstacles requires a molecular wire with a rigid, planar structure, which optimizes electronic
coupling over long distances. In this context, we focus on carbon-bridged COPVs, a molecular design that features
methylene bonds that force the m-orbitals to align in a planar fashion. This strategic alignment, explored in our
ZnP-COPV-Cgqg research, is predicted to maximize electronic coupling, positioning COPVs as promising molecular
wires for enhanced optoelectronic applications[8, 2] [9]. The unique electronic properties of m-conjugated carbon-based
systems such as fullerenes, characterized by their spherical symmetry, have garnered significant attention[10]. These
systems exhibit remarkable attributes, including rapid photo-induced charge separation and deliberate deceleration of
charge recombination processes[11]. Also, it has been shown that the implementation of Zinc porphyrin (ZnP)[12]
as electron donor and its connection to the fullerene by means of a planar m-conjugated molecular bridge with
strong electronic coupling may represent a significant increase in photo-induced electron transfer (ET) for organic
semiconductor molecular systems|8].

This investigation aims to increase the understanding of the intricate interplay between enhanced electron transfer
rates observed in donor-bridge-acceptor organic semiconductors, exemplified by the ZnP-COPV-Cgq triad (Figure ,
and the structural stability and flexibility of the m-conjugated molecular bridges that link them. Employing cutting-edge
computational methodologies like Density Functional Theory (DFT), Time-Dependent Density Functional Theory (TD-
DFT), and Molecular Dynamics (MD) simulations, we seek to provide quantitative validation for these relationships.
Through meticulous examination, this research significantly propels the frontier of sustainable energy conversion
technologies. It provides crucial insights that intricately inform the design of highly efficient organic materials tailored
for cutting-edge optoelectronic applications[13]. The exploration of theoretical approximations within this study sparks
a compelling dialogue on the potential contributions of computer science to the forefront of advanced physical research.

2. Computational Methods

To investigate the ground-state electronic properties of the ZnP-COPV-Cgq organic semiconductor, the study was
initiated by optimizing the atomic configuration of the molecular system. Density Functional Theory with the Becke-
Vosko-Perdew 1986 (BVP86)[14] [15, [16] [17, 18] functional and the 6-31G(d)[19, 20, 21, 22, 23| 24] basis set
was employed for a geometry optimization. Considering the molecule’s substantial size and the presence of a metal
atom, this density functional and basis set were selected as they strike the optimal balance between accuracy and
computational cost. This step allowed us to attain the most stable molecular structure, providing key insights into
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Figure 1. ZnP-COPV-Cgo molecular system. Reproduced with permission from J. Sukegawa, C. Schubert, X. Zhu, H. Tsuji,
D. M. Guldi, and E. Nakamura, (2014) Electron transfer through rigid organic molecular wires enhanced by electronic and
electron—vibration coupling, Nature Chemistry. Copyright 2014, Nature Chemistry|3]

the electronic structure. The calculations and visualizations of essential properties, including the Highest Occupied
Molecular Orbital (HOMO), Lowest Unoccupied Molecular Orbital (LUMO), and Molecular Electrostatic Potential
(MEP), were carried out using Gaussian 09[25] and GaussView 5[26] computer software programs.

To delve deeper into the system’s conformational behavior, a classical MD simulation was conducted. This simulation
was executed using the LAMMPS[27] program package, utilizing the OPLS[28] force field. The force field parameters
describing spatial distances between atoms were initially defined by extracting cartesian coordinates (xyz file) from the
DFT-optimized molecular configuration. OPLS force field parameters were generated with the help of PolyParGen[29],
a molecular modeling program that simplifies the parameter setup process that precedes MD simulations, by automating
the association of atom-specific parameters from preexisting databases. PolyParGen relies on LigParGen[30] and
BOSS|31] software packages for this parameter association, and takes in as an input a Chemical Markup Language
(cml) file in order to define the respective parameters for the OPLS force field. An important note to make is that,
PolyParGen has limitations with complex molecular structures. It can have complications in the process of dividing
macromolecules into constituent partial structures when the molecule under examination has cross-linked or large
ring structures|29]. Because of this, the program could not generate an OPLS LAMMPS topology file for the entire
molecular configuration of the ZnP-COPV-Cgq system. To overcome this limitation, atomic coordinates from the
DFT-optimized structures were manually manipulated, and the system was partitioned into two separate moieties to
be used as PolyParGen input files: ZnP and COPV-Cgo. Additionally, since PolyParGen does not consider metallic
atoms like Zinc, the OPLS force field parameters of bond and angular distances associated with this specific element
were directly taken from the LAMMPS distribution manual, and manually integrated into the output files to generate
the complete molecular topology.

Lennard-Jones and Coulomb non-bonded interactions were calculated within a cutoff radius distance of 10 A,
with a correction for long-range electrostatics using the Ewald summation method (Particle-Particle Particle-Mesh
approximation)[32]. To guarantee a stable and equally distributed energy configuration for the dynamics simulation,



the system was first relaxed by 10.000 steps of energy minimization. Subsequent production run was executed for
a total runtime of 0.1 ns with a timestep of 1.0 fs. The simulation of the dynamics was performed under the NVT
ensemble at a constant temperature of 300 K, maintained by the Nose-Hoover thermostat|33] 34] with a damping
time of 500 fs. Structural properties of ZnP-COPV-Cgo were calculated from MD trajectory using VMD molecular
visualization software tool[35].

For the analysis of energy level variations concerning the system's dynamic behavior, single point TD-DFT
calculations were performed on five distinct geometries extracted from the atomic coordinates observed during the
MD trajectory. These calculations were firstly executed using two different range-separated and long-range corrected
density functionals that accurately model charge transfer states and excitations, CAM-B3LYP and LC-wPBE, and the
same 6-31G(d) basis set as the ground-state geometry optimization. Both functionals have been used on chemically
similar structures that have experimental data support (see for instance [36]). To perform a comparative benchmark
and properly validate our DFT methodology, additional TD-DFT calculations were executed using the same basis
set, and the B3LYP and MO06 density functionals[37]. This approach facilitated the determination of variations in
the HOMO-LUMO energy gap, TD-DFT excitation energies, and oscillator strengths, as a function of molecular
dynamics. The proposed DFT methodology finds direct experimental support from literature (see, for example, figure
S1 in the supplementary information of Nakamura et al.[8]), as the observed absorption spectrum for the photo-
excitation process of ZnP-COPV-Cgg exhibits excitation energies similar in numerical value (2.85 eV or 435 nm) to the
results obtained for the excitation energies using the CAM-B3LYP functional. Thus, confirming this density functional
provides the best agreement with experimental results. A flowchart of our research methodology can be seen in figure
[l below:

3. Results and Discussions

3.1. Ground-State Electronic Properties

Computation of HOMO and LUMO frontier orbitals through the use of Ab-initio electronic structure approach plays
a crucial role in molecular-level understanding of ground-state electronic properties of organic semiconductor systems.
Identification of relative positions of these orbitals within the molecular structure provides useful insights into the
changes in orbital occupancy and thus, information on charge carrier mobility and transport through the material.
Previous research has demonstrated the distinct electronic advantages of the constituent components within the well-
defined ZnP-COPV-Cgo donor-bridge-acceptor molecular system, particularly in forming durable charge transfer (CT)
states. |2} [12] 38| [39], 40} [41]. Accordingly, the incorporation of chemical modifications in the COPV core might be
used to exert influence on electron-vibrational couplings in order to achieve additional nonlinear effects. Additional,
ZnP's distinctive behavior as an artificial antenna, which mimics the singlet excitation-energy transfer process inherent
in natural photosynthetic reaction centers, and Cgo's small reorganization energy, associated with directional control
and efficiency in ET reactions, allow for the existence of fast photo-induced charge separation (CS) and slow charge
recombination (CR)[42] [43].

From Figure spatial distribution of HOMO and LUMO orbitals on the molecular surface account for the
donor/acceptor electronic characteristics previously discussed about ZnP and Cgp moieties; localization of the HOMO
on the ZnP unit and its extension over the m-conjugated molecular wire provides clear evidence on the role of this
portion of the molecule as an energy-harvesting moiety, as well as the improved ET because of COPV's strong
conjugation and spatial closeness of HOMO and LUMO states. Also, the evident localization of the LUMO on the
Cgo unit showcases fullerene’s operation as an electron acceptor.
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Figure 2. Flowchart of our computational methodology

The computed Molecular Electrostatic Potential (MEP) surface further supports the previous interpretation as it
provides insights into the electron density distribution within the molecule[44]. In the case of ZnP-COPV-Cgq triad,
the MEP reveals electron-rich regions, particularly on the Cgo fullerene, and electron-deficient regions, notably in the
Zinc Porphyrin. This dichotomy reinforces the notion of the ZnP radical cation as an electron-donating moiety and
the Cgp radical anion as an electron-accepting component.

3.2. Structural Properties: Conformational Flexibility and Stability

The research conducted by Nakamura and co-workers[8] provides a thorough understanding of the intricate relationship
between enhanced ET rate and COPV's rigid/flat structure characteristics. Their study exhibits how strong electronic
coupling and inelastic electron tunneling, which are both CS- and CR-enhancing properties, can be explained through
COPV'S effective m-conjugation. By employing MD simulations, we provide additional quantitative support for the
bridge's m-conjugated nature through the implementation of structural measurements of conformational flexibility
and stability of COPV's m-skeleton. MD simulations carried out in our study provide a dynamic understanding of
the structural conformation of the organic semiconductor. The calculated MD trajectory provides time-dependent
descriptions of the atomic conformation of the molecule, thus encompassing spatial changes in the molecular



Figure 3. HOMO, LUMO, and MEP Ground-State Electronic Properties of ZnP-COPV-Cey Organic Semiconductor: 6-
31G(d)/BVP86 level of theory

structure for every timestep of the simulated time interval. From this trajectory, a measurement of ZnP-COPV-
Ceo's structural stability was obtained by studying the Root-Mean-Squared Deviation (RMSD) of atomic positions
in the molecular system (Figure EL[) This deviation is employed as a measurement of evolutionary similarity between
average atomic distances in the molecule's geometrical arrangement over time. It is used to compare ZnP-COPV-
Cgo's variation of molecular conformation under dynamic evolution, with the initial geometrical conformation of the
energy-minimized structure. Prominent fluctuation of average atomic positions observed in the initial frames of the
simulated trajectory can be attributed to the thermal fluctuations inherent in the Nose-Hoover thermostat algorithm
used to control temperature in the NVT ensemble. These fluctuations showcase initial adjustment of the system to
the simulation conditions. However, despite this initial fluctuating behavior, what is appealing about this measurement
is the subsequent stabilization observed when the molecule thermalizes; once it passes frame 25 (25 ps into the
simulation), it reaches a state of low variation of the RMSD.

This minimal fluctuation state serves as an initial indicator of the relative rigidity presented by ZnP-COPV-Cgq. Our
analysis of the computed RMSD reveal that atomic positions within the molecular structure experience limited spatial
displacement after the molecule stabilizes at a certain temperature. This low conformational change suggests how
COPV's m-conjugated structure may contribute to the overall stability of the molecular system under consideration.
In order to characterize the molecular wire's connection to the state of low conformational change, we conduct two
additional assessments of its flexibility and stability. These evaluations involve measuring the variation in the end-to-end
distance and the rotational angles between COPV and its adjacent moieties. These measurements also underscore the
molecule’s initial thermalization behavior upon thermal fluctuations of the dynamics.

To assess COPV's structural flexibility, we examined the dynamic variation of its end-to-end distance from the
computed MD trajectory (Figure. This distance represents the spatial separation between the ZnP and Cgo donor-
acceptor moieties over time. Our analysis of this segment distance reveals that, following an initial thermalization
period, the system consistently maintains a state of minimal end-to-end distance variation. The small variation in bridge
distance, within the narrow range of 1 A compared to the initially extended energy-minimized structure, aligns with
Nakamura's statement of COPV's rigidity. This limited spatial distance variation between the donor-acceptor moieties
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Figure 4. Evaluation of ZnP-COPV-Cg structural stability through Root-Mean-Squared Deviation (RMSD) analysis.

demonstrates the rigid structural conformation of the COPV wire, indicating effective m-conjugation that can maintain
over time, and further showcasing the conservation of strong electronic coupling.

In order to study rotational stability of the molecular wire, we measured the torsional (dihedral) angle variation
around single covalent bonds that connect COPV to ZnP and Cgo moieties (Figure |§[) According to Brédas and co-
workers[45], the presence of structural disorder in organic semiconductors, manifested in variable torsion angles between
adjacent moieties, influences charge transport dynamics and diminishes the evolution of charge carrier mobility. From
these dihedral angle variation measurements, we recognize COPV's constrained torsional motion upon stabilization
of the molecule after the initial frames of the simulation. The small variation of torsional motion (between the range
of £ 20° for ZnP-COPV and + 30° for COPV-Cgp) demonstrates COPV's planar conformation resulting from its
T-conjugated nature.

These results are significant, as they provide quantitative justification for COPV's effective m-conjugated nature
through the assessment of its rigid and flat structure characteristics. The employed MD simulations confirm this
concept by demonstrating how the molecule stabilizes after initial fluctuations and reaches a state of low variation
of its structural parameters, thereby reinforcing the idea that COPV'’s conformational properties play a crucial role in
promoting efficient charge transfer in this molecular system.
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Figure 5. Evaluation of COPV's structural flexibility through end-to-end distance variation.

3.3. Structural Dynamic Effects on Electronic Properties

To investigate the interplay between structural dynamics and electronic properties, we performed single-point TD-DFT
calculations on five different geometries (snapshots) extracted from the MD trajectory. These five specific snapshots
extracted out of the 100 frames of the simulated time interval allowed us to reproduce the effects of geometric
distortion throughout the dynamics. As the snapshots were directly taken from the MD trajectory, inheriting the
force field parameters of a classical potential, we initially applied a constrained minimization with a limited number
of geometry optimization steps. This aimed to ease the degrees of freedom related to bond and angular distances,
ensuring parameters align more closely with those typical in a quantum chemistry calculation.

First, the variation of the Molecular Electrostatic Potential (MEP) for the different snapshots was computed (Figure
. Moreover, atomic charges have been calculated with the CHELPG fitting scheme as implemented in the Multiwfn
software[46], [47]. The results of this population analysis reveal that atomic charges do not have strong variations during
the MD trajectory. Nevertheless, the charges of the Zinc atom and the Porphyrin Nitrogen atoms across the different
snapshots are somewhat larger in absolute value with respect to the initial frame of the MD trajectory (for instance,
around 0.9 for the Zinc atom in the later snapshots as compared to 0.67 in the initial frame).

The variation of HOMO-LUMO energy gap across different geometries (Figure provides a compelling observation,
as it suggests that the electronic properties of the molecule are not static but change dynamically as the molecular
structure evolves during the MD simulation. However, the observed energy gap variation resulting from the molecular
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Figure 6. Evaluation of COPV's rotational stability through Dihedral torsion angle variation of single covalent bonds that connect
COPV to ZnP (left) and Ceo (right) moieties.

Frame 0

Frame 25 Frame 50 Frame 75 Frame 95

Figure 7. MEP for the different snapshots extracted from MD trajectory.

geometries extracted from the simulation showcases no significant dynamic fluctuations. Geometry distortions across
the simulated time interval do not cause significant fluctuations in the energy gap, as this value oscillates within a
4-5% range relative to the one for the initial snapshot. Although differences in numerical value of the energy gap are
observed for the different functionals, the variation of this value during the simulation along a given trajectory remains
within a similar range (except for M06). This dynamic variation in the energy gap is a noteworthy finding, as it reflects
the molecule's ability to adapt its electronic properties in response to structural changes, and has several applications



similar to previous work done by our group[48] [49].
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Figure 8. HOMO-LUMO energy gap variation for the different snapshots extracted from MD trajectory.

To gain a deeper insight into the effects of dynamical fluctuations observed during the MD simulation on excitation
phenomena and charge transfer, and following previous works such as those by Sumpter and co-workers[50] that have
demonstrated the usefulness of this computational approach on similar systems, we carried out TD-DFT calculations
to evaluate the variation in excitation energies and oscillator strengths as a function of molecular dynamics (Table.

Frame 0 | Frame 25 | Frame 50 | Frame 75 | Frame 95
Excitation energy (eV') | 1.4327 1.6588 1.6998 1.6330 1.6295
Oscillator strength 0.0137 0.0086 0.0146 0.0131 0.0134

Table 1. TD-DFT excitation energies and oscillator strengths for the different frames extracted from MD trajectory using the

CAM-B3LYP density functional.
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These results help us understand the spectral properties of the molecule in terms of dynamical change and suggest
that it will consistently absorb light at the same wavelengths with predictable intensity, regardless of minor structural
fluctuations. The small variation in both parameters observed during the MD simulation suggests that the molecule's
optical properties, such as absorption and emission spectra, will be predictable and not highly sensitive to small structural
changes or thermal motions.

This reduced variation of the HOMO-LUMO energy gap, as well as in TD-DFT excitation energies and oscillator
strengths, implies that as the system equilibrates and the molecule adopts a stable configuration, it transitions to a
more consistent electronic state. The stability achieved throughout the dynamics may indicate the system's transition
to a more stable charge-separated state, further supporting the concept of efficient charge transfer. This observation
suggests a potential link between structural stability and enhanced electronic properties in this molecular system.

The relationship found between structural dynamics and electronic properties has implications for the design and
optimization of organic semiconductor materials. By demonstrating how conformational changes impact electronic
properties, our research underscores the importance of considering both structural and electronic factors when designing
organic semiconductors for optoelectronic applications.

4. Conclusions

In this study, we explored the ground-state electronic properties and structural dynamics of the ZnP-COPV-Cgq
organic semiconductor. Our findings provide insight into the close relationship that exists between structural stability
and enhanced electronic performance. We observed the precise spatial distribution of HOMO and LUMO orbitals
within the molecular structure. These findings emphasize the unique electronic characteristics of the constituent
moieties, with the HOMO localized predominantly on the ZnP unit and the LUMO centered on the Cgo moiety.
This spatial arrangement not only underscores ZnP's role as an energy-harvesting moiety but also highlights the
efficient charge transfer capabilities facilitated by the strong conjugation and spatial proximity of HOMO and LUMO
states due to COPV. Furthermore, through the application of MD simulations, we observed that the ZnP-COPV-
Cgo system stabilizes after initial fluctuations in structural parameters, demonstrating limited variations in atomic
positions. This conformational stability indicates the effectiveness of COPV's mw-conjugated structure in maintaining
the molecule's structural rigidity over time. The subsequent analysis of the end-to-end distance further corroborated
the wire's structural rigidity, showcasing minimal spatial variations between donor and acceptor moieties. Moreover,
the measurement of torsional dihedral angles revealed a planar conformation for COPV, emphasizing its m-conjugated
nature.

These results underscore the significance of structural stability in enhancing electronic properties. The reduced
variation observed in the HOMO-LUMO energy gap, as well as in TD-DFT excitation energies and oscillator strengths,
suggests the molecule’s transition to a more stable charge-separated state, supporting the concept of efficient charge
transfer. This finding holds promise for the design of high-performance organic semiconductors, where optimizing
structural parameters can lead to improved charge transport and mobility.

In conclusion, this study offers a foundation for advancing molecular electronics, it encourages researchers to focus
on tailored molecular structures that balance stability with electronic efficiency. The insights gained here open doors to
the development of next-generation organic semiconductor materials for optoelectronic applications and the integration
of molecular electronics into emerging technologies in various industries.
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