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A m-isoelectronic framework denotes a category of chemical compounds or molecular structures where
specific elements are arranged to share an identical count of m electrons. It presents a unique and
exclusive avenue for investigating the dynamics of charge carriers at the molecular level within organic
semiconductors. Despite the high similarities in molecular structure, geometry, and electron distribution
among n-isoelectronic frameworks, there exists a noteworthy divergence in their reorganization energy
under certain conditions. This anomaly poses a challenge to established theories in organic semi-
conductor science, fueling a profound interest among scientists to decipher the underlying mechanisms
governing reorganization energy. Our research undertakes a comparative study of the contribution
of vibrational coupling to the reorganization energy within both zigzag and armchair groups of
isoelectronic frameworks. It also uncovers the peculiar odd—even effect of vibrational modes on
hole reorganization energy, particularly when heteroatoms are introduced. This study offers a distinct
perspective on comprehending the origins of conductivity in organic semiconductors, ushering in fresh
insights into the intricate interplay between vibrational modes, reorganization energy, conductivity,
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and the performance of organic devices. Consequently, it furnishes a comprehensive understanding of
reorganization energy through the lens of vibrational coupling and provides insights into the conductivity
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Introduction

Organic semiconductors have gained significant attention in
the past several decades,'™ due to their exceptional properties,
such as versatile and facile tuneable structures, solution-
processability, and low-cost fabrication, making them a pro-
mising alternative to inorganic semiconductors for many appli-
cations, including organic photovoltaics (OPVs),>® organic
light-emitting diodes (OLEDs),”® organic field-effect transistors
(OFETs),"®"" etc. From an industrial perspective, certain organic
electronic devices, notably OLEDs, have successfully penetrated
the commercial market. However, from a scientific standpoint,
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our understanding of the microphysics underlying carrier trans-
port behaviour in organic semiconductor materials remains
insufficient to elucidate the intricacies of the real-world perfor-
mance of organic semiconductors.

With this motivation, this study aims to take a step towards
a comprehensive understanding and optimize the molecular
structure of materials. Conductivity stands as a paramount
parameter in the realm of organic semiconductors, exerting a
substantial influence on their device performance. Its intricate
determination is subject to a myriad of factors, encompassing
material structures, molecular packing, film morphology, and
more. This study will focus on a molecular-level analysis to
investigate the essential role buried within the single molecular
structure, that significantly determines the carrier transport
mobility - reorganization energy (1).">™*

The previous studies proved that the geometric relaxation
could largely determine both hole reorganization energy (1) and
electron reorganization energy (1), during the process of the
carriers’ injection into or extraction from molecules.”>™” There-
fore, m-Isoelectronic frameworks with similar planar geometries
and numbers of m-electrons, are expected to have comparable
reorganization energies from the current frontier molecular
orbital theory.”®>* One example is anthradithiophene (ADT),

This journal is © The Royal Society of Chemistry 2024
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which is isoelectronic with pentacene. Both molecules exhibit
similar hole reorganization energy (96 vs. 97 meV).*® Besides
ADT, some other fused phenyl-thiophene derivatives, exhibit simi-
lar reorganization energies with their corresponding group of
segments. For example, Takimiya et al. reported four classes of
thienoacene-based organic semiconductors, all exhibiting similar
reorganization energies with the hydrocarbon-based arenes being
isoelectronic.”®

Nonetheless, there are instances where the similarity in
reorganization energies among isoelectronic systems is not
consistently observed, leading to a perplexing situation that
defies both established theories and our understanding of
molecular reorganization energy. For example, Veaceslav et al.
conducted a comprehensive examination through high-resolution
gas-phase photoelectron spectroscopy on isoelectronic thiophene-
fused systems. It displayed large differences in their reorganiza-
tion energy, providing concrete evidence that the uniformity in
reorganization energies among isoelectronic systems does not
always manifest as expected.'®

This study aims to systematically investigate the impact
from the vibrational coupling on the reorganization energy of
n-isoelectronic framework, discusses and compares both the
group zigzag and group Armchair, as shown in Scheme 1.
The calculated results show that both groups display superior
hole injection/transport properties than electrons, which is
explained from the vibration coupling point of view. Besides,
it is found that paired heteroatoms would induce irregular hole
reorganization energy for armchair thiophene molecules. It is
proposed in this study that for centrosymmetric armchair
geometry molecules, the number of sulfur atoms could largely
affect the vibration modes. When the sulfur atoms are paired
(even), the strong coupling between them causes significant
vibration components in the long-axis direction, thereby
increasing the hole reorganization energy. This observation of
the odd-even effect underscores the substantial potential for
further scientific exploration in comprehending the structural
intricacies of isoelectronic systems. Moreover, due to the elec-
tron donation property of the sulfur atom, this phenomenon
does not happen in the electron transport situation. Which
makes the electron reorganization energy of the thiophene
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molecules in the zigzag and Armchair group highly similar.
Such investigations hold the potential to establish a more
robust foundational understanding of semiconductor conduc-
tivity, along with its relationship to symmetry,'® conformation,>*
and molecular electronic structure.'®*

Results and discussion

All the calculations were performed by the DFT programs with
details in the Section S1 of the ESL.f Reorganization energies
were determined using both the four-point method of adiabatic
potential surface and the normal mode (NM) approach, with
the results showing strong agreement between the two methods
(see Fig. S1, ESIT).

Topology of molecules

The highest occupied molecular orbital (HOMO), the lowest
unoccupied molecular orbital (LUMO) and reorganization
energy values for m-isoelectronic molecules of both the group
zigzag and armchair are listed in Table S1 (ESIt) and visually
presented in Fig. 1 and 2. There are two important information
that could be read from those two figures. Firstly, for both the
zigzag and armchair groups, as conjugated n systems go larger
(n increases from 3 to 5), the HOMO and LUMO narrows
progressively. This narrowing is primarily attributed to a
greater number of electrons conjugating in the energy cou-
pling, resulting in a more hybridized band structure. This
phenomenon aligns well with previous experimental and the-
oretical findings.>**° Secondly, when comparing the group
zigzag and Armchair, the molecules from the former group
exhibit a smaller HOMO-LUMO bandgap than the group Arm-
chair molecules. This trend aligns with the characteristics
observed in other carbon-based materials.’>*' Researchers
have conducted extensive investigations into the impact of
molecular topology on the electronic structure of carbon-
based materials, particularly concerning the unique properties
associated with massless Dirac fermion.*> These distinct
features arise from nonbonding edge states localized in the zigzag-
shaped edges and electron wave interference in the armchair-shaped
ones.**?® Hence, it plays a pivotal role in shaping the
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Scheme 1 The chemical structure of zigzag and armchair groups of n-isoelectronic materials with increasing molecular system (n = 3, 4, 5).
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Fig.1 The HOMO and LUMO energy of the n-isoelectronic frameworks.

Fig. 2 The comparison of the calculated hole (solid line) and electron
(dash line) reorganization energy of the n-isoelectronic frameworks.

macroscopic properties of carbon materials. The carrier trans-
port with zigzag edges exhibits metallic characteristics, while
those with armchair edges display semiconducting behaviour.*®
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Given these clear disparities in the properties of these two
groups of molecules (as shown in Fig. S2 and S3, ESIY), the
upcoming sections of our discussion will analyse them
separately.

The vibration modes leading higher 4. than 4,

It is evident that all the molecules display a reorganization
energy for holes smaller than that for electrons, as illustrated in
Fig. 2 by the comparison between the solid line and the dashed
line. The high hole transport mobility observed in these
n-isoelectronic materials is in good agreement with experi-
mental findings.>” To look into how the vibration coupling
mode impacts the molecular reorganization energy,*®?° we
have chosen to focus on Anthracene from the zigzag group
and DBT from the Armchair group.

In group zigzag. Fig. 3 displays the three most significant
contributed vibrational modes for both /;, and Z. in anthracene.
For the hole situation (/) in Fig. 3a, it indicates that the three
in-plane scissoring vibration modes predominantly occur along
the short axis, resulting in minimal geometric expansion
after hole injection into a neutral molecule and exerting little
stretching effect on the molecular framework. This can be
observed in the changes in bond angles as the molecule
transitions from its neutral state to the cation state, as shown
in Fig. 3d and c. Specifically, the inter-ring bond angles vary
from 121.7° to 121.8°and intra-ring bond angles range from
122.3° to 121.8°.

For the /. analyzation in Fig. 3b, the direction of the
vibration arrows shows that the in-plane scissoring vibration
display along the long axis, especially for the vibration modes
398 cm™'/395 cm™ ', which contributes as significant as 27.6%
to Je. The stretching effect causing the effective enlarging
geometry of the molecular skeleton, along the long axis, which
is much more prominent than the short axis, owing to the
robust structure of the benzene ring. This could be clearly
demonstrated by tracking the quantitative in the ring bond
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Fig. 3 The top three contributed vibrational modes for (a) hole and (b) electron injection into anthracene. The bond angles of aromatic rings and
skeleton length for (c) cation, (d) neutral and (e) anion state of anthracene.
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angles following electron injection. Comparing them in Fig. 3d
and e, the inter-ring bond angles (from 121.7° to 122.7°) and
intra-ring bond angles (from 122.3° to 123.2°) undergo signifi-
cant increases after electron injection as well as the skeleton
length in the long axis.

As a result, it can be concluded that the change in bond
angles for both the inner and outer rings of benzene, resulting
from electron injection, is significantly more pronounced
compared to hole injection. This disparity results in a higher
reorganization energy for electrons than for holes.

In group armchair. A similar geometric transformation
occurs within group armchair, as illustrated in Fig. 4a and b.
Taking DBT as an example, in the case of hole injection, the
stretching modes primarily affect the short-axis direction,
resulting in minimal geometric differences. On the other hand,
for /. of DBT, the critical vibrational modes mainly lie at 1638/
1613 cm ™' and 1343/1338 cm ™, contributing approximately around
55.7% and 11.1%, respectively. Both modes lead to the stretching of
C—C bonds along the long axis, thus effectively elongating the
molecular skeleton. Consequently, this results in a more pro-
nounced structural relaxation along the long axis, leading to a greater
electron reorganization energy compared to hole injection.

It is worth emphasizing that during electron injection, the
position of the sulfur atom remains relatively fixed for these
two vibrational modes. This behaviour can be attributed to the
electron-donating property of sulfur, which is supported by
the electron distribution illustrated in Fig. 4c and d. In these
figures, it’s evident that the probability of carrier injection into
the HOMO around the sulfur atom is significantly greater than
that into the LUMO.

The role of heteroatoms for the vibration coupling

Jn in group zigzag. In contrast to previously published
studies regarding the highly similar reorganization energy in
isoelectronic materials,*® the isoelectronic acenes and thienoa-
cenes systems exhibit notable variations in their hole reorga-
nization energy, as detailed presented in Table S1 (ESIT). As an
example, when n equals 3, the hole reorganization energy () is
141.7 eV for acene and 165.6 eV for thienoacenes.

View Article Online
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Fig. 5 illustrates the hole-vibrational coupling modes, with a
focus on the top 6 weight contributions, and the corresponding
frequencies are marked. When comparing the decomposed
vibration modes in the acenes (left column) and thienoacene
molecules (right column), it becomes evident that there are very
few hole-vibration modes below 1000 cm™' in the acenes.
Conversely, a notable observation is the emergence of multiple
vibration modes below 1000 cm ™" upon the introduction of the
sulfur heteroatom. This trend is consistent across all three
thienoacene molecules. It’s important to highlight that we have
chosen 1000 cm ™" as the threshold to distinguish between high
and low-frequency modes, for the sake of clarity.

For example, the two modes 674 and 678 cm ™" contribute
significantly for the hole reorganization energy of NDT.
However, there is few vibrations modes in low frequency region
(<1000 cm™) for tetracene. To further look into the hetero-
atom effect, take a specific vibration mode from the high
frequency region to compare, the vibration mode at 1426 cm™"
for tetracene and 1418 cm ™" for NDT, respectively, as shown in
Fig. S4 (ESIt). In the case of tetracene, a majority of carbon
atoms participate in this vibration mode. Whereas in NDT, it is
noticeable that the sulfur atom remains relatively stable in this
mode. However, in the low-frequency region, specifically in the two
vibration modes at 674 and 678 cm ™%, the sulfur atom does become
involved. Therefore, when compared to acenes molecules, the
introduction of the heteroatom sulfur leads to additional vibration
modes in the low-frequency region. These additional modes con-
tribute to the higher reorganization energy.

An in group armchair. As reported by many researchers, the
topology could largely affect the nonbonding edge state and
thus the electron band structure of carbon materials. In this
paper, heteroatom sulfur is included, as discussed above, the
heteroatom plays a pivotal role in affecting the reorganization
energy. In this part, it will focus on the heteroatom effect on the
armchair shaped molecules. In contrast to zigzag thiophene
molecules where the number of sulfur atoms (two) remains
constant, the armchair-fused thiophene molecules exhibit an
increase in the number of sulfur atoms as the molecular chain
elongates.
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Fig. 4 The composition of the top three contributed modes to (a) 4, and (b) 1. of DBT, respectively. The electon distribution at (c) HOMO and (d) LUMO

of neutral DBT.
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Fig. 5 Molecular geometries and their corresponding hole-vibrational coupling modes, featuring the top 6 weight contributions to reorganization
energy. The acenes with increasing molecular size n = 3, 4, 5, are listed in the left column. The isoelectronic thienoacene molecules are displayed in the
right column. The frequency values for the primary vibrational modes are indicated.

Similar with the thienoacenes in group zigzag, the pheno-
menon that the sulfur inducing vibration modes at the low
frequency region happens as well, when it is introduced into
the middle of the molecules in group Armchair. This could tell
from Fig. S5 (ESIt), which shows the overall comparison of the
vibration modes of all the molecules. Specifically, as shown in
Fig. 6a, for the DBT, BTBT and DBTBT, the vibration modes
at low frequency region (<1000 cm™') involve the sulfur
atom. However, the vibration modes at high frequency region
(>1000 cm™"), does not involve the sulfur atom. This observa-
tion provides evidence that sulfur tends to participate in
vibrations at low frequencies rather than at high frequencies,
which is consistent with the behavior observed in the zigzag
group. Nevertheless, the /A, values for the Armchair group

with fused thioenoacenes exhibit an oscillating trend as the
chain prolongs, as shown in Fig. 6b (res solid line). To elucidate
the impact of the heteroatom on /;, in armchair thienoacenes,
the decomposition of their vibration modes is presented in
Fig. 6a.

Notably, the vibrational modes of DBT at low frequency
region (top of Fig. 6a) account for significant component
of its hole reorganization energy. Both vibration modes at
505 cm ™' and 213 cm ' involve the sulfur atom (shown in
Fig. 6a and Fig. S6, ESIt), in which the stretching C-S bond
plays a significant contribution for the reorganization energy.
The C-S stretching occurs along the shorter axis direction,
resulting in a relatively minor structural relaxation throughout
the entire molecular framework.
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Fig. 6 Analysis of normal modes in armchair thienoacenes and their corresponding hole reorganization energies as the molecular size extends is
presented as follows: (a) the decomposition of hole reorganization energy with normal modes of armchair thienoacene. The frequencies of the top three
modes are displayed. (b) The reorganization energy comparison of the zigzag and armchair group with heteroatom sulfur.
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When n equals 4, as depicted in Fig. 6a’s normal modes
decomposition, it is evident that the A, value for BTBT exhibits a
noteworthy influence from the sulfur-vibrational modes at 431/
435 cm . The mode displays a symmetrically opposing manner
along the elongated axis of the molecule. Consequently, the
centrosymmetric vibrations of sulfur-related bonds within BTBT
induce a substantial structural adaptation attributable to the
stretching components along the molecule’s long axis, resulting
in a more pronounced hole reorganization energy compared to
DBT. When n equals 5 (the bottom of Fig. 6a), the vibrations of
three sulfur atoms occur in opposing directions along the shorter
axis of the molecular framework. This situation closely resembles
the scenario observed in DBT. Hence, the presence of paired sulfur
atoms, which induce strong vibration modes along the long axis
direction, is the primary factor contributing to the high reorganiza-
tion energy of BTBT. This phenomenon is responsible for the
oscillating trend observed in the hole reorganization energy for the
group Armchair with heteroatom. The videos for the comparison
of these vibration modes related with sulfur atom in three mole-
cules, could be found in the ESL}

Hence, it can be postulated that the parity of the number of
thiophene rings in the armchair group significantly impacts Aj.
In cases where there is an odd number of sulfur atoms, the
vibrations in which sulfur participates are primarily along the short
axis direction, exerting little effect on molecular geometry relaxa-
tion during hole injection. Conversely, when the number of sulfur
atoms is even, the strong interaction between paired sulfur atoms
leads to a substantial vibrational component along the long-axis
direction of the molecules. This, in turn, results in significant
molecular geometry relaxation, ultimately leading to higher values
of . This hypothesis finds support in the calculations for DB4T,
which exhibit similar behaviour to BTBT, as shown in Fig. 6b.

Moreover, the odd-even heteroatom effect can be extended to
other elements with similar electron-donating characteristics, such
as oxygen (O). To illustrate, we have explored the introduction of
fused oxygen atoms at the same fused positions of the armchair
group, as depicted in Fig. S7 (ESIt). In this context, the armchair
group exhibits behaviour highly analogous to the armchair thie-
noacenes. It shows reduced reorganization with an odd number of
hetero-aromatics and higher reorganization energy with paired
hetero-atoms in an armchair structural configuration. This implies
that utilizing various heteroatoms within an armchair topology
could modulate the reorganization energy, which is a promising
strategy for the structural design of materials.

Is A, different from 4;?

Both the substantial natural atomic orbital (NAO) value (39%)
associated with the HOMO components and the positive
natural population analysis (NPA) charge (0.38) attributed to
the sulfur atom in DBT (as shown in Fig. S8, ESIt) underscore
the substantial impact of the sulfur atom’s electron-donating
property on the hole transfer process. It leads the electron-rich
region around the sulfur atom during the hole transporting
process, as shown in Fig. S9 (ESIt).

Consequently, it is evident that the heteroatom has a more
pronounced impact on the hole transport process compared to

This journal is © The Royal Society of Chemistry 2024
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the electron transport process, resulting in a weaker influence
on /. in comparison to 4. This distinction can be observed in
Fig. 4b, where the sulfur atom does not participate in the
vibration modes after electron injection. Hence, the oscillatory
phenomenon induced by the heteroatom in hole reorganiza-
tion energy does not apply to electron reorganization energy as
the molecular chain lengthens for the armchair thiophene
molecules, as demonstrated and confirmed in Fig. 6b.

Conclusion

In summary, we performed a comparative analysis of hole and
electron reorganization energies within m-isoelectronic frame-
works in both zigzag and armchair-configured molecules. This
study seeks to elucidate the significant disparities in reorgani-
zation energy despite the strikingly similar planar geometry
and conjugated electrons. Firstly, it displays there are more
pronounced variations in molecular geometry following elec-
tron injection as compared to hole injection. This discrepancy
arises because vibration modes exert a more substantial influ-
ence along the long axis after electron injection. Secondly, the
introduction of heteroatom-sulfur significantly influences the
low-frequency (<1000 cm™ ') vibration modes. In the case of
armchair thiophenes molecules, the number of sulfur atoms
plays a substantial role in shaping these vibration modes.
Specifically, when sulfur atoms are paired in an even configu-
ration, their strong coupling results in significant components
along the long-axis direction, thus giving rise to the observed
oscillation trend in the hole reorganization energy. However,
due to the electron-donating property of sulfur, this phenomenon
does not apply to electron transport scenarios. We anticipate
that this study will provide a comprehensive understanding of
n-isoelectronic frameworks by delving into the intricacies of
vibration coupling at the single molecular level. This perspective
introduces fresh insights into the complex interplay among
vibrational modes, reorganization energy, conductivity, and the
performance of organic devices. Consequently, it offers an effec-
tive approach to shaping and comprehending the structural
characteristics of organic semiconductors.
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