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Interplay between Diradical Character, Aromaticity and 
Conductance in Oligothiophenes
Louis Van Nyvel,a Irene Casademont-Reig,a,b Jochen Eeckhoudt,a Sergio Moles Quintero,a Frank De 
Proft,a Paul Geerlings,a and Mercedes Alonso*a

The fundamental relationships of the diradical character-aromaticity-conductance triangle are elucidated across a diverse 
set of oligothiophenes capable of adopting both aromatic and quinoidal structures. The electronic ground-state was 
determined using open-shell/closed-shell and singlet-triplet adiabatic energy gaps, while the diradical character (𝑦0) was 
quantified using Yamaguchi’s approach. All oligomers exhibit a singlet ground state, with only  13 being open-shell with non-
zero diradical character. A strong correlation between the multicenter index of the central thiophene ring(s) and 𝑦0 indicates 
that the diradical character and aromaticity vertices are intrinsically linked: modulation of one invariably impacts the other. 
The diradical character-conductance relationship reveals two competing effects: while higher 𝑦0 generally enhances 
conductance, this trend is counterbalanced by length-dependent attenuation, leading to near-zero conductance in 
sufficiently long oligomers (~20 Å). Additionally, systems with 𝑦0 ≈ 1 exhibit reduced conductance regardless of molecular 
length. Conductance also correlates with local aromaticity: annulated rings that most strongly disrupt the aromaticity of the 
backbone thiophene units yield higher conductance compared to parent structures. In terms of the linear aromaticity, 
approximately 70% of local transmission plots could be identified through pathways derived from the AVmin index and 
delocalization indices, underscoring their predictive value for local charge transport behavior. This study extends the 
traditional diradical–aromaticity–conductance triangle by incorporating the electronic ground-state structure as a fourth 
vertex and distinguishing between local and global aromaticity–conductance relationships. The resulting framework 
provides deeper insight into the shared electronic origins of key molecular properties and their influence on charge 
transport.

Introduction
Since the pioneering work of Aviram and Ratner,1 molecular 
electronics has emerged over the past decades as an 
increasingly important interdisciplinary field.2-4 A central aspect 
of the field is the fabrication of molecular junctions that enable 
the probing and manipulation of charge transport through 
individual molecules.5 A variety of experimental techniques for 
constructing such single-molecule junctions has been 
engineered,6-8 alongside the development of theoretical 
methods based on Green’s function theory allowing the 
investigation of single-molecule transport properties under 
non-equilibrium conditions.9,10 These methods are crucial for 
rationalizing the complicated experimental observations and 
guiding the design of novel building blocks for molecular-scale 
electronic applications.11,12

A key aspect of theoretical developments is the interpretation 
of charge transport data in terms of well-established chemical 
concepts, which can then be leveraged in the molecular design 
process. Aromaticity is among the most frequently addressed 
concepts in this context (vide infra). Similarly, the relationship 
between the diradical character of a single molecule and its 
conductance has attracted considerable attention in recent 
years.13 Although neither diradical character nor aromaticity is 
directly accessible through experiment, correlations with 
experimentally measurable quantities have been proposed.14-16 
In particular, Nakano et al. have established a direct link 
between diradical character and experimentally measurable 
quantities,14 while aromaticity has a long-standing history of 
indirect experimental probing.17-20

A higher diradical character in a molecule has been proposed to 
enhance conductance, particularly when the contacts are 
positioned on the carbon atoms constituting the radical 
centers.21 This relationship was emphasized when highlighting 
the significance of the diradical resonance structures within the 
overall resonance hybrid of the molecule.22 These insights offer 
a design strategy for tuning molecular conductance by 
modulating the diradical character. In particular, conductance 
can be enhanced by maximizing the contribution of resonance 
structures in which the radical centers align with the contact 
positions.21,23,24
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A recent perspective underscores the potential of radical single-
molecule junctions, proposing design principles for the 
synthesis of stable radicals relevant to nanoscale electronic 
devices.25 Nevertheless, single-molecule measurements 
involving radicals remain relatively scarce primarily due to their 
limited stability under the experimental conditions. In parallel, 
considerable attention has been devoted to understanding how 
conductance varies with the length of molecular wires. Anti-
Ohmic behavior (i.e., conductance increases with molecular 
length) has been proposed,26-30 among others, by Stuyver et al. 
on the basis of theoretical studies invoking the role of diradical 
character.23 However, these predictions have been challenged 
by Mandado and co-workers on the grounds that single-
determinant methods are inadequate for describing diradical 
species.31 More recently, both theoretical and experimental 
studies have put forward cases consistent with anti-Ohmic 
effects, where conductance reaches a maximum at a specific 
number of monomer units, followed by a decrease as the 
oligomer length increases further.26-28 While the literature 
sheds light on the relationship between diradical character and 
single-molecule conductance, a unified framework that also 
incorporates the effects of aromaticity and molecular wire 
length has yet to be established.
The relationship between conductance and aromaticity remains 
controversial. Breslow and co-workers provided experimental 
evidence suggesting that the aromaticity of individual five-
membered rings correlates negatively with molecular 
conductance.32 Accordingly, antiaromatic systems are expected 
to conduct better than nonaromatic ones, which in turn are 
anticipated to exhibit higher conductance than aromatic 
compounds.33,34 However, this trend does not hold universally, 
as we demonstrated for expanded porphyrins, which serve as 
an excellent platform for exploring the relationship between 
aromaticity and molecular properties owing to their structural 
flexibility and rich redox chemistry.16,35,36 Connecting the 
electrodes along the longitudinal axis of the macrocycle enables 
constructive or destructive quantum interference effects 
depending on the aromatic or antiaromatic character of the 
system.35,37 Similarly, for a diverse set of polycyclic compounds 
a positive relationship was observed between the aromaticity 
of the molecular core and the zero-bias conductance for a given 
connectivity to the metallic electrodes.38

A fundamental aspect in understanding the aromaticity-
conductance relationship is the distinction between global 
aromaticity, attributed to the entire molecular system, and local 
aromaticity, linked to specific subunits of the molecular 
framework. The inverse correlation between aromaticity and 
conductance observed in 2014 involves single monocyclic 
systems, such as thiophene, furan, and cyclopentadiene and 
thus represents a case centered on global aromaticity.32 In 
contrast, our extensive investigations on expanded porphyrins 
and polycyclic aromatic hydrocarbons consider not only their 
global aromaticity, but also the local aromaticity of their 
individual five- and six-membered rings.35,37-43 The local 
aromaticity features naturally lead to the identification of the 
most conjugated pathway within these macrocyclic and 

polycyclic compounds, serving as a roadmap for the electron 
current and the overall conductance.37,38,41,44

Linking the theoretical concepts of diradical character and 
aromaticity to an experimentally accessible quantity like 
conductance, requires a clear understanding of how these two 
concepts are connected. In other words, it calls for elucidating 
the interplay between diradical character and aromaticity. This 
study aims to further develop this conceptual framework by 
examining the triangular relationship between conductance, 
diradical character, and aromaticity, both global and local, as 
illustrated in Figure 1. To this end, a comprehensive 
investigation employing a common testbed is undertaken, 
offering a systematic approach to explore the three key 
relationships, depicted as the sides of the triangle, by first 
analyzing its vertices. 

Research Strategy
Our approach begins with a detailed investigation of the 
electronic structure of the selected compounds, providing the 
foundation for evaluating both diradical character and various 
aromaticity descriptors, the first two vertices of the triangle, 
and their interrelationship, which constitutes one of its sides. 
Subsequently, conductance, the third vertex, is examined. This 
stepwise approach enables a complete disentangling of the 
triangle, ultimately shedding light on the remaining two 
connections (conductance-diradical character and 
conductance-aromaticity) which may themselves be 
intertwined. The outcome of this investigation might provide a 
conceptual framework to facilitate the design of highly 
conducting molecular wires.
We examine a series of linear oligothiophenes with varying 
length and distinctive structural features (Scheme 1A) as they 
constitute an ideal testbed for probing the interplay between 
aromaticity, diradical character, and single-molecule 
conductance. Owing to their tunable π-conjugation, favorable 
electronic properties, and synthetic accessibility, 
oligothiophenes are among the most important π-conjugated 

Figure 1: Schematic overview of the interplay between diradical 
character, aromaticity, and conductance examined in this work.
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frameworks for elucidating structure-charge transport 
relationships from both experimental and computational 
perspectives.45-56 While an exponential decrease in 
conductance with increasing molecular length (Ohmic behavior) 
has been observed in several oligothiophene wires consistent 
with a tunnelling conduction mechanism,47,48,57-61 multiple 
studies have reported significant deviations from this expected 
behavior. These have been linked to several factors, including 
the conjugation pattern, molecular conformation, and the 
influence of water on the gold-molecule interface.48,50,52-54,57 In 
fact, the length dependence of conductance in oligothiophenes 
has become a focal point in molecular electronics, offering 
valuable insights into how the degree of π-conjugation affects 
charge transport at the single-molecule level. Notably, Xu et al. 
found that the longer oligothiophene with 4 repeating units 
exhibited higher conductance than the shorter, 3-unit analogue. 
A similar trend was recently observed by Jiang et al. for cationic 
oligophenylene-bridged bis(triarylamine) systems, which 
displayed a reversed exponential conductance decay for n ≤ 3.26 
In this context, our set of oligothiophenes provides a platform 
to explore Ohmic versus anti-Ohmic trends, alongside a detailed 
investigation of their aromatic and diradical character.

The selected oligothiophenes are functionalized with thiol 
anchoring groups at both terminal positions to enable stable 
Au-S linkages, thereby enhancing the stability of the molecular 
junction.2,45,56 Depending on the terminal groups, -SH or =CH-

SH, the molecular building blocks are categorized into the 
“aromatic” and the “quinoidal” series, respectively (the latter 
indicated by the suffix “q”). As depicted in Scheme 1, the 
monomer units in the aromatic oligomers are formally 
connected by single bonds, whereas in the quinoidal series by 
formal double bonds. Appealingly, the ground state of quinoidal 
oligothiophenes is best described as a balance of quinoidal 
closed-shell and aromatic open-shell resonance structures 
(Scheme 1B).62-64 The preference for either bonding pattern is 
governed by the number of repeat units n, which in turn leads 
to significant differences in the electronic structure of the 
resulting oligothiophenes, strongly impacting their optical, 
magnetic, and charge transport properties.65-69 An illustrative 
example of the quinoidal-to-aromatic transformation is 
provided by tetracyano quinoidal oligothiophenes (Qn) which 
display a marked evolution in the electronic structure as a 
function of chain length, as shown in Scheme S1 of the ESI.62,63,66 
In this context, the choice of linear oligothiophenes offers a 
significant advantage for analyzing local and global aromaticity, 
compared to macrocycles like expanded porphyrins.41,44 Their 
linear chain rather than a cyclic π-conjugated architecture 
simplifies the aromaticity analysis.70

Beyond chain length, the properties of both aromatic and 
quinoidal oligothiophenes are influenced by the incorporation 
of substituents, heteroatoms, and annulated five- and six-
membered rings, such as benzene, pyrazine, thiophene, 
benzoquinone, and cyclopentane, onto the parent thiophene 
core, thereby providing a diverse testbed (Scheme 1) for 
evaluating the impact of structural modifications on their 
electronic and transport characteristics.63,66,68,71,72 These 
compounds comprise synthetically accessible units73-80 carefully 
selected from previous studies.62,71

Computational Methodology
Ground-State Multiplicity, Energy Gaps, and Diradical Character

To determine the ground state multiplicity of the selected 
oligothiophenes the closed-shell (CSS) and open-shell singlet 
(OSS) structures as well as the triplet (T) states were optimized 
and fully characterized at the CAM-B3LYP/cc-pVTZ level of 
theory using the Gaussian 16 software.81-84 The choice of the 
CAM-B3LYP81 functional was guided by both literature studies85-

88 and in-house benchmark calculations, which evaluated its 
performance for the nT series (see ESI) against B3LYP89,90 and 
M06-2X91. While B3LYP provided frontier orbital energies in 
good agreement with the experimental data reported by 
Capozzi,52 recent studies have demonstrated that range-
separated hybrids like CAM-B3LYP provide a more reliable 
framework for evaluating aromaticity.44,92,93 Given the central 
role of aromaticity in this work, CAM-B3LYP was selected to 
mitigate the impact of the delocalization error on the 
aromaticity descriptors.94,95 No planarity constraints were 
applied in our calculations. To quantify deviations from 
planarity in all oligothiophenes, the average dihedral angle 
between the neighboring thiophene units were computed using 
the Mercury program.97

Scheme 1: A) Oligothiophenes selected to assess the interplay between 
diradical character, aromaticity, and conductance. The quinoidal 
oligothiophenes are indicated by the suffix “q”. The oligomer chain n 
varies from one to six monomer units. B) Quinoidal and aromatic 
resonance structures proposed for the singlet ground state of quinoidal 
oligothiophenes.
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Frequency calculations were performed at the CAM-B3LYP/cc-
pVTZ level of theory to confirm that the optimized structures 
correspond to true minima on the potential energy surface and 
to obtain the zero-point vibrational energy (ZPVE). Unrestricted 
broken-symmetry DFT was applied to generate an open-shell 
singlet solution. Such an approach has been shown to provide 
reliable geometries and energies for singlet diradical states, 
including quinoidal oligothiophenes.62,68,96

From the optimized geometries, the open-/closed-shell (ΔEOS-CS) 
and the singlet-triplet (ΔEST) adiabatic energy gaps were 
determined. A negative ΔEOS-CS value the lowest singlet state is 
an open-shell (OS) state with broken symmetry. The * notation 
is used for cases where the OS electronic structure converged 
to a closed-shell (CS) ground state. In the case of the singlet-
triplet gap, a negative value denotes that the singlet state is 
energetically favored over the triplet. 
The oligothiophenes' diradical character, evaluated at the 
optimized geometry of the lowest-energy singlet state, was 
determined using Yamaguchi’s approach,98-100 previously 
adopted in similar studies.68,101 His expression is based on the 
occupation numbers (𝑛𝑖) of the natural orbitals (NO).102,103

The diradical character (𝑦0), obtained via equations 1 and 2 
with 𝑖=0, ranges between 0 (closed-shell) and 1 (pure 
diradical).104 Two consecutive single-point calculations were 
performed in which the level of theory was increased between 
the two steps to ensure SCF convergence. For the first step, 
(U)HF/6-31G(d) was employed. Since the 𝑦0 values are known 
to depend on the selected level of theory,103 we performed 
benchmark calculations on the parent quinoid nTq series using 
unrestricted PBE0105 and PBE0-DH106 single reference methods 
and CASSCF(6,6) and CASSCF(12,12) multireference methods107 
in combination with the 6-31G(d) basis set108-111 to identify the 
most suitable method for the second step. Based on this 
benchmark, the double-hybrid UPBE0-DH was selected as the 
second level of theory due to its good balance between 
accuracy and computational cost (Figure S3 and Table S10).

Local and Linear Aromaticity Descriptors

Once the ground-state multiplicity was established, the 
delocalization indices (DIs) as well as the local and linear 
aromaticity were evaluated. The term local aromaticity refers to 
the extent of π-electron delocalization within the individual 
rings that form the molecule, providing insight into the intrinsic 
aromatic character of each subunit. In contrast, linear 
aromaticity quantifies the delocalization along an open 
conjugated circuit, directly related to the transmission path in 
single-molecule conductance calculations.38 This concept will be 
referred to as the linear aromatic pathway (LAP).
A variety of local aromaticity indices were used, all of which are 
well established in literature.112 The definitions and 
computational details of these aromaticity indices are provided 
in the ESI. These descriptors include the delocalization index 
(DI),113,114 the harmonic oscillator model of aromaticity 
(HOMA),115 aromatic fluctuation index (FLU),116 multicenter 
index (MCI),117 Iring,118,119 AV1245 index,120 and AVmin44,120. 
Among these indices, MCI has emerged as the most accurate 
index in several tests carefully designed to assess the 
performance of aromaticity descriptors in organic and inorganic 
species.121,122 The most conjugated pathway was identified by 
the highest AVmin value,38,39,44 as calculated using the ESI-3D 
program.123, ‡ For the evaluation of the structural and electronic 
indices, we adopted an atomic partitioning based on the 
quantum theory of atoms in molecules (QTAIM), as 
implemented in the AIMAll software.124 

An important role is played by a tailored version of the BLA 
index, introduced by Ponce et al. to assess the degree of 
quinoidization/aromatization of the conjugated backbone.62 
The quinoidization/aromatization index (QAI) can be easily 
quantified based on selected C-C bond distances (Equation 3), 
where 𝛼, 𝛼 ,, 𝛽, and 𝛽 , denote distinct carbon atoms within the 
thiophene ring (Scheme 2). Aromatic rings display a positive QAI 
value, whereas a quinoidal one is characterized by a negative 
QAI.

𝑦𝑖 = 1 ―
2𝑇𝑖

1 + 𝑇2
𝑖

(1)

𝑇𝑖 =
𝑛𝐻𝑂𝑁𝑂―𝑖 ― 𝑛𝐿𝑈𝑁𝑂+𝑖

2 (2)

QAI = 𝑟𝛽𝛽′ ―
𝑟𝛼𝛽 + 𝑟𝛼′𝛽′

2 (3)

Scheme 2: Bond distances employed to evaluate the QAI index in 
oligothiophenes.

‡For oligothiophenes with multiple LAPs yielding the same AVmin value, the pathway 
with the highest AV1245 among them was selected.
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Transmission spectra and local transmission plots
The conductance (𝐺(𝐸)) at a given energy level (usually the 
Fermi level) is obtained from the transmission (𝑇(𝐸)) using the 
Landauer formula:21,125,126

These calculations were carried out combining the non-
equilibrium Green’s functions (NEGF) approach with density 
functional theory (DFT)21,31 at the (U)PBE/LanL2DZ level of 
theory,127-129 as implemented in the Artaios code.130,131 
Gold(111) surfaces were selected as electrodes and thiol groups 
as anchor units to connect the oligothiophenes to the metallic 
contacts. Thiol linkers were chosen as anchoring groups due to 
its high binding energy and high probability of junction 
formation, further supported by previous conductance 
measurements on thiol-terminated oligothiophenes.4,26,59,132 
Following the methodology outlined in our previous studies on 
single-molecule conductance,21,35,38 the thiol’s hydrogen atoms 
were removed and Au9 clusters were attached. Fcc-hollow sites 
were selected as adsorption sites, and the Au-S distance was set 
to 2.48 Å. Besides the transmission spectra, local transmission 
plots (LTPs) were computed with the Artaios code.133 To 
visualize preferential conduction pathways, through-bond 
transmission plots were generated using a threshold of the 
maximum atom-atom transmission at 20% with the POV-Ray 
software.134 The blue arrow indicated current flow from left to 
right, while red arrows represent current flow following the 
opposite direction.

Results and Discussion
Electronic Ground States and Diradical Character (Vertex 1)

As shown in Table 1, the nT structures exhibit a closed-shell 
ground-state across all oligomer lengths. Furthermore, the ΔEST 
values are all negative, consistently favoring a singlet ground 
state over the triplet. In contrast, for the quinoidal series (nTq), 
only the monomer and dimer display a closed-shell ground 
state. From the trimer (3Tq) onward, all oligomers prefer an 
open-shell singlet configuration. Moreover, their singlet-triplet 
gap decreases progressively with increasing chain length, yet 

remains negative, indicating that the open-shell singlet state 
remains more stable than the corresponding triplet state.
Regarding the effect of distinct annulated rings, the aromatic 
families depicted in Scheme 1 all adopt a closed-shell singlet 
ground state (Table S1). However, their singlet-triplet gaps are 
reduced compared to those of the parent nT series, as observed 

for the pyrazine (nTPz), benzene (nITN), and thiophene (nTT-3-
4) derivatives (Figure 2A). Interestingly, an increase in the ΔEST 
relative to the parent nT compounds is only observed when a 
saturated bis(methoxy)cyclopentane ring (nQ-OMe) or 
benzoquinone unit (nBTD) is fused to the thiophene core. For 
the quinoidal series (Figure 2C), all systems exhibit a negative 
ΔEST indicating a preference for a singlet ground state (Table S1). 
As the oligomer length increases, a gradual stabilization of the 
lowest-lying triplet state is observed across all series. Within the 
annulated series, the incorporation of the benzoquinone unit 
(nBTDq) leads to a faster reduction in the singlet–triplet energy 
gap compared to the parent nTq series, whereas the 1,1-
bis(methoxy)cyclopentane unit (nQ-OMeq) produces no 
significant change, following a ΔEST evolution similar to that of 
the parent series. 
Nevertheless, both series converge towards small ΔEST values in 
the pentamer and hexamer, approaching those reported for 
5Tq and 6Tq in Table 1. These small ΔEST values suggest an 

𝐺(𝐸) =
2𝑒2

ℎ 𝑇(𝐸)(4)

Figure 2: A) Variation of the adiabatic singlet-triplet gap (ΔEST) with chain length in the aromatic oligothiophenes. B) Open-shell/closed-shell energy 
difference (ΔEOS-CS) in quinoidal oligothiophenes from the monomer to the hexamer. The curves of nITNq and nTPzq are identical to that of nTT-3-4q, 
resulting in complete overlap and making them indistinguishable in the plot. C) Adiabatic singlet-triplet gap (ΔEST) as a function of the number of repeat 
units (n) for the quinoidal oligomers.

Table 1: Adiabatic energy differences between the open- and closed-shell 
singlet states (ΔEOS-CS), adiabatic singlet-triplet gaps (ΔEST), and the spin-
squared expectation value ⟨S²⟩ for the open-shell singlet configurations of 
compounds 1-6T and 1-6Tq. Relative energies (in kcal mol-1) evaluated at 
the CAM-B3LYP/cc-pVTZ level of theory. An asterisk (*) indicates that the 
open-shell solution converged to the closed-shell singlet.

 ΔEOS-CS ΔEST ⟨S²⟩  ΔEOS-CS ΔEST ⟨S²⟩

1T * -60.05 0.00 1Tq * -27.80 0.00

2T * -46.37 0.00 2Tq * -11.59 0.00

3T * -39.03 0.00 3Tq -3.63 -1.56 0.92

4T * -35.96 0.00 4Tq -10.00 -1.85 1.21

5T * -34.31 0.00 5Tq -16.90 -0.78 1.22

6T * -33.43 0.00 6Tq -24.33 -0.27 1.20
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equilibrium between the singlet and triplet states in the longer 
oligomers of nTq, nBTDq, and nQ-OMeq, consistent with both 
experimental and theoretical observations reported for a 
related quinoidal oligothiophene bearing 
bis(butoxymethyl)cyclopentane groups and end-capped with 
dicyanomethylene units.62 The remaining quinoidal series with 
aromatic annulated rings (nTPzq, nITNq, and nTT-3-4q) display 
significantly more negative ΔEST values from the monomer to 
the hexamer and consistently exhibit a closed-shell singlet 
ground state. This behavior may be attributed to the aromatic 
character of the annulated rings, as a transition to an open-shell 
configuration would result in the loss of aromatic stabilization. 
Notably, the pyrazine-fused system (nTPzq) exerts the strongest 
influence on the singlet-triplet energy difference, followed by 
the benzene- (nITNq) and thiophene-annulated (nTT-3-4q) 
derivatives, which exhibit smaller ΔEST values. Remarkably, this 
order is reversed in the corresponding aromatic series, where 
the pyrazine ring yields the smallest ΔEST across all oligomer 
lengths. Recent publications by Ie and co-workers have 
demonstrated the practical applications of π-extended 
quinoidal oligothiophenes, showing that the incorporation of 
fused aromatic rings such as pyrazine into the backbone 
stabilizes the quinoidal structure and enables the synthesis of 
increasingly longer conjugated systems. Owing to the enhanced 
quinoidal contribution to the ground state in the largest 
oligomers, these compounds exhibit absorption in the near-
infrared (NIR) region, which in turn has enabled the evaluation 
of their performance in both organic phototransistors and 
organic solar cells.135-137 
Overall, all structures in the aromatic series exhibit a closed-
shell singlet ground state. Among the quinoidal 
oligothiophenes, only 13 structures (3-6Tq, 2-6BTDq, and 3-6Q-
OMeq) display an open-shell singlet ground state, while the 
remaining quinoidal structures retain a closed-shell 
configuration, likely stabilized by the annulation of an aromatic 
ring.

To gain further insight into the ground-state multiplicity of the 
oligothiophenes, exploratory spin-flip (SF) calculations were 
performed.138-144 The SF-TD-DFT results reinforce our previous 
conclusions, as the vertical singlet-triplet energy gaps follow 
trends similar to those observed in the adiabatic ΔEST values 
(Tables S5-S9 and Figures S1-S2). However, these findings 
should be interpreted with caution, as analysis of the ⟨S²⟩ values 
revealed significant spin contamination in most cases. This issue 
merits further investigation in a separate study, as it extends 
beyond the scope of the present work.

For the parent quinoidal oligothiophene series (nTq), 𝑦0 begins 
to increase from the trimer onwards, reaching values close to 1 
for the longest oligomer with six repeat units, indicative of a 
true diradical ground state. Figure 3 clearly shows that the 
system progressively evolves into an open-shell singlet with 
enhanced diradical character as the number of units increases. 
A similar length-dependence of the diradical character for nTq 
is observed using both unrestricted single-reference DFT 
methods (UPBE0 and UPBE0-DH) and multireference 
approaches (CASSCF(6,6) and CASSCF(12,12)) (Figure S3). Based 
on this benchmark, the double-hybrid UPBE0-DH functional 
emerges as a suitable method offering a good compromise 
between accuracy and computational efficiency. In contrast, 
the aromatic series (nT) shows no evidence of diradical 
character, fully consistent with their closed-shell ground 
structures. Similarly, 𝑦0 remains 0 for the various annulated 
aromatic families, which can be attributed to the stabilizing 
effect of the aromatic thiophene rings (Table S11 and Figure S4).
In the case of nITNq, nTPzq, and nTT-3-4q, the open-shell 
calculations provide 𝑦0 values of zero even for the longer 
oligomers, consistent with a preferred closed-shell singlet 
ground-state (Figure 3). The presence of annulated aromatic 
rings in these quinoidal oligothiophenes effectively prevents 
the development of diradical character. In contrast, for the 
remaining quinoidal oligomers (nBTDq and nQ-OMeq), 𝑦0 
increases with the number of repeat units, indicating an 
enhanced contribution of the diradical open-shell resonance 
structure as the chain lengthens. The impact of the 
benzoquinone-annulated ring in the nBTDq series is particularly 
pronounced, as it induces a rapid increase in diradical character, 
unlike the more gradual evolution of 𝑦0 in the parent nTq series. 
Notably, the dimer and trimer of nBTDq already exhibit 𝑦0 
values close to 1, and from the tetramer onward, the structures 
can be classified as pure diradicals. However, this gradual 
increase is observed for the nQ-OMeq series, consistent with 
the acquired trend for the energy gaps. 

Figure 3: Diradical character (𝑦0) as a function of the number of repeat 
units (n = 1 to 6) in quinoidal oligothiophenes calculated at the UPBE0-
DH/6-31G(d) level of theory, with the exception for the results of 1-5Q-
OMeq, which were acquired with UPBE0/6-31G(d), and 6Q-OMeq, which 
was obtained with UHF/6-31G(d).

Page 6 of 21Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

0/
20

26
 4

:1
1:

25
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5SC05918F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05918f


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

Next, we examine the evolution of the HOMO-LUMO gap as a 
function of the oligomer length across the different series 
(Table S14). For the 1-6T oligomers, a large HOMO-LUMO gap is 
expected,145 which is indeed confirmed by our results evaluated 
at different levels of theory (Table S12 and Figures S5-S6). In 
comparison, the nTq derivatives exhibit significantly reduced 
band gaps, with 3-6Tq displaying the overall smallest HOMO-

LUMO gaps, consistent with their pronounced diradical 
character. Additionally, both series display a clear trend of 
decreasing HOMO-LUMO gap with increasing oligomer length, 
consistent with enhanced π-conjugation and electronic 
delocalization along the molecular backbone.71,146 The 
narrowing of the HOMO-LUMO gap is observed in all aromatic 
and quinoidal series, except for the nBTD and nBTDq series, 

Figure 4: A) Evolution of the MCI index of the central thiophene ring(s) with the chain length of the investigated oligomers. B) The delocalization index 
of the middle bond(s) as a function of number of the repeat units. C) The quinoidization/aromatization index (QAI) of the central rings quantified based 
on selected C-C bond distances. All indices computed at the (U)CAM-B3LYP/cc-pVTZ level of theory. Thiophene and 2,5-dimethylene-2,5-
dihydrothiophene are included as reference structures.

Table 2: Structural and electronic aromaticity indices for the central, inner, and outer rings of the parent oligothiophene series (nT and nTq) at the 
(U)CAM-B3LYP/cc-pVTZ level of theory Only the 3-6Tq oligomers exhibit an open-shell singlet ground state; all other oligothiophenes are closed-shell.

Type of ring(s)  HOMA FLU MCI Iring  HOMA FLU MCI Iring

Isolated ring thiophene 0.785 0.008 0.035 0.027 2,5-dimethylene-2,5-
dihydrothiophene 0.014 0.039 0.004 0.006

Central ring 1T 0.780 0.006 0.030 0.025 1Tq 0.090 0.038 0.004 0.007

Central rings 2T 0.790 0.005 0.028 0.023 2Tq 0.201 0.034 0.005 0.007

Central ring 0.798 0.005 0.025 0.022 0.767 0.007 0.011 0.012

External rings
3T

0.790 0.005 0.027 0.023
3Tq

0.612 0.014 0.008 0.010

Central ring(s) 0.797 0.005 0.025 0.022 0.824 0.003 0.018 0.017

External rings
4T

0.790 0.005 0.027 0.023
4Tq

0.739 0.008 0.010 0.011

Central ring 0.795 0.005 0.024 0.021 0.807 0.004 0.022 0.020

Internal rings 0.797 0.005 0.025 0.021 0.817 0.003 0.020 0.018

External rings

5T

0.789 0.005 0.027 0.023

5Tq

0.758 0.007 0.011 0.012

Central rings 0.796 0.005 0.024 0.021 0.800 0.004 0.023 0.021

Internal rings 0.796 0.005 0.025 0.021 0.812 0.004 0.021 0.019

External rings

6T

0.790 0.005 0.027 0.023

6Tq

0.765 0.006 0.011 0.012
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which maintains a relatively constant band gap despite 
elongation. The band gaps of the nITN, nTPz, and nTT-3-4 
derivatives, featuring annulated aromatic rings, are significantly 
smaller than that of the parent nT compounds. Previous studies 
showed that benzene annulation onto the thiophene ring 
lowers the band gap by approximately 1 eV,147,148 an effect well 
reproduced by our calculations. This band gap reduction has 
been attributed to the increased quinoid contribution to the 
electronic structure, which destabilizes the HOMO and 
stabilizes the LUMO.148,149 Consistent with these findings, our 
results show that the HOMO-LUMO gap in the quinoidal series 
decreases further upon annulation with aromatic ring.
To assess the influence of steric hindrance on molecular 
geometry, we analyzed the planarity of optimized structures via 
average dihedral angles between adjacent monomers (see 
Figures S8–S9). While most quinoidal compounds exhibit near-
planar backbones, certain series show significant torsional 
distortion due to steric effects, which may influence their 
electronic structure. A comprehensive discussion of these 
findings is provided in the Supporting Information.
Local Aromaticity and Quinoidal/Aromatic Transformations 
(Vertex 2)

Table 2 collects the values of the selected aromaticity indices of 
the central, inner, and outer five-membered rings of the parent 
oligothiophene series (nT and nTq). For HOMA, Iring, and MCI, 
higher values indicate greater aromaticity, whereas for FLU, 
values closer to zero correspond to higher aromatic character. 
All aromaticity indices confirm that the thiophene rings in the 
nT series are highly aromatic. Although slight variations in 
aromaticity are observed among the inner, central, and outer 
rings depending on the specific index, the overall trend remains 
consistent, indicating that 1-6T can be classified as locally 
aromatic. Nevertheless, when compared with isolated 
thiophene, a slight decrease in local aromaticity is observed as 
the oligomer length increases.
The trends in local aromaticity for the nTq series are markedly 
different, with large variations in the structural and electronic 
indices as a function of the oligomer length. While the 
monomer and dimer are clearly nonaromatic with a well-
defined quinoidal geometry, the transition to an open-shell 
singlet structure at n=3 is accompanied by notable changes 
across all aromaticity indices. From the trimer onwards, the 
HOMA, FLU, MCI, and Iring values gradually approach those of 
the aromatic nT series, indicating an increase in local aromatic 
character. The aromatization of the thiophene rings decreases 
from the central to the external rings (Table 2), suggesting that 
the quinoidal-to aromatic transition initiates at the central 
ring(s) of the oligomer backbone. The aromatic stabilization, 
coupled to the double-bond weakening, results in a situation 
where, beyond a certain oligomer length, the closed-shell 
quinoidal structure becomes unstable and preferentially breaks 
a double bond to gain local aromaticity, thereby adopting a 
diradical ground state.62-64

This hypothesis is further corroborated by examining the 
influence of annulated rings on the local thiophene aromaticity, 
as illustrated by the MCI values of the central ring(s) of the 

oligomer backbone in Figure 4A. In the aromatic series, most 
annulated derivatives exhibit a decrease in aromaticity 
compared to the parent nT series. The most significant decrease 
is observed in the local aromaticity of nTT-3-4 and nQ-OMe. 
Among the three series where additional aromatic rings were 
annulated, the thiophene ring (nTT-3-4), has the most 
significant impact, followed by pyrazine (nTPz) and benzene 
(nITN), respectively. Among all aromatic series, only nBTD 
oligomers display a sharp increase in local aromaticity with 
increasing chain length, surpassing even the nT series from the 
trimer onwards.
Regarding the quinoidal families, the central thiophene rings of 
nITNq, nTPzq, and nTT-3-4q exhibit minimal changes in local 

aromaticity, consistent with their closed-shell character and the 
preservation of the quinoidal structure. In contrast, systems 
adopting an open-shell singlet configuration exhibit a 
pronounced increase in the local aromaticity of the thiophene 
subunits. This effect is particularly striking in the nBTDq series, 
where aromaticity rises sharply from the dimer, approaching 
the MCI values computed for the corresponding aromatic nBTD 
series. For large n values, several aromatic and quinoidal series 
converge toward similar MCI values in the central thiophene 
ring(s), as observed in pairs such as nT/nTq, and nQ-OMe/nQ-
OMeq.
Building on the proposed relationship between the MCI and 𝑦0, 
the variation of the MCI index for the central thiophene ring(s) 
as a function of the diradical character was analyzed (Figure 5). 
This analysis yielded a determination coefficient of R2=0.89, 
thereby substantiating a clear relationship between diradical 
character and local aromaticity, two vertices of the triangle in 
Figure 1.
In light of these observations, it is worthwhile to examine how 
the annulated rings influence each other’s local aromaticity to 
provide deeper insight into the observed trends. To assess the 
degree of aromaticity in the annulated rings, we employ the 

Figure 5: Correlation plot between the MCI values of the central thiophene 
ring(s) and the diradical character (𝑦0) for the quinoidal oligothiophenes 
nTq, nQ-OMeq and nBTDq. The first open-shell singlet structure within 
each series is marked with a triangle.
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normalized MCI1/n index, which enables a meaningful 
comparison across rings of different sizes.150 Figure 6 illustrates 
the variation in MCI1/n for individual rings across selected 
oligomers using a color scale based on the aromaticity of 
selected reference compounds. Applying this approach to the 
rings of nITN reveals that the backbone thiophene rings are less 

aromatic than the annulated benzene rings. When compared to 
the isolated monocyclic units, it becomes clear that both the 
thiophene ring and the annulated six-membered ring exhibit 
reduced local aromaticity upon incorporation into the oligomer 
backbone. This observation suggests that benzannulation 
reduces the aromatic stabilization of the individual subunits, 

Figure 6: Local aromaticity of the monomers and selected reference compounds represented by the normalized MCI1/n values, 
computed at the CAM-B3LYP/cc-pVTZ level of theory.

Figure 7: Gradual change in local aromaticity of the thiophene rings during the transition from closed-shell quinoidal to open-shell 
aromatic structures. Each ring is color-coded according to its MCI1/n values. The color scale is provided in Figure 6. The delocalization 
index of selected C-C bonds is shown in red.

Page 9 of 21 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

0/
20

26
 4

:1
1:

25
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5SC05918F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05918f


ARTICLE Journal Name

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

while enhancing the delocalization along the linking single 
bonds (Figure 4B). This effect favors the quinoidal resonance 
contribution.71,146,151 In contrast, annulation with a cross-
conjugated ring, as in the nBTD series, enhances the local 
aromaticity of the backbone thiophene rings starting from the 
trimer, further stabilizing the aromatic resonance structure 
compared to the unsubstituted nT series and decreasing the 
delocalization index of the linking C-C bonds (Figure 4B).
For the monomers of quinoidal structures, the effect of 
additional fused rings on the thiophene is less pronounced 
(Figure 6). As expected, the backbone thiophene rings are all 
nonaromatic, whereas the annulated benzene, pyrazine, and 
thiophene rings are highly aromatic, surpassing their local 
aromaticity in the corresponding aromatic series. An inverse 
relationship is observed, where an increase in the aromaticity 
of the annulated ring corresponds to a decrease in the local 
aromaticity of the adjacent thiophene. MCI1/n values further 
indicate that the fusion of cyclopentane and benzoquinone 
rings has a minimal influence on the thiophene aromaticity in 
the monomers. The quinoidal-to-aromatic transition observed 
in several quinoidal oligothiophenes (nTq, nBTDq, and nQ-
OMeq) can be clearly visualized by color-coding the individual 
rings according to the normalized MCI values, as illustrated in 
Figure 7. Regarding the nTq series, a large difference in the local 
aromaticity of the central thiophene ring is evident when 

comparing the closed-shell dimer (2Tq) with the open-shell 
singlet trimer (3Tq). Oligomer length also plays an important 
role in modulating the aromatization of the individual rings, as 
evidenced by 3Tq and 5Tq structures. In both cases, the central 
rings display significantly higher aromaticity than the terminal 
thiophene units, emphasizing the localized aromatic character 
of the quinoidal-to-aromatic transition. Similar trends are 
observed for the nBTDq (Figure 7) and nQ-OMeq oligomers 
(Figure S13). In both cases, the transition from closed- to open-
shell configurations, occurring at n=2 for nBTDq and n=3 for nQ-
OMeq, leads to a pronounced increase in the local aromaticity 
of the backbone rings, starting from the central units. The 
observed trends in local aromaticity can only be rationalized by 
the formation of unpaired electrons resulting from the double 
bond cleavage. This analysis reveals, for the first time, that MCI 
serves as a direct and quantitative indicator of diradical 
character in quinoid-type systems. Consistent with several 
benchmark studies, MCI emerges as one of the most reliable 
descriptors, outperforming traditional aromaticity indices such 
as HOMA and NICS, which are respectively sensitive to 
reference parameters and influenced by σ- and π-
contributions.152,153 Further insight into the quinoidal-to-
aromatic transition is provided by the delocalization indices (DI) 
of the C-C bonds linking the central rings (Figure 4B), which 
reveal a strong correlation between changes in electronic 

Figure 8: Transmission spectra of the parent aromatic (nT) oligothiophenes (A) and the quinoidal (nTq) series (B). The molecular junction geometries 
for the corresponding dimers (2T and 2Tq) are also shown. C) Theoretical conductance values (𝐺/𝐺0) plotted as a function of the number of 
monomer units.
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structure and deviations from the quinoidal geometry (Figures 
S15-S25). A DI larger than 1.5, observed for nITNq, nTPzq, and 
nTT-3-4q, as well as 1-2Tq and 1-2Q-OMeq, indicates significant 
double-bond character, showing that the quinoidal structure is 
largely preserved in these oligomers. Conversely, a low DI ( ∼
1.15) indicates single-bond character. In nTq and nQ-OMeq 
series, a gradual decrease in DI is observed with increasing chain 
length, consistent with trends in MCI and 𝑦0 values. This decline 
signals the transformation from quinoidal to aromatic 
diradicaloid species as the number of monomers increases. In 
contrast, the DI values for nBTDq do not exhibit such gradual 
transition, instead converging to those of the aromatic 
counterpart (nBTD) already at the dimer. Likely, the steric 
hindrance between the repeat units and the large torsion angles 
(Figure S9) prevent the double-bond formation.
Finally, the geometrical quinoidization/aromatization index 
(QAI), derived from the differences in C-C bond distances within 
the thiophene rings,62,63 confirms the quinoidal-to-aromatic 
transitions (Table S41). Consistent with the MCI and DI trends, 
Figure 4C shows that the QAI parameter changes drastically on 
increasing the size of the oligomer in nTq, nQ-OMeq, and 
nBTDq. All open-shell systems exhibit positive QAI values, 
except for the 3Tq and 3Q-OMeq trimers. Although their central 
ring shows a notably lower QAI value than the outer rings, the 
overall structure retains its quinoidal character, as confirmed by 
the DI values. The QAI also supports the observation that the 
aromatization of the conjugated backbone in 4-6Tq and 4-6Q-
OMeq is restricted to the central and internal thiophene rings, 
while the terminal rings maintain a quinoidal structure. The 
nBTDq oligomers are unique since all backbone rings exhibit 
positive QAI values from the dimer onwards. These values 
closely match those of the corresponding nBTD structures, 
indicating a similar backbone geometry modified by the 
presence of two unpaired electrons. The remaining closed-shell 
quinoidal oligomers exhibit negative QAI values (Table S41) 
consistent with a quinoidal ground state. In contrast, all 
aromatic families show positive QAI values, indicating that the 
backbone rings adopt a geometry resembling that of the 
isolated thiophene molecule.
In summary, the QAI descriptor provides an efficient and 
intuitive tool for detecting the closed-shell quinoidal to 
aromatic diradical transformation in quinoidal oligothiophenes, 
as well as identifying the specific oligomer length at which this 
transition occurs. Since it requires only a single geometry 
optimization, QAI is particularly well-suited for fast screening 
across large oligomer databases. Moreover, when combined 
with MCI and DIs, QAI offers a comprehensive view of the 
structural and electronic evolution as the chain length increases 
along the oligomer series.

Single-Molecule Conductance (Vertex 3)
We now explore how variations in oligomer length, diradical 
character, and aromaticity affect the conductance of the 
oligothiophenes at the molecular scale, shedding light on their 
potential as molecular wires.
Figure 8 shows the transmission spectra of the parent aromatic 
(nT) and quinoidal (nTq) oligothiophene series. For the nT 

series, the transmission around the Fermi level decreases 
progressively with increasing number of monomer units. This 
trend is also evident in the conductance versus molecular length 
plot in Figure 8C, which reveals Ohmic behavior for the aromatic 
closed-shell structures. As the chain lengthens, the rate of 
conductance decay gradually decreases. The result for the 4T 
oligomer aligns well with the findings reported by Ohto et al.,54 
further validating the computational approach employed in this 
study (Figure S26). The conductance data of nT are consistent 
with a tunneling transport mechanism in the short-chain 
regime, in agreement with previous works.47-49,59 
However, the quinoidal nTq series exhibits distinct behavior for 
the dimer (2Tq) and trimer (3Tq). Their transmission spectra 
reveal an increase in conductance with the addition of 
monomer units, an indication of anti-Ohmic behavior (Figure 
8C). From 4Tq onward, Ohmic behavior reemerges, although 
the transmission spectra remain notably shifted. 
This transition can be plausibly attributed to the interplay 
between two opposing effects. On the one hand, the growing 
tendency toward diradical character enhances conductance.21-

24,49 This effect emerges at n=2 and plateaus at higher n values 
within the open-shell regime (n=3-6). On the other hand, this 
increase is counterbalanced by a length-dependent attenuation 
of conductance, which inevitably leads to near-zero values as 
the molecular chain extends. Molecules with lengths 
approaching 20 Å typically exhibit negligible conductance,28 a 
threshold exceeded by the sulfur-to-sulfur linker distance in the 
pentamer and hexamer structures of our series. These opposing 
factors may result in a conductance maximum, as observed here 
for n=3, consistent with prior experimental observations in 
cationic oligophenylene-bridged bis(triarylamines).26 A 
relatively high conductance is also observed for n=4, which 
could be attributed to the increasing diradical character not yet 
being fully offset by the length-dependent attenuation. 
Although the transmission spectra and conductance values 
differ slightly between 𝛼 and 𝛽 spins in open-shell structures, 
the observed trends are identical (Figure 8C). Therefore, only 𝛼-
spin results are discussed henceforth.
Comparing the conductance of the aromatic and quinoidal 
parent compounds, only 1Tq exhibits a slightly lower 
conductance than its aromatic counterpart. In contrast, the 
pentamers and hexamers of both series display similarly low 

Figure 9: Evolution of the conductance as a function of the oligomer 
length in aromatic and quinoidal compounds.
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conductance values, as expected based on the preceding 
discussion. To further ensure the robustness of this anchoring 
choice, additional calculations were performed for the parent 
aromatic and quinoidal oligothiophenes (nT and nTq) using 
pyridine and NH2 anchoring groups. The results demonstrate 
that the main transmission features and overall length-
dependent conductance trends remain consistent across 
different anchoring groups (Figures S27 and S28).
The conductance of the functionalized oligothiophenes are 
shown in Figure 9. The incorporation of annulated rings has a 
noticeable effect on the transmission spectra and conductance 
compared to the parent series (Figure S29 and 30). In 
oligothiophenes where annulated rings reduce the aromaticity 
of the thiophene backbone, the characteristic parabolic shape 
of the transmission spectra between the HOMO and LUMO is 
preserved, albeit shifted along the energy axis. This parabolic 
profile is indicative of a constructive quantum interference 
(CQI).35 In contrast, the fusion of cross-conjugated rings 
significantly alters the shape of the transmission spectra, giving 
rise to a shifted destructive quantum interference (SDQI).38 This 
SDQI lead to reduced conductance values at the Fermi level, 
particularly in 4-6BTD systems.
Aromatic oligothiophenes exhibit Ohmic behavior (Figure 9). An 
overall increase in conductance is observed compared to the 
parent nT series, except for the nBTD series due to the impact 
of cross-conjugation. In general, compounds with annulated 
rings that reduce the aromaticity of the thiophene backbone 
(e.g. nITN, nTT-3-4, and nTPz) display higher conductance than 
the parent oligomers. Notably, the results for 5Q-OMe and 6Q-
OMe deviate from the expected trend, exhibiting unexpectedly 
high conductance values. The origin of this deviation remains 
unclear.
Turning to the conductance near the Fermi level for quinoidal 
oligothiophenes (Figure 9), conductance is generally higher 
than in the aromatic series, consistent with their smaller 
HOMO-LUMO gaps. Elevated conductance values are 
associated with annulated rings that strongly reduce the 
aromaticity of the thiophene units. The evolution of 
conductance in nQ-OMeq is particularly noteworthy, showing a 
shift from anti-Ohmic to Ohmic behavior as the system 
transitions toward an open-shell diradical configuration with 

increased oligomer length. As in the nTq series, we suspect that 
the observed trend arises from the interplay between emerging 
diradical character and the opposing effect of increasing 
molecular length on electron transport. The nBTDq series was 
anticipated to follow a similar trend, but the early onset of 
diradical character (already at the dimer) prevented the 
transition from anti-Ohmic to Ohmic behavior from taking 
place. These findings suggest that when the diradical character 
becomes excessively large (𝑦0 ≈ 1), conductance approaches 
zero regardless of the oligomer length.
Two additional quinoidal series, nITNq and nTPzq, exhibit 
Ohmic behaviour. Among them, the incorporation of a benzene 
ring results in slightly higher conductance compared to the 
annulated pyrazine. Finally, the nTT-3-4q series exhibits a 
relatively constant conductance across increasing oligomer 
lengths and does not clearly exhibit either Ohmic or anti-Ohmic 
behaviour.
In conclusion, charge transport calculations reveal that, except 
for n=1, the quinoidal nTq compounds exhibit higher 
conductance than the aromatic nT counterparts. This trend 
correlates with the enhanced diradical character and narrower 
HOMO-LUMO gap in the quinoidal oligothiophenes and may 
underlie the anti-Ohmic behaviour observed from the 
monomer to the trimer in this series. Upon annulation, 
conductance increases in the aromatic oligothiophenes, 
particularly for fused rings that induce a significant reduction in 
the aromaticity of the thiophene units. In contrast, cross-
conjugated fused rings enhance the aromaticity of the 
thiophene units and consequently reduce conductance. In the 
quinoidal systems, annulated derivatives generally maintain 
higher conductance than their aromatic analogues, mirroring 
the behaviour of the parent series. Notably, the nQ-OMeq 
series, featuring a saturated five-membered ring fused to the 
thiophene backbone, exhibits an initial anti-Ohmic trend, 
similar to that of the nTq parent series.
The net current through the oligomer series can be visualized 
using the local transmission plots (LTPs) shown in Figure 10 for 
the parent nT and nTq compounds. The predominant 
transmission pathways are indicated by arrows, with arrow 
width proportional to the atom-atom transmission values.133 
These plots can be interpreted with the help of the DIs (Figures 

Figure 10. Linear aromaticity pathways and local transmission plots for the parent oligothiophenes. A) and C) The most aromatic pathway depicted as black 
bonds according to the electronic AVmin index. The individual rings are colored according to the normalized MCI1/n values using the scale displayed in Figure 
6. B) and D) Local transmission plots with the blue arrows indicating the net current flowing from left to right with the threshold set to 20% of the maximum 
atom-atom transmission.
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S15-S25) and the linear aromaticity pathway (Figures S31-S40), 
also referred to as the “most aromatic pathway”, which is 
likewise depicted in Figure 10 for the parent series. The DI-
based pathway is determined by connecting the two anchoring 
thiol groups through the bonds with the highest DI, while the 
LAP is identified by selecting the most conjugated pathway, 
characterized by the highest AVmin values.35,37,38,41,44

In the context of the “triangle”, the key question is whether the 
preferred transmission pathway aligns with the most aromatic 
one, linking conductance and aromaticity, unlike the previous 
section, which considered overall conductance. A positive 
outcome would support using aromaticity descriptors to predict 
dominant transmission pathways, potentially reducing the need 
for entire junction calculations.
As shown in Figure 10, the dominant transmission pathway 
identified by the LTPs exhibits a higher net current through the 
carbon-carbon bonds within the thiophene subunits. 
Nonetheless, a small fraction of the current still flows through 
the carbon-sulfur-carbon (CSC) bonds, especially in the nT 
oligomers and the 1-2Tq structures. A marked change is 
observed in the 3-6Tq compounds, where the current bypasses 
the CSC bonds with the threshold set to 20% of the maximum 
atom-atom transmission. This shift closely parallels the 
transition from closed-shell to open-shell singlet configurations. 
Notably, there is excellent agreement between the DI values, 
LAPs, and LTPs across all nT and nTq oligomers. Furthermore, 
no differences in the preferential pathways were observed 
between the 𝛼- and 𝛽-spin channels in the open-shell oligomers 
(Figures S41 and 43).

The parent oligomers exhibit a limited number of available 
pathways for electron transport. Incorporating annulated rings 
significantly increases the number of possible pathways, which 
can complicate accurate predictions. This effect is already 
evident in the nITN family, as illustrated in Figure 11A for the 
dimer (Figure S31). Despite the structural complexity, the LTPs 
remain confined to the backbone thiophene, a trend that 
continues for larger oligomers as well. These LTPs resemble the 
transmission pathways observed in the nT compounds, 
suggesting that the addition of a benzene ring has minimal 
influence on the preferred conduction pathway in the aromatic 
oligothiophenes. In contrast, the main conjugation pathway 
predicted from the DIs and AVmin incorporates the annulated 
benzene in all the cases, except for the monomer (Figure 11A).
The LTPs of the nITNq quinoidal structures indicate that 
electrons preferentially follow the shortest path between the 
electrodes, resulting in the CSC bonds contributing most 
significantly to conduction (Figure 10D and Figure S32). The 
incorporation of annulated benzene rings alters the preferred 
transmission pathways compared to the parent nTq oligomers. 
The DIs accurately predict this pathway for all six structures. 
However, the LAPs only align with this outcome for the 
monomer. Evidently, the DI and LAP methods do not always 
yield consistent results.
A comprehensive analysis of the local transmission plots for all 
remaining oligothiophenes (Figures S31-S43) was conducted to 
assess the predictive accuracy of the DI and LAP approaches 
(Figure 11C). In the aromatic families (36 oligomers), the LAP 
successfully predicted 31 pathways (86%), while the DIs 
predicted 26 (72%). For the quinoidal series (36 oligomers), the 
DIs performed better, correctly predicting 29 pathways (81%) 

Figure 12: The extended conductance-aromaticity-diradical character 
triangle.

Figure 11: Local transmission plots alongside the predicted most 
conjugated pathways based on the DIs and AVmin values for 2ITN (A) and 
2ITNq (B). C) Number of correct pathway predictions by the linear 
aromaticity calculations and delocalization indices for aromatic and 
quinoidal oligothiophenes as well as the total number of correct 
predictions across all oligomers.
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compared to 21 (58%) for the LAP. These findings indicate that 
predictive accuracy depends on the structural family, and that 
the DIs and AVmin approaches do not always converge on the 
same most conjugated pathway. Consequently, we recommend 
using both techniques in parallel to enhance the reliability of 
identifying the preferred transmission pathways. Overall, AVmin 
correctly predicted 72% of all transmission pathways, while the 
DI-based approach predicted 76%, corresponding to 51 and 56 
out of 72 oligomers, respectively (Figure 11C). A detailed 
analysis of the few discrepancies between the AVmin-derived 
conjugated pathways and the LTPs indicates that these 
deviations primarily stem from methodological and 
computational limitations rather than from intrinsic 
inconsistencies between aromaticity and charge-transport 
descriptors (see Supporting Information).
Disentangling the Triangle

This study fundamentally explores the interrelationships among 
diradical character, aromaticity, and conductance, as pictorially 
represented in the triangle in Figure 1. Initial connections 
between these vertices emerged during the investigation of 
individual components. In this section, we aim to provide a 
more comprehensive overview of their interdependence. Based 
on our explorations, the aromaticity vertex is now divided into 
two components: one addressing the local aromaticity of the 
backbone thiophene rings and their annulated analogues, and 
the other focused on the concept of linear aromaticity 
pathways. This distinction naturally extends to the conductance 
vertex, which is likewise divided into overall conductance and 
local transmission pathway.
It is important to reiterate that, unlike conductance, which can 
be probed both experimentally and theoretically, diradical 
character and aromaticity are theoretical concepts not directly 
accessible through experiments.14-20 Multiple theoretical 
indices have been developed to quantify these properties, and 
both have been widely correlated with experimentally 
measurable quantities. In the case of aromaticity, extensive 
literature has established numerous criteria—energetic, 
geometrical, electronic, magnetic, and reactivity-based—
demonstrating its multifaceted nature.112-120 Similarly, recent 
advances in the study of diradical character have connected it 
to reactivity and magnetic properties,69 yielding several 
theoretical criteria. In this work, we adopt Yamaguchi’s method 
as a measure of diradical character.99 Given their theoretical 
nature, both vertices must be described on a solid and common 
ground: the electronic structure of the ground state. Their 
fundamental “ancestor” provides critical insights into the 
singlet or triplet nature of the system and whether it adopts an 
open- or closed-shell singlet configuration. As illustrated in 
Figure 12, the two lower vertices of the triangle—aromaticity 
and diradical character—are therefore conceptually linked to a 
fourth, supplementary vertex: the ground-state electronic 
structure, which supplies the essential data for their 
characterization.
Regarding the aromaticity vertex, we reiterate that only the 
aromaticity of individual backbone rings was considered, not 
the global aromaticity of the entire molecule. It is also worth 

noting that multiple descriptors were employed to characterize 
the local aromaticity. These descriptors demonstrated 
internally consistent behaviour across all series. Throughout our 
study, connections between the local aromaticity and diradical 
character have been established by examining the electronic 
structure across different oligothiophenes.
The aromatic oligomers, which uniformly adopts a closed-shell 
singlet ground state, exhibit strongly aromatic backbone rings 
according to all aromaticity indices, and shows no diradical 
character. In contrast, several quinoidal families undergo a 
closed-shell to open-shell transition, leading to a discontinuity 
in the aromaticity trend of the backbone rings. Notably, the 
aromaticity of the central thiophene rings increases, ultimately 
approaching the values observed in their aromatic 
counterparts. This transition is consistently accompanied by a 
rise in diradical character. The strong, bidirectional correlation 
between the MCI values of the central rings and the diradical 
character is particularly striking. These two properties evolve in 
tandem—one does not change without the other—justifying 
the use of a double-headed arrow to represent their 
interdependence. This double arrow, however, will not be used 
when discussing connections to conductance, since the aim 
there is to relate a theoretically derived concept to an 
experimentally accessible property.
The sides of the triangle connecting conductance-diradical 
character and conductance-aromaticity reveal interrelated 
behaviours, particularly in light of the established correlation 
between aromaticity and diradical character. The relationship 
between conductance and diradical character involves a 
delicate interplay of two opposing effects: increasing diradical 
character generally enhances conductance, but this is 
counteracted by a length-dependent attenuation that causes 
conductance to approach zero in sufficiently long systems 
(typically beyond ~20Å). Moreover, when the diradical 
character becomes excessively high (𝑦0 ≈ 1), conductance 
diminishes regardless of oligomer size.
Focusing on the conductance-aromaticity vertex, a clear pattern 
emerges in the aromatic series: annulated rings that most 
strongly reduce the aromaticity of the backbone thiophene 
units result in higher conductance compared to the parent 
compounds. Interestingly, nonaromatic fused rings produce a 
similar effect. In contrast, the incorporation of cross-conjugated 
rings tends to increase the aromaticity of the thiophene 
subunits and consequently leads to lower conductance.
Up to this point, our focus has been on the overall conductance 
and the backbone aromaticity components of their respective 
vertices. Shifting attention to the local aspects, namely, the 
local transmission pathways and the most conjugated 
pathways, a clear relationship emerges. The local transmission 
plots show strong correspondence with pathway predictions 
based on delocalization indices and the AVmin index. Together, 
these aromaticity-based descriptors successfully identify the 
preferred transmission routes in approximately 70% of the 
investigated oligothiophenes, demonstrating their utility as 
predictive tools for local charge transport behaviour.
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Conclusions
Exploring the fundamental relationships of the diradical 
character-aromaticity-conductance triangle was the leitmotiv 
of this study. A diverse set of oligothiophenes, capable of 
adopting both aromatic and quinoidal structures, was selected 
as the molecular testbed. The original triangle (Figure 1) 
revealed multiple connections between the three vertices. 
Through our investigation, this framework was refined by 
introducing the electronic ground-state structure as a new 
vertex, subdividing the aromaticity and conductance vertices 
into global and local components, and denoting, via a double-
headed arrow, the intrinsic relationship between the diradical 
character and aromaticity vertices (Figure 12). This extended 
triangle offers a more nuanced view of the shared origin of the 
theoretical descriptors and their relationship to an 
experimentally accessible property, molecular conductance. 
While the basic structure of the original triangle is preserved, its 
content is now significantly deepened and rendered more 
insightful. 
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