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Tuning macrocyclic thermoelectrics via thiophene
regioisomerism
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Quantum interference (QI) in single-molecule junctions exhibits robust effects at room temperature,

which can be intuitively modeled using quantum circuit rules (QCR) and magic ratio (MR) theory. These

frameworks describe how molecular conductance is governed by constituent moieties and their

connectivity. Here, we apply these principles to explore the thermoelectric properties of a series of

macrocyclic structures featuring multiple electron pathways, with mixed meta and para connectivities.

Our density functional theory (DFT) calculations rationalize the experimentally measured conductance

trends, demonstrating excellent agreement between theory and experiment. Furthermore, we predict

that these macrocyclic junctions achieve significantly higher Seebeck coefficients than conventional

single-branched analogues. A key finding is that strategic repositioning of sulfur atoms within the

thiophene rings enables fine tuning of QI, modulating conductance and thermoelectric performance.

Our work establishes macrocyclic architectures with tunable connectivities as a highly promising

platform for advanced molecular thermoelectrics.

1. Introduction

Electron transport through a single molecule connected to
source and drain electrodes is strongly influenced by quantum
interference (QI), even at room temperature.1–13 Over recent
years, attention has increasingly turned toward leveraging QI to
fine-tune electrical current within individual molecular compo-
nents. For example (see Fig. 1), the quantum mechanical wave
behavior of electrons explains the reduced electrical conductance
observed in meta-connected benzene molecules, compared with
the higher-conductance of para-connected molecules.14–18 Fun-
damentally, QI arises when multiple transmission channels exist
within a molecule either through spatially distinct paths or via
frontier molecular orbitals. Depending on the phase alignment

of these paths, constructive quantum interference (CQI) or
destructive quantum interference (DQI) can occur, leading to
high or low conductance respectively.19–28 This understanding
has led to innovative designs of devices at the molecular
scale, including wires,29,30 switches,31–34 and thermoelectric
systems.35–37 Factors like substitution patterns, flexibility of
molecular conformations, and anchoring site modifications
greatly alter QI-driven transmission characteristics.3,38,39 In light
of these insights, theoretical models, such as those based on
density functional theory (DFT)40 and tight binding (i.e., Hückel)
approximations,41 have become essential tools. These models
have been crucial in interpreting experimental outcomes and
predicting the influence of chemical modifications. By simulat-
ing changes to functional groups or anchoring locations, it is
now possible to predict whether a molecule will display CQI or
DQI, thereby guiding future synthesis. In the molecular electro-
nics literature, the role of structural isomerisation in extended
p-conjugated systems is commonly investigated through com-
parative studies of closely related molecular architectures, in

Fig. 1 Graphical representation of QI prediction applied to benzene with
meta and SI connections to source and drain electrodes, via bonds labelled
I and J.
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which the overall molecular backbone, p-planarity, and number
of atoms are preserved, while only a single local structural
element is modified. Such an approach enables the isolation of
specific structure–property relationships without introducing
large-scale conformational or architectural changes.

Representative examples include metalloporphyrin molecu-
lar junctions, where replacing only the central metal atom
(e.g., Zn, Co, Cu or Ni) within an otherwise identical porphyrin
macrocycle leads to pronounced changes in electrical conduc-
tance, despite the molecular framework remaining unchanged.42

These studies demonstrate that meaningful insights into charge-
transport mechanisms can be obtained without invoking global
structural isomerisation.

Similarly, heteroatom-induced asymmetry studies have
shown that modifying the position or identity of a single
heteroatom within an otherwise identical p-conjugated frame-
work can strongly influence quantum interference and charge
transport, while preserving molecular length, backbone con-
nectivity, and planarity.43 Such controlled positional variations
are widely used to probe quantum interference effects without
altering the overall molecular architecture.

In line with this established methodology, the molecules
investigated in the present work share the same macrocyclic
backbone and p-conjugated framework, enabling a controlled

comparison that isolates the effect of local connectivity rather
than large-scale structural rearrangement.

In the present study, we aim to explore how QI manifests in
the four macrocyclic systems shown in Fig. 2. These are labelled
BMC1, BMC2, TMC3, and TMC4, where ‘‘BMC’’ denotes ben-
zene macrocycles, while ‘‘TMC’’ refers to thiophene macro-
cycles. These molecules were synthesized and structurally
characterized in a recent experimental study.44 Our aim here
is to present a theoretical study of these molecules and eluci-
date the role of QI in determining their electrical conductance
and thermoelectric performance. In what follows, the thio-
phene rings in TMC3 and TMC4 will be described as para-
connected, because it is known that these correspond to CQI
connectivities.45 After analyzing electron transport in all four
molecules, we shall also consider the effect of moving the sulfur
atom in these rings to alternative ring locations, which switch
the QI from CQI to DQI.

2. Computational methods

Density functional theory (DFT) computations were conducted
using the SIESTA package.40,46,47 Structural optimizations of
the isolated molecules were achieved by relaxing all atomic

Fig. 2 Chemical structures of the studied macrocyclic molecules (MCs): (a) BMC1 and (b) BMC2 are benzene-based macrocycles with different branch
arrangements; (c) TMC3 and (d) TMC4 are thiophene-based macrocycles. Terminal groups (R = CH3 or C8H13) are shown, and the black circles indicate
the anchoring positions used in electronic transport calculations. Adapted from ref. 19.
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coordinates until the residual forces on each atom were
reduced below 0.01 eV Å�1. The calculations employed a
double-zeta polarized basis set in combination with norm-
conserving pseudopotentials and a real-space integration grid
cutoff of 250 Ry. For the exchange correlation interactions, the
generalized gradient approximation (GGA) was adopted.48–50

The DFT optimized geometries were subsequently used as the
input structures for quantum transport simulations. An over-
view of the molecular connectivity and architectures of the
simulated macrocyclic compounds is presented in Fig. S1 in the
SI. Table S1 provides the complete IUPAC nomenclature along
with detailed structural descriptions. The fully optimised mole-
cular geometries used in the electronic transport analysis are
depicted in Fig. S2, which shows the conformations specific to
each structure. Furthermore, their electronic structure was
examined through frontier molecular orbital (FMO) analysis,
including the highest occupied molecular orbital (HOMO),
lowest unoccupied molecular orbital (LUMO), and neighboring
orbitals, as illustrated in Fig. S3–S6. These FMOs reveal the
spatial distribution of phase and amplitude that impacts
charge transport behavior and QI effects. Each molecule is
functionalised with two terminal thioacetate groups, which,
after deprotection, allow two sulfur atoms to connect to elec-
trodes and electrons to flow through the molecular framework.
To investigate charge transport characteristics, we applied the
non-equilibrium Green’s function (NEGF) methodology via the
Gollum quantum transport code. This method enables compu-
tation of the energy dependent transmission function T(E),
describing the probability that an electron of energy E can pass
from one electrode to the other. From this the electrical
conductance is evaluated using the Landauer formula:
G = G0T(EF),27 where G0 denotes the quantum of conductance.
Each molecular junction was positioned between two semi-
infinite gold leads, modeled as six-layer Au(111) slabs containing
30 atoms each. Terminal sulfur atoms were anchored to the gold
surfaces in their most energetically favorable adsorption config-
urations to simulate experimentally most-probable binding
geometries.

3. Results and discussion
3.1 DFT calculations

This section explores the electrical conductance characteristics
of four macrocyclic molecules BMC1, BMC2, TMC3, and TMC4
using DFT. We begin by analysing how different para- and meta-
connectivity patterns affect QI within the cyclic structures.
These insights are then compared with experimental conduc-
tance trends reported in ref. 44. After that, we evaluate thermo-
electric properties through Seebeck coefficient calculations,
highlighting how CQI or DQI impacts both conductance and
thermoelectric performance.

3.1.1 Connectivity analysis. Before presenting the results of
DFT calculations, we first discuss how the meta and para con-
nectivities within the upper and lower branches of the macro-
cycles could be expected to influence their electrical

conductance. For example, in Fig. 2a, starting from the left-
most phenyl ring of BMC1, and traversing the upper branch
from left to right, an electron would encounter a para–meta–meta
series of connectivities, whereas an electron traversing the lower
branch would encounter a meta–meta–para sequence. Since both
branches contain two low-conductance meta-connected rings, we
expect this macrocycle to have a low conductance. In contrast,
the upper branch of BMC2 possesses a meta–meta–meta series of
connectivities, which should effectively block electron transport.
On the other hand, the lower branch has a para–meta–para
sequence. Since this contains only a single meta connectivity,
we expect it to be more conductive than either of the branches of
BMC1. Therefore, we expect BMC2 to have a higher conductance
than BMC1. The third macrocycle, TMC3, incorporates para–
para–meta and meta–para–para connectivities in the upper and
lower branches respectively. In common with the lower branch
of BMC2, these have only a single meta connection and since
there are two such branches, we expect TMC3 to have a higher
conductance than BMC1 and BMC2. Finally, since TMC4 has a
high-conductance para–para–para lower branch, we expect this
to have the highest conductance of all. To check these qualitative
predictions, we now proceed to analyse the DFT-calculated
transmission functions of each macrocycle. As an initial step,
we conducted binding energy analyses of the sulfur–gold
contacts.51–53 These calculations verified that the anchoring
geometries are consistent across all studied systems. The opti-
mised Au–S bond lengths and binding energies, provided in the
SI, Fig. S7, S8 and Table S3, support the formation of stable and
reproducible sulfur–gold contacts. Fig. 3(a–d) show the elec-
trode–molecule junction geometries for each system, illustrating
the anchoring configurations employed in the transport simula-
tions. The resulting transmission functions T(E) for the four
macrocycles are presented in Fig. 3e, where they are plotted
against electron energy E, relative to the DFT-predicted Fermi
energy EDFT

F . In the case of BMC1, which features two meta
connectivities in each branch, the DFT transmission function
(blue curve) shows a clear sign of DQI, indicated by the presence
of a dip in the transmission spectrum T(E), within the HOMO–
LUMO gap at an energy E � EDFT

F E 0.45 eV. Likewise, BMC2,
which has meta–meta–meta and para–meta–para branches, shows
a similarly low transmission profile (red curve), with a DQI dip
near E � EDFT

F E 0.3 eV. In contrast, the thiophene-based
macrocycle TMC3, with only a single meta connectivity in both
branches respectively, has a higher transmission function within
the gap than both BMC1 and BMC2. Finally, TMC4, which
possesses a branch with no meta connectivity, has the highest
transmission function. These results agree with the above qua-
litative expectations, based on the number of meta connectivities
within each macrocycle. To elucidate the physical mechanism
governing the suppressed conductance in the 2,4-substituted
isomers, we look beyond the energy levels of the frontier mole-
cular orbitals (HOMO/LUMO) and examine the spatial distribu-
tion and phase relationship of the electronic pathways. The
repositioning of the sulfur atom from the 2,5-position (CQI)
to the 2,4-position (DQI) induces a change in the quantum
interference (QI) pattern across the thiophene rings. While the
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2,5-connectivity allows for a continuous electronic coupling
through the pi-conjugated backbone, the 2,4-connectivity intro-
duces a phase-reversal node within the HOMO–LUMO gap.
Analysis of the electron/hole distribution reveals that in the
DQI (2,4) configurations, the transmission amplitude is the
result of a superposition of multiple pathways that interfere
destructively at the exit anchor point. Specifically, the transmis-
sion function in DQI-modified TMC3 and TMC4 shows a marked
suppression at the carbon–sulfur nodes, confirming that the
reduction in transmission is a consequence of wavefunction
cancellation rather than a simple increase in the tunneling
barrier. This phase-driven suppression creates a sharp anti-
resonance in the transmission function T(E). According to the
Mott formula, the Seebeck coefficient is directly proportional to
the energy derivative of the logarithm of T(E). The dramatic
enhancement of the Seebeck coefficient in DQI.4 (reaching
522.4 mV K�1 in TMC4) is thus mechanically explained by the
extreme slope of the transmission curve near the Fermi level (EF),
where the proximity to the DQI dip maximizes the asymmetry of
the electron–hole transport channels. This confirms that sulfur
repositioning acts as a ‘‘phase-switch,’’ enabling precise control
over the interference-driven thermoelectric response.

3.1.2 Comparison with experimental data. We now com-
pare these theoretical results with experimental measurements.44

The theoretical conductance values were obtained using the Land-
auer formula, as described earlier in the Computational methods
section, by evaluating the transmission coefficient at the Fermi
energy. A summary of the experimental and theoretical conduc-
tance data is provided in Table S5 in the SI. Comparisons between
theory and experiment in past studies have shown that the DFT-
predicted Fermi energy EDFT

F may not coincide with the Fermi
energy EF in the actual experiment. Therefore, we determine EF by
choosing a single value which gives the closest agreement between
theory and experiment for all four molecules. The resulting EF is
shown as the dashed vertical line in Fig. 3e and differs slightly (by
0.2 eV) from the DFT-predicted value. Using this value for EF, a
comparison between the predicted conductances G = G0T(EF) and
the experimental values is shown in Fig. 4. In agreement with

experiment, we find that the thiophene-based macrocycles (TMC3
and TMC4) exhibit higher conductance than the benzene-based
macrocycles (BMC1 and BMC2), with conductances following the
order TMC4 E TMC3 4 BMC2 4 BMC1.

3.1.3 Seebeck coefficient. Since experimental studies44 did
not assess the thermoelectric properties of these macrocycles,
we now turn to an analysis of their Seebeck coefficients S.54 The
latter are of interest, because when a temperature difference DT
is applied across a junction, it can generate a voltage difference
DV given by DV = �SDT. Therefore a large value of S means that
such molecules have an ability to convert heat directly into
electricity, with no moving parts. If the slope of the transmis-
sion function is approximately constant within an energy range
of order kBT, centred on EF, then the Seebeck coefficient is given
by the Mott formula:

S ¼ �p
2kB

2T

3e

@ lnðTðEÞÞ
@E

�
�
�
�
E¼EF

(1)

This shows that Seebeck coefficients are proportional to the
negative slopes of ln(T(E)), evaluated at the Fermi energy. From
Fig. 3e, at the crossing points between the vertical dashed line
and the transmission curves, all slopes are negative and there-
fore we predict that all Seebeck coefficients are positive, con-
sistent with HOMO-dominated transport. Combining these
slopes with the Mott formula yields the following predictions

Fig. 4 Log-scale plot comparing experimental and theoretical conduc-
tances for the four macrocycles BMC1–TMC4.

Fig. 3 (a)–(d) Optimized junction geometries of BMC1, BMC2, TMC3, and TMC4 with gold electrodes attached at terminal sulfur atoms. (e)
Transmission coefficients, T(E), plotted as a function of energy in electron volts (eV) for the four macrocyclic molecules.
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for the Seebeck coefficients of TMC4, TMC3, BMC2 and BMC1
respectively: 300 mV K�1, 527 mV K�1, 628 mV K�1, and
643 mV K�1. Interestingly, this is the opposite order to their
electrical conductances, with the lowest conductance molecule
having the highest Seebeck coefficient and the highest con-
ductance molecule having the lowest Seebeck coefficient. Such
a trend has been noted for other molecular junctions.55,56 More
details and Seebeck coefficient curves can be found in the SI,
Fig. S10. The predicted values of S are remarkably high. For
example, a related study conducted by Hong et al.57 investi-
gated linear molecules with single thiophene or benzene
branches and thioacetate as an anchoring group, yielding a
Seebeck coefficient of approximately +7.97 mV K�1 for the

thiophene-based molecule (2,5-TP-SAc) and an even lower value
for the benzene-based variant (para-OPE3). In contrast, our
molecules have multiple branches, which suggests that mole-
cules with multiple pathways can significantly enhance thermo-
electric performance. For more details regarding the comparison
data between both cyclic and single-branch molecules, see the SI,
Table S6.

While the role of molecular connectivity in governing quan-
tum interference (QI) is well-documented in molecular electro-
nics, our findings demonstrate a conceptual shift when moving
from charge conductance to thermoelectric optimization. In
standard molecular junctions, the focus is typically on the
magnitude of the transmission function T(E) at the Fermi level

Fig. 5 Molecular structures and transmission results for TMC3 and TMC4 with different sulfur positions in the thiophene units. (a) Original structure of
TMC3. (b) Original structure of TMC4. (c)–(e) Adjusted TMC3 structures showing sulfur-position modifications in the thiophene units, labeled as DQI.1,
DQI.2, and DQI.3, respectively. (f)–(h) Adjusted TMC4 structures with corresponding sulfur-position modifications, labeled as DQI.1, DQI.2, and DQI.3,
respectively. (i) and (j) Transmission coefficient curves for TMC3 (panel i) and TMC4 (panel j), comparing the original structures with the three sulfur-
position modifications.
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(EF) to maximize conductance (G). However, the Seebeck coeffi-
cient (S) is governed by the energy derivative of the transmis-
sion, as described by the Mott formula (eqn (1)).

The ‘‘design principle’’ introduced here transcends simple
‘‘on/off’’ QI switching. We demonstrate that the specific posi-
tioning of heteroatoms in the DQI-1 to DQI-3 configurations
does more than just permit transport; it induces a sharp anti-
resonance feature in close proximity to EF. This proximity
creates a significantly steeper transmission slope than those
observed in single-branch analogues or previously studied
thiophene derivatives.

Consequently, we achieve a Seebeck coefficient exceeding
500 mV K�1, a result that would be inaccessible through
standard constructive interference alone. This highlights a
unique thermoelectric design rule: whereas electronic effi-
ciency often seeks to maximize T(E), thermoelectric efficiency
in macrocycles relies on the strategic use of destructive inter-
ference to maximize the asymmetry of the transmission func-
tion. This distinction provides a new framework for utilizing
multi-pathway molecules as high-performance thermoelectric
materials rather than just molecular wires.

3.2 The effect of sulfur repositioning

The location of the 2–5 sulfur in the thiophene rings of TMC3
and TMC4 means that these rings exhibit CQI, whereas thio-
phene rings with 2–4 sulfurs exhibit DQI.45 To explore the effect
of repositioning the sulfur atoms within the thiophene rings of
TMC3 and TMC4, we start with molecule 3 (TMC3), which
contains meta–para–para and para–para–meta branches.
Fig. 5c–e show the three inequivalent molecular structures,
obtained by repositioning the sulfurs to positions corres-
ponding to DQI in the thiophene rings. Fig. 5i shows a
comparison between their transmission functions and that of
TMC3. In DQI.1 and DQI.2 (Fig. 5c and d), the shift in the sulfur
atom of the upper branch creates DQI in the upper thiophene
ring, leading to a reduction in transmission within the HOMO–
LUMO gap compared with the original configuration. In DQI.3
(Fig. 5e) the shift in the sulfur atom of the lower branch also
creates DQI in the thiophene ring of the lower branch, which,
as shown by the red curve in Fig. 5i, further decreases the
transmission function within the gap. A similar trans is found
in the corresponding modifications of TMC4, where (see Fig. 5j)
introduction of a DQI thiophene in either the upper or lower
branches lowers the transmission functions and the presence
of DQI thiophenes in both branches lowers the transmission
functions even further.

This approach offers a structurally minimal yet powerful
method for tuning interference pathways, enabling precise
control over electron transmission through single-molecule
systems. Similar observations were reported experimentally by
Chen et al.,57 who compared two positional isomers of
thiophene-based molecules—2,4-TP-SAc and 2,5-TP-SAc—and
found that the conductance of the molecule with DQI (2,4-TP-
SAc) was nearly two orders of magnitude lower than its CQI
counterpart, despite having almost identical molecular lengths.
These results confirm that positional changes in thiophene

rings provide a robust strategy for switching between construc-
tive and destructive QI, consistent with the behavior observed
in our macrocyclic systems.

We also calculated the Seebeck coefficient for the modified
sulfur positions. The results show relatively higher Seebeck
values compared to the original structures. In TMC3, the DQI.4
configuration exhibits a Seebeck value of 583.6 mV K�1, which is
about 50 mV K�1 higher than that of the original sulfur position
(527 mV K�1). In TMC4, the DQI.4 structure shows a much
larger increase, reaching 522.4 mV K�1 compared to 300 mV K�1

in the original molecule, more than 200 mV K�1 higher. Further
Seebeck values for the other DQI configurations are summar-
ized in Table S7, and the corresponding Seebeck curves are
presented in Fig. S11. In conclusion, this work demonstrates
that macrocyclic molecular junctions with engineered connec-
tivities represent a highly versatile platform for controlling
quantum interference and enhancing thermoelectric perfor-
mance at the single-molecule level. By comparing experimental
data with DFT calculations, we have shown that the distinct
conductance states arising from mixed connectivities are gov-
erned by QI effects. Beyond explaining conductance trends, we
have predicted a markedly superior thermopower in these
multi-pathway macrocyclic systems compared to standard
molecular wires. Most significantly, we identified the reposi-
tioning of sulfur atoms within the thiophene rings as a power-
ful and precise design strategy. Our findings, which bridge
intuitive theoretical models with predictive device-level proper-
ties, provide a roadmap for the rational design of high-Seebeck-
coefficient, QI-based molecular thermoelectrics.
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A. González-Campo, I. Dı́ez-Pérez and C. J. Lambert, Tuning
the Electrical Conductance of Metalloporphyrin Supramole-
cular Wires, Sci. Rep., 2016, 6, 37352, DOI: 10.1038/srep37352.

43 Y. Yang, M. Gantenbein, A. Alqorashi, J. Wei, S. Sangtarash,
D. Hu, H. Sadeghi, R. Zhang, J. Pi, L. Chen, X. Huang, R. Li,
J. Liu, J. Shi, W. Hong, C. J. Lambert and M. R. Bryce,
Heteroatom-Induced Molecular Asymmetry Tunes Quan-
tum Interference in Charge Transport through Single-
Molecule Junctions, J. Phys. Chem. C, 2018, 122(26),
14965–14970, DOI: 10.1021/acs.jpcc.8b03023.

44 S. L. Heim, A. Gallego, V. Bertozzi, S. van der Poel,
L. Ornago, A. Prescimone, H. S. J. van der Zant and
M. Mayor, Design and Synthesis of Multipath Compact
Cyclophanes for Quantum Interference Studies, Eur.
J. Org. Chem., 2024, (48), e202400914, DOI: 10.1002/
ejoc.202400914.

45 J. Bai, A. Daaoub, S. Sangtarash, X. Li, Y. Tang, Q. Zou,
H. Sadeghi, S. Liu, X. Huang, Z. Tan, J. Liu, Y. Yang, J. Shi,
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