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*S Supporting Information

ABSTRACT: Molecular electronics covers several distinctly different conducting
architectures, including organic semiconductors and single-molecule junctions. The
noncovalent interactions, abundant in the former, are also often found in the latter, i.e., the
dimer junctions. In the present work, we draw the parallel between the two types of
noncovalent molecular electronics for a range of π-conjugated heteroaromatic molecules.
In silico modeling allows us to distill the factors that arise from the chemical nature of
their building blocks and from their mutual arrangement. We find that the same
compounds are consistently the worst and the best performers in the two types of
electronic assemblies, emphasizing the universal imprint of the underlying chemistry of the
molecular cores on their diverse charge transport characteristics. The interplay between
molecular and intermolecular factors creates a spectrum of noncovalent conductive
architectures, which can be manipulated using the design strategies based upon the
established relationships between chemistry and transport.

Molecular electronics (ME) is a broad and arguably blurry
concept. There are in fact two principally different

types−and communities−in ME: the sensu stricto unimolecular,
or single-molecule, electronics and the sensu lato molecule-
based electronics. Single-molecule junctions (SMJs) are a
typical example of the former, while the latter refers to
conducting crystals and polymers.1 Traditionally, a SMJ is
thought of as an isolated molecule bridging the nanogap
between two conducting (often metallic) electrodes, with the
conductance of such an assembly being primarily attributed to
the strength of the molecule−electrode coupling, the level
alignment between the molecular orbitals and the electrodes’
Fermi level(s), the presence of external electric fields and other
environmental effects, etc.2 Recently, noncovalent interactions
have started to attract growing attention as yet another factor
influencing the SMJ transport properties. Some of the
pioneering studies involved the π-stacked moieties incorporated
into conducting wires (1 in Scheme 1) and attributed the
observed high conductance of such junctions to an effective
through-space π,π-coupling.3 In paracyclophane-based junc-
tions (such as 2), conductance has been shown to drop
exponentially with the number of π-stacked rings and to
depend on how strained the cyclophane system is (type of
linker connecting the rings) and on its symmetry (meta- vs
para- connection).4 A similar trend in conductance decay with
the number of rings was observed in the stacks of π-conjugated
cores, locked within the self-assembled cages.5 Moreover,
according to computational models, asymmetrically doping
cyclophanes and nanographenes leads to SMJs with diodelike
behavior (3 in Scheme 1).6 Beyond cyclophanes, the
contribution of through-space transport has been demonstrated
in conformationally flexible systems. Computational results by
Ratner and et al. suggest that a 10-fold increase in conductance
can be expected for the π-stacked conformation of 4 formed

upon elongation as compared to non-π-stacked conformers that
exist at shorter electrode separations.7 In system 5, π-stacking
in a folded conformation compensates for the partially
disrupted π-conjugation and larger highest occupied molecular
orbital−lowest unoccupied molecular orbital (HOMO−
LUMO) gap leading to a conductance similar to that of an
extended fully conjugated conformer.8 These studies illustrate
the occurrence of multichannel conductance, i.e., when, in
addition to conventional through-bond transport, systems with
intramolecular π-coupling also offer the through-space trans-
port mechanism.
An even more intriguing scenario is the transport in the

absence of continuous through-bond conductance channel(s).
Calame and et al. elegantly demonstrated the existence of such
a current in mechanically controllable break junctions of
oligo(p-phenyleneethynylene) (OPE) wires: molecules carrying
only one thiol linker and thus capable of attachment to only
one of the two gold electrodes still afford conductive
nanobridges by means of dimer formation.9 Nichols and et al.
further demonstrated that monomer and dimer junctions lead
to distinguishable, characteristic peaks in conductance histo-
grams.10 Such noncovalent junctions are attractive targets
because of their potential for molecular sensing (via guest
complex formation)11 and suppressed thermal conductance (by
95% compared to covalent junctions).12 However, dimer
junctions are by no means exotic and do not exceptionally
require monolinked molecules to form (Scheme 2). Most
molecules in SMJ studies generally include planar π-conjugated
regions prone to non-negligible intermolecular noncovalent
interactions.13,14 Therefore, dimeric bridges are in fact
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ubiquitous and can be observed in both simulations and
experiments on many formally “single” molecule junctions.15−18

Transport through π-stacked systems has been rationalized
using the concept of quantum interference that depends on the
relative shifts between the π-stacked cores, their connectivity to
the electrodes, and the substituent effects.19 Specifically, fully
eclipsed dimers were found to be less conductive in the off-
resonant regime because of destructive quantum interferences
that disappear once the cores are slightly shifted. More recently,
Renaud et al. have shown that these periodic trends in G/G0
versus lateral displacement between the cores in a dimer can be
traced back to oscillations in the electronic coupling, t, between
the frontier molecular orbitals (FMOs) of the cores.20

Periodicity of the G/G0 behavior is thus dictated by the
structure of the molecular cores and the phases of their highest
occupied and/or lowest unoccupied molecular orbitals.
Importantly, this trend mirrors the mobility in organic

semiconductor crystals, in which the electronic coupling
behavior is connected to the energetic characteristics of the
noncovalent interactions between the neighbor cores.21

In the present work, we explore the similarities and
differences in the properties of dimers of π-conjugated
(hetero)aromatic cores between the two types of molecular
electronics. Given the aforementioned connection of various
features in both the molecular junctions and organic semi-
conductors to the chemical nature of the cores and the
electronic couplings between them, we pose and address the
following question: Would the molecular core, predicted to
form a semiconductor with the highest charge mobility, also
give the most conductive dimer junction?
We chose nine π-conjugated cores that are the common

motifs in organic electronics (Scheme 3).22 Geometries of these

monomers were optimized at the PBE0/def2-SVP level. To
form the monomer molecular junctions, the cores were flanked
with the methylthio linkers, −SCH3, which are common
functional groups in SMJs affording well-defined anchoring to
the gold electrodes.23 Attachment positions in the cores
(Scheme 3) were chosen to afford communication between
the sites via the π-system and maintain the orbital symmetry of
the cores (see Figure S1 in the Supporting Information). In the
monomer junctions, each core was attached to the gold
electrodes by its two linkers. Furthermore, for each core, two
types of cofacial dimer junctions were considered: the so-called
“constrained” and “optimized” dimers. The constrained dimer
features a perfectly π-stacked (i.e., with zero longitudinal and
transversal shifts, pitch, yaw, and roll angles) arrangement of
two cores at a 3.75 Å distance from each other (see Figure S2).
In its junction, one core is connected covalently to one
electrode and noncovalently to the other core, which in turn is
connected via its linker to the opposite electrode. In the
second, optimized, dimer type, the geometry of the dimer was
relaxed between the two model Au8 anchors at the PBE0-
D3BJ/def2-SVP level. In all cases, the nanogap was set to afford
similar and optimal linker geometries. For both the monomers
and the dimers, we have modeled their corresponding
molecular junctions between the Au(111) electrodes. Trans-
port properties of these junctions were evaluated using the
nonequilibrium Green’s functions formalism combined with the
density functional theory (NEGF-DFT).24 Transmission peak
alignments, computed at the PBE/DZP level of theory, are in a
good agreement with the PBE0/def2-SVP orbital energy levels

Scheme 1. Literature Examples of SMJs with Intramolecular
Noncovalent Interactionsa

aYellow spheres schematically represent the electrodes.

Scheme 2. Molecular Junction Scenarios: (A) Monomer
Junction with Dilinked Core, (B) Dimer Junction with
Dilinked Cores, and (C) Dimer Junction with Monolinked
Cores

Scheme 3. Investigated Molecular Cores and Their Colors
and Abbreviations Used Throughout This Lettera

aSee Figure S1 in the Supporting Information for details. Black circles
denote positions of the linker groups.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.8b00980
J. Phys. Chem. Lett. 2018, 9, 2298−2304

2299

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b00980/suppl_file/jz8b00980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b00980/suppl_file/jz8b00980_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b00980/suppl_file/jz8b00980_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.8b00980


(Figure S4); importantly, only the qualitative trends are
discussed in this work because most DFT methods struggle
to accurately predict orbital energy levels.25 Molecular
semiconductor charge mobility (μ) in the constrained and
optimized dimers of the bare cores was evaluated using the
Marcus−Hush theory26 based on the ωB97X-D/maug-cc-
pVTZ//PBE0/def2-SVP reorganization energy (λ) of the
monomer and the PBE0-dDsC27/DZP electronic coupling (t)
in the dimer. In all computations, appropriate corrections were
introduced on heavy atoms to account for relativistic effects. A
detailed description and discussion of these procedures is
provided in the Supporting Information.
Selected (hetero)aromatic cores (Scheme 3) span three

periods of the periodic table providing an insight into the role
of atomic composition in the transport properties. All of them
are fully conjugated, flat, and tricyclic and are therefore
comparable to each other. For each core, two types of dimers
constrained in a perfect π-stack and relaxedwere considered.
Their performance as conductive bridges in molecular junctions
and as building blocks in bulk molecular semiconductors was
evaluated with the ultimate aim of drawing parallels between
these two types of molecular electronics.
Junction versus Semiconductor. Investigated junctions operate

in the coherent off-resonant tunneling regime (see Figure S3);
thus, their conductance G/G0 exponentially decays with the
nanogap length L, e.g., G/G0 ∼ exp(−βL), where β is the so-
called decay constant. Lower decay constants correspond to
higher conductance: they vary from 2.0 Å−1 in vacuum to 0.7−
0.9 Å−1 in alkanes and 0.05−0.2 Å−1 in π-conjugated
molecules.28 Because the junctions in our study have different
nanogaps (see Table S1), we compare them using β rather than
the G/G0 value at EF. For the organic semiconductor
properties, constrained and optimized dimers are used as the
simplest models, which are admittedly crude but insightful,29

and are compared in terms of their hole and electron mobility.
The normalized trends in the computed transport properties in
Figure 1 reveal several key features: (i) The constrained dimer
junctions are rather similar to the monomer ones, but the
optimized junctions deviate and strongly vary in a broader
range of β. (ii) There is a noticeable agreement in the β and μ
trends. (iii) Strikingly, the same systemsantP and DFFare
consistently among the best and worst performers, respectively.
Molecular Factors. The similarity between the monomer and

constrained dimer junctions suggests they are governed by
molecular (rather than intermolecular, absent in the monomer
junctions) factors. In a coherent off-resonant transport regime,
the zero-bias conductance of a junction is largely determined by
the tails of the nearby molecular orbital resonance peaks: closer
peaks typically lead to larger tails around EF and, ultimately,
higher G/G0 values. Indeed, we observe a robust correlation
between the peak positions with respect to the Fermi level
(Δpeak) and transmission (i.e., the decay constants β) of the
investigated junctions (Figure 2A). In organic semiconductors,
reorganization energy is the key molecular factor defining their
charge mobility: higher λ results in lower mobility μ (Figure
2B).
Thus, there exist two molecular factorsenergy of the

molecular orbital resonance Δpeak and reorganization energy
λthat play a definitive role in the charge transport of
molecular junctions and molecular semiconductors, corre-
spondingly. These two factors are not directly correlated with
each other, but they are connected via the ionization potential
(IP) and electron affinity (EA). Specifically, because trans-

mission peaks correspond to the resonances of the conductive
leads with the frontier molecular orbitals of the bridge, Δpeak
values are defined by the MO energy levels of the latter.30 In
the spirit of Koopmans’ (or Janak’s) theorem, these HOMO
and LUMO energy levels are reflected by the ionization
potential and electron affinity, respectively. As a result, there is
a strong correspondence between the vertical IP and position of
a transmission peak, corresponding to a HOMO resonance, and
vertical EA and Δpeak LUMO (see Figure S5). Reorganization
energy λ is connected with IP and EA via electronegativity, i.e.,
Pearson’s hardness equal to (IP − EA)/2 (see Figure S5).
Thus, despite not being directly related, λ and Δpeak tend to be
more favorable, thus leading to consistently better transport
properties, for easily ionizable systems than for more
electronically rigid ones. However, the correlations in Figure
2 are noticeably weaker in the optimized dimers, suggesting

Figure 1. (A) Decay constants β of the studied molecular junctions,
computed from their NEGF-DFT conductance at the Fermi level. (B)
Trends in computed electron and hole mobility (μ, on a natural
logarithm scale) of organic semiconductors, estimated using the
constrained and optimized dimer models. (C) Relative trends in the
normalized computed transport properties of molecular junctions and
semiconductors. β is normalized on a 0−1 scale; maximum μ, on 1−0
scale; y-axis is qualitative only.
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that additional influences on the charge transport arise in these
systems.
Intermolecular Factors. Intermolecular orbital overlap is the

major factor in the “communication” between the monomer
cores within the dimer, impacting its charge-transporting
properties. In the dimeric molecular junctions, the orbitals of
the monomers split, leading to dual transmission peaks,31 with
larger splitting J originating from better intermolecular orbital
overlap, i.e., higher electronic coupling (transfer integral) t

between the monomer cores (Figure 3A). We have already
demonstrated that the peak proximity, Δpeak, has a determining
effect on the transmission of the constrained dimers, in which
the orbital overlap is maximized. Peak alignment is also critical
in the optimized dimers of the anthracene-based cores.
However, in the chalcogen-containing optimized dimers, Δpeak
is rather similar, and as a result, their transport is affected by the
orbital energy level splitting; that is, within each family, dimers
with higher J have better conductivity (lower decay constant β,
Figure 3B). In the context of organic semiconductors, higher
electronic coupling t leads to higher charge mobility (Figure
3C). Among the studied systems, dimers of antP possess some
of the highest electronic couplings for both the hole and
electron transfer, while DFF dimers have some of the lowest t+
and t− (Figure S6), and this is reflected in their charge mobility
(Figure 1).
Therefore, the extent of intermolecular orbital overlap is the

unifying factor influencing transmission in dimer junctions (via
the orbital energy level splitting) and mobility in molecular
semiconductors (via the electronic coupling). This feature is
extremely sensitive to the shapes and symmetries of the
monomers’ FMOs and the mutual arrangement of the
cores.29,32 The latter is rather dissimilar between the con-
strained and optimized dimers, leading to the differences in
their transport properties despite the identical molecular
factors. The increasing role of the intermolecular factors in
the charge transport of the optimized dimers is reflected by the
somewhat stronger agreement in their β and μ trends in Figure
1.
The Role of Chemistry. There exists a spectrum of

relationships between the charge transport characteristics and
the chemical features of the molecular building blocks (Figure
4). On one end of it are the perfectly π-stacked constrained
dimers of different heteroaromatic cores, in which the
electronic coupling is optimized to its maximum for a given
interplanar separation.21 As a result, the transport efficiency of
their electronic assemblies is less affected by this dimer
property and is instead dominated by the more diverse
parameters of the cores: reorganization energy and MO level

Figure 2. (A) Correlation between the decay constants β and peak
proximities Δpeak (linear regression fits). (B) Correlation between the
charge mobility μ and reorganization energy λ (linear regression fits).

Figure 3. (A) Correlation between the computed electronic coupling t and transmission peak splitting J. The straight line is the linear regression fit
of all series combined. (B) Correlation between the computed characteristics of the optimized dimer junctions and their conductivity. (C)
Correlation between the computed semiconductor characteristics of the optimized dimers and their charge mobility (hole and electron mobility
combined). In panels B and C, the series are colored by the core family, and a red-to-green gradient qualitatively denotes improvement in the charge
transport (lower β and higher μ). See Figure S7 in the Supporting Information for the constrained dimer plots.
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alignment with the EF. In the middle of the spectrum are the
optimized dimers, whose electronic couplings are more spread
out, leading to a broader range of charge transport character-
istics and weaker correlations between β and Δpeak and between
μ and λ (Figure 2). At the opposite end of the spectrum are the
geometrically different dimers of the same core, i.e., systems
with identical λ and Δpeak but very different t and J. In such
junctions, conductance and mobility are uniquely defined by
the latter, intermolecular parameters.20,29

The chemical nature of the cores, particularly their atomic
composition, is a unifying factor across this spectrum: systems
with diffuse and polarizable heteroatoms (e.g., phosphorus in
phosphanthrene antP) consistently outperform systems with
small, highly electronegative atoms (oxygen in difurofuran
DFF). The former have low reorganization energies and low-
lying unoccupied orbitals and also afford better intermolecular
orbital overlap leading to higher electronic couplings. The
latter, on the contrary, have wider HOMO−LUMO gap due to
higher IP and/or lower EA and, being more compact, lead to
weaker electronic couplings. Between these two extremes, a
range of behavior exists because of an interplay of the
aforementioned factors, e.g., low λ and Δpeak leading to efficient
transport in antN dimers despite their average electronic
couplings, or a high λ+ spoiling the performance of the DSS
dimers notwithstanding the appreciable t+. Established patterns
can be employed to guide the molecular design of more
efficient electronic assemblies by improving their molecular
and/or intermolecular properties. As a proof-of-principle, we
demonstrate this in Figure S8: introducing more phosphorus
atoms to the anthracene skeleton reduces λ and −EA of the
core and enhances the intermolecular orbital overlap in the
dimer, thus improving its charge transport characteristics in the
anthracene (zero P atoms) < phosphanthrene (two P atoms) <
benzobisdiphosphinine (four P atoms) series.
Realistic Factors. In the present work, we focus on the role of

the chemical cores in the properties of their single-molecule
and molecular-based electronics. Even at this basic level, we by
necessity made some simplifications in comparing the cores
with and without the anchor groups, focusing on cofacial
dimers and thus neglecting other disordermers.33 Beyond that,
there are, of course, higher-order factors in terms of both
modeling and experiment that can significantly impact the
computed (and measured) performance characteristics.29,34 In
the single-molecule junctions, these include dynamic effects,
i.e., a spread of structures contributing to the measured
current,35 coverage and solvent effects, the defects on the
electrode surface and its polarization, etc.36 In organic crystals,
the presence of thermal and energetic disorder and trap sites37

and specificity of molecular packing, among other factors,38 can
play a crucial role in defining the charge carrier mobility. All
these cumulatively add to the complexity of in silico and in situ
studies on molecular electronics. At the core of it, however,
remains the chemistry of the principal building block
molecular structurewhich we have shown to impact on the
molecular junctions and crystalline semiconductors alike.
In conclusion, molecular electronics is an umbrella covering

several distinctly different conductive architectures. In the
present work, we have drawn a parallel between the transport in
the nanogap between metallic electrodes and transport in the
bulk of an organic semiconductor. By computing and
comparing the properties of the model dimer molecular
junctions and dimer units in molecular semiconductors, we
have revealed that, within the model approximations, the same
systems (phosphanthrene and difurofuran) are consistently
among the best and the worst performers, with similar
principles guiding their performance. On the spectrum of
various molecular architectures, there is interplay between the
intrinsic properties of molecular cores, e.g., the reorganization
energies and ionization potentials or electron affinities, and the
properties of the noncovalent assemblies, such as electronic
coupling. Ultimately, the fundamental electronic structure
features of the molecular cores leave the unifying footprint
on the diverse charge transport properties.
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Vaźquez, H.; Meisner, J. S.; Floreano, L.; Nuckolls, C.; Cvetko, D.;
Morgante, A.; Venkataraman, L. Quantifying Through-Space Charge
Transfer Dynamics in π-Coupled Molecular Systems. Nat. Commun.
2012, 3, 1086. (c) Li, X.; Staykov, A.; Yoshizawa, K. Orbital Views on
Electron-Transport Properties of Cyclophanes: Insight into Inter-
molecular Transport. Bull. Chem. Soc. Jpn. 2012, 85 (2), 181−188.
(d) Bai, M.; Liang, J.; Xie, L.; Sanvito, S.; Mao, B.; Hou, S. Efficient
Conducting Channels Formed by the π-π Stacking in Single
[2,2]Paracyclophane Molecules. J. Chem. Phys. 2012, 136 (10),
104701.
(5) Kiguchi, M.; Takahashi, T.; Takahashi, Y.; Yamauchi, Y.; Murase,
T.; Fujita, M.; Tada, T.; Watanabe, S. Electron Transport through
Single Molecules Comprising Aromatic Stacks Enclosed in Self-
Assembled Cages. Angew. Chem., Int. Ed. 2011, 50 (25), 5708−5711.
(6) Staykov, A.; Li, X.; Tsuji, Y.; Yoshizawa, K. Current Rectification
in Nitrogen- and Boron-Doped Nanographenes and Cyclophanes. J.
Phys. Chem. C 2012, 116 (34), 18451−18459.
(7) Franco, I.; Solomon, G. C.; Schatz, G. C.; Ratner, M. A.
Tunneling Currents That Increase with Molecular Elongation. J. Am.
Chem. Soc. 2011, 133 (39), 15714−15720.
(8) Chen, L.; Wang, Y.-H.; He, B.; Nie, H.; Hu, R.; Huang, F.; Qin,
A.; Zhou, X.-S.; Zhao, Z.; Tang, B. Z. Multichannel Conductance of
Folded Single-Molecule Wires Aided by Through-Space Conjugation.
Angew. Chem., Int. Ed. 2015, 54 (14), 4231−4235.
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