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ABSTRACT

Structural motifs based on tetraphenylmethane are widely used in molecular electronic circuits,
self-assembled monolayers, and porous frameworks, but their performance in conductive
systems is often limited by redox-inactive, sp3-hybridized central atoms that interrupt -
conjugation. Here, we show that replacing the group 14 central atom with a tetravalent
transition metal provides a design strategy to enhance electronic coupling and enable bias-
dependent control of charge transport. We demonstrate this by measuring the single-molecule

conductance of oligoaryl wires incorporating tetrahedral osmium(IV), silicon, or carbon

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

centres using scanning tunnelling microscope-based break junction measurements. In non-

polar solvents, junctions comprising osmium(IV) complexes exhibit a significantly reduced

Open Access Article. Published on 11 June 2026. Downloaded on 6/12/2026 12:40:46 AM.

conductance decay with length compared to their organic analogues. In polar media, their

(cc)

conductance can be electrochemically modulated to values up to 80x higher than those of a
silane analogue. Combined electrochemical and spectroscopic studies, supported by first-
principles calculations, indicate that osmium(IV) wires exhibit more delocalized frontier
orbitals and smaller HOMO-LUMO gaps, leading to well-coupled HOMO-derived
transmission resonances near the electrode Fermi level. Together, these results establish
transition metal tetraaryl complexes as promising building blocks for molecular circuits and

extended materials.

KEYWORDS - conductive materials; density functional theory—non-equilibrium Green’s
function; molecular electronics; single-molecule junctions; organometallic wires; tetraaryl

complexes
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In the development of molecular components that can function as electronic circuit elements
such as wires or switches, most work has focused on one-dimensional (1D) species
functionalized with two linker groups to establish connections to nanoscale electrodes.! This
focus reflects the substantial challenges? in moving beyond studies of two-terminal junctions
formed using scanning probe,>~ or eutectic gallium-indium® methods. Nonetheless, several
studies have begun to explore the properties of multi-terminal,>”# or branched,’ !> molecular
junctions. Looking ahead, it may prove possible to assemble extended molecular circuits by
connecting individual components through bridging molecule-based nodes. Such nodes could
electronically couple circuit elements, isolate them to preserve their independent function, or
serve both roles through reversible switching. Progress towards this goal requires systematic
evaluation of molecular architectures that control transport through well-defined two- or three-
dimensional (2D or 3D) geometries. These architectures may also be relevant to conductive,
permanently porous materials such as covalent organic frameworks (COFs)!* and metal-
organic frameworks (MOFs)."> In these systems, electronic coupling between molecular sub-
units governs band dispersion and, consequently, charge carrier mobility and conductivity.!>16
Single-molecule conductance measurements provide a complementary approach to probe
trends in such electronic interactions, for example through conductance-distance relationships,!
and may offer insight into how node structure influences long-range transport behaviour.!72!

Tetratopic building blocks based on tetraphenylmethane or silane cores represent a
prototypical class of 3D molecular nodes. These redox-inactive motifs, which feature a sp?-
hybridized central atom, have been widely employed in self-assembled monolayers, molecular
junctions,??>3* and porous polymeric materials.?3-3® However, the interruption of n-conjugation
between aryl arms results in relatively weak electronic coupling across these nodes, which can
limit their application in conductive systems. Efforts to address this limitation have included
the development of partially conjugated tetratopic analogues for single-molecule junction
studies.’** Interestingly, electrically conductive 3D COFs and MOFs remain comparatively
rare3%444 relative to their 2D counterparts,'> and often employ distinct 3D node structures.
Furthermore, these extended materials frequently incorporate redox-active components, which
are thought to facilitate charge transport through hopping mechanisms and/or by increasing
charge carrier density upon partial oxidation or reduction (doping).'>

We hypothesized that replacement of the sp3-hybridized atom in a tetraphenyl node

with a tetravalent transition metal*® could provide a strategy to enhance electronic coupling
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between 7-conjugated aryl substituents. The success of this approach was not a prigyi certaifls 5 0%
while transition metal complexes have long been explored in molecular junctions and can in
some cases exhibit enhanced conductance relative to organic analogues,*’* previous studies
have also shown that conductance and junction stability can vary substantially depending on
the metal centre and ligand framework.’?>! Nonetheless, osmium(IV) tetraaryl complexes
represent an attractive platform due to their established air, thermal, and solution stability, well-
developed synthetic chemistry, and accessible, reversible redox behaviour.’>-® Their frontier
orbitals are expected to exhibit metal-ligand =m-bonding character, facilitating orbital
delocalization across the central atom.>® Indeed, recent spectroelectrochemical studies of
ferrocenyl-appended osmium(IV) tetraaryl complexes revealed signatures of electronic
communication between peripheral redox centres.>®> However, the extent of coupling across
different central atoms could not be assessed, as mixed-valence states of silane and methane
analogues proved difficult to access. This limitation motivated us to study an analogous series
of linker-functionalized compounds, enabling direct, isostructural comparison of the influence
of central atom identity on charge transport. More broadly, this approach extends previous
investigations into how substitution of —CH,— units in molecular wire backbones with main
group fragments based on nitrogen,®®®! oxygen,!” silicon,%6? or germanium® influences
junction conductance.

Accordingly, we synthesize and study three families of molecules comprising

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

tetravalent osmium (Os-n), silicon (Si-n), and carbon (C-n) centres tetrahedrally coordinated
by four identical linker arms (Figure 1a,b). Each arm consists of a conjugated oligomeric wire

with n = 1-3 para-substituted aryl units, terminated with a thioether group for electrode

Open Access Article. Published on 11 June 2026. Downloaded on 6/12/2026 12:40:46 AM.

binding. The pseudo-tetrahedral symmetry of these compounds, together with the rapid rotation

(cc)

of phenyl rings at room temperature, renders each linker arm effectively equivalent on the
timescale of our conductance measurements. As such, we describe these compounds as
“isotropic” or orientation-independent conductors, in the sense that equivalent transport
pathways are probed for different linker combinations within a given junction geometry. For
example, when any one thioether binds to each electrode (the “1:1 configuration”), transport
occurs through the same —oligoaryl-M—oligoaryl— motif (Figure 1¢, /eft; M = Os, Si, C). This
contrasts with other tetratopic nodes, such as 1,3,6,8-substituted pyrenes, where distinct
transport pathways are accessed depending on which linker groups are connected (Figure 1c,

right).
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Figure 1. (a) Schematic of a single-molecule junction comprising model tetraarylosmium(IV)
complexes with mono, bi, or triaryl linker arms terminated with thioether groups (Os-n). Here
Os-n is shown connected to each electrode via a single thioether group (a “1:1 configuration”).
(b) Chemical structures of tetraarylsilane and tetraarylmethane analogues. (¢) Left: We
describe these tetraaryl wires as “isotropic” or orientation-independent conductors, meaning
that equivalent through-bond transport pathways are probed for different thioether-electrode
contacts (three of six possible examples illustrated; M = Os, Si, C). Right: In contrast, other
tetratopic components such as 1,3,6,8-substituted pyrenes can be described as anisotropic
conductors, exhibiting distinct through-bond transport pathways depending on which thioether
groups are connected (two examples illustrated).

Single-molecule conductance measurements reveal two dominant conductance features
for each molecular wire studied. The lower conductance feature is consistent with junctions
comprising intact molecular species bound to both electrodes by thioether linker groups,
whereas the geometry corresponding to the higher conductance feature cannot yet be
unambiguously assigned. In tetradecane (a non-polar solvent), terminally anchored Os-n
junctions exhibit a smaller tunnelling decay with increasing linker arm length compared to their
Si-n and C-n analogues, such that the conductance of longer wires is higher by at least a factor
of 3-5. In propylene carbonate (a polar solvent), the conductance of terminally anchored Os2
junctions can be electrochemically modulated to values >80x higher than those of Si2

measured under the same conditions. These findings are supported by solution
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electrochemistry, UV-vis spectroscopy, molecular orbital considerations, and . gas:phdse o ss
density functional theory (DFT), which indicate that Os-n compounds exhibit frontier orbitals
with greater delocalization and smaller HOMO-LUMO gaps than their Si-n and C-n
counterparts. DFT-based quantum transport calculations further support the experimental
trends, showing that transmission resonances derived from the delocalized HOMOs of Os-n
are well-coupled to the electrodes and lie close to the Fermi level (Eg). Together, this work
introduces transition metal c-aryl complexes as a distinct class of organometallic wires that
exhibit enhanced conductance relative to isostructural organic analogues. It further
demonstrates that the intact compounds can be studied reproducibly under break-junction
conditions, in contrast to some previous reports on other organometallic and coordination
compounds.**>! Looking ahead, our study also motivates future efforts to explore the unique
properties of single-molecule junctions and extended materials built from these and related

metal-containing systems.
RESULTS AND DISCUSSION
Synthesis and Structural Characterization

The monoaryl compounds Os1 and Sil were synthesized through direct reaction between aryl
magnesium bromide or aryl lithium with (OctyN),[OsBrg]*?>* or SiCly,% respectively, whereas
C1 was prepared through nucleophilic substitution of tetrakis(4-bromophenyl)methane with

sodium thiomethoxide (Figure 2a).%> The oligoaryl compounds were prepared through Suzuki

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

cross-coupling®” of 4-(methylthio)phenylboronic acid or 4-(4-methylthiophenyl)phenylboronic

Open Access Article. Published on 11 June 2026. Downloaded on 6/12/2026 12:40:46 AM.

acid with tetrakis(4-bromo-2,5-dimethylphenyl)osmium(IV),>3 tetrakis(4-bromophenyl)silane,

or tetrakis(4-bromophenyl)methane. All compounds were isolated as solids that readily

(cc)

dissolved in common organic solvents and proved air-stable even in solution. Unoptimized
yields ranged between 9-34% (55-76% per bond). The structure of Sil was further verified
through single-crystal X-ray diffraction (Figure S1). As Si3 and C3 (analogues of Os3 with
Si/C central atoms) were projected to exhibit a conductance below the noise floor of our
instrument, their synthesis was not pursued. While Os(aryl), complexes are known to react
with small Lewis acids such as PMejs, isocyanides, or CO,*® we find they do not react with the

thioethers introduced here, likely due to the steric bulk of the associated aryl group.
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Figure 2. (a) Synthetic routes to tetraaryl compounds (x = 1, Os2, Si2, C2; x = 2, Os3).
Conditions: (1) Pd(PPh;),, K,CO3;, DMF, 110°C. (b) Overlaid cyclic voltammograms of Os-
n (potentials are reported relative to the ferrocenium/ferrocene, [FcH]"/FcH, redox couple).
(¢) Overlaid UV-vis spectra for Os-n, normalized to the maximum absorption in the visible
region (additional spectra are provided in Figure S2).

The electronic properties of Os-n were probed in solution electrochemical and
spectroscopic studies, given that Os(aryl)y; complexes are known to exhibit reversible redox
chemistry and strongly absorb in the visible region.33-3366:67 Data for all compounds are
provided in Tables S2-3. In Figure 2b, we plot overlaid cyclic voltammograms for Os-n in
"BuyNPF¢—CH,Cl,. These measurements reveal reversible redox features corresponding to
0/1+ and 1-/0 events (ip/ipc ~ 1, i, o v5!/2) which have previously been assigned to the Os*"/5*
and Os>"*" couples, respectively.® Osl also exhibits a 1+/2+ redox feature that has been
observed for some other complexes bearing para-substituted aryl ligands.>>>4

Notably, the electrochemical gap of these materials (1.97-2.15 V) increases from Osl1
to Os2 ~ Os3 (with increasing linker arm length). This trend contrasts with that expected for
conjugated organic materials, where HOMO-LUMO gaps decrease with increasing
conjugation length. In Os-n, the frontier orbitals have significant metal-ligand d-n character,
such that their energies respond differently to extension of the ligand backbone. For example,
the relatively small HOMO-LUMO gap of Os1 has been attributed to a high-lying HOMO with
metal-ligand character, destabilized relative to the LUMO by resonance contributions from

proximal thioether substituents.’? As the ligand backbone is extended, the HOMO is stabilized
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relative to the LUMO (i.e., lowered in energy), leading to an increase in the HOMO-LUNMO 520
gap (Table S10).

In Figure 2¢, we plot overlaid UV-vis spectra for Os-n measured in CH,Cl,, which
show four strong absorption bands in the visible region characteristic of this family of
complexes.3>%6:58 The trends in optical gaps (785-757 nm, 1.58-1.64 eV) correlate with those
of the electrochemical gaps, indicating that these energy level spacings are intrinsic properties
of the complexes. In contrast to the trends observed for Os-n, Si-n and C-n (n = 1-2) exhibit
much larger optical gaps (<335 nm, >3.7 eV) that decrease with increasing linker arm length,
as expected for m-conjugated systems (Figure S2).

The qualitative differences in electrochemical and optical gaps between the organic
wires and Os-n may be rationalized based on their electronic structure. In the organic systems
the sp3-hybridized central atom restricts m-conjugation to individual linker arms, resulting in
relatively large gaps. In Os-n, which adopt tetrahedral geometries, the HOMO and LUMO are
derived from orbitals of mixed metal and ligand character, corresponding to the orbital sets
with e and ¢, symmetry, respectively. This is consistent with the DFT-calculated frontier orbital
compositions (Figure S19). The HOMO-LUMO gap therefore reflects the tetrahedral splitting
energy (Aw¢). While the strong ligand field provided by the four c-aryls in Os-n is sufficient to
provide a A that is greater than the electron pairing energy, as evidenced by the d* low-spin

(diamagnetic) character of these complexes, A is generally smaller than splitting energies for

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

other common coordination geometries.>® For example, with all else equal, Aw; = 4/9A,¢,%°

where A, is the octahedral splitting energy.

Open Access Article. Published on 11 June 2026. Downloaded on 6/12/2026 12:40:46 AM.

Conductance Measurements in Non-Polar Solvents
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We next perform single-molecule conductance measurements using the STM-based break
junction (STM-BJ) method with custom-built instrumentation which has been described
previously (see Methods).?!-’? In Figure 3a-c, we present overlaid 1D conductance histograms
for Os-n, Si-n, and C1 measured in TD, as well as C2 measured in TCB. Under these
conditions, histograms show two conductance peaks that are reproducible within a factor of ~2
(Figures S3, S8b). We associate both high and low conductance features with junctions formed
from the parent compounds, as the conductance of these peaks systematically decreases with
increasing number of aryl groups in each linker arm (Figure 3e,f). We note that histograms for
C2 measured in TD do not show a clearly resolved low conductance peak, which we attribute
to this feature being too low in conductance and/or sloped to resolve above the instrumental

noise floor. Accordingly, data obtained in TCB likely provides an upper bound for the
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conductance of C2 junctions under these conditions. In Figure 3d, we present an, illpstrafiyec s ss

2D histogram for Os2, showing that the step features corresponding to both high and low
conductance junction extend to ~0.5 and ~1 nm, respectively. Corresponding 2D histograms
for other Os-n, Si-n, and C-n compounds are provided in Figure S4 and S8d, which show that
step lengths for both conductance features are similar for compounds with linker arms
comprising the same number of aryl groups, even when connected to different central atoms.
For completeness, we note that low conductance feature observed for Osl junctions is best
resolved at lower Vy;,s (Figure S3), but data are presented here at Vi, = 750 mV for all
compounds for consistency, and to ensure histogram features are resolved above the instrument

noise floor. Conductance peaks for Os-n, Si-n, and C-n do not otherwise exhibit a strong bias-

dependence in TD.
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Figure 3. Overlaid 1D histograms for (a) Os-n, (b) Si-n, and (¢) C-n (>5,000 traces). All
measurements were performed with Vy;,s =750 mV in TD, except for C2 which was measured
in TCB. Arrows indicate the low conductance features assigned to junctions formed by intact
molecules bridging the electrodes via thioether linker groups (e.g., a 1:1 configuration, Figure
1a). These features are fit with Gaussian functions to obtain the most probable conductance
values. (d) 2D conductance histogram for Os2; additional 2D histograms are provided in
Figure S4 and S8d. (e) Plot of peak conductance versus n for the low conductance features in
panels (a-c) (TD = solid symbols, TCB = hollow symbols). The datapoint for Os3 (checked
square) is approximate, as the associated conductance feature is not well resolved above the
instrument noise floor (dashed line fit in panel (a)). (f) Plot of peak conductance versus n for
the high conductance features. A fit to G = G.-exp(—pn) for Os-n gives B = 2.0 per aryl unit

8
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(dashed line). Data for C1 (no clear high conductance feature observed), and for Si3 and;C3c5:0505
(not measured) are excluded. Conductance data for all compounds is provided in Table S4.

Focusing first on the lower conductance features, we note that their maximum
displacement is close to the calculated S-S distance for each compound obtained from DFT-
optimized structures after accounting for the gold snapback distance of ~0.6 nm.”"”> For Osl,
Sil, and C1, the step displacement is ~0.4 nm, compared to calculated S-S distances of ~1.1
nm (Figure S4). For Os2 and Si2 the step displacement is ~1 nm, with calculated S-S distances
of 1.7-1.9 nm (Figures 3d, S4d). These observations are consistent with junctions formed by
intact molecules bridging the electrodes via terminal linker groups (i.e., a 1:1 configuration;
Figure 1a). To further support this junction geometry assignment, we synthesized and studied
a control molecule, Si2 (—2PhSMe), containing only two linker groups and therefore restricted
to binding in a 1:1 configuration (Figure S6). The step length, shape, and conductance of Si2
(—2PhSMe) junctions closely match those observed for Si2 (2.9x1077 vs. 3.5x1077 Gy,
respectively). This assignment is qualitatively consistent with the comparable conductance of
Sil junctions to structurally related two-linker systems reported in the literature, albeit
measured under different bias and solvent environments.®? As indicated by transmission
calculations for junctions comprising Si2 (—2PhSMe) and related compounds, discussed
further below, small conductance differences between these compounds may be attributed to

modifications of the other substituents on the central silicon atom (Figure S26). While we

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

cannot exclude conductance contributions from junction configurations involving the binding

of multiple linker groups of Os-n, Si-n, and C-n compounds to a single electrode (e.g., 1:2 or

Open Access Article. Published on 11 June 2026. Downloaded on 6/12/2026 12:40:46 AM.

2:2), such configurations are expected to be less probable due to the large separation between

(cc)

sulfur atoms (~1-2.6 nm) and the localized nature of undercoordinated gold binding sites
formed upon junction rupture. Such configurations may exhibit similar conductance values or
contribute to features at shorter displacements, in line with the observed histogram features.
In Figure 3e, a plot of peak conductance against n for these features reveals that the
conductance of Osl, Sil, and C1 junctions is comparable. In contrast, Os2 junctions formed
in TD exhibit a higher conductance than those of Si2 in TD/TCB and C2 in TCB by factors of
approximately 3 to 5, a trend that holds across repeated measurements (Table S4). While the
low conductance feature of Os3 is not well resolved above our instrument noise floor, the most
probable conductance of these junctions can be approximated (dashed fit in Figure 3a). Taken
together, these data indicate that the decay of conductance with increasing linker arm length is

shallower for Os-n than for Si-n/C-n. These results are even more notable given that the steric


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03527b

Open Access Article. Published on 11 June 2026. Downloaded on 6/12/2026 12:40:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Page 10 of 26

icle Online

influence of the methyl substituents in the 2,5-xylyl groups coordinated to osmiugy, mightbHecs:5s

expected to limit m-conjugation through the oligoaryl ligand arms by increasing aryl-aryl
dihedral angles, thereby reducing junction transport.* These methyl substituents, which
facilitate the synthesis and stability’® of the Os-n complexes, are also expected to influence the
equilibrium geometry around the central atom (SI, Geometric Analysis), and may introduce
minor variations in the S(Me)—Au coordination geometries sampled in Os1 junctions. This is
corroborated by geometry optimization studies of Si(aryl); models with and without added
methyl substituents (Table S6), as well as transmission calculations of analogous Si2 junctions
(Figure S26), which reveal clear differences. Accordingly, we emphasize that the present study
compares compounds featuring Os—2,5-xylyl, Si—phenyl, and C—phenyl central fragments,
rather than isolating the influence of the tetrahedral central atom alone. Despite these structural
differences, junctions featuring the Os—2,5-xylyl motif can exhibit higher conductance across
the series studied.

We next comment on the key characteristics of the higher conductance features, which
are observed for all compounds except Cl. A plot of peak conductance versus n for
measurements in TD shows that these features are largely independent of the central fragment
and decrease exponentially with increasing linker arm length (Figure 3f; see Figure S8 for
measurements in TCB). A fit to the Os-n series yields a tunnelling decay constant, 3, of 2.0/n,
consistent with values typically observed for oligoaryl-based molecular wires.*’* The
maximum displacement of these features is approximately half that of the corresponding low-
conductance features, suggesting that these junctions may involve shorter effective transport
pathways. However, the junction geometries associated with these higher conductance features
cannot be unambiguously assigned based on the available data. Possible contributions may
arise from alternative binding geometries or junction configurations distinct from those
associated with the low-conductance features. A more detailed evaluation of the high
conductance features, including additional experimental data and analysis (e.g., 2D cross-
correlation histograms),” is provided in the SI (4nalysis of High Conductance Features).
Notably, push-pull measurements of Os2 indicate that its junctions can be mechanically
switched between high and low conductance states, corresponding to an on/off ratio of >10?
(Figure S12). This observation highlights the dynamic nature of junction formation, however,
a detailed mechanistic understanding of this switching process is beyond the scope of the
present study.

In addition, we note that measurements of terminally anchored Os-n junctions in TCB

exhibit greater variability than those in TD. As illustrated in Figure S7a,c.e, the lower
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conductance feature of Os2 varies by a factor of ~8, reaching values up to L4x10:2Gocssrsrs
(approximately an order of magnitude higher than in TD). In some experiments, it appears that
the corresponding feature for Os3 can be resolved above the instrument noise floor (Figure
S7b,d,f). These observations contrast with measurements of the organic wires in TCB, which
yield more reproducible conductance features (Figure S8). The origin of this variability is not
fully established but may reflect changes in conducting orbital-Er energy level alignment or
partial in situ oxidation of Os-n under these conditions. A detailed exploration of solvent
effects is not pursued here; however, the use of TCB may complicate measurements of
chemically sensitive or redox-active compounds (particularly under applied electric fields at or
near the junction). Aromatic chlorinated solvents are known to interact with gold surfaces to a
limited extent, influencing level alignment.”® Related solvents such as CDCl; or CH,Cl, can be
weakly acidic due to the photogeneration of HC1,”” or participate in charge-transfer processes
that may affect redox-active species.”® Notably, absorption spectra of Os2 in CH,Cl,, TCB,
and TD do not show significant differences indicative of protonation or oxidation in solution
(Figure S2c¢). The greater consistency of Os-n measurements in TD is therefore consistent with
the non-polar, inert character of this solvent, which minimizes interactions with the electrode

surface and limits stabilization of charged species.
Tuning the Conductance of Os2 in a Polar Solvent

To further assess the potential for Os-n junctions to vary in conductance with level alignment,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

we performed additional measurements of Os2 in a third solvent, propylene carbonate (PC). In

these experiments, a wax-coated tip was used to minimize background Faradaic and capacitive

Open Access Article. Published on 11 June 2026. Downloaded on 6/12/2026 12:40:46 AM.

currents that would otherwise obscure the tunneling currents of interest.” However, because

(cc)

the exposed tip electrode area (~1 pum) is small relative to that of the substrate (~1 cm?), a dense
double-layer forms at the tip. This is known to induce a bias-dependent shift of the transmission
function relative to the average Er of the junction.®? As a result, the applied bias window opens
asymmetrically about Eg, enabling experiments that probe the transmission landscape of the
junction,®® provide insight into whether the dominant conducting orbital is occupied or
unoccupied,’8! and, in some cases, give rise to significant current rectification.®?

In Figure 4a and b, we present overlaid 1D histograms for Os2 measured in PC (no
added electrolyte) at different tip biases, across two independent experiments. The conductance
of the feature attributed to intact Qs2 junctions increases as the tip bias is made more positive.
Gaussian fits to this feature in each histogram indicate that the most probable conductance can

be modulated by up to a factor of 47. In Figure 4c, these results are summarized by plotting

11
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the fitted peak conductance values as a function of tip bias, which also demonsfratgs,g00d ;505

reproducibility between experiments at a given bias. Representative 2D histograms in Figure
4d and e show that the maximum junction displacements associated with the lower conductance
features are comparable to those observed in TD measurements (Figure 3d) and do not
significantly vary with tip bias (additional 2D histograms are plotted in Figure S15). This is
consistent with the assignment of this bias-dependent feature to intact molecular junctions. In
Figure 4f, we provide a cyclic voltammogram of Os2 obtained in sifu using a gold STM tip as
the working ultramicroelectrode and the substrate as both counter and quasi-reference electrode
(recorded during the experiment shown in Figure 4b). A redox wave is observed at ~0.8 V
under these conditions, corresponding to approximately +0.65 V versus [FcH]Y!" measured
under identical conditions (Figure S16). As this feature is not observed in the absence of Os2,
it is assigned to the 0/1+ redox event of the complex, shifted by +400 mV relative to
measurements in "BuyNPF4-CH,Cl, (Figure 2b). These results indicate the bias window opens
towards the HOMO resonance as the tip bias is made more positive. We find that junction
formation becomes increasingly difficult for tip biases above +700 mV. This behaviour has
also been observed in studies of other molecular junctions at high bias, including systems with

transmission resonances close to Ep.30

a b 10 4
Tip Bias (mV, Expt. 1) Tip Bias (mV, Expt. 2) 10 [~ mos2(1) O
—+400 —+400 3 o Os2 (2) o
& W -250 % —+500 o A Si2
o — 4250 e —+600 o g~
= -400 S —+700 g 10°
2 — +550 2 5 — +650 s z AC
3 5 — =550 = 9
o Q ©
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7 | I l l
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Figure 4. (a,b) Overlaid 1D histograms (2,000 traces) for measurements of Os2 in PC at
different tip biases, acquired in two independent experiments (biases listed in order of
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measurement). The conductance of the primary feature increases by up to a factogof 47 Wit 5:50%
changing tip bias. (¢) Fitted peak conductance values for Os2 as a function of tip bias (blue),
derived from the data in panels (a) and (b). Corresponding measurements for Si2 in PC show
a substantially weaker dependence on tip bias (red; see Figure S14 for histograms). (d,e) 2D
histograms obtained at tip biases of = +400 mV and +700 mV, respectively, corresponding to
the 1D histograms in panel (b). Additional 2D histograms corresponding to data shown in panel
(a) are provided in Figure S12. (f) Cyclic voltammogram obtained using the same tip,
substrate, and solution as in the STM-BJ measurements in panel (b), recorded with an external
potentiostat. The wax-coated STM tip served as the working ultramicroelectrode, and the
substrate as both the counter and quasi-reference electrodes (two-electrode configuration).
Additional voltammograms are provided in Figure S16.

These experiments suggest that terminally anchored Os2 junctions exhibit a sloped
transmission function near Ep, with transport dominated by occupied states,’® in agreement
with the calculations discussed below. Comparison measurements tracking the low
conductance feature of Si2, as well as the high conductance features of both Os2 and Si2, show
much smaller or negligible changes in conductance with tip bias (Figure 4a-c, S17). This
behavior is indicative of transmission functions that are relatively flat around Eg. The high
conductance feature of Os2 also decreases in intensity as the tip bias is made more positive,
and appears similarly suppressed at positive biases for Si2. Such molecule-specific variations
in peak intensity with changing tip bias in PC have been reported previously.?® Overall, these

measurements of Os2 in PC (Figure 4a-c) support the view that variations in level alignment

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

can lead to substantial changes in the low conductance feature of Os-n junctions, comparable

in magnitude to those observed across repeated measurements in TCB (Figure S7), while

Open Access Article. Published on 11 June 2026. Downloaded on 6/12/2026 12:40:46 AM.

having a limited effect on transport through Si2 junctions (Figure S17). At a tip bias of +700

(cc)

mV, the conductance of Os2 junctions is ~83x larger than for Si2, highlighting the distinct

electronic properties of these structurally analogous compounds.

Computational Analyses of Model Systems in the Gas Phase

To gain further insight into the electronic properties of these junctions, we now turn to quantum
transport calculations. Our calculations are based on density functional theory (DFT) and the
non-equilibrium Green’s functions formalism, and are performed using the combination of
FHI-aims® and the transport module AITRANSS.3487 Additional computational details can be
found in the SI. We show, in Figure Sa, overlaid transmission functions for Os-n junctions

bound to gold electrodes with two thioether linkers. An example of these relaxed junction
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geometries is given in Figure S5c. We observe that the conductance, which is proportiondl {85:50%

the transmission at Ep, is highest for the smallest complex and follows the trend: Os1 > Os2 >
Os3. When considering the trend in the HOMO-LUMO gaps (see Table S9 and discussion
above), the Os-n series exhibits the opposite behavior to that of conventional conjugated
molecular wires (such as Si-n and C-n), while still exhibiting the expected decay of
conductance with length. Here, the conductance ordering is attributed to the alignment of the
HOMO level with Eg, along with its decreasing width as the wire length increases. As is
common in calculations using semi-local functionals (here, PBE?®), the computed conductance
of Os-n junctions is overestimated by more than an order of magnitude compared to
experiment, a well-understood artifact arising from the limitations of generalized-gradient
approximations to DFT functionals.?-° Notably, the calculated conductance for Os3 is low,
consistent with experimental observations that it almost falls below our instrumental noise

floor.

a 10 " in] b
c 10 ‘ e , c
c . i
E 10 \i : E
8l TS
2 10 ost || 101 -
10 = Os2 10
10 Os3 0.1 0 01
=12 | | 1
10
2 -1 0 1 2
Energy - E¢ (eV) Energy = Eg (V)
Cc d rd
1
‘ /
¢F .
¢
Os1 si2

Figure S. (a) Overlaid transmission functions for the Os-n series. (b) Comparison of overlaid
transmission functions for Os2, Si2, and C2 (data for Os2 reproduced from panel (a)). Insets
provide an expanded view of transmission close to the Fermi level. (¢,d) Optimized
geometries of Os1 and Si2 junctions, respectively. Hydrogen atoms excluded for clarity.
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We have also performed quantum transport calculations for the Si-n and C-gmglecfilat 550

junction series. In Figure 5b, we show a comparison of the transmission functions for n = 2
(0s2, Si2, C2), additional results for the entire Si-n and C-n series are available in Figure S25.
An example of one of these relaxed junction geometries is shown in Figure Sd. We recognize
that all these junctions exhibit complex transmission functions with Fano-type interference
features, which can be attributed to the existence of non-bonded aryl groups in the complexes.
The role of non-bonded side groups not directly involved in the main transmission pathway in
generating quantum interference effects is well established.”!*? In the case of the Si2 junction,
we have checked this effect by removing the two non-bonded aryl arms and substituting them
with —CHj; groups (Figure S26). This modification leads to the disappearance of the Fano-type
resonances close to Eg. The calculated conductance of Si-n and C-n junctions follows the same
trend as for Os-n, with Sil > Si2 > Si3 and the same ordering for C-n. This trend is consistent
with the expected tunneling behaviour of conductance decay with molecular length of
conjugated molecular wires.

Our transport calculations show that OQs2 junctions are HOMO conducting and exhibit
a significantly higher conductance than junctions formed from Si2/C2, though the exact
difference may change due to differences in Er alignment and solvent effects (as noted below).
This qualitatively aligns with our experimental studies in PC which show that the conductance
of intact Os2 junctions can vary by a factor up to ~80 relative to their Si2 analogues. Our
calculations for Si2 also recover the flatness of the transmission function close to Ey as
suggested by these conductance measurements. The trend is further supported by the orbital
character of the HOMO in Os-n which shows greater density on the central atom (Os d,?)
compared to the sp-like character in Si-n or C-n (Figure S21). This facilitates delocalization
of the thioanisole n-system, as well as HOMO level pinning by the metal-derived orbitals, and
contributes to the higher conductance observed in Os-n. Finally, it is important to stress that
our calculations do not account for the effects of solvents or electrochemical influences. This
limitation could offer a possible explanation for some discrepancies between the theoretical
results and experimental observations.

In closing, we also note that we have calculated PBE-based tunnel couplings, which are
related to conductance.*” The results of these calculations align well with the DFT
transmission calculations in Figure 5, consistently recovering highly conductive Os-n
junctions (SI, Tunnel Coupling). The tunnel coupling values also indicate that variations in the
calculated conductance may result from the orientation of adjacent aryl rings connected

through the central atom (explicitly defined, in Figure S19, using pairs of dihedral angles).
15
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While variations due to non-equivalent geometries can also be reproduced in transmis§igac s 50s

calculations (Figure S27), these do not change the conductance ordering Os-n > Si-n ~ C-n.
To assess the sensitivity of transport predictions and conductance ordering to the choice of
exchange-correlation functional, we also performed tunnel coupling calculations using the
hybrid functional B3LYP. Tunnel coupling calculations are well suited to hybrid functionals,
which should otherwise always be avoided in systems with many gold atoms, as they
misrepresent the electronic structure near Er.”* We reemphasize that tunnel coupling and full
ab initio transport calculations show good agreement in capturing the conductance trends, as
exemplified by the PBE-based comparison discussed above. Interestingly, the B3LYP-based
tunnel coupling calculations suggest that the differences between Os-n, Si-n, and C-n junctions
may be smaller than those predicted by PBE (Table S7,8), in better agreement with
experimental trends and providing further insight into the influence of exchange-correlation

effects on transport properties.

CONCLUSION

We have shown, through a combination of experiment and DFT-based calculations, that single-
molecule junctions formed from terminally connected osmium(IV) tetraaryl compounds can
exhibit substantially higher conductance than analogous organic compounds based on
tetrahedral silane or methane cores. Our analysis further suggests that transport through such
transition metal complexes can be tuned via ligand field modifications, where changes in A
arising from coordination geometry or ligand field strength directly map onto the HOMO-
LUMO gap. The variability observed for Os-n junctions in TCB and the pronounced, bias-
dependent modulation of Os2 conductance in PC (relative to Si2) demonstrate that these
organometallic junctions are sensitive to the local (electro)chemical environment, consistent
with the sloped character of their calculated transmission functions near Eg. These findings
underscore the importance of controlling the environment around junctions to achieve
reproducible conductance measurements for such systems. We propose that Os-n and related
tetraaryl compounds based on other transition metals,* as well as structurally distinct c-aryl
complexes (e.g., OsO(aryl)4,” OsO,(aryl),,” or Os(n’-biaryl)(aryl),(L)°*® where L = PMe;,
CO), may provide a unique modular platform to systematically relate the electronic structure
of organometallic components to trends in single-molecule conductance. Beyond single-
molecule electronics, these results also support the potential of osmium(IV) tetraaryl

complexes as building blocks for 3D ordered polymers with enhanced conductivity, which

16


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc03527b

Page 17 of 26 Chemical Science

icle Online

remains to be evaluated through comparative studies of isostructural bulk materialg assembled s 50s

from different tetrahedral nodes.

METHODS
Scanning Tunnelling Microscope-based Break Junction

Briefly, we apply a voltage (Vi) between a gold STM tip and gold substrate while pushing
these electrodes repeatedly in and out of mechanical contact as we measure the current (I)
through the junctions that are produced. Plots of conductance (G = 1/Vy,;,s) versus increasing
tip-substrate displacement reveal step features at ~1 Gy (= 2¢?/h) indicative of the formation of
gold-gold atomic point contacts. After breaking the point contacts in the presence of molecules
that can bridge the tip-substrate nanogaps, we observe additional conductance step features
below 1 Gy that we attribute to the formation of single-molecule junctions. Thousands of such
conductance-displacement traces are compiled without data selection into 1D conductance
histograms, whereby the step features combine to provide peaks that can be further fit with
Gaussian peaks to obtain the most probable junction conductance. The data is subjected to
additional analyses, for example, by constructing 2D histograms that retain the step

displacement information. Additional information is provided in the SI.

Computational Studies

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Tunnel Coupling. Density functional theory (DFT) calculations were performed with Q-Chem
5.4.2 and visualized using IQMol 2.15.1.°°¢ Geometries were optimized at the PBE® or
B3LYP level (6-31G** for light atoms, LACVP for Os), both with and without single gold

Open Access Article. Published on 11 June 2026. Downloaded on 6/12/2026 12:40:46 AM.

atoms bound to sulfur. Quantum Transport Calculations. Ab initio transport was carried out

(cc)

using FHI-aims® with PBE and scalar-relativistic ZORA corrections.”” Molecular junction
geometries were optimized in two steps: relaxation of molecular atoms and apex gold tips (up
to 11 atoms per pyramid), followed by addition of gold layers to create the full contacts.
Transmission functions were computed via linear-response non-equilibrium Green’s

function formalism using AITRANSS.?37 Full computational details can be found in the SI.
ASSOCIATED CONTENT

Electronic Supplementary Information (ESI) available: Additional synthetic, spectroscopic,
conductance, and computational details and data. This includes synthetic procedures, 1D and
2D conductance histograms, transmission calculations, crystallographic data for Sil, and 'H

and BC{'H} NMR spectra for all new compounds. CCDC 2480811.
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The data supporting this article have been included as part of the Supplementary Information. Crystallographic data
for Si1 has been deposited at the CCDC under accession number 2480811.
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