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ABSTRACT

Structural motifs based on tetraphenylmethane have drawn substantial interest as components
of molecular electronic circuits, self-assembled monolayers, and three-dimensional polymers.
However, the broad utility of such motifs is limited, for example, by the broken conjugation
though the central, sp*-hybridized, carbon or silicon atom(s). To enrich their functionality, we
reason the central atom could be exchanged for a transition metal to improve electronic
coupling between the m-conjugated substituents and impart reversible redox properties. In
evaluating this hypothesis, here we probe single-molecule junctions comprising oligoaryl wires
with tetrahedral osmium(IV), silane, or methane centers. Surprisingly, we find that transport
through junctions formed from the intact molecules in a non-polar, inert solvent appears largely
independent of the central atom identity. In contrast, the conductance of junctions comprising
an osmium(IV) wire can be modulated in an electrochemical environment by a factor of 47, to
values 80x higher than for a silane analogue, by opening the bias window asymmetrically about
the electrode Fermi level (Er). These measurements also indicate that such compounds can
undergo in situ reactions that result in junctions comprising their dissociated oligoaryl arms,
linked by chemisorbed Au-C(sp?) contacts. Our experimental results are supported by first
principles calculations, which predict the osmium(I'V) wires are substantially more conductive
than the organic analogues due to their delocalized and well-coupled frontier orbitals with
energies close to Er. This work highlights the promising potential of transition metal tetraaryl
complexes as isotropic building blocks for functional circuits and extended materials, while
opening avenues for further studies to enhance the connection between experimental

observations and theoretical calculations.
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INTRODUCTION

In the development of molecular components that can function as electronic circuit elements
such as wires or switches, most studies have focused on one-dimensional (1D) species
functionalized with two linker groups to establish physical and electrical connections to
nanoscale electrodes.! This emphasis is easily rationalized given the substantial challenges? in
moving beyond established analytical approaches based on two-terminal junctions formed
using scanning tunneling®* or conducting atomic force microscope® (STM or AFM), or eutectic
gallium-indium (EGaln),® methods. Nonetheless, several studies have also considered transport
through multi-terminal,>”® or branched,”!! molecular junctions, for example, seeking to
influence the alignment of conducting molecular orbitals with the electrode Fermi energy (Er),
or to evaluate nanoscale circuit rules governed by quantum effects. Though certainly still a
distant target, we propose that extended multi-molecular circuits may, in principle, be
assembled by connecting individual components through bridging molecular nodes (in addition
to, for example, bridging metal nanoparticles'? or discreet electrodes'?). Such nodes could serve
to electronically couple each element, isolate them from each other to preserve their
independent function, or serve both purposes through a reversible switching event.
Accordingly, efforts to develop and evaluate the conducting properties of molecular structures
that could modulate transport through well-defined two- or three-dimensional (2D or 3D)
geometries are critical. Such structural elements are also of current interest for the construction
of conductive, permanently porous 2D and 3D ordered polymers (OPs) such as covalent
organic'* and metal-organic frameworks (COFs and MOFs),!> materials targeted for

16.17 or chemical sensing.!®!” Here, for example,

applications in electrochemical energy storage
nodes that strongly electronically-couple appended groups may be utilized in the construction
of bulk materials with large band dispersions.!>

A prototypical class of 3D tetratopic building blocks are tetraphenylmethane and silane.
Such compounds, typically with appended -SH or -CN groups, have been utilized as molecular
tripods on metal surfaces, and in molecular junctions.?’*! To improve the conductivity of these
materials (albeit anisotropically), and facilitate synthetic methods that yield asymmetrical
tetrapods, a spiro carbon core structure was developed by Mayor and coworkers.3>=* This
introduces a conjugated pathway between two of the four aryl groups. The thermoelectric
properties of junctions comprising different tripodal c-aryl metal sulfido complexes have also

been probed computationally.®> Several groups have utilized building blocks based on the

methane or silane core, appended with appropriate coordinating or reactive groups such as -
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B(OH)2,*® or -NH>,* to construct 3D OPs with extended diamond-like or distinct framework
structures.’®* However, such OPs are not known to be good electrical conductors — in part due
to the broken conjugation between aryl groups at each tetrahedral node. While efforts to
develop organic building blocks with improved properties are underway (e.g., featuring
enhanced through-molecule conjugation),®® electrically conductive 3D OPs are rare in
comparison to their 2D counterparts.'> Notable examples include MOFs based on Fe(tri)2(BF4)x
(tri” = 1,2,3-triazolate, x = 0.09-0.33)*! and FeTHQ (tetrahydroxy-1,4-quinone)*? complexes,
and a COF comprising cyclooctatetrathiophene nodes.** Interestingly, such conductive systems
often utilize redox-active components which are thought to improve conductivity through
charge hopping transport mechanisms and/or increase the number of carriers through partial
oxidation/reduction of the system (doping).'”

In this context, replacement of the sp’-hybridized carbon or silicon atom with a
transition metal ion could improve electronic coupling between aryl groups and impart
desirable redox properties to the tetraphenyl motif. Of the known air-stable metal(IV)
tetraaryls,* the osmium(IV) complexes present an attractive target given their relatively well-

45-49

established synthetic chemistry, reversible redox chemistry at low potentials,’® and large

radially diffuse 5d orbitals that transform with w-symmetry in a tetrahedral environment.’!
Notably, in a recent (spectro)electrochemical study of ferrocenyl-appended osmium(IV),
silane, and methane complexes, spectral features attributed to intervalence-charge transfer
bands for the partially oxidized osmium species were observed (a signature of electronic

243+ centers).* Unfortunately, the degree of coupling across each

coupling between the Fe
different central atom could not be assessed in this work as the mixed-valence states of the
silane and methane compounds proved difficult to access. These results did, however, further
motivate our efforts to evaluate charge transport through analogous compounds in comparative
conductance measurements, and build on the growing interest in utilizing transition metal
complexes and inorganic clusters as molecular electronic components.’?>* While such
investigations have reported, for example, extraordinary conductance-distance

3453 exotic transport behavior such as Coulomb/current blockade,**” and unusual

relationships,
direct metal-electrode contact chemistries,® we recognize they should be approached with care.
Synthetic challenges must often be overcome in producing an oligomeric, or modular, series
of compounds, and the stability of any given complex in contact with an electrode cannot be
assured.”

In this work we synthesize and study three families of molecules comprising tetravalent

osmium (QOs-n), silicon (Si-n), and carbon (C-n) centers tetrahedrally coordinated with four

3
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identical linker arms (Figure 1). Each arm comprises a conjugated oligomeric wire with n = 1-
3 para-substituted aryl units, terminated with a thioether group for electrode binding. We show,
through reproducible conductance measurements in tetradecane (TD), that junctions
comprising Osl, Sil, and C1 each exhibit a similar conductance. Junctions formed from Os2,
in contrast, exhibit a conductance that is up to 5x higher than the organic wires. The
conductance of Os-n junctions are highly variable when instead formed from 1,2,4-
trichlorobenzene (TCB) solutions, suggesting these systems are particularly sensitive to the
solvent environment and/or the alignment between the molecular orbitals that dominate
transport and Er. We support this hypothesis through preliminary electrochemical studies in
propylene carbonate (PC) which show the conductance of Os2 junctions can be modulated by
~45x% (through bias-dependent shifts of the transmission function relative to the average Er of
the junction) and that these junctions can exhibit a >80% higher conductance than those formed
from Si2 under the same conditions. Notably, we also observe evidence of heterolytic Os-, Si-
, and C-aryl bond cleavage to form Au-C(sp?) linked junctions comprising the dissociated
linker arm, showcasing a new mechanism to form these chemisorbed contacts.

To help rationalize our experimental findings, we perform gas-phase density functional
theory (DFT) and DFT-based quantum transport calculations. Our results show that Os-n
molecules exhibit delocalized frontier orbitals and corresponding single-molecule junctions
with high conductivity, consistent with experimental observations. This behavior is associated
with well-coupled frontier orbitals with energies close to Er. Furthermore, when solvent effects
are not considered, theoretical calculations suggest that Os-n junctions should be substantially
more conductive than their Si-n and C-n counterparts. These findings highlight valuable
opportunities for further investigation into the measurement and computation of junctions
comprising tetrahedrally coordinated complex molecules, particularly in electrochemically
active environments. They also motivate additional studies to refine our understanding of

complex stability and frontier orbital energy alignment, addressing key challenges in the field.
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Figure 1. (a) Molecule junctions containing model tetraarylosmium(IV) complexes

x

comprising mono, bi, or triaryl ligands terminated with thioether electrode linker groups. (b)
Chemical structures of tetraarylsilane and tetraarylmethane analogues.

RESULTS AND DISCUSSION

The monoaryl compounds Os1 and Sil were synthesized through direct reaction between aryl
magnesium bromide or aryl lithium with (OctaN)>[OsBrs]**%° or SiCls,°! respectively, whereas
C1 was prepared through nucleophilic substitution of tetrakis(4-bromophenyl)methane with
sodium thiomethoxide (Figure 2a).°? The oligoaryl compounds were each prepared through
Suzuki  cross-coupling®®  of  4-(methylthio)phenylboronic ~ acid  or  4-(4-
methylthiophenyl)phenylboronic acid with tetrakis(4-bromo-2,5-
dimethylphenyl)osmium(IV),*’ tetrakis(4-bromophenyl)silane, or tetrakis(4-
bromophenyl)methane. All compounds were isolated as solids that readily dissolved in
common organic solvents and proved air-stable even in solution. The yields of each product
typically varied between 9-34% (55-76% per bond). The relatively low yield of Sil (2%; 21%
per bond) is attributed to incomplete lithiation of the 4-bromothioanisole precursor. The
compounds Si3 and C3 (analogous to Os3 with Si/C central atoms) were projected to exhibit
a conductance below the noise floor of our instrument so their synthesis was not pursued. While
Os(aryl)s complexes are known to react with small Lewis acids such as Pmes, isocyanides, or
CO,*” we find they do not react with the thioethers introduced here — presumably 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(PPhs)s, K2CO3, DMF, 110°C. (b) Overlaid cyclic voltammograms of Os-
n. (¢) Overlaid UV-vis spectra for Os-n, normalized to the peak of maximum intensity in the
visible region (additional spectra are provided in Figure S1).

The electronic properties of Os-n were probed in solution electrochemical and
spectroscopic studies, given that Os(aryl)s are known to exhibit reversible redox chemistry and
strongly adsorb in the visible region.*>4%-30:63.64 Data for all compounds studied is provided in
Tables S1-2. In Figure 2b, we plot overlaid cyclic voltammograms for Os-n in CH2Clz-
"BusNPF¢. These measurements reveal reversible redox features corresponding to 0/1+ and
1-/0 events (ipa/ipc ~ 1, ip ¢ Vs!"?) which have previously been assigned to the Os*"/>* and Qs34
couples, respectively.’® Osl also exhibits a 1+/2+ redox feature that has been observed for
some other complexes with 4-substituted aryl ligands.**** Notably, the electrochemical band
gap of these materials (1.97-2.15 V) increases from Os1 to Os2 ~ Os3 (with increasing ligand
length). This trend contrasts with expectations for conjugated organic materials and reflects the
critical role of the osmium 5d orbitals in dictating the electronic properties of these wires. In
Figure 2¢ we plot overlaid UV-vis spectra for Os-n that each show the four strongly absorbing
bands in the visible region that are characteristic of this family of complexes.5%:636> Critically,
the trends in optical gaps (785-757 nm, 1.58-1.64 eV) correlate with those of the
electrochemical gaps, suggesting these are characteristic of the complexes themselves and are

not dictated by the electrochemical environment. Si-n and C-n (n = 1-2) exhibit optical gaps
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that are much larger than those of Os-n (<335 nm, >3.7 eV) and decrease in energy with
increasing ligand length (Figure S1).

We next perform single-molecule conductance measurements with the STM-based
break junction (STM-BJ) method, using custom-built instrumentation which has been
described previously.®®7 Briefly here, we apply a voltage (Viias) 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 =
I/Vbias) versus increasing tip-substrate displacement reveal step features at ~1 Go (= 2e*/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 Go 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.

In Figure 3a-c, we first present overlaid 1D histograms for Os-n, Si-n, and C1
measured in TD, as well as C2 measured in TCB. Under these experimental conditions,
histograms show conductance peaks which are reproducible within a factor of ~2 (Figures S2,
S6b). In most histograms, we observe two distinct peaks for each compound at high and low
conductance. We associate each series of features with junctions formed from the parent
compounds, given that the conductance of peaks from each compound family is found to
systematically decrease as the number of aryl groups in each ligand increases (Figure 3e,f). In
Figure 3d we present an illustrative 2D histogram for Os2 that shows the step features
corresponding to both high and low conductance junction geometries extend to ~0.5 and ~1
nm, respectively. 2D histograms for other Os-n, Si-n, and C-n are provided in Figure S3 and
S6d, which show step lengths for both high and low conductance features are similar for
junctions formed from compounds with linker arms comprising the same number of aryl

groups, even when these are connected to different central atoms.
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Figure 3. Overlaid 1D histograms for (a) Os-n, (b) Si-n, (¢) C-n (=5,000 traces). All
measurements were performed with Viias = 750 mV in TD, except for studies of Osl, Sil, and
C1 which used Viias = 250 mV, and C2 which was measured in TCB. Arrows mark the low
conductance features assigned to junction geometries where compounds are linked to each
electrode by a single thioether anchor (1:1 configuration, Figure 1a). (d) 2D conductance
histogram for Os2. Additional 2D histograms are provided in Figure S3, S6d. I A plot of peak
conductance versus n for the low conductance feature. All data is from measurements in TD
(solid), except for C2 which was measured in TCB (hollow). (f) A plot of peak conductance
versus n for the high conductance peak feature observed in each series of wires measured in
TD. A fit of conductance versus n for the high conductance peak of Os-n using G =
G -exp(—Pn) gives B = 2.0/n (dashed line).

Focusing first on the low 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, step displacement is ~0.4 nm and the calculated S-S distances are ~1.1 nm (Figure
S3). For Os2, Si2, and C2 the step displacement is ~1 nm and the calculated S-S distances are
1.7-1.9 nm (Figures 3d, S3d, S6d). Accordingly, we attribute the low conductance features to
junctions comprising a tetrahedrally-coordinated central atom linked to each electrode by one
anchor group (the 1:1 configuration; Figure 1a). In support of this assignment, we note the

conductance observed for Sil (3.5%x107° Go at Viias = 250 mV in TD) is comparable to the
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reported conductance of the structurally similar SiMex(C¢Ha-SMe), (~7x107° Go at Viias = 225
mV in TCB; which only comprises two linker groups to form junctions).”” While we cannot
rule out the formation of junctions linked to either electrode by two or three thioether anchors,
we suggest such 1:2, 1:3, or 2:2 configurations are less probable, exhibit comparable
conductance to junctions linked by a single anchor on each electrode, or are already captured
in measurements at smaller junction displacements prior to breaking the molecular junction
(accounting in part for the highly sloped conductance-displacement features observed). In
Figure 3e, a plot of peak conductance against n for the low conductance features reveals that
the conductance of Osl, Sil, and C1 are comparable. In contrast, Os2 exhibits a higher
conductance than Si2 in TD and C2 in TCB by factors of ~5 and ~3, respectively. Conductance
data are provided in Table S3.

As the maximum displacement of each high conductance step is approximately half of
the displacement observed for the low conductance step, we propose this feature may be
attributed to junctions comprising linker arms that have been cleaved at the central atom-aryl
bond. In support of this hypothesis, we plot, in Figure 3f, peak conductance versus n for the
high conductance features observed in each family of compounds (see Figure S7 for the same
plot using data from TCB measurements). A fit to the data for Os-n provides a tunneling decay
constant, B, of 2.0/n, close to values typically found for wires with oligoaryl backbones.*"!
Furthermore, the conductance of the high conductance peaks is independent of the central atom
of the molecular precursor used. Our assignment of this histogram feature is further supported
by the observation that the junctions formed from complexes with biphenyl ligands exhibit a
similar conductance to those formed from 4’-(methylthio)-[1,1’-biphenyl]-4-
yl)(triphenylphosphine)gold(I), a complex comprising the same ligand with a pre-installed
gold-carbon bond (see Figure S8 and supporting discussion). In Figure S9 we propose a
tentative reaction scheme to rationalize these observations. We propose that tetraaryl
compounds undergo heterolytic central atom-aryl bond cleavage to provide a stable trityl (with
carbon),” or trityl-like (with silicon”® or osmium), cation and a corresponding nucleophilic aryl
anion. Such an anion could feasibly form junctions linked on one side through an Au-C(sp?)
bond, and on the other through the thioether. This hypothesis follows recent reports that show
organic wires comprising aryl-S’‘Bu groups can form junctions comprising chemisorbed S-Au
linkages, apparently with loss of the stable zerz-butyl carbocation.”’

For completeness, we note that the histogram of Os3 in TD does not feature a low
conductance peak, likely because the conductance of junctions bound to each electrode with

thioanisole anchors (comprising six aryl groups) falls below the minimum conductance limit
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of our current instrumentation. Furthermore, in Figure 3¢ we present a conductance histogram
from measurements of C2 in TCB because studies of this molecule in TD have so far not
provided the expected low conductance peak (Figure S4). We recognize that this feature would
be absent in measurements where the rate of ligand dissociation increased to a critical value
that disrupted the formation of junctions linked by thioether anchors to each electrode.

While measurements of C2 in TCB proved useful in this context, we have focused our
discussion on STM-BJ studies with TD due to significant experimental variations observed for
low conductance junctions of Os-n measured in TCB. In the examples provided in Figure S5,
the low conductance feature of Os2 varies by a factor of ~8, up to 1.4 x 107> Gy (an order of
magnitude higher than the conductance measured in TD). In some experiments, it appears that
Os3 junctions of the 1:1 configuration can be observed above our instrument noise floor. While
we cannot yet provide a firm rationale for these observations, we suggest that the use of TCB,
despite its widespread utilization in single-molecule conductance experiments, has the
potential to complicate studies of chemically sensitive or redox-active compounds (particularly
under applied electric fields near the junction). Other chlorinated solvents such as CDCl; or
CH>Cl, can prove weakly acidic due to the photogeneration of HCL,’® or may oxidize
compounds with low redox potentials such as ferrocene through charge transfer to solvent
(CTTS) optical transitions.”” Aromatic chlorinated solvents are also known to interact with a
gold surface to a limited degree, influencing frontier orbital-Er level alignment.”® The greater
consistency of conductance measurements in TD may accordingly be attributed to the non-
polar, inert character of this solvent, which inhibits the dissolution of charged species and does
not strongly interact with the gold surface.

To help further rationalize the potential for Os-n junctions to vary in conductance with
level alignment or through in situ oxidation, we perform conductance measurements of Os2 in
propylene carbonate (PC). In such experiments, it is essential to use a wax-coated tip to
minimize background Faradaic and capacitive currents that would otherwise obscure junction
tunneling currents of interest.”” However, as the exposed tip electrode area (~1 pm) is small
relative to the area of the substrate electrode (~1 ¢cm?), this also results in the generation of a
dense double-layer at the tip that is thought to induce a bias-dependent shift of the transmission
function relative to the average Er of the junction.’’ As a result, the bias window opens
asymmetrically about Er, enabling experiments that probe the transmission landscape for
different molecules,®® establish whether the dominant conducting orbital is occupied or

d,80,81

unoccupie or construct junctions that exhibit significant current rectification.®?

10
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In Figure 4a,b we present overlaid 1D histograms for Os2 measured in PC at different
tip-substrate biases across two separate experiments which show that the conductance of the
junctions formed can be modulated by a factor of 47, increasing as Vpias is made more positive.
The representative 2D histograms shown in Figure 4d,e confirm that the junction conductance
increases while the maximum junction displacement remains constant. These observations are
consistent with a sloped transmission near Er, and indicate that transport through Os2 junctions
is HOMO-dominated, as is also found in the calculations discussed below. In contrast, we
observe the peak attributed to junctions comprising dissociated ligand does not significantly
change in conductance with applied bias and reduces in intensity for tip biases more positive
than —250 mV. In Figure 4c¢, we provide a cyclic voltammogram of Os2 obtained in situ using
the gold STM tip as working electrode and the substrate as both reference and counter electrode
(obtained during experiment 2, shown in Figure 4b). This shows a redox wave close to ~0.8
V that we assign to the 0/1+ event observed for this compound (Figure 2b), confirming that
we approach the HOMO resonance as we apply a more positive Vpias. We find that we cannot
easily form junctions for Vyias > +700 mV; similar limits have been observed in studies of other
molecules with resonances close to Er.® Finally, in Figure 4f, we plot peak conductance versus
Vyias (using Gaussian fits to the histogram peaks in Figure 4a and b), further illustrating the
consistent increase in conductance with increasing positive Viias and the reproducibility of
conductance values between different experiments. Together, these studies support the view
that variations in level alignment could indeed result in significant changes to the conductance
of Os-n junctions, on the order of those observed in repeated measurements in TCB. Analogous
PC measurements performed using Si2 show a much smaller change in conductance with Viias
(Figure 4f, S10), consistent with a transmission function that is flat around Er. At Vpias = +700
mV, the conductance of Si2 junctions is 83% smaller than that those formed from Os2, clearly

illustrating the distinct electronic structures of these compounds.
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Figure 4. (a,b) Overlaid 1D histograms (2,000 traces) for measurements of Os2 in PC at
different Vyias, across two different experiments (biases listed in chronological order). This data
shows that junction conductance can increase by a factor of 47 with changing Vpiss. I Cyclic
voltammogram obtained using the same tip, substrate, and solution as used for the STM-BJ
measurements in panel (b) with an external potentiostat. Here the wax-coated STM tip served
as the working electrode, the substrate as both the counter and reference electrodes. (d,e) 2D
histograms obtained for measurements at Viiss = +400 mV and +700 mV, respectively,
corresponding to the 1D histograms in panel (b). (f) A plot of peak conductance versus Vpias
for the measurements of Os2 shown in panels (a) and (b) (blue). An overlaid plot for PC
measurements of Si2 show these junctions exhibit a much smaller dependance on Vyias (red;
see Figure S10 for corresponding histograms).

To gain insight into the charge transfer properties of these junctions, we now turn to
quantum transport calculations. Our transport 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.3+%¢ Additional
computational details can be found in the SI. We show, in Figure 5a, overlaid transmission
functions for Os-n, bound to gold electrodes with two thioether linkers. An example of these
relaxed junction geometries is given in Figure Sc. We observe that the conductance, which is
proportional to the transmission at Er, is highest for the smallest complex and follows the trend:

Os1 > Os2 > Os3. This behavior appears counterintuitive when considering the trend observed
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in the HOMO-LUMO gaps for the isolated molecules (see Table S8 for calculated values,
which qualitatively agree with those found through experiment), and in which shorter wires
typically exhibit larger HOMO-LUMO gaps. Here, the conductance ordering is attributed to
the alignment of the HOMO level with Er, along with its decreasing width as the wire length
increases. As is common in calculations using semi-local functionals, the computed
conductance of Os-n 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.?”-%8 Notably, the calculated conductance of Os3 is very

low, consistent with experimental observations where it falls below the noise level.

a b
c C
2 S
@ 2
£ £
n n
C C
o o
[ [
T = | |
-2 -1 0 1 2
Energy — E (eV)
C d 7

Os1 :‘i: Si2

Figure 5. (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)). (c-d)
Optimized geometries of Os1 and Si2 junctions, respectively. Hydrogen atoms excluded for
clarity.

We have also performed quantum transport calculations for the Si-n and C-n molecular
junction series. In Figure Sb 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 S15.
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An example of one of these relaxed junction geometries is shown in Figure 5c. 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 calculated conductance of Si-n and C-n follows the same trend as Os-n, with Sil > Si2 >
Si3 and the same ordering for C-n. However, in this case, the trend aligns with the expected
behavior based on the HOMO-LUMO gaps, indicating that these molecules, in general, behave
as conventional molecular wires. Additionally, the calculated HOMO-LUMO gaps of Si-n and
C-n are very similar and substantially larger than those of Os-n with a difference of 1-2 eV
between Os-n and Si-n/C-n (Table S8). Our transport calculations show that Os2 is HOMO
conducting and exhibits a significantly higher conductance than Si2/C2, though the exact
difference may change due differences in Er alignment and solvent effects. This qualitatively
aligns with experimentally measurements in PC at Viias = +700 mV which show that Si2 is
~80x less conductive than Os2, with the conductance of Os2 junctions increasing ~45x under
changing bias. Our calculations for Si2 also recover the flatness of the transmission function
close to Er as suggested by these experimental measurements. It is important to note 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 note that calculated tunnel couplings, which are related to

conductance,**°

align well with the DFT transmission calculations in Figure S, consistently
recovering highly conductive Os-n junctions (SI, Tunnel Coupling). While differences in the
orientation of adjacent aryl rings connected through the central atom can lead to variations in
tunnel couplings due to non-equivalent geometries (which we define, in Figure S11, using
pairs of dihedral angles), these differences do not significantly affect the calculated
transmission when larger gold clusters are used to model the reservoirs (Figure S16).
Additionally, tunnel coupling calculations using the B3LYP functional suggest that the
differences between Os-n, Si-n, and C-n junctions may be smaller than those predicted by PBE

(Table S6,7), providing further insight into the influence of exchange-correlation effects on

transport properties.

CONCLUSION

In this study we have evaluated the conductance of single-molecule junctions formed from

tetraaryl compounds comprising osmium, silicon, or carbon central atoms. Remarkably, for
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most molecules studied in TD, we find evidence for heterolytic central atom-aryl bond
cleavage reactions to form gold-(aryl),-S(Me)-gold junctions comprising Au-C(sp?) contacts.
This observation is consistent with reports that chemisorbed Au-S junction linkages may be

formed in situ through the loss of stable fert-butyl carbocations,’’*

recognizing that the
corresponding trityl or trityl-like cations formed are also known to exhibit a high stability.”?
Extrapolating this concept, we suggest that the preinstallation of stable carbocation precursors
may provide a general strategy to form other chemisorbed junction contact chemistries.
Perhaps surprisingly, conductance features assigned to junctions comprising intact
compounds with different central atoms exhibit highly comparable conductance values when
formed in TD — except for Os2 which yields a 4-6x higher conductance. We speculate, based
on the variability of Os-n measurements in TCB, as well as the highly tunable conductance
of Os2 junctions in electrolytic environments (relative to those with Si2), that the conductance
of these organometallic wires may generally be increased by varying their charge state or
surrounding solvent environment.

In this context, we reaffirm that solution-based electrochemical and spectroscopic
studies show that Os-n have smaller HOMO-LUMO gaps than Si-n or C-rn compounds, which
could improve frontier orbital-Er energy level alignment. Transmission calculations using a
semi-local functional further indicate that Os-n junctions exhibit smaller HOMO-LUMO gaps
with broad, well-coupled transmission resonances, compared to Si-n and C-n junctions.
Together, our results underscore the potential of these complexes for high-conductance
applications while also highlighting the need for further investigation into the stability and
structure of osmium complexes captured and measured between gold electrodes. Despite
exhibiting a remarkable air-stability in solution, Os(aryl)s are known to undergo a range of
reactions ex situ to form distinct compounds, for example, comprising oxo or n®-biaryl
ligands, including OsO(aryl)4,%* OsOx(aryl)2,”® or Os(n®-biaryl)(aryl)>(L) (previously isolated
with L = Pme3, CO).*’ Subsequent studies are needed to evaluate methods that might stabilize
the parent Os-n complexes during STM-BJ studies, and to probe the conductance of different
osmium c-aryl compounds synthesized ex sifu to assess the possibility of their formation in

Situ.

ASSOCIATED CONTENT
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2D conductance histograms, transmission calculations, and 'H and *C {'H} NMR spectra for

all new compounds.
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