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ABSTRACT

Recent studies have found that “chemically inert” gold surfaces may drive S-C(sp*) bond
cleavage reactions in thioether (-SR) linker groups, providing access to single-molecule
junctions with chemisorbed Au-S contacts following the elimination of R*. Here we
demonstrate that such transformations occur more readily at elevated temperatures, and
perhaps surprisingly, in non-polar solvents. We further show that a greater proportion of
chemisorbed bonds are formed when R = -CPhs or -C7H7 than when R = -'Bu, consistent with
the relative stability of [‘Bu]” < [CPhs3]" ~ [C7H7]" carbocations. Our contact chemistry
assignments are supported by first principles transmission calculations, and we apply potential
energy calculations to expose the relatively small influence of applied external electric fields
on this bond breaking process. Together, this work provides a deeper understanding of
reactivity at metal surfaces, of broad relevance to heterogenous catalysis and critical to the

stability and function of molecular junctions and monolayers.
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Interfacial bond-breaking and -forming processes form the fundamental basis of all
heterogeneous catalytic processes used across chemical industry.!-? They also play an important
role in anchoring molecular species to metal surfaces through chemisorption, enabling, for
example, fundamental studies of electron transfer,? self-assembly,* or chemical reactivity,’ as
well as applications in biosensing® or catalysis.” A prototypical example in this context is the
reaction of molecules comprising thiol (-SH) groups at the surface of gold to form adsorbed
thiolates (-S-Au).® Here, the resulting chemisorbed bonds are distinguished from structurally
related physisorbed -S(R)-Au interactions, formed with molecules comprising thioether groups
(-SR), where the adsorbing species do not undergo any significant chemical change. Such
differences in surface bonding interactions can be readily evaluated using metal/single
molecule/metal junctions, devices which approach the limit of miniaturization for circuit
elements used in computation or data storage. Here, chemisorbed sulfur, carbon, nitrogen, and
oxygen contacts to gold and/or silver electrodes, formed from reactive groups such as thiols,”!°

1213 amines,'* carboxylic acids,’> and halides,!®!” have been

trialkylstannanes,!! alkynes,
widely exploited to form single-molecule junctions with distinct transport properties. These
contact chemistries have also been used to study the influence of applied external electric fields

1,16:18 as well as temperature!® on the

(EEFs), solvent environment, or electrochemical potentia
competency and rate of chemical transformations occurring at electrode surfaces, using single-
molecule conductance measurements to monitor reaction progress.

Recent reports have highlighted the possibility of forming junctions with chemisorbed
Au-S bonds from components comprising thio-tert-butyl (-S'Bu)®*®?! or 2,3-
dihydrobenzo[b]thiophene?? linker groups. For 4,4'-bis(tert-butylthio)-1,1'-biphenyl (‘Bu,
Figure 1), it was proposed that coordination of the sulfur lone pair of -S'Bu (a Lewis base) to
an undercoordinated gold atom (serving as a Lewis acid) activates the S-C(sp?) bond towards
heterolytic cleavage.?® In this scheme, -S-Au is formed from -S(‘Bu)-Au with the concurrent
loss of ['Bu]’, a moderately stable tertiary carbocation;*® drawing analogies to established
solution-based reactions in which -‘Bu groups can be cleaved from -S‘Bu in the presence of
Lewis acids such as TiCls/BBr3.2*?° Importantly, analogous S-C(sp*) bond breaking processes
were not observed in studies of related components comprising -SR linkers where R = methy],
ethyl, phenyl, iso-propyl, or n-dodecyl — groups that would form less stable primary/secondary
carbocations through such reactions.?’ This work raises several additional questions, most
notably: (1) what are the key factors influencing such surface-mediated bond breaking

processes; (2) can additional evidence be presented in support of the proposed (carbocation
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loss) mechanism; and (3) does this reactivity impact the interpretation of any previous

investigations in molecular electronics involving thioether-substituted compounds?
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Figure 1. In situ S-C(sp*) bond breaking reactions at the surface of gold electrodes are studied
using molecular conductance measurements. (a) Single-molecule junctions (right) are formed
from solution using molecular analytes (left) comprising a 4,4’-biphenyl backbone
functionalized with different thioether linkers (-SR). While these linkers are typically used to
form physisorbed (P) contacts to gold electrodes, they may also yield chemisorbed (C) contacts
when R” is an appropriate leaving group. (b) Molecular structures of the linkers studied here,
which are expected to generate carbocations of different stabilities following heterolytic S-
C(sp?) bond cleavage. Complete molecular structures of all analytes and solvents are provided
in Figure S1. Using ‘Bu (where R = -‘Bu), we probe the influence of solvent, atmosphere,
temperature, and junction voltage bias (Vpias) on this interfacial bond-breaking process. By
changing the R substituent it is possible to form junctions that exclusively comprise either P or
C linkages.

Accordingly, here we present an expansive study that evaluates the impact of different
reaction conditions and thioether substituents on the formation of chemisorbed contacts in
model single-molecule junctions. Using ‘Bu, we find that in situ S-C(sp?) cleavage is favored
at elevated temperatures, and perhaps surprising, in non-polar solvents, whereas the ambient
environment (air or anhydrous nitrogen) and junction voltage bias (Vuias) appear to play a
secondary role. Potential energy calculations of the S-C(sp®) bond breaking process further

reveal that EEFs only weakly perturb the barrier height. We further study analogous junction
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components comprising -SR linkers designed to form carbocations of much greater stability
than [‘Bu]* after heterolytic S-C(sp?) bond cleavage: R = triphenylmethyl (Tr; forming the
tritylium cation, [CPh3]") or cycloheptatrienyl (C7Hy7; forming the tropylium cation, [C7H7]";
Figure 1b). In strong support of the hypothesized reaction mechanism, and in contrast to
measurements using ‘Bu, both compounds exclusively form chemisorbed junctions. Finally, we
show that a component with R = benzyl (Bn) forms only physisorbed junctions, indicating that
benzyl cations ([PhCH:]") are not eliminated under the measurement conditions tested. First
principles transmission calculations confirm that physisorbed (intact) ‘Bu, Tr, C7H7, and Bn
junctions should exhibit a lower conductance than for analogous junctions with chemisorbed
contacts; supporting the assignment of high conductance ‘Bu, Tr, and C7H7 features found
experimentally to junctions with chemisorbed contacts.

We perform conductance measurements using the scanning tunneling microscope-
based break junction (STM-BJ) method®?® with custom-built instrumentation described

previously (see the SI).!%-27:28

Briefly, we apply a Vuias between a gold STM tip and substrate
and measure the current (I) as the tip is pushed in and out of electrical contact. We plot the
conductance (G = I/Vpias) as a function of tip—substrate displacement, obtaining traces that
comprise step features around integer multiples of the conductance quantum (Go = 2¢e*/h =
7.748x107 S). These features are attributed to the formation and breaking of atomic-sized gold
contacts. After introducing 4,4’-biphenyl-based analytes as 0.1-1 mM solutions in various
solvents, we observe new step features in these traces below 1 Gy that correspond to the
formation of single-molecule junctions (Figure 1a). We compile thousands of consecutively
measured traces into one-dimensional (1D) conductance and two-dimensional (2D)
conductance-displacement histograms (constructed without data selection), whereby the
individual steps combine to form conductance features that are further analyzed to determine
the most probable characteristics of the molecular junction. Synthetic methods for all
noncommercially available 4,4’-biphenyl compounds are described in the SI.

We first present, in Figure 2, overlaid 1D histograms for measurements of ‘Bu in
different environments at Vpias = £0.10 V. Each histogram exhibits between 1-3 prominent
conductance features, which we assign to junctions comprising two physisorbed contacts (PP,
low conductance), one physisorbed and one chemisorbed contact (PC, medium conductance),
or two chemisorbed contacts (CC, high conductance; Figure 2a). These peak assignments
follow those made for previous studies of ‘Bu in 1,2,4-trichlorobenzene (TCB), after
accounting for small changes in conductance attributed to solvent effects.?’ While we observe

significant experimental variation in the relative intensities of each peak (Figures S3, S4), the
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data presented here exposes key trends in interfacial reactivity after appropriate analysis.
Specifically, we deconvolute each histogram into three Gaussian peaks then use the peak areas
to calculate the ratio of physisorbed to chemisorbed contacts (P/C; Tables S1-3). This
quantitative metric facilitates straightforward comparisons of different measurements, where
P/C > 1 indicates majority physisorbed contacts and P/C <1 signifies majority chemisorbed
contacts. The experimental variation in measurements of ‘Bu has been tentatively attributed to
differences in surface roughness near the junction that influence the local concentration of
chemisorbed species generated at undercoordinated Lewis acidic atoms.?® Here, for example,
where lateral tip-substrate drift is low, repeated tip-substrate contact will significantly increase

the surface roughness around the junction.
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Figure 2. (a) Schematic illustration of CC, PC, and PP junction geometries (for ‘Bu, R = —'Bu).
(b-e) Overlaid 1D conductance histograms obtained for measurements of ‘Bu performed under
different conditions (5,000 traces, Vuias = 0.10 V unless stated). Data from repeated
measurements are provided in Figures S3 and S4, and representative 2D conductance-
displacement histograms are shown in Figure S2. (a,b) Measurements in non-polar solvents
such as tetradecane (TD), or squalane (SQ; dipole moment, 6 ~ 0 D, dielectric constant, & ~
231, in air or under an inert nitrogen atmosphere, exhibit conductance peaks associated with
PP, PC, and CC junction geometries. The relative intensity of each peak varies with
experiment. After heating the system to 100°C in SQ, we consistently observe an increased
relative intensity of PC and CC features compared to those in histograms from measurements
at room temperature performed immediately before. (¢,d) In contrast, measurements in polar
solvents such as 1-bromonaphthalene (BN; 6 = 1.55 D, € = 4.77), 1-chloronaphthalene (CN; o
=1.57 D, € = 5.04), or propylene carbonate (PrC; 6 =4.9 D, € = 66.14; Vpias=+0.10 V) yield
histograms that predominantly comprise PP features.*?

In Figures 2b-e we contrast data from measurements in the non-polar solvents
tetradecane (TD) and squalane (SQ; top panels), against those in polar solvents 1-
bromonaphthalene (BN), 1-chloronaphthalene (CN), and propylene carbonate (PrC; bottom
panels). This comparison clearly shows we obtain a lower P/C in non-polar solvents (P/C =
0.40-1.51) than in polar solvents (P/C = 1.50-4.47). The apparent decreased interfacial

reactivity of ‘Bu in solvents of higher polarity is perhaps surprising, given the well-established
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trends for reactions involving carbocation intermediates in bulk solution.** In the bulk, polar
solvents help to stabilize charged intermediates, decreasing the activation barrier and so
increasing the reaction rate. Additional data analysis shows we cannot identify clear differences
between P/C obtained from TD (or SQ) measurements in air or under an inert atmosphere at
room temperature (Tables S2, S3). However, we do consistently observe a smaller P/C for SQ
measurements at 100°C (0.46-0.61) relative to those performed at RT (1.16-1.21). This
difference can be attributed to the more frequent higher energy molecular collisions that occur
at elevated temperatures which can overcome the activation barrier for the interfacial reaction.

In rationalizing these observations, we note some key features of these surface-
mediated solution-based reactions that distinguish them from bulk solution processes. First,
where bond-breaking/forming steps occur at specific surface sites, the activity and accessibility
of these sites should not be negatively impacted by other components of the system. TD and
SQ are hydrophobic species which, unlike PrC, poorly solubilize adventitious water. We
hypothesize that any dissolved water may serve as a competing Lewis base for the Lewis acidic
undercoordinated gold adatoms,?®3*3 or activated surface-adsorbed water ([(HO? -Au®"JH®")
sites,*® thought to mediate S-C(sp?) bond breaking. Evaporative loss of adventitious water may
also contribute to the enhanced reactivity observed in measurements in SQ at 100°C.
Furthermore, in contrast to PrC, CN, or BN, TD and SQ do not themselves comprise any
coordinating atoms (O, Cl, Br) that can interact with these sites.>” The modulation of reaction
rates, and even selectivity, through solvent interactions or adsorbates on heterogeneous catalyst
surfaces is well-documented.’”*8 Second, a conducting metal substrate can itself serve to
effectively solvate and stabilize proximal charged species (or dipoles) through polarization of
the delocalized electrons in the bulk.’*#° Stated differently, a metal surface may serve to lower
activation barriers associated with the formation of charged intermediates even when reactions
are performed in air, vacuum, or a low dielectric solvent.

We next evaluate the influence of the EEF on this in situ S-C(sp®) bond breaking
process, focusing on measurements in TD as these support a moderate baseline reactivity and
because the low dielectric of this medium will minimize screening of the EEF.*!*? In Figure
3a, we plot histograms obtained from sequential measurements of ‘Bu at Viiass = 0.10 V, 0.75
V, and 0.10 V in air. As evidenced from this data, and repeated measurements in Figure S3,
we cannot clearly discern the influence of EEF strength on P/C under these conditions due to
experimental variability. Remarkably, however, when performing the experiments under an
inert atmosphere inside of a glovebox we reproducibly observe a smaller P/C at Vpias = 0.75 V

(0.40-0.84) compared to at Vpias = 0.1 V (0.93-1.17; Figures 3b and S3). We suggest that the
7
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anhydrous, oxygen-free glovebox atmosphere helps to further minimize screening of the EEF
and competition for available Lewis acidic surface sites. In addition, we reason the interfacial
field may also further polarize and enhance the activity of reactive surface sites under these

conditions.
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Figure 3. (a,b) Overlaid 1D histograms obtained from studies of ‘Bu in TD measured
sequentially at Vipias = 0.10 V, 0.75 V, and 0.10 V (each 5,000 traces). For studies in air,
experimental variation obscures any possible influence of Vpias on the relative intensity of each
peak feature (see Figure S3a-c for repeated measurements). For studies under nitrogen, we
observe that the relative intensity of features associated with PC and CC junction geometries
appears to increase with a higher Vyiss (see Figure S3d-e for a repeated measurement). 2D
histograms corresponding to these measurements are provided in Figure SS. (¢) Optimized
molecular geometries for ‘Bu-Au; (applied field = 0 V/A), obtained after constraining the
distance between one S-C(sp*) bond (dotted red lines) to different values relative to Ry (the
equilibrium bond length). The fert-butyl group is observed to planarize upon dissociation, as
expected for the carbocation.*? (d) Overlaid plots of distance against total energy for ‘Bu-Auy,
normalized to Ro and the equilibrium energy (Eo), respectively. For each plot, a different
electric field is applied along the S-C(sp*) bond, as indicated by the arrow in panel (c). For this
reaction model, the field appears to exert only a small influence on the height of the energy
barrier to bond dissociation.
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To clarify the effect of the EEF on this interfacial reaction, we turn to density functional
theory (DFT) calculations using ‘Bu-Au; a model comprising ‘Bu with a single gold atom
connected to each sulfur group (Figure 3¢,d). Following a recently reported method,** we
calculate the total energy of ‘Bu-Au; after geometry optimization while constraining the
distance between the S-C(sp?) atoms in one -S’Bu group (see the SI for additional details). By
compressing and stretching this bond, we obtain a bond dissociation curve (green line, Figure
3d) that resembles a Lennard-Jones potential, and normalize this to the equilibrium bond
length, Ro (dashed line) and energy, Eo. Notably, the tert-butyl group adopts a planar geometry
upon dissociation, as expected for the carbocation (Figure 3¢, right).** We subsequently repeat
these calculations with an EEF of 0.1 V/A and 0.2 V/A along the constrained S—C axis (blue
and red lines, respectively; Figure 3d). We find the EEF exerts only a small influence on the
height of the energy barrier to bond dissociation, which decreases by ~7 meV from 0 to 0.1
V/A, and by 82 meV from 0.1 to 0.2 V/A. While the barrier calculated here is large, we reason
that this will be smaller in experiments due to the presence of solvent and the proximal
polarizable electrode. Furthermore, the conductance signal of products formed is likely
amplified by their chemisorption on the surface even for slow reactions (they cannot easily
diffuse away into the bulk). For completeness, we note that our bond dissociation curves do
not comprise the transition state features that may be expected for such Sn1-like reaction
coordinates. The observation of these features in related calculations, for example, that follow
the formation of ‘BuOH from ‘BuCl, requires the inclusion of explicit solvent molecules.*

We subsequently targeted additional experiments using the new Tr and C7H7 junction
components (Figure 1b) to help corroborate the carbocation-loss mechanism for forming
chemisorbed -S-Au contacts from ‘Bu. These components comprise thioether groups capable
of forming [CPh3]" and [C7H7]" (with (4n + 2) aromatic character), carbocations that are more
stable than ['Bu]" due to their extended, n-conjugated structures which stabilize the positive
charge through resonance.?** We reasoned that if the rate of S-C(sp®) bond cleavage is
strongly influenced by carbocation stability, Tr and C7H7 should form junctions with a greater
proportion of chemisorbed contacts than ‘Bu. In Figure 4a, we plot overlaid 1D histograms
from measurements of Tr and C7H7 in TCB at Vpias = 0.10 V. Each exhibits a single
conductance peak at 5.3x107° Go and 1.1x1072 G, respectively. These values are greater than
or equal to the conductance of junctions formed from H (~5x1072 Go), a species known to form

chemisorbed junctions in solution,!®

and higher than the most conducting 4,4’-biphenyl
junctions with physisorbed -S(R)-Au contacts (<2.5%107* Gy).?° This result indicates that both
Tr and C7H7 exclusively form junctions with chemisorbed contacts, in strong support of the
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proposed in situ reaction mechanism (Figure S7). Interestingly, junctions formed from C7H>
reproducibly exhibit a more intense peak feature with a conductance ~2x higher than those

formed from H (Figure S8); an unexpected result that requires additional study.
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Figure 4. (a) Overlaid 1D histograms obtained from measurements of Tr, C7H7, Bn, and H in
1,2,4-trichlorobenzene (TCB; 10,000 traces, Vpias = 0.1 V). Histograms for Tr and C7H7 exhibit
single conductance peaks at or just above the conductance of H, a compound that is expected
to form Au-S chemisorbed contacts. In contrast, histograms for Bn show a single feature at
>5x lower conductance than H junctions. The 2D histograms corresponding to these
measurements are provided in Figures S6. (b) Optimized geometry for C7H7 junctions,
showing a close-up view of the physisorbed contact. Additional geometries for all modelled
junctions are shown in Figure S10. (c¢) Overlaid DFT-NEGF transmission calculations. In
contrast to our experimental findings for Tr and C7H7, all intact thioethers with physisorbed -
S(R)-Au contacts exhibit a lower calculated conductance relative to H modelled with
chemisorbed -S-Au bonds. Together, this data supports the hypothesis that Tr and C7H~
exclusively form junctions with CC geometries (following S-C(sp?) cleavage and loss of
tritylium/tropylium cations), whereas Bn exclusively forms junctions with PP geometries (no
S-C(sp?) cleavage occurs). We note that the low calculated conductance for physisorbed ‘Bu
junctions is in good agreement with the low experimental conductance peak features assigned
to PP geometries (e.g., Figure 2d,e), and the results of earlier work.?°

10
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Finally, we explored the potential for Bn to undergo similar S-C(sp*) bond breaking
reactions at a gold surface. While the direct formation of primary benzyl cations ([PhCHz]")
would appear energetically unfavorable, the possibility that these species may undergo

rearrangements to more stable [C7H;]" cations has long been debated.*’*3

Crucially, Bn
comprises the same aryl-CH2SR (R = H, Me) motif used elsewhere in molecular electronics,
with assumed stability, to electronically decouple electrode and molecular backbone states,* -
32 or probe constructive quantum interference.’® As shown in Figures 4a and S9, measurements
of Bn in TCB or TD exhibit a single peak at a conductance significantly /ower than the
chemisorbed and physisorbed junctions formed from H and 4,4'-bis(methylthio)-1,1'-biphenyl
(Me), respectively. Following previous reports, we attribute the lower conductance of Bn
junctions to the relatively bulky benzyl substituent, which enforces junction geometries that
serve to electronically decouple the electrode and molecular backbone states (discussed further
below).2%343% This in turn implies that Bn forms only physisorbed junctions, and that this S-
C(sp?) bond is indeed stable under these experimental conditions.

To further evaluate our experimental observations we turn to ab initio quantum
transport calculations conducted within the framework of DFT and the non-equilibrium
Green’s function (NEGF) formalism, utilizing FHI-aims® in conjunction with the AITRANSS
transport module (see the SI for additional details).’’° In Figure 4c, we display overlaid
transmission calculations for ‘Bu, Tr, C7H7, Bn, H, and Me model junctions. A representative
optimized geometry for C7H7 is shown in Figure 4b, giving a clear view of the physisorbed
contact, with additional junction geometries provided in Figure S10. We focus here on the
trends in calculated conductance rather than their absolute values, which are overestimated by
>1 order of magnitude due to the well-known inherent limitations of generalized-gradient
approximations applied in this context.%-6!

We first observe that H, despite having the largest gas phase HOMO-LUMO gap
(Table S5), exhibits the highest conductance. Here, transport is strongly dominated by the
HOMO, which is broadened due to chemisorption and increased coupling with the electrode
(CC geometry). Notably, all other physisorbed junctions (PP geometries) exhibit a lower
conductance, with the Fermi level (Er) positioned approximately at the midpoint of each
HOMO-LUMO gap. The trends in calculated conductance for H (CC) > Me (PP) > Bn (PP) ~
‘Bu (PP) agree well with those assigned experimentally (Figures 2, 4a, and S9). The calculated
conductance of PP junctions also inversely correlates with the steric bulk of R (i.e., Me >>‘Bu,
Bn, C7H>, Tr), as noted previously.?’>> A closer inspection of each junction geometry (Figure

S10, Table S4) reveals the Au-S bond of physisorbed contacts for all junctions except the
11

https://doi.org/10.26434/chemrxiv-2025-vj1mc ORCID: https://orcid.org/0000-0001-7339-8812 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-vj1mc
https://orcid.org/0000-0001-7339-8812
https://creativecommons.org/licenses/by-nc-nd/4.0/

sterically unhindered H and Me is misaligned with, and so electronically decoupled from, the
conjugated backbone m-orbitals. This decoupling can be seen in the transmission calculations,
where the unoccupied resonances of Me are broadened relative to those for all other
physisorbed junctions, which decreases transmission at Er.

The low calculated conductance for Tr and C7H7 (PP geometries) contrasts sharply
with our experimental findings that the conductance of junctions formed from these compounds
and H differ only by a factor of ~2. Importantly, this discrepancy supports our assertion that,
under experimental conditions, the S-C(sp®) bond in Tr and C7H7 breaks resulting in the
formation of chemisorbed contacts. Similarly, the low calculated conductance of ‘Bu (PP)
supports assignment of the high conductance peak in measurements of ‘Bu to junctions of the
CC type. In closing, we note that our model Tr junctions necessarily involve a frozen geometry
(see Figure S10). When performing calculations using strict energy and force convergence
criteria, all relaxed geometries for Tr show that the S-C(sp?) bond spontaneously cleaves after
attaching the gold clusters. This observation further highlights the propensity of this S-C(sp?)
bond to break in STM-BJ experiments.

In conclusion, we have identified that the most effective conditions to drive thioether
S-C(sp?) bond cleavage reactions at a gold surface involve non-polar solvents at elevated
temperatures. While the role of the EEF appears convoluted with the attenuation of active sites
for measurements in air, the apparent rate of this interfacial reaction can be significantly tuned
by varying the stability of the carbocation leaving group. This work helps to further
contextualize the possible role of carbocation leaving groups in the formation of Au-C(sp?)
linked molecular junctions from tetraphenylmethane-like compounds,®? and gold-sulfur SAMs
from -SCPhs functionalized precursors,®® guiding future efforts in these areas as well as the
study and exploitation of other Lewis-acid catalyzed reactions at metal surfaces. Our
observation that the S-C(sp’) bond in Bn does not readily cleave in situ supports the
conclusions of previous studies in molecular electronics which have utilized similar motifs

without knowledge of their reactive potential.
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