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Gold—thiol contacts are ubiquitous across the physical and biological sciences in connecting
organic molecules to metal surfaces. When thiols bind to gold in self-assembled monolayers
(SAMs) the fate of the hydrogen remains a subject of profound debate — with implications
for our understanding of their physical properties, spectroscopic features and formation
mechanism(s). Exploiting measurements of the transmission through a molecular junction,
which is highly sensitive to the nature of the molecule—electrode contact, we demonstrate
here that the nature of the gold—sulfur bond in SAMs can be probed via single-molecule
conductance measurements. Critically, we find that SAM measurements of dithiol-
terminated molecular junctions yield a significantly lower conductance than solution
measurements of the same molecule. Through numerous control experiments, conductance
noise analysis, and quantitative density functional theory—based transport calculations, we
show that the gold—sulfur bond in SAMs prepared from solution deposition of dithiols does
not have chemisorbed character, strongly suggesting that under these widely used

preparation conditions the hydrogen is retained.

Following seminal reports in the 1980s,'> SAMs of thiols on planar metal surfaces as well as those
involved in other interfaces including nanoclusters have been the subject of thousands of studies
summarized across many substantial reviews.>* The widespread, multidisciplinary interest in such
systems stems from their ease of preparation, the commercial availability of appropriate assembly
components, and the broad scope of utility for nanoscale arrays of self-organized organic
molecules. Such SAMs have been studied with myriad techniques, most notably: contact
goniometry,” x-ray photoelectron spectroscopy (XPS),>® surface electrochemistry,” scanning

tunnelling microscope (STM) imaging,® thermal desorption® and density functional theory (DFT)
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calculations.® The apparent similarities between SAMs formed from monothiols and disulfides,®
thermal desorption of mixed disulfides from multicomponent SAMs,” and reductive desorption
features in surface cyclic voltammograms’ provided early impetus to characterize the nature of
interfacial bonding in these systems as chemisorbed (sometimes referred to as, but not necessarily
synonymous with, binding via a covalent or ‘gold—thiolate’ interaction); however, multiple studies
have since worked to clarify the true nature of this interaction.>*!%-12 In concert with this assertion,
it has generally been assumed that the hydrogen is lost during the formation of a gold—sulfur bond
rather than being retained on the sulfur. This distinction has important implications for our
fundamental understanding of the physical properties, spectroscopic features and formation
mechanism(s) of thiol-based SAMs. Despite strong notions otherwise, to date it has not been
possible to consistently distinguish the protonation state of the gold—sulfur bond in a SAM. Neither
surface sensitive probes (e.g. x-ray photoelectron spectroscopy, surface electrochemistry) nor
nanoparticle x—ray diffraction studies can characterize the exact nature of the bond or determine

the fate of the hydrogen atom attached to the sulfur under ambient conditions. '

In parallel to investigations into the fundamental properties of SAMs, thiol linkers have been used
extensively to create nanoscale devices where molecular backbones are electronically and
physically connected between gold electrodes.!*! Often, such measurements are aimed at
understanding structure—function relations across different molecular components. Here, we utilize
the electronic conductance signature of single—molecule junctions to determine the nature of the
gold—sulfur bonding interaction. We apply the STM break junction (STM-BJ) technique!4?° to
systematically study a series of aliphatic and aromatic molecules comprising different sulfur—based
linker groups in SAMs and in solutions (see Methods for full details). The measurements involve
repeatedly forming and then breaking point—contacts between a gold STM tip and substrate while
recording the conductance (G = current/voltage) as a function of tip—substrate displacement to
generate a conductance trace. These conductance—displacement traces show steps around integer
multiples of the conductance quantum Go (=2e%*/h) and, in the presence of molecules that can bridge
the gap, additional steps/plateaus at a lower conductance due to the formation of a molecular
junction. Thousands of conductance traces are compiled into histograms where the individual steps
add together to form peaks representing the most probable junction conductance. Critically, our
study shows that in gold—thiol SAMs formed from dithiol precursors, the gold—sulfur interfacial

coupling is through a physisorbed interaction and not a chemisorbed one. This is in stark contrast
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to the accepted view and strongly suggests that in SAMs formed from solution deposition the thiol

hydrogen is retained.
Results and discussion

Conductance measurements. We first present conductance histograms obtained from STM-BJ
measurements for 1,12—dodecanedithiol, Ci2(SH)2 (Figure la). Here we observe striking
differences depending on whether data is obtained from: (i) solution measurements, performed
after adding a 0.1 mM solution of Ci2(SH)2 in 1,2,4-trichlorobenzene (TCB) to clean gold
electrodes; or (ii)) SAM measurements, performed by measuring a SAM of C12(SH)2 in air, where
SAMs are first prepared on template—stripped gold substrates using standard techniques (i.e. 18—
28 h immersion in a 1 mM EtOH solution?) as detailed in the Methods section and SI. We hereafter
use these two expressions in reference to these particular measurement protocols. For C12(SH)z,
solution measurements yield a conductance peak at 3.3 x 107 Go (Figure la, red), while SAM
measurements yield a conductance peak at 9.0 x 1077 Go (Figure la, blue). As described
previously,>! SAM measurements are otherwise identical to those performed in solution, starting
by first forming a gold—point contact, except that the tip is regularly moved laterally relative to the

substrate to avoid depleting the local area of molecules.

We postulate that these observed differences in conductance arise from different bonding
interactions between sulfur and gold: in solution measurements, the conductance is consistent with
the thiol functionality being chemisorbed on gold and the hydrogen being lost on bond formation
(i.e. Au—SR); in contrast, in SAM measurements, the conductance is consistent with the thiol being
physisorbed, with no loss of hydrogen. A gold—sulfur physisorbed interaction (sometimes referred
to as, but not necessarily synonymous with, a donor—acceptor, coordination or dative interaction)
is one where the hydrogen is not lost, so there is no significant chemical change to the molecular
species upon interaction with the surface (Figure 1b).2? The sensitivity of single-molecule junction
conductance with respect to the electrode—molecule contact is well established.?>?* To test this
hypothesis, we run a series of additional STM—-BJ conductance measurements of the Ciz
(dodecane) backbone terminated with different sulfur—based linkers (see Supplementary Tables 1—-
3 for an overview all measurements and conditions). Unlike solution measurements of C12(SH)z,
solution measurements of C12(SMe)2 (Figure 1, black, 9.1x10”7 Go) yield roughly the same

conductance peak as the SAM measurement of C12(SH)2 and C12(SMe): (Figure 1, blue, 9.0x10~
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7 Go and grey, 9.7x1077 Go). As the thioether moiety in C12(SMe)2 can only bind to gold via a
physisorbed contact, this result supports the conclusion that gold—sulfur bonds in the Ci2(SH)2
SAMs are also of physisorbed, and not chemisorbed, gold—sulfur character. We attribute the higher
conductance of Ci2(SH):2 in solution measurements to the molecule binding to gold through

chemisorbed contacts at both termini.

To confirm this interpretation, we synthesize C12(SAuPBu3)2, a complex comprising the same Ci2
backbone but with pre—installed covalent gold—thiolate bonds. Solution measurements of such
systems have previously been shown to form junctions through the Au(I) atom of the complex
ensuring that the junctions comprise chemisorbed gold—sulfur bonds.?> We obtain a conductance
value of 3.0x107% Go for solution measurements of C12(SAuPBus): (Figure 1, yellow), very close
to that of the solution measurement of Ci12(SH)2 (Figure 1, red). We also consider a SAM
measurement of an asymmetrically terminated Ci2—alkane with a thiol (—SH) linker on one end
and a thioether (—SMe) on the other (Ci2(asym.)) as shown in Figure 1, green. A SAM
measurement of this molecule yielded the same conductance (1.0x107% Go) as the SAM
measurement of C12(SH)2. Additionally, a SAM measurement of Ci2(diS), a disulfide terminated
with thioether groups (i.e. MeS—C12—-S—-S—C12-SMe), yielded a conductance peak at 8.0x1077 Go
(Figure 1, purple). In summary, as clearly indicated in Figure la and ¢ we observe a low
conductance for all measured Ci12 systems with double physisorbed contacts. We observe a high
conductance only for solution measurements of C12(SH)2 and C12(SAuPBus)2 which we attribute

to having double chemisorbed contacts.

Similar results were also found with 1,10—decanedithiol (Cio(SH)2) and 1,8—octanedithiol
(Cs(SH)2), as shown in Supplementary Figure 1, illustrating that these effects are not specific to
the C12 backbone. However, we note that as the alkane backbone length is made shorter, the
difference in conductance between the SAM and solution measurements decreases. This finding,
along with the fact that we see single peaks (rather than double or multiple peaks) rules out the
possibility that we are measuring multiple molecular junctions in solution measurements and
single-molecule junctions in SAM measurements. Additionally, we do not observe a change in
conductance for Ci2(SHz), Ciz(asym.) or Ci2(SMe): solution measurements at lower
concentrations (Supplementary Figure 2). This conclusion is further supported by the fact that we

see no difference in conductance between SAM and solution measurements of C12(SMe):2 (Figure
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Ic). We must stress the importance of the remarkable differences observed by these single—
molecule measurements in this study, probing the modes of binding between molecules of
C12(SH)2 and gold, as a function of charge transport. The STM-BJ data provides detail on
molecular interactions, and such differences have not been observed before through other

experimental techniques.'#!?

Finally, additional controls where we use different solvents, add a solvent on top of a SAM prior
to the STM—BJ SAM measurements, vary SAM preparation conditions, and reverse bias polarity
all reinforce our hypothesis (see Supplementary Figure 3 and Supplementary Tables 1-3 for an
overview of all measurements and conditions). In every case the conductance of a SAM
measurement of an SH—terminated molecule never increases to that of a solution measurement.
These experiments serve to further exclude the effects of solvent/molecular environment, substrate
surface roughness, nanoscale SAM structure or thiol oxidation on the observed conductance
differences between SAM and solution measurements. Based on results presented in Figure 1, we
can therefore conclude that alkanethiols in SAMs prepared from solution deposition are not

chemisorbed, but rather are physisorbed on the Au surface.

To test whether the differences seen with Ci2(SH)2 can be attributed to differences between
saturated and conjugated SAMs, similar measurements were carried out with terphenyl analogues
(Phs, see Figure 2a), where the backbones are terminated symmetrically with —SH, —SMe, or —
SAuPPhs linkers. Figure 2b shows the conductance histograms for solution measurements of all
three molecules as well as a SAM measurement of Ph3(SH)2. The results are consistent with those
for C12. Solution measurement of the dithiol yields a conductance that is higher than for the SAM
measurement. We also find that the conductance of a Ph3(SH)2 SAM measurement is the same as
for the Ph3(SMe)2 solution measurement while the Ph3(SH)2 solution measurement yields the
same conductance as the Ph3(SAuPPhs): solution measurement. To further illustrate the difference
between SAM and solution measurements of Ph3(SH)2, we compare in Figure 2c¢ and 2d two—
dimensional conductance histograms showing how the junction conductance varies with
increasing tip—substrate separation (elongation). Though both exhibit a feature with the same
length, for the SAM measurement we see a horizontal feature (the junction conductance does not
vary significantly with junction elongation), while the solution measurement shows a sloped one.

Such differences are also observed in two—dimensional histograms for the saturated systems



(Supplementary Figure 4). This provides further indication of physisorbed bonding in SAM
measurements of dithiols in contrast to the solution measurements,?® as physisorbed species bind
predominantly to undercoordinated gold adatoms?’ (well-defined configuration) whereas
chemisorbed thiols can adopt multiple contact geometries (different linker configurations upon
elongation).?®2%2° The impact of junction configurations on conductance is discussed in more
detail below. The Ph3 measurements demonstrate that the observed phenomenon is not unique to
alkane backbones, and further implicate the electrode—molecule gold—sulfur bond as responsible
for the observed differences between the conductance of thiols in SAM and solution
measurements. Taken together, these measurements provide strong evidence that thiols do not form
chemisorbed bonds in SAMs, and that instead this bonding interaction is of a physisorbed

character.

Conductance noise analysis. We next analyse individual conductance traces to illustrate further
differences between physisorbed and chemisorbed molecular junctions. It has previously been
shown that molecular junctions formed with stronger metal-molecule links are less susceptible to
conductance fluctuations than weaker ones.?*3! We therefore compare conductance noise for
molecular junctions from SAM and solution measurements. Figure 3a shows sample conductance
traces measured for Phs, where it is clearly evident that the molecular junction conductance
fluctuations (on a logarithm scale) are larger for Pha(SH)2 SAM and Ph3(SMe)2 solution
measurements when compared to the Ph3(SH)2 solution measurement. To quantify this difference
in noise across different molecular junctions, we determine the ratio of the conductance
fluctuations relative to the average conductance for molecular conductance plateaus and look at
the distribution of these ratios (normalized to the plateau length) across different junctions. The
analysis details are presented in the Methods section and supplementary document. We show, in
Figure 3b, logarithmically binned histograms of conductance noise for the three different Phs
measurements. We find that the noise distributions are nearly identical for Ph3(SMe):2 solution and
for Ph3(SH)2 SAM measurements, while the noise for Ph3(SH)2 solution measurements is clearly
lower. To see if the difference between a solution and SAM measurement is also observed for
alkanes, we repeat the same analysis for C¢(SH)2, C7(SH)2 and Cs(SH)2. We find again that the
noise is smaller for solution measurements when compared with SAM measurements, and

reproduce a length-dependent noise that was found previously.?® These analyses confirm a clear



difference in the bonding at the gold—sulfur interface in SAM measurements of SH—terminated

molecules (physisorbed) in comparison to the solution measurements (chemisorbed).

Transport calculations. We now turn to ab initio calculations to rationalize trends in measured
single-molecule conductance of alkanes with different gold—sulfur linkers. We employ a DFT—
based non—equilibrium Green’s function (NEGF) approach, with the TranSIESTA package as
described in the Methods and Supplementary Methods sections.>> We note that although
commonly used functionals cannot capture conductance values quantitatively,3-* the trends across
families and linker groups can be accurate,® as is also confirmed by our calculations here. In
Figure 4a, we plot calculated transmission functions for Ciz—alkanes bound to extended Au
electrodes with physisorbed Au—S(H)R and Au—-S(Me)R as well as with chemisorbed Au—SR
where we have explicitly removed the thiol hydrogen (see Supplementary Figures 6 and 7 for
sample geometries and their justification). The DFT—based transmission of Au—S(H)R (blue) and
Au-S(Me)R (black) bonded junctions are very similar over a 6 eV energy window around the
Fermi energy, Er. Small differences arise only in the energy range associated with the unoccupied
states, above Er. The DFT transmission for the Au—SR (red) bonded junction, however, is quite
distinct, and yields a transmission at Er that is about seven times larger than the other two junctions.
The higher conductance can be attributed to a resonance peak energy closer to Er, at around —2.5
eV, and an Au—SR bond gateway state with peak energy around —1.1eV. It should be noted that the

gold triad junction structure is chosen to model STM-BJ measurements?3-3¢

and not to represent
the exact atomic details of the molecule—Au interface in a SAM. Additional calculations utilizing
an adatom motif yield similar trends (see Supplementary Figure 8). We stress that whilst the
measured conductance and calculated transmission data presented here for SAMs relate to a
molecule—electrode interface that has been disrupted from its equilibrium configuration by STM—
BJ measurements, our experiments and calculation geometries nonetheless provide valuable

information regarding the equilibrium bonding configuration of the thiol functionality on the gold

surface (i.e. whether thiols are chemisorbed or physisorbed in a SAM).

To compare trends in conductance for alkanes of different length, we calculate the transmission
for Au—-S(H)R, Au—SR, and Au—S(Me)R bonded Cs and Cs junctions (see Supplementary Figure
9). In Figure 4b, we plot the zero—bias transmission at Er as a function of the number of carbons

(n) in the backbones on a semilogarithmic scale. Au—SR bonded junctions are calculated to have a
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decay parameter of 3=0.84/n, while Au—S(H)R and Au—-S(Me)R junctions have =0.97/n. We
show the conductance histogram peak values for alkanes of different lengths obtained from SAM
(with —SH termini) and solution (-SMe and —SH termini) measurements in Figure 4c (see
Supplementary Figure 10 for raw data). The measured trends in these decay factors are in excellent
agreement with our calculations. Specifically, we find that chemisorbed junctions (—SH solution
measurements) exhibit a slower decay in comparison to the physisorbed junctions (—-SH SAM and

—SMe solution measurements).

Electrochemistry and XPS. SAMs prepared using identical methods are further characterized by
surface cyclic voltammetry and XPS. Here, 1-dodecanethiol (C12SH) SAMs exhibited a S 2p
doublet at a binding energy of ~162 eV, and reductive desorption events below about —1 V
(Supplementary Figures 11 and 12). These are both typical features for SAMs formed from thiols
on gold, and have been historically interpreted as characteristic of chemisorbed gold—sulfur
bonding.?**7 Remarkably we find that SAMs formed from n—dodecyl methyl sulfide (C12SMe)
show an indistinguishable XPS binding energy and a similar voltammetric response
(Supplementary Figures 11 and 12), even though this molecule cannot form chemisorbed gold—
sulfur bonds. Similar observations have been made in other thioether— and thiophene—bound
SAMs,*-40 although it has also been cautioned that adventitious solution—based impurities can
severely complicate such measurements.*! In any case, these features may not reliably be used to
explicitly distinguish between chemisorbed and physisorbed molecule—surface bonding in SAMs
prepared via solution deposition. Additionally, we note that these techniques are restricted to
probing macroscopic surface characteristics, whereas the STM—-BJ technique can be applied to

study surfaces areas of ~50 nm?.#?

Impact of junction configurations. We conclude by ruling out the possibility that the different
conductance values observed here between solution and SAM measurements can be attributed to
the different conductance states found for alkanedithiol molecular junctions in previous
works.!7434 As an example, in Li ef al., junctions with chemisorbed contacts had been categorized
into three different molecule—electrode binding configurations: ‘high’, attributed to bridging gold—
sulfur contacts with an all-trans alkane backbone, ‘medium’, with atop contacts with an all-trans

t.17

backbone, and ‘low’ attributed to atop contacts with a single gauche backbone defect.'’ In our

work, we cannot categorize SAM—based junctions to one chemisorbed binding configuration and
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solution—based ones to another. We arrive at this conclusion following seven points. (1) Any such
sorting attributed to our SAM or solution data must apply to all Ca(SH)2 studied, as we find a clear
exponential length dependence for the measured conductance in SAM and solution measurements
(Figure 4c). (2) The histograms shown here are constructed from thousands of individual
conductance traces without data—selection. Our measurement process naturally samples different
junction configurations with a range of different conductance values that contribute to the
histogram peak widths. (3) The measured conductance values obtained here for all Ca(SH)2
solution measurements generally agree with the values assigned to the ‘medium’ group;!”-1%30 i e.
showing that the junctions formed in the Cn(SH)2 SAM measurements must be in a lower
conducting junction configuration than one with chemisorbed atop contacts and an all-trans
backbone. This interpretation is supported by the negligible overlap between the conductance
peaks obtained from SAM and solution measurements for C12(SH)2 (Figure 1a). (4) Calculations
have shown that for chemisorbed thiols, the atop gold—sulfur binding geometry provides the lowest
conductance (‘medium’ group).!” Therefore, the only available remaining junction configuration
that could explain the lower conductance in the SAM measurements is the ‘low’ group with atop
contacts and a single gauche defect. Such defects result in alkane backbone conformations that are
shorter in length with reduced vicinal electronic coupling. However, it would be implausible to
have gauche defects only in SAM measurements and not in solution measurements, and an analysis
of our 2D histograms clearly indicates that the junction elongation length is similar in each case
(Supplementary Figure 4). Additionally, the conductance values measured previously for the ‘low’
group are substantially lower than the values we obtain here for the SAM measurements (e.g.
3.2x107 Go for C¢(SH)2).!” Any hypothesis based on alkane backbone gauche defects also cannot
explain the similar behaviour observed with sulfur—terminated molecules comprising a rigid,
conjugated terphenyl backbone (Figure 2). We must therefore rule out the possibility that the SAM
measurements presented here correspond to chemisorbed junction configurations associated with
the ‘high’, ‘medium’ or ‘low’ conductance groups that have been observed before. (5) We find
excellent agreement between the conductance measured: (a) for Ci2(SAuPBus): (with pre—
installed gold—-thiolate bonds) and Ci2(SH):2 solution measurements; (b) Ci2(SMe)2 solution
measurements (which can only form physisorbed contacts) and C12(SH)2 SAM measurements and
(c) C12(SMe)2 SAM and solution measurements (Figure 1). (6) Our analysis of plateau noise

(Figure 3) also implicates the nature of the gold—sulfur bond rather than different chemisorbed

9



binding configurations. (7) As a final point, all our measurements start from a gold—gold contact
and we do not see a change in conductance in SAM measurements of Ci12(SH)2 when we add

solvent on top of the SAM (Supplementary Figure 3).
Conclusion

Taken together, our STM-BJ measurements have demonstrated that SAMs formed on gold
surfaces from SH—terminated dithiol precursors do not predominantly comprise chemisorbed (or
covalent) gold—sulfur bonds. Instead we find that chemisorbed bonds are only consistently formed
in solution STM-BJ measurements of thiol-functionalized compounds with Au electrodes. This
implies that an excess of molecules around high—energy, undercoordinated surface gold sites is a
prerequisite for cleaving the thiol sulfur—hydrogen bond. Although the mechanistic origins of our
observations require further clarification, we show that key properties of gold—sulfur SAMs can
be better rationalized if the bonding is considered physisorbed in character. For example, both the
high mobility of components on gold surfaces, where the gold—sulfur bond is evidently labile,*
and the role that van der Waals interactions play in providing stability to adsorbed layers!'? are
consistent with our conclusions. Furthermore, our results provide new insights into several
associated questions and observations, including: the mechanism of hydrogen loss upon assembly
(predominantly it is not lost in SAMs prepared via solution deposition at room temperature);*® the
relative poor stability of thiol-based SAMs compared to N-heterocyclic carbenes;*’” and multiple
‘chemisorbed’ peaks in temperature—programmed desorption experiments.*® By exposing the true
nature of gold—thiol bonds in SAMs, this work will help focus efforts to identify new linker groups,
and/or preparation methods, that facilitate the construction of more stable SAMs with increased

electronic transparency.
Methods

Conductance measurements. Unless otherwise stated, solution measurements are performed
following the addition of 0.1 mM analyte solutions in 1,2,4—trichlorobenzene (TCB, Sigma—
Aldrich or Alfa Aesar, 99% purity) to a clean gold—on—mica or gold—on—steel substrate. SAM
measurements were performed on SAMs prepared on the same day. In SAM measurements, freshly
cut gold tips were repeatedly moved laterally relative to the substrate by >200 nm after measuring

~ 250 traces at a given tip—substrate position. This ensured there was always enough molecules to
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form junctions, while also helping to average out local variations across the surface. Conductance
histograms are compiled without data selection and typically comprise >5,000 consecutively
measured traces. The time required to obtain ~5,000 traces in a solution measurement is on the

same order as that required to measure the same number of traces in a SAM measurement (1-2 h).

SAM preparation. Unless otherwise stated, freshly cleaved template—stripped gold (TS—Au)
substrates were immersed in 1 mM solutions of the analyte in absolute ethanol.> Phs(SH)2 SAMs
were formed using 0.05 mM ethanolic solutions.*’ Substrates were removed after 18-28 h, rinsed
copiously with absolute ethanol (>4 x 2 mL), and dried in a stream of N2. Analyte solutions were
prepared in glass scintillation vials by successive dilution from more concentrated solutions,
starting from pure samples of the analyte material weighed on a microbalance. No attempts were
made to exclude air during SAM preparation. Control experiments using SAMs prepared using
argon sparged solutions under an atmosphere of argon show that the presence of air does not impact
the resulting STM—BJ SAM measurements (Supplementary Figure 3). No significant changes are
observed in additional control studies (e.g. varying preparation solution concentration or solvent,
immersion time, substrate—type), demonstrating that the results presented here are broadly

independent of the conditions used to prepare the SAMs (Supplementary Figure 3).

Synthesis of Ci2 asymmetrical alkanes and gold complexes. Starting from symmetrical 1,12—
dibromoalkane, —SMe and —SAc terminal groups were introduced through step—wise nucleophilic
substitution reactions with NaSMe and KSAc in refluxing THF>%3! to provide the asymmetrical
precursor 2 (Supplementary Scheme 2). Subsequent reduction of the terminal —SAc moiety to —
SH using LiAIH4! yielded Ci2(asym.). This could be oxidized with Nal-H202°? to form the
corresponding disulphide (Ci2(diS)). Symmetrical bis—gold(I) thiolate complexes were prepared
with Ci2 and Phs backbones through deprotonation of the corresponding terminal dithiol
(C12(SH)2, Ph3(SH)2) using an appropriate base (KOH, Cs2(COs3)), followed by reaction with
ClAuPPhs (e.g. Supplementary Scheme 3).53>* The highly insoluble, likely polymeric, Ciz—
backbone material (3) formed in this manner was solubilized using P”"Bu3s immediately prior to

conductance measurements.>>

Noise analysis. We analyse all traces collected, selecting the ones that have a molecular plateau
and then quantifying the average plateau noise, as follows. We first extract datapoints from the
region of the conductance trace that corresponds to the molecular plateau, i.e. when the
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conductance is within the histogram peak. We take the logarithm of this segment and fit it with a
line. If the line fit is highly sloped (corresponding to an exponential decay seen in traces without
molecules), we omit the trace. We find that about 30—60% of the measured traces are selected (the
fraction depends on the molecular backbone length and on the measurement conditions, i.e.
solution vs SAM measurement). For each selected trace, we take the difference between the raw
and smooth data for all the points that comprise the plateau. The smoothed data is obtained by
averaging 11 neighbouring points (as illustrated in Supplementary Figure 5). These differences are
squared and their sum for each trace is normalized by the number of points in the selected segment.
This constitutes the noise for the trace. We compile logarithmically binned histograms of this noise
parameter for every junction and fit these histograms with a Gaussian function to determine the
average noise for that measurement (i.e. for each junction type). We note that the absolute value
of the noise is specific to the acquisition rate and pulling speed in our custom STM and thus while
the trends in the noise across different molecular junctions is robust, the actual numbers will vary

depending on the experimental setup.

Computational details. We relax the junction geometries with density functional theory (DFT)
using the Perdew—Burke—Ernzerhof (PBE) functional®® as implemented in SIESTA package.’” We
use 4x4 Au atoms on each layer, and 7 layers of Au(111) on each side of the molecule. In the
junction relaxation, the internal atomic distances within the outmost 4 layers of Au on each side of
the molecule are kept constant as their bulk values. Pseudopotentials and basis sets are adapted
from previous work.?” A single—zeta polarization basis set is used for Au atoms and double—zeta
polarization basis sets are used for other elements. Norm—conserving pseudopotentials are used,
and for Au, the pseudopotential and basis set are chosen so as to reproduce the experimental work

function of a clean Au(111) surface. A 4x4x1 k—mesh is used.

After the junction geometry is relaxed, transport properties are calculated using the non—
equilibrium Green’s function (NEGF) formalism as implemented in TranSIESTA package’? with
the same functional, pseudopotentials, basis sets, and k—mesh as above. 36 energy points (the
default value) are used in the contour integration. After convergence of the non—equilibrium
Hamiltonian, the transmission T(E) is calculated using the Landauer formalism with a 16x16 k—
mesh in a post—processing step. This work focuses on the qualitative trends and the comparison of

B values (defined as Gn = Gee P, where Gn is the conductance of an alkane chain comprising n
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carbons and Gc is the contact conductance) between experiment and calculations. Therefore we do
not apply self-energy corrections such as in previous work,* and as a result we expect qualitative

but not quantitative agreement between measured and calculated conductance.
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Figure 1. Conductance histograms for solution or SAM measurements of Ci2—based single—
molecule junctions comprising different sulfur—terminal groups. (a, ¢) One—dimensional
logarithmically binned conductance histograms (100 bins per decade) generated, without data
selection, from 5,000 conductance traces measured at an applied bias of 345 mV. Histograms from
solution measurements are scaled by 0.5 as these typically yield about twice the number of
molecular junctions when compared with SAM measurements. Insets: Expansion of the low—
conductance regions, with all histograms scaled to have the same molecular conductance peak
height. (b, d) Colour—coded keys for (a) and (c) showing the different single-molecule junctions
measured, where a line between a sulfur atom and gold electrode indicates a chemisorbed contact
and an arrow indicates a physisorbed one. Blue shaded circles indicate solution measurements,
their absence indicates SAM measurements (in air). Ci2(asym.) refers to an asymmetrically
substituted molecule with one —SMe and one —SH linker. C12(diS) refers to a dimer of Ciz2(asym.)
where the —SH linkers have been oxidized to form a disulfide.

Figure 2. Conductance histograms for terphenyl (Phs)-based single-molecule junctions
comprising different sulfur—terminal groups. (a) Molecular structure for Phs backbone. (b)
One—dimensional logarithmically binned conductance histograms (100 bins per decade) generated,
without data selection, from 5,000 conductance traces measured at an applied bias of 230 mV.
Histograms from solution measurements are scaled by 0.5. Inset: Expansion of the low—
conductance region, with all histograms scaled to have the same molecular conductance peak
height. Two—dimensional conductance—displacement histograms of Ph3(SH)2 (¢) SAM and (d)
solution measurements. These histograms are created by aligning all measured traces to zero
displacement at 0.5 Go and using 100 bins/decade along the conductance axis and 400 bins/nm
along the displacement axis. Ph3(SH)2 solution measurements give broader conductance
distributions as can be expected due to the varied binding motifs for a chemisorbed gold—sulfur
bond when compared with a physisorbed one.

Figure 3. Noise analysis for Phs— and Cn—based single-molecule junctions. (a) Representative
individual traces for Ph3(SH)2 SAM and Ph3(SMe)2 and Ph3(SH)2 solution measurements. (b)
Overlaid normalized histograms of the average plateau noise for molecules with Phs backbones
(solid lines) and their Gaussian fits (dotted lines). (¢) A plot of the average plateau noise for SAM
and solution measurements of Cn(SH)2 for n= 6, 7, 8. Values are obtained by Gaussian fits to the
corresponding plateau noise histograms (see Supplementary Figure 5). Lines are linear fits to the
data. This analysis demonstrates that junctions formed from solution measurements of SH—
terminated molecules (chemisorbed) exhibit a smaller conductance noise than those from SAM
measurements (physisorbed). The junction noise of Ph3(SH)2 in SAM measurements is
comparable to that of solution measurements of Ph3(SMe)2, offering further indication that the
molecule—electrode bonding is similar in both cases (both physisorbed). Note: the errors in the
Gaussian fits are smaller than the markers used to denote the values.
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Figure 4. Calculated transmission and measured conductance for alkanes with terminal
sulfur groups. (a) Calculated transmission functions for Ciz—alkanes with Au—S(H)R (blue), Au—
SR (red) and Au—S(Me)R (black) bonds as illustrated in the insets (molecular structure colour
code: gold, Au; yellow, S; black, C; white, H). Peaks corresponding to gateway states for the Au—
SR bonded junction can be observed at approximately —1.1 eV. The peaks at around —1.8 eV in the
other two transmissions are due to the Au—d states. (b) The calculated conductance (transmission
at the Fermi energy, Er) for a series of alkanes with Au—S(H)R (blue), Au—SR (red) and Au-—
S(Me)R (black) bonds as a function of the number of carbons in the backbone on a semilogarithmic
scale. Exponential fits (dashed lines) indicate that the conductance decay for Au—S(H)R and Au—
SR bonded junctions are different. (¢) The conductance histogram peak values for Ca(SH)2 SAM,
Cn(SH)2 solution and Cn(SMe):2 solution measurements plotted versus the number of carbons (n)
on a semilogarithmic scale. Exponential fits (dashed lines) reveal similar f—values for the Ca(SH)2
SAM and Cn(SMe)2 solution measurements, and a lower B—value for the Ca(SH)2 solution
measurements.
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