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Experimental Details

Materials. Precursors to all monolayers (with the exceptiorl8{CH,)sCONH,) were
commercially availablex(98%, Sigma-Aldrich). All organic solvents were btigal grade
(99%, Sigma-Aldrich) and were used as suppliedasnte¢herwise specified. The synthesis of
HS(CH,)sCONH, is described below. All thiolate-based compoundsevweaintained under a;N
atmosphere at < 4°C to avoid oxidation to the spoading disulfide, sulfonate, or sulfonic
acid. To ensure that the compounds were free dhoginants, all stored compounds were
checked byH NMR prior to use. Impurities were carefully reneohby silica gel column
chromatography (100% hexane). All organic solvevdse analytical grade (99%, Sigma-

Aldrich) and were used as supplied unless otherspseified.

The EGaln Technique. EGaln (eutectic Ga-In; 74.5% Ga, 25.5% In) hasrgied as a
convenient and attractive material for forming tatacts and measuring currents in junction
devices having the structure R{SAM //Ga0Oy/EGaln! As a liquid metal with a self-
passivating oxide layer of G&; (0.7 nm thick on averagé}his technique offers the advantage
of forming non-damaging top contacts and resultagh yields (>90%) of working (non-
shorting) junctions. Moreover, the apparent non-tdevan behavior of EGaln (a reflection of
the mechanical properties of the electrically carithg GaOs film that forms on its surface)
facilitates the formation of sharp conical tipsdbling a small geometrical contact area of ~25
pm in diameter, or ~490 |frin geometrical contact area estimated by microgcop
Understanding the influence of the SAM-metal oxitterface on charge tunneling is the focus

of this particular investigation.

Selected Conical Tips. We selected EGaln conical tips that were freeigible surface
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asperities (Figure S1b). Conical tips that hadblesirregularities (as seen by optical

microscopy) were discarded (Figure S1a).

Template-Stripped Silver (Ag™)

Bottom Electrode. We formed SAMs on template-stripped
silver substrates (Ag). “Template stripping” provides a relatively fistirfface compared to “as-
deposited” (by an electron beam evaporator, rmghoess = 1.2 nivs. 5.1 nm, over a 25 pm

area of Agy® SAMs formed on the surfaces of Rghave less defects than SAMs on as-deposited
surfaces, and result in junction measurements lwgher yields and with smaller dispersions in

J(V) than as-deposited bottom electrodé€Exact details of preparation of films, and of thei

characterization, are described elsewHere.

Preparation of Monolayers. We followed previously published protocols for foemation of
SAMs on Ad>.51° Briefly, Ag' were submerged in a 3-mM ethanolic solution afltte for
16-18 hours at room temperature and under a nitrageosphere. We rinsed the SAM-bound

substrates with filtered ethanol, and dried themenra gentle stream of nitrogen.

n-Alkanethiolates as Standards. Simplen-alkanethiolates served as internal standardsier t
work, and ensured that the apparatus and the opgraere reproducing previous values of
current densities. Junctions of the structuré“8(CH,),CHy//Ga0s/EGaln are, by now, well-
characterized and increasingly well-understboahd the values of both andp for n-

alkanethiolates are available for a variety of éaagea and single-molecule junctidfs.

SAMsBearing Terminal CO,H groups. Nuzzoet al. proposed that approximately 50% of
neighboring CGH groups at the terminus of a SAM form linear clsaifi hydrogen bondS.
SAMs terminated in CgH groups are also capable of hydrogen bonding tiréone pairs of
electrons on one of both of the oxygen atdfn¥.
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To ensure that the thiolate group binds prefertiptia the Ad'™ substrate, and leaves the
carboxylic acid exposed at the interface with@awe measured stationary contact angbgs (
of water on the surface of these SAMs. The valiiés ¢-20 for HSGCO,H on Ag'®) were
consistent with literature valu€sand indicate that the polar protic —gOgroup is exposed at
the surface of the SAM (Table S2 summarizes theesabfts). We also characterized the SAMs
with X-ray photoelectron spectroscopy (XPS; The®atentific K-Alpha photoelectron
spectrometer with Monochromatic Al &X-ray radiation (1.49 kV at base pressure 210rr)).
All spectra show the presence of sulfur (S 2p3f2 apl/2) with binding energies (~163 and

162 eV) consistent with sulfur bound to silver (&g S3)’

Electrical M easurement Protocol. We formed SAMs on AG and used “unflattened” conical

tips of GaOs/EGaln to fabricate AG/S(CH),T//Ga0s/EGaln junctions.Although we did not
cycle the voltage (+ 1V) across the conical tipslevim contact with a silicon substratethe tips
we used to measure were free of visible aspe(figgire S1). Furthermore, the values of current
density measured using “flattened” and “unflatténmxhical tips are indistinguishable. We
measured charge-transport across the SAMs at @y Sveeping in both directions starting at

OV (i.e.onesweepOVv»> +0.5vw 0w 05¥ 0 W steps of 0.05 V).

I nfluence of Humidity on the Rate of Charge Transport. In a separate investigatidhwe

have demonstrated that different levels of relativenidity (from 20 to 60% RH) in the
environment in which charge transport is measucedd affect the rates of charge transport.
Specifically, increasing the relative humidity does result in changes in current density for
methyl-terminated or carboxyl-terminatedilkanethiolates on Ag. Therefore, the components
of the junction (namely the EGaln electrode and3SAd/) are not susceptible to changes in

resistance upon exposure to increasing humidityreldher, the measurements reported here
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were obtained under similar laboratory environm¢d®%6 < RH < 35%), so we do not
anticipate the humidity to affect the current dgnsieasurements of either the Lewis acid/base

terminated SAMs or the standards.

Rectification. We measured(V) for junctions of the form A/S(CH,),CO,H//Ga0s/EGaln
over a voltage range of 0.5V, where n = 3, 8,17,15; we did not observe rectification of

current (Figure S4).

DFT Computational Details. The electronic structure of the alkanethiolates @arboxylic acid
terminated alkanethiolates were modeled by sma#itel models using the Ag9 cluster. The
calculations of orbital energies were performedwiliénsity functional theory (DFT) using the
Becke hybrid functional B3-LY® and resolution-of-the-identity approximation foetCoulomb
energy (RI-JY° def2-SVP Gaussian basis $étsere used along with corresponding auxiliary
basis sef$ and small-core relativistic effective core potalstiECPs) for AG> All calculations

were carried out within the Turbomole suite of peogs (V6.4, 2012).

Synthesis of HS(CH)sCONH»: A 25 mL ethanolic solution containing Br(G5ICONH, (965
mg, 4 mmol) and thiourea (608 mg, 8 mmol) was leateler reflux for 18 hrs. After being
cooled to room temperature, the reaction solveistn@movedn vacuo, followed by the addition
of an agueous solution of KOH (246 mg, 4.4 mmA&0nmL degassed water). The reaction
mixture was again heated under reflux for 30 midaur\, atmosphere (Note: longer reaction
times may result in oxidation of the thiol grouphe reaction solution was cooled to room
temperature and extracted with cold L. The combined organic layer was dried over
anhydrous MgS@ filtered to remove the suspended solid, and aumnatedin vacuo (Note: the

temperature of water bath must be below 30°C)eiythe title compoundH NMR (CDCk): &
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5.56 (brs, 2H, M), 2.51 (q,J = 7.2 Hz, 2H), 2.21 () = 7.2 Hz, 2H), 1.68 — 1.57 (m, 4H), 1.46
—1.40 (m, 2H), 1.33 (1 = 7.6 Hz, 1H, §l). *C{*H} NMR (CDCls): § 175.4, 35.6, 33.6, 27.8,

24.8, 24.4. HRMS (m/z) calcd. for §8:aNOS]" (M+H"): 148.0796; found: 148.0782.
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1. Thiourea (2 equiv.),
ethanol, reflux, (18 h)
Br/\/\/\erHz - HS/W\[(NHZ
o 2. KOH (1 equiv.), lo)
water, reflux, (30 min)

Scheme S1. Synthetic scheme for the preparation of HS{gElONH,
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Figure S1. Photographs of fabricated conical tips. (a) Aaragle of a conical tip containing
surface asperities (here a “whisker”); this typeipfwould be discarded. (b) An example of a
conical tip that is free of visible surface aspesit this tip would be appropriate to use for the
collection ofJ(V) scans.
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Figure S2. a) Photograph depicting the adhesion of the E@adrelectrode with a CHl
terminated alkanethiolate (SCO,H) SAM on Agd'>. b) An example of the typical “non-sticky”
interaction between EGaln and a methyl-terminatieanethiolate (S(Ch),CHs on Ad™).
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Table S1. Summary of static water-wetting contact angbelfor CO,H terminated
alkanethiolates on Agand advancingdf) and receding water contact anglg for n-
alkanethiolates on Ag. The advancifig) @nd receding contact anghg)(data fom-
alkanethiolates were taken from reference 9.

SAM on Ag'® | mean contact anglé§ | SAM on Ag | contact angled 6,)""
and standard deviation

SGCOH 17+£2 S(CH)3CHj3 ~100, ~90

SGCOH 21 +2 S(CH)sCHjs ~108, ~95

SCGCOH 21+1 S(CH);CHjs ~110, ~ 100

SC,COH 24 +1 S(CH)1¢CHg ~110, ~ 100

SCisCOH 33+2 S(CH)15CHg ~110, ~ 102
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Figure S3. XPS spectra of S 2p and C 1s regions from a SAMemercaptododecanoic acid
on Ag.”® The two peaks present for S 2p arise from thearbbublet S 2p,(~ 162 eV) and S
2p12 (<163 eV).
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Figure $4. A plot of current densitydj versus bias ) for the
Ag"¥/S(CHy),.COH//Ga0s/EGaln junctions with various chain lengths (n537, 11, 15), as
indicated in the Figure. We did not observe reziiion of current.
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Figure S5. Histograms of log| at +0.5 V across AGSAM//Ga04/EGaln junctions using
conical tips. Solid curves represent GassianNts the number of data points. The
alkanethiolate (S¢, SGy, and SG,) serve as an internal standard; having a similisnber of
atoms to the thiolates bearing terminal functiagraups
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Figure S6. Histograms of log| at + 0.5 V for carboxylic acid-terminated alkdnelates across

Ag"/S(CHy),T//Ga04/EGaln junctions using “unflattened” conical ti@olid curves indicate a
Gaussian fit and N indicates the number of datatpoi
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Table Sll. Calculated energies for HOMO and LUMOmélkanethiolates and-carboxyl-
alkanethiolates on silver clusters using densihcfional theory (DFT}? %

SAM on Ag HOMO LUMO SAM on Ag HOMO LUMO
(ev) (eV) (eV) (ev)
SCGCH;s -4.89 -2.92 SECOH -5.17 -3.07
SGCH;s -4.89 -2.92 SeCOH -5.02 -3.00
SGCHs -4.89 -2.92 SECOH -4.97 -2.97
SCGCHz -4.89 -2.92 SECOH -4.94 -2.95
SGCH3 -4.89 -2.92 SECOH -4.93 -2.94
SCGi1CHz -4.89 -2.92 SGCOH -4.90 -2.93
SCi:CHz -4.89 -2.92 SECOH -4.91 -2.93
SCisCHs -4.89 -2.92 SGCOH -4.91 -2.93
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Figure S7. Schematic description of some characteristidh®tunneling barrier (with respect to
vacuum) of the AJ/S(CH,),H//Ga0s/EGaln junction (here, n = 10) at zero applied bide
work functions of Ag (~ -4.5 eV) and EGaln (~ -4.2)é¥ave been reported in the literattihe?
DFT calculations were used to estimate the valfiiseofrontier orbital energies—highest
occupied molecular orbital, HOMO (-4.89 eV), and/ést unoccupied molecular orbital, LUMO
(-2.92 eV)—for a cluster af-decanethiolate (S bound to Ag. The van der Waals contact
distance of 3 A is an estimation from the van de@W radius of the terminal hydrogen atom of
the SAM and the oxygen atom of the,Gafilm.
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