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ABSTRACT. Junctions with the structure K¢5(CH,),T//GaOy/EGaln (Where S(CH.T is a
self-assembled monolayer, SAM,mehlkanethiolate bearing a terminal functional grdjp
make it possible to examine the response of rdtesawge transport by tunneling to changes in
the strength of the interaction between T angdzalntroducing a series of Lewis acidic/basic
functional groups (T = —OH, —SH, —Gi&, —-CONH,, and —P@H) at the terminus of the SAM
gave values for the tunneling current densl¢y) in A/cn?, that were indistinguishable (i.e.,
differed by less than a factor of 3) from the valodserved witim-alkanethiolates of equivalent
length. The insensitivity of the rate of tunneltagchanges in the terminal functional group
implies that replacing weak van der Waals contateractions with stronger hydrogen- or ionic
bonds at the T//G®; interface does not change the shape (i.e., tlihter width) of the
tunneling barrier enough to affect rates of chargesport. A comparison of the injection
current,Jo, for T = —CQH, and T = —CHCHs;—two groups having similar extended lengths (in
A, or in numbers of non-hydrogen atoms)—suggestshbth groups make indistinguishable

contributions to the height of the tunneling batrie

TEXT. Studies of the electrical behavior of junagdased on self-assembled monolayers,
SAMs, and having the structure RfS(CHy).T//Ga05/EGaln have revealed several surprising
insensitivities of the rates of charge transporbss the SAM to the structure of the terminal
group (T) of the SAM:® (Here, Ad® indicates a template-stripped silver substt&&aln is
eutectic gallium indium alloy, and @agis a surface oxide that forms at the surface ofIEGa
almost immediately upon exposure toai©ne current interest in the interpretation obdar
charge transport obtained with EGaln top-electrasiéise contribution of the non-covalent van
der Waals T//G#s top-interface to the shape of the tunneling barkiéhen the group T is

aliphatic, simple aromatic, or polar but not strigrigewis-acidic or Lewis-basic—a range of
2



groups differing widely in electronic and molecusaructure—details of the atomic/electronic
structure of the group seems relatively unimportantl the contribution of T to the rate of
tunneling appears to come primarily from its cdmition to the width of the barriér> 2In
(possible) contrast-alkanethiolates show an odd/even eff¢athich might be a reflection of
interface structure); T = ferrocene and its deniest produce large rectification ratios (R >
100)%*and certain terminal groups (in other systemsghmen reported to have large
influences on tunneling currert$?° To rationalize these results, this work systenadigic
examined T groups capable of interacting with timege of GaOs, with strengths between van
der Waals and covalent bonds, and determined whittege groups (and the strengths of their

interactions with the top G@s/EGaln electrode) changed rates of tunneling.

We have introduced a series of protic polar grdips -CQH, —SH, —-P@H,, —OH, —
CONH,) into the interface between the electrically cartihg GaOs layef and the insulating
methylene (—(CH)—) portion of the SAM. These polar groups are cégab principle, of
interacting with the surface of the £ either as Lewis acids or bases, and thus, mayagtr
than the aprotic polar T groupsind the nonpolar aromatic and aliphatic T groupsave
studied befor8. We focused on two particular questions: i) Do éheswis acidic or basic groups
at the T//Ga0s interface change the current densityn(A/cn? at applied bia¥) through these
junctions? ii) How do these changes in structufecathe apparent dependence of the charge
injection current densitydg), and the tunneling decay constai)t(@s defined by the simplified

Simmons equatidn for tunneling, eq. 1)?

I(V) = Jo(V)e™ = Jo(V)10 7412303 (1)

A tunneling junction of the form AG/A(CH,),T//Ga0s/EGaln has two different interfaces:
3



i) a covalent or ionic so-called “bottom” interfabbetween the anchoring atom A and the'Ag,
and ii) a van der Waals interface between T and3#©;. The structure of the anchoring group
(A) has little influence on the rate of tunnelifigr example, replacing AGS(CH,),CHs with
Ag"0,C(CHy),-1CHs does not significantly change this ratdjhe effect of structural variations
at the top interface—where the strength of therauiion between the T and £&x could, in
principle, change from a weak physical interaction, van der Waals interaction) to a much
stronger chemical bond—is a question relevanteadhationship between the molecular-level

structure of the SAM and its properties as a tungddarrier.

This paper follows a physical-organic design irdgtag charge transport across EGaln-based
junctions: that is, we varied only the structurehaf terminal group T, while keeping other
components of the SAM (i.e., its thiolate anchomgngup and polymethylene backbone
(~(CHy)-) and the electrodes the same. This strategy naeitinchanges in the structure of the
SAM unrelated to the group T and the T/{Gainterface. (It cannot, of course, entirely
eliminate them, since the structure of the groupdly influence the structure of the
polymethylene unit). We incorporated various temhigroups T into these junctions, and
analyzed trends i&(V) with T, assuming that the contributions of alh&t components of the
junction remained consistent with those well-essdigld forn-alkanethiolateswe chose the
Lewis acidic/basic groups (—-SH, —OH, —-CONHCQOH and —P@H_) based on their ability, in
principle, to interact chemically (i.e., using irgetions beyond electrostatic contacts, by
hydrogen bonding, coordination, or formation of al@ent bonds) with the gallium oxide of the
top-electrode. The relevant values of pKa, in wdtarthese groups are: —gd) = 2.4 (pKa),

7.1 (pKa); -COH = 4.8; —=SH = 10.3; —OH = 18; —-CONH 25



The structural and electrical characteristics efAly' >/S(CH,),T//Ga0s/EGaln junction are,
by now, generally well-establishéd: '° ?324n prior work, we concluded that i) the resistance
of the GaO; film does not contribute significantly to the since of the junctioh? 2% 2% 24j)

the surface of the film in contact with the SAMtire “conical tip®*

electrode we use is rough,
and only a small (although reproducible) fractie@@*) of the apparent area of contact between

Ga0O/EGaln tip and the SAM (as estimated by microscdgy) effective electrical contatt.

The rate of charge transport in these junctiom®mpatible with a model based on hole
transport through a potential barrier provided hogy ¢lectrically insulating SAM, and the
interfaces between top- and bottom-electrdd€8We have roughly estimated the shape of this
potential barrier using known values of work funas for silver (-4.5 eV relative to vacuuff),
and EGaln (-4.3 eV) For a cluster ofi-alkanethiolatesntdecanethiolate, S§ bound to Ag,
we used density functional theory (DFT) to estinthgevalues of the frontier orbital energies—
the highest occupied molecular orbital, HOMO (-4e89, and lowest unoccupied molecular
orbital, LUMO (-2.92 eV). Table S1 (in the Suppodilnformation) summarizes the potentials

calculated fon-alkanethiolates and-carboxyl-alkanethiolates on Ag.

In a molecular junction, the width of the tunnelingrrier ¢, eq.1) is commonly
approximated by the length of the molecules conmgithe SAM that separates the two
electrodes, but it is still unclear which composenitthe molecule should be considered to
belong to the insulating tunneling barrier. Thenteimg barrier certainly includes all of the
insulating —(CH),— units, but it might also include the anchoringna(S), and the terminal
group T in van der Waals contact withGa We do not know, with precision, the shape (height
and width of the energy profile) of the barrier@sated with a van der Waals interface between

5



group T and G#s(Figure S7); we assume that it is the highest piatiein the barrier
(potentially close to vacuum at 0 eV). As a stgrpoint in the analysis of the width of the
barrier, we defined the injection current tbx 0 A to be that obtained by extrapolation of a
series oh-alkanethiolates S(ChHiH (n = 16 to n = 0), and included both the anchgpatom and

the distal hydrogen atom (Figure 1b).

We fabricated “unflattened” conical-tip EGaln electes and selected those that were free of
visible surface asperities (using procedures desdrelsewher®and in the Supporting
Information) to measure current densil§y/), across T-terminated alkanethiolates of*Ag
Figure 2 showg(V) data for T being either a methyl group (T = FHrepresented by the
dashed reference line—or a Lewis acid/base funatigroup. We do not know the ionization
state of the protic groups T in the SAM, and adily assume a protonated state for each SAM
when calculating the total molecular length (frdme anchoring atom to the very distal hydrogen
atom). In order to account for uncertainty asseciavith protonation state and molecular length,
the horizontal bar for each point in Figure 2 inlda estimated lengths of both protonated and
deprotonated states. The Supporting Informatioguif@ S5) contains a summary of the
histograms describing all measurements ofl|dy]= +0.5 V). The values af (V = +0.5 V) for
alkanethiolates terminated with protic groups Tewveot significantly different from the methyl-
terminated alkanethiolates (i.e., they differ bgsléhan a factor of 3). This result suggests that
introducing Lewis-acidic or -basic groups that h#twe potential to coordinate gallium oxide or
hydroxide in the T//G#3 interface does not change the shape of the bammurgh to affect the

tunneling conductance of the junctions.



Although we have no quantitative measure of thengfth of the interaction between EGaln
and the surface of the SAM, we have one clear @ik indication that the interaction is
stronger for T = —CgH than for T = —CH. Upon retraction of the EGaln conical tip elec&od
from the surface (for T = -G, Figure S2), the tip adhered to the SAM. Althotigis tip is
“sticky” (and thus, we infer, interacts more stringith the surface of the SAM than other
surfaces we have examined; for example, the sudbic@lkanethiolates on Ag), the measured
current density is indistinguishable frawalkanethiolate standards of the same length.
Moreover, the adhesion does not result in eledlyi¢shorted” junctions. This observation
suggests qualitatively that terminal gOgroups form, at least in part, hydrogen or camation
bonds with the gallium oxide, but that these bahalsiot change the rate of charge transport
detectably. The inference that &g can act as a base (i.e., a hydrogen bond acceygpieags
with work by Ito and coworker®. We infer that a terminal T = -G8 group forms bonds with
the GaO; of the top-electrode that are stronger than vanals interactions involving T = —
CHs and other groups, but that these bonds do nataserobservably the tunneling current

relative to a top interface having the weak vanwWeals interaction of a T = —Ghgroup>* *2

To investigate further the influence of the int¢i@c between T = —C and the Gg03 of
the EGaln top electrode on the rate of charge pamswe investigated a range of lengthsyef
carboxyl-alkanethiolates (Figure 3). The Supportimfigrmation contains histograms of data for
log J| for carboxyl-terminated molecules. Yields of wiakjunctions for the carboxyl-
terminated SAMs (100%) were as high or higher tihase composed ofalkanethiolates.
Standard deviations of measured currentsfoarboxyl-alkanethiolates were smaller than those
of then-alkanethiolates: theycalculated from the Gaussian fitting was ~0.3 folM&&bearing

terminal carboxyl groups, but ~0.5 for SAMsmélkanethiolates on Ag (Figure S5 and S6).
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We note thatiog~ 0.3 indicates that ~67% of the junctions give vsiloi) (V = +0.5V) that fall
within a range differing by a factor of 4 (acrossltiple junctions, tips, and users). This narrow
distribution indicates that EGaln-based junctioasdal on a T//G&®; contact is reproducible
and replicable, and suggests that the formatiawéak bond at the SAM//@a; interface

increases the stability of the junction on mease@sofJ(V).

To determine the contribution of a terminal cardagpup (T = —CQ@H) to the shape—the
height and width—of the tunneling barrier, we congoithe tunneling current densities with
length-matched-alkanethiolates (T = —C§jl We estimated the widtd, of the tunneling barrier
using three different assumptions (Figure 4 and) S[A] = the total length of the molecular
SAM in A, from the center of the anchoring atomlf{s) to the center of the distal atom
assumed to be closest to the top electrode. Thusxampled[A] for S(CH,)10H would be 12.9
A for the S to C distance of the (@b unit, plus 1.0 A for the terminal hydrogen; thait f
S(CHy)sCOH would be 11.8 A for the S to C distance of thelffs unit, plus 3.1 A for
T = —-CQH; ii) d[S(CH,),T] = the sum of the number of methylene (Hnits, the anchoring
atom (here S), and the non-hydrogen atoms of tihanal functional group, (thus, for example,
d[S(CH,),T] for S(CHy)10H would be 10 methylene units and 1 sulfur atorat tor
S(CH,)gCOH would be 9 methylene units, 1 sulfur atom, amb@-hydrogen atoms, C and O,
from T) and iii)d[(CHy),] is determined only by the number of methylene {Qkhits, (thus, for
exampled[(CH,),] for S(CH,)10H would be 10 methylene and that for S@g&O,H would be 9

methylene units).

Figure 4 shows a plot of Ia§#0.5 V)|vs. d[A] for different lengths of carboxyl-terminated
alkanethiolates, and foralkanethiolate standards (dashed line). The liesst square fit (R=

8



0.99) of <log)(+0.5V)|> to equation?: **yielded the injection current ( Idg{+0.5V)|) and the
tunneling attenuation coefficient (in A™1)). The injection current for the carboxyl-termiedt
alkanethiolates (lod}(0.5V)| = 3.6 + 0.2 A/cr) was indistinguishable from that of the methyl
terminatech-alkanethiolate standards (Igp.5V)| = 3.7 + 0.2 A/crf) when considering the
entire length (measured in A) of the SAM from théfier atom to the distal hydrogen atom of the

carboxyl group in contact with G@s.

The Simmons equation (eq. 1) fits the experimesttaervations (Figure 4) qualitatively in
this experiment (as in many other experimeht¥) **There are, however, unresolved questions
in most of these experiments about the interpaaif the parameteds, $, andd. The
attenuation parametgrdescribes the falloff in tunneling current withtdisce, and is remarkably
consistentf = 0.73-0.89 A or 0.9-1.1 nC) for a large number of studies mhlkanethiolates
on gold and silver, and ofalkyl groups bonded directly to silicéfi.****The value of the
injection current,)p, is interpreted to be characteristic of a hypatiaéjunction in which the
SAM has zero lengtt, but in which the characteristics of the Ag/S ainda,0; interfaces is
preserved. For all compounds (other than those (@Hi), groups so short that the AgS and T
groups interact directly), we expected the contrdsuto J, from theAg-Sinterface to be the
same for all experimental junctions of the form &@/H,).T//Ga0Os/EGaln.For compounds
where T is not a methyl group, however, theregsi@stion about the meaningata parameter
which defines the width of the tunneling barrief}, should T be considered as part of the
insulating tunneling barrier, or a part of the &lieally conducting GgOs interface, or as some
hybrid between the two? To address this questiehave plotted(V) as a function of the
number of non-hydrogen atoms (here, S and C al@)and as a function only of the number of

methylene groups in the molecules of the junctibgure 5a shows that the former plot yields
9



effectively indistinguishable least-square fits tioe trend derived from SAMs af-carboxyl-
alkanethiolates and from SAMs wfalkanethiolates, with the same valuelgét 0.5 V; the latter
yields parallel lines, but quite different valudslg@ These data are compatible with the
conclusion that the contribution of the carboxydgp to the width of the tunneling barrier is
equivalent to that of an ethd@H,CHs) group, andot to that of a group whose electronic
properties make it part of the electronically coctthg part of the interface, or one that changes
the shape of the tunneling barrier (relative to ¥GH; of n-alkanethiolates) in a way that

significantly (at the resolution of our experim@ntgluences tunneling currents.

The value ofs for the carboxyl-terminated SAMg € 0.74 + 0.02 A, 0.94 + 0.05 g, ™) is
also indistinguishable from that of thealkanethiolate standard$ £ 0.78 + 0.03 &, 0.92 +
0.04 ez ). This similarity in the tunneling decay coeffiotesuggests that the attenuation in
tunneling current through the SAM is not substdiytiafluenced by the chemical nature of the
top interface, or of the electrical dipoles thatagsociate with these polar groups T, over the

range of compounds summarized in Figures 2 and 3.

We conclude that replacing a terminahlkyl group (T) of am-alkanethiolate of the same
total length (e.g. T = —Ci€Hj3) at the SAM//Gg0; interface with a Lewis acid/base
(e.g. T =—-CG@H), does not influence the tunneling current. Jiamst of the same lengt[&] or
d[S(CH,),T]) and with composition AG/S(CH,)nT//Ga0s, where T = —Clj —OH, —SH, —
CO,H, —-CONH,, and —P@H, all have tunneling currents that are indistisppable (e.g. within a
factor of 3). The introduction of protic polar gpmiat the T//G#D; interface by the group T
does not change the shape (i.e., the height ohwediative ton-alkanethiolates) of the tunneling
barrier enough to influence the rate of charge éling observably (a conclusion that is

10



reinforced by data from studies of other organmugs, including a number of simple aromatics
and uncharged polar grougsj.The similarity of the injection currendyj for junctions derived
from data using SAMs terminated-#€H; or -(CH,),CHs (depending on the size of the group to
be compared) and for junctions from SAMs terminated variety of other functional groups
(including simple aromatic groupgolar aprotic groups with large dipole momehamd the
polar, protic groups studied here) indicates thasé T//Gg0; interfaces are all very similar in

their contribution to the tunneling barrier.

A comparison ofly for T = —CQH and T = —CHCH; for similar extended lengths (A) or
number of non-hydrogen atoms is compatible withiiyy@othesis that both act primarily as
(equivalent) contributors to the width of the tulimg barrier. Any difference in their
contribution to the energetic topography of theneling barrier does not appear as differences in

our experimental measurements.
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Gap03
(~0.7 nm thick)

van der Waals
contact

d[A]

Figure 1. a) Components of the AYS(CH,),T//Ga0y/EGaln junction, where n is the number of
methylene units (Ch), and T is a terminal functional group; here nan@ T = CH. A tilt angle
of 11° from the surface normal was applied to tAMS® The inherent roughness of the,Ga
film and the SAM-bound A substrate contributes to an effective electrioaitact area that is
~10* the geometrical contact aré@ihe van der Waals contact distance was estimatedding
the van der Waals radius of the terminal H atorthefSAM and the O atom of the &xfilm.

We do not know the height or width of the energyfile associated with the van der Waals
interface. b) Definition of the molecular lengthArof the insulating molecular component from
an alltrans-extended configuration using Chem3D software. dis&ance is calculated from the
center of the sulfur anchoring atom to the centéh@ distal hydrogen atom that is presumably
closest to the EGaln top electrode.

16



4 T T T T T T 1 A
- - - n-Alkanethiolate standards

3 . (SCpHonAgTS) .
. Log|Jo| =3.7+£0.2 A/cm2

2l . B=0.74 A1+ 0.01 ]
1L . SC5CONH2 |
S *e
2 ol *._ SCoSH |
|

‘3+¢ SC110H
1L ke il

ﬁSC1 1PO3H2

SC11CO2H"«_

AL \ ! +
0 4 8 12 16 20 24
Length (A) from the sulfur to the distal hydrogen atom

Figure 2. <logl|> at +0.5 Wersus molecular length fon-alkanethiolate standards and
alkanethiolates bearing terminal Lewis acidic asibdunctional groups. The two points for
protonated ¢) or deprotonatedo w-substituted -alkanethiolate SAM take into accdhet
difference in the estimated molecular length asgediwith the protonation state of the SAM
(right point, protonated state; left point, depratted). The molecular length was estimated using
an alltrans-extended configuration from the sulfur atom to final hydrogen atom using

Chem3D software.
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n-Alkanethiolate standards /

SCGH SC8H SC10H SC12H SC14H SC16H

Carboxylic acid series (((H))

sc3cozu SC7C02H sc1 5002H
SC5COLH SC44COoH

Figure 3. A series of methyl- and carboxyl-terminated alkhiwates used to form SAMs for the
determination o, andp.
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log |Jo| = 3.7 £ 0.2 Alcm2
N B=0.74 +0.03 A-1
N

2. Carboxylic acid-terminated

alkanethiolates (—)

-3 (SC,CO5H, n=3,5,7,11,15)

on AgTS

-4 log |Jo| = 3.6 £ 0.1 A/lcm2

B=0.76 £ 0.02 A-1
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12
Length, d[A]

: —H

!< dlAl =172 A >
HH
A9‘$\/\/\/\/\/\)<H
> >

d/A]=16.3 A
Figure 4. a) Plot of the Gaussian mean values ofJpgt +0.5 Wersus molecular length
(calculated in A for an atrans-extended conformation) fas-carboxyl-alkanethiolates amd
alkanethiolate standards on AyThe least-squares lines are not distinguishaphb distance
is calculated from the sulfur atom to the final logkn atom as shown.
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Figureb5. a) Plot of the Gaussian mean values ofJlagf] +0.5 Wersus molecular length in
number of non-hydrogen atoms (n + m: n is the nurobaon-hydrogen atoms of the
polymethylene chain and m is the number of non-bgen atoms (in linear connection) of T;
here, nis 11 and m is 2 for T<€O,H) for carboxyl-terminated alkanethiolates and
alkanethiolate standards of similar length ol Ab) Plot of the Gaussian mean values ofJjoaj]
+0.5 Vversus molecular length in number of methylene units {Cldr carboxyl-terminated
alkanethiolates and-alkanethiolate standards on AYThe final methylene unit of the terminal
methyl group-(CH)H group is included in the total number of metimgdeunits.
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