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ABSTRACT

This paperdescribeschargetransport bytunneling across self-assembled monolayers (SAMs) ofthiol-

terminated derivatives ofoligo(ethylene glycol) (HS(CH2CH2O)nCH3; HS(EG)nCH3); these SAMs are

positionedbetweengold bottom electrodesandGa2O3/EGaIntop electrodes and are of the form:

AuTS/S(EG)nCH3//Ga2O3/EGaIn. Comparison of the attenuationfactor(• of the simplified Simmons

equation) acrossthese SAMs withthe correspondingvalueobtained withlength• matched SAMs ofn-

alkanethiolsdemonstrates,surprisingly,thatSAMs of oligoethylene glycolhavevalues of• (• = 0.29 ±

0.02 natom
-1 and• = 0.24 ± 0.01 Å-1) lower than those ofSAMs ofn-alkanethiolates(• = 0.94± 0.02

natom
-1 and• = 0.77 ± 0.03 Å-1). Thevalue of• for tunneling across oligoethylene glycolsis comparable

to that across oligophenylenes(• = 0.28 ± 0.03Å-1). There are two possibleoriginsfor the

unexpectedly low value of• for (EG)n-derived SAMs. The moreprobableinvolves amechanism for

tunneling based on the superexchange model. This modelaccounts for the rapidholetunneling across

SAMs of oligo(ethylene glycol)susinginteractions amongthe high-energy,occupied orbitals

associated withthe lone-pair electrons onoxygen. According tocalculations usingdensity functional

theory (DFT), these orbitals‚ localizedorbitalspredominatelyon the backboneoxygenatoms‚ are

lower in energy(EMO = -6.8• -7.2eV), but more delocalized(due tointeractions betweenorbitals on

neighboringoxygen atoms), than the highest occupied molecular orbital (HOMO, EMO : ~ -5.7 eV)

localizedon sulfur. Nonetheless, theexistenceof these high-energy, delocalizedoccupied orbitals,

which are not present inanalogousn-alkanethiols(EMO < -8.5 eVfor orbitals associated withCH2),

rationalizethelow value of• . SAMs of oligo(ethylene glycol)s (and of oligomers of glycine). SAMs

based onS(EG)nCH3 are, inthis mechanism,good conductors (byholetunneling), but good insulators

(by electron and/or hole driftconduction)‚ an unexpected observationthatsuggestsSAMs derived

from these or electronically similarmoleculesasa new class of electronic materials. A second butless

probablemechanism for this unexpectedly low value of• for SAMs ofS(EG)nCH3 restson the
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possibility of disorder in the SAM, and a systematic discrepancy between different estimates of the

thickness of these SAMs.



4

INTRODUCTION

Determining the relationship between the structure ofthemoleculesthat make upself-

assembled monolayers (SAMs), and the shape of the tunneling barrier that these moleculesgenerate,is

an area of active research, andapart of the broader area of ƒmolecular electronics„.1-14 Our studies

have used a junction with the structure M/A-R-T//Ga2O3/EGaIn (where ƒA„ is the group anchoring the

molecules of the SAM to the metal ƒM„, ƒR„ is the backbone of the molecule making up the SAM, ƒT„

is the terminal group, and EGaIn is eutectic alloy of gallium and indium. Forn-alkanethiolates, for

example, A = S, R = (CH2)n, and T = CH3 or H, depending on the data being considered.Studies of a

range of SAMs based onn-alkanethiolates with different terminal groups (both aliphatic and aromatic),

and having the same overall length,have shown remarkably little variation in tunneling current;15-16

inclusion of groups capable of extended delocalization dolower the barrier to tunneling.17-20

This studyfocuseson the influenceof the energy levelsof backbone substituentswith high-

lying occupiedorbitalson the height of the tunneling barrier and rates of charge transport. Wereplaced

backbonemethylene groups (-CH2-) with oxygen atoms, andanalyzedthe influence of this substitution

on the rate of charge transport. The work is complementary to our recently described measurements of

charge transport by tunneling across SAMs of short oligoglycines,where the presence of consecutive

amide (…(NHCH2CO)n…) bonds(n = 1-5) in a molecule (e.g., (Gly)n) lowered the height of the

tunneling barrier relative to length-matchedn-alkanethiolates, and resulted in a decrease in the

measured values of• of the simplified Simmonsequationfrom • (CH2)n = 0.94 natom
-1 to

• (Gly)n = 0.50 natom
-1.21

Wemeasured rates of charge transport across SAMscontainingoligomers ofethylene glycol

(HS(CH2CH2O)nCH3; HS(EG)nCH3), and compared these rates to rates acrossn-alkanethiolates

matchedin thenumber of atomsalong the molecular backbone. Modelingof the oligo(ethylene

glycol)sbound to clusters of goldwith Density Functional Theory (DFT)predicts a characteristic set of
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high-lying, delocalized, occupiedmolecular orbitals, which resultfrom a weakcoupling betweenthe

lone-pair orbitalson neighboringoxygenatoms in the backbone, and which are absent inn-

alkanethiolates. We associatethis change in theelectronictopography of the tunneling barrierwith a

decrease in• (• (CH2)n = 0.94natom
-1 (0.77 Å-1)22 and• (EG)n = 0.29 natom

-1, (0.24 Å-1)); (here natom is the

number of non-hydrogen atoms‚ C, N, O‚ in thebackboneof the extended oligomer). Corresponding

values of • for four differentclassesof compoundsare summarizedin Table 1. Studying charge

tunneling across SAMs of oligo(ethylene glycol)s enabled us to establish that the presence of multiple

oxygen atoms in the backbone substantially decreases• (relative to SAMs of length-matchedn-

alkanethiolates). We suggest a rationalizationof this decreasebased onhigh-energy, delocalized,

occupied MOs formed by superexchange interactions between neighboring oxygen lone-pair orbitals

(inferred from DFT results)as being the probable origin of this effect. We discuss, but discount, the

possibility thatan ambiguity in estimating the thickness of the SAMs ofHS(EG)nCH3 contributes to

this estimate of• .

Charge Transport by Tunneling. Both theorbital energies of the molecules composing the

SAM, and the interfaces between the SAM and the electrodes, influence therateof charge tunneling.7,

17, 23-33 Thesimplified Simmons equation34 (eq.1)providesan approximateanalyticalparameterization

of the rate of charge transportacross the barrier, and predicts an exponential decay in current density

with anincreasing width of the tunneling barrier, d.20, 35 The value ofd is often estimatedas the fully

extended length (in Angstroms) of themoleculefrom the anchoring atombound to the bottom

electrodeto thedistalatomin contact with the Ga2O3/EGaIntop electrode, or asthe number of

repeating unitsor non-hydrogen atomsin the backbone of the molecule(i.e., thenumber ofcarbon

atomsin alkanethiols).

J(V)= J0(V)·10-• d/2.303 (1)
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The proper definition ofd for moleculeswith multiple possible conformations or molecules in

disordered SAMsrequires an understanding of how rates of tunneling depend on the conformation of

the molecules involved.An important question is:ƒDoes the rate of charge tunneling (assumed to be

through bond) depend ontheconformationof the molecules through which tunneling occurs?„ This

problem isonethat has not, so far, been solved (or even seriously addressed).

Although the relationship between the structure (molecular and electronic) and shape of the

tunneling barrier is not yet completely definedtheoretically, the value of• can be usedto compare

charge transport acrossdifferentmolecularsystems.ThetermJ0(V) is an empirical parameter‚

obtained through extrapolation‚ that represents a moresubstantial (and less easily simplifiedand

interpreted) set of approximationsthandoes• .22, 25, 36 The interpretation ofJ0 across these SAMsin

terms of molecular or molecular-orbital structure‚ especially for molecules that are heterogeneous in

molecular orbital structure (e.g., (Gly)n and(EG)n)‚ is not, at present,straightforward,and‚ for

molecules with structures more complex thann-alkanethiols‚ extrapolation tod = 0 will not yield a

meaningful value; we therefore focus our analysis on differences in• .

Superexchange Model of Hole Tunneling through Oligo(Ethylene Glycol)s. The

superexchange model37-39 is a simpleatomistic model of tunneling through molecules. This tunneling

model predicts anexponential dependence of current density with the length of the molecule, and is

compatible with both the simplified Simmons equation (Eq. 1) andempirical calculations.34 It

considers the molecule as a one-dimensional chain of localized orbitals withrelatively weak

superexchange couplings between them, usually due to interactions between neighboring groups of the

same type.37-38, 40 Specifically,in this work,these localized orbitals are oxygen lone pairs in

oligo(ethylene glycol)s and peptidebond orbitals in oligo(glycine)s. The superexchange model was

developed by McConnell, Ratner, Nitzan, and coworkers37-39 to describe charge transport in peptides,41

and generally provides a qualitative model for electronic conduction (hopping and tunneling) across
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molecular systems.Because it is conceptually simple,it also provides an interpretable relationship

between the electronic structures of the molecules and their tunneling properties. Perhaps even more

importantly, it provides a framework with which to compare different classes of molecules.

We consider a linear chain ofn identical units, with one localized orbital per unit, interacting

via superexchange with the localized orbitals of the units to its immediate left and right. The

(hypothetical) energy of each localized orbital in the absence of the couplings is called thelocal orbital

energy‚ 0, while thecoupling strengthbetween orbitals (in units of energy) is denoted asV.42 Then, the

orbital energies †j of the MOs resulting from superexchange couplings follow a characteristic splitting

pattern,37-39

�= �+ �2 �c�o�s �, �= �1�, &�, �, (2)

where the indexj counts the MOs in the order of increasing energy,n is the total number of units in the

chain, andƒ is the circle constant The local orbital energy (in the absence of coupling)‚ 0, and the

coupling strengthV are defined above. By equating the predictedorbital energies †j with the energies of

a set of molecular orbitals (MOs) obtained from DFT calculations, we are able to extract the

determining parameters‚ 0 andV.

Wehavepreviouslyapplied this modelquantitativelyto rationalize the rapid rate of tunneling

across SAMs of oligoglycines relative ton-alkanethiolates.21 This model suggested that the substantial

couplings between the high-energy occupied orbitals (through which hole tunneling occurs) on the

neighboring amide bonds of the oligoglycine molecules were responsible for the experimentally

observed rapid (relative ton-alkanethiolates) rate of charge transport.21 As predicted by Ratner, Nitzan,

and coworkers, high tunneling rates are achieved by i)reducing the energy difference between thelocal

orbital energy‚ 0 and the Fermi level of the metal‚ F, andii) increasing thecoupling strengthV. 37-38, 40

Here,we investigatethe applicability of thesuperexchange modelto hole tunneling across SAMs of

oligo(ethylene glycol)s, andestimate the corresponding values of the parameters‚ 0 andV from the
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orbital energies of the MOs computed by DFT. (The Supporting Information gives details of the DFT

calculations and the parameters of the superexchange model.)

Structure of SAMs of Oligo(Ethylene Glycol)s. We formedthiolatedmonolayerscomposed

of moleculesof oligo(ethylene glycol)s (e.g., HS(EG)nCH3), andcharacterizedSAMs of them(n= 1-

7), on surfaces oftemplate-stripped43 gold (AuTS) usingXPS,IRRAS,and static contact angles with

water. We relied on XPS to calculate the thickness of the SAMs of HS(EG)nCH3 on AuTS, and

compared these values of thickness to lengths calculated assuming an all-trans extended conformation

and an all-helical conformation (Figure S4). When n = 2 and 3, thevalues ofthickness are comparable

to the all-trans extended lengths. When n > 3, the thicknesses are comparable to the lengths calculated

for a helical conformation, suggesting a possible transition in structure with increasing lengths units of

ethylene glycol. This suggestionis in agreement with observations from Vanderahet al.44-45 The results

from our structuralanalysisusing IRRASindicatestheformation ofnon-crystallinestructures of

chemisorbedmolecules of ethyleneglycol on the surfaceover the entire range ofn. Theheterogeneous

structural conformationobservedin theSAMs ofethylene glycolproducevariability in surface

coverage and effective film thickness, both of which arelower thanthe corresponding values for

highly-ordered SAMs, such asn-alkanethiolatesof similar molecular length. The details ofour

structural analysis are in the Supporting Information.

Meuse and coworkers studied the structural variation and ordering of SAMsof oligo(ethylene

glycol)s(HS(EG)nCH3, wheren = 3-6, on Au)for potential applications inthegeneration ofprotein

resistant surfaces. Usingreflection-absorption infrared spectroscopy, spectroscopic ellipsometry, and

electrochemical impedance spectroscopy,44-45 their results suggest thatmonolayersof oligo(ethylene

glycol)s on Auare oriented normal to the surface, regardless of the number of unitsof ethylene glycol

(from n = 3 - 6). Whenn < 5, they observed the formation of amorphous structures with some all-trans
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conformations, but little evidence of helical conformations.Whenn = 5or 6, they observed the

formation of highly-ordered helical structures.45

Theupshot of these studies is that there is notuniform agreement intheliterature about the

conformation of the (EG)n groups in SAMs. Our XPS work, carried out with modern instruments

(Thermo Scientific K-Alpha XPS) with agoodsignal to noiseratio, clearly indicates conformations

that extend approximately perpendicular to the surface. Analysis by ellipsometry indicates thinner

monolayers than expected based on calculated lengths, but accurate ellipsometry on these very thin

films is difficult,7, 46 and we conclude that the values calculated by XPS are correct for our system.

The influence of trans extendedvs.helical conformation on the orbital energy is not clear. DFT

calculations show that the local orbital energies †0 of oxygen lone pairs and the coupling strengths V

are not significantly different between the trans-extended and all-helical conformations of

oligo(ethylene glycol) chains (See Supporting Information).

RESULTS AND DISCUSSION

Formation of SAMs.We formedSAMs of thiol-terminatedoligo(ethylene glycol)s on template-

stripped gold substrate (AuTS)47 by immersing theAuTS substratesin a3-mM ethanolic solution44 of

thiol, purged with nitrogen,for 24 hours at room temperature.Immediately prior to electrical

measurements, we rinsed the SAMs with ethanol, andremoved the residual ethanol by evaporation

under a gentle stream of nitrogen.TableS6 summarizestheresults forchargetunneling across SAMs

of oligo(ethylene glycol)sandn-alkanethiolateson AuTS usingwhat we callƒselected„48 conical tips of

Ga2O3/EGaIn; we have described thistype of junctionin detailpreviously.22 Measurements ofJ(V) at

forward and reverse biases (± 0.5 Vand ± 1.0 V) producednearlysymmetrical profiles with

rectification ratios (r = |J(+V)/J(-V)|) ‡ ~4 for both SAMs of alkanethiolates andSAMs of

oligo(ethylene glycol)s on gold. Using ourjunction, this value ofr is not large enough to be interpreted,

and not statisticallydistinguishablefrom 1.
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Measuring Current Densities by Tunneling.Our studies were carried out with junctions of the

form AuTSSR//Ga2O3/EGaIn.Experimentalstudiesof charge transportacross SAMs of alkanethiolates

using this junction and othershavebeen described extensively,22, 49-50 and thedatafrom these studies

on goldserve asstandards to which we compare changes in rates of charge transport with changes in

molecular structurefor other series of compounds(Table 1). (In thestudydescribed here, thestructural

change is the substitution ofoxygen for a methylene group). For all systems,Gaussian-meanvalues of

<log|J|> decreasedlinearlywith increasingd (estimatedby assuming a trans-extended conformation for

(EG)n group. Given thecomplexityin thestructure ofSAMs of oligo(ethylene glycol)s, wealso

approximatedd, the distance between the electrodes, as the number of non-hydrogen atoms in the

backbone of the molecules.

Linear regression analyses of the values of <log|J|> versusd yielded values ofb for SAMs of

oligo(ethylene glycol)son gold substrates (Figures 2and S9). The value ofbð  for SAMs of

HS(EG)nCH3 was• (EG)n = 0.29 ± 0.02 natom
-1 when assumingd to be thenumber of non-hydrogen atoms

in thebackbone ofmolecule; this valueis muchlower than that measured for SAMs ofn-

alkanethiolates on gold(• (CH2)n = 0.94 natom
-1).50 We also approximatedd as the length of the trans-

extended molecule from the anchoring atom to the distal hydrogen atomto calculate• in units ofÅ-1;

this analysis yields• (EG)n = 0.24Å-1 (Figure2b), whichis comparable tothat describing tunneling

across SAMs ofoligophenylson gold(• (CH2)n = 0.28Å-1).17 Figure S9 showsanalyses of <log|J|>

versusd, whered is approximated asthefilm thickness(measured withangle-resolvedXPS); this

methodgives• (EG)n = 0.54 Å-1. Table 1 summarizes• andlog|J0| values for SAMs of oligo(ethylene

glycol)s and compares them with other known systems.

Thedisorder inthemolecular structureof SAMs ofoligo(ethylene glycol)s, and theprobable

involvementof multiple conformations,makes it difficult to estimatethewidth of the tunneling barrier

(d) unambiguously. Moreover, it makes the values of rates of charge transportless certainthanthose
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estimatedfor SAMs of well-orderedn-alkanethiols. Despitethis heterogeneity in structure, there is a

clearlinear dependence of <log|J|> on the value ofd, whend is approximatedeitherasthe number of

non-hydrogen atomsalong thebackbone(Figure 2a) or by estimation for a trans-extended

conformation (Figure 2b). This observation suggests that‚ for charge transport by hole tunneling

across SAMs of oligo(ethylene glycol)s‚ theatomiclength of molecules(e.g., the number of atoms in

the chain)dominates the width of the tunneling barrier, and notthe defects of conformation or

regularityof packing of these molecules in the SAM.

To further examine the influenceof the structure of SAMs of oligo(ethylene glycol)s on current

density, we comparedthe current density across SAMs ofHS(EG)nCH3 on AuTS with i) HS(EG)nCH3

(n = 3, 5) ontemplate stripped silver (AgTS) andii) HOOC(EG)nCH3
51 (n = 2, 3) on AgTS (Figures S7

and S8).Changing the substrate from gold to silver and the anchoring group from thiol to carboxylate

influences the structure of the SAM.52 Despite the change in substrate and anchoring group, molecules

of oligoethylene glycol, with equivalent number of repeating units, produce comparable current

densities.The similar current densities between the three classes of SAMs on silver and gold support

the conclusion that thelength of the oligoethylene glycol molecule‚ rather than the details of its

conformation‚ definesthe width ofthetunneling barrier.

Thedifference in rates of charge transportbetween SAMs ofethylene glycolandSAMs of

alkanethiolateis unexpected given thatbothmolecular systems(structures having both C-C and C-O

bonds)haveelectronic transitionsthatoccuronly at wavelengths less than 200nm,53-54 with

corresponding HOMO-LUMO gaps for both types of structures of about 7-8 eV, ascalculatedin the

gas phase(Tables S10 and S11).54

ComputedMolecular Orbital Structures. The differences in the structures of the molecular

orbitals from DFT calculations provide a rationalization for the change inbð . DFT calculationsusing

the Becke 3-parameter hybrid exchange-correlation functional (B3LYP)55 and split-valence basis sets
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(def2-SVP)56 (see Supporting Information for full computational details) indicate that the HOMO is

localized on the sulfur anchoring atom in both alkanethiolates and thiolate-terminated oligo(ethylene

glycol)s bound to clusters of gold; the energy of this orbital for the two structures is indistinguishable

(~ -5.6 eV, Table 2). Also, the high-lying MOs located on the C-C ˆ bonds of the backbone are similar

for bothstructures (~-8.0 eV, Table 2). The notable differences in the computed molecular orbital

structures are due to oxygen lone-pair orbitals, which give rise to a set of high-energy occupied MOs

delocalized over the oligoethylene glycol backbone. The highest-energy MO for each oligoethylene

glycol chain length is shown in Table 2.

Our crucial observation is that the orbital energies of these MOs formed from oxygen lone-pair

orbitals computed using DFT follow the functional relationship predicted by the superexchange

tunneling model (eq.2) with good accuracy. By fitting the orbital energies †j of these MOs in

oligo(ethylene glycol)s (S(EG)nCH3, n = 3• 7) bound to clusters of gold (Au10S(EG)nCH3) against their

orbital indicesj and the chain lengthsn, we areable to extract the determining parameters of the

superexchange model: the (hypothetical) energy of an isolated oxygen lone-pair orbital (local orbital

energy) †0 = (…6.99 ± 0.007) eV and the coupling strengthV = (…0.09 ± 0.005) eV between the oxygen

lonepairs at neighboring ethylene glycol units.The Supporting Information describes the DFT

calculations and the fit to the superexchange model in more detail.

Superexchange Model of Tunneling in Oligo(Ethylene Glycol)s. The oxygen lone pairs have a

(hypothetical) orbital energy of ~-7.0 eV in the absence of superexchange interactions; thisvalueis

still well below the HOMO energy of ~-5.6 eV.The effect of the superexchange coupling is, however,

to create a set of high-energy, delocalized, occupied MOs which extend along the molecular backbone

(unlike the HOMO which is localized predominately on the sulfur atom; Table 2). We note that the

interaction betweenoccupiedorbitals (oxygen lone pairs)does not fit the textbook picture of bond

formation due to overlap between an occupied and a vacant orbital. The coupling strength of the
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interaction betweenoxygen lonepairs(|V| ~ 0.1 eV) is less than 5 % of the bond energies of typical

bonds (2• 4 eV)and does not contribute to the stabilization (or destabilization) of the oligo(ethylene

glycol) chains. Rather, it is due to a relatively weak quantum mechanical (exchange) effect between the

electrons occupying theoxygen lone-pair orbitals on the neighboring ethylene glycol units.

This proposal foran electronicbasis for rapid hole tunneling is similar to that which we

proposed for hole tunneling across SAMs of oligoglycine,21 and the two studies are thus mutually

reinforcing, especially since they involved two classes of molecules with very different, molecular and

electronic structures.  Studying the electronic structures of oligoether chains of different composition

gives us an opportunity to investigate how the distance between the oxygen atoms along the molecular

backbone influences themolecular electronic parameters relevant to hole tunneling. To this end, we

compared the results of the DFT calculations for oligo(ethylene glycol)s bound to a (Au)10 cluster with

those for oligo(1,3-propanediol) (Au10S(CH2CH2CH2O)nCH3; n = 3• 5) and oligo(butane-1, 4-diol)

(Au10S(CH2CH2CH2CH2O)nCH3; n = 3• 5) similarly bound to gold (Au10S(CH2CH2CH2O)nCH3; n = 1•

3). Surprisingly, the coupling strength in the series of gold-bound oligo(1,3-propanediol)s is

indistinguishable from that in oligo(ethylene glycol)s, despite the larger distance between the oxygen

atoms: †0 = (…6.91 ± 0.004) eV,V = (…0.09 ± 0.003) eV. Four• CH2• units between the oxygen atoms

are necessary to reduce the coupling strength to a value that is effectively ƒnon-interacting;„ the series

of gold-bound oligo(1,4-butanediol) give†0 = (…6.85 ± 0.01) eV andV = (…0.05 ± 0.01) eV (Figures

S12 and S13).

CONCLUSION

Theinteractionof multiple oxygenatomsalong the backbone of SAMs ofoligo(ethylene

glycol)s (HS(EG)nCH3, (n = 1-7)) influences rates of charge transportby hole tunneling. The value of•

of the simplified Simmons equation(Table1) is lower forSAMs ofoligo(ethylene glycol)s on gold

than forSAMs ofn-alkanethiolateson gold, and comparable to that of oligophenylenes (-C6H4-)n. The
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oxygenatomsin thebackboneinteract in a way that result inhigh-lying, delocalizedmolecular orbitals

at ~-7 eV thatarise fromsuperexchangecoupling between neighboringlone-pair orbitalson oxygen.

(The orbitals localized on sulfur and on the C• C bondsare unaffected, and their energieson molecules

of oligo(ethylene glycol)s and alkanethiolatesare indistinguishable.) The strength of theinteractions

between nearest oxygen atomsin oligoethylene glycolsand oligo(1,3-propanediol)s is

indistinguishable; this observation suggeststhat similar measurements in rates of charge transport

would be observed.

The strength oftheinteractionsbetween nearest oxygen atomscalculated using the

superexchange model also rationalizes the hightunnelingconductivityobserved foroligoglycines.21

Charge tunneling across SAMs of oligoglycine iscomparable toSAMs ofoligophenyls21, and

correlates with the presence of high-lying, delocalized, occupied orbitals formed from the ‰ orbitals of

the peptide bonds.

The rapid rate of tunneling across SAMs ofbotholigoethylene glycoland oligoglycinesuggests

thattheseclassesof molecules shouldbe considered asmembers ofa new class oforganicelectronic

materials: goodconductors bytunneling, but poor conductorsby electronic drift. The conductivity of

these compounds also relevant toquestionsconcerning the ability of biopolymers (both proteins and

nucleic acids) to support charge tunneling.Moreover, the observation that calculated interactions

between neighboring amide bondscorrelatewith experimentally observed rates of charge transport

suggests that the superexchange modelwill beusefulasa predicative tool indesigning molecules with

tunneling barriersengineered for potential andtopography.

ASSOCIATED CONTENT

Supporting Information
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Detailed experimental procedure andhistograms of current densities. This material is available free of

charge via the Internet at http://pubs.acs.org.
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Figure 1. (a)Trans-extendedrepresentationof mercapto-oligoethylene glycols used to form
SAMs onAuTS. ƒEG„ indicatesethylene glycol; n = number of EG units. When the molecules
of oligo(ethylene glycol)sare present in a SAM, their structure is non-crystalline, and adopts
both(b) all-trans and(c) all helix conformations. The depicted conformation was calculated
usingDFT with B3LYP and def2-SVP functional, resolution-of-the-identity approximation (RI-
J).
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Figure 2. Plot of the Gaussian mean values of log|J| at +0.5 V versusa) the number of non-hydrogen
atomsin the backbone of the molecule, starting with carbon next to the sulfur atom, and counting to the
final non-hydrogen atom (for example, number of atoms for HS(EG)2CH3 is 7),and b)thecalculated
lengthin Å for an alltrans-extended conformation from the anchoring sulfur atom that chemically
contacts to the surface of metal substrates to the distal hydrogen atom. The solid line indicates data
collected for oligo(ethylene glycol)s wheren is the number of ethylene glycol units in HS(EG)nCH3.
The dashed line indicates data collected forn-alkanethiolates50 on AuTS. The error bars represent the
standard deviation of the Gaussian meanvalues(for details of measurements see Supporting
Information).
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Table 1. Summary of values of• andJ0 for different classes of SAMs measured on AuTS surfaces. The
symbol± indicates the errorcalculated fromthestandard deviations of theGaussianmean.17, 21, 23

Thiolated SAM on
AuTS Structure

€
J0 (A/cm2)cÅ-1a natom

-1b

n-Alkane HS(CH2)nH 0.77± 0.03d 0.94± 0.03 4.2± 0.2
Oligophenyl HS(Ph)nH 0.28± 0.03e 0.30± 0.03f 2.7± 0.1
Oligoglycine HS(CH2)2(Gly)nH 0.45± 0.02g 0.50 ± 0.02 2.8± 0.3
Oligoethylene glycol HS(EG) nCH3 0.24 ± 0.01 0.29± 0.02 2.9± 0.1

aLength(d) calculated in Å for an alltrans-extendedconformation from the anchoring sulfur atom that
chemically contacts to the surface of metal substrates to the distal hydrogen atom. b Length (d)
calculated based on the number of non-hydrogen atoms in the backbone of the molecule.c Values of J0
are extrapolation of the linear plots of Figure 2, and are included only for completeness. Because all
chains (other than n-alkanes) are heterogeneous, this extrapolation is not meaningful.d Ref. 23. e Ref.
17. f Number of non-hydrogen atomsfor each phenyl ring in the backbone consider 4. g Ref. 21.
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Table 2. Orbital energies (eV) for thespin-up (alpha)molecular orbitals (MO)localized onA) the
sulfur atom, B) the lone pair of oxygen and the C-H bond, and C) C-C bondfor thiol-terminated
oligoethylene glycol and dodecanethiolateon Au10 clusters. The results for the whole series of
compounds (Au/S(CH2CH2O)nCH3; n = 1-7) are shown in the Supporting Information.

A. Cluster MO, S alpha
Au10S(CH2CH2O)3CH3

• 5.672 eV (143a)
Au10S(CH2CH2O)4CH3

• 5.678 eV (155a)
Au10S(CH2)11CH3

• 5.603 eV (151 a)
B. Cluster MO, O/C€H alpha
Au10S(CH2CH2O)3CH3

• 6.817 eV (141a)
Au10S(CH2CH2O)4CH3

• 6.833 eV (153a)
Au10S(CH2CH2O)7CH3

• 6.850 eV (189a)
C. Cluster MO, C€C alpha
Au10S(CH2CH2O)3CH3

• 8.475 eV(120a)
Au10S(CH2CH2O)4CH3

• 8.495 eV (130a)
Au10S(CH2)11CH3

• 8.078 eV (138a)
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Table 3.Summary of theSuperexchange tunneling parameters,†0 andV, for oligoethylene-,
oligopropylene-, and oligobutyl glycols

Cluster •0 (eV) V (eV)
Au10S(CH2CH2O)nCH3 …6.99 ± 0.007 …0.09 ± 0.005
Au10S(CH2CH2CH2O)nCH3 …6.91 ± 0.004 …0.09 ± 0.003
Au10S(CH2CH2CH2CH2O)nCH3 …6.85 ± 0.010 …0.05 ± 0.010
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