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ABSTRACT

This papedescribeshargetransport bytunneling across sedssembled monolayers (SAMs)thfol-
terminated derivatives afligo(ethylene glycol (HS(CH,CH,0),CHs; HS(EG)CHz); these SAMs are
positionedbetweergold bottom electrodeandGa,0Os/EGalntop electrods and are of the form:
Au"/S(EG),CHy//Ga,0s/EGaln Comparison oftie attenuatiofactor (s of the simplified Simmons
equation acrosshese SAMs withthe correspondingalueobtained witHength matched SAMs oh-
alkanethiolsdemonstratesurprisingly,that SAMs of oligoethylene glycdhavevalues ofe (¢ = 0.29 *
0.02 nyom* ande = 0.24 + 0.01 &) lower than those d8AMs of n-alkanethiolategs = 0.94+ 0.02
Natom— @ande = 0.77 + 0.03 A). Thevalue ofe for tunneling across oligoethylene glycidscomparable
to that across oligophenylenes= 0.28 + 0.03A™). There are two possibl&iginsfor the
unexpecedly low value ofe for (EG),-derived SAMs The moreprobableinvolves amechanism for
tunneling based omé superexchange mod&his modekccounts for the rapidoletunneling across
SAMs of oligo(ethylene glycol)sisinginteractions amonthe highenergy,occupied orbitals
associated witthe lonepair electrons ooxygen According tocalculatiors usingdensity functional
theory (DFT), hese orbitals localizedorbitalspredominatelyon the backbonexygenatoms are
lower in energy{Emwo = -6.8 -7.2eV), butmore delocalizeddue tointeractions beveenorbitals on
neighboringoxygen atomp than the highest occupied molecular orbital (HOM@Qe E~-5.7 eV)
localizedon sulfur. Nonetheless hie existenceof these highenergy delocalizedccupied orbitals,
which are not present enalogous-alkanethiol§Eyo <-8.5 eVfor orbitals associated witGHy),
rationalizethelow value ofe. SAMs of oligqethylene glycdks (and of oligomers of glycine). SAMs
based orS(EG),CHjs are, inthis mechanismgood conductors (bgoletunneling) but good insulators
(by electron and/or hole dritonductior), an unexpected observatitratsuggestSAMs derived
from these or electronically similanoleculesasa new class of electronic matesiah second butess

probablemechanism for this unexptdly low value o# for SAMs of S(EG),CHjs 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.



INTRODUCTION

Determining the relationship between the structurd@moleculeshat make uself
assembled monolayers (SAMahd the shape of the tunneling barrier that these molegelesateis
an area of eive researchanda part of the broader area of fmolecular electrori¢$Qur studies
have used a junction with the structure MRAT//Ga,0s/EGaln (where fA, is the group anchoring the
molecules of the SAM to the metal fM,, fR, is the backbone of theaulelenaking up the SAM, fT,
is the terminal group, and EGaln is eutectic alloy of gallium and indiumm-Btikanethiolates, for
example, A=S, R =(Chh, and T = CHor H, depending on the data being conside®ddies of a
range of SAMs based analkanethiolates with different terminal graifboth aliphatic and aromatic),
and having the same overall lengtiye shown remarkably little variation in tunneling curyént
inclusion of groups gaable of extended delocalization ldover the barrier to tunneling

This studyfocuseson the influencef the energy levelsf backbone substituentath high
lying occupiedorbitalson the height of the tunneling barrier and rates of charge trangy@réeplaced
backbonanethylene groupsCH,-) with oxygen atoms, ananalyzedhe 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 oligoglycimaste the presee of consecutive
amide (..(NHCHCO),..) bonds(n = 1-5) in a molecule€.g, (Gly),) lowered the height of the
tunneling barrier relative to lengthatchedi-alkanethiolates, and resulted in a decrease in the
measured values efof the simplified Simmonequationfrom  cyizyn = 0.9 Nagom * t0
* Giyn = 0.50 Nggom -2

We measurd rates of charge transport across SANsntainingoligomers ofethylene glycol
(HS(CHCH.0),CHs; HS(EG),CHs), and compar@these rates to rates acrosalkanethiolates
matchedn thenumber of atomalong the molecular backbondodeling of the oligo(ethylene

glycol)sbound to clusters of goMith Density Functional Theory (DFPredicts a characteristic set of
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high-lying, delocalized occupiedmolecular orbitalswhich resulfrom a weakcoupling betweethe
lone-pair orbitalson neighboringoxygenatoms in the backbone, and which are absem in
alkanethiolatesWe associatéhis change in thelectronictopography of the tunneling barrierth a
decrease im (* crzn = 0.94Nq0m ™ (0.77 AY?? ande geyn = 0.29 Rgom™, (0.24 A™); (here miomis the
number of norhydrogen atoms C, N, Q in thebackboneof the extended oligomerorresponding
values of « for four differentclasse®f compoundsre summarizeoh Table 1 Studying charge
tunneling across SAMs of oligethylene glycdk enabled us to establish that the presence of multiple
oxygen atoms in the backbone substantially decreagetative to SAMs of lengtmatched-
alkanethiolates\We suggest a rationalizatiarf this decreasbased orhigh-energy, deloalized,
occupied MOs formed by superexchange interactions between neighboring oxygpaitaréitals
(inferred from DFT resultsds being the probable origin of this effééte discuss, but discount, the
possibility thatan ambiguity in estimating thaitkness of the SAMs diS(EG),CHs; contributes to
this estimate of .

Charge Transport by Tunneling. Both the orbital energies of the molecules composing the
SAM, and the interfaces between the SAM and the electrodes, influermegetbecharge tunneling
17.2333 The simplified Simmons equatiofl (eq.1)providesan approximatanalyticalparametedation
of the rate of charge transpadross the barrieand predicts an exponential decay in current density
with anincreasing width of the tunneling barrier?® * The value ofl is often estimateds the fully
extended length (in Angstroms) of thmleculefrom the anchoring atotmound to the bottom
electrodeo thedistalatomin contact with the G&®s/EGalntop electrodeor asthe number of
repeating uniter nornrhydrogen atoms the backbone of the molecuiee., thenumber ofcarbon
atomsin alkanethiol.

J(V) = Jo(V)- 107933 (1)



The proper definition ofl for moleculesvith multiple possible conformations or molecules in
disordered SAMsequires an understanding of how rates of tunneling depend on the conformation of
the molecules involvedAn important question is:Does the rate of charge tunneling (assumed to be
through bond) depend dahe conformationof the molecules through which tunneling oc@yrghis
problem isonethat has not, so far, been solved (or even seriously addressed).

Although the relationship between the structure (molecular and electronic) ardo$hla@
tunneling barrier is not yet completely definid@oretically the value o can be usetb compare
charge transport acrodgferentmolecularsystemsThetermJy(V) is an empirical parameter
obtained through extrapolatiprthat represents a mosabstantial (and less easily simplifiedd
interpretedl set of approximationthandoess > % The interpretation aJ, across these SAMa
terms of molecular or molecutarbital structure especially for molecules that are heterogeneous in
molecular orbital structuree(g, (Gly), and(EG),), is not, at presenstraightforwardand for
molecules with structures more coleypthann-alkanethiols extrapolation tal = 0 will not yield a
meaningful valupwe therefore focus our analysis on differences.in

Superexchange Model of Hole Tunneling hrough Oligo(Ethylene Glycols. The
superexchange modéf?is a simpleatomistic model of tunneling through moleculekisTtunneling
model predicts aexponential dependence of current density with thetleafithe molecule, and is
compatible with both the simplified Simmons eqaat{Eq. 1) anémpirical calculations? It
considers the molecule as a afimensional chain of localized orbitals wittlatively weak
superexchange couplings between them, usually due to interactions between neighboring groups of the
same typé3® %0 Specifically,in this work,these localized orbitals are oxygen lone pairs in
oligo(ethylene glycoR and peptiddond orbitals in oligo(glycines) The superexchange model was
developed by McConnell, Ratner, Nitzan, and cowork&tsto describe charge transport in peptidfes,

and generally providea qualitative model for electronic conduction (hopping and tunneling) across
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molecula systemsBecause it is conceptually simpiealso 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 compardeiént classes of molecules.

We consider a linear chain nfidentical 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 lized orbital in the absence of the couplings is calledbited orbital
energy, o, while thecoupling strengttbetween orbitals (in units of energy) is denotet. &sThen, the
orbital energies; bf the MOs resulting from superexchange couplings follow a characteristic splitting

pattern 3

= +2 cos— , =1§&, , (2)

where tle indexj counts the MOs in the order of increasing enengg,the total number of units in the
chain, andf is the circle constant The local orbital energy (in the absence of couplirg)d the
coupling strengtly are defined above. By equating threglictedorbital energies; ith the energies of
a set of molecular orbitals (MOs) obtained from DFT calculations, we are able to extract the
determining parameterg andV.

We havepreviouslyapplied this modeduantitativelyto rationalize the rapid ta of tunneling
across SAMs of oligoglycirsrelative ton-alkanethiolateé® This model suggested that the substantial
couplings between the higénergy occupied orbitals (through which hole tunneling occurs) on the
neighboring amide bonds of the oligoglycine molecules were responsible forpireneantally
observed rapid (relative tealkanethiolates) rate of charge transpbis predicted by Ratner, Nitzan,
and cowakers high tunneling rates are achieved byedlucing the energy difference betweenltdual
orbital energy o and the Fermi level of the metg] andii) increasing theoupling strengtly. 37384

Here,we investigatéhe applicability of thesuperexchange modil hole tunneling across SAMs of

oligo(ethylene glycol)sandestimate the correspding values of the parametegandV 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 formedthiolatedmonolayersomposed
of moleculesof oligo(ethylene glycok (e.g, HSEG),CHj3), andcharacterize@®AMs of them(n= 1-

7), on surfaces ofemplatestripped? gold (Au™) usingXPS,IRRAS, and static contact angles with
wate. We relied on XPS to calculate the thickness of the SAMs oEB%CHson Au'®, and
compared these values of thickness to lengths calculated assumingransaiixtended conformation
and an aklhelical conformation (Figure S4Vhen n = 2 and 3, thelues ofthickness are comparable
to the alttrans extended lengths. When n > 3, the thicknesses are comparable to the lengths calculated
for a helical conformation, suggesting a possible transition in structure with increasititslanits of
ethylene gycol. This suggestiois in agreement with observations from Vanderahl**** The results
from our structuralanalysisusing IRRASIndicatestheformation ofnon-crystallinestructure of
chemisorbednolecules of ethylenglycol on the surfacever the entire range of The heterogeneous
structural conformationbservedn the SAMs of ethylene glycoproducevariability in surface
coverage and effective film thicknedmth of which aréowerthanthe corresponding values for
highly-ordered SAMssuch asi-alkanethiolatesf similar molealar length The details obur
structural analysis are in the Supporting Information.

Meuse and coworkers studied the structural variation and ordering of 8/”dlgo(ethylene
glycol)s(HS(EG),CHs, wheren = 3-6, on Au)for potential applications ithegeneration oprotein
resistant surfacesJsingreflectionabsorption infrared spectroscopy, spectroscopic ellipsometry, and
electrochemical impedance spectrosc8fY their results suggest thatonolayerf oligo(ethylene
glycol)son Auare oriented normal to the surface, regardless of the number obletitylene glycol

(fromn = 3- 6). Whenn < 5, they obsencthe formation of amorphous structures with somerals



conformations, but little evidence of helical conformatidibienn = 5or 6, they obserwtthe
formation of highlyordered helical structas:®

Theupshot of these studies is that there isumiform agreement itheliterature abouthe
conformation of the (EG)groups in SAMs. Our XPS woykarried out with modern instruments
(Thermo Scientific KAlpha XP§ with agoodsignal to noiseatio, clearly indicats conformatiors
that extend approximately perpendicular to the surfAnalysis by #ipsometry indicates thinner
monolayes than expected based on calculated lengths coutate ellipsometry on these very thin

films is difficult,” #°

and we conclude that the values calculated by XPS are correct for our system.
The influence of trans extendes. helical conformation on the orbital energy is not clearTDF
calculations show that the local orbital energiesfxygen lone pairs and the coupling strengths V
are not significantly different between the tramdended and ahelical conformations of
oligo(ethylene glycol) chas (See Supporting Information)
RESULTS AND DISCUSSION
Formation of SAMsWe formedSAMs of thiokterminatedligo(ethylene glycols on template
stripped gold substrate (A)*’ by immersing thé\u'™ substratein a3-mM ethanolic solutioff of
thiol, purged with nitrogerfor 24 hours at room temperatuteimediately prior to electrical
measurements, ewinsed the SAlwith ethanol, andemoved the residual ethanol by evaporation
under a gentle stream of nitrog@rable S6 summarizesheresults forchargetunneling across SAMs
of oligo(ethylene glycol)sandn-alkanethidateson Au'™ usingwhat we callf selected’® conical tips of
Ga0Os/EGaln we have described thigpe d junctionin detailpreviously?? Measurements af(V) at
forward and reverse biases (£ 0.aM + 1.0 VY producedchearlysymmetrical profiles with
rectification ratios (= PJ(+V)/I(-V)|) ¥ ~4 for both SAMs of alkanethiolates ag®\Ms of

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

and not statisticallgistinguishabldrom 1



Measuring Current Densities by Tunnelif@ur studies were carried out with junctions of the
form Au"SR//GaOs/EGaln.Experimentaktudesof charge transporcross SAMs of alkanethiolates
using this junction and othelgvebeen descbied extensively® ***° and thedatafrom these tudies
on goldserve astardards to which we compare changes in rates of charge transport with changes in
molecular structuréor other series of compoung{Bable 1) (In thestudydescribed herghe structural
change is the substitution okygen for a methylene groug-or all systems Gaussiarmeanvalues of
<log|> decreasetinearly with increasingd (estimatedy assuming a trarsxtended conformation for
(EG), group Given thecomplexityin thestructure ofSAMs of oligo(ethylene glycol)s, @also
approximated], the dstance between the electrodes, as the number eliydnogen atoms in the
backbone of the molecules

Linear regression analyses of the values of d|agjersudl yielded values ob for SAMs of
oligo(ethylene glycol)®n gold substrasyFigures 2and S9. The value obdfor SAMs of
HSEG),CHz wase gg)n= 0.29 + 0.02 Rom When assuming to be thenumber of norhydrogen atoms
in thebackbone omolecule this valueis muchlower than that measured for SAMsrof
alkanethiolates on gol@ crzn = 0.94 nwm').>° We also approximatedias the length of the trans
extended molecule from the anchoring atom to the distal hydrogent@iatculate in units ofA™;
this analysis yieldsgg)n = 0.24A™ (Figure2b), whichis comparable tehat describing tunneling
across SAMs obligophenylson gold(s chzn = 0.28A™).Y Figure S9 showanalyses of <lod|>
versusd, where d is approximated aghefilm thicknesgmeasured witlangleresolvedXPS); this
methodgivese e = 054A™. Table 1 summarizesandlog|Jo| values for SAMs of oligo(ethylene
glycol)s and compares them with other known systems.

Thedisorder inthemolecular structuref SAMs ofoligo(ethylene glycol)sand theprobable
involvementof multiple conformationsnakes it difficult to estimatthewidth of the tunneling barrier

(d) unambiguouslyMoreover, it makes the values of rates of charge trankgssrtertainhanthose
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estimatedor SAMs of wellorderedn-alkanethio$. Despitethis heterogeneity in structuréhere is a
clearlinear dependence of <Idff on the value of, whend is approximateceitherasthe number of
nonhydrogen atomalong thebackbongFigure 2) or by estimatn for a transextended
conformation (Figure 2b)lhis observation suggests thdbr charge transport by hole tunneling
across SAMs of oligo(ethylene glycal)gsheatomiclength of moleculege.g, the number of atoms in
the chain)dominates the width of the tunneling barrier, andthetdefects of conformation or
regularityof packing of these molecules in the SAM

To further examine the influenad the structure of SAMs of oligo(ethylene glycol)s on current
density we comparedhe current density across SAMsHB(EG)CHs; on Au™ with i) HS(EG)CHs
(n = 3, 5) ortemplate stripped silveAg™) andii) HOOC(EG)CHs* (n = 2, 3) on A§® (Figures S7
and S8).Changing the substrate from gold to silver and the anchoring group from thiol to carboxylate
influences the structure of the SA¥Despite the change in substrate and anchoring group, molecules
of oligoethylene glycol, with equivalent number of repeating units, produce comparable current
densitiesThe similar current densities between the three classes of SAMs on silver and gold support
the conclusion that tHength of the oligoethylene glycol moleculeather than the details of its
conformation definesthe width ofthetunneling barrier.

Thedifference in rates of charge transpbetween SAMs oéthylene glycoandSAMs of
alkanethiolates unexpected given thhbth molecular systemétructures having both-C and GO
bonds)haveelectronic transitionshatoccuronly at wavelengths less than 266 >*>* with
corresponding HOM@.UMO gaps for both types of structures of abou# &V, ascalculatedn the
gas phaséTables S10 and S11>*

ComputedVolecular Orbital Structure. The differences in the structures of the molecular
orbitals from DFT calculations provide a rationalization for the chanbé DFT calculationsusing

the Becke darameter hybrid exchangerrelation functional (B3LYP§ and splitvalence basis sets
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(def2SVPY® (see Supporting Information for full computational details) indicate that the HOMO is
localized on the sulfur anchoring atom in both alkanethiolatdgl@olateterminated 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 higlging MOs located on the<C " 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 lepair orbitals, which give rise to a set of highergy occupied MOs
delocalized over the oligoethylene glycol backbone. The higiresigy 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 oxyggraione
orbitals computed using DFT follow the functional relationship predicted by the gaparge
tunneling model (eq.2) with good accuracy. By fitting the orbital energadgiese MOs in
oligo(ethylene glycok (SEEG),CHs, n = 3»7) bound to clusters of gold\(10SEG),CHs) against their
orbital indiceg and the chain lengths we areable to extract the determining parameters of the
superexchange model: the (hypothetical) energy of an isolated oxygepdoroebital (local orbital
energy) $=(..6.99 £ 0.00Y eV and the coupling strength= (..0.09 + 0.005eV between the oxygen
lone pairs at neighboring ethylene glycol unithie Supporting Information describes the DFT
calculations and the fit to the superexchange model in more detail.

Superexchange Model of Tunneling in Oligo(Ethylene Glycdhes oxygen lone pairs have a
(hypotheical) orbital energy of ~7.0 eV in the absence of superexchange interactions;ahisis
still well below the HOMO energy of 5.6 eV.The effect of the superexchange couplindh®wvever,
to create a set of higbnergy, delocalized, occupied MOs which extend along the molecular backbone
(unlike the HOMO which is localized predominately on the sulfur aftable 2). We note that the
interaction betweenccupiedorbitals (oxygen lone pairsloes 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 betweenxygen longpairs(|V| ~ 0.1 eV) is less than 5 % of the bond energies of typical
bonds (24 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 thexygen lonepair orbitals on the neighbirg ethylene glycol units.

This proposal foan electronidasis for rapid hole tunneling is similar to that which we
proposed for hole tunneling across SAMs of oligoglyéend the two studies are thus mutually
reinforcing, especially since they involved two classes of molecules with very different, molecular and
electronic structue Studying the electronic structures of okgher chains of different composition
gives us an opportunity to investigate how the distance between the oxygen atoms along the molecular
backbone influences thmolecular electronic pararegs relevant to hole tunneling. To this end, we
compared the redts of the DFT calculations for oligo(ethylene glycol)s bound to a;@&lyster with
those for oligo(1,dropanediol) Au10S(CH,CH,CH,0),CHs; n = 3+5) and oligo(butand, 4-diol)
(Au1oS(CH,CH,CH,CH,0),CHgs; n = 3+5) similarly bound to goldAu;0S(CH,CH,CH,0),CHs; n = 1e
3). Surprisingly, the coupling strength in the series ofgpaldnd oligo(1,3propanediol)s is
indistinguishable from that in oligo(ethylene glyisyldespite the larger distance between the oxygen
atoms: §=(..6.91 + 0.00%eV,V = (..0.09 £ 0.003) eV. FourCH,* units between the oxygen atoms
are necessary to reduce the coupling strength to a value that is effectiveintenacting;, the series
of gold-bound oligo(1,4butanediol) givetp = (..6.85 + 0.01) eV an¥f = (..0.05 + 0.01) eV (fgures
S12 and S13).
CONCLUSION

Theinteractionof multiple oxygenatomsalong the backbone of SAMs ofigo(ethylene
glycol)s HSEG),CHs, (n = 17)) influences rates of charge transpdry hole tunnelingThe value o#
of the simplified Simmons equatigmablel) is lower forSAMs ofoligo(ethylene glycok on gold

than forSAMs of n-alkanethiolatesn gold and comparable to that of oligophenyle(€sH4-),. The
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oxygenatomsin thebackboneanteract in a way that result mgh-lying, delocalizednolecular orbitals
at~-7 eV thatarise fromsuperexchangeoupling between neighboridgne-pair orbitalson oxygen
(The orbitals localized on sulfur and on theGbondsare unaffectedand their energiesn molecules
of oligo(ethylene glycols and alkaethiolatesare indistinguishableThe strength of thateractions
between nearest oxygen atom®ligoethylene glycoland olgo(1,3-propanediol)s is
indistinguishable; this observation suggehtt similar measurements in rates of charge transport
would be observed.

The strength ofheinteractiondetween nearest oxygen atooasculated using the
superexchange model also rationalizes the highelingconductivityobserved fopligoglycines®
Charge tunneling across SAMs of oligoglycinedsnparable t&AMs ofoligophenylé?, and
correlates with the presence of hibfing, delocalized, occupied orbitals formed from the %o orbitals of
the peptide bonds

The rapid rate of tunneling across SAMdotholigoethylene glycoand oligoglycinesuggests
thattheseclasgsof molecule shouldbe considered asembers o& new class odrganiceledronic
materiab. goodconductors byunneling, but poor conductoby electronic drift The conductivity of
these compounds also relevangteestionsoncerning the ability of biopolymers (both protand
nucleic acids) to support charge tunnelikipreover, he observation that calculated interactions
between neighboring amide bormtsrelat with experimentally observed rates of apatransport
suggests that theigerexchange modalill be usefulasa predicative tool imlesigning molecules with
tunneling barriergngineered for potential andpography
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Detailed experimental procedure amdtograms of current densitiebhis material is available freé¢ o
charge via the Internet at http://pubs.acs.org.
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Figure 1. (a) Transextendedepresentationf mercapteoligoethylene glycols used to form
SAMs onAu'>. fEG, indicatesethylene glycol; n = number of EG uni&hen the molecules
of oligo(ethylene glycol)saire present in a SAMheir structure is noscrystalline, and dopts
both (b) all-trans andc) all helix conformationsThe depicted conformation was calculated
usingDFT with B3LYP and defZSVP functional, resoluticof-the-identity approximation (RI
J).
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Figure 2. Plot of the Gaussian mean values of Jpg{+0.5 V versusa) the number of nofydrogen
atomsin the backbone of the molecutgarting with carbon next to the sulfur atom, and counting to the
final nonhydrogen atom (for example, number of atoms forE{8{CHjs is 7),and b)}hecalculated
lengthin A for an alltrans-extended conformation from the anchoring sulfur atom that chemically
contacts to the surface of metal substrates to the distal hydrogenTaesolid line indicates data
collected for oligo(ethylene glycol)s wheamnes the number of aylene glycol units in HEG),CHa.

The dashed line indicates data collected dealkanethiolate¥ on Au'™. The error bars represent the
standard deviation of the Gaussian mealues(for details of measurements see Supporting
Information)
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Table 1 Summary of values of andJ, for different classes of SAMs measured on Asurfaces. The
symbol+ indicates the errazalculated fronthestandard deviations of ti@aussiameant” 2% 23

. €
I‘ElToSIated SAMoOn  oiicture Ala Natom = Jo (Alcm?)°
n-Alkane HS(CH,)H 0.77+0.03 0.94+0.03 42+0.2
Oligophenyl HS(PH)H 0.28+ 0.0% 0.30+0.03 2.7+0.1
Oligoglycine HS(CH,)2(Gly)nH 0.45+ 0.2¢ 0.50+ 0.2 2.8+0.3
Oligoethylene glycol HS(EG),CHs 024+ 001 0.29+ 0.2 29+£0.1

Length(d) calculated in A for an atrans-extendectonformation from the anchoring sulfur atom that
chemically contacts to the surface of metal substrates to the distal hydrogeRLangth ¢)

calculated based on the number of nydrogen atoms in the backbone of the moleéWalues of JO

are extraolation of the linear plots of Figure 2, and are included only for completeness. Because all
chains (other than-alkanes) are heterogeneous, this extrapolation is not meanfriRil23. ¢ Ref.

17." Number of norhydrogen atomfor each phenyl ringni the backbone consider’Ref. 21.
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Table 2 Orbital energies (eV) for thepinup (alpha)molecular orbitals (MO)ocalized orA) the
sulfur atom, B the lone pair boxygen and the &1 bond, and £C-C bondfor thiol-terminated
oligoethylene glycol and dodecanethiolateAu o clusters The results for the whole series of
compounds (Au/$tH,CH,0),CHjs; n = 17) are shown in the Supporting Information

A. Cluster MO, S alpha
AuloS(CH2CH20)3CH3

«5.672 eV (143a)

AumS(CHzCHZO)4CH3

*5.678 eV (155a)
Au10S(CH)11CH3

*5.603 eV (151 a)
B. Cluster MO, O/C€H alpha
AumS(CHzCHZO)3CH3

«6.817 eV (141a)
AuloS(CH2CH20)4CH3

«6.833 eV (153a)
AumS(CHzCHZO)7CH3

«6.850 eV (189a)
C. Cluster MO, CEC alpha
AuloS(CH2CH20)3CH3

«8.475 eV(120a)
AumS(CHzCHZO)4CH3

*8.495 eV (130a)
Au10S(CH)11CHs

*8.078 eV (138a)
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Table 3. Summary of thé&Superexchange tunneling parametdggsndV, for oligoethylene,
oligopropylene, and oligobutyl glycols

Cluster *o(eV) V (eV)

Au10S(CH,CH;0),CHs ..6.99 + 0.007 .0.09 £ 0.005

Au;0S(CH,CH,CH;0),,CHs ..6.91 + 0.004 .0.09 £ 0.003

Au;10S(CH,CH,CH,CH,0),CHs .6.85+0.00 .0.05 £ 0.00
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