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ABSTRACT
Single Molecule Junction Conductance &wding Geometry
Maria Kamenetska

This Thesisaddresses the fundamental problem of controlling transport through la meta
organic interface by studyinglectronic and mechanical properties of single organic molecule
metal junctions.Using a Scanning Tunneling Microscope (STM) we imagebe energyevel
alignmentand perform STMbased break junction (BJ) measurements on molecules bound to a
gold surface. Using Scanning Tunneling Microscopased breakunction (STMBJ)
techniques, we explore the effect of binding geometry on smglecule conductae by
varying the structure of the molecules, metallecule binding chemistry and by applying sub
nanometer manipulation control to the junctiofhese experiments are performed both
ambient conditions and in ultra high vacuum (UHV) at cryogenic ¢zatpes.

First, using STM imaging and scanning tunneling spectroscopy (STS) measurements we
explore binding configurations andlectronic properties ofin amineterminated benzene
derivative on gold Wefind thatdetails of metamolecule bindingaffed energylevel alignment
at theinterface. Next, wsing the STMBJ technique, we form and rupturetalmoleculemetal
junctions ~10" times to obtain conductanes-extension curves and extract most likely
conductance values for each molecildith these reasurements, we demonstrated that the
control of junction conductance is possible through a choice of metigicule binding
chemistry and subanometer positioning. First, we show that molecules terminated with
amines, sulfides and phosphines bind selelst on gold and therefore demonstrate constant
conductance levels even as the junction is elongatddhemetatmolecule attachment point is

modified. Such welldefined conductance is also obtained with paracyclophane molecules which



bindtogolddiret | y t hr ou g hNext Wweeare ablesty @etate metableculemetal
junctions with more than one reproducible conductance signatures that can be accessed by
changingjunction geometry. In the case p§ridinelinked molecules, conductance can be
reliably switched between two distinct conductance states usingasumeter mechanical
manipulation Using a methyl sulfide linkeattached to an oligoene backbpmee are able to
create a 3imlong molecular potentiometer, whose resistacenebe tuned exponentially with
Angstomscale modulations imetatmolecule configurationThese experimen{oints to a new
paradigm for attaining reproducible electrical characteristics of roggahic devices which
involves controlling linkemmetal chenstry rather than fabricating identically structured metal
molecule interfaces.By choosing a linker group which is either insensitive to or responds
reproducibly to changes in metalolecule configuration, one can design single molecule devices
with functionality more complex than a simple resistor.

These ambient temperature experiments were combined with UHV conductance
measurementgerformed in a commercial STM @mineterminated benzene derivatives which
conduct through a neresonant tunneling mechiam, at temperatures varying from 5 to 300
Kelvin. Our resultsindicate that while amingold binding remains selective irrespige of
environment conductance is not temperature independent, in contrast to what is expected for a
tunneling mechanism. Furthermore, using temperatudependent measurements in ambient
conditions we find that HOM@onducting amines and LUM®@onducting pyridines show
opposite dependence of conductance on temperature. These results indicate thdéeiergy
alignment betweerthe molecule and the electrodes change a result of varying electrode
structure at different temperatures. We find that temperature can serve as a knob with which to

tune transport properties sihgle moleculemetal junctions.
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Figure 2.11: A) A diagram of basic STM components. TRe Createc low temperature STM located at the Center
for Functional Nanomaterials at Brookhaven National Laboratory. C) A magnified inside of the STM
chamber. The tip used in these experiments is made out of a hand cut gold wire. The sample is d1Au(1
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Figure 2.12: STM images of clean Au(111) surface taken at 5K. A) A large scale image at 10&aivipie bas

with set-pointcurrent at 0.2nA. The terraces of Au(111) show a herringbone reconstruction pattern. The
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been caused by imaging. The wavy lines in the image are a result of molecules dragging behind the tip as
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Figure 4.14: Calculated adiabatic 1;8is(dimethylphosphinojbutane junction elongation trace. (a) Relaxed
junction geometries at four different positions. (lBinding energy. (c) External applied force. (dAR
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Figure 4.21: (A) Conductance Histograms of compounds 3 generated using a linear bin size of*1® for
compounds 1 and 2 and 103, for compound 3. Inset: Conductance histogram peak versus number of
paracyclophane units shown on a seiloig scale. The dottedrie represents an exponential fit to the data
with a decay constanb of (1.94+0.25)/(stacked benzene unit). Error bars capture the variability in peak
position. (B)2D-histograms showing molecular conductance as a function of STMs&imple displacement
for compounds 1g 3 generated using a logarithmic binning with 10 bins/decade. The displacement
dimension was binned linearly with a bin size of 0.0&2The color scale indicates the average number of
counts per trace in a given conductanciisplacementbin. The tipsample displacement is proportional to
the length of the molecule in the breajunction.[47, 51] The horizontal blue lines in the 2D histogram for
compound 1 mark the section of the plot used to determine the step length.[47] Inset: Measutef s
length plotted against the distance between the outermost benzene rings. The dashed line represents a
linear least squares fit With SIOPE ~0.5.........coiiiiiii e 71

Figure 4.22: Conductance Histograms of compounds 1, 4, 5, and 6 generated using a linear bin sizeGf (5

Figure 4.23 Optimized structures (B3LYP/LACVP** |evel) of compound®bound to a single gold dimer (bond
distances in A). The most stable binding configtisas are shown for all compounds. The green gold dimer
binding energy range represents compounds that successfully bind to gold electrodes in STM break
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Figure 4.24: Isosurface plots (contour value = 0.01) of the frontier molecular orbitals of (p&jacyclophane
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Figure 5.11: (a) Structure of compounds studied in this work. (b) Sample conductance traces acquired while the

junction was pulled apart at a rate of ~15 nm/s in the presence of each target molecu® {(inder 350 mV
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applied bias. (¢) Conductance histograms for legules 14, each constructed from over 20000 measured
traces. Two peaks are clearly visible in each curve and are fit to a Lorentzian to determine the peak center
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Figure 5.12: (a and b) Twalimensional conductance histograms for molecules 2 and 4 constructed from all
measured traces that showed a clearly defined break after the, $@&p; at least 10000 curves were
included in each histogram. The arrows point to the low conductance regime which extends to about 0.7
nm past the Gbreak. (c) Length distributions of the high conductance (solid lines) and low conductance
(dashed line¥ plateaus. Inset: Peak value of the high conductance plateau length distributions as a
function of the molecule NN TENGEN..........o e 920

Figure 5.13: (a) Data points showing average junction conductance during the hold portion of each trace with
molecule 4 (see Sl Figure S1) plotted against average electrode separation as determined by measuring the
distance required to close the contact.oFreference, the conductance histogram from Figure 1c is
reproduced. The arrow shows the low conductance configuration where the phabk distance is ~1.2
nm. The high conductance geometry is realized at shorter ggidd distances. (b) Histograms of msured
pushback distances for all four molecules in the leeonductance geometry. Inset: The peak position of
each pushback distance histograms plotted against molecule length with a linear fit to the data.......93

Figure 5.14: Conductance values determined by fitting Lorentzians to the peaks of the conductance histograms
shown in Figure 1 for the low (circles) and high (squares) condncé peaks for molecules-4. A linear fit
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molecules in a vertical geometry are ShOwn With SQUAIES............uuuureurimiiirimiiieereeiieeieereeeeeeeeeemereee 94

Figure 5.15: (a) Optimized structures of junctions for moleculest1Gold, gray, blue and white circles represent
Au, C, N and H respectively. The molecules are bound via N to an atop site of a Au trimer (three Au atoms)
on Au(111). (b) Transmission plots. (c) PbF GKS 23 2F Y@Z OONKINMIAZFYy & yR2 02

as a function of themolecule [ENGLN..........ooo i 96

viii



Figure 5.21: Statisticalah f @ 3A & 2F YSI adz2NBR O2y RdzOGF yOS (N} OSad ol 0
bipyridine (blue trace). The histogram is constructed without any data selection from 10000 traces
measured at a 25 mV bias voltage using a conductance bin ize 8gd&long with a histogram collected in
solvent alone (yellow). Black dashed lines show Lorentzian fits to the two peaks. Arrows indicate the High
G and Low G peaks. Inset: Same histograms shown on-olpgcale using a bin size of 1&, (b) Sample
conductance traces measured at a 25 mV bias and 16 nm/s displacement speed showing two conductance
steps in succession. (c) (c) 2D histogram constructed from all traces with a cldae@k. Two regions with
a large number of counts, encircled by the black dashieés, are clearly visible. The High G region, around
10°G, extends from the origin to about 4A along theaxis and Low G region, around 3xi®, start ~2A
displaced from the origin. Many High G steps exhibit some slope, as can be seen from the orgemtdt
the High G region in the plot. Inset: Sample conductance trace demonstrating how the displacement origin
was selected for each trace to construct the twimensional (2D) histogram in (C)...........vvevvveeeeeeeeen. 107

Figure 5.22: Controlled conductance switching by mechanical manipulation ofAwdistances. (a) Sample
bipyridine switching conductance traces (colored solid lines). These traces were collected while applying
the norHlinear ramps (dashed black line) shown measuraida 250 mV applied bias. (b) Conductance
histograms of 1057 switching traces that had a molecule in the Low G state after the initial 15A
displacement. These histograms are constructed using conductance data from the ramp section of the
trace only. Trace in (a) show reversible switching between conductance states that are around the two
peaks clearly visible in the companion histogram. (Note: the peak positions are slightly shifted from those
in Fig. 1 because of different experimental conditions and s method). (c) Sample conductance traces
(blue and red) measured while applying the ndimear ramp shown (grey trace). The blue trace has a
conductance in the Low G range during the "hold" section, while the red trace has a conductance in the
High G ange. Puskback distances are determined as shown by the blue and red arrows, using an
automated procedure. (d) Average conductance as a function of average {bastk distance for 777 of

2000 traces measured (red x). (See Methods) Data shows that for jonstwith a conductance in the Low



G range, the push back distance is aroundfDA, while for junctions with a conductance in the High G
range, the pushkback distance increases with decreasing conductances. Error bars are one standard
deviations in bothconductances and pushack distance. Also shown is the conductance histogram from
Fig. 1a (solid red line) along the same coNAUCLANCE AXIS...........cceiiiiiiiiiiiniiii e 109
Figure 5.23: Calculated transmission characteristics as a function of the angle between téei ldond and the
p *system. (a) Schematic showing the coupling between thesdorbital (orange) with the bipyridine
LUMO.a denotes the angle betwee the NAu bond and thep *system. (b) Junction geometries of
bipyridine bonded on each side to Au adatoms on Au(111), with vanangabeled in Fig.). (c) Sedfnergy
corrected transmission functions plotted on a se#itig scale for junctions in (b). Blasolid, red dashed,
blue dasheddotted, green dotted lines denotea = D°, 70°, 50° and 30° respectively. The inset shows G,
given by T(B*G,, decreasing With INCrEaSING). .........ccoieeiiiiiiiiier e s s e e s nnannenes 110
Figure 5.24: Results from conductance calculations on 55 relaxed junctions. (a) Examples of junction
geometries relaxed at different tipspample distances. (o) Selfenergy corrected conductance G for 55
relaxed junctions, plotted against (b) the vertical distanbetween Au contacts, (c) the angiebetween
the N-Au bond andp-system (as illustrated in Figure 3), and (d) the minimurA\C distance. The series of
points fora = 90° corresponds to differentMu bond lengths and binding sites in a vertical junction.
Despite the spread, they all fall within the experimental Low G range. (e, f) Schematic illustrating the High
G and Low G configurations respectively that exhibit mechanicailyuced switching for junctions
highlighting the role of the geometric constraigtand Au tip MoOrphology..............ueeveeeieeeeeeeieciuvieenennns 114
Figure 5.31: (A) Chemical structure of oligoene families An and Bn. (B) and (C): Linear histograes gl
without data selection from >5000 conductance traces collected in the presence of each of the An and Bn
molecules, respectively. Traces have been offset vertically for clarity. The Bn series show clear peaks at
moleculespecific conductance valuesdicated by the solid arrow for B4. In the longer molecules, a
shoulder at higher conductance is visible, indicated by the dashed arrow for B4. (D): Peak positions of the

singlemolecule conductance peaks observed for the An and Bn series as a funatithre total number of
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oligoene units. For the An series the peak position was taken from the logarithmic histograms (see Sl
Figure S3). A linear fit to the data on the setog plots reveals that in both cases, conductance decays
exponentially withadecd FI OG0 2 NI, 2.8 D HH K. D 127
Figure 5.32: 2D conductance histograms preserve displacement information for (A) B2, (B) B3 and (C) A3
respectively. Comparing (A) and (B), within the same linkamily, longer molecules are able to sustain
more junction elongation while remaining bound in the junction. All three molecules show a higher
conductance shoulder in the region above the dashatkli corresponding to a junction geometry that
forms immediately after rupture of the AtAu contact. The average slope of this high conductance
dK2dzZ RSN) 6a2f AR fAySO NB@SIta GKFEG O2yRdzOGFYyOS Ay (K
stretched, in agreement with the decay constant shown in Figure 1D. Arrows indicate peak positions in
from conductance histograms in FIgure LC..........oooo i 129
Figure 5.33 (A): Schematic depiction of an oligoene break junction. Both the polyolefin chain and the
endgroups, X, may act as electrical contacts. Oligoenes behave as a resistive potentiometer as the tip
displaces along the olefin backbone, whillee alkylthio endgroups stabilize the junction. DFT calculations
produce the HOMO of (B) AtAl and (C) AuC4 complexes, respectively. The HOMO shows significant
electron density both along the polyolefin chain and at the terminal methylsulfifisnctional group.....132
Figure 5.24 (A): Sample traces collected in the presence of B4 (solid bluejbis@nethylsulfide)hexane (dshed
red) and only clean solvent (dashed green). Traces with B4 show conductance changing continuously and
reversibly as the piezo voltage is modulated along the dashed black line so that the junction is repeatedly
stretched and compressed. (B):2 histogam constructed from selected traces, for which the average
conductance during the initial hold section fell within the higtonductance range. More than 50% of the
3000 traces collected met the selection criteria. Fitting the average slope of the diffesestions of the
piezo ramp shows that the conductance grows and decays exponentially with a factor of 0.2/A throughout
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Chapter 1: Introduction

Why study electron transport through single molecnétal junctions? Because
interfaces between dissimilar materials, such as organics and metals, exhibit properties useful for
making electronic devices. A molecule is by definition, the smallest piece of any given material
and thus the smallest functional element out ativia device can be made. The goal of single
molecule electronics is to make devices on the scale of a single nanometer using a junction
between an organic molecule and an electrode.

Current information technology runs on siliebased devices. In theiddle of the
century solidstate physicists who studied properties of semiconductors and metals found that a
semiconductemetal junction can exhibit diode behavior, where the current flows in one
direction but not the other. This property allowed themtc r e at ed ahenfiige \wriownc h 0
as a transistdr made out of a three terminal silicometal junction. Using one of the metal
leads, the current between the other two metal terminals could be made to turn on or off. This
functionality emerges from thdissimilar way that semiconductors and metals conduct electricity
and respond to electrical potentials. Namely, silicon only conducts electricity at certain energy
ranges while metals are transparent to electrons at all energies. Thigapand siliconis
fundamentally a bulk property. A single atom of the material will behave quite differently from
a macresized piece of silicon; only in the limit of many atoms, will the bulk band gap reappear.
This is fundamentally why attempts to make current sengiactorbased transistors smaller

than tens of nanometers fail.



Aviram and Ratnefl] proposed that a single molecule could be engineered to act as a
rectifierd a diodé® and thus potentially used to make a single molecule switch. In their
formalism they imagined the electronic structure of a molecule as a set of discreet levels. When
attached to a metal lead, these discreet levels would be the functional elements of the metal
molecule device.

But what actually happens when an organic ke which is on the scale of one
nanometer is brought in contagith a metal? In reality the molecular spectrum is renormalized
next to a metallic surface; tltkscreet molecular orbitals broaden because of the coupling to the
electrons in the leadhe bond between the metal and molecule results in some charge transfer
from one material to the other whidarther shifts molecular orbitals relative to the metal
electron energies. Under applied bias further rearrangement of charge é¢goally, the rano
scale structure of the electrodes and the orientation of the molecule in the junction can impact
binding chemistry.These effects are present at the junction of any two dissimilar materials. But
since they are interface effects which only influencgpprties within a few nanometers from the
interface, they do not significantly interfere with bulk behavior. But a molecule attached to a
metal electrode serves as both the interface and the functional element of the device. As a
results, the nature adhe metalmolecule interfacg@ both the chemistry of the bond and the
specific geometry of the metatolecule junctiod influence the electronic properties of that
junction. How these factors affeglectrontransport is the subject of this thesis.

Below, | lay out some fundamental properties of charge transport on thesonal®

Metalmoleculemetal junctions are orn@imensional channels for electrons. | consider



conductance through omkmensional channels in general and discuss how a molecule bound i

a junction will affect its electrical conductance.

1.1 Electron Transport in One -Dimensional Channels

Current is the flow of charged particles from areas of higher potential to areas of low
potential. In metamolecule junctions, electrons are the curmatiers. Current is defined as
‘O= ¢Gbwheren is the number of electrons,is the electron charge ards the group velocity
of the carriers. We must sum up over all the occupied statesount the electrons contributing

to charge transport:

o T
Where% is the density of states affd- is the Fermi distribution function.

At zero bias the above integral will yield zero because the average velocity of all
electrons is zeran 1D k-space, equal number of forward and backward propagating states are
occupied. At finite bias across a macroscofized conductorhe occupied region of-kpace
becomes shifted. Now there is an access of electrons travelmg tal® potential gradient and
current flows.

We are interestedh calculating thecurrent across a nassized junction with a bia¥
applied across it as shown kigure 1.1-1. A singleatom thick chain of gold atoms is an

example of the type of junction considered in this ThesiEM image of agold singleatom



contactfrom referenc¢2] is shownin Figure1.1-1B. Both at room and cryogenic temperasire
chains of more than 4 atoms are very rarely pulle@BputThe length of such a constriction is
~1nm and shorteghan the mean free path of electramgold. As a result, the electrons traverse

the junction ballistically, without scattering as shown with a red arrdigarel.1-1A.

|
Er=p+eV
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[110]
E i
|

Figure 1.1-1: A) A ldimensional, nansized junction bound to a macroscopic circuit with a bias V
applied across. The red arrow shows an electron scattering ballistically across the junction. B) A real
example of a -tlimensional condcting channel: a TEM image of a featom long chain pulled out
between two gold electrodes from referefje

No equilibrium is established in the constriction and the bias drops sharply across the junction.
The chemical potential is higher on the source electrode than on the drain electrode by the
amounteV as shown inFigure 1.1-1A whereV is the bias. The current through such-a 1
dimensional channel will be proportional to the difference in the number of electrons incident

across the junction from the source than from the drain:

T Qo Qoo



We can expect that the density of states and dispersion in both contacts is the same. The only
difference comes from theccupation of state®n the two electrodes since the chemical

potentias are no longer equal:

o~ TR . :
G Q we T—_[Qe'oi&n Qe ]Q
0

To find the occupation of the energy states in a metal at finite temperature, one must use

the Fermi distributiori®-,"Y:

0-,Y = 1/ (G + 1) 3
It defines the probability that a state at energig occupied at a temperatufefor a given
chemical potential p The Fermi function changes little from 0 to ~300K. Since all experiments
in this Thesis were performed at temperatures below 330K wéheseeretemperature Fermi
distribution to estimate the occupation of stdfes’Y< 330 "Q-,0 =17G@i - <
‘,0 otherwise. Assuming T~0, we gdtom Equatior:
- Q ‘+m®é :,—SQ

Substituting density of states in 1D and group velocity of electrons= %%we obtain:

20
Q

The conductance through a 1D perfectly transmitting chani@kisOw is



0= ~gk '@=775"Y

as derived by Landaugd]. In the case of a junction where several channels arentres
paralleb such as two or threatom thick metallic chain, each channel will contrib@e
conductance so that more generally, conductance through asizedoperfectly transmitting
contact is:
"O=0"Q 5

whereM is thenumber of channels.

In the case of a scattering nasiaed contactzquation5 must be modified to include the
transmission probability:

0= "Q "y

0 6

Conductance through metaldoleculemetal junctions is governed Hyquation6. But what
determines the transmissidrof a particular metamolecule junction? Below | discuss how the
spectrum of the molecule and the nature of theakmtlecule binding affect the transport

properties of a single molecule junction.

1.2 Molecular Energy Spectrum 2 the Tight Binding Model

The unique molecular energy spectrum is derived from the underlying atomic orbitals
which have hybridized with each otheroughbonding An example of an atomic or molecular

spectrum is shown iRigure 1.21A. During bonding, lie low energy part of the spectréinthe



filled states such as th® core states for examp@eare changed little as virtually no charge
transfer occus there; the energies of these states do shift as a result of chemical bonding as
revealed by spectroscopy, 6] but their atomic character is preserved. They remain localized
on the orginal atom and their symmetiywhetherS, P or D9 is largely unchangeds depicted

in the cartoon in Figure2Bnly the valence electrons the higher HOMO and LUMO orbitals

in each species participate in bond formatitve HOMOGand LUMO3(as well as otér valence

levels) of the end producare linear combinations @he original valence orbitals and are thus

delocalized over the molecule
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Figure 1.2-1: A) Energy spectrum of a sample molecule. B) Chargester that may result from
bonding between two species with different initial spectra.

To estimate the spectrum of the valence and conducting orbitadsmolecule, the tight
binding approach is often used. The approximation assumes that only electrons on the nearest

neighbor atoms overlap with each other. Starting from the atomic bagdi&&eve assume



coupling between neighboring atomic orbitals
diagonal in| &

oghgad= - @10

GogOgad= Y "@i 0 Q= 1

QgOROE 0 £5 000 !
Thesochedonsi t e energy U is the eigenenergy of th

We can apply the tightinding model to a benzene ring fingure 1.2-2A. Every other

carboncarbon bond is a double bon&ince all GC bonds are identical, the double bonds have
equal probability of being found anywhere on the ribgt neighboring double bonds are
energetically unfavorableThere are two ways to draw aigs of alternating double bonds on a
benzene ring as shown kiigure1.2-2A and both are equal in energy and indistinguishable; these
two states coest simultaneously. This means that thelectrons have equal probability of
being found anywhere on the ring and are delocalized between the six carbons of the backbone.
This high degree of delocalization means that therbitals are least bound in theuclear
potentials, have the highest energy and constitute the valence electrons that participate in binding
and charge transportVe can model this delocalizédsystem of electrons with a tightnding

approximation where every atom is couptedytoi t s nei ghbor s BEgquattotv; ener g

initially each orbital is degenerate withselfn er gy U. We get:
- Y 000V,
YV - Yy oo o,
=10 Y - ¥ 0 0.
9 0 Y - Y 0~
0 0 0 Y - ¥
w oo0o0Yy -U



Settingr = 0eV and the coupling-= 0.5eV we get theenergy spectruns shown n Figure
1.2-2B. Thesix equivalent atomic orbitals have been split into a band of levels, weghexgy
splitting proportional to the coupling @me t e r  @; +Ylare doellysdegenerate. In the
c as e esysterhih lzenzene, the coupling is fairly strong and so the HQUI@O gap ison
the order of severaV[7]. In saturated systemsuch as an alkane shown kigure 1.2-2C
which are bonded through singlebonds, the overlap afeighboring orbitals, modeled as the
parametesg, is even greater and so the splitting between the HOMO and LUN&Bgisrthan in

"-conjugated systems.
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Figure 1.2-2: A) The chemical structure of benzene shown in two identical represent&@jdhspectum

of t he 'inbenkeaaalculadusing the tightinding model. Theeai t e ener gy U
was set to zero and t he cChThedhdmicg strpcture afrare dlkane witke
six carbons bonded through single bonds.

1.3 Metal-Molecule Bonding

In molecular electronics the glue that attaches the electrodes &xtikie element of the

device®d an organic molecuée is a chemical bondBecause of the nanometer scale of the metal

i n

set
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moleculemetal junctions, the nature of the baaftects not only the stability and structure of the
device, but also its electrical properties and thus its functiondlitprder to engineer functional
devices based on single molecules it is important to understand thenmétalle interface and
how bonds between these materialtuence transport properties

Above, we considered t he -obitalsid & bemgenbreng. wAsen s
we saw, as a result of bonding, electron density is delocalized around the ring. In general, during
bonding electron density will shift so as to minimize the total energy of the final product.
Charge transfer, therefore, is an emént part of bond formation I now consider what
determines the direction of charge transfer dubimgling, specifically moleculenetal binding

and how that will affect conductance through the raetalecule interface.

1.3.1Chemical Potential and/letal-MoleculeBinding

Within a molecule, electrons will have a higher probability of being found close to the
atomic element with the highest attraction for electrof@ 9]. For a molecule, the
electronegativity will depend on the speatfd(] of its discrete molecular orbitals and their
occupation.As defined by Mulliken in 1935, electronegativitys proportional to the average of

the electron affinity EA) and ionization potential®) of a moleculfg].

e O+ ®

N -

EAis the energy required to add an extra electron and give the element a charg&wlP is

the energy cost of removing an electron from the system. How do these values relate to the
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molecular enagy spectrum?Figure 1.21A is a diagram of aenergy spectrum of a molecule.
We see that the least costly way of adding an electron from the vacuum level at infinity to a
neutral molecule is to place it in the lowest unoccupied molecular (LUMO) orbital available.
Thus

D= Qs 9
Similarly, removing electrons from the HOMO is the least energetically expensive way of
ionizing the molecule to a charge of +1, so that

©= Oy 10

As two systems come together to formband, asshown in Figure B, the relative

ionization potentials and electron affinity will determine the direction of charge transfer.
Molecular orbitals of the two elements will align and hybridize, so that energy gained by
partially donating charge from elemehtto element 2 is offset by the resulti@pulomb
repulsion. Some possibieutesof charge transfeduring bondingare depiatd in Figure 2B. ri
general charge transfer will occur until a steady state is reached where the energy cost of
marginally chaging the number of electrons on the two elements will be equal:

QA6 11

Qi
The marginal energy cost of removing (or adding) electrons to an elendeftnedas

the chemical potentidt % . Mu | | iokegqualizisgeldcteomegativity can be written in

terms of the chemical potential of the elements involved in the reaction; in steady; state,.

Substitutingequatiors 9 and10into 8 we have:
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An electrodecontacting a single molecuie break junctiorexperimentas dimensions
that are much larger than the insomic spacing of a few angstroms. The number of atoms in
such a crystal is on the o7 dlaéeovedp of thevimitiglg d r 0 6 s
degenerate atomic orbitals from each atom will result in hybridization and splitting, so that the
resulting energy spectrum is a wide band of at least>eh@rgy levels. The spacing of such
orbitals will approach zero as the crystahches macroscopic dimensioriBhe occupation of
these states is governed by the Fermi functidust as nearest neighbor coupling in a benzene
creates orbitals with a nezero amplitude on much of the molecule, so the electrons in the metal
will delocdize over the entire lattice. Of course only the valence electrons in theadsip
energy levels behave as free particles; the core electrons are tightly bound to the nuclei of each
atom and remain localized in the strong coulombic potential.

To find the occupation of the energy states in a metal at finite temperature, one must use
the Fermi distribution®-,”Y defined in Equatior8. We assume Ts smallso thad all states
below p are filled with probability 1 as shownkingure1.3-1. We conclude thatthe electroa
fill up the nearly continuousnergy levelswith exactly one electron per state (counting the
degenerate spin degree of freedamijil all electronsn the netal are accounted for up to an
energy we calEr whichis the chemical potential of the metal.

What happens as a single molecule with a discrete set of energy levels is brought into
contact with a vast, flat metal surfacé?rst, the position of the nhecular orbials will become

renormalized as a result of screening in the metal siiffce This image charge effect will
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reduce the HOM@UMO gap and bring the orbitals closer to the Fermi energy. In gkener
some barge transfer wilalsooccur so as to equalize the chemical potentials of the two species.

The direction of charge transfer and the final distribution of electrons will depend on the initial

alignment between t he nidaHeenetal Feemdemgy.c he mi c al pot
Alz B
LUMO+1 —LUMO+1
TLUMO
Ho
HOMO
HOMO1

2
-
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Figure 1.3-1: Charge transfer that occurs at the memblecule interface when the molecular chemical
potential is lower (A) and higher (B) than the metal Fermi energy. Indke of A, the LUMO becomes
partly occupied, while in B, the HOMO becomes partly vacant.

As is shown inFigure1.3-1, if the chemical potential of the molecule is higher than the
Fermi energy, the moleal HOMO as defined biquationl12, is closer to Fermi than LUMO
is. The least costly way to equilibrate this matallecule junction is to transfer electrons from
the HOMO to the Fermibecause the HOM@: gap is the smallest This transfer lowers the
energy of the HOMQ@hroughCoulombicrepulsion, and brings the molecular chemical potential

in equilibrium with the metal surface.
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Inversely, if the chemical potential is lower than the metal Fermi energy, charge transfer
will occurin the opposite direction. In this wathe molecular LUMO, which is closer to the
metd work function than the HOMQOwill become partly occupied and moved higher up in
energy, shifting the chemical potential up as wé&le amount of charge transfer depends on the

strength of the bond but general it is much less thde.

1.3.2The role of link groups

The presence of link groups can skew the energetic of bonding described above. A flat
conjugated molecule such as a benzene or a biphenyl binds idyanigtonfiguration on a flat
metal suf a c e s o0 -systera overlaph with the meti?]. However, the presence of link
groups such as amines, pyridines, or others changes the binding configurations of such molecules
to gold13-15]. Conjugated amines, bind to dahrough the lone pair on thathdgen and tilt
slightly[15]. The lone pair in these molecules is part of tesa mo |l ecul ar or bi t
systend the HOM@ and the ring can still donate to the gold. In contrast, when bipyridines
bind to gold through the nitrogen lone pair, they orient vertically. In this case, the lone pair is
part of t heortogrally ¢t wysten4).d i s

In this thesis wealy primarily on donoiacceptor bonds between undercoordinated atoms
on the electrodes and the molecular linkers to bind molecules into our jufition®Ve se
molecules substituted with chemical groups such as amines and pyridines discussed above and
others which donate charge density of the lone pair to towwdinated gold atoms which

protrude out of the surface and carry a slight positive chrged]. However, as we will see,
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modulating junction geometry may allow direct binding to the energeticallye-tlosi A g

systenpl9].

1.4 Transmission through a Metal -Molecule Junction

Following binding and charge rearrangement, molecular orbitals will shift relative to
Fer mi as discussed above. Il n principle, it
of the molecular orbitals which is hdlfled[20] and the junton is fully transmitting so thaly
from Equation6 is ~1. However, in all the molecules considered in this Thesis, Fermi energy of
the leads fall in the HOMGLUMO gap of the molecule and molecular orbitals are not in
resonance with the valence electrons in the metal. In this case, the overlap of the molecular
spectrum at Ewill be determined by the degree of broadening of the orbitals due to the
interaction with the gold.

The valene molecular orbitals broaden as a resfitcharge transfer betweethe
molecule and metal becaudar lifetime decreasgas electrons spend less time onridecule
and more at the Fermi energy on the mehalother words, by bonding to the metal, the discrete
molecular spectrum hybridizes with the continuum of states in the m€tahrly, the orbital
most involved in binding will be most broadened by the interaction. The decrease of the lifetime

correlates wih increase in energy broadening according to the Heisenberg uncertainty principle.
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Figure 1.4-1: The effect of coupling to metal on the molecular spectrum faure 1.2-2C. The
molecule is coupled to the leads through tfleaid 4" carbon as shown in the inset with the coupling
parameter 0. As 0 i ncreasesyatbdiows.broadening and |

Figure 1.41s hows t he s-poaded renzeme fookiguee 1.2-2A coupled to
metalelectrodeghroughcarbons at the 1 and 4 position on theriThis spectrum is calculated
within the tightbinding formalism by the non equilibrium Greens function metddd In this
model, even weak bonding at ¥ of the intramolecule bonding pterayheesults insomelevel
broadening as shown. As theupling increases, the orbital density agews. This signifies
increasedybridization with the metal state3he overlap of the molecular spectrum atis€the
transmission probabilityfy, of the molecular junctiom Equation6; the orbital with the highest
weight at E will be the dominant transport channel of the matalecule junction. Thus, the
position of the molecular orbitals relative to Fedngontrdled by the molecular chemical
potental ard the amount of charge transieas well aghe degree of orbital broadening due to

coupling to the metal will dictate transport properties through single molecules.
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1.5 Thesis Outline

In the rest of this Thesis, rgsent my work investigating the interplay between geometry
and chemistry in determining single molecule junction transport properties. In Chapter 2, |
introduce the experimental techniques we use tberdectronic properties of metalolecule
metal jurctions in cryogenic and ambient conditions Chapter 3, Hiscussour surfacestudy of
amineterminated molecules on golthere we find that binding configuratisand energyevel
alignment can depend on the geometry of the gold electrode. In CHapteresent single
molecule conductance measurements with families of molecules which display reproducible
conductance signatur@ssensitive tometatmolecule orientation. We find that highly selective
donoracceptor bondbetween gold and amines, mdthylfides and diphenyl phosphinas well
as direct gold” electron bindingin paracyclophanecan result in reproducible transport
characteristics.Chapter 5, on the other hand presents results where the interaction between the
molecule and the electrodes can be tuned via mechanical manipulation. Here the nature of the
gold-metal bond allows us to probe different conducting configurationenjugaéd bipyridines
and methyl sulfidedy changing the coupling betweer&nd t he ° system on
Finally, in Chapter 6, | outline our findings on tledfect of temperature on neresonant
transport through amine and pyridilieked molecules. The again, we believe that gold
electrode structure changes with temperature and modifies the energy alignment between the
molecular spectrum and:Eaffecting transport propertiesOverall, these experimental results
suggest that the interplay ofnloling chemistry and junction geometry can lead to different

functionality of the metaimoleculemetal junctions. By tuning the linker chemistry and electrode
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structure, we may be able to engineer single molecule junctions with desirable electrical

properties.
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Chapter 2. Experimental and Analysis
Techniques

The bulk of the experiments reported in this thesis were realized using a Scanning
Tunneling Microscope (STM) based apparatus. The measurements performed in ultra high
vacuum at cryogenic and room temperatures were done using a commercial Createc STM. In
this chapter, | describe some basic principles of STM operation and detail the modified home
built STM used in our lab for measuring transport through single motecetal junctions. |
then describe the procedures | employed measure and analyze sitegelenconductance and

junction evolution data.

2.1 Scanning Tunneling Microscope

The STM was invented in 1982 by Binnig and Roljtér.It revolutionized condensed
matter physics, allowing for atomic imaging and manipulation. It achievesubigangstrom
resolution by using electron tunneling current, rather than electron or radiation beam as its
probe[2] Because tunneling probability decays exponentially Veihgth the distance between
the electrodesgis proportional to the logarithm of the tunneling curfént

1=t i (D e
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wherel is the decay constant related to the work functioof the electrodes. Given a bi¥s

across the tyggample gap is given by:

A

T

Current Prep
Feedback/ amplifier chamber
Processing _ :

control |« ‘ l

Vibration
isolation

C

Figure2.1-1: A) A diagram of basic STM components. B) The Createctemperature STM located
the Center for Functional Nanomaterials at Brookhaven National Laboratory. C) A magnified ii
the STM chamber. The tip used in these experiments is made out of euth@add wire. The sample

an Au(111) single crystal
o 2G (s + W) 14
u

—x
|

A schematic of the STM is shown kigure2.1-1A. In this work, we use a commercial
Createc STM pictured iRigure2.1-1B. The main chamber where the microscope is located is
beneath the cryostat which cools it to liquid Nitrogen or Helium temperatures. The operating

pressure is below 180Tor. The tip and sample are loaded into the load lock chamber (not
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visible in Figure 2.1-1A) and after pumping to high pressure (HP), transferred th&o
preparation chamber where the pressure is bele9Tdber. There the tip and sample are pumped
down and cleaned and then transferred into the STM chamber for cooling and imaging.

The imaging is done using a sharp metal tip, in our case made out of gold, which is held
above a substrate of interest with a piezoelectric positioner which providesigstioom motion
control in all three spacial direction. A magnified picture of treéd@ of the STM in figure 1C
shows our handut gold tip and a single crystal Au(111) substrate. A bias is applied between
the tip and substrate and tunneling current monitored using a current amplifier. In imaging
mode, a proportionahtegralderivative (PID) controller is used to provide feedback on the
measured tunneling current in order to keep it constant at a preset value. The tip scans above the
surface in the % plane and the PID adjusts thgasition by moving the piezo to maintain the
setpaint tunneling current. Computer software then converts the piezo voltage at every point on
the xy plane into an image of the surface.

The resolution of the STM is highly sensitive to the parameters used during scanning. By
adjusting sepoint tunnelingcurrent, tipsample bias and the amplifier gain one can adjust the
resolution of the image. A higher gmint tunneling currertOor lower bias @ leads to smaller
tip-sample distancé. A small distance may be desirable because larger tunnelireptsucan
be detected with greater precision (though changing the amplifier gain settings can be used to
adjust current resolution).

Figure2.1-2 shavs images of Au(111) taken with a gold tip. The (111) surface of gold

uni quely reconstructs to cr dhetmegd3, #.eindivibualr r i ngb
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atoms are visible iigure2.12B where the tunneling current was a factor of ~10 higher than in

the prevous image.

Figure 2.1-2: STM images of clean Au(111) surface taken at BXA large scale image at 100nti-

sample bias with sgiointcurrent at 0.2nA. The terraces of Au(111) show a herringbesanstruction

pattern. The edges between (111) terraces are steps with a height of ~0.26nm, corresponding to a
diameter of a single gold atom. B) A small scale image taken under 200mV bias \pitinseurrent at

1nA. Under these imaging conditionagle atoms of gold are visible.

On the other hand, when imaging physisorbed, weakly bound molecules, a tip scraping
close to the surface to maintain 1nA current disturbs the molecular layer. For that reason, all
images of amingéerminated molecules onufl11) were taken with 0.1nA tunneling current or
lower, under 0.1V bid§]. Figure2.1-3 shows the result of imagining on a smonolayer of
2,3,5,6tetramethyll , -Bedzenediamine, which is an amieeminated aromatic molecule
which binds weakly on flat Au(111) terra¢gs6]. As the tip scans abovbke surface, it drags
molecules behind it as visible Figure 2.1-3B. As a result, after imagine, the layer becomes

disordered as shown Kigure2.1-3C.
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Figure 2.1-3: Images of ~0.5 of a monolayer of 2,3;fGamethyll , -Be6izenediamintaken at 5K at
~100mV, 0.1nA tunneling current. A) A large scale image of a fresh area of the sample not imaged
previously. The herringbone pattern is unchanged from the clean Au(111) reconstruction, indicating that
the molecule binds weakly on Au(1idrraces. Molecules bind preferentially on the fcc and hcp regions

of the surface, away from the herringbone lines. B) A small scale image of the samenslityer. As

shown by the blue arrow, some molecules are still organized as in A, but someaatisofiphe original

pattern has been caused by imaging. The wavy lines in the image are a result of molecules dragging
behind the tip as it scans the surface. Details of intermolecular structure are visible in the inset. C) A
large scale image of the w@ area as in B. The results of imaging are visible in the top part, where
molecules are now arranged randomly on the surface.

2.2 STM-based Single-Molecule Conductance Measurements

2.2.1Experimental Setup and Procedure for Measurement in Ambient
Conditions

To meaure single molecule conductance in ambient conditions at room temperature we
use a modified, hombuilt STM tabletop setup shown irfrigure2.21A.[7, 8] A National

Instruments 200kHz, 28it precision data acquisition card (DAQ) is used to measurrent and
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voltage at the junction while driving the piezoelectric positioned (Mad City Labs) with sub
angstrom precision to move the substrate relative to the tip. A Keithley 428 ewltaige
converter detects the current at the junction, conviettsa voltage measurement and outputs it

to the DAQ. An air table and acoustic hood are used to provide stability and insulate the setup
from vibrations. The DAQ is connected to a computer which runs an script writtgariRro

to perform the experiment.

Vibration
Isolation

Figure 2.2-1: A) The SThkbased setup used in this thesis for measuring transport through single
moleculemetal junctions in ambient conditions. B) A circuit diagram of the egipa.

The procedure we use for measuring sifgtdecule conductance is the brgakction
technique realized in an STM geomdtry. In STM parlance this is also known &)
measurement wdre the currentis measured as a function of the tip distance above the substrate
z with no feedback engagg]. Our automated experimental protocol is as follows:tiheas
smashed into the substrate until a conductance larger thas BEached so that the geometry of

the tip and sample is reshaped to a new configuration; the tip and substrate are then pulled apart
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at a prespecified rate (usually ~15nm/s) while theltage is held fixed and the current is
measured at 20kHz or more; after a-ppecified (usually 5 or 10 nm) extension is achieved, the
pull is terminated, the data is saved and the protocol starts again. Including computer processing
times, each pulbut trace takes about 1 sec to complete. In a typical experiment we measure as
many as 30000 traces.

We use gold electrodes to bind our molecules into the junction. Most metals are too
reactive to be used as nasiaged electrodes for binding molecsile Even platinum can form a
thin layer of oxide on the surface that will distort conductance measurements and interfere with
molecular binding. Gold, however, is sufficiently inert to allow reproducible quantum point
contact (QPC) and singlaolecule coductance measurements. We make our gold samples,
shown in the inset ofigure 2.21A, by evaporating in high vacuum (~&eTorr) highpurity
gold onto freshly cleaved mica glued with silver epoxy onto cleaned metal pucks. Typically, we
evaporate about D0dm thick gold layers. Bias is applied to the sample, while the current is
measured at the tip. A piece @25mmhigh purity gold wire serves as the tip electrode. It is
inserted into the thmolder and cut manually with wieutters before every experent. When
the tip and sample are in contact, the circuit is closed and current can flow.

Current is converted to a voltage using the Keithley 428 current amplifier. At gain 6, le
6A is converted to 1V and the range is 20pA with a resolution o#4Vle~0.1nA. We perform
most measurements at gain 6 at a low bias of 25mV. As the conductance of a gaidntaob
which is one atom thick is 14577.5 uS, in these conditions the current measured through such a

junction is:'C= "Ox = (77.5x 10 %0) x 0.02500 2 x 10 %5. Since the dynamic range is
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20 pA, the Keithley will saturate once the conductance exceedsy-difiGmay take time to
recover once the current goes back within range, affecting our measurement.

To increase the effective measuring rangewf apparatus, we insert a resistor in series
with the junction as shown in a circuit diagranfFigure2.21B. To see the effect of this on our
measurement , consider the case of a 10kq ser
substrate, the condtance of that initial constriction is usually hundreds gf Ghe resistance of
the series resistor dominates in this case and the current measured through the entire circuit is
roughly 2 pA. In other words, the series resistor prevents the Keithley datmnating even
when the conductance of the junction is very high. On the other hand, when the QPC breaks and
the conductance of the junction falls to small fractions@f Gt he 10kq series re
matters compared t o tng eurredtgandocan be igmrmned. Gigce thet n n e |
voltage across the junction changes, we measure the bias drop across the junction along the with
the current. Conductance is calculated using the simultaneously measured current and bias. An
important consequena# the series resistor is the fact that the voltage drop across our junction is
not constant throughout the measurement even though the applied bias is held fixed. We solve
for the bias drop at our junction in terms of the constant series resi&atite variable junction
resistancdr;, and the total biased applied across the ciMais shown irFigure2.21B. We use

©= Gt G = 0¥yt Y,

to obtain:

WY,
Yyt Yo

Gy =0 =
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WhenR; is low comparedRs, the voltage drop measured acrosariually zero. However, after
the rupture of QPCY;, © b, and almost the entire voltage drop in the circuit occurs at the
junction so thaty = w.

To measure conductance of golsbleculegold junctions, a few drops of molecular
solution is added usina dropper onto the surface of the gold sample. Typically, we make
~1mM solutions of our molecules in 1,ZAfchlorobenzene (TCB) (obtained from Sigma
Aldrich) which is a norpolar organic solvent; in the case of molecules longer than ~2nm, less
concentated solutions of 0.06Q.1mM are us€gdO, 11]. Alternatively, molecules can also be

evaporated onto the gold saniil@.

2.2.2Pull-out Procedure

& V5
2 < S » _
§15_ -20%§10 S | ®® i
© 2 ®4n72 o 10
3 10F 1 € g0 ® 5 { &
= —~ = —_
b= o 1103 T, __4 3
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Q Q 5 e

0 . 0 10 - , Extension (nm)
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Figure 2.2-2: A&B) Sample conductance trace (red) measured at 25mV on a gold substrate without
molecules on a linear (A) and logarithmic (B) scald$ie bias measured at the junction is shown in blue.

As the conductance of the junction changes during elongation, the distribution -@frtyesacross the
junction and the series resistor varies accordingly. Insets to B are illustrations of possitii®run
configurations responsible for the different conductance signatures observed. C) Sample conductance
traces measured in the presence oftieizenediamine shown in the inset.
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A sample trace showing the measured conductance (I/V) along with theevaltemss
the tipsample gold junction without molecules is shownFigure2.22A and B. Stepwise
decreases in conductance are clearly visible as the junction is pulled apart. These drops
correspond to the thinning out of the metallic bridge connectiadwb electrodd42, 13]. As
the number of gold atoms in the cressction decreases, the number of available channels for
conductance is reduced and conductance drops in integer values of the quantum of conductance
Go[14-16]. Thi s behavior 1is in stark contrast to th
when one or more dimensions of the channel become nanesimddr Tis is because the
electrons become confined in those dimensions leading to energy quantization phenomena as
discussed in the previous chapter. The final conductance step visible before rupture occurs at
1G, and corresponds to the formation of a sirafien thick contact between the two electrodes.

As the junction is pulled further, the contact breaks and tunneling across-taanigte gap is
observed as shown ifigure2.22. In this regime, conductance falls exponentially with
elongation (previous seot).

Traces measured in the presence ofdlaninobenzene are shown kgure2.22C.
Additional steps below 1&at a molecule dependent conductance value are found in ~35% of all
measured traces in the presence of this moledde however, tracdo-trace variation in
conductance values is present as seen in the fighsea results, we require large data sets and

statistical analysis to determine most likely molecular conductance [{&lu@ 17].
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2.2.3Pull-push Procedure
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Figure 2.2-3: A) Voltage ramp applied to the piezo (grey) and a sample conductance trace (red)
measured during the puflush procedure. B) A histogram of sHagck distancaneasured in 10000
pull-push traces.

Sometimes, it is useful to observe how conductance evolves while the junction is
compressed rather than stretched. In particular, pulling the junction apart and then pushing it
back together can give insight into thendwics of the gold electrodes immediately after
junction rupture. The grey trace irigure2.23A shows the voltage ramp applied to the
piezoelectric positioner in order to perform such experiments. Starting from a smashed junction
with conductance great¢han 5@ as always, the junction is stretched, then compressed, then
stretched once again. As with the regular-pull experiments, this procedure can be performed
thousands of times.

A sample conductance trace shown in redFigure2.23A demonstras a typical
junction evolution during the pupush procedure. After the rupture of the QPC, the pushing
distance kush required to regain 1§conductance is greater than the original pulling distance
Lou. This suggests that immediately after junctiopture, the electrodes rearrange in order to

relieve the strain built up during stretchi

n
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distance by taking the differencgubirLpur in every pultpush trace and binning the results into a
histogram. Sch a histogram of snap back distances from 10000 traces is shdugume2.2

3B. The distribution is well described by a Gaussian centered at 0.65nm, suggesting that on
average the gold electrodes relax by®A immediately after rupturfl8, 19] Gaps of this size

are ideal for binding molecules dmetorder of 1nm.

2.2.4Pull-hold-push Procedure
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Figure 2.2-4: The piezo bias ramp (dashed grey) during the-palt-push procedure. Sample traces
collected in the presence of three diamino alkanes of vargingth. Inset: Histograms of push back
distance for each molecule.

We are also interested in learning about the distance between electrodes while molecules
are bound in the junction. Such information can give insight into the binding configuration of
the metatmoleculemetal junctions and the source of conductance variatih20] To make

this measurement we modify the pplish procedure slightly.Figure 2.2-4 shows the piezo
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ramp used for these experiments. After smashing tco5@reater to form a new geometry, the
junctions are pulled apart by a few nms, then held still for .025 seconds and pushed together
again. We are interested in finding the intelectrode separation of the junction during the hold
segment of the trace and correlating it to the conductance at that separation. To that end, we
measure the distance required to push the junction back tg €obductance after the hold; this
distance is marked by the dark black arrowFigure 2.2-4 for the case of the pale blue trace
measured in the presenoé butanediamine. We measure this distanggnlalong with the
average conductance during the lastO30seconds of the hold section on every trace in the
dataset. We then select traces that maintained the molecular conductance during the hold and
makea histogram of the Jusndistances measured on those traces.

The resulting histograms for three diaminoalkanes are shown in the ifsgute2.2-4.
There is a clear correlation between the length of the molecule and the most commonly observed
inter-electrode separation. This suggests that longer molecule can bind in the junction when the
electrodes are further apart than shorter molecules. h®rother hand, there is significant
overlap between the push back distributions, indicating that longer molecules can bridge small
tip-sample gaps by binding higher up on the electfd®s Furthermore, although the
distribution of electrode separation is wddeoughly 58 the distribution of conductance is
small as shown in the next section. This is consistent with earlier findings thattammeated
molecules show a narrow range of coadnce values because they bind preferentially to under

coordinated gold atorfg].
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2.3 Analysis Procedures

2.3.1Conductance Histograms

We collect thousands of traces of the type showRigure 2.22 in the course of each
experimenit3, 10]. This statistical sampling is critical because each measured trace corresponds
to a unique starto configuration involving tens of gold atoms; we ensure that every trace starts
from a new geometry by smashing our junction prior to elongation to erase memory of the
previous measurement. The initial configuration evolves through a series of elagplasticd
deformations as the junction is stretched to a unique final geometry right before the breaking of
the QP12 21]. Becase we do not control the atomic configurations we probe, we cannot
assign an event in the measured current to a known atomic configuration. Instead, we can
average over thousands of traces to identify the most commonly observed transport

configuration§7, 13).
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Figure 2.3-1: A) A linear histogram constructed from 2000 measured conductance traces usingize

of 0.001G0. The inset shows a histogram of the same dataset constructed using a bin size of 0.0001G0 on
a log scale. B) Conductance histograms constructed out of at least 10000 traces collected in the presence
of olygophenyl diamine molecule€lear peaks below 1G0 appear at a moleespecific value.
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This average is performed by creating histograms of conductance traces. All the current
data points measured in the course of a trace are binned along the conductance axis. The
resulting histogam constructed from 2000 consecutively measured traces on a clean gold
substrate is shown iRigure 2.3-1A; a bin size of 0.0016&was used. Peaks in conductance
centered at integer values o (ddicate that geometries corresponding to these conductance
values occur most often during junction elongdtl@h More than 99% of our measured traces
contain a plateau near d@hich corresponds to a single atdhick neck between the tip and
substrate right befe rupture of the QFQ8]. Once the singlatom thick chain ruptures, a
tunnel gap opens up between tip and substrate. Conductance drops, but quantum tunneling leads
to small currents which decrease exponentially withséipple distance as discussedthe
previous section. In histograms, this vacuum tunneling signature results in a power law
dependence at conductance values beloyakGhown in the inset &igure 2.31A.

Once molecules are added to the sample, additional plateaus in conductance traces are
visible at a molecule dependent value as showkigare 2.22C in the previous section. As for
clean gold measurements, histograms are constructed without any detiarsdbeit smaller bin
sizes are used to resolve the molecular conductance peaks at a fractign oA Iidtogram of
at least 1000@acess shown inFigure 2.31B. Each dataset was collected in the presence of an
oligophenyl diamine of different letly. A well defined peak is visible for each molecule. The
peaks can be fit to extract the most commonly observed conductance value. A graph of
conductance against molecule length is shown in the ing@gtwe 2.31B. We see that as the
length of themoleculeincreasesthe conductance decreases exponentially, consistent with the

Simmons tunneling model which assumes that electrons tunnel through the molecular backbone
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asacrossabarri@?]. The decay p ar aonathe workfuncticeapie Buhtion

14, but on the difference between the metal chemical potential and the closest molecular orbital.
We find that each family of molecules we stédglygophenyls, alkanes or polyedebas a

uni que b characteri st i-tUMDfgapt These sends grgue stramgly e c u |
that the conductance plateaus observed in traces and the resulting peaks in histograms are indeed

a result of transport througingle molecules trapped between metal electrodes.

2.3.22D Histograms of Conductance and Displacement

Our measured traces show conductance as a function of junction elongation. But
conductance histograms only preserve conductance information and digoanmthtion about
how conductance evolves with pulling. To analyze this displacement information in a statistical
manner, we construct-dimensional histograms, binning along both the conductance and
elongation axis. We set the df@pture event as tharigin of the elongation axis on each trace
and then bin each measured trace by assigning every data point to a position on a 2D
conductance vs displacement grid. The conductance axis uses logarithmic bins with 10
bins/decadeFigure 2.3-2A shows a histogram constructed using this procedure out of the same
data set as used fbigure 2.31A. Because all the traces have been aligned along-éxesky
the Grupture event, peaks in conductance at integer multipleg chiGbe mapped to a position
relative to 0. We see that at room temperature in ambient conditiogspldBaus are on

average shorter than ~0.2nm. In addition, 2 and @&eaus prcede the formation of the
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singleatom thick chain as expected. Following junction rupture, current decays exponentially

with displacement, consistent with tunneling through thesaimple gap.
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Figure 2.3-2: A) A 2D conductance histogram which preserves displacement information constructed out
of 2000 traces <collected on a cl| eantetrgnethyd , ddmpl e.
biphenyldiamine; molecular structure is shown in the inset.

We canuse a 2D conductance histograms to obtain displacement information about
molecular junction formation and evolutiphl, 19, 23] To examine molecular plateaus, we
focus on all data points after the @pture. Figure2.3-2B shows a 2D histogram constructed
from 15000 t r-etamehyd cdipheByldidniine.6 A @deéar peak centered at the
most likely conductance value is visible as in the linear 1D histograms. In addition we obtain
information about how metaholecule junction conductance eved/with elongation. We see
that for diamine molecules, average conductance remains unchanged as the junction is stretched.

Junctions persist for displacements far larger than the length of the nigolgebond more
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than 4A in the case of the biphenyfigative shown inFigure2.3-2B8 suggesting that atomic

rearrangements are occurring upon elongdtin.
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Chapter 3: Amine -Terminated Molecules on
Gold

Transport proprties through metaholeculemetal junctions will depend on the
properties and structure of the metablecule bond. Here we use the Scanning Tunneling
Microscope (STM) and spectroscopy techniques to study how an-tenmimated conjugated
molecule arrages on a gold surface. We find that the structure of theagoide bond affects
energy level alignment. This understanding will inform our transport measurements through

such metamolecule junctions.



3.1 Structure and Energy Level Alignment of Tetramethyl
Benzenediamine on Au(111) 1

Abstract:
We investigate the binding and energy level alignment of 2,3,5,6 Tetrariedhyl

benzenediamine (TMBDA) onu111) through a combination b&lium atom scattering (HAS),

x-ray photoemission (XPS), and soarg tunneling microscopy (STM). We show that TMBDA
binds to step edges and to flat Au (111) terraces in a nearlyifigtconfiguration. Combining

HAS and STM data, we determine that the molecules are bound on step edges with an adsorption
energy ofabout 1.2eV, which is about 0.2 eV stronger than the adsorption energy we measure on
flat surface. Preferential bonding to the undeordinated Au atoms on step edges suggests that
the molecules bind to Au through the nitrogen lone pair. Finally, sesgntinneling
spectroscopy measurements on TMBDA in these two different adsorption configurations show
that the HOMO is deeper relative to Fermi for the more strongly bound molecules on step edges,
confirming that the nitrogen bonds through charge donadidime Au.

Introduction:

Understanding the nature of amiAe binding is crucial for the advancement of
molecular electroni¢4] because amine and other nitrogesed chemical groupsve become
widely-used for binding organic molecules to Au electrodes in single molecule conductance
experiment®-6]. These linkers are attractive for such measurements because they bind to Au

reproducibly, allowing many repeated singh®lecule measurements to be performed with

!M. Kamenet ska, M. Del |l 6Angel a, A. ®ssaroVD. dCaetkcAk vy G.
Morgante, LVenkataramanl. Phys. Chem. C111, 1262512630, (2011)
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consistent outcomgd. Theoretical calculations suggest that antereninatel molecules bind
to undercoordinated Au with a binding energy of about 0.9#&9] through the nitrogen lone
pair.  Thus, they form a relatively weak, but selective da@awoeptor bond to an under
coodinated Au atom on the electrode which allows for reproducible conductance measurements
even as the exact geomebdf the contact is vari¢dlO, 11]. Other linkers have been found to
bind through a similar mechanism, increasing the importance of studying -acrepto
binding12, 13]. However, few direct surface studies of ardieeninated molecules on noble
metals have been performed to identify their binding structures and electronic priipédit}s
Such information could elucidate the mechanism behind the reproducible-aminend and
offer clues about other chemical moietibat could be used for singteolecule conductance
experiments.

Here we present first direct observation of the two different binding configurations of
TMBDA on Au, probe their range of binding strengths and resulting edevgy alignment. We
focuson TMBDA as a model system as it has been well characterized in the soljd&tate
electron transport measurements of TMBDA has been carried out byTidebased break
junction techniquil8]; and TMBDA molecular layers have been studied by XPS and NEXAFS
on Au surfacgd5]. In particular, TMBDA has previously been shown to bind to both Au(111)
and to undecoordinated Au and to have slightly higher binding energy than the unsubstituted
1,4 Benzendiamine on both surfacgb, 18]. Using a combination of helium atom scattering
(HAS), xray photoemission spectroscopy (XPS), low temperature scanning tunneling
microscopy (STM) imaging as well as spectroscopy (STS), we examine the monolayer

morpholoy and electronic properties of TMBDA on Au(111). We show that on flat terraces of
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the Au(111) surface, the molecules form a packed, ordered monolayer, with the benzene ring
lying nearly parallel to the surface. The molecules prefer to adsorb on the Hcfcan
domain$l9], where both nitrogens can coordinate to the Au. We also see that TMBDA exhibits
the strongest affinity to und@oordinated atoms at the step edges, consistent with -donor
acceptor bonding tbugh the nitrogen. Finally, STS measurements show that this stronger bond
on step edges results in the deepening of the molecular HOMO relative to Fermi because of
charge donation from the molecule to the ).

Experimental Methods:

HAS and XPS measurements were performed at the ALOISA/HASPES beamline (Elettra
Synchrotron, Trieste) @hSTM measurements were carried out at the Center for Functional
Nanomaterials at Brookhaven National Laboratory. TMBDA was purchased from Fluka (>99%
purity) and used without further purification. Prior to forming molecular monolayers, the
molecule is aaned by several cycles of pumping at room temperature down {6 te8e
Details of monolayer and suhonolayer preparation in ALOISA/HASPES have been reported
elsewherflS]. For measurements with the STM (Createc3TM), a singlecrystal Au(111)
was first cleaned by two cycles of sputtering with &0 Torr, 1.5 keV, 10 min) at3C and
then annealed to temperatures above 400C for 10 minutes irhigtravacuum (UHV). We
used a solid Au tip (Alfa Aesar, 99.999% purity), hand cut and then annealed in UHV. After
cleaning, we imaged the sample to confirm that atomically flat sutias been achieved with
the characteristic herringbone reconstruction. Subsequently, the sample was brought to room
temperature and transferred to the Maak of the STM which was pumped to a base pressure of

5x10° Torr. The sample was then exposedtTMBDA pressure of 5x10Torr for 15 minutes
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by heating solid molecules to about 40C. The sample was then transferred back into the STM
chamber and cooled to cryogenic temperatures at pressures bt

Results and Discussion

6 |- (0,0) — 23xsqrt(3) Au(111) 6 [
10 = TMBDA on Au(111) 10
10° |
; 105 i H NH 104 B
U 2 2 3 I
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= 4 0 100
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Figure3.2-1: A) Helium diffraction pattern al-Auflgl) <1 1 O
chevron reconstruction of the clean surface (red trace) and for the TMBDA monolayer on Au(111) (blue
trace). Clemical structure of TMBDA is also shown. Inset: intensity of the HAS specular peak during
deposition as a function of time. B and C) RHEED along <112> and <110> respectively.

A HAS measurement of the surface reflectivity taken during deposition is shawsei

of Figure 1A. HAS specular peak intensity first drops then saturates, consistent with a formation
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of a saturation phase at room temperature. This phase has previously been attributed to a single

monolayer of TMBDA on Au(111}15]. Figure 1A compares HAS diffraction spectra of the

clean Au(111) surface witB3 x 13 herringbone reaustructior20] and the TMBDAcovered
surface which shows additiahfractional order peaks along thel8% direction corresponding

to a 3fold periodicity. Reflection high energy electron diffraction (RHEED) spectra, shown in
Figure 1B and C along the #1> and <12> directions respectively confirm these findings and
indicate no additional periodicity along the latter direction. The narrow shape of specular and
fractional HAS diffraction peaks evidence a very high degree of long range order in the TMBDA
covered phase. These measurements indicate that TMBDA monolagarsim the overall
surface structure of the underlying Au(111) and are ordered in tt@><direction over length
scales of hundreds of Angstroms with-8oRl periodicity.

To investigate the structure of TMBDA films on Au(l) in more detail, we turn to STM
which can serve as a local probe of structural and electronic properties of the molecule on Au.
Figures 2A and B show STM images of a monolayer of TMBDA on Au(111) taken at 70K. The
molecules are roughly hexagona$iggped and about 1 nm in length (Figure 2C), and thus
appear to adsorb in a nearly flging configuration on the Au with the plane of the benzene ring
parallel to the surface. Despite full coverage, the underlying herringbone reconstruction of Au
(111) isclearly visible in Figure 2/21], indicating a relavely weak interaction of amine
terminated molecules with the Au(111) surf@&&. In agreement with HAS, all STM images
taken reveal the molecules to be well ordered in thEOxMirection with a dold periodicity
(Figure 2A). However, there is no additional periodicity along the2xldirection that is

maintained over large areas.
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Figure 3.1-2: A) STM images taken at 70 K of the saturated TMBDA mgaplaith +165 mV bias
applied to the substrate and 130 pA-geint current. B) Smaller scale image of the same area as shown

in A taken in the same tunnelling conditions. Inset shows chemical structure superimposed on the high
resolution STM image ofIBDA. C) The profile along the <110> line indicated in B.

To further investigate the strength of adsorption of our aft@mainated molecules to
Au, we image regions of our sample at different coverages by performing temperature dependent
desorption studis. We remove our sample from the experimental chamber of the STM and heat
it in the preparation chamber where pressure does not exceed abofitT®xdfuring heating.
Previous work has shown that TMBDA on Au(111) starts to desorb at about 70C andofomes
fully at about 170CL5], but no localprobe investigation into relative bindjnstrengths of
adsorption geometries have been performed. Figures 3A and B show STM images of sub
monolayers created by flashing the saturated monolayer to 100C and 120C respectively. About a

third of the monolayer is lost by heating the sample to 18)@stimated from STM images
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(Figure 3A), but even on the Au(111) terraces, molecules do not come off evenly from all parts
of the surface; flashing leaves clear empty Au(111) regions. These empty regions coincide with
the discommensuration (bright) line the herringbone reconstruction, where the hcp and fcc
regions of Au(11l) surface mefd€]. Further flashing to higher temperatures brings the
coverage on flat terraces even lower, with few remaining molecllstering in groups of three
or four on the hcp and fcc regions as shown in Figure 3B. These groupings could be a result of
weak hydrogen bonding previously reported for this mol¢tdle Strikingly, after a flash to
120C, the step edges remain fully decorated with molecules even while the flat terraces are
nearly empty (Figure 3B). We can combine our new findings with previous {é&sllte
estimate the adsorption energy of molecules on flat surface and on step edges. gkhatvin
molecules on flat Au desorb at about 100C, and molecules on step edges desorb at about 170C,
we can determine approximate adsorption energies. We use the desorption measurements from
our previous workl5], where we monitored the HAS specular peak while heating the substrate
at a 5K/s rate. Applying the Redhead formi@8 and using standard parameters for foster
desorption kinetics for conjugatedolecule$24] we find adsorption energies of 1 eV on the flat
surface and around 1.2 eV on the step edges. We note here that these adsorption energies are
higher than those computed witargity functional theory (DFT) due to a lack of van der Waals
interactions in standard DIFA, 8, 25, 26].

We now investigate the origin of uneven desorption off Au(111) terraces upbmdas
As already discussed, desorption studies show that molecules attached along the bright lines of
the herringbone are bound more weakly than molecules on the darker regions of the

reconstruction. Indeed, closer inspection of Figure 2B reveals thanhtine strongly bound
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molecules found predominantly on the hcp and fcc regions of the surface appear more symmetric
(blue circles) than the more weakly bound counterparts along the herringbone (green circles) in
the full monolayer. A zoomenh image in Fgure 3 shows the difference between two species
with higher resolution where molecules on the herringbone appear tilted (circled in green),
whereas molecules between herringbone lines are more symmetrically bound (circled in blue).
This suggests that the flatohecules are bound with both nitrogens equally coordinated to the
surface. In contrast, the weaker bound molecules on the flat Au surface which appear tilted, are

probably bound through only one nitrogen and desorb from the surface first.

Figure 3.1-3: A) A flat terrace at 5K after flashing to 100C, imaged at +100mV bias applied to the
sample, with segpboint current of 150 pA. B) Terrace and step edge at 5K after flashing to 120C, imaged
at +100mV bias apjed to the substrate, with spbint current of 75 pAC) A smalletscale image of the

area between two herringbone lines (top left corner and bottom right corner) takefulbmanolayerat

-295 mV sample bias at sgoint current of 200 pA.

To investgate the nature of the distinct binding configurations of TMBDA on flat
Au(111) we perform carbon and nitrogerray photoemission spectroscopy (XPS), which is
known to be sensitive to the chemical environment of atomic species in the molecule and their
distance from the metal surfd2&, 28]. XPS can thus distinguish different binding chemistries

of the two distinct molecular species identified in the STM images. For refenraecérst
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performed XPS of a multilayer of our molecules on Au(111). Our multilayers are estimated to
be over 2 nm thick, so the influence of the substrate on electron energy is negligible. Figure 4A
shows two distinct C1s comdectron binding energiedf the multilayer at 284.4 and 285.1 eV
which can be assigned from the literature to the distinct chemical environments for carbon
TMBDAOJ the substituent methyl groups and the benzene ring respef28jelyThe carbons
closest to the amines should display a slight shift in the@ectron binding energy with respect

to the other arbons in the benzene ring, but this shift too small to resolve. The ratio of the area
under the two carbon XPS peaks is 0.6 and agrees well with the 4:6 ratio of methyl groups to
aromatic carbons. Only one species of nitrogen is present in the mult{laigeire 4B),
identified by a coreelectron binding energy of 399.2 eV. This indicates that in the multilayer,
the two ends of the molecule are identical and any hydrogen bonding differences between the
two ends in the solid state induce shifts thatmateresolved hef&7].

In Figure 4, we show also XPS spectra measured on a saturated monolayer of TMBDA
on Au(111), prepared as described above. We see that the C1s peaks are shifted to lower binding
energy by about 0.7 eV, due to the electrostatic screening effects when TMBDA is in close
proximity to the Au surfad@8, 30]. However, a small fraction of the signal (about 1j10
remains at 285.2 eV, at the same binding energy as the benzene ring C in the multilayer.
Similarly, most of the N1s XPS signahits down in energy by about 0.7 eV, though a small
signal (about 1/8) is visible at the same energy as the N1s peak seen for the multilayer film.
Since molecules are weakly bound on Au(111), the shifts seen here are most likely due to
electrostatic effcts rather than chemical interaction. We thus conclude that about 1 in 11 carbon

atoms and 1 in 4 nitrogen atoms are far from the surface, indicating that about half the molecules
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are in a slightly tilted geometry with only one N coordinating the gdids iB consistent with the

STM image in Figure 3A, which shows a similar prevalence of both flat and tilted species.

Monolayer

Monolayer

XPS Intensity (a.u.)

Multilayer

Multilayer

282 284 286 288 398 400 402
Electron Binding Energy (eV)

Figure 3.1-4: A and B) XPS on Carbon and Nitrogen respectively performed using a pérotogy of
500eV. For both species, spectra for the monolayer and multilayer coverage are shown. The multilayer
signal was scaled by 0.15 for comparison with the monolayer. Traces are offset vertically for clarity.
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Figure 3.1-5: A and B) A 3D rendering and 2D image of a full monolayer of molecules on flat terraces
and on the edge taken with +65 mV tunneling bias and 90 pA set point current. Inset to B shows a smaller
scale image of the moleculesumal on the edge, circled in red. C) STS specti §hown on the top

panel, and dI/dV shown on the bottom panel) taken on B with the same tunneling parameters on step edge
and on terrace (green and blue spots) and on clean gold (grey). Each tratavemage of at least 40
individual spectra, each taken over 2 seconds using-ifodlechniques. dI/dV spectra are fit with
Lorentzian peaks, where the green displays a single peak within the range prebgd\a{dashed green

line). The blue is bestt fvith a two Lorentzians, centered-dt5 V and at2.0 V (dashed blue lines).

To further examine the nature of this nitrogen bond to Au and to investigate the effect of
a reduced Au coordination played in molecular adsorption on step edges, we pegonimeg
tunneling spectroscopy (STS) measurements on TMBDA on Au(111) at 5K. Figures 5A and B
show the area used for STS measurements where molecules bound on the terrace and along a
step edge are present. Furthermore, the zoomed in image of the seghedg in the inset of
Figure 5B emphasizes the changed electronic structure of molecules bound there with respect to
those bound on flat terraces, pointing to the effect of stronger binding to undercoordinated atoms
on the electronic structure of TMBDAFigure 5C shows an average of at least 40 current
voltage (IV) and differential conductance (dI/dV) curves taken on edge (green traces) and
terracebound (blue traces) TMBDA at the locations indicated in Figure 5B. Due to the weak

Au-N bond, we were nadble to use integration times higher than 2 seconds per voltage ramp
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without desorbing molecules during the measurement. To compensate for the short integration
time and ensure that surface was not altered by the measurement, we took many fast IV ramps
ard averaged at least 40 consecutive spectra, imaging the surface after a series of IV
measurements to ensure that the coverage had not changed. To obtain dl/dV representing the
local electronic density of states (LDOS) on the subg$8#teve used a 40 mV oscillation at a
frequency of 2kHz and loei detection of the fitsharmonic. We see, in Figure 5B, steeper
increase in current in the 1(V) spectra and a greater LDOS in the filled part of the spectrum for
terracebound TMBDA when compared with the edigeund molecules. A clear peak, indicating

the position of the HOMG@or edgebound TMBDA, is seen afL..7eV. In contrast, we do not see

a clear single Lorentzian peak for the terraoend TMBDA. It is likely that for these terrace

bound molecules, both HOMO and HOMCOare close to Fermi, resulting in a wide feature in

the dI/dV spectrum. We fit this wide peak with a double Lorentzians and find two pedk$ at

eV and-2.0 eV which we attribute to the HOMO and HOMQespectively. Using these results,

we see that the HOMO shifts away from Fermi in TMBDA bound on uodedinated Au is in
excellent agreement with previous photoemission stlibpsClealy, the stronger binding of

the molecules on stegdges results in a lowering of the occupied molecular orbitals relative to
Fermi, indicating that the {lbne pair donates charge to undeordinated Au. The tops of
undercoordinated stepdges are knowmo be electron poor and therefore can act as good
acceptors for the Nbne pair on the TMBDR32]. Finally, the uroccupied side of the STS
spectra do not show any features or resonances within 2eV of Fermi, confirming that the HOMO

constitutes the dominant conductance channel in single molean#port measurements.
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Conclusions:

We determine, using HAS, STM and XPS measurements the structure of TMBDA
monolayers on Au(111l). XPS and STM reveal that about half of the molecules on Au(111)
terraces are lying flat with both nitrogens coordinating to Au atoms on the surface, while the
remaining are slightly tilted, with one unbound nitrogen. HAS temperature desorption studies
combined with STM images show that molecules adsorb on step edges with an adsorption energy
that is higher than on Au(111) terraces. Finally, STS shows thattbrsyer AuN bond results
in greater charge transfer to the Au, as evidenced by the deepening of the molecular HOMO on
molecules bound to undepordinated Au atoms on step edges.
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Chapter 4. Geometry-Invariant Transport
through Single Molecule Junctions

The realization of functional molecular electronic components relies on methods to
reproducibly bind organic molecules to metal electrodes. Hgpegsent twodistinct binding
motifs both of which results in reproducible conductance signatures in -joreztion
experiments. First, we show that the chemical specificity of the emu@ptor bonds formed
between undecoordinated gold andonepairs on the aminemethyl sulfide and dimethyl
phosphinelinkers results invell-defined transport properties that are invariant with geometry;
conductance is recorded as a function of junctiongdtion, yet itremains largely unchanged
even as junction structure evolv&8e find that welldefined, invariant conductance signatures
can al so be obtained wusing direct-systemidang be
family of paracyclophane molecules. Thisding motif is promising for creating wetbupled

metalmoleculemetal junctions with reproducible conductance signatures.
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4.1 Formation and Evolution of Single-Molecule Junctions 2

Abstract:. We analyze the formation and evolution statistics of singbkecule junctions
bonded to gold electrodes wusing amine, met hyl
measuring conductance as a function of junction elongation. For each link, the maximu
elongation and formation probability increase with molecular length, strongly suggesting that
processes other than just metablecule bond breakage play a key role in junction evolution
under stress. Density functional theory calculations of adiabajectories show sequences of
atomicscale changes in junction structure, including shifts in the attachment point, that account
for the long conductance plateau lengths observed.

Over the past decade, the field of molecular scale electronics has comg wdg
towards elucidating and characterizing intrinsic molecular properties that affect transport. The
electronic properties of single molecules attached to metal electrodes have been measured
successfully by elongating and breaking nanometer scale wiges environment of molecules
using mechanically controlled break junctions and scanning tunneling microscopes (@TMs)
4]. Typically, the focus of these measurements has been on conductance anevoliags
characteristics. The physical structure of a single, nanoscale junction, such as an Au point
contact, however, has only rarely been directly obsd®jed\s a result, the role of junction size,
mol ecul ar conformati on, and t her mal pbuctuat
measurement$6-9], but fundamental questions regarding link bond formation and junction

evolution under stress remain to be answered.

2 M. Kamenetska, M. Koentopp, A. C. Whalley, Y. S. Park, M. L. Steigerwald, C. Nuckolls, M. S.
Hybertsen, and L. Venkataramddhysical Review Letterd02, 1268032009).
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Here we analyze a statistically significant sample of singidecule junctions made by
breaking Au point contacts in solution of the molesulusing a simplified STM, recording
junction conductance as a function of the relativesgpple displacemenfd]. These
conductance versus displacement traces, measured with aming, @Hethyl phosphine
(PMe) , and met hyl sul yde ( SMe)[10]) showlplateatisidaring b i n d
elongation, providing a signature of junction formation. The lengths of these plateaus for
different molecules probe the amount of elongation a junction can sustain without breaking. We
y n dat, tadnoss all end groups, longer molecules form longer conductance plateaus and have a
higher probability of forming a junction. Changes in applied bias voltage or elongation speed
have no discernible effe¢l]. Density functional theory (DFT) based ab initio calculations
simulating the junction elongation process for the,ldhid PMe links show clearly that the long
steps result from multiple processes including changes in the molecular binding site, changes in
the gold electrode structure, and molecular rearrangements, as well as bond breakage. Bond
breakage contributes only a small fraction of the total junctiorgelton distance. Furthermore,
thezerebi as transmission does not <change signiyc
site or gold electrode structure, consistent with the narrow peaks seen in the measured

conductance histograms.
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Figure 4.1-1: (a) Normalized linear conductance histograms ofdyanediamine, bin size 10 Gy),
1,6-hexanediamine( bin size 18Gy), and 1,4bis (dimethylphosphino) butan®, pin size 10Gy). Inset:
Sample conductance traces (offset horizontally for clarity) that show a molecular step for each molecule.
(b)i (d) Normalized 2D histograms for molecule2, and 3, respediely (100 bin/decade againsto®.7
nm=bin). (e) Normalized login condwetance histograms fdt, 2, and3.

Individual conductance traces for hdtanediaminel(), 1,6hexanediamine?, and 1,4
bis (dimethylphosphino) butan8)( measured under a bias of 25 mV with a pulling speed of 15
nm/s from a 1mM solution in 1,2@ichlorobenzene, are compared in the inset in Fig. 1(a).
These traces show plateaus with moledédpendent conductances and lengths; junctions of
butane with the PMdinks (3) have the longest plateaus, sustaining the largest elongation, while
those of buta@ with NH, links (1) have the smallest. Figure 1(a) shows the corresponding
normalized conductance histograms generated from around 40 000 measured traces, without any
data selection. The clear peak seen in these histograms reflects well the fact dwaiamol
plateaus occur repeatedly within ~50% (peak width) of a-gefihed conductance value (peak
position).

To distinguish differences in molecular plateau lengths, a-dwensional (2D)

histogram, retaining displacement information, is requjifeti 13]. Since conductance plateaus

occur in random | ocations along the diepl acem
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axis at the point in the trace where the conductance drops below GO. The 2D histograms, shown
in Figs. 1(bj 1(d), are then created with linear bins along the positive displacement (x) axis and
log bins along the conductance (y) axis for image claffpote: Using log bins shifts the
conductance peaks up by 15% as shown in Fig.[1&). The normalized 2D histograms show

that the molecular conductance peak extends to approximately 2.5A along the x &xi.5é¢

for 2, and 5.5A 6r 3. Comparing the two diamine4 &nd2), we find more counts and longer

plateaus for the longer molecule. We also see that RMes (3) sustain longer plateaus than

NH; (1).
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Figure 4.1-2: (a) Conductance step length distribution for diamino alkanes with 4, 6, 8, and 11 CH
groups in the chain. Crosses indicate theé" @®rcentile for each distribution(b) Conductance step
length (95th percentile) as a function of the number of CH2 gréompalkanes with the three links
studied.

To quantify these trends, we determining the length of the molecular conductance plateau

for each measured trace with an automated algofitsjrfor a series of alkanes with NHSMe,

and PMe links. From a histogram of plateau lengths [Fig. 2(a)], weder mi ne t he 061
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plateau for each molecule measured, defined as the@Sentile of the distributiofl6]. In

Fig. 2(b), we plot the longest step length as a function of the number of methyledey(Qibs

on the alkane backbone. Comparing molecules with the sikegioup, we see a striking

increase in junction elongation distance with molecule length. Linear fits to these data show a
similar slope, but they are offset vertically, with the BNigk having the largest intercept. This

is consistent with our prewirs assertion that the elongation distance between the energy

mi ni mum conyguration and the force maxtomum of
SMe to PMeg [10]. We also analyzed measurements of a series of oligophenyls (one, two, and
three rings) with NH links and find a similar linear increase in junction elongation with
molecule length.

Our analysis shows that, in individual conductance traces, an Au point contact is thinned
out to a single atom chain and breaks; then a molecular plateau is seen, with a length and
frequency that depend on the molecule length. When the Au contact bheaka) atoms snap
back[17] leaving two electrodes that are separated by about 48%A7]. This suggests that,
for junction formation, short molecules insert with the link groups bonded to the apex atom of
the tip and substrate, while long molecules can bind away from one (or both) apex atoms. Once
a junction is formed, upon elongat, the binding site could move from one atom to the next, or
the gold electrodes could deform under the pulling force. This implies that longer molecules
have access to a |l arger number of Dbinding sit
the fraction of traces with steps increases systematically with molecule length from about
25%for ethanediamine to 65%for butanediamine, 85%for hexanediamine, and about 95% for

octanediamine.
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Figure 4.1-3: Calculated adiabatic 1,9utanediamine junction elongation trace. (a) Relaxed junction
geometries at four different positions. (b) Binding energy relative to relaxed, isolated Au pyramids and
molecule. (¢) External applied force calculated from the derigatifs junction energy with respect to
elongation. (d) NAu bond lengths: upper N to the Au atom on the second layer (+), to the Au atom on the
bottom layer (), and the lower NAu bond ¢). (e) Conductance.

There are certainly alternative scenarios for fiamcformation. First, gauche defects in
alkanes are relatively low energy, so a bent or folded conformation could bind at thé] arek
unwind under tension resulting in longer conductance plateaus. However, in sughtlcase
junction conductance would initially be significantly lower, contrary to what we observe in the

2D histogramg8]. Also, such folding will not occur for oligophenyls. Second, molecules could
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already be bridging the tip and substrate in parallel to the Au point contact prior to gap formation
[9]. While this would be very unlikely for the short molecules in our study, we cannot
conclusively rule it out for longer molecules.

To probe molecular junction evolution, ab initio calculationgdfbatic pulling traces
were conducted fot and 3 with different initial geometries. The contacts are modeled with Au
pyramids (20 atoms each) with (111) surfaces. The tip atom on the top pyramid was moved to an
adatomsite on one facet. We considered starting geometries in which one link group was bound
to an atom on the edge of the top pyramid (Fig. 3) or to the adatom on one of the faces (Fig. 4).
We studied eight distinct junction structures, four with each linkes&rare illustrative scenarios
that probe two types of Au |link site (edge an
versus phosphine). They include selected variations in molecular backbone angle and other
constraints to probe the robustnesshef main conclusions. The back layer of Au atoms for the
top and the back two | ayers of the bottom pyr
4.08A (except where noted below). All other degrees of freedom were relaxed until all forces
were lessthan 0.005 eV/A. The junction was then elongated in 0.05A steps by shifting the
bottom pyramid along the z direction and then fully optimizing the geometry.

Total energy calculations and geometry optimization were performed with the quantum
chemistry pakage TURBOMOLE v5.1Q18]. A DFT approach was used with a generalized
gradient approximation functional (Perd®urke-Ernzerhof form)[19] andan optimized split
valence basis set with polarization functions (designated-$&R) [20, 21]. The ballistic
electron transmission through the jJjunction w

applied to the compositectrodemolecule system and a simplified embedding-ealrgy22,



64

23|[24]. The zerebi as conductance is given by transmis
function was based on the eigenstates from the DFT calculation. Test conductance calculations
for 1,4benzenediamine agreed with earlresultg15]. While the DFFderivedfrontier energy
alignment results in systematic errors in the calculated conducfabc@5, 26], errors are
modest for alkaneas the Fermi energy is roughly in the middle of the gap between the highest
occupied and lowest unoccupied molecular orbital enefgié&s

Fig. 3 shows an illustrative scenario where the, Mittially binds to the edge atom of the
second layer of the upper pyranizB]. The NH remains coordinated to this Au atom for about
1.5A with an increasing Mu bond length. When it approaches a bridging geometry, the NH
abruptly jumps (at z = 1.8A) to bind to the lower, corner Au atortheriip. Following the jump,
the N‘Au bond lengths remain relatively constant up to about z = 3.5A, with the geometry
adjusting through bond angle changes. Then the bottefu Ntarts to elongate, and the
maximum sustained force of 0.8 nN is observed zear3.8A. Up to z = 3.8A, the calculated
conductance is consistent with a single step as it would be observed in the experiments. After z
= 3.8A, the conductance decreases exponentially withuNoond elongation. The abrupt
termination of experimentatdces is consistent with energy cost to break the lowauNond
(<0.4eV) at z = 3.8A and thermal fluctuations on the millisecond time scale. Calculations starting
from a similar junction with PMgelinks showed more extensive Au electrode deformations,
including plastic deformation of the tip region and extraction of short Au chains.-AaebBnd
to the lower pyramid broke after 4 BA elongation with a maximum sustained force around

1.4nN.
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2 3 4 5 6
Junction Elongation (A)

Figure 4.1-4: Calculated adiabatic 1is(dimethylphosphinéjutane junction elongation trace. (a)
Relaxed junction geometries at four different positions. (b) Binding energy. (c) External applied force. (d)
P-Au bond | ength: wupper ( +)uctanced | ower (@) pyramids.

Figure 4 shows a different scenario with a BN initially bound to the Au adatom tip
face [27]. There is an initial twist in the molecule (0.2eV energy cost) which could be realized in
experiment due to constraints in available binding sifége conductance thus starts low 32
10*Gy) as the electronic gateway state of thawPlink is not aligned with the sigma states of the

alkane backbone. Under stress, the molecule untwists, initially slowly and then with a rapid
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readjustment at arodrz = 3.3A, and conductance rises t0l8° G,. At the same time, the Au
adatomis dragged towards the edge of the pyramid, adopting a twofold coordination against the
pyramid edge. Atz = 3.7A, the nearest Au corner atom in the back layer is freed. This stabilizes
the upper Au pyramid against significant plastic distortion. FreaB82 to 5.1 A, the Au atoms
around the adatom distort, and at z = 5.1 A, the adatom abruptly jumps to the apex position with
the conductance increasing to aboxtl@® G,. The PAu bonds and Au apex structures stretch
modestly with the lower Au bond takng up most of the elongation until it breaks at z = 6.9 A.
The conductance then decreases exponentially. The maximum sustained force is again about 1.4
nN, similar to the measured AAu breaking forcg29]. Experimentally, such a trace would
have an initial gap (low conductance value). Calculations done for similar junction structures
with NH> links showed that the ¥u bond was strong enough only to pull the Au adatom up to
a bridging position on the pyramid edge before the lowakuNbond broke at a maximum
sustained force of 0.8 nN.

An overview of all eight calculated trajectories showat the junction formation energy
at local minima spans the rangeilleV per PMgAu bond (15 minima) and 0.2.0eV per
NH2-Au bond (8 minima). With the exception of regions with a twist in the molecule, the
calculated conductance values undergo modestges when the link attachment point shifts or
the Au atoms near the link rearrange. The calculated conductance valdesafge from 1
3x 10° Gy, while those fo3 span a broader rangei (2x 10° G). These are slightly larger than
the experimental p&apositions in Fig. 1(a) at approximately 10° G, (1) and % 10° G, (3),
though the ranges are consistent with the measured histogram widths. Finally, the twist in the

molecule (gauche defect) results in a conductance smaller by 1 order of magniagteement
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with a very recent study of alkanedithiol junction evolution and conductg@@te From the
measured histogramsye conclude that such low conductance data are not statistically
significant and could occur in less than 5% of the traces.

Several fundamental points emerge from our work. First, junctions can form with the
link group bonded to an undercoordinated Aunatbigher up on the electrode with similar
binding energy and conductance. This naturally explains the higher probability of junction
formation observed for longer molecules. Second, under stress, such junctions can evolve
through different types of physicaotion of the link, either by hopping of the link group from
one available undercoordinated Au site to another (but never a bridge or hollow site) or by
dragging an undercoordinated Au atom, thereby distorting the Au structure. During this motion,
the onductance can be relatively stable, consistent with a single step in the measured traces.
Third, the stronger AdPMe, bond, compared with the ANH,, can extend the physical junction
over a larger distance, consistent with measurements. Finally, alis feighlight the diversity
of physical configurations that are probed when simgidecule junctions are formed. The
consistent measured conductance signatures that form thelefiakd steps derive from the
chemical specificity of the don@cceptor ink motifs. The lone pair on the link atom (N
fromNH,, S from SMe, and P from PMecoordinates a single Au atom on the electrode. Thus
local variations in electrode atomic structure and link geometry have only a modest influence on
the electronic coupling

We thank Ferdinand Evers for use of the advanced NEGF code. This work was supported
in part by the NSEC program of the NSF (Grant No. €MEB1532), NYSTAR, and a NSF

Career grant (No. CHB7-44185). Part of this research was performed at the CFN at BNL a



68

supported by DOE (Contract No. EAC02-98CH10886). C.N. and L.V. thank the Columbia

RISE grant for support.



69

423 ETCIA 1T 1T1TAAOCI A Al T AOAGAT ABADEDA
benzene rings determined with direct electrode to benzene
ring connections 3

Abstract: Under st anding el ectromacdked spwstemscrwislsl
fundamental questions about biochemical redox processes and benefit the design of new
materials and molecular devices. Herein we employed the STM break junction technique to
measure the single mol ec€ulset ackrducatraonntaet i @f r m
electron transport through up to four stacked benzene rings held together in an eclipsed fashion
via a paracyclophane scaffold. We find that the strained hydrocadtod®d herein couple
directly to gold electrodes during the measurements, hence we do not require any heteroatom
binding groups as electrical contacts. Density functional theory (DFT) based calculations suggest
that the gold atoms of the electrodes biadwo neighboring carbon atoms of the outermost
cyclophane benzene rings lirf fashion. Our measurements show an exponential decay of the
conductance with increasing number of stacked benzene rings, indicating-resanant
tunneling mechanism. Furtherneor STMtip substrate displacement data provide additional
evidence that the electrodes bindcdttac ktelle mol &
wires.

Understanding electron transport at the molecular level is crucial for the design and
constructim of functional nanoscale devi¢d% 32] and will also help to elucidate the

mechanisms of biological redox proce$88s One area of particular interest is hqwp

3 8. Schneebeli, M. Kamersii, Z. Cheng, R. Skouta, R.A. Friesner, L. Venkataraman, R. Breslow,
(COVER)J. Am. Chem. So¢ 133, 21362139 (2011)
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stacked aromatic rings conduct electricity, since electron transport through stacked DNA base
paird34] and amino acid residua&d] plays a key role in xenobiotic metaboli$8g)]
photosynthes[87] and DNA repaif38] Inspired by howp-p stacking is efficiently used by
nature to achieve directed long range electron transpast,believed that synthetic molecular
wires incorporatingp-p stacking will be useful as new electronic matef&8kor as components

in molecular devicepd0, 41] Furthermore, rigid synthetic molecular wires represent model
systems for their biological counterparts, for which it is often difficult to obtain reproducible
conductance data due to the large size and the increased flefdd)ity.

Measurements of molecular layers incorporating a paracyclophane deedfeld and
conductance between molecules held together by spantsupep stacking45, 46] have
provided evidence fsygstemst rHaweweptie intportant questsos of how o
t he el ectron t r ans p o--stickedpsystepme diffei 'omn sadufatednou | t i p
conjugated chains has not been addressed experimentally at the single molecule level. Herein we
are for the first time able to experimentally determine the single molecule conductance of
synthetic molecular wires withnultiple, tightly " - -stacked aromatic ring¥he benzene rings in
our synthetic molecular wires (compountlss 3) are held together in eclipsed fashion via
ethylene bridges as in [2:-ppracylophanel).

Electron transport measurements of single molearegarried out using the STM based
breakjunction techniqu¢3, 4] While in our previous work heteroatomttachedyroups such as
amineg4] phosphinelgt7] or alkylsulfide$48] were needed to conneotganic molecules to
metal electrodes, we herein find that simple hydrocarbons with strained aromaticamgs

directly contact two gold electrodess has been shown for C89] Since heteroatom linkr
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groups can destabilize molecular wifé§] employing simple hydrocarbons &skers could

allow access teonductance studies of less stable structures.

/A

00

Chart 4.2-1: Molecular wires with up to foup-p stacked benzene rings used in the gold STM break
junction conductance measurements. Compdwmds isolated athmeasuredis a mixture (1.35:1.00) of
the isomer8a (with solid black bonds) angb (with dashed black bonds).
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Figure 4.2-1: (A) Conductance Histograms of compourid$ 3 generated using a linear bin size of
10° G, for compoundsl and 2 and 10° G, for compound3. Inset: Conductancehistogram peak versus
numberof paracyclophane unitshown on a seniog scale The dotted line represents axponentiafit

to the data witha decay constanbof (1.94+ 0.25)/(stacked benzene uniBrror bars capture the
variability in peak position(B) 2D-histograms showing molecular conductance as a function of STM tip
sample displacement for compouridé 3 generated using a logarithmibinning with 10 bins/decade.
The displacement dimension was binned linearly with a bin size of A.0#& color scale indicates the
average number of counts per trace in a given conductdisggacement bin.The tipsample
displacement is proportiondb the length of the molecule in the brgakction[47, 51] The horizontal
blue lines in the 2D histogram for compouhdnark the section of the plot used to determine the step
length[47] Inset: Measured step length plotted against the distance between the outermost benzene rings.
The dashed line represents a linear least squares fit with slope ~0.
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Singlemolecule junctions were creat by repeatedly formingnd breaking gold point
contacts in a solution of the molecules in 1;2ighlorobenzengn a homebuilt setup.[4] While
compounds2 and 3 were measured under Argon atmosphere, all other compounds were
measured in airFor each molecule studied, the measured conductance traces reveal steps at
moleculedependent conductance values less than the quantum of conduG@n@e’/h; these
are due to conduction through a molecule bonded in the gap between the two Au aictsco
Figure 1a shows conductance histograms generated (without any data selection) fr6@00ver
measured tracdsr compoundd i 3.

Compoundl1 was obtainedfrom Acros Organicswhile compounds2 and 3 were
prepared according to known procedurely reductive desulfuration reactions with P(QEt)
under UV light from the corresponding dithia[3@racyclophane derivativgs2-54]
Compound3 was isolated as a 1.35:1.00 mixture of the two isordaend3b shown in chart 1.
The isomers were not separatéal this experiment, which might explain the broader peak
observed foB.

The inset in figure lashows the position of the histogram peaks determined from
Lorentzian fits to the data. We see tlis# moleular conductance decreases exponentially with
increasing number of stacked aromatic rings. This finding is consistent with-eeswrant
tunneling mechanism of the electron transpott r 0 u g hstatkéden®leculégnd strongly
suggests thatachgold electrode contds the outermost benzene rings in compoufds 3,
rather thanthe bridging ethylene group&urther evidence for thisonclusionis obtained by
analyzing twedimensional histogramfsl] showing molecular conductance as a figrc of

STM tip-sample displacement (figureBL Briefly, 2D histograms are generated using an
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automated algorithm by setting the rupture of thec@tact as the origin of the displacement

axis on each trace; conductance and displacement relative taredten binned to generate 2D

maps out of thousands of traces shown in figur¢5iB.The inset of figure B shows that the

most probablestep lengthincreasedinearly with the number of stacked benzene ringlse fact

that the slope is ~B.could indicate that the molecules on average bind at an angle or that they

often desorb from the junction while the-8pbstrate separation is still small enough to allow the
molecule to remain bound. While more investigation is needed, the lineardéepe of step

length on molecule length indicatést the metal electrodes bind to the outermost benzene rings

of the paracyclophanesd transport has a component along the molecular axis which lengthens

as the number of stacked benzene units is increds®an an exponentiafit to the conductance
datashown in Figure la we were able to determine the decay comstaith G ~ €° " as

(1.94+ 0.25)/(stacked benzene unit)sing a ring spacing of (3.070.02)A between layers of

stacked benzene rings this converts tb af (0.63+ 0.09)/A. This is smaller than the value

observed for alkanes, which show a beta of about QB/851 1 n f act , I f we cor
throughbond channel for this series of molecules, we see that it would increase by at least four

C-C bonds with the addition of each benzene layer (including one bond between carbons 3 and 4

in the benzene ring in chak). The resultingb would be ~0.5/(6&C bond), which is significantly

lower than previously measured values of ~A@®ond)[4] [47, 51] and cannot be accounted

for purely by conduct an c e thd significantgdifferendeetweén c hanr
the decay constant of tipep stacked paracyclophang$ 3 and the one of alkyl chains indicates

that the conductance channel in which electrons tunnel between the comgestacked layers
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has indeed a major contribution to the overall cotahae in [2.2dparacyclophane type
structures, as has been predicted in a computational study §43yell.

It is well known that the strained benzene rings in [pa&jacyclophanesan form
complexes with transition metalthat are in general significantly more stable than the
corresponding complexes involving normal, unstrained benzene[&6lg$o better understand
the role of strain in facilitating the binding of hydrocarbons to gold electrodes, we ntetmire
unstraned [4.4}paracyclophane4( obtained from Sigm& | dr i chdés rare chemic
found that4 did not show any molecular conductamtateaus irtraces or conductance peak in
the histogram to within the measurement limit of our experinfléigure 2),indicating that it
probably did not bind tgold electrodeslf compound4 had boundo the gold electrodes one
would expect to see molecular conductance traces with low, but still detectaideictance as

commonly observed for alkanes of siamilength[55]

- OMe F F
<O
=0Ir=elc=3

Chart 4.2-2: p-p stacked molecular wires without straif)( with an electron donating substituers),(
and with electron withdrawingupstituents ).

Further insight into the nature of the direct geldctrode carbon contacts observed
herein was obtained by studying substituted versions of-fa@jcyclophanelj. In general,
electron withdrawing substituents such as fluorines lowee tewisbasicity of the
paracyclophane benzene rings and therefore reduce the binding affinity for gold electrodes. On

the other hand, electrafonating substituents such as methoxy should lead to stronger binding to
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the electrodes. In order to test thigoothesis we synthesized fluorine and methoxy substituted
versions of [2.2paracyclophane (compoundsand 6) following known procedureh7-59]
Analogous to the synthesis of compourifisand 3,[52] we obtained the substituted [2.2]
paracyclophane and 6 in good vyield via a reductive desulfuration reaction of the
corresponding dithi§3.3]-paracyclophane derivatiseunder U\light. While we found that
compound 6 with four fluorine substituents did not bind to gold electrodesl conduct
electricity, results with themethoxy substituted compourtdwere very similar to those of the

unsubstituted [2.2paracyclophanél( figure 2).
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Figure 4.2-2: ConductanceHistogramsof compoundd, 4, 5 and6 generated using &near bin size of
10* G,.

To understand the relative gold binding affinities of compoufdss in a more
guantitative fashion, we carried out DFT based calculations of the molecular binding energy to
gold dimers, making the assumption that a linear chain of gold atoms links the molecule to the
electrode. All binding energy calculations were perfatmat the spin unrestricted
B3LYP/LACV3P**++//B3LYP/LACVP** level[60-64] with the Jagud65] software package.

The pseudospectral metlj6d@] was employed to speed up the SCF cycles. Default grids and

convergence criteria were employ&ile rote here that binding energies calculated with gold
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dimers cannot be compared directly with those of single gold atoms due to an odd/even effect on
the binding energi67] However, our focus here is on the trends in calculated binding energies,
which are robustCalculations with larger gold clusterghich will be necessary to get more
accurate gold binding energiethe compounds studied herein but are beyond the sddpes
work, are in progress and will be reported elsewhere.

We find two stable binding geometries for tgeld dimersbound to compound. The
first has thegold coordinaing theC;-C, i d o u ohdén@nh?fashion and the second with the
gold attachd in h-fashion to G of [2.2]-paracyclophanéwith C; and G definedin chart 1)
These calculated gold binding affilei$ of 0.74eV (17 kcal/mole)are very similar to the one
reported for G60 (0.67eV) with a gold dimer electrode modél/] To comparethese gold
dimerbinding energies of the cyclophane compouhds to the ones of traditionélewis-basic
heteroatom link groups, we also calculatedgblel dimerbinding affinity of methylamineT)
and dimethylsulfide 8), which are known to bind to undercoordinated Au in the experiments.
and dimethylether9) that does not bind to Au in the experimeriier the amine terminated
molecule 7), the calculatedyold dimerbinding enery is significantly larger than the ones
reported witheithera single gold atonor larger gold clusterp48]' [51] Nonetheless, theggold
dimer binding affinities serve as a guide for the relative gold binding strengths of the various

compounds studieldere
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Figure 4.2-3 Optimizedstructures (B3LYP/LACVP** |level) of compourt$ 9 bound b a singlegold

dimer pond distances in A). The most stable binding configurations are shown for all compounds. The
green godl dimer binding energy range represents compotinaissuccessfully bind to gold electrodes in
STMbreakjunction conductance measurements.

Figure 4 shows the calculated gold dimer binding enefgiesompounds B. We see
thatall molecules with gold dier binding energies above &Y actually bind to gold electrodes
in STM breakjunction measurements, allowing conductance measurements. Compounds with
lower gold dimer binding energies do not show any peaks in conductance histograms, consistent
with the understanding that these do not bind to undercoordinated Au on the electrodes. Finally,
these calculations show that paracyclkabpmhanes

or to the G-C, bond.
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Energy (eV)

Figure 4.2-4: Isosurfaceplots (contour value = 0.01) of the frontier molecular orbitals of [2.2]
paracyclophane 1) bound to twogold dimers.The two LUMOs shown are degenerate. Orbitals with
bonding character between the gold dimengl éhe benzene rings are lower in energy and are not shown
in this plot.

Frontier molecular orbitals determineg bnalyzing the moleculafartreeFock orbitals
(at the RHF/LACVP**/[UB3LYP/LACVP** |evel, computed with Gamefg&8]) are shown in
Figure 4 for moleculd bound to twayold dimers We see thathefrontier molecular orbitalare
mainly localized on the benzene rings and on the gold atiotisating that the Au is indeed
coupled to t he.Thopro@dediulthemevidencethat during electron transport
through thep-p stacked systems studied hereim ansport i s t fdatheotbagpthe t he
s-type molecular orbitals of the ethylene link groups

In summary, we were able to study the single molecule conductance of strained

paracycl ophanes- -stakkédhbenzepe rings. Wind that thé hydrocarbons
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studied form direct electrical contacts with gold electrodes in STM break junction conductance
measurements. The observed exponential decay of molecular conductance with increasing
number of stacked benzenegs confirms that the gold electrodes bind to the outermost benzene
rings of the paracyclophane derivatives. DFT calculations suggest that stable electrical contacts
are formed via coordination of the gold electrodes t€ C fi d o-lbohds efdhe outernsd
benzene rings ih? fashion. It is likely that many other unsaturated strained hydrocarbons can be
employed to form direct A&C bonds with gold electrodes as well. This possibility is currently
being explored in our laboratories and will be reportediia time.

Acknowledgement.

This work was supported in part by tidanoscaleScience and Engineering Initiative of
the NSF(Award CHE0641523), the New York State Office of Science & Technologythad
Division of Chemical Sciences, Geosciences, and Binses of the U.S. Department of Energy
(Grant DEFGO290ER14162).LV also thanks the Packard Foundation for support ang

thanks the Guthikonda family for an Arun Guthikonda Memorial graduate fellowship.

REFERENCES:

1. Reed, M.A., efal., Conductance of a molecular junctio8cience, 19972785336): p.
252254,

2. Reichert, J., et alDriving current through single organic moleculd®hysical Review
Letters, 200288(17).

3. Xu, B.Q. and N.J.J. TaoMeasurement of singlmolecule resistance by repeated
formation of molecular junction&cience, 200383015637): p. 12241223.



10.

11.

12.

13.

14.

15.

16.

17.

80

Venkataraman, L., et al.Singlemolecule circuits with welllefined molecular
conductanceNano Letters, 2006(3): p. 458462.

Ohnishi, H., Y. Kondoand K. TakayanagiQuantized conductance through individual
rows of suspended gold atomature, 19983956704): p. 780783.

Haiss, W., et al.,Precision control of singkenolecule electrical junctionsNature
Materials, 20065(12): p. 9951002.

Kornyshev, A.A. and A.M. Kuznetso\&ingle molecule tunneling conductance: The
temperature and length dependences controlled by conformational fluctuations.
Chemical Physics, 200824(1): p. 276279.

Jones, D.R. and A. Troisgingle molecule conductammf linear dithioalkanes in the
liquid phase: Apparently activated transpaitie to conformational flexibilitydournal of
Physical Chemistry C, 200711(39): p. 1456714573.

Huisman, E.H., et alStabilizing Single Atom Contacts by Molecular Bridgemation.
Nano Letters, 2008(10): p. 33813385.

Park, Y.S., et al.Contact chemistry and singlaolecule conductance: A comparison of
phosphines, methyl sulfides, and amin&surnal of the American Chemical Society,
2007.12951): p. 1576815769.

Huang, Z.F., et all,ocal ionic and electron heating in singheolecule junctionsNature
Nanotechnology, 2002(11): p. 698703.

Quek, S.Y., et al.Mechanically controlled binary conductance switching of a single
molecule junctionNature Nantechnology, 20094(4): p. 230234.

Martin, C.A., et al.Fullerenebased anchoring groups for molecular electronisurnal
of the American Chemical Society, 20A80(40): p. 1319813199.

Hybertsen, M.S., et alAminelinked singlemolecule cicuits: systematic trends across
molecular familiesJournal of Physics: Condensed Matter, 2QU837): p. 374115.

Quek, S.Y., et al.LAminegold linked singlemolecule circuits: Experiment and theory.
Nano Letters, 2007/(11): p. 34773482.

Although the 95th percentile is chosen arbitrarily, it gives a good measure of a
statistically significant longest step, the geometrically relevant quantity probed here.

Yanson, A.l.,, et al.Formation and manipulation of a metallic wire of single gatdms.
Nature, 19983956704): p. 783785.



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

81

Treutler, O. and R. Ahlrich&FFICIENT MOLECULAR NUMERICAINTEGRATION
SCHEMESJournal of Chemical Physics, 199821): p. 346354.

Perdew, J.P., K. Burke, and M. ErnzerhGieneralized gradient appximation made
simple.Physical Review Letters, 19967(18): p. 38653868.

Weigend, F.,Accurate Coulomifitting basis sets for H to RrPhysical Chemistry
Chemical Physics, 2008(9): p. 10571065.

Weigend, F. and R. Ahlrich8alanced basis sets split valence, triple zeta valence and
guadruple zeta valence quality for H to Rn: Design and assessment of ac&lgsigal
Chemistry Chemical Physics, 200%18): p. 32973305.

Arnold, A., F. Weigend, and F. Ever@uantum chemistry calculatis for molecules
coupled to reservoirs: Formalism, implementation, and application to benzenedithiol.
Journal of Chemical Physics, 2002617).

Evers, F., F. Weigend, and M. Koentogmnductance of molecular wires and transport
calculations based odensityfunctional theoryPhysical Review B, 200469(23).

With the 20 Au atom clusters, the seliergy (Gamma =2.7 ev) is applied to the back
two planes. The calcuated conductance is approximately constant for Gaibera=1

Koentopp, M., K. Buke, and F. EversZero-bias molecular electronics: Exchange
correlation corrections to Landauer's formuRhysical Review B, 2006.3(12).

Neaton, J.B., M.S. Hybertsen, and S.G. Lo&®enormalization of molecular electronic
levels at metamolecule mterfacesPhysical Review Letters, 20087(21).

Hu, Y.B., et al.,Conductance of an ensemble of molecular wires: A statistical analysis.
Physical Review Letters, 20085(15).

An animated visualization of trajectories is available -lina at
http://www.columbia.edu/~Ilv2117/Junctions08/

Rubio, G., N. Agrait, and S. VieiraAtomicsized metallic contacts: Mechanical
properties and electronic transporRhysical Review Letters, 19966(13): p. 2302
2305.

Paulsson, M., et al.Conductance of Alkanedithiol Singl#éolecule Junctions: A
Molecular Dynamics Studilano Letters, 2009(1): p. 117121.

Joachim, C., J.K. Gimzewski, and A. Avirafilectronics using hybrinolecular and
moncemolecular devicesNature, 2000408 6812): p. 541548.


http://www.columbia.edu/~lv2117/Junctions08/

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

82

Nitzan, A. and M.A. Ratnerzlectron transport in molecular wire junctionScience,
2003.300(5624): p. 13841389.

Cordes, M. and B. Giesg&lectron transfer in peptides and proteir@@hemical Society
Reviews, 200938(4): p. 892901.

Giese, B., Longdistance electron transfer through DNAAnnual Review of
Biochemistry, 200271: p. 5270.

Gray, H.B. and J.R. WinkleElectron flow through proteinsChemical Physics Letters,
2009.4831-3): p. 9.

Jeuken, L.J.C., et alElectrontransfer mechanisms through biological redox chains in
multicenter enzymesournal of the American Chemical Society, 20024(20): p. 5702
5713.

Meyer, T.J., M.H.V. Huynh, and H.H. Thorgdhe possible role of protowcoupled
electron transfer (PCET) in water oxidation by photosystenAthigewandte Chemie
International Edition, 20046(28): p. 52845304.

Yavin, E., et al.,ProteinDNA charge transport: Redox activation of a DNA repair
protein by guanine radicalProceedings of the National Academy of Sciences of the
United States of America, 200802(10): p. 35463551.

Wu, W.P., Y.Q. Liu, and D.B. Zhyi-Conjugated molecules with fused rings for organic
field-effect transistors: desigrsynthesis and application€hemical Society Reviews.
39(5): p. 14891502.

Solomon, G.C., et alThe Chameleonic Nature of Electron Transport througBtpicked
SystemsJournal of the American Chemical Sociel$223): p. 7887+.

Solomon, G.C.et al.,Understanding Coherent Transport througdtacked Systems upon
Spatial Dislocation ()J Phys Chem BL14(45): p. 1473%44.

Genereux, J.C. and J.K. BartoWlechanisms for DNA Charge Transpo@hemical
Reviews.110(3): p. 16421662.

Sefeps, D.S., et al.Probing picoupling in molecular junctionsProceedings of the
National Academy of Sciences of the United States of America, 20285): p. 8821
8825.

Seferos, D.S., et al.Singlemolecule chargéransport measurements that reveal
techniqguedependent perturbationslournal of the American Chemical Society, 2006.
128(34): p. 1126011267.



45,

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

S7.

83

Wu, S.M., et al.,, Molecular junctions based on aromatic couplingNature
Nanotechnology, 2008(9): p. 569574.

Martin, C.A., et al., Lithographic mechanical break junctions for singi®lecule
measurements in vacuum: possibilities and limitatidlesy Journal of Physics, 20080:
p. 065008.

Parameswaran, R., et aReliable Formation of Single Molecule Junctions with-Air
Stable Dphenylphosphine Linkerdournal of Physical Chemistry Lettei$14): p. 2114
2119.

Park, Y.S., et al.Contact chemistry and singlaolecule conductance: A comparison of
phosphines, methyl sulfides, and amin&surnal of the American Chemical Sogiet
2007.12951): p. 15768+.

Park, H., et al.Nanomechanical oscillations in a singl®60 transistor.Nature, 2000.
407(6800): p. 5760.

Schneebeli, S., et allhe Electrical Properties of Biphenylen€rganic Letters12(18):
p. 41144117.

Kamenetska, M., et alkormation and Evolution of SingMolecule JunctionsPhysical
Review Letters, 20040212): p.-.

Otsubo, T., H. Horita, and S. MisumiStudies on Syntheses of Multilayered
[2.2]ParacyclophanesSynthetic Communications, 16:76(8): p. 591596.

Kannen, N.O., T.; Sakata, Y.; Misumi, S.Synthesis of Triple layered
Metaparacylophane®Bulletin of the Chemical Society of Japan, 194§(11): p. 3307
3313.

Higuchi, H., et al, New Synthetic Method of [2.2]Cyclophanes aVi
Diselena[3.3]CyclophanedBulletin of the Chemical Society of Japan, 198%11): p.
4027-4036.

Hybertsen, M.S., et alAminelinked singlemolecule circuits: systematic trends across
molecular familiesJournal of Physic€ondensed Matter, 20080(37).

Schulz, J. and F. VogtlelransitionMetal Complexes of (Strained) Cyclophanes
Cyclophane$994, SpringeWerlag Berlin: Berlin 33. p. 486.

Filler, R., et al.,Synthesis of Polyfluoroaryl [2.2] Cyclophane®urnal of Fluorine
Chemistry 1986.30(4): p. 399414.



58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

84

Hibert, M. and G. SolladieSubstituent Effect during the Synthesis of Substituted
[2.2]Paracyclophane by Photoextrusion of Carbbioxide from a Cyclic Diester.
Journal of Organic Chemistry, 19805(22): p. 44964498.

Rozenberg, V., et alResolution and novel reactions ohydroxy[2.2]paracyclophane.
European Journal of Organic Chemistry, 2002(3): p-4/6R

Becke, A.D., DensityFunctional Exchangé&nergy Approximation with Correct
AsymptotieBehavior.Physical Review A, 198&8(6): p. 30983100.

Perdew, J.P. and A. ZungelSelfinteraction Correction to Densitffunctional
Approximations for Mamnlectron Systemd$2hysical Review B, 19823(10): p. 5048
5079.

Slater, J.C.Quantum Theory of Mecules and Solids, Vol. 4. The S€lbnsistent Field
for Molecules and Solids974, New York: McGrawHill.

Vosko, S.H., L. Wilk, and M. NusairAccurate SpirDependent Electron Liquid
Correlation Energies for Local Spinensity Calculations a Critical Analysis.Canadian
Journal of Physics, 19888(8): p. 12001211.

Hay, P.J. and W.R. WadAbinitio Effective Core Potentials for Molecular Calculations
Potentials for K to Au Including the Outermost Core Orbitalsurnal of Chemical
Physics, 198532(1): p. 299310.

Schrodinger, L.Jaguar, version 7.,62009: New York, NY. p. Jaguar.

Martinez, T.J. and E.A. CartePseudospectral methods applied to the electron
correlation problem in Modern Electronic Sature Theory Vol. 2. 1995, Singapore:
World Scientific.

Shukla, M.K., M. Dubey, and J. Leszczynskheoretical investigation of electronic
structures and propertiesof-60-gold nanocontactsAcs Nano, 20082(2): p. 227234.

Schmidt, M.W., et a). General Atomic and Molecular Electror&tructure System.
Journal of Computational Chemistry, 1993(11): p. 13471363.



85

Chapter 5: Geometry-Modulated Conductance
In Single Molecule Junctions.

Well defined conductance signatures are necessary to studgdraproperties of single
molecule junctions. However, to create functional electronic components out of single
molecules, several accessible conductance statedesirable. Here wstudy the behavior of
single moleculgunctions which display severalell-defined conductance stated/e report our
results withpyridine-linked molecular wires and mieyl sulfide-linked oligoenes.We are able to
access rd reversibly switch betweedifferent conductance configuratioe$ metatmolecule

metal junctionsdrmed with these moleculéy systematically varying junction geometry.
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5.1 Conductance and Geometry of Pyridine -Linked Single
Molecule Junctions. 4

Abstract: We measure conductance and characterize moleted&rode binding geometries

for four pyridineterminated molecules by elongating and then compressing gold point

contacts in a solution of molecules. We find that all pyridareninated molecules exhibit

bi-stable conductance signatures, signifying that the nature of the pygalohdondallows

two distinct conductance states which are accessed as thengleldulegold junction is

elongated. We identify the low conductance state as corresponding to a molecule fully

stretched out between the gold electrodes where the distance betweetscamtelates with

the length of the molecule; the high conductance state is due to a molecule bound at an angle.

First principles conductance calculations for the four molecules in thecdaductance

geometry agree well with experimental results, ashdw that the dominant conducting

channel in the conjugated pyridihei nked mol ecul rbitali s t hrough the
Understanding the effect of metalolecule contact geometry on transport characteristics

of molecularscale devices is of critical importanéa nanoelectroni¢4-3]. In recent years,

systematic studies of conductance in single molecule junctions have been made possible by

techniques relying on statistical distributiondarfje numbers of junction measuremgaig-7].

This method is effective because the affinity of certain chemical link groups to gold allows the

metatmoleculemetal junctions to sefissemble in situ, enabling a large number of repeated

measurements. Nevertheless, it has been shown that variations in binding geometry from

* Kamenetska, M.; Quek, S. Y.; Whalley, A. C.; Steigerwald, M. L.; Choi, H. J.; Louie, S. G.; Nuckolls,
C.; Hybertsen, M. S.; Neaton, B.; Venkataraman, LJournal of the American Chemical Socie10,
132, (19), 681%6821.
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junction to junction are responsible for most of the width of conductance diginbuatnd for the
inconsistency in experimental res{@d1]. Studies comparing the variability of conductance
measurements with the nature of the linkgld bond have shown that some end groups form
donoracceptor bonds with undercoordinated gold atoms and bind selectively, yielding
reproducible conductance measuremnts2, 13]. In the case of the amine (MHinker for
example, the nitrogen can change attachment point while maintaining a constant conductance as
the junction is elongated bmase it remains bound to an undercoordinated gold [a#m
However, with pyridines and many other linkers, where multiple conductance signatures are
present, questions regarding the exact configuration of a ymegkculemetal junction and its

effect on transport remd@, 10, 15-19].

Here, we measure the conductance and determine junction geometry for a family of four
pyridinet er mi nat ed -Bipyridne ()] 1-8is(4-pyridyd) éthylene ?) , -Bis(4 6 6
terpyridine) 3), and 1,2Bis(4-pyridyl)ethane 4) using the scanning tunneling microscope based
breakjunction techniqui2, 4]. We demonstrate that all four molecules exhibit two conducting
configurations: molecular junctions start in a high conductance configuration which can be
elongated over a distance that depends on the molecular[efigthd generally terminate with
a low conductance plateau whose length distribution is molecule independent. We find further
that the electrode separation in the do@nducting state is consestt with a vertical geometry
where the molecule is probably bound to apex atoms on each electrode, while the high
conducting state corresponds to junctions with an electrode separation that is smaller than the
length of the molecule. These findings arercborated by scatterirgfate density functional

theory (DFT}based conductance calculations, which show that thectowlucting state is
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associated with a vertical geometry where théWNbonds are aligned with the molecular
backbone (and therefore pergen c u | a r -system), whilee the "highonducting state is
associated with a geometry where the molecule is tilted, resulting in an increased coupling from

t he el ect r od e-systeml1¥ e thentbréeecanjudatad moiées in our study the
measured conductance decreases with increasing length with a decay constant beta of about
0.5/A, suggestive of off esonant tunnel i ng -chamel. Shisoig despido mi n a
t he O n a t-Auiink bonds in thé lewcoNductance geometry and in agreement with our
calculations which indicate that the dominant conducting channel in the low conductance
geometry has ° character for the conjugated
molecule with broken conjugatiqmoleculed) is much smaller than one would generally expect

for a molecule of its length. Here, our calculations show that the dominant conducting channel
has V! character throughout t he mol ecul e. We
suppressethe chande w ichafacter in the pyridine rings.

Moleculesl, 2, and 4 were obtained from Sigma Aldrich and used without further
purification and molecule3 was synthesized following the methods described in the
literaturd20]. Our measurements are carried out in a hboik STM which has been described
in detail previousl{2, 21]. We repeatedly pull the STM tip and substrate apart while recording
conductance as a function of junction elongation under constant bias in-drighldrobenzene
(SigmaAldrich) solution of these molecules. Sample traces demonstrating the evolution of
conductance as the junction is stretched in the presence of molgégylese shown in Figure
1b. Plateaus in these traces below the quantum afuctemce (@ occur when a molecule is

held between the tip and substrate. Conductance histograms generated from over 20,000
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conductance traces for all molecules are shown in Figure 1c, where we can see that the double
peak feature is universal to the jlyne linkef15]. Interestingly, the high conductance peak is

less distinct in moleculé compared to moleculds3, a feature that we discuss further below.
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Figure 5.1-1: (a) Structure of compounds studied in this work. (b) Sample conductance traces acquired
while the junction was pulled apart at a rate of ~15 nm/s in the presence of each target mdldule (
under 350 mV applied bias. (c) Conductance histograms for molebdlesachconstructed from over
20000 measured traces. Two peaks are clearly visible in each curve and are fit to a Lorentzian to
determine the peak center position.

In Figure 2a and 2b, we show twlomensional (2D) histograms, which preserve
displacemeninformation, for molecule2 and4, generated from more than 10,000 tratésl5,
22]. We generate such 2Ristograms with an automated algorithm which identifies the rupture
of the quantum point contact in each trace as the origin of the elongation axis. Each data point in
a trace is then associdtboth with a conductance value and a displacement value relative to the
Go break, and the histogram is generated using logarithm bins along the conductance axis (y) and

linear bins along the elongation (x) axis for image clarity. When thousands e$ ase used, a
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statistically significant plot of conductance as a function of elongation emerges. We can see that
both molecules have plateaus that extend out to about 0.6 nm; in the initial stages the
conductance is high and the low conductance plateawr®only after about 4 A of additional
junction stretching.
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Figure 5.1-2: (a and b) Twedimensional conductance histograms for molec@lasd 4 constructed from

all measured traces that showed a cleatbfined break after the }Gtep; at least 10000 curves were
included in each histogram. The arrows point to the low conductance regime which extends to about 0.7
nm past the @break. (c) Length distributions of the high conductance (solid lines) anddaductance
(dashed lines) plateaus. Inset: Peak value of the high conductance plateau length distributions as a
function of the molecule-N length.

To investigate these trends in more detail, we use an automated algorithm detailed
previously23], to measure the elongation ¢ghs of conductance plateaus in each trace. We
perform this analysis on thousands of traces and generate length distributions of both high and
low conductance plateaus for each molecule, by identifying plateaus as regions within
conductance traces betwe®ro successive drops in conductani28s The results are shown in

Figure 2c. The inset of Figure 2c shows the peak positions of the high conductance length
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distribution plotted against the molecule length. We see that the most frequently observed high
conductance step length increaseedrly with molecule NN distance for molecule$-3. For
molecule4, our probably algorithm misses the initial part of each step, probably because direct
tunneling through the broken At contact dominates at small AAu separations. On the

other hand,dw conductance plateaus of all four molecules are shorter than high conductance
plateau lengths and show no dependence on molecule length. These distributions do not have
maxima,; they fall off exponentially. The two distinct length scales, one dependemtlecule

length and one independent, suggest that at least two separate elongation processes are
responsible for the high and low conductance plateaus. Atomic rearrangements, such as the
changing of the nitrogen attachment point or moving of a gold atothe electrode surface, can
explain the high conductance step lengths and their dependence on moleculd4gndite
hypothesize, that all rearrangeme in the attachment of the molecule to the gold take place
before the low conductance configuration is established, leaving only bond é&upthieh is
independent of molecule lengthas the main process responsible for low conductance plateaus.

To testthis hypothesis, we measure conductance as a function of both junction elongation
and compression (see Sl for details). We repeatedly open and then close a quantum point contact
in a solution of molecules under a constant[liigs We determine the distance needed to push
the electrodes back together to reestablish a conductance greateg tbaa @olecular junction
in either the high or the low conductance regime. This {basik distance gives the distance
between the gold eleddes in a molecular junction (excluding the length of a-gold bond
which is about 3A). We can correlate the pisick distance to the average conductance of the

gold-moleculegold configuration. The resulting plot of average conductance as a funtion
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electrode separation for molecdlés shown in Figure 3a, together with the original conductance
histogram for reference. We observe that junctions within the low conductance regime are only
possible with the pushack distance is about 12 A (arrow in Figure 3a). Taking into account the
length of molecule4 (N-N length is 9.5A) and the length of theMi bond of ~2.5 A, this
separation is consistent with a junction geometry in which the molecule is stretched between the
electrodes. In Figure 3b, we show histograms of stk distancesnithe low conductance
regime for pyridineerminated molecules of different lengths. The inset plots the peak of each
histogram as a function of moleculeNNdistance. A linear fit to this data gives a slope less than
unity, indicating that on average gtimolecular junction has a slight tilt relative to the orientation
of the pushing direction. We stress here that thi®tshe same as a local tilt between the\lM
bond orientation and the plane of the pyridine ring, responsible for increasmeglingin the
high conductance region. We note further that the correlation between electrode distance in the
low conductance regime and molecule length holds up for both conjuga®dagd norn
conjugated4) molecules in our sample.

These results agree waellith our previous work on bipyridinAu junctions, where we
inferred that conductance is low in the vertical geometry where tha bond is perpendicular
t o tshstem, ‘and high when the molecule is tilted (e.g. when the Au point contact is first
broken) so that the M u bond can csystepilSle These cdndlusions™ are
corroborated by the 2D histograms in Figure 2b, where we see that conductance after the G
rupture starts in the high configuration, and only after &rr#longation of the junction, by a

moleculedependent length, can the low conductance geometry be accomnbflated
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Figure 5.1-3: (a) Data points showing average junction conductance during the hold portion of each
trace with moleculél (see Sl Figure S1) plotted against average electrode separation as determined by
measuring the distance required to close the contact. For referghe conductance histogram from
Figure 1c is reproduced. The arrow shows the low conductance configuration where thbaplish
distance is ~1.2 nm. The high conductance geometry is realized at shortegotpbldistances. (b)
Histograms of measured puback distances for all four molecules in the {oanductance geometry.
Inset: The peak position of each pusck distance histograms plotted against molecule length with a
linear fit to the data.

We now focus on the conductance values determined byneasurements, which are
plotted in Figure 4 as a function of molecule lengithese conductance values are determined
by fitting a Lorentzian to the high and lesonductance peaks in the data shown in Figure 1c.
We see that the values of all the conjudateolecules in our sample (molecules3) decay
exponentially as a function of molecule length following the general relation G-wheere L is
themolecule NN | engt h, and b is the tunneling decay
4, where theconjugation is broken by the intervening, saturated JCHnit, is orders of
magni tude small er. We f i nconductarceé andloeendutanse i f or
peaks in moleculesl-3, in agreement with previously measured values for polyphenyl

molecule$24, 25]. While the b value is expected to b
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within the HOMGLUMO gap of the different systefi6, 27-29/t he r el ati vel y s ma
found here strongly suggests that the dominant conductance channel in the conjugated
bi pyridines has ° chatée lBonding of the nibleailp to the goltd bceursf a c t

t hr ou g h -oritale and\thatliin the low conductance state, th@uNbond is almost

perpendicular to the ~ system.
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S B Theory (Low G)
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Figure 5.1-4: Conductance values determined by fitting Lorentzians to the peaks of the conductance
histograms shown in Figure 1 for the low (circles) and high (squares) conductance peaks for molecules
1-4. A linear fit to data on a sedng plot (dashed line) yields & 0. 5/ §. Celdlated e
conductances for all molecules in a vertical geometry are shown with squares.

To investigate in detail the conducting channels in the different molecules for the low
conductance geomef{0-33], we compute conductance and zbias transmission with a DFT
based scattering state apprdd&h27, 34] using the generalized gradient approximdish as

implemented in the SIESTA cod@6] A self-energy correctionjl6, 24] including electrode
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polarization effects on the molecular orbital energy levels in the junction to the molecular energy
leveld37], is then added to the Hamiltonian from which the scatiestates are obtained in a
oneshot calculatiof27]. We model the low conductance state with a vertical geometry (Figure
5a), using periodic boundary conditions pkelaio the Au surface (16 Au atoms per layer). For

all four molecules, a three Au atom motif represents the tip of each electrode, with the N bonded
to one of the Au atoms of the motif on an atop site. These binding sites sit on top of 4 Au layers
on eithe side of the molecule, which are then extended to infinity on either side of the junction

to simulate open boundary conditions. The transmission is converged with a lg-mesh.

Conductance is computed &=G,g Tr(t't), wheret; is the transmission amplitude from
k//

incoming channel to outgoing channgl at a givenk,-point at the Fermi energy,cE Our

calculated conductance values agree well with the measured low conductance values for all
molecules as plotted in Figure fdlling within the lowconductance histogram peaks shown in

Figure 1c. The transmission plots in Figure 5b show that in all molecules, the LUMO, which, for

al |l mol ecul es consi dered, has ~* charawmter in
Er. The narrow transmission peak widths (0.3 eV) are consistent with a relatively weak

coupling between t-plmandinthe yestitaegpomefdsd t he Au s
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Figure 5.1-5: (a) Optimized structures of junctions for molecule4 Gold, gray, blue and white circles

represent Au, C, N and H respectively. The molecules are bound via N to an atop site of a Au trimer
(three Au atoms) on Au(111). (@ r ansmi ssi on pl ot s. (c) Pl ot of t
contributions to conductance as a function of thelecule lenth.

To analyze the character of the wavefunctions dominating conductance, ateE

diagonalize the transmission matii% to obtain the eigenchannels at e&gkpoin{38]. Each
eigentannel at eack-point can in principle contribute to the total transmissiongzathie sum

of these contributions gives the total conductance. In practice, we find that only about 2
eigenchannels at eak&h-point make nomegligible contributions fore junctions studied here.

By visualizing the wavefunctions for all eigenchannels with -p@ro transmission at fE
(Aconducting ei genchann d-B,shé tptal condeictahce iIs dominadted t f o
by eigenchannels consisting of the molecular L UMO C O prgpates at the banding u

site (seeSI Figure S2a & S2d). A small ied u a | contr i barbitalscsoupled s i st s

s states, with the eigenchannel wavefunction resembling the frontier orbitals of the gas phase
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molecule bonde to a single Au atom at each N in the same binding configuratiofN(Aand

perpendicular to °~ system) (eg. S| Figure S2b

the conductance, we sum up the transmission from each conducting eigencharesdimpss

nodes in the planes of the pyridine rings. In this case, the lobes of the wavefunctions in the

pyridine rings clearly indicate ~* LUMO char

have O character, as described above. From this analysis, nvd fi t h at t he LUMC

contributes roughly 75% to the total conductance for bipyrali, with the remain

character. For molecul&and3, t he ~* contri bution is greater
In contrast, however, for molecude none of the conducting eiggmnnels have nodes in

the planes of the pyridine rings. About 80% of the conductangen be attri buted t

orbitals as described above for moleculeé®(SI Figure S2b & S2e). The remaining conductance

comes from states that are a combinatibband but bear no cl ear r e

or LUMO+1 state (SI Figure S2c & S2f). The fact that the LUMO does not contribute

significantly to conductance atls consistent with the sharp droff in transmission below the

LUMO transmission peafor molecule4 as shown in Figure 5b. Thestates on the two pyridine

groups in moleculd are weakly coupled through the intervening gizHinkage, resulting in a

closely spaced* doublet (LUMO and LUMO+1). The sharp draff in transmission is likel a

result of destructive interference between the closely spaced LUMO and LUMO+1 resonances,

for the transmission peaks do not fit well to a simple sum of two Lorentzians (Sl Figure S3d).

This is in contrast to the neailyrentzian lineshapes observedorf the isolated LUMO

transmission peaks in molecules (Sl Figures S3&).
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The f act t h adrbitate @dnecenuitbute ito thé conductance atfay seem
surprising, since the ~* L UMGowewr, thehAa statet| e c ul a
Er are predominantlys-like. As discussed previous]ib] in the low conductance vertical
geometry,sst at es are orthogonal to the ° system a
Therefore, the LUMO contributes to conductancdsabnly through coupling to local Ap-
states which make a small contribution to the Au density of states Btaecular( orbitals, in
contrast, can couple strongly to the Aistates at E I n Figure b5c, Gwe shc
contributions to the conducance as a function of the Il-ength
derived conductance with increasing length correlates well with the experimental values,
yielding ab value of about 0.4/A. In contrast, tiiecontribution decreases withfaof about
0.7/A. This indicates that th&contribution to conductance in molecdlés in fact similar to that
in other molecules of the same length (specifically mole@ule while i1ts °* Co
conductance is suppressed by the destructive interferenceibddsabove, resulting in a
significantly smaller total conductance fdr Finally, we noted in Figure 1c that the high
conductance peak is less distinct for molectileompared tol-3. Since the low and high
conductance regimes result respectively frova $maller and larger coupling between the Au
states and the °~ system in the vertical and t
contribution of the LUMO in moleculé makes the two conductance regimes less distinct.

In summary, we employ a novel pullipgishing break junction procedure to investigate
the relationship between metalbleculemetal junction geometry and junction conductance for a
series of pyridingerminated molecules of various lengths and conjugatida.find that the

doublepeak conductance signature is universal to pyritimed molecules and is due to two
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distinct binding geometries. By pushing on molecular junctions we identify the electrode
separation of each conductance state. Lower comtectaccurs when the -Nu donor

acceptor bond is along the molecular backbone; in this configuration the distance between gold
electrodes depends on the length of the molecule in the junction. Finally, we employ first
principles calculations to showthaiem duct ance i s dominated by tra
in the conjugated molecules, in agreement with the relatively sinathlue observed in
experiment. The predicted conductance values are in excellent agreement with experimental
values.

Supporting Information: Experimental Procedure and Data Analysis.

The details of our experimental setup have been described pre{@pusBriefly, we
prepare gold samples by evaporating 100 nm of gold onto freshly cleaved mica. During
measurement, éhsample is mounted on top of a singles piezoelectric positioner below a
handcut gold tip in a homéuilt STM setup. The samptg junction is stretched and
compressed with sdillanometer precision by moving the substrate relative to the tip & afrat
15 nm/s with the piezoelectric (Mad City Labs) while applying constant bias to the sample
through a series resistor. The current in the tip is captured by a Keithly 428 -waitage
amplifier. The sample position is manipulated and data acqairetD kHz using a data
acquisition board (National Instruments, PA61) and custorbuilt software written in Igor
(Wavemetrics, Inc). All position determinations were based on measurements with-ia built
position sensor within our custom piezoelecpasitioner. This position sensor was calibrated
both by the manufacturer and by us using laser interference measurements. We found the

absolute values of the measured displacements to be accurate to within 5%.
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We form metalmoleculemetal junctions by smasg the tip and substrate together until
conductance exceeds 5 @nd then pulling them apart. All conductance traces acquired that
reach a conductance below-6&€x, are then added to a linear binned histogram by an automated
algorithm without any furthredata selection. Typically, 20000 traces are used to construct
conductance histograms. Twamensional histograms are automatically genefatdvith the
added requirement that & Break is clearly identifiable in the trace (more than 90% of traces
that start with a conductance greater thanglam break satisfy this requirement). In two
dimensional histograms conductance is binned logarithmically ¥90 bins per decade, while
displacement is binned linearly for image clarity.

PushBack Distance MeasurementsTo measure the pudack distance required for

closing a metamoleculemetal junction and to identify the distance between the gold elestrode
when a molecule is bound, we measure conductance while the junctions are both opened and
closed15]. A typical manipulation ramp is shown in Figure S1, where the junction was first
stretched by 1.5 nm, held at a fixed separatowrOf05 seconds, pushed back together and finally
elongated by about 3 nm. Between successive ramps, the substrate and tip are smashed together
to a conductance greater than G that the previous junction geometry is fully disrupted. The

ramp is repated at least 10000 times to allow statistical analysis.
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Figure $.1-1: Upper panel: The piezo manipulation ramp used for pumtk distance measurements.

The junctions are first stretched by 1.5 nm, then held at a constant separation for 0.05 seconds, pushed
back by 1.5 nm and finally stretched out by about 3 nm. LoweelPagpical conductance traces
recorded with the pushack ramp in the presence of molecRléSome junctions are fully broken during

the hold portion (green), while others exhibit conductance above the noise level (purple and blue). All
junctions that eibit a stable conductance signature during the hold (where the standard deviation of the
conductance in that region does not exceed 150% of the average conductance) were included in the
analysis; this includes junctions where the hold conductance didon@spond to either a high or a low
conductance configuration. In this figure, the blue trace exhibits a hold conductance consistent with the
high conductance geometry, whereas the purple shows a conductance consistent with the low G peak.

Push back amgsis to correlate junction conductance to gotidd separation was
performed by an automatic algorithm which averages the conductance of the last quarter of the
hold portion (0.013 sec) of each trace and finds the-pashk distance necessary to reform a
junction with a conductance of 0.8G Sample traces obtained during the {nald-push
procedure are shown in Figure S1, where the {paslk distances are marked with arrows. Only
traces where the conductance during the last quarter of the hold podiantdsary by more
than 150% of the average conductance in that portion of the trace were considered. Overall,

about 60% of all traces in a sample of at least 10000 were included in the analysis. Hold
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conductance values from all the included traces Wwameed logarithmically and plotted against

an averaged pudback distance corresponding to the range of each conductance bin. Finally, all
the pushkback values in included traces where the hold conductance fell within the full width of
the low conductanceeak position were included in the histograms shown in Figure 3B. The
peak position of each histogram corresponds to the most frequently observed electrode

separation for the low conductance geometry for each molecule.

(@) (d)

e

e ¢ ° ¢

Figure $.1-2 (a-c) Eigenchannel wavefunctions at. Esocontours are taken at 2.5% of the maximum
value for ab, and 1.25% of the maximum value for c. The arrow in ¢ denotes the direction of incident
states on the junctions.f)i Gas phasenolecular orbital wavefunctions. Isocontours are taken at 10% of
the maximum value. (a) moleculgunction, eigenchannel wavefunction with LUMO character shown in
(d); (b) junctions for moleculd (top) and4 (bottom): eigenchannel wavefunctions with ecoilar 0
character shown in (e): top: HOMO and bottom: LUMO of molectilbonded to 2 Au atoms. (c)
molecule4 junction, eigenchannel wavefunction with nocléaor °~ char acter ; (f)
LUMO+1 (bottom) of gaphase moleculé.

L
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Figure S5.1-3 (a-c) Lorentzian fits (red dashed) to transmission peaks in G&#ansmission spectra
for moleculesl-3 respectively. (d) Fit (red dashed) corresponding to the sum of two Lorentzians for
GGA+EZ transmission for molecul&
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5.2 Mechanically -Controlled Binary Conductance Switching of a
Single-Molecule Junction 5

Abstract: Molecularscale components are expected to be central to nanoscale electronic
device$39-41]. While moleculatscale switching has been reported in atomic quantum point
contactf42-44], singlemolecule junctions provide thedditional flexibility of tuning the on/off
conductance states through molecular design. Thus far, switching in-siatgeule junctions
has been attributed to changes in the conformation or charge state of the rfitiesijleHere,
we demonstrate reversible binary switching in a simgiéecule junction by mechanical control
of the metalmolecule contact geometry. We show that -Bigyridine-gold singlemolecule
junctions can be reversibly switched between two conductance states through repeated junction
elongation and compression. Using fipsinciples calculations, we attribute the different
measured conductance states to distinct cogemmnetries at the flexible but stableAw bond:
conductance is low when theAu bond is perpendicular to the conductmgystem, and high
otherwise. This switching mechanism, inherent to the pyrdoid link, could form the basis of
a new class of nehanicallyactivated singlanolecule switches.

In this work, we focus oA , -digyridine-gold junctions, where we fintlvo reproducible
and distinct conductance statbat can be controllably switched by mechanical manipulation of
the electrode separatioThe conductance is measurey repeately forming and breaking Au
point contacts with a modified SThh a solution of the molecules at room temperdfjré].

The current is recorded at a fixed bias while the junction is elongated to generatetaoreu

®Quek, S. Y.; Kamenetska, M.; Steigerwald, M. L.; Choi, H. J.; Louie, S. G.; Hybertsen, M. S.;
Neaton, J. B.; Venkataraman, Nature Nanotechnolog¥009,4, (4), 236234.



105

traces (see Methods). Conductance histograms are constructed from thousands of traces where
peaks correspond to the most frequently observed conductance values. With this method, single
molecule junction conductances can be measured reliably aratiuefply for molecules with
aming?2], methyl sulfide, and phosphiitd] link groups.

Fig. 1la shows a normalized conductance histogram for bipys#lingunctions
determined from over 10,000 consecutively measured conductance traces without any data
selecton orprocessing, along with a histogram measured in solvent aurehistogranshows
two clear peaks, corresponding to the most frequently observed conductance values, centered
around 16x10* Gy (Low G) and6x10* Gy (High G), and a high conductance tail is seen
extending to ~3x10° Gy, where G = 2¢€/h, is the quantum of conductance. These differ from
previous reported measurements for bipyrighae junctiong4, 16] where histograms were
constructed from a small number of selected tracesnd the measured conductances,
encompassing the High G and High G taiyjion, did not overlap with the entire range studied
here.

Typical conductance traces, shown in Fig. 1B, exhibit a High G step that precedes a Low
G step. To statistically analyze this step sequence in our entire data set, we compute a two
dimensional 2D) conductancelisplacement histogram of all measured traces (see Methods).
The 2D histogram generated from the same 10000 traces (Fig. 1¢c) shows two clear regions with
a large number of counts. The counts within the Low G range occur ~2 A after thebteak
gold point contact (x=0). This is in contrast to the counts irHigd G range, which start right
after the break of the gold poinbntact. This indicates that the High G steps start as soon as the

gold contact breaks, and Low G steps follow Higstepgsee S| for more details)
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As the Low G steps occur only upon elongation of the junction, a natural question is
whether junction compression would restore the High G state. To investigate this possibility, we
measure the conductance between ttheand substrate while applying two types of ramps
(dashed trace in Fig. 2a a&dl Fig. 2a) to the piezoelectric actuator that modulates the substrate
position (while the tip is held fixed) (See Methods). When a molecule is present, switching
events betwen the high and low conducting states are frequently seen. Sample switching
conductance traces in Figs. 2a and Sl Fig. 2a clearly show the junction is controllably modulated
between the high and low conducting states as thsatiple separation is modwddt Out of
9000 total traces with each ramp, we find that a molecule is present in the Low G state about
~10% of the time after the initial 15 A displacement. Among these 1057 traces, ~90% had at
least one switching event, and ~ 20% had switching eveatsldasted through the entire
sequence, as shown. Fig. 2b (and Sl Fig. 2b) show companion conductance histograms
constructed from these selected traces. Like Fig. la, these histograms show two clear peaks
indicating that the molecular junction predominargimples High G and Low G conductances
when successively compressed and elongaldekse measurements thus illustrate that a
bipyridine-Au junction can be switched between two wdgfined conductance states by
mechanical control of the tipample distanceControl experiments on the solvent alone,

3, 36T &t vadmet hy l-Biphenyd 6 D2bimdidinen and 4phenytpyridine (see Sl)
show that this switching behavior is intrinsic to pyridiwe bonds present at both ends of the
molecule. Furthermore, we find that €82 piezo modulation is required to switch the molecule

(see supplementary F§5.31).
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Figure 5.2-1: Statistical analysis of measured conductance traces. (a) Normalized conductance histogram
for 4.406 Dbipyridine (blue trace). The histogram
traces measured at a 25Vhbias voltage using a conductance bin ize 6fGQalong with a histogram
collected in solvent alone (yellow). Black dashed lines show Lorentzian fits to the two peaks. Arrows
indicate the High G and Low G peaks. Inset: Same histograms shown othog kile using a bin size

of 10°G, (b) Sample conductance traces measured at a 25 mV bias and 16 nm/s displacement speed
showing two conductance steps in succession. (¢) (c) 2D histogram constructed from all traces with a
clear G break. Two regions with &rge number of counts, encircled by the black dashed lines, are
clearly visible. The High G region, around B, extends from the origin to about 4A along thaxis

and Low G region, around 3x1G, start ~2A displaced from the origin. Many High G stegxhibit

some slope, as can be seen from the orientation of the High G region in the plot. Inset: Sample
conductance trace demonstrating how the displacement origin was selected for each trace to construct
the twaedimensional (2D) histogram in (c).
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From Fig. 1c we know thatbipyridine junctions form immediately after breaking a-Au
Au pointcontact, where the tipample distance has been experimentally sfp#o be around
6.5 A (+x 2.5A), shorter than the N to N distance along bipyridine of 7.2 & @eFig. 6).
Further allowing for the length of two Mu bonds (~2.1A each), the aformed electrode
structures will frequently impose strong geometric constraints on the initial junction geometries.
Using a modified @zo ramp as shown in Fig. ,2we correlate junction conductance to the
distance required to push back the electrodes together to formAa Aantact (see Methods).
Thi s -Higpakdh di stance, a measure of the electroao
Fig. 2d as a function of cdactance, for 777 tracedunctions with a conductance in the Low G
rangehave a pustback distancef greater than 1@, consistent with a geometry where the
molecule is held vertically between the two electrpdesl corresponding to an AAu electrode
separation of around 123 A (estimating the AtAu separation at contact using the (111)
interplanar spacing Junctions with a conductance in the High G range hayeis&back
distancewhich decreases from 10 A to about 5 A as the conductance increanes3ka0*Go

to 4x10°G,.
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Figure 5.2-2: Controlled conductance switching by mechanical manipulation eAlwistances. (a)
Sample bipyridine switching conductance traces (colored solid lines). Thesewaesollected while
applying the nodinear ramps (dashed black line) shown measured at a 250 mV applied bias. (b)
Conductance histograms of 1057 switching traces that had a molecule in the Low G state after the initial
15A displacement. These histogsaare constructed using conductance data from the ramp section of the
trace only. Traces in (a) show reversible switching between conductance states that are around the two
peaks clearly visible in the companion histogram. (Note: the peak positionsgariysthifted from those

in Fig. 1 because of different experimental conditions and analysis method). (c) Sample conductance
traces (blue and red) measured while applying the-limear ramp shown (grey trace). The blue trace

has a conductance in the Lowr@nge during the "hold" section, while the red trace has a conductance

in the High G range. Pushack distances are determined as shown by the blue and red arrows, using an
automated procedure. (d) Average conductance as a function of averagbgultististance for 777 of

2000 traces measured (red x). (See Methods) Data shows that for junctions with a conductance in the
Low G range, the push back distance is aroundl1Q}, while for junctions with a conductance in the

High G range, the pushack distancencreases with decreasing conductances. Error bars are one
standard deviations in both conductances and ghatk distance. Also shown is the conductance
histogram from Fig. 1a (solid red line) along the same conductance axis.
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Figure 5.2-3: Calculated transmission characteristics as a function of the angle betweenAbebbind
and the p &System. (a) Schematic showing the coupling between tkee okbital (orange) with the
bipyridine LUMO. a denotes the ang between the Mu bond and thep %&ystem. (b) Junction
geometries of bipyridine bonded on each side to Au adatoms on Au(111), with vafighgled in Fig.).
(c) Seltenergy corrected transmission functions plotted on a-$ggngcale for junctions in (b). Black
solid, red dashed, blue dashddtted, green dotted lines denate= 90°, 70°, 50° and 30° respectively.
The inset shows G, givey T(E)*G,, decreasing with increasing,.

The properties of the pyridingold link naturally explain the observed switching
behavior. The bonding mechanism, elucidated by our density functional theory (DFT)
calculations detailed below, consists of damatfrom the N lone pair orbital into the partially
empty sorbital on a specific undercoordinated Au atom on the electrode. Since the N lone pair
in bipyridine is parallel to the bipyridine backbone, we expect thsuNbond to be along the

bipyridine ba&bone. While such a structure is difficult to achieve initially given the geometric
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constraints, imay be easily accommodated after elongation by sefemtevious conductance
calculation§30, 53, 54], in agreement with our own, have shown that the essential orbital
channel supporting transmission is the lowest unoccypieatbital (LUMO; Fig. 3a). Since the
p*-orbital is orthogonal to the N lone pair in this case, it is plausible to expect that an elongated
junction, with the NAu bond aligned to the backbone, will have low electronic coupling and
hence low conductance. On the othand, the constraints imposed by the compressed junctions
will drive strong tilting of the NAu bond, which can result in stronger coupling and higher
conductance.

Our DFT calculations (see Methods) indicate that bipyridine molecules bind selectively
to undercoordinated atop Au sites. To investigate the sensitivity of conductaneAudbhd
orientation, we compute the transmission for a series of model junctions (Fig. 3b) with identical
geometric features except for the anglebetween the Mu bond ad p*-system (Fig. 3a).
Using a prototypical relaxed junction with a vertical molecde=(90°) (Fig. 3b, panel 1), we
obtain a selenergy correctd85] (see Methods, Sl) transmission (Fig. 3c). As mentioned above,
the LUMO p*-state (Fig. 3a) provides the dominant contribution to the conductance.

The width of the LUMGderived transmission peak increases almost linearly withagos(
(Fig. 3c), reflecting an enhanced electronic coupling between tresfate and the LUM@®*-
orbital as the NAu bond tilts out of the plane of the pyridine ring. This enhanced coupling also
leads to an increased bag&nation of electrons to the molecule, raising its local electrostatic
potential and shifting the molecular levels to higher energasce the transmission at 5
related to the tail of a resonance, the conductance trend is dominated by its width, and the low

bias conductance increases withAN bond tilt (Fig. 3c inset). Tilting the ®u bond out of the
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pyridine plane does resuhl a decreaskjunction binding energy, from.36 eV for a vertical
junction @ = 90°), to 1.03 eV fom = 50°, and to 0.70 eV faz = 30°. Thus, at modest cost in
binding energy, the local metalolecule contact geometry can vary substantially with
correponding large changes in junction conductance.

The versatile aminéu link chemistry is also based on selective desxeptor bonding.

In the amine case, the amine lone pair is naturally coupled into the main orbital responsible for
conductance e.g. intthe benzeng-system or the alkans-systenj21]. Changes in contact
geometry do not, therefore, affect the measured and calculated conductance sigpifgantly
resulting in a single, well defined peak in the conductancednatu$2], and no mechanicaly
induced switching behavior ($ig. 4).In contrast, for bipyridinéu junctions, the N lone pair
electrons that dominate bond formation are actuattihogonalto the p-system resulting in
bipyridine junction conductances that can be quite sensitive to the orientation cAihddnd
relative to its principal conducting orbital, the molecular LUMO.

We consider a total ob5 relaxed junctiors (see Sl) small compared with the
experimental sample size but sufficient to explore the impact of junction geometry on
conductance. To model ttably the local roughness and large radius of curvature expected for
initially broken soft Au contacts, weonsider relaxed junctions in which bipyridine is bonded to
one and twolayer Au motifs (adatom, dimer, trimer, pentamer, pyramid) on Au(111).tibumsc
with tip-sample distances close to that of the initidlipken Au contact have more constrained
geometries (smallez) and higher conductances (Fig. 4a structures 1, 2), while larger electrode
electrode separations accommodate geometries wither ka@nd lower conductances (Fig. 4a

structures 3, 4). The calculated conductance (with-esedfgy corrections) is plotted as a
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function of the vertical distance between Au binding sites in Fig. 4b. Comparing this to the
corresponding experimental plosigs. 1c and 2d) reveals good quantitative agreement between
the predicted and measured conductance ranges as well as their relatiohucéparation.

In Fig. 4c, we plot the calculated conductance as a functioa wfhich shows a
conductance increaseith decreasinga, as discussed above. We see that conductance is also
affected by the MAu bond lengths, the degree of coordination at the binding [S¢snd the
torsional angle between the rings (which varies from-421in the relaxed geometries). For
junctions with conductance in the high G tail of the experimental histogram (> 2510 Fig.
la), the LUMO was observed to have significant agewith orbitals on adjacent Au contact
atoms. This extra coupling is due an additional broadening of the LUMO (not a new conducting
channel) and is controlled by the separation between the nearby Au electrode atom and one of
the C atoms in the pyridineng. In Fig. 4d, the conductance is plotted as a function of the
minimum GAu distance (d(€Au)) between a C atom in the molecule and Au atoms on the
electrode. The cluster of points with minimum &4@) < ~2.8A have conductances > 1x10
Go. In our catulations, we find that geometries with conductance in the experimental High G

range have sma# (< ~70°) and/or small minimum d{(&u).
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Figure 5.2-4: Results from conductance calculations on 55 relaxed junctions. (a) Examples of junction
geometries relaxed at different fgample distances. {t) Selfenergy corrected conductance G for 55
relaxed junctions, plotted against (b) the vertical distancavbeh Au contacts, (c) the anglebetween

the NAu bond ango-system (as illustrated in Figure 3), and (d) the minimwAuCdistance. The series

of points fora = 90° corresponds to different-Nu bond lengths and binding sites in a vertical junction.
Despte the spread, they all fall within the experimental Low G range. (e, f) Schematic illustrating the
High G and Low G configurations respectively that exhibit mechanigadiyced switching for junctions
highlighting the role of the geometric constraintslaAu tip morphology.
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These results guide us in proposing a working hypothesis for the distinct High G and Low
G steps observed in our experiments. An initiitgken Au contact has a AAu separation that
is too small to accommodate a bipyridine molean a vertical geometry (Fig. 4e). Junctions
formed at the beginning of a pull trace thus have geometries that result in a high conductance. As
the junction is elongated, the High G geometry tends to snap to a Low G geometry, once binding
sites spaced faenough apart become available (Fig. 4f). This is plausible given that the Au
contacts in the experiment are likely to offer multiple binding sites, as illustrated in Figs. 4e and
4f. On the other hand, as the junction is compressed from a vertical ggotnetenergy cost
associated with rotating the-Au bond out of the plane of the pyridine backbone tends todold
~90°. Only when the constraints of the shrinking junction demand too much bond compression
will the Low G geometry snap to a high G geometith smallera or C-Au distance. In this
picture, the NAu bonds need not be broken, although an Au contact atom may shift from one
electrode site to another. It is also plausible that the bond may shift from one available
undercoordinated Au site tmather, as illustrated in Figs. 4e and 4f. In either case, although not
strictly reversible in all the atomic scale details, this picture provides the essential elements for a
mechanically activated switch.
Methods:

Experimental MethodsWe measur ed t he mol ecul ar condu

(SigmaAldrich, 98% purity) by repeatedly forming and breaking Au point contacts in solution
of the molecules with a hortauilt, simplified STM (see Supplementary document for details).
Thousands oftraces are collected and presented as conductance histograms, where peaks

correspond to the most frequently observed conductance values. A freshly cut gold wire (0.25
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mm diameter, 99.999% purity, Alfa Aesar) was used as the tip, and UV/ozone cleaned Au
Substrate (mica with 100 nm Au, 99.999% purity, Alfa Aesar) was used as the substrate. The
STM operates in ambient conditions at room temperature and the junctions were broken in a
dilute, 1mM, solution of 4,4' Bipyridine in 1,2tdchlorobenzene (Sigmaldrich, 99% purity).
To ensure that each measurement started from a different initial atomic configuration of the
electrodes, the electrodes were pulled apart only after being brought into contact with the Au
surface, indicated by a conductance greater ghtew G. Prior to adding a molecular solution
between the tip and substrate, 1000 conductance traces were first collected without molecules to
ensure that there were no contaminations in the STMset

For all nonlinear ramps applied to th@ezo, thejunction was first closed to achieve a
conductance larger than a few, Gor demonstrating switching between the high and low
conducting states (Figure 2a), the junction wes pulled apart by 1A at 16 nm/s, and then
sequentially pushed together andlgudi apart by 2 A four times, holding the junction for 15 ms
at each step, before the junctimasfinally extended by an additional Z6and broken. For the
measurement of the "pudtack" distance, the junction was first pulled apart byAl& 16 nm/s,
held at this separation for 50 ms, pushed together By 45516 nm/s, and then pulled apart and
broken. This cycle was repeated 2000 times and the measured conductance data was analyzed to
determine the "pushack" distance as follows. For each measuradet we determine the
average conductance while the electrodes were held fixed (second segment of the ramp), and the
distance the junction had to be pushed together before reaching a conductance within the range
of that expected for a AAu contact (as lustrated with red and blue arrows in Fig 2c). Of the

2000 traces measured, 777 had a conductance betweeh Gxaad 1x1F G,. We divided the
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entire conductance range into 20 himshe logarithmic scaland averaged the conductance and
pushback disance for all points within each conductance bin to obtain the data shown in Figure
2d.

Construction of twadimensional histogramEach measured conductance trace consists

of conductance data acquired everyn®5 measured as a function of-spmple disglcement at

a constant 16 nm/s velocitgince gold and molecular conductance platezmggir in random
locations along the entire displacement axisXis) within the measured rangee first set the

origin of our displacement axis at the point in the emtance traces whetiee goldgold contact

breaks and the conductance drops below,.Grhis welldefined position on the -axis is
determined individually for each trace as illustrated in the inset of Figisibg an unbiased
automated algorithfb5]. For about 1% of the measured traces, this position cannot be
determined and these traces are not used for further analysis. Each data point on the digitized
conductance trace now has a conductance coordinate (alongxi® und a position coordinate
(along the xaxis). These data are binned using a linear scale along the displacement axis and a
log-scale along the conductance to generate a 2D histogram.

Transport CalculationsFirstprinciples transport calculations are based on density

functional heory (DFT) within the generalized gradient approximation (G[28). The
SCARLET codg56] is used to calculate the electron transmission for many junction geometries.
Thelinear response conductance is obtained from the Landauer formula (G)2GjEwhere

T(E) is the transmission functioand E is the Fermi energy. The alignment of the frontier
molecular energy levels in the junction relative tac&n show significant errors in DFE37] with

the result that the calculated conductance are too[&gB7-59]. A selfenergy correction,
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successfully used in our previous wi@¥, is calculated and added to the molecular orbital
energies in the junction to account for maglgctron effectsDetails of the application to the
bipyridine case are described in thepplementary materials. Because the DFT orbital energy is
close to the electrode Fermi energy in this system, theesetlyy correction is quantitatively
quite important to the predicted conductance value.
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Supplementary Information: Experimental Setup and Procedures:

The details of our experimental apparatus reenbdescribed previou$® 8]. Briefly,
the STM was constructed from a hoinalt tip holder mounted on top of a singigis
piezoelectric positionewith built-in position sensor (Mad City Labs). A bias was applied
between a cut Au wire tip and a Au substrate placed on top of the piezoelectric positioner and the

resulting current was converted to a voltage with a current amplifier (Keithley 428). Data
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collection and control of the piezoelectric positioner were done by means of a data acquisition
board (National Instruments, PXK61) driven by a customized program using Igor software
(Wavemetrics Inc.) For the conductance trace measurements, theitsubgroached the tip
until a set conductance larger thapuas measured to ensure that the Au/molecule/Au junction
from the previous measurement was completely destroyed. For standard conductance
measurements, the sample was then withdrawn at a réa&roh/s and the current and position
data was recorded at a 40 kHz sampling frequency. Histograms were constructed from the
current versus position traces by dividing the current by measured voltage across the junction to
obtain conductances and then bnmithe data as a function of conductaneghout selecting
any traces. Sl Figure 1 shows conductance histograms for three moleeples)y4 pyridine
(SigmaAldrich), 4,4' bipyridine (Sigmaldrich) and 2,4" bipyridine (AlfeAesar) measured in
solvent 12,4 trichlorobenzene (Sigrradrich).

All position determinations were based on measuremeititisa built-in position sensor
within our custom piezoelectric positioner. This position sensor was calibrated both by the
manufacturer and by us using laseerfgrence measurements. We found the absolute values of
the measured displacements to be accurate to within 5%.

Step Detection Algorithm: The molecular junction step detection was carried out as follows.

First, a Lorentzian was fit to the histograms coredutrom all measured tracesdetermine the
Low G and High G rangescgnductance peak position &) and the full width at half
maximum for the peak (). For each measured trace, the derivative of the logarithm of the
trace was computed. Tracesthwvpeaks in the derivative that crossed a threshold of 5000 were

considered further. The average conductance from the raw data in the region between two
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successive peaks was computed. Traces were considered to have molecular steps if this average
conductane was within Geax* Guwidth and if this region had more than 5 data points. Steps that
had fewer than 5 data points, or equivalently those that were shorter than 0.007 nm were not

included in the analysis.
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Figure S5.2-1: Conductance histograms forphenyl pyridine, 4,4' bipyridine, 2,4' bipyridine and in
solvent alone (1,2,4 trichlorobenzene), and chemical structures for all molecules. All histograms
computed from 10000 traces individual tragéthout any data selection or processing using a linear bin
size of 10 G,.

A detailed statistical anadjs of individual traces using theutomated step detection
algorithm showed that 95 % of the measured traces had a High G step and that 75% had a Low G
step. While a significant fraction (~ 20%) of the measured traces had only a High G step, there

were virtually no traces (under 3%) th@ad only a Low G step, consistent with the lack of

counts at the origin of Fig. 1c in the Low G range.
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Analysis of Switching Traces: Switching traces were selected from all measured traces

using an automated algorithm. The number of data points in thal ifiold" region of each
trace that had a conductance within the Low G range was determined. If more than 75% of the
data was within this conductance range, the trace was selected. Typically, 10% of all measured
switching traces in 4,4' bipyridine werelscted. A histogram using $0G, bin size was

constructed from these selected traces using data collected during the switching section of the

ramp.
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Figure S5.2-2: (a) Sample swehing traces measured with a Zgg ramp (dashed line) with 4,4'
bipyridine showing switching six times between the Low G and High G conductance. (b) Conductance
histogram constructed from 860 selected traces out of 9000 measured traces. Measureraaragiaer

out with a 250 mV applied bias.

Switching Measurement Controls: Control measurements are performed using the same ramps

in solvent alone and a 4s,o4loudxiiaom noof B3 ,p3nde,n5y, |50 r
bimodal histogram indicative of switching (SI Figs. 3 and 4). Moreover, we find that switching

in Au-bipyridine-Au junctions occurs reproducibly only if the ramp displacement amplitude is
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between ~2 A and ~3 A. Disptements larger than 3.5 A break the junction. Displacements

smaller than 2 Avereinsufficient to switch between the low and high conducting states (Sl Fig.

5. Control

e X p er bipyedné and 4phenyh pyridinedsbowno peak in the

histogram(SI Fig. 1) indicating that strongly asymmetric junctions (bonded on one side only) or

a configuration with pstacked molecular coordinati@®, 61] cannot explain either the Low G

or High G configuration or the switching seen in these measurements.

For measurements in solvent alone (S| Fig. 3), we used the same selection criteria, while for

measurements with 3,3',5,5' Tetramethyl 4,4' Diamino biphenyl purchasedbigonaAldrich

(SI Fig. 4), we required the hold section to start within the conductance peak observed for this

molecule using our standard methodology. The histogram constructed from these selected traces

measured in solvent alone (SI Fig. 3b)didnatsh any peak while that for
4, 46 Di amino Biphenyl ( S Fi g3Ge4b) showed a si
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Figure S5.2-3: (a) Sample switching traces measured with switching ramghgthline) in solvent alone

(1,2,4 trichlorobenzene) showing conductance oscillations betwesying conductances.

(b)

Conductance histogram constructed from ~500 selected traces out of 5000 measured traces.
Measurements were carried at 250 mV.
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Figure S5.24: (a) Sample switching traces measured with-zag ramp (dashed line) in 3,3'5,5'
tetramethyl 4,4' diaminobiphenyl (structure shown). (b) Conductance histogram constructed from ~500
selected traces out of 5000 measured traces measured at 250 mV.
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Figure S5.2-5: (a) Sample 4,4' bipyridine switching traces (dark blue, light blue and red and brown)
measured with zigag ramps with 1 A amplitude (blue dashed line) and 4 A amplitude (red dashed line).
Note: Redtraces are laterally offset by 0.06 s. (b) Conductance histogram constructed from ~ 200
selected traces out of 2000 measured traces measured at 250 mV. Blue histogram is for traces measured
vAvith 1 A ramp, and shows a single peak at the Low G range. Redrais is for traces measured with 4

ramp.
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Control measurements were also run in 4,4' bipyridine using-aagigswitching ramp
with a displacement amplitude of 0.75 A , 1 A, 3 AAdand 5A. With a 3 A amplitude, the
switching traces and accompanyimgtograms looked very similar to those with a 2 A amplitude
ramp. For the 0.75 A and 1 A ramp, ~ 80% of the selected traces did not switch from the Low G
starting value to the High G value (as shown in Sl Fig. 5, blue traces). A few trace switched to
theHigh G value and then remained at the high conductance until the junction was broken. For
the 4 A and 5 A ramps, the junction was broke during the ramp and frequently reformed as
shown in Sl Fig. 5 (red traces).

Measurement of Au Snap Back DistanceWhen the goldgold contact breaks, and no

molecules are present, the Au atoms snap[bdfleaving two electrodes that are not in contact.

To determine the electrode separation soon after the Au contact is broken, we push the electrodes
back together urta conductance above 1, G obtained, using a Piezo ramp similar to the one
shown in Fig. 2c of the main text, but without the 0.05 s hold section. The distance that the
electrodes need to be moved to form a contact is a measure of how much the apobackna

when the junction is broken. A histogram of snap back distances is shown in Sl Fig. 6, with a
Gaussian fit that gives a mean snap back distance of 0.65 nm, in good agreement with

measurements done in ultra high vac{®bh
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Figure S5.2-6. Distance that two gold electrodes need to be moved back to make a contact with
conductance greater than 0.5 &fter being pulled apart from a poicbntact.
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5.3 A Single-Molecule Potentiometer 6

Abstract: Controlling electron transport through a singtelecule device is key to the
realization of nanoscale electronic components. A design requirement for single molecule
electrical devices is that the molecule must be both structurally and electrically teahtoethe
metallic electrodes. Typically, the mechanical and electrical contacts are achieved by the same
chemical moiety. In this study we demonstrate that the structural role may be played by one
group (for example, a sulfide) while the electrical nmiay be played by another (a conjugated
chai n o-hond€).2 W& cdn specify the electrical conductance through the molecule by
modulating to which particular site on the oligoene chain the electrode binds. The result is a
device that functions as a potemeter at the singlenolecule level.

Undeastanding and controlling charge transport through molecular devices is critical not
only to the realization of molecular sized devices, but also in advancing the performance of
organic based electron[dd, 62]. For such devices, it is insufficient simply to ascertain that
certain moleculabackbones can conduct; one must predict, and ultimately control, molecular
conductance. Here we report a new type of singdecule electronic device in which we are
able to predictably adjust the conductance of the individual molecular circuit ovelr-defieéd
rangg63]. Figure 1A shows our molecule design. The terminal contact, which serves as the
physical contact to anchor the molecule, is a localized;dlgotron donor in the form of an
organic sulfidgl3]. The electrical variableortact is the setfo a | t e-bonds that forgn the

c onj ugspace df a’linear oligoene. During the conductance measurement, electronic

6 Meisner, J. S.; Kamenetska, M.; Krikorian, M.; Steigerwald, M. L.; Venkataraman, L.; Nuckolls, C.
Nano Letter011,11, (4), 15751579.
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coupling of the electrodes to the terminal contacts results in a low fixed junction conductance,

while additioral direct coupling th o u g h

conductance. Furthermore, as the contactvme s

-spabee leads to higher tunable junction

rel ati v e-space overladistamoe | e c u |

of more than 1 nm, the device conductance changes continuously. Thus we can choose a

conductance for the mextule a priori simply by selecting the appropriate intdectrode

spacing. These experiments form the basis for a new type of tunable molecular electronic device.

MeS™ 7 CN
An;n=0,1,2,3,4
B) |- BO C .
@ 1
o 10
E 110
~ 100
@
510"
) .
. A A-series g
i e B-series 10
10‘3 5 4 3 5 4 3 1 T T T : |
107 167 A0 AG- 107 407 2 A 8.8 A0 A2

Conductance (Gy)

Number of C=C Units

F'N

(°9) aouejonpuo)

)
o

Figure 5.3-1: (A) Chemical structure obligoene familiesAn and Bn. (B) and (C): Linear histograms
generated without data selection from >5000 conductance traces collected in the presence of each of the
An and Bn molecules, respectively. Traces have been offset vertically for clarityBi lseries show
clear peaks at molecutspecific conductance values, indicated by the solid arrovBfbrin the longer
molecules, a shoulder at higher conductance is visible, indicated by the dashed arBAv (D): Peak
positions of the singlenolecule caductance peaks observed for theandBn series as a function of the

total number of oligoene units. For then series the peak position was taken from the logarithmic

histograms (see S| Figure S3). A linear fit to the data on the-lsgnplots revealghat in both cases,

conductance

decays

exponentially

wi t h

a

decay

f acit

For this study, we designed and synthesized two series of molecular wires that are

atomically defined segments of polyacetyl@#e 65], each with different terminal anchor
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groups An andBn in Figure 1A). A simple synthesis was developed that affords melec
longer than 4 nm. This synthesis also tolerates a diversity of endgroups while theyoyapo
on the molecular backbone enhance molecular stability due to lowered HOMO and LUMO
energies relative to vacuum (see Sl). The crystallographically determalecular structures of
the parent serieP) show an ideal path of conjugation with alternating single and double bonds
exclusively in therans configuration (see Figure S1). The color of these compounds is a strong
function of the molecular length, indicating that the HOMOMO gap in these molecules
decreases with increasing molecular length (see Sl Figuii®4$2

We first demonstrate that tleesligoenes behave as molecular wires by measuring their
electrical properties using a scanning tunneling microsbaged breakunction techniqugt].
Using a gold STM tip and substrate, -Au pointcontacts are repeatedly formed and broken to
expose undecoordinated Au atoms otine electrodes. This technique is perforned dilute
solution of the target oligoene (£M in 1,2,4trichlorobenzene), trapping oligoenes between the
gold electrodgd®]. We apply a constant bias voltage (ranging between 200 mV and 750 mV)
[66] and measure the ent that passes between the two gold electrodes. When oligoenes bridge
the broken pointontacts we measure the conductance of theseligoeneAu junctions as a
function of the distance between the two electrodése data are recorded in the form of
conductance traces (see Sl Fig@®.31). Measurements are repeated thousands of times and
conductance histograms are constructed without any data selection to reveal statistically
significant conductance values (see Figure 1B and 1C). Oligoenes th&b limdiercoordinated
Au during these measurements though the methylsttificeinated serieAn, show a broader

distribution of conductances than the cyclic analogBas;The main reason for a broad peak is a
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result of the additional rotational freedompand the arybulfur bond, which increases the
junctionto-junction variatiof67]. When measuring thousands of junctions, the electrode
geometry constrains the Astaryl bond angles differently for different junctions resulting in a
larger distribution of conductances. However, teaggal trends within and between the two sets
are similari incorporation of the linking sulfur atom into the fimeembered ring does not

significantly alter the fundamental physics, though it simplifiesatredysis.

Figure 5.3-2: 2D conductance histograms preserve displacement information f@2AB) B3 and (C)
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A3 respectively. Comparing (A) and (B), within the same lid&erily, longer molecules are able to

sustain more junction elongation ik remaining bound in the junction. All three molecules show a

higher conductance shoulder in the region above the dashed line, corresponding to a junction geometry

that forms immediately after rupture of the-Au contact. The average slope of this hagimductance

shoul der (solid Iine) reveals that conductance in
stretched, in agreement with the decay constant shown in Figure 1D. Arrows indicate peak positions in

from conductance histograms in Figut€.

Within each series, the peak in the conductance histograms (arrow positions in Figure 1)
decays exponentially with increasing length, following the expected relation, &"¢Figure
1D) . The de dsap2/Acfa thaBh series, jn agreememith previously published
values for conjugated molecu]é8]. Typically, histograms shova single conductancgeak;

however, forn > 1 An and Bn, in addition to the conductance peaks indicated by arrows in
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Figure 1C, we see a second broad increase in counts at significantly higher conductance values
(dashed arrow in Figure 1C). To elucidate these two conductance regions, we examined two
dimensionalconductance histografi, 22], which preserve displacement information during
junction elongation. In Figure 2, we show-2i3tograms foB2, B3 andA3, where two regions

with increased counts are clearly seen (separated by the dashed line for clarity). The higher
conductance regn forms immediately following the breaking of a AaAu pointcontact (at
zeradisplacement in this 2D histogram). The extent to which this-bagiductance state persists

as the junction extends dependsmras well as the terminal group (see S| Fgg86.32 and

S5.33). In Figure 2B, we see also that the value of the conductance in thisdnghcting state
decreases almost exponentially as the gap widens. Furthermore, thcohdyittance region is
absent in the shortest molecules.

One possibily for the two different conductance regimes is that theseaals oligoenes
may access two different conformations: theis and strans As the junction is elongated,
oligoenesundergo rotations around the @ single bonds. However, the two conformers are
expected to have similar conductance; thus, rotational isomerization cannot explain this
finding[69].

We postulate instead that there are two independent conductance pathways. In the higher
conductance state the tunneling path originates at one electrode, passes directly to the olefin
backbone, thence via the sulfide to the second electrode, asitdsiin Figure 3A. In the lower
conductance state, which occurs only when interelectrode distances are sufficiently large, the
tunneling path switches from electredkefin-sulfide-electrode to the more typical electrede

sulfide-olefin-sulfide-electrode. Ahough both terminal alkylthio groups anchor the oligoene to
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the electrodes, close proximity of the electrode to the olefin backbone results inesistance
pathway (highconductance state) directly from the electrode to the olefin backbone. As the
junction is extended further, it slides up the backbone until an abrupt change in conductance is
observed. Once fully extended, the oligoene is bound at the apex of each electrode, where Au
atoms are no longer in proximity to the polyolefin chain, and tge-¢twnductance state turns
off. The lower conductance at this stage corresponds to the conductance through the entire
molecule, and follows an exponential decay with increasing molecule length5 0. 2/ j ; S
Figure 1D). Extending the junction further bkeahe molecular circuit, and conductance is lost.

For the longer molecules (for example ®8 and B4), as we extend the electrodes we
see the conductance decay by ~0.2/ A in the -bajiductance state (Figure 4). This high
conductance state is observddlectly after beaking theAu pointcontact where electrode
separation is about-B A[14, 52]. This distane is significantly smaller than the molecular
lengths o83 and B4, whose lengths arg80.8 and 35.6 A, respectively. Although the high
conductance state could be explained by assuming that the molecules are bound to apex of the
electrodes at an angle whiincreases with junction elongatj@h our experimental results do
not support this model for the following reasons. First,B8randB4,t he bi ndi ng ang¢
would range from about 10° to 50° given the long moleculagtihe and short electrode
separation. We do not see the conductance
following a (sind ¥ dependend&] using this range of angles. Second, we do not see the high
conductance stati®r the short molecules. If the molecules were indeed binding between the
apex of the electrodes at an angle, an angle dependent conductance should have been observed

for all molecules studied. Finally, the decay constant seen in thebigluctance ate is very
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close to that seen for the molecular series studied, consistent with a model where the high

conductance state results from direct tunneling from the electrode to the olefin backbone.

Figure 5.3-3 (A): Schematic depiction of an oligoene break junction. Both the polyolefin chain and the
endgroups, X, may act as electrical contacts. Oligoenes behave as a resistive potentiometer as the tip

LOW-G STATE

000

displaces along the olefin backbone, while the alkylthio emdug stabilize the junction. DFT
calculations produce the HOMO of (B) A&l and (C) Ay-C4 complexes, respectively. The HOMO
shows significant electron density both along the polyolefin chain and at the terminal methylsulfide
functional group.

For the shaest molecules in our study, the length of the olefin chain is comparable to the
distance between electrodes upon-Aw pointcontact rupture & A)[14, 52]. Thus direct
contact between the electrode and the polyolefin backbone is rarely accommodated. As a result,
no clear higkhconductance peak is seen in Figures 1B and C (or in Sl Fi§6r82 andS5.33).

Other factors such as sterimtirance and the electramthdrawing properties of the nitriles may

result in only one conductance value.
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In order to dismiss the possibility that the Au binds through the nitrile groups on the
backbone, we synthesized an oligoene analogousdl tdut lacking nitriles. For this molecule
we observe the twoonductance states as well, indicating that the nitriles are not responsible for
this twostate behavior (see Sl Figugb.34). In fact, the enhanced higlonductance state in
this molecule comgred toA1 suggests that the absence of the nitriles facilitates greater coupling
of the olefin to the electrode by removing some steric hindrance, as well as making the olefin
more eletron rich (see Sl Figures5.34).

While both SAu and olefinrAu bonds form, it is clear that the former is stronger than the
latter. We demonstrate the importance of this with a series of asymmetric oligoenes, each having
only one sulfide €n), and with another series that lacks sulfides entirBly) ((see Sl Figure
S5.34). None of theDn examples tested showed a measureable conductance, whilnthe
series showed conductances that are measurable, albeit quite low. Moreover, the absolute height
of the peak in the conductance histogramQaris quite low, suggesting th#te formation of an
Au-Cn-Au junction i s a | owe r-compplexib Bobstrdng éngughety e nt .
hold the mechanical circuit together alone, but if the molecule is held in the junction by at least
one strong st r u-complexlak is #rbng emeugh tp complete thée electrical
circuit.

To further explore this unusual mode of electroadecule coupling, we turned to
computation. Density functional theory (DFT) calculations (B3L¥®1&**) on Al allowed us
to clearly visualize theno |l ecul ar orbitals (MO6s) pertinent
Sl for details). We modeled this as a tatep process; the molecule first binds to one electrode,

and then this electroemolecule complex binds to the second electrode. This neddeidates
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the different modes of binding to the second electrode that are available to the molecule as the
gap between the two electrodes changes. For conceptual as well as computational simplicity, we
chose to model the Au electrode with diatomicy[&Q]. In Figure 3B, we show the HOMO
calculated for the optimed geometry of AWAL, in which the Ay unit is bound to one of the
terminal sul fides. Examination of these MOOGs
electrodebinding locations; not only at the disa | S Me , but asyseem ofthe ong t
polyolefin backbone. Both binding locations have ample precedent in homogeneous
organometallic chemistfy1] and would result in different electron tunneling pathways. Thus
these calculations are consistent with our observationsAthand Bn show two conductance
states. Previous reports reveal that it is common for transition metals to interact with oligoenes
In addition to the numerous weak and dynammteractions between transition metals and
alkenes, stable inorganic complexes have been isolated, in which Pd and Ru interact directly with
oligoenes through the-systemi72-74]. For comparison, in Figure 3C we show the HOMO for
C4. This orbital i s -spasesoé the dlignéné. yhusethet chanreell for i n
electrical conduction is present @4, and it is quite similar to the channel in the andBn
series. The flierence in the conductances A1 (andB1) versusC4 lies in the ability of the
sulfide to hold the molecule physically close to the metal electrode, rather than in the electronic
structure of the molecular conductor.

If we indeed have a direct conductigpath from the electrode through the olefin
backbone, it should be possible to change the conductance by modulating the electrode position
and generating a singhaolecule circuit that functions as a potentiometer. This is shown in

Figure 4. Here, condwamice is measured in a solutionB¥ while applying a modified ramp to
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our piezoelectric actuator, which controls the substrate position relative to the fix&sdl (gee

Figure 4Adashed trace). Of the 3000 traces measured with this ramp, over 50% of the traces
show a molecule in the higlonductance regime at the start of the zigzag ramp, as determined
by an automated algorithm. A sample of selected traces is showguire BA, and all selected

traces were used to construct thB 2onductancdéime histogram on a serwog scale, shown in

Figure 4B. The conductance follows a zigzag pattern, as tsariple distance is modulated by

7 A, with an average change in contlunce from ~4x10 Gg to ~2x10° Gy. This range is within

the highconductance regime for this molecule, and has an exponential dependence on separation
(e 3!/ ‘An exponential dependence of conductance on electrode distance suggests that, while
the contact resistance does not change, the length of the backbone through which transport
occurs varies as the junction is compressed or elongated. Control expervimiertiganes show

no modulation of conductance (Figure 4A). Traces collected in pure solvent show changes in
conductance between 1@, to 10 G, during the zigzag ramp, which would be expected for
tunneling through a gap without molecules. The abititghange the conductance of the junction
continuously in this higitonductance state with an exponential decay of 0.2/A can only be

explained if the contacttoh e mo | ec ul e -cospling loithe elegtiodes. i r e c t
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Figure 5.3-4 (A): Sample traces collected in the presencB&(solid blue), 1,ebis(methylsulfide)hexane
(dashed red) and only clean solvent (dashed green). TracesBaitshow conductance changing
continuously and reversibly as the megzoltage is modulated along the dashed black line so that the
junction is repeatedly stretched and compressed. {B):h2stogram constructed from selected traces, for
which the average conductance during the initial hold section fell within thedoigtuctance range.

More than 50% of the 3000 traces collected met the selection criteria. Fitting the average slope of the
different sections of the piezo ramp shows that the conductance grows and decays exponentially with a
factor of 0.2/A throughout the memsment, emphasizing the reproducibility of the potentiometer
behavior.

In conclusion, we experimentally demonstrate transport through smgkxrule
junctions where direct electronic coupling between the molecutanjugated backbone and Au
electrodeis achieved. Furthermore, this coupling is enabled by an auxiliary terminal chemical
linker that provides mechanical support for the junction. Conductance through the molecular
backbone can be tuned continuously and reversibly by changing the electradgicepThus,
this system provides a new class of molecular scale devices that perform as a resistive

potentiometer.
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Supporting Information: Experimental Procedure and Data Analysis.

The details of our experimental setup have been described prej2pusBriefly, we
prepare gold samples by evaporating 100 nm of gold onto freshly cleaved mica. During
measurement, the sample is mounted on top of a saxggepiezoelectric positioner below a
handcut gold tip in a homéuilt STM setup. The sampt® junction is stretched and
compressed with safianometer precision by moving the substrate relative to the tip at a rate of
15 nm/s with the piezoelectric (Mad City Labs) while applying constant bias to the sample
through a series resistor. The current in tibels captured by a Keithly 428 curreviltage
amplifier. The sample position is manipulated and data acquired at 40 kHz using a data
acquisition board (National Instruments, P2461) and custorbuilt software written in Igor
(Wavemetrics, Inc). Alposition determinations were based on measurements with anbuilt
position sensor within our custom piezoelectric positioner. This position sensor was calibrated
both by the manufacturer and by us using laser interference measurements. We found the
absolue values of the measured displacements to be accurate to within 5%.

We form metaimoleculemetal junctions by smashing the tip and substrate together until
conductance exceeds 5 @nd then pulling them apart. All conductance traces acquired that
reach aconductance below 5 G, are then added to a linear binned histogram by an automated
algorithm without any further data selection. Typically, 5000 traces are used to construct

conductance histograms.
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Figure $.3-1: Sample conductance traces gained from Sged break junction measurementsBin
series. Step lengths become longer as molecular length increases, showing that conductive junctions are
sustained at larger electrode separations with longeretues.
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Two-dimensional histograms are automatically genefated15] with the added
requirement that a doreak is clearly identifiable in the trace (more than 90% of traces that start
with a conductance greater than 4 &d break satisfy this requirement). In tdimensional
histograms conductance is binned logarithtiycaith 100 bins per decade, while displacement
is binned linearly for image clarity.

We have not observed that cyano groups bind to goledity&nobenzene, l-dicyanc
2-butene and oligoend3n do not show conductance peaks and likely do not form cutze
junctions. Like the cyanfunctionalized oligoenes, oligoenes without cyano grosnt(-1)
contain 2 conductance peaks demonstrating that cyano groups do not play a direct role in

junction formation.
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Figure S5.3-3: Two-dimensional histograms for th&n and Bn series. The displacement axis has linear
bins while the conductance axis has logarithm bins (100 per decade). The higher conductance regime
lengthens as the oligomer length increases.
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Figure $.34: Linear and log binned conductance histograms of control compounds investigated.
Structures are shown on the right.

Analysis of Traces with ZigZag Ramp: Traces were selected from all measuteces using

an automated algorithm. The number of data points in the initial "hold" region of each trace
(starting at time t=0s) that had a conductance within the required range was determined.
Typically, 50% of all measured traces had a molecule durifge i ni t i al Ahol do
selected traces were used to construct adwweensional conductance vs. time histograms.
Control measurements were carried out withldiggmethylsulfide)hexane, a saturated molecule.
The zigzag ramp used was chosen sat tthhe proportional change in the in electretkctrode
separation relative to the length of the molecule was the same as in the ramp used ¥ &figure
the manuscriptFigure S5.36: The probability of having a junction start at the selected
conductane with hexane is 15%, which is significantly lower than the 50% success rat®4with

In addition, no reproducible modulation in conductance during the ramp is observed. Traces
collected without the presence of any molecules showed conductance aosgcitlativeen a

closed and an open junction during the-zag ramp.
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with 1,6bis(methylsulfide)hexaneoiver panel: twd dimensional histograms of all selected traces (1477
out of 10000) measured with the-zigg ramp.
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Chapter 6: Environmental Effects on
Transport through Single Molecule Junctions

Here we investigate how the environment around the junction can influence conductance.
We find that temperaturaffectsthe evolution and structure of gold electes during pulling in
breakjunction experiments. The changing shape and corrugation of the leads with temperature
shifts the energyevel alignment between the electesdand the moleculelnterestingly, this
affects HOMO and LUM®@onducting moleculesifferently and suggestthat by tuning the
chemistry of the linkegold bondas well as the local junction structwee can achieve different

functionality of metalmolecule junctions.
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6.1 Temperature Dependent Conductance of Single Molecule
Junctions

Abstract: We perform statistically significant temperature dependent conductance
measurements on suianometer sized single molecules bound to gold electrodes using a
Scanning Tunneling Microscofimsed break junction technique in Ultra High Vacuum and
under ambient conditions. We find a thried increase in conductance of two amteeminated
conjugated molecules when temperature increases fromtd5BO0OK in UHV; ambient
measurements at room temperature corroborate this trend and show that at 30@kanoads
independent of pressure conditions around the junction. In contrast to these results on HOMO
conducting amines, we find that the conductance of LUM® n d u c t-hipyridine 4lecréases
with increasing temperature. We show that incoherent hgpgtermi function changes or
phononassisted processes cannot account for such trends. Instead, our data suggests that
changes in energgvel alignment at the metatolecule interface can be brought about by
temperaturalependent parameters such asdbeugation of the metal surface, the density of
edges and adatoms and the concentration of other molecules bound in the vicinity of the junction.
Since Aviram and Ratngl] suggested thasingle molecules could serve as active
components in electronic devices, many studies of the properties of single mabetaile
junctions have been perfornj@dr]. With few exception, transport in such systems has been
found to be off resonance and well described by the Simmons tunneling[8bdel In this
framework, a molecule which bridges the gap between two metal electrodeasaattunnel
barrier to electrons; the height of the barrier is related to the energy difference between the metal

Fermi level and the closest molecular orbital. Within this simplistic model, conductance decays
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exponentlly with molecular length as G® 4 where the decay par amet
energy difference between the relevant molecular orbital andh\E a result, tunneling transport

is temperaturéndependent. This reasoning has led to the general assumption that temperature
dependentonductance can result only from an incoherent hopping transport mechHagjsm

13]. Until now, the interpretation has been appealing because most molecules exhibiting
temperatureactivated transport have been longer than several nm in length; since tunneling
probability decreases exponentially with distance, one can expect that incoherent hopping may
start to dominate on such length scales. However, tempemtlueed changes in energvel
alignment at the metaholecule interface have not been considerddre. Here, we show that

such a mechanism for temperatdependent transport through singh®lecule junctions cannot

be ruled out.

We measure the tunneling conductance through molecules smaller than 1 nm in length
and bound to metal electrodes withiaenor pyridine linkers as a function of temperature in
ultrachigh vacuum (UHV) and under ambient conditions using the scanning tunneling
microscope (STMpased break junction technique. Using a new approach for UHV
measurements, we are able to collecugands of conductanextension curves at more than
ten temperatures ranging from 5 to 300K and construct conductance histograms which show
clear peaks at molecule and temperatigpendent values. We extend the temperature range
investigated with measements on amine and pyriditerminated molecules performed under
ambient conditions at 36850K. Both amine and pyridine linkers bind to gold by forming a
donoracceptor bond between the lone pair on the terminal nitrogen and an undercoordinated

gold. Hawvever, whereas the amines conduct through the highest occupied moleculdrldrbital
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151 ( HOMO) , -bipyridind, ,trdndport occurs through the lowest unoccupied molecular
orbita[16, 17] (LUMO). We find that conductance of the two diamine molecules in this study
increases nofinearly with increasing temperature and mtran doubles from 5K to 300K. In
contrast, the conductance of 4, 40bipyridine
between 300K and 350K. These results in ambient conditions indicate that temperature
dependence of tunneling transport thlgbsingle moleculenetal junctions does not depend on

the environment (UHV or ambient). However, we see that H@M@lucting (LUMQ
conducting) molecules show an increase (decrease) in conductance with increasing temperature
indicating that temperature affts energy level alignment between the conducting backbone and
the metal Fermi level. We rule out electoimonon coupling and Fermi function smearing
effects as explanation for the observed conductance changes. Instead, our data indicates that the
geonetry and corrugation of electrodes, which varies with temperature, could shift the local Au
work functio18, 19]. The higher corrugation observed at lower temperature corresponds to a
greater density of step edges and adatoms which |dahergork functiofl8, 20] andintroduces

more binding sites for amine and pyriditeminated molecules. A higher concentration of
these molecules bound in the vicinity of the junction would further lower the work function of
the electrodd®1]. We postulate that both of these effects shift the energy level alignment
between the molecular orbitals ang &s temperature is changed, altering single molecule

junction conductance.
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Displacement

Figure 6.1-1: STM images of a monolayer of TMBDA at 260K (A) and 5K (B) on Au(111) surface. The
images were taken with 0.1nA tunneling curernt at 100mV. (C) Sample conductance vs. extension traces
measured 0 a monolayer of TMBDA shown in (A) and @ four different temperatures in UH\D)

STM image of the Au(111) surface with a-subnolayer of TMBDA taken immediately following two
currentextension measurements in the same location.

We carry out conductance measurements of 2,3,5,6 tetramethyl 1,4 benzenediamine
(TMBDA) in ultra-high vacuum (UHV) at the Center for Functional Nanomaterials at
Brookhaven National Laboratory using a variable temperature STM (Createc) that is maintained
at a pressure of I8 Torr. Molecules from commercial sources are evaporated onto a cleaned,
atomically flat single crystal Au(111) sample in high vacuum using a procedure described in
detail previouslj22, 23]. Figure 6.121A and B show STM images of monolayers of TMBDA
taken at 265K and 5K respectively. At both temperatures, hexagonal struttureacross are
visible and correspond to TMBDA molecules packed to form a full monolayer en th

surfacg¢22]. No desorption of these molecules occurring until temperatures abovd23)0K

Once the presence of molecules on the surface is verified by imaging, feedback is turned off and
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break junction measurements are performelfzjybmode so that the current is monitored under
constant bias as a function of the-sgmple distancg3, 6]. Specifically, the tip is smashedon

the sample and then retracted at a rate of 15nm/s and under a 50mV bias. Following this
retraction, the electrodes are again pushed together until a conductance configuration exceeding
1Gy is achieved. This procedure allows us to measure how mudtigtieodes snap back to
relieve strain following quantum point contact rupture. Analysis of theselspdistances is
discussed later and we focus now on the-putlportion of the measured traces.

Sample currenéxtension traces collected in UHV thg the pull portion of this
procedure at a range of temperatures are showkigure 6.11C. All traces show steps at
integer values of gcorresponding to the formation of quantum point contacts between tip and
sample. As the tygample junction is thned out, conductance decreases in integer multiples of
Go[24]. Once the pointontact ruptures, a molecule from the surrounding can bridge the inter
electrode gap forming a metaloleculemetal junction which results in an additibna
conductance step at a fraction of G

We take advantage of the imaging capability of the low temperature STM to examine the
local environment of the junctionsFigure 6.11D shows an image of the sample area taken
immediately after two currergxtensioncurves were measured several nanometers apart at
5K[25]. Clearly, when the break junctions are performed at cryogenic temperatures the
atomically flat Au(111) srface is destroyed and large protruding gold features are di2gted
We see also that the area around this region is depleted of molecules. At cold tempédrate
no significant diffusion occurs and the tip does not drift appreciably, repeated break junction

measurements at the same location result in few molecules surrounding the junction area and few
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steps observed in conductance experinjgfts We therefore modified the breg@knction

measurement procedure in UHV to laterally displace the tip relative to the sample by 1A in the

x-y plane under tunneling comnidns after each 1(z) measurement.

This allows us to collect

thousands of traces at each temperature where abe2®%0display steps at a molecule

dependent conductance.

Conductance histograms created with over 1000 measured traces

without any selectio at each temperature show a clear peak at a value belpwHi&ograms

measured at different temperatures spanning almost 300K are showigure 6.12A.

Surprisingly, the position of the molecular conductance peak for TMBDA shifts to higher

conductance with increasing temperature as shovigure 6.12B. Cooling the sample after

heating shows that this trend is reversible; the conductance pealositittto lower values.
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Figure 6.1-2: (A) Conductance histograms constructed out of at least 1000 traces collected in the
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To verify that these findings are not an antwua result of the specific molecule

investigated, we performed UHV based break junction measurements -benkgnediamine
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(BDA), evaporating the molecule onto a cleaned single crystal Au using the same procedure.
We collect more than 1000 traces at #fedent temperatures and plot the histogram peak
positions as a function of temperatureFigure 6.12B. Conductance of both of these amine
linked molecules appears to remain unchanged from 5 to 100K, but then rises steeply and nearly
triples in value oer the studied range from 5 to 300 K. For TMBDA, the conductance measured
in UHV below 100K is 3.3x18G, and rises to to 7.7x1, at ~300K. Interestingly for
TMBDA the conductance value measured at 300K in UHV agrees very well with the
conductance meared in air at room temperature to be 8.13G9

To extend the temperature range investigated, we measure the conductance of TMBDA
under ambient conditions in our hotbeilt STM-BJ setup described in detail previoysly27].
We see a clear increase in conductance within the ageessmperature range of 300383
indicating that this result is independent of the environmentcivelude that both BDA and
TMBDA have a conductance that increases-lnoearly with increasing temperature. Both these
molecules have been shown to conduct through the HOIMQOLS5] In order to check if this
effect correlates with the molecular orbital responsible for transport, we camyeasurements
under ambi ent c-twpyrdiinet (BR) wiich & knovin todcondluict through the
LUMO orbital. The conductance of a single BP molecule bound to gold electrodes was
previously shown to have two different values depending on the birghometries that are
probed during junction elongatidil, 17]; thus conductance histograms show two peaks.
Calculations and experiments have shown that both conducting geometries are due to transport
through the molecular LUM1, 17]. Here, we focus on the leeonducting geometry which

has the BP molecule stretched between the apex of both elefifjdeswe carry out
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conductance measurement at different temperatures under aodnerttons. We find that the
conductance of BP decreases with increasing temperatumeg fay about 50% from 300 to
330K, as shown irFigure 6.12C. This is in contrast to what is seen for the HORtShducting
amineterminated molecules. These resudtgygest strongly that this temperature dependent
transport seen through metableculemetal junctions depends on energy level alignment at the

metatmolecule interface.
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Figure 6.1-3: 2D histograms constriied out of at least 2000 traces measured in the presence of TMBDA
at 65K in UHV (A), 295K in UHV(B) and 300K in ambient conditions (C). The solid grey lines in (A) and
(C) mark the average conductance at each extension point. The dashed lines incghe ithai range

(0.5 decades) used to construct the extension profiles shown in (D). (Ble&idp extension profiles
constructed from the 2D histograms irCA All the counts within the dashed lines shown in (A) are
summed and ploted as a function xtie@sion.

We now consider several possible explanations for the observed trends in conductance
with temperature. It has been found experimentally that molecular junction conductance
decreases slightlyith increasing junction elongation. At low temperagiwhere molecules
could remain bound in a junction for a significantly longer elongation, one could expect a
decrease in conductance with increasing elongation. To see if this is indeed the case here, we
construct twedimensional conductanaisplacemenhistograms that track junction conductance

changes with elongation while also providing an average conductance plateau stefiliength.
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28] These histograms are constructed using the remifithe single Atatom contact (16 as

the origin of the displacement axifigure 6.13A, B and C shows such 2D histogram
constructed from over 2000 TMBDA traces measured at 65K, 300K in UHV and 300K in
ambient conditions respectivelyrigure 6.13D shows step length profiles centered around the
conductance pedR9] We see that thdistributions of step lengthsieasured at 65K in UHV

and at 300K in alment are similar suggesting that in both conditions, the molecule initially
binds away from the apex of the electrodes and then slides down the electrode towards the tip as
the junction is elongatg@8] The average conductance (peak of the Gaussian-sgectisn at

each displacement) is indicated by the solid lines in Figure€ 3Ad remains unchanged during

the elongation process. This indicatkat on average, both in UHV and at room temperature,
the conductance of amines does not vary significantly with elongation or bindind Site.
Furthermore since theplateau lengths are similar at room temperature and at 65K in UHV,
changs in junction elongation cannot explain the observed change in conductance between 65K
and 300K. We note here that molecular plateau lengths are much sh@@& ah UHV when
compared with measurements under ambient conditions possibly due to soleetst efider
ambient conditions.

It has been suggested that molecular junction conductance can change with temperature
as a results of opening (or closing) of additional conductance channels due to -glhotron
interaction§30]. Several recent gties have found conductance increases in inelastic electron
tunneling spectroscopy (IETS) experiments performed at cryogenic temperatures when the bias
voltage is swept across vibration resonances of the molgté, 32] To see if our results can

be explained by such an effect, we perform Holegendent breajinction conductance
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measurements onMBDA at 65K and 150K in UHV and at 300K under ambient conditions. If
phononassisted processes play an important role in transport, we should see large changes in
conductance with bias. However measurements at 50 mV, 100mV and 350mV reveal no
significantshift in conductance histogram peak. Thus the observe 300% increase in conductance
over ~330K for TMBDA cannot be accounted for by phorassisted processes. We also note

that such phonoeassisted processes should also lead to an increase in conddectand&O-
conducting molecules, contrary to what we measure.

Changes in the Fermi distribution of electrons in the metal with temperature could also
yield a temperature dependent conductance, as has been posited to explain recently observed
temperaturaependent transport through single molecule juncti88s34]. These authors apply
a one level model to fit their temperatidependent conductance results and extract the position
and width of the molecular resonance (MO) responsible for transport. Their models indicate that
the distance between the MO and the Fermi energy of the electrodes must be on the order of a
few hundrel meV to observe an appreciable change in conductance from cryogenic to room
temperatures due to changes in the Fermi distribution. In a recent scanning tunneling
spectroscopy study of TMBDA bound to a gold step edge we found the closest MO of TMBDA
to benearly 2eV below H22]. The MO of a junction where the molecule is bound to metal on
two sides is expected to be even further awayuiaBeV below [) as has been determined from
a seltenergy corrected density functional theory (DFT) calculafid®)=35]. We conclude that
Fermi function smearing cannot account for the large changes in conductance between 5 and

330K.
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The large changes in conductance measured here could be explained, however, by a
shifting of the E-relative to the molecular resonance. Furthermore, a change in the alignment of
Er with respect to the molecular orbitals would also account for the observed opposite effect of
temperature on HOM@onductance amines and LUM®nNducting BPWe hypothesize that
the alignment of the gold Fermi level and the MO changes with temperature and that these
changes are brought about by temperaindeced structural changes of the electrodes that the
molecules are bound to.

Figure 6.11D shows that 85K the gold electrodes where the molecules bind protrude
out of the flat surface by more than a nm. In contrast, at high temperature, high mobility of gold
will cause such nanwslands to relax into much smoother structures within the time frame of the
measuremefisg]. In what follows, we will show from measurements of, pateau lengths and
distance between broken Au peountacts that the Au electrode structures vary with
temperature. IfFigure 6.14A, we show the distribution of Ifplateau lengths as a function of
temperature. We see, as in refer¢Bég that at cryogenic temperaturespgde atom chains
lengths are quantized in multiples @25nm indicating thabne or moregold atoms are pulled
out prior to G rupture. In contrast, at room temperature,XBeps are shorter than 0.25nm,
indicating that the electrodes are more bluhewthe pointontact ruptures and molecules bind.

We now turn to measurements of snap back distance achieved by comparing pull and push
portions of the traces as discussed earlier. We determine the additional distance that the
electrodes need to be peshto achieve an AAu contact following rupture. The distributions of
thesel s nbagpc k 6 di st ances measured at t Rigue®.2 di f f er

4B[17]. We see that at 5K, the intefectrode distance in most junctions is smaller than 0.6 nm,
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while at 260K most junctions snap back to 0.8 nm followiagture. This indicates that at
cryogenic temperature the gold atoms do not relax into blunt structures following the 1G
junction rupture. In contrast at high temperature, the gold is mobile and can rearrange into a
more favorable, less stretched cguafiation suggesting that the electrode structure is different at

cryogenic temperature when compared with room temperature.
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Figure 6.1-4: (A) Histograms of 1gsteplengths(A) and snagback distances (Bheasured on a traee
by-trace basis on at least 1500 traces for each temperature.

This change in electrode shape can have the following consequences all of which will
result in a change in the energy level alignment between the molecular orbital and Eae Au
First, a corrugated electrode will have a higher density of undercoordinated Au atoms and will
thus have a lower work function than a flat electf@8g20]. This is because undercoordinaed
atoms carry a dipole so that an increased density of step edges and adatoms carfFsghifti the
energy up by several hundreds of milli [88]. Second, a higher concentration of such

undercoordinated sites will provide additadrbinding sites for amine and pyridine terminated
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molecules close to the junction. This has also been shown to decrease the effective work
function at the molecular junction and increase conductance because of the presence of dipoles
associated with th&u-N donor acceptor boifdl]. Both effects contribute to raising- Bf the
electrodes relative to the molecular spectrum with increasing temperaticfewith result in an
increase (decrease) in conductance with temperature for the HOMO (LUMO) conducting
molecules. We can expect therefore, a significant change in energy level alignment with
electrode shape.

To estimate the effect of shiftingEOn corductance, we use a DFhlculated
transmission of BDA as a function of energy as a ddfle Since LUMO does not
significantly contribute to transport at low biases, we approximate the transmission function to a
single Lorentzian centered at the HOMO position from reference. We fihd #a0 eV rigid
shift down of the HOMO relative tofEcan decrease conductarime a factor of 3. Although
we cannot, based on conductance alone, determine the position of the conducting orbital relative
to Er, our measurements do indicate that thRedDMO gap can change with temperature.

In conclusion, we have shown that the tunneling conductance of single molecule
junctions depend on temperature and change by nearly 300% from 5K to 350K. We show that
HOMO-conducting molecules show a decrease in caladice with decreasing temperature,
while LUMO-conducting molecules show the opposite trend. These measurements cannot be
explained by activated transport, changes in the Fermi distribution or elptivoon coupling.
However we show that they could aridee to shift in the local effective weflkinction of the
metal electrodes induced by changes in the electrode geometry with temperature. At low

temperatures, we show that the electrodes remain highly corrugated and sharp, while at high
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temperature the golrelaxes into a smoother geometry. As the work function of the electrodes
shifts because of this changed local structure, the energy level alignment between the metal

Fermi level and the conducting molecular orbital result in a temperature dependgrdriran
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