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ABSTRACT: We report here an extensive study of transport and electronic
structure of molecular junctions based on alkyl thiols (CnT; n = 7, 8, 9, 10, 12)
and dithiols (CnDT; n = 8, 9, 10) with various lengths contacted with different X=S or H e
metal electrodes (Ag, Au, Pt). The dependence of the low-bias resistance (R) on /
contact work function indicates that transport is HOMO-assisted (p-type HOMO M

transport). Analysis of the current—voltage (I—V) characteristics for CnT and — X
CnDT tunnel junctions with the analytical single-level model (SLM) provides HOMO-1 Mw

both the HOMO-Fermi energy offset ;™ and the average molecule—electrode

coupling (I") as a function of molecular length (1), electrode work function (®), and the number of chemical contacts (one or
two). The SLM analysis reveals a strong Fermi level (Eg) pinning effect in all the junctions, i.e., £*™ changes very little with n,
®, and the number of chemical contacts, but I" depends strongly on these variables. Significantly, independent measurements of
the HOMO—Fermi level offset (&}"*) by ultraviolet photoelectron spectroscopy (UPS) for CnT and CnDT SAMs agree
remarkably well with the transport-estimated &}***. This result provides strong evidence for hole transport mediated by localized
HOMO states at the Au—thiol interface, and not by the delocalized o states in the C—C backbones, clarifying a long-standing
issue in molecular electronics. Our results also substantiate the application of the single-level model for quantitative, unified

understanding of transport in benchmark molecular junctions.

h* HOMO or HOMO-1?

Metal  §7 """ X) Metal

B INTRODUCTION

One of the central focuses of molecular electronics is relating
transport properties to the electronic structures of molecular
junctions.' ' Junctions based on alkyl thiols (CnT) and
dithiols (CnDT) are among the most investigated systems in
molecular electronics.'’*° However, many aspects of
tunneling in these systems have been controversial and are
unresolved. One fundamental question concerns which orbital
(or orbitals) dominates the charge transport through CnT and
CnDT. Most researchers in the molecular electronics
community agree that tunneling transport for metal—alkyl
(di)thiol—metal junctions is mediated by occupied states,®' ~>°
yet a few papers identify unoccupied states instead.””””
Additionally, there are substantial discrepancies between the
tunneling barriers extracted from transport data, often obtained
by fitting to the Simmons model, and the independently
measured highest occupied molecular orbital (HOMO)
positions for CnT self-assembled monolayers (SAMs) obtained
by ultraviolet photoelectron spectroscopy (UPS).**™* Some
workers have ascribed this disagreement to the role of multiple
orbitals participating in charge transport.”***' Tunneling
barriers reported by fitting the transport data to the
Simmons®"*>**~* or other barrier models>*~> unfortunately
also exhibit relatively large variations, typically ~1-S eV.
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To determine which orbital is responsible for the charge
transport in CnT- and CnDT-based molecular junctions, it is
ideal to have a more accurate model to predict a reliable value
of the tunneling barrier that can be compared directly to the
UPS-measured value. Fitting transport data to the Simmons
square barrier model usually requires adjusting several
parameters to obtain agreement between the theoretical and
experimental I-V curves. As a result, different tunneling
barriers can be obtained from the same I-V curve, which
results in a large variation of reported values, as just noted.
Perhaps more importantly, such barrier models neglect the
molecular characteristics of molecular junctions, in particular
the junction electronic structure shown schematically in Figure
1A. Additionally, it has been demonstrated that analytical
theories such as the Simmons model are actually incompatible
with the experimental data obtained in our laboratory by the
conducting probe atomic force microscopy (CP-AFM)
technique®’ and cannot accurately fit the I-V curves of
molecular junctions.’»****73° Recent work by the au-
thors®>**%” has shown that the compact, analytical single-
level model (SLM), derived from the Landauer picture and
assuming that the broadening of the principal transport orbital
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Figure 1. (A) Electronic structure of a molecular junction. (B) Scheme of the CP-AFM molecular junction. A metal-coated (Ag, Au, Pt) AFM tip is
brought into contact with a SAM of alkyl monothiols and dithiols (CnT and CaDT) of various lengths on a metal coated substrate.

is Lorentzian, can be employed efficiently to extract the
HOMO (or LUMO) position & (or &™) and the
molecule—electrode coupling I" from junction I-V character-
istics, Figure 1A. The extraction of & and T is
straightforward, without adjustable parameters.

In this Article, we employ the SLM to extract &;*™ and I" for
junctions based on SAMs of two series of molecules, alkyl
monothiols (CnT, n = 7, 8 9, 10, 12) and alkyl dithiols
(CnDT, n=8,9, 10), on Ag, Au, and Pt electrodes, Figure 1B.
We then compare & obtained from the transport analysis
with ef/"> measured independently by UPS for SAMs of CnDT
and CnT on Ag, Ay, and Pt. From UPS spectra, we find the
energy states are ~1—1.5 eV below the Fermi level (we refer to
these states as the HOMO) of CnT and CaDT SAMs. The
UPS values & are remarkably close to the transport-derived
e, The agreement of the two measurements of &, for 24
different types of junctions has two important consequences:
(1) it provides important insight into the energy level
alignment problem for CnDT and CnT with one contact vs
two; (2) it confirms the SLM as a valuable theoretical tool for
self-consistent analysis of I—V characteristics of alkyl thiol and
dithiol based molecular junctions.

While as noted above junctions based on alkyl thiol and
dithiol systems have been extensively studied in molecular
electronics, UPS analysis and a comparison of & versus 5"
for CnT and CnDT have not been reported previously. This
constitutes a new and important aspect of the current study
that significantly advances the quantitative and unified
understanding of these benchmark molecular junctions. We
note that we have shown recently that the SLM applies well to
molecular junctions based on aromatic oligophenylene thiol
and dithiol (OPT and OPD) SAMs with delocalized frontier
orbitals.”” The current work expands and complements that
recent study by establishing that SLM also provides
quantitative understanding of aliphatic junctions with very
localized frontier orbitals.

B EXPERIMENTAL SECTION

Materials. In this study, we investigated alkyl monothiols (CnT),
n =789 10, 12 and alkyl dithiols (CnDT), n = 8, 9, 10. 1-
Heptanethiol (C7T, 98%), l-octanethiol (C8T, 98.5%), l-non-
anethiol (C9T, 99%), 1-decanethiol (C10T, 99%), 1-dodecanethiol
(C12T, 98%), 1,8-octanedithiol (C8DT, 97%), and 1,9-nonanedithiol
(C9DT, 95%) were obtained commercially from Sigma-Aldrich, and
1,10-decanedithiol (C10DT, 99%) was obtained from TCI America.
Au nuggets (99.999% pure) and Ag pellets (99.99% pure) were
purchased from Mowrey, Inc. (St. Paul, MN) and Kurt J. Lesker Co.,
respectively. Cr evaporation rods were secured from R. D. Mathis

(Long Beach, CA). Pt and Ti metal for e-beam evaporation were
purchased from Kamis, Inc. (Mahopac Falls, NY). Si (100) wafers
were acquired from WaferNet (San Jose, CA). AFM tips (DNP-10
Si;N, contact-mode probes) were purchased from Bruker.

Conducting Tip and Substrate Preparation. Contact-mode
AFM tips were coated with Au or Ag using a thermal evaporator
housed in a N,-filled glovebox (H,0, O, < 0.1 ppm). 500 A films
were deposited at a rate of 0.5—1.0 A/s on top of a 50 A Cr adhesion
layer, and were immediately transferred without exposure to air to
another glovebox containing the CP-AFM to carry out the
conductance measurements. Pt films, 200 A thick, were e-beam
deposited on a 50 A Ti adhesion layer, and immediately transferred to
the measurement glovebox. The radius of the tip was ~50 nm after
metal coating. Template-stripped flat metal substrates were employed
to grow high-quality SAMs. For flat Ag or Au substrates, S000 A of Ag
or Au was first deposited onto clean Si wafers in an e-beam
evaporator. Si chips (1 cm?®) were then glued onto the metal surface
using epoxy (EPOTEK 377, Epoxy Technologies, MA). The epoxy
layer was cured by placing the wafers in an oven at 120 °C for 1 h. For
flat Pt substrates, 3000 A of Pt was sputter-coated onto a clean Si
wafer at a rate of ~3 A/s. On top of the Pt film, subsequent
deposition of 300 A of Cr and 2000 A of Au was carried out in a
thermal evaporator. Note that the Cr layer prevented the penetration
of Au atoms into the Pt film. The Au film enhanced the yield of flat Pt
substrates due to better adhesion with the cured epoxy layer. The rest
of the steps were the same as for flat Ag and Au substrates.

Monolayer Growth and Characterization. SAMs were formed
by immersing template-stripped flat metal substrates into 1 mM
ethanol solutions of the molecules for 20 h. Thicknesses of the SAMs
were measured by variable angle spectroscopic ellipsometry (J. A.
Woollam Co., Inc.). Briefly, the polarization angles (¥ and A) were
recorded as a function of wavelength (1) from 800 to 1100 nm with
15 nm steps and an incident angle of 65° from surface normal (Figure
S1 in the Supporting Information). The HOMO-Fermi level offset of
CnT and CnDT SAMs on metals was measured by UPS (Supporting
Information). During UPS acquisition, —5 V was applied to the
sample to obtain the secondary electron cutoff. Details of the UPS
measurements are described in the Supporting Information.

Transport Measurements. Conductance measurements were
completed by mounting the substrates in the AFM and bringing the
metal-coated tip into contact with the SAM under an applied
compressive load of ~1 nN, Figure 1. The AFM instrument was
installed in an Ar-filled glovebox (H,O, O, <0.1 ppm). The voltages
were applied to the tip with a Keithley model 236 source-measure unit
operated in “DC mode”. Voltage was swept at the tip, the substrate
was grounded, and I-V characteristics were recorded; V > 0 means a
positive voltage applied to the tip.

All measured I—-V curves were linear at low biases and nonlinear at
higher biases. The inverse slope of the linear portion of the I-V
characteristic defined the low-bias junction resistance. The tunneling
efficiency parameter f and contact resistance R, were extracted from
semilog plots of the low-bias resistance versus molecule length. The
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Figure 2. (A) Semilogarithmic plot of low bias resistances of CnT and CnDT junctions versus the repeat units, n. (B) Semilogarithmic plot of
contact resistance of CnT and CnDT junctions versus the work functions of the bare electrodes.

Table 1. Key Electronic Structure Parameters, Including the Energy Offset €y

trans

, Conductance of Junctions G, Average

Coupling I', and Orbital Voltage Shift Coefficient y for CnT and CnDT via the Single-Level Model (Transport)“

metal  quantity C7T C8T 9T C10T C12T C8DT C9DT C10DT

Ag G 145 x 107° 2.38 x 107° 1.02 x 107° 2.59 x 1071 2.74 x 1071 1.56 x 1077 621 x 107° 1.74 x 107%
frns 1.19 1.13 1.14 1.13 1.14 123 122 1.26
ets 1.27 1.29 1.27 1.30 1.30 121 1.20 1.20
r 1.92 0.75 0.49 025 0.08 620 3.85 2.12
¥ —0.032 -0.026 —0.033 —0.039 —0.038 —0.002 0.002 —0.003
DY, 3.82 3.75 3.73 3.71 3.64 4.19 4.10 4.06

Au G 1.62 x 1077 3.18 X 1078 1.18 x 107* 326 x 107 3.51 X 1071 1.09 x 107¢ 446 x 1077 1.20 x 1077
glrans 1.01 1.01 0.94 0.97 0.97 1.12 1.07 1.08
ets 0.94 0.92 0.91 0.90 0.92 0.98 0.93 0.94
r 5.50 245 141 0.75 0.25 14.88 9.07 4.74
7 —0.041 —0.048 —0.043 —0.044 —0.053 —0.005 —0.012 —0.005
DY, 4.67 4.63 435 423 4.17 4.41 4.35 4.33

Pt G 123 x 107° 2.18 X 1077 8.55 X 1078 249 X 1078 2.44 x 1077 4.88 x 107° 1.78 x 107° 526 x 1077
gfrens 0.91 0.91 0.88 0.83 0.87 0.97 0.99 0.93
e?s 0.87 0.85 0.89 0.83 0.87 0.87 0.89 0.88
r 13.68 5.74 3.50 1.79 0.58 27.08 16.72 8.54
4 —0.049 —0.053 —0.051 —0.051 —0.058 —0.002 0.004 —0.004
DG 441 442 432 431 437 431 432 427

UPS

“Also included are &,

assuming N = 70 molecules for CnT and N = 80 molecules for CnDT according to the Maugis—Dugdale (MD) model of contact mechanics,

and @ in eV. The UPS data have an error of +0.1 V.

and the work function for CnT and CnDT by UPS (®gry;). Units: &, in eV, G in S, I in meV obtained from eq 3 by

60,68

low-bias resistance was measured between +0.1 V except for the data
of C12T, which were collected between 0.5 V due to its low
conductivity, and sweeps up to +1.5—2 V were applied to the tip to
obtain the transition voltage V.

B RESULTS AND DISCUSSION

Single-Level Model Analysis of CnT and CnDT
Junction Transport Characteristics. Figure 2A shows the
measured low-bias R data (listed in Table S1) for CnT and
CnDT junctions, revealing three important aspects. First, R
increases exponentially with the molecular size n, in accord
with R, = R, exp(finL,), wherein the dependencies on length
(n) and contact resistance (R.) are disentangled. This
exponential dependence of CnT and CnDT junctions is well
known and represents a clear indication of transport via off-
resonant tunneling.”"** Second, R (and R.) dramatically
decreases as the electrode work function ® increases (Figures
2 and S2). This correlation clearly represents HOMO-
mediated transport. Third, the tunneling attenuation factor
is similar for CnT and CnDT (~0.9 A™"), while their R values

18184

are significantly different (Figure 2B). For the electrodes
studied (Ag, Au, and Pt), ® varies by 1.4 eV, while contact
resistance decreases by a factor of 110 for monothiols and 30
for dithiols. The summary of CP-AFM measurements for
CnDT SAM:s associated with Figure 2 is presented in Table S1;
representative results for CnT SAMs are in ref 36. The trends
in Figure 2 are generally appreciated in the molecular
electronics community’’ and are provided here as context
for the new data and analysis that follow.

For a given type of electrode and the same repeat length (n),
the resistance of a dithiol junction (C#DT) is smaller than the
corresponding monothiol (CnT) by 1—2 orders of magnitude
(Figure 2). This is true even though the CuDT is longer than
the CnT with the same n due to the extra S—metal bond. The
higher resistance of CnT versus CnDT junctions is ascribed to
differences in the top contact (physisorbed versus chem-
isorbed)."****%7%7 We note that a recent single-level model
and UPS study of the energy level alignment for
oligophenylene thiol- and dithiol-based (OPT and OPD)
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Figure 3. Energy offset £/*™ and coupling I' of M—CnDT—M junctions (M = Ag, Au, Pt) as a function of (A, C) molecular length and (B, D) bare
electrode work functions. The lines represent linear fits. These data are extracted from I—V traces using the SLM (see Figures S3 and S4).

junctions revealed no obvious difference in tunneling barrier;
in that case, the difference in resistances was largely due to
differences in I'.°> To address the difference in resistance
between alkyl monothiol and dithiol junctions, the single-level
model was applied here to analyze the general I-V behavior in
the nonlinear bias range (see Figure S3). We use the transition
voltage V, values (listed in Table S1) extracted from our [-V
curves to estimate the HOMO—Fermi energy offsets & (cf.
Supporting Information).***” For symmetric CnDT junctions
(=V_ =V_l = V,, = V,), the correlation between V, and &, is
expressed as®”’

eV, = 26,//3 (1)
and the I-V characteristics are given as
&2
I= GV%
g — (eV)2) 2)

The zero-bias conductance G = 1/R of the CP-AFM junction
can be expressed as follows:
2
G= NG0—2
€ ()

where I' = (JI'I, = &./G/NG, is the average interface

coupling, I'; and I'; are determined by the molecular coupling
to the substrate (s) and the tip (t) (I'y ~ I, in symmetric
junctions), G, = 2¢*/h is the quantum conductance, and N is
the number of molecules in the junction. To compute I" of
alkyl dithiol junctions, we set N = 80, a value close to that
directly determined from other dithiol-based CP-AFM
junctions.68

For asymmetric CnT junctions (—V,_ = | V,_ | # V,,), the
counterparts of eqs 1 and 2 (also deduced in ref 56) read

18185

g =2 elVe Vil
V2 + 10V, V_I/3 + V2 @)
and
oV i
[ey(V)I = (ev/2)°
=GV iy
(&, — 7eV)* = (ev/2) ()
The orbital shift (Stark) factor y is given as follows:
1 VutW
2 Ve + 10V, V13 + V] ©)

Notice that, according to eq 6, —V,_ = [V,_| # V,, (asymmetry)
and y # 0; for symmetric I-V curves, —=V,_ = |V,_| ® V, and y
vanishes. For asymmetric junctions, G is expressed identically
to the symmetric case (eq 3).

As shown in Table 1 and Figure 3A, the HOMO energy
offsets of CnDT and CnT extracted from the I—V character-
istics (see Figure $3)% are independent of the length of the
molecule (n). This agrees with our quantum chemical
calculations (cf. refs 36 and 59), indicating that the HOMO
energies of isolated CnT and CnDT molecules are practically
independent of the molecular size n. On the other hand, the
HOMO energy offset slightly decreases with increasing work
function of the contact metals, Figure 3B and Table I.
Specifically, for CnDT the &*™ values change only by 0.3 eV
over a 1.4 eV change in electrode work function. This is an
indication of a strong Fermi level pinning effect for these
junctions. This behavior is in line with our previous findings on
many different types of molecular )'unctions.36’58’62’65

The average contact couplings I computed from the low-
bias conductance via eq 3 for CaT and CnDT junctions are
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in panel B

represents the linear fit.

also shown in Table 1. As visualized in Figure 3C,D for CnDT
junctions, I falls off exponentially (note the log scale) with n
for each type of metal contact and increases exponentially with
increasing ®. We have reported similar results earlier for
CnT.° The length independence of &, as well as the

pinning effect resulting in small changes in ™

despite the

large span of contact work functions, both suggest that &}

trans

cannot be responsible for the dramatic increase of R with n and
the decrease of R, (and R) with increasing ®. Rather, in accord
with Figure 3C,D, the strong dependence of R on n and ® and
of R, on @ is primarily determined by the changes in I'. The
strong length and work function dependencies of I' are
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were normalized to the intensity of bare metal substrates at 0 eV (panel B). The red intersecting lines indicate the onset energy of the HOMOs.

important characteristics of the charge transport in CnDT and
CnT molecular junctions.

It can be observed in Table 1 that I' for CaDT is
consistently 5—8 times greater than I" for CnT, depending on
the metal. Because junction conductance depends on I'?, it is
clear that the presence of a second metal—thiol chemical
contact can increase tunneling currents by factors of ~25—64,
which is born out in the values of G in Table 1. We return to a
comparison of CnT and CnDT below.

Simulation of Full I-V Curves Using the Single-Level
Model. With the model parameters £ and I" determined
from the experimental V,, and G values via eqs 1 and 3, the I—
V curves can be fully reproduced via eq 2; examples are
presented in Figure 4 for CnDT. Similar simulations for
asymmetric CnT junctions can be found in ref 36. Consistent
with our previous studies,”**"~>”%* to determine the model
parameters, the full I-V curves are not “fitted”; we extract &*™
and I as described above, and then input these values into eq
2. The excellent agreement between the simulated and
experimental -V curves represents an important self-
consistency check for the model for the case of CnDT
junctions with symmetric I—V characteristics.

Comparison of CnT and CnDT Transport. To address
the difference between the resistances of CnT and CnDT
junctions shown in Figure 2, we compare &*™ and I of these
two types of junctions. As shown in Figure 5A, although CnDT
junctions are more conductive, the tunneling barrier of CnDT
is slightly higher than that of CnT’s by ~0.1 eV. This small
increase in "™ obviously cannot explain the much larger
conductance of CnDT compared to CnT. Thus, the difference
between the cases of dithiols and monothiols traces back to I,
Figure SB, and has a clear physical interpretation. I' is
proportional to the square root of I’y (cf. eq 3), and T, for
monothiols is considerably smaller than for dithiols because
the transfer integral between tip and the physisorbed methyl
group (CnT) is substantially smaller than the transfer integral
between the thiol covalently bound to the tip (CnDT).

In addition, the HOMO for alkyl thiols is quite localized
near the C—S bond.***? The fact that the HOMO distribution
of the CnT molecules is concentrated at one molecular end
while that of the CnDT molecules has practically equal
distributions at both molecular ends, Figure S5, makes the
conductance of monothiols substantially smaller than for
dithiols. As discussed recently” the single-level model holds
for CnDT because, although two levels (namely, HOMO and
HOMO-1) contribute to the charge transport, they are nearly
degenerate making their contributions practically equal.

UPS Analysis and Comparison between ¢*™ and
WS, To obtain an independent measurement of &, and to
understand the role of the top contact on energy level
alignment, we analyzed CnT and CnDT SAMs by UPS, which
is the standard experimental method to measure the binding
energies of occupied electronic states.””*”’° UPS measure-
ments on alkyl monothiol SAMs on Ag and Au have been
reported previously,”® "’ and the feature at ~4 eV below the
Fermi level shown in Figure 6A has been assigned as the
“HOMO”, and is due to the C—C backbone (C-C o
bonding). An additional spectral feature is also seen in the UPS
data for CnT on Au at a binding energy of ~1 eV below the
Fermi level which has been referred to as the S—metal
“interface state” at the contact,>*””" Figure 6B. Our UPS
measurements shown in Figure 6 and Figures S7—S10 for all
samples on Ag, Au, and Pt substrates are fully consistent with
these prior measurements, but it is the role of these two states
near 1 and 4 eV in junction transport that must be clarified
before either a comparison of &*™ and &J"can be made, or the
role of the second contact on energy alignment can be
assessed.

Previous molecular electronics studies on alkyl thiol
junctions have suggested that transport occurs simultaneously
through both channels, namely tunneling is mediated by both
the “interface state”, i.e., the resonance at ~1 eV, and the
“HOMO?, i.e., the ~4 eV deep orbital associated with the C—
C ¢ backbone.”*" However, in recent experimental and
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Figure 7. Comparison of &,

from transport measurements (and the single-level model) with &J*® from UPS measurements for (A) CnT and (B)

CnDT molecular junctions with Ag, Au, and Pt contacts. (C) The statistical distribution of the ratio ef’*S/&™™ for the data in (A) and (B). The
dashed lines in panels (A) and (B) show the trends for perfect correspondence.

theoretical work on CnT junctions we have eliminated the
possibility that the backbone “HOMO”, which we refer to here
as HOMO-1 (see orbital picture in Figure 6), contributes to
transport in a manner comparable to the “interface state”,
which we call HOMO (see Figure 6).%° Specifically, ab initio
outer-valence Green’s function (OVGF)”*”® quantum chem-
ical calculations as implemented in GAUSSIAN 16”* using 6-
311++g(d,p) basis sets”’® demonstrate that the C—C o
orbital, i.e., the HOMO—1 of isolated Cn'T and the HOMO—-2
of isolated CuDT (see Figures SS and $6), is a delocalized
orbital with a length-dependent energy. In contrast, the HOMO
of isolated Cn'T and HOMO/HOMO-1 of isolated CnDT are
localized on the S end(s) of the molecules (see Figures S5 and
S6) with nearly degenerate, length independent energies. In our
prior work, the difference in spatial extent of these orbitals and
their response to mechanical stretching in junctions allowed us
to determine that the localized HOMO of CnT and HOMO/
HOMO-1 of CnDT are responsible for transport in these
systems.60

The current study provides further support for this
conclusion. Specifically, the length independence of the
computed energies for the HOMO of isolated CnT and
HOMO/HOMO-1 of isolated CnDT is in agreement with n-
independent &, observed in our UPS and transport data for
CnT and CnDT SAMs, Table 1 and Figure 3a. The substantial
n dependence of the calculated HOMO—1 energies of isolated
CnT and HOMO-2 of isolated CnDT (Figures SS and S6) is
not consistent with the experimental data. Note also that the
computed n-dependence spans a range (almost 0.6 eV for
CnT) substantially larger than the experimental uncertainties
(~0.1 eV). Thus, the quantum chemical calculations and the
current data solidify our earlier conclusion®® that charge
transport is not determined by the delocalized HOMO—1 (C—
C o orbital) for CnT junctions or by the HOMO-2 for CnDT
junctions.

Parenthetically, it is also interesting to note that the
delocalized HOMO-1 for isolated CnT molecules and
HOMO-=2 for isolated CnDT are very close to the HOMO
of isolated pure alkanes (Cn; no thiols at ends), as shown in
Figure S6. At large sizes (n — o0, equivalently 1/n — 0) the
HOMO-1 of CnT tends to the HOMO of Cn; that is, the
alkane backbone is only slightly perturbed by the thiol end.
Additionally, even in the limit of very large sizes (1/n — 0),
the HOMO—1 of CnT remains substantially below the

HOMO; thus, there is little need to consider the HOMO—1
for large n in CnT molecular junctions (or the HOMO-2 for
CnDT junctions).

We turn now to our central result, which is a direct
comparison of &™ and /™. Figures S8 and S9 show
magnified UPS spectra for SAMs of CnT and CuDT on Ag,
Au, and Pt substrates, respectively. In these binding energy
spectra, the Fermi edge is clearly visible and the HOMO onsets
(near 1 eV) were established using standard protocols as
indicated.”””® The resulting 24 £}”® values obtained by UPS
for CnT and CnDT are compared to the corresponding 24
er™ values obtained by transport, Figure 7 and Table 1. The
agreement between e*> and ™™ is excellent; within error,
most of the data points in Figure 7 lie on the slope = 1
trendline, i.e., &> and ™™ are essentially the same. Figure 7C
shows the statistical distribution of the ratio £JF°/£[™ for the
24 junctions.

Several important points result from comparison of ef*> and
er™ for CnDT and CnT SAMs. First, the general agreement
between &"° and ™™ is important validation of the SLM for
CnT and CnDT junctions, as &i*™ is determined by SLM
analysis of the experimental transport data. Self-consistency
between independent measurements of &,—i.e., transport and
electron spectroscopy here—is gratifying and extremely rare in
molecular electronics, but it is necessary if the field is to move
to a more quantitative footing. Our findings here also
complement our recent findings on aromatic systems,62
which together demonstrate that the SLM model can apply
equally well to junctions with localized or delocalized transport
orbitals. Second, the agreement between &J"> and ™ is
further excellent support of HOMO-only assisted transport in
the case of CnT and HOMO/HOMO-1 assisted transport in
the case of CnDT. A clearer physical picture of transport in
these benchmark systems, and its relation to electronic
structure, is an important milestone. Third, we note that
€™ and €™ agree in spite of the fact that the UPS
measurement probes SAMs on one contact, whereas the
molecular junction has two contacts, and this has important
implications for the mechanism of energy level alignment.
Evidently, binding of a CnT or CnDT molecule to a metal via a
single thiol group essentially fixes &p; introducing a second,
chemically or physically bonded metal contact has a minimal
impact on ¢&,. This is consistent with the fact that very similar
e*™ values are found for both CnDT and CnT junctions. The
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negligible impact of the second contact on &, further implies
that image charge effects must be reasonably small, as the
effects of a second contact would be expected to be roughly
additive.

In closing, it is interesting to speculate on the relationship of
our current work to the recent results of N. J. Tao and
colleagues on the electrochemical gating of an alkyl dithiol
single-molecule junction.79 In that work, the conductance of
the C8DT alkyl dithiol was found to be independent of
electrochemical gating potential. Indeed, one can suppose that
the S-localized HOMO and HOMO-1 of the C8DT molecule
are not susceptible to gating as these nearly degenerate states
are pinned to the adjacent metal states. On the other hand, if
transport were mediated by the HOMO=-2 state delocalized
along the C—C backbone, one might expect gating to have had
an effect. It appears that the recent work of Tao is broadly
consistent with our findings.

B CONCLUSION

Utilizing molecules of various lengths n and metallic electrodes
(Ag, Au, and Pt) with broadly varying work functions @, we
were able to assess the impact of n and @ on alkyl monothiol
(CaT) and dithiol (CnDT) junction properties. The
independence of €, on n and weak dependence of &, on the
nature of the SAM—tip contact and work function implies that
the n, contact, and ® dependence of transport is mainly
determined by the electronic coupling I'.

Critically, the values of " measured by photoelectron
spectroscopy are in excellent correspondence with the
transport estimates &;"™ for both systems. The agreement
between the SLM estimation and UPS reveals that the
dominant orbital for charge transport in CnT and CnDT
junctions is located at the thiol end group, i.e,, localized at the
end of CnT and CnDT. The agreement also substantiates the
application of the single-level model to the analysis of Cn'T and
CnDT molecular junctions. Further, the comparison of &>
and &* for CnT and CnDT SAMs gives important insights
on the energy level alignment in these junctions, namely, that
&y, is largely set by the metal—S bonding at the bottom contact,
while the effects of the second thiol for dithiol molecules and
the second top contact (and thus image charge for both thiols
and dithiols) on &, are negligible.

Comparison of our collective results for CnT and CnDT
SAMs with our previouslgr published analysis of aromatic
OPTn and OPDn SAMs® reveals anticipated differences.
Specifically, I is significantly larger (up to a factor of 10) for
OPTn and OPD#n molecules than for CnT and CnDT of
comparable molecular length. This is not surprising as the
frontier orbitals (HOMOs) in the OPTn and OPDn systems
are delocalized over the entire molecule whereas the HOMO
in CnT and HOMO/HOMO-1 in CnDT are quite localized
at the contacts. Bearing in mind that the low-bias conductance
G is proportional to I' ? (eq 3) the differences in I alone are
nearly enough to account for the approximate factor of 100
differences in G between junctions based on aliphatic CnT and
CnDT versus aromatic OPTn and OPDn. The somewhat
smaller value of &, for the aromatic versus the aliphatic systems
also contributes to the conductance difference, but the main
contributor appears to be I.

Overall, our study provides a self-consistent, comprehensive
picture of tunneling transport in a benchmark set of aliphatic
molecular junctions and adds more evidence that combining
transport, electron spectroscopy, and analytical theory is a

productive strategy for quantitative analysis in molecular
electronics.
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