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Molecular Heterojunctions of Oligo(phenylene ethynylene)s

with Linear to Cruciform Framework

Zhongming Wei, Tim Hansen, Marco Santella, Xintai Wang, Christian R. Parker,
Xingbin Jiang, Tao Li, Magni Glyvradal, Karsten Jennum, Emil Glibstrup, Nicolas Bovet,
Xiaowei Wang, Wenping Hu, Gemma C. Solomon, Mogens Brgndsted Nielsen,

Xiaohui Qiu, Thomas Bjgrnholm, Kasper Ngrgaard,* and Bo W. Laursen*

Electrical transport properties of molecular junctions are fundamentally
affected by the energy alignment between molecular frontier orbitals (highest
occupied molecular orbital (HOMO) or lowest unoccupied molecular orbital
(LUMO)) and Fermi level (or work function) of electrode metals. Dithiafulvene
(DTF) is used as substituent group to the oligo(phenylene ethynylene) (OPE)
molecular wires and different molecular structures based on OPE3 backbone
(with linear to cruciform framework) are achieved, with viable molecular
orbitals and HOMO-LUMO energy gaps. OPE3, OPE3-DTF, and OPE3-
tetrathiafulvalene (TTF) can form good self-assembled monolayers (SAMs) on
Au substrates. Molecular heterojunctions based on these SAMs are investi-
gated using conducting probe—atomic force microscopy with different tips
(Ag, Au, and Pt) and Fermi levels. The calibrated conductance values follow
the sequence OPE3-TTF > OPE3-DTF > OPE3 irrespective of the tip metal.
Rectification properties (or diode behavior) are observed in case of the Ag tip
for which the work function is furthest from the HOMO levels of the OPE3s.
Quantum chemical calculations of the transmission qualitatively agree with
the experimental data and reproduce the substituent effect of DTF. Zero-bias
conductance, and symmetric or asymmetric couplings to the electrodes are
investigated. The results indicate that improved fidelity of molecular transport
measurements may be achieved by systematic studies of homologues series
of molecular wires applying several different metal electrodes.

developed significantly both experimentally
and theoretically with the aim to understand
and explain structure—property relationships
for both molecules and their devices.2™
In solid-state devices, the charge transport
properties of molecular systems are strongly
dependent on the nature of the molecule
and the electrodes, as well as the connection
between them. In particular, the strength
(weak, intermediate, or strong) of the elec-
tronic coupling between molecules and the
electrodes plays an important role in the fab-
rication, measurement, and understanding
of single-molecule devices.”l

It has been reported that the electrical
transport and thermoelectric properties
of molecular junctions is fundamentally
affected by the energy alignment between
a molecular frontier orbital (the highest
occupied molecular orbital, HOMO, or
the lowest unoccupied molecular orbital,
LUMO) and the Fermi level (or work
function) of electrode metals.'%13 Conse-
quently, the device performance of molec-
ular junctions can be modulated by tuning
the position of the molecular orbitals and/
or the Fermi level of the metal electrodes.
The molecular orbital landscape is a func-
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1. Introduction

After the first theoretical prediction of molecular rectification based
on a single organic molecule in 1974,1 molecular electronics has

tion of the molecular structure, including the presence of any
chemical substituents.'*1%l Changing the conjugation pathway
of molecular wires or adding efficient electron donating/with-
drawing substituents onto the backbone will shift the relevant
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orbital energies and has been demonstrated to affect the
transport properties of molecular junctions.'”) Electrodes with
different work functions can be achieved simply by changing
the metal.'®22 The tips used in conducting probe-atomic force
microscopy (CP-AFM) and scanning tunneling microscopy
(STM) can be coated with different metals and then utilized as
top electrode in molecular junctions with self-assembled mon-
olayers (SAMs) on metal surfaces, thus leading to symmetric
or asymmetric device configurations with respect to the work
function of the electrodes. Different from the STM method
which contact a single or a few molecule(s) in the junction, the
CP-AFM technique measure a group of molecules in the SAM.
The efficient contact area and thus exact number of contacted
molecules are very important to the quantitative interpretation
of CP-AFM results.?3] Considering this CP~AFM specific issue,
calibration of raw conduction data by contact area (number of
molecules in the molecular junctions) can make the conduct-
ance data much more useful and reliable.

Besides the fabrication technique for devices, interesting sys-
tems are needed for the significant investigation of molecule
electronics. With the objective to combine the properties of rigid,
highly conjugated oligo(phenylene ethynylene) (OPE) molecular
wires, with an extended tetrathiafulvalene (TTF) donor moiety,
synthetic protocols for OPE-TTF cruciform molecules in which
a mextended TTF is placed orthogonally to an OPE wire were
recently developed.?*2% In a previous work, we investigated the
SAMs of OPE5-TTF and OPE3-TTF in molecular junctions
by CP-AFM.P"] The study showed that the TTF substituent
increases the conductance of the OPE wire by approximately one
order of magnitude, compared to the unsubstituted analogue.
This increased molecular conductance was assigned to changes
in the molecular orbital energy levels relative to the Fermi level
of the applied gold electrodes and a smaller HOMO-LUMO
energy gap. Such extended TTF cruciform molecules were also
developed with dithiafulvene-4,5-dithiolate anchoring groups
and studied in molecular break junctions.*®! A comprehensive
study of the extended TTF cruciform molecules for molecular
electronics with both the synthetic strategies and electrical trans-
port measurements has recently been reported.?’!

In order to further investigate the origin of the high molecular
conduction of these donor substituted OPEs, we here investi-
gated the OPE3 series by also including the redox-active dithi-
afulvene (DTF) substituents. The structures of three OPE3s with
linear to cruciform architecture are shown in Scheme 1. The
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Scheme 1. Molecular structures of OPE3, OPE3-DTF, and OPE3-TTF.
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DTF units here contain peripheral n-propyl ester groups (CO,Pr).
These groups are convenient from a synthetic point of view and
they provide good solubility. Owing to their electron-withdrawing
nature, they somewhat reduce the donor strength of the DTF
units, which on the other hand increase the chemical stability
of the molecules. Molecular junctions of this OPE3 series were
obtained by contacting SAMs grown on flat Au surfaces using
CP-AFM with different metal tips (Ag, Au, and Pt) to form both
symmetric and asymmetric junctions. The observed difference in
electrical performance of these molecular junctions as a function
of molecular structure and electrode metal is discussed in relation
to the difference in alignment of molecular orbitals and Fermi
level of the electrodes. The modulation of molecular orbitals and
the transmission functions by the different number of DTF sub-
stituents were also investigated by theoretical calculation.

2. Fabrication of SAMs

All three OPE3 molecules form good SAMs on gold following the
method of Chiechi.3®3!l The density, stability, and composition
of the SAMs were characterized by cyclic voltammetry (CV) and
X-ray photoelectron spectroscopy (XPS). For OPE3 and OPE3-
TTF, parts of these data were reported previously.””] In order to
investigate the substituent effect of the DTF group on OPE wires,
all data for the OPE3 series are summarized in Table 1.

The dense coverage of the SAMs on the Au surface was
confirmed by cyclic voltammograms showing the attenuation
of the signal from Fe?*/Fe** in water. For SAMs of OPE3 and
OPE3-TTF on Au these data are shown in ref. 7] and that
of OPE3-DTF is given in Figure S1, Supporting Informa-
tion. Compared to the bare Au electrode, the peaks for Fe?'/
Fe3* redox signal were clearly suppressed after the OPE SAMs
covered on Au surface. This observation implies that all three
OPE SAMs are densely packed on the Au surface. In order to
check the bonding strength between the thiol anchoring group
and the Au substrate, we investigated the stability of the OPE3
SAMs Dby electrochemical reductive desorption as shown in
Figure 1. For the OPE3 SAM, the desorption peak Egesorption
(Ep) is around —0.93 V, which is similar to that of octanethiol
SAMsP? (= —1.0 V) and implies that the thiol anchoring group
binds strongly to the Au substrate. The Ep, of OPE3-DTF and
OPE3-TTF moves toward less negative potential compare to
OPE3, which indicating a slightly lower stability of the SAMs.
The full width half maximum (FWHM) of the reductive des-
orption reflects the uniformity of monolayer. For the nonsub-
stituted OPE3, a sharp desorption peak with a FWHM of about
66 mV points to a high homogeneity and double electron des-
orption process, and indicated strong interaction between the
thiol anchoring group and Au substrate.??) For OPE3-DTF and
OPE3-TTF, the FWHM value was found to be 191 and 186 mV,
respectively. Shoulders can be seen from the voltammograms of
the two substituted OPE3s, indicating less uniformity of these
SAMs, as different domains of molecules leaves the Au surface
at different applied potential. These electrochemical phenom-
enon of OPE3-DTF and OPE3-TTF SAMs might resulted from
two factors: the larger intermolecular distance compare with
pure OPE3 backbone,*’l and intrinsic redox activel®*! properties
of the conjugated DTF substituents.
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Table 1. Summary of the SAM properties analyzed from CV and XPS data.
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SAM Egesorption Surface coverage Single molecular area Thickness [nm] Mass area density
V] [E-10 mol cm™2) A% [E-7gcm™
DFT length XPS
OPE3 -0.93 4.15 40 2.019 1.8 1.77
OPE3-DTF —0.75 2.97 55 2.01 2.0 2.10
OPE3-TTF -0.49 2.13 78 2.019 2.49) 2.13

Data from previously study.??’]

The above results revealed that adding the DTF substituent
slightly decreased the stability and uniformity of SAMs, likely
due to the relatively larger molecular footprint and lower den-
sity of OPE3-DTF and OPE3-TTF SAMs. Table 1 summarizes
the single molecular area and surface coverage of the SAMs
derived from the electrochemical desorption measurements.
The DTF substituents attached to the side of the OPE3 back-
bone increased the single molecular area by =15-18 A for each
DTF group.

In agreement with other reported OPE SAMs,3%34 XPS anal-
ysis in our previous work[?’l showed that most of the OPE3 and
OPE3-TTF molecules in the SAMs were aligned with the back-
bone standing vertically on the Au surface. Herein, we examine
the XPS of OPE3-DTF SAMs (as shown in Figure S2, Sup-
porting Information). From the S2p signals for the OPE3-DTF
SAM, only two types of S atoms were identified: (i) S bound
to Au (S-Au, S 2p;;, = 162 eV), (ii) S bound to R (S-R, S
2p3;; = 164 eV). No oxidation of the S was noticed (S=O, S
2p3;; = 168 eV) indicating a homogeneous binding mode
and high chemical stability of the SAM. From the integrated
signals, the relative intensity of the peaks for S—Au and S-R
showed a ratio about 1:2.6, which indicates that nearly all the
OPE3-DTF molecules in the SAM are standing up on the Au
surface. The thickness of the OPE3 SAMs were estimated from
the XPS spectra (by the attenuation of the Au signall”:3®35 and
are summarized in Table 2. Although these three OPE3 mol-
ecules have the same simulated length of 2.01 nm, the calcu-
lated SAM thickness (from XPS) increased with the number of
DTF substituents. That might be a result of increased attenua-
tion (caused by the increasing mass area density as shown in
Table 1) of the Au signal as it was buried under a larger number

—OPE3
—— OPE3-DTF
——OPE3-TTE,

Ep=-0.49V
FWHM = 186 mV|

E,=-0.75V
FWHM =191 mV

J (uA/em’)

E,=-0.93V
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E (V vs. SCE)
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Figure 1. Electrochemical reductive desorption curves for OPE3, OPE3—
DTF, and OPE3-TTF SAMs.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of atoms from the side chains of DTF and TTF. Despite a less
coherent packing, the overall density and/or height of the DTF
and TTF substituted OPE3 SAMs are slightly larger than that of
the OPE3. Yet these variations are small, and no matter if the
SAM thickness is estimated by XPS or assumed to be equal to
the calculated molecular length similar mass densities of the
SAMs are obtained. From the SAM thickness and the mass
area density given in Table 1 it can be deduced that the mass
density of all three SAMs falls in the range between 0.9 and
1.1 g cm™® which correspond very well to the expected mass
density of organic materials, again highlighting that the SAMs
display a high coverage.

3. Fabrication and Measurement of Molecular
Heterojunctions

The transport properties of each of the three SAMs were meas-
ured by CP-AFM. Ag, Au, and Pt coated conductive tips were
used as top electrodes separately, thus vertical device struc-
tures were formed, either with symmetric Au/molecular wires/
Au junctions or with asymmetric Ag or Pt/molecular wires/
Au junctions. We expect that the contact areas in the molec-
ular junctions were almost the same between measurements
of different SAMs, as the same tip and soft contact load force
value were used for all junctions. However, between different
tips these areas should be different due to the different radius
caused by thermal deposition of Au and Ag on top of the com-
mercial Pt tips.

Figure 2 shows the average current-voltage (I-V) curves of
about 200 molecular junction measurements of the three SAMs
measured in the three junctions (different metal tips). The
I-V curves of OPE3-DTF and OPE3-TTF were quite similar
and overlap to each other in all three types of junctions. Also,
both of them showed higher current than that of OPE3. These
results imply that the DTF, which is a strong electron donating
group, can efficiently enhance the charge transport through
the OPE wire, similar to what has been reported for the TTF
system.[?728]

The average conductance values of the SAM junctions are
listed in Table 2. The conductance values (histograms shown
in Figure 3) were determined over a small bias range of £0.1 V.
From the conductance distribution in Figure 3, we can find that
OPE3 always showed sharp peaks at a small value. This indi-
cated the excellent repeatable transport properties for the OPE3
backbone. After adding the DTF or TTF side chains, a large
percentage of the conductance appeared with higher values, a

Adv. Funct. Mater. 2015, 25, 1700-1708
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Table 2. Summary of the electrical transport properties of the OPE heterojunctions.

AFM tip Average work function SAM junction Junction conductance Relative single molecular Rectification coefficient

[work function, eV] [eV] [nS] conductance (G)?

Ag (4.5) 48 OPE3 2.23 Gopes-ag 2.62
OPE3-DTF 8.14 5.0 X Gopes_ag 2.46
OPE3-TTF 9.76 8.5 X Gopes_ag 1.82

Au (5.1)® 5.1 OPE3 1.49 Gopes-au 1.57
OPE3-DTF 2.85 2.6 X Gopes_nu 1.5
OPE3-TTF 5.56 7.3 X Gopesau 1.03

Pt (5.6) 5.35 OPE3 1.76 Gopes_pt 1.39
OPE3-DTF 6.95 5.4 X Gopgs_pt 1.07
OPE3-TTF 5.81 6.4 X Gopes_pt 1.1

AThe relative single molecular conductance was calculated as G = [(junction conductance x single molecular area)/(OPE3 junction conductance x 40 A2)]|Gopes; PAlso

reported in ref. [29].

broader variation in the histograms and larger error bars for
the average value were observed. This result also agrees with
our above discussion which shows that the addition of a DTF
substituent can slightly decrease the uniformity of SAMs. With
the relatively larger molecular footprint and lower density for
OPE3-DTF and OPE3-TTF SAMs, larger distributions were
observed in their molecular junctions.

Due to the size difference between tips of different metals,
we only compared these values within the unique group with
the same tip (Ag, Au, or Pt). In the heterojunctions with Ag/
Au and Au/Au electrodes, the conductance values followed the
sequence OPE3-TTF > OPE3-DTF > OPE3. In case of Pt/Au
heteroelectrodes, OPE3-DTF showed slightly higher conduct-
ance than OPE3-TTF. These values cannot exactly reveal the
molecular conductance directly, as there are several tens of
molecules trapped in each junction. With the same contact area
for a specific tip, the relative number of molecules in the het-
erojunctions can be calculated for all three OPE wires based on
their different single molecular areas estimated for the SAMs
(Table 1).

After calibration by the single molecular area, precise infor-
mation about the relative single molecular transport properties
of the OPE wires are obtained (Table 2). For each junction type
we calculate this relative single molecular conductance normal-
ized to the conduction of the unsubstituted OPE3 molecular
wire (Gopgs), allowing a comparison of the molecular con-
ductance of the OPE wires as a function of substituents. After
this calibration with the single molecular areas, the conduct-
ance values followed the sequence OPE3-TTF > OPE3-DTF
> OPE3 in all three groups of heterojunctions as illustrated
in Figure 4 showing the relative single molecular conduct-
ance dependence of average work function of electrodes in the
molecular heterojunctions.

Regardless of the work function of the top electrode (tip),
the same trend of conductance for the OPEs in different het-
erojunctions implied a molecular origin to the observed dif-
ferences (and a similar mode of conduction) and thus con-
firmed that molecular junctions are efficiently formed. The
electron donating DTF and TTF groups demonstrate a molec-
ular structure—property relationship and functions as efficient
tools to modulate the molecular transport characteristics.

Adv. Funct. Mater. 2015, 25, 1700-1708
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For single molecular solid state devices, several parameters
determine the transport properties. Such parameters include
molecular backbone length and conjugation, electronic cou-
pling between molecules and electrodes, contact resistance,
conformation of anchoring, and the energy gap between the
HOMO and LUMO.>?”] With the same device structure and
molecular length, a significant difference in the OPE hetero-
junctions, caused by the one or two side substitution of DTF,
is the HOMO and LUMO level. Thus, the three OPEs showed
different HOMO-LUMO gaps and different alignment of the
orbital energies with the electrode Fermi level. The structure of
the isolated OPE molecules were optimized using density func-
tional theory (DFT) as shown in Figure S4, Supporting Informa-
tion.[’®! From the calculated molecular orbital energies, we can
see that DTF substituents increase both the HOMO and LUMO
energy, but the change for HOMO level are more significant
(Table S1, Supporting Information). Thus, the HOMO-LUMO
gap of the three OPEs appeared to be OPE3-TTF < OPE3-DTF
< OPE3. The optical energy gaps (E,) calculated from the edge
of UV-vis absorption of OPEs also showed similar values and
a same trend (Table S1, Supporting Information). With the
HOMO levels more nearby to the work function of Au elec-
trode, we suggest that the observed increase of single molecular
conductance is related to the higher HOMO levels and decrease
of HOMO-LUMO gap induced by the DTF and TTF groups.
Recently, by using the scanning tunneling microscopy break
junction (STM BJ) technique, Gonzélez et al. reported absence
of significant changes in the electronic structure and con-
ductance of the diamine anchored OPE3 wires with electron-
donating (alkoxy) or withdrawing (—F) substituents.’’”] But in
contrast, the DTF and TTF groups here remarkably changed
the conjugation of OPE backbone and induced much larger dif-
ference of molecular orbitals (HOMO).

Rectification (or diode behavior) is an important property
of molecular electronics and this phenomenon of asymmetric
transport has been reported for many Donor-o-Acceptor sys-
tems*®3% as well as for fully m-conjugated molecules.[*0+2
Rectification in molecular junctions is usually described as a
result of intramolecular electron transfer or molecule-metal
contact! In our case, where junctions contain a flat gold
film as one electrode and a metal AFM tip as the other, the
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Figure 2. Average |-V curves of about 200 molecular junctions based on
the OPE SAMs measured by CP-AFM with a) Ag, b) Au, and c) Pt tips.

devices are intrinsically asymmetric, and some degree of recti-
fication can be expected. The calculated rectification coefficient

= |I(V)|/|I(-V)| at a bias voltage of 1.5 V is showed in Table
2. In case of Au and Pt tips, the rectifying effects were small.
When using the Ag tip with a lower average work function,
clear rectification was observed. This could be induced by the
asymmetric alignment between the low work function Ag tip

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MaterlalsVIews.com

(4.5 eV), and OPE3s HOMO orbitals (shown in Table S1, Sup-
porting Information, all the values were lower than —5.0 eV),
and Au substrate under forward and reverse bias. While using
the Au and Pt tips, the difference between the electrode’s Fermi
level and molecular HOMO orbital is smaller resulting in
modest rectification coefficients.

4, Theoretical Simulation

In order to compare with “perfect junctions” where the mol-
ecules are standing at right angles to planar gold electrodes
and the molecular distribution on the electrodes is perfectly
isotropic, theoretical modeling of the single molecules in metal
junctions was performed, based on the same DFT techniques
as the geometry optimizations.*®! Furthermore, to remove any
effects the structure of the probe electrode might have, this
electrode was also modeled by a flat infinite gold (111) surface.

Figure 5 presents a plot of the logarithm of the transmis-
sion as a function of energy relative to the Au Fermi energy
(here set to —5.1 eV)[**] and the resulting -V curves obtained
from integration. From the plot of transmission as shown in
Figure 6a, it is possible to estimate where the energy levels of
the molecule that dominate the transport (peaks in the trans-
mission function) are located and the size of their couplings to
the electrodes (I) (given by the broadening of these peaks).

It can be seen that the tail coming down from the HOMO
peak dominates the transmission around the Fermi energy and
thus the properties of the individual HOMO orbitals will deter-
mine the trends in conductance for the molecules. In order to
understand these trends, we can consider two parameters of
interest. The first is the HOMO orbital energy relative to the
Fermi energy, where lower the difference, the higher the con-
ductance at the Fermi energy. The other property is I', where
the stronger the coupling, the broader the peak, which in turn
increases the transmission away from resonance. It can be seen
that the absolute difference between the energies of the HOMO
orbitals and the Fermi level are ordered as OPE3-TTF < OPE3—
DTF < OPE3 with the level close to the Fermi energy, and the
couplings are ordered in the same order, giving opposite effects
on the zero-bias conductance. From Figure 5a it can be seen
that the orbital energy ordering is the determinative factor for
these systems.

To have a comparison with experimental results from the
heterojunctions, I-V curves were constructed from the trans-
mission functions using the following Equation (1):

I(V)=% :T(E)(f(E—%)-f(m%))dE )

where T(E) is the transmission function and f(E) is the Fermi
function. This equation fails to capture the effect an applied
bias has on the molecule and the surrounding environment,
but it provides a fast way to calculate an approximate -V curve.
The [-V curves thus produced are displayed in Figure 5b.

As seen in Figure 5a, the transmission for OPE3-DTF does
not go to 1 at the HOMO resonance (—0.46 eV). This indicates
asymmetric couplings to the two electrodes, as symmetric
couplings will always produce a transmission of exactly 1 at

Adv. Funct. Mater. 2015, 25, 1700-1708
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Figure 3. Conductance histograms of the CP~AFM measured OPE molecular heterojunctions.

resonance. The asymmetry in the couplings can be under-
stood by examining the HOMO orbitals on the terminal sul-
furs, which are shown in Figure 6. Here it can be seen that the
electron distributions on the terminal sulfurs have an equal
weight, except for those of OPE3-DTF, where a higher density
on single terminal sulfur is observed. The electron distribu-
tions on the terminal sulfurs can be used as a measure of the
couplings for the orbitals with the electrodes, as it is these sul-
furs that are responsible for the binding of the molecule to the
electrodes. From this it can be expected that the bare molecule
OPE3 will have the highest I, then OPE3-DTF and OPE3-
TTF both being roughly equally small, which is in agreement

12
-~ O OPE3
g 104 v OPE3-DTF
1~ Ag-Au O OPE3-TTF
%’ 8 e Au-Au
E @ Au-Pt
ERCE @
= v v
S 4
S
=
: 2 v
= T T - T N
= . (] B =

4.6 4f8 5:0 5:2 5:4

Average work function of electrodes (eV)

Figure 4. Relative single molecular conductance versus average work
function of electrodes in the molecular heterojunctions.
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with what we gathered from the broadening of the peaks in
Figure 5a.

5. Conclusion

In conclusion, the addition of electron donating redox-active
dithiafulvene (DTF) as substituent group to the linear OPE3
backbone has yielded different molecular structures (linear
to cruciform framework) with different molecular orbitals.
SAMs of OPE3, OPE3-DTF, and OPE3-TTF grown on Au sub-
strates were analyzed by CV and XPS. Molecular heterojunc-
tions based on such SAMs were fabricated and measured by
CP-AFM. The energy alignment between molecular frontier
orbitals and Fermi lever of electrode metals were adjusted both
by the different tip coating (Ag, Au, and Pt), and by different
HOMO levels induced by DTF group. In all cases, the rela-
tive single molecule conductance values followed the sequence
OPE3-TTF > OPE3-DTF > OPE3 after calibration. The finding
of such uniform transport trends independent of the tip metal
coating strongly supports that these observations originates
from the intrinsic electronic properties of OPE3 series. The cal-
ibration of conductance through the single molecular area also
shows to be a valid method to improve the precision of experi-
mental results measured by the CP-AFM technique, which is
commonly used in molecular electronics and usually track a
group of molecules in the junctions. Rectifiers were obtained
when using the Ag tip whose work function is furthest from
the transport dominate HOMO levels of the OPEs. Quantum
chemical calculations qualitative agree with the experimental
data and reproduce the substituent effect of DTF and TTF. Our
calculations suggest that the transmissions followed the trend
OPE3-TTF > OPE3-DTF > OPE3. We have also seen that data
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Figure 5. The calculated a) transmission and b) current through the three
OPEs (the temperature is set to be 300 K).

for OPE3-DTF should be fitted to an asymmetric coupling
matrix, with different couplings to the two electrodes. This may
be assigned to the asymmetry of the HOMO orbital of OPE3—
DTF. Our results provide additional insights to the structure—
property relationships of molecular conductance, as well as new

9

OPE3 OPE3-DTF
Figure 6. HOMO orbitals of the OPEs.
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methodologies for improving the reliability of CP~AFM meas-
urements on molecules junctions.

6. Experimental Section

Formation of SAMs: OPE molecules (OPE3-DTF and OPE3-TTF were
synthesized as previous reported;?42’-21 OPE3 was purchased from
Sigma-Aldrich) were dissolved at 0.25 x 107 m in 15% triethylamine
(Et3N) in tetrahydrofuran (THF) (as reported by Chiechi et al.?%3 which
had been purged of O, with a steady flow of Ar. Freshly stripped ultraflat
gold substrates?’l were immediately immersed into the solutions. The
containers were filled with Ar and sealed then left with absence of light
for 48 h at room temperature to grow the SAMs. After removal from the
solutions, the sample was extensively rinsed with THF and ethanol, and
then dried under a stream of N, before all measurements.

Measurements: CP—AFM  measured electrical properties were
obtained using a Dimension icon instrument (Veeco) at room
temperature in air. For CP-AFM, conductive tip (Veeco model, Scanning
capacitancemicroscopy-Pt coated tip (SCM-PIC) Silicon probe,
NanoWorld) which had Pt/Cr coated original and followed with 30 nm
thermal deposited Au or Ag was used. The I~V characteristics of the SAM
were measured by a tunneling current AFM application mode of the icon
AFM. The conductive tip in contact with SAM was the top electrode and
the Au substrate at the bottom of SAM was connected with a conducting
wire as one external electrode. The load force was maintained at about
4 nN to achieve a soft contact. I-V curves were recorded using a same
tip and at different places (at least 100-200 places and two cyclic
measurements at each place). Electrochemical measurements were
recorded using a three-compartment cell, Electrolytes were prepared
from: diluted 70% ultrapure perchloric acid purchased from Sigma Aldrich
(concentration = 0.5 M, pH = 1.69), 99% acetic acid/96% sodium acetate
buffer (Sigma Aldrich) (pH = 4), and 1 m KCl solution (concentration =
1 m, pH = 6.13). A freshly prepared reversible hydrogen electrode was
used as reference electrode and Pt wire was annealed by hydrogen flame
and used as counter electrode. The electrolyte solution was degassed with
pure Argon for 15 min, about 1 h before measurement. Autolab PGSTAT
12 system controlled by GPES 4.9 software was used for voltammetry test,
and reference electrode was calibrated with saturated calomel electrode
(SCE) before and after each experiment. Conventional CV were carried
in 10 x 107 m K3Fe(CN)g/K4Fe(CN)g solution with 1 m KCl as supporting
electrolyte. Electrochemical reductive desorption measurements were in
basic solution (KOH, pH > 13), and the corresponding voltage where
desorption occurs had been recorded. Purified water (MILLI-Q, 18 MQ
cm) was used throughout, and all glass wares were boiled with 15% nitric
acid, wash with MILLI-Q water for several times before use. The single
molecular area and surface coverage (I') were determined according to
Equation (2):[4647]

I'=Q/(nFA) @

where Q (Q = It, | is the current and t is time) is the
charge injected into the SAM, n is the number of
electrons involved in the electron-transfer process, F
is the Faraday constant, and A is the surface area of
the monolayer examined in the electrochemical cell.
XPS experiments were performed in a Kratos Axis
UltraP'P, fitted with a monochromated Al Kot (hv =
1486.6 eV, power = 150 W) X-rays source. The base
pressure in the chamber was 5 x 107'° mbar and
never exceeds 5 x 107° mbar during an experiment.
A pass energy (PE) of 160 eV was used for wide scan
and PE = 10 eV for high resolution scan. The data
were analyzed with the software casaXPS. All samples
were energy calibrated using the Au 4f;, line at
84 eV. The thickness values of OPE3-DTF SAM were
obtained follow the same method as previously.?’)
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Quantum Chemical Calculation: The structures of the molecules
were optimized in GPAW (a DFT Python code based on the projector-
augmented wave (PAW) method)B%#® using Perdew-Burke—Ernzerhof
exchange-correlation functional (PBE)* with a double zeta plus
polarization (DZp) basis-set.’% The terminal hydrogen atoms were
removed from the optimized structures and then were added two
gold (111) slabs with a face-centered cubic (FCC) hollow site chosen
as the binding site to the terminal sulfur atoms. The geometries of
the molecules appearing in the junctions can be seen in Figure S4,
Supporting Information. The Hamiltonians and overlap-matrices of the
resulting systems were calculated without further geometry optimization
using GPAW with a DZp basis set for the molecule and a single zeta
for the gold atoms. The transmission spectra were calculated as
literature.[*443]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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