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(Abstract: We studied the electronic and conductance prop-
erties of two thiophene-curcuminoid molecules, 2-thphCCM
(1) and 3-thphCCM (2), in which the only structural differ-
ence is the position of the sulfur atoms in the thiophene ter-
minal groups. We used electrochemical techniques as well
as UV/Vis absorption studies to obtain the values of the
HOMO-LUMO band gap energies, showing that molecule
1 has lower values than 2. Theoretical calculations show the
same trend. Self-assembled monolayers (SAMs) of these mol-
ecules were studied by using electrochemistry, showing that
the interaction with gold reduces drastically the HOMO-

\_

LUMO gap in both molecules to almost the same value.
Single-molecule conductance measurements show that mol-
ecule 2 has two different conductance values, whereas mol-
ecule 1 exhibits only one. Based on theoretical calculations,
we conclude that the lowest conductance value, similar in
both molecules, corresponds to a van der Waals interaction
between the thiophene ring and the electrodes. The one
order of magnitude higher conductance value for molecule
2 corresponds to a coordinate (dative covalent) interaction
between the sulfur atoms and the gold electrodes.

/

Introduction

Molecular electronics is a field of nanoscience and nanotech-
nology that consists of studying single molecules, or nanoscale
collections of single molecules, as electronic components at
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the molecular level. It focuses on the ability to tune the intrin-
sic properties of molecules™ for better device performance.
During the last decade, a number of organic species and coor-
dination compounds have been proposed and their electronic
and charge transport properties have been studied in the con-
text of single-molecule-based devices.” Factors such as the
length,”! conjugation,”” conformation,*” or even changes in
the planarity of the molecule,”’ and anchoring groups®™ of the
molecule under study, are crucial for achieving reliable elec-
tronic devices with desirable performance.” In particular, sev-
eral studies have been centered on understanding the effect
that different anchoring groups can have on the conductance
in a single-molecule device, anchoring groups such as
HS,2b8-dl COOH, B¢l NH,,BP<8 MeS, 859! Me, P81 MeSe,®! thio-
phene® %! selenophene,® tripodal anchors with pyridine
rings,™ pyridine 84 CN,>84 henzo-hydrothiophene,>8¢
SO, OH,B alkyne,®9 NO, and benzothiophene.%!
Thus, establishing a relationship between the intrinsic molecu-
lar properties and device performance is a central task for de-
veloping reliable molecular electronic devices.

In this work, we investigate the electrochemical and
single-molecule charge-transport properties of two thiophene-
terminated curcuminoid (CCMoid) molecules, 2-thphCCM (1)
and 3-thphCCM (2) (Figure 1). In particular, we have inves-
tigated the influence of the sulfur atom positions on the elec-
tronic and charge-transport properties of molecules 1 and 2.
These two molecules have the same atomic composition, the
same anchoring groups with sulfur atoms (S) as linkers, but
differ in the position of the terminal anchoring groups, provid-
ing molecule 2 with the S atoms more available (outer posi-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0003-2125-6809
http://orcid.org/0000-0003-2125-6809
http://dx.doi.org/10.1002/chem.201601187

.@2 ChemPubSoc
x Europe

2-thphCCM
1) (2)

3-thphCCM

Figure 1. Thiophene-curcuminoid molecules, 2-thphCCM (1) and 3-thphCCM
(2).

tion) for than molecule
1 (Figure 1).

To design ligands that are suitable for molecular electronics,
we consider three principal aspects. First, our ligands must
have proper anchoring groups to enable attachment to the
electrodes; secondly, to achieve good molecular conductance,
a short but highly conjugated skeleton is needed. Finally, our
group is interested in study of the interplay between molecu-
lar conductance and magnetic properties, the latter achieved
by metal complexation. In this sense, CCMoids were chosen
because they possess a highly conjugated skeleton, have a {3-
diketone group that enables coordination, and their synthetic
versatility allows the facile replacement of the aromatic groups
with a wide library of commercial aldehydes with anchoring
groups. These molecules represent promising building blocks
for the construction of functional molecular nanocircuits as
they possess structural flexibility and a well-developed synthet-
ic chemistry methodology allowing their physical and chemical
properties to be tailored. Both molecules share a (-diketone
group placed in the center of a seven carbon conjugated
chain, which allows coordination to metal ions,"®™ such as
Cu", Zn", Mn", V", and Ru""™ as well as lanthanides Dy", Tb",
Eu", Gd", and Lu"." This B-diketone moiety shows a tautomer-
ic equilibrium between a diketo and a keto-enol form, and sev-
eral studies have focused their attention to elucidate which of
these forms is more stable. Spectroscopic studies'? have
shown that the cis keto-enol tautomer (Figure 1) is the more
stable structure in solution and X-ray diffraction shows the
same result in the solid state.™® Specifically, the cis keto-enol
tautomer has an intramolecular hydrogen-bond (KEIHB, keto-
enol intramolecular hydrogen-bond), which could affect the
molecular conductance by means of an intramolecular proton
transfer. On the other hand, the two terminal carbon atoms of
the conjugated carbon are bound to two terminal rings, which
can be chosen from a wide library of terminal substituents.
The side groups can also be easily modified to improve the
electrical contact with the electrodes. In this respect, the an-
choring groups chosen for our molecules are thiophene units,
which have affinity to gold. When a thiophene groups binds
a metal surface, the sulfur anchoring atom, which is in an aro-
matic ring, have two possible type of bonding interactions as
it has two unpaired electrons. One of the unpaired electrons is
delocalized on the aromatic ring, able to bind the gold surface
though a m-interaction. On the other hand, the other unpaired
electron can bind through a coordinate bond (dative covalent
bond), in which the two electrons of the bond are donated
from the sulfur atom to the surface.™ Several examples of

anchoring to gold electrodes
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molecules with thiophene anchoring groups deposited be-
tween electrodes have been reported.®™%! Recently, an anthra-
cene-based CCMoid, called 9Accm, and a Cu"~9Accm com-
pound have been studied in molecular break junction devices
made of a few layers of graphene (FLG)."™ To the best of our
knowledge, charge-transport studies of CCMoids using gold
electrodes have not been reported yet.

First, we study, in the bulk, different ways to obtain experi-
mentally and theoretically the frontier orbitals and HOMO-
LUMO band gap"® energies of these two curcuminoid mole-
cules in the gas phase, in solution, and in the solid state. Gen-
erally speaking, the difference in conductance between two
molecules can be predicted based on the difference in the
band gap energy, although this band being near the Fermi
level (5.1eV) is also important."” As a first approximation,
a small HOMO-LUMO gap energy is beneficial for the molecu-
lar conductance properties. However, it is known that the fron-
tier orbital energies will change based on the hybridization of
these orbital wave functions with those of the metallic leads in
the electronic device.®™™® We have performed electrochemical
studies on self-assembled monolayers of these molecules to
understand how the frontier orbitals and HOMO-LUMO band
gap energies can change as a result of the molecule-surface
interaction. Finally, we have performed conductance studies by
using a mechanically controlled break junction (MCBJ) device
in the electrode-molecule-electrode configuration. We support
our findings by DFT calculations.

Results and Discussion

Compounds 1 and 2, shown in Figure 1, were synthesized by
a modified version of the Pabon method.'"® A precise descrip-
tion of this methodology is given in the experimental section;
the characterization by FTIR, 'H and "*C NMR spectroscopies of
both systems is depicted in the Supporting Information. The
structural difference between both molecules regarding the
position of the S atoms is mentioned above. Such difference
may influence not only their electronic and charge-transport
properties but also their binding abilities toward the surface of
the electrode. To determine the difference in energy of these
frontier orbitals, we have performed measurements on the
macroscopic scale, including electrochemical studies in solu-
tion (differential pulse voltammetry) and UV/Vis spectra in solu-
tion and in the solid state.

Electrochemical studies in solution

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were used to investigate the redox properties of 1 and 2
and to estimate values of the HOMO and LUMO energy levels
of both systems. Figure 2 shows the CV and DPV experiments
and the electrochemical data are summarized in Table ST (in
the Supporting Information). Overall, the two compounds dis-
play a similar electrochemical behavior, exhibiting a number of
irreversible reductions in the —2.5 to —1.5V region and three
close irreversible oxidations in the 0.5 to +2.0 V range (Fig-
ures S8-S10 in the Supporting Information), with features that
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Figure 2. Cyclic voltammograms (CV) (top) and differential pulse voltammo-
grams (DPV) (bottom) of 1 (dashed line) and 2 (solid black line). Measure-
ments were conducted under N,, in dry CH,Cl, containing 0.1 m tetrabu-
tylammonium hexafluorophosphate [TBA(PF¢)] as supporting electrolyte. Po-
tentials vs. Fc/Fc™.

are similar to other thiophene species reported in the litera-
ture."” However, a closer look at the DPV data shows that the
potentials for the first oxidation and reduction processes are
shifted between 1 and 2 (Table S1). Compound 1 presents the
first oxidation and reduction processes at +0.87 and —1.66V,
respectively, whereas 2 displays these processes at +0.95 and
—1.80 V (both referenced vs. Fc/Fc™).

The HOMO is estimated®*" from the first oxidation poten-
tial, corresponding to the ionization potential (IP; removal of
one electron from the highest occupied molecular orbital) and
the LUMO is deduced from the first reduction potential, corre-
lated with the electron affinity (EA; addition of one electron to
the lowest unoccupied orbital). To proceed with the calcula-
tions and to compare the experimental values with previous
published data, one has to consider that the Fc/Fc* couple
has a potential of 4.80 eV below the vacuum level.2®*< There-
fore, the HOMO and LUMO energy levels (E,omo and Ejywo) of
both molecules can be calculated according to the following
equations:

Evomo = —(Eonset(ox) + 4-8) eV (1)
and

Etumo = —(Eonserred) +4.8) €V (2)
so that
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Eg = Eonset(ox)_Eonset(red) (ev) (3)

in Which Egpeeon @Nd Egneerreay are the onset®? potentials for
the oxidation and reduction of 1 and 2 determined from the
DPV experiments (vs. Fc/Fc™).

As a result, the corresponding HOMO and LUMO energy
levels are —5.53 and —3.26 eV for 1, and —5.58 and —3.11 eV
for 2 (Table S2 in the Supporting Information). Hence, the elec-
trochemical band gaps, E,*, are 2.27 and 2.47 eV, respectively.
Additional calculations relate the electrochemical data to the
saturated calomel electrode (SCE)*® and use the appropriated
formulae®® to provide similar values (see Table S2). These en-
ergies as well as the gap values are comparable to other conju-
gated systems, which are of the order of donor polymers and
small molecules."?%9 For both molecules, the metal Fermi
level is found to lie closer to the HOMO than to the LUMO
energy level.

Optical studies

The electronic absorption spectra of both molecules in the
solid state (Figure S11 in the Supporting Information) were
used to obtain the HOMO-LUMO gap of the molecules, which
are summarized in Table 1. The UV/Vis and emission spectra of

Table 1. Comparison of band gap energies [eV] of molecule 1 and 2 in
the gas, solution, and solid phases.

1 2
E,™" gas phase® 5.72 5.96
E,™" solution phase™ 3.08 3.26
E,*® [eV] solid™ 2.20 245
E,*< [eV] solution' 227 247

[a] Obtained from theoretical calculations. [b] Calculated from UV/Vis
measurements. [c] Calculated from electrochemical data.

both compounds are consistent with the properties expected
for this class of compounds. In both compounds, the cis keto-
enol configuration has an intramolecular hydrogen-bond
(KEIHB), which increases the delocalization of the mt-system.['*
The strength of the hydrogen-bond is highly correlated with
the degree of delocalization of the m-system; in a more delo-
calized system, the strength of the hydrogen-bond decreases.
Even though 1 and 2 show a similar shape when comparing
their absorbance spectra, there is a reduction in the absorption
area and a clear blueshift of the maxima band of approximate-
ly 20 nm going from system 1 to 2 (Figure S11). Such a shift is
associated with the aromatic nature of the 2-thiophene and 3-
thiophene groups, in which the conjugation is less extended
over the thiophene rings in molecule 2. The assignment of the
band in the 400 nm region is attributed to m—m* transitions,
which also account for the high-energy bands in the 200-
270 nm range.?#?" Based on the absorption spectra obtained
for 1 and 2, the optical band gap of the frontier orbitals (E,*")
were estimated by using the cutoff (onset) of the lowest ab-
sorbed energy in their respective UV/Vis spectra. The E,°" for
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the solid provided values of 2.20 eV for 2-thphCCM (1) and
2.45 eV for 3-thphCCM (2).

As for the fluorescence emission (Figure S13 in the Support-
ing Information), compound 2 shows lower intensity when
measured at the same conditions as 1. This difference can be
related to the fact that, as previously reported,"*?? curcumi-
noids have a radiationless decay mechanism through direct ex-
cited-state intramolecular proton transfer (ESIPT) from the enol
to the keto group in the cis keto-enol tautomer. The rate of
the ESIPT process is faster if the intramolecular hydrogen-bond
is stronger, which correlates with our systems. Molecule 2
shows an increase in the strength of KEIHB, because it is less
delocalized, with a stronger hydrogen-bond, thus it shows a de-
crease in the fluorescence intensity.

DFT calculations in the gas phase and solution

To calculate the HOMO-LUMO gap, we have run two sets of
calculations: the first one is a set of density functional theory
calculations (DFT) in the gas phase based on the Kohn-Sham
analog of the Koopmans' theorem (KT, valid within the Har-
tree-Fock framework),”** which were demonstrated by Grit-
senko and Baerends® 9 and expanded to other problems. >4
The second group of DFT calculations include the effect of sol-
vent (CH,Cl,) and Tomasi’'s continuum polarizable method in
order to compare the results with experimental measurements
from the UV/Vis spectra.

In both cases, the calculations are a reasonably good estima-
tion of the HOMO-LUMO gap and the absorption spectral
characteristics, but we cannot expect a perfect agreement with
the experimental data, as the calculations are affected by the
limits of the theoretical approach,”*” the choice of the ex-
change-correlation functional, and the basis set.

In this work, we consider the B3LYP hybrid functional, con-
sistent with B3 Becke’s three-parameter exchange correlation
functional, and the Lee, Yang, and Parr LYP correlation func-
tional that recovers the dynamic electron correlation.”” This
choice was made by consideration of our previous work®>2®
with conjugated molecules. The well-known popularity of the
B3LYP functional within the theoretical community is due to
calculations with results that are comparable to most post-Har-
tree-Fock methods but obtained in a faster way. On the other
hand, the 6-311G+ (d,p) basis set is the rather complete set of
6-311G functions®” supplemented with diffuse functions® as
well as polarization® and is used to have a better representa-
tion of the wave functions of the molecular systems. In sum-
mary, the DFT/B3LYP/6-311G+ (d,p) methodology chosen for
this part of the study could be useful to compare results and
predictions from and for other authors as well as our own pre-
vious results and, as mentioned in the following paragraphs,
give good results on a quantitative basis. Strictly speaking, the
choice of the best exchange-correlation functional, and the
basis set for a given problem is by itself a complete and sepa-
rate study that exceeds the scope of this work.

Table 1 shows the calculated band gap energies for the mol-
ecules in the gas phase and in solution (Table S3 in the Sup-
porting Information). The HOMO and LUMO data calculated, in-
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cluding the solvent effect, show quite good agreement with
the experimental data from the UV/Vis experiments in solution
(Figure S11). Based on the comparison of the calculated band
gap energies of both molecules, molecule 1 has smaller ener-
gies than 2. The band gap energies for both molecules ob-
tained from solid-state optical absorption or solution electro-
chemistry are in agreement. All the energies obtained for
1 and 2 show the same trend, suggesting to a first approxima-
tion that molecule 1 could conduct better.

Representations of the molecular orbitals for the HOMO and
LUMO electronic states for compound 1 and 2 are presented
in Figure 3, which show the typical delocalization of the

(@)

(b)
@ ’ ’
- pRRANy oRRN;

- JOTOPy 0PIy

Figure 3. Molecular orbitals of a) 2-thphCCM (1) and b) 3-thphCCM (2).

charge of a conjugated molecule, using m-type orbitals along
the complete structure. Two observations can be made when
comparing the molecular orbitals of 1 and 2: (i) molecule 1 has
a reduced capacity for eventual charge transfer as the S atoms
are less involved in the HOMO orbital, (ii) looking at the LUMO
orbital, molecule 2 is less conjugated, as two carbon atoms of
each thiophene ring are not participating in the conjugation of
the complete structure, which gives a more direct path for
eventual charge transport from one sulfur atom to the other in
the molecule, favoring better conductance. Therefore, depend-
ing on if the charge transport is through the HOMO or the
LUMO orbital, the conductance of both molecules could be dif-
ferent. Based on the proximity of the HOMO energies of both
molecules, as obtained from electrochemistry, with the Fermi
level of gold, as a first approximation, the injection could be
through the HOMO.

To study how these molecular frontier orbital energies
change with the orbitals mixing in two dimensions in a mole-
cule-gold electrode interaction, we performed electrochemical
studies on self-assembled monolayers (SAMs).

Electrochemical studies on SAMs

Electrochemical studies of self-assembled monolayers (SAMs)
of 1 and 2 on Au(111) were also carried out to evaluate the
changes in the HOMO and LUMO energy levels. The results are
summarized in Table 2. The experimental conditions used were
the same as for the bulk electrochemical measurements dis-
cussed above. The formation of SAMs was confirmed through
the observation of reductive desorption processes of the SAMs
from the Au(111) surfaces, corroborating the chemisorption be-
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Table 2. Electrochemical data in CH,Cl, for molecules 1 and 2 in solution
and in SAMs. Potentials [V] (DPV data) are referenced to Fc/Fc™. Eyomo
and E o [eV] refer to the HOMO and LUMO energy levels, E;'ec [eV]
stands for the electrochemical energy gap.

1 st Oxid. 1st Red. Evomo Eiumo Ef
1 Sol. +0.87 —1.66 —5.53 —3.26 2.27
2 Sol. +0.95 —1.80 —5.58 -3.1 247
1 SAM +0.78 —0.33 —5.40 —4.65 0.75
2 SAM +0.93 —0.30 —5.42 —4.68 0.74

tween the thiophene sulfur atoms and the gold surface.*”

Cyclic voltammetry measurements were conducted for both
self-assembled systems, SAM(2-thphCCM-Au(111)) for 1 and
SAM(3-thphCCM-Au(111)) for 2. Two oxidation and four reduc-
tion processes are present in both SAMs, as shown in Figure 4.

60

=201

Current / pA

-40-

-60-T T T T T T T T T
25 -20 15 1,0 -05 00 05 10 15 2,0

Potential / V

Figure 4. Differential pulse voltammograms (DPV) for Au(111) modified with
SAMs of 1 (dashed line) and 2 (solid black line). The black dotted line repre-
sents Au(111) without either of the molecules. Measurements were conduct-
ed under N,, in dry CH,Cl, containing 0.1 m TBA(PF,) as supporting electro-
lyte. Potentials were reference to Fc/Fc™.

The redox behavior of SAM(2-thphCCM-Au(111)) was similar to
SAM(3-thphCCM-Au(111)), and the redox processes for the oxi-
dation and reduction in both systems are much closer than
those found in solution (Figure 2). As before, differential pulse
voltammetry (DPV) provided a better resolution of the redox
processes.

SAM(2-thphCCM-Au(111)) for 1 presents the first oxidation
and reduction processes at +0.78 and —0.33V, respectively,
and SAM(3-thphCCM-Au(111)) for 2 displays parallel redox pro-
cesses at +0.93 and —0.30 V. The comparison of these poten-
tials with the ones obtained for the molecules in solution sug-
gests that the oxidation potentials for the SAM configurations
have experienced small shifts toward positive values, whereas
the reduction potentials show pronounced shifts to less nega-
tive values.

Shifts of the redox processes for compounds anchored to
the Au surface, compared with their electrochemical processes
in solution, have been previously observed for thiophene
alkane thiol and terthiophene-derived SAMs on gold surfa-
ces.”Y Overall, the oxidation potential processes are similar in
both experiments, that is, in solution and as SAMs attached to
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Au. In contrast, there is a big difference between the reduction
potentials of both molecular SAMs and their corresponding
molecular potentials in solution, with molecular SAMs reduc-
tion values very close to each other (—0.3V (1) and —0.33V
(2)).

The energy gap between the HOMO and LUMO energy
levels was calculated by using the same methodology as intro-
duced for the electrochemical experiments in solution (see the
Supporting Information). We found that the electrochemical
band gaps, for example, for 1 and 2 when in contact with the
gold electrode, are 0.75 and 0.74 eV, respectively. This change
in the band gap energies upon binding is mainly a result of
the mixing of the LUMO orbitals with the orbitals of the gold
electrode, as the HOMO orbitals are almost the same for both
molecules. When compounds 1 and 2 are anchored to the
gold surface, the reduction potentials (or the LUMO energies)
cause the reduction of the band gap energy, resulting in small-
er values than the ones obtained for the molecules in solution.
Comparing the frontier orbital energies with the reported
Fermi energy of gold electrodes (5.1 eV),"” we see that the
later falls in between the HOMO and LUMO energy levels of
both molecules (Table 2), suggesting that these molecules may
show conductance if a single-molecule device is constructed.
Based on the electrochemical measurements of SAMs, we can
conclude that the interaction with the gold electrodes reduces
the LUMO energies of both molecules, ending up with a small-
er and more similar band gap for both molecules, therefore as
a first approximation, if everything else is the same, both mole-
cules will show similar conductance values in a single-molecule
device with gold electrodes.

Single-molecule conductance measurements

Single-molecule conductance measurements were performed
with the controllable mechanical break junction technique
(MCBJ).B? A drop of the molecular solution was deposited on
the device before breaking the electrode and thousands of
molecular conductance traces were collected while separating
these electrodes, allowing a statistical investigation to be per-
formed by building one-dimensional and two-dimensional con-
ductance histograms. Figure 5 displays two-dimensional con-
ductance versus electrode displacement histograms (G versus
the electrode displacement d in logarithmic scale) of a MCBJ
with compound 1 (Figure 5a) and 2 (Figure 5b). In these histo-
grams, individual breaking traces have been shifted along the
horizontal electrode displacement axis to fix the rupture of the
one-atom gold contact at zero. Areas of high counts represent
the most typical breaking behavior of the molecular junctions.
The insets contain the histograms with all breaking traces; the
main figures show the ones built up from selected traces. In
the latter case, the shortest and steepest traces have been
omitted so that most of the tunneling traces in which there
are no molecular signatures are not taken into account.

The two-dimensional histograms (Figure 5) show that for
compound 1, there is a region of high counts between 10™*
and 10° G, and for compound 2, there are two regions of
high counts, one just above 10*G, and one just below
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Figure 5. Conductance versus electrode displacement two-dimensional his-
togram constructed with a) 171 traces for molecule 1 and b) 1299 traces for
molecule 2. The selected traces are the ones, in which the distance between
the point at which the trace drops below 1 G, and the last point, in which
the conductance is larger than 1x10~° Gy, which is longer than 0.4 nm. The
insets display the histograms without data selection constructed by using
5000 traces.

107° G,. A 2D histogram of the junction used to acquire the
data in Figure 5b prior to molecule deposition is shown in Fig-
ure S14 (in the Supporting Information). Such reference
measurements were performed on all junctions to check that
the bare gold junction was clean as evident from the presence
of tunneling curves in the absence of additional features.

To extract the conductance values of the most probable mo-
lecular configuration, one-dimensional conductance histo-
grams have been constructed. These 1D histograms and that
of the reference without molecules are presented Figure 6. All
three panels in this figure show, just before the rupture of the
gold wire, the presence of clear steps at integer values of 1 G,
(Gy=2e*h=177 puS), the quantum of conductance. The histo-
grams for the two molecules yield a distribution of conduc-
tance values peaked around 3x107° G, for 1 (Figure 6b) and
two conductance peaks at 3x10*G, and 8x10°°G, for 2
(Figure 6¢).

Comparison of both histograms yields a consistent picture
in which molecule 1 exhibits one stable conformation with
a conductance plateau around 3x10° G,, with counts concen-
trated for electrode displacements between 0 and 0.7 nm, with
almost no counts at larger displacements. For molecule 2, the
histograms reveal a maximum around 3x107* G, and a broad
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a) gold reference
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Figure 6. Logarithmically binning one-dimensional conductance histograms
of a) the clean gold reference sample without data selection (same junction
as that presented in Figure 5b, same results) and b) selected traces from
Figure 5 of 2-thphCCM (1) and ¢) 3-thphCCM (2). The light-gray line (lower
panel) corresponds to a lognormal fitting of the two conductance peaks.

maximum around 8x107°G,, with counts spread over larger
displacements, and conductance counts up to 1.2 nm elec-
trode displacement. Figure 1 shows that the observed differen-
ces have to be related to the different positions of the sulfur
atoms in the terminal thiophene rings. If we compare the dis-
tance between the sulfur atoms in both molecules, molecule
1 has the shortest distance between them and the observed
conductance counts for molecule 2 at higher electrode dis-
placement is thus consistent with the molecular structure.
Moreover, the lower conductance value (Figure 6), which corre-
sponds to a more stretched conformation of the molecule be-
tween the electrodes, is of the same order in both molecules,
suggesting that the change in the sulfur atom position for that
conformation does not affect the conductance considerably.
The high conductance value seen only for molecule 2, may
then be related to the fact that molecule 2 has the S atoms at
a more favorable position for anchoring to the gold electrodes,
which is better for charge injection. To provide more insight
into these different conformations, theoretical calculations
were performed on molecules 1 and 2 between gold electro-
des.

DFT calculations for the electrode-molecule-electrode con-
figuration

To compare the single-molecule conductance measurements
with theoretical calculations, we have calculated the transmis-
sion through molecules 1 and 2 by using the non-equilibrium
Green's function method with a density functional theory
(DFT) calculation of the ground-state electron density for dif-
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ferent electrode stretching distances. We found that the exact
geometry of the molecule with respect to the electrodes plays
an important role in the HOMO and LUMO energy values, as
well as on the transmission through the molecular junction. To
investigate the evolution of the molecular conformation while
stretching the junction, we performed DFT calculations for vari-
ous electrode separations. For more details, see the Experimen-
tal Section.

In Figure 7, we present the different molecular junction con-
figurations for molecules 1 and 2 during stretching. These

2-ThphCCM FTHRHCCH

2.73 nm

bp Ll
a 2.99 nm E é 3.29nm E

Figure 7. DFT calculations of the different molecular junction configurations.
Top: initial molecular junction configuration; middle: the configuration at an
intermediate stretch; bottom: the configuration at the point of maximum
stretching for molecules 1 and 2.

three configurations are marked in Figure 8a and b with
arrows in the force versus Au-Au distance plots. The initial mo-
lecular junction configuration is presented on top, whereas the
middle and lower configurations correspond to maxima in the
forces/displacement curves. The colors in Figure 8a,b are
linked to the transmission curves shown in Figure 8c. These
were calculated by using DFT+X in combination with the
non-equilibrium Green’s function (NEGF) formalism. Conduc-
tance values were then calculated by using the Landauer for-
mula.

Comparing the force-stretching curves for both molecules
with the force maxima marked by the black arrows in Figure 8
and the representation of the calculated molecular junction
configurations shown in Figure 7, the following observations
can be made: first, the rupture of the molecular junction, that
is, the last local maximum in the force, marked by the black
arrows, occurs at 2.99 nm for molecule 1, whereas molecule 2
can be stretched up to 3.29 nm, so essentially 2 can be stretch-
ed more than 1. This may explain the shorter conductance pla-
teaus for molecule 1 in the experimental conductance histo-
grams. Second, the junction evolution for the two molecules is
different. Molecule 1 shows a second peak at 2.74 nm, with an
amplitude of 0.8 nN. Molecule 2, on the other hand, shows
multiple peaks, located at 2.62, 2.73, and 3.04 nm, with ampli-
tudes of 0.9, 0.9, and 1.6 nN, respectively. The fact that the
force is twice as high for the peak at 3.04 nm suggests a differ-
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Figure 8. Force versus Au-Au distance curves as obtained from the DFT
stretching calculations for molecule 1 (a) and molecule 2 (b). ¢) Transmission
curves calculated by using DFT + NEGF for the molecules 1 and 2. The colors
of the curves are related to the junction geometry along the stretching
curves shown in a) and b). The vertical dotted line indicates the estimated
location of the Fermi energy.

ent nature for this bond compared with the others. Inspection
of the different junction geometries in Figure 7 suggests the
following scenarios: (i) at the point of rupture of molecule 1,
the interaction is a weak van der Waals interaction between
a distant thiophene ring and the electrode, leaving only a H
atom of the ring as the last contact with the gold electrode.
No coordinate S—Au bond is formed, and the molecule/elec-
trode interaction occurs through van der Waals forces. The
peak at 2.73 nm is also caused by van der Waals forces, with
the entire thiophene rings interacting with the electrodes.
(i) In the case of molecule 2, the situation is different. At the
point of rupture (3.29 nm), the hydrogen atom is the closest to
the electrode suggesting a molecule/electrode interaction oc-
curring through van der Waals forces. This is similar to mole-
cule 1. At positions 2.64 and 2.73 nm, the thiophene rings
overlap with the gold electrodes and van der Waals forces pre-
dominate again. At a distance of 3.04 nm, however, the S
atoms are located close to the gold, indicating the formation
of coordinate bonds. This bond formation can be related to
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the higher breaking force. Upon further stretching, as also
seen in molecule 1, the last molecule/electrode interaction is
again through van der Waals forces.

This structural difference is also reflected in the transmission
through the molecule while stretching, as shown in Figure 8c.
For molecule 1, when the molecular junction is formed
through van der Waals interactions with the electrodes (red),
the curves cluster around a conductance values of about 3x
1073 G,. For molecule 2, the conductance in the van der Waals
regime (blue) is slightly lower than for molecule 1, and with
a larger spread. When molecule 2 is connected through the S
atoms (green), on the other hand, the conductance is about an
order of magnitude larger. The conductance values obtained
from DFT are higher than the ones found in the MCBJ experi-
ments, and can therefore only be compared qualitatively.
Nevertheless, the two different binding geometries of molecule
2 yield different conductance values, with an order of magni-
tude difference between the two. In addition, the HOMO and
LUMO energies of both molecules are similar to those ob-
tained experimentally from the electrochemical measurements
on SAMs.

Conclusion

The experimental data in solution and in the solid state show
that the HOMO-LUMO band gap for molecule 1 has a lower
energy value than for molecule 2. Theoretical calculations
show the same trend. Inspection of the HOMO and LUMO mo-
lecular orbitals show that both molecules have the typical de-
localization of m-type orbitals along the complete structure of
the molecule, but owing to the difference in the position of
the sulfur atoms in the terminal thiophene rings, the electronic
densities in the HOMO and LUMO orbitals are different. Analy-
sis of the frontier molecular orbital electron densities suggest
that if charge transport were to occur through the HOMO orbi-
tals, molecule 1 could show a reduced capacity for eventual
charge-transfer processes as the sulfur atom are less involved
in the HOMO orbital. In the opposite case scenario, in which
charge transport occurs through the LUMO energy levels of
the molecules, molecule 2 shows a more direct path for even-
tual charge transport between both sulfur atoms, resulting in
better conductance. Therefore, the energy band gap for mole-
cule 1 is smaller than for 2, but the electron energies of the
HOMO and the LUMO orbitals may affect differently the inject-
ed process to or from the molecule. Once the molecules are
anchored on the gold electrode surfaces, the band gap ener-
gies are significantly reduced, exhibiting a lowering of the
LUMO orbital energies in both cases, and the band gap of
both molecules end up almost the same. Single-molecule
measurements show that the conductance of molecule 2 is an
order of magnitude higher than the conductance of molecule
1. Therefore, considering that the HOMO and LUMO energies
are almost the same, we attribute this difference in conduc-
tance to the ability of molecule 2 to form coordinate interac-
tions with the nanogold electrodes, owing to the more avail-
able position of the sulfur atoms. We supported our findings
by DFT calculations.
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Experimental Section
Chemical synthesis

The chemicals and solvents used were purchased from commercial
sources and used without further purification, unless especially
mentioned. All experiments were carried out under aerobic condi-
tions by using commercial grade solvents.

Synthesis of ((1E,4Z,6E)-5-hydroxy-1,7-di(thiophen-2-yl)hepta-
1,4,6-trien-3-one (2-thphCCM) (1): Acetylacetone (acac; 0.75 mL,
7 mmol) and B,0; (0.35 g, 5 mmol) were dissolved in EtOAc. The re-
action mixture was heated at 55 °C for 30 min until a white suspen-
sion was formed. Then, a solution containing 2-thiophenecarboxal-
dehyde (1.3 mL, 14 mmol) and tri-tert-butyl borate (8 mL, 28 mmol)
in EtOAc was added to the reaction mixture and stirred for 3 h at
55°C. After cooling down for 1h, a solution of n-butylamine
(0.4 mL, 4 mmol) in EtOAc was added dropwise, and the reaction
mixture was stirred at room temperature for 2 d. At this point,
a red precipitate was formed corresponding to the boron complex,
which was filtered and suspended in water to break the complex.
After a day, the pure ligand was filtered and dried under vacuum.
Yield: 79%. 'H NMR (400 MHz, CDCl,): 6=15.87 (s, TH), 7.77 (d, J=
15.5Hz, 2H), 7.38 (d, J/=5.0Hz, 2H), 7.27 (d, J=3.7 Hz, 2H), 7.07
(dd, J=5.0, 3.7 Hz, 2H), 6.41 (d, J=15.5Hz, 2H), 5.75 ppm (s, TH);
BCNMR (75 MHz, [DgDMSO): 6=182.59, 139.91, 133.29, 132.13,
130.12, 128.84, 122.79, 101.62 ppm; IR (KBr): v=3102, 1619, 1508,
1419, 1162, 966, 856, 705 cm™'; ESI-MS: m/z=287 [M<M->H]";
elemental analysis calcd (%) for 2-thphCCM-0.5H,0: C 60.8, H 4.01,
S 21.6; found: C 60.8, H 4.18, S 21.6.

Synthesis of ((1E,4Z,6E)-5-hydroxy-1,7-di(thiophen-3-yl)hepta-
1,4,6-trien-3-one) (3-thphCCM) (2): Acetylacetone (acac; 0.75 mL,
7 mmol) and B,0; (0.35 g, 5 mmol) were dissolved in EtOAc. The re-
action mixture was heated at 55 °C for 30 min until a white suspen-
sion was formed. Then, a solution containing 3-thiophenecarboxal-
dehyde (1.3 mL, 14 mmol) and tri-tert-butyl borate (8 mL, 28 mmol)
in EtOAc was added to the reaction mixture, and stirred for 3 h at
55°C. After cooling down for 1h, a solution of n-butylamine
(0.4 mL, 4 mmol) in EtOAc was added dropwise, and stirred at
room temperature for 2 d. At this point, an orange precipitate was
formed, which was filtered and suspended in water for a day to
break the boron complex. The final ligand was filtered and dried
under vacuum. Yield: 69%. 'H NMR (400 MHz, CDCl;): 6 =7.65 (d,
J=15.8 Hz, 2H), 7.51 (d, J=3.7 Hz, 2H), 7.38-7.30 (m, 4H), 6.44 (d,
J=15.7 Hz, 2H), 579 ppm (s, TH); *CNMR (75 MHz, [DJDMSO):
0=183.44, 138.14, 134.33, 129.67, 127.94, 125.70, 123.86,
101.42 ppm; IR (KBr): v=3419, 3091, 1623, 1575, 1506, 1417, 1137,
968, 867, 794, 723, 611, 474 cm™'; ESI-MS: m/z=287 [M < M->H]",
575 [2M<M->H]"; elemental analysis calcd (%) for 3-
thphCCM-1.2H,0: C 58.3, H 437, S 20.8; found: C 58.1, H 4.17, S
20.9.

Physical measurements

C, H, and N analyses were performed with a Pekin-Elmer Il Series
CHNS/O Analyzer 2400 at the Servei de Microanalisis del Consell
Superior d'Investigacié Cientifiques (CSIC), Barcelona. '"H NMR and
CNMR spectra were recorded with a Bruker Avance-400 spec-
trometer. The ESI mass spectra were measured with a spectrometer
LC/MSD-TOF  (Agilent Technologies) with a double nebulizer
source. Infrared spectra (4000-400 cm™') were recorded from KBr
pellets with a Bruker Vector 22 spectrophotometer. Solution UV/Vis
absorption spectra were recorded by using a UV/Visible PerkinElm-
er (Lambda Il) spectrophotometer. Solid UV/Vis absorption spectra
were recorded by using diffuse reflectance sphere DRA-2500 acces-
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sory in a UV/Vis/NIR Varian Cary 5000 spectrophotometer. Only dis-
tilled solvents (CH,Cl,) were employed and concentrations of com-
pound 1 and 2 were 10x 10 °m.

Electrochemistry

Cyclic voltammograms (CV) and differential pulse voltammograms
in solution were recorded with a potentiostat SP-150 (BiolLogic)
modulated with the program EC-Lab V10.02, at the Universitat de
Barcelona. A standard three-electrode assembly (glassy carbon
working together with auxiliary and reference platinum electrodes)
with 0.1x10>m NBu,PF; as the supporting electrolyte. No IR com-
pensation was employed. Quoted potentials are versus the ferro-
cene/ferrocenium couple, which was used as an internal standard.
The scan rates for cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were 50 and 50-100 mVs™', respectively. Dis-
tilled solvents were employed, and the concentrations of the com-
pounds were approximately 107> wm.

Computational details

Theoretical analysis was performed with the Gaussian code,®** by
using the 03 and 09 versions. It considers optimization of the
ground-state geometry of 2-thphCCM (1) and 3-thphCCM (2) by
using the density functional theory (DFT) methodology with the
Becke, Lee, Yang, and Parr B3LYP hybrid functional for exchange
and correlation effects and the 6-311G + (d,p) basis set. A two-step
procedure previously used® was implemented to resolve the ge-
ometry and energy of the ground state for the several hypothetic
conformers of the 2-thphCCM (1) and 3-thphCCM (2) compounds,
both in the gas phase and in solvent, considering the Tomasi polar-
ized continuum model (PCM) to account for the effect of the di-
chloromethane solvent used in UV/Vis experimental spectra. The
vertical S,—S, (n=1 to 5) singlet-singlet transitions corresponding
to absorption spectra of each of the 2-thphCCM and 3-thphCCM
oligomers were resolved by time-dependent DFT (TD-DFT/B3LYP/
6-311G+(d,p)) calculations® including the solvent effect. The
electronic densities of the HOMO and LUMO states were also ob-
tained. Luminescence spectra were calculated by optimizing the
first singlet excited-state structure and studying the vertical transi-
tion.

The DFT stretching calculations were performed by using the ADF
software package.®” The dispersion-corrected GGA PBE exchange-
correlation functional and the triple-C plus polarization (TZP),
Slater-type orbital local basis set were used. Dispersion corrections
(DFT-D3) were added to the total bonding energy gradient and
second derivatives, where applicable, according to the procedure
described by Grimme et al.”*¥ All electrons were taken into ac-
count, except for the gold where a large frozen core was used. To
account for relativistic effects in the electrodes, the zeroth-order
regular approximation (ZORA) to the Dirac equation was used. Ge-
ometries were converged to energy changes of less than
1072 hartree, energy gradients of less than 1x 107> hartree/A maxi-
mum and 6.7x 10" hartree/A RMS. The electrodes were modeled
as two gold pyramids terminated with (111) surfaces. Each elec-
trode consisted of five layers, as shown in Figure 7. The initial elec-
trode separation is 2.54 nm, as shown in the left panel. The elec-
trode separation is determined from the distance between the
outer gold layers, center-to-center. The calculations were per-
formed as follows. First, the molecular geometry was relaxed for
the electrode while keeping the coordinates of the outer three
gold layers fixed. Only the inner two layers were allowed to relax.
After convergence, the electrodes were pulled outwards, each with
a displacement of 0.02 A, and the geometry was optimized again.
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This process was repeated until the Au-Au distance reached
4.40 nm.

To correct for well-known correlation errors upon addition/removal
of a charge on the molecule, the DFT+X method was em-
ployed.?” The = correction consists of two parts. First, a correction
to the ionization potential and electron affinity is calculated based
on gas-phase calculations for the molecule with —1, 0, and +1
electrons. Second, image-charge effects were calculated for the
different charge states (also in the gas phase) by using the Hirsch-
feld atomic charge distribution between two parallel plates. The
image planes were set at a distance of 1.5 A away from the sulfur
atoms. Both corrections were implemented as a scissor operator.
To compute the transmission, the outer two gold layers were cou-
pled to wide-band limit electrodes.®®

Electrochemistry measurements on self-assembled monolay-
ers of compound 1 and 2 on gold electrodes

Electrochemical experiments were conducted by using 0.1m
(NBu,)(PFg) solutions in dry CH,Cl,. Before each measurement, the
organic solution was purged with ultrapure N, gas for about
10 min. The working electrode was a thin vapor-deposited Au film
deposited on glass (12x12 mm slides purchased from Arrandee,
Germany). The reference electrode was a platinum wire, and other
platinum wire served as the counter electrode. Final redox poten-
tials were referenced to the ferrocene/ferrocenium (Fc/Fc*) couple.
Gold slides (working electrode) were annealed by using a H, flame
to obtain a preferential Au(111) orientation. After annealing, the
Au(111) slides were placed in an ethanol 50x10°m solution con-
taining 2-thphCCM or 3-thphCCM. The time required to obtain the
SAMs was 24 h. After this period, the electrodes were further
rinsed with ethanol for 10 min and dried by using a nitrogen flow.
The electrodes modified with SAMs were characterized by using
cyclic voltammetry (scan rate 50 mVs~') and differential pulse vol-
tammetry (scan rate 20 mVs~', pulse amplitude 25 mV, and a pulse
width 50 ms).

Single-molecule conductance measurements

The transport properties of single-molecule junctions were studied
by using lithographic mechanically controllable break junctions
(MCBJs) in air at room temperature. Details concerning the experi-
mental procedures are given elsewhere.*” The layout of an MCBJ
device in a three-point bending mechanism is shown in Figure 9.
The sample is bent by a pushing rod, the vertical movement of
which is controlled by a stepper motor in combination with
a piezo stack. The moving rate of the electrodes was 0.6 to

6 nms .

Prior to molecular deposition, we first characterized the gold elec-
trodes at room temperature; we measured the current passing
through the MCBJ device at a fixed bias voltage of 0.1V applied

polyimide

counter

hosphor
support prosP

Au electrodes bronze

Figure 9. Schematic representation of the MCBJ technique.
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across the electrodes, while driving the pushing rod up and down
to mechanically break and form the contact. The current was
measured with a battery-powered logarithmic amplifier capable of
detecting currents over a range of nine orders of magnitude. To
obtain statistically significant data, sets of up to 5000 consecutive
breaking traces from individual junctions were analyzed numerical-
ly without any data selection.

After the initial characterization of the clean junction, deposition of
the molecules was performed in situ by pipetting a 1 pL droplet of
the target molecule in solution on the gold electrodes. The solu-
tion was prepared just before the experiment; the target molecule
(0.5x107°m) was dissolved in dichloromethane. After deposition,
we continued to monitor the conductance while breaking and re-
forming the gold contacts.
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