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Direct hybridization between the r-orbital of a conjugated molecule and metal electrodes is
recognized as a new anchoring strategy to enhance the electrical conductance of single-
molecule junctions. The anchor is expected to maintain direct hybridization between the
conjugated molecule and the metal electrodes, and control the orientation of the molecule
against the metal electrodes. However, fulfilling both the requirements is difficult because
multipodal anchors aiming at a robust contact with the electrodes often break the n-
conjugation, thereby resulting in an inefficient carrier transport. Herein, a new tripodal anchor
framework— a 7,7-diphenyl-7H-benzo[6,7]indeno[1,2-b]thiophene (PBIT) derivative— is
developed. In this framework, m-conjugation is maintained in the molecular junction, and the
tripodal structure makes the molecule stand upright on the metal electrode. Molecular
conductance is measured by the break junction technique. A vector-based classification and
first-principles transport calculations determine the single-molecule conductance of the
tripodal-anchoring structure. The conductance of the PBIT-based molecule is higher than that

of the tripodal anchor having sp® carbon atoms in the carrier transport pathway. These results
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demonstrate that extending the m-conjugation to the tripodal leg is an effective strategy for

enhancing the conductivities of single-molecule junctions.

1. Introduction

Single-molecule electronics has been studied for next-generation devices because of its
possible bottom-up construction and potential for device miniaturization.[*¥! The development
of an anchor for connecting between organic molecules and metal electrodes is of significant
importance to control the charge-transport characteristics of metal-molecule-metal
junctions.®! Although the most widely used anchor to connect organic molecules and Au
electrodes is a thiol (-SH) group that forms an S—Au bond,** * it was found that the S—Au
bond is not suitable for realizing a strong coupling between the r-orbitals in an organic
molecule and metal electrodes.[*?l Recently, a new anchoring strategy that utilizes direct
hybridization between the n-orbitals of a conjugated molecule and metal electrodes (-
channel hybridization) has been reported to exhibit high conductance.[***"l However, the
development of the anchors for the w-channel hybridization still insufficient because the
difficulty of molecular design that fulfills (1) the direct hybridization between the w-orbital of
a conjugated molecule and metal electrodes, (2) the control of molecular orientation against
the metal electrodes, and (3) the formation of a w-channel from one metal electrode to another
through the extended r-conjugation in the molecule.

We have recently established a rational design principle to fulfill points (1) and (2),
mentioned above. The combination of a tripodal tetraphenylmethane framework with
aromatic rings such as pyridine and thiophene as the anchoring functional groups is an
effective molecular design to realize a stable single-molecule junction through the direct
hybridization of the n-orbital to metal electrodes.!* 1°1 The tripodal structure with electron-
rich thiophene rings, 3Th (Figure 1), exhibited excellent adsorption on Au(111) substrates,

and the bistripodal compound 3Th-Ph-3Th exhibited hole-transporting characteristics in the
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single-molecule junction.*®! However, the n-orbital in the molecule was not completely
connected because of the presence of a methane sp? carbon atom in tetraphenylmethane.

In this study, to accomplish all the requirements mentioned in points (1)—(3), we
developed a 7,7-diphenyl-7H-benzo[6,7]indeno[1,2-b]thiophene framework (PBIT) with the
thiophene rings (Th) acting as the anchoring functional groups. Further, we also developed a
PBIT(3Th)-based tripodal compound— PBIT(3Th)-A-PBIT(3Th) (Figure 1) — in which
the -conjugation is extended from the acetylene linker (A) to one of the tripodal legs. The
electrical conductance and current—voltage (I-V) curves of the single-molecule PBIT(3Th)-
A-PBIT(3Th) junctions were measured using the mechanically controllable break junction
(MCBJ) method. The vector-based classification of the measured I-V curves indicated the
presence of three types of molecular junction structures that are distinguished by the
conductance and contact asymmetry. Plausible models for the single-molecule junctions
corresponding to each structure were proposed on the basis of first-principles calculations. In

these structures, a n-channel is formed from one electrode to the other through the extended

n-conjugation in the molecule.

2. Results and Discussion

2.1. Gas-Phase Calculation
We estimated the optimized structures and molecular orbitals of 3Th-Ph-3Th and

PBIT(3Th)-A-PBIT(3Th) using the density functional theory (DFT) calculations at the
B3LYP/6-31G(d,p) level of theory. As shown in Figure 1, these molecules showed three-
dimensional structures, which are expected to have desired molecular orientations on the
metal electrodes. The highest occupied molecular orbital (HOMO) of the hole-transporting°!
3Th-Ph-3Th is localized on the “leg” part of the 3Th unit. On the other hand, PBIT(3Th)-A-

PBIT(3Th) possess delocalized HOMO orbital entirely over the n-conjugated backbone.
3
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Because of this delocalization, the HOMO level becomes higher for PBIT(3Th)-A-
PBIT(3Th) (-5.02 eV) than that for 3Th-Ph-3Th (-5.58 eV), which may induce higher
conductance (Figure 1). These results indicate that the PBIT framework is effective in
considering three-dimensional structures and maintaining intramolecular electronic

communication.

2.2. Synthesis
The synthesis scheme of PBIT(3Th)-A-PBIT(3Th) is presented in Scheme 1. Compound 2

was readily synthesized via the Suzuki coupling reaction between boronic ester 1 and methyl
2-bromothiophene-3-carboxylate. Further, compound 2 was reacted with 4-
lithiobromobenzene (formed in situ by the reaction between 1,4-dibromobenzene and n-
BuLi), which was then treated with trifluoromethanesulfonic acid (TfOH) to give tripodal
compound 3. Selective bromination of compound 3 at a position in the thiophene ring gave
tribromo compound 4, which was subjected to a Stille coupling reaction with 2-
tributylstannylthiophene to give key intermediate compound 5. The methoxy group in
compound 5 was successfully converted to triflate and trimethylsilyl (TMS) acetylene groups
to synthesize compounds i-c and 6, respectively. Finally, the Sonogashira—Hagihara coupling
reaction between i-c and TMS-deprotected compound 6 produced the target compound
PBIT(3Th)-A-PBIT(3Th). Since these molecules showed sufficient solubility toward
chloroform (CHCIs) owing to their three-dimensional structures, the chemical structures were
fully characterized using nuclear magnetic resonance (NMR) spectroscopy, mass
spectroscopy (MS), and high-resolution MS. The NMR spectra are shown in the Supporting

Information (SI).
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2.3. Measurements of Electrical Conductance

The 1-V characteristics and conductance of the single-molecule junctions of PBIT(3Th)-A-
PBIT(3Th) were measured using MCBJ method[?’ at 80 K. As shown in Figure 2(a), a small
Au contact was prepared on an elastic substrate made of phosphor bronze that was covered
with polyimide. A pushing rod was moved to bend the substrate, which was fixed in a three-
point bending geometry. As a result of the substrate bending, the Au contact was elongated
and broken. Using this three-point bending geometry, the distance between two electrodes can
be controlled with a picometer precision. To modify the PBIT(3Th)-A-PBIT(3Th) molecules
on the electrodes, a droplet of a 0.1 mM solution of the molecules in CHCIs was placed on the
substrate such that the Au contact remained covered. The distance between the electrodes was
changed by ~0.04 nm by moving the pushing rod using a piezoelectric stepper motor. The |-V
characteristics were measured at every step of the piezoelectric stepper motor. A histogram
analysis was performed to determine the conductance for a single-molecule junction. The
conductance of the molecules was determined from the current value at Vpias = 100 mV.
Figure 2(b) shows the conductance histogram for PBIT(3Th)-A-PBIT(3Th) with the Au
electrodes, obtained from 32,346 -V curves measured during the breaking process. The
arrows in the figure indicate the peak positions that correspond to the molecular conductance
values, which were found to be 1 x 1072 Ggand 1 x 10~* Go (Go = 2e? h™%, where e and h are
the elemental charge and Plank’s constant, respectively). These conductance values are higher
than those obtained for 3Th-Ph-3Th (2 x 10 Go),**! indicating that tripodal anchor unit with

the effective n-conjugation through the r-channel hybridization enhanced the conductance.

2.4. Analysis of the Characteristics of the I-V Curves

Since the conductance histogram exhibited multiple peaks, we applied vector-based
clustering, which has been applied for the conductance traces of the break junction

methods,?* 221 to classify the 1-V curves. For the classification, an ith I-V curve with N data

5
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points was defined as an N-dimensional vector ;. We also defined an N-dimensional reference
vector, R, as the averaged I-V curve. Unsupervised clustering was performed using AX; and
6, where AX; is the norm of the vector Ii — R and & is the angle between R and R — Ii. Further

details can be found in Experimental Section. This classification method facilitates classifying
the data based on the differences in the shape of the curves, which is helpful in analyzing
various |-V curves obtained from the MCBJ measurements.

An unsupervised clustering was performed for 32,346 I-V curves using the k-means
clustering method[?!, and the number of clusters, i.e., the parameter k, was set to 4. As shown
in Figure 3(a), the distribution of AX and @is classified into four clusters according to AX.
We name this as cluster 1, cluster 2, cluster 3, and cluster 4 in the ascending order of the
values of AX. Figure 3(b) shows the conductance histogram for cluster 1 and the average of
the 1-V curves corresponding to cluster 1. The average of all the 1-V curves, R, is also shown
for comparison. Cluster 1 exhibits a conductance peak at ~1 x 1072 Go, which explains the
highest peak (1 x 1072 Gg) observed in the total conductance histogram (Figure 1(b)). The
averaged I-V curve of cluster 1 is symmetric and has the smallest deviation from R.
Therefore, we conclude that the molecular junctions represented by cluster 1 show a
symmetric I-V curve with high conductance; we categorize cluster 1 as “sym-HC”. As shown
in Figure 3(c), cluster 2 exhibits a lower conductance peak (1 x 10 Go) than that of the
cluster 1, while the averaged 1-V curve of cluster 2 is symmetric; hence, cluster 2 is
categorized as “sym-LC”. Figure 3(d) shows that the peak position in the conductance
histogram of cluster 3 is close to that of cluster 2 (1 x 10 Go). However, the averaged 1-V
curve is asymmetric with the rectification ratio of 2.5 at 1.5 V. Thus, we categorize cluster 3
as “asym-LC”. Since the peak conductance of the conductance histogram of cluster 4 is very
low (Figure 3(e)) and the averaged |-V curve of cluster 4 indicates the absence of molecules

between the metal electrodes, cluster 4 is categorized as a “broken” junction.
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These results indicate that at least three distinct molecular junction structures that are
present are characterized by the conductance value and the symmetricity of the I-V curve.
Since the symmetry of the |-V curve originates from the symmetry of the electronic coupling
between the molecular orbitals and the two electrodes that are in contact with the molecule
(see the SI),128T we can conclude that there are at least three types of anchoring structures (two

symmetrical and one asymmetrical).

2.5. First-Principles Transport Calculations

Based on the symmetric and asymmetric 1-V curves obtained from k-means clustering, we
assumed two series of potential energy surfaces (PESs) and calculated the molecular binding
energy by changing the electrode gap length, as shown in Figure 4(a). On one PES (PES1),
both the tripodal anchors were symmetrically self-standing on the Au surfaces. PES1 has a
deep minimum, where the PBIT(3Th)-A-PBIT(3Th) achieves the self-standing structure.
The transmission coefficient (Figure 4(b)) of this structure indicates that the HOMO level is at
—0.74 eV, which is higher than that of 3Th-Ph-3Th (-1.28 eV) (Figure S1), because of the
effective intramolecular ©-channel hybridization. On the other PES (PES2), one of the
tripodal anchors was laid on its side and there are several minima. These structures would
appear during the formation of molecular junctions after the contact of two electrodes.

Based on the calculated conductance values, these molecular junction structures can be
qualitatively categorized into the clusters obtained by vector-based classification. On PES2,
PBIT(3Th)-A-PBIT(3Th) formed asymmetric structures, except for the most stable point at
the short electrode gap distance. At the most stable point, the whole molecule strongly
interacted with the electrodes, thereby giving a conductance value higher than 1 Go. When the
surface of the electrode was heterogeneous, the conductance value decreased to 0.1 Go, which
is reasonable considering the estimation of the high conductance peak, at 1 x 1072 G, that is

observed in the experiment (see the SlI). Hence, this structure corresponds to cluster 1. PES2
7
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contained several local minima, where one of the n-conjugated leg on one side of the anchors
was parallel to the electrode surface. These asymmetric molecular junction structures on PES2
gave conductance values on the order of 1 x 10~ Go, which agrees well with the low
conductance peak (1 x 10~* Gg) observed in the experiment. These asymmetric structures with
low conductance values were included in cluster 3. Cluster 2 can be attributed to the structure
at the optimal electrode gap distance on PES1 because it gave a low conductance value, and
no other symmetric structures giving low conductance values were observed. The calculated
conductance value (1.4 x 10~ Gg) of the self-standing structure was smaller than the
experimental value, which can be attributed to a heterogeneous electrode surface in the
experiment. As shown above, the plausible molecular junction structures were predicted by
combining vector-based classification and first-principles transport calculations. This strategy
will be useful for determining the various molecular junction structures from a large number
of I-V curves.

The theoretical analysis revealed that the self-standing structure and robust metal-
molecule contact are achieved in the sym-LC structure (cluster 2). The MCBJ measurements
and theoretical calculations showed that the conductance of PBIT(3Th)-A-PBIT(3Th) is
higher than that of 3Th-Ph-3Th,[** because of the higher HOMO level through the effective

intramolecular t-channel hybridization.

3. Conclusion

To summarize, we designed and synthesized a new tripodal anchor unit based on 7,7-
diphenyl-7H-benzo[6,7]indeno[1,2-b]thiophene framework and thiophene rings to accomplish
the hybridization of the w-orbital with Au electrodes and hole transport through =-
conjugation. Further, the single-molecule conductance of a -conjugated molecule having the

new anchors was measured using the MCBJ technique. The vector-based classification
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revealed the presence of at least three types of molecular junction structures distinguished by
their conductance and contact asymmetries. The first-principles transport calculations
suggested that one of those structures (sym-LC) achieved the self-standing anchoring between
the molecule and the metal electrodes. It has been determined that the newly developed
tripodal anchor molecule shows a higher conductance than a previous tripodal anchor
molecule having sp® carbon atoms in the carrier transport pathway. To our knowledge, this is
the first report on a tripodal anchor unit with effective n-conjugation through n-channel
hybridization. We found that our newly developed tripodal anchor not only achieves a self-
standing and robust molecule—metal junction, but also shows the various molecular junction
structures and high conductance values through n-channel hybridization. Therefore, the
development of molecular systems, including this anchor unit to realize single-molecule

electronics, is targeted in our group.

4. Experimental Section
4.1. Synthesis and Characterization of Molecules

Column chromatography was performed on silica gel, KANTO Chemical silica gel 60N (40—
50 um). Thin-layer chromatography plates were visualized with UV light. Preparative gel-
permeation chromatography (GPC) was performed on a Japan Analytical Industry LC-918
equipped with JAI-GEL 1H/2H. Melting points are uncorrected. *H and **C NMR spectra
were recorded on a JEOL ECS-400 spectrometer in CDClI3z with tetramethylsilane (TMS) as
an internal standard. Data are reported as follows: chemical shift in ppm (), multiplicity (s =
singlet, d = doublet, t = triplet, m = multiplet), coupling constant (Hz), and integration. Mass
spectra were obtained on a Shimadzu AXIMA-TOF. Elemental analyses were performed on
Perkin Elmer LS-50B by the Elemental Analysis Section of comprehensive analysis center

(CAC), ISIR, Osaka University.
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Synthesis of 2: 1 (1.28 g, 4.50 mmol), methyl 2-bromothiophene-3-carboxylate (1.49 g, 6.74
mmol), K2COs (1.86 g, 13.50 mmol), and Pd(PPhs)s (519 mg, 0.45 mmol) were placed in a
test tube with screw cap and dissolved with toluene (30 mL), EtOH 1.5 mL), and H20 (6 mL).
The reaction mixture was refluxed for overnight. After being cooled to room temperature and
addition of water, the resulting mixture was extracted with diethyl ether (Et20), and the
organic layer was washed with brine and dried over Na>SOs. The combined organic layer was
concentrated under reduced pressure and then purified by column chromatography on silica
gel (hexane:CH2Cl, = 1:1~2:3) to give 2 as a white solid (1.32 g, 98%). *H NMR (400 MHz,
CDCl3, TMS, 6): 7.79 (d, J = 8.4 Hz, 1H), 7.61 (d, J = 5.6 Hz, 1H), 7.52 (d, J = 9.2 Hz, 1H),
7.46 (t, J = 7.8 Hz, 1H), 7.36 (d, J = 5.6 Hz, 1H), 7.33 (dd, J = 7.2, 1.2 Hz, 1H), 7.18 (d, J =
2.8 Hz, 1H), 7.08 (dd, J = 9.2, 2.4 Hz, 1H), 3.93 (s, 3H), 3.50 (s, 3H); 13C NMR (100 MHz,
CDCls, 0): 163.3, 157.5, 148.9, 134.5, 131.2, 130.4, 129.1, 128.0, 127.1, 125.8, 125.4, 124.7,
119.1, 106.1, 55.3, 51.5; MS (MALDI) m/z 298.65. HRMS (APCI) m/z: [M]* calcd for

C17H1403S, 298.0664; found, 298.0655.

Synthesis of 3: 1,4-Dibromobenzene (2.26 g, 9.64 mmol) and THF (16 mL) was placed in a
100 mL round-bottomed flask. To the mixture was added dropwise n-BuL.i (1.64 M, 5.88 mL,
9.64 mmol) at —78 °C. After stirring for 1 h, 2 (870 mg, 2.92 mmol) in THF (5.5 mL) was
added, and the mixture was allowed to warm to 0 °C for 2 h. Then, the reaction was quenched
by the addition of ice. The aqueous layer was extracted with ethyl acetate (EtOAc), and the
combined organic layer was washed with 2N HCI aq. and water and dried over Na>SOs. After
removal of the solvent under reduced pressure, the residue was purified by column
chromatography on silica gel (CH2Cl,) to give intermediate i-a (1.69 g, 99%). *H NMR (400

MHz, CDCls, TMS, 6): 7.68 (d, J = 8.8 Hz, 1H), 7.46 (d, J = 9.2 Hz, 1H), 7.31-7.33 (m, 3H),

10
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7.21-7.26 (m, 4H), 7.09 (d, J = 2.4 Hz, 1H), 6.96-7.06 (m, 5H), 6.68 (d, J = 5.6 Hz, 1H), 3.93

(s, 3H), 2.67 (s, 1H). This compound was used without further purification.

Intermediate i-a (1.65 g, 2.84 mmol) was placed in a round-bottomed flask and dissolved with
toluene (30 mL). To the mixture was added trifluoromethanesulfonic acid (TfOH) (20 drops)
at room temperature. After stirring for 0.5 h, the reaction was quenched by the addition of ice.
The aqueous layer was extracted with toluene and dried over NaSQO4. After removal of the
solvent under reduced pressure, the residue was purified by column chromatography on silica
gel (hexane:CH2Cl, = 1:1) to give 3 as a brown solid (1.37 g, 83%, 2 steps). *H NMR (400
MHz, CDCls, TMS, 6): 8.09 (d, J = 9.2 Hz, 1H), 7.61 (d, J = 8.8 Hz, 1H), 7.43 (d, J = 5.2 Hz,
1H), 7.39 (d, J = 8.0 Hz, 1H), 7.34 (d, J = 8.8 Hz, 4H), 7.30 (dd, J = 9.2, 2.8 Hz, 1H), 7.19 (d,
J=2.0 Hz, 1H), 7.09 (d, J = 8.4 Hz, 4H), 7.04 (d, J = 4.8 Hz, 1H), 3.95 (s, 3H); 13C NMR
(100 MHz, CDCls, 0): 157.9, 155.3, 147.7, 143.0, 140.5, 134.6, 133.7, 131.6, 131.4, 129.7,
129.6, 129.0, 128.5, 127.9, 126.1, 125.4, 124.0, 122.2, 122.1, 121.1, 119.6, 106.6, 62.7, 54.4;
MS (MALDI) m/z 561.96. HRMS (APCI) m/z: [M+H]* calcd for CasH18Br20S, 559.9445;

found, 560.9505.

Synthesis of 4: To a stirred solution of 3 (1.41 g, 2.51 mmol) in CHCI3 (15 mL) was added
NBS (536 mg, 3.01 mmol) at 0 °C. After stirring at 0 °C for 0.5 h, the precipitate was filtered
and washed with cool CHCl; to give 4 as a white solid (1.31 g, 81%). *H NMR (400 MHz,
CDCl3, TMS, 6): 7.90 (d, J = 9.2 Hz, 1H), 7.62 (d, J = 8.8 Hz, 1H), 7.35-7.38 (m, 5H), 7.28-
7.31 (m, 1H), 7.19 (d, J = 2.8 Hz, 1H), 7.05-7.07 (m, 5H), 3.95 (s, 3H); 3C NMR (100 MHz,
CDCls, 9): 158.1, 154.0, 146.7, 142.3, 140.8, 134.7, 133.4, 131.7, 131.6, 129.6, 129.5, 128.6,
127.8,125.9, 125.7,125.5, 125.2, 124.1, 123.8, 121.8, 121.3, 119.8, 114.9, 106.8, 63.6, 55.4;
MS (MALDI) m/z 641.30 (M*, Calcd 641.22). Anal. calcd for C2sH17Br30S: C 52.45, H 2.67,

N 0.00; found: C 52.49, H 2.94, N 0.00.

11
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Synthesis of 5: 4 (480 mg, 0.75 mmol), 2-tributylstannylthiophene (1.26 g, 3.38 mmol), and
Pd(PPhs)s (129 mg, 0.112 mmol) were placed in a microtube and dissolved with toluene (15
mL). The mixture was then reacted in a microwave reactor at 180 °C for 10 min. After being
cooled to room temperature, the reaction mixture was filtered over celite with toluene as an
eluent, and then purified by column chromatography on silica gel (hexane:CH.Cl, = 2:1) to
give 5 as a yellow solid (339 mg, 69%). Further purification was performed by
recrystallization using hexane and CH2Cl.. *H NMR (400 MHz, CDCls, TMS, 6): 8.08 (d, J =
8.8 Hz, 1H), 7.62 (d, J = 8.4 Hz, 1H), 7.48-7.51 (m, 5H), 7.21-7.32 (m, 13H), 7.02-7.05 (m,
3H), 3.95 (s, 3H); 13C NMR (100 MHz, CDCls, ¢): 157.9, 156.4, 148.1, 144.0, 143.0, 141.1,
139.0, 137.9, 134.6, 133.7, 133.2, 128.5, 128.0, 127.9, 126.2, 126.1, 125.3, 124.8, 124.4,
124.2,123.4,123.0, 122.0, 119.4, 119.0, 106.7, 63.6, 55.4; MS (MALDI) m/z 650.48 (M",

Calcd 650.89). HRMS (APCI) m/z: [M]* calcd for C40H260S4, 650.0866; found, 650.0853.

Synthesis of 6: To a stirred solution of 5 (1.04 g, 1.60 mmol) in CH2Cl, (50 mL) was added
BBrz (6.4 mL, 1.0 M CHClI> solution) at —78 °C, and the resulting mixture was stirred at 0 °C
for 1 h. The reaction was quenched by the addition of ice. The aqueous layer was extracted
with CH2Cl, and dried over Na,SQO4. After removal of the solvent under reduced pressure, the
residue was passed through short column chromatography on silica gel (CH2Cl.) to give
phenol intermediate i-b as a yellow solid (602 mg).*H NMR (400 MHz, CDCls, TMS, ¢):
8.10 (d, J = 8.4 Hz, 1H), 7.56 (d, J = 8.0 Hz, 1H), 7.48-7.51 (m, 5H), 7.22-7.30 (m, 13H),
7.02-7.05 (m, 3H), 4.97 (s, 1H). This compound was used without further purification.

To a stirred solution of i-b (550 mg, 0.864 mmol) and NEt3 (262 mg, 2.59 mmol) in
CH2Cl> (55 mL) was added trifluoroacetic anhydride (Tf20) (293 mg, 1.04 mmol) at 0 °C.
After stirring at 0 °C for 1 h, sat. NaHCO3 ag. was added, and the resulting mixture was
extracted with CH2Cl,, and the organic layer was washed with brine and dried over NaxSOa.

The combined organic layer was concentrated under reduced pressure and then purified by
12
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column chromatography on silica gel (hexane:CH.Cl> = 1:1) to give intermediate i-c as a
yellow solid (628 mg, 56%, 2 steps). 'H NMR (400 MHz, CDCls, TMS, 6): 8.26 (d, J = 8.8
Hz, 1H), 7.81 (d, J = 2.8 Hz, 1H), 7.75 (d, J = 8.4 Hz, 1H), 7.65 (d, J = 8.4 Hz, 1H), 7.50-7.54
(m, 5H), 7.23-7.30 (m, 11H), 7.04-7.06 (m, 3H), 4.97 (s, 1H). This compound was used
without further purification.

Intermediate i-c (474 mg, 0.616 mmol), trimethysilylacetylene (303 mg, 3.08 mmol), Cul
(12 mg, 0.062 mmol), PPhs (32 mg, 0.123 mmol), and Pd(PPhz)4 (72 mg, 0.062 mmol) were
placed in a test tube with screw cap and dissolved with piperidine (16 mL), and the resulting
mixture was stirred at 110 °C for 12 h. After being cooled to room temperature, the reaction
mixture was filtered over celite with CHCI3 as an eluent. After removal of the solvent under
reduced pressure, the residue was purified by column chromatography on silica gel
(hexane:CH.Cl, = 2:1) to give 6 as a yellow solid (336 mg, 76%).*H NMR (400 MHz, CDCls,
TMS, 9): 8.08 (d, J = 8.8 Hz, 1H), 8.05 (s, 1H), 7.63-7.68 (m, 2H), 7.55 (d, J = 8.4 Hz, 1H),
7.48-7.51 (m, 4H), 7.22-7.31 (m, 11H), 7.03-7.06 (m, 3H), 0.30 (s, 9H); 13C NMR (100 MHz,
CDCls, 0): 156.5, 151.1, 143.8, 142.5, 141.5, 138.5, 137.7, 133.8, 133.4, 132.7, 129.3, 128.5,
128.0,127.9, 126.3, 126.1, 125.8, 124.8, 124.6, 124.5, 124.3, 123.6, 123.1, 120.8, 118.9,
105.2, 95.1, 63.8, 0.00; MS (MALDI) m/z 717.36 (M*, Calcd 717.07). Anal. calcd for

Ca4H32S4Si: C 73.70, H 4.50, N 0.00; found: C 73.81, H 4.74, N 0.00.

Synthesis of PBIT(3Th)-A-PBIT(3Th): To a stirred solution of 6 (286 mg, 0.400 mmol) in
THF (16 mL) was added TBAF (1.2 mL, 1.0 M THF solution) at 0 °C. After stirring at 0 °C
for 1 h, the reaction was quenched by the addition of ice. The obtained solid was filtered and
washed with water and MeOH to give intermediate i-d as a yellow solid (250 mg, 97%). *H
NMR (400 MHz, CDCls, TMS, 8): 8.12 (d, J = 8.8 Hz, 1H), 8.08 (s, 1H), 7.66-7.70 (m, 2H),
7.57 (d, J = 8.4 Hz, 1H), 7.49-7.52 (m, 4H), 7.22-7.30 (m, 11H), 7.03-7.05 (m, 3H), 3.18 (s,

1H). This compound was used without further purification.
13
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Intermediate i-d (154 mg, 0.200 mmol), i-c (129 mg, 0.200 mmol), Cul (4 mg, 0.02 mmol),
PPhs (11 mg, 0.04 mmol), and Pd(PPhs)s (23 mg, 0.02 mmol) were placed in a test tube with
screw cap and dissolved with piperidine (4 mL), and the resulting mixture was stirred at 110
°C for 12 h. After being cooled to room temperature, the reaction mixture was filtered over
celite with CHCIs as an eluent. After removal of the solvent under reduced pressure, the
residue was purified by column chromatography on silica gel (hexane:CH2Cl, = 2:1),
followed by purification with preparative GPC (CHCIs) to give PBIT(3Th)-A-PBIT(3Th) as
a yellow solid (171 mg, 68%). *H NMR (400 MHz, CDCls, TMS, ¢): 8.17-8.19 (m, 4H), 7.79
(dd, J=8.8, 1.6 Hz, 2H), 7.73 (d, J = 8.8 Hz, 2H), 7.59 (d, J = 8.8 Hz, 2H), 7.51-7.53 (m,
8H), 7.24-7.33 (m, 22H), 7.05 (dd, J = 5.2, 3.6 Hz, 6H); 3C NMR (100 MHz, CDCls, 6):
156.6, 151.1, 143.9, 142.6, 141.6, 138.5, 137.8, 133.8, 133.4, 133.0, 132.3, 129.2, 128.5,
128.0,127.9, 126.4, 126.1, 125.8, 124.9, 124.8, 124.6, 124.4, 123.6, 123.1, 120.9, 119.0, 90.6,
63.8; MS (MALDI) m/z 1263.94 (M*, Calcd 1263.73). HRMS (APCI) m/z; [M]* calcd for

CsoHa6Ss, 1262.1365; found, 1262.1305.

4.2. MCBJ Method

Polished phosphor-bronze plates (dimensions: 1.6 mm x 0.5 mm, thickness: 0.1 mm) were
used as bending beams. Polyimide layers with a thickness of 100 um were formed by spin-
coating commercial poly(pyromellitic dianhydride-co-4,4'-oxydianiline) in an amic acid
solution (Sigma-Aldrich) followed by baking at 300 °C for 2 h. A pair of Au (30 nm)/Cr (5
nm) electrodes with a spacing of 4 um were formed on the polyimide film by conventional
photolithography. The spacing between the Au electrodes was narrowed by the
electrodeposition of Au from an electrolyte solution (TEMPELEX 8400, Electroplating
Engineers of Japan, Ltd.) to form a contact between the molecule and the electrodes. The

formation of the Au contact was detected by using the technique reported by Liu et al.[?4

14
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For the MCBJ measurements, the bending beam was bent from below by a pushing
rod driven by a piezoelectric stepper motor (ANPz-51, attocube). The displacement of the
electrodes induced by a single step of the piezoelectric stepper motor was estimated to be
~0.04 nm from the tunneling decay constant measured without the molecules.?® Triangular
voltage waves were generated from a digital-to-analog converter (National Instruments, PXI-
4461) and were applied to the junction to measure the 1-V characteristics. The electric current
was measured using a current amplifier (FEMTO DLPCA-200). The output of the current
amplifier was recorded using the analog-to-digital converter (National Instruments, PXI-
4461). The MCBJ instrument was placed in the variable-temperature insert of a cryostat
(Oxford Instruments) and was cooled by N2 gas evaporated from liquid N2. The temperature

was monitored by a Si diode sensor attached to the variable temperature insert unit.

4.3. Vector-based Classification
As the feature values for the unsupervised clustering of 1-V curves, we adopted the vector-

based propertiest?*,

AX; = |Y;| = |I; = R], (1)
RY;
cos(6;) = — R )

where I; is the ith current data ranging from —-1.5 to 1.5 V and R is a reference vector. We
used the averaged current as R. Before clustering, every data point was normalized such that
|Imax,i| = 1, where Ijyay; IS the maximum current value of I;. Without the normalization, AX;
will be dominated by the difference in the conductance because the electric current varies
significantly between the data. Furthermore, the order of the elements of I; was reversed when
the voltage giving I,ax; Was negative. In other words, I,,,,« ; always occurred at a positive

voltage after normalization. This operation corresponds to unifying the molecular orientations

15
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of the break junction structures. The above normalization enables us to extract the difference

in the “shape” of the |-V curves as feature values.

4.4. First-principles Calculations

The transport properties of the molecules were calculated using the SMEAGOL codel?6-281
that is based on the SIESTA package./*®) SMEAGOL employs the non-equilibrium Green’s
function method combined with DFT. Single/double-zeta plus polarization basis sets were
used for the Au/other atoms. The core electrons were described by the Troullier—Martins
norm-conserving pseudopotential®® with the Kleinman—Bylander nonlocal projector.3 We
used the Perdew—Burke—Ernzerhof [ exchange-correlation functional. Further, the van der
Waals interaction was included via Grimme’s D2 scheme.®l Au(111) slabs with p(6x6) and
p(12x6) periodicities were used to model the self-standing and other junction structures,
respectively. The k points were sampled by 2x2x1 and 1x2x1 grids for the p(6x6) and
p(12x6) slabs, respectively. Denser k-point grids (8x8x1 and 4x8x1) were used to calculate

the transmission coefficients.
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3Th-Ph-3Th HOMO = -5.58 eV PBIT(3Th)-A-PBIT(3Th) HOMO = -5.02 eV

Figure 1. Chemical structures of the tripodal anchor molecules and the HOMO orbitals of
their optimized structures.
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Figure 3. (a) Clusters obtained by vector-based feature values in the k-means clustering
method (k = 4). (b)—(e) The normalized I-V curves averaged within each cluster and the
conductance histograms calculated from the I-V curves (at 100 mV) for clusters 1-4. The
reference 1-V curves, R, in (b)—(e) are represented by the black dotted lines.
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Figure 4. (a) Calculated PES and conductance values for the metastable molecular junction
structures. (b) Transmission coefficients of the sym-LC structure.
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