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Figure S1: Structure and labels for all compounds mentioned in the main text.
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Figure S2: A schematic shows a) charge transfer through para-, meta, ortho-benzene be-
tween two electrodes (yellow rectangles). The conductance of m-benzene is lower than p-
and o-benzene due to QI effects. b) charge transfer through linear-conjugation pattern of un-
saturated carbon which has the same topology as AC and BDT-1, cross-conjugation pattern
via carbonyl which has the same topology as AQ and BDT-2 and cross-conjugation pattern
which has the same topology as BDT-3. Both cross-conjugation patterns exhibit QI effects.
c) charge transfer through the core of BDT-1 which is linear-conjugated, the core of BDT-2
which is cross-conjugated with quinone and the core of BDT-3 which is cross-onjugated.
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Table S1: Summary of compounds reported to exhibit quantum interference experimentally

Compound Technique Reference
BDT-2,3 EGaIn This work
AQ EGaIn, CP-AFM, MC/STM-BJ, e-Carbon S1–S5
AH EGaIn,MCBJ S6,S7
PCP EGaIn,STM S6,S8
Azulene STM-BJ,MCBJ S9,S10
m-benzene/fluorene MC/STM-BJ S11–S19

1 Experimental

1.1 Synthesis and Characterization

Reagents. All reagents and solvents were commercial and were used as received. Benzo[1,2-

b;4,5-b’]dithiophene was purchased from TCI. 2,6-dibromobenzo[1,2-b:4,5-b’]dithiophene-

4,8-dioneS20, 2,6-dibromobenzo[1,2-b:5,4-b’]dithiopheneS21, 4-ethynyl-1-thioacetylbenzeneS22

and 1-tert-butylthio-4-ethynylbenzeneS23 were synthesized according to literature proce-

dures.

NMR and Mass Spectra. 1HNMR and 13CNMR were performed on a Varian Unity

Plus (400 MHz) instrument at 25 ◦C, using tetramethylsilane (TMS) as an internal standard.

NMR shifts are reported in ppm, relative to the residual protonated solvent signals of CDCl3

(δ = 7.26 ppm) or at the carbon absorption in CDCl3 (δ = 77.0 ppm). Multiplicities are

denoted as: singlet (s), doublet (d), triplet (t) and multiplet (m). High Resolution Mass

Spectroscopy (HRMS) was performed on a JEOL JMS 600 spectrometer.

General. Unless stated otherwise, all crude compounds were isolated by bringing the reac-

tion to room temperature, extracting with CH2Cl2, washing with saturated NaHCO3, water

and then brine. The organic phase was then collected and dried over Na2SO4 and the solvents

removed by rotary evaporation.
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1.1.1 Synthesis of BDT-1

Figure S3: Synthetic route for BDT-1

2,6-dibromobenzo[1,2-b:4,5-b’]dithiophene (1). Benzo[1,2-b;4,5-b’]dithiophene (540

mg, 2.84 mmol) were dissolved in 70 mL anhydrous THF under an atmosphere of N2, cooled

to −78 ◦C and n-butyllithium (8.5 mmol, 5.3 mL, 1.6m in hexane) was added drop-wise. The

solution was stirred for 30 min in the cold bath before being warmed to room temperature

and stirred for and additional 20 min. The mixture was cooled to −78 ◦C again and a solution

of CBr4 (2.8 g, 8.5 mmol) in 5 mL anhydrous THF was added. The solution was stirred for

30 min in the cold bath before being quenched with concentrated sodium bicarbonate solution

(10 mL) at −78 ◦C. The crude solid was purified by recrystallization from CHCl3 to give 1

(890 mg, 90 %) as colorless platelets. 1HNMR (400 MHz, CDCl3) δ: 8.03 (s, 2H); 7.33 (s,

2H). 13CNMR (100 MHz, CDCl3) δ: 138.36, 136.88, 125.63, 116.00, 115.10.

2,6-Bis[(4-acetylthiophenyl)ethynyl]benzo[1,2-b:4,5-b’]dithiophene (BDT-1). 2,6-

dibromobenzo[1,2-b:4,5-b’]dithiophene (125 mg, 0.36 mmol) and 4-ethynyl-1-thioacetylbenzene

(176 mg, 1 mmol) were dissolved in mixture of fresh distilled Et3N (5 mL) and anhydrous

THF (10 mL). After degassing with dry N2, the catalysts Pd(PPh3)4 (58 mg, 0.05 mmol)

and CuI (10 mg, 0.05 mmol) were added. The reaction mixture was refluxed overnight un-

der N2. The crude solid was purified by column chromatography to give BDT-1 (78 mg,

40 %). 1HNMR (400 MHz, CDCl3) δ: 8.17 (s, 2H), 7.59 (d, J=8.2, 4H), 7.55 (s, 2H), 7.43

(d, J=8.2, 4H), 2.45 (s, 6H). 13CNMR (100 MHz, CDCl3) δ: 195.88, 140.66, 140.46, 136.90,

134.76, 131.51, 130.89, 126.53, 126.25, 119.27, 97.57, 87.31, 32.97. HRMS(ESI) calcd. for
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C30H18O2S4 [M+H]+: 539,02624, found: 539.02457.

S6



0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f1 (ppm)

3.
2

2.
0

0.
9

1.
9

0.
9

B (s)
8.17

C (d)
7.43

D (d)
7.59

E (s)
7.55

A (s)
2.45

2.
45

7.
26

7.
42

7.
44

7.
55

7.
58

7.
60

8.
17

S

S
S

O
CH3

S

O
CH3

7.57.98.3

2.
0

0.
9

1.
9

0.
9

7.
26

7.
42

7.
44

7.
55

7.
58

7.
60

8.
17

Figure S4: 1HNMR spectrum of BDT-1
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Figure S5: 13CNMR spectrum of BDT-1
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1.1.2 Synthesis of BDT-2

Figure S6: Synthetic route for BDT-2

2,6-Bis[(4-tert-butylthiophenyl)ethynyl]benzo[1,2-b:4,5-b’]dithiophene-4,8-dione (5).

2,6-dibromobenzo[1,2-b:4,5-b’]dithiophene-4,8-dione (3; 200 mg, 0.53 mmol) and 1-tert-butylthio-

4-ethynylbenzene (4; 230 mg, 1.21 mmol) were dissolved in mixture of fresh distilled Et3N

(5 mL) and anhydrous THF (10 mL). After degassing, the catalysts Pd(PPh3)4 (30 mg,

0.03 mmol) and CuI (5 mg, 0.03 mmol) were added. The reaction mixture was refluxed for

overnight under N2. The crude solid was purified by column chromatography to give 5

(100 mg, 32 %). 1HNMR (400 MHz, CDCl3) δ: 7.71 (s, 2H), 7.55 (d, J=8.2, 4H), 7.50 (d,

J=8.2, 4H), 1.31 (s, 18H). 13CNMR (100 MHz, CDCl3) δ: 173.33, 143.91, 142.55, 137.24,

135.17, 131.73, 131.56, 130.31, 121.70, 98.14, 82.55, 46.81, 31.02.

2,6-Bis[(4-acetylthiophenyl)ethynyl]benzo[1,2-b:4,5-b’]dithiophene-4,8-dione (BDT-

2).S24 TiCl4 (0.04 mL, 0.364 mmol) was added drop-wise to a solution of compound 5 (100 mg,

0.167 mmol) and CH3C(O)Cl (0.03 mL, 0.377 mmol) in CH2Cl2 at 0 ◦C. The resulting mix-

ture was stirred at room temperature for 1 h and the conversion was monitored by TLC

(hexanes/CH2Cl2, 2:1). Upon completion, the reaction was quenched with water (10 mL).

The crude solid was purified by column chromatography to give BDT-2 (50 mg, 53 %).

1HNMR (400 MHz, CDCl3) δ: 7.73 (s, 2H), 7.59 (d, J=8.2, 4H), 7.45 (d, J=8.2, 4H), 2.46 (s,

6H). 13CNMR (100 MHz, CDCl3) δ: 195.59, 175.96, 145.20, 136.95, 134.87, 134.20, 133.15,

132.57, 132.50, 125.24, 100.42, 85.49, 33.01. HRMS(ESI) calcd. for C30H17O4S4 [M+H]+:

S8



569,00042, found: 568.99887.
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Figure S7: 1HNMR spectrum of BDT-2
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Figure S8: 13CNMR spectrum of BDT-2
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1.1.3 Synthesis of BDT-3

Figure S9: Synthetic route for BDT-3

2,6-Bis[(4-tert-butylthiophenyl)ethynyl]benzo[1,2-b:5,4-b’]dithiophene (7). 2,6-

dibromobenzo[1,2-b:5,4-b’]dithiophene (6; 50 mg, 0.143 mmol) and 1-tert-butylthio-4-ethynylbenzene

(4; 68 mg, 0.358 mmol) were dissolved in mixture of fresh distilled Et3N (5 mL) and anhy-

drous THF (10 mL). After degassing, the catalysts Pd(PPh3)4 (16 mg, 0.014 mmol) and CuI

(2.7 mg, 0.014 mmol) were added. The reaction mixture was refluxed overnight under N2.

The crude solid was purified by column chromatography to give 7 (40 mg, 49 %). 1HNMR

(400 MHz, CDCl3) δ: 8.16 (s, 1H), 8.14 (s, 1H), 7.56 (s, 2H), 7.54 (d, J=4, 4H), 7.51 (d, J=4,

4H), 1.31 (s, 18H). 13CNMR (100 MHz, CDCl3) δ: 141.35, 140.05, 139.89, 136.77, 134.10,

131.29, 125.64, 125.38, 120.85, 117.39, 97.51, 86.99, 49.30, 33.67.

2,6-Bis[(4-acetylthiophenyl)ethynyl]benzo[1,2-b:5,4-b’] dithiophene (BDT-3).S24

TiCl4 (0.042 mL, 0.388 mmol) was added drop-wise to a solution of compound (7) (100 mg,

0.176 mmol) and CH3C(O)Cl (0.03 mL, 0.397 mmol) in CH2Cl2 at 0 ◦C. The resulting mix-

ture was stirred at room temperature for 10 min and the conversion was monitored by TLC

(hexanes/CH2Cl2 2:1). Upon completion the reaction was quenched with water (10 mL). The

crude solid was purified by column chromatography to give BDT-3 (25 mg, 26 %). 1HNMR

(400 MHz, CDCl3) δ: 8.17 (s, 1H), 8.15 (s, 1H), 7.59 (d, J=7.2, 4H), 7.58 (s, 2H), 7.43

(d, J=8.2, 4H), 2.45 (s, 3H). 13CNMR (100 MHz, CDCl3) δ: 195.88, 141.43, 140.03, 136.90,

134.76, 131.51, 131.48, 126.27, 126.50, 120.94, 117.42, 97.22, 87.15, 32.97. HRMS(ESI) calcd.

for C30H18O2S4 [M+H]+: 539,02624, found: 539.02476.
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Figure S10: 1HNMR spectrum of BDT-3
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1.2 Self-assembled Monolayers

The SAMs of BDT-n were formed via in situ deprotectionS6,S25 on template-stripped Au

substrates.S26 Freshly template-stripped substrates were immersed into 3 mL of 50 µm solu-

tions of the thioacetate precursors in freshly distilled toluene inside a nitrogen-filled glovebox

and sealed under a nitrogen atmosphere. The sealed vessels were kept inside a nitrogen flow

boxS27 (O2 below 3 %, RH below 15 %) overnight; all subsequent handling and EGaIn mea-

surements were performed inside the flowbox. 1.5 h prior to measurement, 0.05 mL of 17 mm

diazabicycloundec-7-ene(DBU) in toluene was added to the precursor/substrate solution.

The substrates were then rinsed with toluene and allowed to dry for 30 min before perform-

ing the measurements. The SAM of AQ was prepared according to the reported methodsS1

in dichloromethane (DCM).

1.3 Characterization

The SAMs of BDT-n were characterized by XPS (laboratory and synchrotron), NEXAFS,

UPS and water contact angles. In some cases, SAMs of CH3(CH2)15SH or CH3(CH2)17SH

on Au were used as a reference.

1.3.1 UV-Vis

UV-Vis measurements were carried out on a Jasco V-630 spectrometer, in 1 cm fused quartz

cuvettes with concentrations of 10−5 mol/L in toluene. The calculated optical band gaps are

summarized in Table S2.
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Figure S12: Normalized UV-Vis absorption spectra for BDT-1(black), BDT-2(red), BDT-
3(blue).

1.3.2 Water Contact Angles

Contact Angles were measured under ambient conditions on a SCA20 Dataphysics instru-

ment. Contact angles were obtained by applying 3 µL water droplets on SAMs modified Au

substrates using the sessile drop method. The contact angles were measured at two different

samples for each molecule, three different locations on each sample and the results were

averaged with the standard deviation as the error.

1.3.3 Ultraviolet Photoelectron Spectroscopy

UPS measurements were performed using a VG microtech clam 100 spectrometer and an

ultraviolet (He I, 21.2 eV) light source. Samples of SAMs were prepared as described in the

Experimental and quickly transferred into the entry lock of the vacuum system. The base

pressure of the measurement chamber was <5× 10−9 mbar. A bias of −4 V was applied to

S14



the sample holder to obtain the secondary electron cut-off (SEC). HOPS onsets were found

by fitting multiple Gaussian functions

He−
(x−µ)2

2σ2

to the spectra, on top of the linear slope of the Fermi edge. The onset for the HOPS is found

at µ+ 2σ for the peak at the highest kinetic energy. The vacuum levels for the two samples

are found by adding the photon energy, 21.2 eV, to the SEC. The binding energy scale is in

reference to these vacuum levels.

HOPS
onset

Figure S13: UPS spectra for BDT-1(black), BDT-2(red), BDT-3(blue).

Table S2: Tabulated energy level data from calculations (DFT) and experiments (CV, UPS,
UV-Vis).

CV UPS DFT (gas-phase) UV-Vis
HOMO LUMO HOPSa Ef HOMO LUMO Eg

BDT-1 - - -5.4 -4.2 -5.38 -2.33 2.95
BDT-2 -3.79 -5.4 -4.2 -5.95 -3.56 2.79
BDT-3 - - -5.6 -4.1 -5.59 -2.12 3.15
AQ - -3.56S23 -6.1S25 -4.5S25 -5.98(-5.42S28) -3.24(-3.84S28) 2.88S28

a HOPS (from UPS) is the onset of HOPS feature, corrected for instrument resolution.
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1.3.4 XPS and NEXAFS

NEXAFS The BDT-n SAMs were characterized by X-ray photoelectron spectroscopy

(XPS) and angle-resolved near-edge X-ray absorption fine structure (NEXAFS) spectroscopy.

The measurements were performed at the HE-SGM beamline (bending magnet) of the syn-

chrotron storage ring BESSY II in Berlin, Germany using a custom-made experimental

station equipped with a SCIENTA SES200 electron energy analyzer and a partial electron

yield (PEY) detector.S29

The spectra acquisition in XPS was carried out in normal emission geometry with an

energy resolution of ∼ 0.3 eV at an excitation energy of 350 eV and somewhat lower resolu-

tion at higher excitation energies. The binding energy (BE) scale of the XPS spectra was

referenced to the Au 4f7/2 emission at 84.0 eV.S30 The spectra were fitted by symmetric

Voigt functions and a Shirley-type background. To fit the S 2p3/2,1/2 doublets we used two

peaks with the same full width at half-maximum (fwhm), a standardS30 spin-orbit split-

ting of ∼ 1.2 eV (verified by fit), and a branching ratio of 2 (S2p3/2/S2p1/2). The fits were

performed self-consistently: the same fit parameters were used for identical spectral regions.

The intensity values derived within the fitting procedure were used to calculate the effec-

tive thicknesses of the BDT-n SAMs. They were estimated on the basis of the C1s/Au 4f

intensity ratio,S31 assuming a standard exponential attenuation of the photoelectron signalS32

and using the attenuation lengths typical of densely packed SAMs.S33 The spectrometer spe-

cific constants were determined using the CH3(CH2)17S (C18) monolayer of well-defined

thicknesses as a reference. In addition, molecular packing densities in the BDT-n SAMs

were calculated, based on the S 2p/Au 4f intensity ratio, relying on the established pro-

cedureS34 using the same assumptions as in the case of the C1s/Au 4f evaluation. Only

the part of the S 2p signal related to the thiolate was used. The C18 monolayer served as

a reference; it has a molecular density of 4.63 × 1014 cm−2, which corresponds a molecular

footprint of 21.6 Å2.S35 The NEXAFS spectra were acquired at the C K-edge in the PEY ac-

quisition mode with a retarding voltage of −150 V. Linear-polarized synchrotron light with

S16



a polarization factor of 91 % was used. The energy resolution was ∼ 0.3 eV. The incidence

angle of the primary X-ray beam was varied from 90◦ (E vector in surface plane) to 20◦ (E

vector nearly parallel to surface normal) in few steps to monitor the orientational order in

the SAMs. This approach is based on the dependence of the cross-section of the resonant

photoexcitation process on the orientation of the electric field vector of the synchrotron light

with respect to the molecular orbital of interest (so-called linear dichroism in X-ray absorp-

tion).S36 Raw NEXAFS spectra were normalized to the incident photon flux by dividing a

spectrum of a clean, freshly sputtered gold sample and were reduced to the standard form

by subtracting linear pre-edge background and normalizing to the unity edge jump (deter-

mined by a nearly horizontal plateau 40 eV to 50 eV above the respective absorption edges).

The photon energy scale was referenced to the most intense π∗ resonance of highly oriented

pyrolytic graphite at 285.38 eV.S37

The C 1s and S 2p XPS spectra of the BDT-n SAMs are presented in Figure SI S14, along

with the spectra for SAMs of CH3(CH2)17S (C18) for reference. The C1s spectra of the BDT-

n SAMs exhibit a strong peak at 284.7 eV to 285.0 eV assigned to the molecular backbone.

The binding energy of this peak is higher for BDT-2 monolayer (285.0 eV) as compared to

the BDT-1 and BDT-2 SAMs (284.7 eV to 284.8 eV), which can be explained by the effect

of the oxygen atoms in the quinone core of BDT-2. For all BDT-n SAMs, the peak is

noticeably broader than that for C18/Au, since it contains contributions of several different

functional groups such as oligophenylenes,S38–S40 phenyl,S41,S42 and thiophene.S43 In addition,

there are much weaker signals at higher binding energies, which can be partly associated with

the thiophene moietiesS43 and partly stem from contamination (which could not be avoided

completely). The S 2p XPS spectra of the BDT-n SAMs exhibited characteristic signals

of thiolate (1)S42 at 162.0 eV (S 2p3/2) and a joint signal of the thiophene moieties (2) and

unbound SAc groups (3) at higher binding energies. For the BDT-1 and BDT-3 SAMs

the positions of the latter signals are very close, in agreement with literature reports,S43,S44

merging to a joint doublets at 163.8 eV to 163.9 eV (S 2p3/2). For the BDT-2 SAMs, the
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position of the thiophene-related doublet (3) is shifted to 164.5 eV (S 2p3/2) due to the effect

of the oxygen atoms in the quinone group.

For all BDT-n SAMs, the intensity of the joint thiophene-thioacetate feature is much

higher than that of the thiolate groups, which can only be explained by the differences in the

attenuation, typical for an upright orientation of thiol-terminated moleculesS44 and molecules

with sulfur-containing groups in the molecular backbone.S45 This observation suggests that

the molecules in the BDT-n SAMs are assembled upright, in the expected SAMs fashion,

with one of the terminal (deprotected) thioacetate groups bound to the substrate and the

another (partially deprotected) one exposed to the SAMs-ambient interface,S25 where it can

be contacted by the top electrodes. Also of interest is the fact that the intensities of the

thioacetate- and thiophene-related doublets in the S 2p spectrum of the BDT-2 SAMs are

almost equal, in spite of two S atoms in the thiophene-based core as compared to only one

in the thioacetate group, which can only be explained by the attenuation effects, once more

suggesting upright molecular orientation.

We computed the packing densities and effective thicknesses based on the intensities

of the XPS peaks and doublets. The effective thickness values correlate coarsely between

synchrotron- and laboratory-XPS experiments; these results are compiled in Table 1. In

agreement with the S 2p data, the derived values of the effective thickness suggest upright

molecular orientation in all BDT-n SAMs, even though with a certain tilt. These results

are summarized in Table 1.

The NEXAFS spectra of the BDT-n SAMs are presented in Fig. S15. The 55◦ spectra,

characteristic of the electronic structure only,S36 exhibit a superposition of the characteristic

absorption resonances of the OPE compoundsS40 and thiophene moieties. The dominant,

slightly asymmetric π∗ resonance at ∼ 285.0 eV is dominated by the π1
∗ resonance of OPE

(at 285.0 eV as well)S40 with a minor contribution from the π1
∗ resonance of thiophene at

285.6 eV.S43 Another prominent π∗-like resonance resonance at 288.5 eV stems presumably

from the π2
∗ resonance of OPE (at 285.6 eV).S40 Further resonances in the edge region
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are presumably related to the conjugated orbitals; the resonances at higher binding energies

stems from the σ∗-orbitals, with contributions from all functional groups within the molecular

backbones. No traces of contamination, above all a very pronounced resonance of carboxyl

(most frequent contamination) at 288.8 eV,S46 are observed, revealing that its portion is

relatively low (in agreement with the XPS data).

The difference of the NEXAFS spectra acquired at the normal (90◦) and the grazing (20◦)

incidence represent a fingerprint of molecular orientation in terms of linear dichroism in X-ray

absorption. The difference spectra of the BDT-n SAMs exhibit very small linear dichroism,

as demonstrated by the 90◦ to 20◦ spectrum of the BDT-1 monolayer shown in Fig. S15,

representative of the entire series. The most likely interpretation of this observation is that

the average tilt angle of the molecules in the BDT-n SAMs is close to 35◦, corresponding

to a magic tilt angle (55◦) for the most relevant π∗-like orbitals. Considering that the

difference spectra for the BDT-2 and BDT-3 SAMs exhibit small positive and negative

peak, respectively, at the position of the dominant π∗ resonance, one can assume a smaller

molecular inclination (∼ 30◦) for the BDT-2 monolayer and a larger (∼ 40◦) - for the

BDT-3 monolayer, which correlate with the effective thicknesses of these SAMs (Table 2).
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Figure S15: C K-edge NEXAFS spectra of the BDT SAMs. The 55◦ spectra are exclu-
sively representative of the electronic structure of the monolayers.S36 The 90◦ to 20◦ spectra,
given on the BDT-1 SAM only, representative of the entire series, are representative of the
molecular orientation.

There is also a general correlation between the XPS and NEXAFS data (Figure S15).

The C K-edge NEXAFS spectra of all BDT-n SAMs are quite similar, exhibiting absorption

structure that can be associated with the individual functional groups of these molecules,

with the dominance of the OPE-stemming resonances. We found negligible (BDT-1) or

quite small (BDT-2 and BDT-3) linear dichroism. Taken together with all other data and

analysis of the dichroism data, this result suggests that the tilt angle of the molecules in

these SAMs is close to 35◦, with a slightly smaller and larger molecular inclination for the
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SAMs of BDT-2 and BDT-3, respectively, which correlates to the effective thicknesses.

1.3.5 Cyclic Voltammetry

Cyclic voltammetry (CV) was carried out with a Autolab PGSTAT100 potentiostat in

a three-electrode configuration where the working electrode was platinum electrode, the

counter electrode was a platinum wire, and the pseudo-reference was an Ag wire that was

calibrated against ferrocene (Fc/Fc+). BDT-2 with the concentration of 0.001 M in ODCB-

CH3CN (9:1) solution containing Bu4NPF6 (0.1 M) was scanned at a rate of 100 mV/s. The

first half-wave reduction potential appears at -1.01 V and second one appears at -1.51 V. The

LUMO of BDT-2 is determined from the first half-wave reduction potential, with EHOMO

of ferrocene at -4.8 eV (LUMO = -(Ered1
1/2 + 4.8) eV).
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Figure S16: Cyclic voltammetry of BDT-2 with a scan rate of 100mV/s.
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2 Electrical Measurements

2.1 EGaIn

The details of the EGaIn setup are described elsewhere.S1,S6 Briefly, EGaIn measurements

were carried in the nitrogen flowbox. For each SAM, at least 10 junctions were measured

on each of three different substrates by applying a bias from 0.00 V→ 1.00 V→ −1.00 V→

0.00 V with steps of 0.05 V. At least 20 trace/re-trace cycles were measured for each junction;

only junctions that did not short over all 20 cycles were counted as “working junction” for

computing yields. A new EGaIn tip was prepared every 4 junctions.

J-V Data Processing: Data was acquired as described above and then parsed in a “hands-

off” manner using Scientific Python to produce histograms of J for each value of V and the

associated Gaussian fits (using a least-squares fitting routine). The confidence intervals for

µlogJ (Gaussian mean) depicted as error bars in the J/V plots were calculated using α = 0.95

from σlogJ (standard deviation) taken from Gaussian fits and a number of degree of freedom

equal to the Njunctions − 1. The value of t chosen for BDT-1 and BDT-3 is 2.04 (degree of

freedom is 31) and BDT-2 is 2.05 (degree of freedom is 29).

Differential Conductance Heatmap: The J-V plots were smoothed by the polynomial model

and the derivative of the current density (J) relative to the voltage (dJ/dV) were computed

individually from each J-V plot. Then we constructed a 2D histogram of these dJ/dV values

by logarithmically binning them for each bias voltage and plotting them, resulting in a

heatmap with on the x-axis the bias voltage, on the y-axis the log (dJ/dV) and on the z-axis

(in colour scale) the number of counts.

Table S3: Summary of Transition Voltage of BDT-1, BDT-2, BDT-3 and AQ obtained
from EGaIn measurements

BDT-1 BDT-2 BDT-3 AQ
Vtrans+ 0.652± 0.002 0.209± 0.068 0.597± 0.042 0.257± 0.010
Vtrans− −0.776± 0.054 −0.200± 0.059 −0.689± 0.068 −0.299± 0.099
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Figure S17: Transition Voltage Histogram of junctions comprising Au/BDT-1, 2, 3 and
AQ//EGaIn. (BDT-1:Black, BDT-2:Red, BDT-3:Blue and AQ: Dark red.)
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Figure S19: log |J(Acm−2)| Histogram of junctions comprising AuTS/BDT-1, 2, 3//EGaIn
at at different bias: Left panel top to bottom starting from -1.0 V to -0.1 V and right panel
top to bottom starting +1.0 V to +0.1 V.
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Figure S20: log |J(Acm−2)| Histogram of junctions comprising Au-on-mica/AQ//EGaIn at
at different bias: Left panel top to bottom starting from -1.0 V to -0.1 V and right panel
top to bottom starting +1.0 V to +0.1 V.
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Figure S21: log plots of |J(Acm−2)| vs. V of AuTS/SAM//EGaIn junctions of BDT-1
(black) and AC(red) (reported somewhere elseS6). Each data point is the peak of a Gaussian
fit of log|J | for that voltage and error bars are 95% confidence intervals.

The asymmetry of J/V plots: We calculated R by dividing each value of J at positive bias

into the corresponding value at negative bias for each value of |V | and then fitting a Gaussian

to the resulting histogram of log|R| and expressing the error as the standard deviation of

the fit (see Fig. S22). In EGaIn junctions, we usually do not consider junctions with log|R|

below ±1 as exhibiting rectifying behavior. Instead, we refer to it just as asymmetry. The

direction of asymmetry of BDT-2 is different from the other three molecules above 0.2 V.

One well-known cause of asymmetry is molecular states moving closer to EF at one sign of

bias, which happens when the molecule is strongly asymmetrically coupled to two different

electrodes. For the BDT-series, the LUMO of BDT-2 is lower in energy than for any other

molecule. We hypothesize that the LUMO of BDT-2 is sufficiently close to EF that it

comes close to resonance around 0.2 V, causing an increase in current-density. Presumably

we would observe a jump in asymmetry for the other molecules if we were able to scan past

±1 V. In fact, AQ already shows signs of bending towards negative values of log|R| around

0.8 V in the plot below.
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Figure S22: log|R| versus |V | plots of Au/SAM//EGaIn junctions comprising BDT-1,
BDT-2, BDT-3 and AQ. The error bars are the standard deviation of the Gaussian fit.

2.2 CP-AFM

I-V measurements were performed on a Bruker AFM Multimode MMAFM-2 equipped with

a Peak Force TUNA Application Module (Bruker.) The SAMs were contacted with a Au-

coated silicon nitride tip with a nominal radius of 30 nm (NPG-10, Bruker, tip A: resonant

frequency: 65 kHz, spring constant: 0.35 N/m; tip B: resonant frequency: 23 kHz, spring

constant: 0.12 N/m; tip C: resonant frequency: 56 kHz, spring constant: 0.24 N/m; tip D:

resonant frequency: 18 kHz, spring constant: 0.06 N/m. Tip A was chosen in this work) in

TUNA mode. The AFM tip was grounded and the samples were biased from −1.0 V to +1.0

V and from +1.0 V to −1.0 V on AuMica to record the I-V curves. The samples of BDT-2

were bias from −1.8 V to +1.8 V, since the current of BDT-2 is on the magnitude of pA

from −1.0 V to +1.0 V. We plotted BDT-2 from the region of −1.0 V to +1.0 V for easy

comparison with BDT-1 and BDT-3. 11 trace/re-trace cycles per junction were performed

and the top electrode was removed from SAMs between junctions. New tips were replaced

between samples. The total number of I-V traces recorded by CP-AFM is summarized in

Table S4.

Processing. All raw data were processed algorithmically using Scientific Python to generate
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histograms, Gaussian fits, extract transition voltages and construct differential conductance

heatmap plots.
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Figure S23: Plots of log |I(nA)| versus V of Au-on-mica/SAM//AuAFM junctions comprising
SAMs of BDT-1 (black), BDT-2 (blue) and BDT-3 (red) without error bars. Each datum
is the peak of a Gaussian fit of log |I| for that voltage. The inset shows the Gaussian fitted
I/V trace for BDT-2 on linear scale to ±1.8 V.

The difference in conductivity between BDT-1 and BDT-3 is nearly identical for both

EGaIn and CP-AFM measurements across the entire bias window. The current of BDT-

2 was below the detection limit of our CP-AFM setup in the low-bias regime, however, at

±1 V, the difference between BDT-1 and BDT-2 is 105 larger for CP-AFM than for EGaIn.
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log |I(nA)| Histogram of AuMica/SAM//AuAFM junctions at +1.0 V.

Table S4: Summary of I-V traces recorded by CP-AFM

SAMs Number of junctions Number of traces
BDT-1 10 110
BDT-2 10 110
BDT-3 12 136

3 Computational Methodology

We performed the calculations using the Orca 4.0.0.1 software packageS47,S48 and the Artaios-

030417 software package.S49,S50 The procedure is described below step-by-step.

3.1 Molecular Geometry Optimization

We optimized all the four molecules terminating with dithiols. We used ORCA DFT package

and utilized the default Ahlrichs def2− SV P basis sets (ORCA option Acc-Opt, that calls

the BP functional).S51 This optimized gas-phase geometry was then used for all the following

steps.
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3.2 Single Point Energy Calculations

3.2.1 Gas-Phase energies

We used the ORCA DFT package also for calculating the gas-phase energies for all the

four molecules. We used the minimized geometries terminating with thiols to calculate the

single-point gas-phase energies using B3LY P/G LANL2DZ. The HOMO-LUMO energies

obtained from these gas-phase energy calculations are tabulated in Table S2.

3.2.2 Attaching Electrodes

We attached the minimized geometries to two 18-atom Au standard electrode clusters after

manually deleting the terminal thiols’ hydrogen atoms. The geometries of the electrode

clusters used in these calculations consisted of 18 Au atoms per electrode, with two layers

arranged in a hexagonal close-packed fcc Au-111 surface. The Au-Au distance was set

to 2.88 Å, from the experimental lattice values of the bulk gold.S52 This is all similar to

previously reported work.S53 S-Au distance was maintained at a value of 2.48 Å and S is

attached to the center of the hexagonal close-pack hollow site, taken from literature.S54

We kept these geometrical parameters of the electrodes and the electrode material same

throughout all these calculations, so that qualitative comparisons could be drawn. This

junction geometry of the molecule attached via the Sulphur linker to the two Au metal

clusters as electrodes was used for the next step.

3.2.3 Single Point Energy Calculations with Electrodes

After attaching the cores of the four molecules to the electrodes, we then calculated the

single-point energies using the standard SCF convergence criteria using the ORCA DFT

package. B3LY P/G hybrid functional was applied and LANL2DZ basis set was used. The

energy values of the frontier π-states of the junction, i.e., the HOPS (Highest Occupied

π-state) and the LUPS (Lowest Unoccupied π-state) are tabulated in Table S5. The HOPS
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and LUPS were found by manually looking at the electron density of the different energy

levels until we found the orbitals with electron density spanning through the molecule’s π

backbone. The HOMO energy values of the four molecular junctions, for which the electron

density was localized on the Au atom clusters, are also tabulated in the Table S5. Finally,

to calculate the energy differences EF−EHOPS or ELUPS−EF in Fig. 5 of the main text, EF

value of EGaIn was taken to be −4.3 eV, as explained further in the last section.S55

Table S5: HOPS and LUPS from DFT for the four molecules when in the Au/Molecule/Au
model junction along with the HOMO energy values (EF) of Au clusters in the junction.

DFT

HOPS LUPS HOMO of Au clusters
BDT-1 -5.80 -2.86 -4.84
BDT-2 -6.35 -3.84 -4.88
BDT-3 -5.91 -2.41 -4.83

AQ -6.35 -3.44 -4.93

3.3 Transport Properties

For computing the electron transmission probability plots as function of energy of electron,

we first ran single point energy calculations on structures terminating with only sulfur atoms,

i.e., by manually deleting the hydrogen atoms from the dithiols. Same basis sets were used

as described above for the single point energy calculation. The hamiltonian and overlap

matrices were generated from the output of these energy calculations, which served as the

input for the Artaios-030417 software tool for generating the transmission curves.S49,S50

Thus, we used the input geometry of these four molecules without the terminal hydrogen

atoms, computing the transmission of only the gas-phase molecule without the electrode

clusters.

The reason for using the molecular system without electrode clusters is that we are only

interested in the transmission of the molecule. These calculations are not simulations of an

assembled junction; their purpose is to give insight into how the electronic structure affects
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transmission, not to predict level-alignment. While the level-alignment will certainly be

affected by the presence of electrodes, to ensure that the presence and absence of electrodes

do not alter the electronic structure of the molecules, we plotted the molecular orbitals of

the BDT-n series with and without electrodes in Figure S25 to show that orbital shape and

symmetry is preserved. We plotted HOPS for BDT-1 and BDT-3 and LUPS for BDT-

2, i.e., the orbitals that dominate the contribution to the electron transmission. The use

of electrode clusters in these junctions is to identify the position of Fermi level of EGaIn

junctions is physically realistic. Thus, we use the EF of −4.3 eV for scaling the energy axis of

the transmission curve in the Figure 3 of the main text. It is known that the literature value

for workfunction of clean gold is about −5.2 eV to −5.3 eV but the assembly of alkanethiolates

atop the gold surface reduces this value by 0.85 eV (−4.32 eV to −4.4 eV);S56 further, the

assembly of conjugated molecules result in a shift of 0.98 eV.S57,S58 Finally, the EF of EGaIn

has been reported as −4.3 eV in the literatureS55 Thus, we use the value of −4.3 eV for EF

which is close to the cumulative EF value for the junctions comprising SAMs with EGaIn

as top electrode and Au as bottom electrode. This value is also close to the experimentally

measured value of EF using UPS, detailed here in section 1.3.3 of SI. The use of this EF

value was also justified in the Figure 5 of the main text where the differences of the energies

of HOPS and LUPS from the EF value of EGaIn qualitatively reproduced the trend in the

transition voltages obtained from the EGaIn experiments.
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BDT-1 BDT-2 BDT-3

HOMO

HOPS

LUMO

LUPS

HOMO

HOPS

Figure S25: The figure compares the molecular orbitals (MOs) of the molecular systems in
the gas-phase molecule and the molecule between electrode clusters. The figure only shows
the MOs that contribute the most to the transmission, i.e., HOPS for BDT-1 and BDT-3,
and LUPS for BDT-2. The similarity in the shape and symmetry of different orbital pairs
suggest that the electronic structure of the molecules is not perturbed by the electrodes.
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