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Experimental
Chemicals and Instruments
All the solvents and commercial chemicals (1, 4, 8, 10) were purchased from Energy Chemical Co. 
and were used as received without further purification. 1H and 13C NMR spectra of soluble 
intermediates were recorded on a Bruker DRX NMR spectrometer operating at 300 MHz (for 1H 
NMR) and 75 MHz (for 13C NMR) in chloroform-d solutions. MALDI-TOF mass-spectra were 
recorded on a Bruker MALDI Autoflex Speed mass spectrometer. Elemental analyses were 
performed on ELEMENTAR vario EL cube EA-01 analyzer. Purification of the final compounds 
was done by vacuum sublimation on a 5-zone furnace BTF-1200C-V under high vacuum (~10–2 
mbar).

Synthesis
Intermediates BTBT (2),[1] 2-bromo-BTBT(3),[2] 2,7-dibromo-BTBT (7),[3] 2-(anthracen-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (9),[4] 2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
anthracene (11),[4] were synthesized according to the literature procedures. 

The target compounds An-BTBT, An-BTBT-An and BTBT-An-BTBT are very insoluble 
materials. We were unable to record their NMR spectra due to their very low solubility, so the 
compounds were characterized by MS, elemental analyses and single crystal X-ray diffraction.

2-(Anthracen-2-yl)benzo[b]benzo[4,5]thieno[2,3-d]thiophene (An-BTBT). 2-(Anthracen-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (9) (3.04 g, 10.0 mmol) and 2-bromo-BTBT (3) (3.80 g, 
12.0 mmol) were added to a 350 mL high-pressure reaction bottle charged with degassed toluene 
(100 mL). A nitrogen degassed 2.0 M aqueous solution of K2CO3 (25 mL, 50 mmol) was added to 
the suspension. Then the phase-transfer agent Aliquat®336 (1.0 mL) was added and the mixture was 
stirred under nitrogen for 15 minutes. After that, the catalyst tetrakis(triphenylphosphine)palladium 
(0), (Pd(PPh3)4) (0.231 g, 0.20 mmol) was added to the mixture and the mixture was heated to 95°C 
for 36 h under a nitrogen atmosphere. The mixture was cooled down to room temperature and the 
resulting solid was collected by filtration. It was consequently washed with methanol, diluted 
hydrochloric acid, water, acetone and chloroform. The crude product was further purified by 
sublimation twice in high vacuum (~5×10–2 mbar) to afford pure compound An-BTBT (2.20 g, 
45%) as a yellow solid. 
MS (MALDI-TOF) m/z: 415.48 (M+, 100%). Calcd. for C28H16S2: 416.07. 
Anal. Calcd. for C28H16S2: C, 80.74; H, 3.87; S, 15.39. Found C, 80.59; H, 3.97; S, 15.44. 

2,6-Bis(benzo[b]benzo[4,5]thieno[2,3-d]thiophen-2-yl)anthracene (BTBT-An-BTBT). This 
compound was synthesized following the above procedure of Suzuki coupling, using 2,6-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-anthracene (11) (4.30 g, 10 mmol) and 2-bromo-
BTBT (3) (8.00 g, 25 mmol), Pd(PPh3)4 (0.23g, 0.2mmol), Aliquat®336 (1.0 mL), 2 M K2CO3 (25 
mL, 50 mmol) and toluene (100 mL). Yield: 1.83g (28%), bright yellow solid. 
MS (MALDI-TOF) m/z: 654.19 (M+, 100%). Calcd. for C42H22S4: 654.06.
Anal. Calcd. for C42H22S4: C, 77.03; H, 3.39; S,19.58. Found C, 77.16; H, 3.30; S, 19.35. 

2,7-di(anthracen-2-yl)benzo[b]benzo[4,5]thieno[2,3-d]thiophene (An-BTTB-An). This 
compound was synthesized following the above procedure of Suzuki coupling, using  
2-(anthracen-2-yl)-4,4,5,5-tetramenthyl-1,3,2-dioxaborolane (9) (7.60 g, 25 mmol) and 2,7-
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dibromo-BTBT (7) (4.00 g, 10mmol), Pd(PPh3)4 (0.23g, 0.20 mmol), Aliquat®336 (1.0 mL), 2 M 
K2CO3 (25 mL, 50 mmol) and toluene (100 mL). Yield: 2.00 g (35%), bright yellow solid.
MS (MALDI-TOF) m/z: 591.48 (M+, 100%). Calcd. for C42H24S2: 592.13.
Anal. Calcd. for C42H24S2: C, 85.10; H, 4.08; S, 10.82. Found C, 85.45; H, 4.02; S, 10.83. 

Device fabrications and measurements
Surface modification of Si/SiO2 substrates with OTS. We used prime grade highly doped n-type 

Si wafers with a 200nm thermally grown SiO2 gate dielectric. These wafers were cleaned in piranha 
solution (7:3 mixture of H2SO4 and H2O2) for 30 min, rinsed with deionized water and dried under a 
nitrogen stream. For the surface modification, the wafer was treated with octadecyltrichlorsilane 
(OTS) by immersing the clean wafer substrate into 0.1 M solution of OTS in toluene at 60 oC for 
30min to form self-assembled monolayer on the surface. The substrate was then rinsed with toluene 
and dried with nitrogen flow. 

Device fabrications. The films of studied materials as the active layers of OFET were then 
deposited on the OTS-modified Si/SiO2 substrates at various substrate temperatures (20, 60, 90 or 
120 oC) by vacuum deposition under a pressure of 1×10–4 Pa. The semiconductor layer of 50 nm 
thickness was deposited over the treated surface through a shadow mask. Bottom gate top contact 
geometry of OFET was employed to measure the charge transport properties. The silicon served as 
the gate electrode. Gold films as the source and drain electrodes were thermally evaporated on the 
top of semiconductor layer through the shadow masks with typical channel length (L) and width (W) 
of L × W = 38 × 380 μm, 58 × 580 μm and 78 × 780 μm. 

Testing OFET devices. The performances of fabricated OFETs were measured at room 
temperature under ambient conditions using Angilent 1500B semiconductor device parameter 
analyzer. The hole mobilities (μh) of OFETs were then extracted from the saturated regime using 
the relationship:

µh
sat = (ID×2L)/[W×C×(VG–VT)2]

where ID denotes the current between the drain and source, C is the capacitance per unit area of the 
modified SiO2 gate insulator, VG is the gate voltage, VT is the threshold voltage, and W and L are 
the width and length of the conducting channel.[5] 

Growing single crystals and testing single crystal OFET devices. The single crystals were 
grown in a three-zone furnace via physical vapor transport (PVT) method. The temperatures in the 
furnace were set T1 = 410 oC, T2 = 310 oC and T3 = 210 oC for growing An-BTBT-An crystals and 
T1 = 450 oC, T2 = 310 oC and T3 = 200 oC. for growing BTBT-An-BTBT crystals. Single crystals 
were collected in the second zone. 300 nm SiO2/Si substrates were put directly into the furnace to 
obtain the single crystals for device fabrication. The top contact bottom gate OFET devices were 
fabricated with ultrathin wire as shadow mask. Gold was evaporated as source and drain electrodes 
on the top of the crystal. The transfer and the output characteristics of single-crystal OFETs were 
obtained with B1500A semiconductor analyzer combined a probe station.

Phototransistor measurements. The photoresponsive characteristics were obtained with the 
monochromic light (380 nm) from LE-SP-MON1000THP-S28MSB as a light source. 
Photoswitching characteristics were measured using blue LED light source with a wavelength 
centered at 420 nm and a power of 10 mW cm–2.
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Instruments and Methods
Single Crystal X-ray Diffraction Crystallography
Single crystals of An-BTBT and BTBT-An-BTBT were grown by vapor deposition method.
The data for single crystals of compounds BTBT-An-BTBT and An-BTBT-An were collected at 
100 K on a Rigaku Oxford Diffraction Supernova Dual Source, Cu at Zero equipped with an 
AtlasS2 CCD using Cu Kα radiation. Data reduction was carried out with the diffractometer's 
software.[6] The structures were solved by irect methods using Olex2 software[7] and the non-
hydrogen atoms were located from the trial structure and then refined anisotropically with 
SHELXL-2014[8] using a full-matrix least squares procedure based on F2. The weighted R factor, 
wR and goodness-of-fit S values were obtained based on F2. The hydrogen atom positions were 
fixed geometrically at the calculated distances and allowed to ride on their parent atoms. 
Crystallographic data for the structure reported in this paper have been deposited at the Cambridge 
Crystallographic Data Center and allocated with the deposition numbers: CCDC 1909445 and 
1909446 for compounds BTBT-An-BTBT and An-BTBT-An, respectively. Single crystal X-ray 
structures of An-BTBT and BTBT-An-BTBT with short C∙∙∙H, S∙∙∙S, C∙∙∙S, S∙∙∙π. contacts are 
shown in Figures S3 and S4.

TGA and DSC 
Thermogravimetric analysis (TGA) was carried out on a Perkin Elmer TGA7.TGA system at a 
heating rate of 10 o/min under nitrogen flow rate of 60 cm3/min. Differential scanning calorimetry 
(DSC) was run on a Netzsch calorimeter model Polyma DSC214 at a heating and cooling rates of 
10 o/min under nitrogen flow.

UV-Vis absorption and photoluminescence spectroscopy
UV-Vis electron absorption spectra were recorded on Shimadzu UV-1750 U and Perkin-Elmer 
Lambda 750 spectrophotometers. The solution spectra were measured in 10 mm path length square 
quartz cells in tetrahydrofuran (Figure 2b). For An-BTBT, UV-Vis absorption spectra were also 
measured in chlorobenzene and chloroform (Figure S2). For the solid-state measurements, the 
samples were deposited on quartz plates by vacuum deposition under a pressure of 1×10–5 Pa. 

Photoluminescence spectra were recorded on Hitachi F-4600 spectrofluorometer. The solution 
spectra were measured in 10 mm path length square quartz cells in tetrahydrofuran (Figure 2b). The 
samples were excited at λexc = 332 nm (An-BTBT), 298 nm (An-BTBT-An) or 295 nm (BTBT-
An-BTBT). For the solid-state measurements, the samples were deposited on the quartz plates by 
vacuum deposition under a pressure of 1×10–5 Pa. The samples were excited at λexc = 365 nm (An-
BTBT and BTBT-An-BTBT) or 350 nm (An-BTBT-An). 

Cyclic voltammetry
Cyclic voltammetry experiments were performed using potentiostat-galvanostat, model CHI660E 
(CH Instruments Inc). The materials for CV studies were deposited on the working electrode by 
vacuum deposition under a pressure of 1×10–4 Pa. The measurements were performed by three-
electrode scheme using glassy carbon as the working electrode (diameter 3 mm), Pt disk as the 
counter electrode, and non-aqueous Ag/Ag+ (Ag wire, 0.01 M AgNO3 and 0.1 M Bu4NPF6 in 
acetonitrile) as the reference electrode. Cyclic voltammograms were recorded at room temperature 
in CH3CN as the solvent with 0.1 M Bu4NPF6 as the supporting electrolyte. The measured 
potentials were calibrated with ferrocene as an internal reference, which showed potential of 
0.080V (when measuring An-BTBT) or 0.084V vs. Ag/Ag+ pseudo-reference electrode (when 
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measuring BTBT-An-BTBT and An-BTBT-An). The HOMO energy levels were estimated 
according to equation: 
EHOMO = (e∙Eox

onset + 4.80) [eV], ‒
where Eox

onset is the onset potential of the anodic oxidation of the studied compounds vs. Fc/Fc+ as 
an internal standard (strictly speaking, for small molecules in solution, the half-wave redox 
potentials Eox

1/2 should be used in the above equation. Because of irreversibility of oxidation 
process, not allowing estimation of Eox

1/2 half-wave potentials, we had to use onset potentials 
Eox

onset instead). 

Thin-film and single-crystal XRD experiments
XRD patterns were recorded using a Bruker D8 Advance X-ray diffractometer with a Cu Kα source 
(λ = 1.541 Å) operating at 30 kV and 20 mA with a copper target (λ = 1.54 Å) and at a scanning 
rate of 1  o/min. The thin films samples of all three compounds were vacuum deposited on the OTS-
modified Si/SiO2 substrates at different temperatures of the substrate (20, 60, 90 and 120 oC). The 
single crystals used for XRD analysis (and for testing in OFET devices) were grown in a three-zone 
furnace via physical vapor transport (PVT) method. The temperatures in the zones were set as T1 = 
410 oC, T2 = 310 oC and T3 = 210 oC for An-BTBT-An growth, and T1 = 450 oC, T2 = 310 oC and 
T3 = 200 oC for BTBT-An-BTBT growth. 300 nm SiO2/Si substrates were put directly into the 
furnace to obtained the single crystals.
AFM microscopy
AFM images of vacuum-deposited films were obtained using a Bruker MultiMode 8 AFM system 
in tapping mode with ScanAsyst®. The films were deposited om OTS-treated Si/SiO2 substrates at 
20 oC or at 90 oC as described below for fabrication of OFET devices.

Polarizing Optical Microscopy (POM)
The optical photographs of An-BTBT-An and BTBT-An-BTBT crystals grown by physical vapor 
transport (PVT) method were taken with CARL ZEISIS Axio Scope.A1.
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Computational Methodology
The computational studies were carried out using density functional theory (DFT) method with 
Gaussian 16 (v. 1.1) or Gaussian 09 (revision D.01) package of programs.[9] The geometries were 
fully optimized for isolated molecules in a gas phase or in solvents (tetrahydrofuran or acetonitrile, 
using PCM model), with no constraints, using B3LYP gradient-corrected functional with 6-
311G(d,p) basis set. Spin-restricted formalism was used for optimization of the molecules in the 
neutral state, and unrestricted formalism was used for optimization of radical cations. The electronic 
structures and frontier orbital energies for the neutral states of the molecules were calculated at the 
same level of theory. For An-BTBT-An and BTBT-An-BTBT, HOMO /LUMO energies (in a gas 
phase, tetrahydrofuran and acetonitrile) have also been calculated by a single-point calculations at 
B3LYP/G-311G(d,p) level for the geometries taken from a single crystal X-ray diffraction 
structures. The visualization of the orbital coefficients was performed with GaussView 6.0 
software. For computational estimations of the hole mobilities, the calculations of transfer integrals 
and reorganization energies were performed using PW91 functional with TZ2P basis set as 
implemented in Amsterdam Density Functional (ADF) suite of programs.[10] 

For the estimation of hole mobility of BTBT-An-BTBT and An-BTBT-An, their structures were 
optimized for both neutral and radical cation states at B3LYP/6-311G(d,p) level of theory. The 
calculations of intermolecular transfer integrals and reorganization energies were performed by 
PW91 functional with the basis set of triple-Z 2plus polarization function (TZ2P) in Amsterdam 
Density Functional (ADF) program.
The theoretical mobility can be calculated by hopping model based on semi-classical Marcus-Hush 
theory. In this case, the charge carriers are localized on a single molecule and the hopping charge 
transfer rate constant k (for the case of self-exchange process with the total Gibbs energy ΔG0 = 0) 

is described as follow:                        
𝑘 =

𝑉2

ħ
(

𝜋
𝜆𝑘𝐵𝑇

)
1

2 𝑒𝑥𝑝 ( ‒
𝜆

4𝑘𝐵𝑇
)

where kB is the Boltzmann constant (1.38 × 10−23 J/K), ħ is the Planck constant (1.055 × 10−34 J 
s/radian), T is the absolute temperature (298 K in our calculations), V is the transfer integral 
(electronic coupling) for electron (hole) transfer between two adjacent molecules and λ is the charge 
reorganization energy which is defined as the energy change associated with the geometry 
relaxation during the charge transfer. 
In the low field limit, the carrier mobility µ can be well described by the Einstein equation:[11,12]

                               
𝜇 =

𝑒
𝑘𝐵𝑇

𝐷

where e is the electron charge (1.60 × 10−19 C) and D is the average diffusion coefficient of the 
charge starting from a molecule and towards all directions in three-dimensional spaces.
The charge motion is assumed to be a homogeneous random walk, in which case the diffusion 
coefficient can be evaluated from the hopping rates as:

𝐷 = lim
𝑡→∞

1
2𝑛

{𝑥(𝑡)2}
𝑡

≈
1

2𝑛∑
𝑖

𝑟2
𝑖𝑘𝑖𝑃𝑖 =

1
2𝑛

𝑟2
𝑖𝑘2

𝑖

∑
𝑖

𝑘𝑖

where n is the dimension (n = 3), ri and ki are the distance and the charge transfer rate constant 
between two adjacent molecules, respectively, and Pi is the relative probability of the charge 
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transfer in the ith dimer.

Table S1.  Crystal data and structure refinement parameters.

Compound An-BTBT-An BTBT-An-BTBT

Empirical formula C42H24S2 C42H22S4

Formula weight 592.73 654.84

Temperature/K 293 100

Crystal system monoclinic monoclinic

Space group P21/c P21/c

a/Å 5.997(8) 5.9092(4)

b/Å 7.699(11) 7.7202(5)

c/Å 59.33(8) 61.940(4)

α/° 90.00 90.00

β/° 90.00 90.02

γ/° 90.00 90.00

Volume/Å3 2739(7) 2825.7(3)

Z 4 4

ρcalcg/cm3 1.437 1.539

μ/mm-1 0.228 3.351

F(000) 1232.0 1352.0

Reflections collected 4815 5785

Independent reflections,
Rint, Rσ

1396, 4689,

Data/restraints/parameters 1396/0/397 4689/0/415

Goodness-of-fit on F2 1.452 1.051

R1 indexes [I≥2σ (I)] 0.1362 0.0764

wR2 indexes [all data] 0.4214 0.1893

S7



Table S2  The intermolecular distances (ri), transfer integrals (Vh), reorganization energies (λh) and 
mobilities (µh

calc) of BTBT-An-BTBT and An-BTBT-An.

Material Direction ri (Å) Vh
(meV)

λh
(meV)

µh
calc

(cm2 V–1 s–1)
BTBT-An-BTBT P 5.909 8.04 145 0.032

T1 4.844 16.02
T2 4.879 9.56

An-BTBT-An P 5.997 0.26 108 0.198
T1 4.897 7.49
T2 4.868 27.74

The molecular packing structures and the HOMO transfer integrals (six nearest neighbor contacts) 
of BTBT-An-BTBT (a) and An-BTBT-An (b) within the respective layer.
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BTBT-An-BTBT in a unit cell (a,b,c) = (1,1,1).

Short intermolecular contacts in BTBT-An-BTBT.

  
Short intermolecular contacts in BTBT-An-BTBT crystal. 
Left: view along a-axis. (a, b, c) = (3, 3, 1). Right: view along c-axis. (a, b, c) = (3, 3, 0.5)

Figure S1. Molecular packing structure of BTBT-An-BTBT, showing short intermolecular C∙∙∙H-π, 
S∙∙∙S, C∙∙∙S, S∙∙∙π contacts.
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An-BTBT-An in a unit cell (a,b,c) = (1,1,1). 

Short intermolecular contacts in An-BTBT-An.

  
Short intermolecular contacts in An-BTBT-An crystal. 
Left: view along a-axis. (a, b, c) = (3, 3, 1). Right: view along c-axis. (a, b, c) = (3, 3, 0.5)

Figure S2. Molecular packing structure of An-BTBT-An, showing short intermolecular C∙∙∙H-π, 
S∙∙∙S, C∙∙∙S, S∙∙∙π contacts. 
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Figure S3. Expanded regions of cyclic voltammograms (Figure 2a) for estimation of Eox
onset values 

of studied compounds. CV of vacuum-deposited films on glassy carbon electrode (GCE, d = 3 mm) 
in 0.1 M Bu4NPF6 / CH3CN, scan rate 20 mV/s.
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Figure S4.  (a) HOMO and LUMO distribution in An-BTBT, BTBT-An-BTBT and An-BTBT-An 
from B3LYP/6-311G(d,p) calculations in a gas phase. (b) HOMO and LUMO energies for 
B3LYP/6-311G(d,p) optimized geometries of BTBT, anthracene, An-BTBT, BTBT-An-BTBT and 
An-BTBT-An in a gas phase, and (with a PCM model) in tetrahydrofuran and acetonitrile. (b) 
HOMO and LUMO energies from B3LYP/6-311G(d,p) single point calculations at the geometries 
taken from single crystal X-ray diffraction experiments (in a gas phase, THF and AN). For (b,c), the 
HOMO–LUMO energy gaps (Eg) are shown for a gas phase (in magenta).

S12



Figure S5. AFM images of thin films of three compounds (from top to bottom: An-BTBT, BTBT-
An-BTBT and An-BTBT-An, respectively) deposited on OTS-treated wafer substrate at both 20 ℃ 
(left ) and at 90 ℃ (right).

S13



Figure S6. The contact angels of water on the surface of (a) BTBT-An-BTBT and (b) An-BTBT-
An thin films are 104° and 111°, respectively. 
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Figure S7. Polarizing optical microscopy (POM) images of BTBT-An-BTBT (a) and An-BTBT-
An (b) single crystals. POM images of a single crystal OFET fabricated with ultrathin wire (d ∼15 
µm) before (c) and after (d) the evaporation of gold source and drain electrodes.
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Figure S8. 1H NMR spectrum of BTBT. 

Figure S9. 13C NMR spectrum of BTBT (2). 
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Figure S10. 1H NMR spectrum of 2-bromo-BTBT (3). 

Figure S11 13C NMR spectrum of 2-bromo-BTBT (3). 
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Figure S12. 1H NMR spectrum of 2,7-dibromo-BTBT (7). 

Figure S13. 1H NMR spectrum of 2-(anthracen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (9).

S18



Figure S14. 13C NMR spectrum of 2-(anthracen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (9).

Figure S15. 1H NMR spectrum of 2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-anthracene 
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(11).

Figure S16. 13C NMR spectrum of  2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-anthracene 
(11).

Figure S17. MALDI-TOF mass-spectrum of An-BTBT. 
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Figure S18. MALDI-TOF mass-spectrum of An-BTBT-An. 

Figure S19. MALDI-TOF mass-spectrum of BTBT-An-BTBT. 
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