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Highly stable and isomorphic donor–acceptor stacking in a family 
of n-type organic semiconductors of BTBT-TCNQ derivatives 

Satoshi Matsuoka,*a,b Kazuma Ogawa,a Ryota Ono,a Kiyoshi Nikaido,a Satoru Inoue,a Toshiki 
Higashino,c Mutsuo Tanaka,d Jun’ya Tsutsumi,c Ryusuke Kondo,e Reiji Kumai,f Seiji Tsuzuki,a Shunto 
Arai a and Tatsuo Hasegawa *a 

Herein, we present the common structural features of a family of semiconducting molecular donor–acceptor (DA) compounds 

based on alkylated fused-ring thieno-acenes. Crystal structure analyses were conducted for 22 DA compounds of variously 

substituted benzothieno[3,2-b][1]benzothiophenes (BTBTs), unsubstituted dithieno[3,2-b:2’,3’-d]thiophene, and 

unsubstituted benzo[1,2-b:4,5-b’]dithiophene as donors, which were combined with 7,7,8,8-tetracyanoquinodimethane 

(TCNQ) and its fluorinated derivatives (FmTCNQ, m = 0, 1, 2, 4) as acceptors. Fourteen DA compounds of (substituted 

BTBT)(TCNQ derivative) formed isomorphous layered molecular packing, where the intermolecular stacking arrangements 

between the planar skeletons of BTBT and TCNQ were common to each other, and the various substituents played 

supplementary roles. Density functional theory calculations were conducted to investigate the intermolecular forces between 

π-electron cores along the DA stacks. Dispersion interactions were the dominant intermolecular attraction, showing weak 

stacking position dependence, while the short-range orbit–orbit interaction was always repulsive, irrespective of stacking. An 

important finding is that the orbit–orbit interaction has a relatively strong position dependence and leads to common 

structural features in the DA compounds. We discuss the origin of the isostructural nature of molecular DA compounds, which 

is crucial in searching for and exploring unique combinations of molecules with superior semiconducting characteristics.

1. Introduction 

A combination of electron donor and acceptor molecules provides a 

vast variety of electronically functional materials. An example of this 

combination is (tetrathiafulvalene; TTF)(7,7,8,8-

tetracyanoquinodimethane; TCNQ), also known as “organic metal”, 

which shows very high electrical conductivity.1–5 Another example is 

(TTF)(chloranil; CA), also known as “exotic organic semiconductor” 

(OSC), which exhibits valence instability between the donor and 

acceptor units.5–8 Recently, some molecular donor–acceptor (DA) 

compounds were reported to afford excellent semiconducting 

characteristics useful for electronic device applications.9–13 Organic 

thin-film transistors (TFTs) were obtained with the molecular DA 

compounds of (dialkylated benzothieno[3,2-b][1]benzothiophenes; 

BTBT)(FmTCNQ), showing n-type operations with a mobility of 

approximately 0.6 cm2V–1s–1.14 A high stability of n-type 

characteristics in air was achieved in the devices, which is a required 

feature in the development of organic complementary circuits and is 

not feasible in single-component OSCs.15,16 Additionally, the DA 

compound films can be fabricated using a simple blade-coating 

technique, which makes the materials quite promising for 

applications in printed electronics. 

 The current research target for manufacturing organic TFTs is 

mainly focused on single-component OSCs. Among them, alkylated 

BTBTs have been shown to provide several single-component OSCs 

that exhibit excellent p-type TFT characteristics with intrinsic 

mobilities higher than 10 cm2V–1s–1.17–21 The formation of the layered 

herringbone (LHB) packing of the π-electron cores is important for 

achieving efficient two-dimensional electron transport 

characteristics. Based on a systematic study of variously substituted 

BTBTs, the intermolecular packing between π-electron cores was 

demonstrated to be largely controlled by substituents such as long 

alkyl chains or phenyl rings.22–25 The dispersion corrected DFT 

calculations, which use carefully selected functional and dispersion 

correction method to reproduce the intermolecular interaction 

energies of aromatic molecules obtained by CCSD(T) level 

calculations near saturation, revealed that the layered crystallinity is 

clearly enhanced by the substituted alkyl chains.24,26 However, these 

effects have not yet been demonstrated for other molecular 

systems, such as two-component DA compounds. Qualitative 

quantum chemical analyses suggest that charge-transfer (CT) 

interaction should be crucial for DA compounds.27 In contrast, the CT 

mechanism has not yet been demonstrated in first-principle (or ab 
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initio) quantitative quantum chemical analyses for intermolecular 

interactions. Thus, the design, selection, and modification of the 

donor and acceptor units to search for and explore excellent OSCs 

are still unclear. 

 In this study, we developed several molecular-compound OSCs 

comprising variously alkylated BTBTs and related molecules, with 

combinations of TCNQ and its fluorinated derivatives (FmTCNQ with 

m = 0, 1, 2, 4; for short, F0, F1, F2, and F4, respectively).28–30 Based 

on crystal structure analyses, we found that most of  the DA 

compounds form isomorphous layered molecular packing, where the 

intermolecular stacking arrangements between planar donor and 

acceptor cores are common to each other, irrespective of the type of 

substituent. To clarify the origin of these structural characteristics, 

we conducted the dispersion corrected density functional theory 

(DFT) calculations of the intermolecular forces of the DA compounds. 

We then investigated the origin of the isostructural DA stacking 

characteristics in a family of molecular-compound OSCs. 

 

2. Experimental 

2.1 Fabrication of DA compound crystals and thin films 

The single crystals of the molecular compounds were prepared by 

recrystallization via the slow cooling of the saturated solution at 80 

°C with acetonitrile as the solvent. The molar ratio of the donor and 

acceptor units in the solution is different because of the various 

solubilities that depend on the skeleton and/or substituent group. 

The thin films of the molecular compounds were fabricated using a 

blade-coating technique for mixed solutions of donor and acceptor 

units with a 1:1 molar ratio in chlorobenzene at a concentration of 

approximately 1.11 gL−1. As substrates, we utilized a p-doped Si/SiO2 

(100 nm) wafer surface coated with parylene C films (40-75 nm) for 

improved surface wettability. 

 

2.2 Crystal structure analyses 

The crystal structures of the DA compounds were analysed using 

single-crystal X-ray diffraction. LithoLoops were used to mount the 

crystals for the diffraction measurements. Most of the crystal 

structure analyses were successfully conducted using a Rigaku AFC10 

four-circle diffractometer equipped with a Pilatus 200 K hybrid pixel 

detector. The structural analyses for (PhC12)(F4) and (PEC12)(F4) 

were not feasible and were thus conducted using synchrotron 

radiation with a monochromatized X-ray beam at a photon energy of 

12.4 keV at beamline BL-8A of the Photon Factory (PF) in KEK. Bragg 

reflections were detected using a cylindrical imaging plate 

diffractometer (IP-DSC, Rigaku). Data correction and reduction were 

conducted using CrysAlisPro or RapidAuto software. Refinements for 

all DA compounds were conducted using CrystalStructure31 and 

Olex232 software packages. In the analyses, all non-hydrogen atoms 

were refined anisotropically, while hydrogen atoms were refined 

using the riding model with SHELXL.33 

 

2.3 Optical and electrical measurements 

Polarized optical absorption measurements were conducted using 

homemade apparatus comprising a monochromator, a halogen 

lamp, polarizers, and a two-dimensional CMOS image sensor. The 

absorbance was analysed by extracting the signal intensity from 

optical images captured at different wavelengths and polarizer 

angles. We produced both single-crystal field-effect transistors 

(FETs) and polycrystalline TFTs for these DA compounds. The former 

was fabricated by attaching single crystals grown by recrystallization, 

on a TFT substrate with Cytop gate dielectric layer (400 nm) in a 

bottom-gate, bottom-contact (BC) geometry with Cr (0.5 nm) / Au 

(30 nm). The latter was fabricated using a blade-coated 

semiconductor layer with a top-contact (TC) geometry with Au (30 

nm). The crystallographic axes in FET channel were aligned 

approximately along the stacking axes of the DA compound crystals. 

The field-effect mobilities were measured using a semiconductor 

parametric analyser (E5270A, Agilent Technologies Inc.). 

 

2.4 Cyclic voltammetry measurements 

Cyclic voltammograms were recorded using a potentiostat (Ivium 

Compactstat, IVIUM Technologies) with a standard three-electrode 

setup with glassy carbon, platinum wire, and saturated calomel 

electrode as the working, counter, and reference electrodes, 

respectively. The measurements were conducted in a degassed and 

dehydrated benzonitrile solution containing 0.1 M tetra-n-

butylammonium perchlorate (n-Bu4N·ClO4) at a scan rate of 100 mV 

s−1. 

 

2.5 Computational methods 

The calculations of the intermolecular energy were conducted using 

the Gaussian 16 program package.34 The total intermolecular 

interaction energy (Eint) was calculated by dispersion corrected DFT 

calculations (B3LYP/6-311G** level35 with Grimme’s D3 dispersion 

correction36). The basis set superposition error (BSSE)37 was 

corrected using the counterpoise method.38 The combination of the 

B3LYP functional and D3 correction was selected owing to its very 

good performance in calculating the intermolecular forces of 

benzene and thiophene.39 The potentials calculated for the benzene 

and thiophene dimers using the dispersion corrected DFT 

calculations are close to the estivated CCSD(T) (coupled cluster 

calculations with single and double substitutions with non-iterative 

triple excitations)40,41 level potentials at the basis set limit. In 

addition, we have compared the calculated potentials for the 

thiophene-tetracyanoethylene complex using the dispersion 

corrected DFT calculations with the CCSD(T) level potential to 

confirm the accuracy of the dispersion corrected DFT calculations for 

calculating the intermolecular interaction energies in the donor–

acceptor complex. The potential obtained by the dispersion 

corrected DFT calculations is close to the CCSD(T) level potential at 

the basis set limit as shown in Fig. S1 in Supplementary Information. 

The details of the CCSD(T) calculations of the thiophene-

tetracyanoethylene complex are shown in supplementary 

Information. 

The contributions of various intermolecular forces were 

evaluated. The contributions of the electrostatic and induction 

interactions were calculated from charge distributions of molecules  
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obtained by the DFT calculations and atomic polarizabilities. The 

contributions of the dispersion interactions were evaluated as the 

difference between the interaction energies calculated with and 

without the dispersion correction, since the DFT calculations using 

the B3LYP functional cannot evaluate the dispersion interactions. 

The interaction energies obtained by DFT calculations using the 

B3LYP functional include the contributions of the orbit–orbit (CT and 

exchange-repulsion), electrostatic and induction interactions. 

The electrostatic (Ees) and induction (Eind) energies were 

calculated using ORIENT version 3.2.42 The electrostatic energy of the 

complex was calculated as interactions between the distributed 

multipoles of molecules. Distributed multipoles43,44 up to 

hexadecapole on all atoms were obtained using the B3LYP/6-311G** 

wave functions of an isolated molecule with the GDMA program.45 

The induction energy was calculated as interactions of polarizable 

sites with the electric field produced by the distributed multipoles of 

monomers.46 The atomic polarizabilities of carbon (a = 10 au), 

nitrogen (a = 8 au), and sulphur (a = 20 au) were used for the 

calculations.47 Distributed multipoles were used only to estimate the 

electrostatic and induction energies. The interaction energy 

calculated without dispersion correction (Eb3lyp) is approximately the 

sum of the electrostatic, induction, and short-range (orbital–orbital) 

interaction energies (Eshort). Eshort was calculated according to the 

equation Eshort = Eb3lyp – Ees – Eind. The dispersion energy (Edisp) was 

calculated as the difference between the calculated interaction 

energies with and without dispersion correction according to the 

equation Edisp = Eint – Eb3lyp. 

 

3. Results and discussion 

3.1 Crystal structure of (substituted BTBT)(FmTCNQ) [m = 0, 1, 2, 4] 

We used 11 types of unsymmetrically substituted BTBT and four 

types of FmTCNQ as the donor and acceptor units, respectively, as 

shown in Fig. 1. All of donor molecules were synthesized according 

to reported procedures of BTBT derivatives with several 

modifications, as described in Supporting Information. We observed 

complex formations for all combinations through the colour change 

DA compound Space 
group 

a (Å) b (Å) c (Å) α (°) β (°) γ (°) 
Layer 

structure Donor Acceptor 

monoC12 
F0 P1̅ 7.1729(4) 7.7021(3) 31.1946(14) 93.873(3) 90.246(4) 106.107(4) Bilayer 

F4 P1̅ 7.0951(4) 8.1723(4) 30.9664(17) 95.640(4) 92.233(4) 107.801(5) Bilayer 

EtC8 

F0 P1̅ 8.7328(3) 13.8481(3) 20.6953(7) 98.214(3) 95.683(3) 99.591(3) Other 1 

F2 P1̅ 7.1298(9) 7.8602(12) 15.388(2) 99.352(13) 95.978(11) 106.494(12) Disorder 

F4 P1̅ 7.0402(7) 8.0595(8) 15.2240(13) 99.376(8) 95.115(8) 107.186(9) Disorder 

nBuC8 

F0 P1̅ 7.2006(9) 7.7712(10) 16.275(2) 83.298(11) 88.753(11) 73.593(11) Disorder 

F2 P1̅ 7.1024(10) 7.8510(10) 16.023(3) 83.594(13) 88.136(13) 72.994(12) Disorder 

F4 P1̅ 7.0441(6) 8.0788(7) 15.9191(14) 84.206(7) 87.707(7) 72.303(8) Disorder 

PhC12 F4 P1̅ 7.1488(5) 8.1513(6) 34.312(2) 89.7347(13) 84.2336(18) 72.055(2) Bilayer 

PEC12 F4 P1̅ 7.1644 8.1007 36.0410 89.5940 86.6300 72.4940 Bilayer 

oTolC10 

F0 P2
1
 7.1741(4) 68.852(3) 7.6437(4) 90 104.296(5) 90 

Bilayer 
(Chiral) 

F2 P1̅ 7.2476(2) 7.7466(2) 34.0492(9) 90.329(2) 91.785(2) 105.902(2) Bilayer 

F4 P1̅ 7.1776(2) 7.9582(2) 33.8312(9) 90.385(2) 91.878(2) 106.112(3) Bilayer 

mTolC10 

F0 P1̅ 7.6951(3) 8.7806(3) 28.7331(11) 95.671(3) 92.392(3) 111.895(3) Other 2 

F2 P1̅ 7.17641(19) 7.8969(2) 34.0663(8) 83.678(2) 84.332(2) 72.824(2) Bilayer 

F4 P1̅ 7.1222(6) 8.1373(7) 33.804(2) 96.586(6) 91.082(6) 107.646(8) Bilayer 

FmTCNQ

(m = 0,1,2,4)

CnBTBT-X

Y1, Y2, Y3 = H or F

unsymmetric alkyl : 

C4H9

X substituent

phenyl (Ph) : 

ortho-tolyl :

branched-butyl : (tertBuC8)

(isoBuC8)

phenylethynyl (PE) : 

mono-alkylated : H

pair

with

n = 8
S

S

X

NC

NC CN

CN

Y3

Y1 Y3

Y2

pair

with

n = 12

CnH2n+1

CH3

C2H5

meta-tolyl :

(oTolC10)

pair

with

n = 10

(MeC8)

(EtC8)

(nBuC8)

para-tolyl :

(mTolC10)

(pTolC10)

(monoC12)

(PhC12)

(PEC12)

Fig. 1 Molecular structure of the donor and acceptor units. 

Table 1  Unit cell parameters for (unsymmetric substituted BTBTs)(FmTCNQ) compounds. 
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of solutions, which is attributable to the hybridization of molecular 

orbital levels between the donor and acceptor units. The results of 

the crystallization and structural analyses for all combinations are 

summarized in Supplementary Table S1. Recrystallized products 

from the solutions were not obtained for several combinations. 

Furthermore, conducting crystal structure analysis on recrystallized 

products for some combinations was not possible because they were 

fibre-like and excessively thin to measure, as shown in 

Supplementary Fig. S2. 

 We successfully analysed the crystal structures of 16 DA 

compounds for (substituted BTBT)(FmTCNQ) [m = 0, 1, 2, 4], the 

results of which are summarized in Table 1. We found that all 

obtained structures comprised alternating π-stacking, where the 

planar π electron cores of the donor and acceptor units face each 

other. These core–core and eventual inter-stack arrangements form 

a layered packing, where the π-conjugated semiconducting layers 

are separated by an alkyl-substituent layer, showing layered 

crystalline characteristics. We found that 14 DA compounds form a 

stacking structure quite similar to that of (dialkylated 

BTBT)(FmTCNQ).10 The other two DA compounds form different types 

of crystal structures, which will be described later. The former 

structure can be categorized into two types in terms of the long-axis 

orientation of unsymmetrically substituted BTBT (as shown in Fig. 2): 

bilayer and disorder. The bilayer type comprises unipolarly oriented 

unsymmetric molecules, with the respective layers forming an 

alternating antiparallel alignment such that the alkyl substituents 

(and counter substituents) are in tail-to-tail (head-to-head) contact. 

Among them, (oTolC10)(F0) retains chirality exclusively in its bilayer-

type structure. The disorder-type involves disorder of long-axis 

orientations for unsymmetric BTBT molecules, which emerges only 

when the BTBT core is substituted unsymmetrically by two alkyl 

substituents of different lengths. Nonetheless, the total thickness of 

the substituent layer was maintained at a chain length because the 

Fig. 4 Intermolecular arrangements of five DA compounds along 
the alternating stacking axis. Sulphur atoms are represented by 
blue-filled circles. 

Fig. 2 Typical crystal structure of bilayer- and disorder-type DA 

compounds. In-plane structures are drawn without alkyl chains. 

Donor and acceptor molecules are coloured orange and green, 

respectively. Gray, white, and yellow atoms are carbon, hydrogen, 

and sulphur, respectively. 

Fig. 3 Crystal structures of two exceptions: (EtC8)(F0) (other 1) and 
(mTolC10)(F0) (other 2). Alternating stacking donor and acceptor 
units are coloured orange and green, respectively. Paired donor 
molecules are coloured pink. 
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tail-to-tail contact of alkyl chains is always formed by a combination 

of alkyl chains with different lengths. Interestingly, the structure 

analysis indicates that the interlayer alkyl chains seem to be 

continuous between adjacent BTBT cores, where two hypothetical 

carbon atoms are assumed to connect the ends of the alkyl chains 

instead of contacting the terminal hydrogen atoms.  

 Fig. 3 presents the crystal structures of two exceptions to the 

above observation: (EtC8)(F0) and (mTolC10)(F0), named as other 1 

and other 2, respectively. Other 1 is formed by a combination of 

donor and acceptor at a molar ratio of 4:1 and comprises two types 

of units whose short axis orientations are orthogonal to each other. 

The first unit comprises paired donor molecules, while the other unit 

comprises two donors and one acceptor, which are stacked in an 

alternating arrangement. Other 2 seems to be similar to the bilayer 

type; however, the alternating stacking arrangement is different: all 

overlaps between the donor and acceptor units are not equivalent. 

Half of the overlaps are shifted to the substituent (i.e., mTol moiety) 

side of the donor molecule along the molecular long axis, forming 

zigzag π-stacking. Additionally, the alkyl chains in both DA 

compounds (other 1 and other 2) are interdigitated with each other 

between the adjacent layers.48–50 Note that such unique structures 

are only obtained when non-fluorinated TCNQ is utilized as an 

acceptor unit. 

 

3.2 Common features in donor–acceptor stacking  

The relative arrangement between adjacent BTBT and TCNQ along 

the alternating stacking axis is quite similar in all 16 DA compounds. 

Fig. 4 presents the intermolecular arrangements for a pair of BTBT 

and TCNQ in five DA compounds, viewed along the axis 

perpendicular to the molecular plane. The stacking arrangements 

show the following common features: the sulphur atoms of BTBT, 

shown by blue-filled circles, are placed in the vacant space of TCNQ; 

and the outer carbon–carbon double bonds of TCNQ are located near 

the centre of the benzene or thiophene rings of BTBT. The former 

feature is associated with the van der Waals radius of sulphur being 

larger than that of carbon. It seems that the intermolecular 

interaction energy between the planar π-electron cores mainly 

determines the crystal structures, and the cores are arranged to 

decrease steric hindrance. Using intermolecular interaction 

calculations, we confirmed that such a relative arrangement is the 

most energetically stable, as discussed in the subsequent section. 

 Another common unique feature is that the direction of the alkyl 

chains forms a large angle (73.6°) with the long axis of the BTBT cores 

in the DA compound crystals with a bend at the root position. This 

angle is much larger than that of the single-component alkylated 

BTBT crystals (27.6° for mono-C9-BTBT). This large angle is formed by 

the gauche conformation of the carbon–carbon bonds closest to the 

BTBT cores (Supplementary Table S2 and Fig. S3). The alkyl chains 

were most probably forced to bend and fill spaces between the alkyl 

chains caused by the alternating acceptor units. Note that such a 

large angle between the alkyl chains and BTBT core is not formed in 

the interdigitated case of alkyl chains, as shown in Fig. 3 (other 1 and 

other 2). Notably, alkyl chains adopt an all-trans conformation in 

single-component alkylated BTBT crystals. We consider that such an 

energetically unstable conformation in the case of isolated molecules 

could only be achieved in molecular compounds by the strong core–

core interaction between the donor and acceptor units. 

 

3.3 Origin of attractive forces in the DA compound 

The common features observed for the donor–acceptor 

arrangements clearly indicate that strong and directional attractive 

forces exist between the π-electron cores of BTBT and TCNQ. To 

investigate the origin of the attraction between BTBT and TCNQ, we 

evaluated the intermolecular interaction energies and analysed the 

contributions of the electrostatic, induction, dispersion, and short-

range orbit–orbit interactions. The intermolecular interaction 

energies were calculated with varying positions of TCNQ parallel to 

the molecular long axis (x axis) with a fixed interplanar distance from 

the BTBT molecule. The geometry of BTBT-TCNQ used for the 

calculations was obtained from the crystal structure data. Here, we 

set the origin of the x axis at the point of the actual donor–acceptor 

geometry in the crystals, as seen in Fig. 5a. It should be noted that a 

plot of total intermolecular interaction energy does not corresponds 

to the potential energy surface associated with the horizontal 

displacement, as the interplanar distance was fixed in the 

calculations. The optimization of vertical displacement at each 

position is necessary to obtain potential energy surface. The 

calculations of fixed interplanar distance geometries were carried 

out to confirm which interactions play important roles in 

Fig. 5 (a) Coordinates of BTBT and TCNQ core skeletons for the 
calculation of the intermolecular interaction energy with a fixed 
intermolecular distance. The origin of the x axis is set at the actual 
structure. (b) Profiles of total interaction and respective 
contributions by dispersion, electrostatic, induction, and short-
range orbit–orbit interaction. 
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 determining the arrangement of donor–acceptor molecules in 

crystals. 

Fig. 5b presents a plot of the cross-sectional values along the x-

axis for the total intermolecular interaction energy and respective 

contributions of the electrostatic, induction, dispersion, and short-

range orbit–orbit interactions. The total intermolecular interaction 

energy is minimized at the origin, which is consistent with the crystal 

structures obtained from the experiments. The dispersion 

interaction dominated the attractive interaction, while the 

electrostatic and induction interactions were relatively smaller. The 

electrostatic interactions are attractive at the origin, as the negative 

charges of BTBT and the positive charges of TCNQ have close contact 

at the origin, as presented in Supplementary Fig. S4. The position 

dependence of the dispersion interactions is weak, if the interplanar 

distance from the BTBT is fixed. The total interaction energy has a 

minimum at the origin, since the repulsive short-range (orbit–orbit) 

interaction is weak at the origin. The weak repulsive short-range 

(orbit–orbit) interactions at the origin enables the short interplanar 

distance between BTBT and TCNQ, which enhances the attraction by 

the dispersion interactions. The position dependence of the 

dispersion and short-range (orbit–orbit) interactions shows that the 

magnitude of the repulsive short-range (orbit–orbit) interactions 

play important roles in determining the arrangements of donor and 

acceptor units in the crystals. The short-range (orbit–orbit) 

interactions include the exchange-repulsion and CT interactions. The 

CT interactions may play important roles in determining the 

magnitude of the repulsive short-range interactions and control the 

arrangements of donor and acceptor units in the crystals, although 

the dispersion interactions are the major source of the attraction. 

Thus, we successfully quantitatively revealed the structural origin of 

the molecular-compound crystals using the dispersion corrected DFT 

calculations and the analysis of the contributions of each interaction. 

Our calculations clearly show that the dispersion interaction is the 

major source of the attraction in the crystal of donor–acceptor 

compound and the repulsive short-range (orbit–orbit) interactions 

play important roles in determining molecular arrangement in the 

crystal, although it was often claimed that the CT interactions were 

the main contributions to the attraction in donor–acceptor 

compound. 

 

3.4 Case of dithieno[3,2-b:2’,3’-d]thiophene and benzo[1,2-b:4,5-

b’]dithiophene 

We investigated the formation of molecular-compound crystals for 

two other thienoacene molecules as donor units: dithieno[3,2-

b:2’,3’-d]thiophene (DTT)51,52 and benzo[1,2-b:4,5-b’]dithiophene 

(BDT)51 (Fig. 6). We obtained crystals and successfully analysed the 

DA compound Space 

group 
a (Å) b (Å) c (Å) α (°) β (°) γ (°) 

Stacking 

Structure Donor Acceptor 

DTT 

F0 P2
1
/c 7.2227(3) 7.5676(2) 32.3247(12) 90 92.185(3) 90 Zigzag 

F1 P2
1
/c 7.1816(4) 7.5584(5) 33.058(3) 90 93.342(7) 90 Zigzag 

F2 P2
1
/c 7.1277(3) 7.6492(3) 33.4443(13) 90 94.224(3) 90 Zigzag 

BDT 

F0 P1̅ 7.6901(2) 7.9278(2) 8.0205(3) 79.566(3) 74.072(3) 80.581(2) Alternating 

F2 P2
1
/c 7.4700(5) 6.8609(4) 18.4407(11) 90 98.585(6) 90 Alternating 

F4 P2
1
/c 8.1770(3) 6.34763(18) 18.4338(5) 90 96.104(3) 90 Alternating 

Table 2  Unit cell parameters for (DTT)(FmTCNQ) and (BDT)(FmTCNQ) compounds. 

Fig. 6 Crystal structures of the compounds with donor units other than the BTBT core skeleton. Donor and acceptor units are colored 
orange and green, respectively. 
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crystal structures for six kinds of DA compounds, as listed in Table 2. 

The donor–acceptor stacking arrangement of DTT presents a similar 

tendency to that of (mTolC10)(F0), where the overlap between the 

donor and acceptor units is not equivalent along the stacks to form 

zigzag π-stacking; the intermolecular interaction energies in these 

arrangements are 0.74 and 0.56 eV, respectively. In sharp contrast, 

(BDT)(FmTCNQ) does not form a face-to-face arrangement, such as 

(BTBT derivatives)(FmTCNQ) compounds, although it has an 

alternating stacking structure. We consider that this unique feature 

is caused by the steric hindrance between the central benzene ring 

of BDT and the six-membered ring of TCNQ, where the two sulphur 

atoms of BDT may play a role. In this context, including thieno[3,2-

b]thiophene in the donor unit to achieve face-to-face packing with 

TCNQ would be effective. These considerations are important for the  

design and development of molecular-compound OSCs with strong 

intermolecular interactions. 

 

3.5 Optical and electrical properties 

Optical absorption measurements were conducted to examine the 

excitation energies of the molecular compounds. The measurements 

were performed with irradiation of linearly polarized light parallel (a 

axis) and perpendicular (b axis) to the stacking axis along which the 

CT transition occurs (Fig. 7a). Fig. 7b shows the polarized absorption 

spectra of (nBuC8)(FmTCNQ). The two observed peaks, denoted as 

Compound Electron mobility (
lin

 / 
sat

) (cm
2
V

-1
s

-1
) 

  

Donor Acceptor Single crystal (BC) Thin film (TC) 

monoC12 F4 0.001 / 0.006 - / - 

MeC8 F2 - / - 0.002 / 4×10
-4
 

EtC8 

F0 - / - 0.04 / 0.003 

F2 3×10
-4

 / 0.003 0.02 / 0.004 

F4 3×10
-4

 / 3×10
-4
 0.08 / 0.01 

nBuC8 

F0 - / - 0. 11 / 0.004 

F2 5×10
-4

 / 0.01 0.007 / - 

F4 0.001 / 0.006 0.10 / 0.20 

oTolC10 

F0 0.001 / 0.01 - / - 

F2 1×10
-4

 / 0.001 - / - 

F4 - / - 0.10 / 0.16 

mTolC10 
F2 2×10

-4
 / 0.02 - / - 

F4 0.01 / 0.1 - / - 

BDT 
F2 0.004 / 0.004 - / - 

F4 2×10
-4

 / 6×10
-4
 - / - 

Fig. 8 Crossed Nicols micrographs for the blade-coated compound 
films. 

Table 3  Field-effect mobilities for the DA compounds. 

Fig. 7 (a) Schematics of the molecular arrangement and the energy 
levels of the molecular orbital in DA compounds. (b) Polarized 
absorption spectra in parallel to a and b axes for (nBuC8)(FmTCNQ) 
compounds. (c) Simple relationship between the CT energy and 
difference between the electrochemical oxidation-reduction 
potentials of the donor and acceptor, obtained by cyclic 
voltammetry measurements. h and ν are the Planck constant and 
photon wavenumber, respectively. 
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CT1 and CT2, are both polarized parallel to the a axis and can be 

ascribed to the excitation from the HOMO and second HOMO levels, 

respectively, to the LUMO level. The intramolecular transition peak 

is visible at approximately 2.8 eV in parallel to the b axis.  

We also investigated the dependence of the excitation energy on 

the change in the fluorine number in the FmTCNQ. We found that the 

absorption edge shifted toward the lower energy side with increasing 

m in FmTCNQ. This trend was observed for all (substituted 

BTBT)(FmTCNQ) compounds. This feature is associated with the 

simple relationship between the CT transition energy and the 

difference in the redox potentials of the donor and acceptor 

molecules, which is known as the V-shape diagram proposed by 

Torrance;27,54 we confirmed that the molecular compounds agree 

well with this relationship (Fig. 7c). Here, we measured and used the 

cyclic voltammetry curves for 11 types of substituted BTBTs and  

four types of FmTCNQ (Supplementary Fig. S5). The absorption 

spectra for (DTT)(FmTCNQ) and (BDT)(TCNQ) are shown in 

Supplementary Fig. S6.   

Fig. 8 shows the crossed Nicols micrographs for the blade-coated 

films of (EtC8)(F2) and (nBuC8)(F2) fabricated on a parylene-coated 

substrate surface. The uniform area of the films was as large as a few 

square millimetres for these DA compounds. Typically, the use of 

unsymmetrically substituted BTBT tends to form large-area 

molecular-compound films, although such large-area uniformity is 

not always obtained for all DA compounds. We evaluated the field-

effect mobility of the films by fabricating TFT device structures, in 

conjunction with the single-crystal FETs. A typical device 

characteristic is shown in Supplementary Fig. S7. All devices 

exhibited n-type characteristics, the results of which are summarized 

in Table 3. Owing to their large-area uniformity, these DA compounds 

have potential for application in printed electronic devices with 

stable n-type operation.  

4. Conclusions 

We developed a family of n-type molecular DA compounds, 

mainly based on unsymmetrically substituted BTBTs and 

FmTCNQ derivatives as the donor and acceptor units, 

respectively. Among them, 16 crystal structures were 

successfully analysed using single-crystal structure analyses. 

The crystal structures showed quite common intermolecular 

stacking arrangements between the planar donor and acceptor 

skeletons, irrespective of the type of substituent. These 

features clearly indicate that strong and directional 

intermolecular interactions occur between the planar π-

electron cores of donors and acceptors. The dispersion 

corrected DFT calculations clearly show that the dispersion 

interaction is the major source of the attraction in the crystal of 

donor–acceptor compound and the repulsive short-range 

(orbit–orbit) interactions play important roles in determining 

molecular arrangement in the crystals, although it was often 

claimed that the CT interactions were the main contributions to 

the attraction in donor–acceptor compound. We believe that 

these findings will help search for and explore unique 

combinations of molecules that afford superior semiconducting 

characteristics. 
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