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ABSTRACT: Chirality, as a fundamentally asymmetric property, plays an important role in 
molecular assembly in the solid state, impacting upon the properties and performance of organic 
materials. Here, heterochiral assembly was observed upon a binaphthol-based axially chiral 
material in thin film state, where the heterochiral assemblies of racemic mixtures exhibit superior 
crystallization behavior and film morphologies than their homochiral counterparts. Additionally, 
a dramatic increase (nearly two orders of magnitudes) in electronic mobility was obtained upon 
switching the active layers of organic thin film transistors from homochiral assemblies to 
heterochiral assemblies. This work not only gives insights into the structure–aggregation property 
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relationships of axially chiral self-assemblies, but also offers new opportunities for novel organic 
soft materials. 

INTRODUCTION 

Molecular chirality controls the asymmetrically spatial interactions of molecules and further 
impact the enantioselectivity of chemical reactions,1−3 molecular recognition4−6 and assembly 
behavior of molecular components.7−11 Since the pioneering experiment of Pasteur,12 the 
spontaneous deracemization and homochiral self-sorting of a racemic mixture has been a well-
known phenomenon commonly observed, suggesting the preferable intermolecular interactions 
and crystallinity among component molecules (low molar mass) with same configuration.13 
Knowledge from this important finding has promoted many areas of synthetic chemistry, 
supramolecular chemistry and materials science. In some cases, however, heterochiral assembly 
of racemic chiral compounds could also be discovered. For example, Gao et al. published that a 
heterochiral metallocycle could be formed by self-discriminating of racemic binaphthyl-bis-
bipyridines and silver ions in solution.14 Also, Fuchter et al. reported that the racemic helically 
chiral molecule 1-aza[6]helicene tends to self-assemble in a heterochiral manner in the solid 
state.15 

Chiral organic molecules have shown potential and even commercial applications as soft 
materials and organic optoelectronic materials decades ago. For instance, since the forming of 
cholesteric (chiral nematic) phase, chiral cholesterol molecule has been found extensive 
application in liquid crystalline display technologies.16 In recent years, chiral organic materials 
have attracted tremendous attention for their future device applications in organic light-emitting 
diodes (OLEDs) with circularly polarized (CP) electroluminescence,17−22 CP-photodiodes23 and 
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sensors of chiral small molecules,24 where the aggregation properties of chiral materials could 
considerably affect the device performance in the thin film (TF) state. It is well-known that the 
aggregation properties and device performance of organic materials is not only dependent on the 
structure and characteristics of an isolated molecule or polymer chain, but also greatly influenced 
by the assembly behavior of multiple units in the solid state. Thus, the assembly manner of multiple 
chiral molecules in the aggregate state plays a crucial role in the specific properties and device 
performance of chiral organic materials. Unfortunately, studies investigating the relationship 
between the assembly mode of chiral molecules and their performance in the context of devices 
are rare so far.15,25 

Axial chirality is one of fundamental chiral geometries on the molecular scale and axially chiral 
compounds, especially binaphthol (BINOL) derivatives have attracted a vast amount of attention 
in fields of asymmetric synthesis and catalysis,26−28 chiral sensor29−32 and materials science 
including organic soft materials33−35 and organic optoelectronics.36−40 Therefore, it is scientifically 
important to investigate the assembly or aggregation manner of organic small molecules 
containing BINOL motif in the TF state. In this paper, an interesting case of heterochiral assembly 
was discovered upon the racemic mixture of an axially chiral material based on BINOL motif in 
the TF state and it was demonstrated that in comparison with the homochiral assemblies (3-M and 
3-P), the heterochiral assemblies (3-rac) exhibit superior crystallization behavior and film 
morphology. More importantly, the electronic mobilities for organic thin film transistors (OTFTs) 
based on heterochiral assemblies (e = 1.2×102 cm2 V1 s1) are nearly two orders of magnitudes 
higher than those (e = 1.4×104 cm2 V1 s1) of their homochiral counterparts. 

EXPERIMENT SECTION 
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Materials and General methods. Tetrahydrofuran was dried using sodium and freshly distilled 
prior to use. 141 and 2-M/2-P42 were synthesized according to the reported procedures. 1H NMR 
(400 MHz) and 13C NMR (100 MHz) spectra were measured in CDCl3 and C2D2Cl4 on JOEL 
NMR instruments, using tetramethylsilane as an internal standard. MALDI-TOF spectra were car-
ried out on InoSpec 4.7 Tesla FT-MS. Elemental analyses were performed on an Elemental Vario 
EL III elemental analyzer. Fourier Transform-Infrared (FT-IR) spectra were determined using a 
Bio-Rad FTS-185 spectrometer. Thermogravimetric analysis (TGA) were carried out on a TA 
Q500 instruments under a dry nitrogen flow at a heating rate of 10 °C/min, heating from room 
temperature to 500 °C. Differential scanning calorimetry (DSC) analysis was performed on a DSC 
Q2000 instrument under a nitrogen atmosphere at a heating (cooling) rate of 10 °C/min. The sec-
ond heating and first cooling DSC scans are recorded. Ultraviolet-Visible-Near infrared (UV-Vis-
NIR) spectra were measured on a UH4150 Spectrophotometer and electronic circular dichroism 
(ECD) were measured on a Chirascan instrument, all the thin films were fabricated by spin-coating 
on glasses. X-ray diffraction (XRD) data were collected from an X’Pert Pro diffraction instrument. 
Atomic force microscope (AFM) images were recorded on a JPK AFM in tapping mode. 

Synthesis of 3-M. Under a nitrogen atmosphere, a mixture of 1 (150 mg, 0.12 mmol), 2-M (26 
mg, 0.046 mmol), Pd(PPh3)4 (14 mg, 0.012 mmol), and K2CO3 (62 mg, 0.43 mmol) in 16 mL 
redistilled THF and 4 mL H2O was stirred at 95 °C for 12 h. The mixture was poured into methanol. 
The precipitate was filtered and purified by column chromatography, using dichloromethane/pe-
troleum ether (2/1) as the eluent. Compound 3-M was obtained as black solid, with 80 mg in 64% 
yield. 1H NMR (400 MHz, C2D2Cl4) δ (ppm): 8.14 (s, 2H), 8.06 (d, J = 9.0 Hz, 2H), 7.45 (dd, J = 
23.5, 9.0 Hz, 4H), 7.21 (d, J = 8.9 Hz, 2H), 4.12 (dd, J = 44.2, 7.3 Hz, 8H), 3.74 (s, 6H), 1.98 (d, 
J = 33.0 Hz, 4H), 1.15 (m, 160H), 0.77 (t, J = 8.0 Hz, 24H). FT-IR (KBr, cm1) ν: 2922.2, 2851.0, 
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2212.2(C≡N), 1686.4, 1641.4, 1615.7, 1588.2, 1526.3, 1478.7, 1456.5, 1418.1, 1375.0, 1336.9, 
1292.3, 1254.2, 1219.7, 1100.5, 1066.5, 1037.9, 886.3, 802.3, 784.4, 727.4, 681.4, 636.3, 591.7, 
490.8. MS (MALDI) m/z: 2690.5 (M+H)+. HRMS (MALDI-FT) (m/z): (M+Na)+ Calcd. for 
C160H212N10O10NaS8: 2712.40458; Found: 2712.40190. Anal. Calcd. For C160H212N10O10NaS8: C, 
71.39; H, 7.94; N, 5.20. Found: C, 71.24; H, 7.94; N, 5.00. 

Synthesis of 3-P. Under a nitrogen atmosphere, a mixture of 1 (150 mg, 0.12 mmol), 2-P (26 
mg, 0.046 mmol), Pd(PPh3)4 (14 mg, 0.012 mmol), and K2CO3 (62 mg, 0.43 mmol) in 16 mL 
redistilled THF and 4 mL H2O was stirred at 95 °C for 12 h. The mixture was poured into methanol. 
The precipitate was filtered and purified by column chromatography, using dichloromethane/pe-
troleum ether (2/1) as the eluent. Compound 3-P was obtained as black solid, with 85 mg in 69% 
yield. 1H NMR (400 MHz, C2D2Cl4) δ (ppm): 8.14 (s, 2H), 8.04 (d, J = 9.0 Hz, 2H), 7.46 (dd, J = 
23.5, 9.0 Hz, 4H), 7.23 (d, J = 8.9 Hz, 2H), 4.13 (dd, J = 39.7, 7.5 Hz, 8H), 3.74 (s, 6H), 1.99 (d, 
J = 33.0 Hz, 4H), 1.17 (m, 160H), 0.77 (t, J = 8.0 Hz, 24H). FT-IR (KBr, cm1) ν: 2922.2, 2850.9, 
2212.2(C≡N), 1686.2, 1641.5, 1616.3, 1588.5, 1526.4, 1478.9, 1456.6, 1418.5, 1375.1, 1336.7, 
1292.6, 1253.9, 1219.6, 1100.4, 1067.0, 1037.7, 886.0, 802.0, 784.5, 727.4, 681.2, 636.2, 591.4, 
490.9. MS (MALDI) m/z: 2690.9 (M+H)+. HRMS (MALDI-FT) (m/z): (M+Na)+ Calcd. for 
C160H212N10O10NaS8: 2712.40458; Found: 2712.40243. Anal. Calcd. For C160H212N10O10NaS8: C, 
71.39; H, 7.94; N, 5.20. Found: C, 71.31; H, 8.14; N, 4.99. 

Grazing incidence wide-angle X-ray scattering (GIWAXS) measurements. 2D GIWAXS 
measurements were performed at the small and wide angle X-ray scattering beamline at the Aus-
tralian Synchrotron43. A Pilatus 1M 2-dimensional detector with 0.172 mm × 0.172 mm active 
pixels was utilized in integration mode. The detector was positioned approximately 300 mm down-
stream from the sample location. The precise sample-to-detector distance was determined with a 
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silver behenate standard. X-ray photons with 11 KeV energy were used, with 3 x 1 s exposures 
taken with different lateral offsets per image to fill in gaps between the detector elements. These 
three exposures were stitched in software. A series of images were taken as a function of angle of 
incidence, with the images shown taken close to the critical angle identified as the angle that pro-
duced the maximum scattering intensity. 2-dimensional raw data was reduced and analyzed with 
a modified version of Nika. GIWAXS patterns shown have been corrected to represent real qZ and 
qXY axes with consideration of missing wedge. 

OTFT device fabrication and measurements. The OTFT devices were fabricated as bottom-
gate top-contact (BGTC) structures with a channel length of 31 m and a width of 273 m. Firstly, 
the Si/SiO2 substrates were washed by ultrasonication in deionized water, immerged into a hot 
mixture of sulfuric acid (98%), and hydrogen peroxide (v/v = 2:1) for 15 min to get rid of residual 
organic impurities absorbed on the substrate, and then successively cleaned by ultrasonication in 
deionized water, isopropyl alcohol, acetone, and finally dried up with flow of purged N2. Octade-
cyltrichlorosilane (OTS) modification of Si/SiO2 surface was carried out for about 4 h by vapor-
deposition method. Then, the substrates were washed with chloroform, n-hexane, isopropyl alco-
hol, and acetone by ultrasonic cleaning again. At last, the substrates were dried with flow of purged 
N2. The active layers were spin-coated on the top of OTS-treated SiO2 with 10 μL of their o-
dichlorobenzene solution (10 mg mL1) at 3000 rpm. Au was used as source and drain electrodes, 
and was deposited on the top of the active layer through a shadow mask under high vacuum. The 
electric characteristics of the devices were measured by a Keithley 4200-SCS semiconductor ana-
lyzer in a glovebox with a nitrogen atmosphere. 

RESULTS AND DISCUSSION 
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Synthesis and thermodynamic properties. As shown in Scheme 1, 3-M and 3-P were synthe-
sized by Suzuki-coupling with optically active 2-M or 2-P and a naphthalene diimide (NDI) de-
rivative 1 in yields of 64% and 69% respectively. Additionally, the racemic mixture of 3-M and 
3-P in 1:1 molar ratio was dissolved in chloroform, then methanol was added dropwise to the 
solution to precipitate 3-rac. 3-M, 3-P and 3-rac can be dissolved in common organic solvents, 
such as chloroform (5 mg mL1), tetrahydrofuran (5 mg mL1) and o-dichlorobenzene (10 mg 
mL1). First of all, the thermal properties of 3-M, 3-P and 3-rac were studied by TGA and DSC 
under a nitrogen atmosphere and the data is summarized in Table 1. As shown in Figure S1, the 
three materials exhibit high and identical decomposition temperatures (about 400 °C for 5% weight 
loss), which indicates good thermal stability and meets the requirement of thermal annealing. DSC 
curves (Figure S1) reveal a couple of endothermic and exothermic peaks for 3-M, 3-P and 3-rac, 
showing similar melting points (Tm) and crystallization temperatures (Tc) at about 317 °C and 
283 °C (Table 1). 

 

Scheme 1. Synthesis routes of 3-M and 3-P. 
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Table 1. Photophysical and thermal data of 3-M, 3-P and 3-rac. 

Compound λmaxa 
(nm) 

λmaxb 
(nm) 

λmaxc 
(nm) Tdd (C) Tm/Tce (C) 

3-M 640 665 807 400 317/283 
3-P 640 665 807 400 317/283 

3-rac 640 678 819 400 319/285 
a UV-Vis-NIR spectra in CH2Cl2 (105 M). b UV-Vis-NIR spectra of as-spun TFs. c New shoulder 
peaks in the spectra of TFs annealed at 200 C. d Onset decomposition temperature measured by 
TGA under a nitrogen flow. e Melting temperatures (Tm) and crystallization temperatures (Tc) de-
termined by DSC under a nitrogen flow. 

Photophysical and electrochemical properties. The photophysical properties of 3-M, 3-P and 
3-rac in solution and solid state were investigated by UV-Vis-NIR absorption and ECD measure-
ments. As expected, 3-M, 3-P and 3-rac possess identical UV-Vis- NIR absorption profiles in their 
CH2Cl2 solutions (Figure 1) and the band at 530-800 nm can be assigned to the intramolecular 
charge transfer (ICT).44,45 From solution to TF (Figure 1a), the absorption bands of 3-M, 3-P and 
3-rac were all red-shifted to the NIR region, suggesting the formation of J-type aggregation for 
three materials.46 Also, the slight shoulder peak emerging at approximately 720 nm in the as-spun 
TFs due to molecular aggregation increased significantly and became the main peak (Figure 1b) 
after thermal annealing at 200 °C. It is worth noting that 3-rac shows about 13 nm (Table 1) larger 
values of bathochromic shifts for max than 3-M (3-P) in as-spun film states. Additionally, a new 
shoulder peak that could be ascribed to stronger intermolecular aggregation emerged at around 
807 nm for 3-M (3-P) and 819 nm for 3-rac (Figure 1b) after thermal annealing at 200 °C. The 
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above differences in absorption band between 3-M (3-P) and 3-rac in the TF state could be rea-
sonably attributed to the diverse assembly manner of multiple stereoisomers induced by axial chi-
rality.47,48 

 

Figure 1. Normalized UV-Vis-NIR spectra of 3-M, 3-P and 3-rac in a) as-spun films, and b) films 
thermally annealed at 200 °C with the spectrum in solution (105 M in DCM) as reference. c) ECD 
spectra of 3-M and 3-P in solution (105 M in DCM), as-spun films and films thermally annealed 
at 200 °C. 

ECD measurements were employed to evaluate the chiroptical responses of 3-M and 3-P. The 
agreement of negative (positive) Cotton effects between 2-M and 3-M (2-P and 3-P) at about 240 
nm (Figure S2) indicates the configurations of axial chirality remain consistent. The ECD spectra 
with almost mirror-image relationship (Figure 1c) is in agreement with the converse axial chirality 
of 3-M and 3-P. The strong Cotton effects at long wavelength (around 650 nm) indicate that the 
chromophores of NDI are in an asymmetric environment because axial chirality transfers from the 
chiral center (BINOL) to the skeletons of NDI.25 In addition, the increase and bathochromic shift 
(≈ 30 nm) of ECD signal from solution to as-cast and annealed TFs suggests a specific intermo-
lecular aggregation in the TF state. Cyclic voltammetry (CV) scans exhibit identical curves for 3-
M, 3-P and 3-rac with three reversible reduction processes in dichloromethane solution (Figure 
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S3). A LUMO level of about 4.24 eV (referenced to Fc/Fc+) is calculated from the first half-wave 
reductive potentials (Ered11/2) at 0.18 V; with an optical band gap (1.6 eV) estimated from the 
absorption onset, the HOMO level is calculated to be 5.84 eV (Table S1). 

 

Figure 2. XRD patterns of the TFs of 3-M, 3-P and 3-rac. a) as-spun TFs; b) TFs annealed at 
160 °C and c) TFs annealed at 200 °C. 

Crystallization behavior and film morphology. X-ray diffraction and atomic force micros-
copy were utilized to evaluate the differences in crystallinity and film morphologies between 3-M 
(3-P) and 3-rac. As shown in Figure 2a, for all three materials, no diffraction peaks could be 
observed in XRD plots of their as-spun TFs, indicating the disordered packing of both 3-M (3-P) 
and 3-rac without thermal annealing-induced assembly. With thermal annealing, for TFs of 3-rac, 
a single diffraction peak (2θ = 3.75°) appeared after thermal annealing at 160 °C (Figure 2b) and 
the XRD plot further showed intense and sharp Bragg reflections up to second order when anneal-
ing temperature reaching 200 °C (Figure 2c). By contrast, optically active TFs still do not exhibit 
obvious crystallinity even being annealed at 200 °C, implying disordered microstructures. This 
result indicates that the crystallinity of 3-rac is obviously better than that of 3-M (3-P) in the TF 
state after thermal annealing-induced assembly and also suggests heterochiral assembly of the ra-
cemic mixture of 3-M and 3-P. 
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Figure 3. AFM images of as-spun TFs (a, b, c) and TFs thermally annealed at 160 °C (d, e, f) and 
200 °C (g, h, i) of 3-M (a, d, g), 3-P (b, e, h) and 3-rac (c, f, i). 

The AFM height images of TFs of 3-M, 3-P and 3-rac in diverse annealing conditions are dis-
played in Figure 3. It is clear that the as-spun TFs of 3-M, 3-P and 3-rac possess similar morphol-
ogies before thermal annealing-induced assembly (Figure 3a, 3b and 3c). With the rise of anneal-
ing temperature, the grain sizes and root mean square (RMS) roughness of TFs of 3-M and 3-P 
increase gradually due to molecular aggregation and nucleation, but numerous grain boundaries 
still exist (Figure 3d, 3e, 3g and 3h). However, the racemic TFs display more uniform morpholo-
gies with smaller RMS values of about 0.6 nm and 0.7 nm after thermal annealing at 160 °C and 
200 °C respectively (Figure 3f and 3i), suggesting larger grain size accompanied by less grain 
boundaries duo to improvement of crystallinity, which is in agreement with the XRD results. 
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To gain deep insight into the distinguishing assembly and crystallization behaviors between 3-
M (3-P) and 3-rac in the TF state, GIWAXS experiments were employed. As shown in Figure 4 
and Figure 5, TFs of 3-M and 3-P follow almost identical trends in crystallization behavior with 
increasing annealing temperature. The GIWAXS patterns of 3-M and 3-P are characterized by 
broad isotropic rings in their 2D GIWAXS patterns, indicating randomly oriented and relatively 
disordered crystallites. With annealing there is an increase in crystallinity (albeit limited) as shown 
by the decrease in peak width and shift in the q value of Bragg reflections to lower q, see the in-
plane scattering profiles in Figure 5d and Figure 5e. Indexing the lowest q reflection as a lamellar 
stacking peak gives a lamellar stacking distance of 3-M (3-P) of 26.5 Å in as-cast films which  

 

Figure 4. 2D GIWAXS patterns of the TFs of 3-M, 3-P and 3-rac annealed at different tempera-
tures. 
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increases to 30.0 Å in TFs annealed at 200 °C. In contrast, racemic blending of 3-M and 3-P brings 
a completely different trend in packing and crystallization behavior to the TFs of 3-rac with an-
nealing temperature. As shown in Figure 4, a vast change in the 2D GIWAXS patterns can be 
observed for the TFs of 3-rac when annealing at 160 °C, indicating a transformation from ran-
domly oriented to highly oriented crystallites. Moreover, with annealing at 200 °C, a series of 
reflections up to fifth order are observed along qZ (see also the 1D out-of-plane scattering profiles 
in Figure 5c) due to the regular packing of molecules along the side-chain direction indicating a 
high propensity of 3-M and 3-P to co-crystallize with a predominant ‘‘edge-on’’ orientation. 

 

Figure 5. 1D GIWAXS integrated cake slices from 2D GIWAXS diffraction pattern. a)-c) Out-of-
plane and d)-f) In-plane GIWAXS profiles for the TFs of 3-M, 3-P and 3-rac, respectively. Spin-
coated TFs: as-spun (black), annealed at 80 °C (red), annealed at 160 °C (blue) and annealed at 
200 °C (green). 
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With thermal annealing, the lamellar stacking distance of 3-rac decreases from 27.9 Å in as-
cast film to 25.5 Å and 26.8 Å in TFs annealed at 160 °C and 200 °C respectively, which is quite 
different from the increased lamellar stacking distance of 3-M (3-P). Additionally, compared with 
their optically active counterparts, the racemic TFs annealed at 160 °C and 200 °C exhibit quite 
different in-plane scattering profiles (Figure 5f). The highly ordered and oriented GIWAXS im-
ages of TFs of 3-rac imply the ordered supramolecular (heterochiral) assembly of 3-M and 3-P in 
the racemic mixture producing a crystalline microstructure that is much more ordered than that of 
the homochiral assemblies. Tentatively assigning the peak with a value of qXY ≈ 0.447 Å1 to a 
backbone stacking reflection gives a backbone repeat distance of about 14.05 Å, and the reduction 
in the peak width of this peak corresponds to an increase in coherence length from 10.3 nm to 23.3 
nm which illustrates the increase of crystallite size. Through the comparison above, it is unambig-
uous that the significantly better crystallinity and packing behavior of 3-rac is in good agreement 
with the uniform arrangement within crystalline layers (Figure 3f). Hence, it is reasonable to con-
clude that the heterochiral packing structure leading to superior crystallization behavior could be 
attributed to the specific intermolecular interactions between component molecules with opposite 
axial chirality.49  

Organic thin film transistors characterization. OTFTs with BGTC structure were fabricated 
from 3-M, 3-P and 3-rac as active materials to probe the potential effects of manners of chiral-
assembly on charge transport of 3 in OTFTs. The transfer and output characteristics of OTFTs are 
shown in Figure 6a and Figure S4, respectively. As shown in Figure 6b and Table S2, the three 
materials exhibit similar electron mobilities of around 7×105 cm2 V1 s1 for as-cast devices. In-
terestingly, after thermal annealing at 160 °C, there was a significant rise (about 23 times) in the 
electron mobilities for OTFTs based on heterochiral assemblies to 1.8×103 cm2 V1 s1. In contrast, 



 15

the devices based on homochiral TFs did not show obvious changes in performance after annealed 
at the same temperature (Figure 6b). With annealing temperature rising to 200 °C, while the elec-
tron mobilities of OTFTs based on heterochiral assemblies further increased to 0.012 cm2 V1 s1, 
only a slight improvement of electron mobility was observed for devices fabricated from homo-
chiral TFs under the same annealing condition, with the highest mobilities of around 1.4×104 cm2 

V1 s1. In addition, the current on/off ratios of OTFTs based on heterochiral assemblies also dis-
played one order of magnitude higher than those of devices with their homochiral counterparts 
after thermal annealing (Figure 6a). 

 
Figure 6. a) The transfer characteristics of OTFTs based on TFs of 3-M, 3-P and 3-rac annealed 
at 200 °C. b) Average electron mobilities of OTFTs based on TFs of 3-M, 3-P and 3-rac in differ-
ent annealing conditions. (The standard deviation values obtained from 18 devices for each mate-
rial are represented as the error bar) 

CONCLUSIONS 

In summary, we found an interesting case of heterochiral assembly upon BINOL-based axially 
chiral molecules in the TF state. The photophysical, XRD and GIWAXS data provide strong evi-
dences for the heterochiral packing of racemic mixture of 3-M and 3-P in thermally annealed TFs, 
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which is quite different with homochiral assembly of 3-M or 3-P. While homochiral assembly of 
3-M or 3-P results in randomly oriented crystallites, heterochiral assembly leads to highly crystal-
line crystallites with a dominant ‘‘edge-on’’ orientation, which might be due to specific intermo-
lecular interactions between 3-M and 3-P. Additionally, it can be learnt from the AFM images that 
heterochiral TFs display more uniform morphologies, compared with their homochiral counter-
parts due to the increase in crystallite size and uniform crystallite orientation. More importantly, 
because of distinguishing assembly manners, the heterochiral assemblies exhibit superior charge 
transport (approximately two orders of magnitudes) in comparison with their homochiral counter-
parts in OTFT. Our work contributes to an in-depth understanding of the assembly behavior of 
BINOL-based chiral molecules in the TF state and demonstrate superior crystallization behavior, 
film morphology and charge transport of heterochiral assemblies compared with their homochiral 
counterparts, which may open new doors for the developments of chiral sensors and novel organic 
soft materials. 
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