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ABSTRACT: Printable electronics typically employ amor-
phous materials for layer uniformity, yet incorporating 
crystalline substances can significantly enhance device 
performance due to their superior carrier mobility. The 
implementation of interdigitated structures facilitates in-
creased carrier injection and extraction while reducing 
transport paths, thus elevating device efficiency. This re-
search addresses the challenges associated with the mo-
lecular design, assembly, and orientation control of crys-
talline structures on indium tin oxide substrates, focusing 
on augmenting hole injection and transport efficiency. We 
introduce a binary molecular design involving benzodi-
pyrrole diesters (BDPCOs), where two polar-orienting es-
ter groups are incorporated into an aromatic BDP core. 
Our findings reveal that the ester moiety's structure sub-
stantially influences film formation, with certain BDP-
COs yielding highly crystalline films, whereas others re-
sult in oriented, non-crystalline films. Perovskite quan-
tum dot (PVQD) LEDs incorporating a crystalline 
BDPCO-based hole injection layer (HIL) exhibit superior 
luminescence compared to devices utilizing amorphous 
BDPCO or PEDOT:PSS HILs. This binary molecular de-
sign approach thus broadens the range of solution-proces-
sible crystalline films for advanced electronic device ap-
plications.  

The fabrication of printable electronics principally in-
volves creating layered structures through the precision 
printing of electronic components, focusing on electron 
and hole transfer management between the cathode and 
anode (Figure 1a).1 -7 A prevalent method for enhancing 
efficiency utilizes amorphous materials, which may be 
completely random8 or partially ordered9-13, to guarantee 
uniform layers with consistent thickness. However, crys-
talline materials, known for their superior carrier mobility 
compared to their amorphous organic counterparts,14-17 
have been recognized for their potential to significantly 

improve device performance.18-25 Moreover, these crys-
talline substances can enable the formation of interdigi-
tated structures, which offer several advantages. These in-
clude enhanced carrier separation and recombination, op-
timized carrier injection and extraction, and reduced car-
rier transport paths, all contributing to the overall effi-
ciency of the device.26-27 This benefit of crystalline mate-
rials has previously been evidenced in the active layers 
of organic solar cell devices (Figure 1b).28 

 
Figure 1. Concept and design of solution-processable or-
dered hole injection layers for PVQD-LED devices and 
device configuration in our study. (a) Organic optoelec-
tronic devices based on flat layers. (b) Interdigitation in 
the active layer. (c) Typical devices based on bilayered 
hole transporter. (d) Interdigitation in the hole injection 
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layer. (e) Binary molecular design in BDPCO. (f) Solu-
tion processable oriented crystallization and interdigita-
tion for LED devices. (g) The PVQD-LED device archi-
tecture using interdigitated hole injection layer. 
 
Despite the benefits, the execution of multi-layered struc-
tures (Figure 1c) presents scientific and practical chal-
lenges, particularly in molecular design, assembly, and 
orientation control on indium tin oxide (ITO) substrates29. 
This study focuses on supramolecular strategy, design of 
crystalline interdigitated layer to enhance the efficiency 
of hole injection from the cathode and its transport to the 
HTL (Figure 1d). We propose a binary molecular design 
of benzodipyrrole diesters (BDPCOs), integrating two 
polar-orienting ester groups into an aromatic BDP core 
(Figure 1e). We demonstrate the formation of a highly 
uniaxially oriented film via solution-driven crystal 
growth (Figure 1f), and its application to a hole injection 
layer (HIL) in solution-processed perovskite quantum dot 
light emitting diodes (PVQD-LEDs) (Figure 1g), which 
are garnering attention as next-generation LEDs.30-34  
We examined fourteen BDPCO derivatives and chose 
compounds 1–6 for detailed studies considering the solu-
bility and crystal-formation ability required for this study 
(Figure 2). They were first spin-coated and thermally an-
nealed on an ITO substrate, revealing that their film struc-
ture depends on the structure of the ester moiety. For ex-
ample, spin-coating of a chlorobenzene solution of a de-
rivative 1 on ITO undergoes 2D-layer stacking through 
interaction of the aromatic ring and the diester groups, 
forming a film made of crystalline stacks (Figures 1e). In 
contrast, derivative 4, possessing racemic 2-butyl groups, 
forms an oriented, yet non-crystalline film. Grazing-Inci-
dence wide-angle X-ray scattering (GIWAXS) measure-
ments on the film of 1, juxtaposed with its single-crystal 
packing, confirmed a uniaxial orientation on the ITO sub-
strate (Figure 1g). Similar uniaxial orientation structures 
were also observed in other derivatives such as 2, 5, and 
6. We investigated their performance as HIL for PVQD-
LEDs (Figure 1f), where we coated a few-nm thick fluor-
ous film of CYTOPTM between the HIL of BDPCO 1 and 
a hole-transporting layer (HTL) of amorphous poly-TPD 
(poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)-benzi-
dine) to increase reproducibility.35-36 Notably, the device 
using a crystalline film of BDPCO derivative 1 as the 
HIL, displaying green luminescence (maximum of 4526 
cd/m² among several runs, FWHM = 25 nm), outper-
formed both the device made from its amorphous coun-
terpart and the reference device (2008 cd/m²) using amor-
phous PEDOT:PSS (cf. Figure 1a). This underscores the 
superior hole injection/transfer abilities of crystalline 
HILs from ITO to HTL. These findings illustrate that a 
suitable binary molecular design can facilitate the for-
mation of highly oriented crystals on an ITO substrate, 
thereby achieving efficient hole injection and transport.  

 
Figure 2. Fifteen BDPCO derivatives synthesized and their basic 
characterizations. The check-marked compounds were examined in 
detail, which cross-marked ones were not.  

RESULTS AND DISCUSSION 
Synthesis and Characterization of BDPCOs. BDPCOs 
were synthesized in two steps. First, the 2,3,6,7-tetra-
phenylbenzo[1,2-b:4,5-b′]dipyrrole core (BDP) was pro-
duced on a 20-gram scale using a well-established cou-
pling reaction between p-phenylenediamine and ben-
zoin.37 Note that various other derivatives are available 
by the use of synthetic methods that we reported re-
cently.38-39 Subsequently, an SN2 reaction was conducted 
with alkyl-bromoacetate to introduce ester groups on the 
nitrogen atoms (Figure 3a). Employing various alkyl bro-
moacetates, we prepared BDPCO derivatives with a total 
of 14 variants. This includes linear alkyl groups ranging 
from methyl to butyl, branched alkyl groups such as 2-
buthyl, and cycloalkyl groups from cyclopentyl to cy-
clooctyl, and 1-adamantyl groups. More than half of these 
compounds afforded X-ray quality single crystals, and 
molecules 1-6, which formed a characteristic ordered 
structure on ITO as revealed by GIWAXS analysis, were 
further studied for their performance as HIL in QD LED 
devices. The butyl ester 7 and the cycloheptyl ester 12 
showed the same crystal packing structure as propyl 3 and 
cyclooctyl esters 6, respectively, and hence were not stud-
ied further (see chapter 2 of the SI).   
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Figure 3. Synthesis and structures of BDPCOs. (a) Syn-
thesis of BDPCOs. (b) HOMO and LUMO of BDPCO 1 
determined at the B3LYP/6-31G(d) level. 
 
The HOMO and LUMO of BDPCO 1 are fully delocal-
ized over the entire BDP core (Figure 3b), with HOMO 
level of 1 determined by photoelectron yield spectroscopy 
(PYS) lies 5.40 eV. The photoemission and absorption 
spectra of 1 in CH2Cl2 showed an emission peak at 410 
nm and a bandgap of 3.4 eV (Figure S17). Differing only 
for the ester groups, all compounds show largely the same 
frontier orbital properties as indicated by DFT calcula-
tions, which are shown in the Supporting Information 
(Figure S12). The HOMO and band gap data suggest that 
the choice of the ester group negligibly affects the 
BDPCO core's electronic properties, while significantly 
impacts molecular packing in the crystal and subsequent 
HIL performance as discussed below. These molecule-
level properties parallel those of previously studied con-
geners, which bear two racemic alkyl sulfonate side 
chains replacing the ester side chains of BDPCO, and cre-
ate an efficient amorphous HTL for perovskite solar cell 
devices.40-41 
BDPCOs 1–6 show adequate solubility as spin-coated on 
ITO with halogen-containing organic solvents such as di-
chloroethane, chloroform, and chlorobenzene (Figure 
S15), the parent BDP compound without ester units do 
not, highlighting the ester groups' critical role in improv-
ing device processability. All BDPCOs proved thermally 
stable up to 200℃, as confirmed by thermogravimetric 
analysis (see Figure S18).   

Assembly Characteristics in the BDPCO Thin Films. 
To decipher the crystal orientations on the ITO substrate, 
we simulated the GIWAXS diffraction patterns of the uni-
axially oriented crystalline film using the single-crystal 
X-ray structures of the BDPCOs. The GIWAXS images 
of 1,2,5, and 6 (Figure 4) showed several well-defined 
diffraction spots, indicative of ordered assembly with an-
isotropic molecular packing on the ITO plane, suggesting 
that the film consists of crystalline molecules with a sin-
gle specific orientation. Thus, we deciphered the orienta-
tions of molecular assembly in the crystalline thin films 
of BDPCOs 1, 5, and 6 as presented in Figures 4a, b, and 
c. High resolution 2θ-θ XRD data is also employed to 
determination of orientation of nearly-cubic 5 (Figure 
S16). Although the ethyl ester derivative (BDPCO 2) 
formed a uniaxially oriented film as indicated from the 
GIWAXS data (Figure 4k), it did not align with the sole 
single crystal packing structure we obtained (Figure 4j). 
Given the discovery of two polymorphs isolated by re-
crystallization of the propyl ester (BDPCO 3), it is plau-
sible that the polymorph of the ethyl ester 2 grown on the 
ITO substrate differs from the one obtained via solution-
phase recrystallization. 

 
Figure 4. X-ray analyses of crystalline BDPCOs. Crystal 
packing structures of (a) 1 (b) 5 (c) 6 (j) 2. GIWAXS anal-
ysis of BDPCO films (d) 1 (e) 5 (f) 6 spin-coated onto 
ITO substrates. Structure of the molecular assembly of (g) 
1, (h) 5, (i) 6 in the film state determined by X-ray anal-
yses  
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Notably, BDPCOs 1, 2, 5, and 6 displayed distinct crys-
tallization manners—1 as slip-stack, 2 as face-to-edge 
herringbone arrangement, and 5 and 6 forming face-to-
face herringbone structures. Each compound, in particu-
lar, 1, 5, and 6 exhibited unique assembly patterns on the 
ITO substrate. The crystal packing of the cyclooctyl ester 
(BDPCO 6) is particularly noteworthy, where the BDP 
core is flanked by CH/π-interactions (indicated by blue 
lines) with two cyclooctyl groups from adjacent BDPCO 
molecules. This configuration effectively prevents the 
BDP core from directly interacting with neighboring π-
systems, thereby inhibiting unwanted aggregation and 
precipitation. Despite the varying crystal packing and lo-
cal environments of the BDP π-systems, QD-LED de-
vices incorporating BDPCOs 1, 2, 5, and 6 consistently 
outperformed those using less oriented crystals of BDP-
COs 3 and 4, with the results and implications of this ob-
served in subsequent device performance analyses. 

 
Figure 5. Crystallographic and film-state analysis of 3 
and 4. (a) (b) Crystal structures of the two polymorphs of 
3. Single-molecular structures are shown with Oak Ridge 
thermal ellipsoid plot (ORTEP) drawing with thermal el-
lipsoids set to 50% probability. Hydrogen atoms are omit-
ted for clarity. (c) GIWAXS analysis of 3. (d) GIWAXS 
analysis of 4. 
 
In all films studied, a recurring theme in molecular as-
sembly was noted, where the π-planes align within the 
plane of the 2D molecular structure, facilitated by ester 
units. This orientation enhances in-plane interactions 

through electrostatic dipole and/or π-stacking interac-
tions (Figure 4 g-i). In contrast, the interactions occurring 
out-of-plane among these 2D molecular assemblies in-
volved comparatively weaker CH-π interactions between 
the benzene rings encircling the BDP core (1 and 6) or 
alkyl groups at ester units (5). This observation indicates 
that the spontaneous self-assembly of BDPCOs is pre-
dominantly influenced by a hierarchical sequence of 
stacking interactions.  

 
Figure 6. AFM images of spin-coated compound 1. (a) As spin-
coated using chlorobenzene solution. (b) After thermal annealing 
at 130 °C. (c) As spin-coated using chloroform solution. (d) After 
thermal annealing at 60 °C.  

Atomic Force Microscopy (AFM) analysis of the film of 
BDPCO 1 revealed that the films comprise crystals meas-
uring 20–30 nm in thickness and approximately 100 nm 
in width, indicating larger in-plane dimensions and 
smaller out-of-plane dimensions (Figure 4). This struc-
tural aspect suggests that the horizontal alignment of the 
stronger interactions between ester units, combined with 
the vertical arrangement of the weaker CH-π interactions, 
serves to minimize the overall energy within the crystal. 
Consequently, this arrangement facilitates enhanced hole 
injection from the ITO substrate and efficient hole trans-
fer to the HTL through the interdigitated HIL/HTL inter-
face (Figure 1g). Moreover, the in-plane interactions in-
clude two-fold hydrogen bonds, with a bond length of 
2.36Å, between adjacent ester units in BDPCO 2, and 
three-fold CH-π interactions in BDPCO 6. These interac-
tions occur between the two cyclooctyl groups and the 
central benzene ring of the BDP core, contributing further 
to the observed molecular assembly and device perfor-
mance, as above discussed.  In contrast to other BDPCOs, 
the GIWAXS pattern of BDPCO 3 featured numerous 
asymmetrically distributed circular spots, as seen in Fig-
ure 5c. This pattern suggests the simultaneous growth of 
two different polymorphs, a hypothesis that was con-
firmed when recrystallization from a CH2Cl2/EtOAc so-
lution resulted in the concurrent formation of two poly-
morphs. This phenomenon is attributed to C–C bond ro-
tational isomers in the propyl chains, as illustrated in Fig-
ures 5a and b. BDPCO 4, on the other hand, exhibited a 
unique behavior. Its GIWAXS image showed crescent-
shaped patterns (Figure 5d), indicative of local molecular 
disorder. This disorder is believed to be caused by the ra-
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cemic 2-butyl side chains, which lead to a 1:1 diastereo-
meric mixture that interferes with crystallization. At-
tempts to crystallize BDPCO 4 using a CH2Cl2/EtOAc bi-
layer system, a method that typically facilitates the for-
mation of large crystals (over 200 μm) in other BDPCO 
derivatives, were unsuccessful. This indicates the notably 
low crystallinity of BDPCO 4. Conclusively, the molecu-
lar assembly observed in the film state can be effectively 
modulated by alterations to the alkyl chains of the ester 
groups. These modifications directly influence the pre-
ferred packing geometry and types of intermolecular in-
teractions, which in turn have significant implications for 
the performance of LED devices. These findings and their 
impact on device performance will be further explored in 
the subsequent sections. 
PVQD-LEDs using BDPCO as HIL. The structural 
characteristics and crystallinity of BDPCO diesters on 
ITO surfaces are considerably affected by the specific es-
ter group attached. As described above, the presence of 
propyl groups in BDPCO 3 and racemic 2-butyl groups in 
BDPCO 4 hinders the formation of oriented crystals on 
the ITO substrate. However, the impact of these ester 
groups on the molecular level properties of the BDPCO 
molecules, the photophysical properties and molecular 
orbitals (MO), is minimal. Given these findings, we were 
compelled to investigate the correlation between crystal 
packing in BDPCOs and the performance of LEDs where 
BDPCOs serve as HILs. We posited that well-ordered 
crystal structures would facilitate enhanced hole injection 
due to their clearly defined pathways for charge carriers, 
as illustrated in Figure 1g. Additionally, the rough surface 
texture of the film, as revealed by AFM analysis, was an-
ticipated to create an efficient interdigitated interface with 
the HTL coated over the HIL. This interface is expected 
to further improve the overall performance of the LEDs. 
To validate our hypotheses, we incorporated BDPCOs 
into a PVQD-LED device. These devices present several 
benefits compared to their organic LED counterparts, no-
tably in terms of superior brightness, dynamic range, and 
color purity. Additionally, PVQD-LEDs hold a potential 

advantage over chalcogenide-based QD LEDs due to 
their compatibility with low-temperature, solution-pro-
cessed QD synthesis. This compatibility makes PVQD-
LEDs a promising candidate for the efficient and scalable 
production of high-performance devices.42-43  
To validate our hypotheses, we incorporated BDPCOs 
into a PVQD-LED device. These devices present several 
benefits compared to their organic LED counterparts, no-
tably in terms of superior brightness, dynamic range, and 
color purity. Additionally, PVQD-LEDs hold a potential 
advantage over chalcogenide-based QD LEDs due to 
their compatibility with low-temperature, solution-pro-
cessed QD synthesis. This compatibility makes PVQD-
LEDs a promising candidate for the efficient and scalable 
production of high-performance devices.42-43  
Leveraging these process advantages, our objective was 
to develop highly luminous PVQD-LED devices. In the 
forthcoming sections, we will delve into the detailed ar-
chitecture of these devices and the performance outcomes 
of PVQD-LEDs that utilize BDPCOs as HIL. This dis-
cussion will provide insight into the effectiveness of 
BDPCOs in enhancing device performance and their po-
tential implications for future LED technology develop-
ments.  
For our investigation, we chose green-emitting PVQD-
LED devices (Figure 7b) with a well-established device 
architecture: ITO/HIL (25~35 nm)/poly-TPD (25 
nm)/CsPbBr3 green QD (40 nm)/TPBi (30 nm)/Ag (100 
nm) (Figure 7a).1  Commercially available QD powder 
from Quantum Solutions Co. was used for this study. To 
set a benchmark, we used a standard HIL material, 
PEDOT:PSS,44-45 and compared the performance of 
BDPCO thin films against it. In devices with only poly-
TPD and no HIL, we observed a luminance of 826 ± 155 
cd/m2. Devices with PEDOT:PSS as the HIL and poly-
TPD as the HTL showed a luminance of 2008 ± 156 cd/m2. 
The PVQD-LEDs used in this work all showed sharp 
green electroluminescence (515 nm) with FWHM of 25 
nm.  
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Figure 7. Investigation of PVQD-LED devices.  (a) Energy level alignment of the PVQD-LED devices in this study.  (b) 
The electroluminescent spectrum of a PVQD-LED device using 1. (c) Maximum luminance (d) L-V curves (e) J-V curves 
(f) EQE of the devices using different HIL. The BDPCO films were spin-coated from chlorobenzene solution except 
specifically noted in the parentheses. 
 
 
We formed the HIL/HTL layer in three stage (Figure 1g) 
first by spin-coating a chlorobenzene solution of BDPCO 
followed by annealing at 130 °C. We then coated a thin 
CYTOP layer on the HIL to reduce the standard deviation 
of the luminance values. Our previous reports indicated 
that CYTOP as thin as 1 nm thickness can stabilize the 
nano interface without affecting the device perfor-
mance,46-47 the fact that has been corroborated by various 
studies since then,48-49 and the onset voltage observed for 
all BDPCO examined was approximately 6.5 V. The im-
pact of incorporating BDPCO as the HIL on the PVQD-
LED device performance will be discussed in the next 
section. The devices using a crystalline film of 
BDPCO/poly-TPD as the hole injection layer demon-
strated uniformly better performance than the one using 
amorphous HIL. The devices using crystalline BDPCOs 
1 showed the highest luminance, reaching 4205 ± 285 
cd/m2, and those using 2 showed a comparable lumi-
nance, reaching 4067 ± 226 cd/m2. These values are ap-
proximately twice as high as those achieved by the device 
using PEDOT-PSS/poly-TPD (2008 cd/m2). The lumi-
nance data recorded for crystalline films of BDPCOs 5 
and 6 were slightly lower, at 3548 ± 258 cd/m2 and 3620 

± 332 cd/m2, respectively, possibly suggesting the ad-
verse effects of insulating alkyl groups in these com-
pounds.  

CONCLUSION 
Our research introduces a binary molecular design, in-

tegrating a planar benzodipyrrole (BDP) core with two 
strategically selected ester groups, each adorned with 
suitable alkyl chains. This innovative design facilitated 
the successful development of bright PVQD-LEDs using 
orderly crystalline films of BDP core-ester compounds as 
HILs. Our comprehensive analysis highlighted that the 
specific structure of the ester group profoundly influences 
the film morphology. Certain derivatives yielded highly 
crystalline films, while others resulted in films that were 
oriented yet non-crystalline or even amorphous. Notably, 
PVQD-LEDs equipped with a crystalline BDPCO-based 
HIL demonstrated superior luminescence when compared 
to reference devices employing amorphous BDPCO or 
PEDOT: PSS as the HIL. These findings underscore the 
inherent advantages of crystalline materials over their 
amorphous counterparts and indicate that these benefits 
can be effectively leveraged through the meticulous de-
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sign of solution-processable organic materials. Our bi-
nary molecular design strategy offers a versatile approach 
to this end, paving the way for the advancement of inno-
vative materials tailored for electronic device applica-
tions. 
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