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Transferred Chiroptical Transitions in Chiral Binaphthyl
/𝝅-Conjugated Polymer Hybrid Films: Significance of
Aromatic Solvent-Mediated Co-Crystallization
Hanna Lee, Wassie M. Takele, Jong Ik Kwon, Changsoon Choi, Danbi Kim, Jeong Ho Cho,
Terefe G. Habteyes, and Jung Ah Lim*

For advancing next-generation optoelectronics, a versatile strategy for
fabricating 𝝅-conjugated polymer (𝝅-CP)/chiral-small molecule (SM) hybrid
films through co-crystallization-mediated chirality transfer is reported. The
transfer of optical chirality from 1,1′-binaphthyl–2,2′-diamine (BN), a
representative chiral inducer SM, to thin films of various achiral 𝝅-CPs,
including non-fluorene 𝝅-CPs, is achieved by simply blending the 𝝅-CPs with
BN using aromatic organic solvents. The resulting 𝝅-CP/chiral-SM hybrid
films exhibit chiroptical responses at the main electronic absorption bands of
various 𝝅-CPs. Studies of the morphology, crystalline structure, and
phase-separation structure of a representative hybrid system of
poly(3-hexylthiophene) (P3HT) and BN reveal that these hybrid films exhibit a
characteristic lamellar structure where the 𝝅-CPs co-crystallize with chiral BN
molecules, facilitated by aromatic solvent-assisted intermolecular 𝝅–𝝅
interactions. In-depth photophysical analysis suggests that BN molecules
co-crystallized in the P3HT lamellar structure induce asymmetrically
misaligned transition dipoles along the P3HT conjugated backbone,
transferring optical chirality from BN to P3HT under circularly polarized light
illumination. As a proof-of-concept, chiroptical photodiodes based on
𝝅-CP/chiral-SM hybrid films and printed micropatterns, exhibiting a
distinguishable photocurrent response depending on the direction of
circularly polarized light are successfully demonstrated.

H. Lee, D. Kim, J. A. Lim
Soft Hybrid Materials Research Center
Korea Institute of Science and Technology
Seoul 02792, Republic of Korea
E-mail: jalim@kist.re.kr
H. Lee,D. Kim, J.H.Cho
Department of Chemical andBiomolecular Engineering
YonseiUniversity
Seoul 03722, Republic of Korea

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202409982

© 2024 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002/adfm.202409982

1. Introduction

The development of chiral optoelec-
tronic materials capable of interacting
with circularly polarized light (CPL) has
gained significant attention as a key tech-
nology for propelling next-generation
optoelectronic technologies. In particular,
anisotropic opto-magnetic interactions
of semiconducting materials with CPL
enable optoelectronic devices to control
the electron’s nature of charges, light,
and spin, opening up new possibilities
in opto-magnetic, spin, and quantum-
based electronics for various applications,
such as quantum computing, spintron-
ics, cryptography, 3D and bio-imaging,
displays, and pharmaceuticals.[1–6] Recent
advances in solution-processable chiral
nanomaterials, such as metal or inor-
ganic nanoparticles,[7] small conjugated
molecules,[8–10] conjugated polymers,[11,12]

and halide perovskites,[13,14] facilitate
the easy fabrication of chiral optoelec-
tronic devices. This approach has become
highly promising to overcome the cur-
rent limitations of miniaturization and
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integration by bulky optical components, such as linear polariz-
ers and quarter-wave plates, which are commonly used to gener-
ate or respond to CPL.[15,16]

Among the various chiroptical nanomaterials, chiral 𝜋-
conjugated polymers (chiral 𝜋-CPs) have emerged as a leading ad-
vancement in the field of organic electronics owing to their char-
acteristics, including ease of uniform thin-film formation, excel-
lent optical and electrical properties, and compatibility with flexi-
ble, large-area-device architectures, making them a compelling
choice to extend the era of future chiral optoelectronics.[17,18]

To impart chiroptical activity to 𝜋-CPs, induction of the rotated
charge displacement in the 𝜋-CP in the photoexcitation state
is required. One of the important features of chiral 𝜋-CPs is
that their chiroptical response can be transferred or amplified
through exciton coupling in the dissymmetrical or twisted stack-
ing of 𝜋-conjugation building blocks.[19,20] To date, three primary
approaches have been primarily explored to implement chiral
𝜋-CPs: i) The first basic approach involves incorporating chiral
functional groups into the conjugated backbone or side chains of
𝜋-CPs.[17,21] This approach manifests the chiroptical response of
𝜋-CPs. However, optimizing the synthesis of the desired molec-
ular structure and the optoelectronic properties of their thin-film
structures for the realization of high-performance chiroptical de-
vices requires considerable effort. ii) As a simple approach, the
use of chiral organic solvents, such as (R or S)-limonene[22,23]

and (1R or 1S)-𝛼-pinenes,[24,25] has been demonstrated to gen-
erate chiroptical absorption in achiral 𝜋-CP aggregates. It has
been reported that liquid crystalline polymers, such as poly[(9,9-
dioctylfluorenyl-2,7-diyl)-co-bithiophene] (F8T2), or polymers de-
rived from acetylene with aromatic pendants, exhibit more ef-
fective chirality. However, chirality induction from such chiral
solvents is not universally effective for various 𝜋-CPs. iii) As a
promising alternative strategy, 𝜋-CPs hybrid with chiral small
molecule (𝜋-CP/chiral-SM hybrid) have attracted significant re-
search interest.[26–28] This approach enables the integration of nu-
merous achiral 𝜋-CPs with diverse optical and electrical proper-
ties and the strong chiral activity of naturally occurring or readily
accessible small molecules. Previous literature has demonstrated
the successful creation of 𝜋-CP/chiral-SM hybrid thin films based
on various achiral 𝜋-CPs, including polythiophenes, polyfluo-
renes, acetylene-derived polymers, and benzodithiophenedione-
based polymers, by blending them with various chiral small
molecules, such as binaphthyl derivatives, helicene derivatives,
and amino acids.[29–31] Recent advancements in CPL-sensing
photodetectors[26,32–34] and circularly polarized organic light-
emitting diodes[35–38] utilizing 𝜋-CP/chiral-SM hybrid thin films
have highlighted the potential of these materials for chiral op-
toelectronic devices. Despite the importance of research on chi-
ral 𝜋-CP hybrid materials for the development of chiral optoelec-
tronic devices, a fundamental understanding of how the chiral-
ity of small molecules can be transferred to achiral 𝜋-CPs in 𝜋-
CP/chiral-SM hybrid systems has not yet been fully elucidated.
In previous research on supramolecular self-assembly stud-

ies, there have been extensive demonstrations regarding the
transfer of chirality from the helical building blocks of chiral
molecules to achiral 𝜋-conjugated molecules.[39] It is evident
that the co-assembly of 𝜋-conjugated molecules via diverse non-
covalent interactions, including interamide interactions,[40] co-
operative hydrogen bonds,[41] chain interdigitation,[42] or 𝜋–𝜋

stacking interactions[43] can induce the twisted or helical as-
sembly of 𝜋-conjugated cores, leading to new chiroptical elec-
tronic transitions in achiral 𝜋-conjugated molecules. However,
compared to supramolecular chirality transfer, studies on the
molecular-level origin of chiroptical responses from achiral 𝜋-
CPs in 𝜋-CP/chiral-SM hybrids have been rarely reported. The
morphologies or crystalline structures of 𝜋-CP/chiral-SM hybrid
films do not resemble mesoscopic helixes or twisted structures,
making it challenging to elucidate whether the chirality induc-
tion in 𝜋-CP/chiral-SM hybrid films originates from the struc-
tural twist assembly of the 𝜋-CP backbone. Recently, Wade et al.
proved through comparison with the simulation of optical activ-
ity that the strong chiroptical responses of 𝜋-CP/chiral-SM hy-
brids based on the blend of polyfluorenes and helicene chiral ad-
ditives may stem from in-plane helical modulation of polymer
fibrils in a double twist cylinder-type blue phase.[30] Recently,
Song et al. demonstrated that blends of the binaphthyl chiral
molecules with the 𝜋-CP incorporating fluorene moiety formed
supramolecular helices of 𝜋-CP, leading to columns with their
long axis aligned in the in-plane direction.[26] In this study, bi-
naphthyl chiral molecules served as templates for helical stacks
of polymer chains rather than forming complexes with the poly-
mer chains. Consequently, the strong chiroptical response of the
hybrid film was retained after the removal of binaphthyl chi-
ral dopants through thermal annealing. However, previous stud-
ies have primarily focused on hybrids of polyfluorenes, and the
mechanism by which chiral molecules induce helical stacks of 𝜋-
CP remains unclear. Furthermore, no versatile strategies for in-
ducing chiroptical responses in non-fluorene 𝜋-CPs via hybrids
of chiral small molecules have been proposed thus far.
In this regard, although poly(3-alkylthiophene) (P3AT) is one

of the most well-known and intensively studied 𝜋-CP semicon-
ductors for various organic electronic devices, chiroptical elec-
tronic transitions in P3AT thin films through simple blending
with chiral additives have rarely been reported. The chiropti-
cal activity of polythiophenes has been achieved by substitut-
ing alkyl sidechains with enantiopure moieties[44,45] or carboxy-
lated alkyl sidechains for suspension blending with chiral cellu-
lose nanocrystals, as reported previously.[46] For example, a blend
of achiral carboxylic acid functionalized poly(3-alkylthiophene)
(P3CT) and chiral binaphthyl molecules was used to fabricate
chiroptical polythiophene thin films.[47] The chiroptical response
of binaphthyl molecules was amplified by forming a vertically
phase-separated bilayer structure; however, the optical chirality of
binaphthyl molecules was not transferred to P3CT, as evidenced
by the absence of chiroptical response at the main absorption
band of P3CT.
In this study, we proposed a versatile strategy for fabricating 𝜋-

CP/chiral-SM hybrid films based on co-crystallization-mediated
chirality transfer using 1,1′-binaphthyl-2,2’-diamine (BN), a rep-
resentative chiral small molecule. Chiral binaphthyl derivatives
are well-known enantiomers used in various applications that ex-
hibit a preference for highly rigid planar conformations based
on the anchored dihedral angle of their binaphthyl group.[48–51]

This structural characteristic facilitates the amplification of in-
trinsic molecular chirality and enhances their chirality induction
ability.[37,52,53] A key finding of this work is that the 𝜋-CP/chiral-
BN hybrid films exhibit chiroptical responses at each primary
electronic absorption band of various achiral 𝜋-CPs when simply
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Figure 1. a) Chemical structures of a chiral molecule (1,1′-binaphthyl–2,2′-diamine (BN)) and achiral 𝜋-conjugated polymer (poly(3-hexylthiophene)
(P3HT)) and a schematic illustration of the fabrication of P3HT/BN hybrid film using chloroform (CF) or chlorobenzene (CB). Solvent-dependent chirality
transfer in the P3HT/BN hybrid was observed. b,c) Circular dichroism (CD) spectra (top) and normalized optical absorption (bottom) of P3HT/BN hybrid
film using CF (P3HT/BN-CF, b)) and CB (P3HT/BN-CB, c)). The shaded area is the primary absorption band of P3HT. d–e) Polarized optical microscopy
(POM) images of P3HT/BN-CF (d) and P3HT/BN-CB (e) films (polarization angle = 90°, scale bar = 20 μm).

blending the 𝜋-CPs with BN especially using aromatic organic
solvents. Studies on the morphologies, crystalline, and phase-
separation structure of a representative hybrid system of poly(3-
hexylthiophene) (P3HT) and BN, revealed that these 𝜋-CP/chiral-
SM hybrid films have a characteristic lamellar structure where
the 𝜋-CPs are co-crystallized with chiral BN molecules by aro-
matic solvent-assisted intermolecular 𝜋–𝜋 interactions. Based on
the photophysical analysis, we found that 𝜋–𝜋 interactions of aro-
matic CB molecule with P3HT might hinder the formation of
P3HT aggregation, enhancing co-crystallization of BN and P3HT
backbone. The result suggested that the adjacent BN molecules
interacting with the P3HT chain induce the asymmetric mis-
aligned transition dipoles along the P3HT backbone, resulting in
the transfer of optical chirality from BN to P3HT. The chiroptical
photodiodes based on 𝜋-CP/chiral-SM hybrid films were demon-
strated, showing a distinguishable photocurrent difference ac-
cording to the circular polarization direction of the incident light.

2. Results and Discussion

Figure 1a shows a schematic of the preparation of chiroptical BN
and P3HT hybrid films, referred to as P3HT/BN hybrid films,
which have been studied as representative model systems for 𝜋-
CP/chiral-SM hybrid films. Figure 1b,c show the circular dichro-

ism (CD) spectra of P3HT/BN hybrid films spin-cast from a
blended solution with two different chlorinated solvents, chloro-
form (CF) and chlorobenzene (CB), both of which tend to dis-
solve the P3HT and BN molecules. The P3HT/BN hybrid film
prepared using the CF solution (P3HT/BN-CF) exhibited a CD
response only from the BN additives in the absorption range of
200–360 nm. In contrast, the P3HT/BN film coated with the CB
solution (P3HT/BN-CB) exhibited a mirror-imaged signal corre-
sponding to the chirality of BN in the 200–650 nm absorption
band with a strong Cotton effect at 540 nm, corresponding to
the main optical transitions in P3HT (shaded area). This spec-
troscopic evidence confirmed chirality transfer from BN to achi-
ral P3HT, wherein the photoexcited state of P3HT splits into two
exciton levels induced by hybridization with chiral BN. An in-
crease in the chirality-transferred CD response of the P3HT/BN-
CBfilmswith higher BN contents is observed, as shown in Figure
S1 (Supporting Information). The maximum BN content in this
hybrid was limited to 33 wt.%, owing to the incomplete dissolu-
tion of BN, which led to precipitation when the BN content ex-
ceeded this threshold. The absorption dissymmetry factor (gabs)
of P3HT/BN-CB film is ≈3.8 × 10−3 at 473 nm (Figure S1a, Sup-
porting Information), which falls within the typical range of 10−4

to 10−0 observed in previously reported chiroptical 𝜋-CP thin
films.[54–57] We confirmed that this chiroptical response was not
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attributed to macroscopic anisotropies, such as birefringence or
linear dichroism. Negligible differences are observed in the CD
spectra when the films are viewed from the front and back or
when the azimuthal angle of the sample is rotated around the
optical axis of the incident light (Figure S2, Supporting Informa-
tion).
Notably, this solvent-dependent chirality transfer in the

P3HT/BN hybrid was only observed in the solid film. The CD
spectra of the blended solutions are identical to those of the BN-
only solutions (Figure S3, Supporting Information). The CD cou-
plet of 1,1′-binaphthyl derivatives is dependent on the torsion an-
gle of the dihedral link, influencing the electronic transitions and
coupling between the 𝜋 and 𝜋

* transitions of the molecule.[58–60]

This finding implies that the rotational charge displacement in
the photoexcited BN molecules did not change after blending
with P3HT in a well-dissolved solvent. However, different from
the CD response of the P3HT/BN-CF film, which is nearly iden-
tical to that in its solution state, a different coupling signal for
BN was observed for the P3HT/BN-CB hybrid film. This result
indicates that the transition dipoles of BN molecules definitely
changed only when the P3HT/BN hybrid film was fabricated us-
ing CB solvent. The rotational transition dipole moments were
newly generated in the photoexcited P3HT phase by intermolec-
ular interactions with BN.
Figure 1d,e shows the cross-polarized optical microscopy

(POM) images of the P3HT/BN-CF and P3HT/BN-CB films, re-
spectively. In contrast to the P3HT/BN-CF film, which did not
exhibit any response under cross-polarized light, the P3HT/BN-
CB film exhibited a characteristic extinction pattern with a 4-
fold symmetry, known as the Maltese cross pattern. This find-
ing indicates the formation of polymer spherulites with op-
tically anisotropic crystalline lamellar structures,[61–63] particu-
larly in P3HT/BN-CB films, which exhibit chiroptical transitions
induced in P3HT. Because the P3HT-pristine films spin-cast
from the CB solution usually did not show such spherulitic-
birefringence, we can rationalize that the hybrid with BN in
the CB solvent resulted in lamellar crystallization of P3HT dur-
ing the spin-coating process. Notably, this solvent-dependent chi-
rality transfer and spherulite structure development were also
observed in blade-coated films, indicating that it is not an ef-
fect of the spin-casting process (Figure S4, Supporting Infor-
mation). We found that these morphologies extend through-
out the entire film thickness, as demonstrated by the POM im-
ages of both the front and back sides of P3HT/BN-CB coated
on quartz (Figure S5, Supporting Information). In addition, the
POM images of P3HT/BN-CB did not exhibit 2D-ring banded
periodic extinction patterns, indicating the absence of twisted
lamellar alignment.[62] Instead, it can be explained that con-
tinuous radial packing of P3HT lamellar with varied orienta-
tions was formed in the P3HT/BN-CB hybrid film.[64] More-
over, the formation of these spherulitic patterns, based on the
lamellar organization of polymers, is also known to be influ-
enced by film-forming conditions such as the solvent evapora-
tion rate.[65] To verify the effect of fast evaporation of CF (61 °C)
compared to that of CB (132 °C), further morphological develop-
ment in P3HT/BN-CF hybrid films is examined using slow drop-
casting in a closed jar (Figure S6, Supporting Information). Con-
sequently, no spherulite structures are observed in the P3HT/BN-
CF hybrid film, in which a weaker CD response (more than 10

times) is observed at the absorption transition of P3HT. This find-
ing implies that slow evaporation of the CB solvent may not be
the primary cause of spherulitic crystallization in the P3HT/BN
hybrid. In contrast, the aromatic solvent CB plays a critical role in
inducing lamellar crystallization of P3HT and BN, contributing
to the chiroptical activity of the hybrid films.
To emphasize the significance of the aromatic solvents, vari-

ous aromatic solvents, including toluene, o-xylene (xylene), 1,2-
dichlorobenzene (DCB), tetrahydronaphthalene (tetralin), and
1,2,4-trichlorobenzene (TCB), are tested for the P3HT/BN hybrid
films. Figure 2a–h shows the chiroptical response and POM im-
ages of the P3HT/BN hybrid films cast using various aromatic
solvents with different boiling points. Notably, all films exhibited
a distinct chiroptical response at the optical transition of P3HT
with Maltese cross spherulites in the POM images. The demon-
strated (R)-P3HT/BN hybrid films using the (R)-enantiomer BN,
cast from different aromatic solvents, exhibited a negative Cot-
ton effect at 540 nm, corresponding to themain optical transition
of P3HT, identical to the previously mentioned (R)-P3HT/BN-CB
hybrid film. This consistency implies that the transition dipoles
generated in the chirality-transferred P3HT of the P3HT/BN hy-
brid films were similar regardless of the aromatic solvent used.
These observations verified that aromatic solvents are crucial in
inducing chirality transfer from chiral molecules to achiral 𝜋-CP
and spherulitic crystallization in 𝜋-CP/chiral-BN hybrids. More-
over, using TCB with a high boiling point (214 °C), arrays of
micropatterns were successfully printed using a direct-writing
fluidic dispenser. Figure 2i exhibits circular micropattern arrays
with a diameter of 240 μm, where one spherulite domain ex-
panded from a single nucleus center is formed. To our knowl-
edge, this is the first demonstration of a chiroptically printed mi-
cropattern of 𝜋-CPs films.
To explore the broad applicability of this chirality transfer strat-

egy, hybrids with chiral BN are fabricated using various achiral
𝜋-CPs, which have been extensively studied for use in organic op-
toelectronic devices (Figure 3a). These polymers include poly(9,9-
di-n-octylfluorenyl-2,7-diyl) (PFO),[66] which is a light-emitting
material for high-efficiency OLED devices, and poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl][3-fluoro-
2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7),[67]

recognized for donor-acceptor type semiconductor polymer with
superior light absorption properties in organic photovoltaics, and
poly[(2,5-bis-(2-octyldodecyl)−3,6-bis-(thien-2-yl)-pyrrolo[3,4-
c]pyrrole-1,4-diyl)-co-(2,2′-(2,1,3-benzothiadiazole)]−5,5′-diyl)]
(P(DPPTBT)),[68] characterized by a diketopyrrolopyrrole-
based copolymer exhibiting a low bandgap and high mobility.
Figure 2b–d shows the CD spectra of the PFO/BN, PTB7/BN,
and P(DPPTBT)/BN hybrid films prepared using the aromatic
solvent toluene. All hybrid films prepared using toluene exhib-
ited distinct chirality-transferred optical transitions, exhibiting
designated CD signals at each primary absorption band (shaded
area) of the 𝜋-CPs. Interestingly, these chiroptical hybrid
films based on various 𝜋-CPs exhibit Maltese-cross spherulite
morphologies, as shown in Figure 3e–g of the POM images.
Conversely, when the CF solvent is used, no chirality transfer
occurs to the 𝜋-CPs and Maltese-cross spherulite (Figure S7,
Supporting Information). This solvent-dependent chirality trans-
fer and crystallization behavior were consistent with the findings
in the P3HT/BN hybrid films, as described above. Furthermore,

Adv. Funct. Mater. 2024, 2409982 2409982 (4 of 14) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202409982 by The U
niversity O

f N
ew

 M
exico, W

iley O
nline Library on [03/10/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 2. a–d) CD spectra of P3HT/BN hybrid films using toluene (P3HT/BN-toluene, (a)), o-xylene (P3HT/BN-xylene, (b)), 1,2-dichlorobenzene
(P3HT/BN-DCB, (c)) and tetrahydronaphthalene ((P3HT/BN-tetralin, (d)) fabricated using spin-castingmethod. e–h) POM images of P3HT/BN-toluene
(e), P3HT/BN-xylene (f), P3HT/BN-DCB (g) and P3HT/BN-tetralin (h) (polarization angle = 90°, scale bar = 20 μm). i) POM image of P3HT/BN hy-
brid films fabricated using spin-casting method (I). OM (top of II) and POM image (bottom of II) of P3HT/BN printed droplets using a direct-writing
fluidic dispenser (II), which obtains 240 μm circular micro-patterns. 1,2,4-trichlorobenzene (TCB) with a high boiling point (214 °C) is used as a solvent
(polarization angle = 90°, scale bar = 100 μm).

the circular micropattern printing was also successfully achieved
with P(DPPTBT)/BN hybrid using TCB solvent, as shown in
Figure S8 (Supporting Information). This result indicates that
the 𝜋-CP/chial-SM hybrid strategy can be applied to achieve
chiroptical activity in a diverse range of 𝜋-CP materials. Further-
more, spherulitic crystallization is essential to transferring the
chiroptical activity of achiral 𝜋-CPs in the hybrid films, which
can be significantly affected by the use of aromatic solvents in
the solution hybrid process.
To gain a comprehensive understanding of the formation

of spherulite structure and the resulting chiroptical response
in 𝜋-CP/chiral-BN hybrid films, we specifically conducted fo-
cused research on P3HT/BN hybrid films. First, the surface
morphologies of the P3HT/BN hybrid films were analyzed us-
ing atomic force microscopy (AFM). As shown in Figure 4a–c,
the P3HT/BN-CF film exhibits a featureless, smooth surface
(root-mean-square surface roughness of 1.3 nm), whereas the
P3HT/BN-CBfilm shows a spherulite structure comprising inter-

connected nanogranules that radially extend from the nuclei cen-
ter. The size of the nanogranules was ≈360–450 nm, as observed
in the scanning electron microscopy image (Figure S9, Support-
ing Information). The magnified image shown in Figure 4c re-
veals that this nanogranule is an aggregate of a layered lamel-
lar with a step height of≈1.8 nm, consistent with the well-known
interlamellar distance of P3HT stacking.[69] To elucidate the
chemical composition inside the nanogranules of the P3HT/BN
hybrid film, we visualized localized BN using scattering-type
scanning near-field optical microscopy (s-SNOM).[70] As shown
in the Fourier transform infrared (FT-IR) spectra (Figure S10,
Supporting Information), the absorption at 1616 cm−1, corre-
sponding to the N–H stretching vibration, was observed only in
BN. Therefore, a higher phase shift can be observed when the
metalized AFM probe interacts with the BN component at an ex-
citation frequency of 1616 cm−1, resulting in the visualization of
the BN-rich phase (red) and P3HT-rich phase (blue) in phase im-
ages ((ii) of Figure 4d,e). The specific interaction-driven phase
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Figure 3. a) Chemical structures of the chiral molecule (BN) and achiral 𝜋-conjugated polymers (poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO), poly[[4,8-
bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7), and poly[(2,5-bis-(2-
octyldodecyl)−3,6-bis-(thien-2-yl)-pyrrolo[3,4-c]pyrrole-1,4-diyl)-co-(2,2′-(2,1,3-benzothiadiazole)]−5,5′-diyl)] (P(DPPTBT))) b–d) CD spectra (top) and
optical absorption (bottom) of hybrid films fabricated by simply blending the achiral 𝜋-conjugated polymers with BN using an aromatic organic solvent
of toluene. PFO (PFO/BN, (b)), PTB7 (PTB7/BN, (c)), and P(DPPTBT) (P(DPPTBT)/BN, (d)) are used as achiral 𝜋-conjugated polymers. The shaded
area is the primary absorption band of achiral 𝜋-conjugated polymers. e–g) POM images of PFO/BN (e), PTB7/BN (f), and P(DPPTBT)/BN (g) hybrid
films prepared using aromatic solvent, toluene (polarization angle = 90°, scale bar = 20 μm).

shift is verified by comparing different near-field images at an
off-resonance frequency of 1540 cm−1 ((iii) in Figure 4d,e). For
the P3HT/BN-CF film, as shown in Figure 4d, the BN molecules
are uniformly distributed on the smooth film surface. In contrast,
the BN molecules are concentrated at the nanogranules of the
P3HT/BN-CB film, as shown in Figure 4e. This result verifies
that the P3HT and BN co-crystallize into nanogranules when the
CB is used in the film-forming process.
To understand the co-crystallization behaviors of the P3HT/BN

hybrids, the thermal transitions of the films were analyzed us-
ing differential scanning calorimetry (DSC). Figure 5 shows the
DSC thermograms of pristine P3HT, BN, P3HT/BN-CF, and
P3HT/BN-CB, collected from the casted films. P3HT and BN
exhibited single melting transitions (Tm) at 228 and 244 °C, re-

spectively. Notably, a new endothermic transition at 215 °C was
observed for both P3HT/BN-CF and P3HT/BN-CB, which was
lower than the Tm of P3HT and BN. This finding signifies strong
evidence for the presence of a newly generated co-crystalline
phase of P3HT and BN in the hybrid film. In contrast to the pris-
tine P3HT and BN, new exothermic cold crystallization transi-
tions (Tcc) were distinctly observed at 90 °C only for P3HT/BN-
CF. Cold crystallization indicates the presence of amorphous
chains in the quenched state that can readily crystallize at tem-
peratures slightly above the glass transition temperature.[71] This
finding suggests that the presence of BN in the hybrid can en-
hance the crystallization of P3HT, whereas the amorphous P3HT
chains that do not participate in crystallization remain when
the hybrid film is prepared using a CF solvent. In contrast, the

Adv. Funct. Mater. 2024, 2409982 2409982 (6 of 14) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a–b) Atomic force microscopy (AFM) images of P3HT/BN-CF (a) and P3HT/BN-CB (b) hybrid films (scale bar = 1 μm). c) Magnified AFM
images in (b) (scale bar = 200 nm). Insets show its magnified image (top) and height profile obtained from arrows marked in green (bottom). d–e)
Small area scan showing AFM topography i) and IR near-field phase images measured using IR light at an on-resonance frequency of 1616 cm−1 ii) and
an off-resonance frequency of 1540 cm−1 iii) of P3HT/BN-CF (d) and P3HT/BN-CB (e). Line profile of the corresponding topography and IR near-field
phase at 1616 and 1540 cm−1 obtained from arrows marked in beige.

absence of Tcc in P3HT/BN-CB indicated the formation of crystal-
lites in the P3HT/BN-CB film, with a significantly reduced amor-
phous phase compared to that of the P3HT/BN-CF film. The sec-
ond main endothermic transition at 239 °C observed in the sub-
sequent heating process was attributed to the sublimation of the
segregated BN phase in the hybrid. This finding is supported by
the disappearance of the CD response and absorption peak of the
BN when the P3HT/BN-CB film is thermally annealed at 160 °C
for 10 min (Figure S11, Supporting Information). In contrast to
P3HT/BN-CB, P3HT/BN-CF exhibited an endothermic hump at
222 °C, which was attributed to the phase-separated P3HT. This
phase separation is further supported by the two distinct crystal-
lization transitions observed at 171 and 161 °C during the cool-
ing process (see Figure 5b). For P3HT/BN-CB, no endothermic
hump was observed, and a single crystallization transition was
observed at 169 °C during the cooling process, indicating that the
co-crystal was formed without phase separation. Based on these
results, we can conclude that the aromatic CB solvent results in

thermodynamically favorable co-crystallization of BN and P3HT
in the hybrid films, whereas phase separation can occur in the
hybrid film prepared from the CF solvent.
The co-crystalline structure and molecular orientation of the

P3HT/BN hybrid films were investigated using grazing incident
X-ray diffraction (GIXD) analysis. Figure 6a,b illustrate the unit
cell structures of P3HT and BN crystals, respectively.[72,73] The
2D GIXD results of the P3HT-CF and P3HT/BN-CF films, as
shown in Figure 6c,f, exhibit (010) and (100) diffraction in the
out-of-plane (vertical direction, qz) and in-plane (horizontal
direction, qxy) directions, respectively. This finding indicates
that P3HT maintained a face-on orientation without any change
in orientation after BN hybridization. The 1D plot results also
confirmed that there are no evident changes in the d-spacing
of the P3HT crystalline structure owing to BN hybridization
(Figure 6i,k). In contrast, P3HT/BN-CB exhibits distinctive (l00)
and (010) diffractions along the out-of-plane (qz) and in-plane
(qxy) directions, respectively, similar to the P3HT film cast using

Adv. Funct. Mater. 2024, 2409982 2409982 (7 of 14) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a–b) Differential scanning calorimetry first heating scan curves (a) and first cooling scan curves (b) for the P3HT (black), BN (dark blue),
P3HT/BN-CF (blue), and P3HT/BN-CB (red) hybrids.

the CB solution, as shown in Figure 6d,g. This result indicates
that P3HT molecules are preferentially stacked with an edge-on
orientation in the P3HT/BN-CB hybrid film. When comparing
the d-spacing of the P3HT crystalline structure in the hybrid
film with that in the P3HT film, simultaneous increases in the
(100) interlamellar distance and (010) 𝜋–𝜋 stacking distances
of P3HT are observed (Figure 6j,l). Based on the comprehen-
sive considerations for the formation of P3HT/BN co-crystals
discussed above, BN molecules are inserted and co-crystallized
within the lamellar stacking of P3HT, as shown in Figure 6m.
The formation of such edge-on lamellar stacking of P3HT with
inserted BN molecules was verified again in P3HT/BN hybrid
films, which were prepared using another aromatic solvent of
toluene, referred to as P3HT/BN-toluene. As shown in Figure 6e,
the pristine P3HT film prepared from toluene exhibits (100) and
(010) diffraction arcs, indicating the coexistence of edge-on- and
face-on-oriented P3HT stacking. Notably, the P3HT/BN-toluene
film exhibited significantly suppressed (010) intensity and much
narrower (100) diffractions in qz. This result demonstrates that
hybridization with BN in an aromatic solvent promotes the edge-
on lamellar stacking of P3HT, leading to a spherulitic co-crystal
structure in the P3HT/BN-toluene hybrid film, as shown in
Figure 2e. Based on this, we can conclude that the P3HT/BN hy-
brid film exhibiting transferred chiroptical transitions prepared
using an aromatic organic solvent, forms spherulite crystals
comprising co-crystallized lamellar with edge-on stacking of
P3HT with inserted BN molecules.
To understand the photophysical molecular interaction be-

tween P3HT and BN molecules, photoluminescence-excitation
(PLE) analysis of the hybrid solutions using CF and CB solvents
is performed, as shown in Figure 7. For the PLE measurements,
the weight concentration of P3HT (1.4 × 10−3 wt.%) and BN

(0.7 × 10−3 wt.%) in each solution was the same, even in their
mixed solution (2.1 × 10−3 wt.%). As shown in Figure 7b,e,
the strong PL emission of BN at 400 nm was significantly
quenched after mixing with P3HT in the solvent medium. This
finding indicates that intermolecular fluorescent resonance
energy transfer can occur from BN to P3HT in the solution state
because the PL spectra of BN can overlap with the absorption
spectra of P3HT.[74] To understand the molecular aggregate
state, the emission spectra corresponding to the P3HT extracted
from PLE analysis are shown in Figure 7g,h. When P3HT and
BN are mixed in CF, the PL intensity of P3HT at an excitation
wavelength of 𝜆ex = 525 nm significantly decreases to ≈19% of
that observed in the P3HT-only solution (see Figure 7g). This
PL decrease is attributed to the self-quenching effect caused by
the enhanced aggregation of adjacent P3HT molecules after the
addition of BN to the CF solution (Figure 7j).[75] In contrast, the
P3HT emission in the CB increased by ≈31% after the addi-
tion of BN to the P3HT-only solution, as shown in Figure 7h.
This finding suggests that the 𝜋–𝜋 interactions of aromatic CB
molecules with P3HT hinder the formation of P3HT aggregates,
even after the addition of BN in the solution, resulting in amolec-
ularly well-mixed hybrid state of P3HT and BN (Figure 7k).[76]

In this state, the amine (-NH2) groups in BN can also affect the
molecular interactions with P3HT. When the PL analysis is con-
ducted for the CB solution with various binaphthyl derivatives
containing different functional groups, such as hydroxyl (-OH),
bromide (-Br), and methyl (-CH3), significant quenching of
P3HT emission is observed, similar to the P3HT/BN in the CF
solution (Figure S12a,b, Supporting Information). The hybrid
film based on these BN derivatives does not exhibit transferred
chiroptical activity at the P3HT transitions (Figure S12c–e, Sup-
porting Information). It is worth mentioning that the N–H···S
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Figure 6. a–b) Unit cell of P3HT (a) and BN (b). c–h) 2D grazing-incidence X-ray diffraction (GIXD) images of the P3HT-CF (c), P3HT-CB (d), P3HT-
toluene (e), P3HT/BN-CF (f), P3HT/BN-CB (g), and P3HT/BN-toluene (h). (i–j) Out-of-plane GIXD of pristine P3HT and P3HT/BN hybrid films using
CF (i) and CB (j). (k–l) In-plane GIXD of pristine P3HT and P3HT/BN hybrid films using CF (k) and CB (l). (m) Schematic illustration for the spherulites
of the P3HT/BN hybrid films, comprising co-crystalline lamellar of P3HT and BN.
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Figure 7. a–f) Photoluminescence-excitation (PLE) map of P3HT-only (a,d), P3HT/BN mixture (b,e), and BN-only (c,f) solutions in CF (top) and CB
(bottom). All solutions were measured at the same concentration. g–h) PL spectra of the P3HT, P3HT/BN, and BN dissolved in CF (g) and CB (h)
solution extracted from PLE analysis in Figure 7a–f. Laser pulses with a wavelength of 525 nm are used for photoexcitation. i) PL spectra of the pristine
P3HT and P3HT/BN hybrid film. Laser pulses with a wavelength of 525 nm are used for photoexcitation. j–k) Schematic showing the aggregation of
adjacent P3HT molecules in the CF solution (j) and the cofacial 𝜋–𝜋 interactions between P3HT and BN in the CB solution (k). l) Schematic showing
the in-plane bending of the conjugated backbone during film formation.
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 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202409982 by The U
niversity O

f N
ew

 M
exico, W

iley O
nline Library on [03/10/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

hydrogen bonding interaction between the amine group of BN
and the thiophene units of the P3HT backbone is possible,
unlike the other derivatives.[77] The bathochromic shift of N–H
stretches in BN, observed at 3476 and 3383 cm−¹ in the FT-IR
spectrum after mixing with P3HT, supports the presence of this
interaction[78] (Figure S13, Supporting Information). Therefore,
these results suggested that using an aromatic solvent resulted
in the molecularly well-mixed P3HT and BN hybrid state capable
of intermolecular 𝜋–𝜋 and hydrogen bonding interactions.
Considering that aromatic organic solvents typically induce
solvophobic interactions with the alkyl sidechains of 𝜋-CP and
promote the self-assembled ordered structure,[9,79] it can be
reasonably inferred that these solvents facilitate the formation
of the co-crystalline lamellar structure of P3HT and BN during
the solidification process of this hybrid solution.
To further investigate the effect of BN on the transferred chi-

roptical activity of the P3HT/BN-toluene hybrid film, we exam-
ined the morphologies and optical properties of the hybrid film
after selectively dissolving BN by immersing it in dimethylsul-
foxide (DMSO), a nonsolvent for P3HT. As shown in Figure S14
(Supporting Information), the selective dissolution of BN in the
film is confirmed by the disappearance of its characteristic ab-
sorption peak. Interestingly, after selectively removing BN, the
Maltese-cross spherulite structure in the P3HT/BN-CB hybrid
film remained intact; however, the transferred CD response de-
creased significantly by ≈10-fold. This indicates that the trans-
ferred chiroptical transitions in the P3HT of the hybrid films are
significantly influenced by the co-crystallized BN molecules.
Regarding the origin of chiroptical activity in 𝜋-CP/chiral-SM

hybrid films, previous reports suggest considering helical con-
formation and twisted cylinder blue-phase.[26,30] In these cases,
the collapse of lamellar molecular stacking and the develop-
ment of long fibril structures were observed after the addition
of a chiral inducer to the conjugated polymer, as evidenced by
GIXD and AFM analyses. However, the demonstrated chirop-
tical P3HT/BN-CB film did not exhibit such fibrillar structures
(Figure 4b); instead, the lamellar crystallization of P3HT was en-
hanced, as shown in Figure 6. Therefore, different mechanisms
for the induction of chiroptical activity in the P3HT/BN-CB hy-
brid film need to be suggested.
Based on the Frenkel exciton model developed by Spano,[80]

different coupling types (H- and J-aggregate) can be typically
identified by intensity differences of PL in 0-0 (I0-0) and 0–1
(I0-1) vibronic transitions. H-type aggregate signatures, charac-
terized by I0−0/I0−1 < 1, result from dominant interchain cou-
pling and a high degree of interchain order, whereas J-type ag-
gregates, indicated by I0-0/I0-1 ≥ 1, arise from dominant intra-
chain coupling.[81–83] Previous literature has shown that the J-
type coupling in P3HT crystalline structures is enhanced as the
molecular weight of P3HT increases, because the folded chains
in the lamellar crystallite increase, evidenced by the increase
in I0−0/I0−1 ratios.[83,84] Based on our PL spectrum shown in
Figure 7i, the pristine P3HT film exhibited the PL intensity with
I0−0/I0−1 < 1, indicating that the H-type interchain exciton cou-
pling is dominant. In comparison, the PL spectrum of the chi-
roptical P3HT/BN-CB film exhibited an increased I0-0 relative to
the I0-1. This can be strong evidence that the J-type intramolecular
coupling in P3HT increased after forming a co-crystalline lamel-
lar structure with BN.[81,82] Additionally, the significant changes

in CD response of BN and PL spectrum after hybridization in CB
solvent, as shown in Figure 1c and Figure 7e, already supported
the presence of the transition dipole couplings between BN and
P3HT. Combined with PL evidence, this suggests that the pres-
ence of BNmolecules inside the P3HT lamellar stacking induces
asymmetrically misaligned transition dipoles in the P3HT chain
by intermolecular orbital coupling, resulting in the transferred
chiroptical activity in the P3HT (Figure 7l).
Finally, to verify the feasibility of the 𝜋-CP/chiral-SM hybrid

films as chiroptical active layers for optoelectronic devices, pho-
todiodes were fabricated. The device structure and energy band
alignment are shown in Figure 8a.[47,85] SnO2 was used as an
electron-transport/hole-blocking layer to enhance the collection
of photogenerated electrons. P3HT/BN-toluene film was then
spin-cast on top of the SnO2-coated indium tin oxide (ITO)/glass.
To evaluate the CPL-sensing capability of the photodiode, the
CPL with a 488 nm wavelength was illuminated from the bot-
tom of the device (PIN = 14.9 mW cm−2). Figure 8b,c show
that the photodiode based on the P3HT/BN hybrid film can
distinguish the polarization direction of the CPL, where the
(R)-P3HT/BN-based photodiode exhibits a higher photocurrent
when exposed to right circularly polarized light (RCP), whereas
the (S)-P3HT/BN film exhibits the opposite response. The dis-
symmetry factor for photocurrent (gph) was calculated to be 0.2,
which was comparable to the previously reported organic chi-
roptical photodetectors.[8,11,47,86–88] In addition, a chiroptically re-
sponsive integrated photodiode array was demonstrated by sim-
ple printing of P3HT/BN hybrids (Figure 8d). Figure 8e shows a
cross-polarized OM image of the device with a printed micropat-
tern array of P3HT/BN on 3 × 8 a silicon-PN photodiode array.
The device utilizes the P3HT/BN hybrid film as a chiroptical fil-
ter, enabling differential CPL absorption according to the chiral-
ity of BN, resulting in the generation of distinct photocurrents in
the underlying PN diode. Figure 8f,g exhibits the real-time pho-
tocurrent changes recorded under repetitive optical on/off switch
with a change in the polarization direction of the incident CPL
(PIN = 0.32 mW cm−2). A PN diode with (R)-P3HT/BN exhibited
a higher photocurrent for the CPL with left circularly polarized
light (LCP) than that under RCP illumination. This demonstra-
tion underscores the potential of 𝜋-CP/chiral-SM hybrid films for
advancing chiroptically responsive optoelectronic devices, offer-
ing promising avenues for future applications in chiral photonics
and beyond.

3. Conclusion

In summary, we demonstrate that the choice of aromatic sol-
vent is critical for the transfer of chiroptical activity to 𝜋-CPs
in their hybrids with chiral binaphthyl diamine additives. Chi-
roptical transitions in the light absorption range of 350–850 nm
were generated from various 𝜋-CPs, including polythiophene
and diketopyrrolopyrrole-based D-A-type polymers, by simply
blending them with chiral BN molecules, especially using aro-
matic solvents. The 𝜋-CP/chiral-BN hybrid films with transferred
chiroptical responses exhibited characteristic Maltese cross bire-
fringence, indicating the formation of polymer spherulites with
lamellar stacking. The versatility of chirality transfer in 𝜋-
CP/chiral-BN hybrid films for various aromatic solvents was veri-
fied, enabling the printing of chiroptical micropattern arrays with
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Figure 8. a) Schematic showing the photodiode based on P3HT/BN, where the channel area is 0.4 cm2. The flat energy-band diagram formed between
indium tin oxide (ITO), SnO2, P3HT/BN, and Al. b–c) I-V curve of photodiode based on (R)-P3HT/BN (b) and (S)-P3HT/BN (c) upon irradiation with
left circularly polarized light (LCP) (red line) and right circularly polarized light (RCP) (blue line) light (𝜆 = 488 nm, PIN = 14.9 mW cm−2). d) Schematic
showing the PN diode based on P3HT/BN, where the channel area is 0.0034 cm2. e) POM image of circular micropattern on the PN diode. Inset shows
OM image of the PN diode and PN diode with P3HT/BN (polarization angle = 90°, scale bar = 100 μm). f, g) Time-dependent photocurrent signals of
PN diode based on (R)-P3HT/BN (f) and (S)-P3HT/BN (g) upon irradiation with LCP and RCP light (𝜆 = 488 nm, PIN = 0.32 mW cm−2) according to
real-time optical on/off switch with repeated conversion of the CPL polarization direction. Time intervals are constant, with light on for 5 s and off for
5 s, and the applied voltage was −1 V.

a single spherulite structure. Investigations into the morpholo-
gies, phase behaviors, and crystalline structure of P3HT/BN
hybrid films revealed that the chiral BN molecules were co-
crystallized into edge-on lamellar stacking of the P3HT chains
in the nanogranules when only CB aromatic solvent was used in
the film-forming process. In-depth studies on the photophysical
properties between chiral BN molecules and P3HT chains sug-
gested that the coexistence of chiral BN molecules was impor-
tant for chirality induction in 𝜋-CPs, where electronic coupling
induced misaligned transition dipoles in the P3HT intrachain,
which was attributed to the transferred chiroptical transitions in
𝜋-CPs. As a proof-of-concept, a photodiode based on a chiroptical
P3HT/BN hybrid film exhibited distinguishable photoresponse
to chiral light with different circular polarization directions. This
study provides a versatile strategy for fabricating chiroptical semi-
conductor thin films using various 𝜋-CPs with a variety of func-
tionalities, which is expected to encourage further studies and
contribute to extending the applications of chiral optoelectronics.

4. Experimental Section
Materials: P3HT (weight-averagemolecular weight= 50–70 kDa), (R)-

BN, and (S)-BN were used as received from Rieke Metals. PTB7 (weight-
average molecular weight = 50–90 kDa) and PFO were purchased from

Solaris Chem and H.W. Sands Corp., respectively. In addition, P(DPPTBT)
was synthesized according to previously reported methods.[4] Several sol-
vents, including CF, CB, toluene, xylene, DCB, TCB, tetralin, and DMSO
were purchased from Sigma-Aldrich and were used without further purifi-
cation.

Sample Preparation: The polymers (P3HT, PTB7, PFO, or P(DPPTBT))
and chiralmaterials ((R)-BN or (S)-BN)were dissolved in organic solvents,
in which the ratio of the polymer components was 66.6% while maintain-
ing the concentration at 3.3 wt.%. The blend solution was then stirred
overnight at room temperature. To control the thickness of the film before
coating, only the solution using chloroform was diluted to a concentra-
tion of 1.1 wt.%. Quartz was used as the substrate and was cleaned with
acetone and isopropyl alcohol before coating. The blend solution was an-
nealed at 45 °C for 10min and then spin-coated to fabricate the hybrid film
with a thickness of ≈200 nm.

Printing of the Micro-Patterns: The blend solution dissolved in TCB
was printed into circular micro-patterns using a picoliter fluidic dispenser
(SonoPlot Inc.) with 50 or 10 μm orifice glass tips on the substrate under
ambient room temperature conditions. The blend solutions were ejected
and drawn from the glass tip by controlling the piezoelectrics.

Fabrication of Photodiode: ITO-coated glass substrates were cleaned
with DI water, acetone, and isopropyl. After the substrate was treated us-
ing a UV–ozone cleaner (AH1700, Ahtech Ltd.) for 10 min, SnO2 thin
films were spin-coated at 2000 rpm for 30 s and then thermal-treated
for 5 min at 120 °C. Then, 200 nm-thick P3HT/BN hybrid film was spin-
coated (4000 rpm for 50 s) from the hybrid solution with toluene solvent.
The silicon-PN photodiode array was fabricated according to previously re-
ported methods.[89] The blend solution dissolved in TCB was printed into
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circular micro-patterns using a picoliter fluidic dispenser, as explained pre-
viously.

Characterization: The optical absorption and the CD spectra of solu-
tions and films were acquired using a UV-Vis-NIR spectrometer (Lambda
750, Perkin Elmer) and a CD spectrometer (J-1500, JASCO), respectively.
The thicknesses of the films were determined using a surface profiler (Al-
phaStep As-IQ, KLA-Tencor). The thermal transition temperature of the
films was determined using a differential scanning calorimeter (DSC400,
Perkin Elmer) at a heating rate of 5 °C min−1 under a nitrogen atmo-
sphere. The morphologies of thin films were studied using a polarized op-
tical microscope (LV150N, Nikon) and AFM (XE-100, Park systems) mea-
surements. Vibrational imaging with s-SNOM was conducted utilizing an
atomic force microscope/near-field platform and infrared quantum cas-
cade laser (QCL,MIRcat-QT-Z-2400 of Daylight Solutions) as an excitation
source, as described in our recent publications.[90,91] The QCL produced
linearly polarized IR radiation with a tunable frequency and ≈0.1 cm−1

resolution. The AFM operated in the noncontact tapping mode, utiliz-
ing a metal-coated probe (Arrow NCPt) with a resonance frequency of
≈270 kHz. The vertically polarized output of the QCL was focused at the
tip-sample junction using a parabolic mirror (NA of ≈0.46) at a 30° angle
of incidence with respect to the sample plane. Laser power wasmaintained
at 3 mW across all QCL frequencies through the use of dual polarizers.
Photons scattered from the nanoscale region of tip-sample near-field in-
teraction were detected using HgCdTe photodiodes cooled with liquid ni-
trogen. The far-field background signal was removed using pseudohetero-
dyne interferometric detection and signal demodulation at a frequency
of 3 Ω. Photoluminescence-excitation (PLE) map and photoluminescence
(PL) spectra were measured using a PL spectrometer (FP-8500, JASCO).
2D-GIXD patterns were performed at the 3C-SAXS beamline of the Pohang
Accelerator Laboratory in Korea. The wavelength and grazing angle of the
incident X-ray beam were 1.1975 Å and 0.12°, respectively.
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