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Multifunctional Conjugated Ligand with Intimate Binding
Improves Luminescence, Charge Transport, and Stability in

CsPbBr; Perovskite Nanocrystals

Jung Min Ha, Nayoung Kim, Dongryeol Lee, Dong Gyu Lee, Ha Yeon Kim,
Chang Woo Koh, Ye In Kim, Sungnam Park, Tae Kyung Lee,* Myoung Hoon Song,*

and Han Young Woo*

Colloidal metal halide perovskite nanocrystals (PNCs) face critical challenges
such as poor dispersion stability, ligand desorption, surface defects, and
limited charge transport. In this study, a new ligand engineering strategy is
introduced using a semiconducting conjugated oligoelectrolyte (COE), QTF2Br,
to address these issues in CsPbBr; PNCs. QTF2Br strongly binds to the PNC
surface through bidentate coordination, effectively passivating surface defects
and supplying additional bromide ions. This leads to a significantly enhanced
photoluminescence quantum yield exceeding 94% and an increase in exciton
binding energy from 38.3 to 108.3 meV. Additionally, QTF2Br facilitates
Forster resonance energy transfer to the PNC core, functioning as an optical
antenna that amplifies green emission by 2.2 times compared to conventional
oleic acid/oleylamine-treated PNCs (PNC-OA). The QTF2Br-treated PNCs
(PNC-QTF2Br) exhibit improved colloidal stability in polar solvents (e.g.,
tetrahydrofuran) and retain their PL intensity in toluene for over 7 days. Solid-
state films show excellent thermal stability, resisting interparticle aggregation
and maintaining clear particle definition. Moreover, the semiconducting nature
of QTF2Br enhances charge transport between nanocrystals. This COE-based
ligand engineering approach offers a promising solution to overcome key
limitations of conventional PNCs for advanced optoelectronic applications.

applications, owing to their unique and
tunable properties. These materials ex-
hibit a number of advantageous charac-
teristics, including ease of solution-based
synthesis, strong light absorption, and the
ability to fine-tune their electronic band
gaps through adjustments in size and
composition.l!! In addition, PNCs display
high photoluminescence quantum yields
(PLQY) and narrow emission spectra, with
a full width at half maximum (FWHM)
often less than 30 nm. These properties
have spurred intense research efforts in
areas such as light-emitting devices, las-
ing, X-ray scintillators, photocatalysis, and
photovoltaics.?] Given their remarkable po-
tential, the field of PNCs continues to be
a vibrant area of exploration, with ongo-
ing advancements in both fundamental
understanding and practical applications.

A key advantage of PNCs is their compat-
ibility with colloidal solution-based process-
ing, offering a low-cost alternative to high-
temperature or vacuum deposition tech-
niques used for solid-state materials. One
of the most common synthetic protocols

1. Introduction

Metal halide perovskite nanocrystals (PNCs) have emerged as a
promising class of materials for a wide range of optoelectronic

for all-inorganic PNCs (CsPbX;, X = Cl, Br, 1) is a hot injection
method developed by Protesescu et al., which utilizes oleic acid
(OA) and oleyl amine (OAm) as surface-stabilizing ligands.!!?]
These long-chain aliphatic ligands are widely adopted not only
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to control the growth and shape of the PNCs, but also to ensure
colloidal dispersibility, crucially ruling their colloidal characteris-
tics. However, despite their benefits, there are longstanding chal-
lenges that limit the practical use of these materials. One signifi-
cant issue is that the PNCs prepared with a stoichiometric ratio of
precursors often exhibit insufficient PLQY (<70%) for actual ap-
plication, requiring additional treatments (such as introduction
of halides) to improve their luminescent properties.’! Moreover,
the aliphatic ligands (e.g., OA, OAm) commonly used for syn-
thesis and surface passivation generally exhibit highly dynamic
binding to the PNC surface in the colloidal state.?**] This can
lead to ligand desorption over time, resulting in an unstable sur-
face with significant defects or even structural degradation with
reduced PLQY. Additionally, PNCs often display inherent insta-
bility when exposed to oxygen, moisture, or heat.’] In such en-
vironments, ligands like OA and OAm can detach easily, leading
to nanoparticle aggregation and degradation. Furthermore, the
long aliphatic chains of these ligands act as electrical insulators,
which can significantly hinder charge transport in film and, con-
sequently, degrade the performance of PNCs in practical opto-
electronic applications.!®]

To address challenges in PNCs, several strategies have been
explored to replace long aliphatic ligands. One approach in-
volves washing PNCs with polar anti-solvents such as methyl ac-
etate (MeOAc) or N,N-dimethylformamide (DMF) to remove na-
tive ligands and enhance electrical properties.[**’] However, this
method produces surface defects and reduces PLQY, while ion
detachment may decrease stability due to crystal deformation and
aggregation. A second strategy uses shorter ligands to promote
tunneling effects. For example, Kim et al. synthesized FAPbBr,
PNCs with shorter alkyl chains to improve charge injection.l®!
However, shorter ligands can compromise colloidal stability and
result in poor-quality films, as well as lead to the formation of
low-dimensional perovskites or undesirable geometries.”] The
third approach involves using ligands with aromatic moieties,
which can enhance charge injection due to their overlapped #-
orbitals."l However, their short and rigid structures often reduce
nanoparticle solubility, limiting their applicability, especially for
larger PNCs. Additionally, aromatic ligands with just one or two
benzene rings may not provide sufficient conjugation to signif-
icantly improve charge transport. While various strategies have
been proposed to improve the performance and stability of PNCs,
each approach has its limitations, and further research is needed
to identify effective solutions for overcoming these challenges.

Meanwhile, we have explored the use of z-conjugated poly-
electrolytes or oligoelectrolytes (CPEs or COEs) as interlayers or
charge transport layers in perovskite optoelectronic devices.!']
These conjugated molecules with ionic side chains can enhance
charge injection and extraction while providing good wetting
and compatibility with the hydrophilic perovskite active layer,
with effective interfacial defect passivation. Applying extended z-
electron systems to PNC ligands holds significant promise for
further delocalizing charges at the PNC surface and enhancing
charge transport. CPE or COE structures have great potential to
resolve the issues associated with traditional PNC ligands.

Herein, we synthesized a new terfluorene-based cationic
COE, QTF2Br, as a multifunctional semiconducting ligand for
CsPbBr; PNCs. We successfully demonstrated that COE lig-
ands effectively modify the surface of CsPbBr; PNCs, improv-
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ing their optical and electrical properties, as well as their col-
loidal, thermal, and solvent stability. The introduction of QTF2Br
as a bidentate ligand improved the PLQY through defect pas-
sivation and bromide enrichment, while also enabling energy-
funneling via Forster resonance energy transfer (FRET). Addi-
tionally, temperature-dependent PL analysis revealed a signifi-
cantly enhanced exciton binding energy in PNCs with QTF2Br
ligands (PNC-QTF2Br) compared to conventional OA/OAm-
treated PNCs (PNC-OA). The semiconducting ligand struc-
ture also improved the charge transport properties of PNC-
QTF2Br films, resulting in enhanced hole and electron mobili-
ties. The optical, morphological, dispersion, and electrical prop-
erties of PNCs incorporating semiconducting COE ligands were
thoroughly studied and compared with those of conventional
PNC-OA.

2. Results and Discussion

Figure 1a illustrates the synthetic route to the cationic COE,
QTF2Br, which was carefully designed by considering several fac-
tors. The terminal quaternary ammonium bromides serve as an-
choring groups, enabling strong binding to the PNC surface and
passivating defects such as undercoordinated Pb** ions and A-
site vacancies.!'?] The large-gap terfluorene backbone is expected
to function as an optical antenna, promoting energy transfer and
thus enhancing the photoluminescence (PL) of green-emitting
CsPbBr,; PNCs.['] Additionally, the conjugated terfluorene
backbone, exhibiting semiconducting properties, improves
the electronic characteristics by providing a charge transport
pathway. Meanwhile, the ethylhexyl side chains attached to the
fluorene core enhance the dispersibility of the PNCs in solutions.
2,7-Dibromo-9,9-bis(4-((6-bromohexyl)oxy) phenyl)-9H-fluorene
(M1) and 9,9-bis(2-ethylhexyl)-9H-fluoren-2-pinacolatoboronic
ester (M2) underwent a Suzuki-Miyaura cross-coupling reac-
tion using Pd(PPh,), as a catalyst, yielding the charge-neutral
terfluorene (TF2) with a 68% yield. To obtain QTF2Br, TF2
was dissolved in tetrahydrofuran (THF) and quaternized with
trimethylamine (3.2 M in methanol), resulting in QTF2Br with
an 80% yield. The molecular structures of the intermediates and
QTF2Br were confirmed by 'H and *C NMR, which showed
good agreement with the proposed structures (Figures S1-S5,
Supporting Information).

UV-vis absorption and PL spectra of the synthesized TF2 and
QTF2Br are displayed in Figure 1b. TF2 exhibits an absorption
maximum at 353 nm in toluene, while cationic COE, QTF2Br
shows the same absorption maximum at 353 nm in 2,2,2-
trifluoroethanol (TFE). The PL spectra of both molecules display
emissions in the 380-500 nm range, with well-resolved vibronic
structures. Their similar UV-vis absorption and PL spectra can
Dbe attributed to their identical conjugated backbone. TF2 exhibits
a PLQY of 93% in toluene, while QTF2Br achieves ~90% PLQY
in both TFE and dimethyl sulfoxide (DM SO), indicating efficient
radiative relaxation for both molecules.!"*] According to the cyclic
voltammograms of the terfluorenes in Figure 1c, QTF2Br shows
oxidation peaks at 0.45 and 0.75 V (vs ferrocene/ferrocenium,
Fc/Fc*), corresponding to the Br~/Br;~ and Br,~/Br, redox cou-
ples, respectively, confirming successful incorporation of bro-
mides in QTF2Br.'>] Due to the difficulty of verifying its fron-
tier molecular orbital (FMO) levels via electrochemical analyses,
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Figure 1. a) Synthetic route to a neutral precursor TF2 and cationic COE, QTF2Br. b) UV-vis absorption and PL spectra of TF2 in toluene and QTF2Br in
TFE. c) Cyclic voltammograms of TF2Br and QTF2Br in film. d) Energy level diagram of TF2, QTF2Br, and PNC-OA. e) Electrostatic potential isosurface
of QTF2Br (left) and binding geometry on (100) surface of CsPbBr; perovskite (right). f) Binding energies of QTF2Br and OA~/OAm™ ligands on (100)

surface of CsPbBr; perovskite.

the highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) levels of QTF2Br films were
determined to be —5.86 and —2.76 eV, respectively, using ultra-
violet photoelectron spectroscopy (UPS), with the corresponding
bandgap estimated from the Tauc plot (Figure 1d; Figure S6, Sup-
porting Information). The results indicate that the FMO levels of
QTF2Br closely match those of the neutral precursor TF2, as both
share the same conjugated backbone. PNC-OA exhibits valence
and conduction band positions at—5.79 and -3.37 eV, respectively.
The deeper HOMO level and larger bandgap of QTF2Br relative
to the PNCs facilitate efficient energy funneling from QTF2Br
to the PNCs. Since the HOMO level of QTF2Br (-5.86 eV) lies
deeper than the valence band of CsPbBr,, this energy align-
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ment effectively suppresses undesired back hole transfer from
the PNCs to QTF2Br. Together with the strong spectral overlap
and close contact between QTF2Br and the PNCs, this configu-
ration enables highly efficient FRET-mediated emission.

To evaluate the ligand capabilities of QTF2Br, density func-
tional theory (DFT) calculations were performed to obtain the
electrostatic potential (ESP) isosurface. The results show that the
quaternary ammonium moiety carries a strong positive charge,
enabling a geometry in which both functional groups can si-
multaneously interact with the CsPbBr; surface (Figure le).
To further investigate this interaction, the binding energy of
QTF2Br on the CsPbBr; (100) surface was compared with that
of the conventional OA/OAm ligand system. Based on the ESP
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Figure 2. a) Ligand exchange process to produce PNC-COE. b) High-resolution STEM images of PNC-OA and PNCs-QTF2Br-40, c) ¢-potential changes
during the ligand exchange process, and d) surface ligand molar ratio of QTF2Br to OA/OAM depending on the treated [QTF2Br] by "H-NMR mea-
surements. e) N 1s XPS spectra of PNC-OA, PNC-QTF2Br-40, and QTF2Br. f) PLQYs of PNC-QTF2Br in toluene with increasing [QTF2Br] during ligand

exchange (obtained from five different samples each).

isosurface of OA~/OAm?*, our DFT calculations suggest that the
OA~/OAm™ pair primarily exists through proton transfer from
OAm* to OA~, making it thermodynamically stable (Figure S7,
Supporting Information). Furthermore, OA~ and OAm™ con-
tribute to passivating undercoordinated Pb*" ions and A-site va-
cancies, respectively, with a binding energy of —2.565 eV. In the
case of QTF2Br, the roles of OA~ and OAm™ are replaced by
Br~ and -N(CHj;);*, respectively, forming bidentate coordination
with the CsPbBr, surface. Notably, the binding energy of QTF2Br

Adv. Optical Mater. 2025, 01640 e01640 (4 of 11)

reaches —5.924 eV, more than twice that of the OA~/OAm™ sys-
tem, highlighting its strong ligand interaction due to dual-site
coordination (Figure 1f; Figure S8, Supporting Information).

To synthesize the PNC with QTF2Br as a ligand (PNC-
QTF2Br), PNC-OA was first prepared following reported proce-
dures via a hot injection method (see Experimental section).'3]
For the ligand substitution process, TFE was selected as the
solvent to dissolve QTF2Br, as outlined in Figure 2a. TFE not
only serves as a solvent capable of dissolving QTF2Br but also

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85UB01 7 SUOWILLIOD SAIIERID B|ded! [dde 8y} Aq peuRA0b 818 3o 1Me YO 8SN JO S9INJ I0j ARl TaUIIUQ AB]IM UO (SUOTHPUOD-PUR-SWLBIA0D" A 1M Ale.d 1 jBul Uo//Sc) SUONIPUOD pue SWe | 84} 985 *[5202/60/52] Uo Akeiqiauliuo A8|Im *JO aIniisu| [euoieN Ues|n AQ Ov9T0SZ0Z WOPe/Z00T 0T/I0p/Wod A8 |1 Aeiq 1 jpuluo-peoueAde//Sdny wouj pepeojumod ‘0 ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

acts as an orthogonal solvent to perovskites, preventing damage
to the crystal phase of CsPbBr,.l"%! We observed that PNC-OA
treated with pure TFE (PNC-TFE) became more yellowish and
turbid compared to the as-prepared PNC-OA. According to trans-
mission electron microscope (TEM) images in Figure S9 (Sup-
porting Information), PNC-OA exhibited cubic crystals with a
size of 9 nm, while PNC-TFE showed assembled crystals, with
sizes reaching up to 20 nm, due to interparticle merging. The
darker surfaces of PNC-TFE suggest that TFE removed the na-
tive ligands, thereby enabling the introduction of external lig-
ands. On the other hand, directly adding the QTF2Br solution
(in TFE) to the PNC-OA in toluene produced a brighter green-
emitting solution, which was distinctly different from PNC-TFE
(Figure S10, Supporting Information). Moreover, as the treated
concentration of QTF2Br increased, the green emission became
more pronounced, indicating that the ammonium bromides
function as ligands and bromide sources to stabilize the col-
loidal PNCs. After mixing PNC-OA (10-12 mg mL~!, 200 pL)
with the QTF2Br solution ([QTF2Br] = 2.5-40 mg mL~!, 20 pL),
400 pL of methyl acetate (MeOAc) was added to the mixture to
dissolve the detached OA/OAm and precipitate PNC-QTF2Br.
The mixture was then centrifuged at 13 500 rpm for 3 min,
and the precipitate was re-dispersed in toluene to obtain col-
loidal PNC-QTF2Br (Figure S11, Supporting Information). TEM
images of PNC-QTF2Br-x, where x is a treated [QTF2Br] in
mg/mlL, showed that increasing [QTF2Br] helped the PNCs re-
tain their cubic structure with minimal surface etching during
ligand exchange (Figure S12, Supporting Information). A com-
parison of scanning TEM (STEM) images with energy dispersive
X-ray (EDX) maps of PNC-OA and PNC-QTF2Br (treated with
[QTF2Br] = 40 mg mL~!, PNC-QTF2Br-40) revealed that both
PNCs exhibited ~9 nm-sized cubic crystals and a 0.60 A lattice
distance corresponding to the (100) lattice parameter of CsPbBr;.
However, PNC-QTF2Br shows a higher content of Br~ on the
surface due to the external Br~ supply from QTF2Br (Figure 2b;
Figure S13, Supporting Information). X-ray diffraction (XRD)
spectra also indicate that the crystal phase of CsPbBr; is re-
tained after the ligand exchange process (Figure S14, Supporting
Information).

To assess the surface charge and corresponding dispersibility
of the colloidal PNCs after ligand exchange, {-potential measure-
ments were conducted (Figure 2c). The ¢{-potential of PNC-OA
was +12.3 mV, while PNC-TFE exhibited a negative charge of
—22.3 mV due to the exposure of negatively charged Br— follow-
ing the removal of native ligands. Upon treatment of PNC-OA
with 2.5 mg mL™" of QTF2Br, the {-potential became negative,
likely due to insufficient ligand and surface passivation, resulting
in halide exposure. As the concentration of QTF2Br increased,
the ¢-potential gradually approached zero, eventually reaching
+1.54 mV for PNC-QTF2Br-40, indicating a stably dispersed state
in a non-polar medium. To assess the ligand ratio of QTF2Br to
OA/OAm after ligand exchange, 'H nuclear magnetic resonance
(NMR) was performed on purified (and dried) PNCs dissolved
in DMSO-d, (Figure 2d; Figure S15 and Table S1, Supporting
Information). The NMR spectra display the phenyl proton sig-
nals of QTF2Br (H,) between 6.5-7.0 ppm and vinyl proton sig-
nals of OA/OAm (H,) at 5.3 ppm, allowing for a comparison
of the respective peak integrals. The molar ratio of QTF2Br to
OA/OAm increased linearly with rising [QTF2Br] during the lig-
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and exchange process, reaching a molar ratio of 1.02:1 for PNC-
QTF2Br-40.

To further investigate the ligand exchange in PNC-QTF2Br,
X-ray photoelectron spectroscopy (XPS) was conducted. The N
1s XPS spectrum of PNC-QTF2Br-40 in Figure 2e and Figure
S16 (Supporting Information) reveals two distinct peaks: one
at 401.7 eV, corresponding to oleyl ammonium (—NH;*), and
another at 402.6 eV, attributed to the quaternary ammonium
(—N(CH;);*) groups in QTF2Br, confirming the coexistence of
both ligands.['”] Figure S16a (Supporting Information) presents
the Pb 4f XPS spectra, where PNC-OA displays a Pb 4f; , peak at
138.3 eV, which shifts to a lower binding energy of 138.0 eV upon
introducing 40 mg mL~! of QTF2Br. This suggests that bromide
ions (Br~) in QTF2Br strongly bind to the surface undercoordi-
nated Pb?* via a Lewis acid-base interaction. The Br 3d XPS spec-
tra show that the characteristic 3ds,, peak of Br~ from unbound
QTF2Br (at 67.6 eV) shifts to 68.2 eV in all PNC-QTF2Br sam-
ples, indicating that the bromide ions from QTF2Br participated
in constructing the PNC surface.

The UV-vis absorption spectrum of PNC-QTF2Br in toluene
shows a notable increase in absorption ~360 nm, which corre-
sponds to the absorption of COEs (Figure S17, Supporting In-
formation). Meanwhile, the green PL spectra of the CsPbBr,
PNCs exhibited no significant peak shift or FWHM broadening
after treatment with QTF2Br, as shown in Figure S17b (Support-
ing Information). The absolute PLQY of colloidal PNC-QTF2Br
in toluene was evaluated with varying [QTF2Br] (Figure 2f;
Table S1, Supporting Information). The sample treated with
[QTF2Br] = 2.5 mg mL~! (PNC-QTF2Br-2.5) exhibited a reduced
PLQY, but the PLQY progressively increased with higher concen-
trations of [QTF2Br], reaching a maximum of ~94% for PNC-
QTF2Br-40. This concentration was set as the optimal condi-
tion for further analysis. As discussed above, the QTF2Br COE
ligands (HOMO: —5.86 eV, LUMO: —2.76 eV, bandgap: 3.1 eV)
feature a terfluorene-based structure and exhibit semiconduct-
ing properties with deep blue PL emission in the 380-500 nm
range, which overlaps with the broad absorption of CsPbBr;.
The energy levels of CsPbBr; PNCs (HOMO: —5.79 eV, LUMO:
—3.37 eV, bandgap: 2.42 eV) lie between those of QTF2Br. This
energy level alignment, along with the spectral overlap, strongly
suggests the possibility of FRET from QTF2Br to CsPbBr;, lead-
ing to FRET-mediated PL enhancement in PNC-QTF2Br. FRET
is a nonradiative energy transfer mechanism mediated by dipole-
dipole coupling, which depends on both the spectral overlap be-
tween the donor emission and acceptor absorption, as well as the
intermolecular distance (e 1/d°).112218] Unlike physically blended
FRET donors, QTF2Br can act as a surface ligand that is chemi-
cally bound to the PNC surface via bidentate coordination. This
intimate spatial proximity between the donor (QTF2Br) and ac-
ceptor (CsPbBry; PNC) allows for a significantly reduced donor—
acceptor distance (within ~1 nm), which is a key parameter in
the FRET efficiency. Therefore, QTF2Br enables not only effi-
cient energy transfer in solution but also in colloidal and solid-
state systems due to its dual functionality as both a ligand and a
donor fluorophore. As displayed in Figure 3a, under 360 nm exci-
tation, PNC-QTF2Br exhibits a fluorescence intensity at 513 nm
that is 2.2 times higher than that of PNC-OA, confirming that
photoexcited QTF2Br contributes to exciton generation in the
PNCs via efficient FRET. To investigate this phenomenon, we
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Figure 3. a) PL spectra of PNCs by exciting at 360 nm (left) and 450 nm (right). PNC-OA (green), PNC-OA:TF2 (orange), and PNC-QTF2Br-40 (magenta).
b) PLE spectra of colloidal PNC-OA, PNC-OA:TF2, and PNC-QTF2Br-40 solution in toluene. Detected at 513 nm. 2D PLE contour spectra of c¢) PNC-
QTF2Br-40 and d) PNC-OA:TF2 in toluene. TRPL decay profiles of TF2, PNCs-OTF2Br-40, and PNC-OA: TF2 colloidal solution measured at a detection
wavelength of 418 nm e) and 513 nm f) (excitation at 375 nm). Fluorescent microscopic images of g) PNC-QTF2Br-40 and h) PNC-OA films by exciting
at 390 nm (FRET-mediated PL) and 440 nm (PL by direct excitation of CsPbBr;). i) Temperature-dependent PL intensity measurements and calculated

exciton binding energy of PNC-OA (left) and PNC-QTF2Br-40 (right).

also analyzed the photoluminescence excitation (PLE) spectrum
of the colloidal PNC-QTF2Br-40 solution by measuring the PL
intensity at 513 nm by varying the excitation wavelength (4.,)
from 300 to 500 nm (Figure 3b—d; Figures S18-S20, Support-
ing Information). The PLE spectrum of PNC-OA closely matches
its UV-vis absorption spectrum, while that of PNC-QTF2Br ex-
hibits significantly enhanced PL emission in a range of 4., = 300
500 nm, with the highest PL intensity observed at 4., = 360 nm,
which corresponds to the 4,,; of QTF2Br (Figure 3b). The 2D
PLE spectrum of PNC-QTF2Br shows no PL signal from QTF2Br
itself at any 4,,, indicating efficient FRET from QTF2Br to the

ex’?
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PNCs (Figure 3c). This clearly contrasts with the 2D PLE spec-
trum of a PNC-OA:TF2 (neutral precursor of QTF2Br) mixture,
in which a distinct fluorescence signal from TF2 (suggesting
no interaction between PNC-OA and TF2) is observed upon ex-
citation at A,, = 320-380 nm, where TF2 exhibits strong ab-
sorption (Figure 3d; Figure S18, Supporting Information). Ad-
ditionally, PL spectra of both PNC-OA and PNC-QTF2Br were
recorded under direct excitation of the PNCs at A, = 450 nm,
where neither QTF2Br nor OA absorbs, and their optical den-
sities are nearly identical. Interestingly, the PL intensity of
PNC-QTF2Br was 1.4 times higher than that of PNC-OA. This
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enhancement is attributed to surface defect passivation and
halide enrichment by the COEs, which aligns well with the im-
proved PLQY of PNCs treated with QTF2Br (from 68% to 94%).
Consequently, the enhanced green PL observed in PNC-QTF2Br
arises from the synergistic effects of FRET and defect passivation
facilitated by QTF2Br ligands on the PNC surfaces.
Furthermore, transient photoluminescence (TRPL) spectra
were measured to analyze the PL lifetimes (z) of QTF2Br lig-
ands and PNC-QTF2Br. The PL decay profiles were collected at
418 nm (corresponding to QTF2Br emission) and 513 nm (PNC
emission) under 375 nm excitation, which closely matches the
Aqps Of QTF2Br. Since QTF2Br is insoluble in toluene, TF2 was
used as a control to assess the extent of 7 reduction for QTF2Br
in the presence of CsPbBr; PNCs. To confirm that the 7 values
of TF2 and QTF2Br are comparable, we measured their PL de-
cay profiles in the same medium (toluene:TFE = 10:1, by vol-
ume), where both were soluble and exhibited similar PL spec-
tra, with 7 values at 418 nm of 0.97 ns for TF2 and 0.98 ns
for QTF2Br; virtually identical (Figure S21, Supporting Informa-
tion). As shown in Figure 3e, the average v of QTF2Br in PNC-
QTF2Br at 418 nm was significantly shorter (0.50 ns) than that of
TF2 (0.84 ns), indicating efficient quenching of QTF2Br emission
by the PNCs. This reduction in = for PNC-QTF2Br is attributed to
efficient FRET from the QTF2Br ligands to the PNC core. In con-
trast, PNC-OA:TF2 exhibited a negligible change in 7 (~0.87 ns),
indicating no FRET due to the large separation between TF2
and the PNCs. Based on the measured 7 values, the FRET rate

= ! 1 3 _ TPNC-QTF2Br
(kgrer = — - ) and efficiency (fgger = (1 — e ) ¢
PNC-QTF2Br TF2 TF2

100), where kpppr represents the FRET rate, #pgpr is the FRET
efficiency, and the 7 values correspond to the PL lifetimes of
the donor (TF2) and the donor-acceptor resonance system (PNC-
QTF2Br), respectively.[') According to the calculation, kgggr of
Nprer Of PNC-QTF2Br were estimated to be ~0.85 ns™! and 43%,
respectively. Additionally, the PL decays of PNC-OA and PNC-
QTF2Br at 4, = 513 nm were monitored under excitation of
the PNCs at 375 nm (Figure 3f; Table S2, Supporting Informa-
tion). PNC-OA in toluene exhibited an average 7z of 7.66 ns,
while PNC-QTF2Br displayed an extended lifetime of 9.95 ns,
primarily attributed to bromide supply and surface passivation
by the QTF2Br ligands, which aligns well with the steady-state PL
measurements. Fluorescence microscopy images in Figure 3g,h
further support the FRET-mediated brighter green emission at
Aey = 390 nm in PNC-QTF2Br films compared to PNC-OA films.
Similarly, brighter fluorescence images of PNC-QTF2Br films
under direct excitation of CsPbBr; PNC (4., = 440 nm) were also
obtained. The TRPL decay profiles of the PNC films confirm that
PNC-QTF2Br exhibits a significantly improved average PL life-
time (z,,, = 8.82 ns) compared to PNC-OA (z,, = 2.45 ns), in-
dicating enhanced excitonic radiative decays originating from re-
duced defects and non-radiative recombination in PNC-QTF2Br
films (Figure S22 and Table S3, Supporting Information).
Grazing incidence wide-angle X-ray scattering (GIWAXS) was
performed to compare the morphology of PNC films with vary-
ing concentrations of QTF2Br ligands (Figures S23 and S24, Sup-
porting Information). PNC-OA films exhibit a pronounced scat-
tering peak at g = 1.06 A~! (d = 5.95 A) in both the out-of-plane
and in-plane directions, corresponding to the (100) lattice plane
of CsPbBr;. This indicates a well-ordered cubic orientation. PNC-
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QTF2Br films show improved nanocrystal alignment with in-
creasing [QTF2Br], which is attributed to enhanced surface in-
tegrity due to QTF2Br treatment. In Figure S25 (Supporting In-
formation), scanning electron microscopy (SEM) images reveal
that PNC-OA films form supercrystals of 100-200 nm in size
with voids between them, whereas PNC-QTF2Br-40 films exhibit
smaller, well-defined crystallites and smoother surfaces. While
supercrystal formation is known to enhance charge transport,
a high density of surface defects within the superlattice can in-
duce structural rearrangement and deformation at the interfaces
due to ripening, leading to a lower exciton binding energy or PL
quenching.?%] This suggests that COE-induced interparticle sep-
aration at interfaces can more favorably enhance radiative recom-
bination by suppressing agglomeration. Temperature-dependent
PL analysis also confirms a significantly higher exciton binding
energy (E,) for PNC-QTF2Br (108.28 meV) compared to PNC-OA
(38.28 meV), further supporting its superior emissive properties
(Figure 3i). The confocal microscopic images in Figure S26 (Sup-
porting Information) further confirm the enhanced radiative re-
combination along the PNC-QTF2Br film surface.

The colloidal stability of PNCs is crucial for their practical ap-
plications, as they are highly sensitive to environmental factors
such as moisture, solvent polarity, and temperature.?!l These fac-
tors can lead to rapid degradation of their structural integrity
or, conversely, induce crystal ripening and aggregation through
ion diffusion and rearrangement.[??! To protect them from exter-
nal stimuli, ligands must play a key role. The stability of PNCs
is strongly dependent on the binding affinity of ligands, as the
system remains dynamic, leading to the detachment of weakly
bound ligands. To evaluate the colloidal stability of PNC-QTF2Br
in toluene, we first tracked the PL spectra of the respective col-
loidal solution for ~7 days under ambient conditions (Figure 4a;
Figures S27 and S28, Supporting Information). To introduce a
quaternary ammonium-type monofunctional ligand with a sin-
gle aromatic ring as a control, we prepared PNCs treated with
benzyldodecyldimethylammonium bromide (PNC-BDAB) using
the same synthetic protocol as PNC-QTF2Br (see Experimental
Section). As shown in Figure 4a, PNC-OA dispersed in toluene
exhibited a sharp decrease to 20% of its initial PL intensity after
just one day of storage under ambient conditions. This was ac-
companied by a shift in the maximum PL wavelength (4,;) from
513 to 516 nm, indicating poor surface stability and interparti-
cle aggregation. In contrast, PNC-QTF2Br in toluene showed sig-
nificantly improved stability, maintaining its initial PL intensity
over 7 period. PNC-BDAB retained over 90% of its initial PL in-
tensity after two days but exhibited significantly lower stability
than PNC-QTF2Br. These results suggest that PNCs adopting
the monofunctional ligand may undergo aggregation or degra-
dation even in a nonpolar solvent like toluene, but the stabil-
ity can be noticeably enhanced by the bidentate, extended aro-
matic QTF2Br ligand. We also tested the stability in a more po-
lar solvent, tetrahydrofuran (THF), under N, conditions to as-
sess the effect of solvent polarity on colloidal stability (Figure 4b;
Figures S29 and S30, Supporting Information). PNC-OA rapidly
degraded in THF within an hour, losing its luminescent property
and forming a yellow phase. Although PNC-BDAB exhibited bet-
ter stability in THF compared to PNC-OA, it also lost its PL prop-
erty completely within 36 h. In contrast, PNC-QTF2Br exhibited
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Figure 4. PL intensity tracking of colloidal PNC-OA, PNC-BDAB, PNC-QTF2Br-40 in toluene a) and THF b) (independently obtained from five samples
each). TEM images of c) PNC-OA, d) PNC-BDAB, and e) PNC-QTF2Br-40 by increasing heating time at 100 °C in air.

superior stability compared to the other two PNCs, even in THF,
maintaining 80% of its initial intensity after 48 h. Specifically,
as shown in Figure S30d (Supporting Information), both PNC-
OA and PNC-BDAB underwent degradation in THF, exhibiting
a redshift in 4,; beyond 520 nm, whereas PNC-QTF2Br showed
only a minimal shift. The DFT calculations of the binding ener-
gies of each ligand molecule on CsPbBr; in toluene (¢ = 2.37)
and THF (e = 7.43) environments revealed that, despite the high
dielectric constant of THF, QTF2Br exhibited the highest bind-
ing affinity (Figure S31, Supporting Information). The stability
of PNC-QTF2Br in THF suggests that the conjugated structure
of the COE contributes to enhanced colloidal stability, even in
polar media, by providing more effective surface protection than
aliphatic or monoaromatic ammonium bromide ligands.
Thermal stress can also degrade PNCs by accelerating ion dif-
fusion within their crystal structure; however, surface protection

Adv. Optical Mater. 2025, €01640 €01640 (8 of 11)

can help mitigate thermal degradation and maintain their struc-
tural integrity. To assess this effect, we heated spin-coated PNC
films (x50 nm thick) at 100 °C and monitored the PL emission
at 1-h intervals in ambient air (Figure S32, Supporting Informa-
tion). PNC-OA and PNC-BDAB exhibited complete PL loss af-
ter 6 h of cumulative heating, while PNC-QTF2Br demonstrated
significantly improved thermal stability. To further investigate
the degradation process of PNCs under heat, we monitored the
nanoparticles using TEM at various heating times. As shown
in Figure 4c, prolonged heating (~30 min) caused the parti-
cles of PNC-OA to collapse at the edges, eventually forming ir-
regular, round-shaped particles with numerous defect sites and
fused particles. For PNC-BDAB, thermal stability was slightly im-
proved compared to PNC-OA; however, crystal degradation be-
came noticeable after 3 h (Figure 4d). In contrast, Figure 4e shows
that PNC-QTF2Br significantly enhanced surface definition,
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Figure 5. J-V characteristics of a) electron-only and b) hole-only devices of PNC-OA, PNC-BDAB, and PNC-QTF2Br-40. c) Bode plots and d) Nyquist
plots of EIS measurements of PNC-OA, PNC-BDAB, and PNC-QTF2Br-40 films with a device architecture of ITO/PNCs/TPBi/LiF /Al. The insets show

the corresponding cell architecture and the Randles circuit model.

retaining its shape and size even after 3 h of heating. It was only
after 5 h of heating that ripening occurred in PNC-QTF2Br, lead-
ing to the partial formation of larger particles (Figure S33, Sup-
porting Information). These results suggest that PNC-QTF2Br
demonstrates excellent particle definition and surface stabiliza-
tion, effectively preventing ion diffusion between particles even
in the solid state.

The final motivation for incorporating the COE ligand with
extended conjugation is to replace the insulating interface with
a semiconducting exterior, thereby enhancing charge transport
across the PNCs. To validate the charge transport enhancement
effect of the COE ligands, dark current measurements were con-
ducted on electron-only devices (ITO/Sn0O,/PNCs/2,2’,2"-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) ~ (TPBi)/LiF/Al)
and hole-only devices (ITO/PEDOT:PSS/PNCs/Mo0O,/Au)
(Figure 5a,b Figure S34 and Table S4, Supporting Information).
In the trap-free space charge limited current (SCLC) regime,
the electron and hole mobilities for both types of devices were
determined using the Mott-Gurney Equation (1),2]

9e,e, 1V,
J= == M
where ] is the current density, ¢, is the vacuum permittivity, €,
is the relative dielectric constant (¢, for CsPbBr; = 22), u is the
mobility, V, is the applied voltage, and L is the thickness of PNC
films.[?*] For PNC-OA, the electron mobility (.) and hole mobil-
ity (u,) were 9.89 X 107> and 1.93 x 10~* cm? V=1 s71, respectively,
while PNC-BDAB showed enhanced mobilities due to the contri-
bution of 7 orbitals along the aromatic ring (u, = 1.25 X 10~* and
t, =9.97 X 107* cm? V-1 s71). In the case of both PNC-QTF2Br,
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U (1.77 X 107* em? V7! s71) and gy, (1.42 x 1073 cm? V! s71)
exhibited the highest values among the three PNCs, demonstrat-
ing a greater enhancement in charge transport compared to the
BDAB-treated PNCs. Additionally, the trap-filled limit voltages
(VippL) of the electron-only devices (0.86, 0.46, and 0.27 V for PNC-
OA, PNC-BDAB, and PNC-QTF2Br, respectively) and hole-only
devices (1.06, 0.42, and 0.25 V, respectively) indicate a signifi-
cantly reduced trap density with QTF2Br treatment.

Electrical impedance spectroscopy (EIS) was also performed
on PNC-OA, PNC-BDAB, and PNC-QTF2Br films (Figure 5c,d;
Figure S35, Supporting Information) with a sandwich cell struc-
ture of ITO/PNC/TPBi/LiF/Al. According to the Bode plot in
Figure 5c and Figure S34 (Supporting Information), the maxi-
mum phase transition frequency progressively decreased from
10,000 Hz for PNC-OA to 7943 Hz for PNC-BDAB and 3981 Hz
for PNC-QTF2Br. The maximum phase shift angle was signif-
icantly reduced for PNC-QTF2Br (—32.30°) compared to PNC-
OA (—60.00°), suggesting that the introduction of QTF2Br ef-
fectively suppressed capacitive charge accumulation at the in-
terface, leading to more efficient charge transport across the
PNC layer. The corresponding Nyquist plot also suggests that
the charge transfer resistance (Rop) for PNC-OA was 535 Q,
which decreased to 248 Q with BDAB treatment, indicating im-
proved interfacial charge transfer upon replacing OA with BDAB.
For PNC-QTF2Br, a significant reduction in Ry was observed
(86 Q), suggesting further suppressed interfacial resistance due
to the incorporation of the COE with extended z-conjugation.
The EIS and SCLC measurements consistently indicate that
the COE ligand with extended conjugation enhances interfacial
charge transfer and transport characteristics. To assess the in-
fluence of surface ligands on interparticle charge transport, we
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measured the electrical conductivity of PNC films using the four-
point probe method (Figure S36, Supporting Information). The
conductivity increased from 1.09 x 10® S cm™! for PNC-OA
to 6.38 x 1077 S cm™! for PNC-BDAB, and further higher to
493 x 107° S cm™! for PNC-QTF2Br. This trend confirms that
ligand exchange enhances charge transport by improving inter-
particle coupling. Notably, QTF2Br results in higher conductivity
than BDAB, suggesting that its extended conjugated core con-
tributes to the improved electrical properties of the PNC film.
These results show that the COE ligand not only reduces trap-
mediated charge localization but also improves interparticle elec-
tronic communication, contributing to more stable and efficient
charge transport.

3. Conclusion

In this work, we successfully demonstrated that COE ligands can
act as effective multifunctional surface modifiers for CsPbBr,
PNCs, leading to significantly improved optical and electrical
properties, while also enhancing colloidal, thermal, and solvent
stability. The introduction of QTF2Br as a bidentate ligand not
only enhanced the PLQY through defect passivation and bro-
mide enrichment but also enabled an energy-funneling effect
via FRET. Notably, PNC-QTF2Br exhibited a 2.2-fold increase
in PL intensity upon 360 nm excitation compared to conven-
tional PNC-OA, demonstrating efficient FRET-mediated energy
transfer and PL amplification. Furthermore, the significantly im-
proved dispersion stability in polar solvents and morphological
stability in films are also noteworthy. The semiconducting con-
jugated ligand structure and reduced trap density further con-
tributed to enhanced charge transport, with an electron mobil-
ity (1) of 1.77 x 107° cm?/ V~! s7! and hole mobility (u,) of
1.42 x 1073 cm? V-1 571, as confirmed by EIS and SCLC measure-
ments. Additionally, temperature-dependent PL analysis revealed
an exciton binding energy of 108.28 meV, significantly higher
than that of PNC-OA (38.28 meV), indicating enhanced exciton
confinement and reduced nonradiative recombination. The re-
sults show that the extended conjugated structure of QTF2Br
contributes more significantly to enhancing the photoelectrical
properties of PNCs than a single aromatic ring, as seen in PNC-
BDAB. These findings provide a new perspective on ligand en-
gineering for PNCs, demonstrating the great potential of COE-
based surface modification for practical applications in PNC-
based optoelectronic devices. Overall, the QTF2Br ligand enables
robust defect passivation while simultaneously providing a semi-
conducting interface that facilitates efficient charge transport in
PNC films. These combined optical and electrical advantages un-
derscore the strong potential of QTF2Br for high-performance
optoelectronic devices such as LEDs.

4. Experimental Section

Materials: Cs,CO; (>99%), PbBr, (>99%), ODE (>91%), OAm
(70%, technical grade), OA (90%, technical grade), BDAB (>99%), all
solvents, and all the reagents for the synthesis of COE were purchased
from Sigma Aldrich and Tokyo Chemical Industry. PEDOT:PSS (Al 4083)
and TPBi were purchased from OSM. MoO; and Al were purchased from
iTASCO. SnO, was purchased from Alfa Aesar.
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PNC-OA: The colloidal solution of CsPbBr; PNC-OA was synthesized
following the reported hot injection method.['2] PbBr, (0.552 g) and 40 mL
of ODE were loaded into a 3-neck round-bottom flask and degassed un-
der vacuum at 120 °C for 1 h. Under an N, atmosphere, 4 mL of OA
and 4 mL of OAm were added to the degassed PbBr, mixture, followed
by further degassing at 180 °C for 30 min. Separately, a mixture of Cs,CO5
(0.407 g), 1.25 mL of OA, and 20 mL of ODE was placed in a flask and de-
gassed under vacuum at 130 °C for 2 h. After degassing, the temperature
was increased to 150 °C under vacuum to ensure complete conversion of
Cs,CO; to Cs-oleate. To synthesize PNC-OA, 3.2 mL of the hot Cs-oleate
solution was quickly injected into the prepared PbBr, solution at 180 °C.
After 5 s of stirring, the reaction flask was rapidly cooled in an ice bath,
yielding crude green PNC-OA in ODE.

Purification of PNC-OA:  The crude PNC-OA in ODE was transferred
to a centrifugal tube and centrifuged at 10 000 rpm for 10 min. After
centrifugation, the supernatant was discarded to remove excess ligands,
salts, and undersized CsPbBr; nanocrystals. The precipitate was then dis-
persed in 6 mL of hexane, followed by the immediate addition of 12 mL of
MeOAc. The mixture was shaken several times to form a turbid solution.
After centrifuging the mixture at 10 000 rpm for 3 min, the supernatant
was removed, and the precipitate was redispersed in 8 mL of toluene. The
PNC-OA dispersed in toluene was then obtained from the supernatant by
centrifuging the solution at 4 000 rpm. The concentration of the resulting
stock solution was measured to be 10-12 mg mL~1, with an absorbance
of 1.0-1.2 at 300 nm after diluting it 1:300 with toluene.

PNC-QTF2Br and PNC-BDAB: In an N,-filled glove box, the as-
prepared PNC-OA (10-12 mg mL~', 200 uL) in toluene was mixed
with 20 pL of QTF2Br in TFE (with concentrations ranging from 2.5 to
40 mg mL~") and vortexed for 3 min. The color of the PNC solution im-
mediately changed to a brighter green after the addition of the QTF2Br
solution (with [QTF2Br] greater than 5 mg mL~"). Next, 400 uL of MeOAc
was added to the mixture and gently shaken until it formed a turbid sus-
pension, followed by centrifugation at 13 500 rpm for 3 min. The precipi-
tate was then redispersed in 200 pL of toluene to produce a stock solution
of PNC-QTF2Br. For PNC-BDAB, a BDAB solution in TFE was prepared
similarly. A 19.6 mg mL™" solution of BDAB in TFE was used for ligand
exchange, which contains an equivalent molar amount of Br— (51.0 mM)
to the 40 mg mL~" QTF2Br solution.
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