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m-Electron coupling of pendant conjugated segment in m-stacked semiconducting polymers always
causes the formation of defect trapped sites and further quenched high-band excitons, which is harmful
to the performance and stability of deep-blue polymer light-emitting diodes (PLEDs). Herein, considerate
of “defect” carbazole (Cz) electromers in poly(N-vinylcarbazole) (PVK), a series of fluorene units are in-
troduced into pendant segments (PVCz-DMeF, PVCz-FMeNPh and PVCz-DFMeNPh) to suppress the strong
m-electron coupling of pendant Cz units and enhance radiative transition toward fabricating sable PLEDs.
Compared to PVCz-FMeNPh and PVCz-DFMeNPh, PVCz-DMeF spin-coated films show a relatively efficient
deep-blue emission, completely similar to its single pendant chromophore, confirmed an extremely weak
charge-transfer and electron coupling between adjacent pendant segments. Therefore, PLEDs based on
PVCz-DMeF present stable and deep-blue emission with a high color purity (0.17, 0.08), associated with
extremely weak defect emission at 600~700 nm (induced by carbazole electromers). Finally, PLEDs based
on PVCz-DMeF/F8BT blended films (1:1) also present the high maximum luminance (Lyax) of 6261 cd/m?
and current efficiency (CEmax) of 2.03 cd/A, confirmed slightly trapped sites formation. Therefore, pre-
cisely control the arrangement and packing model of pendant units in 7 -stacked polymer is an essential

prerequisite for building efficient and stable emitter for optoelectronic devices.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

In the last decades, semiconducting polymeric materials (SPMs)
draw a great deal of attentions in fundamental research and
industrial area, associated with their high performance, potential
mechanical flexibility, low-cost solution processibility and easily
structural modification, which are suitable for the preparation of
organic optoelectronic devices, for instance organic light-emitting
diodes (OLEDs) [1-4], organic field effect transistors (OFETs) [5-7],
organic solar cells (OSCs) [8-10], organic thermoelectricity [11-14].

* Corresponding authors at: Key Laboratory of Flexible Electronics (KLOFE) and
Institute of Advanced Materials (IAM), Nanjing Tech University (NanjingTech), Nan-
jing 211816, China.

E-mail addresses: iamjylin@njtech.edu.cn (J. Lin), iamcryin@njtech.edu.cn (C.
Yin), wei-huang@njtech.edu.cn (W. Huang).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cclet.2022.108078

Up to date, according to the variable charge-transport channel,
SPMs can be divided into two types: m-conjugated polymers and
mr-stacked polymers, that the former ones are associated with the
oriented -conjugated delocalization along backbone structure and
the latter involved the m-electron coupling induced by the pendant
conjugated units [1,15-20]. Compared to w-conjugated ones [21],
the diversely topological structure of m-stacked polymers provide
a platform to enhance and improve their performance and stability
via controlling the hierarchically self-assembled structure, tun-
ing the electron coupling between pendant units and regulating
the chain conformation and phase [15,19,20,22-24]. Poly(N-
vinylcarbazole) (PVK) as emblematic m-stacked polymers that
present a series of advantages, such as excellent charge-transport
mobility, outstanding charge capacity and multi-conformational
behavior, which are widely used as host materials, hole
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transporting materials and multi-functional materials in OLEDs,
OFETs and organic memory [1,15,20,25-27]. However, in fact,
uncontrollable strong m-stacking behavior induced by the pendant
carbazole units also results into the complicated photophysical
processing, such as undesirable green-band emission, complex
energy level and excitons-excitons annihilation, which are harmful
to the performance and stability of optoelectronic devices [28-32].
What is more, the defect trapped sites caused by the strong car-
bazole stacking can quench the excitons, result into the low device
performance and stability [28,29,33]. Therefore, precisely control
the conformational behavior of pendant carbazole is a feasible
strategy to enhance and stabilize the photophysical property of
PVK-type m-stacked polymers toward fabricating the light-emitting
optoelectronic devices.

In general, modular production enables organic conjugated ma-
terials to easily realize structural modification and precisely tune
their photoelectrical and chem-physical property [34,35]. As an
important conjugated segment, fluorene is an effective steric and
aromatic m-conjugated segment to improve emission efficiency,
tune energy level and enhance morphological stability, which are
widely used to construct the novel high performance and sta-
ble conjugated materials [24,35-37]. To some context, introduc-
ing the fluorene into the carbazole of PVK polymers may sup-
press the m-stacking interaction and electron coupling of pen-
dant conjugated group to enhance high emission efficiency, im-
prove solution processing ability to strengthen film morpholog-
ical stability and inhibit the formation of carbazole electromers
“trap states” [1,24,34,36,37]. Then, in this work, considerate of -
conjugated and m-stacked transport channel, two design strate-
gies are selected to obtain pendant fluorene-carbazole segment:
directly conjugated bond to prolong conjugated effective length
(Scheme 1, Type I), and m-conjugation-interrupted strategy to in-
duce space-induce charge transfer (Scheme 1, Type II). There-
fore, two-type m-stacked PVK polymers are prepared toward sta-
ble PLEDs: PVCz-DMeF (Type I) and PVCz-FMeNPh and PVCz-
DFMeNPh (Type II). Firstly, all three polymers present excellent
morphological stability and solution processing film-forming abil-
ity. More interestingly, corresponding spin-coated films showed a
deep-blue emission that significantly different to parent PVK, at-
tributed to the relatively weak s -stacking interaction of pendant
fluorophore. Meanwhile, compared to the type II polymers, PVCz-
DMeF-based PLEDs exhibited a stable deep-blue emission (CIE of
(0.17, 0.08)) and a better device performance, associated with the
completely suppression of trapped sites. Finally, due to excellent
Forster resonance energy transfer (FRET) and low trapped sites,
PLEDs based on PVCz-DMeF/poly(9,9-dioctylfluorene-co-benzothia-
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Table 1
Fundamental and Structural property of three polymers.
Polymer M, (kDa) PDI T4 (°C) Tz (°C) HOMO, S (eV)?
LUMO (eV)
PVCz-DMeF 40.8 1.88 449 244 -5.50, —-2.65 3.22

PVCz-FMeNPh 134
PVCz-DFMeNPh 17.8

1.30 393 193
1.35 441 208

-5.01, -2.56 2.81
-4.92, -2.60 273

a It is calculated from low temperature PL spectra.

diazole) (F8BT) blended layer exhibited better performances than
those of device based on purify F8BT, PVK/F8BT films, confirming
the availability of our strategy and with a wide range of potential
for optoelectronics applications in the future.

PVCz-DMeF, PVCz-FMeNPh and PVCz-DFMeNPh, in which the
fluorene group is modified on either side or both sides of the car-
bazole core, are prepared via radical polymerization (Scheme 1c¢)
[36,38]. The chemical structures of the three monomers were veri-
fied via NMR spectral measurement, as shown in Fig. S1 (Support-
ing information). The polydispersity index (PDI) and number aver-
age molecular weight (M;) are 1.88 and 40.8 kDa for PVCz-DMeF,
1.30 and 13.5kDa for PVCz-FMeNPh, 1.35 and 17.8kDa for PVCz-
DFMeNPh (Table 1), respectively, that monitored by gel permeation
chromatography (GPC) (Fig. S2 in Supporting information). Accord-
ing to the thermogravimetric analysis (TGA) results, three poly-
mers have high decomposition temperatures (Ty), which are about
449°C, 393 °C and 441 °C for PVCz-DMeF, PVCz-FMeNPh and PVCz-
DFMeNPh, respectively (Fig. S3 in Supporting information). Then,
differential scanning calorimetry (DSC) characterization of PVCz-
DMeF, PVCz-FMeNPh and PVCz-DFMeNPh showed glass transition
temperatures (Tg) to be 244°C, 193 °C and 208 °C, respectively (Fig.
S3). Meanwhile, all three polymers had well solubility in common
organic solvents, such as toluene and CHCl3, which is useful to ob-
tain smooth spin-coated film via solution processing technology.

In general, photophysics property are frequently-used measure-
ment to probe the chain arrangement and aggregation behav-
ior [15,39]. Therefore, UV-vis absorption and fluorescence spec-
tra of PVCz-DMeF, PVCz-FMeNPh and PVCz-DFMeNPh in various
states were obtained to elucidate their photophysical properties, as
shown in Fig. 1. The maximum absorption peak of the PVCz-DMeF
pristine spin-coated film is estimated about 319 nm, and the maxi-
mum emission peak are at 403 nm. Besides, similar PL spectral pro-
files of annealed films were obtained under thermal treatment at
180°C and 200°C also revealed excellent deep-blue emission sta-
bility (Fig. 1a and Fig. S4 in Supporting information). Notablely,
the absorption and emission spectra of PVCz-DMeF in the dilute
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Scheme 1. Molecular design principle of model fluorene pendant-functionalized m-stacked PVK. (a) Two types of typical semiconducting polymeric materials (SPMs): 7~
conjugated polymers and -stacked polymers. (b) Chemical structure of PVK. Two-types 7 -stacked conformation of pendant carbazoles (Cz) in PVK are observed to induce
the formation of “trap states” carbazole electromers: full stacked and partial stacked ones, which may result into an uncontrollable conformational behavior, undesirable
defect “trapped sites” and diverse photophysical property in solid states. (c) Schematic representation of the isolated pendant group in fluorene-functionalized PVK. Compared

to the parent m-stacked Cz units in PVK chain, pendant fluorene-Cz groups may present excellent film forming ability with a stable morphology, weakly direct stacking
interaction between adjacent Cz units, suppress the defect formation toward fabricating light-emitting devices.
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Fig. 1. Optical property of three polymers in various states. Steady absorption (dotted line) and PL (solid line) spectra of (a) PVCz-DMeF, (b) PVCz-FMeNPh and (c) PVCz-
DFMeNPh in diluted toluene solution, pristine film and annealed films (180°C or 200°C thermal annealed for 10 min). 3D PL mapping spectra of (d) PVCz-DMeF, (e) PVCz-

FMeNPh and (f) PVCz-DFMeNPh for pristine films.

solution are similar to those in film state, indicated single pen-
dant fluorophore emission behavior [40]. Moreover, the full-width-
half-maximum (FWHM) of PVCz-DMeF in the solution and pristine
film are estimated about 50 nm and 56 nm, also confirmed narrow-
band deep-blue emission [41]. Similarly, the same absorption and
PL spectral profile between dilute solution and film state are found
for the PVCz-FMeNPh and PVCz-DFMeNPh, also indicate the similar
excitonic behavior. The maximum absorption and emission peaks
of PVCz-FMeNPh and PVCz-DFMeNPh pristine films are located at
353 nm and 440 nm (Fig. 1b), 352 nm and 452 nm (Fig. 1c), respec-
tively. Compared to the PVCz-DMeF, both these peaks at relatively
long-wavelength effectively confirmed the relatively strong charge-
transfer between adjacent pendant Cz units, TPA and fluorene units
in PVCz-FMeNPh and PVCz-DFMeNPh. Corresponding FWHM of the
pristine films are 54 nm and 54 nm, respectively. Both two materi-
als spin-coated films had stable blue emission without any obvi-
ous green-band emission after thermal annealing (Fig. 1 and Fig.
S4). Besides, 3D PL mapping spectrograms reveal that all three
polymers present one emissive sites with a stable deep-blue emis-
sion (Figs. 1e and f, Fig. S5 in Supporting information). Mean-
while, the life-times of all three-type spin-coated films at blue-
band emission are calculated about 1-2ns, respectively, and cor-
responding PLQY are estimated about 12.7%, 3.5% and 3.6% (Fig.
S6 and Table S1 in Supporting information). Besides, compared to
the PVCz-FMeNPh and PVCz-DFMeNPh ones, the PVCz-DMeF pris-
tine and annealed films have relatively high radiative transition
rate, which is more beneficial to fabricate light emitting devices.
In general, PVCz-DMeF, PVCz-FMeNPh and PVCz-DFMeNPh have
similar flexible polyethylene backbone and carbazole core. Directly
linked between fluorene and carbazoles in PVCz-DMeF may pro-
long the effective conjugated length to enhance the emission effi-
ciency, but serious charge-transfer and electron coupling between
fluorene, TPA and carbazoles observed for PVCz-FMeNPh and PVCz-
DFMeNPh [19,20], which result into distinct photophysical proper-
ties. Compared to parent PVK materials, the similarity of the PL
spectra of the three polymers solution state and spin-coated films
revealed the synergistic effect between the main and side chain lu-
minescence elements of flexible polyethylene, which can effectively
avoid chromophore aggregation, reduce the adverse effects caused
by exciton coupling, and improve its photoelectric properties.
Besides, cyclic voltammetry (CV) analysis revealed that the
highest occupied molecular orbital (HOMO) level is lifted
up upon incorporation N-(4-methoxyphenyl)—9,9-dimethyl-9H-

PVCz-DMeF PVCz-FMeNPh PVCz-DFMeNPh

R,=1.31Zom
R,=1.040nm

R,=0.511 nm
R,=0.389 nm

R,=0.767 nm
R,=0.613 nm

Fig. 2. Morphological property of three polymers in film states. Fluorescence mi-
croscope (FLM) images of (a) PVCz-DMeF, (b) PVCz-FMeNPh and (c) PVCz-DFMeNPh
pristine films, together with (d-f) their corresponding AFM images.

fluoren-2-amine (FMeNPh) unit, thus causing a relatively narrow
bandgap and redshifted optical spectra, consistent with the re-
sults of the density functional theory (DFT) (Figs. S7 and S8 in
Supporting information, Table 1). Meanwhile, the distribution of
electron clouds for HOMO and LUMO are obtained upon optimiz-
ing the geometric configuration (Fig. S7). And that of the PVCz-
DMeF chromophore basically coincide, revealing that electrons are
distributed on the whole chromophore, indicating that the chro-
mophore is conjugated structure on which electrons are in delo-
calized state (Fig. S7a). The HOMO orbital of the PVCz-FMeNPh
and PVCz-DFMeNPh are mostly distributed on the carbazole core,
and partly distributed on the fluorene group of FMeNPh unit, in-
dicating that their conjugation degree is not as high as that of
PVCz-DMeF. The electron cloud on the LUMO orbital is mainly
distributed on the carbazole segment reveals that carbazole is
an electron-withdrawing group in the system (Figs. S7b and c).
The quantum efficiency (PLQY) of PVCz-DMeF, PVCz-FMeNPh and
PVCz-DFMeNPh are lower with smaller radiative transition rate
(kr), and the non-radiative transition rate (kp;) is at least 7 times
higher than k;. Therefore, PVCz-DMef, PVCz-FMeNPh and PVCz-
DFMeNPh may be used as the host materials in PLEDs.

Notablely, the morphology of thin film affects the performance
of light-emitting devices. Subsequently, we also carried out flu-
orescence microscope (FLM) and atomic force microscopy (AFM)
to monitor the emission behavior and morphological stability of
three polymers spin-coated films (Fig. 2). For PVCz-DMeF material,
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Fig. 3. Blue PLEDs based on the three PVK type polymers. (a) Diagram of the PLED
(ITO/PEDOT:PSS/EML/TPBi/LiF/Al). (b) Electroluminescence (EL) spectra of PVCz-
DMeF, PVCz-FMeNPh and PVCz-DFMeNPh. The inset shows the CIE coordinate di-
agram at 9V. Corresponding current densities are about 1500 mA/cm?2, 400 mA/cm?
and 405 mA/cm?. (c) Current density & luminance versus voltage characteristics and
(d) current efficiency versus current density curves for devices based on PVCz-DMeF,
PVCz-FMeNPh and PVCz-DFMeNPh, respectively.

pristine film presents smooth and continuous state, indicated their
excellent film formation ability and deep-blue emission (Fig. 2a). In
contrast, the solubility and film-forming ability of PVCz-FMeNPh
and PVCz-DFMeNPh were slightly inferior, and the luminescence
of PVCz-DFMeNPh shows a relatively weak deep-blue emission
under the fluorescence microscope (Figs. 2b and c). The results
of AFM also show that three polymers are smooth and uniform
for pristine films with low root mean square roughness (RMS)
of 1314, 1.266 and 1.251 nm (Figs. 2d-f), respectively, consistent
with the fluorescence microscopy results above. The good film
forming ability and uniform film morphology of the three ma-
terials are conducive to the solution preparation process of the
device.

Subsequently, the polymer light-emitting diodes (PLEDs) were
fabricated with the configuration structure of ITO/PEDOT:PSS/
EML/TPBi/LiF/Al to investigate their electroluminescene (EL) prop-
erties (Fig. 3a). PVCz-DMeF, PVCz-FMeNPh and PVCz-DFMeNPh
films are introduced to as the emission layers for the PLEDs. Figs.
3b-d show the performance of PLED based on PVCz-DMeF, PV(Cz-
FMeNPh and PVCz-DFMeNPh. As we expected, EL spectra of de-
vice based on PVCz-DMeF show a maximum peak at 419 nm with
a FWHM of 69nm, similar to the PL spectral profiles, indicate
a weak energy transfer under applied electrical field. And cor-
responding CIE is about (0.17, 0.08), also confirmed its excellent
deep-blue emission (Fig. 3b, Figs. S10 and S11, Table S2 in Sup-
porting information). More interestingly, compared to the serious
carbazole electromers in PVK, no obvious emission at 600~700 nm
is observed for the PVCz-DMeF-based PLEDs. Therefore, directly
link between the fluorene and carbazole in PVCz-DMeF can effec-
tively suppress the m-m stacking interaction of carbazole in PVK
and avoid the formation of trapped sites in solid states. Simi-
larly, emission peaks are estimated about at 450 nm and 455 nm,
for PVCz-FMeNPh and PVCz-DFMeNPh-based PLEDs. Correspond-
ing CIE are about (0.18, 0.15) and (0.18, 0.17), respectively, in-
dicated a sky-blue emission. However, there is a weak emis-
sion band at 600-650 nm found in corresponding EL spectra, indi-
cated a weak carbazole electromers or excimer emission induced
by the pendant chromophore (Fig. 3b) [28,29]. And these emis-
sion bands at long-wavelength are enhanced with increasing ap-
plied voltage, also confirmed the weak energy transfers. Then, -
conjugation-interrupted strategy in this pendant-functionalization
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Fig. 4. Energy transfer from host PVK-type polymers to F8BT in film states. (a) Nor-
malized absorption and PL spectra of three polymers films (top, PVCz-DMeF, PVCz-
FMeNPh and PVCz-DFMeNPh), F8BT film (middle) and three polymers blended with
F8BT films (bottom, PVCz-DMeF/F8BT for black line, PVCz-FMeNPh/F8BT for red
line and PVCz-DFMeNPh for blue line). (b) Energy level schematic for host PVK-
type polymers and guest F8BT. The corresponding vertical absorption values are ap-
proximated by theoretical calculations. (c) Low temperature fluorescence spectra of
PVCz-DMeF, PVCz-FMeNPh, PVCz-DFMeNPh and F8BT films.

may result into forming residual carbazole electromers and strong
energy transfer. Of course, it needs to note that there is weak
emission at long-wavelength observed under high current density
(1000mA/cm?) in all PLEDs. Therefore, PVCz-DMeF-based device
exhibited the maximum luminance (Lmax) of 442 cd/m? with the
Von of 4.7V, the current efficiency (CE) of 0.21cd/A and the EQE
of 0.44%, whereas the PVCz-FMeNPh and PVCz-DFMeNPh-based
present the Lmax of 166 cd/m?, 246 cd/m? with the Vo, of 4.2V,
3.6V, the CE of 0.05cd/A, 0.05cd/A and the EQE of 0.04%, 0.04%, re-
spectively (Fig. S9 and Table S2 in Supporting information). In this
regard, compared to other two polymers, PVCz-DMeF-based PLEDs
had a better stable color purity of deep-blue emission, current effi-
ciency, brightness and low Vy,, which may also potential candidate
as host materials for PLEDs.

To further explore the existence of energy transfer between the
three materials and F8BT in doping system, we further monitored
the absorption and emission spectra of the three materials, F8BT
and their blends (Fig. 4a and Fig. S12 in Supporting information).
PL spectra of PVCz-DMeF, PVCz-FMeNPh and PVCz-DFMeNPh have
been described above. The absorption spectra of F8BT with a max-
imum peak at 465 nm partially overlaps with the emission spectra
of PVCz-DMeF, and almost completely covers the emission spec-
tral range of PVCz-FMeNPh, PVCz-DFMeNPh, proves that efficient
FRET energy transfer from host (novel polymers) to guest (F8BT)
can be observed in the doping system. Under the doping ratio of
1:1 between host and guest materials, emission peaks at short-
wavelength belonging to the host materials are appeared, sug-
gested the incomplete energy transfer. In general, compared to the
photo-excitation, relatively strong energy transfer may occur under
electrical field. Therefore, we set the doping ratio of 1:1 between
PVCz-DMeF, PVCz-FMeNPh, PVCz-DFMeNPh and F8BT to systemati-
cally investigate the energy transfer and their application in PLEDs.
Taking the monomer chromophor of the host and guest material as
the unit, the vertical absorption of the material was approximately
calculated by DFT, and the values of materials S; were 3.67eV,
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3.09eV, 2.93eV and 2.84 eV, respectively. As shown in Fig. 4b, there
is the possibility of energy transfer between host and guest, and
the low-temperature fluorescence measurements also support this
assumption (Fig. 4c).

Therefore, preliminary PLEDs were fabricated with conventional
configuration of ITO/PEDOT:PSS/EML/ TPBi/LiF/Al to check the en-
ergy transfer from PVK-type polymer to F8BT. Emissive layers are
obtained using the doped 1:1 ratio of PVK type polymers (host)
and F8BT (guest). Corresponding device performances are shown
in Fig. 5. As we expect, all PLEDs present a maximum peak at
543 nm without any deep-blue emission at high-band, indicated a
completely energy transfer from PVK type polymers to F8BT under
electrical field. And corresponding CIE are about (0.42, 0.57), (0.44,
0.54) and (0.43, 0.55). However, as we discussed above, the resid-
ual trapped sites were existed in PVCz-FMeNPh, PVCz-DFMeNPh,
and further quenched exciton from F8BT in PLEDs, which may rea-
sonably result into low device performance and stability [28,29].
Therefore, as shown in Fig. 5¢, it is clearly found that PLEDs based
PVCz-DMeF/F8BT present better current efficiency, brightness than
those of PVCz-FMeNPh/F8BT, PVCz-DFMeNPh/F8BT ones. In de-
tails, PLEDs based on PVCz-DMeF/F8BT blended films displayed
Von of 4.7V, the Lynax of the 6261 cd/m?2, with CEmax is 2.03 cd/A,
respectively, which are comparable to conventional blended F8BT
devices but higher than those of device based on purified F8BT
films [42]. The value of Vop, Lmax and CEpax for PVCz-FMeNPh/F8BT
and PVCz-DFMeNPh/F8BT based devices are estimated about 5.0V,
445 cd/m?2, 0.70cd/A and 4.8V, 636 cd/m?2, 0.54cd/A, respectively
(Fig. S13 and Table S2 in Supporting information). Meanwhile,
PVCz-DMeF/F8BT based doped device present more stable emission
spectra, located in the yellow-green region (Fig. S14 in Supporting
information). Therefore, PLED based on PVCz-DMeF/F8BT have bet-
ter device performance than other devices of the same type, as-
sociated with the suppression of the formation of trapped sites,
consistent with the previous analysis.

In summary, we demonstrated a simple pendant-functionalized
strategy to suppress the formation of carbazole electromers in
m-stacked PVK materials via introducing the steric fluorene unit
into the pendant conjugated units. Different to the w-conjugation-
interrupted linked fluorene units in PVCz-FMeNPh and PVCz-
DFMeNPh, PVCz-DMeF spin-coated films present a robust single
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pendant-chromophore emission behavior at 419 nm without ob-
vious narrow-band long-wavelength emission, which may induce
by the strong m-electron coupling and space charge-transfer of
pendant carbazole segment. These carbazole electromers are ob-
served in the EL spectra of PVCz-FMeNPh and PVCz-DFMeNPh-
based PLEDs, which are trapped high-band excitons and reduced
device performance. As we expected, PVCz-DMeF-based PLEDs had
an excellent deep-blue emission with CIE of (0.17, 0.08), associated
with the single-chromophore photophysical processing. More inter-
estingly, PLEDs based on PVCz-DMeF/F8BT blended films show bet-
ter current efficiency (2.05cd/A, >3 folds) and higher maximum
brightness (6261 cd/m2, > 10 folds) than those of controlled ones,
also confirmed the weak exciton quenching by defect trapped sites
in solid states. Therefore, the pendant steric functionalization of
mr-stacked semiconducting polymers is an effective strategy to pre-
cisely control their excitonic behavior and photophysical processing
toward the optoelectronic devices.
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