
Chinese Chemical Letters 33 (2022) 835–841

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Enhancement of morphological and emission stability of deep-blue

small molecular emitter via a universal side-chain coupling strategy

for optoelectronic device

Ning Suna,1, Han Gaoa,1, Lili Suna,1, Jingxi Anb, Man Xub, Chen Suna, Yamin Hana,
Jinyi Lina,∗, Jiangli Caia, Mingjian Nia, Liangliang Hea, Jinghao Yanga, Zhoulu Wanga,∗,
Lubing Baia, Xinwen Zhangb, Qi Weia, Xuehua Dinga,∗, Chengrong Yina, Linghai Xieb,
Wei Huanga,b,c,∗∗

a Key Laboratory of Flexible Electronics (KLOFE) and Institute of Advanced Materials (IAM), Nanjing Tech University (NanjingTech), Nanjing 210000, China
b State Key Laboratory of Organic Electronics and Information Displays and Institute of Advanced Materials (IAM), Nanjing University of Posts and

Telecommunications, Nanjing 210023, China
c Frontiers Science Center for Flexible Electronics (FSCFE), MIIT Key Laboratory of Flexible Electronics (KLoFE), Northwestern Polytechnical University, Xi’an

710072, China

a r t i c l e i n f o

Article history:

Received 7 May 2021

Revised 27 July 2021

Accepted 30 July 2021

Available online 5 August 2021

Keywords:

Side-chain coupling

Small molecular emitter

Morphological stability

Deep-blue emission

Optoelectronic device

a b s t r a c t

Film morphology of emissive layers is crucial to the performance and stability of solution-processable

organic light-emitting diodes (OLEDs). Compared to the interpenetration of conjugated polymer chain,

small molecular emitter with a flexible side chain always presents easily aggregation upon external treat-

ment, and caused π-electronic coupling, which is undesirable for the efficiency and stability of deep-blue

OLEDs. Herein, we proposed a side-chain coupling strategy to enhance the film morphological an emis-

sion stability of solution-processable small molecular deep-blue emitter. In contrary to “parent” MC8TPA,

the crosslinkable styryl and vinyl units were introduced as ended unit at the side-chain of CmTPA and

OEYTPA. Interestingly, CmTPA and OEYTPA films present a relatively stable morphology and uniform

deep-blue emission after thermal annealing (160 °C) in the atmosphere, different to the discontinuous

MC8TPA annealed film. Besides, compared to the CmTPA and OEYTPA ones, serious polaron formation

in the MC8TPA annealed film also negative to the deep-blue emission, according to transient absorp-

tion analysis. Therefore, both CmTPA and OEYTPA annealed film obtained at 140 °C present an excellent

deep-blue ASE behavior with a 445 nm, but absence for MC8TPA ones, associated with the disruption of

annealed films. Finally, enhancement of device performance based on CmTPA and OEYTPA film (∼40%)

after thermal annealing with a similar performance curves also confirmed the assumption above. There-

fore, these results also supported the effectiveness of our side-chain coupling strategy for optoelectronic

applications.

© 2021 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, light-emitting materials have attracted more

attentions, due to their potential applications in information dis-

play and solid light [1–9]. In general, inorganic emitter always

present excellent stable emission behavior and efficient luminance
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efficiency, associated with the intrinsic stable atomic bonds in solid

states [10,11], which are enable a relatively excellent thermal mor-

phological stability [1,8,12]. However, consideration of the rela-

tive freedom motion of C-C chemical bond (such as σ and π-

bonds) [13], molecular motion of organic materials can be eas-

ily activated under external post-treatment, result into conforma-

tional transition, intermolecular rearrangement and crystallization

in solid states [14–17]. Especially, these molecular wriggles are also

observed in film state under thermal stimulation, such as residual

thermal-energy in device fabrication, and Joule self-heating in de-

vice operation [14,18–22]. Obviously, this intermolecular aggrega-

tion caused by molecular wriggles, also induce serious electronic

https://doi.org/10.1016/j.cclet.2021.07.069
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coupling, polaron formation, charge trapping, and exciton-exciton

annihilate in the solid states, which is undesirable for deep-blue

OLEDs [17,23–33]. Up to date, the steric functionalization of con-

jugated molecules is the most molecular design strategy to sup-

press this molecular motion via improving glass transition temper-

ature (Tg), such as corporation of steric bulky unit, dendron groups

and large cycles ring [28,29,34–37]. However, such synthetic pro-

cedures are laborious, spatial distribution of the groups is conges-

tion, and caused low solubility [25,26,30,38–42]. What is more, in-

sulated cyclical or large steric frameworks tend to randomly dis-

tribute in condensed structures, which significantly affect the in-

termolecular charge transport properties [26,34,40,42–44]. In con-

sideration of this situation, it is urgent to establish a simple and

universal molecular design principle to improve the morphological

and emission stability of small molecular deep-blue emitter.

Compared to the deposited ones, solution-processable organic

emitters present a series of advantages, such as low cost tech-

nology, room temperature processing and easily large-scale man-

ufacture for the fabrication of optoelectronic devices [12,28,45–

48]. In general, conjugated polymeric emitters present an excel-

lent film solution processing ability, associated with its intrin-

sic viscosity induced by interchain entanglement [39,45,48]. And

the small molecular emitter with a flexible substituted chain

and supramolecular units is another type materials act as ac-

tive layer for fabricating solution-processed optoelectronic devices

[2,12,28,47]. In fact, the introduce of this flexible side chain is use-

ful to obtain proper viscosity for improving film-forming ability

[12,49], but caused low freedom energy for intermolecular rear-

rangement under thermal treatment, due to the small Tg, which

is negative to the device performance and stability. In this regard,

it is predicated that suppress molecular freedom motion is effec-

tive strategy to enhance the morphological and emission property

of small molecular emitter. Previously, an efficient small deep-blue

nano-emitter (MC8TPA) is obtained for deep-blue OLEDs and or-

ganic laser [50,51]. However, similar to reported small molecu-

lar emitters, our nano-molecules also present lower Tg and result

into intermolecular aggregation, which is negative to device perfor-

mance and stability [24,27,28,50–52]. Herein, we proposed a uni-

versal side-chain intermolecular-coupled strategy to enhance the

morphological and emission behavior of MC8TPA in solid states.

Compared to the freedom motion of “parent” small molecules, the

chemical coupling bond between chromophore units can suppress

the molecular wriggles and intermolecular aggregation. Therefore,

the active vinyl groups are introduced act as the ended units of

side chain at 4-position of fluorenes, CmTPA and OEYTPA, as shown

in Fig. 1a. As we expected, intermolecular network present excel-

lent morphological and deep-blue emission stability. Finally, sig-

nificantly different to MC8TPA ones, the performance and emis-

sion spectra of OLEDs based CmTPA and OEYTPA annealed film are

independent on the thermal annealed temperatures, also further

confirmed the effectiveness of our design strategy.

Firstly, we proposed two novel organic small molecular lumi-

nescent materials, CmTPA and OEYTPA with a sterically hindered

and linkable ingredient [53–55], referenced to the molecular mod-

ification of MC8TPA, which successfully synthesized via Suzuki

cross coupling reaction (Fig. S1 in Supporting information). In or-

der to compare the properties of the newly synthesized materials,

“parent” MC8TPA was used as the reference that was investigated

in our group previous study [50]. Compared with MC8TPA, double

bond groups with different activities were introduced into the 4-

possion of fluorene (Fig. 1b), that the styryl and vinyl units were

introduced into CmTPA and OEYTPA, respectively [53,56]. Hence,

whether the multi-step reaction process affects the activity of the

double bond needs to take into account in the synthesis. In or-

der to solve this issue, we redesigned the synthetic route, and

the introduction of the side chain was incorporated at the last

Fig. 1. Molecular-coupling design principle of our model steric deep-blue emitter.

(a) Schematic representation of the suppressing freedom motion of deep-blue chro-

mophore by the side-chain coupling strategy. Consideration of diverse molecular

wriggles, small molecules are easily aggregate together under thermal treatment,

which is effectively suppressed in a cross-linked network. (b) Chemical structures

of MC8TPA, OEYTPA and CmTPA. Molecules can be easily coupled in the solid state

by the active reaction of vinyl unit at the end of substituted side-chain in fluo-

renes units, which is useful to inhibit molecular rearrangement and crystallization.

(c) Possible cross-linking reaction principle of vinyl unit under thermal treatment.

step (Fig. S1). The specific reaction steps are shown in Support-

ing information. Firstly, nuclear magnetic resonance (NMR) mea-

surement was used here to confirm the chemical structures of the

three TPA materials, as show in Fig. S2 (Supporting information).

Simultaneously, three materials have an excellent solubility in or-

ganic solvents, such as toluene, tetrahydrofuran and chloroform,

contribute to solution process for device fabrication. CmTPA and

OEYTPA showed similar decomposition temperature (Td), which

higher than that of MC8TPA nearly 10 °C, reached up to 428 °C
and 423 °C, respectively. Interestingly, the Tg of CmTPA is slightly

higher than that of OEYTPA and MC8TPA as indicated by differen-

tial scanning calorimetry (DSC) (Fig. S3 in Supporting information)

[50].

As we designed strategy, intermolecular coupling of OEYTPA

and CmTPA materials is positive to improve their thermal stabil-

ity. In order to check this assumption, we set CmTPA to explore

this thermal behavior via cycle thermal treatment. The maximum

temperature of the DSC test was controlled at 180 °C and it was

carried out in a nitrogen atmosphere. The data obtained clearly

show that, except for the endothermic peak in the first scan, the

Tg obtained from the next few scans are lower than 140 °C (Fig. S4

in Supporting information). Interestingly, as we expected, the Tg of

CmTPA powders gradually increases from 150 °C to nearly 180 °C
with the increase number of scan cycles, when the maximum tem-

perature of the DSC test was controlled at 350 °C (Fig. 2a). The Tg
of MC8TPA was also tested using DSC, that the maximum tempera-

ture was controlled at 250 °C and maintained for 5 min, as shown

in Fig. S5 (Supporting information). After the samples tested for

DSC can be partial dissolved in DCM, which further spotted on a

silica gel plate with a eluent of PE:DCM=2:1 (insert in Fig. S5). Be-

yond the parent one, a series of extra new points also observed for

OEYTPA and CmTPA (similar to Fig. 2c), suggested the intermolec-

ular coupling of OEYTPA, significantly different to MC8TPA ones.

According to previous works [53,56], styryl and vinyl units can be

active to induce intermolecular coupling under thermal treatment,

which is effective to obtain cross-linked network in solid states.

Of course, the reaction of styryl units is more activity than that of

vinyl ones, which may cause the nano-scale morphological change

after thermal treatment. Therefore, the intermolecular couple of

CmTPA and OEYTPA at 4-postion of fluorene may effectively sup-

press molecular rearrangement and recrystallization, and easily im-

prove thermal stability of small molecular emitters.

To identify the nature of these intermolecular coupling,

temperature-dependent Fourier-transform infrared (FT-IR) spec-
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Fig. 2. Intermolecular coupling of CmTPA in solid states. (a) DSC curves of CmTPA powder in several thermal cycles. The maximum temperature of the DSC test was

controlled at 350 °C. (b) Variable temperature IR curves of MC8TPA and CmTPA powders from 30 °C to 200 °C. (c) Photographs images of TLC plate after thermal-induce

coupling reaction, together with the Modi-Tof data of CmTPA drop-coated film at different temperatures. The points on the TLC plate are the original solution of CmTPA and

the drop films annealed at different temperatures. The drop film of CmTPA was annealed at 120, 140, 150, 160, 180 and 200 °C for 30 min, respectively.

troscopy is also introduced to explore the molecular vibration and

motion of the styryl-contained side chain and mainchain backbone

for CmTPA [53]. As presented in Fig. 2b, the absorbance change on

the terminal styryl unit, show weaken peaks at about 1645 cm−1,

due to the loss of C=C stretching vibration with increasing tem-

perature to 160 °C. Meanwhile, the out of plane swing vibration

absorption peak of =C–H at about 910–905 and 995–985 cm−1,

which are characteristics of the terminal double bond, disappeared

when temperature rose more than 160 °C yet (Fig. 2b and Fig.

S6 in Supporting information), also confirmed the coupling reac-

tion of styryl under thermal annealing. Subsequently, in order to

confirm this assumption and critical coupling temperature, prod-

uct structures of CmTPA after coupling reaction are systematically

investigated via preliminary thin layer chromatography (TLC) and

MALDI-TOF-MS spectrometry test. Firstly, we obtained a series of

annealed drop-coated films of CmTPA after thermal treatment at

120, 140, 150, 160, 180 and 200 °C, respectively. Subsequently,

the film was partial dissolved in the chloroform solvent. Finally,

the pristine CmTPA solution was used as a reference one. As dis-

played in Fig. 2c, the drop film of CmTPA had been annealed at

120 °C for 0.5 h, and a trace amount of new material had been

formed, and when the annealing temperature was gradually in-

creased, the content of new substances generated was increasing

yet, and the specific manifestation was that the new spots were

gradually increasing. Combined with the further analysis of the

chemical structure of CmTPA, the adjacent CmTPA end active styryl

units were coupled. In this regard, the critical coupling tempera-

ture (CCT) of CmTPA is about 120 °C. Besides, MALDI-TOF-MS test

was also explored here to confirm this assumption (Fig. 2c). It

clearly shows that the maximum m/z (mass-to-charge ratio) value

of the unannealed drop film is 1023, associated with the single

CmTPA molecule. Interestingly, a small peak near the m/z of 2050

is observed in the MALDI-TOF-MS curve of the drop film of CmTPA

after annealed at 120 °C for 0.5 h, suggested the dimer forma-

tion. With increasing the annealing temperatures to 140 °C, the

maximum value of m/z also increases to 3098, confirmed obtain-

ing CmTPA trimer, consistent with the possible cross-linking re-

action principle in Fig. 1c. And there is an unobvious peak at

m/z over 4000 for 160 °C. These data more intuitively indicated

that the neighbouring CmTPA molecules are coupled during the

annealing process. Meanwhile, the fraction of molecules can be

coupled at higher temperature. Hence, it demonstrated that the

coupling degree of adjacent CmTPA molecules is positively corre-

lated with annealing time and temperature, that this intermolecu-

lar coupling can effectively improve morphological stability.

Subsequently, we also investigated the film morphological sta-

bility and emission behavior of three materials after thermal an-

nealing, as present in Fig. 3. For MC8TPA materials, pristine films

present a smooth and continuous states, revealed excellent film

formation ability induced by the flexible side-chain substitute.

Meanwhile, an efficient and uniform deep-blue emission also con-

firmed this assumption. However, there are series of pores ob-

served in the annealed MC8TPA film (120 °C and 140 °C) secondary
treatment under 160 °C, suggested the destruction of MC8TPA film

under thermal processing, associated with the strong intermolec-

ular rearrangement and phase transition, consistent with the DSC

results. This discontinuous film morphology is seriously negative

to the device performance and stability. Interestingly, similar to

the discussion above, our OEYTPA and CmTPA displayed an excel-

lent thermal stability and relative uniform emission. As displayed

in Figs. 3d and g, similar to MC8TPA, OEYTPA and CmTPA pristine

film had excellent film morphology, efficient and uniform deep-

blue emission. As we expected, our CmTPA annealed films also

present excellent deep-blue emission with uniform surface, even

further secondary treatment under 160 °C, confirmed its excellent

film morphological stability. Compared to MC8TPA materials, our

OEYTPA had a relatively better morphological stability, but weaker

than those of CmTPA, however, suggested the weaker intermolec-

ular aggregation and crystallization, reasonably explained by the

weaker reaction activity of vinyl units than those of styryl ones.

Therefore, it is effectively concluded that the side intermolecular

coupling of small molecules can improve the morphological and

emission stability of small molecular emitter.

Generally, interchain aggregation with an electron coupling will

affect the photophysical processes in the solid states [13,32,57].

Here, we further investigated the optical properties of three com-

pounds in various states. Similar to previous work [50,51], CmTPA,

OEYTPA and MC8TPA diluted solution show similar absorption
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Fig. 3. Fluorescence microscope (FLM) images of MC8TPA (a-c), OEYTPA (d-f) and CmTPA (g-i) pristine film, and annealed films (obtained thermal treatment at 120 °C and

140 °C) secondary treatment under 160 °C, respectively. Scale bar is 200 nm.

Fig. 4. Optical properties of MC8TPA, OEYTPA and CmTPA in various states. Steady absorption and PL spectra of CmTPA (a), OEYTPA (e) and MC8TPA (i) in diluted toluene

solution, pristine, annealed and aged film. �T/T kinetics of transient absorption spectra of CmTPA (b), OEYTPA (f) and MC8TPA (j) pristine spin-coated films from toluene

solution, and corresponding annealed films (obtained thermal treatment at 120 °C and 140 °C) secondary treatment under 160 °C (c and d, g and h, k and l), respectively.

peak at 372 nm as displayed in Fig. 4, associated with the sim-

ilar conjugated backbone structures. Meanwhile, in light of those

compounds PL spectrum of dilute solution, three feature emission

peaks are observed at 417, 438 and 470 nm, which attributed to

the 0-0, 0-1 and 0-2 vibronic transitions. Similar absorption spec-

tral profile between solution and film states of CmTPA, OEYTPA

and MC8TPA also confirmed no obvious aggregation in solid state

[25,26,32,43]. Compared to the solution states, similar emission

spectral profile with slightly red-shift of about 10 nm are observed

for those three compounds pristine films. Interestingly, the an-

nealed films of three compounds exhibit same profile with pris-

tine films, which thermal annealed at 120 °C or 140 °C for 0.5 h,
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respectively. As we expected, all three materials present the iden-

tical emission spectra, similar to the pristine ones, indicated the

excellent thermal emission stability. Besides, we also explored the

effect of aging processing on the photophysic property of spin-

coated films [43]. Then, we kept our spin coating film with var-

ious thermal annealed temperatures in air for about 3 days to

check their storage stability. As expected, our novel CmTPA and

OEYTPA present identical deep-blue emission spectra for pristine

ones, without any green-emission at 550 nm for aged film, as

show in Fig. S7 (Supporting information). However, there is lightly

weak green-band emission (500–600 nm) with long spectral tail

for MC8TPA aged film. Meanwhiles, as presented in Fig. S8 (Sup-

porting information), PL 1/е decay times of CmTPA, OEYTPA and

MC8TPA are 0.281, 0.338 and 0.464 ns for pristine spin-coated film

and 0.283, 0.334 and 0.428 ns for thermal annealed spin-coated

film, respectively. The shorter life-time of CmTPA and OEYTPA

pristine and annealed film may slightly avoid exciton trapping.

What is more, the fluorescence quantum yields (Ф) of the pris-

tine spin-coated films were 23.92% ± 5%, 29.6% ± 5% and

26.78% ± 5%, the thermal annealed spin-coated films with 120 °C
were 25.69% ± 5%, 32.99% ± 5%, and 33.44% ± 5% for CmTPA,

OEYTPA and MC8TPA (Table S1 in Supporting information), respec-

tively, which were promising candidates for solid-state emissive

materials in the future.

According to previous works, in fact, steady optical analysis is

insensitive measures to evaluate the emission stability, especial

the residual physical defect [43,58]. Subsequently, the transient ab-

sorption experiments of three materials are also performed here

in various solid states, indicated the broad stimulate emission (SE)

spectrum, excited states belonging exclusively to the singlet man-

ifold and lack of sub-ps relaxation associated to exciton-exciton

annihilation in OEYTPA and CmTPA annealed films than those for

MC8TPA [23,24,29,30,43,59]. As displayed in Figs. 4b, f and g, both

CmTPA, OEYTPA and MC8TPA pristine spin-coated films present a

strong SE band with two feature peaks of 420 and 450, similar

to PL spectral profile of diluted solution, associated with robust

singlet manifold. However, obvious photoinduced absorption (PA)

band which peaks at ∼611 nm and ∼644 nm for three pristine

films, clarified as PAs (singlet excitons) and PAp (polaron pairs) are

observed, which have quite different kinetics, which seems like the

dynamic of long-lived polaron pairs [30,59]. This polaron forma-

tion is closely with the exciton-exciton annihilation, which is neg-

ative to the emission efficiency and stability of emitters [30,59].

Interestingly, CmTPA film had both stronger SE band and PA band,

than those of MC8TPA, OEYTPA ones (Fig. S9 in Supporting infor-

mation), also reasonably explained its lowest PLEQ. However, the

intensity of PA band for MC8TPA is significantly enhanced in an-

nealed film, both for thermal treatment at 120 °C and 140 °C.
What is more, there are weaker SE band observed for MC8TPA an-

nealed film (Fig. 4i and Fig. S9), also confirmed the formation of

polaron pair caused by the intermolecular aggregation, consistent

with the Fig. 3. In fact, strong light scattering by micro-scale ag-

gregate in MC8TPA annealed film also responsible for this strong

PAs band (Figs. 3b and c). In contrary, both CmTPA and OEYTPA an-

nealed film present a relatively weak PA and strong SE band, con-

firmed weaker intermolecular aggregation and low exciton-exciton

annihilation. In fact, OEYTPA also had a stronger comprehensive

single-excitonic emission with weak exciton-exciton annihilation

than those of CmTPA (Fig. 4 and Fig. S9), also indicated a robust

deep-blue emission. Starting from OEYTPA, the dynamic of SE and

PA band show almost perfect symmetry behavior which suggest

only contribution from singlet excitons to these bands and indi-

cate no influence comes from polaron pairs, confirmed weaker in-

termolecular aggregation. Unlikely, in MC8TPA annealed film, PA at

600–650 nm clearly exhibit a longer-lived component which can

be ascribe as polaron pairs and will further cause more painful for

the emission property. In this regard, compared to MC8TPA ones,

robust emission behavior will obtain in annealed film of CmTPA

and OEYTPA, which is desirable for light-emitting optoelectronic

devices.

In general, amplified spontaneous emission (ASE) property of

organic emitter is key parameter to evaluate the exciton behav-

ior in solid state [30,59]. Hence, we exploited the ASE behavior

of CmTPA, OEYTPA and MC8TPA pristine and annealed spin-coated

film. As shown in Fig. 5, ASE spectra of three pristine films present

a typical maximum peak at 445–450 nm, attributed to the 0–1 vi-

bration transition of single molecule. MC8TPA pristine film had an

ASE peak at 446 nm with a low threshold pulse energy (EthASE) of

13.2 μJ/cm2, indicated an excellent deep blue emission, consistent

with the result of optical analysis. This low-threshold (9.2 μJ/cm2)

Fig. 5. ASE behavior of three compounds pristine film and annealed films. Normalized emission and ASE spectra (excited at 355 nm) of the MC8TPA (a), OEYTPA (b) and

CmTPA (c) pristine films, annealed film at 120 °C and 140 °C. Corresponding ASE output intensity versus pump energy density for the MC8TPA (d), OEYTPA (e) and CmTPA

(f).
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Fig. 6. Device performance of OEYTPA, CmTPA and MC8TPA-based OLEDs. (a, d, g) Electroluminescence (EL) spectra of devices based on OEYTPA, CmTPA and MC8TPA pristine

film and annealed film (120 °C and 140 °C) after 2 h in the atmosphere. (b, e, h) Current Density-Voltage-Luminance (J-V-L) characteristics, and (c, f, i) Current and Power

Efficiency versus Current Density curves for OLEDs devices.

ASE behavior also observed for MC8TPA after thermal annealing at

120 °C. However, there is a series of random lasing behavior with

an extremely high threshold observed for annealed films obtained

at 140 °C (Fig. 5d). Except for the emission property, optical mi-

crocavity is precondition to obtain random lasing [60]. It is effec-

tively confirmed that micro- and nanoscale aggregate of MC8TPA

are obtained in annealed film at high temperature (140 °C), sim-

ilar to result of optical images (Fig. S10 in Supporting informa-

tion). As we expected, both OEYTPA and CmTPA present consid-

erable ASE behavior for pristine and annealed films. As displayed

in Figs. 5b and c, the ASE thresholds were found to be 18.4 μJ/cm2,

30.3 μJ/cm2 and 34.8 μJ/cm2, and 115.8 μJ/cm2, 44.8 μJ/cm2 and

50.5 μJ/cm2 for OEYTPA and CmTPA pristine, annealed film ob-

tained from 120 °C and 140 °C, respectively, comparable to the tra-

ditional light-emitting conjugated polymers [27–30,52,59,61–64].

Therefore, intermolecular side-chain coupling enable OEYTPA and

CmTPA to present thermal-stable deep-blue emission behavior.

In recent decades, fluorene-based materials have been widely

used for OLEDs due to their deep-blue emission and high lu-

minance efficiency [39,65]. However, as presented in Fig. 3, dis-

continuous film morphology is negative to device performance

and stability. In order to confirm this assumption, we fabricated

a series of preliminary OLEDs based on three materials pristine

and annealed films. Firstly, the highest occupied molecular or-

bital (HOMO) energy levels and lowest unoccupied molecular or-

bital (LUMO) energy levels of three materials were determined via

cyclic voltammetry (CV). The Fc/Fc+ redox were used as an in-

ternal standard to calibrate the oxidation potential of the mate-

rials and relevant data are listed in Fig. S11 and Table S3 (Sup-

porting information). Therefore, the HOMO/LUMO energy levels es-

timated from the above equation are -5.14/-2.05, -5.14/-2.14 and

-5.13/-2.11 eV for CmTPA, OEYTPA and MC8TPA, respectively. It

exhibited that those HOMO energy levels of three compounds

were slightly deeper than that of PEDOT: PSS which is -5.1 eV.

Therefore, OLEDs devices were constructed with the configura-

tion of ITO/poly(3,4-ethylenedioxy thiophene):poly(styrene sulfoni-

cacid) (PEDOT:PSS) /emissive films/TMPyPB/LiF/Al. In order to eval-

uate the effect of thermal annealing on the device performance

and stability, all emissive annealed films are obtained thermal

treatment about 2 h in atmosphere.

Device performance of CmTPA, OEYTPA and MC8TPA-based

OLEDs are displayed in Fig. 6 and Table S4 (Supporting infor-

mation). The bulky steric units at 9-position of diarylfluorene

molecules can effectively inhibit intermolecular aggregation, which

ensure deep-blue emission. Similar to the corresponding PL spec-

tra, all EL spectra of CmTPA, OEYTPA and MC8TPA pristine films

consisted of two emitting peaks at 431 and 447 nm, respectively.

No obvious green-band emission (550 nm) in two EL spectra of

CmTPA and OEYTPA annealed films also confirmed the suppres-

sion of stronger intermolecular electron coupling of fluorene struc-

tures. The CIE coordinates for CmTPA and OEYTPA pristine films

are about (0.19, 0.13) and (0.18, 0.13), respectively. More interest-

ingly, the OLEDs fabricated from CmTPA and OEYTPA pristine film

showed excellent EL spectral stability (Figs. 6a, d and g), with

applied voltage increasing from 6 V to 9 V. Similarly, MC8TPA

pristine film had a similar EL property. And, the EL spectra of

OLED based on the MC8TPA annealed film exhibited three emission

peaks at 432, 447 and 482 nm, respectively. However, weaker long-

wavelength emission at 500–520 nm, are observed with increasing

applied voltage from 6 V to 9 V, suggested residual physical defect

emission. Corresponding CIE is changed from (0.16, 0.13) to (0.17,

0.15). Long-time thermal-annealing processing (2 h at 140 °C) may

cause the intermolecular weaker aggregation for MC8TPA. Noted

that MC8TPA films obtained under short annealed time (<10 min),

had stable deep-blue emission. In a word, all OLEDs based on

CmTPA and OEYTPA showed relative stable deep-blue EL prop-

erty, confirmed the extremely weaker intermolecular aggregation

in solid state after thermal treatment.

The device performances are displayed in Figs. 6b, e, h and c,

f and i. It can be seen that the turn-on voltages (Von) for the de-

840



N. Sun, H. Gao, L. Sun et al. Chinese Chemical Letters 33 (2022) 835–841

vices based on MC8TPA pristine and annealed films are 3.3 V but

increased to 4.8 V for annealed films, respectively. And the max-

imum current efficiency (CE) is decreasing from 1.34 cd/A (pris-

tine) to 1.02 cd/A, reduced about 24% efficiency. Therefore, device

efficiency is serious decreasing for MC8TPA after thermal anneal-

ing. We can also find that there is serious different current den-

sity and brightness verse voltage curves between devices based on

pristine and annealed films, indicated the higher resistance of an-

nealed film than pristine one, induced by the disruption of film

morphology. On the other side, as displayed in Fig. 6, the device

based on CmTPA and OEYTPA pristine and annealed film showed

a similar current efficiency/brightness versus voltage curves, also

indicated the similar film morphology, to ensure the stable elec-

tronic channel (Figs. 6b and e). More interestingly, the maximum

CE of OLEDs based on the CmTPA and OEYTPA pristine film are

calculated about 0.43 cd/A and 0.67 cd/A, and enhanced to about

0.62 cd/A and 0.85 cd/A, enhanced about 44% and 27%, respec-

tively. Therefore, intermolecular coupling of CmTPA and OEYTPA in

film states are positive to enhance emission spectral and device

performance stability after thermal annealing.

In summary, we made a slight modification at the 4-position

side chain end of fluorene, introducing active styryl double bond,

so as to obtain a multi-molecules coupling, with similar ther-

mal stability and luminescence stability for optoelectronic devices.

Due to the intermolecular side-chain coupling, OEYTPA and CmTPA

present an excellent morphological and emission spectral stabil-

ity after annealing, compared to parent MC8TPA spin-coated film.

Moreover, in contrary to the completely disruption of MC8TPA

spin-coated film, CmTPA displayed an excellent stability after an-

nealed films (obtained thermal treatment at 120 °C and 140 °C)
secondary treatment under 160 °C in the air. As a result, OEYTPA

and CmTPA annealed film obtained at 140 °C had an excellent ASE

behavior with a maximum peak of 445 nm, but absent for MC8TPA

film after thermal annealing at 140 °C. Finally, significantly dif-

ferent to low device stability of MC8TPA with a weaker green

band emission, OLEDs based on CmTPA and OEYTPA annealed film

displayed a higher device performance than pristine ones (en-

hanced about 47%). Therefore, combination of excellent charge-

transport ability of TPA units, the intermolecular coupling strat-

egy of a small molecular emitter will effectively improve its sta-

bility and emission behavior for solution-processing optoelectronic

devices.
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