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a b s t r a c t

Deep-blue emitter with high photoluminescence efficiency (PLQY) is highly desirable in ultra-high def-

inition displays and white solid-state lightings. In this work, two deep-blue phenanthro[9,10]imidazole

derivatives, PPIS and PPPIS, with hot exciton property are successfully developed. Compared to PPIS, the

embedded phenyl bridge in PPPIS is able to effectively increase the overlap of frontier molecular or-

bitals. In consequence, PPPIS shows higher oscillator strength and significantly enhanced PLQY. PPPIS also

achieves better electroluminescence performance in non-doped device, showing deep-blue emission with

Commission International de l’Eclairage (CIE) coordinates of (0.153, 0.087) and the maximum external

quantum efficiency (EQEmax) of 8.5% with minuscule efficiency roll-off. Meanwhile, when PPPIS serves as

the host for phosphor PO-01, high-efficiency orange phosphorescent device is obtained with high EQEmax

of 29.8% and negligible efficiency roll-off at 1000 cd/m2. Further, efficient single-emissive-layer white de-

vice is assembled via utilizing PPPIS as a blue emitter as well as the host for PO-01 simultaneously, pro-

viding warm-white emission with CIE coordinates of (0.429, 0.433) at 1000 cd/m2, the forward-viewing

EQEmax of 27.2% and maximum power efficiency (PEmax) of 80.1 lm/W, respectively. Our studies can es-

tablish a viable design strategy for deep-blue emitters in high-performance non-doped blue OLEDs and

hybrid WOLEDs.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organic light-emitting diodes (OLEDs) possess considerable

merits, such as wide color gamut, self-luminescence, quick re-

sponse, transparency, flexibility, and have been applied in ultra-

high definition (UHD) displays and solid-state lightings in recent

years [1–4]. However, there still exist some bottlenecks hamper-

ing their further wide-scale commercialization. One crucial factor

is the scarcity of high-performance deep-blue emitters, which not

merely provide one of the three primary colors, but also can serve

as the host for generating green, red and white emissions through

energy transfer to emissive dopants [5–7]. In addition, deep-blue

dyestuff plays a key role in reducing power consumption, achiev-

ing high color gamut and resolution in display and lighting appli-

cations [8–12]. Although the noble-metal-containing phosphores-

cent emitters could harvest all triplet excitons, it is hard to ac-
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quire impressive device performance in deep-blue region due to

the heightened nonradiative process by metal d-orbitals [13–16].

Besides, blue phosphors often encounter stability problem due to

weak chemical coordination bonds [17,18]. Except for phosphor

materials, thermally activated delayed fluorescent (TADF) materials

also can make use of all excitons via the reverse intersystem cross-

ing (RISC) process from the lowest triplet (T1) state to the lowest

singlet (S1) state [19–23]. However, because of the strong charge

transfer (CT) character of S1 state, their spectra generally show

large stokes shift and big full widths at half maximum (FWHM),

damaging color purity of blue emission [24,25]. In 2016, multi-

resonance (MR) TADF materials with planar and rigid molecular

structure are proposed to overcome the broad emission of typical

donor-acceptor (D-A) type TADF materials, which has been the re-

cent concern in OLEDs [26]. A series of MR-TADF materials that

can cover the full-color visible range have been developed rapidly

[27–31]. However, deep-blue MR-TADF emitters still remain very

limited. In addition, most phosphorescent materials and MR-TADF
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materials have to be doped into proper host with wide energy-gap,

which usually leads to complicated device configuration, complex

fabrication procedure and severe efficiency roll-off [32,33]. There-

fore, it is important to develop deep-blue fluorescent emitters with

high-efficiency and suitability for non-doped devices.

Besides the utilization of triplet excitons from T1 state via RISC

process, transferring triplet excitons from high-lying triplet (Tn)

state is another promising pathway to realize full exciton utiliza-

tion, which has already been achieved in hot exciton emitters with

hybridized local and charge transfer (HLCT) excited state charac-

ter [34,35]. Benefiting from fast high-lying RISC (hRISC) process,

these materials theoretically could realize high EQEs at high cur-

rent density in non-doped devices. More importantly, when the S1
state mainly manifests as the locally excited (LE) state rather than

a CT state, hot exciton materials are likely to realize high-efficiency

emission in deep-blue zone [36,37].

Phenanthroimidazole (PI) is a specific functional group for the

construction of blue hot exciton materials owing to the large en-

ergy level splitting between T1 and Tn [38]. Ma and co-workers

reported an efficient hot exciton emitter PAC based on the skele-

ton of PI-anthracene (An), achieving a maximum external quantum

efficiency (EQEmax) exceeding 10% with pure-blue emission in non-

doped device [39]. Later, they modulated the electroluminescence

(EL) spectrum to deep-blue region with an EQEmax of 6.76% by

changing the linkage fashion between the PI and An core [40]. Re-

cently, our group developed two deep-blue emitters, PIAnTPh and

PyIAnTPh, through introduction of terphenyl unit to the skeleton

described above, which showed high EQEmax over 8%, low Commis-

sion International de l’Eclairage (CIE) y value below 0.8, as well as

narrow FWHM of about 50nm [41]. However, these An-containing

emitters all possess relatively low T1, which restricts their appli-

cation as the host materials. By contrast, deep-blue PI derivatives

with high efficiency and moderate T1 energy level may show ver-

satility both as emitter and phosphor host, which provides wider

application value, especially in the single-emissive-layer white de-

vices [42,43]. Considering that PI group possesses ambipolar prop-

erty and near-ultraviolet emission with decent photoluminescence

(PL) efficiency, efficient deep-blue materials with high T1 value are

possible to be achieved via introducing neutral groups to regulate

the molecular conjugation and excited state properties. Herein, two

hot exciton materials with deep-blue emission, PPIS and PPPIS, are

designed and synthesized by attaching a neutral diphenyl sulfide

block to the horizontal backbone of PI unit. Both of them show

fine PLQYs, high T1 values, and LE-dominated HLCT excited state

characters. As compared with PPIS, the inserted phenyl bridge en-

titles PPPIS with more CT component, higher oscillator strength

and enhanced PL efficiency. As a result, PPPIS exhibits deep-blue

emission with CIE coordinates of (0.153, 0.087) and superior EL ef-

ficiency with EQEmax of 8.5% in non-doped device. In addition, the

orange phosphorescent OLED employing PPPIS as the host for PO-

01 shows excellent EQEmax of 29.8% and a tiny efficiency roll-off

of only 4.4% at 1000 cd/m2. Furthermore, high-performance warm-

white OLEDs are successfully achieved by doping PO-01 into PPPIS

at low concentration in a single emitting layer, providing excellent

maximum forward-viewing EQE of 27.2% and power efficiency (PE)

value of 80.1 lm/W, respectively. These phosphorescent and white

OLEDs are among the best devices results with the similar colors

reported in the literatures (Tables S2 and S3 in Supporting infor-

mation).

The synthesis pathways of PPIS and PPPIS are illustrated in

Scheme S1 (Supporting information). The key precursor PPIB was

attained in high yield according to previous reports [37]. PPIS and

PPPIS were obtained by “one-pot” reaction and Suzuki coupling

reaction, respectively. The purity and chemical structure of final

products were fully verified by NMR, mass spectrum and elemen-

tal analysis. As shown in Fig. S5 (Supporting information) and

Fig. 1. (a) UV–vis absorption and PL spectra of PPIS and PPPIS in dilute THF solu-

tion and neat films. (b) Luminescence decay curves of PPIS and PPPIS in dilute THF

solution. (c) Solvatochromic PL spectrums of PPIS and PPPIS. (d) Fluorescence and

phosphorescence spectra of PPIS and PPPIS in toluene at 77K.

Table 1, PPIS and PPPIS possessed high decomposition tempera-

ture (Td) of 417 °C and 427 °C, respectively. The melting point tem-

peratures (Tm) of PPIS and PPPIS were 209 °C and 223 °C, respec-
tively. Thermal analyses demonstrated that incorporation of ben-

zene bridge in PPPIS contributed to the notable enhancements in

both thermal and morphological stabilities. The electrochemical

properties of PPIS and PPPIS were evaluated using cyclic voltam-

metry (CV) measurements. According to the Eqs. S1 and S2 (Sup-

porting information), the onset for oxidation and reduction poten-

tials with respect to the ferrocenium/ferrocene (Fc+/Fc) redox cou-

ple were utilized to determine the highest occupied molecular or-

bital (HOMO) and lowest unoccupied molecular orbital (LUMO) en-

ergy levels, which were calculated to be −5.51 eV and −2.21 eV for

PPIS, and −5.50 eV and −2.38 eV for PPPIS, respectively. These re-

sults suggest that the insertion of benzene bridge could lower the

LUMO energy level, thereby facilitating electron injection in device,

which is beneficial for balanced charge recombination and promis-

ing device performance [44].

To investigate their photophysical properties, the absorption

and PL spectra of PPIS and PPPIS in dilute tetrahydrofuran (THF)

solution and non-doped film were measured. As shown in Fig. 1a,

the broad absorption bands between 300nm and 400nm were

assigned to the π–π ∗ transitions from the conjugated molecular

backbone [36]. Because of the enlarged π-conjugation, the absorp-

tion spectrum of PPPIS became slightly broader and bathochromic-

shifted than PPIS, implying a higher CT component in the sys-

tem. As expected, PPIS and PPPIS both showed deep-blue emis-

sion in THF and thin films. The PL spectrum of PPPIS displayed

the maximum emission peak at 410nm in THF, slightly red-shifted

compared to PPIS (370nm) owing to the extended π-conjugation.

As shown in Fig. 1b, both PPIS and PPPIS showed the single-

exponential fluorescence decays in THF with lifetimes in nanosec-

ond scale, ruling out the possibility of TADF process. The PLQY of

PPPIS in THF reached 98.1%, which was much higher than that of

PPIS (61.4%). demonstrating that the inserted phenyl bridge could

significantly improve the PLQY. Besides, the absolute PLQYs of PPIS

and PPPIS in various solvents were very high, indicating the HLCT
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Table 1

Key physical properties of PPIS and PPPIS.

Emitter Td/Tg (°C) λabs,max (nm) a λPL (nm) b S1/T1
c (eV) HOMO/LUMO (eV) d PLQY (%) e

sol film sol film

PPIS 417/209 365 378, 394, 419 412 3.27/2.59 −5.51/−2.21 61.4 40.5

PPPIS 427/223 366 420 442 3.15/2.46 −5.50/−2.38 98.1 75.3

a The first absorption peak in dilute THF solution (10−5 mol/L) at room temperature.
b Fluorescent emission peak in THF and thin film.
c Estimated from the first peak of the fluorescence and phosphorescence spectra in toluene at 77K.
d Estimated by cyclic voltammetry measurement.
e Evaluated using an integrating sphere.

state was a highly emissive excited state which was beneficial

for promising device performance. It is noteworthy that the PL

spectrum of PPIS in THF exhibited clear fine vibrational structure,

which became much vague in the spectrum of PPPIS, illustrating

that these two molecules possessed different excited state proper-

ties.

To further concretely compare the excited state properties of

PPIS and PPPIS, solvatochromic PL spectra were measured. As dis-

played in Fig. 1c, with an increase in solvent polarity, the PL spec-

tra of PPIS revealed well-resolved fine vibronic structure in all sol-

vents and the emission peaks performed a slight red-shift of ap-

proximately 10nm, indicating the primary character of S1 state in

PPIS is predominantly a LE state, accompanied by a minor con-

tribution of CT component. For PPPIS, the PL spectra only exhib-

ited well-resolved fine vibrational structure in low-polarity sol-

vents, while the fine vibronic structure almost disappeared in ace-

tonitrile (ACN) and the red-shift of emissive peak from n-hexane to

ACN enhanced to 21nm, proving that more CT component existed

in S1 state of PPPIS. The obtained results aligned with the typical

features observed in LE-dominated HLCT excited states and proved

that the strategy of regulating excited states through the insertion

of benzene ring is feasible [45]. Lippert-Mataga plots were per-

formed to investigate the HLCT properties of the chromophores by

the function of the Stokes shifts with the orientation polarizabil-

ity of solvents (Fig. S8 in Supporting information). Two-section lin-

ear relations were both observed for PPIS and PPPIS in low- and

high-polarity solvents, indicating the co-existence of two different

excited state characters as well as the formation of HLCT states in

PPIS and PPPIS. The Lippert-Mataga plots also supported the oc-

currence of non-equivalent hybridization between different excited

states.

To evaluate the potential of PPIS and PPPIS as hosts in appli-

cation of phosphor and simplified white devices, fluorescence and

phosphorescence spectra in toluene were measured at 77K (Fig.

1d). The S1 and T1 values of PPIS were determined to be 3.27 and

2.59 eV, respectively, which were both higher than that of PPPIS

(3.15 and 2.46 eV). Such large energy gap between S1 and T1 for

PPIS and PPPIS (0.68 and 0.69 eV) also could exclude the probabil-

ity of TADF process. Although the insertion of a phenyl conjugation

slightly lowered the T1 value of PPPIS, the T1 of 2.46 eV was still

obviously higher the that of phosphor PO-01 (2.2 eV), which could

guarantee the positive-going energy transfer from fluorescent host

to phosphor guest and the application of PPPIS as host in phosphor

and hybrid-white devices [42].

To determine their excited state differences at the theoretical

level, the natural transition orbitals of singlet and triplet states

were calculated and analyzed using time-dependent density func-

tional theory with the B3lyp/6–31G(d,p) method. As depicted in

Fig. 2, for PPIS, the hole was localized on the PPI moiety and sul-

fur atom, and the distribution of particle was almost identical to

the hole with an elongation to the N-position connected benzene

ring, which was a typical LE-dominated HLCT state [45]. By con-

trast, for PPPIS, although the hole and particle were both delocal-

Fig. 2. The natural transition orbitals and properties of S1→S0 for PPIS and PPPIS.

Fig. 3. (a) EQEs vs. luminance curve, inset: EL spectra at 5V. (b) Plots of EQEmax

against CIEy coordinate of the representative deep-blue non-doped fluorescent

OLEDs. The details of these devices and their references are listed in Table S1 (Sup-

porting information).

ized on the whole molecule except for terminal phenyl ring, more

orbital separation could be observed in the phenanthrene as well

as biphenyl unit, suggesting that PPPIS also had an LE-dominated

HLCT transition character but with a higher CT proportion than

PPIS in S1 state. These results aligned with the phenomenon ob-

served in the solvatochromic PL spectra. Moreover, it is worth not-

ing that PPPIS demonstrated larger oscillator strengths of 1.506

than PPIS (0.772) owing to the extended hole-electron overlap on

the inserted phenyl ring, which was in accordance with the mea-

sured higher PLQY in PPPIS.

To get insight into the potential of PPIS and PPPIS as blue emit-

ters, non-doped OLEDs were fabricated. The device energy level di-

agrams were presented in Fig. S12 (Supporting information) and

the key device data were summarized in Table 2. As shown in

Fig. 3, the devices of PPIS and PPPIS (corresponding to device B1

and B2) both showed deep-blue emission peaking at 436nm and

444nm with the corresponding CIE coordinates of (0.158, 0.061)

and (0.153, 0.087), respectively, which approached the National

Television Standards Committee blue standard CIE coordinates of

(0.14, 0.08). The turn-on voltage (Von) of device B1 and B2 were

3.4V and 2.9V, respectively. The lower Von and higher current den-

sity of device B2 should be attributed to the embedded phenyl ring

conjugation in PPPIS, which reduced LUMO energy level. Further-

more, device B2 showed higher maximum EQE of 8.5% and the EQE

at the luminance of 1000 cd/m2 could still reach 6.3%, displaying a

3
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Table 2

Key OLEDs performance parameters.

Emitter Von (V) a Lmax (cd/m2) b CE (cd/A) c PE (lm/W) c EQE (%) c EL λmax (nm) d CIE (x,y) e

B1 3.4 744 2.3 2.0 4.0/- 436 0.158, 0.061

B2 2.9 5037 6.6/4.6 6.3/2.6 8.5/6.3 444 0.153, 0.087

O 2.7 124,849 88.3/84.1 90.8/69.0 29.8/28.5 564 0.504, 0.491

W 2.8 30,357 78.5/63.0 80.1/50.8 27.2/22.3 – 0.429, 0.433

a Turn-on voltage at a luminance of 1 cd/m2.
b Maximum luminance.
c Maximum efficiencies and values taken at 1000 cd/m2.
d EL λmax: EL emission peak of EL spectrum at 1000 cd/m2.
e CIE: Commission International de l’Eclairage coordinates at 1000 cd/m2.

low device efficiency roll-off. Only by the insertion of a single con-

jugated phenyl ring, PPPIS showed significantly enhanced device

performance than PPIS. Considering that the PLQYs of PPIS and PP-

PIS (40.5% and 75.3%) in thin film, their exciton utilization efficien-

cies in devices obviously exceeded upper-limit (25%) of traditional

fluorescent emitters, thus there must exist utilization channel of

triplet excitons. Firstly, the TADF process could be easily excluded

on the basis of the large energy gap between S1 and T1 (∼0.69 eV)

and nanosecond decay of PPIS and PPPIS (Figs. 1b and d). In addi-

tion, the linear relations between the EL luminance and the current

density (Fig. S15 in Supporting information) demonstrated that the

triplet–triplet annihilation (TTA) process was not dominant at low

current density and the triplet exciton transformation from TTA

mechanism was negligible. Therefore, high exciton utilization ef-

ficiency should be derived from the hRISC process of hot exciton

materials. Based on the energy levels of the excited state (Fig. S9

in Supporting information), both PPIS and PPPIS exhibited a signif-

icant T2/T3-T1 energy level gap, along with small energy splitting

between S1 and T2/T3, which all presented HLCT characteristics.

The large spin-orbit coupling (SOC) values between T2/T3 and S1
states of PPPIS were 0.67 and 0.50 cm−1, which could effectively

enhance the hRISC process, while the SOC matrix element values

between T2/T3 and S1 states were just 0.61 and 0.13 cm−1 for PPIS.

PPPIS had a more effective hRISC channel causing by the stronger

SOC, thus, the non-doped device achieved higher performance. Be-

sides, the insertion of benzene ring in PPPIS effectively enhanced

the PLQY and reduced the LUMO level, which gave rise to a low-

ered electron injection barrier and better energy level matching

between the emissive layer and electron transporting layer. The

electron mobilities of PPPIS and PPIS were determined under the

same condition to be 1.166×10−5 and 2.908×10−5 cm2 V−1 s−1,

while the hole mobilities were 3.904×10−5 and 8.483×10−6 cm2

V−1 s−1, respectively. The bipolar carrier-transporting ability of PP-

PIS was beneficial to enhance the carrier recombination efficiency

and broaden the recombination zone. All these factors resulted in

the higher efficiency in PPPIS-based blue OLED.

In above sections, PPPIS showed superior blue OLED perfor-

mance and balanced carrier transport ability (Fig. S16 in Sup-

porting information). To further exploit its potential as the host

of phosphorescent dyes, PPPIS was employed as the host for the

orange phosphor PO-01. As shown in Fig. S17 (Supporting infor-

mation), the PL spectrum of PPPIS exhibited large spectral over-

lap with the absorption of PO-01, indicating the efficient energy

transfer from host to guest could occur. In addition, the T1 of PP-

PIS reached 2.46 eV, which was higher than that of PO-01 and

thus could guarantee the energy transfer from host to the PO-01

and avoid energy loss. The phosphorescent device O demonstrated

yellow-orange emission peaking at 564nm and excellent device ef-

ficiency with maximum LE, EQE and PE of 88.3 cd/A, 29.8% and

90.8 lm/W, respectively. In addition, the EQE at 1000 cd/m2 was still

as high as 28.5%, showing the negligible efficiency roll-off. These

superior device performances confirmed that PPPIS is a suitable

host for the phosphorescence dopant.

Fig. 4. (a) EQE vs. luminance curve of orange phosphorescent device; inset: EL

spectra at 1800 cd/m2. (b) EQE vs. luminance curve of hybrid WOLEDs; inset: EL

spectra at 1000 cd/m2.

We further explored its potential applications in hybrid white

organic light-emitting diodes (WOLEDs) by doping PO-01 into PP-

PIS at a low concentration in the single-emissive-layer. Accord-

ingly, the WOLEDs based on PPPIS were fabricated with the con-

figuration of ITO/TAPC (30nm)/TCTA (10nm)/PPPIS: 0.8wt% PO-01

(20nm)/TmPyPb (40nm)/LiF (1 nm)/Al (100nm). The white device

performance was shown in Fig. 4 and Table 2. Device W exhib-

ited a low Von of 2.8V and superior efficiencies with forward-

viewing CE, EQE and PE up to 78.5 cd/A, 27.2% and 80.1 lm/W, re-

spectively. In addition, the EQE still could keep high EQE of 22.3%

at 1000 cd/m2. This device showed warm-white emission with CIE

coordinates of (0.429, 0.433) at 1000 cd/m2, which is of high po-

tential as a healthy lighting source. Device W showed a dominant

orange emission peak and the blue emission peak changed with

the luminance increased from 500 cd/m2 to 13,000 cd/m2, which

might be related to the direct charge carrier trapping on the phos-

phorescent guest PO-01. The shallower HOMO and deeper LUMO

of PO-01, compared to PPPIS, enabled it to preferentially capture

the hole and electron, which facilitated the direct formation of ex-

citons on the guest molecule. Additionally, trap-assisted recombi-

nation likely occurred on PO-01 molecules due to their narrower

bandgap compared to the PPPIS molecule, leading to the orange

emission [46,47].

In summary, we reported two deep-blue emitters, PPIS and PP-

PIS, with fine PLQYs, high T1 energy levels, and LE-dominated HLCT

excited state characters. Benefiting from the embedded phenyl ring

conjugation, PPPIS demonstrates more CT ingredient, higher oscil-

lator strength and enhanced PL efficiency than PPIS. Meanwhile,

superior EL performance with EQEmax of 8.5% is also achieved in

non-doped device of PPPIS, accompanied by deep-blue emission

with CIE coordinates of (0.153, 0.087). In addition, by constructing

an emitting layer system, PPPIS dopped by PO-01, high-efficiency

orange phosphorescent device and single-emitting-layer WOLED

are obtained, achieving the superior EQE of 29.8% and 27.2%, re-

spectively. Those excellent EL performances of PPPIS in deep-blue,

phosphorescent, and white OLEDs not only manifest the outstand-

4
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ing potential in display and lighting devices, but also provides a

simple but effective avenue for developing highly efficient deep-

blue emitters applicable in non-doped blue and simplified white

devices.
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