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Thermally Activated Delayed Fluorescence of Carbazole-
Benzophenone Dendrimer with Bulky Substituents 
Ken Albrecht,*a,b Eri Hisamura,a Minori Furukori,c,d Yasuo Nakayama,c,d Takuya Hosokai,d* Kohei 
Nakao,a Hiroki Ikebe,e and Akira Nakayamaf 

Carbazole dendrimers with benzophenone core and bulky terminal substituents were synthesized, and thermally-activated 
delayed fluorescence (TADF) property was investigated. The adamantane (Ad) substituted dendrimer showed green TADF 
emission with PLQY of 40% in neat film. Tetrahenylphenyl (TPPh) substituted dendrimer showed blue emission with PLQY of 
11 % in the neat film but did not show effective TADF. The dendrimer and dendron (fragment) phosphorescence 
measurement revealed that the TPPh substituted carbazole dendron has low triplet energy. This will reduce the TADF 
efficiency. Also a new deactivation path due to the large freedom in rotation of TPPh substituents leads to non-radiative 
deactivation and quenches the TADF emission. Simple terminal modification can minimize the intermolecular interaction 
and tune the on-off of the TADF, which gives insights for designing efficient TADF materials. 

Introduction
Thermally activated delayed fluorescence (TADF)1 material 

is a new class of emitting material that is gathering much 
attention for the use in organic light emitting diodes (OLED)2 
and much effort on understanding the mechanism3 for improving 
the efficiency, such as from the view of photoluminescence 
quantum yield, 4 reverse intersystem crossing (RISC) rate,5 
narrow emission bandwidth,6 and device stability7 have been 
intensively studied. The key design concept of TADF materials 
is to reduce the energy between the singlet excited state and 
triplet excited state (EST) by separating the hole and electron in 
the excited state but maintaining moderate recombination 
(fluorescence emission) rate. Additionally, for a high RISC rate 
(high spin-orbital coupling), the importance of engineering the 
energy level of the higher triplet states is pointed out.3  Several 
donor-acceptor molecules with twisted -conjugated bridge,8 
through-space interaction,9 and bimolecular exciplex10 state 
have been reported as efficient TADF material. 

Emitting materials, including TADF, are often doped in a 
host material to inhibit concentration quenching and reduce roll-
off (efficiency drop) at high current density in an OLED device. 
However, mixing materials make the process complicated. 
Controlling the doping rate at low concentrations is difficult in 
the vacuum deposition process, and phase separation is a 
potential threat in the solution process. Therefore, a single 
component emitting material (layer) that exhibits high 
photoluminescence quantum yield (PLQY) has been a research 
target. One approach to achieving high PLQY in the single-
component (neat) film is introducing bulky substituents and 
reducing intermolecular interactions.11 Another approach is to 
introduce the concept of AIE (aggregation induced emission) or 
AIEE (aggregation induced emission enhancement) materials12, 
i.e., some molecular structures have high PLQY even in the solid 
state because the non-radiative deactivation path such as conical 
intersection is not accessible (or difficult to access) in solid-state. 
Based on these concepts, several TADF materials that achieve 
high PLQY in the neat film have been reported13. However, the 
first approach has intrinsically more chance to solve the roll-off 
problem, and the variety of bulky substituents will allow 
attaching additional properties such as self-host or charge-
transporting property.11 Overall, a new TADF material with high 
PLQY in neat film state is an important category that needs 
further development.

Solution-processed OLED has been a research target for a 
long time because of the essentially simple device fabrication 
process compared to the vacuum deposition process. Amorphous 
and smooth films are necessary for OLEDs, and sufficient 
solubility is required to prepare ink; therefore, usual low 
molecular weight materials are not suitable for the solution 
process. Solution-processable TADF materials have to also clear 
this requirement, and low to middle molecular weight materials 
with bulky structure,11,14 polymers,15 and dendrimers16 have 
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been considered. Dendrimers17 are branched polymers with 
exact molecular weight, and due to the high purity, structural 
designability, and high solubility, it has been employed as OLED 
materials. Especially, carbazole dendrimers have been 
extensively studied as TADF material because the unique 
polarized electronic structure18 matches the design principle of 
TADF materials.16 Some TADF dendrimers show high PLQY in 
a neat film state and can be utilized in multi-layer solution-
processed devices11b-d,15a,19. However, most of the reports focus 
on changing the acceptor structure, and the effect of the terminal 
structure of carbazole dendron is not studied well. Previously we 
have demonstrated that the terminal structure strongly influences 
the TADF property of carbazole dendrimers by affecting the 
energy level and intermolecular intractions.19a,d Most literature 
only uses unsubstituted carbazole or 3,6-ditert-butyl group as 
terminal structure. The tert-buly substituted dendrimers show 
higher PLQY and device performance probably due to the 
bulkiness and oxidation stability. Herein we will report new 
carbazole-benzophenone dendrimers with a bulky terminal 
substituent that has never been employed for carbazole 
dendrimers and demonstrate that the terminal modification can 
strongly affect the TADF property.

Experimental section
The synthesis and structural characterization of the molecules are 
given in the ESI.† General experimental section, optical data, 
and calculation results are given in the ESI.†

Results and discussion
Synthesis

Three benzophenone core carbazole dendrimers with bulky 
substituents (adamantane = Ad, trityl = Tr, tetraphenylphenyl = 
TPPh) were designed and synthesized by using the copper 
catalyzed N-arylation reaction 20 as a key reaction (Scheme1,2). 

The Ad21 and Tr22 modified carbazoles were synthesized 
similarly to literature via Friedel-Crafts type aromatic 
electrophilic substitution reaction. The TPPh modified carbazole 
was synthesized via Diels-Alder reaction23 of 3,6-
diethynylcarbazole and tetraphenylcyclopentadienone. The G2 
dendrons were synthesized similarly to the previously reported 
route, i.e., N-Arylation between modified carbazoles and silyl 
protected 3,6-diiodocarbazole (I2CzTBS) and following one-pot 
deprotection of silyl group.16a The TrCz had relatively low 
solubility, and TrG2on had extremely low solubility in common 
organic solvents. The formation of TrCzG2on was confirmed 
with MALDI-TOF-MS and 1H NMR, but perfect purification 
and spectral characterization were difficult and the synthesis of 
the dendrimer was given up. Obtained two dendrons (Ad, TPPh) 
were reacted with 4,4’-diiodobenzophenone via N-arylation 
under microwave conditions to obtain corresponding carbazole-
benzophenone dendrimers (AdG2B, and TPPhG2B). AdG2B 
and TPPhG2B were soluble in common organic solvents such as 
chloroform, THF, and toluene, indicating the capability as 
solution-processed OLED material. New compounds were 
characterized by 1H, 13C NMR, MALDI-TOF-MS, and 
elemental analysis. 

Scheme 1. The synthesis of carbazole derivatives. Reagents and Conditions i) AlCl3, 
CH2Cl2,  r.t., 24 h; ii) neat, 225 °C, 40 min.; iii) Xylene, reflux, 24 h.

Scheme 2. Synthesis of carbazole G2 dendrons and benzophenone core dendrimers. Reagents and Conditions i) CuI, (±)-trans-1,2-Diaminocyclohexane, K3PO4, dioxane, 110 °C, 18 h; 
ii) TBAF, toluene, r.t., 0.75-2 h (one-pot reaction following the step i); iii) CuI, (±)-trans-1,2-Diaminocyclohexane, K3PO4, dioxane, 160 °C (microwave), 3 h;
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Thermal property and film formation

A film of new dendrimers was fabricated by spin-coating the 
chloroform solution on a Si substrate, and the AFM images were 
obtained (Figs. S1,2). The images show that both dendrimer 
films have smooth surfaces in a wide (5 × 5 m) range, but some 
irregular debris was also observed. The origin of the debris is not 
clear, but if severe crystallization or aggregation occurs, the 
images will have a much more rough surface over the whole 
image. Note that the images were obtained after 6 or 7 days of 
storage under ambient conditions supporting the long-term 
stability of the film. The roughness was calculated based on an 
enlarged image by excluding the region with debris. The RMS 
was ±0.5 nm (AdG2B), and ±0.6 nm (TPPhG2B), respectively. 
This indicates that the new dendrimers have the good film-
forming property necessary for future device fabrication.

Thermogravimetric (TG) analysis of the dendrimers was 
performed to check the thermal stability (Fig. S3). The 5% 
weight loss temperature (Td5%) was 377 ˚C (AdG2B), and 576 ˚
C (TPPhG2B), respectively. The DTG (differential TG) curve 
shows that decomposition of TPPhG2B starts from about 540 ˚
C that is constant with previously reported carbazole based 
dendrimers.16a,18i,24 On the other hand, the degradation of 
AdG2B started at about 210 ˚C followed by another degradation 
starting around 470 ˚ C. TPPhG2B consists of an aromatic 
structure, but AdG2B contains a large amount of aliphatic 
(adamantane) components. The lower degradation of AdG2B 
starting at 210 ˚C and Td5% at 377 ˚C can be attributed to partial 
decomposition of the adamantane group.25 The aliphatic 
adamantane substitution decreases the decomposition 
temperature of the dendrimer, but still, both of the dendrimers 
have high thermal stability that is enough for future applications 
in an electronic device.

Photophysical property

The UV-vis absorption spectra of synthesized dendrimers in 
toluene and neat film state were recorded (Fig.1). Similar to 
previously reported carbazole-benzophenone dendrimers with 
other terminal substituents, the UV-vis spectra both in toluene 
and the neat film showed a weak absorption band at around 380 
nm. This absorption is not existing in each fragment of the 
dendrimer (carbazole and benzophenone), and is attributed to the 
charge-transfer (CT) absorption from carbazole to 
benzophenone. 

The PL spectra in solution and film state were observed 
(Fig.1). The PL spectra in toluene were quite similar for two 
dendrimers, and blue colored broad emission at 476 nm 
(AdG2B) and 474 nm (TPPhG2B) attributed to the emission 
from the CT excited state was observed. In the neat film, the PL 
shifted to 490 nm (AdG2B, green) and 470 nm (TPPhG2B, blue). 
The larger bathochromic shift of AdG2B is probably due to the 
change in the polarity of the media and intermolecular 
interactions (this point will be further discussed later). On the 
other hand, the slight hypsochromic shift of TPPhG2B indicates 
that the intermolecular interaction is minimum, and the emission 
center of the dendrimer is well shielded. Additionally, it 
probably reflects the low polarity environment that is provided 

with a large number of benzene rings similar to toluene. The 
shorter wavelength emission of TPPhG2B compared to AdG2B 
and excited CT character was also qualitatively reproduced by 
DFT calculation (Fig.S4, Table S1). The CT emission in the 
solution was also measured in various solvents with various 
polarities (Figs. S5-7, Tables S2,3). The large bathochromic shift 
when the polarity increased was observed, i.e., the emission at 
476 nm (AdG2B) , and 474 nm (TPPhG2B) nm in toluene shifted 
to 629 nm (AdG2B) , and 614 nm (TPPhG2B) in DMSO. The 
emission peak energy had a linear relationship with the solvent 
polarity parameter (ET

N),26 indicating that the emission is from a 
single excited state. The large slope means that the dipole 
moment difference between the ground state and excited state is 
large. This is possibly attributed to the twisted intramolecular 
charge transfer (TICT) state.19e,27 Overall, the new dendrimers 
show emission from CT excited state that most TADF materials 
show.

The photoluminescence quantum yield (PLQY) and PL 
decay were measured to determine the efficiency of TADF 
process (Table1, Fig.2). The PLQY of the toluene solution of 
AdG2B and TPPhG2B under nitrogen atmosphere was 66% and 
43%, and decreased to 39% and 40% under air, respectively. The 
large drop in PLQY for AdG2B indicates the existence of a long 
lifetime component that can be assigned to TADF. The PLQY 
in neat film under nitrogen atmosphere was 40% (AdG2B) and 
11% (TPPhG2B). This indicates that even the bulky substituent 
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Figure 1 UV-vis spectra and PL spectra of dendrimers (a) toluene solution, and (b) neat 
film. 

Table 1. Photophysical properties of AdG2B and TPPhG2B in toluene solution (sol) and neat films (film) (300 K).

PL

(air/degassed
or in vacuum)

F [ns]
(air/degassed
or in vacuum)

TADF [ms]
(air/degassed
or in vacuum)

F TADF
kF(107)
[s-1]a)

kIC,T(105)
[s-1] a)

kISC(107)
[s-1] a)

kRISC(105)
[s-1] a)

AdG2B 
(solution)

39/66 6.3/7.0 -/5.1 39c 27 d 5.6 1.1 8.7 2.2

AdG2B 
(film)

18/40 9.4/9.7 b 1.0/5.1 19 e 21 e 2.0 1.5 8.4 2.7

TPPhG2B
(solution)

40/43 5.5/6.2 -/- 40c - 6.5 - f) 9.7 -

TPPhG2B
(film)

11/11 4.5/4.5 b -/- 11c - 2.4 - f) 28 -

a)Fluorescence decay rate (kF), internal conversion decay rate from T1 to S0 (KIC,T), intersystem crossing decay rate from S1 to T1 (kISC), and reverse intersystem crossing 
decay rate from T1 to S1 (kRISC) are calculated from ΦPL, ΦF, ΦTADF, τF , and τTADF according to ref 28, where non-radiative decay from S1 to S0 and ratiative decay from T1 to 
S0 are assumed to be zero. b) An average lifetime calculated by av= Aii

2/ Aii, where Ai is the pre-exponential for lifetime τi. c) ΦPL in air. d) ΦTADF = ΦPL degassed ‒ ΦF. 

e) Calculated by integrated intensity ratio of prompt fluorescence and TADF in transient decay spectra (Fig. 2(c)) and ΦPL. f) According to ref. 26, kIC,T cannot be determined 
due to the following definition, kIC,T = kTADF -  ΦF kRISC, where both kTADF and kRISC of TPPhG2B are zero. 
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 Figure 2. Transient decay spectra measured at 300 K; (a) AdG2B in toluene, (b) TPPhG2B in toluene, (c) AdG2B neat film, and (d) TPPhG2B neat film.

is attached to the periphery of the dendrimer, the PLQY drops 
in the neat film state compared to the toluene solution. 
Generally, concentration quenching takes place in the neat film 
compared to the dilute solution. However, the experiments that 
have been done in the next section have clarified that the drop 
in PLQY is not explained with simple concentration quenching. 
The PLQY drop is rather explained within change of the excited 
state dynamics because the polarity of the medium changes, 
and the motion of the dendrimer is restricted in the film state. 
The PL lifetime of the neat film of AdG2B clearly shows the 
existence of ns order short lifetime component and s order 

long lifetime component. The PL spectra of the short and long 
lifetime components are almost identical and are attributed to 
the prompt fluorescence and TADF. The estimated kRISC rate 
constant was the order of 10-5 s-1, which is similar to other 
carbazole-benzophenone dendrimers.19d,e On the other hand,  
the PL decay profile of TPPhG2B showed almost only the short 
lifetime component. Interestingly these data indicate that the 
terminal modification of the dendrimer switches the on and off 
of the TADF.

The effectiveness of the bulky substituent on inhibiting 
unsuitable intramolecular interaction was determined by 
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measuring the PL, PLQY, and  PL decay of dendrimer doped 
PMMA films. A PMMA film containing dendrimers in 10, 30,50, 
80, and 100wt% (neat) was prepared by spin-costing the 
chloroform solution, and PL spectra were measured (Fig.S11). 
The PL spectra showed a slight blue shift compared to the neat 
film prepared from the toluene solution. For both AdG2B and 
TPPhG2B, the PL spectra showed only minimum change while 
increasing the concentration. This behavior is in clear contrast 
with the previous experiment using carbazole benzophenone 
dendrimer with terminal H, Me, MeO, and t-Bu group, i.e., 
relatively large red-shift took place with these substituents.19d 
During the concentration increase, the PLQY was also 
maintained, and the PL decay behavior was also identical (Figs. 
S12,13). The comparison of PL spectra in toluene solution and 
neat film (Fig.1) is complex because it reflects changes in the 
environment (polarity), molecular motion, and intermolecular 
interaction. The PMMA doped film experiment revealed that 
carbazole-benzophenone dendrimer with Ad and TPPh groups 
are almost perfectly isolated even in neat film. The PL is 
insensitive to the host environment because the bulky 
substituents dominate the polarity and inhibit intermolecular 
interactions around the luminescent core.

To further investigate the influence of terminal structure on 
the TADF efficiency, the 1CT, 3CT, and 3LE energy levels were 
determined. The 1CT and 3CT energy level was determined from 
the onset of the fluorescence and phosphorescence spectra of 
the frozen toluene solution and neat film at 77 K (Table2, Figs.S8, 
9). The 3LE energy level of the donor unit (carbazole dendrons) 
was also determined from the onset of the phosphorescence 
spectra of the toluene solution and neat film at 77 K (Figs.S8, 9). 
The phosphorescence spectra of AdG2B and AdG2on had small 
time dependence, but TPPhG2B and TPPhG2on showed 
complicated time dependence. This is probably reflecting the 
unevenness of the molecular conformations (larger distribution 
of conformations) due to the rotation of benzene rings of the 
TPPh group and the complex excited-state dynamics. For 
figuring out the actual reason, some time-resolved absorption 
spectroscopy is necessary. The EST value of AdG2B was smaller 
than TPPhG2B in the solution and neat film. Smaller EST will 
usually lead to a larger RISC (reverse intersystem crossing) 
process, i.e., TADF expression in AdG2B can be explained in part. 
However, TPPhG2B also has a relatively small EST  for TADF 
expression (0.16 eV in toluene solution and 0.09 eV in neat film). 

The difference in EST was also quallitatively reproduced with 
DFT calculation of S1 excited state (TableS1). The calculated 
absolute value was larger than the observed value, partly 
because the polarizable continuum solvation model is not 
sufficient for including environmental effects for long-range CT 
states, which was similar to the previous report.19d The position 
between the 3CT  and 3LE is often discussed to explain the true 
efficiency of the RISC process. In principle, the RISC process 
between the 3CT and 1CT state is forbidden and the spin-flip 
process through the hyperfine coupling is slow. The mediation 
of 3LE has an important role in increasing SOC (spin-orbital 
coupling) for the efficient RISC process, and this effect will be 
larger when the gap between 3CT and 3LE decreases. The S1, 3CT, 
and 3LE levels of AdCz are distributed in a narrow range suitable 

for the efficient TADF (RISC) process (Fig.S10). On the otherhand, 
the 3LE state of TPPhG2B lies under the 3CT state and results in 
larger activation energy for the  TADF (RISC) process (Fig.S10). 
Furthermore, the time dependence of the phosphorescence 
spectra of TPPh derivatives indicates the complex dynamics, 
which may lead to deactivation paths. The phosphorescence of 
TPPhG2on was weak indicating the existence of a deactivation 
path from 3LE state (Fig.S9). The broad phosphorescence 
spectra of TPPhG2B suggest that the phosphorescence is 
dominated with emission from 3CT even the 3LE state lies under 
3CT, and this also supports that 3LE state undergoes a non-
radiative deactivation. Through measuring the energy levels of 
new dendrimers, the on-off of TADF upon terminal modification 
was explained as following, i.e., AdG2B has energy level 
alignment that is suitable for TADF, but energy level alignment 
of TPPhG2B is worse and larger deactivation path from the 3LE 
state exists.

Table 2. Energy levels of carbazole dendrimers.

HOMO 
(eV) a)

LUMO 
(eV) b)

S1 (eV) 
c)

3CT 

(eV) c)

Es-t 
(eV)c)

L 
(eV)d)

AdG2B 
(solution)

- - 2.96 2.89 0.07 3.02

AdG2B 
(film)

5.68 2.80 2.86 2.83 0.03 2.88

TPPhG2B
(solution)

- - 3.04 2.88 0.16 2.87

TPPhG2B
(film)

5.71 2.77 2.96 2.87 0.09 2.75

a) Determined by photoelectron spectroscopy in air of the film; b) Estimated from 
the HOMO level and absorption edge; c) Estimated from the onset of the 
fluorescence and phosphorescence spectra; d) Estimated from the onset of the 
phosphorescence spectra of carbazole dendrons; 

Conclusions
New benzophenone core carbazole dendrimers with bulky 

substituents (adamantane, tetraphenylphenyl) that have been 
for the first time introduced to carbazole dendrimer were 
synthesized and photophysical properties were investigated. 
The bulky substituents were not sufficient to perfectly suppress 
concentration quenching, but the neat film of AdG2B showed 
green emission with PLQY of 40%, and TPPhG2B showed 
greenish-blue emission with PLQY of 11% in neat film. The PL 
decay measurements revealed that AdG2B shows efficient 
TADF, but TPPh does not show TADF. The reason was attributed 
to the larger ST, larger 3CT-3LE (T-T) energy gap, and the 
existence of other deactivation paths related to the rotation of 
benzene rings. New carbazole units with bulky substituents will 
offer new options for donor design in TADF materials and 
archives nearly perfect isolation of the molecules. OLED device 
fabrication with the present dendrimers has not been 
performed due to the relatively low PLQY. Further optimization 
of the dendrimer structure with bulky terminal groups, such as 
acceptor and linkage design, will lead to efficient solution-
processable TADF dendrimers with minimal concentration 
quenching and efficient OLED device performance. 
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