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ABSTRACT: Thermally activated delayed fluorescence (TADF) benzyl
cellulose derivatives (TBC-X), which contained both carbazole (host) and
phthalimide-based TADF dye (guest) moieties, were prepared from 2,3-di-
O-benzyl cellulose in high yields. The TBC-X samples were soluble in
common organic solvents such as CH2Cl2, CHCl3, THF, and toluene. The
photoluminescence spectra of TBC-X spin-coated films had a single
emission peak derived only from guest moieties, which indicated efficient
energy transfer from the host to guest moieties. The TBC-10 (with a
content of host and guest moieties of 93 and 7, respectively) in a spin-
coated film had the highest photoluminescence quantum yield of 55.3%
and TADF characteristics. A nondoped organic light-emitting diode with
TBC-10 as the emitting layer showed green emission (λEL = 517 nm) and
achieved a maximum external quantum efficiency of 5.9%.

■ INTRODUCTION

Cellulose is the most abundant biomacromolecule in nature,
and is important as biodegradable and renewable organic
materials. Although cellulose and its derivatives are widely used
in daily life, considerable attention has still been paid to the
development of their value-added applications. One of the
interesting proposals is an application of cellulose and its
derivatives to green electronics.1 For example, cellulose and its
derivatives films have been reported to be applied to a
biodegradable and transparent substrate of flexible organic
light-emitting diodes (OLEDs).2−4 Another potential applica-
tion to OLEDs is the use of cellulose derivative as a scaffold of
the OLED elements in an emitting layer toward fully
biodegradable OLEDs because the cellulose backbone is
expected to inhibit aggregation of the elements as well as
that of photosensitizer-bound cellulose derivatives toward
biomaterial-based solar cells.5−8 Indeed, 6-O-[4-(9H-carbazol-
9-yl)butyl]-2,3-di-O-methyl cellulose has been reported for a
host material in the emitting layer of OLEDs.9 To develop
cellulose-based OLED elements with high luminescence
efficiency and low cost, in addition to inhibiting aggregation
of elements, the following features are required. First is the use
of thermally activated delayed fluorescence (TADF) dyes as an
emitter.10−12 In OLEDs, holes and electrons are respectively
injected from the cathode and anode and transferred into an
emitting layer where they recombine to form excitons. The
resulting excitons form as 25% singlet and 75% triplet
excitons;13 however, only the former directly contributes to
the electroluminescence (EL) in conventional fluorescence

OLEDs. Hence, early OLEDs using conventional fluorescence
emitters had low luminescence efficiencies. Recently, to
overcome this problem, OLEDs based on TADF dyes as
emitters have been developed because triplet excitons can be
converted to singlet excitons by a reverse intersystem crossing
(RISC) in TADF dyes, resulting in 100% of excitons being
available for electroluminescence.14−16 Therefore, the incor-
poration of TADF emitter to the cellulose molecule is essential
for highly efficient OLEDs. Second is solution processability as
described ealier.17−21 There are two fabrication methods for
thin organic layers in OLEDs, that is, vacuum vapor deposition
and solution processing methods. The former has been applied
in many OLEDs with high performance manufacturing but
requires complex processing and special manufacturing
apparatus, which adds to the manufacturing costs. The latter
method has several advantages, such as simple processing such
as spin coating and inkjet printing, compatibility with flexible
substrate such as cellulose films, and scalability to large-area
flexible displays, which lower the fabrication costs of OLEDs.
However, most of TADF emitters with low molecular weight
for vacuum vapor deposition method tend to have low
solubility, high crystallinity, and low film formability and thus
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are incompatible with solution processing methods, and in this
aspect, polymeric materials such as cellulose derivative are
favorable for the solution process. Finally, consideration should
be given to materials capable of achieving nondoped
OLEDs.22−30 Generally, guest materials should be doped
with host materials to prevent concentration quenching in the
emitting layer of the OLEDs. However, the doping process
complicates the manufacturing process, resulting in high
manufacturing costs. Therefore, self-host-type emitters that
contain both host and guest moieties in the same molecule are
required for nondoped OLEDs. However, there have been a
few reports on self-host-type TADF pendant polymers,26−29

and further investigations for nondoped OLEDs are still
required to reach the performance of doped devices.30

In this study, 2,3-di-O-benzyl cellulose derivatives with host
(carbazolyl groups: Cz groups) and guest (biscarbazolyl
phthalimide ethyl ester groups: BCz-PI groups) moieties in
the molecule, namely, a TADF-benzyl cellulose derivative
(TBC-X) was designed as a self-host-type TADF cellulose
derivative, as shown in Figure 1. The Cz group was selected for

the host moieties because carbazole derivatives are the most
common host materials in OLEDs.31 The BCz-PI group was
also used as a guest moiety because BCz-PI-Ph is a TADF dye
with high luminescence efficiency (Scheme 1), and it has been
synthesized by a simple synthetic route.32 At first, 2,3-di-O-
acetyl cellulose, a popular cellulose derivative, was considered
as the scaffold; however, preliminary experiments showed that
its solubility was very poor in common organic solvents.
Hence, 2,3-di-O-benzyl cellulose (BnC) was selected as a

scaffold material because of its good solubility and film-forming
properties. This paper describes the preparation of TBC-X, its
application as the solution-processed emitting layer of OLEDs,
and the evaluation of TADF characteristics of the system.

■ EXPERIMENTAL SECTION
Measurements. Fourier-transform infrared (FT-IR) spectra were

recorded in KBr pellets with a Shimadzu IRPrestige-21 spectropho-
tometer (Shimadzu, Kyoto, Japan). 1H and 13C NMR spectra were
recorded on a Varian FT-NMR (500 MHz) spectrometer (Agilent
Technologies, Santa Clara, CA). The chemical shift (δ) and coupling
constant (J) are reported in parts per million (ppm) and hertz (Hz),
respectively. Matrix-assisted laser desorption/ionization time-of-flight
mass spectroscopy (MALDI-TOF MS) was recorded on a Bruker
Autoflex III (Bruker Daltonics, Bremen, Germany) by using 2,5-
dihydroxybenzoic acid as the matrix. Gel permeation chromatography
(GPC) was performed on a Tosoh HLC-8220 GPC apparatus
equipped with a refractive index detector under the following
conditionscolumns: two TSK Super HZM-H columns (Tosoh,
Tokyo, Japan) connected in a series; flow rate: 0.25 mL min−1;
column temperature: 40 °C; eluent: THF; standards: polystyrene
standards (TSK polystyrene standard, Tosoh). Differential scanning
calorimetry (DSC) thermograms were recorded on a Mettler Toledo
DSC823e instrument (Mettler Toledo, Zurich, Switzerland) at a
heating rate of 10 °C min−1 under a nitrogen atmosphere. Atomic
force microscope (AFM) observations of the spin-coated films were
performed in dynamic mode with the use of a Shimadzu SPM-9600
system (Shimadzu) equipped with a tetrahedral-shaped silicon
cantilever (AC240TS-C2, Olympus, Tokyo, Japan). Cyclic voltam-
metry was performed on an ALS/[H] CH Instruments electro-
chemical analyzer (Model 600E, BAS, Tokyo, Japan) using a
conventional three-electrode configuration: a platinum electrode as
the working electrode, a platinum wire as the counter electrode, and
Ag/AgNO3 as the reference electrode. Ferrocene (Fc) was added as
an internal reference after each measurement, and all potentials were
referenced to the ferrocenium/ferrocene (Fc+/Fc) couple. Photo-
luminescence (PL) spectra were recorded on a Shimadzu RF-5300
PC (Shimadzu) and a Horiba FluoroMax-4 (Horiba Scientific, Kyoto,
Japan). UV−vis spectra were recorded on a Jasco V-560 (Jasco,
Hachioji, Japan). Emission lifetimes were recorded on a Hamamatsu
Photonics Quantaurus-Tau C11367-01 (Hamamatsu Photonics,
Hamamatsu, Japan). Photoluminescence quantum yields (PLQYs)
were recorded on a Hamamatsu Photonics Quantaurus-QY C11347-
01 (Hamamatsu Photonics), and the PLQY measurements of spin-
coated films were conducted under a stream of nitrogen.

Materials. The 2,3-di-O-benzyl cellulose (BnC) with a degree of
substitution (DS) of benzyl groups of 1.98 (as calculated from the 1H
NMR spectrum) was synthesized according to a previously reported
method.8,33,34 All other chemicals were purchased from commercial
sources and used without further purification.

Figure 1. Molecular design of TADF benzyl cellulose derivative
(TBC-X).

Scheme 1. Synthetic Routes to BCz-PI-COOEt, and BCz-PI-COOH
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Synthesis of a Model Compound (BCz-PI-COOEt) of TADF-
Benzyl Cellulose Derivatives (TBC-X). 4,5-Bis(9H-carbazol-9-
yl)phthalic Acid (BCz-PA). Carbazole (2.037 g, 12.2 mmol) and
K2CO3 (3.367 g, 24.4 mmol) were added to DMSO (18 mL). After
the mixture was stirred at room temperature (rt) for 0.5 h, 4,5-
difluorophthalonitrile (1.0 g, 6.1 mmol) was added. The reaction
mixture was stirred at 150 °C for 12 h, cooled to rt, and poured into
distilled water (150 mL) at 0 °C. The resulting precipitate was
collected by filtration with distilled water and extracted twice with
CH2Cl2. The combined organic layer was washed twice with brine,
dried over anhydrous Na2SO4, and concentrated in vacuo. The residue
and KOH (1.683 g, 30 mmol) was added to EtOH/H2O (1/1, v/v, 30
mL). The reaction mixture was stirred at 105 °C overnight with a trap
to neutralize a generated ammonia gas and filtrated with EtOH
immediately. The filtrate was weakly acidified (pH: 4−5) with a 1 M
hydrochloride acid. The resulting precipitate was collected by
filtration with distilled water, thoroughly washed with distilled
water, and recrystallized from EtOH to give BCz-PA as a dark yellow
crystal (1.456 g, 48.1% yield). 1H NMR (DMSO-d6): δ 8.14 (s, 2H),
7.94−7.92 (m, 4H), 7.26 (dd, 4H, J = 7.0, 1.5), 7.11−7.08 ppm (m,
8H) (Figure S1). 13C NMR (DMSO-d6): δ 167.3, 139.2, 135.5, 133.8,
130.8, 126.0, 123.1, 120.6, 120.4, 109.7 ppm (Figure S2). FT-IR
(KBr): ν 3053, 1724, 1697, 1595, 1554, 1520, 1489, 1479, 1452,
1449, 1445, 1422, 1375, 1335, 1312, 1225, 746, 725 cm−1. MALDI-
TOF MS: m/z calcd for C32H20N2O4 496.14; found 519.38 as [M +
Na]+.
3-(4,5-Bis(9H-carbazol-9-yl)phthalimide)propionic Acid Ethyl

Ester (BCz-PI-COOEt). The mixture of BCz-PA (200 mg, 0.403
mmol) and Ac2O (3 mL) was stirred at 140 °C for 2 h, concentrated,
and dried in vacuo. The residue was dissolved in dry DMF (2 mL). β-
Alanine ethyl ester hydrochloride (62 mg, 0.403 mmol) and Et3N
(0.22 mL, 1.61 mmol) were added to the solution. After stirring at rt
for 15 min, 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydro-
chloride (EDC-HCl) (77 mg, 0.403 mmol) was added to the solution.
The solution was stirred at 100 °C overnight and concentrated. The
residue was purified by preparative thin-layer chromatography
(PTLC) with the use of silica gel glass plates coated with silica gel
60 PF254 (Merck, Darmstadt, Germany) with 2 mm thickness (eluent:
EtOAc/n-hexane = 1/2, v/v) to afford BCz-PI-COOEt as a yellow
solid (108 mg, 46.7% yield). 1H NMR (CDCl3): δ 8.36 (s, 2H),
7.79−7.78 (m, 4H), 7.12−7.03 (m, 12H), 4.21 (d, 1H, J = 7.0), 4.18
(d, 1H, J = 7.0), 4.12 (t, 2H, J = 7.0), 2.83 (t, 2H, J = 7.0), 1.29 (t,
3H, J = 7.0) ppm (Figure S3). 13C NMR (CDCl3): δ 170.7, 166.6,
139.1, 138.8, 131.2, 125.8, 125.5, 124.0, 120.9, 120.1, 109.4, 61.0,
34.3, 32.9, 14.2 ppm (Figure S4). FT-IR (KBr): ν 3055, 2980, 1776,
1734, 1715, 1618, 1597, 1497, 1479, 1449, 1396, 1375, 1335, 1312,
1233, 1198, 746, 723 cm−1. MALDI-TOF MS: m/z calcd for
C37H27N3O4 577.20; found 577.32 as [M]+.
The highest occupied molecular orbital (HOMO), the lowest

unoccupied molecular orbital (LUMO), and the difference between
S1 and T1 (ΔEST) of BCz-PI-COOEt were calculated by using density
functional theory (DFT) and time-dependent DFT with the Gaussian
16 program package at the PBE0/6-31G(d) level.
Synthesis of TADF-Benzyl Cellulose Derivatives (TBC-X). 3-

(9H-Carbazol-9-yl)propionic Acid (Cz-COOH) (Host Dye Part).
Carbazole (6.0 g, 35.8 mmol) and NaOH (4.308 g, 107.7 mmol)
were added to DMSO (30 mL). After the mixture was stirred at 85 °C
for 0.5 h, methyl 3-bromopropionate (4.7 mL, 43.1 mmol) was added.
The reaction mixture was then stirred at 85 °C overnight. Distilled
water (0.5 mL) was added to the mixture. After 10 min, the reaction
mixture was poured into distilled water (200 mL) at 0 °C. The pH of
the solution was adjusted to be in the range of 3−4 with 1 M
hydrochloric acid. The resulting precipitate was collected by filtration
with distilled water, washed with distilled water, and recrystallized
from EtOH to give a colorless crystal (6.71 g, 78.0% yield). 1H NMR
(CD3OD): δ 8.05 (dd, 2H, J = 7.5, 1.0), 7.52 (broad d, 2H, J = 8.5),
7.43 (ddd, 2H, J = 7.5, 7.0, 1.0), 7.18 (ddd, 2H, J = 7.5, 7.0, 1.0), 4.65
(t, 2H, J = 7.0), 2.80 (t, 2H, J = 7.0) ppm (Figure S5). 13C NMR
(CD3OD): δ 175.1, 141.4, 126.8, 124.3, 121.1, 120.1, 109.9, 39.8,
34.3 ppm (Figure S6). FT-IR (KBr): ν 3049, 1709, 1705, 1701, 1593,

1485, 1464, 1450, 1352, 1327, 1279, 1248, 1240, 1231, 1198, 1153,
754, 727 cm−1. MALDI-TOF MS: m/z calcd for C15H13NO2 239.09;
found 239.18 as [M]+.

3-(4,5-Bis(9H-carbazol-9-yl)phthalimide)propionic Acid (BCz-PI-
COOH) (Guest Dye Part). The mixture of BCz-PA (200 mg, 0.403
mmol) and Ac2O (3 mL) was stirred at 140 °C for 2 h, concentrated,
and dried in vacuo. The residue and β-alanine (36 mg, 0.403 mmol)
were added to AcOH (2 mL), and the reaction mixture was stirred
under reflux overnight, concentrated, and purified by PTLC with the
use of a silica gel plate as described above (eluent: MeOH/CH2Cl2 =
1/9, v/v) to give BCz-PI-COOH as a yellow solid (161 mg, 72.5%
yield). 1H NMR (DMSO-d6): δ 8.32 (s, 2H), 7.94−7.90 (m, 4H),
7.27−7.25 (m, 4H), 7.10−7.06 (m, 8H), 3.88 (broad t, 2H, J = 8.0),
2.56 (t, 2H, J = 7.0) ppm. 13C NMR (DMSO-d6): δ 166.4, 139.0,
138.5, 132.0, 125.8, 125.3, 123.1, 120.6, 120.3, 109.7, 34.5, 33.4 ppm.
FT-IR (KBr): ν 3466, 3059, 1775, 1713, 1616, 1597, 1497, 1479,
1449, 1396, 1335, 1312, 1233, 746, 723 cm−1. MALDI-TOF MS: m/z
calcd for C35H23N3O4 549.17, found 549.19 as [M]+.

TADF Benzyl Cellulose Derivatives (TBC-X). Typical Method.
BnC was dissolved in DMF/CHCl3 (1/1, v/v) (2 mL). Cz-COOH,
BCz-PI-COOH, N,N′-diisopropylcarbodiimide (DIC), and 4-
(dimethylamino)pyridine (DMAP) were added to the solution in
this order. After being stirred at 30 °C for 48 h, the reaction solution
was added dropwise into MeOH (100 mL). The resulting precipitate
was collected by filtration with MeOH, washed with MeOH, and
dissolved in a small amount of CHCl3. The solution was added
dropwise to the MeOH again. The resulting precipitate was collected
by filtration with MeOH, washed with MeOH, and dried in vacuo to
obtain TBC-X. The feed molar ratio of Cz-COOH (host)/BCz-PI-
COOH (guest) was 100/0 (for TBC-0, control), 90/10 (for TBC-
10), 85/15 (for TBC-15), and 80/20 (for TBC-20).

The DS of host and guest moieties of TBC-X were respectively
determined according to eqs 1 and 2 with the use of 1H NMR spectra
data

D A B
A B C

DS
5 (2 )

2( 6 3 2 )host = −
− − + (1)

BD
A B C

DS
5

2( 6 3 2 )guest =
− − + (2)

where A is total integrated values of aromatic-H signals of guest and
host moieties (7.80−8.20 ppm), B is the integrated value of aromatic-
H signals of host moieties (7.60−7.80 ppm), C is the total integrated
values of aromatic-H signals of guest moieties, host moieties, and
benzyl groups (6.60−7.60 ppm), and D is the DS of benzyl groups of
BnC.

TBC-0 (Control). BnC (30 mg, 0.0876 mmol), Cz-COOH (63 mg,
0.26 mmol), DIC (41 μL, 0.26 mmol), and DMAP (32 mg, 0.26
mmol) were used to obtain TBC-0 (48 mg, 97.3%). DShost: 1.03; Mn:
5.0 × 103 (Mw/Mn = 2.8). 1H NMR (CDCl3): δ 8.00 (carbazole-H of
Cz groups), 7.50−6.60 (carbazole-H of Cz groups, aromatic-H of
benzyl groups), 5.30−2.80 (ring-H of Cell, benzyl-H, −N−CH2−
CH2− of Cz groups), 2.44 (−N−CH2−CH2− of Cz groups) ppm
(Figure S7). 13C NMR (CDCl3): δ 170.5 (CO), 138.8, 137.9,
128.2, 128.0, 127.4, 127.0, 125.7, 122.9, 120.4, 119.2, 108.4, 103.1 (C-
1), 82.7 (C-3), 81.5 (C-2), 78.8, 76.0−72.0 (C-4, C-5, benzyl-C),
63.4 (C-6), 38.3, 33.0 ppm. FT-IR (KBr): ν 3445, 3028, 2874, 1740,
1628, 1597, 1485, 1462, 1454, 1350, 1325, 1229, 1211, 1169, 1153,
1065, 1028, 750, 725, 698 cm−1 (Figure S8).

TBC-10. BnC (40 mg, 0.117 mmol), Cz-COOH (50.3 mg, 0.21
mmol), BCz-PI-COOH (12.9 mg, 0.023 mmol), DIC (36 μL, 0.23
mmol), and DMAP (28.5 mg, 0.23 mmol) were used to obtain TBC-
10 (57.3 mg, 88.0%). DShost: 0.82, DSguest: 0.06; Mn: 5.0 × 103 (Mw/
Mn = 3.0). 1H NMR (CDCl3): δ 8.10 (aromatic-H of BCz-PI groups),
7.99 (carbazole-H of Cz groups), 7.73 (carbazole-H of BCz-PI
groups), 7.50−6.60 (carbazole-H of BCz-PI and Cz groups, aromatic-
H of benzyl groups), 5.30−2.80 (ring-H of Cell, benzyl-H, −N−
CH2−CH2− of BCz-PI and Cz groups), 2.76 (−N−CH2−CH2− of
BCz-PI groups), 2.44 ppm (−N−CH2−CH2− of Cz groups) (Figure
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S7).13C NMR (CDCl3): δ 170.5 (CO), 166.2 (imide CO),
140.0, 139.7, 138.8, 137.9, 128.2, 128.0, 127.4, 127.0, 125.7, 123.9,
122.9, 120.8, 120.4, 119.2, 109.3, 108.4, 103.2 (C-1), 82.7 (C-3), 81.6
(C-2), 78.9, 76.0−72.0 (C-4, C-5, benzyl-C), 63.1 (C-6), 38.3, 33.0
ppm. FT-IR (KBr): ν 3445, 3028, 2870, 1740, 1717, 1626, 1597,
1485, 1462, 1454, 1348, 1325, 1231, 1211, 1169, 1153, 1063, 1028,
750, 723, 698 cm−1 (Figure S8).
TBC-15. BnC (40 mg, 0.117 mmol), Cz-COOH (47.5 mg, 0.20

mmol), BCz-PI-COOH (19.3 mg, 0.035 mmol), DIC (36 μL, 0.23
mmol), and DMAP (28.5 mg, 0.23 mmol) were used to obtain TBC-
15 (60.2 mg, 93.2%). DShost: 0.74, DSguest: 0.09; Mn: 5.6 × 103 (Mw/
Mn = 2.7). 1H NMR (CDCl3): δ 8.10 (aromatic-H of BCz-PI groups),
7.99 (carbazole-H of Cz groups), 7.73 (carbazole-H of BCz-PI
groups), 7.50−6.60 (carbazole-H of BCz-PI and Cz groups, aromatic-
H of benzyl groups), 5.30−2.80 (ring-H of Cell, benzyl-H, −N−
CH2−CH2− of BCz-PI and Cz groups), 2.75 (−N−CH2−CH2− of
BCz-PI groups), 2.44 ppm (−N−CH2−CH2− of Cz groups) (Figure
S7).13C NMR (CDCl3): δ 170.5 (CO), 166.3 (imide CO),
139.9, 139.7, 138.8, 138.0, 129.6, 128.2, 128.0, 127.4, 125.7, 123.9,
122.9, 120.9, 120.4, 120.1, 119.2, 109.3, 108.6, 108.4, 103.1 (C-1),
82.8 (C-3), 81.7 (C-2), 78.9, 76.0−72.0 (C-4, C-5, benzyl-C), 63.3
(C-6), 38.3, 33.0 ppm. FT-IR (KBr): ν 3464, 3028, 2870, 1738, 1717,
1625, 1597, 1495, 1485, 1454, 1348, 1325, 1231, 1213, 1169, 1155,
1061, 1028, 748, 723, 696 cm−1 (Figure S8).
TBC-20. BnC (40 mg, 0.117 mmol), Cz-COOH (44.7 mg, 0.187

mmol), BCz-PI-COOH (25.7 mg, 0.047 mmol), DIC (36 μL, 0.23
mmol), and DMAP (28.5 mg, 0.23 mmol) were used to obtain TBC-
20 (59.8 mg, 87.2%). DShost: 0.75, DSguest: 0.15; Mn: 4.9 × 103 (Mw/
Mn = 3.0). 1H NMR (CDCl3): δ 8.10 (aromatic-H of BCz-PI groups),
7.99 (carbazole-H of Cz groups), 7.73 (carbazole-H of BCz-PI
groups), 7.50−6.60 (carbazole-H of BCz-PI and Cz groups, aromatic-
H of benzyl groups), 5.30−2.80 (ring-H of Cell, benzyl-H, −N−
CH2−CH2− of BCz-PI and Cz groups), 2.76 (−N−CH2−CH2− of
BCz-PI groups), 2.45 ppm (−N−CH2−CH2− of Cz groups) (Figure
S7). 13C NMR (CDCl3): δ 170.5 (CO), 166.3 (imide CO),
140.0, 139.7, 138.8, 137.9, 131.0, 129.6, 128.1, 128.0, 127.4, 125.7,
123.9, 122.9, 120.8, 120.4, 120.1, 119.2, 109.3, 108.5, 103.1 (C-1),
82.7 (C-3), 81.6 (C-2), 79.0, 76.0−72.0 (C-4, C-5, benzyl-C), 63.4
(C-6), 38.3, 33.0 ppm. FT-IR (KBr): ν 3466, 3028, 2870, 1740, 1717,
1626, 1597, 1497, 1485, 1452, 1348, 1325, 1231, 1213, 1169, 1153,
1061, 1028, 748, 723, 696 cm−1 (Figure S8).
Preparation of TBC-X Spin-Coated Films. Spin-coated films for

respective measurements were fabricated as follows: For measure-
ments of the PL spectra, a solution of TBC-X in CHCl3 (10 mg
mL−1) was spin-coated on quartz glass (25 mm × 25 mm) at 1000
rpm for 30 s. For the PLQYs measurements, a solution of TBC-X in
toluene (15 mg mL−1) was spin-coated on quartz glass (10 mm × 15
mm) at 800 rpm for 30 s and used without encapsulation. For the PL
lifetime measurements, a solution of TBC-10 in toluene (15 mg
mL−1) was spin-coated on quartz glass (30 mm × 30 mm) at 800 rpm
for 30 s and encapsulated with glass caps in a glovebox (O2 < 0.1
ppm). For AFM imaging, a solution of TBC-10 in CHCl3 (10 mg
mL−1) was spin-coated on a silicon wafer (10 mm × 10 mm) at 1000
rpm for 30 s.
Fabrication and Evaluation of Devices Using TBC-10 as the

Emitting Layer. Two devices containing an emitting layer of
different thickness were fabricated (devices A and B). Before spin-
coating, an indium tin oxide (ITO) substrate was cleaned as follows:
(i) 10 min sonication in detergent, distilled water (two times),
acetone, and 2-propanol; (ii) 5 min exposure to a hot steam of 2-
propanol; (iii) UV-O3 irradiation for 30 min. Next, poly(3,4-
ethylenedioxythiophene)−poly(styrenesulfonate) (PEDOT:PSS,
CLEVIOSTM AI 4083 (Heraeus, Hanau, German)) was spin-coated
on the cleaned ITO substrate at 4000 rpm for 30 s and baked at 150
°C for 10 min under air. After 5 min of nitrogen flow for cooling, the
emitting layer was formed at 800 rpm for 30 s from TBC-10−toluene
solution (for device A: 15 mg mL−1; for device B: 25 mg mL−1) upon
the PEDOT:PSS layer. After baking at 50 °C for 30 min and cooling
under a nitrogen stream, 4,6-bis[3,5-di(pyridine-4-yl)phenyl]-2-
methylpyrimidine (B4PYMPM), lithium quinoline-8-olate (Liq),

and Al were formed by vacuum deposition using a deposition
apparatus (SE-4260, ALS Technology, Sagamihara, Japan) at a
pressure of <10−4 Pa to obtain devices with an active area of 4 mm2.
Finally, the devices were encapsulated with glass caps, and getter films
were attached to remove oxygen and moisture. The performances of
devices A and B were recorded on a Hamamatsu Photonics C9920-12
(Hamamatsu Photonics) with a Keithley SourceMeter 2400 (Keithley
Instruments, Cleveland, OH).

■ RESULTS AND DISCUSSION
Synthesis of a Model Compound (BCz-PI-COOEt) of

TBC-X. BCz-PI dye moieties are important functional groups
for TADF characteristics.32 However, preliminary experiments
showed that triazole linkages between the cellulose backbone
and BCz-PI moieties prevented the TADF characteristics of
the BCz-PI moieties. Hence, the synthesis of BCz-PI-COOEt
was investigated as a model compound of TBC-X to
investigate the influence of ester linkages on the TADF
characteristics.
First, the HOMO, LUMO, and ΔEST of BCz-PI-COOEt

were calculated by density functional theory (DFT). The
distributions of HOMO and LUMO energy densities of BCz-
PI-COOEt are shown in Figure 2. The HOMO and LUMO of

BCz-PI-COOEt were mainly located at the carbazole and
phthalimide moieties of BCz-PI-COOEt, respectively. The
HOMO/LUMO energy levels and ΔEST were also calculated
to be −5.88/−2.36 and 0.34 eV, respectively, suggesting that
BCz-PI-COOEt was expected as a TADF dye.
BCz-PI-Ph, which is a TADF dye with high luminescence

efficiency, has been synthesized from 4,5-difluorophthalic
anhydride in two steps: namely, phenylphthalimide formation
and condensation with carbazole.32 However, 4,5-difluoroph-
thalic anhydride was not commercially available. Thus, BCz-PI-
COOEt was synthesized from 4,5-difluorophtalonitrile by two
reaction steps, as shown in Scheme 1. Condensation of 4,5-
difluorophthalonitrile with carbazole in the presence of K2CO3
and subsequent alkali hydrolysis with KOH were performed to
afford BCz-PA in 48.1% yield. This intermediate was further
converted by reactions with Ac2O and β-alanine ethyl ester
hydrochloride to BCz-PI-COOEt in 46.7% yield. Characteristic
signals assigned to aromatic-H of phthalimide moieties at 8.36
ppm, aromatic-H of carbazole moieties at 7.80−7.00 ppm, and
methylene-H of −N−CH2−CH2−CO− at 2.80 ppm were
found in the 1H NMR spectrum of BCz-PI-COOEt (Figure
S3). In addition, the bands derived from ester CO at 1734
cm−1 and from phthalimide CO at 1715 cm−1 were also
observed in the FT-IR spectrum of BCz-PI-COOEt. The
measured [M]+ value of BCz-PI-COOEt (577.32) agreed with
its calculated value (577.20) in the MALDI-TOF MS
spectrum. These results confirmed the successful synthesis of
BCz-PI-COOEt. This synthetic method is also expected to be
applicable to BCz-PI-based dyes other than BCz-PI-COOEt.

Figure 2. Chemical structure and HOMO/LUMO distribution of
BCz-PI-COOEt calculated at the PBE0/6-31G(d) level.
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Figure 3A shows UV−vis and PL spectra of BCz-PI-COOEt.
A peak derived from the intramolecular charge-transfer

transition from the HOMO to the LUMO at 386 nm was
observed in the UV spectrum of BCz-PI-COOEt.32,35,36 An
emission peak at 512 nm was also found in the PL spectrum of
BCz-PI-COOEt, which corresponds to that at 510 nm of BCz-
PI-Ph in the literature.32 These spectral results suggest the

separation of HOMO and LUMO in BCz-PI-COOEt.
Furthermore, a delayed component was observed in the
transient PL decay curve of BCz-PI-COOEt, as shown in
Figure 3B. The PLQY of BCz-PI-COOEt was 49.5% under
argon bubbling. These results suggest that the ester linkage did
not have a negative effect on the TADF characteristics of the
BCz-PI moieties and that TBC-X might act as a TADF dye.

Synthesis of TADF Benzyl Cellulose Derivatives (TBC-
X). First, host and guest dye parts of TBC-X, that is, Cz-
COOH and BCz-PI-COOH, were synthesized to introduce
host and guest dye moieties into the cellulose backbone
through ester linkages. Cz-COOH was synthesized by the
reaction of carbazole with methyl 3-bromopropionate in 78.0%
yield. The measured value of [M]+ of Cz-COOH (239.09)
agreed with its calculated value of [M]+ (239.18) in the
MALDI-TOF MS spectrum. BCz-PI-COOH was also synthe-
sized from BCz-PA according to a modified synthetic method
for BCz-PI-COOEt with the use of β-alanine instead of β-
alanine ethyl ester hydrochloride in 72.5% yield. The measured
value of [M]+ of BCz-PI-COOH (549.19) agreed with its
calculated value of [M]+ (549.17) in the MALDI-TOF MS
spectrum.
Next, TADF-benzyl cellulose derivatives (TBC-0, -10, -15,

and -20) were synthesized by a Steglich-type esterification of
BnC with different feed molar ratios of Cz-COOH (host dye
part)/BCz-PI-COOH (guest dye part) of 100/0, 90/10, 85/
15, and 70/30, respectively (Scheme 2). TBC-0 was selected
as a cellulose derivative having only host moieties for
comparison with TBC-10, -15, and -20.
Figures 4 and 5 show FT-IR and 1H NMR spectra of BnC,

TBC-0, and TBC-10. The characteristic band assigned to
hydroxy groups at 3445 cm−1 decreased, and bands assigned to
host moieties (Cz groups) at 1628, 1597, and 750 cm−1 and
ester bonds at 1740 cm−1 appeared in the FT-IR spectra of
TBC-0 and TBC-10, indicating that host moieties were
introduced into the cellulose backbone through ester linkages
in TBC-0 and TBC-10. This is also supported by the
appearance of the new signals assigned to aromatic-H (Ha) of
host moieties at 8.00 ppm and to methylene-H (Hf) of spacer
of host moieties at 2.44 ppm in 1H NMR spectra of TBC-0
and TBC-10. However, the characteristic band assigned to
imide bonds of guest moieties (BCz-PI groups) at 1717 cm−1

and signals assigned to aromatic-H (Hg) of guest moieties at

Figure 3. (A) UV−vis and PL spectra of BCz-PI-COOEt in toluene
solution (1.0 × 10−5 M) (normalized at 331 nm: UV−vis, 512 nm:
PL; excited at 330 nm in PL measurements). (B) Transient PL decay
curve of BCz-PI-COOEt in toluene solution (0.01 mg mL−1) at rt
after 15 min degassing by argon.

Scheme 2. Synthetic Route to TADF Benzyl Cellulose Derivatives (TBC-X)
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7.73 ppm and methylene-H (Hm) of the spacer of guest
moieties at 2.76 ppm were also observed in the FT-IR and 1H
NMR spectra of TBC-10, respectively. Furthermore, a peak
derived from guest moieties at 390 nm was also observed and
increased in the UV−vis spectra of TBC-X as the molar feed
ratio of guest moieties was increased (Figure 6A). These

results indicate that TBC-10 had both host and guest moieties
through ester linkages. The number-averaged molecular weight
(Mn) of TBC-10 was 5000. The DS values of host and guest
moieties of TBC-X, simply determined by the 1H NMR
spectra method described above, were respectively 1.03 and 0
for TBC-0, 0.82 and 0.06 for TBC-10, 0.74 and 0.09 for TBC-
15, and 0.75 and 0.15 for TBC-20. The content ratios of host
and guest moieties in TBC-X were 100/0 in TBC-0, 93/7 in
TBC-10, 89/11 in TBC-15, and 84/16 in TBC-20,
respectively, as shown in Table 1. Although these results
suggest that the reactivity of BCz-PI-COOH was somewhat
lower than that of Cz-COOH, the feed molar ratios of Cz-
COOH and BCz-PI-COOH in the preparations were

Figure 4. FT-IR spectra of BnC, TBC-0, and TBC-10.

Figure 5. 1H NMR spectra of BnC, TBC-0, and TBC-10.

Figure 6. (A) UV−vis spectra of TBC-X in toluene solution (0.01 mg
mL−1) (normalized at 343 nm). (B) PL spectra of TBC-X in the neat
films (normalized at peak top, excited at 330 nm). (C) transient PL
decay curve of TBC-10 in the neat film at 25 °C.
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approximately reflected by those of the content ratio of host
and guest moieties in TBC-X.
Physical and Optical Properties of TADF Benzyl

Cellulose Derivatives (TBC-X). TBC-X was soluble in
CH2Cl2, CHCl3, THF, and toluene, suggesting that BnC
contributed to improved solubility of the BCz-PI-based dye
moieties as expected. Next, a spin-coated film of TBC-10 was
fabricated on mica as a representative sample to evaluate the
film-forming properties of TBC-X and observed by AFM. The
surface was smooth and homogeneous in AFM height and
phase images of the film (Figure S9), suggesting that TBC-X
had good film-forming properties. The glass transition
temperatures (Tg) of TBC-X increased as the feed molar

ratio of guest moieties was increased (85.1−100.7 °C) (Table
1 and Figure S10). The electrochemical behavior of TBC-X in
CH2Cl2 was also investigated by cyclic voltammetry (CV)
(Figure S11). The oxidation peak was observed clearly in the
CV of TBC-10 and -15. It was estimated from the CV that
HOMO/LUMO of TBC-10 and TBC-15 were −5.79 eV/−
2.96 eV and −5.72 eV/−2.92 eV, respectively.
Figure 6B shows the PL spectra of the TBC-X films

(excitation wavelength: 330 nm), which were fabricated on
quartz glasses by spin-coating. Multimodal emission peaks
assigned to host moieties (355, 371, 401, and 432 nm) were
observed in the PL spectrum of the TBC-0 film. The emission
from host moieties was almost suppressed in the PL spectra of

Table 1. Characterization Data of TBC-X

samples feed molar ratioa DS of host/guest (total) ratio of host and guest Mn Tg (°C) λabs
b (nm) λPL

c (nm) PLQYd (%)

TBC-0 100/0 1.03/0 (1.03) 100/0 5.0 × 103 85.1 330, 343 355, 371, 401, 432
TBC-10 90/10 0.82/0.06 (0.88) 93/7 5.0 × 103 91.7 331, 343, 390 508 55.3
TBC-15 85/15 0.74/0.09 (0.83) 89/11 5.6 × 103 95.4 331, 343, 390 511 53.7
TBC-20 80/20 0.75/0.15 (0.90) 84/16 4.9 × 103 100.7 331, 343, 390 513 46.5

aFeed molar ratio of Cz-COOH/BCz-PI-COOEt. bMeasured in toluene solution at rt. cMeasured in the neat film. dMeasured in the neat film
under nitrogen condition.

Table 2. Evaluation Results of the Performances of Devices A and B

device conca (mg mL−1) Von
b (V) λEL

c (nm) CEmax (cd A−1) PEmax (lm W−1) EQEmax (%) CIEd (x, y)

A 15 3.7 516 5 3.8 1.7 (0.30, 0.51)
B 25 3.6 517 17.6 13.9 5.9 (0.30, 0.51)

aConcentration of TBC-10 in toluene solution. bThe driving voltage at 1 cd m−2. cEL emission peak at 5 V. dCIE coordinate at 5 V.

Figure 7. (A) Structure of devices based on TBC-10 as the emitting layer and chemical structures of other materials. (B) Current density−
voltage−luminance characteristics of the devices. (C) EQE vs current density characteristics of the devices. (D) EL spectrum of device B at 5 V.
Inset: luminescent image of device B.
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the TBC-10, -15, and -20 films, although the emission was
clearly observed in the PL spectra of the TBC-10, -15, and -20
toluene solution (Figure S12). Single emission peaks assigned
to guest moieties were observed at 508, 511, and 513 nm in the
PL spectra of the TBC-10, -15, and -20 films, respectively. The
peaks red-shifted slightly as the guest moiety ratio was
increased. These results suggested the efficient energy transfer
from the host moieties to guest moieties in the TBC-10, -15,
and -20 films.
Next, the TBC-10, -15, and -20 films were subjected to

PLQY measurements under a nitrogen atmosphere. The PLQY
values of the TBC-10, -15, and -20 films were 55.3%, 53.7%,
and 46.5%, respectively, which were almost equal to those of
self-host-type TADF pendant polymer films in the liter-
ature.26−28 The TBC-10 film showed the best performance
among them. Furthermore, long-delayed components were
clearly observed in the transient PL decay curve of the TBC-10
film, as shown in Figure 6C, suggesting that conversion from
singlet to triplet excitons proceeded smoothly in the TBC-10
film; namely, TBC-10 had TADF characteristics. These results
suggest that TBC-X might be a promising material for
solution-processed OLEDs.
Fabrication and Evaluation of the Devices on the

Basis of TBC-10 as the Emitting Layer. Two nondoped
OLEDs using TBC-10 as an emitting layer (devices A and B)
were fabricated and evaluated (Table 2). The emitting layers of
devices A and B were fabricated from TBC-10 in toluene
solutions with 15 and 25 mg mL−1, respectively, by spin-
coating. The device structures were [ITO (50 nm)/
PEDOT:PSS (20 nm)/TBC-10/B4PYMPM (50 nm)/Liq (1
nm)/Al (80 nm)], as shown in Figure 7A.
Figure 7B shows the current density−voltage−luminance

(J−V−L) characteristics. The driving voltages at 1 cd m−2 were
3.7 and 3.6 V in devices A and B, respectively. The maximum
current efficiency (CE), power efficiency (PE), and EQE
values of device B were higher than those of device A (Figure
S13 and Figure 7C), suggesting that more efficient
recombination of holes and electrons occurred in the emitting
layer of device B compared with that of device A. The
maximum EQE of device B was 5.9%, which was medium
higher than that of many nondoped fluorescence OLEDs.37,38

Therefore, it is assumed that triplet excitons contributed to the
device efficiencies. The EL spectrum and emission image of
device B are shown in Figure 7D. The EL spectrum (λEL = 517
nm) was almost identical to the PL spectrum of TBC-10 film
(λPL = 511 nm) (Figure 6B), suggesting efficient energy
transfer from the host moieties to the guest moieties in the
emitting layer of device B. The device B performance was
higher than nondoped OLEDs using self-host-type green
TADF polymers (Table S1), although it was moderate
compared with nondoped OLEDs using other self-host
TADF emitters.30 Thus, the devices based on TBC-10 as the
emitting layer, fabricated by a solution-processing method,
showed good performance.

■ CONCLUSIONS
TADF benzyl cellulose derivatives (TBC-X), which contained
both host moieties (Cz groups) and guest moieties (BCz-PI
groups) through ester linkages in the molecule, were
synthesized from BnC and had good solubility and film-
forming properties. Indeed, the TBC-X spin-coated films could
be fabricated on various substrates. TBC-10 (with ratio host
and guest moieties of 93 and 7, respectively) film had the

highest PLQY (55.3%) among the TBC-X films. Transient PL
decay measurements also confirmed that the TBC-10 film had
TADF characteristics. Finally, devices A and B based on TBC-
10 in a solution-processed emitting layer were fabricated. The
EL spectrum of device B indicated efficient energy transfer
from the host moieties to the guest moieties of TBC-10 in the
emitting layer, and green emission was also observed in device
B. Consequently, TBC-X is the first cellulose-based self-host-
type TADF pendant polymer and has great promise as a
material toward biodegradable nondoped OLEDs.
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