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Abstract

The UV—vis absorption and fluorescence spectra, solubility, and application as emitters in single-layer EL devices of novel perylene-
3,4:9,10-tetracarboxidiimide-centred dendrimers (G,-Perys) were examined. G,-Perys showed absorption maxima (A,.,) at 459, 491, and
529 nm in chloroform. The emission maxima (A.,) were observed at 537, 576, and 621 nm. The fluorescence intensities of G-, G,-, and
G;-Perys were ca. one-twentieth compared with that of Gy-Pery. However, the concentration-quenching of G,-Perys (n=1, 2, 3) was im-
proved. The solubility of G,-Perys increased at higher generation. The electroluminescence (EL) maxima of G,-Perys in single-layer EL de-
vices containing PVK and PBD as host materials were observed at around 430 and 600 nm, there being white emission. No remarkable

difference in the EL characteristics was observed among G,,-Perys.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Much attention has been paid to dendrimers due to their
unique properties. Azobenzene-centred dendrimer displays
cis—trans isomerization by irradiating infrared light [1] while
rhodamine-centred dendrimers have been reported to show
high-fluorescence efficiency [2]. Silicon phthalocyanines
with axial dendritic substituents have been reported to have
a glass transition in the range of 110—139 °C [3]. Meanwhile,
Perys are interesting advanced materials which have potential
application as charge-generation materials in organic photo-
conductors [4], and sensitizers for dye-sensitized solar cells
[5]. The application of polyfluorene attached to perylene
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dyes [6] and perylenetetracarboxidiimide having polypheny-
lene dendrons [7] as light-emitting materials has been also
reported. This paper concerns the basic properties such as
UV—vis absorption and fluorescence spectra and solubility
of G,-Perys and their applications as emitters in single-layer
EL devices.

2. Experimental
2.1. Instruments

Melting points were measured on a Yanagimoto MP-52 mi-
cro-melting-point apparatus. High-performance liquid chro-
matography was performed using a Jasco Gulliver series and
NMR spectra were obtained on a Varian Inova 500 spectrom-
eter. EIMS spectra were measured using a Jeol MStation 700
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Fig. 1. EL device and chemical structures of PVK and PBD.

spectrometer and UV—vis absorption and fluorescence spectra
were obtained using a Hitachi U-3500 and F4500 spectropho-
tometers, respectively. Elemental analysis was performed
using a Yanaco MT-6 CHN corder.

2.2. Materials

3,4:9,10-Perylenetetracarboxylic dianhydride was purchased
from Tokyo Kasei Co., Ltd. 3,5-Di-tert-butylbenzyl bromides
G-Br, G;1-Br, G,-Br, and G3-Br and G(-NH, were synthesized
as described in the literature [8].

2.3. Synthesis of phthalimides (G,-NP)

A suspension of G,-Br (1.5 mmol) and potassium phthali-
mide (1.8 mmol) in dry DMF (10 ml) was heated at 70—75 °C
for 5 h. After the reaction was complete, the reaction mixture
was cooled to room temperature and water (20 ml) was added.
The resulting yellow oil was extracted with dichloromethane
(15 ml x 2). The organic layer was dried over anhydrous so-
dium sulfate, filtered, and evaporated to provide a yellow
syrup, which was solidified by adding methanol.

2.3.1. N-[3,5-Di(tert-butyl)benzyl]phthalimide (Gy-NP)

Yield 80%; mp 141—143 °C, 'H NMR (CDCl;) 6 = 1.31
(s, 18H), 4.85 (s, 2H), 7.34—7.36 (m, 3H), 7.68—7.70 (m,
2H), 7.83—7.85 (m, 2H); EIMS (70 eV) m/z (rel intensity)
349 (M, 25), 334 (100), 292 (17), 160 (88), 131 (27), 77
(16), 57 (67).

2.3.2. N-{3,5-Bis[3,5-di(tert-butyl)benzyloxy]benzyl}
phthalimide (G;-NP)

Yield 94%; mp 196—198 °C; 'H NMR (CDCl3) 6 = 1.33
(s, 36H), 4.81(s, 2H), 4.96 (s, 4H), 6.59 (t, /=2.3 Hz, 1H),
6.71 (d, J=23Hz, 2H), 7.25 (d, J=1.8 Hz, 4H), 7.39
(t, J=1.8 Hz, 2H), 7.70—7.72 (m, 2H), 7.85—7.86 (m, 2H);
EIMS (70eV) m/z (rel intensity) 470 (M™"-(3,5-di-
tert-butylbenzyl) + H, 24), 203 (100), 57 (32).

2.3.3. N-(3,5-Bis{3,5-bis[3,5-di(tert-butyl)benzyloxy]
benzyloxy}benzyl)phthalimide (G,-NP)

Yield 90%; mp 85—87 °C; 'H NMR (CDCl3) 6 = 1.33 (s,
72H), 4.79 (s, 2H), 4.96 (s, 4H), 4.99 (s, 8H), 6.55 (t,
J=2.1Hz, 1H), 6.62 (t, J=2.1Hz, 2H), 6.68 (d,
J=2.1Hz, 2H), 6.71 (d, J=2.1Hz, 4H), 7.27 (d,
J=1.8Hz, 8H), 7.40 (t, J=1.8Hz, 4H), 7.67—7.69 (m,
2H), 7.81—7.83 (m, 2H).

2.34. N-[3,5-Bis(3,5-bis{3,5-bis[3,5-di(tert-butyl)
benzyloxy]benzyloxy}benzyloxy)-benzyl]phthalimide
(G3-NP)

Yield 75%; mp 91—93 °C; 'H NMR (CDCl3) 6 = 1.31 (s,
144H), 4.77 (br, 2H), 5.00 (s, 28H), 6.55—6.73 (m, 21H),
7.27 (d, J=1.7Hz, 16H), 7.39 (t, J=1.7 Hz, 8H), 7.61—
7.63 (m, 2H), 7.79—7.81 (m, 2H).

2.4. Synthesis of G,-NH,

An ethanol suspension (10 ml) of G,,-NP (1 mmol) and hy-
drazine monohydrate (0.5 ml) was refluxed for 20 min at the
end of which, a white gelatinous precipitate was formed. After
cooling the mixture to room temperature, 20% aqueous potas-
sium hydroxide (50 ml) was added and the ensuing product
was extracted with ether (50 ml x 3). The extract was dried
over anhydrous sodium sulfate; the crude product was purified
by column chromatography (SiO,, dichloromethane).

2.4.1. 3,5-Bis[3,5-di(tert-butyl)benzyloxy]benzylamine
(G,-NH,)

Yield 80%; mp 81—83 °C; 'H NMR (CDCl3) 6 = 1.34 (s,
36H), 3.83 (s, 2H), 5.01 (s, 4H), 6.58 (t, J=2.3 Hz, 1H),
6.61 (d, J=2.3 Hz, 2H), 7.28 (d, /= 1.8 Hz, 4H), 7.41 (t,
J=1.8 Hz, 2H).

2.4.2. 3,5-Bis{3,5-bis[3,5-di(tert-butyl)benzyloxy]
benzyloxy}benzylamine (G,-NH;)

Yield 80%; mp 72—74 °C; 'H NMR (CDCl;) 6 = 1.33 (s,
72H), 2.18 (s, 2H), 3.82 (s, 2H), 5.00 (s, 12H), 6.54 (t,
J=25Hz, 1H), 6.58 (d, J=25Hz, 2H), 6.65 (t,
J=19Hz, 2H), 6.73 (d, J=19Hz, 4H), 7.28 (d,
J=1.8Hz, 8H), 7.41 (t, J= 1.8 Hz, 4H).

2.4.3. 3,5-Bis(3,5-bis{3,5-bis[3,5-di(tert-butyl)benzyloxy]
benzyloxy}benzyloxy)-benzylamine (G3-NH;)

Yield 72%; mp 85—87 °C; 'H NMR (CDCl3) 6 = 1.32 (s,
144H), 3.80 (s, 2H), 4.99 (s, 28H), 6.54—6.73 (m, 21H),
7.27 (d, J=1.6 Hz, 16H), 7.39 (t, J= 1.6 Hz, 8H).

2.5. Synthesis of G,-Perys

To a quinoline suspension (5 ml) of 3,4:9,10-perylenetetra-
carboxylic dianhydride (50 mg, 0.125 mmol) were added G,,-
NH,, (0.3 mmol) and zinc acetate (17.5 mg, 0.08 mmol). The
mixture was heated at 200 °C for 4 h under an argon atmo-
sphere and, when the reaction was complete, the reaction mix-
ture was poured into an aqueous solution (10 ml) of saturated
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Scheme 1.

sodium hydrogen carbonate, followed by extraction with di-
chloromethane; the extract was dried over anhydrous sodium
sulfate. Gy-, G-, and G,-Perys were purified by column chro-
matography (SiO,, dichloromethane). G3-Pery was further pu-
rified by HPLC (column: Chromatorex-SI (Fuji-Davison
Chemical Ltd.), pore size 70 A, particle diameter 5 pm,
10 x 250 mm, developing solvent: hexane—isopropyl alcohol
98:2 mixed solvent (2 ml min~"), detection: UV 254 nm).

2.5.1. N,N'-Bis[-di(tert-butyl)benzyl]-3,4:9,10-
perylenetetracarboxdiimide (Ggy-Pery)

Yield 80%; 'H NMR (CDCls) 6 = 1.32 (s, 36H), 5.40 (s,
4H), 7.35 (t, J=1.1 Hz, 2H), 7.49 (d, /= 1.1 Hz, 4H), 8.57
(d, J=8.0Hz, 4H), 8.68 (d, J=28.0 Hz, 4H). Anal. Calcd
for Cs4Hs4N>O4: C, 81.58; H, 6.85; N, 3.52%. Found: C,
81.89; H, 6.72; N, 3.38%.

2.5.2. N,N'-Bis{3,5-bis[3,5-di(tert-butyl)benzyloxy]benzyl}-
3,4:9,10-perylenetetracarboxdiimide (Gi-Pery)

Yield 82%; 'H NMR (CDCls3) 6 = 1.31 (s, 72H), 4.97 (s,
8H), 5.39 (s, 4H), 6.60 (t, J=2.3Hz, 2H), 6.82 (d,
J=23Hz, 4H), 7.25 (d, J=1.8Hz, 8H), 7.38 (t,
J=18Hz, 4H), 8.63 (d, J=7.8Hz, 4H), 8.71 (d,
J=7.8 Hz, 4H). Anal. Calcd for CogH;190N,Og: C, 81.52; H,
7.68; N, 1.94%. Found: C, 81.86; H, 7.63; N, 1.93%.

2.5.3. N,N'-Bis(3,5-bis{3,5-bis[3,5-di(tert-butyl)benzyloxy]
benzyloxy}benzyl)-3,4:9,10-perylenetetracarboxdiimide
(G3-Pery)

Yield 81%; 'H NMR (CDCl5) 6 = 1.32 (s, 144H), 4.98 (s,
24H), 5.37 (s, 4H), 6.56 (t, J=1.8Hz, 2H), 6.61 (t,
J=18Hz, 4H), 6.71 (d, J=18Hz, 8H), 6.82 (d,
J=18Hz, 4H), 7.28 (d, J=1.5Hz, 16H), 7.39 (t,
J=15Hz, 8H), 856 (d, J=8.1Hz, 4H), 8.69 (d,
J=28.1Hz, 4H). Anal. Calcd for C;3¢H»,,N>O14: C, 81.48;
H, 8.16; N, 1.02%. Found: C, 81.08; H, 8.26; N, 0.89%.

2.5.4. N,N'-Bis[3,5-bis(3,5-bis{3,5-bis[3,5-di(tert-butyl)
benzyloxy]benzyloxy}-benzyloxy)benzyl]-3,4:9,10-
perylenetetracarboxdiimide (Gs-Pery)

Yield 88%; '"H NMR (CDCls) 6 = 1.31 (s, 288H), 4.95—
4.99 (m, 56H), 5.32 (br, 4H), 6.55—6.80 (m, 42H), 7.28 (d,
J=1.8Hz, 32H), 7.39 (t, J=1.8 Hz, 16H), 8.51—8.55 (m,
4H), 8.63—8.66 (m, 4H) Anal. Calcd for C362H446N2032: C,
81.46; H, 8.42; N, 0.52%. Found: C, 81.76; H, 8.53; N 0.48%.

2.6. Solubility measurement

A saturated solution of G,-Perys was prepared at 25 °C.
The solution was filtered and diluted prior to UV—vis absorp-
tion measurement. The solubility was calculated on the basis
of the known ¢ value at A, in the solvent.



172 M. Matsui et al. | Dyes and Pigments 74 (2007) 169—175

fff
d, dl’ dn
e, el, eu

g‘h q:’U H"1 5.0 ?'J o [ 5.0 n.8 5.0 4.5 eom
o /&4
5
h
g
g o p3 0 5
70 ¢ 4ol O.Q NQO o
o OO
odf ¢rd o bS
& b
[o)
SO
b '
e |d c
a e
U I\ L J\__JL
T T T LI E o | T T T T | LT L ) T T
10.2 9.5 9.0 8.5 8.0 7.5 o 6.5 6.0 5.5 5.0 4.5 ppm

Aq G,- Pery f
d
b c
“a h e
Tireid
g SN )= )= N
ﬁ?:o O CHCI,
G, - Pery
bU a g h lc

Fig. 2. '"H NMR spectra of G,-Perys in deuterochloroform.

2.7. Fabrication of EL device

ITO glass was sonicated in water, acetone, and isopropyl al-
cohol and the treated glass was kept in an ozone atmosphere

under UV irradiation. The ITO glass was used as the anode.
To a toluene solution (3 ml) of poly(vinylcarbazole) (PVK)
(40 mg) and 2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxa-
ziazole (PBD) (40 mg) was added G,-Perys. The ITO glass



M. Matsui et al. | Dyes and Pigments 74 (2007) 169—175

2.0 ———¥———1——— 100
UV-vis FL i 3
PR G -Pery -1 80
15F CoPery | & A | (1120 =~
. cpey | il i | G Pery 1z
S G Pery | s 11| G Pery Jeo 2
c G -Per vl 2 60 o
< e il G Pe z
Q2 10+ N e B c
5 e -
Wik
3 § i ~440 2
< i B [}
B 7 2
0.5 w 0 O
Voo .
Y 5
\ [
3

0 0
300 800

600
Wavelength / nm

700

Fig. 3. UV—vis absorption and fluorescence spectra of G,-Perys in chloro-
form at the concentration of 1 x 10> mol dm >,

was spin-coated with the mixture (1000 rpm, 10s then
2000 rpm, 10s) and the film thickness was adjusted to
1000 A. A cathode electrode of aluminum—lithium 99:1)
alloy was prepared using a vapour deposition method
(0.5nms™"). The EL device and the chemical structures of
PVK and PBD are shown in Fig. 1.

3. Results and discussion
3.1. Synthesis

G,-Perys were synthesized by the reaction of perylene-
3,4:9,10-tetracarboxylic dianhydride with amino dendrons
G,-NH,, which were obtained by a Gabriel reaction of G,-
Br, in the presence of zinc acetate under an argon atmosphere
in good yield as shown in Scheme 1.

Fig. 2 shows the "H NMR spectra of G,-Perys. Two peaks
at around 8.6 and 8.7 ppm were assigned to the aromatic pro-
tons a and b in the perylene nuclei, respectively. Doublet and
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Fig. 4. Concentration-quenching of G,-Perys in chloroform.

triplet peaks at around 7.4 ppm were attributed to protons g
and h in the peripheral aromatic rings, respectively. The proton
peak g in G¢-, G;-, and G3-Perys upfielded and were observed
at the same chemical shift of a chloroform proton. A series of
triplet and doublet peaks belonging to the aromatic protons d,
d’, d’, e, ¢, and ¢’ between the perylene and peripheral aro-
matic rings were observed in the range of 6.5—6.8 ppm. A sin-
glet peak attributed to methylene protons ¢ was observed at
around 5.4 ppm. A series of singlet peaks assigned to the meth-
ylene protons f, f', and f’ were observed at around 5.0 ppm.
A singlet peak of r-butyl protons was observed at 1.3 ppm.

3.2. UV—vis absorption and fluorescence spectra

Fig. 3 shows the UV—vis absorption and fluorescence spec-
tra of G,-Perys in chloroform. The characteristic three ab-
sorption maxima (A,,,x) of Pery were observed at 460, 491,
and 529 nm, there being no difference among G,-Perys. Mo-
lar absorption coefficients (¢) at 529 nm were observed in the
range of 74,700—144,600 dm® mol ' cm™". Interestingly, the ¢

Table 1

Physical properties of G,,-Perys

Compound Mp/°C Amax (€)*/nm Aem’/nm Fluorescence intensity"’C Solubilityd/ x10™* mol dm—>

Hexane Ether Dichloromethane

Gy-Pery >300 528 (144,600) 621 80 0.21 1.5 11
491 (87,300) 574
459 (31,800) 537

G-Pery 134—136 528 (107,600) 620 1.0 24 15 23
491 (66,200) 576
460 (26,600) 538

G,-Prey 87—89 529 (85,800) 621 2.7 3.6 25 40
491 (50,400) 577
460 (15,600) 537

G;3-Prey 79-81 529 (74,700) 621 34 4.2 31 48
491 (44,200) 576
459 (9800) 537

Measured in chloroform.

¢ Arbitrary unit. Fluorescence intensity.
4 Measured at 25 °C.

Measured in chloroform at the concentration of 1 x 107> mol dm™> at 25 °C (lex: 528 nm).
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Fig. 5. EL spectra of Gg-Perys.

value decreased at higher generation, which suggests twisting
of the C—N bonds at the imido moieties in G,-Perys due to
the bulky dendrons. Photoluminescence (PL) maxima (Aeq)
of G,-Perys were observed at 537, 576, and 621 nm. These
UV—vis absorption and fluorescence spectral data are listed
in Table 1. The relative fluorescence intensities (RFI) of G-,
G,-, and Gj3-Perys were ca. one-twentieth of that of Gy-Pery
which can be attributed to either an increase in the internal
conversion process or fluorescence quenching by the flexible
3,5-bis(benzyloxy) moieties. The fluorescence intensity of
Gy-Pery in chloroform decreased to 98, 95, 81, and 73% in
the presence of 2, 10, 20, and 100 molar amounts of G,-Br,
respectively. As 2 molar amounts of G,-Br correspond to
the amount of 3,5-bis(benzyloxy) moieties in G,-Pery, the
reduction in fluorescence intensity of Go-Pery in the presence
of G,-Br was not remarkable. Thus, it is suggested that the
increase in the internal conversion process by the flexible
3,5-bis(benzyloxy) moieties in G,-Perys (n=1, 2, 3)
predominates.

The relationship between the concentration of G,,-Perys and
fluorescence intensity is shown in Fig. 4. As the concentration
of G,-Perys increased the fluorescence intensity increased,
reached a maximum point and decreased thereafter. The concen-
trations showing maximum fluorescence intensity were observed
at5x 107%5x107% 1 x 107, and 1.5 x 10> mol dm > for
Go-, G1-, G-, and G3-Pery, respectively. As an example, the
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Fig. 6. EL spectra of G,-Perys at the concentration of 2.7 x 10~ mol.
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Fig. 7. Relationship between EL intensity and bias voltage.

RFI at 2.0 x 10> mol dm > was in the following order: Gi-
Pery > G,-Pery > G;-Pery. Thus, since fluorescence was also
quenched by the intermolecular interactions operating between
the perylene nuclei, at the same time, the bulky 3,5-bis(benzy-
loxy) dendrons can prevent these interactions so as to improve
fluorescence intensity at higher generation.

3.3. Solubility

The solubilities of G,,-Perys in hexane, ether, and dichloro-
methane are indicated in Table 1. It is surprising that Pery is
soluble in hexane. G,-Pery was more soluble in the following
order of solvent: dichloromethane > ether > hexane >
ethanol (<5 x 1076 mol dm73). G,,-Pery was more soluble
in all the solvents at higher generation. The melting point
was lower at higher generation, indicating that the electrostatic
intermolecular interactions between the imido moieties and/or
T—T interactions between the perylene moieties were in-
hibited by introducing bulky dendrons.

3.4. Application of G,-Perys as emitters in
single-layer EL devices

The relationship between the amount of Gy-Pery and EL
intensity is shown in Fig. 5. It has been reported that the EL
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} yAN G,-Pery
g | O GU-Pery
% X non-doped
$ 2000
S
(@]

0

0 10 20 30
Bias voltage / V

Fig. 8. Relationship between current density and bias voltage.
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spectrum from PVK/PBD used as host molecules is observed
at around 430 nm [9]. As the concentration of Ggy-Pery in-
creased, the EL peak at around 430 nm decreased slightly
and that at around 600 nm increased slightly. The EL spectra
of G,-Perys were slightly bathochromic compared with the
PL spectra in chloroform. When the concentration of G,-
Perys was 2.7 x 10~ mol, white emission was observed due
to EL peaks at 430 and 600 nm. The amount (1.5 X
1077 mol) of Ge-Pery was sufficiently large compared with
the other dopants. In our experience, when 1.5 x 10~ mol
of diazepines [10] and squarilium dendrimers [11] were doped
in PVK/PBD, the emission band at 430 nm was scarcely
observable. The emission at 430 nm in G,-Perys was more
intense than that of quinacridone dendrimers [11]. Thus, the
energy-transfer form PVK/PBD to Gy-Pery does not smoothly
proceed. Qu et al. have also reported that perylenetetracarbox-
idiimide having a polyphenylene dendron produced red emis-
sions of low efficiency [7]. In our study of the properties of
dye-centred dendrimers, the order of energy-transfer ability
from PVK/PBD is roughly as follows: squariliums >
quinacridones > perylenediimides.

Fig. 6 shows the EL spectra of G,,-Perys at a concentration
of 2.7 x 1077 mol; EL. maxima were observed at around 430
and 600 nm. The emission at around 430 nm increased at
higher generation, indicating that the energy-transfer from
PVK/PBD to central Pery was inhibited by the bulky den-
drons; a similar result has been reported for quinacridone-cen-
tred dendrimers [11].

Fig. 7 shows the relationship between EL intensity and bias
voltage. While EL intensity increased by doping G,,-Pery, no
remarkable difference in EL intensity under the fixed bias volt-
age was observed among G,-Perys.

Fig. 8 shows the relationship between bias voltage and cur-
rent density. Similar current density in the presence and in the
absence of G,-Perys was observed under the fixed bias volt-
age. No marked difference in the /—V characteristics was ob-
served among G,-Perys.

4. Conclusions

Novel G,-Perys were synthesized by a convergent method
in good yield. Absorption maxima, An.., of G,-Perys were
observed at 459, 491, and 529 nm in chloroform and A,
were observed at 537, 576, and 621 nm. The fluorescence in-
tensities of G-, G-, and Gjs-Perys drastically decreased

compared with that of Gy-Pery. Nevertheless, the concentra-
tion-quenching of G,-Pery (n=1, 2, 3) was improved at
higher generation. G,,-Perys were more soluble in the follow-
ing order of solvent: dichloromethane > ether > hexane
>> ethanol; G,,-Pery was more soluble at higher generation.
EL maxima of single-layer devices containing PVK, PBD,
and G,,-Pery were observed at around 430 and 600 nm. No re-
markable difference in the EL characteristics among G,,-Perys
was observed. When the concentration of Gy-Pery was
2.7 x 107" mol, a white emission was observed.
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