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Abstract

Chemiluminescent violet light-emitting polymeric fluorophores were synthesized by copolycondensation of N,N'-dihy-
droxypropyl-1,6,7,12-tetrakis(p-tert-butylphenoxy)-3,4,910-perylene tetracarboxydiimide and 2-chloro-9,10-di(p-hydro-
xyphenyl)anthracene with sebacoyl chloride and hexamethylene diisocyanate. The properties of fluorophore polymers were
studied by absorption and photoluminescent spectroscopies. The intensities of UV—vis absorbance and photoluminescence
spectra appeared at the blue side and the red side of the spectral region. Peroxyoxalate chemiluminescence of polymers
provided a strong chemiluminescent violet light emission according to the content of two chromophore units; these were
similar to the photoluminescent spectra. © 2002 Published by Elsevier Science Ltd.
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1. Introduction

The reactions of aryloxalates with hydrogen
peroxide are applied in chemical light stick system
[1,2]. Recently chemiluminescence reactions have
stirred up a great deal interest in the last few years,
as they can offer a unique and sensitive means for
analyzing molecules at very low concentrations
and compete, in sensitivity, even with the classical
radiometric methods [3,4]. Conventional fluoro-
phores used in conjunction with chemiluminescent
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molecules are highly conjugated aromatic com-
pounds such as 2-chloro-9,10-di(p-methoxyphenyl)-
anthracene, 9,10-bis(phenylethynyl)anthracene
derivatives and N,N’-bis(2,6-diisopropylphenyl)-
1,6,7,12 - tetrakis(p-tert-butylphenoxy) - 3,4,9,10 -
perylene tetracarboxydiimide [5,6]. However, for
many analytical applications are required in vari-
ety solvents, the use of these groups of dyes is
limited due to the insolubility in various solvents.
Although the chemical light stick system required
tuned variety colors, the available colors were lim-
ited only to red, blue and yellow green without mix-
ing of fluorophores. It was therefore suggested to
overcome this problem by using copolymerization
of monomers containing chromophore moiety.
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The commercially available chemiluminescent
light devices or system fail to prevent pollution of
fluorophore after finishing the glow of a light
source. A particular class of fluorophores of
interest is the polymeric fluorophores, which are
generally more tractable and stable than conven-
tional molecular fluorophores. Surprisingly, only
very few reports have been published on the poly-
meric chemiluminescent fluorophores [7-10].

In this report, perylenetetracarboxylic diimide-
and 2-chloro-9,10-diphenyl anthracene-containing
polymeric fluorophores were prepared to emit violet
colors according to the composition of copolymer.
Their chemiluminescent characteristics including
various optical properties were also examined.

2. Experimental
2.1. Chemicals and instruments

N,N'-Dihydroxypropyl-1,6,7,12-tetrakis(p- tert-
butylphenoxy) - 3,4,910 - perylene tetracarboxy-
diimide [11], 2 - chloro - 9,10 - di(p - hydro-
xyphenyl)anthracene and bis(2 - carbopentyloxy -
3,5,6 - trichlorophenyl)oxalate (CPPO) [12] were
prepared by the method previously reported. Seba-
coyl chloride, hexamethylene diisocyanate sodium
salicylate, pinacol, dibutylphthalate (GR, Yakuri
Co.) and dimethylphthalate (GR, Junsei Chem. Co.)
were used without further purification. Hydrogen
peroxide (35%) was concentrated by using anhy-
drous magnesium sulfate prior to use. FT-IR spec-
tra were obtained with a Midac Model M-1200
spectrophotometer and 'H NMR spectra were
recorded on a Varian Gemini-2000 spectrometer.
UV spectra were obtained on a Shimadzu model
UV-2100S  spectrophotometer.  Gel-permeation
chromatography (GPC) data were obtained with a
Waters HPLC using three columns (u-Stryragel 102,
103 and 10* A) in THF and calibrated with poly-
styrene standards at 20 °C. Intrinsic viscosity of
polymer solutions was measured in a Ubbelode
viscometer at 25 °C in dibutylphthalate. Intensity
of the emission light was measured with a Minolta
Chromameter CS-100. Photoluminescence were
measured on an Optical Spectra Multichannel
Analyzer (OSMA-1000, Photodiodes 1024).

2.2. Representative preparation of polyester or
polyurethane containing perylene or
diphenylanthracene units

A solution of 1 (1.96 g, 1.8 mol), 2 (8.1 g, 18 mol)
and triethylamine (4.55 g, 45 mmol) dissolved in
NMP (80 ml) was placed in a three necked flask
equipped with a dropping funnel and a nitrogen
inlet. After a mixture of sebacoyl chloride (4.75 g,
19.8 mmol) in NMP (30 ml) was added to the reac-
tion mixture for 1 h at 0 °C with vigorous stirring.
The temperature was raised to 80 °C and main-
tained for 15 h. The dark red solution was allowed
to cool and poured into distilled water to precipitate
the polymer. The solid precipitate was filtered and
dried under vacuum at 60 °C for 12 h to give poly-
mer 3 with a yield of 91%. Other copolymer 4 was
prepared by the similar method. Polyurethanes 5
and 6 containing red and blue chromophore were
also prepared by reacting 1 or 2 with hexamethylene
diisocyanate using similar method except catalytic
amount of triethylamine.

3: Yield 91%. FT-IR (KBr): 3080-3010 (aro-
matic C—H), 2940-2880 (aliphatic C—H), 1742 (s,
ester C=0), 1659, 1698 (w, diimide C=0), 1250—
1050 (s, C-O and C-N) cm~!. '"H NMR (CDCls):
8 8.22 (s, 4H, perylene), 7.70 (m, 8H, anthracene)
7.22, 6.81 (2 m, 25H, phenyl), 4.28 (¢, 4H, 4-CH,—
0-CO-), 3.68 (¢, 4H, 2-O-CH,-), 3.58 (¢, 4H,
=N-CH,-), 2.45 (m, 4H, 2-0-CO-CH,-), 1.97
(m, 4H, 2-CH,_), 1.52 (m, 12H, «(CH,)¢—), 1.28 (s,
36H, 4 —C(CHs)s).

5: Yield 91%. FT-IR (KBr): 3400 (N-H), 3080-
3010 (aromatic C—H), 29402880 (s, aliphatic C-H),
1715 (s, urethane C=0), 1659, 1698 (w, diimide
C=0), 1250-1050 (s, C-O and C-N) cm~'. 'H
NMR (CDCl5): 8 8.22 (s, 4H, perylene), 7.70 (m, 8H,
anthracene) 7.22, 6.81 (2 m, 25H, phenyl), 4.42 (br,
2H, 2-NH-), 4.28 (¢, 8H, 4-CH,—O-CO-), 3.68 (¢,
4H, 2-O-CH»>), 3.58 (¢, 4H, =N-CH,-), 3.25 (m,
4H, 2-O-CO-NH-CH»>), 1.97 (m, 4H, 2-CH>-),
1.52 (m, 8H, —(CHy)4-), 1.28 (s, 36H, 4—C(CH3;)3).

2.3. Examination of the chemiluminescent property
Polymeric fluorophore 3 (0.3 wt.%) and bis(2-car-

bopentyloxy-3,5,6-trichlorophenyl)oxalate (CPPO,
20 mmol) were dissolved in dibutylphthalate (20 ml)
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at 80 °C under nitrogen. On the other hand,
hydrogen peroxide (90%, 1.5 equivalent of CPPO)
and sodium salicylate (0.25 mmol) were dissolved
in 20 ml of mixed solvent of dimethylphthalate/
pinacol (3/2).

Rates of catalytic decomposition of CPPO were
determined by monitoring the decay intensity of
chemiluminescent fluorophore solutions. A
cylindrical polypropylene tube (I.D., 4 mm; L, 50
mm) was filled with hydrogen peroxide solution
(0.3 ml) and a glass capillary containing fluoro-
phore solution (0.9 ml), and sealed with a melted
polypropylene. The sample was bent to break
and placed in the thermostatic sample block of
the chemiluminescence-measuring luminometer.
Measurement of the signal was begun by opening
the shutter and the chemiluminescent decay was
generally recorded.

3. Results and discussion

3.1. Synthesis of copolyester containing red and
blue chromophores

The red fluorophore monomer, N,N’-bis(3-
hydroxypropyl)-1,6,7,12-tetrakis(p-tert-butylphen-
oxy)-3,4,910-perylenetetracarboxydiimide (1) was
prepared from N,N’-dihydroxypropyl-1,6,7,12-
tetrachloro - 3,4,9,10 - perylenetetracarboxydiimide
and p-tert-butylphenol [11]. The blue fluorophore
monomer, 2 -chloro -9,10-di(p - hydroxyphenyl)
anthracene was prepared by acid ether cleavage
reaction of 2-chloro-9,10-di(p-methoxyphenyl)an-
thracene with hydrobromic acid in acetic acid
solution [13].

Copolyester fluorophores containing red and
blue chromophore unit were prepared from 1, 2
and sebacoyl chloride or hexamethylene diisocya-
nate in the following mole ratio: 1/2=1/10 and 1/
20 as shown in Scheme 1. Since the reactivity of
primary alcohol in 1 and aromatic alcohol in 2 to
acid chloride is different because of different pK,.
It has possibility that the acid chloride and isocy-
anate may be attacked by two 1 and two 2.
Therefore the composition of polymer may be
different from the monomer feed ratio. But the
polymers were obtained in high yield.

3.2. Properties of polymeric dyes

Table 1 summarizes the properties and results of
the preparation of polymeric fluorophores. The
fluorophores were characterized through the data
from proton NMR, IR and elemental analysis. IR
spectra of the synthesized polymer showed the
new ester carbonyl stretching and urethane car-
bonyl bands at 1740 and 1715 cm™!, respectively,
and drastic increase in intensity of the aliphatic C—
H stretching band at 2880-2940 cm~!. NMR spec-
tra of aromatic protons of perylene and anthracene
ring appeared at 8.22 and 7.70 ppm, respectively and
the methylene protons appeared at 1.52 ppm. The
average molecular weight of the copolymers was
11136-16100 with a MWD of 2.2-2.6 by GPC. Both
polymers were soluble in common organic solvents
such as acetone, chloroform, tetrahydrofuran, 1,2-
dimethoxyethane, N,N-dimethylformamide, N-
methylpyrrolidone and dibutylphthalate. Homo-
geneous and pinhole-free thin films can be
obtained by spin coating from cyclohexanone
solution.

3.3. Optical properties of copolymers containing
red and blue chromophores

The UV absorbance, photoluminescence and
chemiluminescence of the polyester fluorophores
were measured and listed in Table 2. The UV-vis
absorption spectra of perylene tetracaboxydiimide-
and diphenyl anthracene-containing monomers and
copolymer fluorophores were shown in Fig. 1. The

Table 1

Properties of the monomeric and polymeric fluorophores

No. Copolymer mp 7 MWP MWDC  Yield
1/2) O (%)

1 - 231 - 1090 - 23

2 - 212 - 450 - 87

3 1/10 0.36 14100 2.4 91

4 1/20 041 16100 2.6 92

5 1/10 0.37 13600 2.2 91

6 1/20 - 0.38 15200 2.4 93

2 Inherent viscosity was obtained at a concentration of 0.5 g/
dl in dibutylphthalate at 25 °C.

® MW, molecular weight.

¢ MWD, molecular weight distribution.
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Table 2
The UV-vis absorption, photoluminescence and chemiluminescence maximum wavelength of the monomeric and polymeric fluor-
ophores
No UV-vis? PL® (nm) CL® (nm) Intensity? (cd/cm?) Color

1 min 60 min Solid state DBP

1 592 625 623 14.1 2.1 Brown Red
2 400 441 453 13.2 1.93 Yellow Blue
3 400 569 421604 423620 12.1 2.76 Violet Red violet
4 396 568 436604 439614 14.8 1.45 Light violet Violet
5 396 566 428 605 431620 13.3 1.72 Violet Red violet
6 398 567 430605 439616 14.9 1.52 Light violet Violet

@ UV-vis spectra were obtained at a concentration of 10~4~10~> mol/l in chloroform.

® Photoluminescence in chloroform.
¢ Chemiluminescence in dibutylphthalate.

4 The intensity measured with a 0.3 wt.% of fluorophore in dibutylphthalate.

absorption intensity at the blue side (Apax~397
nm) and the red side (Anax~588 nm) of spectral
region appeared to systematically change accord-
ing to the content of diphenyl anthracene and
pherylene tetracarboxydiimide moiety.
Photoluminescence spectra of polymers 3—6 are
compared in Fig. 2. Upon ultraviolet excitation,
solution of the polymers exhibited the very intense
violet fluorescence with the two absorption max-
ima at 428436 nm and 604—605 nm. The photo-
luminescence spectrum of 3-6 with maximum

3.5

wavelength showing a typical blue or red color
appeared at 440 nm and 625 nm, respectively. The
wavelength at the maximum of the emitting light
moved toward the shorter wavelength in the
photoluminescence of polymers 3—6 compared
with that of monomer. The shift of the maximum
wavelength could be due to the electronic effect.
The electron density of the anthracene ring
becomes deficient by an electron-attracting
acyloxy group in diphenyl anthracene, therefore
shifted to the shorter wavelength [14].

3.0

25

2.0

1.5

1.0

Intensity (A.U.)

0.5 pi

400

Wavelength (nm)

Fig. 1. The UV-vis absorption spectraof (a) 1, (b) 2, (c) 3 and (d) 4.
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3.4. Chemiluminescence of copolymer dyes

An aliquot of the hydrogen peroxide and
sodium salicylate catalyst solution was added into
the solution of fluorophore and CPPO at 25 °C. It
was found that the earlier monomer 1 and 2, and

polymers 3-6 were highly efficient red or blue
fluorophores, which are highly soluble in the dibu-
tylphthalate system of the chemiluminescent reac-
tion. As soon as the two components were mixed,
the emission spectrum was immediately scanned.
The chemiluminescence spectra were similar to

800

600 -

400

Intensity (A.U.)

200

L 1 L 1
200 300 400

1 L 1 " 1 L
500 600 700 800

Wavelength (nm)

Fig. 2. Photoluminescence spectra of (a) 1, (b) 3, (c) 4, (d) 5 and (e) 2.
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Fig. 3. Chemiluminescence spectra of (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6.
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normal photoluminescence spectrum as shown in
Figs. 2 and 3. Typical violet light emission has
been observed from the chemiluminescence of
fluorophores 3—6. Fig. 4 showed a chemilumines-
cence emission light in the CIE chromaticity dia-
gram of fluorophores 1-6. Generally, the color of
fluorophore is dependent on the conjugation
length of the fluorophore and substituents as aux-
ochromophore [15]. The substituents such as alkyl,
alkoxy and halogen group made the fluorophores
emit light at longer wavelength in the visible region.
Phenoxy-substituted perylene tetracaboxydiimide

0-9 T | T T T T

or diphenyl anthracene polymers were moderate red
or blue light emitting fluorophores.
Chemiluminescence arises whenever a chemical
reaction produces an electronically excited prod-
uct that either emits direct light while returning to
the ground state or transfers its energy to another
molecule, a fluorophore, which emits the light.
This group of molecules was based on oxidation
of an oxalate ester by hydrogen peroxide [1,2]. It is
required that the fluorescence dye should be stable
in the presence of hydrogen peroxide. The highly
conjugated fluorophore systems were not often
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0.0

0.0

Fig. 4. CIE chromaticities diagram of monomer and polymeric fluorophores 1-6.
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Fig. 5. Biexponential chemiluminescence decay curve for (a) polymeric fluorophore 6 and dibutylphthalate at room temperature, (b)

biexponential expression /=43.459¢~ 1416+ 6.109¢~0-032/,

resistant to oxidation in the presence of peroxide.
The perylene tetracarboxylicdiimide moiety was
quite resistant to peroxide oxidation. It was already
reported that the CIE coordination value
x=0.6939, y=0.3053 for polymeric fluorophore
containing 1 unit changed to x=0.6664, y=0.3022
during chemiluminescent reaction [10]. As the
chemiluminescence reaction proceeded, the CIE
coordination value of copolymers emitting violet
light changed a little.

The light intensity—decay time data were taken
immediately after mixing the reagent and
measured for 75 min. The decay intensities of the
chemiluminescence for the monomeric and poly-
meric fluorophores were shown in the Fig. 5.
When the intensity of polymeric fluorophores was
compared with 1 and 2, polymeric fluorophores
3—6 normally emit in the violet light region with
good efficiency as indicated in Table 2. As the fig-
ure shows the light intensity decayed to approxi-
mately 50% of the maximum value at a few
minute. But the chemiluminescence emission
maintained for longer than 24 hr and was visible

with the naked eye. The polymeric fluorophores
showed similar light intensity to the monomeric
compound in Table 2.

These decay profiles can be fitted to following
biexponential rate curves.

I =43.459¢™"41% 4 6.109¢ %

The maximum brightness of chemiluminescence
was ca.12-15 c¢d/m? just after mixing the sample
and decreased to 1-3 cd/m? after 1 h, respectively.

4. Conclusion

Diphenyl anthracene- and perylene tetra-
carboxydiimide derivatives-containing monomer
and copolymers were found to be efficient fluor-
ophores for chemiluminescence and stable under
peroxide oxidative condition. The fluorophores
showing a light emission with 423-439 nm and
614-620 nm were applicable to violet polymeric
fluorescence dye for the chemiluminescence.
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