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Abstract

The series of new dyes, which structures are based on 6H-indolo[2,3-b Jquinoxaline skeleton that possess characteristic electronic
absorption band at a boundary of UV and visible light were tested as potential light absorbing chromophores for photoinitiated

polymerization.

The studied dyes can be classified into two different groups. The first is the group, so called ‘the branched dyes’, which structures possess
the part of molecule that can rotate without restraints and are characterized by low photoinitiation ability. The second, planar and rigid group
of molecules provides another chromophores, which possess quite different properties in comparison to that observed for the branched dyes.
Their photoinitiation ability is comparable to that observed for many commercially available photoinitiating systems.

The location of electronic absorption spectra at a boundary of UV and visible light makes the tested dyes the good candidates for the
photoinitiating system applied in dental restorative materials. Their high molar absorption coefficient allows to decrease the dyes
concentration in dental formulation in comparison to commonly used camphorquinone.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The process of photoinitiated polymerization may be
started by direct photolysis of a precursor providing free
radicals by bond dissociation. The radicals may also be
formed in bimolecular processes. Panchromatic sensitiz-
ation of photoinitiated polymerization often requires the
presence of suitable dye as a light absorber. This can either
transfer energy, or undergo electron transfer process, which
uses a light to initiate electron transfer from a donor to an
acceptor molecule. The process is possible because electro-
nically excited states are both better oxidants and better
reductants than their ground states equivalents. Translating
these to the sensitization of free radical polymerization, one
can anticipate that two types of sensitization via electron
transfer process should occur.

(1) Dye photoreduction leading to subsequent polymeriz-
ation was first reported in 1954 [1] when Oster
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identified several groups of dyes that are photoreduced
in the presence of suitable reductants like ascorbic acid
and triethanolamine. The dyes included the acridines,
xanthenes and thiazines.

(2) Dye photooxidation leading to subsequent polymeriz-
ation requires molecules that are strong electron
acceptors in the ground state. Systems comprised of
dyes and N-alkoxyheterocycles acting as one electron
acceptors are examples of such systems and photo-
initiators for the polymerization of acrylates [2,3].

Marcus [4-6] provided a simple approach allowing the
prediction of the kinetics of the electron transfer process,
using thermodynamic and spectroscopic parameters charac-
terizing both an electron donor and an electron acceptor.
Depending on the thermodynamics of the electron
exchange, it is possible to quantitatively predict a
relationship between the free energy of activation for
electron transfer and the free energy associated with
photoinduced electron transfer process. Beside the thermo-
dynamics of the electron transfer process, one should take
into account the facts that the photoinitiation ability of the
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photoredox pair depends on the nature of the reacting
partners that may generate either radical ions or neutral
radicals that undergo fragmentation reactions yielding
radicals and ions [7-9].

Very often, however, the research devoted to colored
photoinitiators is determined by a potential application,
particularly in the area of imaging science [10], steroelitho-
graphy [11], coating technology [12] or in dentistry [13].

In this paper, it is our intention to present the studies on
the series of new dyes, which structures are based on 6H-
indolo[2,3-b Jquinoxaline skeleton that possess character-
istic electronic absorption band at a boundary of UV and
visible light. The location of electronic absorption spectra in
this region makes the tested dyes the potential photoinitiat-
ing systems that can be initiated by the commercial dental
lamps, e.g. can be applied for preparation of dental
restorative materials. Their high molar absorption coeffi-
cient allows to decrease its concentration in dental
formulation in comparison to commonly used camphorqui-
none [14].

2. Experimental

Substrates used for the preparation of the dyes and
electron donors were purchased from Fluka, Merck or
Aldrich. Monomer, 2-ethyl-2-(hydroxymethyl)-1,3-propane-
diol triacrylate (TMPTA), 1-methyl-2-pyrrolidinone (MP),
N-phenylglycine (NPG), thiophenoxyacetic acid (TPAA),
phenoxyacetic acid (PAA), ethyl 4-dimethylaminobenzoate
(EDAB), camphorquinone (CQ), were purchased from
Aldrich. N-(4-cyano-phenyl)glycine (CN-NPG) used as
electron donor was prepared according to procedure given
by Dyer et al. [15].

Absorption spectra were obtained using a Varian Cary 3E
spectrophotometer. Fluorescence spectra were recorded
using a Hitachi F-4500 spectrofluorimeter. Absorption
spectra were recorded for ethyl acetate solutions. Both
fluorescence and phosphorescence spectra were recorded
for 2-methyltetrahydrofuran solutions. Fluorescence
quantum yield was measured using 9-methylantracene as
the actinimeter [16]. The nanosecond laser flash photolysis
experiments were performed using a LKS.60 Laser Flash
Photolysis apparatus (Applied Photophysics). Laser
irradiation at 355 nm from the third harmonic of the
Q-switched Nd:YAG laser from a Lambda Physik/model
LPY 150 operating at 65 ml/pulse (pulse width about
4-5 ns) was used for the excitation.

The reduction and oxidation potentials of the dyes were
measured by cyclic voltammetry. An Electroanalytical
MTM (Krakow) Model EA9C-4z was used for measure-
ments, and Ag—AgCl electrode served as a reference
electrode. The supporting electrolyte was 0.5 M tetrabutyl-
ammonium perchlorate.

The kinetics of free radical polymerization were studied
using a polymerization solution composed of 1 ml of MP

and 9 ml of TMPTA. Dye concentration was varied from
151072 to 25% 1073 M; concentrations of electron
donor were 0.1 M. The polymerizing mixture was not
deareated.

TMPTA-MP kinetics of polymerization measurements
were carried out by measuring the polymerization heat
evolution of a sample, irradiated with a dental lamp (Luxor
Model 4000) and an Innova 90-4 argon-ion laser (351 and
361 nm lines) through an optical system, in a home-made
micro-calorimeter as described earlier [17-19]. The
irradiation intensity measured with a Coherent Power
Meter Type 543—-500 mA and was 25.5 mW/cm?.

Synthesis. For the study, two different groups of the dyes
were synthesized by the condensation reaction (Scheme 1)
of corresponding aniline or 1,2-phenylenediamine with
isatin (indole-2,3-dione) that yields in the first case an
appropriate 3-phenylimino-1,3-dihydro-indol-2-one
[20,21] (PDI, branched dyes) and in the second case an
appropriate  6H-indolo[2,3-b Jquinoxaline [22-24] (IQ,
planar dyes).

_GHOH _
T oreflix \©\
R4
CHQOOH ‘\TAE ‘
teﬂux O

IQ

Scheme 1.

where: Ry = H, Br, NO,; R, =
R4 - R5 - H, Cl

The final products were purified with the use of
preparative thin-layer chromatography. The compounds
were characterized by proton and carbon NMR spec-
troscopy using the Varian Gemini 200 spectrometer.

H, CH;, C¢Hs; R3 = H, I;

3. Results and discussion

The structures summarized in Table 1 have been
investigated. The compounds PDI-H, PDI-CH3, PDI-I and
PDI-Br possess the part of molecule (phenyl azomethine
residue) that can rotate without restraints (branched dyes).

The shapes of the absorption spectra of all branched dyes
in ethyl acetate are shown in Fig. 1. The absorption spectra
show two bands at approximately 300 and 415 nm. This
group of the dyes emits very weak fluorescence with the
maximum located at approximately 460 nm. Table 1 shows
the absorption and fluorescence data for the studied
branched dyes. The change of the dye structures leading
to the formation of planar and rigid molecules provide
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Fig. 1. The electronic absorption spectra of the branched dyes obtained in
ethyl acetate solution.

another chromophores, which possess quite different
properties in comparison to that observed for branched
dyes. A typical example of the spectroscopic properties in
these chromophores (IQCH3) is shown in Fig. 2. It should
be noted that in ethyl acetate the type of substituent
introduced into dye molecule has a minor influence on the
shape of the spectrum in general case.

Table 1 summarizes also all spectroscopic properties
determined for this class of the dyes. The most noticeable
features for comparison in Figs. 1 and 2 and Table 1 are the
changes in the shape and the position of the electronic
absorption spectra, significant enhancement of the fluor-
escence quantum yield and, finally, the presence of
phophorescence spectra, which indicates the formation of
the triplet state. The triplet state energy, as is summarized in
Table 1, ranges from 224 to 258 kJ mol ~'. The formation of
the triplet state can be additionally confirmed by the laser
flash photolysis experiments. Fig. 3 depicts the time
resolved triplet—triplet transient spectra obtained for
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0.0 }
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Fig. 2. The spectroscopic properties of IQCH3. The absorption spectra
recorded in ethyl acetate, the emission spectra recorded in 2-methyltetra-
hydrofuran.

IQCH3 in MeCN solution. The analysis of the decay of
the transient absorption at 370 nm suggests the presence of
one component with the lifetime of about 1.45 ws. The
spectrum is not observed in oxygen saturated solution and
this allows to attribute its occurrence to the presence of the
triplet state.

The electrode potentials at which studied dyes undergo
reduction were determined by cyclic voltammetry. The
cyclic voltammograms for the dyes under investigation
show one electron reversible reduction. The values of the
reduction potentials for the dyes tested are also summarized
in Table 1.

The measured electrochemical and spectroscopic par-
ameters allow the calculation of the free energy activation
(AGy) for the photoinduced electron transfer process. The
calculated, using the Rehm—Weller equation, [25,26]
thermodynamical properties of dye-N-phenylglycine
derivative photoredox pair are listed in Table 1. For the
calculation of AG, for branched dyes the energy of the 0,0
transition for the singlet excited state was taken into account
and for planar dyes the energy of the 0,0 transition for the
triplet state, respectively. It is well known from the basic
Rehm-Weller requirement that the free energy of
activation for the photoinduced electron transfer (AGy)
process should have a negative value. As it can be seen in
Table 1 the free energy change for the electron transfer for
entire series of the tested dyes is negative. It means that
the photoinduced electron transfer for the dye-N-phenylgly-
cine derivative bimolecular system is thermodynamically
allowed.

The absorption of the dyes pictured in Figs. 1 and 2
reveal that both groups of tested dyes possess broad
spectra with a long-wavelength part located in the blue
region of the visible light. Additionally the planar dyes (IQ)
absorb (see Table 1) in the near UV (300—400 nm) of the
optical radiation spectrum. These features make tested dyes
the good candidates for the photoinitiating system
applied in dental restorative materials and UV cured
formulations as well. For this reason the polymerization
photoinitiation ability of the branched and planar dyes
were tested with the use of an argon-ion laser emitting in
near UV region (351 and 361 nm) and with the use of a
dental lamp.

The efficiency of photoinitiation of free radical polym-
erization of tested dyes depends strongly on the dye
structure. Fig. 4 presents the photoinitiated polymerization
kinetic traces recorded for PDI-CH3 and IQCH3.

It is apparent from the inspection of the experimental
data shown in Fig. 4 that the precursor, branched dye,
initiates polymerization much less efficiently in comparison
to the its planar analogue. In our earlier papers we have
demonstrated that the elimination or limitation of the
rotation of the phenyl group in the azomethine part of
molecule causes a significant increase of the photoinitiation
ability observed for other, different type of azomethine
dyes [27-29]. Elimination of the motion of C=N bond by



2562

B. Przyjazna et al. / Polymer 45 (2004) 2559-2566

Table 1
Structures and basic spectroscopic, thermodynamical and electrochemical properties of investigated dyes
Dye Mark Amax® & ARP b EY EY Epq AG° AGS
(nm) @dm*mol 'em™)  (nm) (kJ/mol)  (kJ/mol) (V) (eV)© ev)?
/.\I
m @ PDI-H [20] 408 2400 460 1L1x107* - 276 -0.79 - —1.64
NH 6]
/N
@NOO PDI-CH3 415 1100 459 1.6x 1074 - 263 —-0.94 - -1.37
b,
N 459 1.9%x 1074 - 264 —-0.98 - —133
m @\ PDLI[21] 420 3000
NH (o) 1
Br. /r\
m @ PDI-Br 418 2700 458 1.9% 1074 - 260 -0.96 - —-1.31
NH O
N 334 14100
m ]@ IQH [22] 350 16300 465 0.039 227 - —-1.17  -048 -
NN 386 4200
@/ND 335 16400
N IQPh 351 19500 475 0.035 227 - —121 —044 -
Ph 396 4100
Be N 335 20100
\@ND IQBr [23] 352 25000 468 0.023 258 - -116 —0.81 -
390 5400
m“@ 334 14100
3N IQCH3 [24] 351 16500 476 0.040 226 - —118  —045 -
&y 405 3400
m“ﬁ“ 344 19700
N a  IQCH3CI2 361 26700 475 0.053 256 - -1.18 —0.78 -
CHy 409 4800
OZNWND 304 10000
RTQN IQNO2 [23] 364 12600 473 0.010 230 - —118 —050 -
399 10500
oN N a 309 12000
(INHI\NIICI IQNO2CI2 355 14200 468 0.016 224 - -120 -041 -
409 11000

Ethyl acetate.
2-Methyltetrahydrofuran.

¢ Measured for N-(4-cyano-phenyl)glycine (CN-NPG) as electron donor (E,, = 0.707 V) [18,19].
9 Measured for N-phenylglycine (NPG) as electron donor (E,, = 0.426 V) [18,19].

co-planarization of the azomethine residue with other parts
of the dye decreases the degree of branching of the dye, and
this stabilizes the molecule in its excited state. This distinct
effect is easy to interpret in terms of the activation energies
needed for aromatic imine isomerization, which is in order
of 20 kcal/mol or less. One more important conclusion
arises from the analysis presented; that is, the rotation
around C=N bound is the main channel of the dye excited
state deactivation [30].

It is worth noting that the photoinitiation capability
for the group of the planar dyes also depends on the dye
structure. This is illustrated in Fig. 5.

The comment requires low photoinitiation capabilities
demonstrated by IQNO2 and IQNO2CI2. From literature it
is known that nitro compounds in the presence of electron
donors undergo photoreduction yielding corresponding

nitroso derivative [31], which are known to be efficient
free radical scavengers [32]. It is also noteworthy fact that
nitro compounds themselves are considered as efficient
inhibitors of free radical polymerization [33]. The above
mentioned properties seem to explain an unexpected
lowering in photoinitiation ability of IQNO2 and
IQNO2CI2.

The efficiency of photoinitiated polymerization, for the
entire family of studied dyes, depends not only on the type
of a dye, but is strongly affected by a type of an electron
donor. This is shown in Fig. 6.

The data characterizing the photoinitiation capability of
tested photoredox pairs exhibit a wide range of values
(summarized in Table 2) that depend on the nature of both, a
dye and an electron donor. On the basis of the data listed in
Table 2 one can conclude that there is a quite significant
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Fig. 3. Time resolved transient absorption spectra of IQCH3 in argon saturated acetonitryle. Inset shows the experimental trace for the decay of the triplet state.

heavy atom effect on the photoinitiation capability of the
tested dyes. It should be noted that in Table 2 the data
characterizing the photopolymerization ability for two, the
best and the worst electron donors tested are listed. The use of
thiophenoxyacetic acid, ethyl 4-dimethylaminobenzoate and
N-phenylglycine yield the formulations of lower sensitivity
in comparison to the dyes-CN-NPG photoredox pairs.

We showed earlier that the rate of photoinitiated
polymerization can be expressed by the equation [17,18].

d[M] Lk
R, =——— =k,[M] —ae 1
P dt P k, M
T T T T T T
0.3+ Drig 4
o
o
— o ]
5 o
B ;
o 024 o i
[0 o
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(]
- O
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Fig. 4. Photopolymerization kinetic traces recorded for an initial time of
polymerization of TMPTA-MP (9:1) monomer formulation. Initiating
system: dye—marked in the figure; electron donor N-phenylgycine (NPG).
Light intensity of an argon-ion laser irradiation 25.5 mW/cm?>.

The Eq. (1) predicts that the rate of the polymerization
might be in part controlled by the rate of photoinduced
electron transfer. The experimental verifications of the Eq. (1)
for the tested photoinitiating systems is possible by measuring
the rate of the primary process of the polymerization initiation
process, e.g. the rate of the electron transfer between the
tested dyes and the electron donors and the comparison of
these rates to the rates of photoinitiated polymerization.
The quenching rate constants, k, (since the quenching of
the dyes triplet by the electron donor is the only way of
triplet deactivation, therefore under this condition one can
assume that k; = k), were obtained from the experimen-
tally measured pseudo-first-order rate constant, k., for the

0.4 . f r } " —+
o
IR
(o]
0.3 Vo A s I1QH -
= v A
K ] oo 5 v IQBr
- N o IQCH3
o vo -
: g
4 g A
o A
B
oy

0 30

. .. Time
irradiation on [s]

Fig. 5. The family of the photopolymerization kinetic traces recorded for
novel tested dyes (marked in Figure). Formulation: TMPTA-MP (9:1),

electron donor: N-(4-cyano-phenyl)glycine (0.1 M). Light source dental
lamp—irradiation intensity equal 25.5 mW/cm>.
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Fig. 6. Photopolymerization kinetic traces recorded for an initial time of
polymerization TMPTA-MP (9:1) monomer formulation. Initiating system:
dye—IQCHS3 and various electron donors (0.1 M) (marked in the legend,
where: NPG-N-phenylglycine, CN-NPG—N-(4-cyano-phenyl)glycine,
TPAA—thiophenoxyacetic acid, EDAB—ethyl 4-dimethylaminobenzoate
and PAA—phenoxyacetic acid). Light source dental lamp—irradiation
intensity equal 25.5 mW/cm®.

decay of the dyes triplet by the formula

kobs = 77" + ky[ED] )

where 77 is the lifetime of the dye triplet in the absence of an
electron donor (ED). Some typical plots based on Eq. (2) are
presented in Fig. 7 and the quenching rates constants
obtained for N-(4-cyano-phenyl)glycine as electron donor
are summarized in Table 2.

B. Przyjazna et al. / Polymer 45 (2004) 2559-2566

1.2x10%

T 9.0x10™]

kobs

6.0x10™1

T T T
0.0004 0.0006 0.0008 0.0010

c [M]

0.0000

Fig. 7. Plots according to Eq. (2) for tested dyes triplet quenching. As
electron donor N-(4-cyano-phenyl)glycine was applied.

Fig. 8 presents the relationship between the rates of
photoinitiated polymerization and the rate constants of the
electron transfer process.

It is apparent from the inspection of the data shown in
Fig. 8 that there is no linear correlation (as predicted by
Eq. (1)) between the rates of photoinitiated polymerization
and the rate constants of the electron transfer process. The
comparison of the Marcus plot (see inset in Fig. 8) obtained
for tested dyes and relationship between the rate of
polymerization versus the rate constant of triplet state
quenching, indicates, that there is another factor governing
the kinetics of the photoinitiated polymerization. The
measured rate constants of the electron transfer process
(close to the diffusional limit) and observed Marcus

1 . | 1
1 M 1 T T T T
1 IQCH3CI2 e O ]
® QBr @
2.0 + IQCH3 4
[ ]
t t t } t IQH
= b 104 + [ J )
—
S
g L6 ot op o+ T
o, r) i
(a7 1 “ i IQNO2CI12
gﬁ ()
124 +
! -0:.8 -057 —ofs -0=.5 -0)_4 IQN02
AG [eV] ()
f . + . t . f
8.7 8.8 8.9 9.0
1 -1
log kq [M's ]

Fig. 8. Correlation between the rates of the electron transfer process and the rates of photoinitiated polymerization. Inset: the Marcus plot for the studied IQ

dyes triplet state quenching by N-(4-cyano-phenyl)glycine.
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Table 2
The photophysical properties and measured rates of photoinitiated polymerization for studied dyes in the presence of selected electron donors
Dye 77 X 100 (s) N-(4-Cyano-phenyl)glycine Phenoxyacetic acid

kg (X 10°M™'s™h R, (pmol/s) (laser) R, (wmol/s) (lamp) R, (wmol/s) (laser) R, (uwmol/s) (lamp)
IQBr 2.08 6.78 134.51 78.12 46.19 14.74
IQPh 1.82 745 121.24 74.17 19.05 10.49
IQCH3CI2 1.74 5.99 119.80 71.62 10.37 7.88
IQCH3 1.45 5.01 88.22 66.18 9.66 5.29
IQH 1.31 8.88 63.56 40.59 3.78 2.70
IQNO2CI12 1.18 9.35 21.14 10.23 No polymer No polymer
IQNO2 0.38 9.90 11.94 5.67 No polymer No polymer

Laser irradiation intensity equal 25.5 mW/cm?, dental lamp irradiation intensity equal 25.5 mW/cm?.

120 + 4

80+ £

R, [umol/s]

0 . " . ; .
1x10° 2x10° 3x10°

k; [s"]

Fig. 9. Relationship between the rates of photoinitiated polymerization and
the rate constants of triplet state decay for tested 1Q dyes.

relationship suggest that an overall efficiency of photoinitiated
polymerization might be controlled by the diffusion.

Verification of this hypothesis may come from the
comparison of the triplet state decay rate constants
(measured using laser flash photolysis method) and the
polymerization rates. Fig. 9 shows this type of relationship.

The factor needed for the explanation of the observed
phenomena is the viscosity of the monomers formulation
used for the photoinitiated polymerization experiments. The
measurements performed for TMPTA-MP (9:1) mixture
gives viscosity value equal n = 37.7 mPas. This value
corresponds to the time independent bimolecular rate
constant reaction determined based on Smoluchowski’s
theory to be kg = 1.61 X 10° 1mol 's™!. The calculated
rate constant clearly indicates that the polymerization
initiated by studied dyes occurs in the transition region of
diffusion and non-diffusion-controlled reactions.

As it was mentioned earlier, the absorption spectra of IQ
dyes make them the good candidates for the photoinitiating

03 - T
0.3 /9
= 0.2 4
13 J3
=y %o 1 o
é‘ 0.2 501 /é £
5 4T 73 /ﬁ -
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>
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Fig. 10. Comparison of the kinetics of photoinitiated polymerization initiated by IQBr-CN-NPG and CQ-CN-NPG photoredox pair. Light source dental lamp—
irradiation intensity equal 25.5 mW/cm?. Inset: polymerization initiated by IQBr-CN-NPG and Irgacure 651 systems. Light intensity of an argon-ion laser

irradiation 25.5 mW/cm>.
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systems applied in dental restorative materials. The above
conclusion can be supported by the comparison of the
kinetics of polyolacrylate polymerization initiated by IQBr-
CN-NPG photoredox pair and camphorquinone, a com-
monly used in dentistry photoinitiator [14].

As the data presented in Fig. 10 show, IQBr-CN-NPG
demonstrates identical in comparison to CQ-CN-NPG
initiating photoredox pair photoinitiation ability. Similar
conclusion can be derived from the comparison of
photoinitiation sensitivity observed for IQBr-CN-NPG and
Irgacure 651 (Fig. 10 inset).

Acknowledgements

This work was supported by State Committee for
Scientific Research (KBN) (Grant # 4 T0O9A 051 22 and
BW-20/01).

References

[1] Oster G. Nature 1954;173:300.

[2] Gould IR, Shukla D, Giesen D, Farid S. Helv Chim Acta 2001;84:
2796.

[3] Lorance DL, Kramer WH, Gould IR. ] Am Chem Soc 2002;124:
15225.

[4] Marcus RA. J Chem Phys 1956;24:966.

[5] Marcus RA. J Chem Phys 1963;67:853.

[6] Marcus RA. J Chem Phys 1965;43:679.

[7] Examples of photofragmentation reaction for neutral radicals:

(a) Chatterjee S, Gottschalk P, Davis PD, Schuster GB. ] Am Chem

Soc 1988;110:2326. (b) Chatterjee S, Davis PD, Gottschalk P, Kurz B,

Yang X, Schuster GB. J Am Chem Soc 1990;112:6329. (c) Kabatc N,

Pietrzak M, Paczkowski J. Macromolecules 1998;3:4651. As well

positions 2 and 3.

Major references describing radical cation fragmentation: (a) Ci X,

Kellett MA, Whitten DG. J Am Chem Soc 1991;113:3893. (b) Ci X,

Whitten DG. J] Am Chem Soc 1989;111:3459. (¢) Lucia LA, Burton

RD, Schanze KS. J Phys Chem 1993;97:9078. (d) Ci X, Whitten DG.

J Am Chem Soc 1987;109:7215. (e) Su Z, Mariano PS, Falvey DE,

Yoon UC, Oh SW. J Am Chem Soc 1998;129:10676.

Major references describing radical ion fragmentation: (a) Maslak P,

Kula J, Chateauneuf JE. ] Am Chem Soc 1991;13:2304. (b) Dewald

RR, Colon NJ, Song WM. J Org Chem 1989;54:261.

[8

—

[9

—

[10] (a) Paczkowski J, Neckers DC. In: Gould IR, editor. Photoinduced
electron transfer initiating systems for free radical polymerization.
Electron transfer in chemistry, vol. 5. Weinheim: Wiley-VCH; 2001.
p. 516-85. (b) Reiser A. Photoreactive polymers, the science and
technology of resists. New York: Wiley; 1989.

[11] Jakubiak J, Rabek JF. Polimery 2000;45:759. Jakubiak J, Rabek JF.
Polimery 2001;46:164.

[12] Lowe C, Webster G, Kessel S, McDonald I. Chemistry and
technology of UV and EB formulation for coatings, inks and paints.
Surface coatings technology, vol. 4. London: Wiley; 1996.

[13] Linden L-A. In: Fouassier JP, Rabek JF, editors. Photocuring of
polymeric dental materials and plastic composite resins. Radiation
curing in polymer science and technology, vol. 4. London: Elsevier;
1993.

[14] Rabek JF, Fouassier JP, Linden L-A, Nie J, Andrzejewska E, Jakubiak
J, Paczkowski J, Wrzyszczynski A, Sionkowska A. In: Fouassier JP,
editor. Camphorquinone/amine photoinitiating system for photocur-
ring. Trends in photochemistry and photobiology, vol. 5. Trivandrum:
India; 1999. p. 51-62.

[15] Dyer E, McCacrthy E, Johnson RL, Nagle EV.J Am Chem Soc 1953;
75:1548.

[16] Murov SL, Carmichael I, Hug GL. Handbook of photochemistry, 2nd
ed. New York: Marcel Dekker; 1993.

[17] Paczkowski J, Kucybata Z. Macromolecules 1995;28:269.

[18] Kucybata Z, Pietrzak M, Paczkowski J, Linden L-A, Rabek JF.
Polymer 1996;37:4585.

[19] Kabatc J, Kucybata Z, Pietrzak M, Sci galski F, Paczkowski J. Polymer
1999;40:735.

[20] Dandia A, Suha M, Taneja H. Phosphorus Sulfur Silicon Relat Elem
1998;139:77.

[21] Ram V, Vishnu J, Mishra L. J Heterocycl Chem 1986;23:1367.

[22] Takekuma S, Katayama S, Takekuma H. Chem Lett 2000;6:614.

[23] Sarkis GY, Al.-Badri HT. Heterocycl Chem 1980;17:813.

[24] Ivashenko AV, Drushlyak AG, Titiov VV. Chem Heterocycl Compd
1984;5:537.

[25] Rehm D, Weller A. Ber Bunsen-Ges Phys Chem 1969;73:834.

[26] Rehm D, Weller A. Isr J Chem 1970;8:259.

[27] Kucybata Z, Pietrzak M, Paczkowski J. Chem Mater 1998;10:3555.

[28] Kucybata Z, Pyszka I, Paczkowski J. J Chem Soc, Perkin Trans 2
2000;1559.

[29] Kucybata Z, Kosobucka A, Paczkowski J. J Photochem Photobiol A
Chem 2000;136:227.

[30] Herstroeter WG. J Am Chem Soc 1973;95:8686.

[31] Dopp D. In: Horspool WM, Song PS, editors. Photochemical
reactivity of the nitro group. Organic photochemistry and photobiol-
ogy, vol. 1. New York: CRC Press; 1995. p. 1019-62.

[32] Qu BJ, Xu YH, Shi WF, Ranby B. Macromolecules 1992;25:5215.

[33] Vollmert B. Polymer chemistry. New York: Springer; 1973. pp. 60—63.



	Development of new dyeing photoinitiators based on 6H-indolo[2,3-b]quinoxaline skeleton
	Introduction
	Experimental
	Results and discussion
	Acknowledgements
	References


