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Abstract

The sensitizing abilities of near infrared (near IR)-absorbing iddij @nd non-ionic P2 andD3) cyanine dyes in a photoinduced radical
polymerization system were evaluated. The solubility in an organic solvent of non-ionic cyanine dyes is much higher than that of an ionic
cyanine dye. The photoinduced radical polymerization system consists of a sensitizifg1eias), 2,4,6-tris(trichloromethylk-triazine
(TCT, as a radical genetrator), and a poly-functional acrylate monomer (DPHA) in the binder polymer. All dyes showed a sensitizing ability
in the photoinduced radical polymerization systems by near IR light. Non-ionic cyanineliyasdD3, showed a higher sensitizing ability
thanD1. From the IR and UV-vis studies, it was revealed that the high sensitizing abild ahdD3 is a result of an interaction between
the dye and TCT in the polymer matrices, promoting the electron-transfer from the dyes to the TCT.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In spite of the many examples of UV and vis-sensitive
photoinitiators, there are only a few reports of photopoly-
Much attention has been paid to the highly sensitive pho- merization that can be initiated by near infrared (near IR)
toinduced polymerizing system in view of its applicability to  light [19—27] The use of near IR light is highlighted by its
imaging technologiefl,?]. Photopolymerization is mostly  low photon energy. This enables us to operate the irradiation
based on the radical polymerization of organic compounds process under daylight, which is mostly composed of visible
such as vinyl monomers, oligomers, or polymers. Many stud- light. Cyanine dyes have evoked interest primarily because of
ies have been devoted to the development of the photoinducedheir wide application field28,29] Moreover, its absorbing
radical initiating system (photoinitiator). In this system, the wavelength can be readily adjusted by changing the length of
excitation energy is transferred from the sensitizing dye to a the conjugated methine chain. However, the solubility of cya-
radical generator. Thus, far w8—7] and other48—18] re- nine dyes in an organic solvent is usually very poor, due to its
ported the behavior of UV and vis-sensitive photoinitiators. ionic property as in near infrared-absorbing iofdd.§ shown
in Fig. 1 For application of cyanine dyes to imaging technol-
ogy, a high solubility in an organic solvent is required since
. the imaging technology requires an appropriate photosen-
* Corresponding author. Tel.: +81 43 290 3169; fax: +81 43 290 3039. . . . . .
# Co-corresponding author. sitive layer th|cknes§ that is onl)_/ satisfied by solutl_on-base_d
E-mail addresskitamura@faculty.chiba-u.jp (A. Kitamura). methods such as spin-coating wire-wound bar coating. In this
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Fig. 1. Molecular structures of sensitizing dy&l{D?3), radical generator (TCT) and vinyl monomer (DPHA).

study, we focused on designing the cyanine dyes soluble inthe photoinduced electron transfer reaction and initiating a
an organic solvent using strategically placed substituents. large amount of radicals.

The introduction of a substituent that is conjugated by
a double bond at the center of a polymethine chain is crit-
ical strategy, because it removes the ionic property from 2. Experimental
the cyanine dyes as shown kig. 1L We synthesized the
barbiturate-functionalized non-ionic cyanine dyBg and 2.1. Materials
D3, and evaluated their sensitizing ability for application
in the near IR light-induced radical generating system. We  Sensitizing dyes D1-D3 [32,33] and 2,4,6-
used 2,4,6-tris(trichloromethyBriazine (TCT) as the rad-  tris(trichloromethyl)s-triazine [34] were synthesized
ical generator, which forms a radical by decomposition of according to the literature methods. Polymethyl methacry-
its anion radical cheme 1[32,33] From the result of its  late (PMMA) and polyvinyl alcohol (PVA) were purchased
sensitizing ability in a photoinduced radical polymerization from Wako Pure Chemical Industries Co., Ltd., and used
system, the barbiturate-functionalized cyanine dye showed awithout further purification. The poly-functional acrylate
high sensitizing ability in comparison 1. Furthermore, monomer, DPHA, was purchased from Nippon Kayaku
it revealed that the barbiturate-substituf2®andD3 effec- Co., Ltd. All solvents were purified by distillation before
tively interacted with TCT, resulting in a high efficiency of use.

]
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Scheme 1. Radical initiation from TCT.
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2.2. Instrumentations 5m. The concentration of the sensitizing dye and TCT were
about 40 and 130 mmol dm, respectively. To prevent a re-

Absorption spectra in the vis and near-IR regions were action with oxygen, the obtained plate was further coated

measured using a JASCO V-570 UV/vis spectrophotometer. with a 5wt.% PVA aqueous solution followed by drying in

IR spectra of the films were measured using a JASCO FT/IR- oven for 2 min.

410 spectrophotometer. The redox potentials of the dyes and

TCT in Np-saturated acetonitrile were measured by cyclic 2.5. Evaluation of sensitivity of the photopolymer plate

voltammetry using a HOKUTO DENKO HABF1510m. The by light irradiation

Ag/Agt electrode was used as the reference electrode.

0.1 M tetrabutylammonium tetrafluoroborate was used, as Photosensitivity of the photopolymer plate was evaluated

the supporting electrolyte and the sample concentration wasfrom the minimum light energy dose required to make an

0.05 M for each measurement. The CV voltammograms wereinsoluble image in an aqueous alkali developer solution. Ir-

recorded by scanning from2.0 to +2.0V at scan rates of radiation was carried out using a xenon lamp (USHIO Ul-

100mV s L. For the irreversible system, the redox potential 501C; 500 W) through a Narumi Co., Ltd., grating spectro-

data were taken equal to the half-peak potentials. All poten- graph to provide selective irradiation in the wavelength re-

tials are listed versus the standard calomel electrode (SCE)gion between 680 and 980 nm. After a 5 min irradiation, the

in Table 1 uncured part was removed by immersing the coatings in an
aqueous alkali developer (1% NaOs aqueous solution) for

2.3. Preparation of PMMA film of dyes for spectral 30s and washing with water. The sensitivi§y[nJ cnT?))

measurement was obtained from the polymerized part on the plate. The

obtained sensitivity was reduced to the photon number (
PMMA films containingD1-D3 for the absorption mea-  [€instein cnm2]) for photochemical evaluation at the desired

surement and IR spectra were typically prepared in the fol- Wavelength.

lowing mannerD1-D3with or without TCT was dissolved in

10 wt.% PMMA in chloroform. This solution was coated on a ) ]

glass plate by a spin-coating method (1000 rpm). The solvent3- Results and discussion

was removed by air-drying for 30 min. The PMMA film was B e )
peeled from the glass plate then further dried in a vacuum. 3-1. Solubility of sensitizing dy&l-D3 and their
The thickness of the prepared film was abouts and the ~ Optical and redox properties

concentration of the sensitizing dye was ca. 10 mmotéim . o ) . .
in PMMA. The solubility of the sensitizing dye is a particularly im-

portant factor aspect when evaluating candidates for use in a
polymer matrix, since the most desirable processing of these
materials is solution-based methods such as spin-coating and
wire-wound bar coating as described in the introduction. The
absence of ionic properties f@2 and D3 drastically en-
hanced their solubilities in a less-nonpolar organic solvent
such as chloroform. The saturated concentratio bfis
about 40 mmol dm?3, whereas that db2 andD3 is 170 and

110 mmol dnT3, respectively. This result shows that the non-
ionic cyanine dye is superior to the ionic cyanine dye regard-
ing solubility, thus allowing us to make a highly concentrated
photosensitive layer.

The absorption spectra of the sensitizing @/e-D3 in
acetonitrile are shown ifig. 2 All dyes have anr—n™ ab-
sorption bandinthe 600—-800 nmregion. The absorption spec-
tra of D2 and D3 are almost identical and their absorption
maxima are shorter than that BfL by 30 nm. The absorp-
tion property ofD1 in the near IR region is imparted by

2.4. Preparation of photopolymer plate

The polymer solution was initially prepared by dissolv-
ing the poly-functional acrylate monomer and alkali-soluble
binder polymer (copolymers of methyl methacrylate and
methacrylic acid; 1:9 by mol) (DPHA: the binder polymer
= 1:1 by weight) in a mixture of cyclohexanone and 2-
methoxyethanol (9:1 by weight) (the presence of these DPHA
and the binder polymer does not effect the initial process of
the electron transfer between the excited cyanine dye and
TCT). The sensitizing dye and TCT (2:5 by weight) were
dissolved in the polymer solution (dye: TCT: DPHA =ca. 1:
3.3: 35 by mol). This solution was coated on the aluminum
plate with a wire-wound bar, then dried in an oven atC0
for 2 min. The thickness of the photosensitive layer was ca.

Table 1 _ the ionic nature of the dipole diamidine structure. In spite
Optical, redox and energetic dataii-D3 of the lack of an ionic property, the absorption maxima of
Aa(CHCN) — 2a(PMMA) - Box (V) Brea (V) AGe D2 and D3 are notably not very far frond1. This implies
(nm) (hm) (keal mor™) the contribution of the zwitterionic structure B2 and D3

bl 778 790 045  -064  -86 (Scheme 2[35-37] This zwitterionic structure is attributed
pz. 747 758 *028 095 —13.9 to the strong electron withdrawing effect of the barbiturate
D3 747 757 4027 —094 —141

substituent.



126 T. Karatsu et al. / Journal of Photochemistry and Photobiology A: Chemistry 170 (2005) 123-129

1 +
- 0.8 -
=)
g =l
5 g
g = 0.6
3 :
S Z
S z 04
<
0.2 -
0 0
500 600 700 800 900 500 600 700 800 900
Wavelength / nm Wavelength / nm

Fig. 2. Absorption spectra of sensitizing dy@% (solid), D2 (dotted), and Fig. 3. Normalized absorption spectra of sensitizing dpés(solid), D2
D3 (dashed line) in acetonitrile. (dotted), and3 (dashed line) in PMMA film.

Fig. 3shows the absorption spectra of dyes embedded in!ONiC dye are both lower compared®d due to the presence
the PMMA film. Although the absorption maxima red-shifted of barbiturate functionality. This was supported by the re-
about 10 nm and are slightly broadened compared to those induction potential of the barbiturate functionalized cyanine

acetonitrile, the shape of the absorption spectra in the PMMA dY€ thatis close to that of 1,3-dimethylbarbituric adibg =
film is similar to those in acetonitrile. The absorption spectra —1:01V versus SCE). These values and the excitation energy

of these dyes in the PMMA film did not show a concen- ©Of the dyes are used for the calculationdBe. The elec-
tration dependence in the range from %3102 to 8.3 x tron acceptor, TCT, has one irreversible reduction potential at
104 mol dnv-3. This result demonstrates that the red-shiftin —0-83V (versus SCE): The calculatédSe values are a!so
the absorption spectrum of the film is not caused by aggrega-Sted inTable 1 Negative values oAGet are obtained, in-
tion of the dye, but might be due to the usual solvent effect. dlcatl_ng the feaS|b|I|ty of the photoinduced electron transfer
The absence of any aggregation is useful for a sensitizing dye"©action from the excited dye to TCT.
of photosensitive layer since a homogeneous photosensitive
layer is easily obtained, which is a very important property 3.2. Sensitivity measurement in photopolymer plate
for industrial materials. containingD1-D3and TCT

The radical initiating mechanism of a near IR cyanine dye
and TCT system starts from an electron transfer, which is  The above optical and redox data show the possibility of
from the excited state of the cyanine dye to the ground statethe near IR-induced electron transfer reaction between the
of TCT, giving a TCT anion radical. Subsequently a TCT an- sensitizing dye and TCT, which may occur in a polymer ma-
ion radical easily decomposes to give a dichloromethylene- trix. In the next stage of our investigation, we prepared a
triazine radical and a chlorine anioBc¢heme 1[30,31] In photopolymer plate containing a sensitizing dyE{D3),
order to estimate the efficiency of the photoinduced electron TCT and a poly-functional vinyl monomer to investigate the
transfer reaction between the dpé-D3 and TCT, we mea-  sensitivity of the photopolymer plate.
sured the redox potentials of the dyes and TCT in acetonitrile,  The photopolymer plate was irradiated by a xenon lamp
and calculated the free energy changes for the electron transthrough the grating spectrograph. After irradiation for 5 min,
fer reactions AGgy) using the Rehm—Weller equati$88]. the photopolymer plate was developed using alkali-developer
The first oxidation potentials of the dyes are summarized in solution. Surprisingly, the polymeric part appeared as an im-
Table 1 The oxidation and reduction potentials of the non- age in all the photopolymer plates which were irradiated with

(0]
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Scheme 2. Neutral (left) and zwitterionic (right) structure®af
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near IR light. A photopolymer plate that shows sensitivity to 12
near IR light is rarg¢16,19—-27] D2
From the image of the plates, we obtained the maximum 10 L .
sensitivities and their wavelengths. These results are summa- « A
rized inTable 2 TheMpyax value shows the minimum photon ¢ - 27 D3
number to initiate the photoinduced radical polymerization a
reaction in the photosensitive layer. The photopolymer plate
containingD2 showed the lowed¥max value. The maximum
sensitivity ofD2 is two times higher than that @f1. This re-
sult is consistent with the result &fGgt. This indicates that
the efficiency of the photoinduced electron transfer from the .
cyanine dye to TCT is the dominant factor determining the 2L A
sensitivity. (A 5 ©

DX

Conversion / %
\
>X

0 ’ L I ! I L
3.3. Efficiency of radical generation from TCT in PMMA 0 30 100 150 200 250 300
film Irradiation time / s

The results from the above experiment showed that the Fig.4. The plqtshovysthgcpnvgrsion ofTCTbydye-sensitizatior_l in PMMA
- e . i ; film as a function of irradiation time1: circles;D2: crossesP3: triangle

sensitizing ability ofD2 to drive photopolymerization is the symbols).
highest among the three examined dyes. Furthermore, the
difference in the sensitizing ability strongly depends on the
electron transfer from the dye to the radical generator, TCT.
Assuming that the sensitized anion radical of TCT quantita-
tively decomposed into free radical species that initiate the
radical polymerization, the sensitizing ability of dye can be
also evaluated by the decomposition of TCT.

The mechanism of the radical generation of TCT starts
from the decomposition of its anion radical by cleav-

age of the &Cl bond, producing a chloride anion and a that of theD1-containing film. Similarly, in the case of the

d|chIoromethylene-trlazme radlcaschemg L From this D3-containing film, TCT decomposed with a high efficiency
mechanism, the amount of generated radicals should be pro-

tional to the d it £ TCT. To estimate the d during the initial 120 s, and then the efficiency is also parallel
portional to the decompaosition 0 - 10 estimate e de- 4, a1 of theD1-containing film. Thus, the decomposition of
composition percentage of TCT by the dye-sensitization, we TCT in PMMA films of D2 andD3 contain two distinct pro-
prepared a PMMA film containing only a sensitizing dye and cesses. In the rigid matrix, the distance between the electron
TCT (2:5 by weight) then irradiated by near IR light. This . gl > : W

. . _ donor and the acceptor is quite important for the photoin-
Zt'?fg':‘;élgnﬁogfrfss%%%?;g;g?ng%tgtr:aduced radical gener- duced electron transfer reaction, because the diffusion of a
L ' ' molecule is significantly inhibited in comparison to a solution
The PMMA film is iradiated by a xenon lamp (>54O r_1m') and the static electron transfer is a predominantrole. The effi-
for 20 s then measured by IR spectroscopy. The irradiation

of the PMMA film decreases the absorption intensity at cient decomposition during the initial stage of the irradiation
_ ; implies that the photoinduced electron transfer reaction pref-
694 cnt! derived from the €ClI stretching mode of TCT. 'mpl P ndu on b

; . erentially occurs due to the closeness of the electron donor
Fig. 4 is a plot of the percentage of decomposed TCT as y

a function of the irradiation time. A comparison of the de- and the acceptor in the PMMA film.

composition percentage for a 300 s irradiation reveals a clear . ) )

difference between the ionic and non-ionic dyes. The per- 3-4- Interaction of dye and TCT in polymer film

centage of the decomposed TCT sensitizedBys almost ) o )

the same aB3, and two times greater than that ByL. This The above experiment implies the static electron trans-

result agrees with the sensitivity of the photopolymer plate. fer of D2 andD3 with TCT in the PMMA film though the
quenching radii between them were not determined by non-

fluorescenD2andD3. However, the interactions between the
dyes and TCT were observed in the ground skitg.5shows
the absorption spectral changeld# involved in the PMMA
film by adding various amounts of TCT. As the amount of
D1 32.9(827) 2.27 TCT increased, the absorption maxima of the dyes in the
Bg ;g'é (823) 0.90 PMMA film red-shift and are slightly broadened. In acetoni-
.8(813) 1.41 ) . . . .
trile solution, however, this effect is not observed in the same

During the irradiations the absorption band$dfD3 were
decreased. Several products were generated and we tried to
isolate them but do not have succeeded to determine their
structures.

The initial 50 s irradiation of this plot reveals the specific
behavior of the decomposition of TCT. In tB2-containing
film, TCT decomposed with a very high efficiency during
the initial 20 s, and then the efficiency is almost parallel to

Table 2
Sensitivity of photopolymer plate irradiated by xenon lamp

Sax (MJ enT2) (imax/nm) Mmax (107 einstein cr2)
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Thus, the photoinduced radical generation of the cya-
nine dye—TCT system in the PMMA film is summarized as
follows: The static electron transfers are occurred between
TCT and the dyes. Especially, in the case of barbiturate-
functionalized cyanine dyes, the electron donor-acceptor in-
teraction in the ground state is observed and this interaction
could induce the high efficient decomposition.

Abs (Normalized)

4. Conclusion

Using the near IR absorbing cyanine dye as a sensitizer,
we could obtain a photopolymer plate that shows a high sen-

600 650 700 750 200 850 900 sitivity to near IR light. The non-ionic cyanine dyes were
found to be especially useful as a near IR sensitizer in the

Wavelength / nm . T .
multi-components photoinitiation system because of high ef-
Fig. 5. Normalized absorption spectral changeD& (20 mmol dn13) in ficiency of the photoinduced electron transfer reaction. The
PMMA film adding variable amount of TCT ([TCTJ2] = 0 (solid), 7 high efficiencies of the sensitization@f andD3in the poly-
(dotted), 35 (dashed), 144(dotted dash lines)). mer matrices are partly responsible for the interaction with

TCT. From an industrial view, non-ionic cyanine dyes have
concentration ratio because the interaction is too weak to beadvantages over ionic cyanine ones because they are soluble
observed in solution. in organic solvents, thereby facilitating the solution-based

Fig. 6 illustrates the plots of the shift in the absorption preparation of the photopolymer plate.
maxima of the dyes with various amounts of TCT in the
PMMA films as a function of the molar ratio of adding TCT.
The shifts in the absorption maximaB®? andD3 are greater
than that oD1, indicating that TCT more strongly interacted
with the bgrbituraFe—functionaIizdﬂz ar!dDSthan witth. This work was supported by a Chiba University Presi-
As the_se |_nteract|on_s are corresponding to th(_a dlffere_nce of yent's special grant to T.K.
the oxidation potentials between the dyes, the interaction be-
tween the barbiturate-functionalized cyanine dye and TCT is
most likely an aromatic electron donor-acceptor interaction
[39-42] Especially, this interaction fdb2 is much higher References
thanD3, which is explained by the difference in the substi-
tution at the nitrogen atom in the barbiturate.
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