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The sensitization mechanisms of ketocoumarin dyes with a radical-generating reagent, 10,10’-carbonylbis[1,1,7,7-
tetramethyl-2,3,6,7-tetrahydro-1H,5H,11H-[1]benzopyrano[6,7,8-ij]quinolizin-11-one] (KCD-J), 7,7’ -bis(diethylamino)-
3,3'-carbonyldicoumarin (KCD-DA) with 3,3’ 4,4’ -tetrakis(¢-butyldioxycarbonyl)benzophenone (I) in poly(methyl meth-
acrylate) film containing dimethyl phthalate (DMP) as a plasticizer have been investigated by laser flash photolysis using a
total reflection cell. The fluorescence of the dyes was efficiently quenched by I in PMMA containing 50 wt% of DMP (film
A) against total solid with static quenching distances of 12.5 and 12.7 A for KCD-J and KCD-DA. The static quenching
distance was around 1.5 times longer than that in PMMA. The decay time of the triplet in a film A was slightly quenched
by I with a kg of less than 1.5x 10° mol™' dm® s™! for KCD-J and KCD-DA.

These results show that a static singlet sensitization from the fluorescent excited dyes to I is the predominant process in
film A, suggesting the same predominant static singlet sensitization process in a PMMA film containing acrylate monomer,
and the static quenching distance is increased by incorporation of DMP into PMMA film.

Dye sensitization mechanisms for photopolymer coating
layers have been investigated by laser flash photolysis us-
ing a total reflection cell."® In this paper we describe the
photophysical behavior change of photosensitization sys-
tems composed of ketocoumarin dyes, 10,10’-carbonylbis-
[1,1,7,7-tetramethyl- 2, 3, 6, 7- tetrahydro- 1H, 5H, 11H-[1]-
benzopyrano[6,7,8-ij]quinolizin-11-one] (KCD-J), 7,7 -bis-
(diethylamino)-3,3’-carbonyldicoumarin (KCD-DA) with a
radical generating peroxide, 3,3’,4,4'-tetrakis(s-butyldioxy-
carbonyl)benzophenone (I) in poly(methyl methacrylate)
(PMMA) film containing 25 and 50 wt% of dimethyl phthal-
ate (DMP) as a plasticizer. The combination of the dyes with
the peroxide affords high-speed photoinitiators for a visible
laser photopolymerization system that can be used in future
laser imaging systems. Though it is difficult to discuss the
sensitization systems in polymer films based on the data ob-
tained from laser flash photolysis in solution, a laser analysis
of the photopolymer layer, which contained photoinitiators
with the same content as that of commercial products, could
provide direct information about photo-excited dyes.? Car-
bonyldicoumarins are efficient triplet sensitizer dyes in so-
lution systems,” and we reported previously® that they are
efficient singlet sensitizer dyes against I in a PMMA polymer
film.

The practical photopolymer system in the commercial
products has both the photoinitiator system of 10—20 wt%
and acrylate monomer of 30—50 wt% against total solids.
The acrylate monomer undergoes polymerization by radicals
resultant from initiator systems for image formation, and also

works as a plasticizer against the hard PMMA layer. The sen-
sitivity of this system, containing various concentrations of
monomer, was investigated. As the monomer concentration
was increased, the sensitivity became higher. The increase
of the sensitivity was discussed mainly from the increase of
mobility of the monomer,” and hardly from the sensitization
process. With increasing the content of the monomer, the
hardness of the PMMA layer decreases, which should affect
the sensitization mechanism.

Though the direct observation of the photopolymer layer
containing the acrylate monomer using the laser flash pho-
tolysis was difficult because of the increase of hardness of
the PMMA film during the polymerization, which is induced
by a laser shot, decreasing the repeatability of the experi-
ment, we used a nonpolymerizable diester compound, DMP,
instead of the monomer (M); the DMP’s physical character is
similar to that of the acrylate monomer in molecular weight
and chemical structure based on an ester.®

Triplet absorption and fluorescence in PMMA film con-
taining 50 wt% of DMP (film A) were detected at the exci-
tation by a laser for KCD-J and KCD-DA. The triplet decay
time for KCD-J and KCD-DA in film A was one-fifth shorter
than that in PMMA film. The initial intensity of triplet and
fluorescence for KCD-J and KCD-DA was quenched by I
with almost the same static quenching distance, supporting
the predominance of the static singlet quenching process, and
the minor triplet process.

Itis noticeable that the static singlet (fluorescence) quench-
ing distance increased in film A at around 1.5 times longer
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than that in a PMMA film, suggesting the same tendency of
the quenching distance change of photopolymer containing
acrylate monomer. The result shows that the sensitivity of
photopolymer systems in commercial products is related not
only to the change of mobility of the monomer but also to the
change of sensitization process accelerated by incorporation
of the monomer into a polymer film.

Experimental

The dyes KCD-J, KCD-DA, 10-(2-benzothiazolyl)-1,1,7,7-tetra-
methyl-2,3,6,7-tetrahydro- 1H,5H, 11 H-[1]benzopyrano[6,7,8-ij]-
quinolizin-11-one (CD-J), and 3-(2-benzothiazolyl)-7-(diethylami-
no)coumain (CD-DA) were purchased from Nihon Kanko Shikiso
Corporation. The peroxide, I, was purchased from NOF Corpora-
tion.

Absorption spectra of the dyes were recorded by a UV-visible
absorption spectrometer (Hitachi Spectrometer U-3000). A total-
reflection cell used in laser flash photolysis experiments is shown in
Fig. 1; details concerning the apparatus are déscribed elsewhere."
The cyclohexanone solutions containing 10 wt% of PMMA con-
taining 25 and 50 wt% of DMP, 0.006 moldm™* of the dyes, and

( PMMA+DMP film containing photoinitiators

Laser Flash Photolysis in Photopolymer Film

0—0.015 mol dm ™~ of I were coated to 1.0 wm thickness on a sap-
phire cell (10x30 mm, 1 mm thickness, and both short sides were
cut at a 45 degree angle). A monitor light beam from a xenon lamp
was introduced through a multireflection cell onto the head of an
optical fiber that directs the beam to a monochromator (Instruments
Digikrom 240) with a photomultiplier (Hamamatsu Photonics K.K.
photomultiplier tube Type R928) or to a SMA system (Princeton
Instruments, Inc. Model TRY-700G/R/Par). The excitation light
pulse (20 ns, 355 nm, 10 mJ per pulse, and 3 mJ cm~?) from a YAG
laser (Spectron Laser Systems Model SL 402) was expanded and
exposed all over the sample cell. The measurement was repeated
five times within less than 3 wt% of the decomposition of the dyes
and I; the data of the five measurements were averaged. More than
90% of the 355 nm laser light absorbed in the sample film was
absorbed by the dyes, and the dyes were homogeneously photoex-
cited in the film due to their low absorbance, 0.01—0.06 on 355
nm. Fluorescence spectra in solution and in films were recorded by
the laser flash photolysis using a SMA system.

Relative dielectric constant was measured by using CV meter
(Keithley 595 Quasistatic CV Meter) in a PMMA and a film A of
3-um thickness.

7N k)
P
[ R
.- —
A ~

I LSRN ‘v' \vl

'

AR "‘\ 1.0um
= — T
L4 '\~~‘

Detector k— Sapphire plate

~ Xe monitor lamp

Laser pulse (355nm, 20ns) -

Photoinitiation system

i
R=COOC(CHs):
|

radicals pH
: COO-CH,CHCH,-OCOCH=CH,

COO-CHyGHCH,-OCOCH=CHy

M OH

polymerization
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The photosensitivity of the photoinitiation systems was measured
with various concentrations of monomer (M, Nagase Kasei, DA-
721, see Fig. 1). The sensitive layer, which was prepared by coating
a cyclohexanone solution of the photosensitive composition onto a
grained aluminum plate and drying it at 80 °C to produce a 1-um
thick film, was exposed through a step tablet (Kodak photographic
step tablet no. 2) by the 488 nm band of a superhigh-pressure mer-
cury lamp, which was isolated by using Y-47 and KL.-49 filters. The
incident energy required to insolubilize the last step of the layer was
defined as the sensitivity.” The incident energy was measured by a
photoelectric cell (The Eppley Laboratory Inc.).

Results and Discussion

The absorption spectra of KCD-J and KCD-DA were mea-
sured in a PMMA film containing DMP (film A) as well as
in a PMMA film, in benzene and acetonitrile. Their fluores-
cence spectra observed on 355 nm excitation in the films and
in solvents are also shown in Fig. 2(a), (b). No significant
effect on the fluorescence spectra by a different excitation
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Fig. 2. Fluorescence spectra observed on 355 nm excita-

tion and absorption spectra of (a) KCD-J and (b) KCD-DA
in benzene (--++),” acetonitrile (- -),” PMMA (---)” and
PMMA containing 50 wt% DMP (—).” a), b) Substrate
concentration 3x 107> and 0.12 mol dm 3, respectively.

Bull. Chem. Soc. Jpn., 69, No. 3 (1996) 695

wavelength (420 nm) was observed. As the solvent polarity
increased from benzene to acetonitrile, the fluorescence and
absorption peak of the dyes showed a red shift. The absorp-
tion spectra of KCD-J and KCD-DA in film A have no peak
in the long wavelength region corresponding to aggregation
of the dyes, which were observed in 4-(N,N-dimethylamino)
benzonitrile adsorbed on silica gel.¥ The fluorescence and
the absorption peak of KCD-J and KCD-DA in the films
were between the peaks in benzene and acetonitrile. The
red shift of the peaks on absorption and fluorescence showed
the same trend on absorption and fluorescence of 7-dialkyl-
aminocoumarins, the fluorescence of which comes from an
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Fig. 3. (a) Triplet-triplet absorption spectra for KCD-J

(—O—) and KCD-DA (—A—) obtained by 355 nm
laser excitation in PMMA containing 50 wt% DMP. (b)
Triplet—triplet absorption spectra for KCD-J (—O—) and
KCD-DA (—A—) sensitized by Michler’s ketone (MK) on
355 nm laser excitation in benzene.** a) Substrate concen-
tration 1.0x10™* mol dm ™~ for MK, 1.0x 10> moldm >
for KCD-J and KCD-DA, respectively (absorbance on 355
nm was 1.0 for MK and 0.01 for KCD-J and KCD-DA,
respectively).
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intramolecular charge-transfer (ICT) state of the coumarins
with a nontwisted 7-dialkylamino group.”

In the experiments with laser flash photolysis, the weak flu-
orescence and the strong transient absorption (Absorbance,
ABS) attributable to a triplet of KCD-J and KCD-DA!?
were quenched by I (Figs. 3, 4, and 5). Logarithmic plots
of the fluorescence against various concentrations of I gave
good relationships to the Perrin equation,'” supporting static
quenching with distances of 11.1 and 12.1 A for KCD-J and
KCD-DA in a PMMA containing 25 wt% of DMP, and 12.5
and 12.7 A for KCD-J and KCD-DA in a PMMA containing
50 wt% of DMP. The static quenching distance in film A
was 1.48 and 1.54 times longer for KCD-J and KCD-DA
than that in a PMMA film.*

As the concentration of I increased from 0 to 0.12
mol dm 3, though the decay time of the triplet state for KCD-
DA and KCD-J was slightly quenched (Fig. 7) at a rate (k)
of less than 1.5x10° mol~'dm?s~' in a film A. No new
absorption peak attributable to a radical-ion was detected at
400—600 nm wavelength during ns—100 us after laser ex-
citation, and the triplet decay time of KCD-J and KCD-DA
was 1.9 and 1.6 us, which was shorter than that in a PMMA

(@)
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film, 13.9 and 12.7 ps,'? due to higher penetration of oxygen
as a triplet quencher into film A, and when a 1-um poly(vinyl
alcohol) layer, which is used as an oxygen barrier layer, was
put on the sample, the decay time became 45 ps.

The fluorescence decay time of the dyes was too short to
be evaluated a 20-ns laser light pulse.

The results and the emissive deactivation mechanism from
the 7-dialkylaminocoumarin ICT state, which was reported
by G. Jones, 11, etc.,'® suggest the relaxation mechanism in
a film A depicted in Fig. 9. An intramolecular charge trans-
fer (ICT) with the nontwisted dialkylamino group, through
a Franck—Condon state (FC) obtained directly from the pho-
toexcitation of dyes (Ep), behaves as follows: ICT decays
radiatively of nonradiatively, is quenched by I, or undergoes
(i) twisting of the amino-group to the twisted intramolecular
charge transfer (TICT) state, which decays nonradiatively,
and (ii) intersystem crossing to the triplet state, which is
quenched by L. In the case of KCD-J, we can consider that
the process from ICT to TICT was suppressed by the julol-
idinyl structure of KCD-J.

In Figs. 5 and 6, Fig. 5 shows plots of fluorescence and
logalithmic plots of the fluorescence against various concen-
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trations of I, and Fig. 6 shows plots of initial absorbance
(ABS) of triplet for KCD-J and KCD-DA. The attenuation
rate'® of the initial ABS plots of triplets in Fig. 6 is similar
to the fluorescence plots for KCD-J and KCD-DA in PMMA
containing DMP. When we assume that the majority of
triplets of ketocoumarin come from the fluorescent ICT,'® the
similar attenuation rate shows that the triplet static quench-
ing in a minor process and that the singlet static quenching
mechanism is the main sensitization of the photoinitiation
system,'® which is the same as that in a PMMA film, be-
cause more than 70% -of the fluorescence (ICT state) was
quenched in the presence of I of 0.3—0.4 mol dm~3, which
was the same content as that of commercial products.

As we reported in previous report,” the redox potentials of
dyes which were measured by cyclic voltammetry, the high
Eox of KCD-J and KCD-DA, 0.81 and 1.03 V (vs. SCE),
and the low E,.q of I, —1.18 V, corresponding to —15.7 and
—13.0kcal mol~! of the free energy change (AG) for electron
transfer,'” imply the possibility of electron transfer from the
singlet excited state of these dyes to the ground state L.'®

(a)
0.8
0.6 4
2 B
%—: 04 4 2
— ~ =}
= ]
- e
0.2
In(Ig9/15) = VN[I]
R=(3V/4x)13
0 T 1
0 05 1 1.5 2
{11/ 10-! mol dm-3
(b)
0.8
[ PMMA / DMP
50 50
0.6 4
=
g.-‘ 04 g
= o
A S
02 o
In(I§91§) = VN[I]
| R=(3V/4m)13
0 1 1
0 0.5 1 1.5
[1]/10-! mol dm-3
Fig. 5. Fluorescence quenching of KCD-J (—O—, —@—)

and KCD-DA (—A—, —A—) by I in PMMA containing
(a) 25 wt% DMP and (b) 50 wt% DMP? a) Excitation
wavelength 355 nm, detection wavelength 520 nm.
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In the fluorescence quenching of the dyes by I in sol-
vents with different dielectric constants; acetonitrile (¢ =
37.5 Fm—1)'® and benzene (¢ =2.3 Fm™!),2” the fluores-
cence quenching rate (kq) for KCD-J and KCD-DA in ben-
zene was similar to that in acetonitrile; kq = 5.3%x10° and
6.6x10° dm~ s~! in benzene and k;=5.3x10° and 7.7x 10°
dm~3s™! in acetonitrile (Fig. 8), and in the fluorescence
quenching of polycyclic aromatic hydrocarbons as a singlet
sensitizer by dibenzoyl peroxide and #-butyl peroxybenzoate
in benzene and acetonitrile, which was reported in our pre-
vious reports,”? the fluorescence quenching rate (kq) and a
plot curve of log k, against varying AG in benzene was also
similar to that in acetonitrile.

When considering smaller differences of dielectric con-
stant (6=3.9—5.5Fm~! for PMMA, £=11.3—12.4Fm™!
for PMMA +DMP) compared to the difference between ace-

(a)

PMMA / DMP
75 : 25
g
3
¥
]
%)
m
<
1 'l 1
0 0.5 1 15 2
[1]/ 10-' mol dm-3
(b)
PMMA / DMP
50 : 50

g

=

o

3 5

8

<

1 1
0 0.5 1 15
{11/ 10 mol dm-3"

Fig. 6. Plots of triplet absorbance of KCD-J (—O—) and

KCD-DA (—A—) versus concentration of I in PMMA
containing (a) 25 wt% DMP and (b) 50 wt% DMP.? a)
Excitation wavelength 355 nm, detection wavelength 550
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tonitrile and benzene (A& =35.2 Fm™!), it is noticeable that
the fluorescence quenching distance in film A for KCD-J and
KCD-DA was around 1.5 times longer than that in a PMMA
film. This large quenching distance (12.5 and 12.7 A for
KCD-J and KCD-DA) in a film A indicates that transition
state in electron transfer reaction in a film A was attained
by the large change of increasing frequency of nuclear mo-
tion or/and the decreasing Gibbs energy of activation for the
electron transfer process that was induced by incorporated
DMP.?

In the practical photopolymer system, with the content of
the monomer increased from 40 to 100 wt%, the sensitivity
of the photopolymer increases 2.4 and 3.3 times higher for
KCD-J and KCD-DA (Table 1).

To confirm the effects of DMP incorporated into a PMMA
film containing an other photoinitiator system, we evaluated
the quenching distance of fluorescences of 10-(2-benzothia-
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zolyl)-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro- 1H,5H,1 1 H-
[1]benzopyrano[6,7,8-ij]quinolizin-11-one (CD-J) and 3-(2-
benzothiazolyl)-7-(diethylamino)coumain (CD-DA)* by I
in PMMA containing 0, 25 and 50 wt% of DMP. With the
content of DMP increased from 0 to 50 wt% in PMMA, the
quenching distance indicated same tendency of the increase

Table 1. Sensitivity of KCD-J and KCD-DA/I System®

Monomer concentration Sensitivity/mJ cm ™2
wit%"® KCD-J KCD-DA
40 0.41 0.66
60 0.32 0.55
80 0.23 0.46
100 -0.17 0.20

a) Concentration of both KCD-J and KCD-DA 0.03 moldm—3
and 1 0.06 mol dm—3, respectively. b) wt% of monomer against
total solid.
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from 15.0 and 10.9 A for CD-J and CD-DA in PMMA, to 18.8
and 14.8 A in PMMA containing 50 wt% of DMP (Fig. 10).

Finally, we conclude that the static sensitization from the
fluorescent excited state ICT of KCD-J and KCD-DA to
I is the predominant process of the photoinitiation system
in a PMMA film containing DMP as a plasticizer; and the
fluorescence quenching distance increased to 1.5 times of the
distance in a PMMA film by incorporated DMP.
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