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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- L H,5H,11H-[1]benzopyrano[6,7,8-ij]lquinolizin- 1 1-one] (KCD-J), 3,3’-carbonyldis[7-
(diethylamino)-2H-1-benzopyran-2-one] (KCD-DA)) with 2,2’-bis(2-chlorophenyl)-4,4’,5,5'-tetraphenyl-1,1’-bi-1 H-imi-
dazole (BI) in a poly(methyl methacrylate) (PMMA) film have been investigated by laser-flash photolysis using a total-
reflection cell. The triplet decay time of the dyes in a PMMA film was quenched by BI with a kgs of 1.3 and 0.60x 10°
moldm™>s™! for KCD-J and KCD-DA. The fluorescence and initial absorption for KCD-DA were not quenched by BI
in a PMMA film. The fluorescence was quenched at a quenching distance of 10.0 A, and the initial triplet absorption was

not quenched for KCD-J in a PMMA film.

These results show that a nonstatic sensitization from the triplet to BI is the predominant process in a photoinitiation
system containing KCD-DA, and that both static sensitization from the singlet excited state to BI and nonstatic sensitization
from the triplet to BI exist in a photoinitiation system containing KCD-J.

Dye-sensitization mechanisms for photopolymer coating
layers have been investigated by laser-flash photolysis using
a total-reflection cell. In this paper we describe the photo-
physical behavior of photosensitization systems composed
of ketocoumarin dyes, 10,10'-carbonylbis[1,1,7,7-tetrameth-
y1-2,3,6,7-tetrahydro-1H,5H, 11H-[1]benzopyrano[6,7,8-ij]-
quinolizin-11-one] (KCD-J), 3,3'-carbonyldis[7-(diethylami-
no)-2H-1-benzopyran-2-one] (KCD-DA) with a radical-gen-
erating reagent, 2,2’-bis(2-chlorophenyl)-4,4’,5,5'-tetraphen-
yl-1,1’-bi-1H-imidazole (BI) in a poly(methyl methacrylate)
(PMMA) film.

The combination of the dyes with BI affords high-speed
photoinitiators for a visible laser photopolymerization sys-
tem that can be used in laser imaging systems.

Though it is difficult to discuss the sensitization systems
in polymer films based on the data obtained from laser-flash
photolysis in solution, because of the different mobilities of
substances between solution and a polymer matrix, a laser
analysis of the photopolymer layer, which contained pho-
toinitiators having the same content as that of commercial
products, could provide direct information about photo ex-
cited dyes.” Carbonylbiscoumarins are efficient triplet sen-
sitizer dyes in solution systems.? We previously reported
that they undergo predominant static singlet sensitization®
and minor nonstatic triplet sensitization®™  against
3,3/ 4. 4'-tetrakis(¢-butyldioxycarbonyl)benzophenone (BTTB)
as a radical-generating reagent in a PMMA film,*® as well as

static singlet and static triplet sensitization against 2,4,6-tris-
(trichloromethyl)-1,3,5-triazine (TRI) as a radical-generating
reagent in a PMMA film.!®

As for the photo sensitized dissociation mechanism of BI
in solution systems, A. D. Liu, etc. reported a predominant
electron transfer from the excited singlet state of the sensi-
tizer dyes to the ground state of BI, and a minor reaction
between the excited triplet state of the sensitizer dyes and
BLY

Experimental

The dyes KCD-J and KCD-DA were purchased from Nihon
Kanko Shikiso Corporation. BI was prepared according to the
reported precedure.”

The absorption spectra of the dyes were recorded by a UV-vis-
ible absorption spectrometer (Hitachi Spectrometer U-3000). The
total-reflection cell used in laser-flash photolysis experiments is
shown in Fig. 1; details concerning the apparatus are described
elsewhere.” The cyclohexanone solutions containing 10 wt% of
PMMA, 0.07—0.10 mol dm~3of the dyes, and 0—0.21 mol dm™3
of Bl were coated to 1.0 um thickness on a sapphire cell (10 x30 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 directed
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
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Fig. 1. Laser flash photolysis in film.

nm, 10 mJ per pulse and 3 mJ cm™2) 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 that 3 wt% of the decomposition of the dyes and BI; 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 photoexcited in the film
due to their low absorbance, 0.01-—0.06 on 355 nm. The fluores-
cence spectra in solution and in films were recorded by laser-flash
photolysis using a SMA system.

The photosensitivity of the photoinitiation systems was deter-
mined by static argon-ion laser (Spectra-Physics Model 2016, 488
nm) exposure. The sensitive layer, which was prepared by coating
a cyclohexanone solution of the photosensitive composition onto a
grained aluminum plate and dried at 80 °C to produce a 1 pm thick
film, followed by applying polyvinyl alcohol of 1 pm as an oxygen
gas barrier layer, was exposed to a laser beam spot by varying the
exposure time at constant laser power. The incident energy required
to insolubilize a spot size of the layer equal to the beam diameter
was defined as the sensitivity.

Results and Discussion

The absorption and the fluorescence spectra of KCD-J and
KCD-DA were previously reported in earlier investigations,”
it was suggested that the fluorescence comes from an in-
tramolecular charge-transfer (ICT) state of the coumarins
with a nontwisted 7-dialkylamino group followed by un-

dergoing an intersystem crossing to a triplet, or by under-
going a nonemissive intramolecular charge transfer with a
twisted 7-dialkylamino group, a twisted intramolecular trans-
fer (TICT), as reported by G. Jones II, etc.”>™

Regarding experiments with laser-flash photolysis on a
PMMA film, Fig. 2 shows the transient absorption at-
tributable to a triplet for KCD-J and KCD-DA, as reported
in our previous report.” Figures 3 and 4 show the decay of
the triplet at 600 nm in both the absence and presence of BI
for KCD-DA and KCD-J.*? In the absence of BI the triplet
reduced with 11.6 and 10.9 ps of decay time, returning back
to the base line. In the presence of BI, the triplet attenuated
with a decay time shorter than 11.6 and 10.9 ps, and did not
return to the base line due to the growth of broad transient
absorption, which was an unknown transient product with a
long decay time of more that 100 ps for 550—600 nm; the
initial transient absorption spectrum in the presence of BI
was similar to that of the triplet absorption of the dyes, and
after 50 us most of the features assigned to triplet of the dyes
disappeared.

Figure 5 shows Perrin plots of the fluorescence versus the
concentration BI ((a) in Fig. 5), plots of the initial triplet
absorbance ((b) in Fig. 5), and plots of the riplet decay
time (7) ((c) in Fig. 5) for KCD-DA and KCD-J. When
the concentration of BI increased from 0 to 0.2 mol dm—3,
the fluorescence and initial intensity of the triplet absorp-



T. Urano et al.

o
3
v
-]
<
T T L ~T
500 525 550 575 600 625
Wavelength / nm
Fig. 2. Triplet—triplet absorption spectra for KCD-J (-O-)

and KCD-DA (-A-) on 355 nm laser excitation in
PMMA film.?a) Substrate concentration 0.12 mol dm™>
(absorbance on 355 nm was 0.1).
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Fig. 3. Quenching of KCD-DA triplet by BI in PMMA film

at 600 nm.

tion for KCD-DA were not quenched. The fluorescence
for KCD-J was statically quenched at the quenching dis-
tance (10.0 A) obtained from the slope of the Perrin plots
((a) in Fig. 5); also, the initial triplet absorption for KCD-J

Bull. Chem. Soc. Jpn., 70, No. 7 (1997) 1661

§ [KCD-DA] 0.099mol dm3
3
[
2
=
[KCD-DA] 0.099mol dm-3
g + [BI] 0.072mol dm-3
2
2
,g 10us
3 [KCD-DA] 0.099mol dm-3
£ +[BI] 0.19mol dm-3
L
Tt
3 &
.g =} 10us
<>

Fig. 4. Quenching of KCD-J triplet by BI in PMMA film at
600 nm.

reduced with almost the same degree of fluorescence, imply-
ing nonstatic triplet quenching, because the triplet came from
the fluorescent singlet excited state. The decay time of the
triplet state was quenched at kgs of 1.3x10° and 0.60x10°
moldm~3 s~! for KCD-J and KCD-DA, which were obtained
from Stern—Volmer plots of the reciprocal of the decay time
as a function of the BI concentration ((c) in Fig. 5); the decay
time of the triplet in the presence of BI was determined by
curve-fitting the decaying transient absorption using Eq. 3 in
Fig. 6;% the first term in Eq. 3 shows the decay of the triplet
Eq. 1 in Fig. 6; the second term shows the growth of the
unknown transient product (Eq. 2 in Fig. 6).

In the sensitization mechanism of the dyes, the lower
triplet energy of Et (2.12% and 2.19% ¢V mol~!) for KCD-
J and KCD-DA than that of BI (2.32% eV mol~!) implies an
unfeasible energy transfer from the triplet state of the dyes to
BI. The oxidation potential (Egx) of KCD-J and KCD-DA
(0.81” and 1.03" V (vs. SCE)) and the reduction potential
of BI (Erq of —1.35°® V (vs. SCE)) corresponding to the
free-energy change for electron transfer'® (AG;; —0.542 and
—0.426 eV mol~! from singlet excited KCD-J and KCD-DA,
and AG;: —0.091 and 0.056 eV mol~! from triplet KCD-
J and KCD-DA to BI) suggest a feasible electron-transfer
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Fig. 5. Fluorescence quenching of KCD-J (-O-) and KCD-
DA (-A-) by BI in PMMA film at 600 nm (a), plot of
initial triplet absorbance of KCD-J (-O-) and KCD-DA
(=A-) versus concentration of BI in PMMA film (b), plot
of triplet decay time (7) of KCD-J (-O-) and KCD-DA
(=A-) versus concentration of BI in PMMA film (c).
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Fig. 6. Curve fitting of trandient absorption decay using
decaying triplet (I) and growing absorption (P).”

quenching process.

The above result of the predominant-nonstatic-triplet
quenching process from KCD-DA to BI was contract to that
of quenching by BTTB (Ereq, —1.18'Y V (vs. SCE)) and by
TRI (Ereq, —0.94™ V (vs. SCE)) in earlier investigations.?
The excited singlet and triplet of the dyes were statically
quenched by TRI; the excited singlet state was statically
quenched and the triplet state was nonstatically quenched by
BTTB.

The free-energy change (AG) of the quenching process
by BI exhibited less exothermicity than that of quenching by
BTTB: AG;, —0.582 and —0.466 eV mol™!; AGt, —0.084
and 0.016 eV mol~! for KCD-J and KCD-DA. By TRI: AG,
—0.823 and —0.706 eVmol~!; AGr, —0.370 and —0.224
eV mol~! for KCD-J and KCD-DA.

The fluorescence decay for the dyes was not observed due
to the short decay time of the excited singlet state.'? The
above sensitization processes with the free-energy change
for electron transfer (AG) are summarized in Table 1.

Taking into consideration the free-energy change (AG) in
Table 1, the difference in the quenching process between the
quenchers was considered to be as follows: When the free
energy change (AG) increased from —0.71t00.19 eV mol !,
the static singlet and static triplet quenching process, which
was a highly exothermic process and independent of the
lifetime of the excited state, was suppressed. Also the non-
static triplet quenching process, which was a low-exother-
mic process and dependent upon the lifetime of the excited
state, became predominant. It can be seen that there was a
threshold of AG (—0.22— —0.30 eV mol—! s—1) between the
static quenching process and the nonstatic process.®” As for
the sensitivity, that which was provided by the triplet-sensi-
tized-photoinitiator system containing KCD-DA and BI (0.63
mJ cm~2 at 488 nm) was of interest because of the contrast to
the photoinitiator system forblue light laser containing sensi-
tizer dye (2,5-bis[(2,3,6,7-tetrahydro-1H, SH-benzo[ij] quino-
lizine- 1-yl)methylene]cyclopentanone (JAW)®) and BI, as
reported by A. D. Liu. etc. In this case the singlet sensitiza-
tion was predominant and triplet, minor due to an efficient
recombination of imidazole radical to BI. The higher sensi-
tivity (0.56 mJ cm~2) for a photoinitiator system containing
KCD-J, compared to that for KCD-DA, was considered to
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Table 1. Sensitization Process from the Coumarin Dyes to a Radical-Generating Reagent

RGR  Era/V (vs. SCE)® Dyes AG/eV mol™!® Static quenching distance (R) / A Nonstatic quenching rate (kq)/ 10° M~ 1s7!
AGs Singlet process
TRI —-0.94 KCD-DA —0.71 10.0 F
BTTB —1.18 KCD-J —0.58 8.1 F
KCD-DA —0.46 8.5 F
BI —-1.35 KCD-J —-0.41 9.9 F
KCD-DA —0.30 F F
AGr Triplet process
TRI —0.94 KCD-DA —-0.22 12.0 F
BTTB —1.18 KCD-J -0.084 F 1.05
KCD-DA 0.016 F 5.53
BI —1.35 KCD-J 0.039 F 1.28
KCD-DA 0.19 F 0.60

a) Reduction potential of RGR, Er4. b) Free energy change for electron transfer from excited singlet dye and from triplet dye to BI, AGs and

AGr. c¢) F means not quenching.

be attributed to more efficient sensitization through both the
photoexcited singlet and the triplet process for KCD-J.

Finally, we conclude that nonstatic sensitization from the
triplet state of KCD-DA to Bl is the predominant process, and
that both static sensitization from the singlet-excited state of
KCD-J to BI and nonstatic sensitization from the triplet of
KCD-J to BI are the main processes in the photoinitiation
system in a PMMA film.
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