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Abstract

The effects of sensitizers and substituent groups on the rate of sensitized photodecompdsitibernflglycine (NPG) were investigated
under irradiation using light of 366 nm. It was found that pyrene was the most effective polycyclic aromatic hydrocarbon as a sensitizer
for the NPG photodecomposition. Introduction of an electron-donating group into the aromatic ring of NPG resulted in the enhancement
of the pyrene-sensitized photodecomposition rate. Especially, the photodecompositiorNg&4timethylphenyl)glycine was larger
than that of parent NPG by a factor of 4.6. The results were discussed on the basis of the free-energy change for the electron transfer from
NPG or its derivatives to the excited sensitizer. Furthermore, the pyrene-sensitized photodecomposition of NPGs could be utilized for a
photoinitiator for free radical polymerization of acrylate monomers. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction In contrast to these researches from a practical standpoint,
there are few studies on the detailed mechanism of the sen-
It is known that the photodecomposition dEphenyl- sitized photodecomposition of NPGs. Recently, we reported

glycine, PANHCHCO;H, and its derivatives (NPGs) can be on our mechanistic studies of the pyrene-sensitized photode-
sensitized by aromatic nitro compounds [1], quinones [2], composition of NPG, in which the reaction scheme involv-
polycyclic aromatic hydrocarbons [3] and dyes [4]. Since ing a single electron transfer from NPG to singlet excited
the photodecomposition of NPGs gives free radicals, they pyrene through an exciplex formation and the intervention
have been extensively studied from the standpoint of prac- of anilinomethyl radical, PhANHC}!, as a reactive interme-
tical applications as initiators in photopolymerization for diate was established [S]. An enhancement of the efficiency
microlithography, reprography, dental restorative materials, of the NPG photodecomposition is important for a design of
etc. In these studies, it has been suggested that a singlé new photoinitiating system based on polycyclic aromatic
electron transfer from NPGs to the excited sensitizer is in- hydrocarbons and NPGs, which is expected to initiate pho-
volved in their photodecomposition processes. Paczkowskitopolymerization by a weak UV light. In order to search the
et al. [4g—4j] reported the dependence of the rate of polymer- more efficient NPG photodecomposition system, we have
ization of an acrylate monomer on the free-energy changedecided to optimize a sensitizer and a free radical precur-
for the electron transfer from NPGs to the excited sensi- sor in the polycyclic aromatic hydrocarbon-sensitized NPG
tizer in various photoinitiating systems composed of dyes photodecomposition systems. In this paper, we report the
and NPGs. They demonstrated that the polymerization rateeffects of sensitizers and substituent groups on the photode-
was controlled not only by the rate of photoinduced electron composition rate of NPGs, and discuss the results based on
transfer, but also by the reactivity of free radicals formed as the free-energy change for the electron transfer from NPGs
a result of the electron transfer. to the excited sensitizer. Furthermore, we also report that
our NPGs photodecomposition systems can be practically

* Corresponding author. Tek:81-3-5454-6596; fax:-81-3-5454-6998.  applied to photoinitiators for free radical polymerization of
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2. Experimental s), 3.94 (2H, s), 6.41 (1H, dJ = 8.0Hz), 6.47 (1H,
s), 6.97 (1H, d,J = 8.0Hz)ppm;13C NMR (CDCk) &
18.7, 20.0, 46.6, 110.9, 115.3, 127.1, 130.4, 137.5, 144.6,
175.0 ppm. N-(3,5-Dimethylphenyl)glycine: light violet
14 and 13C NMR spectra were recorded on a JEOL granules; m.p. 91-9%; *H NMR (CDCl) & 2.25 (6H,
JNM-A500 spectrometer at 500 and 125 MHz, respectively. S), 3.96 (2H, s), 6.28 (2H, s), 6.47 (1H, s) pphC NMR
UV-Vis spectra were obtained with a JASCO V-560 spec- (CDCl3) 6 21.4,46.2,111.5,121.2,139.1, 146.3, 175.8 ppm.
trophotometer. Fluorescence spectra were recorded on d\-(2,4,6-Trimethylphenyl)glycine: viscous oifH NMR
JASCO FP-777 spectrofluorometer. (CDCl3) 6 2.23 (3H, s), 2.32 (6H, s), 3.81 (2H, ), 6.84 (2H,
s)ppm. N-(2,4-Dimethylphenyl)glycine (NDMPG) was
synthesized as follows: to a solution of 2,4-dimethylaniline
(60 mmol) and bromoacetic acid (50 mmol) in water (ca.
N-Phenylglycine was purchased from Tokyo Kasei 30cn?) was added sodium acetate trihydrate (80 mmol).
Kogyo, and was recrystallized twice from water before use. The mixture was heated at 100 for 24 h with stirring.
Pyrene, 9-phenylanthracene (9-PA), 9,10-diphenylanthracenéfter cooling, water (ca. 30 c) was added to the reaction
(9,10-DPA), 9-cyanoanthracene (9-CA), 9,10-dicyanoan- mixture. The pH of the mixture was adjusted to pH 8 with
thracene (9,10-DCA) and xanthone (XTN) were purified sodium carbonate. After extraction with chloroform, the pH
by recrystallization from ethanol prior to use. Perylene of the aqueous layer was adjusted to pH 5 with hydrochlo-
was recrystallized from toluene. Benzophenone was re-ric acid. The deposited organic material was collected by
crystallized from ethanol-water (3:1). Acetonitrile was filtration and dried under reduced pressure to give the NPG
refluxed with, and distilled from CaH prior to use. derivative in 14% yield as ivory granules: m.p. 144—-2&7
The acrylate monomers, isooctyl acrylate (IOA) and H NMR (CDCl) § 2.20 (3H, s), 2.24 (3H, s), 3.98 (2H,
2-(2-phenoxyethoxy)ethylacrylate (2,2-PEEA), were re- s), 6.44 (1H, d,J = 7.5Hz), 6.92-6.96 (2H, m)ppm;
ceived from Nippon Kayaku and Toagosei, respectively. 13C NMR (CDCk) § 17.3, 20.3, 46.2, 122.9, 127.8,
The NPGs having substituent groups at gaposition and 131.3, 142.3, 175.7 ppniN-Phenylalanine was synthesized
N-methylN-phenylglycine were synthesized according to as follows: a solution of aniline (100 mmol) and ethyl
the procedure reported in the literature [6,7]. Almost all 2-bromopropionate (50 mmol) in acetonitrile (1009mas
NPGs having methyl groups were prepared in the stan-refluxed for 8 h with stirring. Water (100 cthwas added to
dard procedure from the corresponding anilines and ethyl the reaction mixture, and the organic material was extracted
bromoacetate. In a typical run, to a solution of the aniline with dichloromethane. The extract was dried over sodium
(60mmol) and ethyl bromoacetate (60 mmol) in ethanol sulfate, and the solvent was evaporated. To the residue was
(6cnP®) was added sodium acetate trihydrate (90 mmol). added 10% of hydrochloric acid (170 énand the reaction
The mixture was refluxed for 24h with stirring. Water mixture was refluxed for 3 h. The mixture was concentrated
(20 cn?) was added, and the organic material was extracted under reduced pressure, and azeotropic distillation with
with ether. The solvent was evaporated under reducedbenzene was performed. The precipitate was filtered and
pressure. To the residue was added 20% of hydrochlo-added to water (140 cth The mixture was extracted with
ric acid (180cmd), and the reaction mixture was heated chloroform, and the extract was dried over sodium sulfate.
at 100°C for 4 h. After evaporation of the solvent, water The solvent was evaporated to give the crude product (18%),
(40cn?) was added, and the mixture was extracted with which was purified by recrystallization from water—ethanol
chloroform. After the pH of the agueous phase was ad- (5:1): yellow granules; m.p. 163-16&; 1H NMR (CDCk)
justed to pH 4-5 with sodium carbonate, the deposited § 1.55 (3H, d,J = 7.0Hz), 4.11 (1H, q/ = 7.0Hz), 6.65
organic material was extracted with chloroform. The sol- (2H, d,J = 9.0Hz), 6.81 (1H, tJ = 7.0Hz), 7.21 (2H, t,
vent was evaporated to give the NPGs in ca. 10% vyield. J = 7.5Hz) ppm.
The identity and purity of the material were established by

2.1. General methods

2.2. Materials

IH and 3C NMR spectrum.N-(2-Methylphenyl)glycine:
light purple granules; m.p. 148-15Q; 1H NMR (CDCls)
8§ 2.22 (3H, s), 4.03 (2H, s), 6.52 (1H, d, = 8.0Hz),
6.76 (1H, t,J = 7.5Hz), 7.10 (1H, dJ = 7.0Hz), 7.16
(1H, d, J 7.5Hz) ppm; 13C NMR (CDChk) § 17.3,

2.3. Irradiations for analytical experiments

A solution of NPG or its derivative (5x 10~2 mol dnm3,
2cn?) in acetonitrile containing a sensitizer .Q5x
10~*moldm3) was placed in a Pyrex tube, and purged

45.7, 110.1, 118.4, 122.7, 127.2, 130.4, 144.6, 175.2 ppm.with argon for 15 min. The tube was sealed with a septum

N-(3-Methylphenyl)glycine: viscous oitH NMR (CDCls)

8 2.28 (3H, s), 3.94 (2H, s), 6.46 (2H, d, = 8.5Hz),
6.63 (1H, d,J = 7.0Hz), 7.06 (1H, t,J = 7.5Hz) ppm;
13C NMR (CDCk) & 21.6, 46.0, 114.1, 119.8, 129.3,
139.3, 146.6, 175.5 ppmN-(3,4-Dimethylphenyl)glycine:
viscous oil;'H NMR (CDClg) § 2.16 (3H, s), 2.20 (3H,

rubber cap, placed in a merry-go-round apparatus, and irra-
diated with a 400 W high-pressure mercury lamp through
a band pass filter (358 25nm) at room temperature.
The distance between the lamp and the sample tube was
7.5cm. The photolysis was stopped at an early stage of the
reaction, when the conversion of the NPG was 20-50%.
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After evaporation of the solvent, the consumption of the monomer was converted quantitatively into the polymer un-
NPG was determined by the integration of the characteristic der the conditions of our polymerization experiments.
peak of thetH NMR spectrum in the crude reaction mix-
ture. The relative rates of the photodecomposition of the 2.7. Calculations
NPG,v{jee'C, were evaluated by the consumption of the NPG.

The semiempirical molecular orbital calculations were

2.4. Fluorescence quenching studies carried out by the WinMOPAC (ver. 3.0) program package
_ N _ _ provided by Fujitsu. The geometry optimizations, as well as
Solutions of sensitizer (@ x 10~° mol dm3) in acetoni- calculations of the heat of formation, were performed at the

trile containing various amounts of quenchers were placed in PM3 level of theory.

10 mm quartz tubes. Fluorescence spectra were measured at

room temperature under air on excitation at 340 nm. Relative

fluorescence intensitieso(l) were determined by measur- 3. Results and discussion

ing the peak of heights for the maxima. The rate constants

for pyrene fluorescence quenching by NPgks, shown in 3.1. Photodecomposition of NPG sensitized by

Tables 2 and 3 were calculated from the observed Stern—polycyclic aromatic hydrocarbons

Volmer constantsKsy = yketo, and the life time of sin-

glet excited pyrene under our conditiong, The life time As reported previously, irradiation (366 nm) of a degassed
was estimated to be 11.4 ns by employing the obselkeed solution of NPG (15 x 102 mol dm23) in acetonitrile con-
for quenching by terephthalonitrile and its quenching rate taining 1% of water in the presence of pyrene (PQ) %

constant reported in the literature [8]. 10~*mol dm3) resulted in a rapid consumption of NPG
[5b]. The concentration of NPG was decreased linearly with
2.5. Cyclic voltammetric measurements irradiation time until at least 50% of the starting material

was consumed. Under our typical irradiation conditions, the

Cyclic voltammetric measurements were made in acetoni- initial rate of pyrene-sensitized photodecomposition of NPG
trile solution (103 moldm~3) with a platinum electrode,  was evaluated to b&jedPy) = 2.1x 10~*mol dm 3 min—1.

tetrabutylammonium perchlorate as a supporting electrolyte However, when we compared the rate of NPG photodecom-
and a silver/silver chloride reference electrode. The scanposition sensitized by a sensitizer other thamnigyy(S), with
rate was 0.2 Vsl. All NPGs examined in this study gave vgedPY), a relative rate defined ag"g'cz vdedS) /vded PY),

an irreversible voltammogram so that the potential of the which could be directly obtained as a reproducible value by

first oxidation peak was employed as an oxidation potential using a merry-go-round apparatus, sufficed for the discus-

(Eox)- sion. Thus, we determined the rates of NPG photodecom-
position sensitized by various sensitizers relative to that by
2.6. Polymerization experiments pyrene under the identical irradiation conditions.

As polycyclic aromatic hydrocarbon sensitizers having

To an acetonitrile or a methanol solution (3 ml) of pyrene a molar extinction coefficient at 366 nm larger than that
(1.0 x 10~*moldm3) and NPG or its derivatives (@ x of Py, we examined perylene (Pe), 9-PA and 9,10-DPA.
10-3moldm3) was added a monomer (1.4 mol dénfor Since a high reduction potential could be expected to en-
IOA, 1.2 mol dnt 23 for 2,2-PEEA). The solution was placed hance a photoinduced electron transfer process, 9-CA and
in a Pyrex tube, purged with argon for 20 min and sealed 9,10-DCA were also examined as sensitizers. Furthermore,
with a septum rubber cap. The solution was irradiated for in order to compare the efficiency of polycyclic aromatic
10 min with a 400 W high-pressure mercury lamp through hydrocarbons in the sensitized photodecomposition of NPG
a band pass filter (358 25nm) in a merry-go-round appa-  with that of triplet sensitizers, we employed benzophenone
ratus at room temperature. After the irradiation, methanol (BP) and XTN as sensitizers. The relative rates of NPG
(4 ml) was added to the reaction mixture. The mixture was photodecomposition determined by using these sensitiz-
irradiated with ultrasonic waves for 3 min, and washed three ers, va%'c, are collected in Table 1, along with their molar
times with methanol by decantation to remove the unreactedextinction coefficients at 366 nmedgsnm). In contrast to
monomer. After dried by air, the precipitated polymer was our expectation, all sensitizers employed reduced the NPG
heated at 100C for 1 h, and further at 120C for 1 h. The photodecomposition rate, compared with that determined
conversion of the monomer into the corresponding polymer by using Py as a sensitizer.
was determined by the weight of the polymer. The monomer In the previous paper, we proposed the mechanism of
conversion obtained by this procedure was in agreementpyrene-sensitized photodecomposition of NPG involving
with that determined by the consumption of the monomer, an electron transfer from NPG to singlet excited Py*{Py
which was directly determined by the integratiotBfNMR through an emissive exciplex formation, followed by the
spectrum in the reaction mixture obtained after the removal cleavage of NPG radical cation (NP6 to give PANHCH*®
of the precipitated polymer. Thus, it is confirmed that the [5b]. One of the strong pieces of evidence in support of the
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Table 1
Relative rates of photodecomposition of NPG sensitized by various sensitizer and quenching of their fluorescence by NPG in Acetonitrile
Sensitizer véeelca £366nm Eredb E*¢ Ks\/d Aext | Fg)\l/f PQrE|g
(mol~tdmPcm1) (V vs SCE) (kcal mol1) (mol~1dmd) (nm)
Py 1.0 210 —2.09 76.7 60.0 454 1.0 1.0
Pe 0.52 4300 —1.67 65.2 45.8 526 4.0 0.13
9-CA 0.46 7200 —1.58 68.6 129 - 6.5 0.070
9,10-DCA 0.48 5100 —0.98 66.9 290 - 8.0 0.059
9-PA 0.73 9800 —1.86 72.6 64.6 494 4.8 0.15
9,10-DPA 0.35 9500 -1.94 72.9 55.7 511 45 0.077
BP 0.58 53 —1.83 69.1 - - - -
XTN 0.75 10 -1.77 74.1 - - - -

aRelative rate of sensitized photodecomposition of NPG; [NRA]5 x 10-2 mol dm3; [sensitizer]= 5.0 x 10~* mol dni3,

b Reduction potential of sensitizer [8].

¢ Excited-state energy of sensitizer [8].

4 K sy = yketo; Stern—Volmer constant for quenching of sensitizer fluorescence by NPG in aerated solution ([sersitifer] 10~° mol dr3).
€ Fluorescence maximum of exciplex.

f Calculated fromssgsnm and Ksy; see text.

9 Calculated fromv/g, and IFE); see text.

mechanism is the fact that the electron transfer from NPG to 0 @
Py* is an energetically favorable process. The free-energy
change for the electron transfer from NPG to the excited
sensitizer employed in this study can be calculated by the 0.1 -
Rehm—-Weller equation (Eq. (1)) [9]: P o

AGet(kcal molt)
= 23.06(Eox(NPG) — Ered(S) — E*(S) —w Q)

-0.2 1

-0.3 - ‘

rel

108 Vgec

In this equationEeq(S) andE*(S) stand for the reduction
potential and the excited-state energy of the sensitizer, re-
spectively, both of which are collected in Table 1. Moreover,
Eox(NPG) andw indicate the oxidation potential of NPG
(+0.99V vs SCE) and the Coulomb term, which is assumed
to be 1kcalmot?l, respectively. According to the calcula- o
tion, the electron transfer from NPG to the excited sensitizer
is found to be exothermic with-AGet > 5 kcal mot?! for

all sensitizers employed in this study. On the basis of this
calculation, it can be assumed that the NPG photodecompo-
sition caused by the sensitizers other than Py.|s also ml,tl_atedFig. 1. Dependence of logarithm of the relative rate of NPG photodecom-
by the electron transfer from NPG to the excited sensitizer. position sensitized by various sensitizers, w@ on the exothermicity
However, as illustrated in Fig. 1, no simple relationship is of the electron transfer from NPG to the excited sensitizekGet.

found between logarithm oi{fe'c and the exothermicity of

the photoinduced electron transfer proces\Gei). This Assuming that the mechanism proposed for the pyrene-
observation implies that the exothermicity of the initial elec- sensitized photodecomposition of NPG [5b] can be applied
tron transfer process is not the sole factor controlling the in the case of the other sensitizers, the NPG photodecom-

"0.5 T T T T
0 5 10 15 20 25

-AGg / keal mol™

NPG photodecomposition rate. position mechanism can be depicted by Scheme 1. In the
NPG
T ke [NPG]
I © ks kq
- PhNHCH; -
S — St T S "NPG)* — S p——

P ( ) T NPG +H" + CO,
-e -

1 %" l Ko l ke 1S 1s

S S + NPG NPG

Scheme 1.
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schemeke shows the rate of quenching of excited sensitizer 0
by NPG to form an exciplex, which could be regarded as a

contact radical ion pair, arkl ¢ exhibits the rate of return of

the exciplex to the excited sensitizer and NPG. Moreder, -0.1 - [
andky indicate the rate of dissociation of the exciplex into
free radical ions and the decomposition rate of NPGe-
spectively. The rates of charge recombination in the exciplex -0.2
and the free radical ions are depictedigy andky», respec-
tively. Moreover, the NPG photodecomposition ratgef
is given by Eq. (2) by using a steady-state approximation -0.3 - Y

|°g Fsv

Udec = kd[NPG.+]s = IFsyPQ 2)
-0.4 1 ®

In this equation| is the number of photons absorbed by

the sensitizer, which can be representeddiy — 10-¢(51),

wherelg and e exhibit the number of photons radiated by -05 . . . .

the lamp and a molar absorption coefficient at 366 nm of the 0 5 10 15 20 25

sensitizer, respectively. Under our irradiation conditions, the ~AG,,/ keal mol”

concentration of the sensitizer ([S]) and the cell lendjh ( €

are defined as.B x 10~*moldn2 and 1 cm, respectively.  Fig. 2. Dependence of logarithm of the quenching factor for the NPG

Furthermore Fsy, which is depicted byK sy[NPG]/(1 + photodecomposition sensitized by various sensitizersFégg on the
K sv[NPG]), represents the efficiency of the quenching of exothermicity of the electron transfer from NPG to the excited sensitizer,
the sensitizer excited state by NPG. The va{igg, which is ~AGet

equal toy ke, is a Stern—Volmer constant for the quenching

process, in whicly stands folkn1 +ks),/ (kni-+ks+k-e). The factor in Eq. (2). The relativeQ values, which are evaluated

factorP, which is equal tés/ (ks+kp1), sShows the efficiency re|(/|Fge\|/, are collected in the last row of Table 1.

for the exciplex to dissociate into the free radical ions, while bygi%ece fow experimental data on the absolute rate constants
the factorQ, which is equal tkq/ (kg + kp2[S®~]s), sShows P

the efficiency for NP&* to decompose in competition with involved in the factor$ andQ are available, it is difficult to
a charge recombination with a sensitizer radical anionjS give a strict explanation for the ineffectiveness of the sensi-

In order to gain information about the quenching factor tizers having a largiFsy value such as 9,10-DCA. However,

.. . . . we should point out the following two factors controlling the
Fsv of the sensitizers employed in this study, quenching : I L
e . PQ values of various sensitizers. The first is a charge recom-
of the sensitizer fluorescence by NPG was examined. The

Sten-elmerconstat) btained ae summarized in 2207 28 consiant i e coniactradeal i PAAX
Table 1. Analogously to the case of Py [5b], the formation P g P

o . " leads to a decrease in tRevalue, which causes a decrease
of an emissive exciplex was observed by the addition of .

NPG to the solution of Pe. 9-PA and 9 10-DPA. The flu- M the NPG photodecomposition rate. It has been reported
orescence maximum of thé exciplexe) ié also cc;llected that the dependence of the charge recombination rate in the
in Table 1. The quenching factGer of the sensitizer can contact radical ion pair on the exothermicity of the process

be calculated by usingsy under our irradiation conditions fShOWS the “Marcus '”V‘?”e‘?' region .-I|ke Kinetic .behawor,
(INPG] = 1.5 x 10-2mol dm3). Fig. 2 displays the rela- i.e., the charge recombination rate increases with decreas-

tionship between the logarithm &y and the exothermic- ing the exothermicity [10]. The free-energy change for the

ity of the photoinduced electron transfer proces\Gey). cha}rge recombination petween NP@”O' S™ (AGoed Is
: . estimated by the following equation:
The good correlation between them supports the assumption

that the quenching of the sensitizer excited state by NPG A Gpeq(kcal molt) = 23.06( Ered(S) — Eox(NPG)+w  (3)
proceeds by the electron transfer mechanism.

As mentioned above, the absorption factrif Eq. (2) The relationship between logarithm@®"' and the exother-
can be estimated by usirgss nm Of the sensitizer. Thus, the  micity of the charge recombination processAGpey) is
IFsy value for each sensitizer relative to that for Py can be displayed in Fig. 3. It should be pointed out that there is
calculated, which is also given in Table 1. Th&y values a tendency for thé®Q values to decrease with a decrease
for the sensitizers other than Py are larger than that for Py byin —AGpet. This finding indicates the possibility that the
a factor of 4-8, indicating that Py has a great disadvantagerate of the charge recombination in the contact radical ion
in the processes of light absorption and quenching of the pair plays an important role in controlling the rate of sensi-
excited state by NPG. Therefore, it can be concluded that thetized photodecomposition of NPG. Thus, one possible rea-
ineffectiveness of the sensitizers other than Py for the NPG son for the remarkable effectiveness of Py as a sensitizer for
photodecomposition is attributed to the extremely sriR@ll the NPG photodecomposition is a retardation in the charge
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0 o photodecomposition, because it is reasonable to think that
the mechanism involving a proton transfer from NPGo

the ketyl radicals BP~ and XTN'~ having a large proton
affinity participates largely in the NPG photodecomposition.
-0.4 The NPG photodecomposition, as well as the NPG-initiated
photopolymerization, sensitized by quinones [2] and dyes
[4] has been discussed on the basis of this mechanism.

In conclusion, it is found that Py is the most effective of
081 PY o the sensitizers examined in this study for the NPG photode-
composition, although the processes of light absorption and
® guenching of its excited state by NPG are much less effec-
-12 ® o tive compared with the other sensitizers. We propose that
the effectiveness of Py is mainly attributed to a retardation
in the charge recombination in the contact radical ion pair
owing to the large exothermicity of the process.

log PQ™

_16 T T T
40 50 60 70 80
-AG,,, / keal mol™ 3.2. Photodecomposition of NPG derivatives sensitized
) by pyrene

Fig. 3. Dependence of logarithm of the relati?€® factor for the NPG
photodecomposition sensitized by various sensitizersP@§, on the Next, we examined the effect of substituent groups of
e_x_othermi(_:ity of Fhe charge recombination between RP@nd the sen- NPG on the rate of sensitized photodecomposition. In order
sitizer fadical anion:—AGoe: to search the efficient NPG photodecomposition system,
Py was employed as a sensitizer by reference to the results
recombination in the contact radical ion pair, which is due described above. In order to compare the rate of photode-
to the large exothermicity of the process. composition of the NPGs having a substituent group X
The second factor controlling tiRQ values is a reactivity ~ with that of parent NPG, we determined a relative photode-
of the sensitizer radical anion {S) which depends on the  composition rate defined a,%ee'c: vdedX) /vged(H), which
electronic and steric structure ofS Anincrease inthe rate  could be obtained as described in the above section.
of disappearance of*S by reactions, such as protonation,
fragmentation, etc., leads to an decrease in the steady-stat8.2.1. Effect of the substituent group at the p-position
concentration of $ ([S*~]s), which causes an increase in In contrast to extensive investigation of the substituent
the Q value. However, this factor is unlikely to be the pre- effect of NPG on the rate of free radical polymerization of
dominant factor controlling the rate of sensitized photode- @ monomer initiated by a dye-NPG photoinitiating system
composition of NPG, because tievalue seems to be close [49-4j], few studies of the substituent effect on the rate
to unity regardless of the sensitizers. This assumption is of NPG photodecomposition, which is one of the most
based on the following evaluation: Mariano and coworkers important factors controlling the rate of free radical poly-
[6] determined the rates of unimolecular decarboxylation of merization, have been reported. The relative rates of the
the radical cation oN-methylN-phenylglycinate to be in  photodecomposition of NPGs having various substituents at
the range 18-107 s~1. Assuming that this value can be ap- the p-position (v[&)) were determined, which are collected
plied to the rate of the decomposition of NPG(ky), it is in Table 2, along with their rate constants for quenching of
reasonable to think thay > kpo[S® s is valid in all sen- Py fluorescencepke) and their oxidation potential€Efy).
sitizers even if the charge recombination between the free Unfortunately, the Py-sensitized photodecomposition rate
radical ions proceeds at the diffusion-controlled rate con- of N-(4-methoxyphenyl)glycineHy; 0.80V vs SCE) could
stant kp2 =~ 10%mol~tdm®s1), because [S ]s should not be determined, because this derivative was decomposed
be much less than 1@ mol dn3 under our irradiation con-  in the presence of Py even in the dark. Moreovéf.. of
ditions ([S] = 5 x 10~* moldm23, high-pressure mercury  N-(4-nitrophenyl)glycine Eox; 1.57 V vs SCE) could not
lamp). obtained owing to its large absorption at 366 nm. Since the
Taking very small extinction coefficients at 366 nm into  NPGs having>-CN andp-CFs groups showed an emission
account, triplet sensitizers BP and XTN are effective in initi- at 450 and 351 nm, respectively, theike's could not be
ating the NPG photodecomposition. As mentioned before, it determined.
is probable that the electron transfer from NPG to the excited ~ The plot of the logarithm obf, as well asyke, against
triplet sensitizer is involved in the NPG photodecomposi- op* is illustrated in Fig. 4. The linear relationship be-
tion process. However, the mechanism of the NPG photode-tween Iogv&%'c and op™ indicates that the Py-sensitized
composition sensitized by polycyclic aromatic hydrocarbons photodecomposition of NPGs proceeds via an ionic tran-
cannot be applied directly to the BP- and XTN-sensitized sition state, which can be stabilized by the substitution of
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Table 2 1.0 115
Relative rates of pyrene-sensitized photodecompositiop-siibstituted
NPG and quenching of pyrene fluorescence in acetonitrile
Substituent vigla ykeP Eox®
(10° mol-* dnP s) (V vs SCE) 05 1 F 1 o

CN 0.33 d 1.42 “e
CRs 0.3F - 1.31 E, -
Cl 0.80 9.5 1.10 S 00 - L 105 2
H 1.0 5.2 0.99 & ~
Et 2.0 10.1 0.92 - x
Me 2.0 11.6 0.89 Eﬂ

2Relative rate of pyrene-sensitized decompositionpegubstituted 05 1 10
NPG; [pyrenel= 5.0 x 10~* mol dm3; [NPG] = 1.5 x 10-2mol drm 3.

bRate constant for quenching of pyrene fluorescence-bybstituted
NPG. -1.0 . . . 9.5

¢ Oxidation potential ofp-substituted NPG measured in this work. -5 0 5 10 15

9 Not determined owing to the emission of thesubstituted NPG. »

en methanol. -AG / kcal mol

Fig. 5. Dependence of logarithm of the relative rate of pyrene-sensitized
. photodecomposition gi-substituted NPGs, | i'c (O), and logarithm of

an electron-donating group. On the other hand, the plot of e rate constant for quenching of pyrene fluorescence by NPGgkdog
logyke Vs op™ gives a V-shape line, suggesting that the (A), on the exothermicity of the electron transfer from NPGs to singlet
mechanism of quenching of Py fluorescence by NPGs is excited pyrene;-AGer.
dependent on the electronic property of ghasubstituent
group. This assumption is supported by the V-shape rela-
tionship between logke and a free-energy change for the 3.2.2. Effect of the position and the number of methyl
electron transfer from NPGs to singlet excited Py calculated 9roups . _ . _ _
by the equation similar to Eq. (INGey), which is displayed As shown in the preceding section, the introduction of
in Fig. 5. We propose that an energy transfer mechanismmethyl group at thep-position of NPG enhanced the effi-
participates in quenching of Py fluorescence by the NPGs ciency of the Py-sensitized photodecomposition. In order to
having an electron-withdrawing group such as Cl. The ex- Search 'Fhe NPGs having larger photoreactivity, the effect of
cellent correlation between lagf! and AGe illustrated i~ the position and the number of methyl groups on the pho-
Fig. 5 suggests that the Py-sensitized photodecompositionFOdecompos't'On rate were examined next. Nine NPGs hav-

rate of NPGs is controlled by an electron-donating ability iNg various numbers of methyl groups at various positions
of the substituent group. were synthesized, and their Py-sensitized photodecomposi-

tion rate was measured and compared with that of parent
NPG.

The relative photodecomposition rates of various
methyl-substituted NPGs, as well as their rate constants for
guenching of Py fluorescencgl) are shown in Table 3,
along with their oxidation potentialsEfy). It should be
pointed out that the efficiency of the photodecomposition is
enhanced most largely when methyl groups are introduced
into the 2- and 4-positions of the aromatic ring of NPG
(entry 5). The plots of the logarithm Q’E%Ic andy ke against
a free-energy change for the electron transfer from NPGs
to singlet excited Py AGey) are illustrated in Figs. 6 and
7, respectively. Fig. 6 displays a good correlation between
log v{,%'c and AGg, suggesting that the photodecomposition
rate of NPGs having methyl groups at the various positions
is controlled by their electron-donating ability, analogously

-10 " " ' 95 to the case of the above-mentionggubstituted NPGs. On
-1 05 0 05 1 the other hand, as shown in Fig. 7, the quenching rate con-
T stants larger than those expected from the exothermicity for
Fig. 4. Hammett plot of logarithm of the relative rate of pyrene-sensitized the electron transfer prpcess were observed in the qases of
photodecomposition gi-substituted NPGs, logg!. (O), and logarithm of N-(2-methylphenyl)glycine (entry 2) anil-phenylalanine
the rate constant for quenching of pyrene fluorescence by NPGgkiog  (entry 10). In analogy with the case of tpeCl derivative,
(A), againstop*. this observation also appears to imply the participation of an

1.0 11.5

0.5 -

- 11

- 10.5

log (yk, / mol 'dm®s™")

- 10
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Table 3
Relatives rates of pyrene-sensitized photodecomposition of methyl-substituted NPG and quenching of pyrene fluorescence in acetonitrile
R Re
5 F.*B
Ry N-CH-CO,H
Rz
Rs Re
Entry R Rs R4 Rs Rs R7 Rs vga yke (10° mol-tdmPs™1) Eox® (V vs SCE)
1 H H H H H H H 1.0 5.2 0.99
2 Me H H H H H H 0.40 10.0 1.04
3 H Me H H H H H 0.52 - 1.03
4 H H Me H H H H 2.0 11.7 0.89
5 Me H Me H H H H 4.6 14.3 0.71
6 H Me Me H H H H 2.2 4 0.86
7 H Me H Me H H H 0.74 4 0.99
8 Me H Me H Me H H 3.4 9.6 0.90
9 H H H H H Me H 1.7 6.6 0.96
10 H H H H H H Me 0.54 6.4 1.04

aRelative rate of pyrene-sensitized decomposition of methyl-substituted NPG; [pyreh8]x 10~* mol dnmi~3, [NPGs]= 1.5 x 10-2mol dm 3.
bRate constant for quenching of pyrene fluorescence by methyl-substituted NPG.
¢ Oxidation potential of methyl-substituted NPG measured in this work.
dNot determined owing to the emission of the methyl-substituted NPG.

energy transfer mechanism in quenching of Py fluorescence

by the NPGs having a relatively higEy.
3.2.3. Discussion on the effect of substituent groups

tron transfer from NPGs to singlet excited RyAGet) can

rescence by NPGs are not simply correlated with Get

(Figs. 5 and 7).

It should be noted that the Py-sensitized photodecom-
position rates ofN-(4-methylphenyl)glycine (NMPG) and
NDMPG are enhanced by a factor of 2.0 and 4.6, respec-
tively, compared with that of parent NPG, which is at-
Thus, we have found that the exothermicity for the elec- tributable to their larger- AGgy, in other words, their lower
Eox. The large—AGe; results in an increase in the rate
be used for predicting the Py-sensitized photodecomposi-constant for quenching of the excited sensitizgke] as

tion rate of NPGs having various substituent groups (Figs. 5 shown in Fig. 7. Assuming that the scheme proposed for
and 6), while the rate constants for quenching of Py fluo- the Py-sensitized photodecomposition of NPG (Scheme 1)
can be applied to the photodecomposition of these NPGs,
it is reasonable to think that an increaseyik, causes an

1.2 10.3
o
0.6 'I:; *
. [ T% ® ®
S ® 2 99
N [ ) £ 99
¥ ® R
o { . ()
0 - [ ) S
-1}
] o o
®
o
_06 T T 95 T T
4 8 12 4 8 12 16

-AG. / kcal mol”™' -AGg / keal mol™

Fig. 6. Dependence of logarithm of the relative rate of pyrene-sensitized Fig. 7. Dependence of logarithm of the rate constant for quenching of
photodecomposition of methyl-substituted NPGs,d@, on the exother- pyrene fluorescence by methyl-substituted NPGsylqg on the exother-
micity of the electron transfer from NPGs to singlet excited pyrene, micity of the electron transfer from NPGs to singlet excited pyrene,
—AGet. —AGet.
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increase in the quenching factegy, which leads to the en- Thus, the reason for the large enhancement of the pho-
hancement of the photodecomposition ratg§. However, todecomposition rate observed in 4-methyl, and further in
because th&sy’s for NMPG and NDMPG calculated from  2,4-dimethyl-substituted NPG is not completely elucidated
the observed ke's under our irradiation conditions are 1.4 at the present stage, although it can be ascribed in part to an
and 1.5 relative to that for NPG, respectively, the large pho- acceleration of quenching of the sensitizer excited state. We
todecomposition rates of these NPGs cannot be explainedpropose that a hydrogen abstraction of the free radical from

solely by the increase in the quenching rate constants. the substituent methyl group, as well as the decarboxylation
Moreover, these NPGs seem to have disadvantages conthrough a direct excitation of the NPGs, might be involved
cerning the factor® andQ. Because of their loweEqy, the in the photodecomposition process of these NPGs.

exothermicity of the charge recombination between NPGs

and Py~ (—AGpey for these NPGs is smaller than that for 33 application to the photopolymerization

parent NPG, which would result in an increase in the charge

recombination rate constant in the contact ion pi)( Finally, we examined the usefulness of the Py-sensitized

Furthermore, thriS possible that the decomposition rate con- \pGs photodecomposition system as an initiator for free
stant of NPGS" (kg) is influenced by the substituent group radical polymerization of an acrylate monomer. We

introduced intq t.he aromatic ring of NPG. .'Ifhe substituent employed 10A, CH=CHCGQO;(CH)sCH(CH3)2, and
effect on the driving force for the decomposition of NPGS_ 2,2-PEEA, CH=CHCO,(CH>),0(CHs),OPh, as a mono-
can be evaluated by an enthalpy change for the following q in our polymerization experiments, because the poly-
isodesmic reactionHs (X)). merization was readily monitored by the precipitation of
the polymer owing to the low solubility of the polymers

P-XCgHaNHCHCOpH* " + PhNHCH® of these acrylate monomers in methanol. The efficiency of
— p-XCgH4NHCH,* + PANHCHCOpH* the polymerization initiated by the Py-sensitized photode-
composition of NPGs was evaluated by the conversion of

The plot of AH;(X), which is calculated for X= CH30, the monomer into the corresponding polymer determined

CHg, Cl, CFs, and NQ using the PM3 method, agaings* after the irradiation under the definite conditions. The
is illustrated in Fig. 8. The figure shows that the substituent results are summarized in Table 4.
group having an electron-donating ability gives a positive  The table shows that the polymerization of the acrylate
value of AH¢(X), indicating that the driving force for the  monomers initiated by the photodecomposition of NPG
decomposition of NPGS is reduced by the introduction of  is largely accelerated by the addition of Py. Moreover,
an electron-donating group into the aromatic ring of NPG. the efficiency of the polymerization is dependent on the
Taking this into account, it cannot be expected that the de- substituent group of the NPGs employed as an initiator.
composition rate constant of the radical cation of NPGs hav- N-(4-Trifluoromethylphenyl)glycine (NTFPG), which had a
ing methyl groups is larger than that of parent NPG. smaller rate of photodecomposition (Table 2), was much less
effective as a photoinitiator for polymerization than parent
NPG. It is well known that the photopolymerization rate is
10 controlled not only by the rate of photodecomposition of an
initiator, but also by the reactivity of free radicals formed as

o Table 4
Y Conversion of the monomer in the polymerization initiated by the
pyrene-sensitized NPGs photodecomposition sy3tem

o
1

Initiator Monomer conversion (%)
IOAP 2,2-PEEX

NPGH - 8.2
NPG 11.1 20.5
NMPG 7.6 10.3
® NDMPG 29.8 26.8
NTFPG € <3

AHLX) / keal mol™

|
ry
o
)
[ J

aA monomer solution containing pyrene.@lx 10~ moldm3) and
an initiator (30 x 10~3moldm™3) was irradiated with light of 366 nm
for 10 min.
» b1OA was used as a monomer (1.4 moldiin acetonitrile).

¢ 2-(2-Phenoxyethoxy)ethylacrylate was used as a monomer (1.2 mol

Fig. 8. Hammett plot of the enthalpy change for the isodesmic reaction dm~2 in methanol).
concerning the decomposition of the radical catiop-aubstituted NPGs, dIn the absence of pyrene.
AH¢(X), againstop™. €Not determined.
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a result of the photodecomposition with a monomer [4g—4j]. polymerization of an acrylate monomer. It should be noted
As mentioned in the previous section, the introduction of that NDMPG is more effective as a photoinitiator for poly-
an electron-donating group into the aromatic ring of NPG merization than parent NPG.

results in the enhancement of the Py-sensitized photode-

composition rate. However, it is reasonable to think that

the reactivity of the resulting anilinomethyl radical with an Acknowledgements
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