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ABSTRACT: The formation of a stable free radical, possibly a triarylmethyl-type radical site (radical A), 
is observed on photoirradiation of a triarylmethane-type resin synthesized from pyrene and benzaldehyde 
(Py-BA resin) in CH2Cl2 solutions. The extremely slow decay of radical A in the dark is observed to proceed 
via second-order kinetics, which suggests the occurrence of a bimolecular disproportionation reaction, while 
the reaction tends to be first-order under continuous irradiation. The formation yield, the stability, and the 
decay mechanism of radical A are highly dependent on the solvent. In cyclohexane and CCL, radical A is 
unstable and its yield is low. In CHzClz and in benzene, radical A is fairly stable but the yield is significantly 
higher in CH2C12. In CC4, radical A decays by reacting with solvent radicals generated in parallel by CClp 
quenching of the Py-BA excited states. In order to clarify the formation and decay mechanism of radical 
A, p-benzoquinone (BQ) was added to the CHzClz and benzene solutions. In that case, the decay of radical 
A results in a triarylmethyl-type cation in CH2C12, while, in benzene, the parent molecule is recovered in a 
>98% yield. 

Introduction 
Triarylmethane-type resins recently synthesized by 

condensation between aromatic hydrocarbons and aro- 
matic aldehydes have attracted much attention because 
of their application to thermoresist resins' and also because 
of their potential as organic ferromagnek2 

The characteristic properties of these resins are attrib- 
utable to the presence of a methine carbon center 
surrounded by three aromatic moieties. This is different 
from classical phenol resins which have methylene groups 
connected to two aromatics. The methine H is highly 
reactive toward hydrogen-abstracting ~pecies.~ Hence, the 
triarylmethane-type resins are expected to undergo de- 
hydrogenation without great difficulty, resulting in the 
formation of triarylmethyl-type radicals. Previous in- 
vestigations2 revealed that photoirradiation of the resins 
in the presence of p-benzoquinone produces stable free 
radicals, which were detected by ESR. Furthermore, such 
a resin powder shows a weak magnetic hysteresis. How- 
ever, no detailed study on the origin of these radicals has 
yet been undertaken. 

In order to clarify this aspect, we have carried out the 
characterization of these radicals and investigated their 
reactivity by optical absorption (both steady-state and 
transient) and by ESR measurements. 

Experimental Section 
Materials. A triaryhethane-type pyrenebenzaldehyde (Py- 

BA) resin was synthesized and throughly purified according to 
the literature? 'H and I3C NMR and IR spectra showed the 
presence of methine H atoms and the absence of both methylene 
groups and carbonyl groups. The presence of a slight amount 
of OH groups was confirmed as already described.2 Field de- 
sorption mass spectra and GPC elution patterns show that the 
resin has an average molecular weight of 1700 and scarcely 
contains components of molecular weights less than 500 (i.e., one 
triarylmethane unit). The synthesized resin shows a wide mo- 
lecular weight distribution. The resin is also expected to contain 
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a considerable amount of structural isomers. Therefore, the 
model structure depicted in Figure 1 is adopted just for the 
purpose of discussion. 

p-Benzoquinone (Tokyo Kasei; GR grade) was recrystallized 
three times from ethanol. Dichloromethane (Wako Pure Chem- 
icals, GR) and benzene (Wako; HPLC grade) were purified by 
standard procedures.' Cyclohexane (Wako; HPLC) and carbon 
tetrachloride (Wako; HPLC) were used as received. 

Methods. Steady-state photolysis was carried out with a 500- 
W ultra-high-pressure Hg lamp (Ushio USHdOO). The 365-nm 
light was isolated with a CuSO, solution and a Corning 7-54 and 
Toshiba UV-35 filters. The rate constants were determined from 
the average of at least five measurements. 

Laser photolysis was carried out with a setup described 
previously? Briefly, a Nz laser (Usho Optics KN-1.2M excitation 
wavelength, 337.1 nm; pulse width, 5 ns; energy, 5 mJ/pulse) was 
used for excitation. A 150-W Xe short arc lamp (Ushio UXL- 
150DS), whose intensity was increased 10-20 times with a pulse 
generator (Yamashita Denso: YXP-15OW) when necessary, was 
used as a monitoring light. Beam intensities were monitored 
with a photomultiplier (PMT; Hamamatsu R-928; six stages) 
through amonochromator (Acton, SpectraPro 275). Signals from 
the PMT were fed into a digital storage oscilloscope (DSO; Gould 
4072; 100 MHz, 400 Msls) through a back-off circuita6 All data 
were analyzed using a personal computer (NEC PC-9801DS) 
interfaced to the DSO. The time constant of the detection system 
was less than 50 ns. 

Fluorescence decay was measured with a PMT (Hamamatsu 
1P28; nine stages) and analyzed with a nonlinear least-squares 
method.7 

A Shimazu UV-31OlPC spectrophotometer and a Hitachi F- 
3010 spectrofluorimeter interfaced to a NEC personal computer 
were used for stationary measurements. The spectral response 
of the fluorescence instrument was corrected with fluorescence 
standards.s Fluorescence quantum yields were determined using 
as reference a quinine bisulfate solution in 0.1 N HzSO, (0.54@). 

Cyclic voltammetry was conducted with a Hokuto Denko HA- 
301 potentiostat and with a HB-104 function generator. ESR 
measurements were carried out on a JEOL JES-FE2XGS. 

Sample solutions were deaerated by repeated freeze-pump- 
thaw cycles. 
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Figure 1. Structural model of Py-BA resin. 

h / n m  

Figure 2. Absorption (-) and fluorescence (- - -) spectra of 1.0 
X g/L Py-BA resin. 

Table I 
Fluorescence Properties of Py-BA* 

CBHl2 BZ CHzClZ CC4 
@F 0.65 0.45 0.38 <0.01 
71, ns 31 5 16 f 3 1 2 f 3  <5 
72, ns 105 f 8 67 * 7 49 * 2 <5 
ci 0.38 f 0.06 0.47 * 0.01 0.38 i 0.08 
7 (20OC) 1.0 0.65 0.44 0.97 
EA, eV -1.10 0.49 0.96 
c (20OC) 2.02 2.21 8.93 2.24 

a @F, fluorescence quantum yield; 71, TZ,  fluorescence lifetime for 
the s u m  of two exponential approximations; a, preexponential factor 
for TI (normalized to 1); 7, viscosity (Cp); EA, electron affinity; e, 
dielectric constant. 

Rssults 
1. Photoreactions of Py-BA i n  Solution. 1.1. 

Fluorescence Study. Figure 2 represents absorption and 
fluorescence spectra of a Py-BA resin in a CH2Cl2 solution. 
Both spectra are similar in transition energies to those of 
diluted pyrene solutions. No excimer band is observed 
even at  significantly high concentrations. This suggests 
that the polymer structure is highly rigid and distorted 
and hence blocks the pyrene moieties from forming in- 
tramolecular and intermolecular excimers. In powder 
form, however, an excimer band is actually observed with 
a peak at 510 nm. 

Table I lists the fluorescence quantum yields and 
fluorescence lifetimes of Py-BA measured in cyclohexane 
(C6H12), in benzene (Bz), in CH2C12, and in CCL. Fluo- 
rescence decay curves are fitted by the sum of two ex- 
ponentials. Both the fluorescence quantum yield and the 
lifetime depend on the solvent, decreasing in the order of 
CCl, > CHzCl2 > Bz > C6H12. This fluorescence quench- 
ing is due to the reactivity of the excited singlet state (SI) 
as will be shown in the following section. 

1.2. Transient Absorption. Transient absorption 
spectra measured in C6H12, Bz, CH2Cl2, and CCl, are shown 
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Figure 3. Transient absorption spectra of 1.5 X 10-2 g/L Py- 
BA. (a) In CBHIZ, delay: (0) 0 ps, (A) 450 ps. (b) In Bz, delay: 
(0) 0 ps, (A) 400 ps. (c) In CHzCl2, delay: (0) 0 ps, (A) 450 ps. 
(d) In CCL, delay: (0) 0 ps, (A) 125 ps. 

in parta a-d of Figure 3. Both in C6H12 and in Bz, broad 
transient spectra centered at 430 nm are observed. These 
absorption bands are very similar to that of the T-T 
absorption of pyrene in solution, which appears at 395 
and 420 nm in n-hexane.1° Furthermore, they are 
quenched efficiently by oxygen. Thus, these absorption 
bands can be assigned to the T-T absorption of Py-BA. 
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Table I1 
Relative Triplet Yield and Initial Half-Life (7112)  of the 

TriDlet Decay 

solvent relative triplet yield0 11/29 lrs 

C6H12 1.00 190 
Bz 0.87 190 
CHzClz 1.26 45 
cc4 1.10 14 

a Relative absorbance at t = 0 ~s at 430 nm after the contribution 
of radical A is subtracted (error 10%). 

In Table 11, comparison is made of the relative triplet 
yields (absorbance originating from the triplet at  430 nm) 
and the initial half-lifes (7112) in different solvents. 
Transient species other than the triplet are not detectable 
in both solvents (Le., in 02-saturated solutions all signals 
disappear). The relative yield of the triplet appears to be 
slightly less (-10%) in Bz than in C6H12. The time-de- 
pendent decay profiles of the T-T absorption are similar 
(7112 = 190 p s )  in both solvents, showing a slight deviation 
from a simple first-order. 

In CH2C12, on the other hand, the transient spectrum 
has new absorption bands at  540 and 460 nm in addition 
to the T-T absorption band. This band (referred to as 
band A) rises with the laser pulse and decays over a wide 
time range (microseconds to milliseconds to hours). As a 
result, after the triplet decay, the spectrum in CH2C12 
becomes similar to the steady-state absorption spectrum. 
The decay of the T-T absorption in CHzClz is faster ( T ~ / z  

= 45 ps) than that observed in CsHlz or Bz. Due to 
overlapping signals, we could not detect any rise in species 
A with the triplet decay. However, the contribution of 
the solvent quenching of the triplet state to the yield of 
A cannot be excluded. 

In CC4, the spectrum after the laser pulse is also the 
superposition of the spectra of the triplet and that of A. 
In addition, band A grows at  the expense of the triplet in 
the time range from 0 to 125 ps. Band A decays much 
faster in CC14 ( 7 1 1 2  = 2 ms) than in CHzC12. 

1.3. Steady-State Irradiation. 1.3.1. Irradiation 
in CH2C12. On irradiation of Py-BA in deaerated CH2C12 
with 365-nm light, absorption bands having peaks a t  536, 
460, and 390 nm appear with the concomitant disappear- 
ance of the parent absorption bands. Figure 4a shows 
this process as the difference spectrum with irradiation 
time. The new band evolving in Figure 4a has a close 
similarity to band A in the transient spectrum except for 
the 390-nm peak (this peak at  390 nm can be ascribed to 
another product due to its very different decay behavior). 
Accordingly, we assigned these bands, Le., band A in the 
transient spectrum and the steady-state spectrum (peaks 
at 536 and 460 nm), to the same species. Further 
irradiation of the solution causes the decay of band A 
concomitantly with the development of a band around 
400 nm (Figure 4b). The decay kinetics of A was measured 
at  536 nm and found to be first-order with a rate constant 
of (2.1 f 0.4) X 10-4 s-1. During this decay, further 
consumption of the parent bands was still observed. A 
change in the fluorescence spectrum was also measured: 
a new broad band centered at  510 nm appears at  the 
expense of the parent band around 400 nm. 

On the other hand, if the irradiation is discontinued 
before the 536-nm band has completely decayed and the 
sample solution is kept in the dark at  room temperature, 
the decay at 536 nm is greatly slowed down and obeys 
second-order kinetics (2klt = (6.4 f 1.8) X 10-5 s-1 cm) as 
shown in Figure 4c. The decay at  536 nm is compensated 
to some extent by the growth of the parent absorption 
bands. The growth kinetics of the parent compound at  
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Figure 4. (a) Difference absorption spectrum of 1.0 X 10-2 g/L 
Py-BA with irradiation (A+x = 365 nm) time in CH2C12. Irradiation 
time: (1) 0 min; (2) 8 min; (3) 30 min; (4) 75 min. (b) Spectral 
change on continuous irradiation. Irradiation time: (1) 75 min; 
(2) 127.5 min; (3) 255 min. Inset: first-order plot at 536 nm. (c) 
Spectral change when being kept in the dark after irradiation. 
Time after irradiation: (1) 0 h; (2) 18 h; (3) 100 h. Inset: second- 
order plot at 536 and 364 nm. 
364 nm is also second-order with a kle' = (7.2 f 1.0) X 104 
s-l cm. Since absorption coefficients at  536 and 364 nm 
were not determined in the present study, a direct 
comparison of the second-order rate constants at  two 
wavelengths could be made. However, the order of the 
reaction is the same at  both wavelengths, suggesting that 
the decay of band A regenerates the parent molecule. No 
net change was observed in the fluorescence spectrum 
because the fluorescence intensity, reduced during irra- 
diation, recovered upon standing in the dark. 
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Figure 5. ESR spectrum of 1.0 X lomz g/L Py-BA resin in de- 
aerated CHzClz after IO-min irradiation at Lx = 365 nm. 

Irradiated solutions (deaerated) containing A give the 
ESR signal (g = 2.0025; line width = 7 G) shown in Figure 
5. The broad and structureless ESR spectrum prcrvides 
little information about the chemical structure of the 
radical. Nevertheless, a strong correlation is observed 
between the intensities of the ESR and the optical 
absorption A they both grow with irradiation time, decay 
similarly with prolonged irradiation, and disappear in- 
stantly upon addition of oxygen or p-benzoquinone. These 
results clearly indicate that the ESR signal and the optical 
absorption (band A) originate from the same species. We 
conclude therefore that band A is caused by a stable free 
radical (referred to as radical All). Next we will briefly 
discuss the appearance of A in the other solvents. 

1.3.2. Irradiation in Bz, CC4, and C6H12. When 
irradiated (A = 365 nm) in deaerated Bz, Py-BA also yields 
band A (Ama = 541 nm). However, the steady-state yield 
is only l/4 of that observed in CH2Cl2, assuming the same 
absorption coefficients. As in CH2C12, second-order ki- 
netics are observed at  both 541 nm (2kle = (1.5 f 0.8) X 

s-l cm) and at  364 nm (parent species, k/c' = (1.3 & 
0.7) X s-l cm). In contrast to Bz solution, radical A 
is not detected in CCk and C6H12 solutions during steady- 
state irradiation. In C6H12, only the consumption of the 
parent molecules is observed with no other major spectral 
change. On the other hand, in CC4, a quick buildup of 
an absorption a t  380-430 nm at the expense of the parent 
molecules is observed. 

2. Photoreaction of Py-BA with pBenzoquinone 
(BQ). 2.1. Transient Absorption Spectrum. The 
fluorescence intensity and decay profile of Py-BA are 
strongly quenched by BQ in CH2C12 and Bz. No absorption 
band attributable to a ground-state charge-transfer com- 
plex is found in the presence of BQ up to 5 X 10-3 M. 

Excitation with a 337-nm laser pulse in the presence of 
BQ (5 X lo4 M) gives the transient spectra shown in Figure 
6a in CHzClz and in Figure 6b in Bz. The rise in the 
absorption is observed immediately after the excitation 
pulse, suggesting that the formation of the transients takes 
place via the SI state of Py-BA. The bands attributable 
to the triplet of Py-BA are not observed even immediately 
after excitation. Accordingly, radical A is considered to 
be responsible for the transient spectra (Figure 6a,b) 
regardless of the solvent. It is also found that direct 
excitation of BQ (e.g., [BQI = 2 X 10-3 M) produces triplet 
BQ (A,- = 460 nm), the subsequent decay of which is 
compensated by the formation of radical A. 

In CHzC12, the initial radical yield observed a t  540 nm 
in the presence of BQ is higher than that observed in the 
absence of BQ, but the decay of the radical is accelerated 
by BQ. In Bz, the formation of the radical is observed for 
the first time in the presence of BQ; the radical decays 
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Figure 6. Transient absorption spectra of 1.5 X g/L Py-BA 
resin in the presence of 5 X IO4 M BQ. (a) In CHzClZ, delay: 
(0) 0 ps, (A) 400 ps. (b) In Bz, delay: (0) 0 ps, (A) 450 ps. 

slower in Bz than in CH2C12. It is also observed that 
formation of radical A takes place in C6H12 in the presence 
of BQ; the decay at  540 nm is faster in C6H12 than in Bz. 

2.2. Steady-State Irradiation. 2.2.1. In CH2C12. 
The concentration of BQ was maintained as low as possible 
to minimize direct excitation of BQ. Irradiation with 365- 
nm light in the presence of BQ causes the buildup of 
absorptions at  642 and 846 nm along with the peaks at  536 
and 460 nm observed in the absence of BQ (Figure 7a). 
Since no peaks are found in the transient spectrum, these 
peaks can be assigned to a product (product B) other than 
that produced by the direct reaction of SI of Py-BA with 
BQ. Addition of BQ (without admitting oxygen) after the 
formation of radical A causes the buildup of absorptions 
both at  642 nm and at  846 nm at the expense of the 
absorption of radical A, suggesting that product B is formed 
from radical A. 

An identical spectrum to that of product B is also 
obtained on addition of to a CH2C12 solution of 
Py-BA. The redox potential of B was measured to be 
0.38 V vs Ag/AgCl. This value is comparable to that of 
the triphenylmethyl cation (Eo = 0.32-0.39 V vs Ag/AgCl 
in CH2C12) which is produced12 on addition of HC104 to 
CHzClz solutions of triphenylmethane, triphenylcarbinol, 
or triphenylmethyl chloride. These results strongly sug- 
gest that product B can be assigned to a triarylmethyl- 
type cation in analogy with a triphenylmethyl cation. In 
other words, radical A reacts with BQ to form a triaryl- 
methyl-type cation (Figure 8c) in CH2Cl2. Participation 
of impurities, especially trace amounts of water, in the 
formation of the cation was also checked. However, both 
throughly dehydrated and an intentionally water-added 
CHzClz solutions give the same result with regard to the 
cation formation. Hence, the formation of triarylmethyl 
cation from impurities can be ruled out. 
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Figure 7. Difference absorption spectra on steady-state irra- 
diation (365 nm) of 1.0 X 10-* g/L Py-BA in the presence of BQ. 
(a) In CH2C12 (5 X 10" M BQ); irradiation time 30 s. Delay: (1) 
0 min, (2) 13 min, (3) 115 min. (b) In Bz (2 X 10-3 M BQ); 
irradiation time 1 min. Delay: (1) 0 min, (2) 84 min, (3) 231 min. 
Inset, first-order plot at 541 and 366 nm. (c) In C&2, (2 x 10-3 
M BQ). Irradiation time: (1) 0 min, (2) 1 min, (3) 3 mm, (4) 6 
min, (5) 10 min. 

In addition to the formation of triarylmethyl cation in 
CH2C12, a buildup is also observed at 292 nm. This peak 
is ascribed to the formation of hydroquinone (BQHz), 
whose absorption coefficient is 2.86 X 103 M-1 cm-l at  292 
nm in CHzClz (e = 3.35 X lo2 M-I cm-l for BQ at 292 nm 
in CHzC12). The direct excitation of BQ (without Py-BA) 
in CH2C12 also causes the formation of BQH2, but with 
less efficiency. Therefore, care was taken to not excite 
BQ directly in the present Py-BA/BQ/CH&12 system. 

I I 

#-@ gC& 
Figure 8. Structural model for triarylmethane (a), triarylme- 
thy1 radical (b), and triarylmethyl cation (c). 

The examination of the reactivity of radical A toward 
hydroquonone (BQH2) in CH2Clz in transient and steady- 
state experiments revealed that decay is enhanced in the 
presence of BQH2 and the decay kinetics is no longer a 
simple first-order. Recovery of the parent Py-BA is 
observed upon reaction of radical A with BQH2. On the 
other hand, the reaction of radical A with 0 2  in CH2C12 
obeys second-order kinetics with a rate constant of (3-7) 

2.2.2. In Benzene and in Cyclohexane. Results 
obtained in the presence of BQ in Bz are notably different 
from those in CH2Cl2. Irradiation at 365 nm produces 
radical A at the expense of the parent Py-BA absorption 
bands. However, radical A thus produced decays with 
first-order kinetics (k = (2.3 f 0.4) X 10-4 s-l at 541 nm). 
This decay is compensated by a first-order recovery of 
parent Py-BA absorption bands (k' = (1.9 i 0.2) X lo-" 
s-l at 350 and 364 nm) as shown in Figure 7b. The two 
rate constants agree with each other within experimental 
error, indicating that the decay of radical A reproduces 
parent Py-BA. The recovery of the parent bands is more 
than 98% both at 350 nm and at 364 nm. The steady- 
state radical yield in Bz is 5.7 times that in CH2C12, due 
to the slower decay of the radical in Bz. 

On the other hand, radical A is absent in the steady- 
state spectrum in C6H12 (Figure 7c), while present in the 
transient spectrum. Instead, the buildup of the absorption 
at  292 nm, ascribable to hydroquinone (BQHz), is signif- 
icant in C6H12. This is apparently due to the hydrogen- 
donating nature of the solvent toward BQH'. 

Discussion 
1. Formation and Reaction of the Radical Site in 

Solution. Identification of the Radical Site. The 
absorption bands of radical A at  ca. 540 nm and at  460 nm 
are ascribed to a triarylmethyl radical site (Figure 8b) 
produced from the triarylmethane structure (Figure 8a). 
This conclusion is justified by the following: 

(i) The triarylmethyl radical site is the most stable among 
possible candidates expected from the chemical structure 
of the present resin due to higher resonance stabilization. 
The reactivity of the radical is also reminiscent of the 
trityl radical. The triarylmethyl radical can be trans- 
formed to the triarylmethyl cation via electron transfer 
and also to triarylmethane by accepting a H atom from 
a hydrogen donor such as hydroquinone. Our resulta show 
that radical A can be oxidized to form the triarylmethyl 
cation or can regenerate the parent Py-BA by reaction 

x 105 M-1 s-1.13 
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Table I11 
Relative Radical Yield on Singlet and Triplet Quenching 
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Table IV 
Estimated Free Energy Change of the Singlet and Triplet 

Electron-Transfer Reactions. relative radical yield" 

2; the laser Ti 
solvent (SI auenchina) quenching 

ndb 
ndbF 
1.0 
1.2 1.Od 

a Relative absorbance at 535 nm. Not detected. Radical for- 
mation was observed on steady-state irradiation (see text). d 125 p s  
after the laser pulse. 

with hydroquinone. The radical reacts with 02 as trityl 
and other carbon-centered radicals 

(ii) Other possible candidates such as the radical cation 
of a pyrene moiety or a pyrene dimer cationic site can be 
excluded from spectroscopic evidence. The former should 
have an absorption peak at  450 nm15 and the latter at  590 
nm and in the near-IR.16 No absorption is detected in the 
near-IR (900-2500 nm) region. 

(iii) A proton-ENDOR spectrum17 for a powder of 
irradiated Py-BA is successfully reproduced by a theo- 
retical simulationl8 on the assumption of a triarylmethyl 
radical site using the spin density distribution obtained 
from the UHF calculation of a generalized Hubbard model. 
A molecular weight distribution from 3 to 6 unit structures 
is assumed in the calculation since the lack of a hyperfine 
structure in the ESR spectrum of radical A is considered 
to be due to inhomogeneous broadening; this phenomenon 
has been observed19 for the radical sites in polymer 
domains. 

Formation Mechanism of the Radical Site. The 
reaction of the Py-BA (abbreviated as RH in the reaction 
scheme) S1 state is strongly dependent on the solvents 
used. Quenching of SI fluorescence is observed in Bz, CH2- 
Cl2, and CC4 in the order of CCl4 > CHzCl;! > Bz. The 
degree of this fluorescence quenching correlates with the 
solvent-dependent radical yield after the laser pulse: 
qualitatively speaking, a higher yield of the radical is 
obtained in the solvent in which a stronger fluorescence 
quenching is observed, as shown in Table 111. This suggests 
that the radical formation takes place through S1 quench- 
ing. On the other hand, as is shown in Table 11, the triplet 
yield is not appreciably affected by the solvent used. Two 
possible mechanisms can be considered to operate in this 
quenching reaction: 

(1) C-H bond homolysis from S1 

RH* --* R' + H' (1) 
and (2) electron transfer to the solvent (denoted as S) 
followed by the proton dissociation 

RH* + s -RH+ + s- - R* + H+ + S- (2) 
Mechanism 1 is energetically possible since the excitation 
energy at  365 nm, 78.3 kcal/mol, is larger than the C-H 
bond dissociation energy, which is estimated to be sub- 
stantially less than 75 kcal/moL20 

As far as mechanism 2 is concerned, we can estimate the 
free energy change (AG) of the singlet and triplet electron- 
transfer reactions (2) for CH2C12 and CC14 as well as BQ, 
as shown in Table IV. We could not measure the oxidation 
potential of Py-BA in CH2C12, and hence we used the 
literature value of pyrene. In strong electron-accepting 
solvents such as CC4, the reaction can be explained by 
mechanism 2 in analogy with the radical formation through 
reaction with BQ, because of the negative AG value 

acceptor 
(solvent) E(A/A-)/Vb AG(Sl)/eVc AG(Tl)/eVd 
CH2Clz -2.33 +0.27 +1.51 
CC4 -0.78 -1.28 -0.04 
BQ -0.42 -1.64 -0.4 

(I AG = E(D+/D) - E(A/A-) - E(&) (or E(T1)) (Kavarons, G. J.; 
Turro, N. J. Chem. Rev. 1986,86,401-449). E(D/D+) = 1.27 V, E(&) 
= 3.33eV,andE(Tl) = 2.09eVfrom thesameliterature wasemployed. 
Reduction potential of the accepter. AG for singlet electron 

transfer. AG for triplet electron transfer. 

obtained both for SI and TI. In CH2C12, a weak electron- 
acceptor, mechanism 2 is unfavorable from an energetical 
point of view (Table IV). In this solvent, we assume that 
mechanism 1 is applicable because the smaller viscosity 
compared with CeH12 facilitates the escape of the radical 
and prevents cage recombination. Mechanism 1 is most 
likely in benzene because it lacks electron-accepting ability. 
It should be noted that, even in C6H12, a tiny amount of 
radical A is observed in the absorption spectrum after 
repeated laser irradiation. The reason we failed to observe 
radical A in the steady-state experiment is ascribed to ita 
short lifetime in C6H12. 

An appreciable difference between C6Hl2 and Bz is seen 
in the SI quenching of Py-BA. Transient absorption 
spectra, however, suggest the presence of only the triplet 
state in both solvents. This result indicates that the yield 
of radical A in Bz is too small to be detected in its transient 
spectrum. In C6H12, the absence of SI quenching is 
ascribed to the higher viscosity. 

Finally, we should mention two points. First, homolytic 
dissociation from the triplet state is unlikely because of 
the energetic requirement @(TI) = -48 kcal/mol). 
Second, there is a possibility of dissociation due to excited- 
state annihilation: 

RH(Sl*) + RH(Sl*) - R' + H' + RH (3) 

RH(Tl*) + RH(Tl*) - R' + H' + RH (3') 

However, because of the limited laser power, we could not 
measure the power-dependent radical yields with sufficient 
reliability. 

Stability and Reactions of the Radical Site. The 
significant observation is the high yield and the long 
lifetime of radical A in CH2C12. Although energetically 
not favored, the higher yield of the radical in CHzClz 
suggests the participation of mechanism 2 in addition to 
mechanism 1, considering that the solvent viscosity is not 
greatly different between CH2C12 and Bz. A higher polarity 
of the medium may work as a stimulus for the ionic process, 
i.e., mechanism 2. Due to the intrinsic stability of the 
radical in CH2C12, the only decay pathway is a bimolec- 
ular reaction (second-order decay, Figure 4c), probably 
disproportionation as shown in Figure 9. 

Some remarks should be made on the observation that 
continuous irradiation at  365 nm after radical A is formed 
causes a faster decay of the latter (Figure 4b) as compared 
with the dark reaction. This can be explained by the 
reaction of the radical with the excited states of Py-BA. 
The consumption of parent molecules taking place during 
the reaction supports this explanation. 

The formation of radical A is also observed in Bz under 
steady-state irradiation but in a low yield. A notable 
observation in CCl, is that the radical is formed from the 
triplet state as well as from the singlet state. This is 
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of a direct oxidation mechanism by BQ 

R' + BQ-R+ + BQ- (C) 

the free energy change, AG, can be estimated to be 

AG = -0.38 - (-0.42) = +0.04 V 
where Eo(R*/R+) = 0.38 V and Eo(BQ/BQ'-) = -0.42 V 
were measured in CH2C12 (vs Ag/AgCl). Accordingly, 
reaction c is not favorable from an energetic point of view. 
However, it has been reported25 that protonated BQ is 
reduced a t  +0.2 V vs AgIAgCl to produce hydroquinone 
(BQH2). Therefore, the triarylmethyl radical formation 
reaction could be 

2R' + BQH' + H+ - 2R+ + BQH, (d) 
where AG is then estimated to be -0.58 V (AG = -0.38 - 
(+0.2)). 

Second, in Bz, the decay of the radical gives rise to almost 
a complete recovery of the parent molecule. Mechanism 
a is most likely for the formation of radical A in Bz because 
of the nonpolar nature of the solvent. Then the BQH' 
produced forms BQHz2, by 

(e) BQH' + BQH' - BQ + BQH, 
and BQHz can give hydrogen to R': 

BQH, + R' - BQH' + RH (0 
These processes explain well the observations in Bz. 

Third, in C6H12, radical A must be formed in a mech- 
anism similar to that in Bz. The reaction of BQH' with 
the solvent 

(g) 
may facilitate the accumulation of BQH2, which is observed 
in the steady-state spectra. Parent Py-BA seems to 
degrade on continuous irradiation in C6H12. This indicates 
that the recovery process f is overcome by another 
degradation process, possibly the reaction of radical A 
with C6Hll*. 

Summary 
The photoreaction of a triarylmethane-type pyrene- 

benzaldehyde (Py-BA) resin in solution is investigated. 
Evidence strongly suggests the formation of a triaryl- 
methyl-type radical site (radical A) in the resin. Radical 
A is shown to be significantly stable. The reactions of 
radical A are shown to possess features characteristic of 
its monomeric counterpart, i.e., a triphenylmethylradical. 
The second-order decay process of radical A is ascribed 
to a disproportionation reaction, giving rise to the for- 
mation of a quinoid structure on the one hand and a 
recovery of a parent molecule on the other hand. This is 
due to the steric hindrance originating from a highly- 
disordered polymer structure. Dimerization is normally 
observed for the triphenylmethyl radical monomer.27 In 
the photoreaction of Py-BA with p-benzoquinone (BQ), 
radical A is transformed to the triarylmethyl cation in 
CH2C12 and is almost completely converted back to Py- 
BA in benzene. Radical A reacts with oxygen; the reaction 
may proceed via oxygenation, although no products were 
identified. In the case of triphenylmethyl radicals, ditri- 
tyl peroxide is produced.2a 

Polymer-pendant triarylmethyl radicals, i.e., poly(4-vi- 
nyltriarylmethyl) radicals, have been synthesized previ- 
ously,19 and the reactivities were reported to be similar to 
those of the monomeric triarylmethyl radicals. This differs 
from the Py-BA resin where the distorted polymer 

BQH' + C6H12 - BQH, + C6Hll* 

Q 

+ 
Q 

6 

Q 

I Q + 

Figure 9. Reaction scheme for radical A in CHZC12. 

apparently due to the high reactivity of the solvent toward 
the excited states. Free-energy considerations favorably 
support both the singlet and triplet electron-transfer mech- 
anism (Table IV). The decay process of the radical in Bz 
is similar (i.e., bimolecular) to that in CH2Cl2. In CC4, 
on the other hand, differences in pulsed and steady-state 
irradiation are observed. These differences may be caused 
by the reaction of A with radicals such as Cl', CCla', and 
CC1Z2*, produced from reduced solvent molecules23 in the 
quenching process. 

The reaction of radical A with 02 proceeds via second- 
order kinetics. The observed rate constant of k = (3-7) 
X lo5 M-l s-l is significantly smaller than the rate constant 
for oxygenation of trityl and benzyl radicals in solution 
(109 M-l s-l 14). Nevertheless, the reaction mechanism is 
ascribable to the oxygenation of radical A, because carbon- 
centered radicals are known to undergo oxygenation and 
also because another mechanism such as electron transfer 
is unlikely. The low rate constant is indicative of the 
extremely high stability of radical A and also of the steric 
hindrance of the polymer structure. 

2. Photoreaction of Py-BA with BQ in  Solution. 
The formation of radical A by the reaction of photoex- 
cited Py-BA (RH*) with BQ can be explained by hydrogen 
abstraction (a) or electron transfer followed by deproto- 
nation (b). The solvent polarity determines which mech- 

RH* + BQ - R' + BQH' (a) 

RH* + BQ - RH+ + BQ'- - R' + H+ + BQ'- (b) 

anism is applicable. Transient absorption spectra (peaks 
at  540 and 460 nm) indicate that the formation of radical 
A occurs in all the solvents, i.e., CH2C12, Bz, or C6H12. The 
formation of BQH' or BQ'-, however, is still ambiguous 
in the transient spectra, possibly due to their low absorp- 
tion coefficients, i.e., at  A,, = 450 nm, t = 6.80 X lo3 M-l 
cm-1 for BQ*- 24* and, at  A,, = 410 nm, t = 4.3 X lo3 M-' 
cm-l for B Q H o . ~ ~ ~  In the present experiment, typically 5 
mJ/pulse would produce an excited-state concentration 
of 1 X 10+ M. Therefore, even if a 100% efficiency is 
assumed, the absorbance of BQH' would be 0.004 and 
that of BQ- would be 0.006. Accordingly, under the 
present experimental conditions, BQH' or BQ' would not 
be detected. 

Strong solvent dependence is observed in the decay of 
the radical. First, in CH2C12, the decay is associated with 
the formation of a triarylmethyl cation. In the assumption 
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structure may hamper the normal reactivity of triaryl- 
methyl radicals. 

Currently, several attempts29 are underway aimed at  
stabilizing free-radical sites in a polymer domain in order 
to attain a higher ordering of spins. However, the struc- 
tureless ESR spectra are similar to the observation in the 
Py-BA resin, and only paramagnetic behavior is observed 
in the temperature range of 77-300 K. Therefore, at  
present, more research and understanding are needed in 
order to attain the goal of obtaining a high-spin polymer. 
Along this course, further studies will be conducted with 
the present triarylmethane resin. 
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