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Flash Photolysis Study of Phenyl-substituted Phenols, Quinones, and 
Corresponding Free Radicals. Part 3. t Intermediates in the Photolysis 
of Phenyl-substituted Phenols 

By Petr. P. Levin, jun., lgor V. Khudyakov, and Vladimir A. Kuz'min, Institute of Chemical Physics, Academy 

Hendrik J. Hageman and Cornelis R. H. 1. de Jonge, Akzo Research Laboratories, Corporate Research 
of Sciences of the U.S.S.R., 1 1 7334 Moscow, U.S.S.R. 

Department, Arnhem, The Netherlands 

Aryloxyl radicals are formed on photoexcitation of phenyl-substituted phenols in a biphotonic process involving 
the triplet excited state. These aryloxyl radicals are also formed on photolysis of the corresponding phenolate ions 
in the presence of oxygen involving the singlet excited state. 

THE photolysis of certain simple phenols in the liquid 
phase affords phenoxyl radicals, solvated electrons, and 
hydr0gen.l These processes have been shown to occur 
by a biphotonic mechanism (1) involving the triplet 
excited states of the given  phenol^.^-^ Photoexcitation 

ArOH -% [ArOHIT* 
hv, - ArO- + esolv. + H+ (1) 

[ArOH]r* -1 
+ ArO* + H- 

of sterically hindered phenols bearing o-t-butyl groups 
failed to produce the corresponding phenoxyl radicals5 

This paper deals with the photoionisation (photo- 
dissociation) of some phenyl-substituted phenols (1)- 
(V) as studied by flash photolysis. The spectral 

characteristics of the phenols are listed in Table 1. The 
phenoxyl radicals corresponding to phenols (1)-(V) are 
denoted as (1a)-(Va). 

RESULTS AND DISCUSSION 

Phenols.-Pulsed photoexcitation of deoxygenated 
solutions of phenols (1)-(V) (5 x 1 0 - 4 ~ )  in propanol 

TABLE 1 

Spectral characteristic of phenyl-substituted phenols 
Phenol A,,,./nm lO-%/l mol-1 cm-1 

315 9.0 
308 a 4.6 
298 6.0 
308 a 4.5 
318 7.0 

(1) 
(11) 
(111) 
(IV) 
(V) 

a Shoulder. Error in hmx. k 2  nm, in E k0.5 x lo3 1 mol-1 
cm-l. 

results in the appearance of short-lived (7  ca. s) 
species (Figure). The absorption spectra of these 
species show maxima in the region of A 480-540 nm 

t Part 2, I. V. Khudyakov, P. P. Levin, jun., V. A. Kuz'min, 
H. J. Hageman, and C. R. H. I. de Jonge, preceding paper. 

and are ascribed to triplet-triplet absorption of the 
phenols. The triplet lifetimes of phenols (1)-(V) in 
solution are two orders of magnitude longer than those 
of phenol, fi-cresol, and tyrosine ( T  ca. 3 x s ) . ~  

t 
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Absorption spectra of the transient species produced on photo- 
excitation at  A 320-390 nm of 4-methoxy-2,B-diphenylphenol 
(5 x 10-4~) in propanol. Optical density read at  2.5 ps (0) 
and 600 ps (0)  after the 2.0 ps flush 

This must be ascribed to the increased conjugation upon 
the introduction of phenyl substituents into the molecule. 
The same effect is observed on going from benzene ( 7  ca. 
2 x lo* s) to biphenyl ( 7  ca. lo4 s ) . ~  

The triplet energy level of (I), estimated from the 
fluorescence spectrum to be 60 kcal mol-l, is markedly 
diminished compared with phenol (70-85 kcal mol-I) .' 

The relatively long-lived species obtained by flash 
photolysis of solutions of phenols (1)-(V) are the 
phenoxyl radicals (1a)-(Va) .* The absorption maxima 
of (1a)-(Va) are shown in Table 2. The lifetime of 
the triplet excited state of phenol (I) decreases with 
increasing light intensity. This is caused by an increased 
yield of (Ia) and subsequent quenching of the triplet 
by the radical (k2 = k d i f f . ) .  Quenching occurs by energy 

[ArOH]T* + ArO. --t ArOH + [ArO*]* (2) 
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TABLE 2 

Spectral characteristics of phenyl-substituted phenoxyl 
radicals 

Radical A,,,./nm Relative intensities 
405 12 
650 1 
380 4.5 
550 3 
7 50 1 

760 1 
350 11 
520 2.5 
660 1 
395 14 
650 1 

Pa) 

(114 

(IIIa) 3 60 10 

o v a )  

(Val 

Error in I,,,,. is 1%. 

transfer to form the excited state (Ia).9 Addition of 
azulene (A) to  deoxygenated solutions of phenol (I) 
resulted in quenching of the triplet excited state. The 
high rate constant of quenching ( k ,  = kd i f i . )  indicates 
that quenching occurs by triplet-triplet energy transfer. 

[A~OH]T* + As, - ArOHs, + AT* 

Quenching with Ni(N0,),*6H20 has a rate constant 
k of 1 0 6  1 mol-1 s-l which is close to the rate constant of 

(3) 

triplet-state quenching of aromatic hydrocarbons by 
transition metal ions.*O The yield of radical (Ia) 
decreases upon addition of sufficiently high amounts of 
azulene or Ni(NO,),*GH,O at  which the lifetime of the 
triplet excited state of phenol becomes shorter than the 
light pulse duration. 

The radical yield of an aerated solution of phenol (I) is 
lower (by one-third) than that of a deoxygenated solu- 
tion. 

These facts indicate a contribution by the triplet 
excited state of phenol (I) to photodissociation. 

The phenoxyl radical concentration upon pulsed 
photoexcitation of both deoxygenated and aerated 
solutions of phenol (I) a t  320-290 nm is directly pro- 
portional to  the square of the light intensity. Thus, 
when phenol (I) is photoexcited in the long wavelength 
region, photodissociation seems to occur by a biphotonic 
mechanism involving the triplet excited state. The 
radical yield of photoexcitation in the long- and short- 
wave absorption bands of phenol (I) (in the range h >200 
nm) increases with I* where n z 1.5. The various 
dependences of the yield of (Ia) can probably be explained 
as follows: (i) dissociation of phenol (I) may also occur 
from the high singlet excited state; (ii) the radical yield 
can be directly proportional to the light intensity in a 
biphotonic process, if photoionisation by the second light 
quantum becomes the main channel of triplet state 
decay. 

Phenolate A nions.-Pulsed photoexcitation of a de- 
oxygenated solution of the anion of phenol (I) fails to 
give radical (Ia). However, flash photolysis of an 
aerated solution of the anion of (I) in propanol containing 
ZM-KOH [h,,. 360 nm (E 1.1 x lo4 1 mol-l cm-l)] in the 

320-290 nm region results in the formation of an 
intermediate with an absorption spectrum coinciding 
with that of radical (Ia). Thus the phenoxyl radical is 
presumably formed by reaction (5). With pulsed 

[ArO-I* + 0, -w ArO. + 02-• 
photoexcitation of an aerated solution of the anion of 
phenol (I) in the 320-390 nm region, the yield of (Ia) 
builds up in proportion to the light intensity, which 
indicates the contribution of one light quantum to 
ionisation. 

When the temperature of the solution is raised from 
20 to 80 "C the radical yield shows a l---&fold increase, 
which is ascribed to the activation energy of reaction (5). 

The excited state of the anion of phenol (I) involved in 
reaction (5) must be the excited singlet state as concluded 
from the following observations. The fluorescence 
quantum yield Of of the anion of phenol (I) is found to 
be 0.96 [ c j .  @ of phenol (I) in propanol is 0.17 using 
anthracene as a reference, which is close to the value of 
0.16 reportedll for phenol]. The introduction of phenyl 
substituents into the ring apparently raises Oj from ca. 
0 l2 to ca. 1. Moreover, the fluorescence lifetime of the 
anion of phenol (I) is 6.2 ns. [cf, 1.4 ns for phenol (I)], 
which is sufficiently long for reaction. A contribution 
from the triplet excited state of anion (I) is considered 
unlikely on account of the high Qf of anion (I). Final 
support for the involvement of the excited singlet state 
of anion (I) comes from laser photolysis, using exciting 
light of h 353 nm. Radical (Ta) was formed in <20 ns. 

EXPERIMENTAL 

The spectra and decay kinetics of intermediates were 
studied by means of flash photolysis with 2-ps Aash duration 
and 500 J energy. U.V. light filters UVS-6 (320-390 
nm), UVS-5 (260-380 nm), and a water filter ( >200 nm) 
were used A neodymium laser (Aexc. 353 nm) with a 20- 
ns resolution time was used in the experiments with 
phenolate ions. 

Phenol (I) was synthesised as previously described.13 
Phenol (11) was a commercial sample. Phenol (111) was 
synthesised as described.14 

Phenol (IV) .-To 4-phenylpheno1(170 g, 1 mol) was added 
aluminium foil (1 g) and the mixture was heated to 250 "C. 
After cooling to 60 "C cyclohexene was introduced over 
2 h. l 5  Crude 2-cyclohexyl-4-phenylphenol was dehydro- 
genated with a Pt -C catalyst to yield 2,4-diphenylphenol 
(167 g, 68%), m.p. 97.5--98.0 "C. 

Phenol (V) .-This phenol was synthesised in a four-step 
procedure starting from 2,6-diphenylphenol. (i) Methyl- 
a.tion, using dimethyl sulphate afforded 2,6-diphenyl- 
anisole in 9374, yield, m.p. 40.5-41.5 "C. (ii) The anisole 
was broniinated in glacial acetic acid to 4-bromo-2,6-cli- 
phenylaiiisole in 51% yield, m.p. 93.1-93.8 "C. (iii) Using 
the Ullmann coupling procedure 4-bromo-2,6-diphenyl- 
anisole was converted to 2,6-diphenyl-4-( 2,6-diphenyl- 
phenoxy) anisole with sodium 2,6-diphenylphenolate and 
CuCl-pyridine catalyst in 509/, yield, m.p. 148.5-149.4 "C. 
(iv) Demethylation, using HI  in acetic acid finally gave 
2,6-diphenyl-4-( 2,6-diphenylphenoxy)phenol in 38% yield, 
m.p. 164.3-165.0 "C (from benzene-acetone 1 : 1). 
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