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Study of Spectral Characteristics, Kinetics, and Equilibria of Radicals Derived from
Hydroxy Benzophenones

A. C. Bhasikuttan, A. K. Singh, D. K. Palit,* A. V. Sapre, and J. P. Mittal
Chemistry Diision, Bhabha Atomic Research Centre, Trombay, Mumbai, 400 085, India

Receied: January 5, 1999; In Final Form: April 2, 1999

Studies on radical equilibria and the spectral evaluation have been carried out for three monohydroxy-substituted
benzophenones (HOBP's) in aqueous solution. The transient ketyl or anion radicals were generated via hydrated
electron (gy) reaction or dimethyl ketyl radical reaction in a pulse radiolysis experiment. The reactivity of
both the undissociated (HOBP) as well as dissociateBP) forms toward these reducing agents were studied.

€,q was found to react with the HOBP’s an@®BP’s with diffusion-controlled rates which are of the order

3 x 10*°dm?® mol~! s In the case of the para derivative, two aelthse equilibria were identified Ka 9

and 11) in the pH range-613, one corresponding to the protonatiaieprotonation at the OH site of the

ketyl radical and the other for the protonatiesleprotonation at the carbonyl site. For the ortho derivative,

the intramolecularly hydrogen bonded structure of the radical anion has been found to be stable even in
strongly alkaline solution (pH 13). Three different radical forms for the meta derivative have been identified
at different pH conditions. The spectral evaluation of these radical species at different pH conditions was
carried out. Reactions of dimethyl ketyl radicals with HOBP’s a@BP’s were found to be different at
different pH conditions. At acidic pH, it forms an adduct with the HOBP’s, whereas at alkaline pH, the
reaction with the ortho and meta derivatives occurs by H atom transfer. However, no reaction is seen with
the para derivative in alkaline solution. Detailed spectral and kinetic data on the formation and decay of the
various transient intermediates have been obtained.

1. Introduction molecule in a facile way with a quantum yield of unity, for its
amino and hydroxy derivatives, the quantum yields for the same
process are much lowé?.22 Recently, we have investigated
the photophysical properties and the photoinduced processes
in ortho (0-), meta (n-), and paraf-) hydroxy benzophenones
(HOBP’s) using the technique of laser flash photolysis in the
pico- and nanosecond time domaft has been observed that
the efficiencies of the ISC process for the HOBP’s are far less
than unity, particularly in polar hydrogen bond forming solvents.
Among the hydroxy derivativeg- and mHOBP’s are found

to get photoreduced in hydrocarbon solvents with good vyield,
but not in alcohols. The quantum yield of the triplet BHOBP

is only about 10% and is stable toward photoreduction in all
kinds of solvents. Alcoholic solvents offer the possibility of
hydrogen bond formation with HOBP’s resulting in drastic

Photoreduction of the ketones and their derivatives in the
presence of hydrogen atom donors is one of the widely
investigated fundamental processes in photochemistrit.is
now well established that in the photochemical reduction of the
ketones in various solvents an intermediate step involves the
reaction of the excited triplet state of the ketone with the solvent
or another suitable hydrogen atom donor present in the solution
to form the corresponding ketyl radical and free radical of the
donor molecule. The excited triplet states of the ketones are
capable of abstracting hydrogen atoms from a variety of
substrates including hydrocarbons, alcohols, phenols, and
amines’ %15 These reactions are known to occur by either a
direct H atom transfer or an electron transfer mechanism

. : : properties of the triplet states of such molecdfé<223Pho-
on the intersystem crossing (ISC) process from the singlet state

of the ketone, i.e., the quantum yield of triplet state production toprocesses ino-HOBP are dominated by intramolecular
' _hydrogen bonding, wher frHOBP, intermolecular hy-
apart from the other factors, such as, the nature and electroni ydrogen bonding, whereas feHOBP, intermolecular hy

c . . .
. . o . rogen bonding with th lven ms t impora#ft.2”
structure of the triplet state (i.e., whether itig™ or 7™ type) d oAge bot.d % b e.S(:he t seems fo 28,[ p(;) %; ketv]
and the nature of the solvefit:© 2 radical is generated in the reaction between the triple tate and
The reactivity of the aromatic ketones toward hydrogen atom ical1s g : : 'P

abstraction reaction has long been associated with the funda-the hydrogen atom donor. The final products of the photore-

mental difference between the two kinds of triplet states, either duction process should depenq on the nature of the triplet state
nz" or #z', and this in turn is governed by the nature and an_d the reaction of the _ketyl radical. However, for BP and many
position of the substituent in the aromatic ring and also by the .Of its derivatives, the triplet states an_d the ketyl ra_tdlcals absc_)rb
solvent polarity’:10.1118For example, the photochemical proper- | the Same wavelength region showing overlapping absorption
ties of benzophenone (BP) are known to be markedly affected band.é ’ anq he'nce pose difficulties in st.udylng the spectro-
by substitutiof:1617.20.2L|n " alcoholic solvents, although the  SSPiC and kinetic behavior of these species by photochemical

triplet of BP is known to abstract an H atom from the solvent technlque_s. Moreover, the_ quantum yield of formation of the
ketyl radical on photolysis of the ketone depends on the

efficiencies of the ISC process, which is very low for the
* Author for correspondence.

 Also affiliated as Honorary Professor with The Jawaharlal Nehru Centre Nydroxy derivatives of benzophenoffeand also the rate of the
for Advanced Scientific Research, Bangalore, India. H atom abstraction reaction by the triplet is low.
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The electron pulse radiolysis technique, which is compli-
mentary to the flash photolysis technique, has been used
effectively for studying the properties of the ketyl radic#8°
An advantage of this technique is that the ketyl radical is formed
by protonation of the radical anion of the ketone thus avoiding
the intermediacy of the triplet state. The ketyl radicals are
formed in good yield because the parent ketones have high
reactivities toward solvated or hydrated electrons (vide infra).

ISC

1HOBP* ——» 3HOBP* -RH

—hv ——» HOBPH- +R- (@)

HOBP-
€
L——» HOBP-

_H*t

HOBPH- (h)

The two routes are given in reactions a and b. The former is
followed in the photoinduced reaction, while the latter occurs
in electron pulse radiolysis.

In this study, using electron pulse radiolysis, an attempt is
made to study the equilibria as given below and obtain the
spectroscopic and kinetic properties of the various radical specie

produced from the three monohydroxy-substituted benzophe-
nones (HOBP), namelgrtho-, meta-,and paraHOBP.

€ +H+
HOBP __aq_> HOBP-- T HOBPH-
+H*|[-H* +HT||-H*
€; +H*
-OBP — 1 » -OBP- o OBPH:

2. Experimental Section

0-, m-,andp-HOBP’s were purchased from Aldrich Chem.
Co., USA. The para and meta derivatives were further purified
from ethanot-water mixtures, whereas the ortho derivative was
purified by vacuum sublimation. Solvents used, ggyt-butyl

alcohol, 2-propanol, and acetone, were of spectroscopic grade

and were used without further purification. Buffer solutions were
prepared from the suitable mixtures of solutions obiNRO,

and NaHPO, mixtures. All aqueous solutions were prepared
in Nanopure water obtained from a Barnstead System (resistivity
18.3 MQ cm).
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Figure 1. Changes in absorbance at the absorption maximum of the

Sanion (OBP) as a function of pH in case pfHOBP (a),0-HOBP

(b), andm-HOBP (c). The dotted lines represent the fitting curves
obtained following eq A.

and other reducing radicals used in the present work. For this
purpose, ground-state spectra of HOBP’s have been studied in
aqueous solutions as a function of pH. The anioi®&P’s) of

o-, m, andp-HOBP, which are stable at higher pH (e.g., pH

12), absorb withlmax at 380, 360, and 345 nm, respectively.
Absorbance values of th&OBP’s have been monitored at these
wavelengths and plotted as a function of pH (Figure 1) and the
pKa values for the equilibria (reaction 1) have been obtained
by fitting the sigmoid curves to eq &.

(0] (0]
HO -0 v+t (D
OD, oD,

s ™ 1 g ' 14 g

where O0Q and OD represent the absorbance values at a

(A)

A detailed experimenta| set up for the electron pu|se radio|y3is suitable wavelength due to undissociated and dissociated forms,
and the kinetic spectrophotometry has been described elsefespectively. The I§, values thus estimated are #90.1, 9.0
where3! Sample solutions taken in a suprasil cuvette of 1 cm = 0.1, and 9.3t 0.1 forp-, m+, ando- derivatives, respectively.
path length were irradiated by electron pulses of 50 ns duration The higher value of theK, for hydrogen ion dissociation in
(fwhm) from a 7 MeV linear electron accelerator (Ray Technol- the case ob-HOBP is easily evident from its ability to form
ogy, England) at a radiation dose of-102 Gy per pulse as  Strong intramolecular hydrogen borfts?’ Among the other
measured by an air-saturated 0.05 moldiCNS dosimeter, ~ two derivatives, the lower value ofk for p-HOBP can be
taking Ge for (CNS)"~ as 21 522 dfimol~t cm™ at 500 nm explained due to the highly stabilized charge-transfer type
(G being defined as number of molecules formed per 100 eV valence bond structure gf-"OBP ( and II) which is not
energy absorbedf? The transient absorption profiles were possible in the case of the medarivative.
monitored by a kinetic spectrophotomertic arrangement consist-

ing of a 450 W pulsed xenon lamp in conjunction with a

monochromator (CVI model 110) and photomultiplier tube

(Hamantsu R 928), connected to a digital oscilloscope (L&T
Gould 4072). The data were transferred to an IBM PC where
data analysis was carried out.

3. Results and Discussion

3.1. Ground-State Acid—Base Equilibria. A prior under-
standing of the ground-state acibdase equilibria relating to the

o)

oo,

11

0

I

3.2. Reaction of g;~. Radiolysis of water generates three
major primary reactive speciesge, OH, and H with G values
2.7, 2.7, and 0.5, respectively. Tlevalue for g4 is constant

dissociation of the OH group of the HOBP’s is essential to (2.7) in the pH range 410342 Although no data is being
understand the reactions and the decay kinetics of the transientseported here for pH< 4, a few experiments have been
produced following reactions with the hydrated electrag (e performed in solutions with pkt 10 at whichG(esq") is greater
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TABLE 1: Transient Characteristics of the Radical Species Generated in the Reaction of.g with the HOBP’s

€max (AP 2 (drr? PKa
compound species Amax(nm)  mol~icm™1) Ke,) (dm*mol1s71) mol-1s71) HOBP radical
p-HOBP  p-HOBPH (V) 545 3300 (3.13 0.2) x 10t0a 2x 100 7.940.1° 9.1+ 0.1 (V=VI)
p-—OBPH (VII) 565 4000 11.14 0.1 (VII = Vi)
p-OBP=~(VI) 600 4630 (3.0+ 0.2) x 10100 9.2x 10°
0-HOBP  0-HOBPH (X) 550 2300 (3.14k 0.3) x 10102 6.9 x 10° 9.3+ 0.1° 6.94 0.1 X =1X)
0-OBPH~ (IX) 600 4850 (2.65£ 0.15)x 1010 1.65x 10°
m-HOBP m-HOBPH (XIV) 550 2800 (4.12+ 0.3) x 10'®= 1.7x 10° 9.0+ 0.1° 6.5+ 0.1 XIV =XIlIl')
m-OBP2~(XVII) 610 5700 (3.25+ 0.2) x 10'® 9.4x 10° 8.5+ 0.1 (XIIl =XVII)
2 Rate constant for,g + HOBP at pH 5.6° Rate constant for,g + “OBP at pH 11° Ground-state acigbase equilibrium.
than 2.7, and in such cases, the actual valu&x(ef;") reported 0.020
at the respective pH's have been us&dAmong the three A

primary species, OHs the oxidizing species, while the other
two are reducing in nature. By adding suitable scavengers in
the solution, the reaction conditions can be adjusted in such a
way that only the reaction of.g with the solutes can be
exclusively studied. The kinetics of the reaction gf ewith

the HOBP’s were studied in deaerated aqueous solutions of
different concentrations (varying from 2:6107° mol dn3 to

2 x 1074 mol dm3) of the HOBP’s containing~1 mol dnt3

of tert-butyl alcohol.tert-Butyl alcohol scavenges the oxidizing 0.005 4
OH- radical efficiently and also increases the solubility of the
HOBP's in aqueous solutions. The decay gf avas monitored

at 720 nm in the presence of the HOBP’s at different pH 0.000
conditions. From the plot of the pseudo-first-order rate constants 004 002 3 B
vs the HOBP concentrations, the second-order rate constant e
values have been evaluated for all the three HOBP’s and have 1S 001
been given in Table 1. All three HOBP’s an@®BP’s are found 0.03
to be very reactive toward,g, and the rate constants are of ,
the order of~3 x 10'° dm?® mol~1s™! (Table 1). Considering T 6 2 4 6 8
the fact that the- C=0 group is the most electron affinic center 0.02 - <
in the HOBP or- OBP molecule, it is evident that the electron

is captured by the molecule to produce the anion radical species
as the primary reaction product. The fate and the subsequent 0.01
reactions of this anion radical species have been found to depend
on the pH of the solution and the position of the OH group in

0.015+4 o’

0.010-\

AOD

0.00

the phenyl ring, and this will be discussed in the following 0.00 — " T - . - 7
sections. 400 500 600 700
p-HOBP.Spectral characterization and the decay kinetics of Wavelength (nm)

the anion radical species produced due to the reactionqof € Figure 2. Time-resolved absorption spectra of the transient radical
with p-HOBP (2 x 1073 mol dni3) in aqueous solutions of spec!es produced due to reaction @f ewith p-HOBP in aqueous
different pH's has been presented in Figure 2. At this concentra- Solution: (A) at pH 6.2 recorded at 400 ns (&) andsi(b) after the

: g ) pulse; (B) pH 13 recorded at 400 ns (c) and pH 10.5 recorded at 400
tion of p-HOBP (and also the other wo HOBP's) used, the ns (d) and 4s (e) after the pulse. Inset shows the kinetic traces recorded

reaction with g, is complete within 300 ns, as seen from the - 51750 nm (1) and 610 nm (2) in the solution at pH 10.5 and at 610 nm
decay of the hydrated electron monitored at 720 nm (trace 1, (3) in the solution at pH 13.

inset of Figure 2B). Hence, the spectra of the anion radical
species being reported here have been recorded at 400 ns afteeCHEME 1
the electron pulse. -
Figure 2A shows the time-resolved transient absorption
spectra recorded in solution buffered at pH 6 soon after the f/‘)\‘ ey, T ‘ ‘ (3)
electron decay (i.e., at 400 ns) and aug after the electron H HO (HOBP-

pulse. At this pH,p-HOBP exists in undissociated forrili().
The early-time spectrum a has a peak at 540 nm and a shoulder

q
at 620 nm. The absorbance in the 600 nm region has been -

seen to decay faster, and the resultant spectrum b recorded at 4 |

us is very similar to that of ketyl radical gtHOBP (V) reported + HY —> )
earlier?2 The spectrum a recorded at 400 ns after the pulse can®° (HOBP.-) O™ ompit)

be attributed to a mixture of the anion radicl § formed due ‘
to electron addition and the ketyl radicaV’){ which has v v
subsequently been formed due to protonation of the precursor The absorption spectrum c in Figure 2B is due to the only
anion radical (reaction 3). With the protonation reaction being transient produced in the reaction gfewith p-~OBP at pH
very fast, within 400 ns, an appreciable amount of the species 13. As the K, of the ground state gi-HOBP is 7.9, it is evident

V has been formed due to protonation of its precursor speciesthat, at pH 13p-HOBP exists exclusively in the deprotonated
IV (Scheme 1). form, p-—OBP () and the generation of the transient anion

v

(o]
il
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SCHEME 2 the electron pulse (spectrum e) is distinctly different from that
of the anion radical specieé¢l. Comparing the decay traces

1 [ recorded at 610 nm at pH 10.5 and 13 (traces 2 and 3,
ey ‘ ‘ (5 respectively, in the inset of Figure 2B), it can be said that the
0 -0 initial decay seen in trace 2 is due to the protonation reaction

.2~
1 (OBS,, : of the initial electron adduct (species 1V). The protonation occurs
o at the carbonyl site (reaction 6), and spectrum e in Figure 2B
g I can be assigned to specil . The lower absorbance value in
*HE O O © spectrum d as compared to that in spectrum c is evident as the
(OBP-2) 7 onrit) G(eaq) is less at pH 10.5 than that at pH 13. Also, the
vl protonation reaction is fast and is complete to some extent before

400 ns, at which time spectrum d has been recorded.
Having identified the different transient radical species
¢ 000 produced due to electron reactions wiHHOBP at different
o0 pH’s, two different acie-base equilibria can be identified for

o"' the sigmoidal i, curve (Figure 3a). These are represented in

' reactions 7 and 8. The one in the pH rangel® involves the

p protonation-deprotonation at the phenolic OH site (reaction 7)

L Py and the other in the pH range 10 can be assigned to the

; reaction 8, i.e., due to the protonatiedeprotonation at the
carbonyl site.

0.01 4 io b PH OH
s Nenolk
i o ea HO +HY o
1 : \%

0.02

AOD
"

§ vii
| e\ i
%8:) ° .... OH )
o ® > - Ht A
0.00 T T T T T T T T 8
4 6 8 10 12 14 =0 (8
pH © 0

Figure 3. Absorbance changes recorded at 610 nm as a function of

pH on radiolysis of aqueous solution containing«110~2 mol dnm3 P P .
of HOBP, 1 mol dm? tert-butyl alcohol, saturated with NN p-HOBP Considering these two equilibria reactions, (7) and (8), the

(a); o-HOBP (b); mMHOBP (c). The dotted line represents the fitting measured absorbance of the transient radical species in solu-

according to eq B. t?onsasat different pH has been correlated by the following equa-
tion:

radical specie¥| due to the reaction of,g with the p-~OBP oD

can be represented by eq 5 (Scheme 2). The transient absorptioppp . = v 4

spectrumc shows a broad band in the wavelength region-450 14 1P PO 4 g gRPH PR PR

700 nm, and the transient decay monitored at different wave- ODy,

lengths on the absorption band indicates that the band is due to - -

a single species. The anion radical spebdiess long-lived, and 1+ 1077 P 4 1P P

the decay rate is given in Table 1. 0D, B)
To obtain the acigtbase dissociation constants for the ketyl- 1 4+ 10PKea—PH) | 1 ofPKe+ Kz — 2pH)

anion radical equilibrium\{Il = VI), the absorbance values

of the radical ion species surviving a4 after the electron Here, Oy, ODy, and OLy, represent the optical densities

pulse were measured as a function of pH at 610 nm (Figure of the specied/, VI, andVIl, respectively, at 610 nm at the
3a). The absorbance values show a gradual increase when theH where these are the only absorbing species in the solution.
pH is increased from 6 to 14. It is important to note that, By knowing the values of Opand OB, at the two extreme
although above pH 10 only thp-"OBP species exists in  pH values, the absorbance values plotted in Figure 3a were fitted
solution, the absorbance of the transient radical species graduallyto eq B. The dotted line represents the fit according to eq B
increases with pH in the range 10 to 13. As a result, the transientgiving pK; and Kz as 9.1+ 0.1 and 11.H1- 0.1, respectively.
absorbance vs pH curve in the pH rangel@ appears to be a  Thus, the K, value of 9.1 corresponds to theKpfor the
combination of two sigmoidal curves indicating two aclthse phenolic OH of the ketyl radical\{) and the value of 11.1
equilibria of the radical species produced due to reactionfe  corresponds to thel at the carbonyl site of specigdl . The
with p-~OBP, one in the pH range-8L0 and the other in the  higher <, value for the deprotonation of the OH at the carbonyl
pH range 16-13. site of the ketyl radical (specieg) as compared to that of
Spectra d and e in Figure 2B are due to the transient radicalbenzophenone K 9.27% can be explained by the fact that
species produced aftesg addition top-~OBP at pH 10.5and  the release of a proton from the anion radigdl may not be
recorded at 400 ns andws after the electron pulse. Also, the a favorable process, possibly due to highly stabilized charge-
inset of Figure 2B shows the decay trace of the radical speciestransfer type valence bond structuig)(
at 610 nm (trace 2). The decay trace 2 shows a fast component 0-HOBP.Reaction of g;~ with o-HOBP has been studied in
which decays to another slow component withirug. The deaerated aqueous solutions containing 102 mol dn13 of
spectrum of the transient radical species recordeduet dfter 0-HOBP and 1 mol dm? of tert-butyl alcohol buffered at
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SCHEME 3
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different pH’s and the spectral and decay characteristics of thethe pulse and fast protonation of the species. Spectra c and d in
different radical species generated have been presented in Figur€&igure 4 represent the spectrum of the only transient radical
4. Spectra a and b are due to the transient species producedpecies produced due to reaction gf ewith o-HOBP at the

due to addition of g~ with o-HOBP in a solution at pH 5and  pH’s 8 and 13, respectively. Similarities in the spectra recorded
recorded at 400 ns and#4 after the electron pulse, respectively. at 400 ns and 4s after the electron pulse at both the pH’s and
Keeping in mind the fact that thekp of the ground state of  the nature of the decay traces (traces 2 and 3 in inset of Figure

0-HOBP is 9.3, at pH 5 it exists as the spedidb in solution 4) indicate that the only radical species produced on electron
and the anion radical speci¢X is formed due to electron  addition does not undergo protonation or deprotonation to
addition too-HOBP (reaction 9). However, specib§ under- produce any other radical species. The initial little decay seen
goes fast protonation to form the ketyl radical speckes in traces 2 and 3 can be assigned due to thaf (see trace

Spectrum b can be assigned to the latter, and spectrum a musl in inset of Figure 4). The absorbance values of the radical
be due to a mixture of the speci®¢ and X. It has not been species present atu after the electron pulse measured at 610
possible to record the correct absorptiopn spectrum of the speciesxm have been plotted as a function of the pH of the solutions
IX because of the survival ofg in solution up to 300 ns after  in Figure 3b. The curve indicates a singl€;{6.9) throughout
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Figure 4. Time-resolved transient absorption spectra recorded in 0.02-

deaerated aqueous solution containing 10-3 mol dm2 0-HOBP, 1

mol dn12 tert-butyl alcohol. (a) and (b) represent the spectra obtained
at 400 ns and 4s after the electron pulse in the above solution buffered 0.01
at pH 5. (c) represents the spectrum recorded at 400 ns in the solution
buffered at pH 7.5. (d) represents the spectrum recorded at 400 ns in

the solution buffered at pH 12. (inset) Kinetic traces recorded at 720 0.00
nm (1) and 610 nm in the solutions at pH 8 (2) at pH 12 (3).

400 500 600 700
Wavelength (nm)

the pH range 512. Considering these experimental observa- Figure 5. Time-resolved absorption spectra of the transient radical
tions, the reactions have been summarized as in Scheme 3. SPecies produced due to reaction gf ewith mHOBP in aqueous
Scheme 3 shows the formation of the same radical s eciesSOIUtIOn atpt's 5,7, 9, and 12 recorded 400 ns (a) apd 4b) after
- . p the electron pulse.
at both pH’s, 8 and 13. At pH 8, the anion radical spet}¥s
formed on electron addition to 0-HOBP, which exists as the characteristics, although the gross features are the same
species/Ill at this pH, is exceptionally stable due to formation (discussed later). At pH 120-HOBP exists in the dissociated
of intramolecular hydrogen bond. At pH 13, the anion radical form XVI. On electron addition to specié®/I , anion radical
speciesXl, formed due to addition of electron &8~ OBP (X), speciesXVII is formed, and it does not undergo protonation to
undergoes very fast protonation to form the very stable speciesform any other species, as indicated by the similarity of spectra
IX. However, our time-resolved spectra recorded at 400 ns afterat 400 ns and 4s (spectrum g in Figure 5). Figure 3¢ shows
the pulse did not indicate any spectral change corresponding tothe nature of the g, curve of the transient radical species in
this process. The lower value of th&p(6.9) for the ketyl the pH range 513. It reveals the existence of twdkgs, one
radical (XI) indicates its stability. The spectral and the kinetic s at about 6.5 and the other one at about 8.5. The minor
parameters of the transient radical species described above argifferences in spectra b and d recorded at pH 5 and 7 are
given in Table 1. probably explainable by the fact that, while at pH 5 the existing
m-HOBP The spectral characteristics of the radical species radical is the speciesIV (spectrum b), the observed spectrum
produced due to reactions ofse with mHOBP in solutions (d) at pH 7 is due to a mixture of two speciedlV andXV.
buffered at pH's 5, 7, 9 and 13 are presented in Figure 5 and We have also studied the nature of the transient radical species
Scheme 4 can be put forth to explain the sequence of formationat pH 9. At this pHmM-HOBP exits as a mixture of undissociated

of the different radical species at different pH’s. (XlI') and dissociatedXVI ) forms. Hence, at 400 ns after the
With the K, of the ground state af+HOBP being 9.0, at electron pulse, the observed spectrum e is a mixture of species
pH’s 5 and 7 it exists in the undissociated foxt . However, Xl andXVIl , and the specieslll undergoes a proton-transfer

Figure 5 indicates that the characteristics of the absorption reaction to formXV. Thus, at 4us after the electron pulse, the
spectra of the transient radical species formed are different atrecorded spectrurhis a mixture of specieXV and XVII . It
these two pH conditions. Scheme 4 reveals that the anion radicalshould be noted that the radical specdd , XIV, XV, and
speciesXlll formed due to electron adduct im-HOBP and XVII have peak maxima at 620, 540, 540, and 600 nm,
detected at 400 ns after the electron pulse should be the samerespectively.

but spectra a and c in Figure 5 are different in nature. Thisis 3.3. Extinction Coefficient and Decay Kinetics of the
probably due to the fact that at pH 5, with the™Hon Radical Species.The molar extinction coefficient of the
concentration being higher than that at pH 7, spec{é$ transient radicals has been estimated by knowing the concentra-
undergoes a very fast protonation reaction to produce the ketyltion of the reactive species generated during the electron pulse.
radical specieXIV (spectrum b). But at pH 7 we are able to This has been calculated by using thiocynate as a dosimeter
observe the actual spectrum of the anion spekidls at 400 and measuring the absorbance of (S£€Nat 500 nm. Assuming

ns after the electron pulse. However, a careful comparison complete reaction with ;g (Ge,; = Gradica), the molar
between spectra b and d indicates some differences in theirextinction coefficients for the ketyl radicals of HOBP ardBP
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——» Hatomadduct + (CH3)CO (17)
—  Adduct (18)
o o)
HO + (CH3)COH ) o + (CH3)CHOH (19)
F——
OH
N + (CH3)CO  (20)
have been evaluated at 545 and 610 nm, respectively, and are  0.008 0.08
given in Table 1. These values are close to that of the ketyl/ 0.015
anion radical of benzophenone reported earlier from radiolysis
experiments® The radical decays were monitored at their 1 0.0104
respective absorption maxima. The decay traces follow good g8 1
second-order kinetics, and the rate constant values are tabulated | o | < 0008 Jo.06

in Table 1. )

3.4. Reaction with Dimethyl Ketyl Radicals.Dimethyl ketyl *
radical is another specific reductant which reacts with BP to
give diphenyl ketyl radical” The aliphatic to aromatic radical
transformation can be expressed as

(CH,),COH + (C;Hg),CO— (CH,),CO+ (C6H5)2COH(16) 2

In the present context, it will be of interest to see whether
(CHs),COH radical attacks the-OH group in HOBP to give
phenoxy radical by an H abstraction process or attacks at the  0.002 -
>C=0 site to reduce HOBP to give the ketyl radical. The

possible reaction channels can be represented as in e@17

In pulse radiolysis experiments, (GRCOH radicals are .
conveniently generated in good yield in aqueous 2-propanol o
acetone mixed solvent (5 mol dih2-propanol, 1 mol dm? 0.000 X x
acetone in water) system which has been successfully used in ’
the studies of several quinon®s.in this system, as the
composition of the mixed solvent system is 32.2 mol-@imater

besides 6 mol di? of total organic solvents, the bulk of the Figure 6. Transient absorption spectra obtained in deaerated mixed
medium remains essentially aqueous and the principles ofz]qqec;jlisorglanic 50|Uti0?3)00nttﬁi”i?g)>1 1%3 mctﬂ ‘:'_'WSEECZE;P(WOVS
radiation chemistry of water can be fully applied including '€l Pta ValU€s: para- (a), ortho- (D), andmeta €). Unset
reporting of pH in these solutions. The advantage of such a@:ggrgfzmceogrsﬁle recorded at 370 nm at pH 5.8 (1) and 6.5 (2) in the
mixed agueousorganic solvent system mixture is that dimethyl

ketyl radical can be generated quantitatively in a deoxygenated
solution following the reactions represented below

0 2 4 6]
Time (ps)

___O:_'%“"

- 0.04

0.00

T T v T
350 400 450

Wavelength (nm)

ketyl radical ofp-HOBP in the region 406800 nm (reaction
20). Also, there was no indication for the reductiompafOBP
by dimethyl ketyl radical when the pH of the solution was

€q T (CHy),CO— (CHy),CO (21) increased to~10 since we did not observe any transient
H,0 . absorption in the 406800 nm region and, due to strong ground-
(CH3)2C0'7—>(CH3)2COH (22) state absorption of the alkaline solution, transient spectrum
below 400 nm region could not be recorded. It is to be noted
(CH,),CHOH + OH" — (CH,),COH (23) here that the transient spectrum obtained at pH 5 shows good

spectral match with that of the phenolate iol®BP)?22 though

Thus, both the oxidizing and reducing radicals give the same the generation of this species in this reaction is doubtful. The
dimethy! ketyl radical with an yield ofs = 6.2. This radical absence of the ketyl radical pfHOBP suggests that the reaction
with a reduction potential of 1.1 V can be used to obtain May proceed either by an H atom transfer to the ring (H atom
selective reduction by either an H-atom transfer or electron- adduct, reaction 17) or by hydrogen atom abstraction form the
transfer process. (GHCOH radical has a g, equal to 128 phenolic OH of thep-HOBP by the dimethyl ketyl radicals to
and its reactions can be conveniently studied below pH 11. give phenoxy radicals (reaction 19) or by adduct formtion

Following the generation of dimethyl ketyl radicals in a mixed (reaction 18). To look for the possibility of formation of the H
agueous-organic solvent system, its reaction wiitHOBP was atom adduct, H atom reactions were exclusively followed in a
studied. The transient spectra, obtained in the mixed solventsolution containing X 10~ mol dn2 of p-HOBP, 1 mol dm®
system containing x 103 mol dm 3 of p-HOBP at pH 5, tert-butyl alcohol, saturated with Nat pH 2. At this pH, g~
displayed an absorption band below 400 nm with a maximum gets converted to H atom and the OH radical is scavenged by
at~350 nm and is shown in Figure 6a. Surprisingly, we could tert-butyl alcohol. Interestingly, the transient spectrum obtained
not observe any absorption corresponding to the formation of from H atom reaction (Figure 7a) is quite different from that
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Figure 7. Transient absorption spectra recorded agts3after the Wavelength (nm)

electron pulse in deaerated aqueous solutions containing the HOBP (1
x 1072 mol dm3) and 1 mol dm? tert-butyl alcohol at pH 2:para-
(a), ortho- (b), andmetaHOBP (c).

Figure 8. Transient absorption spectra recorded at:43n deaerated
mixed aqueous organic solvent at pH 11, containing 103 mol
dm™ 0-HOBP (a) andn-HOBP (b).

obtained from the reaction of dimethyl ketyl radical at pH 5. SCHEME 5
On the other hand, phenoxy radicals, in general, have very low

pKa values 1) and should not be sensitive to a change in o on

pH from 6 to 7. However, the transient decay monitored at 370 ; VA U (24)
nm for the above reaction at pH 6 and 6.5 (inset of Figure 6) @

clearly indicates a pH-dependent decay. These observations led
us to attribute the transient absorption observed in acidic pH EuN

due to adduct formation between dimethyl ketyl radicals and o- ©
p-HOBP (reaction 18). Dimethyl ketyl radicals are known to . < CH3 b0 : 25
form adducts with the reactants and have been reported earlier © TN gy <CHCO

in the case of some aromatic molecui&s?°A likely position

for the addition of dimethyl ketyl radical would be at the more Ko
electropositive carbon in the benzene ring or at@O group,

which is a known center for reduction. However, from our data, o © o o

it is not possible to distinguish between the two structures. It \
may happen that the absorption of the adduct is strong in alkaline @ @ e PG @ @
solutions. Lack of reactivity op-HOBP toward (CH),COH at

pH 10 k < 10° dm® mol~! s~ which has been estimated from

the competition between the self-decay of @%BOHMb?}nd spectra are very similar to the radical anion spectra obtained at
its reaction withp-HOBP) is probably due to high stability of  the same pH through electron reaction.

the undissociated formOBP (species "’_‘”d.” )- . The reaction rates were evaluated by following the growth
In the case of the ortho and meta derivatives too, the transientkinetics at 600 nm. From the pseudo-first-order growth rates,
absorption spectra recorded in the deaerated mixed aqtieous the second-order rate constant for the reduction reaction was
organic solvent at pH-6.5 show absorption bands with.x at evaluated to be & 107 dm® mol~! st and 8.5x 107 dn?
390 and 370 nm, respectively having no ketyl radical or anion mol~* s~* for the ortho- and themeta-derivatives, respectively.
radical absorption in the 566600 nm region (parts b and c of  |n general, electron-transfer processes are fast (0°—10%
Figure 6) and are attributed to the adduct formation. In these dm? mol~! s71) and take about 300 ns for completion at the
cases also, the data on the H atom reaction carried out at pH Zconcentration of the solute used £110-2 mol dn3). Thus,
(Figure 7) confirm that the reaction of dimethyl ketyl radical the above rate constant values suggest another slow reaction
with 0-HOBP does not occur through H atom transfer to the channel for the reaction. This could be an H atom transfer from
aromatic ring. As the signal is weak, detailed analysis could the isopropyl alcohol radical to theHOBP giving rise to the

not be done. ketyl radical which is stabilized by hydrogen bonding to give
The transient absorption spectra recorded in a deaerated mixegpeciesIX (reaction 23. It can be seen that the transient
aqueous-organic solvent at pH-11 containing 1x 1072 mol spectrum recorded for species IX through electron reaction

dm~3 of 0-HOBP andm-HOBP is shown in Figure 8. Itis seen  (Figure 4) is in good agreement with the present one. The
that at pH (11) a strong transient absorption grows within reactions can be represented as in Scheme 5.

about 4Qus in the 600 nm region. It is interesting to see that, In conclusion, the technique of pulse radiolysis has been used
unlike in the case gf-HOBP, when phenolic H is removed (in  to study the complex reactions that follow electron addition to
alkaline solution), dimethyl ketyl radical is able to reduzme hydroxybenzphenones. Various radical species involved have
andm-HOBP giving a transient absorbing @600 nm. These been spectrally characterized, and their kinetic akghalues
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have been evaluated. The subtle differences observep-for
o-, and m- derivatives have been explained. Reduction of 5147

J. Phys. Chem. A, Vol. 103, No. 24, 1999711
(18) Berger, M.; McAlpine, E.; Steel. @. Am. Chem. S0d978,100,

(19) Wolf, W. M.; Brown, R. E.; Singer, L. AJ. Am. Chem. So&977,

HOBP’s was also studied using dimethyl ketyl radicals as gq 556

reductants in mixed wateiacetone-2-propanol solvents. These

(20) Aspari, P.; Ghoneim, N; Haselbach, E.; Von Raumer, M.; Suppan,

radicals have been found to react via adduct formation with P.; Vauthey, EJ. Chem. Soc., Faraday Trank996 92, 1689.

the HOBP’s, whereas H atom transfer reactions have been

identified in the reactions withOBP’s.
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