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The electron pulse radiolysis technigue has been used to study the spectral, kinetic, and radiation chemical
properties of the triplet excited states as well as the reduced and oxidized radicals of 2-&amimo-,
4-(dimethylamino)-, and 4'4is(dimethylamino)benzophenones. Hydrated electrgl f@s been found to

react with these benzophenone derivatives to form the anion radical species with the rate constants varying
from (4 to 10)x 10° dm® mol~* s7%, which are slower than that for the parent ketone, benzophenone. The
spectral and kinetic properties of the transient ketyl and anion radicals have been studied by generating them
at suitable pH. The absorption peaks of the ketyl radicals appear in the regieit3@85Hm and those of the

anion radicals are red shifted in the wavelength region-5& nm. The [, values of the ketyt> anion

radical equilibria vary from 8.8 to 10.7 for various substituted aminobenzophenones. The cation radicals of
these derivatives have been generated by pulse radiolysis in 1,2-dichloroethane and tetrachloromethane solvents
along with other transient species, such as ion pairs and radical adducts. The triplet states of these compounds
have been generated in benzene. The probable mechanism of the self-quenching interaction between the
triplet and the ground state is the simple hydrogen atom abstraction reaction by*theptet, which is
energetically close to the lower lyingz* triplet state. Mechanisms of interaction between the ground states

of the amino-substituted benzophenone derivatives and the benzophenone triplet have been found to depend
on the driving force for the charge- or electron-transfer reaction between the members of a particular pair.
nzt* Triplet state of benzophenone interacts with 2-aminobenzophenone via energy transfer to the latter, with
4-aminobenzophenone via hydrogen atom abstraction and with 4-(dimethylamino)-'anid(djtmethylamino)-
benzophenones by electron-transfer coupled with proton-transfer reactions. Only in the case of the interaction
between triplet benzophenone and 4-(dimethylamino)benzophenone, evidence for exciplex formation has been
obtained.

1. Introduction hydrogen atom dondr#61415Three kinds of triplet excited
states, namely, xt, wa*, and CT (the latter is in fact an
unsymmetrically charge-distributedt* state), have been
identified as being responsible for the difference in their
Bhotophysical and photochemical reactivitiés The nature

of the T, state of an aromatic carbonyl compound depends on
the nature of the substituent as well as the solV&ht18

The photochemistry of aromatic ketones, specially benzophe-
none (BP) and its derivatives, has been extensively studied
because of their wide use as photosensitizers as well as electro
and hydrogen atom acceptdrdThe lowest excited triplet (i)
state, which is the initiator of these reactions, is capable of
abstracting a hydrogen atom from a variety of substrates .
including aliphatic hydrocarbons, alcohols, phenols, and A _Igr_ge number of studlt_es have been reported on the
aminest 10 One intriguing aspect of this well-studied photore- reactivities of the n* ano! qr* triplet states toward the. hydrogen
duction reaction undergone by the ketone triplet is the fact that &10M abstraction reaction. However, there is no fixed rule on
it may occur either by direct transfer of a hydrogen atom from the |ntr|n§|g ratio of the regctlvmes ofat and zz* triplets. .

a donor molecule to its carbonyl group or by transfer of an The r_eactm@y and mechanism of the hydroge_n atom_ a}lt_)stractlon
electron from the donor to the ketone followed by transfer of a réaction mainly depend on the thermodynamic feasibility or the
proton from the donor cation to the ketone radical anion thus ¢hange in free energy of the electron-transfer reactio@e()
formed (i.e., by coupled electron- and proton-transfer process). from the donor to the Tstate of the ketone. If the charge-
The ketyl radical is the transient produced in either of the two transfer reaction is thermodynamically allowed (i.&Ge: is
casesh11-13 Several attempts have been made to identify the negative), both thest and wz* triplets are equally reactive
structural features dictating the changeover from the atom- @nd the reaction possibly involves the formation of a charge-
transfer to the electron-transfer mechanism in the photoreductiontransfer (CT) type triplet exciplex. However, the reactivity of
of carbonyl compounds. It is well established from various the zzz* triplet is reduced with a decrease in the reduction
studies reported earlier that the rate, efficiency, and mechanismpotential of the triplet. In the latter case the extent of charge
of this reaction depend on the nature and characteristics of thetransfer in the CT complex is smaller and hydrogen atom
T, state of the carbonyl compound as well as the nature of the transfer becomes the rate-determining step, dropping the reactiv-
ity of the wz* triplet. In case the electron-transfer interaction
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mechanism of photoreduction resembles simple hydrogen atomthis technique over that of flash photolysis is that it does not
abstraction and the reactivity of therhtriplet is more than involve the triplet state in the generation of the ketyl radical.
10® times higher than that ofr* or CT triplet state>6:20-23 |t The pulse radiolysis technique also provides convenient mech-
has also been shown that the inductive effect of the substituentsanisms of generating the cation radicals and the triplet states
on rate constants for hydrogen atom abstraction by tiie n  (see later). Generation of the latter does not involve the singlet
triplets is quite smaf* state as the precursor and hence its yield is not dependent on
In the case of BP, the parent of the aromatic Carbony| the intersystem-crossing yleld Hence this teChniqUe prOVideS
compounds, its Tstate is produced with the quantum yield close US the convenience of investigating the interaction between the
to unity and is responsible for all the photochemical reactions T1 state of BP and the ground state of its amino derivatives in
undergone by this molecufé.The T, state of BP has been  order to correla’ge the mechanism of the reaction with their
shown to have m* configuration in all kinds of solvents and ~ reduction potentials.
the higher energys* triplet state remains much above the*n
T, state in the energy level diagra?6 However, on substitu- 2. Experimental Section
tion with electron donating groups such as OH, QCNH,,

and .N(Cl-g)zl pnto the aromatic rings of benzophenone, the aminobenzophenone (OABP) and 4-fara-)aminobenzophe-

relative position of m* and wx* states are largely altered none (PABP) and the dimethylamino derivatives, namely
depending on the nature and position of the substituent and also4-(dimethylamino)benzophenone (DMABP) and'lbié(dim- '
by the solvent polarity’:1:232%From the results of our recent ethylamino)benzophenone (MK), were obtained from Aldrich.

flasr? ghotolyys .StUd'eza(‘js. weH TS the stugleg re%otr)ted eat:“erPABP was purified by repeated crystallization from an aqueous-
on hydroxy-, amino- and dimethylamino-substituted benzophe- ethanol mixture. OABP, DMABP, or MK was recrystallized

nones, we could explore two important aspects of their reactiv- from methanol. Solvents used were of spectroscopic grade

ity 4,17,19,23,26; i . e . . -
ity. First, in nqrjpolar solvints, SUCD as cyclohe_xane (Spectrochem) and used without further purification. High-purity
and benzene, the positions of the*nand zz* T, states lie nitrogen gas (Indian Oxygen, purity 99.9%) was used to
very close to each other and the triplet levels are interconverted, yo 5 arate the samples. All experiments were carried out at room

forming an equilibrium under thermal activation. Hence the temperature (298 1 K) unless specified otherwise. Buffer
reactivity of the , states of these molecules toward hydrogen . ions were prepared from the suitable mixtures of solutions
atom abstraction in these solvents are retained due to the Na,HPO, and NaHPO;. Aqueous solutions were prepared
presence of thet state in equilibrium with thezz* one. in nano-pure water obtained from a Barnstead System (resistivity
However, the equilibrium constant for the triplet level inter- 1g 3\) ¢m). The oxidation potentials of the amino-substituted
conversion becomes part of the reduced reactivity of their triplet e, hhenones were determined in acetonitrile solution using
a 1 *
state-*#In polar solvents the iIstate is arzr* or CT state and  etraflyoroborate salt as the supporting electrolyte by using Ag/

the intersystem-crossing yield is also lower. Hence, both the pg+ glectrode as the reference electrode with an Autolab model
reactivity and the product yield are considerably reduced for AT 70909 cyclic voltammeter.

these benzophenone derivatives as compared to those of the
parent. Second, the electron donation by the amino and
dimethylamino groups could reduce the electrophilicity at the

oxygen atom and hence the rates as well as the efficiency Ofa suprasil cuvette of 1 cm path length were irradiated by electron
the hydrogen atom abstraction reaction are reduced. pulses of 50 ns duration (fwhm) floa 7 MeV linear electron
Desp|te the I’educed I’eaCtIVI'[Ies Of amino- and dlmethylam|n0' acce|erator (Forward |ndustr|es) at a rad|at|on dose e.f]m
substituted benzophenones (compared to that of BP) towardsgy per pulse as measured by an air saturated 0.05 mo# dm
hydrogen atom abstraction reactions from the solvent molecules,K SCN dosimeter, takingse for (SCN), as 21 522 driimol~t
such as cyclohexane, the $tates of these ketone derivatives c¢m-1 at 500 nm (G being defined as number of molecules
have been seen to be efficiently quenched by their ground formed per 100 eV energy absorb&Jhe transient absorption
states:*?° The relatively large values of self-quenching rate profiles were monitored by a kinetic absorption spectropho-
constants for 4,4bis(dimethylamino)benzophenone or Michler’s tomertic arrangement Consisting of a450 W pu|sed xenon |amp
ketone (MK) in nonpolar solvents (10to 1¢* dm?® mol™! in conjunction with a monochromator (Kratos Model 152A) and
s1),202728as compared with the values of10° dm® mol™* photo-multiplier tube (Hamamatsu R-928), connected to a digital
s~ for benzophenone @ triplet)?®2° and methyl-2-naphthyl  oscilloscope (L&T Gould 4072). The data were transferred to
ketone frz* triplet),® suggest that the self-quenching interaction an IBM-PC where data analysis was carried out with indig-
in MK is highly favorable, probably due to charge-transfer enously developed program.
interaction. Many authors have suggested the possibility of
formation of triplet excimer as an intermediate to explain the 3 Results and Discussion
mechanism of such an efficient self-quenching reactfeh.
However, efforts to characterize the triplet excimers in these (a) Reaction of g, Electron pulse radiolysis of water
systems have been fruitless. generates three major primary reactive specigs"@H, and

In the present study, we have made an attempt to characterizd® with G values 2.7, 2.7, and 0.5, respectively. Thevalue
the spectroscopic and kinetic properties of various radical speciesfor €, is constant (2.7) in the pH range-4034 Although no
of amino- and dimethylamino-substituted derivatives of ben- data are being reported here for pH4, a few experiments
zophenone using the electron pulse radiolysis absorptionhave been performed in solutions with pH 10, at which
spectroscopic technique. Benzophenone and its derivatives havés(e,;) is greater than 2.7 and in such cases the actual values of
high reactivities toward hydrated electron producing ketyl or G(e,) reported at the respective pH's have been $éed.
anion radicals with good vyield. A radical anion, generated Among the three primary specie§H is the oxidizing species
directly through the hydrated electron reaction, is protonated while the other two are reducing in nature. By adding suitable
to form the ketyl radical at a suitable pH. The advantage of scavengers in the solution, the reaction conditions could be

The amino derivatives of benzophenone, namely, 2x(io-)

Detailed experimental set-up for the electron pulse radiolysis
and the kinetic absorption spectrophotometric technique used
here has been described elsewléi@ample solutions taken in
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TABLE 1: Spectroscopic and Kinetic Characteristics of the Ketyl and Anion Radical Species of ABP’s

ketyl radical anion radical
compound ke;qdm3 molts™?  Jna M e, dmmoltecm™ 2k, dnPmolts? pKy Amax "M ¢, dmPmol~tcm® 2k dmPmol s
OABP 4.4% 10° 540 1800 1.4¢ 10° 88 565 4000 5.6 108
PABP 1x 109 550 2300 1.3 10 9.8 600 5200 4 10
DMABP 9.8x 10 550 2460 9.6x 10° 10.2 610 5700 3.& 10°
MK 8 x 1¢° 580 1700 3.9« 10° 10.7 630 4500 X 1¢°
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The time-resolved spectra recorded soon after the electron
co0l+—7r +— u_rﬁ decay (i.e., at 0.&s) and at 2Qus after the electron pulse and
400 450 500 550 600 650 700 the decay kinetics of the transient radical species produced due
Wavelength, nm to the reaction of g with PABP (1 x 103 mol dn®) in

] ] ) ) ~aqueous solutions of three different pH’s have been presented
Figure 1. T'é“e'rgs‘é"’edt absorptt_non Zzed'rti o;pt\réeptr_ansmnt radical iy Figure 1. At this concentration of PABP, the reaction with
species produced dué o reaction Qf &l In-aqueous o is complete within 0.&s, as seen from the decay of the
somt‘;op)s ﬁ]pH > (Spewz adanda)s’ %3 (SpeCtraCanddd)')anddgﬂgpem%i/qdrated eE)Iectron monitc?;teél at 720 nm. This is evidyent from
e and f). They are recorded at spectra a, ¢, and €) an ‘ R ,

(spectra b, d, and ), respectively, after the electron pulse. Inset of A the nature of traces 1 b_md 2in the Inset of Figure 1B. Hence
shows the absorbance changes recorded at 620 nm as a function of pHhe spectra of the transient radical species being reported here
due to reaction of g with PABP. The line represents the fit function have been recorded at or later than @s3after the electron

to follow the eq i. The [, value thus obtained is given in Table 1.  pulse reaching the sample. Figure 1A shows that the natures of
radiolysis of solutions at pH 5 (curve_ 1) and 13 (curve 2), r_espectlvely. having peaks at 550 and 600 nm, respectively. In both the cases
Spectra a, b, and f have been assigned to the ketyl radical of PABP,[h t ient tra d t lve in the -028 fi
(structure 11l), and e-e, to the anion radical of PABP (structure (l1)). doema:iarl1nSII-|eor\l/ves\/peerCtrf1ae trcz)annsci)en(iv;b\;irg;ionespect rﬁ?n Irrenceorded
adjusted in such a way that only the reaction gf with the at 0.8us after the electron pulse irradiation of a solution buffered
solutes could be exclusively studied. The kinetics of the reaction at pH 9 (spectrum e in Figure 1B) shows a peak at ca. 600 nm,
of &, with the amino derivatives of benzophenone (abbrevi- and it is similar to that obtained at pH 13 (spectra ¢ and d).
ated as ABP) have been studied in deaerated aqueous solution$he transient absorption in 5700 nm region decays faster,
Contammg ~1 mol dnt3 tert.buty| alcohol and different and SpeCtrUm f, recorded at IQQ, IS very similar to that obtained
concentrations (2.5 105to 2 x 10-3mol dnv3) of the ABP’s. ~ atpH 5 (spectra a and b). Spectrum e, recorded gt).8ould
tert-Butyl alcohol scavenges the oxidizif@H radical efficiently gﬁait;:ﬁ);;??otc;;hsg?gI(;ildatrr]:gnkfgtgl fgg?f; S:JI)e f/f/)h?(!ﬁctt]r;sn
and also increases the solubility of the ABP’s in aqueous : )

solutions. The decay kinetics of gt different pH conditions ;ﬂ?;f?:ggi)l’ (?Sigézren%eed f)ueﬂt]% [\)/\:gtloerl]:ggtr;l ?;;':(?mlgjocursor
have been monitored at 720 nm and the second-order rat > L)

constant valuesk( ) were evaluated from the slope of the Of the ketyl and anion radical spectra of ABP's, generated by
linear plot of the® pseudo-first-order rate constants vs the reaction with g;in solutions of pH 5 and 13, respectively, the
concentrations of ABP (Table 1). The rate constant values areMlar extinction coefficiente), and the second-order decay rate
much smaller than that reported for BP (&8L0° dm? mol* Eggitan; (g»:;a:jlqes-r;ﬂéu?ted for these radical species have
s 1)3536jn aqueous solutions. Considering the fact th&=0 pres in ' _ o

group is the most electron affinic center in the ABP molecule, 10 obtain the [, values for the aciebase equilibrium for

the electron is evidently captured by the molecule at this centerme i‘ﬁtw t;adl(t:)akradlcﬁl anlo?tﬁonV%(SIC)ln process (i.e.~H 20
© o heaion aa pecies s he prnay et 1), s ahsrbance e of e el i s 20
product. Hence, the rate constants for the reaction betwgen e # functi f oH P d fitted to el The inset of Fi 1?6\
and ABP’s are seen to decrease in the same order (Table 1) a sa unctlon th almt Ibte' odef .PA?B:;]SG ot Figure

the increase in electron-donating ability (2N(g#> N(CHa)» represents such a plot obtained for )

> NHy) of the substituent groups. The smaller value of the rate A A

constant for OABP than that for PABP is evidently due to the A= L L
presence of an intramolecular hydrogen bond in the former. 1+ 10PHPKD 1 4 g gPkePH)

@
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Here, A andAy represent the absorbance of the species Il and .
I, respectively, at 620 nm at the pH where these are the only o
absorbing species in the solution. TH&,values thus obtained 00 %
for the ABP’s have been listed in Table 1. The highkg palue

of the ketyl radical species of PABP, DMABP, and MK, as
compared to that of BP K 9.2)3% can be explained by the
fact that in the case of ABP’s, the release of a proton to form
the anion radical species may not be a favorable process, due
to increased charge density on the carbonyl oxygen, because
of the electron-donating effect of the amino and dimethylamino

substituents as well as the highly stabilized charge-transfer type B P A
valence bond structures of these ketotfedowever, the K, Wavelength, nm
value for the ketyl radical of OABP (8.8) is Iower_t_han_ that of Figure 2. Time-resolved absorption spectra of the transient species
PABP (9.8), probably because of increased stabilization of the proguced due to pulse radiolysis of DMABP 5102 mol dn) in
resultant anion radical species due to formation of an intramo- TCM solution recorded at 0.5 (a) andu8 (b) and in DCE solution at
lecular hydrogen bon#. 0.5 (c) and 2Q«s (d) after the electron pulse. The inset shows the kinetic

(b) Cation Radicals. The triplet states of DMABP and MK frace recorded at 600 nm for TCM solution.
have been shown to act as an electron donor to a number of 0.08
cationic dyes® However, no attempt has been made to
characterize the cation radical species thus formed in these o
electron-transfer reactions. Detection of the cationic species in 0.064
any photochemical or radiation chemical process reveals the
involvement of charge- or electron-transfer interaction between
the reactants with certainty. Hence it is essential to have
information regarding the spectroscopic and kinetic properties
of the cation radical by generating it in an isolated condition.
The electron pulse radiolysis in chlorinated solvents has been 0.021
used as a standard method to generate and characterize the
radical cations of different kinds of solute molecuté&4?

However, in this method, several other oxidants are generated 0.00
in solution, in addition to the radical cation of the solvent

molecule, which is the main oxidant. Different kinds of transient Wavelength, nm

species, such as ion pairs, radicals, and chlorine atom adductsFigure 3. Time-resolved absorption spectra of the transient species
may be formed. Hence this method becomes nonselective anddroduced due to pulse radiolysis of MK (6103 mol dnT%) in TCM

one should be careful in characterizing the transient speciessolution recorded at 0.5 (a) and 48 (b) and in DCE solution at 0.5
formed in these experiments. (c) and 18us (d) after the electron pulse. The inset shows the kinetic

; o . traces recorded at 500 nm for DCE solution and at 630 nm for TCM
We have studied the oxidized species generated by pulsesolution. The initial fast order decay in each case indicates the geminate
radiolysis of the ABP’s in two chlorinated solvents, namely, recombination process, taking place in the ion pair.
tetrachloromethane (TCM) and 1,2-dichloroethane (DCE), the aximum shifts to 650 nm (curve d). The transient absorption
dielectric constant values of which are 4 and 10, respectively. shows a small growth while monitored at 650 nm but at a longer
In TCM the main oxidizing species are GCH (G = 1.6 + time scale the transient absorption decays following second-
0.4 per 100 €V);CCl (G ~0.75 per 100 eV), antCl3 The order kinetics (Rle = (1.8 £ 0.5) x 10° cm s°%). These facts
two transient oxidant species, GCl and *CCl;, react with  ropaply indicate that due to pulse radiolysis of DMABP in
aromatic solutes to generate the cation radical of the latter butpcg  poth the ion pair [DMABP"..CI] as well as the free
*Cl reacts with the solute to form an ion-pair complex or adduct cation radical, DMABP", are formed. The small growth
or abstracts a hydrogen atom to form the neutral radical gpserved at 650 nm is probably due to formation of free
species? However, in DCE, there are several kinetically pyaBP+*, which escape geminate recombination. The 30 nm
distinguished cationic species of the solvent, which react (oq shift in the maximum of the absorption spectrum of
selectively with different kinds of solute8. DMABP*+ in DCE with respect to that in TCM could be
In the case of the electron pulse radiolysis of DMABP in assigned to higher polarity of DCE. A few reasons may be
TCM, the transient absorption spectrum recorded a8 $hows ascribed to the higher yield of formation of ion pair in TCM as
a band having maximum absorption at 610 nm (curve a in Figure compared to that in DCE. They are lower polarity, higher Cl
2). The transient absorption monitored at this wavelength decaysatom content and the longer lifetime of tH@l atom radical in
mainly by first-order kinetics with lifetime of 0.5 0.1 us, TCM (172 ns) as compared to that in DCEAX0 ns)*°
leaving very little residual absorption aftep&. The spectrum While MK is radiolyzed by electron pulses in TCM, the only
(curve b) of the transient species observed ats2after the transient species observed at fisthas the absorption maximum
electron pulse could be assigned to the free cation radical of at 630 nm, but this peak position shifts to the red by about 5
DMABP (DMABP**) in TCM, escaping geminate recombina- nm when observed at 16 (Figure 3). The transient absorption
tion. Hence the ion pair [DMABP..CI ] is the main transient ~ monitored at 620 nm shows very little initial fast decay (within
species formed in this solvent and the geminate recombinationabout 1.5us, inset of Figure 3). At longer time domain the
is the major process undergone by the ion pair. In DCE, the transient species decay following second-order kinetics with
spectrum of the transient species recorded af8.%curve c) decay rate constantk2 = (6.0+ 0.5) x 10°cm s L. The very
has a maximum at 630 nm and the spectrum is broader asfast initial decay could be assigned to the geminate recombina-
compared to that obtained in TCM. At later time the absorption tion in ion pair [MK*"..CI"], which is formed by the recombina-
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tion reaction between MK antCl. The longer-lived transient

could be assigned to the cation radical of MK, MKwhich oot0{ A 0.008 500 nm
has escaped geminate recombination or formed directly due to o 0004 1=0.58 us
interaction between MK and the radical cation of the solvent, ] 0.000.

CCls*. However, in DCE, the transient absorption recorded at 0.0054 0 2 4
0.5us after the electron pulse has the absorption maxima at ca. Time, us

400 and 500 nm and after about 18, we observe a new
transient absorption spectrum developing with maximum at ca.
540 nm. The transient species, having the absorption maximum
with a large blue shift as compared to that of the cation radical
in a more polar solvent could not be assigned to the ion pair
[MK**..CI"] but probably some kind of chlorine atom adduct.
We are not certain about its identity.

(c) Triplet State. Pulse radiolysis is an excellent technique
for selective creation of the excited triplet states of organic
molecules using the tripletriplet energy-transfer method in
aromatic solvents such as benzéh&Ve showed in earlier S A . A G
sections that due to pulse radiolysis in haloalkanes and water, 400 500 600 700 800
ions and radicals, respectively, could easily be generated and Wavelength, nm
used for the time-resolyed study of eleptron- and proton-transfer Figure 4. (A) Absorption spectrum of the triplet state of OABP
processes. Howeve_r, in the .pulse radiolysis of benzene, forma-produced due to pulse radiolysis of 2 10 mol dn OABP in
tion of singlet and triplet excited states are the major processes.penzene solution. The inset shows the decay of the triplet state. (B)
The radiolysis of benzene produces the benzene trigBt)( Time-resolved spectra of the transient species produced due to pulse
of very high energy (353 kJ mol) in high yield. 3BZ can radiolysis of 1x 1072 mol dn3 PABP in benzene solution recorded
transfer its energy to another solute haviig< 353 kJ mot™, at 0.5 (a) and 1@s (b), assigned to the triplet state and the ketyl radical
thus generating the triplet state of the latter. Hence, in the pulseSPecies (type Ill), respectively.
radiolysis of benzene containing a relatively higher concentration
(~1072 mol dn3) of scavenger species, tRBZ can serve as
a sensitizer for initiating the triplettriplet energy-transfer
process! The low intersystem crossing efficiency for the
conversion of the singlet to the triplet state of the solute molecule
does not pose any limitation to the production of the triplet state.
Also, the triplet production process being selective, conclusive
evidence for the assignment of the photolytically generated
transient species to the triplet state can be obtained from the .
pulse radiolysis studies of the solutes in deaerated solutions of ] ]

0.000

AAbsorbance

0.005 +

0.000

0.02

0.01

benzene. 3 g
The time-resolved spectra of the transients produced due to & 0-00 ————————=5 0.00
electron pulse radiolysis of the four ABP’s (concentratiat0—3 o) 400 500 600 700 800
mol dn13) in deaerated benzene solutions are presented in the 3
Figures 4 and 5. The spectra represented by the curves denoted2
by a, recorded at about Qus after the electron pulse, could be i 0034

assigned to the triplet states of these molecules. The spectra
for PABP and MK have been seen to be very similar to those
reported earlier from flash photolysis experimelits We 0.02
observe the only absorption band of the OABP tript€iABP)

in the 450-600 nm region with a maximum at ca. 500 nm
(Figure 4A). However, the triplet state of each of the other three 0.01
derivatives of benzophenone studied here has another broad
absorption band in the region 66850 nm, in addition to the

one at the ca. 456600 nm region30ABP decays to the ground 0.00-—F———7———————710.00
state without producing any other transient species. However, 400 500 600 700 800
in the case of PABP, DMABP, or MK, the transient absorption Wavelength, nm

spectra recorded at a longer time domain, e.g,, later thars 10 Figure 5. Time-resolved transient absorption spectra obtained due to
after the electron pulse, reveal the production of another tran5|entpulse radiolysis of % 10-2mol drrT (A) DMABP (with time windows

species that has absorption maxima at ca. 410 and 560 (PABPg ¢ (@), 4 (b), and 10 (q)s) and (B) MK (with time windows 0.5 (a),
F|gure 4B) or 600 nm (DMABP and MK, F|gure 5) 2 (b), and 4 (C)/CS) in benzene solution.

The lifetimes of the triplet states could be determined by
monitoring the clean first-order decay of the transient absorption sensitive to the concentration of the ground state used; i.e., the
either at 500 nm (foPOABP), 700 (for®MK), or 750 nm (for triplet state is self-quenched by its ground state. Hence the
SPABP and®DMABP). 30ABP is short-lived and the lifetime  pseudo-first-order lifetimes have been determined by monitoring
is only 0.6 £ 0.03 us. The reason is probably the very fast the decay of the transient absorption at 700 or 750 nm with
energy relaxation process via hydrogen stretching vibrations in different ground-state concentrations of the solutes varying in
the intramolecular hydrogen bod#iThe lifetimes of the triplet the range from 1x 1075to 2 x 1072 mol dn 3. The rates of
states of the other three derivatives have been found to bethe decay of the triplet states (i.e., the inverse of the lifetime)
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TABLE 2: Triplet-State Characteristics of ABP’s and Their Photochemical Reactions with Benzophenone in Benzene

AG(°BP- ¢, dm? mol™* ksg 107 dm?® kg, 10 dm? mechanism of
ABP  Ern eV Ex'3V ABP),eV  Amax NM cmt () T, US mol~1st mol-1st guenching
OABP 3.0 1.23 +0.06 500 0.6£ 0.2 3.7£ 0.5 energy transfer
PABP 2.9 1.25 +0.08 550, 750 3.205 8.0+06 2.7+ 0.5 atom transfer
DMABP 2.7 1.08 —0.09 530, 750 670@ 1000 (750) 12.6:00.5 6.25+0.5 4.2+0.5 electron & proton
transfer via exciplex
formation
MK 2.7 0.95 —0.22 530,700 (sh) 750& 1000 (700) 11.4£0.5 1.51+0.3 2.6+0.5 electron & proton
transfer
3 il L SCHEME 2
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Figure 6. Decay profiles of the transient species produced due to pulse (CH3)2

radiolysis of (a) 2x 1072 mol dm3 and (b) 1 x 1073 mol dni3
DMABP in benzene, recorded at (A) 530 nm and (B) 600 nm. The fit
functions are also shown. Decay profiles represented by curves a have

been fitted with a dual exponential fit function, while those represented
by the curves ‘b’ have been shown to be well fitted by a single-

exponential fit function. The curves represented By itathe insets : / \@

show the fittings of the decay profiles ‘a’ to the second-order decay

] ( H3)2 +
function. H3C—

ﬁf
o0

(CH3),N

have been seen to increase linearly with an increase in CHz
concentration of the solute. The intrinsic lifetimes of the triplet
states tr, the lifetime in absence of self-quenching) and the \\©
rates of self-quenching interactioks) have been obtained from (CHy);N
the intercept and the slope of the linear plots, respectively. These v
values have been given in Table 2 and they agree well with
those determined by our flash photolysis measureniéntd. beyond 1Qs time domain, monitored at different wavelengths,
Earlier, several authors reported the self-quenching interactionindicates that the spectra recorded beyond(d@me domain
of the triplet states of PABP and M&:*3However, our values  (curves c in Figure 5) are due to the presence of more than one
are about one order of magnitude lower than the reported valuesspecies and also they follow more than one kind of reaction
The lifetime value foPMK determined by us is also found to  path to decay.
be much shorter than the values, which are found to vary from  The self-quenching reaction of the triplet state of ABP’s
19 to 43us, reported earlier by different groups (ref 26 and the could be represented by the Scheme 2, following the reaction
references therein). The reason for obtaining a longer lifetime scheme suggested by Wamser et al. who studied the interac-
in the earlier studies by flash photolysis measurements maytion betweer’BP and MK in benzené: The absorption band
possibly be due to the presence of the longer-lived componentwith maximum at 600 nm (spectra c in Figure 5) is assigned to
having an absorption band in the 50000 nm region. the radical of the type IV. Formation of the radical type IV in
The kinetic behaviors of the absorption decay profiles for the photochemical self-quenching interaction in the case of
SDMABP and MK monitored at different wavelengths are DMABP and MK has been confirmed by trapping it by
different and complicated, as shown in Figure 6. While the nitrosobutyl chloride and detected by E$Rdowever, in the
concentration of DMABP or MK used was below > 1073 above reaction, formation of the radical of type IV should be
mol dm~3, the decay of the transient species measured at anyaccompanied by the formation of the radical of type Ill, having
of the wavelengths on its spectrum could be well-fitted by a absorption maxima at 580 nm for MK and 550 nm for DMABP
single-exponential decay function (curve b). At higher concen- (Table 1). Hence, the broad absorption band with a maximum
trations &5 x 1072 mol dm3), the transient absorption at ca. at ca. 600 nm could be assigned to the presence of both the
530 or 600 nm shows a multicomponent decay (curve a). radicals of types Il and IV. However, in the case of PABP,
Although, at either of the wavelengths, the lifetime of the shorter we observe the formation of the ketyl radical only (radical
first-order component is equal to the lifetime of the triplet state of type IIl), having an absorption maximum at 550 nm (curve
(measured at 700 or 750 nm), the kinetics of the longer b in Figure 4B), and it is very similar to the one recorded
component could be fitted either by first-order or second-order in the electron reaction with PABP at pH 5 (Figure 1A). We
or both depending on the concentration of the ketones used.could not observe any other transient species, which could be
Complicated kinetic behavior of the transient species surviving assigned to the counter radical (type IV) formed due to release
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of a hydrogen atom from the amino group of PABP molecule d =

in the ground state. A £ 2
To explain the mechanism of self-quenching reactions in 1 a\ £ 2 1

ABP’s, Schuster et al. predicted the formation of triplet excimer S 37 600nm

0 2 4 6 8 10
0.014 e Time, us

involving charge resonance as the stabilizing factor, but their
efforts to characterize the triplet excimer species were not
successfu#® We reported earlier that the shapes or character- ] b
istics of the absorption spectra of the triplet state generated by
laser pulse excitation were sensitive to the concentration of MK
used in flash photolysis experimedA®However, we attributed

this change of spectral shapes to some kind of association in

0.00 T T

Absorbance
o
<
o
In(Ansorbance)

the ground state via formation of aggregates and excluded the b ity T2
possibility of any kind of association between thestate and EEJ;\\ =1] 600nm
the ground-state molecule. The driving force for the charge- DA, 002 4 6 08
transfer interaction in the self-quenching reaction is given by T iy I Jime, us
eq ii. The values oEq!? (ABP) andEr(ABP) determined in AR ONRY B
this work are given in Table 2. We could not determine the : '-E.ETZ\
Ed’{ABP) values using our cyclic voltammeter due to its 0.00 " ) ' T N
40 500 600 700

technical limitation. However, it is expected that the values
should be less than that of BP-{.83 eV). Using eq ii, the Wavelength, nm

lowest possible value oAGe could be calculated and this  Figure 7. Time-resolved absorption spectra of the transients produced
showed that the self-quenching reaction of the triplet state via due to pulse radiolysis of X 1072 mol dnm3 BP in benzene in the
charge-transfer mechanism is not thermodynamically feasible presence of 5« 10~* mol dnr® OABP (A) and PABP (B). In both

for any of the ABP’s. Hence, the probable mechanism operating gf“:;forejgzcﬁga (ir)e tfggfseodr i}O%t (2)Cltr1a(3&£%d( j‘)‘sagﬁv‘ié”tges

in the s.elf-quenqhing process is the simple hydr.ogen atom 3OABP((E) are'also sﬁown.The iﬁsets s%owthe decé@B®fmonitored
abstraction reaction by thert T, state, which is either the 4 600 nm in the presence of 0.05 (1), 0.1 (2), and 0.5«3)02 mol

lowest triplet state or energetically very close to the lower lying dm~2 OABP or PABP. Decay profile p represents the decayB
w* T, state and is populated significantly even at ordinary only. The concentration of BP was kept constank(10-2 mol dm-3)
temperaturé?®. in each measurement.

AG If hi see a change in reaction mechanism that could be correlated
e(self-quenchingy= with the electron-donating abilities of the ABP’s.

Eo 2(ABP) — E,o4"(ABP) — E-(ABP) (ii)

red AG,(*BP-ABP)=

(d) Interaction between 3BP and ABP’s. To gain further E,,"%(ABP) — E,,"ABP) — E{(BP) (iii)
insight into the mechanism and the kind of interaction involved
in the self-quenching reaction and the role of the triplet excimer  Figure 7A represents the time-resolved spectra of the
or exciplex, we investigated the interaction between two transients produced due to pulse radiolysis of a solution
nonidentical ketones or ketone derivatives so as to be able tocontaining 1x 1072 mol dn3 BP and 5x 104 mol dnr3
understand the role of different kinds of excited states or OABP in benzene. Since the concentration of BP is about 20
radicals, which are produced in this process. We have studiedtimes higher than that of OABP, energy3&Z is preferentially
the nature of interaction betweéBP and the ground state of transferred t6BP rather than t8OABP. We also observed that
each of the four ABP's®BP has m* character. Its energy and  2OABP produced in pulse radiolysis of a solution containing
electron affinity are higher than those of the amino-substituted only 5 x 104 mol dm~3 OABP was negligible. HencéBP
BP derivatives used here. Wamser etlgbredicted, without should be the only transient species formed in the process of
any experimental evidence, that the photoreaction betweenenergy transfer froiBZ to the solutes present in the solution.
3MK and BP proceeds via formation of a triplet exciplex. We However, the absorption spectrum recorded at3.4fter the
have shown earlier that the self-quenching ®K is a electron pulse showed a peak at 510 nm and it was a little
predominant process contributing towards its decay. In this different from that of3BP. The spectrum ofBP, which has
study, we are able to avoid the self-quenching interaction been obtained by electron pulse radiolysis of BZ in the presence
between the triplet and the ground state, since the self-quenchingpf only 1 x 1072 mol dn3 BP, is also shown in the same
rate is slow for3BP (~1C° dm® mol~! s71).262° The pulse figure for comparison (curve d). It has a maximum at 530 nm
radiolysis technique has the advantage over the flash photolysisand a shoulder at 600 nm. Absorbance at 600 nm decays
technique in selective production P just by using a higher  following first-order decay law with a lifetime of 0.6%s. This
concentration (about 20 times higher) of BP than that of ABP. is much shorter than the lifetime 8BP (3.5us), which has
Since the absorption spectra of ABP’s are red-shifted as been measured in the absence of OABP (decay trace p in the
compared to that of BP, selective excitation of BP is not possible inset of Figure 7A). The transient absorption spectrum (curve
in the presence of ABP’s in flash photolysis experiments. We b) recorded at Ls after the electron pulse has the distinct peak
have observed that the nature of interaction betwi&h and at 500 nm, and this spectrum is very similar to that@ABP.
the derivative molecules have been different in each case. WeThe spectrum recorded after 46 indicates a very little residual
have been able to vary the free energy change for the charge-absorption with a peak at 545 nm, which is characteristic of
or electron-transfer reaction (determined using eq iii and the the ketyl radical of BP. Hence it becomes evident that the energy
valuesE.d’3BP) = —1.83 V2 and Er(BP) = 3.0 eV®9) in a transfer from®BP to 30OABP is the major deactivation process
systematic manner while maintaining the nature of the excited for 3BP, which is quenched by OABP very efficiently. The
state the same, i.e.;zh for 3BP. Hence we have been able to energy-transfer rate, which could be calculated from the slope
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of the linear plot of the pseudo-first-order rates monitored at
600 nm against the concentrations of OABP, is given in Table
2.

Figure 7B shows the time-resolved absorption spectra of the
transients produced due to pulse radiolysis of the solution
containing 1x 1072 mol dm3 BP and 5x 104 mol dm3
PABP in benzene. The transient spectrum recorded au®.4
after the electron pulse has a maximum at ca. 540 nm and

shoulders at 530 and 600 nm. The absorbance monitored at 600

nm decays very fast following first-order kinetics with a lifetime
of 0.5 us. However, the decay monitored at 530 nm follows
mixed-order kinetics. The initial short first-order component
decays with the same lifetime (0/s) as that obtained by

monitoring the transient absorbance decay at 600 nm, and the
longer second-order component decays with the rate constant,

2k/e value of 5x 10° cm sL. The first-order decay monitored
at 600 nm could be assigned to the decay’®P, and the
transient, surviving at longer time having a peak at 545 nm, to

the BP ketyl radical, the decay rate of which has been calculated

to be 1.8x 10° dm® mol~! s71 usingesss = 3500 dn¥ mol—!
cm~1.3%aThe formation of the ketyl radical of BP with relatively
higher yield (than that in the case of the BP-OABP system) is
indicative of a hydrogen-atom-transfer reaction from the PABP
molecule in the ground state 3BP. The formation of the ketyl
radical of BP is also possible via electron transfer from the
PABP molecule t8BP followed by proton transfer. But as Table

2 shows, this reaction is not feasible due to the positive free

energy change for the electron-transfer reaction. In this case,

the fact that the energy transfer frofBP to PABP is not an
important process for the decay &8P is evident from the
absence of any transient absorption in the 6880 nm
wavelength region, which would be the characteristieR#ABP
(Figure 4B). The hydrogen-atom-transfer rate could be deter-
mined from the slope of the linear plot of the pseudo-first-order
rates monitored at 600 nm as a function of concentration of
PABP, to be 4x 10° mol~ dm?3 s~1. In this case, we could not
observe the formation of the exciplex betwegi and PABP.

Hence we predict that the mechanism of the reaction between

3BP and PABP can be described by simple hydrogen atom
abstraction via free radical mechanisfi*

Figure 8A shows the absorption spectra of the transients
produced due to pulse radiolysis of the solution containing 1
1072 mol dm3 BP and 5x 104 mol dn3 DMABP. Each of
the absorption spectra recorded at 0.4 apg after the electron
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Figure 8. Time-resolved absorption spectra of the transients produced
due to pulse radiolysis of % 1072 mol dnT3 BP in benzene in the
presence of 5< 1074 mol dn3 (A) DMABP and (B) MK. In both
cases the spectra are recorded at (a) 0.4, (b) 2, (c) 6, and (@} 18
after the electron pulse. The inset shows the growth and decay of the
transient species monitored at 750 nm in the presence of (1) 0.5, (2)
0.1, and (3) 0.05« 102 mol dnm 3 DMABP. The concentration of BP
was kept constant (¥ 1072 mol dn3) in each measurement.

mol dm3, the transient absorption shows a growth followed
by decay. The curves were fitted with a function having each
one of the growth and decay components, the lifetimes of both
of which were found to depend on the concentration of DMABP
in solution. However, the possibility that the transient observed
at 0.4us after the electron pulse is due*®MABP, formed by
energy transfer froniBP, is also excluded from the fact that
the shape of this spectrum in the 66860 nm region is very
different from that ofDMABP. Hence, this transient could pos-
sibly be assigned to the formation of triplet exciplex, which is
having both excitation resonance and charge-transfer contribu-
tions, [DMABP..BP*} <~ [DMABP*..BP]* < [DMABP**..BP"].

The absorbance at 750 nm decays fast due to intra-exciplex
proton transfer to form the ketyl radical of BP having a
maximum at 545 nm and the radical of type IV, as mentioned
earlier, having an absorption maximum at 640 nm. The CT type

pulse shows a peak at 540 nm, and a very broad absorptioninteraction has been seen to be thermodynamically feasible from

band in the 606-850 nm region. These are very similar to that
due to3DMABP (Figure 5A), but no distinct maximum has

been seen in the 66800 nm region. The spectra recorded at
6 and 18us have two distinct bands. One of them has a
maximum at ca. 545 nm, which is characteristic of the ketyl

calculation of free energy change for the ET reaction between
SBP and DMABP (Table 2). The decay kinetics of the transient
absorption was also followed at 530 and 640 nm. At these
wavelengths, the decay kinetics showed two components. The
faster component is single exponential, having a lifetime nearly

radical of benzophenone. The other has a maximum at ca. 620equal to that of the exciplex decay monitored at 750 nm.

nm. Since we have argued earlier that the probability of
formation of SDMABP by direct energy transfer froriBZ

in the present experimental condition is negligibly small,
SDMABP could not be produced by direct energy transfer from
3BZ, but via some kind of interaction betwe€BP and the
ground state of DMABP. This has been confirmed by observing
the slower growth of the transient absorption at 750 nm at lower
concentrations of DMABP used in the solution. The inset of
Figure 8A shows the temporal evolution of the transient ab-
sorption monitored at 750 nm obtained by radiolysis of solutions
containing 1x 10-2 mol dm3 BP and different concentrations
of DMABP in the range 5x 107°to 5 x 1074 mol dn72 in
benzene. At lower concentrations of DMABP, e.g.x5107°

However, the slower component could be fitted both by single
exponential as well as second-order decay law. Hence, as
mentioned earlier, it is probably the combination of two different
decay processes undergone by the radicals produced via the
intra-exciplex proton-transfer process. The interaction between
3BP and DMABP may be represented by Scheme 3.

In Figure 8B we present the results of the pulse radiolysis
experiment concerned with the interaction behavior between
3BP and MK in benzene solution. In this experiment, however,
we could not observe the formation of the exciplex, but only
the formation of the ketyl radical of BP and the radical of type
IV derived from MK having a maximum at ca. 600 nm. The
decay kinetics of the transient species were monitored at 530
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