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The excited singlet state of 2,4,6-triphenylpyrylium ion reacts with benzene derivatives by the electron transfer
mechanism, and the radical yield was measured using the flash photolysis technique. A poor correlation is
observed between experimental and theoretigalalues calculated usinky from the Debye expression.

The observed quenching constants are in good agreement withthkies calculated using = 3.7 x 100

M~1 s71, which is obtained from Smoluchowski expression ax@* from the Rehm-Weller expression.

The back electron transfer rate constant is determined from the quantum yield of the radical. Marcus inverted
region is observed for the back electron transfer rate constants in the highly exothermic rediGp of

Introduction and to explain the cause for the deviation between experimental

Photoinduced electron transfer has been an area of immenséijd theoretical quenching constants. The second part of the

research for more than 30 years. Considerable efforts have beeﬁ{"ork deals W'th_the verification c_)f the presence of the Ma_r cus
made by several groups to explain the mechanism of ﬂuores-'nverted region in the charge-shift process within the geminate

cence quenchiny. Fluorescence quenching through electron rad|cal pair, and here, we report for the first time Marcus

transfer was explained by Rehriveller in 19702 Weller inverted behaior for the charge shift in the radical pair along

explained the quenching through the formation of exciflex. With the presence of triplet induction. o
Fluorescence quenching of aromatic hydrocarbons by unsatur- The 2,4,6-triphenylpyrylium tetrafluoroborate used in this

ated hydrocarbon was studied by Mureval. in 19684 The investigation is a well-known sensitizer and an excellent
presence of exciplex during the fluorescence quenching of 0xidizing agent® The important photophysical parameters that
naphthalenes by tertiary amines was explained by &taal> are necessary for the present investigation are given below
Induced triplet formation from the radical pair produced during

the fluorescence quenching of pyrene was described clearly by E - 0a8ev”

Weller and co-worker§. Heavy atom effect on fluorescence © E’""ZZSO o

qguenching and triplet and radical yields were explained by o

Kikuchi and otherg. The role of n and = donors during > Br=230eV

guenching was investigated thoroughly by Gohnetral. 2 and 57 T=4205°

the steric effect of bulky substituents on quenching and radical @ @ . 0, = 042"

yield was explained by Goulet al. in 1993? The role of inner BF 0,= 055

sphere reorganization energy in photoinduced electron transfer
reactions was studied very recently by MaruyahaClosset
al.l1 first experimentally observed the Marcus inverted region

in the distance dependent intramolecular electron transfer of  Tne 2 4 6-triphenylpyrylium tetrafluoroborate obtained from
organic radical anions. Bell-shaped energy gap dependence ofa|grich was recrystallized before use, and all the quenchers
the charge recombination reaction of the geminate radical pair najogenated benzenes, anisoles, toluenes) were purified as

produced during the luminescence quenching was establishedyentioned in the literatu® Acetonitrile (spectroscopic grade
very well12 The back electron transfer rate constant is normally solvent) was used as received.

obtained from the quantum yield of the radicals. Steiteal.
explained two absolute methods for the estimation of the
guantum yield of the radical$. The Marcus inverted region is
observed in the back electron transfer rate constants obtaine
from the quantum yield of the radicals for a number of
systems#15and the Marcus inverted behavior is observed only
for a few systems in the case of the charge-shift type of . A
reactions. (%/ouldat al.15¢ reported Marcus invegrted beh);?/ior this concentration range, up to 70% of TPP fluorescence was
for the recombination of the geminate radical pair produced by quenchgd. ) o . o
N-methylacridine and alkylbenzenes. Grangipal. observed The diffusion coefficient of TPP was determined indirectly
Marcus inversion in the recombination of the triplet-based from the measured diffusion current value using the micropro-
geminate radical pair of thionirfé? The major aim of our cessor-based Tacussel polaroprocessor which works in associa-
investigation is to understand the mechanism of fluorescencetion with an EGMA polarographic stand. The rotating disk

quenching of 2,4,6-triphenylpyrylium (TPP) by electron donors electrode used in this investigation was made up of platinum,
and 0.1 M tetrabutylammonium perchlorate was used as the

€ Abstract published ilAdvance ACS Abstract&ebruary 15, 1997. supporting electrolyte. The current value was measured with

Experimental Methods

Absorption spectra were recorded using a Hitachi-320 spec-
trophotometer. Fluorescence quenching experiments were car-
d’ied out using a Perkin-Elmer LS5B spectrofluorimeter. For
all the quenching experiments, the pyrylium concentration was
adjusted to have an absorbance of 0.1, and the concentration of
the quencher was normally of the order of $80.1 M. In
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varying rotational speed of the electrode, and an argon-purged
solution was used.

Free radical yield was measured as reported in the litefdture
from the absorbance and the calculated molar extinction 012
coefficient of the TPP radical. While the radical yield was being
determined, the concentration of the quencher was adjusted in
such a way to bring about 100% singlet quenching. The
absorbance of TPRvas measured at 550 nm using an Applied
Photophysics KN-020 conventional flash photolysis spectrom- 004
eter comprising a 100 W tungsten halogen lamp as the
monitoring source and an LR-16 Inotech flash lamp as the % R R T
excitation source, and light obtained from the flash lamp was Wavelength (nm )
filtered using acetone present in the outer jacket of the cell. A Figure 1. Absorption spectrum of TPP in the presence of 1,4-
Hamamatzu R-928 PMT was used as the detector, and a 25jimethoxybenzene (concentration of DM80.02 M).

MHz digital storage oscilloscope was used as the storage device.

The radical absorbance at zero time was obtained from the SCHEME 1

intercept of the plot of XA vs time of the transient decay.
The molar extinction coefficient of TPRvas measured after
generating the radical by the chemical reduction of TPP by \wi Kisc

following the literature-reported procedureand the value / \

obtained is 279Gt 48 M~! cm™1. The dimerization of TPP PP + D TPF + D

occurs only at 18C, and the radical is the predominant species

at room temperature (28C). This was further confirmed by  and the plots are quite linear when up to 70% of TPP
carrying out the experiment at 3€, which revealed no change  fluorescence is quenchéd.

in the absorbance of the radical when compared to room

temperature experiments. lo

Intersystem crossing efficiency in the presence of the T 1+ qu[Q] (1)
guencher was measured directly from triplet absorption of TPP
at 480 nm using a nanosecond laser flash photolysis apparatuswherelp andl are the intensities of the fluorescer in the absence
The triplet absorption of TPP varies with the concentration of and the presence of the quencher, respectively. [Q] is the
the quencher. For laser excitation at 355 nm, an 8 ns pulseconcentration of the quencher, ant$ the fluorescence lifetime
width Quanta Ray GCR-2 Nd-YAG laser was used in right of the TPP in the absence of the quencher.
angled geometry @ha 1 cmpath length cell was used. The The quenching constarkg can be correlated with the free
signals were detected using a 250 W pulsed xenon lamp, Czernyenergy change for electron transfé&iGe;, and is given by the
Turner monochromator, and R-928 PMT. The signals were well-known Rehm-Weller expressioA.
captured in an Hewlett-Packard 54201A digital storage oscil-
loscope. Kinetic analyses were carried out using the software AGy = E1/2(0xid) - El/2(red.)_ Eo,o +C 2

described elsewhefé8. Deaerated solutions were used for the ) o ) )
determination ofp, and ¢isc. where Ei/2oxig) iS the oxidation potential of the donor and is

obtained from the ionization potential as mentioned in the
Results and Discussion literature28

Absorbance
o
o
o

(TPP-—D ) e o R D

TPP + D

( TPP—

Quenching Constants and Mechanisms. Fluorescence Ei2(oxidvs scef™ IP —6.7£ 0.1V 3
quenching of triphenylpyrylium by a variety of benzene
derivatives was carried out in acetonitrile, and the absence of Eyjxpeq)is the reduction potential of the accepté o is the
any new peak and the fact that the absorption spectrum of TPPsinglet state energy of the sensitizer, ads the Coulombic
was unaltered in the presence of the quencher eliminate theterm. Since one of the species is neutral and the solvent used
possibility of ground state complexation. Wintgees al.2® is polar, the Coulombic term in the above expression is
already reported the charge transfer (CT) complex absorptionneglected® Good correlation of logg with AGe; is evidence
for the TPP in the presence of anthracene in the region of 570for quenching through electron transfer. The observation of
nm with thee value of 2000 Mt cm™. The oxidation potential the characteristic signal of TPRt 550 nm in the millisecond
of the quenchers used in our case ranges from 1.2 to 2.38 eV time scale is the direct proof for electron transfer quenching,
and if there is any ground state charge transfer complex and Scheme 1 is proposed for electron transfer reaction in
formation, a new absorption should appear from the tail end of solution.
the TPP absorption spectrum. This absorption shall be blue- In Scheme 1ky andk—_q are the rate constants of diffusion
shifted when compared to the literature-reported charge transferand dissociation of the encounter complex, respectivélyis
complexes due to the higher oxidation potential of the quenchers.the rate constant for the formation of the ion pair, &g is
The absence of any such absorption in that region representedhe rate constant for the recombinatidisc(s)is the spontaneous
in Figure 1 for the TPP and 1,4-dimethoxybenzene system intersystem crossing rate constant, arp)dskthe rate constant
eludes the formation of ground state complex. The concentra-for the recombination of the separated radical p&isscis the
tion of dimethoxybenzene used is high enough to quench morerate constant for the separation of the radical pair,laris the
than 70% of the fluorescence of TPP. The absence of CT rate constant for the charge recombination reaction producing
complex was already confirmed by Jacqeesi26 and Akaba the acceptor molecule in the ground state. For some of the
et al?! for the quenching of TPP by aromatic hydrocarbons in quenchers, the radical pair energy is higher than the triplet
acetonitrile and dichloromethane, respectively. The quenchingenergy of the TPP molecule. There may be an induced triplet
constank is determined using the SteriVolmer relationship, formation from the radical pair, and it is representedkgy).



2018 J. Phys. Chem. A, Vol. 101, No. 11, 1997

Jayanthi and Ramamurthy

TABLE 1: Comparison of Quenching Constants Calculated Using Marcus, RehmWeller, and Levine Treatments Assumingky
= 2 x 109 M~1 st with Experimentally Observed Fluorescence Quenching Constants

kqcalcdx 1070, M~1s7t

no. quencher AGe;, €V kq exptl x 1072, M1 s71 (log kq) Marcus R-W Levine
1 HMB —-1.27 2.27 (10.36) fa 1.48 1.60
2 DMB —1.08 2.39(10.38) b 1.46 1.60
3 iodoanisole —-0.77 2.51 (10.40) 0.33 1.40 1.59
4 anisole —0.66 2.20(10.34) 0.94 1.37 1.58
5 o-bromoanisole —-0.52 1.94 (10.29) 1.51 1.29 1.54
6 p-bromotoluene —0.45 1.54 (10.19) 1.58 1.24 1.50
7 p-chlorotoluene -0.43 1.52(10.18) 1.59 1.22 1.48
8 toluene —0.30 1.62(10.21) 1.49 1.05 1.31
9 iodobenzene —-0.30 1.90 (10.28) 1.49 1.05 1.31
10 DCB —0.18 0.76 (9.88) 1.05 0.769 0.92
11 bromobenzene -0.14 1.07 (10.03) 0.814 0.631 0.73
12 chlorobenzene 0.00 0.17 (9.24) 0.130 0.127 0.13
13 dioxane 0.02 0.18 (9.26) 0.089 0.086 0.086
14 benzene 0.02 0.12 (9.08) 0.089 0.086 0.086
aHMB = hexamethylbenzene, DMB1,4-dimethoxybenzene, DCB p-dichlorobenzene’ The values are too low. & 3.61x 10° b= 2.68
x 1CP.
Using steady state approximation, the overall quenching 105
constant is given by
Ky @ 100
L i 25
KpA RT RT
95—
whereKp is the equilibrium diffusion constattand A is the <z
frequency factor or preexponential factor, and normally Ahe g
value of 13-10" s ! is employed in the calculation df, 80
The ky values calculated using thevalues of 12, 10'3, and
10" s71 are incongruous, and hence the value o¥l19? is
used in the calculatich of kg and AG¥ is the free energy of 8.5~
activation for electron transfer. In order to calculate the effective
guenching constant, the proper relationship betw&&h and
8.0 | ] ! ] L 1 ] ]

AGg is important. Free energy of activation can be related to
the free energy change for electron transfer by MafeRghm-
Weller? and Leviné? relationships.

A
AG = AG |1+— (5)
4G,
AG AG 2 1/2
AG' = Zet+[( zet) +(AG*0)2] (6)
AG' = AG +—¢°| 1+ exd o2
= AGy + 15 n ex AG*O ©)

The unexplained term in the above expressions@,, which

is nothing but free energy of activation when there is no driving
force for the reactio?i.e. AG* = AG¥ at AGet= 0. For the
present investigation, thAG%, value is obtained from the
conventional way of plottingA\G* vs AGg and is of the order
of 2.4 kcal/mol (0.1 eV). The overall theoretical quenching
constantsk, calculated usingA\G* from all three expressions
and ky = 2 x 10 M~1 s! obtained from the Debye
expressiofP

ky = 8RT/3000; (8)
are collated in Table 1. The calculategvalues are quite lower
than the experimentally observég (Figure 2) values in the
whole region of AGg (—1.27 < AGe < 0.02). In the
literature3® the deviation of experimentady, values from the
theoretically calculatet; values is used as a tool to identify

-1.6 -0.8 -06

AGy (eV)

-1.0 ~04 -02 0 02

Figure 2. Plot of logkq vs AGe. kq values were calculated usikg=
2 x 101 M~ s! from the Debye expression, atds* was calculated
from the Levine {-) and Rehm-Weller (- - -) expressions.

the mechanism. The deviation is explained as due to either of
the following: (i) simultaneous participation of energy and
electron transfer or (ii) the presence of exciplex.

() Lewitza and Ldymannsiberf® explained the deviation
with the simultaneous participation of singldtiplet energy
transfer and electron transfer. Energy transfer takes place
provided the singlet or the triplet energy of the quenchers are
lower than the singlet energy of the sensitizer. Since the singlet
and triplet energies of the quenchers used in this investigation
are higher than the singlet energy of the sensitizer (TPP), the
energy transfer possibility is completely ruled out.

(i) The deviation between experimental and theoretical
guenching constants is explained as due to the formation of
exciplex in number of systend$. In compounds similar to TPP
such as oxanine and acridizinium, the fluorescence quenching
by halogenated benzenes was explained through the formation
of exciplex2838 |f the reaction proceeds through the exciplex
formation, the radical yields are expected to be low. The
observation of high radical yield in the case of TPP eludes the
possibility of exciplex formation.

Diffusion Rate Constants. The approximations used in the
calculation ofky areA andky. The reason for using thevalue
of 10" s™1is already evidenced in the earlier discussion. The
other main cause for the deviation could be due to the
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TABLE 2: Comparison of Quenching Constants Calculated
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Using Marcus, RehmWeller, and Levine Treatments Employing

kg = 3.7 x 109 M~ st with Experimentally Observed Fluorescence Quenching Constans

kqcalcdx 1070, M~1s7t

no. quencher AGe;, €V kq exptl x 10720, M~ s71 (log kg) Marcus R-W Levine
1 HMB —-1.27 2.27 (10.36) fa 2.32 2.59
2 DMB —1.08 2.39(10.38) th 2.27 2.59
3 iodoanisole —-0.77 2.51 (10.40) 0.415 2.14 2.56
4 anisole —0.66 2.20 (10.34) 1.26 2.06 2.54
5 o-bromoanisole —-0.52 1.94 (10.29) 2.39 1.91 2.44
6 p-bromotoluene —0.45 1.54 (10.19) 2.57 1.81 2.36
7 p-chlorotoluene -0.43 1.52(10.18) 2.59 1.77 2.32
8 toluene —-0.30 1.62 (10.21) 2.33 1.47 1.95
9 iodobenzene —0.30 1.90 (10.28) 2.33 1.47 1.95
10 DCB —0.18 0.76 (9.88) 1.43 0.991 1.23
11 bromobenzene -0.14 1.07 (10.03) 1.14 0.786 1.01
12 chlorobenzene 0.00 0.17 (9.24) 0.141 0.142 0.144
13 dioxane 0.02 0.18 (9.26) 0.095 0.097 0.044
14 benzene 0.02 0.12 (9.08) 0.095 0.097 0.044
kg values are determined within the error limits of 1%@he values are too low. & 3.61x 10% b = 2.68 x 1(F.
approximation of théy value in the evaluation d¢;,. The Debye 105
expression used for the calculationlgfincludes temperature
and viscosity parameters and is applicable only to molecules 100k
of size comparable with the solvent molecéfleSince TPP is
a charged species and larger in size, khevalue has to be
determined only from the diffusion coefficient values, which 9.5
in turn account for the radius of the molecule. Hence Smolu- 5
chowski’s expression is used for the determinatiork8? 2 oo
kg = 47N(D; + Dya 9)
whereDs andDg are the diffusion coefficients of the fluorescer s
and quencher, respectively, aad the encounter distance. The
encounter distancef@ A is used in the above calculation of 80 ! ! ) ! ! ! 1
ke2 The diffusion coefficient of the TPP molecule is calculated 6 4 -4 -09 -06 -03 -01 02
using the Levich equatidh A Gy (eV)

i = 0.6MFACD?®y Y62 (10)

wherei is the diffusion current in milliamperes,is the number

of electrons exchangef, is the Faraday constari,is the area

of the electrode and is equal to 0.01%1@ is the concentration

of TPP which is of the order of ¥ 1073 M, D is the diffusion
coefficient in cn? s1, w is the angular speed of the disk &
27N whereN is the rotational speed), andis the kinematic
viscosity obtained from the viscosity and density of the solution.
The diffusion coefficient obtained from the above expression
is 5.6 x 107% cn? s71, and the diffusion coefficient of benzene
derivatives obtained from the literatdfes of the order of 2.2

x 107° cm? s71. Theky value calculated using these diffusion
coefficients is of the order of 3.% 10'°°M~1s™1. Thek,values
calculated using thky value from Smoluchowski’s expression
andAG* from all three treatments are listed in Table 2, and the
experimentak, values are in fairly good agreement with the
values obtained from the RehritVeller and Levine expression.
Figure 3 represents the plot of ldg vs AGe. The singlet

Figure 3. Plot of logky vs AGet. kq values were calculated usitg=
3.7 x 10 M1 st from Smoluchowski’s expression, amds* was
calculated from the Levine ¢ - ) andRehm-Weller (—) expressions.

has been observed experimentally for charge recombination,
charge shift, or intramolecular distance dependent electron
transfer reaction¥ In order to explore the presence of the
Marcus inverted region, the back electron transfer rate constant
is determined from the quantum yield of the radicéls.

The quantum yield of the radical is given by eq 11 for systems
whose radical pair energieAGrp) are lower than the triplet
energy (2.30 eV) of the fluoresctrand the radical pair energies
calculated are collated in Table 3.

¢r=f( kesc ) (11)

Kese ™ Ky

wheref is the fraction of the quenched singlet molecules. Since
the contribution ofk_4 is small compared t&y, the formation

quenching of TPP using aromatics and alkenes was studied byof the radical pair from the encounter complex is taken almost

Wintgens et al?®> and by Jacque®t al2® recently. They
calculated the theoretical quenching constant assuminggthe
value as 5x 10 M1 s71in order to fit the experimental

quenching constants, and the assumption of a higher value is

attributed to the polarization of the charged TPP molecule.
Marcus Inverted Region and Radical and Intersystem

Crossing Yields. The diffusion-controlled nature of the forward

electron transfer reaction prevents the occurrence of Marcus

inverted region in the highly exothermic region AGe. The

lack of Marcus inverted region in the charge separation reaction

was already explained beyond dodbtMarcus inverted region

as unity = 1), which implies that th&_q is negligible in front
of kg and eq 11 can be written as

kesc

P et

(12)

When theEr of the fluorescer is lower than the radical pair
energy, we can expect the population of triplet from the radical
pair and is represented in Scheme 1. The quantum yield of the
radical is then given by
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TABLE 3: Free Energy Change of the Radical Pair, Radical Yields, Back Electron Transfer, Intersystem Crossing, and

Recombination of Separated Radicals Rate Constants

no. quencher AGgpy? eV or AGy, eV ko x 1078, s71 Kiscy x 1078, s71 ke x 1075, M~1s7?
1 HMB 1.53 0.23+ 0.07 —1.53 1.72 1.53
2 DMB 1.72 0.10+ 0.01 —-1.72 4.37 1.53
3 iodoanisole 2.03 0.0& 0.01 —2.03 541 1.07
4 anisole 2.14 0.040.01 —-2.14 12.5 1.63
5 o-bromoanisole 2.28 0.14 0.01 —2.28 4.29 1.60
6 p-bromotoluene 2.35 0.1€ 0.01 —-2.35 4.42 0.84 1.76
7 p-chlorotoluene 2.37 0.2+ 0.03 —2.37 1.88 1.90
8 toluene 2.50 0.25:0.04 —2.50 1.50 1.73
9 iodobenzene 2.50 0.100.02 —2.50 2.34 23.59 1.63
10 dcb 2.63 0.34-0.04 —2.63 0.96 1.53
11 bromobenzene 2.66 0.330.04 —2.66 0.61 4.29 1.57
12 chlorobenzene 2.80 0.560.05 —2.80 0.39 1.46
13 benzene 2.82 0.7/ 0.1 —2.82 0.16 1.51
14. dioxane 2.82 —2.82
2AGgrp) = E1i2(0xid) — E12(red)?®
Kesc where ¢isc is the intersystem crossing efficiency in the
¢ = —kesc+ k, + kisc(l) (13) presence of the quencher akglis the quenching constarky

This equation is applicable for systems witlsgp > 2.30 eV,
wherekescis the rate constant for the separation of the geminate
radical pair and is taken as & 10° s71, which has been
determined by Weller from magnetic field measurements for
the ion pair in acetonitrile, and it is in good agreement with the
value obtained using the following empirical relationstip.

eZ

_23x10°
kesc_ exg — 4 k —
i TTE € T(rgrp Fed

wherey is the viscosity in cPs is the dielectric constant of the
solvent, k is the Boltzmann constant, and. and rg, are

(14)

andkis¢s)are the rate constants for the decay of the singlet state
of TPP and spontaneous intersystem crossing, respectively.
is the efficiency of the triplet formed during the decay of the
radical pair, and it can be derived from the scheme as given
below, applying the approximation thdt 4 and k_¢ are
negligible in front ofky andke;, respectivelyeb

_ I(is,c(l)
I<isc(l) + kb + kesc
By substituting the experimentally determined valuek;pdisc,

kiscsy andko, the value ofx can be evaluated. The ratio between
o and ¢y gives the value okisc(y after substituting for théesc

o a7

separation distances for the encounter complex and geminatevalue. Thekiscqy values are collated in Table 3.

radical pair, respectively. Normally, one would expect a higher
kesc Value in the case of the charge-shift type of reactions due
to the larger separation of the radical pair compared to the ion
pair. In polar solvents such as acetonitrile, the Coulombic force
of attraction is very small, around 0.06 eV, and the ions in the
ion pair are well-separatél. The influence of greater separation
distance (due to the lack of Coulombic force of attraction) on
thekescvalue when compared toof the solvent will be smaller

in acetonitrile medium. In the later part of the discussion, this
was further substantiated by calculating Kag value using the

g _ kisc(l)
¢r kesc

The triplet induction is observed only for heavy atom substituted
guenchers such as iodobenzene, bromobenzene, and bromo-
toluene due to the spirorbit coupling of the heavy atom present

in the quencher, and the value obtained is of the order of
0.45, 0.27, and 0.016 (iodobenzerebromobenzene> bro-
motoluene), respectively. In spite of the presence of induction

(18)

separation distance obtained from the continuum model. Hencejn the above mentioned three cases, the triplet absorbance
the samekescvalue can be extended for the charge-shift type of increases only with increasing concentration of the iodobenzene
system which has no Coulombic force of attraction. Due to and the triplet absorbance rather decreases with the increasing
the similarity in the quencher structures, the sag value concentration of bromobenzene and bromotoluene. The reason
can be extended for all the quenchekg.andkiscq) are the rate  for this can be rationalized as follows. The triplet absorption
constants of the spin-allowed back electron transfer of the js a measure of total concentration of triplet formed from both
geminate radical pair and intersystem crossing for the induced spontaneous and induced triplet formation. Generally, with
triplet formation, respectively. increasing the concentration of the quencher, the singlet reaction
The intersystem crossing rate constants are obtained from thecompetes with the spontaneous triplet formation and in turn leads
intersystem crossing efficienty which is estimated from the {0 the decrease in the spontaneous triplet absorption. This
triplet absorbance of the TPP molecule. decrease is compensated by the triplet induction in the case of
A iodobenzene due to its efficient external heavy atom effect. In
Dicc = ¢i°SC(—O) the case of bromobenzene and bromotoluene, the induction may
A be less than the decrease in the spontaneous triplet concentration
where A and A? are the triplet absorbances of TPP in the
presence and absence of the quencher, respectively. Accordin

due to the singlet reaction. Since the triplet energy of TPP is
higher than the radical pair energy of TP®doanisole and

to Scheme 1, the quantum efficiency for the triplet can be

represented as follows.

(15)

9 bromoanisole systems, no such triplet induction is observed.
The observedisc() values gave explicit information about
the role of the heavy atom based on the energy gap between
STPP and the singlet radical pair of the systems. The extent of

heavy atom effect is clearly evidenced on comparingkihg)
values of similar energy gap systems along with the presence

kisc(s) kq[D] < o
kot k[D] ko + Ky[D]

¢isc = (16)
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Figure 4. Plot of logk, vs AGy,. The curve was drawn usirlg values
calculated on the basis of eq 20 with the following fitting parameters:
Ai=05eV,V=18x 102%eV (14 cnt!), ls= 1.1 eV,hw = 0.1363
ev.

of heavy atom in one of the systems. The energy gap betwee
8TPP and the radical pair of TPRodobenzene and TPP
toluene is of the order of 0.2 eV, and the triplet induction is
observed only in the case of the iodobenzene system.
Generally, thekiscgy value increases with decreasing energy

gap between the radical pair and triplet state of the sensitizer.

In our case, th&sc(y value for TPP-bromotoluene system with
the energy gap of 0.05 eV (403 ch) is lower than that of the
TPP-bromobenzene system with the energy gap of 0.36 eV,

and the reason for this can be rationalized as follows. The
smaller energy gap leads to thermal equilibrium between the
triplet and the radical pair states and in turn results in the back

intersystem crossing to the radical pair state, which clearly
influences thekiscqy value. The back intersystem crossing at
room temperature due to the smaller energy gap was alread
known in the case of aromatic thione systefifs.

k, values obtained from egs 12 and 13 after substituting for
the kiscqy andkescare listed in Table 3, and Figure 4 represents
the plot of logky, vs AGy,, whereAGy is the free energy change
for back electron transfer and is given by

AG,= E1/2ed) ™ Evz(oxia) (19)
The experimentak, value increases with increasing exother-
micity of AGy, in the downhill region, and thé, values are
close to the diffusion limit in the middle region. In the region
of AG, < —2.00 eV, thek, value begins to decrease and shows
Marcus inverted behavior.

A well-known semiclassical expression is used for the
calculation of the back electron transfer rate constarener-
ally, the back electron transfer rate constant is derived from
the product of2 and Franck-Condon weighed density of states.

The Franck-Condon term shows dependence on the exother-

micity of AGp.
(A + AG, + whr)?
43 ks T

hPAksT
(20)

whereV is the electronic coupling matrix element and generally

J. Phys. Chem. A, Vol. 101, No. 11, 1992021

the active vibrational mode. In the case of aromatic compounds,
the mean vibrational frequency, is commonly chosen between
1000 and 1500 cm which is the typical value for in-plane
C—C skeletal vibration.Sis the electronic vibrational coupling
constant, and it is related #p andhv by S= Ai/hv, andis and
Ai are the solvent and vibrational reorganization energies,
respectively.

The curve-fitting procedure was adopted to find the best fit
values. The three parametéksii, andV were varied in order
to obtain a good correlation between the calculated and
experimentak;, values. The values ofs and4; are varied for
every+0.05 eV, keeping the value dfconstant. Thé, values
calculated on the basis of eq 20 using the following fitting
parametersy = 1.8 x 103eV, 4, =0.5¢eV, andls=1.1¢eV,
andhv = 0.1363 eV are consistent with the data obtained.

The fitted A5 value can be used to calculate the separation
distance using the dielectric continuum motfalyhich in turn
justifies thekesc value judiciously used in the evaluation k¥

1yi_1
r1 €0 €g

- e (1,1
° (Ame\2ry 2,

(21)

nwhererl andr, are the molecular radii of the fluorescer and

quencher and is of the order of 6.5 and 3 A, respectively.

is the distance between the fluorescer and the quenehand
esare the optical and the static dielectric constants of the solvent.
The same expression is employed in the determination of
for both the geminate radical pair and encounter complex from
the fitted1s and s from the forward electron transfer reaction
(0.4 eV), and the values obtained are of the order of 13.2 and
7 A, respectively. Since the electron is removed from #he
cloud of the quencher, the uncertainty involved in the substitu-
tion of ionic radii by molecular radii is subtle during the
estimation ofr1, for the geminate radical pair. On the basis of
the r1» values obtained from the above expression, khe
calculated using eq 14 is of the order of 5«41 s! and is

Yconsistent with the 5 108 st value used in the calculation of

ko. The higher reorganization energy in the case of back electron
transfer within the geminate radical pair compared to the forward
electron transfer reaction can be justified on the basis of the
separation distance. The apparent increagewith increasing
separation distance was already observed for variety of sys-
tems?® The increase iis was substantiated by calculating the
difference inis using the following expression, and the value
obtained is around 0.5 eV.

A =73d-L

_1 )
REC Rgrp
The higher reorganization energy in the case of back electron
transfer is attributed to the existence of the enhanced activation
barrier in forming the ground state molecules from the radical
air8
The smallerV value can also be explained using orbital
overlap and the radical pair separation distance. The diffused
molecular orbitals due to the larger size of the TPP molecule
and the delocalization of electrons in all the benzene rings lead
to reduced orbital overlap and in turn are reflected in the smaller
V value of 1.8x 1073 eV (14 cntl) compared to those of
aromatic compound®. The influence of separation distance
on theV value was already explained beyond scepticism by
Miller et al#® and Gouldet al15¢ The earlier results reveal the
variation of V value from 10 to 160 cmt as the separation

(22)

describes the coupling of electronic states of the reactants withdistance varies from 11 to 6 R.

those of the products and is normally of the order of 2073
eV for aromatic compounds, and is the average energy of

The plot of logk, vs AGy is very helpful to select the system
for the process of cosensitizatiéh.The concept of cosensiti-
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zation was already explained by Goeltal., and the implication

of this process is quite significant in the photooxygenation of

olefins5tab
The Phtt is a well-known photoinitiator for cationic
polymerizatior?'¢ and the combined system of TPRdoben-

zene could not function as a photoinitiator due to the higher

Jayanthi and Ramamurthy

Am. Chem. Sod 987, 109, 3794. (c) Gould, I. R.; Moser, J. E.; Armitage,

B.; Farid, S.J. Am. Chem. Sod.989 111, 1917. (d) Grampp, G.; Hertz,
G.; Ber. Bunsen-Ges. Phys. Chet892,96, 198. (e) Suppan, H.op. Curr.
Chem.1992 163 95.

(16) Miranda, M. A.; Garcia, HChem. Re. 1994 94, 1063.

(17) Wintgens, V.; Pouliquen, J.; Kossanyi, J.; HeintzNMw. J. Chem
1986 10, 345.

(18) Kuriyama, Y.; Arai, T.; Sakuragi, H.; Tokumaru, IKChem. Lett

homogeneous recombination and intersystem crossing of the1988 1193.

radical pair rather than separation. From the radical yield values

represented in Table 3, it is obvious that the F®Renzene

(19) Searle, R.; Williams, J. L. R.; DeMeyer, D. E.; Doty, JJCChem.
Soc. Chem. Commuh967, 1165.
(20) Valat, P.; Tripati, S.; Wintgens, V.; Kossanyi,New J. Chem

system produces a high radical yield and can act as cosensitizetigoq 14, 825.

for increasing the radical yield of iodobenzene.

Conclusion

(21) Akaba, R.; Sakuragi, H.; Tokumaru, K.Chem. Soc., Perkin Trans.
21991 291.

(22) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
Chemicals Pergamon Press: New York, 1988.

23) lwa, P.; Steiner, U. E.; Vogelmann, E.; Kramer, H. EJAPhys.

Fluorescence quenching of TPP by benzene derivatives Chsem 1982 86, 1277.
(halogenated benzenes, anisoles, and toluenes) were carried out (24) Ramamurthy, PChem. Educ1993 9, 56.

in acetonitrile, and the presence of the electron transfer
mechanism was established by flash photolysis technique.

Rehm-Weller behavior is observed in the plot of lagus AGe;

which confirms the presence of the electron transfer mechanism.

It is a usual practice to calculate thgvalues by taking théy

(25) Wintgens, V.; Pouliquen, J.; Simalty, M.; Kossanyi, J.; Justeen, F.
K.; Eriksen, J.J. Photochem1984 26, 131.

(26) Jacques, P.; Allonas, X. Chem. Soc., Faraday Trank993 89,
4267.

(27) Turro, N. J. Modern Molecular PhotochemistryBenjamin/
Cummings: Menlo Park, CA, 1978; p 24.

(28) Fdl, R. E.; Kramer, H. E. A.; Steiner U. El. Phys. Chem199Q

value from the Debye expression, and the deviation betweenga 2476,

the calculated and observég values is used to establish the

(29) Ramamurthy, P.; Parret, S.; Savary, F. M.; Fouassier, J. P.

mechanism of the electron transfer process. Here it is demon-Photochem. Photobiol., 4994 83, 205.

strated that sometimes inaccurate estimates from the Debye

(30) Chen, J. M.; Ho, T. I.; Mou, C. YJ. Phys. Cheml99Q 94, 2889.
(31) (a) Hug, G. L.; Marciniak, BJ. Phys. Cheml995 99, 1478. (b)

expression may lead to misjudgment of the mechanism, andRehm, D.; Weller, A.Ber. Bunsen-Ges. Phys. Chet®77, 81, 562. (c)

hence the calculation of thk value using Smoluchowski’s

expression is stressed using the experimentally determined”

diffusion coefficients. Marcus inverted region is observed in
the back electron transfer rate constant in the regioh@f <
—2.03 eV.
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