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The bimolecular rate constanltg2 for oxygen (Q(%y7)) quenching and the efficiencids’ with which

singlet oxygen (&(!Ay)) is thereby produced are reported for a range of substituted biphenyl triplet states

in acetonitrile, benzene, and cyclohexane. The magnitudk%zen‘ndmT are inversely correlated, and both
parameters exhibit pronounced sensitivity to the oxidation poterﬁf}ﬁ) (of the biphenyl derivative and to

the solvent polarity. It has been observed that the quenching rate constant increases as the oxidation potential
of the biphenyl derivative decreases and increases as the solvent polarity increases whereas the efficiency of
singlet oxygen production increases with the oxidation potential and decreases with increasing solvent polarity.
When solvent viscosity changes are allowed for by calculating the diffusion controlled rate cokstiai,
established thak?%/k, values are comparable when the electrostatic interaction energy of charge transfer
complexes are taken as 0, 3, and 20 kJ thédr acetonitrile, benzene, and cyclohexane, respectively. An
improved charge transfer mediated mechanism of quenching based on singlet and triplet channels for oxygen
quenching is invoked to discuss these results with the triplet channel only operating when charge transfer is
favorable. However, to get a good fit to the data, it is necessary to introduce direct formation of singlet
oxygen production from the singlet encounter complexes in competition with charge transfer assisted singlet
oxygen production. The free energy of activation for charge transfer assisted quenching by oxygen via singlet
and triplet channels is shown to have a linear dependence on the free energy change for full charge transfer,
but the indications are that quenching is via singlet and triplet charge transfer complexes with only partial
charge transfer character being 12.5%, 14.5%, and 17% in acetonitrile, benzene, and cyclohexane, respectively.
An explanation is offered as to why the less polar solvents show the larger fractional charge transfer in the
transition states involved in the quenching mechanism.

Introduction been shown to depend on several factors including the excited

, ll-k hat sindl . duced with ) state energy, the nature of the excited state, the redox potential
Itis well-known that singlet oxygen Is produced with varying ¢ e excited state and the nature of the solveft.
efficiency as a consequence of quenching of both excited singlet

and triplet states. Despite the intense research carried out over In 19_92 we showeddfor the first time a clegr. Inverse
the last three decades on the mechanisms of quenching ofcorélation between the rate constak&’s'and the efficiency of
electronically excited states by molecular oxygen, several aspectSSinglet oxygen generatioia™ from the triplet states of a range
remain uncleat:13 In a recent compilationof the quantum  ©Of Substituted naphthalenes in benzene. The wide variation in
yields for the photosensitized formation of the lowest electroni- fa” and k7 values was explained by a mechanism involving
cally excited state of molecular oxygen in solution, we reported the participation of charge transfer interactions, and this was
the quantum yields of singlet oxygen producti@by, of 755 supported by their dependence 46T, the free energy change
different compounds in a wide range of solvents. Despite all for charge transfer upon transfer of an electron from the triplet
these data the reasons why certain compounds yield singletstate of the substituted naphthalene to ground state oxygen. The
oxygen with high and others with low efficiency is far from evidence for the participation of charge transfer interactions is
obvious. Scheme 1 can be used as a basis for discussion. Valuestrong since the only property that varies significantly with
of foT, the fraction of triplet states quenched by oxygen that changing substituent is the oxidation potentiﬁﬁf) of the
yield singlet oxygen, have only been reported for a small naphthalene derivative. This study was extended to other
percentage of the compounds studied, and measuremets of  solvents® and the inverse correlation betwebA andkS? and
and f?z, the fraction of excited singlet states quenched by their dependence on the oxidation potential of the naphthalene
oxygen that yield singlet oxygen and that yield triplet states, derivative was shown still to hold in the solvents used, which
respectively (see Scheme 1), are rare. were acetonitrile, benzene, and cyclohexane. Solvent polarity
The rate constants for quenching of singlet and triplet states can have a dramatic effect on both the efficiency of singlet
by oxygen,k‘sj2 andk?z, respectively, and the fractions of triplet  oxygen generatiorfT, and the quenching rate constahi?.
states quenched by oxygen that yield singlet oxydeh,have For example, for 2-methoxynaphthalefaé values were 0.44,
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0.50, and 0.80 in acetonitrile, benzene, and cyclohexane, withn-hexane, and-heptane, and increases tdl/3 at 400 MPa
corresponding values fdé?? of 5.3 x 10°, 3.5 x 1(°, and 2.4 for 9-acetylanthracene in all solvents. These results suggest that
x 10° dm?® mol~1 s71, respectively. triplet encounter complexes take part and possibly even quintet
Dependence of,™ and kgz on the oxidation potentials for a en_counter complexes may participate in the quenching mech-
number of substituted aromatic hydrocarbons and ketones in@NiSm as the pressure increases. _ .
toluene has also been shown by Grewer and Bratienwever, Recently, we have studied oxygen quenching of the triplet
the dependence of their data on the free energy change forStates of supstltuted biphenyls in acet_omtﬁ@uenchmg rate
charge transfer show much more scatter than the data reporteonstants higher than those of substituted naphthalenes were
by McGarvey et af for substituted naphthalenes in benzene. Observed. Thus in the case of compounds Vi = 1.3 V
This may be due to the greater variation in the nature of the (vs SCE), e.g., 4,dimethoxybiphenyl and 1-methoxynaphtha-
compounds studied, which have, for example, different triplet lene, the quenching rate constants were &280'° and 7.2x
energies, whereas the naphthalene derivatives have approxil0®® dm®* mol™* s™% respectively; however, the efficiency of
mately the same triplet energy. singlet oxygen productiorf,T, from both compounds was the
Previously, we have compared the yields of singlet oxygen Same (0.31) and for compounds w}* = 1.53+ 0.1V (vs
production in acetonitrile and cyclohexane for a series of SCE), viz., &-methoxybiphenyl, 2-methoxynaphthalene, 1-meth-
anthracene derivativeand showed that the increase in solvent Y/naphthalene, and 2-methylnaphthalene, the quenching rate
polarity causes a decrease in the quantum yield of singlet oxygenconstantsky* were 8.6x 10%, 5.3 x 10, 3.2 x 1(P, and 3.1x
production extrapolated to infinite oxygen concentration. In 10°dm® mol~* s~ with foT values of 0.36, 0.44, 0.60, and 0.61,
acetonitrile, the oxygen quenching of the excited singlet states respectively. The higher quenching rate constants and the lower
occurs through an additional channel, which is negligible in values for observeda™ for biphenyls was attributed to the
cyclohexane. This additional process brings about an increasedreater importance of charge transfer interactions in the former
in the quenching rate constant and lowers Hafrandf®, the ~ c@se than for naphthalenes.
efficiencies of singlet oxygen production from singlet excited ~ This paper explores the effect of change of solvent on oxygen
states and the efficiencies of formation of triplet states resulting duenching of triplet states in the case of biphenyl derivatives
from oxygen quenching of singlet staféé/e have also showed 10 help with further understanding of the nature of the charge
that in acetonitrile and cyclohexane, the efficiency of singlet transfer interactions involved.
oxygen production from triplet states of anthracene derivatives . )
quenched by oxygeffi,T, is in all cases unity with the exception ~ Experimental Section

of 9-methoxyanthracene in acetonitrile where the value drops Benzophenone (Aldrich, Gold Label), naphthalene (Aldrich,
to one-third? scintillation grade, Gold Label), 44limethoxybiphenyl (Ald-
Pressure effects on the dynamic quenching by oxygen of rich), 4-methylbiphenyl (Aldrich), 4-chlorobiphenyl (Lancaster,
singlet and triplet states of anthracene derivatives have also been-999) p-methoxyacetophenone (Aldrich), and tetrabutylam-
reportec® It has been found that the values fk? and k- monium perchlorate (TBAP) (Fluka;>99%) were used as
decrease with increasing pressure, mainly as a result of thereceived. 4-Methoxybiphenyl (Aldrich 97%), 4.dichlorobi-
increase in viscosity of the solvent that accompanies the pressurgphenyl (Lancaster), and 4;Bibromobiphenyl (Aldrich) were
increase. The ratio d(?z to kg2 was found reasonably close to recrystallized from ethanol. 4-Cyanobiphenyl (Aldrich) was
the predicted spin statistical value of 1/9 at 0.1 MPa in vacuum sublimed. Acetonitrile (Aldrich, spectrophotometric
methylcyclohexane but less than 1/9 nrbutane,n-pentane, grade) was dried by refluxing over calcium hydride. Acridine
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and phenazine (Aldrich) were recrystallized from methanol. transfet® >10° dm® mol-! s~1. Experimental support for this
Benzene (Aldrich spectrophotometric grade) and cyclohexane efficient energy transfer has been confirmed by

(Aldrich spectrophotometric and anhydrous grades) were used (1) Monitoring the triplet absorpticrof 1-methoxynaphtha-

as received.

lene, at 440 nm, in degassed acetonitrile at low laser intensities

For singlet oxygen luminescence measurements, the third(<5 mJ pulse?) in the following optically matched solutions

harmonic of a Lumonics Q-switched Nd:YAG laser (HY 200,

(a) benzophenone/0.1 mol dil-methoxynaphthalene and (b)

8 ns, 11 mJ) was employed as a 355 nm excitation source. Time-benzophenone/0.1 mol drhbiphenyl/16-3 mol dn3 1-meth-
resolved singlet oxygen luminescence (1270 nm) was detectedoxynaphthalene. For these two solutions, plots of the 1-meth-
using a Judson Germanium photodiode (G-050, active diameteroxynaphthalene triplet absorbance at 440 nm versus laser

~0.5 cm). The laser energies employed durihg measure-
ments did not exceed 0.5 mJ puidelndividual luminescence

intensity were constructed and found to have equal slopes to

within experimental error (5%). Since introducing the biphenyl

traces (16 at least) were signal averaged and were fitted usingds an intermediate in the transfer of energy from triplet
a single exponential function to yield the luminescence intensity benzophenone to 1-methoxynaphthalene has no effect on the

loatt = 0. The luminescence intensityat zero time was plotted

amount of triplet 1-methoxynaphthalene produced, this strongly

against the laser intensity. The slopes obtained for these straighgudgests that the efficiency of energy transfer from the ketone
line plots were compared with those obtained from optically triplet to both biphenyl and to 1-methoxynaphthalene is 100%.
matched standards in each of the solvents, thereby yielding (2) Measuring the efficiency of sensitized singlet oxygen

relative ®, values. The absorbances of the optically matched
solutions were typically 0.35 at 355 nm, corresponding to
benzophenone concentrations in the range—3.8) x 1073

mol dnr3,

production from the triplet state of biphenyl using solutions
containing a constant concentration of benzophenone18-3
mol dm~3) and different concentrations of biphenyl, extended
from 6.4 x 1073 to 8.8 x 1072 mol dn 3. The singlet oxygen

The same laser was used as the excitation source forlUminescentintensities at time zetg, were plotted against the

measuring the decay kinetics of triplet state absorption using a

laser intensity, the slopes obtained for these solutions of biphenyl

300 W xenon arc lamp as the analyzing source. Full details of at different concentrations were identical. This confirms 100%
the laser flash photolysis instrument used have been givenquenChIng by biphenyl at these high concentrations.

previously® The rate constantt;?2 for oxygen quenching of

(3) Populating the triplet states of biphenyl and '4,4

the triplet states were determined by measuring the decay ofdimethoxybiphenyl following energy transfer from two different

triplet—triplet absorption at the absorption maximum for each

biphenyl derivative in the presence and absence of air. The

pseudo-first-order decay constant in air-saturated solutiggs,
is given by
Kobs = Krp + k$2[02] 1)

wherekrp is the first-order constant for decay of the triplet state

aromatic ketones, namely benzophenone and 4-methoxyaceto-
phenone. The latter has a higher triplet state energy than
benzophenone. The valuesfgf obtained with the two different
ketones as sensitizers were the same, which is as expected if
energy transfer from triplet ketones to biphenyls occurs with
100% efficiency.

(4) Measuring the efficiency of singlet oxygen generation
from the triplet state of 4-cyanobiphenyl following energy
transfer from benzophenone and 4-methoxyacetophenone in

absorption in the absence of air. The oxygen concentrations ingcetonitrile and showing these were the same within the

air-equilibrated solvents were taken to be £.903 mol dm3
in acetonitrile and in benzene and 24 102 mol dn2 in
cyclohexané?

Results and Discussion

To study the efficiency of singlet oxygen production during
oxygen quenching of triplet states without complications due

experimental error£2%), which demonstrates that although
there is a considerable difference in the oxidation potentials
between the 4-methoxyacetophenone and 4-cyanobiphenyl, no
charge transfer quenching was observed and energy transfer
from benzophenone and from 4-methoxyacetophenone to this
biphenyl derivative is 100% efficient.

For ®, measurements in acetonitrile two standards have been
used, the first of which, benzophenone/naphthafdmes ad

to oxygen quenching of singlet states, the indirect population \5e of 0.62. This standard depends on energy transfer, and

of the triplet states of the biphenyl derivatives was utilized
following energy transfer from a ketonéef = 355 nm) with
100% efficiency. It was confirmed from the measurements of

the solution has a refractive index that closely matches those
of the measured solutions. The second standard used was
acridine2® which has a®, value of 0.82. The measurati,

absorption spectra that all of the biphenyl derivatives do not yajyes for bipheny! derivatives relative to the two standards are
absorb at wavelengths above 310 nm. This method, which hasthe same within 2%, which demonstrates that at the concentra-

been used previously by 18 and by Gorman et @k can
populate the substituted biphenyl (BP) triplet state with unit
efficiency by energy transfer from the aromatic ketone (K) triplet
state, viz.,

O,

or=1 BP
K ——3K* = *BP* — 0,4('A,) @)

The energy of the triplet state of benzopherénised as the
ketone sensitizer is 289 kJ mé) and since this is-15 kJ mot?
higher than that of the highest triplet state of the biphenyls

studied here, namely, 274 kJ méfor biphenyl itself, efficient
energy transfer ensug€d® with rate constants for energy

tions used for these substituted biphenyls there is no need to
apply corrections for the small refractive index changes present
under our experimental conditions. In benzene we used two
standards. The first is benzophenone/naphthaleite ®, =
0.62, and the second is phenaZiméth ®, = 0.83; again, the
measured values @b, for biphenyl derivatives relative to the
two standards were the same within 2%. In cyclohexane we
have used as constant standafds= 0.92 for benzophenone/
naphthalene as determined by Gorman €t aind phenazine
@, = 0.96 as determined by Wilkinson et3kigure 1 shows

the dependence of singlet oxygen luminescdget = 0, on

the laser intensity for some biphenyl derivatives in benzene
(Figure 1A) and in cyclohexane (Figure 1B).
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Figure 1. Dependence on laser fluence of the initial luminescence
intensity, l,, due to singlet oxygen phosphorescence following laser
excitation of optically matched solutions of benzophenone in (A)
benzene containing 4-cyanobipheriyl) (4-bromobipheny!®), 4-meth-
ylbiphenyl ©), and 4-methoxybiphenyl) and in (B) cyclohexane
containing 4-cyanobipheny(), 4-chlorobiphenyl M), 4-methylbiphen-

yl (O), and 4-methoxybiphenyi&).

The quantum yield of singlet oxygen productiahy) arising
from the triplet state quenching is given by
@, = O.PP, " 3

where @t is the quantum yield of triplet state production of

Wilkinson and Abdel-Shafi

the molecule of interest under the conditions of the experiment,
P?Z, is the fraction of triplet states quenched by oxygen, and
foT is the fraction of these triplet states quenched by oxygen
that yield Q*(*Ag). Since the method employed resultsdn
= 1, ®, will be given by

o, = Po,"

4)
and P?Z can be calculated using the following equation

o, KOJ]

= 5

" ko + K70, ©

For all these biphenyl derivativeB%, equals 1.0 (within
experimental error, 2%), except in the case of-djédhlorobi-
phenyl Wheresz, values of 0.75, 0.61, and 0.79 in acetoni-
trile, benzene, and cyclohexane, respectively, were obtained
(Table 1).

The quantum yields of singlet oxygen production were found
to be constant (i.e., within 3%) over a wide range of concentra-
tions used for these experiments. The decay rate condtants
of O2*(1Ag) in the solvents used were in agreement with those
in the literaturé?2-25for all compounds, except as given below,
being 1.2540.1) x 10* s ! in acetonitrile, 3.2¢0.2) x 10*

s in benzene, and 4.20.2) x 10* s in cyclohexane.
However, the rate constants for singlet oxygen decay in
acetonitrile were found to be higher when sensitized by using
increasing concentrations of 4gimethoxybiphenyl and 4-meth-
oxybiphenyl. SterrVVolmer plots were used to measure the
guenching rate constant of singlet oxygen by -4l#nethoxy-
biphenyl and 4-methoxybiphenyl, and values obtained were 3.4-
(£0.3) x 1P and 3.1£:0.3) x 10° dm? mol~t s71, respectively.

Taylor et al?® measured the energies of the triplet state for
16 biphenyl derivatives substituted at 4 and’ 4dsitions in
EPA and they found that upon substitution the energy difference
between the first excited triplet state and the singlet ground state,
E(S — T1), does not change much and follows the same trend
as E(Sy — Sy). In addition, Dreeskamp et &l.carried out a
similar study on the effect of chlorosubstitution on the electronic
spectra of biphenyl derivatives. They found that the triplet
energy for both mono- and di-para-substituted compounds are
approximately equal (264- 4 kJ mol!). Recently, Naik et
al1728 reported the triplet state energies for some-djgub-
stituted biphenyls in benzene. We have also measured the triplet
energies and find they all lie in the range 26574 kJ mot?,
in agreement with Taylor et &%, Dreeskamp et af/ and Naik
et all728

Changing the nature of the substituent on the biphenyl ring
affects the oxidation potential of these compounds and thereby
AGECT. A good estimate for the free energy changesf™) to
form ion pairs from excited states with energy as shown by
Rehm and Welléf is given by

AG T =F[Ey —Eg] —E;+C (6)

whereF is the Faraday constarﬁg"zd is the half-wave reduc-
tion potential for oxygen{0.78 V'vs SCE?, andC is the
electrostatic interaction energy, which is inversely proportional
to the static relative permittivity of the solvest, Table 1 shows
the measured values f&f2, P2, andf,T together with the free
energy chang@GCT calculated from eq 6 takinG = 0 using

our measured valuésf the half-wave oxidation potentials and
triplet energies of the substituted biphenyls.
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TABLE 1: Rate Constants k?z and Singlet Oxygen Formation EfficienciesfoT for Oxygen Quenching of the Triplet States of
Biphenyl Derivatives in (A) Acetonitrile, (B) Benzene, and (C) Cyclohexarfe

KS2 (10° dm® mol-1 s71)P

faT

Er (£1.0) E9X(+0.02F AGET
sensitizer A B C Ac B C (kJmolY)  (VvsSCE) (kJmol?)
4,4-dimethoxybiphenyl 12.60 9.15 0.320.03 0.31+ 0.04 266 1.30 —65.31
4-methoxybiphenyl 8.56 5.94 2.67 0.360.03 0.29+£0.06 0.37+0.04 270 1.53 —47.12
4,4-dimethylbiphenyl 5.93 3.71 1.50 0.420.04 0.37£0.04 0.62+0.06 269 1.69 —30.68
4-methylbiphenyl 4.36 2.46 1.12 0.440.04 0.41+0.41 0.70£0.07 272 1.80 —23.06
biphenyl 2.85 1.51 0.78 0.480.04 0.51+£0.05 0.75+0.07 274 1.91 —14.45
4-chlorobiphenyl 2.10 1.36 0.76 0.560.05 0.61+0.06 0.85t0.08 269 1.96 —4.63
4-bromobiphenyl 2.05 1.35 0.71 0.890.06 0.61+0.06 0.89+0.09 266 1.95 —2.59
4,4-dichlorobiphenyl 1.77 1.00 0.90 0.58 0.06 0.89+£0.10 0.83+0.08 265 2.02 5.16
4,4 -dibromobiphenyl 1.46 1.07 0.66 0.670.07 0.71+£0.07 0.92+0.10 265 2.01 4.19
4-cyanobiphenyl 0.88 0.82 0.43 0.840.08 0.79+£0.08 0.96+ 0.10 265 2149 13.8

aEnergy of the triplet statesr, measured from the phosphorescence emission in ethanol glass (77 K), the half-wave oxidation pcﬁ%ﬁtials,
in acetonitrile, and free energy change for charge tranaféfT, from eq 6 withC = 0. ® Error 10%.¢ Reference 7¢ P2 = 0.75, 0.61, and 0.79

in acetonitrile, benzene, and cyclohexane, respectiei.05.

It is clear from Table 1 and Figure 2 that there is an inverse
correlation betweerf,™ and k22 for all of the compounds

studied in the three solvents. Table 1 shows that there is a strong

dependence ofyT and k?z on the half-wave oxidation poten-

tial, Eﬁx. Thus compounds with electron-donating groups
(methoxy and methyl groups) show high quenching rate
constants and low efficiency of singlet oxygen production,

whereas compounds with electron-withdrawing groups (halogen

atoms or cyano groups) show the opposite trend.

The quenching of triplet states by molecular oxygen can be
described3! by Scheme 2 based on that originally proposed
by Gijzman et al3? who, from their studies of the oxygen

quenching of triplet states of unsubstituted aromatic hydrocar-

bons, concluded step b was negligible.

SCHEME 2
ket

—

ﬂls * 3¢ V&
‘? ( M "'OZ’ Zg )
‘MT..0) — M+ 04("A) (a)

ic

3/
M +0,%,) % 3CM*..0,°5, ) B
MT..0) —M+0,C5,) (b)
5/9%, _
M0, "% )*

Here kg is the bimolecular diffusion-controlled rate constant
andk_q is the unimolecular rate constant for separation of the
encounter pairs to original reactants.

According to Scheme 2

Ke? = (ky9)lke{ (ke + K_g)] + (3ky/9) K/ (ke + K] (7)

and

faT = (ky/9) ke (e + KIS ®)

Equation 8 explains partially the inverse correlation between
fAT andk2 (Figure 2).

Several workers*6.7:31.33.3have reported rate constants for
oxygen quenching of triplets states well in exces&£8, and
this is the case for th& values given in Table 1 for 44
dimethoxybiphenyl in acetonitrile and in benzene. For a
discussion ok values see ref 18. To account figf? values
higher tharky/9, Garner and Wilkinso# suggested the involve-

1.0 4

0.8+

T 0.6
fA

0.4

0.2

4

0 4 8
o -
k, */10° dm’mol's™
Figure 2. Dependence of the efficiency of;@'Ag) production,fT,
on the rate constant for quenching of triplet state by oxyg&m,for
substituted biphenyls in acetonitrilel), benzene®), and cyclohexane

(2).

guenching by molecular oxygen. In all three solvents it is
apparent (see Figure 3) tHei:i2 exhibits an inverse dependence
on AGCT calculated from eq 6 by takinG = 0. In the case of
acetonitrilee, = 37, and the ternC can be neglectet®® For
benzene and cyclohexame= 2.284 and 2.023, respectivelf,
which means that the teri@ becomes more important and
cannot be neglected in these two solvents (see later). The solvent
effect on the quenching rate constants is shown in Figure 3.
From eq 7 we expedt(T)2 values that are close to one-ninth
of the diffusion-controlled rate constant to be sensitive to
changes in viscosity. To interpret the results in Table 1, it is
interesting to calculate the appropriate valuel;othe diffusion-
controlled rate constants in different solvents, using &g 9:

ks = 47N(Dgp + Do )(rgp + 1o )

ment of charge transfer complexes in the mechanism of wherergp is considered to be 0.4 nm amg, is taken as 0.2
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Figure 3. Dependence of the rate constant for quenching of the triplet
state by oxygenk?z, on the free energy changAGCT, for charge
transfer from®M* to O,(3%4") for substituted biphenyls in acetonitrile
(O), benzene®), and cyclohexanex(), assuming the terr@ of eq 6

is zero in all solvents.

nm24 The diffusion coefficients of oxygen have been measured
in different solvents by different groug:38 Values ofDo, in
acetonitrile and benzene have been reported to beX#0124)
x 107% cn? 5713738 and 5.7x 1075 crm? 571,36 respectively.
We estimateDo, in cyclohexane to be 4.86(0.2) x 1075 cn?
s ! from a plot of measuredo, versus L, wherey is the
viscosity coefficient of the different solvents. Diffusion coef-
ficients of biphenyl have been measured in different solvents
by Miller et al3° A plot of Dgp versus 1 gives a very good
straight line, from whictDgp was obtained for the solvents used
in this work. The obtained values &fgp were 2.81x 1075,
1.65x 1075, and 1.13x 107> cm? s lin acetonitrile, benzene,
and cyclohexane, respectively, at Z5. Incorporation of these
data into eq 9 results iky values of 4.50x 10%, 3.33 x 109,
and 2.72x 10 dm® mol~! s71 in acetonitrile, benzene, and
cyclohexane, respectively. In the discussion of our previous
work® on the effect of these solvents ok{? values for
naphthalene and its derivatives we ud@dvalues quoted by
Darmanyan and Foote*! of 3.7 x 10 dm® mol! s71 in
acetonitrile and 3.0x 109 dm® mol™! s™! in benzene and
cyclohexane. However, Kristiansen efahave measurek@z,
the quenching rate constants of the excited singlet state of
biphenyl by molecular oxygen, in acetonitrile and cyclohexane
at 25°C and report values of 4& 0.6 and 2.6+ 0.2 x 1010
dm?® mol~! s71, respectively. On the basis of the agreement of
the values calculated from eq 9 with the two experimental
values?? which should be less than or equakipwe have used
these values calculated from eq 9 kgin the further discussion.
Based on Scheme 2 the value of the efficiency of singlet
oxygen generation from the triplet state would be 1.0 if only
the singlet channel (channel a in Scheme 2) were involved and
0.25 if the singlet and the triplet channels (channels a and b in
Scheme 2) were both involved equally, e.g., both diffusion
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controlled wherk?2 would be 44/9. However, neither of these
limiting values has been observed for the range of compounds
studied here. For example, in acetonitrile and benzene, com-
pounds with half-wave oxidation potentiatsl.91 V vs SCE,
have quenching rate constartky/9 and the observefd™ values
lie in the range 0.560.84, which is far from unity. In
cyclohexane the quenching rate constants are lesskgfafor
all compounds, and,T values only approach unity for com-
pounds with high oxidation potentials. Such behavior can be
attributed to enhanced intersystem crossing between the charge
transfer states or to the triplet channel being important even
whenk{?<ky/9.

In Figure 4 a plot is shown ofyT againstk?zlkd using the
calculated values d{; in the different solvents. Figure 5 shows
a plot ofk?%/kq versusAGET in which we have used th@ term
of eq 6 equal to 0.0, 3.0, and 20.0 kJ mbfor acetonitrile,
benzene, and cyclohexane, respectively. These values were
obtained by examination of plots using different valuesGor
and the best overlap was found with the acetonitrile data taking
C equal to 3+ 2 kJ mol? in benzene and 2& 3 kJ moltin
cyclohexane (cf. ref 35 where a value G6f~ 0 is used for
benzene as solvent). The dependence&Sdfand k?%ky on
AGCT shown in Figures 3 and 5, respectively, are good evidence
for the involvement of charge transfer interactions in the
guenching process. The following equations can be used to
calculate the rate constants for quenching via the singlet channel,
resulting in energy transfer to oxygen and quenching via the
triplet channel in Scheme 2, respectively. Equations 10 and 11
define these net rate constantskgsfor the singlet pathway
andkg for the triplet pathway, viz.

kql — k—?zfAT
kq3 = k?z(l - fAT)
The knowledge okq' andkg® allows the calculation of the

guenching probabilities for the singlet chanpghlnd the triplet
channelps, according to Scheme 2,

(10)
(11)

and
1 Elpl - k% -
e kK_d 4o

kq is taken to be equal to 4.50 100, 3.33 x 10, and 2.72x
10 dm® mol~! s~1 in acetonitrile, benzene, and cyclohexane,
respectively. The experimental valueslgt, kg, kefk 4, and
kic/k—_q are listed in Tables 2 and 3.

When logkic/k-q) and logkefk-q) are plotted versudAGCT
(Figure 6A,B), a good linear dependence is observed for the
triplet channel with slopes 6f0.022,—0.027, and-0.030 mol/
kJ in acetonitrile, benzene, and cyclohexane, respectively,
compared with an expected slope-68.178 mol/kJ for reactions
involving complete electron transfét This can be interpreted
as the percentage electron transfer in the transition state being
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Figure 4. Dependence of the efficiency of,@'Ag) production,fT,
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TABLE 2: kedk—g and kic/k—q for Biphenyl Derivatives
Calculated from Egs 14 and 15 in Acetonitrile, Benzene, and
Cyclohexane

acetonitrile benzene cyclohexane
sensitizer Kedk—q Kic/k—q Ketk—q Kkic/k-q Ketk—g kic/k—qg

4,4-dimethoxybiphenyl 3.57 1.38 287 1.36
4-methoxybiphenyl 161 058 087 061 049 0.23
4,4 -dimethylbiphenyl 099 030 059 027 044 0.07
4-methylbiphenyl 062 019 037 015 035 0.04
biphenyl 0.38 011 026 0.07 024 0.02
4-chlorobiphenyl 031 0.07 029 005 027 0.01
4-bromobiphenyl 032 0.06 029 0.05 027 0.01

4,4 -dichlorobiphenyl 026 0.05 032 0.01 0.33 0.02
4,4-dibromobiphenyl 0.24 0.03 026 0.03 025 0.01
4-cyanobiphenyl 0.17 0.01 021 0.02 0.16 0.00

fractional charge transfer is surprising (see later). The linear fit
for the singlet channel Figure 6B is not as good as for the triplet
channel because, even whaGCT is positive, quenching is
relatively efficient and thus charge transfer assisted quenching
is not in this case the sole contribution leading to quenching.
This is allowed for in Scheme 3 by proposing a competing
pathway in the singlet channel that yields singlet oxygen without
assisted charge transfer, i.e., by including the extra step labeled
1k, in the singlet pathway. We have also included in Scheme 3
the possibility of intersystem crossing between singlet and triplet
charge transfer complexes labeleg andkrs.

In an attempt to fit the experimental datalgf andkg®, we
have employed the equations derived from Scheme 3, which
has been developed by (ihus, Scheme 3, where for simplicity
L3 and!3C are used to represent the encounter and charge
transfer complexes shown in Scheme 2, respectively,'&nd

0.30 and®P represent the precursor/encounter complégiés.O*,
TAg) and3(M...20,, 3%47), respectively. Scheme 3 incorporates
Scheme 2 and includes the possibility of direct production of
O2*(*Ag) without passing through the charge transfer complex
0251 1C; i.e., Schemes 2 and 3 are identical whRkR kst, andkrs
are negligibly small. If decay constants for the encounter and
charge transfer complexes are defined as
0.20
e = kg + kg + Ky, e =k g+ Kk
o lkC — lk_T + lkp + kST, 3kc — 3k_'|' + 3kp + kTS
=< 0.15
© o applying the steady state treatment to the reactive intermediates
W in Scheme 3 gives
197 ket = el (ko + e k) Cieke — k) +
33kaTS(lkElkP + kTSlkA) o 3kEkSTkTSlkA)} /9D (16)
0.05 and
kg = kykel Bhr(ke ke — 'k r) + e'krks} /9D (17)
0.00 —
60 -40 20 0 20 40  Where
AG" /kJ mol D = (*keke — k' p) Che ke — ik _p) — kK
Figure 5. Dependence dt?/k on the free energy changeGCT (see (18)
eq 6): @) in acetonitrile, ©) in benzene, andx) in cyclohexane. . . . .
The electrostatic interaction energg, in eq 6, is considered as Equations 16 and 17 simplify wheqr andkrs = O to give
negligible in the case of acetonitrile and considered as 3.0 kJrimol
the case of benzene and 20.0 kJ mah case of cyclohexane. kql = kd(lkT]-fP + 1|<A)/9(k_d + llefp + 1|(A) (19)
12.4%, 15.2%, and 16.9% in acetonitrile, benzene, and cyclo- k= 3K,k f/ Ik g + k) (20)

hexane, respectively, independent of the substituent for the triplet
channel. The fact that the more polar solvent shows a smallerwherelfp = 1ky/(*k 1 + kp) andfp = 3kp/(Ck_1 + %kp); i.e., fp
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TABLE 3: Experimental Values for kq! = k?zfAT and kq® = k?z(l — fAT) in Acetonitrile, Benzene, and Cyclohexane

acetonitrile benzene cyclohexane
ket (et cal)/ ke(ke® cal)/ ket (ke cal)/ ke(ke® cal)/ ko' (ke cal)/ ke(ke? cal)/
sensitizer 1dm*molts? 10°dm*molts?t 1Fdm*molts? 1®dnmPmolts? 10dm*molts? 10°dmmolts?

4,4-dimethoxybiphenyl 3.91 (4.07) 8.69 (8.97) 2.75 (2.86) 6.41 (6.97)

4-methoxybiphenyl 3.08 (3.29) 5.48 (5.59) 1.72 (2.09) 4.22 (4.09) 0.99 (1.06) 1.68 (1.49)
4,4-dimethylbiphenyl 2.49 (2.41) 3.44 (3.09) 1.37 (1.39) 2.34(2.02) 0.93 (0.77) 0.57 (0.54)
4-methylbiphenyl 1.92 (2.02) 2.44 (2.25) 1.01 (1.15) 1.45(1.38) 0.78 (0.71) 0.33(0.33)
biphenyl 1.37 (1.61) 1.48 (1.54) 0.77 (0.95) 0.74 (0.88) 0.59 (0.66) 0.20 (0.19)
4-chlorobiphenyl 1.18 (1.23) 0.92 (0.97) 0.83(0.79) 0.53 (0.51) 0.65 (0.63) 0.11 (0.10)
4-bromobiphenyl 1.21(1.16) 0.84 (0.88) 0.82 (0.77) 0.53 (0.46) 0.64 (0.63) 0.08 (0.08)
4,4-dichlorobiphenyl 1.03 (0.94) 0.74 (0.53) 0.89 (0.70) 0.11 (0.30) 0.75 (0.62) 0.15 (0.05)
4,4-dibromobiphenyl 0.98 (0.96) 0.48 (0.58) 0.76 (0.71) 0.31(0.31) 0.61 (0.62) 0.05 (0.05)
4-cyanobiphenyl 0.74 (0.75) 0.14 (0.10) 0.65 (0.65) 0.17 (0.18) 0.41 (0.61) 0.02 (0.02)

a Calculated values are obtained from egs 16 and 17 using the parameters given in Table 4.

SCHEME 3

1/9kq "kr »
M0, €2 E €2 '¢c —> P —>M+'0(ay
k_d lk-T
krs] | kst
3/9%4 *r & K4
M +30, <2 °E “"—“_3__ 3¢ —> P —> M +°0,0%y)
k. kg

TABLE 4: Values of Different Parameters Used in Eqs 16 and 17 to Calculatéy* and kq® Given in Table 3 and Solid Lines

Shown in Figure 7A-C

acetonitrile

benzene cyclohexane

4.5
1.0

ky/10° dm2 mol~t st
ka/k_o/(dn® molL)

Ikr/st kT/h exp(—AGs'/RT)
/st kT/h exp(—AGT¥RT)
K q/st kT/h exp(—(AGET — AGSH/RT)
3Kk_1lst kT/h exp(=(AGCT — AGTH)/RT)
AGS =+ BAGST  wkimotla  16.0
p® 0.125
AGr =a+BAGST  wkImotla 19.3
B 0.125
/st 10120
3k/s? 101
1kA/571 5x 10°
kst = kT3/571 <1041

2.72

1.0

kT/h exp(—AGs*/RT)

kT/h exp(—AGT/RT)

kT/h exp(—(AGET — AGE)/RT)
kT/h exp((AGET — AGH)/RT)

3.33

1.0

kTh exp(—AGsRT)

kT/h exp(—AGTRT)

KT/h exp(—(AGET — AGS)/RT)
KT/h exp(—(AGST — AGH)/RT)

19.0 21.0
0.145 0.17
20.6 22.0
0.145 0.17
10t4d 101

10t4d 101

6 x 10° 6.75x 10°
<102 <10w

341.0.°40.005.¢ %, could be 1& st whenky = 3 x 10° s 4 Values in the range of 18-10 s* give a good fit.

and3fp are the fractions of the charge transfer complexes that can be interpreted as representing the fraction of electron transfer

dissociate to give @(*Ag) and Q(Zy"), respectively.
Equations 16-18 have been used to calculate valuekpf

and k8, and the best fit values are given in Table 3, which

compare well with the experimental values (see also Figure 7A

C). The values okq are taken to be equal to 4.5010'°, 3.33

x 1010 and 2.72x 109 dm?3 mol~1 s~1in acetonitrile, benzene,

and cyclohexane, respectively, agk_q was assumeédo equal

that exists in the transition state. N.B. the same valygé cdn

be used for botAC and3C in the same solvent amlincreases
from 0.125 to 0.145 to 0.17 on going from acetonitrile to
benzene to cyclohexane. This agrees well with our earlier finding
based on the slopes of the linear plots shown in Figure 6A.
Values ofky/k—q = [M] dm?® mol~%, where [M] is the solvent
molarity }® also have been used to calculate best fit values for

1 dn? mol™! (see Table 4). The variable parameters used to k4! andks®. Despite this large change kng, the agreement with
arrive at best fits were kept to a minimum, and these parametersexperiment is equally good, the valuesfbére unchanged but

are listed in Table 4. Figure 7 clearly demonstrates that one setrelatively lower values ofx are needed to fit the data. The

of parameters can be used to fit all 10 biphenyl derivatives in percentage charge transfer in the transition state represents a
one solvent, and only slight variations are necessary to allow small fraction of electron transfer, and that fraction increases

for changes in viscosity and polarity to give excellent fits in all

in the less polar solvent. This indicates that the transition state

three solvents using the mechanism shown in Scheme 3. It hador the charge transfer assisted quenching is closer in nature to
been found that, to fit the data, it is necessary to use linear andthe nonpolar encounter complexXe& than to the charge transfer
not nonlinear free energy relationships between the free energyintermediatedC or3C. In cyclohexane the charge transfer state

of activation for oxygen quenchingG*, andAGCT, as expected

is 20 kJ mot? higher € = 20 kJ mot?) than in acetonitrile,

from the linear plot shown in Figure 6A. The linear free energy and a higher value ¢f in cyclohexane indicates the intersection

relationship,AG* = a. + BAGCT, is used, and the value ¢f

between potential energy curves at the transition state on going
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from the nonpolar encounter complexes to the charge transfer
complexes occurs later in cyclohexane compared with aceto-
nitrile to give a slightly higher value gf (0.17 as compared to ) .
0.125, see Figure 8). Figure 7. Plots showing the dependence lgf and ks® on the free

- - " 1 energy changeAGCT, with (A) acetonitrile, (B) benzene, and with (C)
Parts A-C of Figure 7 show graphically the best fit i cyclohexane as solvents. Open circles reprekgnand open squares

andkq® using the above-mentlongd parameters in acetqnltrllg, representk,l. The lines passing through experimental points were
benzene, and cyclohexane. The individual results are listed inobtained using eqs 16 and 17 and the parameters listed in Table 4 (see
Table 3. The lower values 6k, and3k, in acetonitrile than in  text).

AG®" /kJ mol”
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Figure 8. Schematic energy level diagram showing possible minimum
energy pathways in acetonitrile (ACN) and cyclohexane (CHX) from
13E to 13C and from'C to 1P labeled“% and%s, respectively, in
Scheme 3, respectively.

the other two solvents can be attributed to the extra stability of
the triplet charge transfer complex, which is favored in highly
polar solvents, leading to a small activation barrier for internal
conversion from-3C to 1P (see Figure 8). The value of the

Wilkinson and Abdel-Shafi

studied by 20 kJ molt since this adjustment makes the
quenching rates observed in cyclohexane for a particE@ér
equivalent to the quenching rates observed in acetonitrile at the
same AGCT, explaining the lowerk? and higherf,T in
cyclohexane compared to acetonitrile.

3. This work confirms the importance of charge transfer
interactions in determining the efficiency of quenching by
oxygen. Variations in the yields of singlet oxygen production
are shown to arise because of the increasing importance of
guenching via the triplet channel when the charge transfer
complex formed as a result of electron transfer from the triplet
state to molecular oxygen lies at a lower energy than the triplet
state. In nonpolar solvents that do not stabilize charge transfer
complexes and for the biphenyl derivatives with high oxidation
potentials where the energy of the charge transfer complexes
formed with oxygen lie at higher energies than the excited triplet
states, the yield of singlet oxygen approaches unity. In polar
solvents and when the energy of the charge transfer complexes
drops below the excited triplet state, the yield of singlet oxygen
is much reduced.

4. Our treatment shows that the free energy of activaG
for charge transfer assisted quenching by oxygen has a linear
dependence on the free energy chan@@*" of the form AG*
= o + BAGET and g values indicate that the transition state
for the reaction involves only a small fractional charge transfer
that shows an unusual solvent dependence.

5. It has been found that an alternative pathvfy, is taking
place alongside the charge transfer pathway in the singlet
channel. These pathways are competitive, and their values are
found to be solvent dependent.

6. The proposed Scheme 3 enables the evaluation of the rate
constants for different pathways included in this scheme by using

rate constants for intersystem crossing between the singlet ancy minimum of variables to give a good fit to all the data. It is

triplet charge transfer complexes, namedy; andkys, cannot

be found from the fit. In acetonitrile, values kfr = kts from

0to 1 x 10" st are found to give good fits. Slightly higher
values ofkst = krs (in the range of 0 to 8 and 0 to 1&3s71)

can be used to give good fits in benzene and cyclohexane,
respectively. However, the goodness of fit is not improved by
including any values for these extra steps and therefore this work

does not allow us to decide on their presence or absence. It is

worth noting that when the values &t and krs are large
enough to allow equilibrium to exist between the singlet and
triplet charge transfer states, a good fit to the data is not possible.

Conclusions

1. The efficiency of singlet oxygen productioia|, and the
rate constant for triplet state quenching by oxygle?‘[, have
been measured for biphenyl and nine of its derivatives in
acetonitrile, benzene, and cyclohexane. An inverse correlation
betweenf,T andk?? was observed, and both were found to be
strongly dependent oAGCT, the free energy change, which is
clear evidence for the participation of charge transfer interactions
during the quenching process.

2. Calculations for the solvent dependent diffusion rate
constant in the three solvents based on measured diffusion
coefficients giveky = 4.50 x 109, 3.33 x 1019 and 2.72x
10 dm? mol~1 st in acetonitrile, benzene, and cyclohexane,
respectively. The solvent dependence I§¥/ks on AGCT
indicates the electrostatic interaction energy (t&€rm eq 6)
can be taken as 0, 3, and 20 kJ mdbor acetonitrile, benzene,

and cyclohexane, respectively. Thus our data suggest that4

changing from the polar solvent, acetonitrile, to nonpolar
cyclohexane increasesGCT for each of the biphenyl derivatives

not possible to confirm the presence or complete absence of
intersystem crossing between charge transfer states from these
data.
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