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Charge-Transfer and Non-Charge-Transfer Processes Competing in the Sensitization of
Singlet Oxygen: Formation of O;(*Xg"), O2(*Ag), and Ox(°E4 ") during Oxygen Quenching of
Triplet Excited Naphthalene Derivatives'

Introduction

The quenching of excited triplet states;, By molecular
oxygen leads to the formation of the excited state§'Xy*)
and Q(*Ag and the ground-state ;G%y~) with varying
efficiencies, depending on, among other parameters, the energ
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Both excited singlet statéxy" and!A4 and the unexcited triplet ground std&,~ of molecular oxygen are
formed with varying rate constanks'®, k4, andk®%, respectively, during the quenching by 6 triplet

states T of sufficient energyEr. The present paper reports these rate constants for a series of nine naphthalene
sensitizers of very different oxidation potentighy but almost constarir. These data complement data for

kriZ%, k2, andkr®%, determined previously for 13 sensitizers of very differEat The analysis of the whole

set of rate constants reveals that the quenching of triplet states bgs@lts in the formation of @>),

O,(*Ag), and Q(3=4") with varying efficiencies by two different channels, each capable of producing all
three product states. One quenching channel originates from ex&fEd3X) complexes without charge-
transfer character (nCT), which we cannot distinguish from encounter complexes; the other originates from
YT1-3%) and®(T1-%X) exciplexes with partial charge-transfer character (pCT). Rate constants of formation for
Ox(*=4M), Ox(*Ag), and Q(3Z4") are controlled by the respective excess energies via an energy gap relation
in the nCT channel, whereas they vary with varying free energy of complete electron transfer in the pCT
channel. A fast intersystem crossing equilibrium betw¥&p3Z) and®(T1-X) is surprisingly observed only

in the nCT but not in the pCT channel.

sensitizers with complete intersystem crossing (3&hen the
experimentally determined overall rate constant pfilienching

by O,, ki@, is at least by 1 order of magnitude smaller than the
diffusion-controlled rate constant for oxygen quenching, which
amounts at room temperaturekgs = 2.72x 1010M-1stin
¥CCl,,2324 the rate constants of the competitive production of

of the triplet states of the organic molecul&s, relative to the 1e + 1 3y — : : 1=
o . O(1=24"), Ag), and Q(*=4™) can simply be obtained
excitation energies dfs = 157 andEx = 94 kJ mot1.2-7 These ;;kT% )kT?AZ(% SLTQ an?lgﬁgw)/ (1- SA)ET%-ZSA slightly rﬁre

processes are assumed to proceed via weakly bound exciplexe
M(T1-3%) of multiplicity m = 1, 3, and 5716 Quantum yields
of the sensitization of @'Ag) have been measured for hundreds

éomplex evaluation has to be performed if values kg?®
approach the diffusion controlled limit. Then eq 1, whkgg
andk_gi are the rate constants of formation and dissociation

3718 :
of sensitizers”'® However, despite the large number of data of weakly bound complexds*§T1+35), holds true if-3T,+35)

and numerous efforts, no clear relation has been found betwee

Neacts with an overall rate constdatto form the ground state

. 1 O
the efficiency Sy of overall Q(*Ay) sensitization in the of the sensitizer §and Q(Zy"), Ox(Ag), or O, as

quenching of the T state by @ and molecular parameters of
the sensitizer such as its triplet enerfy or its oxidation

products, respectively

potential Eq,.1116.1922 A major reason for this unsatisfactory —r k.

situation was the missing differentiation betwees'Qg) being ko = Keainkr /(kaiy kTQ) @
directly formed with efficiencyb and GQ(*Ag) being indirectly It has been shown that;3%,*) and Q(*A,) are the products
formed via the very short-lived upper excited(&4*) which of internal conversion (ic) between singlet excited complexes
is sensitized with efficiency. with subsequent dissociation, i.&T1-3%) — 1(Sp'1X) — S +

Recently, the group of Schmidt has developed a method for O,(1%,") and¥(T;-3%) — {Sp+*A) — So + O2(*Ag). Analogously,
the measurement of absolute values of the efficiencies of the 0,(3%47) is formed via ic from the triplet excited complex
direct formation of both g'Z4*) and Q(*Ag), aandb =S, — 3(T,-33), yielding the triplet ground-state collision complex
a, respectively, during the deactivation of By O, in CCl, for 3(S+3%) with subsequent dissociati@h.No direct product

channel exists fo?(T1-3%). However, there is evidence that in

" Dedicated to Professor Dr. H.-D. Brauer on the occasion of his some situationsi(T;-3%) and3(T;-3%) are populated by inter-

retirement. i i .3 ; Q>
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3 W. Goethe-Universita Iokair.*4+° For example, McLean and Rodgers demonstrated
8 Loughborough University. that the quenching by ©Oof the T; state of naphthalene in
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Figure 1. Dependence of log¢?/m) on the excess energ&E of
the different deactivation channéfs®43> Curve describing the data
is given by 9.05+ 9 x 10°3AE + 1.15 x 10“AE? + 1.15 x
107AE® + 9.1 x 107 MAE“

Schmidt et al.

logarithmic scale versus the respective excess enetdigs—
Er — Es, AEia = Er — Ea, andAEgz = ET.36

Figure 1 demonstrates that the different rate constants depend
in a common way on the excess energy/Adt < 220 kJ mot™.
The common dependence is consistent with the assumption of
an equilibrium between the singlet and triplet excited complexes
L¥T,-3%). Furthermore, within the limits of experimental error,
the corresponding matrix elemengsseem to be the sanie.
Thus, the dependence of lég{/m) on AE, described by the
empirical curve which is tentatively calculated as polynom,
represents the dependence of BGAE)] on AE for the ic
leading to}(Spr1X), X(Spr1A), and3(S-3X). The Franck-Condon
weighted density of states generally decreases with increasing
AE at higher excess energies. The expression [0yF)]
correlates withAE for emitting species with the steepness of
the respective emission spectra in the low energy re§fio.
However, the decline of the curve ldg{/m) versusAE of
Figure 1 is much weaker than expected from Siebrand’s energy

methylcyclohexane below 180 K occurs with a rate constant gap law, which was derived for strongly bound aromatic

ki@ slightly larger tharf/gkqi1® and in the case of the;Btate
of p-aminoacetophenone in toluene below 2264, = 0.6,
i.e., distinctly larger than that spin-statistical lirfttDarmayan

hydrocarbons, molecules with potential energy curves with deep
minima and small anharmonici#:32 Instead, the empirical
curve of Figure 1 resembles much more the broad and in the

et al. have shown that for several aromatic amines in nonpolarlow energy region rather weakly declining spectra of excimers

solvents at room temperature, the valuek8fare significantly

and exciplexes when presented on corresponding stattdle

larger tharf/okgitr. 16 Furthermore, Grewer and Brauer found that therefore concluded weakly bound excited species with shallow
for benzoylbiphenyl and phenalenone in the low-temperature potential curves and large anharmonicity, i.e., weakly bound

region, where only singlet oxygen is formekk® distinctly
exceeds the corresponding spin-statistical limit k.28

exciplex states, as the origin for ic processes leading to lower
complex states and, finally, to the formation of,(€4"),

Therefore, no spin-statistical factors are included in eq 1. We O2(*Ag), and G(*%47).% It should be noted that the common

assume somewhat abitrarily thiatgis = gkgir/M with g = 1,

excess energy dependencekef, kr12, andl/3kr3* illustrated

whereby M is moles per liter, as was already done by by the curve of Figure 1 establishes for the first time a quanti-

Gijzeman?’ A smaller value ofg would lead to proportionally

smaller absolute values &f (see eq 1). However, the relative
changes of thép data with sensitizer would remain the same.

Thus, the selection of the value gfhas no influence on the

tative relation betweeBy = (kr™ + kr12)/(kr'= 4 k1A + kg3%)
andEr.

A very different energy dependence k3> with a strong
and apparently linear increase of |&gkrs®) with AE is

present interpretation of the data. We calculate the overall rateobserved folEr = 220 kJ mot? (see Figure 1). This change

constant for the formation of =4%), Ox(1Ag), and Q(3%4")
via the complexed3YT1-33) askr’® = akp, kr'* = bky, and

kr®® = (1 — S\)kp. Considering the 3-fold larger statistical

weight of3(T1-3%) compared with that of(T,-3%), i.e., assuming

was qualitatively interpreted as resulting from a significant
contribution of charge-transfer interactions between the sensitizer
and Q, which become particularly important in the hidty
region?® In fact, it had already been shown earlier that charge-

there is an equilibrium between isoenergetic singlet and triplet transfer effects are important in the deactivation ottes by

excited complexes, we expekt™, krl4, and Y/3kr3® to be

0,.8714 Quantitative relations betwedn®* and the free energy

proportional to the rate constants of the respective ic processeshangeAGcer for complete electron transfer from, Bxcited

kiclz, kiclA, and kic32.25,28
Equation 2 was derived for the rate constRpbf a weakly
bound exciplex by Kawaoka et #.

ke = (47°IN)p(AE)F(AE)B® @)

Here, p(AE) is the density of final states which are nearly

degenerate with the initial stat&E is the excess energif(AE)
is the Franck-Condon factor, an@ is the electronic coupling
matrix element. The produdt' (AE) = p(AE)F(AE) is the

Franck-Condon weighted density of states and can be calcu-

lated from the shape of the emission speétrd? Thus, the rate
constantsi.*, k12, andkc3® and consequentlig™, kr*A, and
1/3k%% should depend onE.

In a previous investigation, we determined valueskg¥,

kr12, andkr® by the simple evaluation procedure for 13 triplet

sensitizers of very different triplet eneré/?>The more accurate
evaluation via eq 1 results in only slight changes, sik¢e<

0.1k g holds true for all sensitizers with the exception of

acetophenone&{? = 4.1 x 10° M1 s71) 25 Figure 1 plots newly
evaluated values okr®, kr!4, and Y3kr3= (= kiP/m) on a

sensitizer to ground-state,(had been found in systematic
studies on two series of sensitizers of almost condtarthut
differing Eox by Wilkinson et al®-?2and in an investigation of
a larger variety of aromatic sensitizers of differigg and Eox
by Darmanyan et af AGcer is calculated according to Rehm
and Weller by eq 38 whereF andEeqs are Faraday's constant
and the reduction potential of the electron acceptor (far O
—0.78 V vs SCE¥® andC is the electrostatic interaction energy,
which is inversely proportional to the dielectric constamnd

is usually taken a€ = 0 in acetonitrile

AGegr=F(Exx — Ered —Er +C ®3)

A weak but still significant dependence of the overall rate
constant for singlet oxygenBA,) formation onAGcer was

also noticed for sensitizers of constait in the naphtha-
lene and biphenyl serié8:22 However, since only the sums
(kr= + kr'2) had been determined, the actual dependences of
kr'® andkr!® on Eq still remain unknown. The data of Figure

1 likewise allow no insight into the dependencelef* and

kr14 on AGcer, since for most of these sensitizers no values of
Eox are known. Only the general dependencéd¥, kr12, and
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kr3Z on the respective excess energies is revealed\for<
220 kJ mot?, whereby it is unclear to what extent the scatter
of the data around the curve in Figure 1 is actually caused by

charge-transfer interactions between the triplet sensitizer and IMEON

O,. Furthermore, it is still an open question why charge transfer
interactions should strongly affect rate constants, kr*4, and
kr3Z only in the AE > 220 kJ mot? region.

It seemed very desirable to launch an investigation, particu-
larly to clarify the role of charge-transfer interactions, on the
triplet state sensitized formation of ,@=4"), Ox(*Ag), and
O4(%%¢") during excited-state quenching by oxygen. Therefore,
we have studied the deactivation of triplet states by dd
naphthalene derivatives of very different oxidation potential but
only slightly different triplet energy using the method for the
quantitative determination &&=, kr14, andk:3= of sensitizers
with incomplete intersystem crossing described in the preceding
paper!® which uses indirect excitation of the sensitizer of
interest. Our results allow the differentiation between two
channels, both leading to,0%g"), Ox(*Ag), and Q(3Z5) and
only one of which originates from exciplexes with significant
charge-transfer character.

Experimental Details

Acetonitrile (Aldrich, spectrophotometric grade) was dried
by refluxing over calcium hydride. Tetrabutylammonium per-
chlorate (Fluka,>99%) was used as received. GGAcros,
99+%, Al,O3), phenalenone (PHE, Aldrich, 97%, silica gel/
CH.Cl,), 1-methoxynaphthalene (LIMEON, Fluka 198, Al,Os),
and 1-bromonaphthalene (1BRN, Fluka, 97%,QY) were
purified by column chromatography. 1-Methylnaphthalene
(IMEN, Aldrich, 95%) was distilled, and benzophenone (BPH,
Fluka, 98+%, ethanol), acenaphthene (ACEN, Aldrich, 97%,
hexane), 2-methoxynaphthalene (2MEON, Aldrich, 99%, etha-
nol), naphthalene (NAPH, Fluka, 9846, pentane), and 1-cyano-
naphthalene (1CNN, Aldrich, 98%, hexane) were purified by
crystallization. 2,6-Dimethylnaphthalene (2,6DMEN, Aldrich,
99%), 2-methylnaphthalene (2MEN, Aldrich, 98%), erythrosin
B (Aldrich, 95%), and benzene (Aldrich, 99%) were used as
supplied.

The measurement of the efficienciaandb = Sy — a of
the direct formation of g*Z4") and Q(*Ag) in the deactivation
of T1 by O, of sensitizers with incomplete isc and of the rate
constank;@ of T, quenching by @has been described in detail
in the previous papéf.Four independent series of comparative

. ; L he
experiments with reference sensitizer PHE have been performec{N
with each sensitizer system, varying the laser pulse energy. OnlyS
energy-independent results are reported. Triplet energies haveand amounts to—5.3 + 1.3%

been determined by photoacoustic calorimetry (PAC) with an
instrument previously described in det&iBPH was also used
as the primary absorber in these experiments. The naphthalen
derivatives were indirectly excited by complete and fasi (
ns) triplet-triplet energy transfeEr was directly obtained from

the fraction of fast heat. Phosphorescence spectra have bee

recorded with a IF65640 phosphoroscope from Perkin-Elmer.
The half-wave oxidation potentials were measured by cyclic
voltammetry in acetonitrile versus SCE, as already descAbed.
Results

Table 1 lists the values d,, Er, kg', Sy, anda for the nine

J. Phys. Chem. A, Vol. 105, No. 10, 2001813

TABLE 1
Eox (£0.02 V) Er 10%T SP e
sensitizer  vs SCE (4 kI moll) (M~ts1)?
1.26 256 3.78 0.521 0.410
ACEN 1.34 250 2.84 0.590 0.477
2MEON 1.38 253 2.34 0.750 0.635
2,6DMN 1.49 252 2.03 0.795 0.724
1MEN 1.54 257 1.70 0.808 0.705
2MEN 1.61 253 1.65 0.846 0.744
NAPH 1.65 2558 1.33 0.880 0.802
1BRN 1.77 247 1.18 0.984 0.895
1CNN 2.01 248 0.93 0.979 0.850

adx/x = £0.10.Pdx/x = +0.04.¢dx/x = +0.11.9By PAC and
phosphorescencéBy phosphorescence.
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Figure 2. Effect of the sensitizer oxidation potential on the rate constant
ko' and the efficienciesS, and a in the T, state quenching of
naphthalene derivatives by,O

source, using the same equipment, scan speeds, suppporting
electrolyte, solvent, etc., the comparability should be much better
compared with that for the previolsy data, which stem from
different laboratories. Th&r data determined in the present
study by PAC and/or phosphorescence measurements deviate
only slightly from the literature data used in the previous
work 19.20

Variation of Eox causes significant variation k" and smaller
changes ir§y anda. Values ofkg" increase, whereas values of
Sy and a decrease, with decreasing oxidation potential, see
Figure 2. Interestingly, the values of the efficierty- Sy — a
are almost invariably an averagelwf= 0.10+ 0.02. The data
of ko™ and Sy determined here in C¢lgree rather well with
corresponding data determined previously in cyclohe¥ane.
e note only a significant deviation of all values 8f to
maller numbers in C¢IThe deviation, which is rather constant
is most probably not the
consequence of the change of solvent but due to using a different
standard compound to measure relative singlet oxygen yields.

&n this work, we have used phenalenone as a standard, taking

the quantum yield of singlet oxygen sensitizati@n = 0.97 in
CCl* and obtained a maximum vali = 0.98 for 1BRN.
Rlaphthalene which was used in the previous work with
cyclohexane as referencg (= 0.92) led to a maximum value
of Sy = 1.04 for 1BRN%

The maximum value ok:Q is a factor of 7 smaller thaku
=2.72x 1019M~1s1in CCls..2324We therfore calculate the
overall rate constant of;Tdeactivation in the complebé{T;-5%)
using eq 1 withk_gitr = Kgi/M and obtain the rate constants for

naphthalene sensitizers investigated. The relative uncertaintieshe competitive formation of &'=4%), Ox(*Ag), and Q(3Zy")

dx/x of the primary data amount t0.10 fork:<, &= 0.04 for

Sy, and+0.11 fora. The oxidation potentials obtained in this
study differ in part significantly from the values used in earlier
publicationst®2° However, since they are all from one single

askr® = akp, kt12 = bkp, andkr®® = (1 — Sy)kp. Table 2 lists
the results. From the relative errors of the primary data, we
derive a constant uncertainty ok/d = 40.15 for kr'=. The
uncertainties okr'2 andky3%, however, are not constant. They
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TABLE 2

1(TQ|(D _‘]_(Tgk*rlZ 1(Tng1A dx/x _‘]_(Tgk'r:"‘2 dx/x AGCET
sensitizer (s1)2  (sH)e (s (s (kJ molt)e
1IMEON 4.39 1.80 0.49 047 210 0.11-59.2
ACEN  3.17 151 0.36 054 130 0.12-455
2MEON 256 1.63 0.29 0.69 0.64 0.16-44.6
2,6DMN 2.19 159 0.16 1.26 045 0.18-33.0
1IMEN 1.81 1.28 0.19 0.85 0.35 0.20-33.2
2MEN 176 131 0.18 0.91 0.27 0.24-224
NAPH 1.40 1.12 0.11 1.27 0.17 0.31-20.6
1BRN 1.23 110 0.11 124 0.02 246 —-1.0
1CNN 0.96 0.81 0.12 082 0.02 1.87 26.2

adx/x = +0.10.P dx/x = £0.15.¢ Relative scale oAGcer values
calculated withC = 0 by eq 3%

strongly depend on the magnitude $f and a, sincekr!? as

well askr32 result in part from small differences in efficiencies.
With b = Sy — @, dSy = 0.04S,, and & = 0.11a, we derive
db/b = {(0.04S:/(Sy — @))? + (0.11a/(Sy — @))%} %5, indicating

a drastic increase of the uncertaintyp/ldl with decreasing
differenceSy — a. For the uncertainty d(t+ S\)/(1 — Sy) =
0.045\/(1 — Sy), a similar large uncertainty holds true when
Sh approaches unity. Therefore, depending on the magnitude
of the differencesSy, — a and 1 — S, very different and
particularly large relative errors may result forand 1— Sy

and, consequently, fé&'2 andkr®=. The resulting uncertainties
dx/x are separately given for each valuelaf® and kr3 in
Table 2. It does not appear to be meaningful to calculate the
error limits of a definitely positive quantity for which dx is
larger thanx simply asx(1 + dx/x), since then the lower error
limit would be in the negative range. Instead, we prefer to
estimate the upper and lower limits by multiplying x by the
factors (1+ dx/x) and 1/(1+ dx/x), respectively. This procedure
corresponds to equally positive and negative error bars on a
logarithmic scale.

Discussion

A strong dependence &%* and a weaker dependence of
the sum kr™® + kr'2) on AGcer was already known from the
previous work of Wilkinson et al. on naphthalene derivatit?es.
Unknown, however, was the magnitude as well as the variation
of the individual values okr'= andkr!4 with AGcer. Inspection
of Table 2 reveals thaks™® is distinctly larger thankr!A.
Furthermore, both rate constarkg™ and kr'* increase with
decreasingAGcer. However, the variation is graduated and
much weaker than fokr3Z, and it is weakest fokt12.

It is very interesting to compare these valueskgf, kr'4,
and kr3% with the data measured previously for 13 different
triplet sensitizerd® This is done best in a plot of lok{"/m)
versus the excess energye (see Figure 3).

Schmidt et al.
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weakly bound exciplexed¥T;-3%) are the origin of this
deactivation channel. However, since the curve describes the
excess energy dependence for excited complexes without
particular charge-transfer interactions (nCT complexes), we
presume that encounter compleXé¥$T-%) are the origin of

this nCT deactivation channel. In our opinion, a meaningful
differentiation between weakly bound exciplexes without charge-
transfer character and excited encounter complexes is actually
not possible, at least not on the basis of the known experimental
results.

If the formation of Q(*Z;") and Q(*Ag) does not proceed
via exciplexes but encounter complexes, exchange energy
transfer could be the operating mechanism. However, exchange
energy transfer according to Dextércannot lead to such large
and only moderately graduated rate constdnts and k4,
since (i) the spectral overlap integrals between the broad
normalized sensitizer triplet spectra and the very narrow spectra
of the 0-0 transitions of the gf'2;") <— 0,(3247) and GQ(*Ay)

— Oy(3Z4™) absorptions at 765 and 1275 nm are very small
and (ii) the decrease of that integral in going from 765 to 1275
nm should be much stronger than the graduatiok:éf and

krl2 of about 1 order of magnitude. The spectral half width of
the electronic transitions amount to ony10 nm (765 nmiy*
and~15 nm (1275 nnfp4®in CCl,. Therefore, both spectral
overlap integrals are approximately directly proportional to the
intensities of the sensitizer emission spectra at 765 and 1275
nm, respectively. The intensityof the fluorescence of anthra-
cene decreases exponentially with decreasing photon energy
hv. Siebrand and Williams assumed the experimental value
of dlog(l)/dnv = 4 x 1072 kJ-1 mol to be representative for
aromatic compounds on the low energy side of the spectfum.
Using this slope we estimate from the difference in the
respective @transition energies of 61 kJ nidla decrease of

Figure 3 demonstrates that charge-transfer interactions canthe spectral overlap integral of about 2.5 orders of magnitude.

also affect rate constants f&E < 220 kJ mot?. Since the

Thus, kr/kr*2 > 500 is expected in case of exchange energy

investigated naphthalene sensitizers have almost the same tripletransfer for each sensitizer instead of the experimentally found

energy, the data of logfF/m) for the naphthalene derivatives
lie in very narrow ranges o&E for kt%, kt14, andl/3kg3Z. This
leads for each deactivation channel to an apparently vertical
increase of the values of ldgf/m) with E.y at almost constant
AE.

The smallest values &', kr'24, andk:3* of the naphthalenes

|('|'12/|(‘|'1A < 10.

The variation of logkr"/m) with Eox strongly increases with
increasing excess energy. The vertical increase of the values of
log(¥3kr®*) of the naphthalene sensitizersAdf ~ 250 kJ mot?!
demonstrates that the increase of the 16gf**) data of the
previously investigated sensitizers (open squares in Figure 3)

correspond in each case to the derivatives with the largest valuess probably only accidentally linear &E > 220 kJ mot* and

of Eox, for which charge-transfer interactions are minimal. Since
these data are in the range of the empirical curve of Figure 3,

obviously a combined effect of variations iy and Er. The
excess energy reaches maximum values for the formation of

we assume that this curve describes the excess energy deper®,(3Z4~), sinceAE = Er. Consequently, very small values of

dence of rate constanks'®, ki, and¥3k3* in the absence of
charge-transfer interactions. Up to now, it was assumed that

13k3% are predicted by the empirical relation for the excess
energy dependence of ldgf/m) = f(AE) in the absence of
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Figure 4. Dependence of log&r"/m) on the change of free energy
AGcer for complete electron transfer from 1 O,.4* Straight line with
slope—0.028 kJ* mol and intercept 7.2 results from the linear fit to
the log{/sker®®) data.

charge-transfer interactions. This is the main reason why
the effect of the variation oE is so large for logi{skr).
Minimum excess energies correlate, however, with the formation
of Ox(*24™). Correspondingly, maximum rate constakits are
predicted by log{r™/m) = f(AE). Therefore the smallest effect
of the variation ofEq is observed for lod¢™).

Apparently, two different reaction mechanisms operate in the
quenching of triplet states by both leading to the formation
of O0x(*=¢"), Oa(*Ag), and Q(°Z47). One is controlled by the

variation of the excess energy, the other by the strength of

charge-transfer interactions. The first occurs via excited com-

plexes without charge-transfer character (nCT), indistinguishable
from encounter complexes, the second via exciplexes with partial
charge-transfer character (pCT). The corresponding rate con-

stants are in the following, indicated by subscripts and CT,
respectively. Thus, in a very simplified picture we assume eqs
4a—4c hold true

k' = kae™ +ker (42)
ki =Kae " ke (4b)
ke =Ky Fker (4c)

On this basis, we can separate the contributions of both
mechanisms. The empirical curve l&gi/m) = f(AE) of Figure
3 is used to estimate values kfelZ, kagl?d, and/zkag®=. With

J. Phys. Chem. A, Vol. 105, No. 10, 2001815

the Y3kcr°* data for all sensitizers in a plot of Idgt”/m) vs
AGcer at constanEr = 250 kJ mot™.,

Deactivation by complete electron transfer quenching occurs
with rate constankcet via transient contact radical ion pairs.
The corresponding correlations between kag{/m) andAGcer
are linear in the endergonic range, whiger < kgt holds true,
with slope—0.434/(RT)= —0.175 k3! mol.*” The correlation
between log(ct3%/3) and AGcer is also lineart? The least-
squares fit through the lok{13%/3) data results in the straight
line with slope—0.0284 0.003 k3! mol and intercept 7.2
0.2 shown in Figure 3. The ratio of the slope the of linear fit
and—0.434/RT) amounts tqp = 0.16. The variablg has the
meaning of a corrective factor. If the data of lkgf*/3) would
be plotted versupAGcer, a linear correlation with the limiting
slope—0.434/(RT) would result. Therefor@AGcer could be
interpreted as free energ&Ger of 3(T1-3%) pCT complex
formation from the3(T-3X) nCT complex. The ratigp is
sometimes interpreted in a very simplified picture as the amount
of charge-transfer in the pCT exciplé%2148-50 However, it
was shown that the extent of CT character in a series of
exciplexes is not constant but increases with decreasing
AGcet.2152 Therefore, it is clear that the 16% charge-transfer
character should be regarded as best as a possible average value
for the naphthalene derivatives. In any case, the increase of
log(ker*/3) with decreasing\Geer qualitatively indicates the
formation of pCT exciplexes.

The fit functionf(AGcer) = 7.2—0.028\Geer for log(ke3%/3)
describes the corresponding experimental data rather well. The
scatter of the values of lok{t'*) and logkct2) in Figure 4 is
much larger, as a consequence of the smaller effect of charge-
transfer on the rate constamig> andk:12. Nevertheless, these
data also decrease with increasit@cer and are not very far
apart fromf(AGcer). We note that all values of log{r'*) are
below and all values of lofgtr'>) above the fit and consider
these observations as significant. Thus, it appears as if the
dependence oAGcer could be very similar fot/sket3=, ket
andker!A.

Competitive ic from nCT complexes¥(T;-3%) is the rate-
determining step of the deactivation of By O, in the absence
of charge-transfer interactions. In the presence of charge-transfer
interactions, larger values of Idgf/m) are observed, which are
the consequence of the opening of the pCT deactivation channel.
Both nCT and pCT deactivation processes contribute to the
overall rate constarky = kr'* + kA + ki, i.e., to the rate

the average triplet state energy of the naphthalene derivativesdetermining step. The verification of this model is possible by

of Er = 250 kJ mot?! and the resulting excess energits;s
= 93 kJ motl, AE;x = 156 kJ mot?, and AEss = Et, we
obtain kag®> = 1.0 x 10° s71, kag!® = 1.4 x 108 s71, and
1/3kae3= = 1.8x 10° s71. If these basic rate constants, which,

comparing calculated rate constak{d®, kr'4, andkr3* with
experimental data. Assuming that the rate constaifs, ker'=,
and ket vary as parallels witlAGeet in a semilogarithmic
plot, we calculate fit functions for the rate constakgs™, ker4,

of course, have some experimental uncertainty, are subtractec®nd ker® by logker®) = log(3) + f(AGcen), logker™) =

from kr'*, kr14, and/3kr3%, we obtain the rate constarksr',
ket'®, and Y/3ke13 for the charge-transfer-induced formation
of Ox(*25"), Ox(*Ag), and Q) in the deactivation of
exciplexes¥T1-3%). This procedure works rather well for
13ket3Z, since the estimatiskag®® = 1.8 x 1P s71is distinctly
smaller thart/sk3* for each naphthalene derivative (see Table

log(1.5) + f(AGceT), and logkct?) = log(0.4) + f(AGcer).
Adding to the resulting fit functionket'*, ket'2, andkcr3* the
average rate constants of the naphthalene derivatives derived
above ofkag® = 1.0 x 10° s71, kag!2 = 1.4 x 108 s71, and

kag®® = 5.4 x 10° s71, we finally obtain best fit functions for

the rate constant&r®, k12, and k3% which describe the

2). The charge-transfer effect causes a much smaller variationespective experimental data surprisingly well (see Figure 5).

in the rate constants:'* andkr'2 (see Figure 3), for which we

calculate rather small differences between large numbers.

Therefore, it is not surprising that the differen&es™> andkcr

Itis reasonable to assume that by analogy to the deactivation
of the nCT complexes the deactivation of pCT exciplexes
LYT1-3%) occurs by ic to lower excited pCT complex¢Sy-1),

become even negative for some sensitizers with high oxidation 1(Sy:*A), and3(Sy-3%). If the respective average excess energies
potential (see Table 2), whereby these negative differences lieof 93, 156, and 250 kJ mo} are considered, the corresponding

still within the limits of experimental uncertainty. Figure 4
displays the positive results ¢&r* and ket together with

graduationkct® > ket > Y3ker3E would be expected if the
ic processes were the rate determining steps, as it is the case
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Figure 5. Dependence of log(), logks'*), and logkr3®) of the Figure 6. Dependence of log), logks**), and logk:=*) of the
naphthalene derivatives @xGeer. Fit functions logkcr®®) = log(3) + naphthalene derivatives ahGcer. Functions: logkcr®®) = log(3) +

f(AGcer), logkerlZ) = log(1.5)+ f(AGcer), and logket'®) = log(0.4) f(AGcer), logket™) = 10g(0.67)+ f(AGcer), logker*) = log(0.33)
+ f(AGcer) with f(AGeer) = 7.2 — 0.028\Gcer. For details, see text.  + f(AGcer).

with the nCT complexes. The constants which are added to 300
f(AGcer) in the above derived fit functions for log{r3%), '
log(ket=), and logket!2) correspond to the weight factors of
3, 1.5, and 0.4 for the fit functions fde13%, kett®, andkett2.
Thus, it is true ket is by 1.5/0.4 larger thaket'2, consistent
with the correspondingly smaller excess energy. Howewet?

is not larger thanl/zkct3® but even smaller thad/skcre=.
Therefore, it is not ic but the formation of the pCT exciplexes
1YT-3%) that is probably the slowest and, thus, the rate-
determining process. Therefotker> could still be larger than
ket despite the larger excess energy. However, it is important 501
that the graduatioker™™ > kcrt2 is still valid, since ic from r

}(T1-%%) to {(So=) competes in the singlet pCT channel directly 0- _ _ o
with ic to ¥(Sp-1A). Figure 7. Schematic representation of the nCT and pCT deactivation
channles. The energy scale corresponds to nCT and the free energy
scale to pCT and cET. Sensitizer is IMEON. For details, see text.
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We have to assume that there exists no fast isc equilibrium
between(T;-3%) and3(T;1+3%) pCT complexes, in contrast to
the situation with the nCT complexes. If a fast isc equilibrium
existed, the graduatioket™® > ket > 1/3ker®* according to
the excess energies should again be expected, since competitiv
ic via the singlet and triplet pCT channels would occur. This is
consistent with deactivation of(T1-3) and 3(T1-3%) pCT
complexes by ic being much faster than isc. Since up to now it
was assumed that isc betwed(T-3%) and 3(T1-3X) occurs
principally as a CT induced process, i.e., between pCT  The results of our quantitative analysis of #é*, kr14, and
complexes;11162L.2%hjs is a rather surprising result. k3= data of 13 sensitizers of very different triplet energy and

The }(T1-32) and3(T1-32) pCT exciplexes are formed from  of nine sensitizers of strongly varying oxidation potential but
1¥T1-3%) nCT complexes. Consequently, the statistical weight almost constanEr are summarized in Figure 7.
of the triplet pCT channel when compared with the singlet It is established that during oxygen quenching of triplet states
pCT channel should be 3. However, according to the fit results, the formation of Q('=4"), Ox(*Ag), and Q(3Z4") occurs via ic
the weight is smaller than 3. The weight factors of the fit processes in two different reaction channels. One originates from
functionsker®, k', andker are 3, 1.5, and 0.4, yielding a  1¥T;-3%) nCT complexes i.e., without significant charge-transfer
value of 1.6= 3/1.9 as the statistical weight of the triplet pCT character, which we cannot distinguish from encounter com-
channel. However, the deviation from 3 is possibly just a plexes. The ratio of{(T1-3%) and 3(T1-3%) nCT complexes
consequence of the experimental uncertainties of the data. Thisamounts to 3:1, consistently with a fast isc equilbrium following
is demonstrated by the curves displayed in Figure 6, which are the spin-statistics. The singlet nCT complex deactivates by ic
obtained by changing the additive constants in the fit functions to nCT complexeg(Sy-1E) and (Sp-!A) and the triplet nCT
for log(ker™®) and logkcer®) from log(1.5) and log(0.4) to  complex yields¥(Sy-3%) by ic. These competitive ic processes
l0g(0.67) and log(0.37), respectively. This procedure enforces are the rate-determining steps of the nCT channel. The corre-

amounts to only 20% and (ii) the weak increase of k¥ is
actually reproduced. Thus, we assert that the results of these
ﬁwestigations on the effects of variations in triplet energy and
in oxidation potentials are quantitatively described.

Conclusions

the statistical weight of 3 of the triplet pCT channel. sponding rate constanksg'>, kag'®, andkag®* are controlled
The quality of the fit to the experimental data of l&g€) is, by the variation of the respective excess energies following an
of course, unchanged. The fit to the data of lagf) is only energy gap law. The second reaction channel originates from
slightly poorer, but we note now distinct deviations of the 13T;-3%) pCT exciplexes, i.e., complexes with partial charge-
calculated curve from the experimental data of ke#j{) to lower transfer. The rate-determing step of the pCT channel is the

values in the strongly exergonic range. Nevertheless the parallel formation of thel3T;-3Z) pCT exciplexes from
description of the lod¢™) data is much better than qualitative, 13(T1-3X) nCT complexes, which occurs in the spin-statistical
since (i) the mean deviation of the calculated rate congigfit ratio 1:3.1T-3X) pCT exciplexes yield gf'Z4"), Ox(*Ag), and



Formation of Q(*=g"), Ox(*Ag), and Q(3=y7)

O(%%¢7) by ic to lower exciplex states and subsequent dis-
sociation. Hereby, ic is much faster than isc betweeA(fhe3X)
and 3(T1-3%) pCT exciplexes. Thus, we obtain the surprising
result that a fast isc equilibrium betwe§(T1-3%) and3(T-3%)
exists only in the nCT but not in the pCT channel. TRg1-3%)

pCT exciplexes are stabilized by charge-transfer interactions 2

compared with thé¥T;-3%) nCT complexes. The corresponding
change of free energy is estimated @632 whereAGcer is

the change of free energy from nCT to a contact radical ion
pair with complete electron transfer (cET).
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