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Both excited singlet staté&y" and A4 and the triplet ground staf&,~ of molecular oxygen are formed

with varying rate constants™®, kr*2, andk:’Z, respectively during the quenching by 6f triplet states T of
sufficient energyEr. The present paper reports these rate constants for a series of 10 biphenyl sensitizers of
very different oxidation potentiak., but almost constant and rather lafge Strong and graduated charge
transfer (CT) effects o', ki, andk:™ are observed. These data are analyzed considering dét& of

kr*2, andk;*= determined previously for sensitizers of very differBatandE,,. The results clearly demonstrate

that the quenching of triplet states by @roceeds via two different channels, each capable of producing
Ox(*=4M), Ox(*Ag), and Q(*Zy7). One quenching channel originates from excitéd1-*%) complexes with

no CT character (nCT); the other originates fré#iT,-%Z) exciplexes with partial charge transfer character
(pCT). A common energy gap law determines the rate constantg(t£0), O,(*Ag), and Q(3,~) formation

in the nCT channel. However, the respective rate constants vary on a logarithmic scale linearly with the free
energy of complete electron transfer in the pCT channel. The statistical weights of the pCT processes leading
to Ox(*=4"), Ox(*Ag), and Q(34") formation are 0.67, 0.33, and 3, leading to efficiencies of overall singlet
and ground state oxygen formation of 0.25 and 0.75 of pCT complexes in accordance with the spin-statistical
weight ratio 1:3. A fast intersystem crossing equilibrium betw&&r-3%) and3(T+3%) is only observed in

the nCT but not in the pCT channel.

Introduction unsatisfactory situation was the missing differentiation in these
h itized oxidati involvi inal studies between £FAg) being directly formed with efficiency

_ Photosensitized oxidations involving singlet oxygen are p, anq (1A,) being indirectly formed via the very short-lived

implicated in photodynamic inactivation of viruses and cells, upper excited @(=;"), which is sensitized with efficiencg.

in phototherapy of cancer, in photocarcinogenesis, and in The situati h d wh developed methods for th
photodegradation of dyes and polymers. Quenching of excited € situation changed when we developed methods for the
triplet states T of many substances by ground state molecular mezl;lqurrement 0‘: the efficiencies of the direct format|on O.f both
oxygen Q produces singlet oxygen. Both lowest electronically 0('247) z.andQ( Ag), aanq|b (=SA5_ a), respectively, during
excited singlet staté&y* (=1%) and’Aq (='A) of O, are formed the deactivation of 1I'b_y Oz in CCl,.> Only these methods allow
besides théS,~ (=3%) ground state, if the Tstate energyr th? separatg determination of_ _all the three rate co_nstafﬁ,s
exceeds the excitation ener§y = 157 kJ molt of the upper k7> and k> of the competitive processes leading to the
formation of Q(*=g"), Ox(*Ag), and Q((Z4™) in the quenching

excited singlet oxygen species @4").17 Electronical to N =g
vibrational (e-v) energy transfer deactivates,@4) very of T, states by molecular oxygen, which finally leads to a deeper
insight into the complex problem.

rapidly and completely to the metastable and highly reactive

O,(*Ag) With excitation energfEa = 94 kJ mot™,58 which is We applied the new method of determination of these rate
the active species in many important photoprocesses, vide supragonstants for the first time in an investigation of 13 triplet
and which is commonly called singlet oxygen. sensitizers of very different triplet state energigBlotting the

Quantum yields of sensitization of singlet oxygen have been values ofkr'™®, ki, andkr™/3 on a logarithmic scale versus
measured for hundreds of sensitizers because of its outstandinghe respective excess energieiis = Ey — Es, ABy = Er —
importance®° It was found that the efficienc$ of overall A, and AEss = Er, we found that the rate constants of the
0,(*Ag) sensitization in the quenching of the $tate by @ competing processes depend in a common way on the excess
decreases with increasing triplet eneEyand with decreasing ~ energy forAE =< 220 kJ mot™. This at first sight surprising
oxidation potentiaE,y of the sensitizetl~17 Furthermore, an ~ behavior is consistently explained. Complex&J-°%) of
effect of the electronic configuration of the triplet stater(n ~ multiplicity m = 1, 3, and 5 are formed from triplet state
versus 7zr') on the magnitude ofS, was also noticed® sensitizer and g°%4") in the primary step’ 26 Competitive
However, no clear relation between the valueSofnd these  internal conversion (ic) of the singlet excited compl¢k;-3%)
molecular parameters has been found. A major reason for thisto lower complex states of singlet multiplicity and subsequent

dissociation leads to formation of,(3=5") and Q(*Ay), i.e.,

* To whom correspondence should be addressed. E-mail: R.Schmidt@ Y(T1%%) — Y(Sor'2) — So + Ox('Zg") and(T1-%%) — H(So+'A)

chemie.uni-frankfurt.de. — S + Oy(*Ag). Analogously Q(3%y7) is formed via ic from
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the triplet excited compleXT1-3%), yielding the triplet ground  TABLE 1

state collision compleX(Sp-3%) which subsequently dissoci- Eoc (£0.02)F Er (+4)2 10%Qb
ates!® No direct product channel exists fe(T1-3%). Assuming sensitizer VvsSCE  kJmol! M-lsl S¢ ad
a.spln-sta.tlsucal equilibrium between isoenergetic glng!et and sveos 130 266 114 0347 0.048
triplet excited complexeT;+3%) and3(T;+3%), the multiplicity MEOB 1.53 270 21.8 0389 0318
normalized rate constarks', k2, andkr™/3 are proportional DMEB 1.69 269 23.1 0.647 0.539
to the rate constants of the respective ic processes, which of ’I\BAEB i-g(l) %;‘21 13-861 8-;32 g-g%g
course depend on the excess energfidus, we discovered : : : :

P g ' BRB 1.95 266 8.22 0.878 0.779

by a fortunate selection of sensitizers the common dependenceCLB

of the rate constants:'>, k"2, andkc™ on AE, i.e., an energy  pgrB ;gi %2?, ?22(2) 81323 8‘_2‘;@
gap law for the ic processes of compleXefT;-3%).1° DCLB 2.02 265 7.82  0.900 0.788
For Er = 220 kJ mot we observed an impressive complete  CNB 211 265 642 0942 0838
reversion of the excess energy dependende’dfand a strong aE, and Er data from ref 13 dx/x = 40.10; values ofk:? for
increase of log(™/3) with AEss = Ex. It is well-known that DMEOB and MEOBP have been calculated from triplet lifetimes
charge transfer (CT) interactions in compleXxéd-3%), which determined with solutions which were saturated with a gas mixture of

R . . . K : ; c — d —
become particularly important in the higk region, increase 2 Vol % Q:in No. ©dxx = +£0.04.¢ dxx = +0.11.

with increasing values ofer and/or decreasing oxidation (DCLB, Lancaster, 98%), 4,4-dibromobiphenyl (DBRB,
potentialEqy leading to a decrease 8k and to an increase of  Aldrich, 98%), and biphenyl (B, Aldrich, 99.5%) were recrystal-
k2117172026 |n systematic studies Wilkinson et al. demon- |ized from ethanol. 4-Cyanobiphenyl (CNB, Aldrich, 95%) was
strated that the increase of CT interactions also leads to ayacuum sublimed. 4:49imethoxybiphenyl (DMEOB, Aldrich,
significant but still weaker increase of the overall rate constant 99%), 4-methylbiphenyl (MEB, Aldrich, 98%), 4-chlorobiphenyl
kr'= + kr™ of singlet oxygen formatio®:~** Unfortunately, the  (CLB, Lancaster, 99%), 4-bromobiphenyl (BLB, Aldrich, 98%),
influence of CT effects on the single rate constdts and erythrosin B (Aldrich, 95%), and benzene (Aldrich9%) were
kr*A could not be determined in that work. used as received.

Since rate constantg's, kr*2, andk:™ depend for (") The measurement of the efficienciasandb = Sy — a of
sensitizers of similar structure mainly on two molecular the direct formation of @*=;") and Q(*Ag) in the deactivation
parameters, namely dfr andEyy, it is reasonable to keep one  of T1 by O, of sensitizers with incomplete isc has already been
parameter constant and vary the other as was done first bydescribed in detaf® The method rests on the indirect excitation
Wilkinson et al'®~14 Therefore, we recently studied the of Ty by triplet—triplet (TT) energy transfer from an excited
deactivation of the Tstate by Q of naphthalene derivatives of  primary sensitizer with complete and fast isc. TFAP viith=
very differentEyy but almost constanir.28 This quantitative 300 kJ mot? instead of benzophenon&{= 287 kJ mof?)
investigation revealed that the quenchingof triplet states was used as primary sensitizer because of the large triplet energy
by O results in the formation of §24"), Ox(*Ag), and Q(Zy7) of the biphenyls ofer < 274 kJ mof™.2® We determined the
with varying efficiencies by two different channels, each capable triplet state lifetime of TFAP in oxygen-free C{b be 1.0us
of producing all three product states. One quenching channeland in air-saturated C¢ko be 305 ns. Thus the;Tstate is
originates from excited-T1-3%) complexes without charge  quenched by @ only with efficiency fr%(TFAP) = 0.70.
transfer character (nCT complexes), which we cannot distinguish Hereby, Q(*Z4") is formed with quantum yiel@s = 0.24. The

from encounter complexes; the other originates frgimn-3X) overall quantum yield of g§'Ag) sensitization by TFAP amounts
and3(T1-3%) exciplexes with partial charge transfer character to Qx = 0.28. The rate constants of TT energy transfer have
(pCT complexes). Rate constants of formation ef‘®;"), O,- been determined for each biphenyl derivative, and its concentra-

(*Ag), and Q(3Z4™) are controlled via an energy gap relation in  tion was chosen to allow for an efficiency of TT energy transfer
the nCT channel, whereas they vary with varying free energy to the secondary sensitizer in air-saturated EFS{TFAP)

of complete electron transfer in the pCT channel. Furthermore, = 0.90. Therefore, the yields of the undesired direct sensitization
the data surprisingly indicated that a fast intersystem crossing of Ox(*23") and overall sensitization of {Ay) by the primary
(isc) equilibrium betweeA(T1-3) and3(T1-3%) is established sensitizer TFAP amounted to only 0.024 and 0.028, respectively.

only in the nCT channel and not in the pCT charffel. These numbers have been used as corrections in the evaluation
The conclusions of this work rest on the variationgf; at of the efficienciesa andb = S, — a of the biphenyls? Four

one average triplet state energymf= 250 kJ mot. Several independent series of comparative experiments with reference

such investigations at different average triplet state energies areensitizer PHE® have been performed with each sensitizer

desirable in order to quantifr'=, ki, andk:’E and thusSs as system, varying the laser pulse energy. Only energy-independent

functions of both variableEr andEe. To make a further step results are reported. If not otherwise noted, the experiments were

to that goal, we investigated the deactivation of thesthte of ~ Carried out in air-saturated C£at 23°C, where we calculate
biphenyl derivatives by @with an average triplet energy & [O2] = 0.0023 M from the oxygen concentration of 0.0124 M
= 268 kJ motL. Since the variation oEy is very similar in given for the Q partial pressure of 1 b&t,considering the CGl
both series, stronger CT interactions than in the naphthalenePartial pressure of 0.126 bé.
series could be expected.
Results
Experimental Details Table 1 lists the values oEy, Er, the experimentally
determined rate constant of; Tquenching by @ k@, the
CCl4 (TET, Merck, p.a., AOs), o,0,a-trifluoroacetophenone  efficienciesS,, anda for the 10 biphenyl sensitizers investigated.
(TFAP, Aldrich, 99%, AbOs3), and phenalenone (PHE, Aldrich,  The relative uncertaintiesxt of the primary data amount to
97%, silica gel/CHCI,) were purified by column chromatog-  4-0.10 forkQ, £0.04 for Sy, and+0.11 fora. The oxidation
raphy. 4-Methoxybiphenyl (MEOB, Aldrich, 97%), 4;dim- potentials as well as the triplet energies have been taken from
ethylbiphenyl (DMEB, Aldrich, 97%), 4,4dichlorobiphenyl Wilkinson and Abdel-Shaft?
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The variation ofEq, causes significant variation ik and TABLE 2
smaller changes i, anda. \(alues ofka? increase, wherea_s 10-%p2 10 %= 10 8k A, 10-%, AGeer®
values ofSy anda decrease with decreasing oxidation potential. sensitizer s1 s1 st dux st dyx kImol?
Interestingly, the values of the efficienby= Sy — avary only DMEOB 196 48.7 194 037 128 0.18—-65.3
little around an average of= 0.10+ 0.02. Similar observations  MEOB 49.4 15.7 351 057 302 0.10-47.1
had already been made with the naphthalene sensitzklgst DMEB 252  13.6 273 063 891 0.12-30.7
of the data okrQ andS, determined here in C¢hgree rather MEB 15.4 9.41 185 064 417 015-23.1
: . : . . 10.2 6.34 1.00 0.84 2.84 0.14-145
well with the corresponding data determined previously in grp 8.48 660 084 098 103 030 —26
cyclohexané* However, we note a slight but significant cLB 8.99 6.69 099 0.85 1.31 0.25-4.6
deviation of all values okQ to larger numbers in Cglwhich DBRB 8.05 7.13 052 1.70 040 0.77 4.2
increases with decreasing value Bf,. The maximum value ~ DCLB 805  6.34 090 o088 081 037 51
CNB 6.58 5.51 0.68 100 038 066 13.8

kiQ =1.14 x 1019 M~1s71 determined for DMEOB, for which
no comparable value in cyclohexane exists, is not far from the 2dx/x = +0.10; only for DMEOB o/x = +0.18, due to the
limiting value of the diffusion-controlled rate constant for SSJXXimiﬁ)ozflthsgjltzetr?;ﬁégimyi)?ﬁ\);?jl?éjbsﬁ (tjgllz,forc g’g’:gﬁz
H H - . 3 iff +

ixé%ezn 3 ulzln((): W%Sﬂr:'ncggfgﬁ nts at room temperatukgito scale of AGcer values calculated witlc = 0 by eq 3%¢

We assume that the competitive formation a{'Qg"), O 10 — . .
(*Ag), and Q(34") in the T state quenching by Onvolves a °
fast isc equilibrium betweeHT1-3%) and3(T1-3Z) nCT com-
plexes. This approach contrasts with a kinetic scheme originally
proposed by Gijzeman et al. which also considers spin statistics
in the formation oft3YT;-3%) complexes but which denies a
rapid isc equilibriun®? In that casekqi/9 should be the upper
limit of the rate constant of overall singlet oxygen formation in
the quenching of 7, as was shown by Wilkinson et al., who
derived eq 1 for the probabilitl?; of singlet oxygen formation
in the singlet deactivation chanriél. 7

[(e}
T

[e4]

log((k, /m) /s™")

P— Q n 1 n 1 L 1 " 1 L 1 " 1

P1 = 9Sukr Ty (1) 0 50 100 150 200 250 300
1

P, is smaller than unity for all biphenyls with the exception AE /kJ mol
of DMEOB, for which we calculate from the data of Table 1 Figure 1. Dependence of log"/m) on the excess energyE of the
P, = 1.31. This value exceeds the limiting value of 1, even if different deactlg\)/%tlon channeld?® Data of the sensitizers of ref 19 as
we consider an error of 25% in the estimatiorkgf in addition open symbol$>® Data of the naphthalene derivatives as dotted
o the above given uncertainties 8, ki2. Values ofP; > 1 symbols. Data of the biphenyl derivatives as filled symbols.

had already been found by Grewer and Brauer in loW- he riplet excited sensitizer to oxygen, which are calculated by
temperature investigations with benzoylbiphenyl and phenale- eq 3, originally derived by Rehm and WelRér.

none as triplet sensitizef® These results strongly indicate that

isc between complexés{T;-3%) can take place, by which the _ _ _

quintet complex additionally contributes to the singlet and triplet AGcer = F(Eox ~ Ered —Er +C 3)
deactivation channels. Therefore, we evaluate the overall rate

constantkp of the deactivation of nNCT complexés$YT;-3%)

by eq 2, assuming that these complexes are formed with rat
constankgi and either dissociate back again tpahd Q(3Z4")
with rate constank_qi# or deactivate with rate constaky to

the products ground state sensitizgraBd Q(*=g"), Ox(*Ay),

F and Eq4 represent Faraday’s constant and the reduction
cPotential of the electron acceptor (for©0.78 V vs SCEJ/

andC is the electrostatic interaction energy, which is inversely

proportional to the dielectric constantaind is usually taken as

C = 0 in acetonitrile. The ternC is definitely positive in

nonploar solvent$® However, since we discuss only rate

or O(32g). N :
constants determined in one solvent, the relative scada T
ko = kfdiffkTQ/(kdiff _ kTQ) ) values of Table 2 is sufficient.
We setk_gitt = gkyit/M ~1 with g = 1, whereby M is moles per Discussion
liter, as was already done by Gijzeman e#‘ah smaller value In the primary step of the quenching process, excited
of g would lead to proportionally smaller absolute values of complexed(T1-3X) of multiplicity m= 1, 3, and 5 are formed,
kp; see eq 2. However, the relative changes ofkthdata with which decay by ic to complex states of lower energy. ic

sensitizer would remain the same. Thus, the selection of the processey(T1:3Z) — {(So-1Z) and(T1-3%) — Y(So+1A) lead via
value ofg has no influence on the present interpretation of the subsequent dissociation to the formation a{’@,") and Q-
data. With the efficiencies and Sy we calculate the rate  (*Ag), whereas i(T1-3%) — 3(S-22) finally yields O;(324").
constants for the competitive formation 06(GXg"), Ox(*Ay), Assuming a spin-statistical equilibrium between isoenergetic
and Q(Zy") askr'® = akp, kr'* = (Sy — a)ko, andkr™ = (1 singlet and triplet excited complex&d1+3%) and3(T1+3%), we

— Sy)kp. Table 2 lists the results. A detailed consideration of expectkr'=, kr™2, and kr™/3 to be proportional to the rate
the experimental uncertainties is given elsewl@iferom the constants of the ic processkg=, k"2, andk;.=.19

relative errors of the primary data, we derive the uncertainties  Figure 1 plots the logarithms of the rate constdats, k',

of kt'%, kr™2, and k™ given in Table 2. For the quantitative andk:™/3 (=k:P/m) versus the respective excess energies for
interpretation of the CT effect, we require valu®Scer of the all sensitizers including those previously investigated. The open
change of the free energy for complete electron transfer from symbols correspond to the sensitizers of our first study, which
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have been selected because of their complete isc and their wide 10.0 ; . ; . ; . ,
range of triplet energie$?3%-41 The symbols with dotted centers L
indicate the naphthalene sensitizers of the second 3&ihey 95+
have been chosen because of large variatidg,p¥alues at an
average triplet energlfr = 250 kJ mot?. The filled symbols
belong to the biphenyl sensitizers of the present study with
averageEr = 268 kJ mot™.

Figure 1 illustrates the excess energy dependenkgok:'2,
andkr**/3 as well as the influence of increasing CT interactions.
As is shown by the open symbols, the different rate constants

©
o
—

log(ke, /m /™)
[o:]
[$;]

*® ¢
[}
—

depend in a common way on the excess energyibrs 220 75F 1

kJ mol1. This common dependence is consistent with the " -

assumption of the competition of ic processes originating from 7.0 _éo : -A:o : _2'0 : (‘) =20

an equilibrium between the singlet and triplet excited complexes y

1¥T;-3%). Kawaoka et al. derived eq 4 for the rate constant AGger / kd mol

of a weakly bound exciple Figure 2. Dependence of loggtr/m) on the change of free energy
AGcet for complete electron transfer from 1o O,. Straight line with

k.= (4n2/h)p(AE) F(AE)ﬁ2 4) slope—0.033 kJ* mol and intercept 7.45 results from the linear fit to

the logker™/3) data.

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

degenerate with the initial stat&F is the excess energ(AE) above the empirical curve, due to the even larger excess energy,

is the Franck-Condon Factor, and is the electronic coupling  !€ading to stronger CT interactions. Thus, Figure 1 impressively

matrix element. The produd®(AE) = p(AE) F(AE) is the illustrates that two mechanisms operate in the quenchingrof

Franck-Condon weighted density of states which decreases with tripllet states by3@ POth leading to the formation of FZ4"),
increasingAE at higher excess energies. The rate constants of O2("Ag), and G(°Zg"). One is controlled via an energy gap law
ic and consequently alda™=, ki*4, andkr™/3 should depend by the variation ofAE and the other by the strength of CT
in a common way om\E as long as the corresponding matrix Interactions. The first occurs via excited nCT complexes and

elementgs of the competing ic processes %T1-3%) and3(T1- the second via exciplexes with partial charge transfer character
3%) are the same, and this is actually what we have fddnd. (pCT). _ _ _
The dependence of ldgf/m) on AE is described by an The corresponding rate constants are in the following
empirical curve, which directly correlates with the dependence indicated by subscriptAE and CT, respectively. In a simple

of log[F'(AE)] on AE for the ic of complexe$¥T;-3%) leading picture we assume eqs 5a hold true, which allow the

to XSo'lS), X(Ser1A), and 3(So+35). The decline of this curve ~ Separation of the contributions of both mechanisms.
versusAE is much weaker than expected from Siebrand’s

energy gap lavi®=45 which was derived for strongly bound le2= kAE12+ kCle (5a)

excited states, and represents an energy gap law for very weakly n n n

bound systems with no or only small binding interactions. ki "=Kye "+ ket (5b)
A very different energy dependence kaf*/3 with a strong . . .

increase of log(**/3) with AE is observed anEss = Er > Kp o= Kyg A+ ket (5¢)

220 kJ motfl; see Figure 1. This change is caused by

contributions of CT interactions between sensitizer apd/kich The empirical curve lod¢™/m) = f(AE) of Figure 1 is used

become particularly important in the higBr region. The to estimate values e, kae'®, andkae™/3 46 With the average
influence of CT interactions is impressively demonstrated by triplet state energy of the biphenyl derivativeskaf= 268 kJ
the results obtained with the naphthalenes and even more withmol~! and the resulting excess energiei:s = 111 kJ mot?,
the biphenyls. With decreasing oxidation potential one observesAE:y = 174 kJ mot?, andAEss = Er, we obtainkag™= = 6.3
at almost constankE for both groups of sensitizers a graduated x 10° s71, kg™ = 6.3 x 107 s71, andkae™/3 = 8 x 10P s71,
increase okr'Z, ki, andkr*%/3, which is much stronger for ~ Subtraction of these rate constants fref¥, kr™2, andkr*>/3
the biphenyl sensitizers with their larger triplet state energies. yields for each biphenyl sensitizer the rate constkgits, ker',
The variation of the rate constants with varying value&gf andker=/3 (= kerP/m) for charge transfer induced formation
increases for the biphenyls from about 1 to 2.5 orders of of Ox(3Zg"), Ox(*Ag), and Q(3Zy7) in the deactivation of
magnitude in going fromkr= to kr*®/3. Thus, a strong  exciplexes!3(T1-3%). The differences are large for the triplet,
CT-induced quenching mechanism operates, which takes placebut are much smaller for the singlet channel, particularly for
via complexes!¥T;-3%) with partial CT character, i.e., in  the sensitizers with largEq« for which large uncertainties of

exciplexes. kr'Z and k™2 result. Figure 2 displays all results két'= and

We already noted earlier that the logarithmskef, kr*2, ket larger than 10s™! together with theéker™/3 data in a plot
and kr*2/3 of the naphthalene sensitizers with laigg, i.e., of log(ketP/m) vs AGcer.
with small CT interactions, are near the empirical cLA&€his Deactivation by complete electron transfer quenching occurs

also holds true for the logf=) and logks"2) data of the with rate constankcet via transient contact radical ion pairs.
biphenyls. From this important finding we conclude that the The corresponding correlations between kag/m) andAGcer
empirical curve describes the excess energy dependekg€,of  are linear in the endergonic range, with slop8.434/RT) =
kr*A, andkr™/3 for the ic of complexe$3(T1-3%) with no CT —0.175 kJ* mol.4” The correlations between ldg{™/3), log-
interactions (NCT complexes), which we cannot distinguish from (ket'%), and logker™®) and AGcet of Figure 2 are also linear in
encounter complexes. The lég{/3) data of the naphthalene the rather restricted range &iGcer values. The least-squares
derivatives with largeEo, already lie slightly above the curve. fit to the logker™/3) data, which have the smallest experimental
However, for the biphenyl derivatives they start significantly uncertainty, results in the straight line with slop®.033 +
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9

10
log((ks, 13) /8™

Figure 3. Correlation of logkct™ + ker'2) with log(ker™/3). Linear
least-squares fit results in slope H00.15 and intercept 0.1 0.4.

0.001 kJmol and intercept 7.43- 0.10 shown in Figure 2.
The ratio of the slope of the linear fit areD.434/RT) amounts

to p = 0.19, which is slightly larger than the corresponding
ratio p = 0.16 obtained with the naphthalene sensitiZérsis

a corrective factor. If the data of log{**/3) was plotted versus
PAGcer, a linear correlation with the limiting slope0.434/
(RT) would result. ThereforgpAGcer could have the meaning
of the free energyAGcr of 3(T1-3%) pCT complex formation
from the3(T1-3%) nCT complex in the framework of this linear
free energy relationship model. The ratpis sometimes
interpreted in a very simplified picture as the fraction of charge
transfer in the pCT exciple}é164850 However, parabolic
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Figure 4. Dependence of log(™), logkr™), and logk:3%) of the
biphenyl derivatives om\Gcer. Fit functions logker™) = log(3) +

f(AGcer), logKer®) = 10g(0.67) + f(AGcer), and logker™) = log-
(0.33) + f(AGcer), with f(AGcer) = 7.45— 0.03AGcer. For details
see text.

-60 20

to the overall rate constakp = kr'= + k™2 + ki™Z, i.e., to the
rate-determining step of the; Btate quenching by £ This
model can be verified by comparing calculated rate constants
kr'Z, kr*A, andky*™ with experimental data. Figures 2 and 3 tell
us that logkct™>/3), logKer™), and logket™) vary with AGeer

in a very similar way. Keeping the spin-statistical ratio 3:1, we
derive fit functions forkct', ke, andker™ by logker™) =
log(3) + f(AGcer), log(ker™) = log(x) + f(AGcer), and log-
(ket™) = log(1 — x) + f(AGcer) with x < 1. Adding to the
average nCT rate constants of the bipheky}s® = 6.3 x 10°

models of the Marcus type, which can be reasonably applied tos1, ky¢'2 = 6.3 x 10’ s %, andkye™ = 2.4 x 1P s 1 the above

CT processes with Donly if a broader range oAGcer is

derived pCT fit functions fokct, kett2, andkcersZ, we finally

covered, would lead to different correction factors and to a larger obtain the fit functions for the overall rate constakit&, kr*4,

and more realistic charge transfer charagtét.Therefore, the
linear correlations of Figure 2 should quantitatively only be

regarded as empirical relations describing the functional de-

pendence between ldgf™/m) and AGcer. However, qualita-
tively they strongly indicate the formation of pCT exciplexes.
The fit functionf(AGcer) = 7.45 — 0.033AGcet describes
well the experimental data of lok{™/3). The scatter of the
values of logkct®) and logkcer'®) of Figure 2 is larger, as a
consequence of the smaller CT effect on the overall rate
constantskr'= and k™. Nevertheless, these data are not very
far apart from the straight lin§AGcer). We note that most
values of logkcr*?) are below and most values of lég{=)
are above the fit. It appears as if l6gf= + kct™2) ~ log-
(kct™/3) could hold true in the series of biphenyls. This is
verified in Figure 3, where we find a linear correlation of log-
(ke + ket™®) with log(ker™/3) with slope 1.0+ 0.15 and
intercept 0.1+ 0.4, indicating the ratio 3:1 between the triplet

and kr*%, Using the valuex = 0.67, the calculated functions
describe the dependence of the respective experimental data on
AGcer surprisingly well (see Figure 4) much better than in the
case of the naphthalene derivatives, where the CT effect was
significantly weaker. The statistical weights of the pCT channels
leading to Q(*Z4") and GQ(*Ag) formation arex = 0.67 and 1

— x = 0.33. The same values had already been used for the
naphthalenes, but with less certainty. The ratio of both weights
could well depend on the triplet energy of the sensitizer.
However, the difference of the average values Ef of
naphthalenes and biphenyls is probably too small, and the
uncertainty of the experimental data of the pCT channel of the
naphthalenes too large, to see such effects.

Itis reasonable to assume that by analogy to the deactivation
of the nCT complexes an energy gap law also governs the ic of
pCT exciplexed3(T1-2%) to pCT complexe$(So-1Y), 1(Sp-1A),
and3(S+3X). Considering the respective average excess energies

and singlet pCT deactivation channels, which exactly matches of 111, 174, and 268 kJ mdl, the graduatiosct= > k™2 >

the spin-statistical ratio.
This result is very important. The plot IdgfP/m) versus

1%/3 is expected, if the ic processes were the rate-determining
steps, as is the case with the nCT complexes. The constants

AGcer is much more scattered for the naphthalenes because ofwhich are added t&§{AGcgt) in the above derived fit functions

the significantly smaller CT effect within this series of sensitizers
compared with the bipheny®$;see also Figure 1. Therefore,
the spin-statistcal ratio 3:1 between triplet and singlet pCT

for log(ker™), logker™), and logker™) correspond to the weight
factors of 3, 0.67, and 0.33 for the fit functions fesr’=, ker's,
andker'®. Thus, it is true thaker™ is by a factor of 2 larger

deactivation channels which was used in the previous analysisthankct", which is consistent with the correspondingly smaller
of the naphthalene data was no finding but had to be assumedexcess energy. Howevekezt/3 is not smaller but by factors

Now this ratio is an unequivocal experimental result.
Competitive ic from nCT complexesy(T1-3) is the rate-

determining step of the deactivation of By O, in the absence

of CT interactions. Larger values of ldgf/m) are only observed

of 1.5 and even 3 larger th&a+™= andkcr* despite its largest
energy gap for ic. Therefore, we must conclude that not ic but
the formation of exciplexe53T1:3Z) from nCT complexed
(T1-32) is the slowest and thus rate-determining process. Then

as a consequence of the opening of the pCT deactivationket=/3 could still be larger thakcr™ despite the larger excess
channel. Both nCT and pCT deactivation processes contributeenergy. However, it is important that the graduatier’= >
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ket is still valid, since ic from(T1-3%) to 1(Sp+1X) competes
in the singlet pCT channel directly with ic {§S-*A).

Furthermore, we have to assume that there exists no fast isc

equilibrium betweerl(T1-3%) and3(T1-3%) pCT complexes, in
contrast to the situation with the nCT complexes. If a fast isc
equilibrium exists, the graduatiokct= > ket > ker2/3

according to the excess energies should be found, since

competitive ic via the singlet and triplet pCT channels would
occur. Therefore, ic of pCT complexé€l;-3%) and 3(T1-3%)

must be much faster than isc. Up to now it was mostly assumed

that isc betweer(T1-3%) and3(T1-3X) occurs principally as a
CT-induced process, i.e., between pCT complé%e$:2°Both

conclusions had already been drawn for the naphthalene

sensitizerg® However, the present data have much more
significance than the earlier with respect to CT interactions.

Therefore, the analysis of the results of this study represent a

convincing confirmation of the earlier conclusions, but again it
rests on the assumption that the ic in the singlet and triplet pCT
channels is governed by energy gap relations.

The I(T1-3%) and 3(T1-3%) pCT exciplexes are formed in a
parallel way from-3(T1-3%) nCT complexes, which are assumed
to be in a fully established spin-statistical equilibrium. Conse-
quently, the statistical weight of the triplet pCT channel when
compared with the singlet pCT channel should be 3. That is
what we actually found experimentally; see Figure 3. Thus, a
completely consistent picture is obtained.

Schmidt and Shafii
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Conclusions

The results of our quantitative analysis are summarized in
Scheme 1.

The triplet sensitization of @'=5"), Ox(*Ag), and Q(Zy7)
occurs via ic processes in two different reaction channels. First,
1¥T,-3%) nCT complexes, i.e., encounter complexes without
significant charge transfer character, are produced. The ratio of
singlet to triplet (%-3X) nCT complexes amounts to 1:3,
consistent with a fast isc equilbrium dominated by the spin
statistics. The ic of¥T1-3Z) nCT complexes leads to formation
of ground state sensitizer and(@4"), Ox(*Ag), and Q(Zg").

The corresponding rate constamig'™=, kag™, and kae™ are

controlled by the respective excess energies and follow a
common energy gap law. These competitive ic processes are
the rate-determining steps of the nCT channel. With increasing

If these results are of general value, one could expect thetriplet energy and/or decreasing oxidation potential, CT interac-

lower limiting value ofSy = 0.25 for photochemically stable
Ti(r") sensitizers. This limit should be reached in the case of
very strong CT interactions between, @nd triplet state
sensitizer, when the formation &fT;-3Z) pCT complexes is
much faster than the ic of the corresponding nCT complexes.
The upper limiting valueS, = 1 is approached with {7zr")
sensitizers without significant CT interactions and with >

180 kJ mot™. In this case the values &%, kr™2, andkr*®/3

are determined by the energy gap law for the ich&(fT;-3%)
nCT complexes, leading to the inequalky=, k"2 > k™/3;

see Figure 1.

Our investigations on the competitive formation of&24"),
O4(*Ag), and Q(3%y") are restricted to perhalogenated solvents,
since only these allow the long lifetimes sufficient for the
quantitative detection of £°%;7). However, it is of course

interesting to know how the competitive deactivation processes

could be influenced on changing the solvent. We found that

two mechanisms, the nCT and pCT deactivation, operate. It can

tions open the reaction path ¥8(T1-3Z) pCT complexes with
partial charge transfer, i.e., to exciplexes. The rate-determining
step of the pCT channel is the parallel formation of €T ;-

3%) pCT exciplexes from:3T1-3%) nCT complexes, which
occurs in the spin-statistical ratio 1:3. The exciplexes yield O
(3=g1), Ox(*Ag), and Q(3=4") by ic to lower pCT complex states
and subsequent dissociation with corresponding statistical
weights of 0.67, 0.33, and 3, leading to efficiencies of overall
singlet and ground state oxygen formation of 0.25 and 0.75 in
the pCT channel. Hereby, ic is much faster than isc between
the Y(T1-3%) and 3(T1-3%) pCT exciplexes. We obtain the
surprising result that a fast isc equilibrium betwegn;-3%)
and3(T(-3%) exists only in the nCT channel.
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