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Phenyl Ketones: The Role of Charge Transfer and Sensitizer-Oxygen Complex Structure
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Rate constants of formation of,(3%4%), Ox(*Ag), and Q(3Zy") in the quenching of triplet states, By O,

have been determined for a series of nine benzophenones (BPs) of strongly varying oxidation pBigntial,
but almost constant triplet-state enefgy These data are analyzed considering data determined previously
for T1(z*) sensitizers of very differerer andEqx. Much weaker charge transfer (CT) effects are observed
for the Ty(nr*) BPs compared with those obtained with a series of structurally relafac® biphenyls. The
quenching proceeds for(h*) and Ty(rr*) sensitizers via two different channels, each capable of producing
Ox(1=Z41), Ox(*Ag), and Q(3Z47). One channel originates from excite{T;1-*%) complexes with no CT character

and the other from¥T;-3X) exciplexes with partial CT character. Different energy gap relations determine
the formation of Q(*=4"), O,(*Ag), and Q(3%y") of Ty(nzr*) and Ty(n*) sensitizers in the nCT channel,
whereby the excess energikl) dependence of the corresponding rate constants is much weaker for the
T1(n*) ketones. In the pCT channel, the respective rate constants vary on a logarithmic scale linearly with
the free energy change for complete electron transfer for bgtheT) and T,(nz*) sensitizers. This dependence

too is much weaker for {nzz*) than for T,(w7r*) sensitizers. The comparison with CT induced quenching of
O,(*Ag) by ground-state sensitizers reveals that the different electronic configurations leads to different sterical
structures of-3(Ty(n*)-32) and>¥(T1(r*)-3Z) complexes. These differences strongly influence the complex
deactivation and explain both the weak®E dependence and the weaker CT effects in the quenching of
Ti(n7*) by O..

Introduction efficienciesa andb (= Sy — a) of the direct formation of both
Ox(*=4™) and Q(*Ag) during the deactivation of by O, and
The quenching of excited triplet stategdf many compounds  the measurement of the rate constakts, kr4, and k3%
by molecular oxygen @produces singlet oxygen. Both lowest  of 0x(124"), O1Ay), and Q(Z,") formation became pos-
electronically excited singlet stat€s;" (= 1) and'A4 (= 'A) sible22.23
and the 3%y~ (= 3%) ground state of @ are formed in
competition, if the T state energyer exceeds the excitation
energyEs = 157 kJ mof! of the upper excited singlet oxygen
species *=g").2"7 However, Q(*Z") is very rapidly and
completely deactivated by electronic-to-vibrational energy
transfer to the metastable and highly reactive(!®) of

In our following investigations we realized that quenching
of T1 by O, occurs via two different deactivation chann&ts?’
We determined rate constamg=, k2, andk3= for 13 triplet
sensitizers of very differerir,?* for 9 naphthalene derivatives
(NDs) 2526 and for 10 biphenyl derivatives (BD3j,whereby

excitation energyEa = 94 kJ mof-58 which is the commonly in both series ofrz* triplet sen3|t|zer.u":_OX strqngly varies at
almost constanEs. In accordance with the literature, it was

called singlet oxygen and which is involved as intermediate in b
many important photoprocesses, such as photodynamic inactiva@SSumed that £247), O(*Ag), and Q(°Zg") are formed by

tion of viruses and cells, phototherapy of cancer, photocarcino- COMPpetitive internal conversion (ic) of excited complexes
genesis, and photodegradation of dyes and polymers. "(T1-°%) of multiplicity m = 1 and 3 to lower complex states
Rate constants® of T, state quenching and quantum yields anq subsequent Q|3500|at|on Into gr'ound-stategsens%lmncs
of singlet oxygen sensitization have been measured for hundred O, '? the3 respelctlwle produc;t sta;te, |.eé, by;(&’r 2) (SO'.
of sensitizers because of its importadcé: It was found that 2), {(T1-%) = YSo*A), and*(T1+7%) — ¥(So+°%). The analysis
krQ first decreases with increasingr.ll But this energy of the. large set of novel fjatg fromn* triplet sensﬂzers
dependence is reverted in the highregion, due to increasing unequwocally revealed .that ic originates fréfT,-3%) .EXCIted.
charge-transfer interactiod&!3 which also imply a decrease complexes WIthOUt. particular charge transfer (CT) |nteracF|pns
in the efficienciesS, of overall Oy(*Ay) sensitization in the (nCT cor_nplgxes), i.e., encounter complexes, and for sensitizers
quenching of the T state by Q with increasingEr and with of low oxidation potential additionally frorh¥T1-3%) complexes
decreasing oxidation potentiBiby of the sensitizet21 Charge  With partial CT character (pCT complexes), i.e., exciplees.
transfer and noncharge transfer effects could, however, quan-Competitive ic to complexes of lower energy is the rate
titatively be separated only when the determination of the determining event in the nCT channel. The corresponding rate
constants depend on the respective excess enek§idAE;s
* Corresponding author. Email address: R.Schi@ichemie.uni-frank- = Er — Es, AEis = Er — Es, AEsz = Ey) and follow a common
furt.de. energy gap law forrr* triplet sensitizers. The respective rate
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constants of the pCT channel vary on a logarithmic scale chromatography. Benzene (Aldrich, -9%) and erythrosin B
approximately linearly with the free energy chany@&cer for (Aldrich, 95%) were used as received. '4ddmethoxyben-
complete electron transfer from €xcited sensitizer to O The zophenone (DMOBP, Lancaster,8%), 4-methoxybenzophe-
statistical weights of the pCT processes leading to singlet andnone (MOBP, Aldrich, 97%), 3,4-dimethylbenzophenone
ground state oxygen behave like 1:3 in accordance with the spin-(DMEBP, Aldrich, 99%), 4-methylbenzophenone (MEBP, Al-
statistical weight ratio. However, a fully established intersystem drich, 99%), benzophenone (BP, Aldrich,"9%), 4-bromoben-
crossing (isc) equilibriuny(T-3%) = 3(T-3%) could surprisingly zophenone (BrBP, Aldrich, 98%), 4-chlorobenzophenone (CIBP,
only be proven for encounter complexes but not for exci- Aldrich, 99%), 4,4-dichlorobenzophenone (DCIBP, Lancaster,

plexes?6:27 99%), 4-trifluoromethylbenzophenone (TFMBP, Lancaster,
The influence of the electronic configurations* vs nr*) 98%), and 4-cyanobenzophenone (CNBP, Lancaster, 98%) were

on the rate constants of; Btate quenching by £and on the recrystallized frorn-hexane. The solutions were prepared and
efficiencies Sy of O,(*Ag) generation is still less well filled into sample cells in a glovebox under dry atmosphere to
understood®-37 Although exceptions are know#, 30 S, values avoid uptake of humidity in the investigation ob@4"). The

are generally found to be significantly lower withehtriplet determination of the quantum yields 0p(@,") singlet oxygen
states §, ~ 0.3—0.5) than withszzz* triplet states $, ~ 0.8— and of overall (Q(*=4") + O(*Ag)) singlet oxygen sensitization
1.0)24.32-36 Different features of the investigatedrntriplets have already been described in detail in previous pei3éfs.

have been evoked to explain this behavior, such as their highTriplet-state lifetimes in deoxygenated {@emoval by Ar
polarizability?® or large FranckCondon factors for the deac- bubbling) and in air-saturated TET have been measured
tivation of ketone-oxygen complexe%! In our study on 13 monitoring the respective sensitizer phosphorescence. The
triplet sensitizers of very differerir, we noticed an apparently ~ equipment has been very much improved since the early
anomalous behavior of the only twoy(fiz*) sensitizers ben- ~ measurements and is already descri#feQuenching experi-
zophenone and acetophenone with respect to the rate constantgients were carried out in air-saturated TET at room temperature
krlA. The corresponding values have been found by about 1 with [Oz] = 2.3 x 103 M, calculated from [@] = 1.24 x
order of magnitude larger than those expected on the common10-2 M given for the Q partial pressure 1 b&?,considering
energy gap relation found for the;(fr*) sensitizerg* We the TET vapor pressure of 0.126 bar. Four independent series
speculated that in th§Ty(nz*)-3%) — Y(So(n?)-1A) transition, of comparative experiments with reference sensitizer PHE (
possibly the concomitant one-center orbital jump of the electron = 0.60, Sx = 0.97§*%3 have been performed with each
in the nT* — n? transition at the ketone O atom couples to the sensitizer, varying the laser pulse energy. Only energy inde-
simultaneous change of the orbital angular momentum ac- pendent results are reported.

companying théX — 1A transition of Q, thus promoting this

transition compared with thé(Ty(nz*)-32) — Y(Sy(n?)-1X) Results

transition and with thé(Ty(z7r*)-°%) — Y(So(7)-*A) and(Ty- The triplet-state lifetimer is in oxygen free solutions much

(7)-%) — HSo(7r?)-'Z) transitions of T(wz*) sensitizers. Such  gshorter for m* than formr* triplet states due to enhanced*n

a promoting effect was already found to cause the increase in—. 2 j5¢38.39 Thus, the common assumption thatid already

the rate of m* — n? isc compared withtz* — 72 isc38:3° completely quenched at [P~ (1—2) x 10-3 M, which is
The determination of the efficiency rata#S, for a series of  typical for air-saturated solutions, is not valid for the BPs.

benzophenones and acetophenones by Wang and Ogilby seemepherefore, determination afr and of the triplet-state lifetime

to support our speculaticii.However, a systematic study of  7102in ajr-saturated solution is necessary for the calculation of

the influence of the electronic configuration on the rate constantsthe efficiencyf;? of T, state quenching by Owhich is given

of the processes leading to,4"), Ox(*Ag), and Q(Zg") by eq 1:

formation in the T state quenching by LOwith sensitizers of

known Eoy is still lacking. Therefore, we decided to investigate fTOZ =1- rTOZ/rT Q)

a number of T(n*) sensitizers using the new methodkef, ) o )

kr14, andkr®= determination. The benefits of studying series of 1able 1 lists the lifetimesr which range between 1 and 18

structurally closely related sensitizers varying only one prin- and the values off®?which continuously decrease from CNBP

cipal molecular parameter have already been demon-With 670 ns to DMOBP with 120 ns, i.e., from the BP with

strated!4.17-19.26.2731.34N/e investigated the triplet-state quench- strongest electron withdrawing substituent to the BP with the

ing by O; of differently substituted benzophenones (BPs), which strongest ele_ctrc_m electron donqting su_bstituents._ This already
is particularly advantageous because of the following reasons:dualitatively indicates that CTllnteractlgns contribute to the
(i) the T, state configuration of BP giara-halogen- angara- enhancement of iTstate quenching by £in accordance with
methoxysubstituted BPs is undoubtedty*rin nonpolar sol-  the results of Chattopadhyay etal. _

vents? (ji) previously observed correlations of the rate constants _ 1he experimentally determined quantum yields of'®;")

of T, state quenching of BPs by,@vith Hammetto* values ~ Singlet oxygen and of overall ¢02y") + Oy(*Ag) singlet
andEy indicate that exciplex formation actually occurs during ©0Xygen sensitization ar@s = Qrfr%a and Qx = QrftS,,

this proces$t41 (jii) substitution has very little effect ofEr respeptlvely, where Qs the isc quantum yield which amounts
but induces large changes in the oxidation potential of BPs; 0 unity for aromatic m* ketones?? Thus, we obtain the
(iv) BPs differ from BDs only by the central carbonyl group, efficienciesa andS, of Table 1 asa = Q/fr% andSy = Qa/
and hence, a comparison with the results obtained with this fr%, which are between 5 and 15% larger than the corresponding

structurally similar series of {{z*) sensitizers will be most ~ quantum yields. The substituent effect on the efficienaiaad
informative. Sh is much weaker than orit®2. Both decrease only moderately

when going from CNBP to DMOBP. We also calculated relative
efficiency ratiosa/Sx  normalized to the value for benzophenone
for a comparison with the data of Wang and Ogilby in the last

CCly (TET, Merck, p.a., AlO3) and phenalenone (PHE, column of Table B’ We obtain a similar graduation if the
Aldrich, 97%, silica gel/CHCIl,) were purified by column mutual uncertainties are taken into account.

Experimental Details
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TABLE 1: Triplet-State Lifetimes and Efficiencies of Singlet Oxygen Sensitization

772 TTOZb

sensitizer (10°8s) (107s) f102¢ Qud Qs° Sy a® alSyf alSy9
TFMBP 8.45 3.81 0.955 0.473 0.301 0.495 0.315 1.64 1.50
CNBP 9.75 6.67 0.932 0.501 0.317 0.538 0.340 1.63 1.80
DCIBP 4.38 3.84 0.912 0.439 0.278 0.481 0.305 1.63 1.20
CIBP 4.31 3.04 0.930 0.423 0.200 0.455 0.215 1.22 1.05
BrBP 1.95 2.97 0.848 0.419 0.230 0.494 0.271 1.41 1.05
BP 9.00 2.50 0.972 0.438 0.170 0.451 0.175 1.00 1.00
MBP 3.33 2.28 0.932 0.409 0.162 0.439 0.174 1.02 1.00
DMBP 3.04 2.29 0.925 0.397 0.183 0.429 0.198 1.19 1.10
MOBP 2.47 1.47 0.940 0.362 0.184 0.385 0.196 1.31 —
DMOBP 1.18 1.16 0.902 0.327 0.178 0.362 0.197 1.40 -

a415%.° £10%.° £2%. 9 £5%. ¢ £12%. " £13%. 9 Relative ratiosa/S\, normalized to the BP value, ref 37.

TABLE 2: Rate Constants of Quenching and of Product Formation

kQa kp? kyizb kpla kq3zd
sensitizer (10°M~1s™ (10°s™ (107°s™ (107°s™ dx/x¢ (107°s™
TFMBP 1.09 1.14 0.36 0.20 0.27 0.57
CNBP 0.61 0.62 0.21 0.12 0.27 0.29
DCIBP 1.03 1.07 0.33 0.19 0.28 0.56
CIBP 1.33 1.40 0.30 0.34 0.18 0.76
BrBP 1.24 1.30 0.35 0.29 0.23 0.66
BP 1.69 1.80 0.32 0.50 0.15 0.99
MBP 1.78 1.90 0.33 0.50 0.16 1.07
DMBP 1.76 1.88 0.37 0.44 0.18 1.07
MOBP 2.78 3.10 0.61 0.59 0.19 1.91
DMOBP 3.40 3.88 0.77 0.64 0.22 2.47

2 410%.° £16%. ° dx/x is the relative uncertainty dé!2. 9 £12%.

The primary data of Table 1 allow the evaluation of the rate data. With the efficienciega and Sy, we calculate the rate
constants of the processes leading to the formation¢&g), constants for the competitive formation 0bE=4™), Ox(*Ay),
Ox(*Ag), and Q(3Zy") in the T; state quenching by OEquation and Q(3%y7) askr'® = akp, kr'2 = (Sy — a)kp, andkr®= = (1
2 is used for the calculation of the overall quenching rate — Sy)kp. The results are listed in Table 2.
constantkr®: We observe graduated increases of the rate constants in going

from CNBP to DMOBP, i.e., with increasing CT interaction,

k= (1;°% — 1h7)/[O,) (2) by factors of 3.5 forkrZ, of 5 for kr'4 and of 8 forkr3Z. For

the quantitative interpretation of the CT effect we require values
Values ofk:Q are listed in Table 2. They increase by a factor AGcer of the change of the free energy for complete electron
of 6 from CNBP to DMOBP. The maximum value of 3x transfer from the triplet excited sensitizer to oxygen, which can
10° M~1s 1is still by the factor 8 smaller than the value of the be calculated by eq 4, originally derived by Rehm and W#lfér
diffusion controlled rate constant for oxygen quenching, which
amounts at room temperaturekgs = 2.72 x 101°°M-1s71in AGegr=F([E,—E) —Er+C 4)
TET4

In the first step of quenchind*YT1-3%) encounter complexes  F and E,eq represent Faraday’s constant and the reduction
of T; excited sensitizer and £3%,") are formed. We have  potential of the electron acceptor (for©0.78 V vs SCE)}/
recently shown that a fast isc equilibriuk{T;-3%) = 3(T;-3%) and C is the electrostatic interaction energy. The te@ris
between these encounter complexes is established, from whichdefinitely positive in nonpolar solvent8.However, since we
ic to lower complex states occurs. This equilibrium may even will discuss rate constants determined only in one solvent, a
be fed for sensitizers with very low oxidation potential by quintet shifted scale oAGcer values obtained witlC = 0 is already
exciplexes, which have no own product chari®éf. It is sufficient. Oxidation potentials measured for BP and several
therefore reasonable to evaluate the overall rate conlgtenft electron rich BPs versus Ag/AgCl reference electrode in
the deactivation of nNCT complex&3YT1-X) by eq 3, assuming  acetonitrile with tetrabutylammoniumhexafluorophosphate as
that these complexes are formed with rate condtgnand either supporting electrolyte are listed in Table3.

dissociate back again ta &nd Q(3Zy") with rate constarki No oxidation peaks were observed with the halogenated BPs
or deactivate with overall rate constak$ to the products and CNBP. However, an estimation of th&yy values can be
ground-state sensitizep @nd Q(*2g"), Ox(*Ag), and Qg "): easily obtained. Substituent effects on the oxidation potentials
of several aromatic compounds were shown to give excellent
ko = K_giir o (kg — k) (3) correlations with Hammettr values?®5° This implies a cor-

relation between the oxidation potentials of these series of
We setk_gir = gkair/M ~1 with g = 1, whereby M is moles per ~ compounds, according to the substituent. Such a correlation is
liter, as was already done by Gijzeman et'ah smaller value actually observed with thEyy data of the BPs (V vs Ag/AgCI)
of g would lead to proportionally smaller absolute valueg®f and theE,y data of the BDs (V vs SCEf The data of Table 3
(see eq 3). However, the relative changes ofkhelata with yield the relationshiE(BP, V vs Ag/AgCl)= 0.70+ 1.07
sensitizer would remain the same. Thus, the selection of the Eo«(V vs SCE), which is used to estimate the oxidation potentials
value ofg has no influence on the present interpretation of the of the BPs. The combination d&x(BP, V vs Ag/AgCIl) with



Formation of Q(*Zg%), Ox(*Ag), and Q(3Z4")

J. Phys. Chem. A, Vol. 106, No. 2, 200231

TABLE 3: Quantities for the Estimation of the Free Energy Change AGcer for Complete Electron Transfer from the T,

Excited Benzophenone to @

ona onb onc ET AGCETd
biphenyl (V vs SCE) ketone (V vs Ag/AgCl) (V vs Ag/AgCl) (kJ mol?) (kJ mol?)

4-cyanobiphenyl 2.11 CNBP 2.96 279 77.6
4,4-dichlorobiphenyl 2.02 DCIBP 2.86 286 61.3
4-chlorobiphenyl 1.96 CIBP 2.80 287 54.1
4-bromobiphenyl 1.95 BrBP 2.78 289 51.1
biphenyl 191 BP 2.85 2.74 287 49.0
4-methylbiphenyl 1.80 MBP 2.60 2.62 289 35.6
4,4-dimethylbiphenyl 1.69 DMBP 2.45 251 287 26.3
4-methoxybiphenyl 1.53 MOBP 2.20 2.34 290 6.8
4,4-dimethoxybiphenyl 1.30 DMOBP 2.20 2.09 293 -19.9

aRef 18.P Ref 41.¢ Estimated by the correlatioB.(BP, V vs Ag/AgCl)= 0.70+ 1.07E«(BD, V vs SCE); subtracting 0.09 V yield&(BP,
V vs SCE), as shown in ref 4% Relative scale oAGcer values calculated by eq 3 with = 0.
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Figure 1. Dependence of log"/m) on the excess energyE of the
different deactivation channels. Data of thgszlr*) sensitizers of ref
24 as open symbols; data of the(F7*) BDs as symbols with dct.
Data of the T(n7*) benzophenones as full symbols. The numbers
indicate the variation oEo of BDs and BPs.

Ered (O, V vs SCE) in eq 4 leads to an additional shiftA®Gcer,
which, however, is not important in the following discussion.

Discussion

The interplay between non-CT and CT mechanisms in the
qguenching of T states by @is best illustrated by Figure 1,
which plots the logarithms of the rate constakts', kr14, and
kr3%/3 (= kP/m) versus the respectivAE for all Ti(zz*)
sensitizers of our first study on the triplet-state energy depen-
dence of the T quenching by @ (open symbol$f-°1 and for
the BDs (symbols with dot cente¥) The data of the NDs, which
show a very similar behavior like the BD da&fahave been
omitted to preserve clarity of the representation.

Figure 1 illustrates the excess energy dependende'df
krlA, and kr®*/3 as well as the influence of increasing CT
interactions. As is shown by the open symbols, the different
rate constants depend in a common wayAdhfor AE < 220
kJ moll. This common dependence is the result of the
competition of ic processes originating from excited complexes
1¥T,-3%). Kawaoka et al. derived eq 4 for the rate constant
of ic of a weakly bound exciplé%

ke = (47°INp(AE)F(AB)S® (5)
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, and is the electronic coupling

matrix element. The produdt'(AE) = p(AE)F(AE) is the
Franck-Condon weighted density of states which decreases with
increasingAE at higher excess energies. The rate constants of
ic and consequently also the multiplicity-normalized rate
constantkr™®, k4, and ¥3*/3 should depend in a common
way onAE as long as (i) the corresponding matrix elemehts

of the competing ic processes ¥1-3%) and3(T-3X) are the
same, (ii) the equilibrium between the singlet and triplet excited
complexes!¥(T-3%) is fully established, and (iii) no other
mechanisms become important. This is what actually can be
seen in Figure 1 with the open symbols fE < 220 kJ mot 2.

The dependence of these data of laf{m) onAE is described

by the empirical curvé(AE) of Figure 152 which declines much
weaker than Siebrand’s energy gap RwE® since it reflects

the energy gap law for complex&¥T;-3%) with only very small
binding interactions.

In the region of triplet-state energi& > 230 kJ mot?! an
additional CT mechanism becomes important, leading to a strong
increase of log(r3*/3) with AEzs = Er, see the open symbols
of Figure 1. It is known that CT interactions mainly depend on
two molecular parameters, triplet-state energy and oxidation
potential. The influence of CT interactions is clearly demon-
strated for the series of BDs (symbols with dot center) with
almost constanEr but strongly varyingeox. With decreasing
Eox, One observes a graduated increaskr#t, krl2, andkr3/

3. The variation increases from 1 to 2.5 orders of magnitude in
going fromk™* to k3%/3. Thus, a strong CT induced deactiva-
tion mechanism operates, which takes place via complexes
1¥T,-3%) with partial CT character, i.e., via exciplexes.

We noted already earlier that the logarithmske¥, k14,
and kr%%/3 of the NDs with largeEq, i.e., with small or
negligible CT interactions, are near the empirical curveg)(2°
This also holds true for the lok{*) and logkr'2) data of the
BDs, clearly indicating that the empirical curve describes the
excess energy dependencegf, kr14, andky3%/3 for the ic of
13T1+3%) complexes with no CT character (n\CT complexes),
which we cannot distinguish from encounter complexes. Thus,
Figure 1 impressively demonstrates that two mechanisms
additionally operate in the quenching eft* triplet states by
O, both leading to the formation of F=4"), Ox(*Ag), and
O2(3Z47). One is controlled via an energy gap law by the
variation of AE, the other by the strength of CT interactions.
The first occurs via excited nCT complexes and the second via
exciplexes with partial CT character (pCT).

The results of these studies on thgsdr*) sensitizers are
summarized in the kinetic Scheme 1, which also will be used
for the analysis of the data of the(fir*) BPs242627 |n the
primary step;3YT1-3Z) nCT complexes are formed. The isc
equilibrium between the complexé§(T;-3X) nCT complexes
is fully established. These complexes decay by ic to nCT
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SCHEME 1 SCHEME 2
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YT, (nn*)-3%) 13(T, (nm*)-3%)
'(8,'s)
’ 1,4-endoperoxide upon addition of singlet oxy§2m a recent
e MCSCF study by Bobrowski et & it was shown that
Sn (S)e) %S ) (T %) _”,3(3032) unsubstituted benzene rings are able to provide a stgupra

CT transition structure with singlet oxygen. Thus, there is
sufficent evidence that structures, where the oxygen atoms of
O interacts with two opposite carbon atoms of an aromatic ring,
correspond to (f{m*)-32) and ($(r3)-1A) pCT complexes, at
least for NDs and BDs (see Scheme 2). It is most remarkable
that for BPs no common pCT deactivation channel was fddind.

It is true that the correlation of rate constants of CT induced
O(*Ag) quenching by ground-state BPs of very |& versus
AGcer is very similar to the corresponding correlation of the
BDs; however, the data of the rate constants of CT induced
qguenching of T(nz*) BPs by Q are far apart from the
corresponding correlation of the(fz*) BDs and NDs. From
this result, we concluded that theo(8)-1A) pCT complexes
formed in the reaction of Sstate BP and @'Ag) are also of

complex states of lower energy which finally dissociate to yield
ground-state sensitizep &nd Q(1=4"), Ox(*Ag), or Ox(3Zg").
The competing ic is the rate determining step of deactivation
in the nCT channel. The respective multiplicity normalized rate
constantkag®, kag!4, and kg3 follow a common energy
gap law. With increasing CT interactions betwee(ifz*) and

0O,, i.e., with increasinder and/or decreasinBoy, the formation

of 1¥T;-3%) pCT complexes begins to compete with the ic of
13T;1+3%) nCT complexes. This reaction is the rate determining
step of the pCT deactivation channel and transfers the spin
statistical weight of 1:3 to thé-T;-3X) exciplexes. The
corresponding rate constarksr'®, ket'2, andker3*/3 depend

in the same exponential way oAGcer. Subsequent ic is

. _ supra-supra structure, whereOnteracts with one aromatic
apparently fast and proceeds with rate constigis k2, and . .
ki3 to produce finally ground-state sensitizers®d ci(lzg), ring. But this does not hold true for the {(finr*)-3Z) pCT

Ou(*Ay), or O:(3%,") via the pCT channel. The overall rate complexes. Since the excitation of thg(ir*) of BPs state is
constgﬁts 011,3,5(1-91,32) nCT complex deactivatiokr™=, kyla localized on the carbonyl group, a four-center structure, where
andk:* are thus each additively composed of the corresponding O is in parallel arrangement to the CO group, is of course much
rate constantsue®®, kae*, kae® and ker'®, ker'®, ker®, more probable for (I(nr*)-°X) pCT complexes than a supra
reproducing quantitatively the contributions of non-CT and CT SuPrastructure which is realized with the delocalized excitation

interactions in the deactivation ofy(fzr*) states by @26:27 of the (Ty(nz*)-°%) pCT complex of BDs (see Scheme ?2).
The data of the Fnz*) BP sensitizers which are also These results are of eminent importance for the interpretation

displayed in Figure 1 reveal a surprisingly different behavior of the present results of the BPs.
compared with the BDs. It is true that the l&gfm) data also It can be assumed that deactivation'dfT1-X) complexes
decrease with increasiriy at nearly constanEr; however, by ic occurs with conservation of the molecular structure, i.e.,
there are several significant differences: (i) despite of the large €ither supra-supra structure or four-center structure, to com-
variation of Egx (2.09 to 2.96 vs Ag/AgClI for the BPs, 1.30 to  Plexes(Sp+'%), {So+*A), or (So%). Since the G-O bond varies
2.11 V vs SCE for the BDs) and their even larger mé&an only slightly between 1.213E), 1.22 £A), and 1.23 A )81
(287 vs. 268 kJ mott), a much smaller variation of the rate and since only small changes of bond lengths take place in the
constants of the BPs witli,x has to be noted:; (i) the graduation ~ 7zr* — 7 deactivation of the aromatic moiety, correspondingly
increases only weakly with increasings; (i) log(kr'®), log- small structural changes can be expected in the ic of supra-
(kr'4), and logkr®¥/3) are of similar magnitude for each BP ~ supra“¥T(zz*)-3%) complexes. This is the reason the empirical
sensitizer; (iv) the lod¢"/m) data of the BPs with the highest  curve f(AE) found for Ty(zr*) sensitizers, reflecting the excess
Eox, for which only very small CT interactions can take place, energy dependence of log(BE)), is still comparatively steep.
are in part far apart from the empirical curve\f) found for In contrast, much larger changes have to be expected for the ic
Ti(*) sensitizers. of four-center: (T (nz*)-3%) complexes. It is well-known that
This surprisingly different behavior is caused by the different significant changes of the lengths of all three bonds of the
electronic and, in consequence, sterical structure of the inter-carbonyl carbon atom of BPs occur during*n— n? deexci-
mediate 1T3-3%) complexes of the BPs. In comparative tationS2 Therefore, the deactivation &%T1(n7*)-3%) complexes
investigations of the CT induced quenching processes;of T is qualitatively best described by displaced potential energy
states by triplet ground-state,@nd of Q(*Ag) by singlet curves of upper and lower states, which correspond to a weaker
ground-state sensitizers,Sve recently discovered that both — excess energy dependence of FAE)). The dependence of
proceed via a common pCT deactivation chafh&lA common log(krP/m) on AE observed for CNBPHyx = 2.96 V vs Ag/
pCT channel means that the CT induced deactivation passesAgCl), for which minimal CT interactions can be reasonably
(T1+32) or (S°1A) complexes of the same partial charge-transfer assumed, could be taken as a rough approach to the function
character and structure. This was found for the NDs as well as f(AE) describing the excess energy dependence of idh-
for the BDs%7:58 Significant information on the nature of the (nz*)-3%) complexes. This function is by way of trial drawn as
intermediate (§!A) pCT structures formed with aromatic  straight line in Figure 2 and displays actually the much weaker
compounds is available from chemical reactions gf&;) with excess energy dependence expected. Thus, we conclude that
aromatic compounds and from ab initio calculati6h®A CT the principal reason for the different dependence ofkgtit)
intermediate concerning one ring of a ND is suggested by the on AE is the significant change of bond lengths in the four-
chemical reactivity of 1,4-dimethylnaphthalene, which yields a center complex structure during ic b¥T1(n*)-3Z) complexes.
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The straight linef(AE) = 8.60-0.00246\E of Figure 2 is
used to estimate the valueslof='*, kag®, andkag®*/3 for the
T1(n*) ketones. With the average triplet-state endfgy= 287
kJ mol? of the BPs and the resulting excess energiss =
130, AEjx = 193, andAEss = 287 kJ mot?, we obtainkyg™
=19x 108, kAElA =13x 108, andkAE32/3 =78x 10°sL.
Subtraction of these rate constants frefi¥, k12, andk3%/3
yields for each BP sensitizer the rate consta@s>, ker!4,
andkcr®%/3 of CT induced formation of g§'=4™), Ox(*Ag), and
O,(3Z47) in the deactivation of exciplexe$¥T1-2X). The

0.009Gce1), indicating that the correlation extends over a
wide AGcer range. Only small changes in the plot lkgf/m)
versusAGcer are observed if a steeper declining function for
the excess energy dependence of Fog{E)) for the ic of 3(T;-
(nr¥)-3%) nCT complexes is used. The data of lkeg{*) and
log(kct'?) correlate with apparently similar strength witiGcer.
The corresponding linear correlation yield¢AGcer) = 7.45—
0.03AGcer for the BD Ty(mwr*) sensitizers. Thus, the slope
obtained with the T(nz*) BP sensitizers is smaller by a factor
of 3 than that obtained with the;{frz*) sensitizers, pointing to
significantly weaker CT interactions ik¥(Ti(nz*)-3%) pCT
complexes. This result is not very surprising if it is considered
that the effect of electron donating or electron withdrawing
substituents is only large if they are directly bound to the
reaction center, which is the case for the stfmapra structure
of the 1Ty (7z*)-3Z) pCT complexes of the BDs but not for
the four-center structure of the locally exciteég(Ty(nz*)-3%)
pCT complexes of the BPs.

The scatter of the logtr™®) and logket2) data is somewhat
larger than for the lod¢r°%*/3) data of Figure 3, as a conse-
guence of the smaller CT effect on the overall rate constants
kr= and kr2. Nevertheless, these data are not very far apart
from the straight linef(AGcer). It appears thaker™ + ker's
~ kct®%/3 can hold true in the series of BPs, which would be
equivalent to the weight ratio 1:3 for the efficiencies of
deactivation through the singlet and triplet pCT channels, in
accordance with the spin-statistical ratio. This was exactly found
for the BDs and indicates, if a graduation of ic rate constants
according to the respective excess energies similarly to the nCT
channel is also valid for the pCT channel, (i) the formation of
the pCT complexes but not their decay by ic as the rate
determining step of the pCT channel and (ii) a much faster ic
of 1¥T-3%) pCT complexes than the isc between singlet and

uncertainties of these differences strongly increase with increas-triplet 13(T;-3%) pCT complexed’ However, this ratio is not

ing Eox and are larger foket™ and ke than for ket3%/3

exactly verified by Figure 4, in which the correlatidgr™> +

because of the smaller CT effects. Figure 3 displays all values k12 versuskc13*/3 leads to a straight line with slope 1.35

of log(kct™/m) for differences larger than 8 10’ s™1, together
with log(kct3*/3) determined for 4-aminobenzophenone (AMBP)
in a plot of logkct™/m) versusAGegr.4163

The data of log{c°%/3), correlate linearly withtAG¢er. The
least-squares fit results in the straight li(AGcer) = 8.77—
0.009&\G¢cet shown in Figure 3. If the value of AMBP is

instead of unity.

If this moderate deviation should be significant, then the larger
than spin-statistical weight of the singlet pCT channel could be
understood as the result of isc processes, which are not much
slower than the ic of thé3(T;-3Z) pCT complexes. Then, the
larger rate constants of ic #Sy-1Z) and 1(Sy**A) compared

omitted, almost the same slope and intercept are obtained{8.74 with ic to 3(S,-3X), which can be expected because of the much
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smaller excess energies for the(24") and GQ(*Ag) formation weaker CT effects found with ;{nz*) BPs are also the result
compared with Q%) formation, would draw the deactivation  of the different structures df%(T;-3%) complexes. The influence

in the pCT channel more to the singlet side than it would be of electron donating or electron withdrawing substituents is only
the case, if isc would not compete with ic. However, the large if they are directly bound to the reaction center, which is
deviation from unity is not very large and could also be the not the case for the four-center structure of ¥R€ry(nz*)-3%)
consequence of experimental uncertainties caused by the onlypCT complexes.

small CT effects.
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