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The guenching of excited triplet states of sufficient energy bje@ds to Q(*Z,") and Q(*Ag) singlet oxygen

and Q(Z,") ground-state oxygen as well. The present work investigates the question whether in the absence
of charge transfer (CT) interactions between triplet sensitizer gnithérate constants of formation of the

three different @ product states follow a generally valid energy gap law. For that purpose, lifetimes of the
upper excited @*Z,") have been determined in a mixture of 7 vol % benzene in carbon tetrachloride, in
chloroform, and in perdeuterated acetonitrile. They amount to 1.86, 1.40, and 0.58 ns, respectively. Furthermore,
rate constants of £'=,"), Ox(*Ag), and Q(°Z,") formation have been measured in these three solvents for
five wz* triplet sensitizers with negligible CT interactions. The rate constants are independent of solvent
polarity. After normalization for the multiplicity of the respective @roduct state, the rate constants follow

a common dependence on the excess energies of the respective product channels. This empirical energy gap
relation describes also quantitatively the rate constants of quenching'afDby 28 carotenoids. Therefore,

it represents in the absence of CT interactions a generally valid energy gap law for the rate constants of
electronic energy transfer to and from.O

Introduction in the initially formed excited->YT;3) encounter complexes
of singlet, triplet, and quintet multiplicity determines the balance

O,(*Ag) singlet oxygen is an extremely reactive and highly ot jeactivation between a non-CT (nCT) and a CT pathway:
cytotoxic species, which induces natural photodegradation ¢oa gcheme 225

processes and has significant applications in organic synthesis tpe strength of CT interactions can be quantified by value

and in photodynamic theragy? The easiest and in fact most ¢ the free energy changeGeer for complete electron transfer

important way of Q(*Ag) production is its photosensitization  om the T-excited sensitizer to Sralculated according to the
via excited triplet (T) states. Both lowest excited singlet states, Ronm-wWeller equation (eq %

154t and!Ag, of O, of respective energiesy = 157 andEx =

94 kJ mot! are competitively formed if the {Tstate energy AGegr = F(Egy — Eggp) — Er +C (1)

exceedsEs. The upper excited §'=4") is, however, very

rapidly and quantitatively deactivated in solution to the long- whereF is the Faraday constant aRgep the reduction potential

lived Oy(*Ag),> which is commonly being referred to as singlet  of O, (—0.78 V vs SCE in acetonitrile. C is the electrostatic

oxygen. interaction energy which has arbitrarily been set to zero for the
Both the rate constar€ of T; state quenching by £and solvent CCJ. CT interactions are negligible for sensitizers for

the efficiencySa of overall Oy(Ag) formation depend strongly ~ which eq 1 results iPAGeer = 50 kJ mot™. In that case,

on the sensitizer triplet-state enerdt,” on the sensitizer  deactivation proceeds only via the nCT deactivation channel,

oxidation potentialEox,816 and on the polarity of the sol-  where the rate constants of@4"), Ox(*Ag), and Q(;")

vent!214A better understanding of the influence of the variation formation follow a common dependence on the respective excess

of Er and Eox on the processes competing in the State energyAE and thus a common dependenceEnt’ 223 AE
quenching by @was achieved, when we introduced the separate is given byEr — 157, Er — 94, andEr, respectively (in kJ
determination of the three rate constakts, kr'24, andk:3= of mol~1). ReducingAGcer significantly opens the door to an
Ox(=g™), Ox(*Ag), and Q(3Z4") formation?’ This has been done  additional second deactivation path, the CT deactivation channel,
only in CCl, where the Q(*=4") lifetime is with 7z = 130 and leads to an increase of the rate constants £t>g),

ns'®-20 Jong enough to allow for the quantitative measurement Ox(*Ag), and Q(®%4") formation which exponentially depends
of Oy(1=4") via its emissions at 1935 nm (B a) and 765 nm  onAGcer. Thus, rather simple relations determine the nCT and
(b — X), respectively. Using these new techniques, we found CT deactivation paths in the overall sensitization of singlet
in systematic studies with aromatig(Zz*) sensitizers of widely oxygen by zww* excited triplets, which could be used to
varying values ofEr and of Eox that the strength of charge quantitatively describe the change of the experimental rate
transfer (CT) interactions between @xcited sensitizer andO0  constants of @*=g"), Ox(*Ag), and Q%) formation in
dependence of two variable€r and AGcer.%*

*To whom correspondence should be addressed. Fax9)69-798- This simple two-channel deactivation model rests on data

29709. E-mail: r.schmidt@chemie.uni-frankfurt.de. collected only in CCJ. However, as was shown by the
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SCHEME 1 TABLE 1: Triplet Quantum Yields Qr, Triplet Energies Er,
- Oxidation Potentials Eqx, and Reaction Free Enthalpies
nCT o1 AGcer of Complete Electron Transfer from T, Excited
3004 - Sensitizer to G, for Different &z* Triplet Sensitizers
U S ) LB 042 sensitizer Qr Er, kI molt Eox, Vs SCE AGeer, ki mol

" ‘ PHE 1.06 186 1.96 78

200+ BRA 0.99 168 1.471 43
(8, %) QUI 0.99 25% 241 52
ANA 0.90¢ 248 2.01 21

CLA 0.98 266 2.80 85

aReference 33° Reference 345 Reference 30¢ Average ofQr =
0.84 of ref 35 andQr = 0.95 of ref 17.° Reference 17.Experimental
s ) o 3y value, CHCN, ref 24.9 Extrapolated value, C}CN, ref 24.
]

100+

Excitation Energy / kJ mol ™

0L
(in-line). The following filter/detector combinations have been

Wilkinson group, variation of the solvent polarity may strongly used: (1) interference filter IF 1275 (hw 40 nm) and fast
influence the rate constants and efficiencies of singlet oxygen liquid-N, cooled Ge diode with integrated preamplifier (North
sensitizatiod214Although it seems as if the main effect of the Coast EO 817P) and (2) IF 1940 nm (kw70 nm) plus GG10
solvent polarity variation concerns CT induced processes, it is filter and liquid N>-cooled InGaAs diode with built in pream-
still unclear whether the energy gap relation of the rate constantsplifier (Hamamatsu 7754-01, sensitivity 1:9 10° V/W, NEP
of Ox(*=g"), Ox(*Ag), and Q(3Zy7) formation in the nCT 2.5 x 107 W Hz 99, The extremely high sensitivity of the
deactivation channel could also be affected. The combination new 7754-01 detector to NIR radiation had to be paid by an
of the generally small b~ a and b— X radiative transition undesired sensitivity to acoustic waves. Therefore, sound-
probabilities with the very short£=4") lifetimes in other than absorbing material was used to reduce the perturbations orig-
in perchlorinated solvents prevented hitherto solvent dependentinating mainly from the laser cooling unit and from noise of
quantitative determinations of J0%4").! However, recent the surrounding laboratories. The time-response of Ge detector
development of highly amplified semiconductor detectors for and preamplifier was recorded monitoring the fluorescence of

the NIR allows at least for integral measurement of the la erythrosin B (fluorescence lifetime in water 78 B%)This
emission at 1935 nm in liquids whergis even as low as 1 ns.  transient signal served as apparatus function AF(t) for the
The mixture of 7 vol % @Hg in CCl, (TET/B) falls with 7x ~ deconvolution of the time-resolved,(®dAg) measurements. The
1.9 ns in that regio”® CHCl; and CIXCN, for which we three different signals were intermediately stored by two
estimate from previously determined rate constants6fXg") transient digitizers (Gould 4072) and transferred to a PC for

guenching respective lifetimas of 1.2 and 0.6 ns should be averaging (up to 128 times) and evaluation.d@ncentrations
suited as welf. Since these three liquids offer a strongly of air-saturated solutions were calculated ag] [© 0.21(a —
graduated polarity scale, we choose them for the presentpy)x[O2]y=1 With pa and py being atmospheric and vapor
investigation of the question, whether solvent polarity influences pressure, and [§),-1 is the Q concentration of the solvent at

the energy gap relation of the rate constants ef*E)"), 1 bar Q partial pressure. The experimental temperatures (around

Ox(*Ag), and Q3% ") formation of nCT sensitizers. 25°C) were measured for evaluationmf. We take [Q]p=1 =
0.0124 M (TET) and 0.0116 M (CHg)l listed by Murov et

Experimental Section al30[0;]p=1 = 0.0091 M (CHCN) also given in ref 30 comes

] - from ref 31. Since no original citation is given there, this value
Phenalenone (PHE, Aldrich, 97%) was purified by column a5 peen disregarded. Instead, we assump$00.00242 M

chromatography (CkCl2/silica gel), quinoxaline (QUI, Aldrich,  qetermined recently for air-saturated €N to be valid also
99%) by vacuum sublimation. Chloranil (CLA, Janssen Chimica, g, CDsCN.32

99%), duroquinone (DQU, Fluka), and 9-bromoanthracene

(BRA, Aldrich, 98%) have been crystallized twice, and 2-ac- Results and Discussion

etonaphthone (ANA Aldrich, 99%) was used as received. The ) o 4

liquids CCl, (TET, Merck, Uvasol), GHs (B, Merck p.a.), Qluantum Yields Qz and Qa of O(*%g") and Overall
CHCl; (Aldrich, 99.8%f spectrophotometric grade, containing Oy( 49) Sensmzatlon.CT interactions are negligible for triplet
amylene as stabilizer), and GON (Deutero, 99%) have been sensitizers WithAGcer = 50 kJ mofl.24 Table 1 lists the

used as supplied. Humidity strongly reduces thg(*E}") sensitizers used in the present study. _
lifetime which amounts tors = 130 ns in dry pure TET. They have been selected since they have large quantum yields
However, because of the already rather short lifetimedn Qr and show a wide variation of triplet energies and oxidation

TET/B, CD:CN, and CHGC4, no particular precautions against pot_entials high er_1_ough that they can be expected to_ be_h_ave as
humidity had to be taken during the preparation of the solutions. tYPic@l nCT sensitizers. Only ANA has/&Gcer value signifi-
The principal experimental setup was described and is only c_antly Iqwer than the_above given limit. Therefore, CT interac-
briefly given here?8 A Nd:YAG laser (Brilliant) from Quantel  0ns might become important in polar solvents for ANA.

with frequency tripling (4 ns, 355 nm) was used to excite the _ Figure 1illustrates the rise of tHe,74t) emission signal of
sensitizer solutions, which were optically matched for absor- O«*Ag) sensitized by BRA in CBCN. Equation 2 gives the
bances of 1.2 per cm at 355 nm. Laser pulse energies wereoverall time dependence of,74t) on the different variables
measured deflecting a small portion of the laser beam onto a - soL

fast Si diode as detector. Transmission filters attenuated the lasef1278t) = Ci27d27s Fa5:Qn Ka-x Ex{ €Xp(—t/7,) —

in energy dependent measurements. The setup allowed the exptit)}t,/(ty — 77) (2)
simultaneous time-resolved measurement of!®)) via the

a— X phosphorescence at 1275 nm (right angle) and the integralwhere c;,75 is the apparatus constant for 1275 nm emission,
detection of Q(*=4") via the b— a fluorescence at 1935 nm  ni.7sthe respective solvent refractive ind&xssis the geometric
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Figure 1. Experimental rise of the & X emission of Q(*Ag) at 1275 )
nm sensitized by BRA in CEEN and corresponding fit. AEis the Figure 3. Laser pulse energy dependence of tffg;; and INTigss
apparatus function. emission signals of @'Ag) and Q(*Zg") sensitized by BRA in

CDsCN and corresponding fits according to eq 5.
40 T T T T

is calculated as difference of the maximum signal and the
average signal during the last &6 directly before the fast rise
30 1 of the signal.

BRA/CD,CN INT1935 corresponds to the integral ;3=4t) emission.
E,=0.236V Therefore, its value is directly proportional to the lifetime

see eq 4.

INT 1935= Cio3dMi0as F355Q2 kSOL SOL 4)

Figure 3 shows a plot of the signalgy;s and INTiess
. . f . sensitized by BRA in CBCN, which correlate directly with the

0 1 2 3 4 S overall concentrations of {#Ay) and Q(1Z4") with increasing

Time / ms laser pulse energy. Rather smooth but nonlinear dependences

Figurz_a 2. b— a emission signal of @'=4*) at 1935 nm sensitized by on Ep are observed.
BRA in CDCN. In an attempt to evaluate the energy-linear region of both
signals, we fitted the experimental datal §§,sand INT;g35 by
the exponential rise function of eq 5, which is often used in the
hf|tt|ng of TT-absorption measurements. The fits describe the
data very well.

20

ligss / MV

factor for right angle observation, accounting for the spatial
distribution of the emission in the fluorescence cell which
depends on the sample absorbance at the laser wavelengt
k3% is the solvent dependent rate constant of the radiative a
X transition, Er is the laser pulse energy, angandz, are the I =c{1— exp(-C,Ep)} (5)
lifetimes of the sensitzer triplet state and of(f\y).

Figure 1 shows that a very good signal-to-noise ratio is At very low laser pulse energies, i.e., 65— 0, both signals
obtained already at low laser pulse energy in,CR, the solvent  are expected to depend linearly Ba The slope is given by sl
with the weakest singlet oxygen emission probability. The fit = ¢, x ¢, for E— 0. Therefore, the slopes;sisand slgzsare

of a convolution of the appal’atus function A):(/\”th the a |nterpreted as energy- normalized s|gnaj§dEP and |NT193d
biexponential rise and decay function of eq 2 to the experimental ; see eqs 6 and 7.

signal yields with high accuracy the preexponential fat{gy,

of eq 3 andrr. Recording the same experiment on a much Sho7s= 1 Th7dEp = Crordiore FaseQu K3k (6)
slower time scale yields the 0A) lifetime 74 = 1.20 ms in
SOL SOL
CDCN. Shogs= INT 165dEp = Cigadhiozs F'35:Qs Kpoa T~ (7)
| P76 = Cip7dV275 “FaseQn Ko (3) Ciossandngzsare the apparatus constant and solvent refractive
index for 1935 nm.F'ss5 is the geometric factor for in-line

Figure 2 displays the signélsss of the b— a emission of ~ Observation, andr$® and ki are the solvent-dependent

O4(12,") sensitized by BRA in CBCN in the same experiment. ~ Oz(*Zg") lifetime and rate constant of the radiative-b a
The half-width of the signal peak of 0.25 ms does not reflect transition, respectlvely Since the valuesaadzs Nioas K3,
the actual Q=) lifetime but is determined by the high  Cigss Nigss kO, Fass and F'zss are constants for a given
amplification of the detector. The irregular waves forming the sample, the ratio (§dsgSh279° obtained with a sensitizer S in
baseline of the gf'=4") signal are caused by acoustic noise the solvent SOL is given by eqgs 8 and 9.

and rest as irreproducible underground signal despite the high

number of 128 averaged experiments. They represent an (3|1935(3|1279 =c(Qs/ QA)S 2" (8)
important perturbation which still prevents the quantitative

determination of G[1Z4*) in a more general variety of solvents. ¢ = (Croadhio7oF 35Kb o) (Crord oz Faskax)  (9)
Nonetheless, it should be stressed, that Figure 2 shows for the

first time a Q(*=4") signal recorded in a highly polar solvent, If the ratios (Slgzg'Sh279° and (Slosdsl279PHE are determined

which can be evaluated quantitatively. The amplitude 1N for sensitizer S and reference PHE in the same solvent, then,



Quantitative Determination 04" and A4 Singlet Oxygen J. Phys. Chem. A, Vol. 110, No. 8, 2008625

TABLE 2: Relative Ratios (Qx/Qa)¥(Qx/Qa)PHEof Quantum TABLE 3: Quantum Yields Qg and Qa of O,(*X4") and
Yields of Ox(*24") and Overall O,(*Aq) Sensitization Overall O5(*A) Sensitization in Solvents of Different
Referred to the Reference Sensitizer Phenalenone Polarity
(Qe/Qa)(Qs/Qa)HE TET/B CHCk CDsCN
sensitizer ~ TET/B CHCLP>  CDsCNe° avg  +09% sensitizer Qs Qa Qs Qa Qs Qa
BRA 0.799 0.710 0.753 0.754 8 PHE 0.60 0.98 0.60 0.98 0.60 0.98
QUI 1.555 1.416 1.467 1.479 7 BA 043 0.9 0.4Z 0.97 0.44 0.95
ANA 1.484 1.437 1.498 1.473 3 QuUI 092 097 0.80° 092 087 0.97
CLA 1.337 1.149 1.185 1.224 11 ANA 0.7 0.87 0.7¢ 0.8 0.73 0.79

CLA 078 0.9% 0.1¢ 022 07¢ 0.96

aUncertainty: £5%.° Uncertainty: 43%. ¢ Uncertainty: 46%.
d Uncertainty: +15%. ¢ Uncertainty: +10%. " Uncertainty: 4%.

a Standard deviation: +3%.° Standard deviation: +5%. ¢ Stan-
dard deviatioro: £9%. ¢ Of average values.

according to eq 10, the calculation of quantum yield rat@g (

Qu)Sreferred to the quantum yield ratiQ¢/Qa)PHEis possible. in various batches of C¢to 7= < 130 ns via the time-resolved

b — X emission at 765 nr® We simultaneously recorded the

S PHE _ S PHE integral energy normalized - a emission gbss in CCl; and
(ShgadSh279 /(ShgadSh279 (Q/QA)(Q:/Q,) ™ (10) in TET/B as well. sjossis directly proportional to the product

. . oL ..
These relative ratios have been measured in TET/B, GHCI of the radiative rate congtahﬁ,a of b~ a emission and of the
and CRCN. Table 2 lists the results. O(1=4™) lifetime in the given solvent, see eq 7. Therefore, one

The relative ratios vary by a factor of about 2 from BRA to ?;Jg"ZETéQ?BmTEDg);Z:'T%TOng?’S values in TET/B and TET the

QUI in TET/B. The comparison with the results in the more b-a Us b-alx ).EI}/IultipIying this rqtio with the
polar solvents reveals the same graduation of the data. Therefore$Orresponding experimentas™ values resulted in an average
with respect to singlet oxygen sensitization the polarity change f 1.90+ 0.12 ns, which was interpreted as(&") lifetime

of the solvent seems to have no effect on the investigated N TET/B.2* A more detailed view demonstrates that the solvent
sensitizers. The most plausible explanation for the solvent dependence dfﬁ% still has to be considered. The-a X and
polarity independent ratio/Qx)¥/(Qs /Qx)PHEis the assump- b — a emissions of @ are bimolecular collision-induced
tion of a solvent independence of the individual rat@gQ, transitions and depend on the molecular polarizability of the
of the sensitizers of Table 2 and of PHB, data of PHE have  collider®” The ratiok;_,/kg_, of the respective radiative rate
been found to be almost unity independent of solvent polarity constants is a general constant, as was shown theoretically by
in a wide range of solvenf§.Values ofQ, of 0.97, 0.97, and ~ Minaev and experimentally confirmed by #s* The radiative

1.00 have been measured with uncertainties=2%o in TET, rate constank;% amounts to 1.17 and 1.50%in TET and in
in CHCls, and in CHCN. CT interactions are negligibly for B, respectively’? Division by the respective solvent molarities
PHE in TET/B because of its exceptional large valuéGier; yields second-order rate constakfsy ' andk:®, which can

see Table 1. If CT interactions would become effective for PHE be used to calculate via eq 11 the radiative rate conkﬂﬁﬁ‘ta

in going from nonpolar to polar solvents a lowering of the = 1.193 s for the solvent mixture TET/B?

efficiency Sx = Qa/Qr due to the increased CT-induced

O,(324™) formation would be the case but not the observed slight kl_E)T(’ B= kg'_TfT[TET] + kcfx[B] (11)

increase oRa. Therefore, it is reasonable to assume a common

guantum yieldQAPHE = 0.98 for these three solvents and for Sincekigk is by 2% larger in TET/B than in TET the same

CDsCN as well. Since both the efficiencies and Sy are holds true forkp°x. If this slight solvent dependence is taken

determined for nCT sensitizers by the respective excess energiesnto account, we obtaingT/B = 1.86+ 0.12 ns. This value

and thus byEr, which varies only slightly with solvent polarity - compares well withr ;=" = 1.90 ns, which is obtained for

for planar aromaticzz* triplet sensitizers, a constant value for - TET/B with the experimental rate constamte® = 7.3 x 10°

the efficiencya = Qs/Qr can be expected for PHE in these gnd 6.6x 108 M~! s of 0(1=4%) quenching by CGland

solvents as well. Thus, the previously in TET determined CgH,6

quantum yieldQs PHE = 0.60 should also be valid in CHEI Using TET/B as reference solvent, it is possible to determine

and in CQICN.YY from our experiments '=,*) lifetimes in CHCh and CQCN
Energy-normalized signal$j,,JEp and INTigsdEp have as well. The ratio of the energy normalized sigrigls/Er and

been measured with sensitizer S and reference PHE under theNT,93/Ep of a given sensitizer in a particular solvent is

same experimental conditions in the same solvent. Therefore,according to eq 8 the product af, (Qs/Qa)S, andz3°" The

egs 6 and 7 allow via glys/sha7dHE = QAS/QAPHE, shoss™ proportionality constant’ given by eq 9 can well be assumed
shoadHE = Qs%/Qs PHE, QY = 0.98, andQS™ = 0.60 the to be independent of solventi) The ratio F'sss/Fsss of the
evaluation of single values @, andQs for each investigated  geometric factors depends on the absorbance at 355 nm and
sensitizer in TET/B, CHG| and CIXCN; see Table 3. does not change with solvent for optically matched solutions.
The QA and Qs data obtained by this evaluation indicate a (ii) The refractive index n of solvents decreases in the NIR only
solvent independence of the quantum yields with exception of weakly with wavelength. For example, the decrease of n
CLA, for which bothQa andQs are by a factor of 4.5 smaller  amounts to only 1.6% between 1256 and 2000 nm for witer.
in CHClz than in TET/B and in CBCN. This striking deviation Similarly small changes may be assumed for TET/B, GHCI
can certainly not be explained by solvent polarity dependent and CQXCN leading to negligibly small variations af;272/
processes but points to additional specific deactivation processnygs2 with solvent. (iii) Furthermore, k3%%k3%; is con-
of Ty excited CLA in CHC} possibly by a photochemical  stant38:39Since the ratio@s/Q,)S can also be assumed solvent
deactivation route. independent for nCT sensitzers, see Table 2 and the respective
O2(*=4") Lifetimes in TET/B, CHCl 3 and CHsCN. In discussion, the ratio of energy normalized signalg{gsl 279°
previous work concerning fluorene sensitizers, we determined of a given senstizer recorded with optically matched solutions
in a lot of comparative experiments with PHE(&,") lifetimes in the solvents SOL and TET/B should finally correspond
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;ABLE t4t Iiir]:etiFTe%s of O 2(812F+) Et)?rtgrn/qlian%d _viat%q 12 with Table 5 reports the results kf, a, andS,. Table 6 collects
Sgﬁgi(teiczerg PElE,eBg,i?((:)eUI,oa%edn DQU sing the the single rate constanks', k!4, andk3= derived from the
raw data of Table 5.
solvent s NS to0°% =" ns The rate constants? are much smaller than the values of
CHClz 1.40 6 1.18 kairr; thus, triplet-state quenching by,Qs not diffusion-
CDsCN 0.58 8 0.61 controlled. The uncertainties of the rate constants of Table 6
TET/B 1.86 6 1.90 have been evaluated according to the Gaussian law of error
aReproducibility.? Calculated from experimental quenching rate propagation. They differ in part strongly and are smallkgF.
constants. The uncertainties okr'® and kr3* are mainly determined by
the differencesSy — a and 1— S, respectively, with which
directly to the lifetime ratior3°73= "%, see eq 12. they correlate reciprocally. Therefore, the uncertainties become
large if theses differences get small. The uncertainties can
(sll%g{sllﬂgsvsov(s|1935(s|1275)S'TET’B= 3997 F™® (12) approximately be estimated to reach factors of 0.3 and 3 for
differences smaller than 0.02 and factors of 0.5 and 2 for
The results of these experiments are given in Table 4. differences smaller than 0.05. The inspection of the data of Table
The experimental values of the(E,") lifetimes in CHCh 6 reveals as remarkable result that, considering the respective

and CRCN agree very well with respective data calculated from uncertainties, for each of the five sensitizers very similar rate
O(*=4%) quenching rate constants. The consistency of these constantsr'®, kr'4, andkr®* are found in TET/B, CHGJ and

results confirms definitely the assumption of solvent independent CDsCN. Two exceptions indicated by bold numbers should be

ratios Qs/Qa of PHE and of the sensitizers of Table 2. mentioned (i) The k3 value of CLA is more than 2 orders of
Energy Gap Law for the Rate Constants of Q(Z4"), magnitude larger in CH@Ithan in the other two solvents.
02(*Ag), and Ox(3%4") Formation in the Absence of CT Inter- However, the values d&1= andkr12 of CLA do not deviate in
actions. Equation 13 describes the initial processes of triplet CHCl since the quantum yield3s andQ, are correspondingly
state quenching by OT;-excited sensitizer andZ,") form smaller in that solvent. This result and the extremely large value
with diffusion-controlled rate constari excited13qT;X) of k9 for CLA in CHCI3 show unambiguously that an ad-
encounter complexes with multiplicities= 1, 3, and 5. These  ditional deactivation process takes place in C4f@i T, excited
complexes either dissociate back again with rate conktamt CLA, which does not lead to singlet oxygen formation and
or react spin-allowed forward with overall rate constknto which could be photochemical. Therefore, Ka& value of CLA
yield from 1(T.3%) singlet ground-state sensitizer, &nd has to be omitted in the further analygi$) The rate constant

Ox(1=gM) or Ox(*Ag), and from3(T:3%) S and Q(3Zy); see kr3Z of ANA is not much but significantly larger in Ci&TN
Scheme 1. The quintet complé(;3%) has no direct product  than in the two less polar solvents. Such a trend is not observed

channel. for the values okr'= andkr12 of ANA. We conclude that CT
. . interactions become important for the deactivation channel
3 it ,1,3,5 1 3sv 2, leading to ground-state oxygen fof &xcited ANA in CD;CN.
T2 K-ait S(Tl 2) (13) The CT-induced relative increase of rate constdmts, kr14,

andkr® is generally strongest fé&3%, since these rate constants
The zz* triplet states of the sensitizers of the present study are in the absence of CT interactions the smallest ones, see Table
are completely quenched by,On air-saturated solutions. 6. Thus, the value dé2= of ANA has already CT contributions
Therefore, the rate constaln? of Ty state quenching by Qs in CDsCN and will be disregarded in the further discussion. In
calculated by eq 14 from experimentally determined rise times fact, ANA has by far the smallest value &Gcer of the
71 of Ox(*Ag), see Figure 1, and known values of;JCsee the sensitizers of Table 1.

Experimental Section. It was previously shown that the multiplicity-normalized rate
constantskr”/m (= kr'*/1, kr'4/1, and kr®*/3) depend in a
k? = 1/(r; [0,)) (14) common way on excess energiE of the respective product

channels for T(zzz*) nCT sensitizers in TEP24 These results
The overall rate constant of product formatienis calculated ~ led to the conclusion that the formation ob(@g"), Oa(*Ay),
by eq 15 and Q=) proceeds from(T,3Z) and3(T+2Z) nCT complexes
being in a fully established fast intersystem crossing (ISC)
=k o kYK, —K 1 equilibrium; see Sc_h_eme 1. Internal conversion (IC) occurs by
e ) (15) slower rate determining steps from{(T:3%) nCT complexes to
the lower-lying nCT complexe¥ '), 1(SotA), and 3(S32)
which dissociate to the respective products. The IC of the
L¥T432) nCT complexes is ruled in TET by the empirical energy
gap relation loggae"/m) = f(AE) of eq 19.

wherekgi is taken to be 2.7 100 (TET, TET/B)217243.48
x 10% (CHCl),*2 and 4.50 x 10°°© M1 s71 (CHsCN*
CDsCN). The rate constant of backward dissociation is assumed
to bek_gitt = Kgitt/M ~1, with M being the unit molarity:14.224
The efficiencies of @1=;") and overall Q(*Ag) sensitization

P -1y _ —3 _
area = Qy/Qr andSx = Q/Qr. The single rate constaris'>, log(kse /s ) = 9.05+ (9 x 10°AE)

kri2, and ki of Oy(1Z41), Os(*Ag), and Q(Z,") formation (1.15x 10 “AE%) + (1.15x 10 'AE®) +
can be calculated by eqgs 1@8. 9.1 % 10’“AE4) (19)
k™= = ak; (16) As soon as CT interactions become important-#ir;°X)
N excited complexes the experimental rate constiaffiten deviate
ki = (S, — a)kp (7) significantly from this polynomial to larger values. In this case,

3s an additional second deactivation path is opened which competes
k™= (1 - S)kp (18) with the IC of the primarily formed-3T:3%) nCT complexes
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TABLE 5: Photophysical Data of #zz* Triplet Sensitizers Relevant to T; State Quenching by Q in Solvents of Different

Polarity
TET/B CHCk CDsCN
sensitizer a Sa k¥/10°, M52 a Sa k¥/10°, M5t a Sa k¥/10°, M5t
PHE 0.600 0.980 2.71 0.600 0.980 2.02 0.600 0.980 2.00
BRA 0.45H 0.923 2.67 0.424 0.976¢ 2.7P 0.446 0.961 2.67
QUI 0.929 0.97¢ 0.72 0.811 0.93¢ 0.8C° 0.882 0.976 0.74
ANA 0.881¢ 0.97¢ 1.29 0.841 0.956 1.2% 0.806 0.878 1.63
CLA 0.796! 0.973% 1.2¢ 0.160 0.22¢ 6.3C¢ 0.711 0.983 119

a Uncertainty neglecting the error of the solubilities of @-2%. ® Uncertainty neglecting the error of the solubilities of G-4%. ¢ Uncertainty
neglecting the error of the solubilities 0f,0+7%. ¢ Uncertainties: +5%. ¢ Uncertainties: +3%. f Uncertainties: £6%. 9 Uncertainties: +15%.
h Uncertainties: +10%. ' Uncertainties: £4%.

TABLE 6: Rate Constants k¥, kr'A, and kr%* of Competitive Formation of O,(*X¢"), Ox(*Ag), and O,(3£¢7) in T, State
Quenching by O, (All Values Are Divided by 10°)

TET/B CHCk CDsCN
sensitizer ki st k4, s ke, 571 ki, st k4, s ke, 571 ki st k4, s ke, 571
PHE 1.33 0.8# 0.04 1.28 0.8r 0.04 1.36 0.86 0.04
BA 1.3% 1.40 0.23 1.2# ler 0.07 1.3% 1.56 0.12
QuI 0.69 0.03' 0.02 0.66 0.10 0.03' 0.7¢ 0.07 0.02
ANA 119 0.1 0.04 1.1z 0.18! 0.08" 14F 0.13 0.2Z
CLA 1.000 0.2z 0.03 1.21 0.50' 5.88 0.8% 0.339 0.02)

a Uncertainty neglecting the error of the solubilities of @-3%. ® Uncertainty neglecting the error of the solubilities of G-5%. ¢ Uncertainty
neglecting the error of the solubilities 0f,0+£10%. ¢ Uncertainty neglecting the error of the solubilities of: G:50%. ¢ Uncertainty neglecting
the error of the solubilities of © +30%." Uncertainty neglecting the error of the solubilities of: Gt4%. 9 Uncertainty neglecting the error
of the solubilities of @ £20%." Uncertainty neglecting the error of the solubilities of G:70%.' By factors of 0.5 and 2%4.By factors of 0.3
and 3%.

10 r T T T ™ well described for nonpolar and strongly polar solvents as well.
TET/B CHCI, CD,CN Thus, eq 19, lod:e”/m) = f(AE), is more than a simple energy
_ k* 0O O @ gap relation. It represents a general energy gap law for the rate
9 GW " A a constants of the IC processé§ %) — YS'), Y(T.%2) —
o K0 @0 = YSA), andi(T132) — 3(S%) in the absence of CT interactions,
= i.e., of the IC of excited-XT;3) encounter complexes.
E 4l ] Equation 20 was derived for the rate constapbf a weakly
I bound complex of an excited sensitizer molecule ando®
k2 Kawaoka et af3
| e
, = ke = (47°/)p(AE)F(AE)B? (20)

100 150 200

AE /kJ mol”
Figure 4. Dependence of the multiplicity normalized rate constants
of Ox(*Z4"), Ox(*Ag), and Q(3Z;") formation on the respective excess
energiesAE for the sensitizers of Table 6 in solvents of different
polarity. The solid line represents the energy gap relation of eq 19.

0 50

Here, p(AE) is the density of final states which are nearly
degenerate with the initial state(AE) is the Franck-Condon
factor, andg is the electronic coupling matrix element. The
productF'(AE) = p(AE)F(AE) is the Franck-Condon weighted
density of states and can be calculated from the shape of the
corresponding emission spectfa?® F'(AE) generally decreases
and leads vid3(T,3Z) exciplexes with partial CT charactes( with increasingAE at higher excess energies, which qualitatively
CT complexes) also to formation of (3%5"), Ox(*Ag), and explains the decrease of the rate const&fswvith AE. It is
O4(%%4"); see the dotted lines of Scheme 1. important to note that the dependence of lkag{/m) on AE

The lack of any solvent polarity effect on the rate constants given by eq 19 is very similar in shape to the energy gap law
kr'Z, k2 and kr®* indicates that (%) deactivation by Q found by Siebrand and co-workers for the rate constants of
occurs for the sensitizers of Table 6 with the above-mentioned radiationless deactivation of excited aromatic compounds,
restriction without CT interactions, i.e., via the nCT channel in molecules with potential energy curves with deep minima and
TET/B, CHCk, and CRCN. The investigated sensitizers cover small anharmonicity#~46 However, the curve loge"/m) =
a wide range of triplet energies. Therefore, they allow to test f(AE) declines much weaker in the region of high excess
whether the energy gap relation of eq 19 also describes theenergies than Siebrand’s energy gap law. This difference is
excess energy dependence of the kgfj(n) values in polar consistently explained by the only weak binding interactions
solvents. Figure 4 plots the Idg{/m) of Table 6 as a function  of excited 2T;3%) encounter complexes of nCT sensitizers
of AE in addition to the polynomial loghe/m) = f(AE). corresponding to shallow potential minima with large anhar-

The experimental data follow rather closely the previously monicity.
derived energy gap relation. It appears as if there could be some The findings concerning the triplet sensitization of singlet
structure or modulation in thAE dependence of the data. oxygen are excellently complemented by the results of a recent
However, considering the in part significant experimental analysis of the likewise not diffusion-controlled rate constants
uncertainties given in Table 6, it has to be stated that the of the quenching of &f'Ag) by 28 carotenoid4’*° It could
principal excess energy dependence of thekdg) data is be shown that CT interactions are negligible and that the excess
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energy dependence of the rate constants of electronic energy
transfer according to eq 21 is quantitatively described by eq

19.

O,(A) +$— 0,2, ) + T, (21)

Actually, it was only necessary to consider the differing spin-

statistical factors of triplet sensitization of,@\g) and of its
formal back reaction, the {#¥Ag) quenching by singlet ground-

state molecules. Moreover, eq 19, originally derived from
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