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Charge Transfer Interactions in the Generation of Singlet Oxygen Q(*Ag) by Strong
Electron Donors

Alexander P. Darmanyan,* Woojae Lee, and William S. Jenks*
Department of Chemistry, lowa State Weaisity, Ames, lowa 50011-3111
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The quenching rate constant of the triplet state by molecular oxygen and the efficiency of singlet oxygen
generation have been measured for 12 amines in cyclohexane and benzene. For the best electron donors, the
average rate constant for quenching by energy transfer iss 6.0° Mt s™1. For the same compounds, the

rate constant of quenching via enchancement of internal conversionis10® M~ s™1. The energy transfer
component of the total quenching rate constant is almost twice as fast as the maximum from the standard
Porter model. The mechanisms of quenching via quintet, singlet, and triplet channels are discussed for amines
and aromatic hydrocarbons, and intersystem crossing out of the quintet manifold is proposed.
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The mechanisms of interaction of the electronically excited A 9kd'f

states of organic molecules with molecular oxygen have been
a classic problem in photochemistry and a field of intensive

research for decadés?’ It is well-known that the yield of @

(*Ag) depends strongly on the sensitizer and solvent nature, but
the quenching rate constant of triplets by molecular oxygen is
always below the diffusion-controlled limitSince the pioneer-

ing work of Gijzeman, Kaufman, and Porter the quenching of

triplet sensitizer has been described within the format given in

Because @*=4™) has a very short lifetime in liquid solvents
and decays to @'Ag) with quantitative efficiencyl?429
measurement of £'A,) yield allows a direct estimate of the
efficiency of S, in spite of different relative yields of £'Ag)
and Q(*=4") for various sensitizers.

When guenching occurs only via energy transfer, the maxi-
mum values should b, = (1/9)kyt andSy = 1, according to

Scheme £ egs 4 and 5. This has been observed for substituted anthracenes
SCHEME 1 in cyclohexané? In the case of diffusion-controlled quenching
through both pathways 2 and 3, the expected valueskare
ki ., (4/9kqis and Sy = 0.25. However these values are rarely
==="(5""0y) ey, ; . > C
kit obser_ved. In order to explain s_uch dlscrepanqes, intersystem
crossing between singlet and triplet channels in Scheme 1 has
19 kg L S 4 been propose%i.18~'25'28 . . .
3g# 4 30, =——==(3#-30,) —2m I (le 15+ ) It was worthwhile to study &f _Ag) generation by_am_lnes and
kg 2 S g other strong electron donors with highly energetic triplet states
because they should be at or near the limit where the limiting
1/3 kg saen ki R values are expected for both the singlet and triplet quenching
(8*¥70)——=  $§,+7°0, 3 channels. We report here the quenching rate constants of triplet
k.aie states of amines by molecular oxygen and the efficiency.ef O

) _ ~ (*Ag) generation in cyclohexane and benzene. Total quenching
In this scheme, quenlchlng by energy tEransfer (eq 2), leading rate constants are broken up into energy transfer and charge
to the production of g(*Ag) and/or Q(*Zy"), competes with  transfer components. We conclude that it is necessary to include

quenching by enhancement of internal conversion (eq 3) with intersystem crossing from quintet charge-transfer complexes to
the formation of sensitizer and molecular oxygen in the ground account for the experimental data.

state. Charge transfer interactions have been demonstrated to
be responsible for quenching by the triplet pathway (eq 3) and Experimental Section
exciplexes have been experimentally implicate#f.

According to Scheme 1, the observed quenching rate constantP
of the triplet sensitizer by @s given by eq 4 and the probability
of singlet oxygen generation by eq 5. This scheme gives an
excellent qualitative rationalization for the observed triplet
guenching rates arfeh (efficiency of singlet oxygen formation)

Absorption spectra were recorded on a Shimadzu UV-2101

C spectrophotometer. Solutions were deaerated by Ar bubbling
for 15 min. Experiments were carried out at ambient temper-

ature, 23°C. Spectro grade solvents were used as received. All

other compounds were purchased from Aldrich and purified as
necessary by recrystallization or sublimation in a vacuum.

values. The transient absorption spectra and decay kinetics of triplet
1 k, 1 K sensitizers were studied using nanosecond laser photolysis, as
3kq = ki N Kyt c (4) described elsewhef8 Solutions were excitediia 1 cmquartz
9 Mhkent Kegt 3™ ki + K cell by unfocused laser pulseéf{ = 266 or 355 nm, 5 ns, 5
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] nor were ions detected by transient conductivity. Control
0.05 - experiments in methanol showed ions by both methods.
] The triplet yields (1) of phenothiazine, 3-chlorophenothi-
0.04 | azine, 1-naphthylamine, apdphenylenediamine were measured
] using the method of energy transferfecarotene. Anthracene
] (P(A) = 0.72} in the same solvent was used as the
g 0.03 standard. Equation 6 was used to determine these values:
2 ]
0.02 D2 = BE(A) AOD Kobs  KondA) — Ko(A) ©)
; T TV AOD(A) kops = Ky kopdA)
001 ] whereAOD andAOD(A) are the T-T absorption ofy-carotene
] at 530 nm using the amine and anthracene as sensitizers,
0.00 & T respectivelyk, is the decay rate constant of the sensitizer in
400 450 500 550 600 650 deoxygenated solution, atgps is the same rate constant with
A, nm p-carotene added. The optical density of the solutionfeat

Figure 1. Triplet—triplet absorption spectra gf-phenylenediamine  @nd the concentrations gfcarotene were identical in the control
in cyclohexane (solid line) and 1-aminonaphthalene in benzene (dotted@nd experimental samples. These results are shown in Table 1.
line). The observed fluorescence lifetime$)(agree well with the
literature dat&:3347The flash photolysis experiments indicated
mJ, 6 mm beam diameter) of a Continuum Surelite Nd:YAG that the quenching of fluorescence byi®accompanied by an
laser. In cyclohexane, 266 nm excitation was used, while 355 increase inbr. The quantum yield of singlet oxygen production
nm excitation was used in benzene. Several shots were typically(®,) was measured in air- anc@aturated solutions and these
averaged for improved signal to noise. Singlet oxygen lumi- data are also in Table 1. The efficiency of(&\g) generation
nescence was recorded at 1.2%m at 90 to the excitation was estimated using eq 7, where the triplet yield of the triplet
beam3! and quantum yields were determined by extrapolating sensitizer including the fluorescence quenching portion is given
the intensities of emission to the center of the laser pulse. Singletby eq 8. The average value 8f is shown in Table 1.
oxygen yields were linear with laser energy. Solutions of
perinaphthenone in cyclohexane and benzene were used as a Sy = @,/ ()
standard with®, = 1.32 L
The decay kinetics of triplet sensitizers were measured at the O, = @7+ quﬁ [O,] 8)
maximum of their respective tripletriplet absorption spectra T 1+ 1quf<|>[o )l
(Amax 7). Solutions were saturated with air or oxygen at
different pressures, taking into account the partial pressure of  For all but one of the amines, the energy gap between the
the solvent, with total pressures measured using a column ofthermalized fluorescent state and the triplet state is less than
mercury. The solubility of oxygen in air-saturated solution was 8000 cnt?, 1.33:3847and thus singlet oxygen production by the
taken to be 1.9 mM and 2.4 mM in benzene and cyclohexane, enhanced intersystem crossing pathway can be neglected. The
respectively’® exception to this is 1-naphthylamine. Despite this, the efficiency
Fluorescence lifetimes were measured with an Edinburgh of singlet oxygen generation in the singlet quenching was
Instruments FL 900 single photon counting fluorimeter. The estimated to be only 0.03.
guenching rate constants of the amines’ singlet and triplet states Aromatic amines are efficient quenchers of singlet oxytjetf.
(*kq and 3ky) were obtained from linear plots of experimental The mechanism is reversible charge transfer, and thus the better
rate constants of decay of fluorescence andTl Tabsorption electron donors are the faster quenchers. For TMPD, the rate
versus Q concentration, respectively. Pulsed conductivity constant is 5.3x 10° M~ s in cyclohexane, and for
experiments were carried ouh ia 1 cmquartz cell using tetramethylbenzidine, the rate constant is 2. Z0° M~1s1in
electrodes separated by 6 mm (600R{,= 200 Q). benzene. Under the conditions used in these experiments, the
Solutions were prepared with optical densities of@ZB at ~ O2(*A) lifetime decreased from 2@s in cyclohexane to 1bs
the excitation wavelength. In cyclohexane, this corresponded Wwhen TMPD was added, and from 38 in benzene to 24s

to approximate concentrations of 30 for N,N,N,N-tetra- with tetramethylbenzidine added. Thus, we are able to determine
methylp-phenylenediamine (TMPD)\,N-diethylaniline, and ~ ®a Values while neglecting this possible complication.
diphenylamine; 6Q:M for triphenylamine, 10Q:M for N,N- The triplet state of triphenylamine decays to the triplet of
dimethylaniline, carbazole, amephenylenediamine; and 360  N-phenyldihydrocarbazole, which has an absorption maximum
600 uM for phenothiazine, 1-naphthylamine\,N,N,N'- at 430 nm, with a decay rate constant of x8.0° s~1.46 The
tetramethylbenzidine, and aniline. Sa value given in Table 1 was estimated taking into account

the value ofkg, the lack of complete triplet quenching of /b
and Q(*Ag) production by tripleN-phenyldihydrocarbazole at
various oxygen concentrations.
The triplet-triplet absorption spectra of 1-naphthylamine and )
p-phenylenediamine were unknown and measured in this work. Discussion
These are shown in Figure 1. In this section, we will analyze data obtained in cyclohexane
The excitation of amines in cyclohexane and benzene, beingand in benzene together. Though there are certainly properties
nonpolar solvents, leads to population of the triplet state but about these solvents which differ, their viscosities and dielectric
not to one-photon photoionization. In no case was the radical constants are quite simild#,as are the rate constants for
cation of the amine observed in flash photolysis experiments, quenching of excited singlets by.®23Further, to enhance the

Results



Generation of Singlet Oxygen GAg) by Strong Electron Donors J. Phys. Chem. A, Vol. 103, No. 15, 1999707

TABLE 1: Photophysical Properties of Amines in Cyclohexane and Benzene

compound M(ns) U (A0OMisY  ALT(nm) %k, (10PSY) 3Ky (10°M-tsY @2 oA o S\
p-phenylenediamine 3.3 3.4 475 5.0 2.0 0.5 0.18 0.20 0.28
TMPD 4.2 3.6 620 6.0 2.15 096 033 034 034
diethylaniline 2.3 2.7 ~450 35 15 09 035 036 0.38
dimethylaniline 2.6 3.0 460 4.5 1.6 0.9 0.29 0.33 0.34
tetramethylbenzidirfe 10.3 3.3 475 1.4 1.73 052 035 044 047
tetramethylbenzidirfe 10.7 4.3 475 4.0 2.0 052 035 046 050
diphenylamine 2.2 3.1 530 14 1.8 032 0.09 011 0.20
aniline 4.2 2.8 420 3.0 16 075 0.15 021 021
phenothiazine 11 31 460" 2.2 1.7 0.85 052 054 061
3-chlorophenothiazirfe 0.92 470" 15 1.6 0.95 0.62 0.65 0.67
carbazole 13.6 2.7 418 0.9 0.83 036 027 040 043
triphenylamine 2.2 3.1 520 300 15 0.88 043 063 0.77
1-naphthylaming 8.8 2.9 490 2.0 14 0.26 0.25 040 0.48

aReference 34°In toluene® c©Reference 36Yex = 355 nm.©Reference 37.Reference 38! In benzene! Assumed to be the same as
cyclohexane! Reference 39.Reference 40k References 41 and 42n methanol, ref 33" Reference 43! Reference 442 Reference 45 Reference
46.

TABLE 2: Photophysical Properties of Aromatic SCHEME 2
Compounds in Cyclohexane and Benzene S9k f
dif el
Ky g ——E =— = (11a)
sensitizer (10'°M~tsl)  (100°Mish S\ k.qif ke l . o
isc among all multiplicities
naphthalene 2ap 2.1 0.6Z 19 ke X 1
1-methoxynaphthalene 5.0 0.3# 154430, e I oS I ken S+ Of'Ap) (122)
2-methoxynaphthalene 35 0.5C¢° k_gir | ko K
1-methylnaphthalene 3D 2.6° 0.56¢ ﬂ N |
2-methylnaphthalene 25 2.5 0.57 3/9 kg kel k;
2-bromonaphthalene x5 0.66 3 = 3¢ = — 3§70, —=$ 40, (132)
1-bromonaphthalene 5 0.7F k.qit ke
1-cyanonaphthalene 1.2 0.7%
1-nitronaphthalene 193 0.8%
acenaphthene 2B 4.4 0.40 59k L
biphenyl 2.8P 1.4 0.52 0 sy I 5o (11b)
fluoranthene 3.9 1.93 0.73 k qif ke
6-aminochryserfe 7.68 0.27 : l K
9-methylcarbazofe 2.9 14.6 0.45 1/9 ke X '
triphenylene 2.000 1.6 0.54 354430, g == 1c 0.5 1 041A,) (12b)
phenanthrene 228 2.0 0.3 k_gis | ke
chrysene 2% 1.4 0.3 ks
1,3,5-triphenylbenzene 1.1 0.4 3/9 kyi ke k.
1-methylindole 14.0 0.38 =% % 3(§75-0y%), —=5,4°0,  (13b)
Michler’s ketone 128 0.24 k.aie el
Michler's ketoné 110 0.3%
a1n cyclohexane® Reference 33 Reference 23! The average of constant.s. Somewhat arbitrarily, we takg the first gight com-
values in ref 4¢In toluene?® "Estimated from the SterrVolmer pounds in Table 3 to represent our region of maximum rate
constari® and fluorescence lifetim®&. 9 Estimated from the Stern constants. These compounds are also the first data points in
Volmer constarif and fluorescence lifetim®. " In hexane’°' Ref- Figure 2. They have low oxidation potentials{ V vs SCE)
erence 3! Reference 4t Reference 53. and high triplet energies>(21 800 cml). We estimate the

discussion of the quenching of triplet states quenching by experimental diffusion-controlled limit from the average of the
molecular oxygen, we will use data that are available in the 'Kqvalues and obtaikgi = (3.3 =+ 0.4) x 10'°°M~* s™%, where
literature for aromatic hydrocarbons that have moderately low the error limit is the 95% confidence limit of the mean.
oxidation potentials. These data are given in Table 2. Finally, For this same set of eight compounds, the average triplet
we assume that reencounter kinetics are adequately describeguenching rate constant components are also figu[ggfrg:
by kinetic schemes such as those in Scheme 2, and we do ”OKG.O +14)x 1°M1stand [kgTﬂz (1.154+ 0.16) x 100
take take into account any possible small nonequilibrium pj-1g-1 According to Scheme 1, the maximum values for these
distributions of reactants. should b= (1/9)qr = (3.7 0.4) x 10° M~ s tandkCT
The_total_ triplet quenching rate consta?k_g can be broken = (13t = (L.1+ 0.1) x 10°M-LsL Thus, the experimental
?O\an Into ts ener?y _tl_rﬁ_ns_fer (|.e1.02-|f0;m(|jng)_tr?nd cgargﬁ 10 guenching rate constant for energy transfer (the singlet channel)
ranster components. 'his 1S accomplisned with €qs < an "is almost twice as large as can be expected according to Scheme
These estimates, together with the triplet state enerBigs0d 1, whereas the charge transfer component is in line with

oxidation potentials, are shown in Table 3. expectations. Though the standard deviations of the averages

@n — SA,Skq ) are fairly large, the size of the difference suggests that it is real.
Moreover, the choice of these eight compounds as the “plateau”
kqCT: 1- SA)3kq (10) is conservative; if the next four are included, for instance,

(ky Dactually rises to (7.2t 1.5) x 10° M~* s7L. Thus, we

To facilitate the analysis done in the remainder of this section, conclude that the value of;"Tis above (1/%qr beyond
it is useful to define limiting regions of behavior in these rate experimental error.
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TABLE 3: Triplet Energies, Charge Transfer Properties, and Quenching Rate Constants

sensitizer E® (cm™?) EY2° (V vs SCE in CHCN) AGe eV kST (1P M 1tsY) k" (1P M~1s
p-phenylenediamine 25 360 0.24 —-1.93 14.4 5.6
TMPD 22 700 0.1¢ —1.69 14.2 7.3
diethylaniline 27 000 0.76 —-1.62 9.3 5.7
dimethylaniline 26 500 0.71 —1.61 10.6 5.4
tetramethylbenzidine 21800 0/38 -1.35 9.2 8.19
10.00 10.00
diphenylamine 25200 0.83 —-1.32 14.4 3.6
aniline 24 800 0.87 —1.23 12.6 3.4
1-methylindole 24 200 0.81 —-1.22 9.1 4.9
phenothiazine 21100 0.54 —-1.11 6.6 10.4
9-methylcarbazole 24 760 1.1 -1.0 8.0 6.6
triphenylamine 24 300 1.06 —0.98 35 11.6
3-chlorophenothiazine 20 600 0.62 —0.97 5.3 10.7
Michler’s ketone 23 000 0.95 —0.93 7.5 3.0
9.4 3.5
carbazole 24 540 1.16 —0.91 4.73 3.6
1-naphthylamine 19 150 0.54 —0.86 7.3 6.7
6-aminochrysene 18 960 0.68 —0.69 5.6 2.1
acenaphthene 20870 121 -0.41 2.64 1.8
triphenylene 23400 1.55 —-0.38 0.74 0.86
1-methoxyhaphthalene 21 000 1.38 —0.25 3.3 1.12
phenanthrene 21770 1.50 -0.23 1.4 0.60
1-methylnaphthalene 21 200 1.43 —0.23 1.14 1.46
2-methylnaphthalene 21300 1.45 -0.22 1.08 1.43
2-methoxynaphthalene 21 730 1.52 —0.20 1.75 1.75
chrysene 20 000 1.45 —0.16 0.98 0.42
naphthalene 21180 154 —0.12 0.80 1.3
1,3,5-triphenylbenzene 22 500 1r81 —-0.01 0.66 0.44
biphenyl 22870 19 0.04 0.67 0.73
fluoranthene 18 450 1.45 0.13 0.52 14
2-bromonaphthalene 21100 1.90 0.25 0.51 1.0
1-bromonaphthalene 20 650 1.85 0.26 0.41 1.1
1-cyanonaphthalene 20 100 1995 0.42 0.30 0.90
1-nitronaphthalene 19 300 1.92 0.5 0.22 1.08

2 Reference 33? Reference 545 Reference 55¢ Estimated from the ©0 band in phosphorescence spectrum in ref%&ference 57.Reference
58.9In cyclohexane! In benzene! Reference 59.Estimated from the half-wave oxidation potential vs AgiA@1 M AgNGs in ref 43 adding
0.3 V as recommended in ref 54Reference 25.Reference 60" Reference 61" Estimated from the half-wave oxidation potential vs AgfAg1
M AgNOs in ref 62 adding 0.3 V as recommended in ref 3Reference 23 Estimated in ref 109 Reference 28. The average value of 0.32 and

0.43 in ref 33.
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Figure 2. Dependence of the quenching rate constant via charge
transfer interactions on the free energy of full electron transfer. The
solid line is the RehmWeller curve (eq 15) with parametets= 10'?
s1,0=0.081=0.15eV,kc =6 x 10°s %, and (1/3kyr = 1.4 x

10'° M~ s1. The dotted line is withA = 10 s7* and the other
parameters given above.

The salient conclusion from these compounds is drawn from
the following evidence: (1) the rate constant of energy transfer

expectations; and (3) there exists a pool of quintet collision
complexes that account for a majority of the actual collisions.
These observations can all be accounted for by invoking
intersystem crossing out of the quintet collision and/or charge
transfer complexes. Just as it has previously been proposed that
triplet—singlet intersystem crossing occurs in these systems, we
suggest that the quintet collision and/or charge transfer com-
plexes also undergo intersystem crossing into the triplet and/or
singlet manifold.

On the basis of the present data, we cannot distinguish
between direct intersystem crossing from the quintet to the
singlet manifold, or the more physically reasonable intersystem
crossing among all the spin manifolds at various rates that leads
to a net transfer of population from the quintet to the singlet
manifold. This is illustrated in Scheme 2, adapted from
Wilkinson, in which collision complexes and charge transfer
complexes (amire-0,°~) have been abbreviated as E and C,
respectively. In Scheme 2b is given the simplest scheme that
accommodates the data; i.e., it includes an intersystem crossing
step from the quintet to the singlet manifold. It also includes a
step ka) that allows for energy transfer in the singlet manifold
without formation of a charge transfer complex. Using this
simplified scheme, estimation of the net rate of isc out of the
quintet manifold remains tractable.

is greater than can be accounted for without invoking intersystem Next, we consider the charge-transfer component of the

crossing from channels of other multiplicities into the singlet

quenching interactiof-%364Using the standard Rehrweller

channel; (2) the rate constant for charge transfer quenching intreatment, the free energy for electron transfer in nonpolar

the triplet channel is at or perhaps slightly above similar

solvent is given by eq 14.
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AGy = E,AAIA™) — EdA0,/0,7) —E; + A (14)

The half-wave oxidation potential of sensitizer vs SCE in
acetonitrile is E? andEX40,/0,) = —0.82 V5 The termA

compensates for the fact that redox potentials measured in
acetonitrile are not the same as in other solvents. Weller et al.

have shown tha = 0.15 eV for a set of 60 exciplexes in
hexan&® and Wilkinson successfully used this value for the
quenching of naphthalenes by oxygen in cyclohexXdna/e

adopt this value for cyclohexane and benzene. The calculated

kST values are plotted againaiGe, in Figure 2.

The observed quenching rate constant via the charge transfer
qguenching (process 13b) is described by eq 15. A fit to the data

in Figure 2 and estimates &f. can be obtained if all the other
parameters are worked out

(15)

k.
14+ dif

. _l’_ -
Kel
The equilibrium constant for formation of the charge transfer
complex and its forward rate are given by egs 16 and 17.

Kel = kellkfel = exp(_AGeJRT) (16)

ke = Aexp(-AG",/RT)

Using the Marcus formulation, the activation energy for electron
transfer is given by eq 1®. Equation 19 expresses the
reorganization energy as an internal4) and solvent compo-
nent @s).

17)

(18)
(19)

AG', = (AG,, + )24
A=2+ A

J. Phys. Chem. A, Vol. 103, No. 15, 1998709

10.2—
b 00 o ©
] o}
984 O © o -0
] © ©
] o o
S g @
o 9.4
2 10
7 ©0
10 o4
901 O O
] o o)
] o)
3 0
8'6 T T T (‘I’) T T ¥ i T T T | T T T | T T T !
18 20 22 24 26 28
ET, 10°em™

Figure 3. Dependence of the quenching rate constant via energy
transfer on the energy of the triplet state of the sensitizer.

obtained whem was in the range of #8-10'3 s 1, a range
that itself is physically reasonable.

The data fok,"T versusAGe are fit to eq 15 and 16 in Figure
2 using4 and A as adjustable parameters. The fit is not very
sensitive to the chosen value &fn the range of 16—10%, as
illustrated. A value ofl = 0.15 eV was obtained in the best fit.
The standard solvent dielectric continuum model equation for
solvent reorganization energy suggests fhas very small in
nonpolar solvents with low dielectric constants. Thus, the great
majority of this energy corresponds to internal reorganization.

It is interesting to note that the datum for Michler’s ketone,
whose carbonyl-containing structure is different than the others,
but whose triplet state is known to contain a strong intra-
molecular charge transfer character, fits very well in the rest of
the data in Figure 2.

The free energy for a partia| Charge transfer in the quenching Another interesting case is triphenylamine. It is an efficient

by O; is taken to be given by eq 288566 The fractiond is
taken from the slope of the linear portion of FigureA3; >
—0.5 eV) divided by the expectation for full electron transfer,
which is —(2.3RT) 1 = —17.0 eV'L. The present value i& =
0.08, in line with Wilkinson’s value of 0.135 for a series of
biphenyl derivatives in acetonitriks.

AG,, = 0AG,, (20)

The value ofk_gt may be estimated from the Eigefuoss
equatiof’

Kyie/K_qir = 47Nr*/3000 (21)

where N is Avogadro’'s number and = rs + r(*Ag), the
internuclear distance in a collision complex. Assuming an
average value ofs = 4 A for the sensitizers and a radius of
1.22 A for O(*Ag),%8 an estimate ok_qf = 9.2 x 101°s71is
obtained.

generator ofO, (S= 0.77), but its value fok,cT of 3.5 x 10°

M~1 s™1is significantly lower than that for other amines with
similar values ofAGe. An appealing interpretation of this is
that the energy transfer does not require any particularly
demanding conformation, but that the charge-transfer interaction
requires a specific interaction between the amine nitrogen and
the @, which is hindered by the presence of the three phenyl
groups. This is an interesting contrast to the charge transfer
guenchingof singlet oxygerby amines in acetonitrile, in which

no particular steric effect was obsen/8d.

There is not any obvious dependence of the experimégital
values on the triplet energy of the sensitizer, as illustrated in
Figure 3. By contrast, there is at least a qualitative upward trend
with decreasingAGe;, as illustrated in Figure 4. The charge
transfer and exchange interactions of molecular oxygen with
hydrocarbons leads to an increase of spirbital coupling and
more efficient mixing of states of different multipliciti€%:74
From the current data at lotGe, we posit thatky" values

Using these estimates and eq 15, an expression to generatgyer (1/9ky; are due to net intersystem crossing into the singlet

kic can be obtained.

B eXp(AG,/RT)
0.1M kI = 1.1x 10 *'s— A expAG’/RT)
(22)

In the range ofAGe > —0.5 eV, the last term in the
denominator can be neglected dqds approximately 6< 10°

Ke

manifold from the quintet exciplex, accompanied by high
andken.

Judging by the value aof, the (aminé*-0,°~) exciplex has
a very low degree of charge transfer, and thus the picture of
the exciplex as locally excited on the amine is largely
representative of its structure. As a result, it can be assumed
that theka process shown in Scheme 2 (energy transfer directly

s L. Analysis of the expression in other regions of the data in the encounter complex) occurs, and probably at a rate similar

indicated that physically reasonable valuesgtould only be

to ken. If the simplified version of Scheme 2 is adopted, and the
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Figure 4. Dependence of the quenching rate constant via energy
transfer on the free energy of electron transfer.

assumption is made th&k = ken, @ rough estimate -slc can

be obtained.

Darmanyan et al.

kA
1+o—
Kei

en_ 1
KN = =k . 26
° If1 + a(kA i k_dif) )

Kel

The values one obtains for these physical parameters are
obviously dependent on the kinetic model one chooses, and it
is more than reasonable to argue that Scheme 2b is fundamen-
tally flawed in not including other intersystem crossing paths,
each with its own rate constant. However, the current and
literature data justifies the assumption that the intersystem
crossing rate constants are not, in general, large. We cannot
comment specifically on the rates of singlétiplet or triplet—
quintet intersystem crossing; it is our intention that what we
call -Slc represents a net flow from the quintet to the singlet
manifold. The experimental results show that there is a net flow
out of the quintet manifold for this series of compounds, but it
is also clear that intersystem crossing is not exceedingly fast;
otherwise values ofk, would be much closer tdgs. The
guestion about the value of intersystem rate constant between

Using the steady-state treatment of the intermediates in quintet and triplet states of exciplex must remain open for
Scheme 2, eq 23 is found for the rate constant of energy transfer discussion. For the best electron donors in our set it <

where the new terna is given by eq 24. There is no explicit

dependence on the triplet energy of the sensitizer, but none washe charge transfer quenching rate const

observed experimentally (Figure 3).

kA
L 1+ 0.@
Kg = §kdifm i
Ak
g4 o o
§ kel kel 23
9kdif 14 (kA + k—dif) 14 k‘d"ll + )
* Kei ke \ o
o=1+ k—ellken (24)

In order to estimat&., one must look at the part of the data

where it is most significant, i.e., at the lowest values\@..
If Ais taken to be 1% s* and the assumption is made tlkat
~ Ky > 2 x 100571 thenkg = 102 s tandk_¢g =2 x 10°s™?
when AGe is near—2 V. We can usek;T1= 6.3 x 10°
M~1s71 from Figure 4, and eq 23 reduces to eq 25.

1

k:n = ékdif + gkdif K (25)

—dif

K

k

—el
1+

isc

Using the above values, one obtalgs = 3.0 x 10" s'L. This
value is also not sensitive to the choice/of

In the region ofAG¢ > —0.5 eV, -Slc will be much smaller
thank_¢, and the value oke, can be estimated. Using =
1012571 kg = kg = 2.3 x 101 s71 whenAGg; = 0. Using the
above value ok; and (K'0= 1 x 10° st from Figure 4,

simplified eq 26 is obtained. From this is obtained a reasonable

value ofke, = 1.8 x 10 s7L. Again, this value is insensitive
to variation in assumptions oA, and the value obtained is
completely consistent with the assumption made above.

—1.2 eV (i.e., the plateau in Figure 2) the averaged value of
M= 1.2 x 1010
M~1 s71, while the expected limiting value of the quenching
rate constant through process 13tkj§.,= (1/3)kgr = 1.1 x

10'° M~1 s71, obviously identical within experimental error.
Even then, the best fit for Figure 2 with eq 15 was obtained
with a maximum plateau of 1.4 10 M~ s71, Thus, the
experimental data point out that quintétiplet interconversion
probably takes place with some efficiency, but a quantitative
estimate cannot be obtained.

Conclusion

An exciplex with partial charge transfer character is formed
in the quenching of triplet states or amines and other aromatic
hydrocarbons by molecular oxygen in nonpolar solvents. By
measuring the total quenching rate constants and separating it
into singlet and triplet channel components, it is shown that
intersystem crossing must occur among the charge transfer
complexes. Using a simplified kinetic model, a rate constant of
3 x 10 s1 for the net intersystem crossing from the quintet
exciplex to the singlet has been found. While intersystem
crossing in the exciplex has been proposed previously, the
current data are, to the best of our knowledge, the first that
imply involvement of quintet complexes in quenching events.

Acknowledgment. Partial support for this work by the NSF
and Research Corporation is gratefully acknowledged.

References and Notes

(1) Birks, J. B.Photophysics of Aromatic Molecule®Viley-Inter-
science: New York, 1970.

(2) Saltiel, J.; Atwater, B. WAdv. Photochem1988 14, 1—90.

(3) Gijzeman, O. L. J.; Kaufman, F.; Porter, &E.Chem. Soc., Faraday
Trans. 21973 69, 708-720.

(4) Wilkinson, F.; Helman, W. P.; Ross, A. B. Phys. Chem. Ref.
Data 1993 22, 113-262.

(5) Stevens, B.; Mills, L. EChem. Phys. Lettl972 15, 381-382.

(6) Garner, A.; Wilkinson, FChem. Phys. Lettl977, 45, 432—435.

(7) Wu, K. C.; Trozzolo, A. MJ. Phys. Cheml979 83, 3180-3183.

(8) Darmanyan, A. PChem. Phys. Lettl982 86, 405-410.

(9) Gurinovich, G. P.; Salokhiddinov, K. Chem. Phys. Lettl982
85, 9—11.

(10) Smith, G. JJ. Chem. Soc., Faraday Trans1882 78, 769-773.



Generation of Singlet Oxygen GAg) by Strong Electron Donors

(11) Gorman, A. A.; Hamblett, I.; Rodgers, M. A.J.Am. Chem. Soc.
1984 106, 4679-4682.

(12) Tanielian, C.; Golder, L.; Wolff, Cl. Photochem1984 25, 117—
125.

(13) Chattopadhyay, S. K.; Kumar, C. N.; Das, P.X.Phys. Chem.
1985 89, 670-673.

(14) Redmond, R. W.; Braslavsky, S. Ehem. Phys. Letfl988 148,
523-529.

(15) Redmond, R. W.; Scaiano, J. £.Phys. Cheml989 93, 5347
5349.

(16) Darmanyan, A. P.; Arbogast, J. W.; Foote, CJSPhys. Chem.
1991, 95, 7308-7312.

(17) Darmanyan, A. P.; Foote, C. $. Phys. Chem1992 96, 6317
6321.

(18) Darmanyan, A. P.; Foote, C. $. Phys. Chem1992 96, 3723-
3728.

(19) Kanner, R. C.; Foote, C. S. Am. Chem. Sod.992 114 682—
688.

(20) Kanner, R. C.; Foote, C. 3. Am. Chem. S0d.992 114 678—
681.

(21) Schmidt, R.; Bodesheim, MChem. Phys. Lettl993 213 111-
116.

(22) Wilkinson, F.; McGarvey, D. J.; Olea, A. B. Am. Chem. Soc.
1993 115 12144-12151.

(23) Wilkinson, F.; McGarvey, D. J.; Olea, A. B. Phys. Cheml994
98, 3762-3769.

(24) Bodesheim, M.; Schg, M.; Schmidt, RChem. Phys. Lettl994
221, 7-14.

(25) Grewer, C.; Brauer, H.-Ol. Phys. Chem1994 98, 4230-4235.

(26) Sato, C.; Kikuchi, K.; Okamura, K.; Takahashi, Y.; MiyashiJT.
Phys. Chem1995 99, 16925-16931.

(27) Nau, W. M.; Scaiano, J. G. Phys. Chem1996 100, 11360~
11367.

(28) Wilkinson, F.; Abdel-Shafi, A. AJ. Phys. Chem. A997 101,
5509-5516.

(29) Schmidt, R.; Bodesheim, M. Phys. Chem. A998 102, 4769
4774.

(30) Darmanyan, A. P.; Gregory, D. D.; Guo, Y.; Jenks, WJ.Shys.
Chem. A1997, 101, 6855-6863.

(31) Darmanyan, A. P.; Tatikolov, A. S. Photochem1986 32, 157—
163.

(32) Schmidt, R.; Tanielian, C.; Dunsbach, R.; Wolff JPhotochem.
Photobiol. A, Chem1994 79, 11-17.

(33) Murov, S. L.; Carmichael, |.; Hug, G. IHandbook of Photochem-
istry; 2nd ed.; Marcel Dekker: New York, 1993.

(34) Richards, J. T.; Thomas, J. Krans. Faraday Sod97Q 66, 621—
632.

(35) Sveshnikova, E. B.; Snegov, M.Opt. Spectroscl97Q 19, 265—
268.

(36) Previtali, C. M.J. Photochem1985 31, 233-238.

(37) Alkaitis, S. A.; Giézel, M. J. Am. Chem. Sod.976 98, 3549~
3555.

(38) Hashimoto, S.; Thomas, J. K. Phys. Chem1984 88, 4044
4049.

(39) Bensasson, R.; Land, E.Trans. Faraday Socl971 67, 1904
1915.

(40) Cadogan, K. D.; Albrecht, A. d. Phys. Cheml969 73, 1868
1877.

(41) Perichet, G.; Chapelon, R.; Pouyet, B.Photochem198Q 13,
67—74.

J. Phys. Chem. A, Vol. 103, No. 15, 1998711

(42) Malkin, Y. M.; Pirogov, N. O.; Kuzmin, V. A. J. Photochem1984
26, 193-202.

(43) Barra, M.; Calabrese, G. S.; Allen, M. T.; Redmond, R. W.; Sinta,
R.; Lamola, A. A.; Small Jr., R. D.; Scaiano, J. Chem. Mater1991, 3,
610-616.

(44) Yamamoto, S.; Kikuchi, K.; Kokubun, KLhem. Lett1977 1173~
1176.

(45) Lamola, A. A.; Hammond, G. S. Chem. Physl965 43, 2129~
2135.

(46) zZador, E.; Warman, J. M.; Luthjens, L. H.; Hummel, Frans.
Faraday. Soc1974 70, 227-236.

(47) Berlman, |. B.Handbook of Fluorescence Spectra of Aromatic
Molecules 2nd ed.; Academic Press: New York, 1971.

(48) Wilkinson, F.; Helman, W. P.; Ross, A. B. Phys. Chem. Ref.
Data 1995 24, 663-1020.

(49) Gorman, A. AAAdv. Photochem1992 17, 217—274.

(50) Darmanyan, A. P.; Jenks, W. S.; Jardon].RPhys. Chem. A998
in press

(51) Noyes, R. MProg. React. Kinet1961, 1, 129-160.

(52) Grewer, C.; Brauer, H.-Ol. Phys. Chem1993 97, 5001-5006.

(53) Darmanyan, A. P.; Foote, C. $. Phys. Cheml1993 97, 4573~
4576.

(54) Mann, C. K.; Barnes, K. KElectrochemical Reactions in Non-
aqueous Systemblarcel Dekker: New York, 1970.

(55) Kimura, K.; Tsubomura, HViol. Phys.1966 11, 349—358.

(56) Matsui, K.; Morita, H.; Nishi, N.; Kinoshita, M.; Nagakura, &.
Chem. Phys198Q 73, 5514-5520.

(57) Rehm, D.; Weller, Alsr. J. Chem.1970Q 8, 259-271.

(58) Bock, C. R.; Conner, J. A.; Gutierrez, A. R.; Meyer, T. J.; Whitten,
D. G.; Sullivan, B. P.; Nagle, J. KI. Am. Chem. S0d.979 101, 4815~
4823.

(59) Marquet, S.; Hapiot, P.; Neta, .Phys. Cheml994 98, 7136—
7141.

(60) Calabrese, G. S.; Lamola, A. A.; Sinta, R.; Thackeray, J. W.; Berry,
A. K. Proc. Int. Symp. Polym. Microelectron. (Toky)89 70.

(61) Jockusch, S.; Timpe, H.-J.; Schnabel, W.; Turro, NJ.JPhys.
Chem. A1997, 101, 440-445.

(62) Pakanyi, C.; Zahradinik, RCollect. Czech. Chem. Commui965
30, 4287-4295.

(63) Knibbe, H.; Rehm, D.; Weller, ABer. Bunsen-Ges. Phys. Chem.
1969 73, 839-845.

(64) Marcus, R. AJ. Chem. Physl957 26, 867—877.

(65) Wagner, P. J.; Leavitt, R. Al. Am. Chem. S0d.973 95, 3669—
3677.

(66) Loutfy, R. O.; Dogra, S. K.; Yip, R. WCan. J. Chem1979 57,
342-347.

(67) Eberson, LAdv. Phys. Org. Cheml1982 18, 79-185.

(68) Herzberg, GMolecular Spectra and Molecular Structyr&¥an
Nostrand Company: New York, 1950; Vol. 1.

(69) Evans, D. FJ. Chem. Socl957 3885-3888.

(70) Evans, D. FJ. Chem. Soc1957 1351-1357.

(71) Tsubomura, H.; Mulliken, R. 9. Am. Chem. So&96Q 82, 5966—
5974.

(72) Murrell, 3. N.Mol. Phys.196Q 3, 319-329.

(73) Hoijtink, G. J.Mol. Phys.196Q 3, 67—70.

(74) Minaev, B. F.; Kukueva, V. V.; Agren, H. Chem. Soc., Faraday
Trans.1994 90, 1479-1486.



