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Charge-Transfer Quenching of Singlet Oxygen Q(*Ay) by Amines and Aromatic
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The quenching rate constants of singlet oxyge(tA&) luminescence at 1.27Zm by 29 amines and aromatic
hydrocarbons were measured in acetonitrile and benzene. Quenching occurs via reversible charge transfer
with the formation of an exciplex with a partial & 0.2 esu) electron transfer. An estimate of the intersystem-
crossing rate constant for the exciplex of cal®1€? is obtained, and a modest decrease with increasing
exciplex energy is noted. The data predict and it is confirmed that charge transfer plays a significant role in
the nonradiative decay of singlet oxygen in solvents as difficult to oxidize as tohlicsned mesitylene. It

is also confirmed thal,N,N',N'-tetramethylp-phenylene diamine quenches(&\y) nearly exclusively by

full electron transfer in PO, but electron transfer is not observed in other solvents.

Introduction We report an estimate of the degree of charge transfer in the
YO~ ++-aniline’™) exciplex based on the quenching of(&)
luminescence by aromatic amines in acetonitrile. These com-
N ; A - pounds were chosen in part because the oxidation potentials of
courses that result in elthe_r chemical transformatlon_s or physmalsuch quenchers are generally reversible and, therefore, thermo-
quenching of Q*Ag).*™* Literally thousands of solution-phase gy namically significant. We also derive an estimate of the rate
smglet-c;xygen quenching rate constants have been compiledyt intersystem crossing back to the ground-state compounds for
by now? and one of the well-recognized mechanisms for aqe complexes. Hydrocarbon quenchers also follow a similar
physical quenching by certain electron-rich systems is known pattern ofky vs AGe,, and this is shown to be useful in

as charge transfer. In this pathway, there is formation of &, aqicting charge-transfer quenching by certain hydrocarbon
}(Quenchett--0°7) exciplex that decays to ground-state solvents.

—3,5-9 i
compohqndé. o IA;S early atf 1195% It vgas plrogc;sgd tthat The process of exciplex formati&h3¢ and its relationship
qug%g]g 0 sllr:_ge oxy?hen 3;] e ) |azar1] 'Cé%;[ da Joctane y, \1arcus electron-transfer thedfy? is established®4%-42 For
( ) in solution was through this mechanisfand amines example, in their landmark pap&rRehm and Weller explained

of _}/srlou; sttrugtu;al ttypes have beer.1 ftudlled §|n(;e tthen.. . thaf[ the quenching of aromatic hydrocgrbon quor_escence by
ough steric tactors can come into piay: in determining amines proceeded through the formation of exciplexes and

relative rates, a logarithmic dependence of'Qg) quenching  yresented their famous relationship between the quenching rate

rate constantsq) on the ionization potential of aliphatic amines  constant and the energy of full electron transfer. Our analysis

is known both in the gas phad$é? and in solution®™® ¢y quenching of &'Ay) by aromatic amines and hydrocar-
Quenching rate constants have been shown to correlate withyns will also begin with this approach.

Hammett o values for a series of dimethylanilines, also
consistent with a charge-transfer interacttérRelated nitrogen-
containing functional groups also quench(*d). Hydrazines
are known as excellent physical charge-transfer quenéliers, Measurements were carried out in air-saturated solutions at
sulfenamides (RS—NRy) quench singlet oxygen through ambient temperature, 2&. Absorption spectra were recorded
reactive pathway%19 In addition to nitrogen-based function-  on a UV-2101 PC Shimadzu spectrophotometer. Solvents were
alities, various hydroquinones, phenols, and methoxybenzeneshe purest grade commercially available and used as received,
also physically quench £'Ag) with rate constants that depend  as were the perdeuterated compounds. All other materials were
on ease of oxidatio#f:20-21 available commercially and purified as necessary by recrystal-
The key intermediates in the quenching pathways, exciplexeslization and sublimation.
of singlet oxygen, are not very well characterized. Some years The O(*Ag) luminescence at 1.2Zm was recorded with a
ago, Foote estimated that tRED,°~+--phenof™) exciplex in high-sensitivity Ge detector with a response tinvel us
methanol involves 44% of the charge transfer expected for full described elsewhefé. The second harmonic of a Nd:YAG laser
electron transfet® Recently, semiempirical molecular orbital ~ Surelite | (532 nm, 5 ns,27 mJ) was used for the excitation
calculations were performed for th@,°~+--amine™) exciplex of sensitizers to produce 20Ay). The optical densities of
with aliphatic amines, and it was estimated that 0.3 esw?? solutions in a quartz cell (¥ 1 cm) were 0.10.2 at 532 nm.

Interactions between molecular oxygen in its metastahbje
state and various organic molecules follow several different

Experimental Section
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TABLE 1: Rate Constants of Singlet Oxygen Quenching

acetonitrile benzene
Eq0%* AGg Kq Kq ke

quencher (V, SCE} (eV) M-1s) (M~1sY) (M-ts)
TMPD 0.16 —0.06 5.2x 10° 2.6x 10°
p-phenylenediamine 0.18 —0.04 2.8x 1010 2.9x 10°
p-aminodiphenylamine 0.27 0.05 1410 1.2x 10
N,N-diphenylp-phenylenediamine 0.335 0.115 A510° 6.4 x 107
N,N,N',N'-tetramethylbenzidine 0.43 0.21 1810° 2.7x 10°
o-phenylenediamine 0.40 0.18 8.0x 10® 1.0x 10
2-aminoanthracene 0.44 0.22 X30° 3.1x 10
1-naphthylamine 0.54 0.30 27 1C° 7.3x 106
N,N-dimethylp-toluidine 0.65 0.43 1. 1 15x 1
N,N-dimethylaniline 0.71 0.49 2.85 10° 5.5x 107
diphenylamine 0.83 0.61 18 10 25x 1P
N-methylN,N-diphenylamine 0.84 0.62 44 10° 6.0x 10°
aniline 0.87 0.65 1.06x 107 2.9x 10°
p-iodoaniline 0.88 0.66 5.1x 10° 6.0x 10°
p-bromoaniline 0.89 0.67 7.1x 10° 1.25x 1¢°
p-chloroaniline 0.90 0.68 7.6x 10° 15x 1P
triphenylamine 0.92 0.70 4410 1.9x 10
N,N-dimethylp-nitroaniline 1.19 0.97 1.k 10° 25x 10°
1,2,4-trimethoxybenzene 142 0.90 4.4% 107 1.1x 10 <5 x 10
1,4-dimethoxybenzene 184 1.12 6.4x 1P 1.6x 1C° <5 x 10¢
1,2,3-trimethoxybenzene 142 1.20 1.7x 10° 4.4x 104e
1,2-dimethoxybenzene 145 1.23 7.4x 1P 2.1x 1P <1lx 10
hexamethylbenzene 146 1.24 6.4x 10° 2.0x 108 <5 x 10
1,3-dimethoxybenzene 1.49 1.27 2.2x 10° 6.2x 10 <1x 10
1,3,5-trimethoxybenzene 149 1.27 2.6x 10° 4.6x 10¢
pentamethylbenzene 158 1.36 1.2x 1¢° 3.5x 1P
1,2,4,5-tetramethylbenzene 1959 1.37 3.2x 10° 1.1x 1
1,2,4-trimethylbenzene 191 1.49 4.1x 10 1.6x 10
anisole 1.76 1.54 1.5x 10 5.4x 10° <5 x 10°

2 Reference 53° Reference 67. Obtained from the oxidation potential vs AgCl by subtracting OReference 68¢ Reference 69 Reference
50. f Reference 70¢ Obtained from the oxidation potential vs Ag/A®.01 M AgNGQ; in ref 53 by adding 0.30 V as recommended in ref 71.

The sensitizers were tetraphenylphorphine (TPP) in benzene and The series ok, values were obtained in GEN and benzene
methylene blue (MB) in acetonitrile. Spectra and decay kinetics and are listed in Table 1. As defined hekg,included both
of transients were recorded by nanosecond laser photolysis aphysical and chemical quenching, though it is assumed that the
preViOUSIy describett Error limits for each rate constant are physica| quenching Strong|y predominates in nea”y all cases.
estimated to bet+15%. Thermodynamic parameters were The few rate constants in Table 1 which have appeared in the

determined over the range @0 °C. literature agree well with the present determinatipfts5°
The rate constants for the chemical reactik ¢f Ox(*Ag)

with aromatic hydrocarbons were estimated in ben#nsing Efforts were made to verify that the major term kg was
anthracene in benzene, with = 1.5 x 106 M~1s! as a physical quenching. When 0Ay) was quenched by amines
standard® The steady-state photolyses of air-saturated solutions in benzene or by aromatic hydrocarbons in either solvent, the
of the sensitizer (TPP) and anthracene or aromatic hydrocarbonformation of radical cations of the quencher was not observed.
were carried out witik > 500 nm using a 75 W xenon lamp  However, in air-saturated acetonitrile, the formation of amine
and an appropriate cutoff filter. The TPP concentration was radical cations was observed within the lifetime of the sensitizer
equal in all experiments. The consumption rates of anthracenetriplet. The saturation of these solutions with I&d to a sharp
and test compounds were estimated by UV analysis at appropri-decrease of the yield of radical cations. It was, thus, concluded

ate long-wavelength absorption maxima. that the radical cation formation was due to a direct quenching
interaction between the sensitizer and the amines, though it is
Results not possible to rule out a small contribution from electron

With the goal in mind of examining singlet-oxygen quenching transfer between from the amine to(By).

by a series of compounds with a wide range of oxidation The rate constants for chemical reaction of(*@4) with
potentials, series of amines, alkylbenzenes, and alkoxybenzeneselected aromatic hydrocarbons and alkoxyaromatics in benzene
were chosen. Alkoxy compounds were chosen over phenolswere measured by observing the permanent change in the UV
to reduce chemical reactivity? spectrum as a function of time in steady-state irradiations. They
The decay kinetics of §'Ag) luminescence in pure solvents  were sufficiently low and difficult to measure, and only upper
were first order, and the lifetimes agreed well with literature |imits are given in Table 1. With the possible exception of
data> The addition of amines or aromatic hydrocarbons as anisole, thek, values are much smaller than thevalues and
quenchers (Q) led to a decrease of the singlet-oxygen lifetime, quenching of Q('A,) is almost entirely physical under these
with decay kinetics described by the usual first-order eq 1. cqngitions. This is in agreement with previous observations

. . using various methoxybenzenes as quencHé’s?> These
Tops —To + kq[Q] 1) authors did not find any traces of the oxidation products for
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Figure 1. Dependence of @Ay quenching rate constant on free  Figure 2. Rate constants of singlet-oxygen quenching in benzene
energy of complete charge transfer in acetonitril®) @mines; @) plotted against oxidation potentials measured in acetonitril®) (
CHO compounds. amines; @) CHO compounds.
compounds with oxidation potentials greater than 1.24 V vs SCE 9 3
and found only a low rate of oxygenation of 1,2,4-trimethoxy- 8
benzene. 5 4
In acetonitrile, the free energy of electron transfer can be C
estimated according to the RehiWeller equation o 6
o -
2 . 5F
— 0x o+ red, o— 1 < F
AGe, =By (WAT) = B (0407 ) — BE(Ay) — S oaf
(2) 3
. - : 24
whereE;.>(A/AT) is the half-wave oxidation potential of the 4 1 | | ] |
quencher,Eyzfe"(OjO{) = —0.82 V,53 and Eo(lAg) = 0.98 QT WA S WA W
eV 54 the excitation energy of £'Ag). Redox potentials 00 05 10 15 42'0 25 3.0
throughout this paper are taken from the literature and are [TMPD], 10™M

relative to SCE in CBCN. The final term in eq 2 is the energy  Figure 3. Dependence of €'Ay) decay rate constanf}) and rate
of the Coulombic interaction between the two ions formed after constant of build-up of Wurster's blue absorption at 550 @) ¢n
the electron transfer with internuclear distaade the encounter ~ concentration of TMPD in BD.
complex. I_n acetonitrile, V.V'th a dlelectr_lc const_aent= 37.5 TABLE 2: Quenching Rate Constants of Singlet Oxygen by
and assuming the separatian= 7 A2 this term is 0.06 eV.  TMPD in Different Solvents
Rate constants for quenching vers\MGe ;. calculated this way

are shown in Figure 1. solvent € kg (10°M1s7Y
Thermodynamically meaningful oxidation potentials are not l(1:eCXIane 2159 00?19
available for these quenchers in benzene. Though various ben;ene 2.28 26
attempts have been made in the literature to approximate toluene 238 20
oxidation potentials in various solvents based on the value from diethyl ether 4.34 1.1
a single solvent, we did not believe any of them to be sufficiently chloroform 4.81 0.67
reliable to give usefuhGe, values (see below). Therefore, in E:eggydrofuran 879.28 221_9
Figure 2, the quenching rate constants in benzene are simply ace-ztor?e 26 7 é.z

plotted against the oxidation potentials obtained in acetonitrile. acetonitrile 375 52

The activation enthalpies for quenching of(&) by aniline
and triphenylamine in acetonitrile and benzene were measure
All of the apparent activation enthalpies wer@.5+ 0.1 kcal/
mol. These results are consistent with quenching by formation 1 oA ot
of exciplexes in a rapid preequilibrium regirfes4%55 O"Ag + TMPD =0, + TMPD )

In analogy to the previous work of Footethe interaction Perhaps surprisingly, similar radical cations were not observed
of N,N,N,N'-tetramethylp-phenylenediamine (TMPD) with © for other related amines, evep-phenylenediamine. The
(*Ag) was studied in BO. This is an exceptional case, in which quenching of Q(*Ag) by TMPD was also examined in a series
full electron transfer (i.e., formation of superoxide and TMPD of non-hydroxylic solvents; in no other case wasnétar’s blue
Wirster's Blue) is observed. Wster's blue was identified by  observed. The data are given in Table 2.
its characteristic absorption spectr@m.in the determination To probe for possible heavy-atom effects in some of the data,
of a rate constant for this reaction, the points due to observationseveral halogenated anilines with similar oxidation potentials
of the growth of Wuster’s blue fell on a common line with  were used as quenchers. As can be seen in Table 3, any heavy-
those due to observation ob(®Ag) phosphorescence, as shown atom contribution to the observed rate constgfis kinetically
in Figure 3. This coincidence demonstrates that the predominantirrelevant, at least in acetonitrile.

qprocess is chemical quenching by full electron transfer, shown
in eq 3. A rate constant of 2.9 10° M~ s7! was obtained.
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TABLE 3: Singlet-Oxygen Quenching Rate Constants for logk, = 9.7 (£0.2) — 3.8 0.4)AG,,
Halogenated Anilines . o
— (amines, acetonitrileR = 0.92) (4a)
acetonitrile benzene
S Kq Kq log kq =9.7*0.4)— 45 (:|:0.6)E1/20X
5 —1g 1 —1g 1
solvent (vs SCE} 10 Mts™h A0 Mts™h (amines, benzen® = 0.89) (4b)
aniline 0.87 10.6 0.29
4-chloroaniline 0.90 7.6 0.15 lo =121 *1.3)— 5.0 E*1.0)AG
4-bromoaniline 0.89 7.1 1.25 9k L3) ELO)AGe,
4-iodoaniline 0.88 51 6.0 (hydrocarbons, acetonitril® = 0.86) (5a)

— 0ox
Finally, O(*Ag) lifetimes were measured in several additional logk, = 12.2 (£1.6) — 4.7 (1.0,
pure solvents, including perdeuterated solvents (Table 4). To (hydrocarbons, benzenR = 0.83) (5b)
ensure that impurities in the deuterated solvents did not interfere |1 is reasonable to ascribe some of the greater deviation in fit
with the singlet-oxygen lifetime measurements, the lifetimes of for Figure 2 to the arbitrary use of the acetonitrile-based
the TPP and g triplets were measured in the absence of oxjdation potentials. Furthermore, because of the smaller range
oxygen. They were quite similar to values obtained from highly of data and large standard errors for the aromatic hydrocarbons,
purified nondeuterated solvents. Additionally, NMR analysis the quantitative analysis below will be restricted to the case of
showed that there was not significant contamination frof®H  the amines in acetonitrile. However, the qualitative predictive
or the protonated solvents themselves. The values for perdeu-usefulness of the present hydrocarbon data will also be
terated benzene and toluene were in good agreement withdemonstrated.
previous reports. Steric factors do not play a large role in determining rate
constants for these compounds. An examination point by point
Discussion from Table 1 does not show a pattern of rate constants for bulky
guenchers (e.g., triphenylamine) being consistently below the
Rate Constants and Charge Transfer. Though there is f|tted_||ne. . .
scatter in the data, the plots of légin Figures 1 and 2 can be Using any version of the Marcus or RehM/eIIer_ theories,
. . - . a plot of logky againstAG should curve as the reaction becomes
fit to linear equat|ons. Slopes_, intercepts, and Sta”dar.d EIMOrSey othermic and/or as the rate constants approach the diffusion-
were determm_ed. Separate fits were done for the amines and,,pygjieq fimit. However, the current data are modeled by
hydrocarbons in CECN and benzene solvents, though at least gngergonic electron transfer, are below diffusion control, and
in acetonitrile a single fit also appeared satisfactory. We based g not warrant fitting to any nonlinear function. The limiting
this decision on the idea that it is likely that there is a specific gjope for full electron transfer in the absence of steric effects
N---O; interaction in the amines which does not exist for the should approach-(2.3RT)"%, or —17.0 eV124 The obtained
other compounds. Also, it is apparent in benzene solvent thatsjopes are considerably below this limit.
a separate fit is necessary. Finally, previous work using indirect  Following the treatment used previously by several aufffo?s,
methods suggested that separate lines were justified for aminesthe degree of charge transfer in #@,°—++-Q°") exciplex (i.e.,
methoxybenzenes, and phen#is. the value 0f) can be estimated by dividing the observed slope

TABLE 4: O ,(*Ay) Lifetimes with E—V and Charge-Transfer Contributions

b: b: fit
obs ke—v clo S i

B ,ct

solvent IP(eV) Ei™ (V)2 12%5us) 7%V (usP (@AM ishe (1M tsh? (1BM-tsHd (108M-1tshe
1,2,4-trimethoxybenzene 7.5 1.12 <1 35 >150 4.3 >150 10 000
1,2-dimethoxybenzene 7.9 1.45 <1 34 >130 3.8 >130 270
1,3-dimethoxybenzene 8.0 1.49 1.9 34 69 3.8 65 170
phenyl ether 8.09 17 32 9.3 4.9 4.4
1,2,4-trimethylbenzene 8.27 1.71 9.5 35 14.2 4.3 9.9 16
anisole 8.21 1.76 9.8 32 11 3.4 7.6 9.4
anisoled8 125 775 8.7 0.14 8.6 94
mesitylene 8.41 1.80 15 33 9.3 4.3 5.0 6.1
mesitylened12 28 880 5.0 0.16 4.8 61
p-xylene 8.44 1.77 19 32 6.4 3.8 2.6 8.5
p-bromoanisole 8.49 1.70 16 43 7.8 2.9 4.9 18
p-chloroanisole 85 1.72 15 42 8.2 2.9 5.3 15
toluene 8.82 1.98 30 31 35 34 0.9
toluened8 290 761 0.36 0.14 0.2 09
benzene 9.25 2.3 30 30 3.0 3.0 0.03
benzened6 9.2% 650 680 0.14 0.13 0.063
acetoné 9.71 51 40 14 1.9
cyclohexang 9.86 23 29 4.7 3.7
pentane 10.35 34 31 3.4 3.7
methandt 10.85 9.4 13 4.3 3.1

2 All lifetimes measured in this work unless noted otherwise. All values are in good agreement with previous reports where “a\Rs| &lolm
ref 72. Oxidation potentials vs SCE in acetonitrile from refs 53, 68, and 6@lculated according to the equations of Schmidt and Afshari taking
into account only E'V energy transfef® ¢Molar quenching rate constant derived framand solvent molarity? ky 2% = ka%s — k. € e kg of"
is derived from the hydrocarbon data in Figure 2 (i.e., eq 5b) and oxidation potehkaiization potential estimated by comparison to the oxidation
potentials of related compounds with known ionization potentfa#ssumes oxidation potential of perdeuterated solvent is the same as protonated
material." Reference 73.Reference 66.
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Figure 4. Estimated rate of intersystem crossing in acetonitrile from
the singlet exciplex plotted against exciplex energy)(and energy
of full electron transfer AGe.).

should increase as the charge-transfer character of the exciplex
increases as a result of increased spirbit coupling® These

acetonitrile. This method assumes a constant charge transfetegyts are in qualitative agreement with that conclusion. The
over the whole series, which is undoubtedly a simplification, already faskis values due to the inherently strong sporbit

but it provides a reasonable q_ualitative experimental estimate.coup"ng of the system are a reasonable explanation for why a
The wave function of the exciplex can be represented as theyg|atively small perturbation from a heavy-atom effect in the

mixture of wave functions of a locally excited stateE) and
singlet ion-radical pair {CT), as in eq 6, witlw? ~ 0.8 andj3?

haloanilines is not observed.
The observed rate constatts/ary over a much wider range

~ 0.2. Using a similar method, Foote estimated a charge thankg. in a given series. The greater portion of this derives

W('Ex) = aW('LE) + S¥('CT) (6)

transfer of 0.44 esu for a series of phenols in meth&holr

data yieldd = 0.29 for the hydrocarbons and methoxybenzenes

in acetonitrile.
Estimate ofkis. for the Exciplexes. A kinetic scheme based

on Rehm and Weller’s original two-stage steady-state approach

for the quenching process is shown in Schen# 1A rate

constant is not assigned to the dissociation of the triplet complex,
as this is expected to be fast and the previous step is irreversible
Given this scheme and the observed kinetic data, an estimat

of the intersystem-crossing rate of the exciplex, can be made.

Applying the steady-state approximation to both the singlet
encounter complex and the singlet exciplex and rearranging

appropriately, one arrives at eq 7, whé@, is the free-energy

difference between the encounter complex and the singlet

exciplex (taken to be 0.28G. ), k, is the observed quenching
rate constant, anklys for molecular oxygen is 3.% 10°° M1
s71.82 Ais the preexponential factor fdey, and AGe," is the

_ expAG,,/RT)
0.86k, ' — ky IM™ — A exp(AG,, /RT)

Kis (@)

€

from the energy of the exciplex, i.e., quenching is slower when
exciplex formation is slightly endothermic.

One can use the present data to provide an order-of-magnitude
estimate of the lifetime of the singlet exciplex using eq 8. From

Tor = (Ko T K ) (8)

the value ofAGex andkex (see Appendix)k—ex may be obtained.
Its analytical form isA exp[(OAGei— AGe)/RT]. Over the
range ofAGe; = 0—1 eV, the exponential term varies from
about 0.017 to 0.14. Thus, A is taken as 1§ s71, k_ecranges
from 1.7 x 101 to 1.4 x 102s~1. Different assumptions about

A will lead to correspondingly different values kfex.. Regard-
less, for reasonable values Afk—_ex > kisc and ey is expected

to in the picosecond regime.

Charge-Transfer Quenching by Solvents. One of the
consequences of the data in Figures 1 and 2 is that charge-
transfer quenching may be an important contributor to the
nonradiative decay of £'Ay) in certain solvents that are
chemically unreactive. This is in addition to the usual electronic
to vibrational (E-V) energy transfef®

Schmidt and Afshari proposed a very successful semiempiri-
cal equation to estimate the,(®\g) rate constant for EV
guenching (R™) and thus the singlet-oxygen lifetimexf)

activation energy for the same reaction. A more complete when only energy transfer from singlet oxygen to the vibrational

derivation is given in the Appendix.
Using eq 4a to relatlk, to AGey, a qualitative estimate dsc

levels of solvent molecules occufi%.Such rate constants are
tabulated in Table 4, along with experimental values of total

can be made, as shown in Figure 4. To achieve this, a valuesinglet-oxygen quenching.

for the preexponential factok must be selected. Intuitively,

The E-V expression works very well for solvents that are

one expects the activation entropy to be negative because theoor electron donors, i.e., those with ionization potentials larger
exciplex should be more “organized” than the simple encounter than about 8.5 eV. Obviously, methoxybenzenes have a

complex. Howeverkisc from eq 7 is actually quite insensitive
to A for any value from 18 to 10'5; a value of 16° was used

significant charge-transfer quenching component. However, the
data in Table 4 indicate that solvents such as mesitylene also

to generate Figure 4. The salient conclusion from Figure 4 is quench largely by charge transfer. An estimate of the charge-
that kisc is not a sharp function of the energy of the exciplex transfer component of the quenching, 9 is made by
(Eex = 0.98 eV+ 0AGgy) in the range of the current data and  subtracting the calculated&/ component from the observed

is about 5x 1(° s1.%% Minaev’'s analysis suggests thiai.

total quenching rate constant.
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Lifetime data from deuterated solvents support this analysis. formed by aromatic amines and(@\) in acetonitrile. Similar
A critical result of the E-V mechanism is that €D and O-D data for aromatic hydrocarbons in benzene allow prediction and
bonds are significantly poorer energy acceptors that@nd detection of charge-transfer quenching by solvents as difficult
O—H bonds. Thus, the comparison of singlet-oxygen lifetimes to oxidize as toluenés. Charge-transfer quenching probably
in solvents and their perdeuterated analogues is an excellenplays a part in limiting the singlet-oxygen lifetime in solvents
probe for quenching mechanisms beyoneMEenergy transfer. with ionization potentials as high as approximately 8.8 eV.
The very similar singlet-oxygen lifetimes in mesitylene and
mesitylened;,, for instance, prove that another mechanism is ~ Acknowledgment. Grateful acknowledgment is made to the
responsible for the lifetime limitation. We assert that this is National Science Foundation and to the Research Corp. for
charge-transfer quenching. Further, this explanation offers a support of this research.
reason for the poor prediction of in tolueneds by the E-V
mechanism. It serves as a critical case where a charge-transfefppendix: Derivation of Eq 7

component to quenching is just competitive withrk With Equation 9 is obtained directly from Scheme 1 using

more solvents that are more diffiqult to oxidize (e.g., benzene), gy ccessive steady-state approximat®nsThe equilibrium
the usual BV mechanism is dominant and the lifetimes of O

(*Ag) are well predicted in the protonated and deuterated Kogir  Kegip |72

isotopomers. k= kdif(l + . + kK ) 9)
An independent estimate & . can be made from extrapola- xooomsee

tion of the fit for the hydrocarbon data in benzene (i.e., eq 5b). constantke, = keyk_ex and is for the formation of the singlet

This is given asq " in Table 4, and the agreement between exciplex from the encounter complex. Rearrangement of eq 9
the two estimates df; «tis quite good given the methods used.  to solve forks yields eq 10.

Solvent Effects. It would be quite useful to be able to predict

the rate constant for charge-transfer quenching in a given L -1 Kait 4 1 1

arbitrary solvent from the redox and kinetic data in acetonitrile. Kise = Kex fd”(kq ~ kit )~ kex (10)

To do so, one would need to be able to predict the thermody-

namically meaningful redox potentials and solvation energies  The equilibrium constant for exciplex formatioley is

(relative to acetonitrile) in the new solvent. Indeed, Weller estimated withAGex = —f2 (ELe — Ecr), With 32 taken from
developed an empirical correction for exciplex formation for the slope in eq 4a divided by RF5® This is used with the

comparing nonpolar solvents to acetonitrile, which replaced the formulation of Rehm and Weller (eq 11) to obtéig (eq 12)2*
Coulomb term in eq 22 This results in the same shift NGe ;.
for all quenchers and predicts, therefore, that the ratio of rate . AGex+ [(Agex)2 + AG¢(0)2] vz (11)

-1

+
constants K;CHCH/k,Cet's) should be quite similar in a related AG, = 2

series. For the hydrocarbon quenchers, this is approximately

the case, the ratios being between 2.6 and 4. However, for theln eq 11,AG¥(0) is taken to be 0.104 eV, as in the original

amines, the ratio is much more variable, from just under 1 to Work, butAGey is used in place oAGet.

over 200, with no obvious pattern. As a result, quantitative .

treatment of the benzene solvent case with eq 7 is not justified. kex= A exp(-AG, /RT) (12)

Nonetheless, the utility of the fits in empirically predicting

charge-transfer quenching by other solvents was demonstrated The values okgi for molecular oxygen are taken to be 3.7

in the previous section. x 10w and 3.0x 101°M-1stin acetonitrile and benzene,
Finally, we would like to comment on the quenching rate "€SPectively’? The value ofkiik-qi is taken to be 0.86 M,

constant obtained for TMPD in several non-hydroxylic solvents 9/Ven an assumption of an internuclear distance of A
(Table 2). These solvents were chosen to avoid strong specificFinally, then, eq 7 is obtained fdgs.. Furthermore, it can be

interactions, hydrogen-bond donation in particular. It is clear exp(AG,/RT)
that the rate constant increases with dielectric constant, but we ke = P8 (7)
thought it was desirable to model this behavior more quantita- 0.86k, ' — ky IM ™' — A" exp(AG,,//RT)

tively for a single compound over a series of solvents. Weller

introduced another analysis, based on the Born equation, whichshown that eq 7 reduces to the one steady-state limit of eq 13
takes into account the solvent dielectric constant, the exciplex if limiting assumptions are made about the magnitude of various
dipole, and the Onsager radius of the excigi&xUnfortunately, terms in eq 7. Quite similar values &f. are thus obtained.

we were not able to apply this model successfully in any K "
quantitative sense. With these data alone, it cannot be deter- o (1A y + 0 =240, AQ)+-0O) — O.(33 ") +
mined if that is due to an inherent shortcoming of the model or LA +Q ke (O Ag)+Q) A2 )+ Q
a more complex behavior of the system, such as dramatic
changes in the degree of charge transfer (unllkely given the fairly Kse = Ky €XPAG,/RT) (13)
similar slopes of egs 4a and 5a) or exciplex geometry.

exciplex

References and Notes

(1) Bellus, D.Adv. Photochem1979 11, 105-205.

~ ; ~ _ _ (2) Gorman, A. A Adv. Photochem1992 17, 217-274.
A steady-state analysis of a two-stage charge-transfer quench (3) Lissi, E. A.: Encinas, M. V.. Lemp, E.; Rubio, M. Chem. Re.

ing mechanism of singlet oxygen is supported by slightly 1993 93 699-723.

negative activation enthalpies. Use of an idealized linear I(4) Frimer, A. A.Singlet OxygenCRC Press: Boca Raton, FL, 1983;
i i idati i Vol. 1-4.

relatlon_shlp .between. lo% and the o>_<|dat|on pot(_antlal of (5) Wilkinson, F.; Helman, W. P.; Ross, A. B. Phys. Chem. Ref.

aromatic amines obtained allows an estimate of the intersystem-p,a 1995 24, 663-1020.

crossing rate constants (ca.’4871) of the singlet exciplexes (6) Guiraud, J.; Foote, C. 3. Am. Chem. Sod976 98, 1984-1986.

Summary



7426 J. Phys. Chem. A, Vol. 102, No. 38, 1998

(7) Foote, C. SFree Radicals in BiologyAcademic Press: New York,
1976; Vol. 2.
(8) Logunov, S. L.; Rodgers, M. A. J. Phys. Chenml992 96, 2915~
917.

(9) Clennan, E. L.; Noe, L. J.; Szneler, E.; WenJTAm. Chem. Soc.
199Q 112 5080-5085.
(10) Ouanns, C.; Wilson, T.J. Am. Chem. S0d.968 90, 6527-6528.
(11) Ogryzlo, E. A.; Tang, C. WJ. Am. Chem. Sod.97Q 92, 5034~
5036.
(12) Furukawa, K.; Ogryzlo, E. Al. Photochem1972/1973163-169.
(13) Matheson, I. B. C.; Lee, J. Am. Chem. Sod972 94, 3310~
3313.
(14) Young, R. H.; Martin, R. L.; Feriozi, D.; Brewer, D.; Kayser, R.
Photochem. Photobioll973 17, 233-244.
(15) Monroe, B. M.J. Phys. Chem1977, 81, 1861-1864.
(16) Thomas, M. J.; Foote, C. Bhotochem. Photobiol978 27, 683~
693.
(17) Young, R. H.; Brewer, D.; Kayser, R.; Martin, R.; Feriozi, D.;
Keller, R. A.Can. J. Chem1974 52, 2889-2893.
(18) Clennan, E. L.; Zhang, Hl. Am. Chem. Sod 994 116, 809-
810.
(19) Clennan, E. L.; Zhang, HI. Am. Chem. Sod.995 117, 4218~
4227.
(20) Saito, I.; Matsuura, TTetrahedron Lett1970 4987-4990.
(21) Mukai, K.; Hoh, S.; Daifuku, K.; Morimoro, H.; Inoue, lBiochim.
Biophys. Actal993 1183 323-326.
(22) Martin, N. H.; Allen, N. W., 1ll; Cottle, C. A.; Marschke, C. K.,
Jr.J. Photochem., Photobiol. A997 103 33-38.
(23) Weller, A. In The Exciplex Gordon, M., Ware, W. R., Eds.;
Academic Press: New York, 1975; pp-238.
(24) Rehm, D.; Weller, Alsr. J. Chem.197Q 8, 259-271.
(25) Mataga, N. InThe Exciplex Gordon, M., Ware, W. R., Eds;
Academic Press: New York, 1975; pp 11844.
(26) Creed, D.; Caldwell, R. APhotochem. Photobiol985 41, 715-
739.
(27) Faster, T. In The Exciplex Gordon, M., Ware, W. R., Eds,;
Academic Press: New York, 1975; pp-21.
(28) Gould, I. R.; Young, R. H.; Mueller, L. J.; Albrecht, A. C.; Farid,
S.J. Am. Chem. S0d.994 116, 8188-8199.
(29) Gould, I. R.; Young, R. H.; Mueller, L. J.; Farid, $. Am. Chem.
Soc.1994 116 8176-8187.
(30) Weller, A.Z. Phys. Chem. NE982 93—98.
(31) Beens, H.; Weller, A. IDrganic Molecular Photophysic8irks,
J. B., Ed.; Wiley: London, 1975; Vol. 2.
(32) Caldwell, R. A.; Creed, DAcc. Chem. Red.98Q 13, 45-50.
(33) Gordon, M.; Ware, W. RThe Exciplex Academic Press: New
York, 1975.
(34) Davidson, R. SAdv. Phys. Org. Chem1983 19, 1-130.
(35) Faster, T.Angew. Chem., Int. Ed. Engl969 8, 333.
(36) Lim, E. C.Acc. Chem. Red987, 20, 8—17.
(37) Marcus, R. AJ. Chem. Physl1956 24, 966-978.
(38) Marcus, R. AJ. Chem. Physl1957, 26, 867—-877.
(39) Marcus, R. ADiscus. Faraday Socl96Q 29, 21-31.
(40) Photoinduced Electron TransfeFox, M. A., Chanon, M., Eds.;
Elsevier: New York, 1988.
(41) Eberson, LAdv. Phys. Org. Cheml982 18, 79-185.
(42) Kavarnos, G. JFundamentals of Photoinduced Electron Transfer
VCH: New York, 1993.

Darmanyan et al.

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

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

(45) Darmanyan, A. P.; Sirota, T. V.; Mazaletskii, A. Rinet. Katal.
1989 29, 1151-1157.

(46) Stevens, B.; Perez, S. R.; Ors, J.JAAm. Chem. S0d.974 96,
6846-6850.

(47) Encinas, M. V.; Lemp, E.; Lissi, E. A. Chem. Soc., Perkin Trans.
21987 1125-1127.

(48) Gorman, A. A.; Hamblett, I.; Smith, K.; Standen, M. Tatrahedron
Lett. 1984 25, 581-584.

(49) Clennan, E. L.; Noe, L. J.; Wen, T.; Szneler, E.Org. Chem.
1989 54, 3581-3584.

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

(51) Saito, I.; Imuta, M.; Matsuura, Tletrahedron1972 28, 5313—
5320.

(52) Saito, I.; Imuta, M.; Matsuura, Tletrahedron1972 28, 5307
5311.

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

(54) Frimer, A. A.Singlet Q; CRC Press: Boca Raton, FL, 1985.

(55) Kavarnos, G. J.; Turro, N. £hem. Re. 1986 86, 401—449.

(56) Manring, L. E.; Foote, C. S. Phys. Chenil982 86, 1257-1259.

(57) Anderson, C. P.; Saimon, D. J.; Meyer, T. J.; Young, R1.Gm.
Chem. Soc1977, 99, 1980-1982.

(58) Wagner, P. J.; Leavitt, R. A. Am. Chem. S0d.973 95, 3669—
77.

(59) Loutfy, R. O.; Dogra, S. K;; Yip, R. WCan. J. Chem1979 57,

342-347.

(60) Mattay, J.; Gersdorf, J.; Buchkremer, €hem. Ber.1987, 120,
307-318.

(61) Gersdorf, J.; Mattay, J.; @wer, H.J. Am. Chem. S0d.987, 109,
1203-1209.

(62) Ware, W. RJ. Phys. Cheml962 66, 455-458.

(63) It should be noted that when using the rate constants in Table 1,

rather than taking them from eq 4a, Arvalue of no smaller than 1®s*
is required for a few points that are above the fitted line in Figure 1.

(64) Minaev, B. F.Theor. Exp. Chenl984 20, 199-201.

(65) Hurst, J. R.; Schuster, G. B. Am. Chem. S0d.983 105, 5756-
5760.

(66) Schmidt, R.; Afshari, EBer. Bunsen-Ges. Phys. Chel®92 96,
788-794.

(67) Chen, J.-M.; Ho, T.-1.; Mou, C.-YJ. Phys. Chen199Q 94, 2889-
2896.

(68) Sasaki, K.; Kitani, A.; Tsuboi, MNippon Kagaku Kaishil973
12, 2269-2274.

(69) Zweig, A.; Hodgson, W. G.; Jura, W. H. Am. Chem. Sod.964
86, 4124-4129.

(70) Fdl, R. E.; Kramer, H. E. A.; Steiner, U. E. Phys. Cheml99Q
94, 2476-2487.

(71) Ballardini, R.; Varani, G.; Indelli, M. T.; Scandola, F.; Balzani, V.
J. Am. Chem. S0d.978 100, 7219-7223.

(72) Weast, R. C.; Astle, M. LRC Handbook of Chemistry and Physics
CRC Press: Boca Raton, FL, 1996.

(73) Rosenstock, H. M.; Draxl, K.; Steiner, B. W.; Herron, JJTPhys.
Chem. Ref. Data Suppl977, 6, 1—783.



