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Abstract: Quenching of singlet oxygen luminescence at kB¥by PhS, PhSO, and peroxyl radicals PhOO
t-BuOC, PhCHOOC, PhhCHOCO, and PRCOC was studied in liquid solution. The quantum yields of
decomposition of different initiators which lead to the formation of free radicals were measured by using
nanosecond transient absorption. This allowed determination of singlet oxytiég)@uenching rate constants

by the radicals. They are2 x 108 M~ s71 for the sulfur-centered radicals and«2) x 10° M1 s71 for

peroxyl radicals in acetonitrile. The rapid quenching is attributed to energy transfer quenching by the peroxyls,
which have an n— z* transition leading to a low-lyingA’ state above theifA" ground state. PhSQs

shown computationally not to have such a low-lyfifg state. There may be a very low-lyig; state, for

PhS, but it is apparently not an efficient acceptor of electronic energy fraAAQ).

Introduction spectra for HOQ CH;O0C, C;Hs0C, and (CH).,CHOC have

. L . been recordeé:'1and the excitation energies all lie below that
Peroxyl radicals (RO€) are the principal intermediates and . S 4 .

. . S . . .__ of singlet oxygen, which is 7884 cth* Additionally, quench-
chain propagators in autoxidation reactions. They oxidize ing of O,(*A.) luminescence in benzene by acylperoxyl radicals
organic and biological compounds by mechanisms of electron N9 ("Ag) lumi ! z y acylperoxy ’

transfer and hydrogen abstractibh.Singlet oxygen (Q(*Ag)) CHiCOOy, PhCOGQ, andp-CHsCeH4COO;" with rate constants

is another general photooxidation intermediate, and it is also a2/l Nearly 1x 101 M~ s7* has been reported.
very powerful oxidant of polymer&:s In polybutadiene and These observations led us to believe that the peroxyl radical
polyisoprene, for instance, the lifetimes of(@\g) are 3.6 and ~ Might be an efficient quencher of singlet oxygen regardless of
2.6us, respectively, and hydroperoxides are formed as a resultsubstituent and to pursue the experiments described herein.
of chemical quenchin§’ Both singlet oxygen and organic  Additionally, our recent interest in sulfoxide photochemitry
radicals are generally cytotoxic, and the former has been put tohas brought us experience with sulfinyl radicals (RS&whose
use in the form of photodynamic therapy of tumors. Thus itis relationship to peroxyl radicals is obvious. Much less is known
important to know how singlet oxygen interacts with different about these species in general, but no excited state lying below
free radicals in the study of photooxidation processes. 8000 cnrtis known for HS®, which implied that there might
The quenching of &!Ag) by HOO has been observed in  be decidedly contrasting behavior between the peroxyl and
the gas phase by Becker et al., and it was suggested that thesulfinyl species toward singlet oxygen.

mechanism was energy transfeiThe ground state of simple Nitroxyl radicals do not have low-lying doublet or quartet
peroxyl radicals 'f o ang ltg‘e first ex<2:|t(id staztélﬂ( ) of HOO excited states, but their stability recommends them for kinetic
is only 7041 cm* higher>*® In fact, A" — *A" absorption investigations. They quench »(®A,) in solution with rate
Tlowa State University. constants far below the diffusion controlled limit:1¢° — 10’
* Universite of Joseph Fourier. M~1 s7115 |t was concluded that the quenching was by
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for singlet oxygen quenching that ought to be available for all Chart 1
radicals in the absence of other, faster interactions.

o] H
Here we report the quenching rate constants gf4&y) by o]
sulfenyl (thiyl), sulfinyl, and peroxyl radicals in solution. We Ph\)j\/Ph PhsCCl 0.0 0.0
suggest that the peroxyl radical function indeed is an effective
2 3 3¢

energy transfer quencher of singlet oxygen. The sulfur centered 1
radicals quench singlet oxygen much more slowly than the

peroxyl radicals. (,S? o Ph/s\(Ph SCPhg 0
. . Ph” \( /©/ S.o-Ph
Experimental Section Ph Ph Ph” S
The G(*Ag) luminescence at 1.2d@m was recorded with a high- 4 5 6 7
sensitivity Ge detector described elsewh&r& he fourth harmonic of
Nd:YAG laser Surelite-I (266 nm, 5 ns, 4 mJ, diameter of laser pulse o
0.6 mm) was used for the excitation of solutions. Spectra and decay % 8 PhSSPh
kinetics of free radicals were recorded by nanosecond laser photolysis. Ph/&Ph Ph” \r<
The yield of alkyl and sulfur-centered radicals from photolysis of the
initiators was measured in Ar-flushed solutions at the absorption 8 9 10
maximum of radicals by comparison to the tripttiplet absorption
of anthracene in cyclohexane, as previously repotte@he yield of Results
free radicals and the intensity of triptetriplet absorption of anthracene . .
were linear for laser energies o8 mJ. The optical densities of Rate Constants. Photolysis of dibenzyl ketonel, chloro-

solutions were 0.20.3 at 266 nm. The solutions in a quartz cell1 triphenylmethane2), and 5-chlorodibenzosuberang) (eads

1 cm) were changed after 1 or 2 laser pulses. The energy of the laserto the production of benzyl, triphenylmethyl, and 5-dibenzo-

pulse was measured by a Ophir DGX-RP power meter. The accuracysuberanyl 8*) alkyl radicals with well-established absorption

of quantum yields is estimated to He20%. spectra and extinction coefficier?s:3° The quantum yields
Absorption spectra were recorded on a UV-2101 PC Shimadzu of decomposition of these initiators leading to the production

spectrophotometer. The solutions were deaerated by Ar bubbling for of free radicals @es) were unpublished, except far and were

20 min. Experiments were carried out at ambient temperaturéC25  yetermined by using the published extinction coefficients (Table
Spectro grade solvents were used as received. Dibenzyl kethne ( 1y 26,29,31

chlorotriphenylmethane2f, 5-chlorodibenzosuberang)( diphenyl - . .

sulfoxide @), diphenyl disulfide 10), 5,10,15,20-tetraphenylporphine The 9XC|tat|0n of dlbenzy.l ketone leads t0 very_ T"?‘p'd

(TPP), anthracene (AN), and acridine (AC) were obtained commercially Production of two PhCH radicals as a result of the initial

and purified as necessary by recrystallization. Phenyl diphenylmethyl @-Cleavage and rapid decarbonylation of the phenylacetyl

sulfoxide @), phenyl diphenylmethyl sulfidesf, p-tolyl triphenylmethyl radical®?~34

sulfide @), phenyl benzenethiosulfinater)( and tert-butyl phenyl

sulfoxide Q) were prepared.by Iiteratgre methods?! . PhCHCOCH,Ph+ hv — PhCHCO' + PhCH' (1)
Computations were carried out with the GAMESS suite of pro-

grams?? All radicals were fully optimized at the ROHF/6-31G(d,p) . .

level and were found to be true minima, except for PhS@nere PhCHCGO — PhCH' + CO &)

transition states and minima were found, as noted in the text. For

PhSO, CASSCEF single point energies were determined at the ROHF |n gcetonitrile ®escWas found to be 0.8% 0.17. This estimate

geometries using active spaces corresponding tartiteucture onthe s within reasonable agreement of the previously reported value
phenyl ring plus two “lone pair” orbitals on S and three on O (i.e., 15 of 0.71+ 0.1125

electrons in 8 ‘4 orbitals and 3 ‘aorbitals for the planar structure and . . .
7 d and 4 & orbitals for the T-structure; see the text for descriptions PhCH, PhC*, and3" undergo solvent independent photo-

of these structures). These showed that the doubly occupied S and Ochemlcal reactllons from the eXC|.ted.doubIet ,S'Fagég' How-

lone pairs were not appropriate for inclusion in the CASSCF wave €Ver, these radicals have low extinction coefficients at 266 nm,
function, and the calculations were re-run including only the phenyl and thus two-photon decomposition and photochemical reactions
7-system and the singly occupied—® z* orbital (A" state) or of arylmethyl radicals from the excited states were neglected.
O-centered p-orbitaPQ’ state). These were 7 electrons in 7 orbitals. In contrast, PhCH strongly absorbs at 266 nna ¢ 8 x 10°

For the planar Astate, the singly occupied arbital also had to be M~1 cm™1)26 and the generation and decay of this radical in
included (7 electrons in 8 orbitals), but it has an occupation of 1.000 cyclohexane and C}€N was investigated. In agreement with

due to symmetry. Quasidegenerate multireference second-order per'previous reports, we did not find any decomposition products
turbation theory (MRMPZ§:24 corrections were then used to recover

the dynamic correlation energies for the multireference wave functions.  (25) Robbins, W. K.; Eastman, R. B. Am. Chem. Sot97Q 92, 6076~

6077.

(16) Mitsui, M.; Takeda, K.; Kobori, Y.; Kawai, A.; Obi, KChem. Phys. (26) Huggenberger, C.; Fischer, Helv. Chim. Actal981, 338-353.
Lett. 1996 262, 125-130. (27) Claridge, R. F. C.; Fischer, H. Phys. Chem1983 87, 1960

(17) Backer, H. J.; Kloosterziel, HRecl. Tra.. Chim.1954 73, 129- 1967.
239. (28) Bromberg, A.; Meisel, DJ. Phys. Chem1985 89, 25072513.

(18) Balicki, R.; Kaczmarek, L.; Nantka-Namirski, Hebigs Ann. Chem. (29) Bromberg, A.; Schmidt, K. H.; Meisel, 0. Am. Chem. Sod985
1992 883-884. 107, 83-91.

(19) Finzi, C.; Bellavita, V.Gazz. Chim. 1tal1933 62, 699-708. (30) Scaiano, J. C.; Tanner, M.; Weir, D.Am. Chem. Sod.985 107,

(20) Guo, Y.; Jenks, W. Sl. Org. Chem1997, 62, 857-864. 4396-4403.

(21) Kozuka, S.; Takahashi, H.; Oae,Bull. Chem. Soc. Jpri97Q 43, (31) Taub, I. A.; Harter, D. A.; Sauer, M. C., Jr.; Dorfman, L. .
129-134. Chem. Phys1964 41, 979-985.

(22) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; (32) Lunazzi, L.; Ingold, K. U.; Scaiano, J. @. Phys. Cheml983 87,
Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, N.; Su, 529-530.
S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J. A. Comput. Chem. (33) Turro, N. J.; Gould, I. R.; Baretz, B. H. Phys. Cheml1983 87,
1993 14, 1347-1363. 531-532.

(23) Nakano, HJ. Chem. Phys1993 99, 7983-7992. (34) Arbour, C.; Atkinson, G. HChem. Phys. Lett1989 159 520-
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Table 1. Rate Constants of O2{y) Quenching by Free Radicals and Photophysical Properties of Initiators

kinetically important €(R*, Ama), Ox(*Ay) kq2
entry no. radical(s) initiator solvent 10°M~tcm™ Desc sensitizer  1°M~1s!
1 PhS 10 hexane 0.9 (Ph295 nmj 0.65¢ TPP <0.1
2 PhSO+ PhS 7 cyclohexane 1.1 (PhSCBOO nmy 0.2 AN <0.2
3 PhCHOCO 1 cyclohexane 0.88 (PhGH 316 nmY 0.85 AN 4.2
4 hexane TPP 6.3
5 CHCN AN 3.4
6 PhOO 8 CH.CN 0.06° ANe 53
7 t-BuOC 9 CHCN 0.12¢ AN 6.5
8 PhCHOO 4 CH.CN 4.4 (PhCH, 331 nm 0.18 AN 3.3
9 AC 4.1
10 5 CHCN 0.30 AN 2.6
11 PhCOCO 6 CHCN 3.6 (PhC:, 338 nmy 0.38 AN 21
12 PRCOO + NCCH,0O 2 CH:CN 3.6 (PhC:, 338 nmy 0.17 AN 7.0
13 AC 52
14 3-00+ NCCH,O0CO 3 CHCN 2.2(3,333nm} 0.24 AN 6.2
15 AC 7.1

2 +30%. " In cyclohehanet Reference 149 Reference 262 In O, -saturated solvent.Reference 29 Reference 31.

N
|

of benzyl radicaP® The decay traces for PhGtHare well fit

to second-order decay kinetics; the recombination rate constant
estimated at 258 nm is 4.8 10° M~ s71 in cyclohexane,
similar to previous value¥.

The photolysis of sulfur-containing compounds is another
source of free radicaf$:'* Photolysis of diphenyl disulfide
leads to two molecules of PhSSimilarly, excitation of sulfides
5 and6 leads to the production of sulfenyl (thiyl) radicals and
carbon-centered radicat$HPh, and *CPh with absorption
maxima at 331 and 338 nm, respectivély!

Photolysis of thiosulfinat& generates pairs of phenylsulfenyl
and phenylsulfinyl radicals and photolysis of sulfoxitigields
similar a-cleavage products:

TS T OV VOO R T R I |
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R

I
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>
>

>

PhS(O)_SPh‘i‘hV—’PhSO—i-PhS (3) 0 LN L A L L L Y AL L IR
0 10 20 30

PhS(0O)-CHPh, + hv — PhSO + Ph,CH’ (4) [Re], pM
) . ) Figure 1. Dependence of £'Ag) decay rate constant on concentration
The value ofPescwas previously estimated fdr4 Photolysis of free radicals: ©) PhACHOO in hexane, In isl, Sens= TPP; (x)
of PhhSO @) and tert-butyl phenyl sulfoxide §) occurs PhCHOO in CHiCN, In is 1, Sens=AN; (a) PhS in hexane, In is
analogously, yielding PhSQwith Pkl or (CHg)3C*, respec- 10, Sens= TPP.
tively.1* All ®s results are reported in Table 1.
Carbon-centered radicals react very quickly by addition with

molecular oxygen to form peroxyl radicals (eq35)38 The one exception is phenyl, due to its higher reactivity with
solvent. The rate constant for hydrogen atom abstraction from
Kox CH3sCN by phenyl is 1.0x 10° M~1 57140 The reactivity of
R + O,— ROCO ®) Wit G (ke 4

phenyl with G (kox), however, is not much different from that

of the benzylic radicalskyx = 4.4 x 10° M~1 s71.37 Because

of this, to ensure that at least 95% of the phenyl radicals are
) < e converted to PhOQO,-saturated solutions had to be used. The

here. In air-saturated acetonitrile the lifetimes o§®mand3°

. . . source of phenyl radicals was diphenyl sulfoxi@. (
are 900 and 520 ns, respectively. Since the concentration of . i
oxygen in air-saturated GEN is 1.9 x 1073 M,3® ko is The sulfur-centered radicals Plegid PhS©undergo reaction
estimated at 5.& 108 and 1.0x 10° M—1 s~ for Phsé‘ and3 5 with rate constants<10’ M~ s7114 Thus, even under
respectively. Given these and the previously known values for conditions of air or @ saturation, neither forms significant
kox, 338 carbon-centered radicals are converted to peroxyl peroxyl-type species within the singlet oxygen lifetime, and

. intact for purposes of the current experiments.
(35) Meisel, D.; Das, P. K.; Hug, G. L.; Bhattacharyya, K.; Fessenden, . o "
R. W.J. Am. Chem. S0d.986 108 4706-4710. Singlet oxygen was generated by excitation of sensitizers TPP,

(36) Howard, J. A.; Scaiano, J. C. Llandolt-Bornstein. Numerical Data AN, and AC in air-saturated solutions. The lifetimes o{%g)

and Functional Relationships in Science and Technology. New Series ; ; ; ; ;
Fischer, H., Ed.: Springer-Verlag: Berlin, 1984 Vol. 13d, p 431. in the investigated solvents agreed well with literature data.

(37) Lusztyk, J.; Kanabus-Kaminska, J. M. Handbook of Organic The addition of initiatord—9 to these solutions led to the sharp
PhotochemistryScaiano, J. C., Ed.; CRC Press: Boca Raton, FL, 1989; decrease of @A) lifetime (Figures +3) due to the simul-

Vol. 2, pp 177209. ; ; ;

(38) Maillard. B.- Ingold, K. U.: Scaiano, J. 0. Am. Chem. S04983 taneous formation of radicals which serve as quenchel®of

105, 5095-5099.
(39) Murov, S. L.; Carmichael, |.; Hug, G. Handbook of Photochem- (40) Scaiano, J. C.; Stewart, L. @.Am. Chem. S0d983 105 3609~

istry, 2nd ed.; Marcel Dekker, Inc.: New York, 1993; p 420. 3614.

The rate constants of reaction 5 forsRhand the dibenzosub-
eranyl radicaB were unknown and were qualitatively estimated
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Figure 2. Dependence of §§'A,) decay rate constant on concentration
of free radicals: ©) (CHz)sCOO in CH;CN, In is9, Sens= AN; (x)
PhCHOO in CHsCN, In is 4, Sens= AN; (a) PhSO and PhSin
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Figure 3. Dependence of §'Ay) decay rate constant on concentration
of peroxyl radicals in acetonitrile: ) 3-OC:, In is 3, Sens= AN;
(x) PheCOQO radical, In is2, Sens= AC; (a) PhhCOQO radical, In is
6, Sens= AN.

The concentration of radicals formed as a result of photolysis
of the initiators in the presence of the sensitizer can be

J. Am. Chem. Soc., Vol. 120, No. 2, 3998

The concentration of peroxyl radicals produced by the laser
pulse was +10uM in most cases, and about 3 maximum.
Under these conditions, peroxyl radicals decay in solution
predominantly by self-recombination, neglecting momentarily
any interactions with singlet oxygen. The highest known value
for such recombination is that of benzyl peroxyl radicals in
toluene and is about & 108 M~1 s1.36 Taking this value as
an upper limit, the minimal half-life of peroxyl radicals can be
estimated at300us (for 10uM ROCQ) in these experiments.
This is almost an order of magnitude longer than the lifetime
of Ox(*A) in the absence of the radical quenchers (Figure3)1
It is possible that for initiatorgl—9 that the peroxyl radicals
have another significant decay channel by reaction with the
sulfinyl and sulfenyl radicals, but this does not change the
conclusion that the lifetime of the peroxyl radicals is much
longer than the lifetime of the singlet oxygen under all
conditions used. Additionally, it was found experimentally that
the 1O, emission traces were well-fit to first-order decays. Thus
an assumption can be made that the concentration of peroxyl
radicals is constant throughout the decay of the singlet oxygen
emission. Equation 7 was thus used directly to estimate the
concentration of radicals for each datum used to obtain the
guenching rate constants.

The sulfinyl and sulfenyl radicals undergo self-quenching
significantly faster than do the peroxyl radicits Because of
this, the first half-life of PhSand PhSOis only longer than
the lifetime of singlet oxygen at initial concentrations of up to
afewuM. Despite this, initial concentrations (determined from
eq 7) of up to 3quM PhS were generated from PhSSPh. No
change in the singlet oxygen decay was detected. Thus, while
no rate constant could be determined, upper limits for the rate
constantk; were obtained (vide infra).

In principle, singlet oxygen can interact with the initiators in
the ground state as well as the radicals produced by their
photolysis. To determine if these processes were kinetically
important, additional control experiments were carried out.
Singlet oxygen lifetimes were measured by excitation of the
sensitizers at 355 nm, where none of the initiators absorb. The
addition of any of the initiators in concentrations up to 200
did not decrease the lifetime of,(3Ag), implying that all of
the initiators react with singlet oxygen with rate constani€’

M~1 sl Therefore, because all further experiments were
carried out with initiator concentrations500 M, possible
quenching contributions tk; from this source were ignored.

The O(*Ag) lifetimes were measured beginningus after

determined from the laser energy and the optical density of eachthe laser pulse to avoid the kinetic influences of the following
species. The energy of the laser pulse absorbed by initiatorprocesses: quenching of the triplet sensitizer byqDenching

was estimated from the expression

_ Ey*ODyg(In)[1 — 1Pz Sen)
B OD,{In+Sen)

(6)

abs

whereE; = the energy of the laser pulse (4 mJ) and &P
(In+Sen) is less than 1 and is the optical density of the solution
with the initiator added.

The concentration of radicals created after laser pulse was

estimated from eq 7, wheré = 0.28 cn# is the volume of
irradiated area an®g is the quantum vyield of radical pairs
escaping geminate recombination.

[RTo = Exp @RV (7)
For dibenzyl ketone and diphenyl disulfide; = 2®.., whereas
for the other radicalspPr = Pegq

of Ox(*Ag) by the triplet sensitizet!*2and reaction 5. Finally,

it had to be assumed that radical concentrations were homoge-
neous across the irradiated volume, which is of necessity an
approximation because of the spatial distribution of the beam
and some absorption of the light as it passes through the cell.
Nevertheless, plots of the inverse of thg'@) lifetimes versus

the estimated radical concentrations were quite linearkgand
values were obtained for each system. Khealues obtained

by this method and using these approximations are presented

in Table 1.

Estimation of Excited-State Energies for Radicals. It is
evident from Table 1 that thie, values for the peroxyl radicals
are qualitatively similar and at least an order of magnitude

(41) Duncan, C. K.; Kearnes, D. Rhem. Phys. Lettl971, 12, 306—
309.

(42) Bolton, P. H.; Kenner, R. D.; Khan, A. U. Chem. Phys1972
57, 5604-5605.
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Table 2. Calculated and Experimental Electronic Energy Gaps

E, hartrees AE, cmt

radical ground stafe excited state calcd exptit % error
CH;O —114.70957 —114.55704 33559 31614 6
CHsS —437.35513 —437.21945 29565 26397 12
CH;CN*™ —131.90845 —131.88068 6956 7580 -8
CHiCP** —418.18698 —418.10941 17582 18656 -6
HOO —150.50781 —150.47685 6683 7030 -5
HSS —795.81936 —795.78944 6501 7255 —-10
HSO —473.17727 —473.1245 11548 14367 —20
CH;0O —189.68159 —189.65034 6805 7375 -8
CH;COO» —302.72519 —302.70477 4451 5562 -20
PhS(®B,— —628.51523 —628.41355 21822 19328 13

2A2)
PhS (°B,— —628.51523 —628.50329 2581

ZBl)
PhOO —380.71867 —380.80040 6964
PhSO —703.53534 —703.33882 16903 17560

a Calculated energies are RMP2/6-31G(d,p)//ROHF/6-31G(d,p). ROHF/6-31G(d,p) zero point energies, scaled by 0.9, are®iGchdwet].
state for allC; species i$A"; ground state foCs, species i€E. Convergence was achieved on @ species by removing symmetry constraints.
¢ Excited state for alCs species iZA'; excited state foCs, is ?A;. ¢ Estimated from the onset of absorption from solution phase transient absdfption.

greater than those for Ph&nd PhS@ Strong experimental  group in PhOQ however, is directly conjugated. Nonetheless,
evidence existed for low-lying excited electronic states for some a quite similar excitation energy is calculated. The substituent

alkylperoxyl radicals, but the same was not true for Pargl effect of the acetyl group is correctly predicted, so there is no
PhSO. Therefore, a computational approach was taken to reason to believe the phenyl substituent effect is anything but
investigate the issue. very small.

Because PhSOPhOO, and PhSare comparatively large PhSQ is considered next. Two absorption bands have been

molecules, a relatively modest computational approach was gpserved by solution phase flash photoly4isThe lower energy
sought. A “test bank” of several radicals whose first electronic pang is broad and structureless, with a low extinction coefficient
excitation energies are knownwas used to help evaluate 544 an onset at approximately 17 500675 nm), far above
methods: HOO(Cs symmetry), HSHC), HSS (Cy), CH:OO the singlet oxygen excitation level. However, this does not

(€9, CH3C+OOZ' (C9), CHO" (Cg,), CHeS . (Ca), CHaN™™ (Cay), answer the relevant question about the existence of a state lying
gnd ChP (ng).. For each of th&s radicals, the groun'd staté  pelow 7880 cm, which was outside the range of wavelengths
is 2A" and the first excited state fA\’. For theCs, radicals, investigated.

the ground state i4&E and the first excited state #;. None
of the radicals investigated has a low-lying quartet state.
Optimized geometries for each symmetry state were obtained
at the ROHF/6-31G(d,p) level, and single point energies were
found by using the RMP2 method (Table®2y# The accuracy
of this method appeared to be sufficient for qualitative purposes
for the smaller radicals and Phide infra), with a root-mean-
square error of 12%. All of th€; cases had energy gaps whic
were underestimated, relative to the experimental values. Even3 ~*= ™ > € .
the worst case, HSOhas an energy gap that is underestimated _A and?A' states for the relaxed planar qonforma_tlons of PhSO
by only 20%; a significant improvement over that is not found 'S abou.t 16900 cnt (592_ nm), consistent with the CIS
until the CASSCF/cc-pVTZ level, at which point the calculated C@lculation and the absorption spectrum.
energy gap is about 7% too lotk6 While the planar conformation of PhS@ a minimum for
The Cs, energy gaps are underestimated less than those forthe?A" state, a similar planar conformation is a transition state
the Cs cases or are slightly overestimated. This may be an for the ?A’ state. Rotation of the €S bond by 90 gives a
artifact, as théE states do not converge in tr@, symmetry new conformation o€s symmetry. We shall refer to conforma-
because of orbital degeneracy; therefore, they were allowed totions of this nature as T-shaped. Along th&" surface, a
optimize without symmetry. As a result, théE" states have  T-shaped conformation is the transition state forSbond
an additional stabilization not available to the rigorously rotation. In contrast, along th\' surface, the minimum is a

The phenylsulfinyl radical is, like the oth€; species, found
to have a ground state &A". Its ground state is fully planar
and the unpaired spin resides imaorbital localized on the S
and O atom3# A limited configuration interaction calculation
(single excitations only) indicated that the lowest excited state
was composed almost entirely of a single configuration that
p corresponded to the firstA’ state, 19500 cmt above the
ground state. The RMP2 energy difference between the lowest

symmetricCs, 2A; states. T-shaped conformation, and the planar conformation represents
The data in Table 2 show the low-energy transition available the transition state for €S bond rotation.
to the alkylperoxyl radicals. For systems such as Ps@bt Because of this added complication, a more sophisticated

where a phenyl group is insulated from the peroxyl center by a computational approach was taken for PhSQJsing the
saturated carbon, little perturbation is expected. The phenyl geometries obtained at the ROHF level for ##&' and 2A'’
states, CASSCF calculations were performed for both planar

(43) Knowles, P. J.; Andrews, J. S.; Amos, R. D.; Handy, N. C.; Pople,

J. A. Chem. Phys. Lettl991 186 130-136. and T-shaped geometries. Multireference second-order Mgller
(44) Lauderdale, W. J.; Stanton, J. F.; Gauss, J.; Watts, J. D.; Bartlett, Plesset (MRMP2) corrections were made to these energies
R. J.Chem. Phys. Let1991, 187, 21-28. (Figure 4). These calculations gave similar gaps to the RMP2

45) Xantheas, S. S.; Dunning, T. H., Jr.Phys. Chenl993 97, 18— . . .
g( ) unning y 3 energies shown in Table 2 and again lend credence to the rest

19.
(46) Plummer, P. L. MJ. Chem. Phys199Q 92, 6627-6634. of the computational values it contains.
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Figure 4. Energies of the planar and T-shaped Ph8@hformers in

2A" and?A’ states, relative to the plangk” state. Calculations are at
the MRMP2/6-31G(d,p)//ROHF/6-31G(d,p) level.

The solution phase transient absorption spectrum of* PhS
consists of a sharp band at about 300 nm and a broad band i
the visible, but is somewhat solvent-dependent. Emission

corresponding to both absorption bands has been observed alyi?lg

low temperatur&-“8and in the gas phag@. Data for gas phase

and low-temperature nonpolar matrixes are in reasonable
agreement, and the 0,0 band of the lowest energy emission is

at 19 330 cm?.

n
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thoroughly351-54 Aside from chemical reactions, four mech-
anisms are generally cited: energy transfer, charge transfer,
paramagnetically induced intersystem crossing, and electronic
to vibrational energy transfer (EVET). Charge-transfer quench-
ing occurs between electrophilic singlet oxygen and species such
as amines and sulfides that have a nucleophilic lone pair. By
and large, rate constants ard0® M~ s71, and many cases
are 10 to 1000 times slower than that. This is not an especially
likely mechanism for peroxyl radicals, since they are electro-
philic specieg:355

Paramagnetically induced intersystem crossing due to electron
exchang#® has been demonstrated for a series of nitroxide
radicals, whosé values did not show any significant solvent
effect, but did have a large steric dependeltdeate constants
of 10°to 100 M~ s 1 were observed. ltis clear that, like EVET
for diamagnetic molecules, this mechanism will exist as a
“baseline” for all organic radicals. What remains is to ask if
other, faster quenching mechanisms also exist.

Energy transfer is, of course, most directly characterized by
observation of the excited quencher. Perhaps no case is more
prototypical or well-studied thafi-carotene, whosé& is just
over 13°M~1 57135758 Qther sorts of energy transfer quenchers
include square planar metal complexes of Ni(ll) and Co(ll) and
various cyanine-, azomethine-, and chlorophyll-type dyes. This
assignment is generally made on evidence of a sufficiently low-
triplet state, and rate constants in excess of aboutlT®
s™L. In the following paragraphs, the suggestion is made
that peroxyl radicals represent a new general class of energy
transfer substrates for singlet oxygen.

The first two entries of Table 1 demonstrate that the rate

In C,, symmetry, there are four states that could be calculated CONStants, for quenching of singlet oxygen by Phéhd PhSO

by the method used in Table 2. However, there is no guarantee®'® N0 greater than about’l~* s™*. Because the other
that these comprise the four lowest states. The ground state ofnitiators (aside fron2 and3) produce one of these two radicals
PhS is 2B, (defining the phenyl ring as they plane), and a along with the carbon-centered radical, and because &b
CIS run was performed without symmetry to get a handle on PhSO have pr_ewously _been shown to react slowl_y with ground
the makeup on the low-lying excited states. Similar results were Stat€ 0xygen (i.e., reaction 5), only the peroxyl radicals generated
obtained as found in the literature with a different basisset: [N entries 3-11 contribute significantly to the quenching of
the first three excited states were composed almost entirely of Singlet oxygen, as indicated in the table. o
2B, 2A,, and?B, configurations, respectively. TR, and2B, In the case of the chloride® and 3 (entries 12-15), it is
states are very similar in energy at this level of calculation, Necessary to take into account that photolysis leads to the
21000 and 22 600 cnt above ground state. Tripathi cites production of atomic chlorine, as well as the carbon-centered
Raman and LIF data to argue that the broad visible absorption radical?®2%359 Chlorine atoms abstrac7t hYEjlquliggfggm aceto-
is due to more than one electronic transition, promotion to the itrile with a rate constant of 1.% 10" M™* s71.5%% The
27, and the secondB, state® The method used to calculate Subsequent addition of cyanomethyl radical to molecular oxygen
values in Table 2 is only applicable to the former, but it is (reaction 5) produces the cya}norlnethylperoxyl radical with a
reasonably close to the 0,0 band of the lowest emission. rate constarit of 1.3 x 10° M~* s™*. N

In the 2B, ground state, the unpaired spin of the radical is  Thus the photolysis of RBECI in acetonitrile leads to the
almost entirely localized on the p-orbital of the sulfur atom that formation two peroxyl radicals: BBOO and NCCHOO'. The
is in conjugation with the phenyl ring. Computationally, there Kq value for this initiator is 2-3 times higher than that fo,
is a low-lying 2B; state, although there is no experimental (51) Lissi, E. A Encinas, M. V.. Lemp, E.. Rubio, M. Shem. Re
evidence for it as of yet. In this state it is the p-orbital whose (washington, D.C¥993 93, 699-723. T T
axis is rotated 90with respect to phenyl conjugation that is (52) Gorman, A. AAdv. Photochem1992 17, 217-274.
singly occupied. Unsurprisingly, the calculated separation  (33) Bellus, D.Adv. Photochem1979 11, 105-205.

2 h (54) Gorman, A. A.; Rodgers, M. A. J. Itdandbook of Organic
between théB, and?B; states is small, 2600 cth PhotochemistryScaiano, J. C., Ed.; CRC Press: Boca Raton, FL, 1989;

Vol. Il, pp 229-247.
(55) Neta, P.; Huie, R. E.; Ross, A. B. Phys. Chem. Ref. Datt99Q
. . ) 19, 413-513.
The quenching of singlet oxygen by various molecules has  (56) Hoyntink, G. JAcc. Chem. Re<4969 2, 114-120.
been studied for a number of years, and has been reviewed (()57) Farmilio, A.; Wilkinson, FPhotochem. Photobiol973 18, 447—
45

Discussion

(58) Marston, G.; Truscott, T. G.; Wayne, R.P Chem. Soc., Faraday
Trans.1995 91, 4059-4061.

(59) Bunce, N. J.; Ingold, K. U.; Landers, J. P.; Lusztyk, J.; Scaiano, J.
C.J. Am. Chem. S0d.985 107, 5464-5472.

(60) Russell, G. AJ. Am. Chem. S0d.958 80, 4997-5001.

(61) Neta, P.; Grodkowski, J.; Ross, A. B. Phys. Chem. Ref. Data
1996 25, 709-1050.

(47) Russell, P. GJ. Phys. Cheml975 79, 1347-1352.

(48) Shibuya, K.; Nemoto, M.; Yanagibori, A.; Fukushima, M.; Obi, K.
Chem. Phys1988 121, 237—244.

(49) Jinguji, M.; Imamura, T.; Obi, K.; Tanaka, Chem. Phys. Lett.
1984 109 31-34.

(50) Tripathi, G. N. R.; Sun, Q.; Armstrong, D. A.; Chipman, D. M.;
Schuler, R. HJ. Phys. Chem1992 96, 5344-5350.
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which produces only one kinetically important radical: sPh  the fastest to the slowest. However, this is not as dramatic as
COO. From this, it is estimated that NCGBO quenches the steric effect observed for reaction 5, for which the rate
singlet oxygen with a rate constant of cax510° M1 s, constant varies by an order of magnitude from tBHPhC*.14.37.38
Thus, with3 as the initiator, a rate constant of approximately 2 Finally in support of the energy transfer hypothesis is some
x 1® M~* s~ can be estimated for the suberanylperoxyl radical of the evidence from the original report of quenching of O

3-00. (*Ag) by HOO in the gas phasg.The reaction vessel contained
The peroxyl radicals all quench singlet oxygen in solution O,(*Ag), OCP), and a third component: ethylene, ammonia,
very efficiently, with rate constantg, of 2—7 x 1°® M~1s™1, hydrazine, or hydrogen peroxide. Emission distinct from and

By using the experimentally knowRA"” — 2A’ transition slightly to the red of that of gf'Ag) was observed. In the
energies for HOGand the small alkylperoxyl radicals as a guide, absence of any one of the three components, the new emission
it is quite likely that all of the peroxyl species have this low- was not seen, and it was deduced that only H@®ission could
lying state. The nature of the transition is a promotion of an account for the observed spectrum. Since the new emission
electron from one of the doubly occupied distal O-atom lone was not observed withowtO,, it was concluded that the
pairs to the half-filled G-O z* orbital. In other words, thisis  fluorescent HO® 2A’ state was achieved through energy
a transition quite analogous to the carbonytnp* transition, transfer.
except that there is an extra electron in the system. Atransition  QOrdinarily, the connection between a gas-phase experiment
in the region of 7000 cm is thus inherent to the ROO  involving HOO and solution phase experiments with radicals
chromophore itself. Even the conjugated Ph@Ccalculated  such as PhOQmight seem tenuous. However, the contention
to have a transition at an energy very similar to that of MOO here is that it is the peroxyl functionality itself that is responsible
and CHOO. Conjugation of the peroxyl to the carbonyl for the energy transfer, and that the substituent, be it H, Ph, or
function appears ttower the transition energy somewhat, but  Ph,C, is only of moderate consequence. Demonstration that
there is no reason for the transition to disappear entirely or energy transfer occurs for HO®hould be sufficient to show
become much higher energy with ordinary substituents. Be- that energy transfer to the peroxyl radicals in Table 1 is
cause of the low-lyingnz* state and the comparatively high plausible.
rate constants fdt, we suggest that energy transfer is the major  syperoxide, @, is related to HO®by simple deprotonation,
quenching mechanism for alkylperoxy! radicals: and one might intuitively expect results for this species similar
« to the peroxyl radicals discussed here. Reported experimental
1 2pmy % A (3y — N values ofk, for superoxide vary over orders of magnitude, with
OBy + RO (AT 0%, ) + RO, (A) - (8) the highggt beingp(i 6) x 10° M~157164°66 We do not have
any comment on the previous data, but it is important to point
out that a fundamental difference exists between superoxide and
all of the peroxyl radicals. Because it lacks a ligand to reduce
its Don Symmetry toCs, the frontier orbitals of 'aand &
| Symmetry that make up the transition in a peroxyl radical are
degenerate in superoxide, and the ground staH isExperi-
mental and theoretical estimates are that the lowest energy
excited state for superoxide is a quartet some 2 eV (16 000
cm~1) above the ground state, clearly above the limit for energy
transfer from singlet oxygefi. Charge transfer is thus probably
dhe major singlet oxygen quenching mechanism as previously
suggested.

The comparatively low upper limit orky observed for
equenching by PhSOnherently suggests that energy transfer is
not a likely mechanism and the calculations concur on this point.
The logical presumption is that singlet oxygen quenching occurs
much as 1000 crit if precedent is to be taken from known by enhanced inte_rsystem crossing, in analogy to the nitroxides.
carbonyl photophysics. In Table 2, it can be seen that quenchingCharge-transfer interactions cannot be ruled out.
by PhCHOC is faster in hexane (dielectric constant1.88, Like PhSO, PhS is a relatively inefficient singlet oxygen
viscosity= 0.31 cP) than in CKCN (dielectric constant 37.5, quenchgr. Enhancgd intersystem crossing is qlearly an allowed
viscosity = 0.38 cP). Quenching is also apparently faster in guenching me_chanlsm_, but the guestion remains as to whether
cyclohexane (dielectric constart 2.02, viscosity= 1.0 cP) other mechanisms might be operative. The lowest energy

Reaction 8 is spin-allowed, and the rate constant of this
reaction could be close to the diffusion-controlled linkif =
3.7 x 10 M~ s71 in acetonitrile®? The reason for the
discrepancy is not clear, although ey®oarotene does not quite
reach this limit. One possible explanation is that, for the peroxy
radicals, energy transfer from singlet oxygen in acetonitrile is
so nearly thermoneutral that the observed rate is slightly below
the true energy transfer rate due to reversibfiity.

Although the energy gaps for HO@nd CHOCO are several
hundred cm? below that of singlet oxygen in the gas phase,
there is some reason to believe that the energy separation woul
increase somewhat with solvent polarity. Chemical intuition
certainly suggests that tfax* state would be less polar than
the ground state, and indeed calculated dipoles for both th
peroxyl and sulfinyl radicals are larger in the ground state. Use
of a solvent as polar as acetonitrile might induce a shift of as

than CHCN despite the increased viscosity. optically allowed transition (19 300 cm) is clearly too high
Consistent with this notion is that tHg values for acetyl- N €nergy to act as an energy acceptor from singlet oxygen.
peroxyl (CHCOOy) and benzoylperoxyl (PhCOS) radicals Reaction rate constants for Ph&ith various molecules show

determined by a related method, have been estimated at 1.2 and?at it is an electrophilic speci€8. Hence electron-transfer
1.5x 10°°M-1s1in benzené? As seen in Table 2, the gas-  Interactions with singlet oxygen are unlikely.

phase transition energy for acetylperoxyl is about 2200%cm The calculations suggest an experimentally unobsefigd
below that of singlet oxygen, which will be low enough not to  level may very well reside only 2000 to 3000 chover the
be affected significantly by reversible energy transfer. ground state for PhS Nonetheless, rapid energy transfer

Steric |nterac’qons may also play a role in lowering the rate (64) Mulazzani, Q. G.; D'Angelantonio, M.. Venturi, M.. Rodgers, M.
constants. Sterics do have a modest effect on the rate constants. J. J. Phys. Chem1991, 95, 9605-9608.
within the peroxyl radical series itself, a factor of about 3 from  (65) Guiraud, J.; Foote, C. 3. Am. Chem. Sod976 98, 1984-1986.
(66) Rosenthal, llsr. J. Chem1975 13, 86—89.
(62) Ware, W. RJ. Phys. Cheml1962 66, 455-458. (67) Ewig, C. S.; Tellinghuisen, J. Chem. Phys1991, 95, 1097-1106.
(63) Sandros, KActa Chem. Scand.964 18, 2355-2374. (68) Ito, O.Res. Chem. Intermed995 21, 69—-93.
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guenching ofO; is not observed, though it would be exothermic peroxyl radicals are known to havA' states approximately
by 4800-5800 cnTl. Energy transfer that has been slowed by 7000 cnt! above the ground state, which is very well matched
movement into the Marcus inverted region has been obsév@d,  for energy transfer from singlet oxygen, about 7900 Eabove
but is very rare since the maximum rate constant in a series isits ground state. This excitation is an-r z* transition
nearly always masked by the limitation of diffusion control. analogous to carbonyl photochemistry. Ph$@s a similar
Such an interpretation here might be attractive, but it is 2nz* excited state, but its energy is much higher than that for
extremely speculative. the peroxyl case and is above that of singlet oxygen. Most
Finally, it is worth noting that the energy transfer interpreta- likely, the residual quenching 80, occurs by the less efficient
tion for quenching oflO, by peroxyl radicals and the data in paramagnetically enhanced intersystem crossing mechanism.
Table 2 allows one to make a prediction not tested in this work. PhS is also an inefficient quencher of singlet oxygen. No
Like the peroxyl radicals, HSShas a very low-lying n— p* optically detected state lies below 7900 ¢mbut calculations
transition at 7255 cmt. It is therefore quite likely that it and ~ suggest that there may be a very low-lying state, which is
other perthiyl radicals would also be very rapid singlet oxygen apparently not an efficient energy sink for singlet oxygen.
guenchers, unlike the other sulfur-centered radicals examinedAdditionally, it is found that RMP2/6-31G(d,p)//ROHF/6-31G-

here. (d,p) calculations orfA" and 2A’ states of several radicals
reasonably reproduce the experimentally determined energy
Summary gaps.
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