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Unusual Role of Oxygen in Electron-Transfer Processes

Sergei Smirnov,*T lvan Vlassiouk,™ Olaf Kutzki,"* Michael Wedel,*!' and Franz-Peter Montforts*

Department of Chemistry and Biochemistry, New Mexico Statedusity, Las Cruces, New Mexico,
and Unpersita Bremen, Institut fuOrganische Chemie, Leobener Strasse NW2, 28359 Bremen, Germany

Received November 26, 2001; Revised Manuscript Received February 4, 2002

Efficient mimicking of photosynthesis has been a long-standing
goal of research in the field of photoinduced electron transfer. 10
Optimization of the latter requires that the light-induced charge
separation effectively competes with undesired relaxation via energy
transfer and back electron transfer. Numerous studies have dem-
onstrated the importance of the redox properties of the donor and
acceptor moieties, the separation distance in the demczeptor LN .
pair, and the reorganization energy of species involvédlow o Loos ““J:;_\_,;_;'_;;;.-;_;x,~.4.=;;;_:4*.
recombination, which can be achieved in distant ion radical pairs, 0 s i 10 15
provides favorable conditions for further chemical utilization of Time, ns
separated charges. Figure 1. Dipole signals for ZnPotCgo dyad in toluene with varying [€).

We report herein that a simple molecule, such as oxygen, can
be employed either as a catalyst oriahibitor of the back electron
transfer reaction from a fullerene radical anion to a porphyrin-like
cation within photolytically generated radical ion pair states. This
is the first example in which © the most important biological
oxidant, acts as an inhibitor rather than an active participant
(oxidant) or a catalyst of back electron transfer.

Oxygen is usually considered an undesired participant in pho-
toconversion processes except for the cases where its own product
in a form of either excited singlet oxygen or superoxide ion were . ?
sought® The effects that we are presenting here relate exclusively CT state; however, that rate increases due 0 oxygen quenshing

to paramagnetic properties of oxygen and, as we show, can betmocis?e_g?uhally expe?fte(jt_of t())xyger:j f'n E;Ototlrr: duged d el_(;ctron
extended to other paramagnetic species. Unique involvement of ranster: € same eflect IS observed Tor two other dyads;or

molecular oxygen in electron-transfer phenomena arises from thefCGr0 a?ldtﬁrhi—Cgo. 'I('jhe qu]Jgnchg rateI ctonts;an(tjﬁ?rei aLmOS;;?ﬁn:'Ctal
different roles it can play. On one hand, molecular oxygen is a or a ee dyads and aré equal to the usion control rate

— OM-1e1 Fj i iti
fairly good electron acceptor and can oxidize excited-state mol- constantky = 2.2 x 10:°M s Figure 2 illustrates that add't'(.)n
eculest On the other hand, due to its paramagneii; () ground of oxygen to a toluene solution of ZNnChCs, causes the opposite

state, it can also induce intersystem crossing between the singlet‘el‘f(a(:t_a long-lived component is produced instead. Upon further

and triplet states of the molecile. oxygen con_centration incr_eas_e, _the amplitude of the long-lived
The mechanisms of interaction of the electronically excited states Cr:) mponenctj Increases, but. Its I.'fet'me gradually Slh ortens (pomhpare
of molecules with oxygen have been a classic problem in the 2'.4 and 1 atm curves In Figure 2, for example). Dgspltet ese
photochemistry and a field of intensive research for decédes. seemlng_contradlctlons, e.l” these phenomena are cc_)nS|sten_t and can
Oxygen-induced relaxation of excited singlet stads proceeds be explained by oxygen-induced intersystem crossing depicted by

primarily via intersystem crossifdo excited triplets3M*, which reactions (12).
also can react with oxygen. All these reactions are believed to

Photoresponse (mV)

appearance of transient displacement current in the dipole cell. The
details of the setup can be found elsewhé&fé We found that in
all four dyads, upon photoexcitation of porphyrin (or chlorin), their
fluorescence is 100% quenched and a CT state is formed within
our time resolution.
Figure 1 represents a series of dipole signals induced by laser

excitation of ZnPorCg in toluene and with different oxygen

oncentrations. When no oxygen is present, the signal decays with
the rate constaritcrs due to charge recombination of the singlet

proceed via a transient charge-transfer state;-ND,~, where l(1)*.,6;)+302k=~"_3[‘(D+-A‘)..302]=—-3[3(D‘”-A‘),.302]
oxygen serves as an electron-accepting spécfes. kens Ke —— Ky Ko} M
In our previous studies we have characterized the two series of (D-A) (DA) +°0, *(D"-A)+70,
dyads between the fullerengdand either porphyrin- or chlorin-
linked molecules (ZnPCgo, P—Cgo, ZNChI-Cgo, and Chi-Cq) by Oxygen, as a paramagnetic species in the ground state, can induce
means of the transient displacement current techrfigin this intersystem crossing without participation in actual electron transfer.

technique, the signal is formed by reorientation of newly formed Such a process can take place without changing the total spin and
dipoles (CT states) in the applied electric field; it results in the its projection in the pair dyad/oxygen. There are only two possible
configurations that can be produced upon collision of the dyad and
*To whom correspondence should be addressed. E-mail: snsm@nmsu.edu. 0Xygen, both with equal probability. They are shown in reaction 1

£ 1o Mexico State University. and involve singlet}(DT—A"), and triplet,3(D*—A"), CT states

§ Present address: Yale University, Department of Chemistry, P.O. Box 208107, of the dyad. If the energy of the CT state lies above that of the
"‘\Ilngas!%\t/e;ddcr:(;rsSFSIDZUOR:_{JngUér(s)ilg,'Iélgégh@r)ny:rll?'gfd%hemistry, LSRC, Suite locally excited triplet statgs (_)f a porphyrin _an@oqET = 150
A005, Box 90317, Durham, NC 27708; e-mail: mwedel@chem.duke.edu.  €V), then charge recombination from the triplet state of a dyad,
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3(DT— —A"), to the locally excited triplet state, with the rate
constankcrt, will deplete the CT state. Such a situation is realized
in toluene for all but one of the dyads studied, namely the ZrChl
Cso- Energy of its CT stateHcy) in toluene is estimated to &t

= 1.32 eV above the ground state, as opposegLio> 1.5 eV for

other dyads. The rate constant of the oxygen-induced charge

recombination in the three dyads with higlar is the same and
equal to the rate constant of diffusional collisiokg+ 2.2 x 1010
M~1s™). In case of ZnChtCgo, WwhereEct < Er, collisions with

oxygen “scramble” spins of separated charges in the CT state

designated as equilibrium in reaction 1 and thus induces in half

the cases intersystem crossing to the triplet CT state. Thus, the rate

of oxygen-induced intersystem crossing fr@*—A~) into 3(D"—
A") for of ZnChl—Cg equals half the diffusion-controlled rate, in
remarkable agreement with the experimental condtant 1.1 x
1000M-tst,

Moreover, in more polar THF solutions, where enhanced
solvation of CT states causes them to move lower in energy than
that of 3Cgp even for Por-Cg (Where we estimatecr = 1.25
eV), charge recombination inffCgo also becomes insignificant,
and collisions with oxygen produce long-lived triplet CTD™—

A7), instead of quenching.
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Figure 2. (A) Dipole signals for ZnChtCg dyad in toluene with varying
oxygen concentrations. (B) Quenching rates of forward and reverse ISC
obtained from fitting the signals in A. (Inset) ChCso.

Oxygen is a ubiquitous paramagnetic species and a key player

in photosynthesis, which makes the investigation of its role in
impeding charge recombination for other systems even more

crossingt? Indeed, application of an external field of 0.15 T made
no difference. The dyad/oxygen “complex” shows no specific

interesting. However, other paramagnetic species should performpinding, since effects are identical for free base and Zn forms of
the same task of enh_ancing the intersystem crossing as doc_es oxygenhe dyads, opposite to what was thougfihe “complex” lifetime
Indeed, a stable radical TEMPO produces the same discriminationis limited by diffusion, and the outcome of the encounter is caused

in reacting with the dyads: ChiCgy, Por—Ceso, and ZnPotCgg
suffer shortening of their CT lifetimes with an almost identical rate
constant in toluenegks = 1.0 x 10 M~1 s71, while ZnChCgg
experiences intersystem crossing to the long-lived triplet CT with
a rate constant half the sizigg—= 5.0 x 10° M~1 s71,

The triplet CT of the dyad is also vulnerable to oxygen-
guenching; its lifetime gradually shortens while intensity increases.

exclusively by energetics.

Thus, we have shown that oxygen can play an unusual role in
photoinduced electron-transfer processes, namely it can impede
charge recombination. Due to its paramagnetism, oxygen induces
intersystem crossing into the triplet CT state, which, depending on
relative energies of the CT state with respect to locally excited triplet
state(s), may result in formation of the long-lived triplet CT state.

The appropriate mechanism of such quenching involves reverseThe same effect can be induced by other paramagnetic species.

intersystem crossing (reaction 2):

3yt Ay L 3 Vg T s 3t Ay 3
(D*-A") +°0, = 3(D* A .. '0,] == [(D*-A) ... 0,
Kq —— ks ~aka 2

(D--A)+°0, (D'-A")..°0,

which can be induced by oxygen in the opposite direction, from

The resulting triplet CT state is also affected by oxygen through
the process of reverse intersystem crossing. Such a mechanism most
likely plays a role in naturally occurring photoinduced electron-
transfer reactions where oxygen or other paramagnetic species are
involved. It can also be applied in manipulating outcomes in
artificial photoinduced electron-transfer processes.

the triplet to the singlet CT. Note that the process again takes placeReferences

without changing the total spin and projection; thus, only one-third
of diffusionally encountered complexe$(lp*—A~)---30,] are in

the appropriate total triplet spin state. As in the case of oxygen
interaction with singlet CT, the intersystem crossing process can
proceed without transient formation of superoxide ion; ,Gand
without changing the total spin and the spin projection for fhe [
(D*—A")-++30,] complex. Inverse intersystem crossing rate con-
stant,k_is., for the triplets in reaction 2 should vary betwee(3
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charge recombination in the singlet CT stakers and (spin-
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6 x 10° M~1 571 that is approximatelky/3.7.
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