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Abstract: Tetrahydrofuran (THF) solutions of corannulene (Cor) reduced by lithium metal exhibit electron
paramagnetic resonance (EPR) features that depend on the reduction stage of Cor, the temperature, and the nuclear
spin (isotope effect). Photoexcitation of these solutions results in EPR emissive spectra, attributed to the trianion,
Cor®~, and to the photoelectron, € photo-  These electron spin polarized (ESP) effects are discussed within the framework
of intramolecular electron transfer reactions of ion complexes of highly charged constituents, in conjunction with
ESP mechanisms that take into account radical—triplet interactions.

I. Introduction

Photoinduced electron transfer (ET) reactions in non-aqueous
solutions, between doubly-charged pyrene and alkali-metal
cations (M), have been shown to manifest different electron
spin polarization (ESP) mechanisms,' consisting of the cor-
related radical pair mechanism (CRPM), radical pair mechanism
(§—To,~1 RPM), and radical—triplet pair mechanism (RTPM).
In these studies, the ESP effects were found to be of temporal
behavior and to depend on the alkali-metal and ion-solvation
- state, with unique features due to the Coulombic interaction of
the charged species that strongly affects the in-cage lifetime of
the radical pair and the diffusion rate."> A different example
of an electrostatically-bound complex is that of corannulene
(Cor) interacting with alkali metals.

Corannulene (Cor) with its bowl shaped structure (Figure 1)3
is the minimal subunit of Cep and the higher fullerenes that
maintains a curve molecular surface.* Cor was first synthesized
in 1966° and was investigated together with its radical anion®
and photoexcited triplet state.” New synthetic methods®® and
the redox reactions of Cor with Li to produce the Cor tetraanion
dimer!® have stimulated us to further study the Cor/Li system
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Figure 1. Ion-bonded dimer structure of Cor/Li as suggested by NMR
data (see text). Circles represent lithium cations.

in non-aqueous media, focussing on the paramagnetic interme-
diates and their participation in photoinduced ET reactions in
this system.

We report here some conspicuous CIDEP (chemically induced
dynamic electron polarization) effects found in photoexcited
Cor/LV/THF solutions. The process under investigation is a
special case of geminate reactions involving systems that are
ionically bound, where the collisions to form cage complexes
are not required. In other words, we consider here the effect
of the magnetic field on spin pairs, subjected to diffusion and
reencounters within the cage. In these systems, the net emissive
spectra are attributed to the polarized photoelectron, €™ pheto, and
the radical trianion, Cor®*~, that are associated with the
photoinduced ET reactions within these complexes. To explain
these observations, we discuss several possible CIDEP mech-
anisms, such as the RPM (S—T-;), triplet mechanism (TM),
and RTPM.

II. Experimental Section

Corannulene was synthesized by FVP (flash vacuum pyrolysis) and
purified chromatographically.? THF (tetrahydrofuran, Aldrich Chemi-
cals) was dried over Na/K alloy. Samples of Cor/M/THF solutions
were prepared under vacuum after a long contact with the alkali-metal
mirror or a wire for the case of Li. The experimental setup for the
pulsed Fourier transform EPR (FT-EPR) measurements (X-band)
following pulsed laser excitation was described in detail previously.?
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Figure 2, UV—visible absorption spectra of the Cor/Li/THF solution
for different reduction stages that exhibit different colored solutions
green (a); purple (b); and brown (c).

Experiments were carried out using a pulsed (24 ns microwave pulses)
EPR spectrometer (Bruker ESP 380) interfaced to a Nd-YAG laser
(Continuum, Model 661-2D) with light pulses of 20 Hz repetition rate,
~75 m)/pulse, 12 ns pulse width, at A = 532 nm. Free induction decay
(FID) signals were detected at selected delay times (zq) after the laser
pulse. The spectra of equilibrated Cor radicals, taken in the absence
of light irradiation, were used as references for phase correction of the
spin-polarized spectra. Characterization of the spin-equilibrated systems
was carried out by conventional CW-EPR detection (100 kHz field
modulation), UV—visible absorption spectroscopy, and NMR.

III. Results and Discussion

A. Characterization of Cor/Li/THF Solutions in Equi-
librium. It has already been shown that Cor in Cor/Li/THF
solutions is reduced in a multistep process, leading to the
formation of a stable tetralithium salt (Cor*~,4Li*).!! In the
case of the other reducing metals (sodium, potassium, or
rubidium) only two reduction steps were observed. The color
changes with time, associated with the different reduction states,
are green (a few hours), to purple (days), to the stable brown
color solution.!! While the green and the purple solutions are
common to Li, Na, K, and Rb, the brown color is typical of the
Cor/LV/THF solution only. Therefore, we confine our study to
the Li metal.

The following reactions depict the successive reduction stages
of Cor with Li:

Cor + Li(s) == (Cor"~,Li") (1)
(Cor'™,Li") + Li(s) = (Cor’ ™ 2Li") )
(Cor*™,2Li") + Li(s) = (Cor™ 3Li") 3)
(Cor™” ,3Li") + Li(s) = (Cor*™ 4Li") (4)

where s stands for the solid state.

The UV —visible absorption spectra of Cor/Li/THF solutions
as a function of the reduction stage are presented in Figure 2.
The green solution is typified by the absorption maxima at 430,
620, 650, and 800 nm, the purple solution is characterized by
the absorptions at 375 and 512 nm, and the brown solution is
characterized by 425, 525, 575, and 710 nm. As confirmed by
the EPR spectra, the green solution contains mainly the Cor*~
species (eq 1), and the 650 nm absorption peak is due to this
anion radical.® The purple solution is mainly due to (Cor?>~,2M¥)
with some remnant of the monoanion.'> Moreover, the absence
of the 650-nm maximum in the absorption spectrum of the
brown solution indicates that Cor*~ is absent, and the EPR
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Figure 3. (a) FT-EPR spectra (at 167 K) of Cor*~ (green solution)
and Cor>~ (brown solution). The latter solutions were prepared with
SLi or 7Li (see text). (b and c¢) Experimental and simulated CW-EPR
spectra of Cor~ at different temperatures and Li isotopes.

spectra, which were detected in the brown solutions (see next
section), may be assigned to the trianion radical, Cor®", that
coexists with Cor*~ (eqs 3 and 4).'2 As confirmed by the NMR
studies, the brown Cor/Li/THF solution includes the stable
dimeric form of the tetraanion, Cor*~, in which the four electrons
are delocalized over the entire carbon skeleton of Cor*~,10:1!

B. EPR Spectra of Cor/Li/THF Solutions. Figure 3a
exhibits the EPR spectra of Cor/Li/THF solutions under
equilibrium at two reduction stages, namely, the green!® and
the brown solutions. The spectra were taken before or a long
time after the light irradiation. In both cases, the spectra were
found to be identical, although the spectra of the brown solutions
following the light excitation were found to be more intense.
This observation indicates that by photoexcitation, the formation
of radicals is enhanced, which suggests the formation of Cor>*~
radicals from Cor*~ (see below).

Photoexcitation of the purple solutions results in the appear-
ance of the EPR spectrum of Cor*~, which can be attributed
to the following process: (Cor?~,2Li*) — (Cor*~,Lit) +
(€ photosLi™). Thus, in the purple solutions, Cor?~ is the main
species under equilibrium.!?

Brown Solution. In the temperature range of 167—350 K,
the EPR spectra strongly depend on the nuclear spin of Li, and
the temperature, whereas the g-factor remains unchanged,
8brown = 2.0025 £ 0.0002. Figure 3 (spectra b and c) shows
the experimental and simulated EPR spectra of Cor/°Li/THF
and Cor/’Li/THF taken at different temperatures. In simulating
the spectra several considerations were taken into account: (1)
Cor*~ does not contribute to the spectrum, since a diamagnetic
stage occurs between the formation of Cor*~ and Cor>~.
Therefore, the spectra are attributed to the trianion radical,
Cor®~ (§ = /). (2) Two sets of equivalent nuclei, i.e., 10

(11) Ayalon, A.; Rabinovitz, M.; Cheng, P. C.; Scott, L. T. Angew.
Chem., Int. Ed. Engl. 1992, 31, 1636.

(12) Baumgarten, M.; Gherghel, L..; Wagner, M.; Weitz, A.; Rabinovitz,
M.; Cheng, P. C,; Scott, L. T. J. Am. Chem. Soc. Submitted for publication.

(13) The spectra of green solutions are characterized by a g-factor (ggreen
= 2.0027 +£ 0.0002) and hyperfine splitting constant (agreen = 1.56 £ 0.02
G), due to a set of ten equivalent protons. The results are in full agreement
with the previous data for Cor*~ species (cf. ref 6).



10722 J. Am. Chem. Soc., Vol. 117, No. 43, 1995

0.40)] — 1.10

o 038, 102
S S
& 036 094 &
Q Q
S S
& 038; 0.86 o
- -
0.33- 0.78
031 0.70
160 198 236 274 312 350

T (X)
Figure 4. Temperature dependence of SLi and 7Li hfc’s of Cor’~
The smooth lines were determined by best-fit fitting.

protons of Cor>*~ and 2 lithium nuclei, determine the hyperfine
structure of the spectra (Figure 3b,c).

Figure 4 represents the temperature dependence of the alkali-
metal hyperfine coupling (hfc) constants, which were obtained
via the simulations. The strong temperature effect can be
explained in terms of two different ion-pair states within the
dimeric complex, i.e., the existence of contact and loose ion
pairs.'* These species are distinguished by the degree of
solvation and undergo equilibrium that determines the temper-
ature dependence of the alkali-metal hfc:

(Cor™ Li*), = (Cor™ Li"), (5)

where the subindices | and ¢ stand for loose and contact ion
pairs, respectively. Unlike the lifetime of the loose ion pair,
the lifetime of the contact ion pair increases with temperature.
Using this model, the equilibrium constant K5 (eq 6) can be
determined from the experimental hfc constant, ¢, and the values
of a; and g, obtained in the high- and low-temperature limits:'>

Ks=(a—a)(a, — a) (6)

The values of the hfc constants for the contact configuration
can be taken from high-temperature data at 320—350 K (cf.
Figure 4), i.e., a,("Li) = 1.06 G and a.(°Li) = 0.40 G. The
hfc’s of the loose ion pair were determined by extrapolation to
zero temperature, i.e., a(’Li) = 0.34 G and a/(°Li) = 0.20 G.
Within the temperature range of 167—250 K, the enthalpy, AH®
= 1.5 kcal/mol, was calculated for both isotopes. The increase
of AH° at temperatures above 250 K can be explained by the
temperature dependence of the dielectric constant:!6-!7

K o< exp(e*/erkT) (7

where € is the dielectric constant obeying € = 1.49 — 2660/
T,'8 and r is the interion distance. This consideration results in
a value of r ~ 0.6 A, which is close to the Li* radius.!®
Although the above treatment of a Coulombic force model is
true for point charges, we may conclude that practically, ion
complexes are dominated by contact (tight) ion pairs, and thus,
ET processes between ions, to be discussed below, may be rapid
because of the geminate character of the interaction.

In view of the above discussion, the following equilibria are
relevant throughout the following discussion:

(14) Atherton, N. M.; Weissman, S. I. J. Am. Chem. Soc. 1961, 83, 1330.
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Wiley-Interscience: New York, 1972; Vol. 1, p 1.
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(Cor™”,3Li") + (Cor™ ™ ,3Li*) = (Cor™”,Cor™ ,6Li") (8)
(Cor*™ 3Li") + (Cor*™ 4Li") = (Cor™ ,Cor*",7Li*)  (9)

(Cor*™,4Li") + (Cor*™ 4Li") == (Cor*™,Cor*" 8Li*)  (10)

C. Electron Spin Polarization. a. Primary Excitation.
Whereas the dark electrochemical reactions may produce the
monomer species with the diamagnetic dimer as an end product
(eq 10), the dynamic processes following photoexcitation are
initiated from the diamagnetic dimer (Cor*~,Cor*~,8Li").

The main constituent of the Cor/Li/THF brown solution is
the dimer (Cor*~,Cor*~,8Li"). Photoexcitation at 532 nm re-
sults in the spin-polarized EPR spectra attributed to the
photoelectron, € pnowo, and to Cor™~ (Figure 5). The ESP effects
were noticed within a temperature range of 176—230 K and
Cor concentrations of 1074~10"3 M. No significant temper-
ature-dependent changes in the spectra were detected at this
temperature regime.

The intense single-line spectrum, which appears in emission
immediately after the laser pulse, is attributed to € pnoto, With
ge = 2.0024 & 0.0002 and the transverse relaxation time 75 =
0.7-1.0 (£0.1) us. The signal decays to zero intensity with a
characteristic time of 1.5 £ 0.2 us. This value is of the same
order of magnitude as the spin—lattice relaxation rate, Tie,
measured for the single-line spectrum of the photoelectron in
pure Rb/THF solution.?® The polarized multiplet in the spectra
is attributed to Cor®~ and exhibits exactly the same line
positions as those obtained from the EPR spectrum of thermal-
ized Cor*~. This transient spectrum, in a net emissive mode,
appears immediately after the laser pulse and strongly depends
on the delay time between the laser and the microwave pulses,
tq. Figure 6 depicts a rough estimate of the energy level
diagram of free Cor*~ tetraanion, which is the main stable
diamagnetic component of Cor/Li/THF brown solutions. This
diagram, obtained from MNDO calculations,?! is qualitative
since it does not account for the dimer formation, as well as
for the effects of the nearby lithium cations and the solvation
shell of the multiparticle complex. Nevertheless, the energy
gaps in the singlet manifold are in line with the experimental
absorption spectrum of the brown Cor/Li/THF solution (cf.
Figure 2).

Based on this qualitative energy scheme we assume that the
primary photoexcitation occurs between So and S (or S4) singlet
states of Cor*™:

(Cor*™,Cor*™ 8Li*) 2 (Cor*™,*Cor" 8Li")  (11)

where '*Cor*~ stands for the excited singlet of the tetra-
anion. Near-resonant energy transfer (EnT) between pairs of
tetraanions with formation of two nearby excited singlets, (S»
+ 8;) or (8; + 8,), is also feasible. These states may result in
the triplet states (T2 + T»), via intersystem crossing (ISC)
followed by internal conversion to produce (T; + Ty), i.e.,
(3*Cor*~,>*Cor*~,8Li*). All these fast processes occur within
the time period of the laser and microwave pulses and the
assumed formation of two localized triplet tetraanions, com-
plexed with eight lithium cations (cf. Figure 1), is essential to
explain the spin polarized effects discussed below.?

b. Spin Polarization Mechanisms. The brown solutions
exhibit CIDEP effects as manifested by the net emissive spectra

(20) Rozenshtein, V.; Zilber, G.; Levanon, H. J. Phys. Chem. 1994, 98,
4236.

(21) Dewar, M. J.'S.; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4899,

(22) Other possibilities, such as 3Cor*~ (or *Cor*") paired to Cor*~
(ground or excited singlet), cannot be ruled out. However, these channels
are irrelevant to the CIDEP effects discussed here.
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Figure 5. FT-EPR spectra of the photoexcited brown Cor/SLi/THF
solution vs the delay time, 74, between the laser and the microwave
pulse (T = 167 K).
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Figure 6. Energy level diagram of the separated constituents in the
(Cor*~,Cor*™) (tetraanion pair) obtained by MNDO calculation. The
initial excitation of a single Cor*~ within the pair is shared between
the two constituents via energy transfer (EnT) as indicated by the
arrows. '

of the photoelectron and of the Cor®~ radical trianion. We
consider now several CIDEP mechanisms, that may contribute
to the EPR spectra.

1. Triplet Mechanism. The triplet tetraanion 3*Cor*~,
which is formed in the primary processes, may react with one
of the surrounding cations (within the dimer) to produce the
polarized (pol) species via the triplet mechanism (TM):?*

_ . ET o— . _
C*Cor*™ o, Li") — (Cor™ . Li* e g (12)

ISC selectively populates the triplet manifold of 3*Cor*~ (in
the molecular frame of reference), whose states are separated
by the dipolar interaction in terms of the zero-field splitting
(ZFS) parameters. If, indeed, the triplet polarization is formed,
it can be conserved in the course of a fast reaction and, thus,
can be transferred to the radical products. The ET rate (eq 12)

(23) Atkins, P. W; Evans, G. T. Mol. Phys. 1974, 27, 1633.
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must exceed 10° s™! in order to compete with very rapid spin
relaxation times of organic triplets (it < 107 s). For a
geminate (Cor*~,Li") ion pair, the rate of ET might be as large
as 1013 571 (i.e., of the order of vibronic frequency) and does
not depend upon reagent concentration. This is much larger
than the spin relaxation rate. On the contrary, it can be too
fast, causing line broadening of the triplet states and thus
diminishing the selectivity of the ISC process. Although triplet
polarization is inevitable in any triplet <— singlet ISC process,
the restraints mentioned above make the TM less probable in
our case.

2. S—T-; Radical Pair Mechanisms. Another possible
CIDEP mechanism for the net emission of both radicals is the
S—T-; RPM, which operates by mixing of the T-; state,
containing only 3 electron spins, and the singlet state of the
RP due to the magnetic interactions such as the hfc.>* As a
result, the electron and the nuclear spins flip simultaneously,
producing net polarization, i.e., single-phase hyperfine-depend-
ent polarization. In our case the RP is (Cor3“,e'phmo) and/or
(Cor*~,Cor*™), formed via the reactions within the
(3*Cor*~ 3*Cor*~,8Li") complex:

(3*Cor4_,3*Cor " 8Li") RN

(COr™™ 87 o COT" T ppoioBLIT) (13)

photo? photo

For an aggregate such as that on the righ-hand side of eq 13,
which is tied together by Coulombic interaction of charged
species, a very slow diffusion within the cage complex is
expected. It implies a relatively long S—T-; mixing time. On
the other hand, the hfc’s of Cor®™ are not so large (see above)
for an effective energy level mixing. A strightforward recipe
to check for an S—T-; RPM mechanism is by having the
outermost hyperfine lines disappear. Unfortunately, the signal-
to-noise ratio in the present experiments was insufficient to
confirm an operative S—T—_; RPM mechanism in the studied
systems. On these grounds we cannot rule out this ESP
mechanism, leaving this part of the analysis somewhat ambigu-
ous.

3. Radical Triplet Pair Mechanism. To apply TM and
S—T_; RPM, which were considered above, several conditions
must be fulfilled. These restrictions can be avoided by
considering ESP mechanisms that involve initially formed,
unpolarized species (triplets and doublets), which exist within
the time scale of our experiments. In the presently discussed
systems, the triplet—triplet and radical—triplet pairs are gener-
ated within the cage, and their mutual interaction seems to be
inevitable.

A recently proposed polarization mechanism known as
radical—triplet pair mechanism, RTPM,25~28 may be the most
pertinent mechanism for explaining the results of the ESP effects
in the brown solutions, where the dimer (**Cor*~ 3*Cor*~,8Li")
is suggested to exist. As we shall see below, unlike TM and
S—T-; RPM, the requirement for an initial polarized triplet
precursor is not essential, thus simplifying the analysis of the
ESP effects. For a coherent presentation we first start with a
qualitative description of the RTPM (Figure 7). The overall
scheme of doublet—triplet interaction for a geminate pair can
be depicted by the reaction sequence presented schematically:

(24) Salikhov, K. M.; Molin, Y. N.; Segdeev, R. Z.; Buchachenko, A.
L. Spin Polarization and Magnetic Effects in Radical Reactions; Elsevier:
Amsterdam, 1984.

(25) Blittler, C.; Jent, F.; Paul, H. Chem. Phys. Lett. 1990, 166, 375.

(26) Kawai, A.; Okutsu, T.; Obi, K. J. Phys. Chem. 1991, 95, 9130.

(27) Kawai, A.; Obi, K. Res. Chem. Intermed. 1993, 19, 865,

(28) Shushin, A. I. Chem. Phys. Lett. 1993, 208, 173.



10724 J. Am. Chem. Soc., Vol. 117, No. 43, 1995

Energy

4 M r 4@ @ r

Figure 7. Energy correlation diagram of the doublet—triplet pair. The
terms on the left-hand side denote pair states, and those on the right-
hand side are ascribed to the separated species.

@121 E- ep o) (14)
hi
e o 9 eDIS (15)
\ 42D,%'T) M'» 4(2Dpo|’3‘Tpol) ot (szol + G‘Tpol)

where 2D = Cor>*~ or € pnow, *T = >*Cor*", and the mixing
(2D, 3*T) < 4(*D **T) occurs via magnetic interactions (Zeeman,
ZFS, and hfc.).

An ET reaction between 3*T and Li™ results in the geminate
doublet—triplet pair (*D,>*T). In terms of the energy level
diagram (Figure 7), the doublet—triplet initial separation
distance, r;, can be either () < ry or 12 > ry, where ry, is the
distance at the energy states mixing. At short separation
distances, the coupled doublet—triplet spin states of the pair
splits through the exchange interaction, J, into a quartet, § =
3/,, and a doublet, § = 1/2, i.e., into Q = *?D,**T) and D =
2(’D,3*T), respectively. In the course of the motion within the
complex, the distance between the constituents (3D,>*T), within
the pair, can fluctuate, thus affecting the values of J. It is
important to note that Q and D states behave differently. In
terms of eq 15, the quartet pair, over the entire in-cage separation
range, maintains the same constituents and also conserves its
quartet characters while the doublet pair does not fulfill these
conditions. In the case of the doublet pair 2(2D,3*T), the triplet
constituents, 3*T, undergo the irreversible quenching process
to produce new doublet pairs (°D,!S) or (**D,!S).

Two mechanisms of triplet quenching are allowed. The first
is the singlet «— triplet ISC, enhanced by the interaction with
the doublet,”® and the second is the electronic energy transfer
from the triplet to the doublet molecule.’® The former mech-
anism occurs via ISC induced by the electron exchange or the
charge-transfer interaction and leads to dissipation of the
electronic energy of the triplet over the vibronic manifold of
the final pair (*°D,!S). The rate of ISC strongly depends upon
the energy gap between the initial triplet and the ground singlet
state, AE = Er — E5:2%3!

kisc = 2|H,|*F/RH, (16)

where H., is the matrix element of the exchange interaction, F
is the Frank—Condon factor, and H,™! is the density of the final
states. For aromatic hydrocarbons, F = 0.15x exp{—(AE —
4000)/2175}32 (AE in cm™!). Since these vibronic states are

(29) Gijzeman, O. L. J.; Kaufman, F.; Porter, G. J. Chem. Soc., Faraday
Trans. 2 1973, 95, 9130.

(30) Kuzmin, V. A.; Tatikolov, A. S. Chem. Phys. Lett. 1978, 53, 606.

(31) Hoijtink, G. J. Acc. Chem. Res. 1969, 2, 114.

(32) Siebrand, W. J. Chem. Phys. 1967, 47, 2411.
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coupled to the energy states of the solvent, the vibrational energy
transfer to the bulk should occur very effectively, without
affecting the overall relaxation rate, i.e., within ~10712 s 3!
which corresponds to H, ~ 10 cm™!. Having AE == 4000 cm™!
(cf. Figure 6), Hex = 50 cm~!,3! and H, == 10 cm™!, kisc was
calculated to be =10° s~!, For an ion-bound pair, as that
discussed here, diffusion within the cage should be restricted
to at least Dgis ~ 10~7 cm?/s, with r; ~ 5 A.3® Therefore, the
collision complex (?D,**T) may exist during the time period,
T¢, of ~1i%/Dgi¢ ~ 1078 s. Comparing kisc™' with 7. indicates
that the diffusion is sufficiently slow, thus allowing for the
enhanced ISC mechanism.

The second possible quenching mechanism is the energy
transfer model, where the triplet transfers its electronic energy
to excite the doublet.3® MNDO calculations, carried out for
the Cor>~ radical, indicate that the lowest-lying excited doublet
state (0.45 eV) is in resonance with the photoexcited triplet,
3*Cor*~.

Polarization: In terms of eq 15 and Figure 7 the triplet
quenching mechanisms are rapid enough to depopulate D,,; and
D-» radical—triplet pair states immediately after their genera-
tion, i.e., within the time constant of the experimental setup.
Consequently, we can consider the populated quartet states, O,
to be the precursors for the spin polarization as will be discussed
below. For simplicity, let us assume that all quartet states are
equally populated. Upon its creation, the quartet pair, 4(*D,>*T),
separates along the potential surfaces represented schematically
in Figure 7. These quartet pairs may acquire a doublet character
by the magnetic interactions, such as (1) the hfc of 2D, (2) the
difference between Zeeman interactions of 2D and 3*T, and (3)
the dipolar (ZFS) interaction of >*T, We discuss only the ZFS
interaction, which is dominant. For organic triplets in frozen
matrices, its value is about 1000 G, which corresponds to a
Q—D state-mixing time of about 3 x 107105, In liquids, this
value may be longer because of motional averaging, thus
reducing the mixing time to some extent. However, a cage
lifetime of 1078 s, as calculated here, is much longer than the
state-mixing time, ensuring an effective mixing process in the
alkali-metal complexes.

The states Q; (i = 1/2, 3/2) and D; (j = 1/2) are mixed by the
dipolar interaction at two interspin distances that are of interest.
First, at the avoided crossing (r = ry,), the states Q_3, and Dy
are mixed, and second, at r = r(J—0), the states, Q;,» and D;»
as well as Q_y and D_yp, are mixed.25~2® Energy state mixing
at r(J—0) cannot induce spin polarization, since mixed radical—
triplet pair states correlate with states of the separated species,
possessing equal amounts of o and 8 spins. Thus, with the
triplet quenching mechanism, only the avoided crossing at r =
rm results in a polarization effect through the adiabatic passage
(Figure 7). Depending on the mutual values of ry, 7;, and the
distance of closest approach, d, two different cases of RTPM
associated with state mixing and relaxation processes are
considered. 528

Case 1: The initial separation distance is smaller than the
energy intersection distance, i.e., r; = ¥ < 125727 Because
of the quartet—doublet mixing, the initially generated quartet
pairs evolve adiabatically along the potential curves. At large
separation distances the quartet states correlate with the triplet
and doublet states of the separated species, i.e., Qs with (T4
+ Din), Qi and Q-3 with (CT+1 + 2Dy + 3To + *Din),
and Q-1 with 3T-; + 2Dy + 3Tp + 2D-y5). Consequently,
the above states are being populated, while the (T-, + 2D_5)

(33) This estimation is based upon normal conditions, in which Dajr ~
1075—107% cm?s for free diffusion in liquid. In our case, Daigr < 1076
cm?/s.
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state remains unpopulated, since it correlates with the empty
D), pair state. The overall deficiency of -the 8 spins should
results in a net emissive polarization.

Case 2: Here, the RTPM is developed at distances beyond
the avoided crossing. In this case the distance of closest
approach exceeds the distance of energy state mixing, i.e., ri =
r® = d? = ry, (Figure 7). For such a case, where the exchange
interaction is comparable with the Zeeman energy, the relaxation
model of RTPM was proposed.2® In this model, the rotational
motion of the triplet modulates the dipolar (ZFS) interaction
to induce spin—Ilattice relaxation. Therefore, the net ESP is
produced by the transitions whose probabilities are different
and related to the modified energy gaps affected by the ex-
change interaction between the quartet and doublet states. Thus,
the rates of Qi» — D, Qsp — D-1pp, and Q1 — D-1p2
transitions are reduced (larger gaps) and the rates of Q-3 —
D_1p2, Q-3 = Dip, and Q- o — D), transitions are increased
(smaller gaps) (cf. Figure 7). For the case where J < wi, the
net spin polarization (PrTem) caused by the different relaxation
rates within the Q — D transitions discussed above is expressed
by._28

Prrem<@y) e« =D’ D, /D, an

where D, is the diffusion coefficient for the rotation of 3T and
D, is the diffusion coefficient of the relative motion of the triplet
doublet pair within the complex. Since Dy o< T/5 and Dy o<
T/n,* the polarization does not depend upon temperature and
viscosity, as confirmed by our observations.*s

At this stage, we are unable to state whether the mixing and/
or the relaxation processes account for the polarization. Nev-
ertheless, if the polarization is governed by the relaxation
mechanism, J < wy should be considered appropriate in our
photoexcited Cor/Li/THF system. The same conclusion was
derived earlier by Goudsmit et al® where RTPM was observed
in photoexcited TEMPO/benzophenone solutions.

IV. Concluding Remarks

The initially generated triplet—triplet pairs and radical
products (Cor*~ and e~ o) participate in the spin dynamics,
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inducing the net emissive polarization. This is probably the
first case where the spin polarization was detected in ion
complexes with highly charged components. The specific
magnetic effects are driven, to some extent, by the electrical
forces within the ionic cluster (up to ten charged species). The
CIDEP effects associated with these systems are discussed
within the framework of traditional and relatively novel
polarization mechanisms. We believe that the RTPM, which
is of general interest in CIDEP phenomena, explains smoothly
the experimental results. Moreover, the spin dynamics and
photochemistry of ion-bound complexes as revealed by the
alkali-metal—polyanion systems is of particular interest, as they
may be considered as bridging systems between freely diffusing
and fixed distance donor—acceptor systems.
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