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The triplet state radical-ion pair (RIP) formed in the photolysis of xanthone (Xn) and N,N-diethylaniline
(DEA) in a highly viscous mixtures of 2-propanol and cyclohexanol was studied by time-resolved ESR. As
the viscosity of the mixed solution increases, the spectrum reveals a magnetic dipole—dipole interaction in
the triplet state of the RIP. Immediately after laser photolysis, the spin-polarized RIP spectrum exhibits
magnetophotoselection (MPS). This suggests that the electron transfer (ET) reaction is faster than the
longitudinal relaxation of the excited triplet state of Xn (*Xn*) or much faster than the tumbling motion of
3Xn*. The former mechanism is likely under the conditions employed. Indeed, a huge RIP-cored aggregation
is quickly formed with solvent molecules which obstruct the free revolution of the RIP. The MPS spectra
also indicate that only the molecules closely located react by the solvent-mediated ET.

Introduction

Photoinduced electron transfer (ET) reaction of substances
produces a transient radical-ion pair (RIP) immediately after
excitation in solution. Some geminately formed RIPs are
consumed from one of the spin multiplet states immediately
after birth and other RIPs diffuse apart in the solution. The
separated free radical ions reencounter to form a free pair RIP.
The subsequent reaction depends on the spin multiplicity of these
RIP. Therefore, spin chemical investigations of photoinduced
ET reaction can provide very important information.

In general, the RIP formed in the photolysis survives only
for a few tens of nanoseconds or less in homogeneous polar
solution at room temperature, because of the weak Coulomb
interaction and fast diffusion. A decade ago, a magnetic field
effect on the photo reaction of xanthone (Xn) and N,N-
diethylaniline (DEA) in 2-propanol was reported by Igarashi et
al.! Their data imply the formation of a long-lived RIP in this
particular system in which photoinduced ET reaction from DEA
to the excited triplet state of Xn (*Xn*) takes place. The time-
resolved photoconductivity detected magnetic resonance (PCD-
MR) method (one of a goup of reaction yield detected magnetic
resonance (RYDMR) methods) was developed by Murai et al.>>
and was used to confirm the long RIP lifetime in this reaction.
The lifetime of the RIP was determined to be 180 ns,* % and
the formation of a RIP networked with solvent molecules was
suggested. Contrary to this model, Gorelik et al. reported a
theoretical approach to this system in a homogeneous environ-
ment employing an integral encounter theory.” Although the
calculation, which assumed no local inhomogeneity, showed

* Corresponding author.

7 Graduate School of Science and Technology, Shizuoko University.

# Japan Society for the Promotion of Science Fellow.

$ Department of Chemistry, Faculty of Science, Shizuoka University.

10.1021/jp807088q CCC: $40.75

fairly good agreement with the spectral shape at late times after
photolysis, it did not reproduce the spectrum in the early time
region. Recently, we reported the time-resolved ESR (tr-ESR)
study of the long-lived RIP in 2-propanol and provided more
precise information about the long-lived nature of this particular
RIP.% In ordinary liquid solution, the spin dipole—dipole (d—d)
interaction of an intermediate RIP is averaged to zero, and the
d—d interaction cannot be observed. However, the interaction
is responsible for spin relaxation through the tumbling motion
of the RIP. If the d—d interaction can be observed in rigid or
very viscous media, it can provide detailed additional informa-
tion about the RIP.

In the last few decades, magnetophotoselection (MPS) has
been reported for photolysis reactions employing polarized light
in rigid media. Examples include azides and nitrens derived from
anthracene® and sapphyrin dication'® among others.''~'¢ MPS
is useful for determination of the molecular orientation, the
configuration efficiency of energy transfer and polarized reac-
tions in photochemistry. Although many of the reported experi-
ments were carried out under frozen and low temperature
conditions, the d—d interaction is also likely to be observed in
very viscous solution at room temperature.

In the present paper, we present a MPS study of the long-
lived RIP formed in the Xn and DEA system in highly viscous
solution, in order to clarify the formation mechanism of the
RIP, its structure and its spin dynamics.

Experimental Section

Guaranteed reagents of Xn, 2-propanol, and cyclohexanol
provided by Wako Pure Chemical, and DEA by Kanto Chemical
were used as received. Solvents used were 2-propanol, cyclo-
hexanol and mixture of 2-propanol and cyclohexanol. The
concentrations of Xn and DEA were 3.0 x 1072 M (mol+dm?)
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Figure 1. Tr-ESR spectra observed at 400—500 ns after the laser
photolysis for mixtures of 2-propanol and cyclohexanol of varying
composition. The amplitude direction of the linearly polarized laser
light is perpendicular to the magnet field (By 0 E). O and * show the
neutral DEA radical and cyclohexanol radical, respectively.

and 2.0 x 1072 M, respectively, in most experiments. The
sample solution was deoxygenated by bubbling with nitrogen
gas and made to flow through a flat quartz cell installed in an
X-band ESR cavity at room temperature (ca. 298 K). The sample
was excited with the third harmonic of a pulsed Nd:YAG laser
(Continuum Minilite; 4 = 355 nm; 10 Hz), which selectively
photoexcites the Xn molecules. Linearly polarized laser light
was arranged parallel or perpendicular to the ESR magnetic field
for the MPS experiments. An ESR spectrometer (Varian E-112)
was used with a minor modification for the time-resolved
measurement.'”'® The microwave signal reflected from the ESR
resonator was boosted by a wide band amplifier (NF Electronics
Instruments BX-31) and transferred to a digital oscilloscope
(LeCroy 9430), triggered by a pin-photo diode, to record the
time-evolution. In the included figures, the microwave absorp-
tion and emission are abbreviated by A and E (a and e for weak
signals), respectively. The dielectric constant of the solution was
measured by the combination of a dielectric measurement cell
(Hewlett-Packard 16452A) and an impedance meter (NF
Electronic Instruments 2322). A Toki RE80 viscosity meter was
used to determine the viscosity of the solvents.

Results and Discussion

The formation of a long-lived RIP by photoinduced ET
reaction of Xn and DEA in 2-propanol has been reported* %%
as follows:

’Xn* + DEA —[Xn" /DEA""] (D)

where the square brackets show the RIP.

Spectral Change by the Mixing Ratio of 2-Propanol and
Cyclohexanol. Addition of cyclohexanol to this system causes
tr-ESR spectrum to change dramatically as shown in Figure 1.
Table 1 shows the viscosity (), relative permittivity (e,) and
diffusion-controlled rate constant (kgp)'® of the mixture of
2-propanol and cyclohexanol for different solvent mixing ratios.
Increasing the proportion of cyclohexanol in the mixture
drastically changes 7, but has little effect on ¢,. The emissive
spectrum observed without cyclohexanol is almost completely
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due to the Xn anion free radicals (g = 2.0036) as reported
previously.® Addition of cyclohexanol to the solution, in the
concentration range of 40%—80%, produces a broad E/A (E at
lower field and A at higher field) pattern alongside the center
emissive component as shown in the figure. Some weak peaks
superimposed over a wider field range (indicated by open circles
and asterisks) are also observed. These spectra are the minor
byproducts of whole reaction; the open circles and the asterisks
are assigned to the neutral DEA radical (aq(1) = 1.58 mT, ag(3)
= 2.03 mT)*® and the cyclohexanol radical, >~ respectively.
The broad E/A pattern observed over a wide spectral field range
is due to the appearance of the spin d—d interaction of the triplet
state RIP formed by the photoinduced ET reaction. The
appearance of the triplet state is due to the restrained tumbling
motion of the RIP in highly viscous conditions. A large cluster-
like or huge aggregate structure involving solvent molecules
may be proposed to explain the obstruction to free rotation. The
spin polarization of the RIP may be explained by the transfer
of spin polarization from *Xn* with spin angular momentum
conserved.

A drastic spectral change is observed for photolysis in pure
cyclohexanol. The broad E/A component disappears even
though ET might be anticipated under these conditions. This
spectrum is readily assigned to the cyclohexanol radical and
Xn ketyl radical.’'~?* Therefore, the hydrogen abstraction
reaction by *Xn* from cyclohexanol becomes more rapid than
the ET reaction with DEA due to the high concentration of
cyclohexanol and slow diffusion. This result also suggests that
2-propanol may assist both the ET reaction and the formation
of the huge aggregate RIP.

Observation of MPS Spectra Showing the Spin Dipole—dipole
Interaction. Parts a and b of Figure 2 show spectra from the
MPS experiment performed in 60% cyclohexanol solution,
where a) the plane of linearly polarized laser light is parallel to
the magnet field (By Il E), and b) the plane is perpendicular to
the magnetic field (B, L1 E). Both spectra gradually grow and
reveal nearly the same MPS free pattern at 400—500 ns. The
growth of these spectra at late time is likely due to another
polarization mechanism, such as chemical depletion of the RIP
via S—T, mixing, but we do not discuss it in this paper. If the
MPS is due to the transfer of the spin polarization from *Xn*
to the RIP as mentioned above, analysis of the MPS may clarify
the dynamics of ET during the initial stage of the reaction. All
the spectra show emissively biased components. The total E
pattern is due to the influence of the spin polarization of the
3Xn* under the magnetic field of the ESR machine.?*?> The
spectra at 100—200 ns after laser excitation reveal a different
spin polarization pattern as shown in Figure 3, which corre-
sponds to the expanded central region of the spectra in Figure
2. To analyze the spectra for the spin d—d interaction of
randomly oriented RIPs, a point d—d approximation is used,
where four canonical points appear. The zero field splitting
(ZFS) parameters D and E of the RIP are negative and zero,
respectively. The outside and inside points (indicated by
asterisks) correspond to the principal Z axis and the (X, Y) axes,
perpendicular to the Z axis, respectively. Hereafter, we will use
X', Y, and Z' for the principal axes of this RIP. To analyze the
polarization pattern of the RIP, we used these four points and
a ZFS parameter (D) of —7.0 mT, estimated by the simulation
of the spectra (shown in later discussion). The relation between
the distance (d) between electron spins and D under the
conditions of frozen or restrained movement is given as
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TABLE 1: Viscosity and Relative Permittivity of Mixed Solvents (298 K)*

volume of cyclohexanol viscosity relative permittivity diffusion-controlled rate
in solvent (%) () (cP) (&) constant (kg)/108 (M1S17)

0 1.89 19.2 45"

20 2.78 18.3 31

40 5.21 17.2 16

60 9.24 16.8 9.2

80 20.3 17.0 42

100 34.1 15.7 2.5

“The kg is given as kg = 8RT/200077, where R and T are the Boltzmann constant and temperature.
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Figure 2. Tr-ESR spectra showing MPS observed for a solution
containing 60% cyclohexanol. (a) The amplitude direction of the linearly
polarized laser light is parallel to the magnet field (B, Il E). (b) The
amplitude direction is perpendicular to the magnet field (By [ E).
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Figure 3. Expanded spectra of (a) By Il E and (b) By [J E at 100—200
ns from Figure 2. The solid lines are the simulation calculated using
the model of free molecular rotation where emissive TM is included
with arbitrary weight (see text).
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Figure 4. (1) Transition moment of excitation of Xn at 355 nm. (2)
Intersystem crossing from 'Xn* to 3Xn*. (3) Spin polarization of *Xn*
in the presence of a magnetic field in case of By Il E and B, U E.

Here g, up and u, are the electron g factor, Bohr magneton,
and magnetic permeability, respectively.?® According to eq(2)
with D = —7.0 mT, d is determined to be 0.74 nm. This value
agrees well with the approximate value of 0.6 nm reported in
the previous paper,® where the distance of two point spins is
estimated as the shortest limit. It is noteworthy that the structure
of the RIP is composed as a huge aggregate including the solvent
molecules.

Mechanism of MPS Appearance. Here, let us consider the
MPS spectra of the RIP at 100—200 ns. There are two possible
mechanisms, depending upon the rigidity of the medium and
the efficiency of the ET reaction: (I) a free molecular rotation
model and (II) a restrained molecular motion model. Parts 1
and 2 of Figure 4 illustrate the transition moment of excitation
from the ground-state to the lowest excited singlet state of Xn
('Xn*) at 355 nm.?”?® The principal axes of the ZFS of *Xn*
are defined according to reported papers 273! as follows: the Z
axis is parallel to the carbonyl direction, Y axis is perpendicular
to Z axis in the molecular plane, and X axis is perpendicular to
the molecular plane. The upper sublevel of 3Xn*, Z, is actively
populated by intersystem crossing (ISC) from 'Xn* due to the
spin—orbit interaction while the lower two sublevels, X and 7Y,
are unpopulated.

1. Free Molecular Rotation Model. In this model, the free
rotation of *Xn* is allowed during ET. The spin polarization of
3Xn* induced by the ISC is quantized to the direction of the
ESR magnetic field depending upon the amplitude direction of
the linearly polarized light relative to the field as shown in Figure
4—3. If the spin polarization of the laboratory frames is
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Figure 5. Parts 1 and 2 show the population of the spin sublevels of
the RIP transferred from *Xn* keeping the character of the T, state
(Bo Il E) and T+, T states (By [J E), respectively. These diagrams also
show the corresponding typical spin polarized spectral patterns.

conserved during the ET, the character of T4y, Ty, T-; is
transferred to the RIP even if the *Xn* rotates freely. In case
of By Il E where the Z axis is parallel to By, the Ty state of *Xn*
is most populated. Therefore, the population of the T, state is
transferred to the RIP. Similarly, the T4, and T—, states are most
populated in case of By, [J E, and these populations are
transferred to the RIP. The spectral patterns obtained for By Il E
and By [J E are eA/Ea and aE/Ae, respectively as illustrated in
Figure 5. Of course, for excitation using linearly polarized light,
the most probable direction of the transition moment of the
molecule is parallel to that of the polarized light. Therefore,
the simple discussion above is possible. However, even mol-
ecules with transition moments aligned at an angle 6 relative
to the amplitude direction of the polarized light can be excited
with the probability of cos 26. This implies that the RIP formed
by the ET between randomly oriented *Xn* and DEA obtains
overall E spin polarization even in the case of By Il E. Although
the estimation of this TM-like spin polarization needs exact
calculation (including the contribution of cos 26), a population
ratio of T4, to Ty state of 2 (p+1/pp = 2) and a population of
the T_, state of zero (p—; = 0) are temporarily assumed. The
simulated spectra obtained by combining the spectral pattern
calculated by the simple population transfer from T, or T4, and
T_, states of 3Xn* to the RIP and that of emissive TM reproduce
the observed spectra well, as shown in the Figure 3 where the
T, of 1.5 ns is used. Even changing the population ratio of the
spin sublevels of p4/py from 1.5 to 5 does not alter the spectral
pattern drastically. This model requires that the ET reaction be
much faster than the longitudinal relaxation of *Xn*. The
diffusion controlled rate constants under the mixed solvent
conditions are tabulated in Table 1. For a 60% solution of
cyclohexanol, the pseudo first order rate constant of this ET
reaction is 1.8 x 107 s~!. The longitudinal relaxation time (T})
of 3Xn* reported was 5.6 ns in 2-propanol at room temperature.*?
This T, value may change a little in the mixed solvents, but the
value may be the order of 10~% s. These parameters imply that
the ET must be much faster than that of diffusion controlled
reaction. The necessary conditions of this model are (1) quick
and efficient ET and (2) slow revolution of the RIP. To meet
the first of these conditions, long distance (1 nm or longer)
efficient ET between *Xn* and DEA is needed. There must be
a solvent mediated long-distance ET reaction due to an effect
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Figure 6. Case A: the sandwich type model configuration. (1) Transfer
of the spin polarization from *Xn* to the RIP. (2 and 3) diagrams of
the spectral pattern at the canonical points in the case of By Il E and B,
[ E, respectively. Case B (inset): the nonsandwich type model
configuration, providing the same spectral pattern to Case A (see text).
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Figure 7. Case C: the nonsandwich type model configuration. (1)
Transfer of the spin polarization from *Xn* to the RIP. (2 and 3)
diagrams of the spectral pattern at the canonical points in the case of
By Il E and B,y U E, respectively (see text).

such as a superexchange interaction between Xn* and DEA.
In the case of alcohol solution at room temperature, an ET rate
much faster than 10'° s7! is expected, even at a distance of 1
nm.>*** At the concentrations of DEA used, the average distance
between *Xn* and DEA is ca. 3 nm or less. Therefore, only
the molecules closely located may react and contribute to the
MPS. For condition (2), quick reorientation of the solvent
molecules takes place immediately after the ET, and a huge
aggregate is constructed. The free rotation of the RIP must then
be frozen, and the spin d—d interaction can be observed because
of no averaging of the anisotropic interaction.

II. Model of Restrained Molecular Motion. Figure 6 and
Figure 7 show three possible configuration models of the RIP
where the definition of X', Y and Z' is the same as for the
previous model.

Case A. If the configuration of the RIP is face-to-face
sandwich-like at the beginning (Figure 6-1), the population of
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TABLE 2: ESR Spectral Pattern®

model I B(] IIE B() OFE
e A/E a aE/Ae
model II B(]I |E B()DE
sandwich type (case A) —A/E— aE/Ae
nonsandwich type (case B) —A/E— aE/Ae
nonsandwich type (case C) e—/—a —E/A—
combined e A/E a aE/Ae
total E eE/E e eE/E e
model I or II + total E e A*/E—*¢ —*E/A*%

@ Asterisk indicates hidden or distorted by the total E component

Z sublevel of *Xn* is exclusively transferred to the X' axis of
the RIP. Let us consider the situation in which the Xn is
efficiently excited by the polarized light. In the case of By // E
where the carbonyl group is aligned parallel to the magnetic
field, an —A/E— spectrum is predicted (Figure 6-2). Here, a
hyphen indicates the absence of spin polarization at a given
canonical point. In the case of B, [1 E, where the carbonyl group
aligned perpendicular to the field, an aE/Ae spectrum is
predicted (two possible principal direction cases, By Il Y and
By Il Z', are depicted in Figure 6-3). Since the spin polarized
spectral components of the outer field transitions, a and e, are
in principle weak, the spectral pattern is emphasized for the
inner field transitions.

Two other models, case B and C, where the configuration is
not face-to-face, are shown in the inset of Figures 6 and Figure
7, respectively.

Case B. In this model, DEA™" aligns to the direction
perpendicular to the carbonyl group. The expected spectral
pattern is the same as that of the face-to-face arrangement.

Case C. In this model, DEA'" aligns to the direction of
carbonyl group of Xn"~. The population of the Z sublevel of
3Xn* is transferred to the Z' sublevel of the RIP as shown in
Figure 7-1. For the cases of Byll E and By U E, e—/—a and —E/
A— spectral patterns are anticipated (Figure 7, parts 2 and 3).

The detailed structure of the spin-polarized spectra shown in
Figure 3 cannot be explained by any of these fixed configuration
models. This suggests that complex formation and/or fixed
configuration in the ground-state of Xn and DEA is unlikely.
Let us consider the case of a random configuration of *Xn* and
DEA. In general, for such a random configuration, the MPS of
the spectral transition is not expected. However, the signal
intensity of the spectrum is induced by the spin-polarization
transfer from 3Xn* to the RIP formed by ET. Since the spin-
polarization at these four canonical points is characteristic, we
can, in principle, qualitatively predict the polarization pattern
at the canonical points of this randomly configured RIP by
simply combining the patterns of the three fixed configurations.
Table 2 shows the combination of these three configurations,
which are the three possible dimensional configurations based
on the carbonyl axis of Xn, under the condition of the MPS
experiment. As indicated in table 2, the predicted spectral pattern
is in good agreement with the structure marked by asterisks in
figure 3. This result and the above assumption suggest that fast
ET may take place between randomly oriented *Xn* and DEA
in this model. Therefore, the efficient ET, mediated by solvent
molecules, and slow revolution of the RIP employed in model
I are also necessary in this model. The rotational correlation
time of a small-sized molecule like Xn can be estimated to be
less than 107! s at the experimental viscosity of 7 = 9.24. This
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means that the reaction must have a rate much greater than 10'°
s~! or no MPS can be expected. This requirement for very rapid
electron transfer is difficult to meet, which means that this
mechanism is unlikely. If the motion of *Xn* is frozen by the
formation of an aggregate with solvent molecules, the possibility
of sufficiently rapid electron transfer is increased.

The data analysis and discussion above indicate that model
I is more plausible than model II. These experiments also
suggest that ET between the donor and the accepter is mediated
by the solvent molecules and that the d—d interaction indicates
the highest probable ET distance of two randomly oriented
molecules. A detailed consideration of the spin polarization
transfer at early time and the spectral growth at late time will
appear elsewhere.

Conclusion

The tr-ESR spectrum of the RIP formed in the photolysis of
Xn and DEA in viscous solution of the mixture of 2-propanol
and cyclohexanol reveals the triplet state of the RIP of Xn"™
and DEA''. The spectrum is emissively biased due to the
influence of the spin polarization from *Xn*. Immediately after
laser photolysis, the spin-polarized RIP spectrum exhibits MPS.
This suggests that the ET reaction is faster than the longitudinal
relaxation of *Xn* or much faster than the tumbling motion of
the 3Xn*. The quick formation of a huge aggregate with solvent
molecules obstructs the free revolution of the RIP. The MPS
spectra also indicate that only closely located molecules react
by the solvent-mediated ET to form the RIP.
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