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The photoconductivity-detected magnetic resonance (PCDMR) spectrum observed in the photoinduced electron-
transfer reaction of xanthone aNgN-diethylaniline in 2-propanol shows a peculiar spectral shape by microwave
radiation with high power. The resonance center of the spectrum shows a spin-locking effect, and the wing
portions show a broadened transition (pumping). When the lifetime of the radical-ion pair (RIP) becomes
longer by controlling the solvent property, the wing portions become larger. We try to clarify the relation
between the broadened wings and the lifetime of the radical-ion pair by the calculation employing the spin-
dephasing effect. We conclude that the broadness appears under high microwave power conditions and the
existence of effective triplettriplet dephasing (TTD). TTD is the spin-phase relaxation between the triplet
states of the radical-ion pair, and this relaxation may be mainly induced by the modulation of electron spin
dipole—dipole interaction. The long lifetime of the present RIP system and its spin relaxation phenomena
suggest the transient formation of a RIP confined strongly in a solvent cage or a structured RIP involving
solvent molecule(s).

Introduction L3R|p escape Xn* 4+ -DEA D)
Spin dynamics of a radical-ion pair (RIP) plays an important N _ free pair 1

role in the photoinduced electron-transfer reaction because it Xn" + -DEA”" —— “RIP (B)

controls the direction and efficiency of the photochemical N _ quenching

reactions. Reaction-yield-detected magnetic resonance (RY- -Xn" + -DEA™ — products (3]

DMR) method$ 6 are used to investigate the reaction manifold

and to control the reaction yield of the RIP. Photoconductivity- where products in eq F may include neutral radicals.
detected magnetic resonance (PCDNiRY is one of the When the microwave power was weak (10 W), photocon-
RYDMR methods, which detects free ion radicals escaping from ductivity decreased at the resonance cehféis phenomenon
the RIP as photoconductivity. The intensity of the photocon- is easily explained by the acceleration of the reaction of the
ductivity is proportional to the amount of free ion radicals, and RIP by the microwave-induced transition between the triplet
its rise time almost reflects the decay rate of the RIP. In short, States followed by the-STo mixing and is called a “pumping”
the lifetime of the RIP can be monitored by the rise time of the effect. The PCDMR spectrum corresponds to the ordinary
photoconductivity. The most important property of the PCDMR  €lectron spin resonance (ESR) spectrum, which is composed
method is detection of only ion radicals, which have electric of the hyperfine splitting of the cation and anion radicals.
charges, and exclusion of the contribution of the neutral radicals, However, when the microwave power was strong (1 kW), the

which may be generated by the hydrogen abstract reaction andCDMR spectrum was changed to a strange sh&fetocon-
SO on. ductivity increased at the resonance center because of the

Recently, we reported the PCDMR spectra and kinetics of deceleration of the reaction by the prohibition of the T

the photoinduced electron-transfer reaction in the system of Mixing according to the strong coupling between the triplet states
xanthone (Xn) andN,N-diethylaniline (DEA)? In the report, by the microwave field. This is called a “spin-locking” effect.
we showed an extraordinarily long lifetime of the RIP of this 1 his effect did not diminish even aften from its appearance.
system in 2-propanol and the appearance of a broadened spectrdi"® Pumping effect appears as wings at both sides of the spin-
shape under high microwave power conditions. The reaction /0cking field. The broad wing structure of the pumping becomes
scheme of this systethis as follows: gradually very intense under continuous microwave irradiation
conditions. It is difficult to explain the broadness of this pumping
by the ordinary ESR theory. This type of a broadened wing

3 .3
Xn* + DEA RIP (A) spectrum has been reported in the system of polymethylene-
SRIPEC' np (B) linked biradical which has a long lifetime. The lifetime of the

. present system is also long (about 200 hEhe long lifetime
1R|me1pmducts (©) of the present RIP in the homogeneous solution is another
interesting problem that should be solved.
T Part of the special issue “Noboru Mataga Festschrift”. In this paper, we show the investigation of th.e strapge line
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of the RIP. The model calculation including the spin-phase the modulation of the electron spin dipeldipole (d-d)

relaxation is tried to analyze the peculiar spectral shape. An interaction orAgniso@nddanisoOr both. When the distance of the

important contribution of the triplettriplet dephasing (TTD) radicals changes rapidlyjs modulated intensively and the STD

to the line shape is proposed. According to these results, therate may increase. The tumbling motion of individual radicals

property of the present RIP is discussed. may induce both STD and TTD Waniso@nNdganiso The tumbling
motion of a whole radical pair may induce TTD by the-di
interaction. We did not include the-dl interaction in the
yamiltonian (eq 3) because the matrix elements of this

" interaction are traceless and no significant effect on the present
system in the homogeneous solution is expected. However, the
modulation of this e-d interaction by the random motion works
as one of the causes of the spin phase relaxation (eq 5).

Theory

To investigate the cause of the broadened spectral shape
single-site exponential model of a modified Liouville equation
including the microwave field and spin dephasiwas used
for the theoretical calculation as follows:

dprip _ i
ot

[H.omiel = Ksorip = Woge — Keomip + kipir” (1) Experimental Section

The concentrations of Xn and DEA were 1x01072 and 2.0
x 1072 M (mol/dm?), respectively, in all experiments. 2-Pro-
panol, 1-propanol, and mixtures of cyclohexanol and acetonitrile
were used as solvents. Mixing ratios of cyclohexanol/acetonitrile
whereprip and pir are the spin density of the RIP and that of \were 3:1 and 3:2. The sample solution, which was deoxygenated
the free ion radicals, respectively. The spin Hamiltonian is given by bubbling with nitrogen gas, was excited by the third harmonic
as light of a Nd:YAG laser £ = 355 nm) in an X-band electron
spin resonance (ESR) cavity (dfizmode) at room temperature.
Xn could be excited selectively by this laser under the present
conditions. Photoconductivity was measured in a specially
designed flat quartz-flow cell (light path of 0.6 mm) with
platinum electrodes. The potential between electrodes was about
150 V/mm. Experimental setup was the same as that of the
previous papef.A 50 Q resistance inserted in the observation
circuit, which converted photocurrent to voltage, gave a time

h

0
% = KePrip —~ kprR2 - kqiom2 2

H=H,+H,+Hg,+H; ®)

where Hz, Hhyp Hex and Hy are the Zeeman, hyperfine,
exchange interaction, and microwave field terms, respectively.

|:|z = (gauah_lBo - w)'éaz+ (gbush_lBo - 6U)'Asoz (3a)

Hiyp = z AapSalan t Z Ao lom (3b) resolution of ca. 20 ns. A proton-resonance-type NMR gauss-
n m meter was used for the PCDMR observation. The signal of the
N 1 A A transient photoconductivity stored in a 10 bit digital oscilloscope
Hex = I(7; +25:) (3c) (LeCroy 9430) was transferred to a microcomputer system for

R R R data processing. The observed data were converted to the “field

H,; = gugh 'ByS, + guugh By S, (3d) effect”, which was the ratio of the photoconductivity intensity

change as shown in eq 6.
where the exchange interactidris a function of the distance
of two_radicals in the RIP, and the averaged valud isf used
here.RS is the reaction super operator from the singlet state,
andk;, is the reaction rate constant of the singlet state.

I(MWon) - I(M\Noff)

field effect=
(MW ¢)

(6)

A traveling wave tube (TWT) amplifier (Litton) with a
maximum power of 1 kW was used to boost the microwave
pulse (duration of 1@s). The microwave power was 1 kVBy(

~ 3 mT) for spin locking and 10 WH; ~ 0.3 mT) for pumping.
TheseB; values (microwave magnetic field) were estimated
using a system showing a quantum oscillation by the microwave
field.# The microwave pulse was switched on:g before the
laser pulse, and all of the experimental sequence was done in
the duration of the microwave pulse.

A Ky Ky N N
Ksorip = E[PS'pRIP] = E(PSIORIP + pripPs), Ps= SIS (4)

W is the spin dephasing superoperator of the RIP, which
includes both singlettriplet dephasing (STD) and TTD.

®)

Werp = Ksrp Z{ (ISTOST| + |T;SIT;S)  (5a)
j=0*1

W = Wgp + Wrrp

Results and Discussion

Experimental Observation of the Solvent Effect on PCD-
MR Spectra. Figure 1 shows the PCDMR spectra observed at
1 kW microwave power radiation in different solvents. All
ke is the escape rate constant of the RkPis the free-pair- spectra show the spin-locking effect at the resonance center and
generating rate constant of free ion radickdss the bimolecular the pumping as wings. The rise time of photoconductivity, which
guenching rate constant of free ion radicals. In these calculations,might nearly reflect the lifetime of the RIP, became slower in

(IT T Tyl + |ToT,LT,Ty)  (5b)

i=Ef1

Wrrp = Kerp

no apparent contribution ¢ andk; to the calculated spectral
shape was recognized.
As for the spin dephasing, STDis the phase relaxation

the following order: mixed solvent of cyclohexanol and
acetonitrile (fast) [3:2> 3:1] > 1-propanol> 2-propanol (slow).
The rise time in the different mixing solvents was not able to

between the singlet and triplet states and is thought to be duebe distinguished because of an instrumental limitation, but the

to the modulation ofl and/or the anisotropy of the hyperfine
coupling constantAanisg and theg value Qanisg. TTD is the

lifetime of the RIP in 3:2 cyclohexanol/acetonitrile could be
shorter than that in the 3:1 mix because of the low viscosity

phase relaxation between triplet states and may be induced byand the high permittivity. It is apparent that the pumping wing
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Figure 1. The solvent effect on the PCDMR spectrum observed at MT (a) on a calculated PCDMR specti, (= 3 mT) at 1.5us after

the radiation of high microwave power (1 kW) in which the data were the RIP formation and (b) on the time profiles at the spectral center

time-integrated between 1.0 and 145 after excitation: (a) the (331.0 mT).

calculation that takes account of only spin Hamiltonian (see text);

PCDMR spectra observed (b) in a mixed solvent of cyclohexanol and showing the spin locking does not decrease and does not change,

acetonitrile of the ratio of 3:2, () in a mixed solvent of 3:1, (d) In \yhen they is larger than 0.1 mT. Therefordworks to enhance

l-propan(_)I, and (e) in 2-propano|. The straight horizontal lines show the effect of spin locki This time-ind dent oh

the baselines of the respective spectra. € elfect of spin locking. his ime-independent phenomenon
under a finitel is similar to the experimentally observed results
of time dependence of the PCDMR spectral center. Accordingly,

structure becomes larger when the lifetime of the RIP is longer. the present RIP system has a finite

Contrary to this observation, the line width of the spectral center  Theoretical Calculation of the Effect of Spin Dephasing

showing the spin locking is not apparently changed. When the on the Spectral ShapeWhen we handle the spin relaxation of

lifetime of the RIP is shorter, PCDMR spectrum is in good a radical pair, the concept of spin dephasing may be appropriate.

accordance with the simple calculation of the spin Hamiltonian There are two spin-dephasing mechanisms: STD (siagiptet

without exchange interactidiWhen the microwave power was dephasing, eq 5a) and TTD (triptetriplet dephasing, eq 5b).

weak (10 W), PCDMR spectra in these systems were almost STD was proposed by Shusihand we employed this concept

identical (not shown here); that is, these systems did not showto rationalize the spin dynamics observed in the system of a

the solvent effect on the spectral shape. This result suggestssinglet-born radical pair in an SDS micelfel® The result of

that there is no strong relation between the lifetime and the the model calculation is shown in Figure 3a. The effect of STD

spectral shape of the RIP in low microwave power conditions. only appears at the resonance center where the spin locking

The simple calculation using the spin Hamiltonian withdtft works and does not appear at the wing portions (no broad

nearly reproduced the observed spectrum. wings). When theékstp increases, the contribution of pumping
Theoretical Calculation of the Effect of Exchange Interac- becomes larger and the magnitude of field effect decreases by

tion on the Spin-Locking. First of all, we examined the effect  time. Consequently, STD works to spoil the spin-locking effect.

of the magnitude of the averaged exchange interacfipon Because the spin locking of the PCDMR spectra shown in Figure

the spectral shapel is known as one-half of the energy 1 did notdecrease by time, the effect of STD did not apparently
separation between the S state and thstdte of the RIP. When  work in the present system.

the RIP feels a largé at the close encounter of radicals; & In contrast, TTD works for the appearance of the wing portion
mixing is suppressed. This behavior is similar to the spin-locking as shown in Figure 3b. TTD has been proposed and applied to
phenomenon, which separates the S apdtdtes. The contribu-  the analysis of the quantum beat phenomenon in a micellized
tion of J to the calculation is shown in Figure 2. Here, the rate radical pairt” When the rate constant kfrp increases, the wing
parameters of the spin dephasingrh, krrp) are assumed to  portions gradually increase. Furthermore, it does not affect the
be zero. As shown in Figure 2a, the finilevalue affects the spin-locking portion at the resonance center. When the micro-
spectral center, namely, it enhances the spin-locking effect. wave power is weak, the effect of TTD disappears dramatically
When thel is zero, the spin locking appears only immediately in both the experimental spectrum and the calculated one. The
after laser excitation and the field effect gradually decreases toappearance of the broad wings of the spectrum requires high
“pumping” as shown in Figure 2b. However, the field effect microwave power and effective TTD.
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Figure 3. The effect of STD and TTD on the calculated spectral shape
(B1 =3 mT,J = 0.5 mT) at 1.5us after the RIP formation: (a) the
effect of STD wheréqrrp = 0; (b) the effect of TTD wheréstp = 0.
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the spin-spin relaxation timeT,. The calculation trial of the
present model using the Redfield mat#%® instead of the
superoperator of STD and TTD shows that the spectral wings
are gradually growing by decreasiitg However, the spectral
center of the spin-locking portion also decreases as shown in
Figure 5. This suggests th@t includes both contributions of
STD and TTD together as we expected. Our experimental data
cannot be explained only byl,, and the spin-dephasing
calculation suggests that the contribution of STD is weak
compared with that of TTD in the present system. Consequently,
it is concluded that the most important contribution to the
spectral shape is TTD, which is mainly induced by the
modulation of electron spin dipotedipole interaction in the
present system. The contribution of the anisotropy of the
hyperfine coupling constants amgfactor may be weak. This
conclusion is in contrast with that reported in the system of
polymethylene-linked biradicilin which the contribution of
STD to the RYDMR data was proposed. Especially, the
modulation due to the fast fluctuation of the distance of two
radicals was pointed out. Although this polymethylene-linked
system should show much a stronger spin-locking effect at
nearly the sam@; field as the present report because of the
narrower hyperfine distribution of the biradical, the spin-locking
effect appeared weakfy. Contrary to this system, the spin-
locking portion of the PCDMR spectrum is stronger in the
present system. This may be due to the effective TTD induced
by the tumbling motion of the electron spin dipeldipole
interaction of the RIP, and the distance fluctuation probably
does not work effectively in the present system. Furthermore,
the contribution of the degenerate electron hopping between

The correlation between the appearance of the wing portions DEA*" radical and DEA, which may reduc&, was not

and the lifetime of the RIP is examined by the model calculation apparently observed even upon changing the concentration of
including TTD as shown in Figure 4. In the present system, the DEA in the present system. Because the long lifetime of the
lifetime of the RIP is mainly controlled by the escape rt€, present RIP system is still mysterious, different aromatic amines
Whenk. increases, the wing pumping part is gradually weakened were used instead of DEA to examine the contribution of the
and seems to be narrowed. This means that a long lifetime of counter radical.
the RIP along with the effective TTD and high power of Experimental Observation of the Effect of Other Aromatic
microwave makes the wing parts of the spectrum more intense Amine-Reducing ReagentsThere are several reports of radical
(apparent broadening). pair systems with long lifetimes and showing magnetic field
Here, we consider the conventional concept of spin relaxation. effects in 2-propanol-911 Therefore, the cause of the long
Because the spin relaxation is inducedA)fiso Ganiso @and d-d lifetime of the radical pair is thought to be 2-propanol as a
interaction, the spin dephasing phenomena, STD and TTD, arespecial solvent. In the present report, all of the solvents other
surely related to the concept of spin relaxation, especially to than 2-propanpl showed shorter lifetime. We examined several
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;*'; Conclusion
(a) sim. /\ 1% The photoinduced electron-transfer reaction of Xn and DEA
N \v/’ v was studied by the PCDMR method. These PCDMR spectra

showed spin locking at the resonance center and broad-wing-
like pumping at both sides of the spectral center. The appearance
of the wing portions is related to the lifetime of the RIP. As
the lifetime of the RIP becomes longer, the broad wings become

i ' ' more intense. The one-site exponential model of the Liouville
equation including spin-dephasing operators is used for the
L simulation of the present system. The finite exchange interaction,
(¢) xn / DEA m which is due to two closely located radicals, enhances the spin

,, locking. The pumping under high microwave power is enhanced
by TTD together with the long lifetime of the RIP. The TTD
may be mainly caused by the electron spin dipal@ole
interaction. The combination of Xn, DEA, and 2-propanol may
make the RIP more stable under conditions in which the two
I radicals are confined in the short range.
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