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Magnetic Field Effects on the Photochemical Electron-Transfer Reactions of
10-Methylphenothiazine and Dicyanobenzene Derivatives in Nonviscous Homogeneous
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Magnetic field effects on the photochemical electron-transfer reactions of 10-methylphenothiazine with 1,4-
dicyanobenzene and tetrafluoro-1,4-dicyanobenzene are investigated by a nanosecond laser photolysis technique.
For these reactions, the recombination of the geminate radical ion pairs as well as the yields and decay rates
of the escaped radical ions showed clear magnetic field dependence in nonviscous homogeneous solutions.
The mechanisms of the magnetic field effects are ascribed to the hyperfine couplifgyanechanisms at

low and high magnetic fields, respectively. The smaller magnetic field effects on the reaction of the fluorinated
derivative than those of 1,4-dicyanobenzene are ascribed to its smaller back-electron-transfer rate because its
free-energy change is smaller than that of the nonsubstituted one.

1. Introduction mechanism§:1° We also found an alternating emissive/absorp-

o tive (E/A) phase pattern in each hyperfine line of the CIDEP
Twenty years ago, magnetic field effects (MFEs) on photo- gpecira observed for some RPs in micellar solutidnsater,

chemical and photophysical processes of excited molecules were\j¢| auchlan’d? and Closs'® groups independently explained
still covered with a veil of secrecy. During the last 2 decades, ¢ cp peculiar phases in terms of spin-correlated RPs.
however,. MFEs on such processes have. been studied extensively Using a superconducting magnet and a double-beam detection
not only in condensed phases but aiso in the gas phéssd system, we have recently developed a nanosecond laser pho-
the progress in these studies has_ brought a_bout the advent of olysis apparatus with high accuracy and started to measure RP
new research field encompassing chemistry, physics, anddynamics up toB = 10 T1415 Under such large fields, we

biology.  Prof. Saburo Nagakura named this new field a6 found many MFEs on reactions of light-atom-centered
(dynamic) spin chemistry”, together with related phenomena | jicais fike C and O radicals as well as those of heavy-atom-

such as chemically induced dynamic nuclear and electron .opiereqd ones such as Si, P, S, Ge, and Sn radicals in micellar
polarization (CIDNP and CIDEP). He and his group have been g 4ions16 These MFEs have been explained by the relaxation
leaders in the establishment of spin chemistry. and Ag mechanisma®

_In 1966, Nagakura’s group first made a general study onthe  The MFEs of the radical ion pairs (RIPs) in homogeneous
singlet-triplet (S—T) mixing of radical pairs (RPs), taking a  gg|ytions have been investigated intensively since the earliest
RP trapped in a single crystal as an exanfpl@his RP stage of the studies of MFESs, but these experiments have almost
mechanism has become one of the fundamentally importantpeen limited to low magnetic fields of less than 0.31T. Here,
theories in explaining not only MFEs and magnetic isotope he ghserved MFEs were mainly interpreted in terms of the
effects (MIEs) on chemical reactions in solution but also CIDNP hyperfine coupling mechanism. Furthermore, the studies of
and CIDEP:™® His group also found MFEs on the yields of triplet RIPs have been much rarer than those of singlet RIPs.
cage and escape products in a singlet-sensitized reaction ofi, the present study, we investigated typical electron-transfer
dibenzoyl peroxide in toluene at room temperature in a range reactions from the triplet excited state of 10-methylphenothia-
of magnetic f'el‘f B's) between O anh 6 T using supercon-  zjne BMPTZ*) which includes a heavy atom, sulfur. The RIPs
Fiuctlng magnets; prlammg these MFEs.by the enhancement om 3MPTZ* and electron acceptors have lamgeifferences
in the S-T conversion of a generated singlet RP due to the penveen the component radical ions. By applying high mag-

difference of isotropig factors (theAg mechanismj. Thisis  netic field, we could observe MFEs due to thg mechanism
one of the earliest works about MFEs on photochemical (Agm) which are rare in the studies of RIPs in homogeneous
reactions in solution. solutions.

Since 1980, we have been studying MFEs on the dynamic
behavior of RPs in solutiohiusing nanosecond laser photolysis 2. Experimental Section
techniques. In the course of these studies, we have found many o .
new MFEs and MIE4:-3 For example, we have found large 10-Methylphenothiazine (MPTZ, Kanto Chemical Co.) and
MFEs and MIEs on RP lifetimes and escape radical yields of 1,4-dicyanobenzene (DCNB, TCI) were recrystallized from
many reactions from triplet precursors in micellar solutions at €thanol and from an ethanebenzene mixture, respectively.
B < 1.34 T-389and succeeded in explaining these MFEs and 1 €trafluoro-1,4-dicyanobenzene,(FCNB, Aldrich) was used

MIES in terms of the spin relaxation of triplet RPs (the relaxation Without further purification. 2-Propanol (2-PrOH), benzene of
Cica—Merck high-performance liquid-chromatography grade,

* E-mail: ysakaguc@postman.riken.go.jp. Fak:t+48-462-4664. and dimethyl sulfoxide (DMSO). of Ci erck U\./.ana.llySIS
t E-mail: hhayashi@postman.riken.go.jp. grade were used as solvents without further purification. The
€ Abstract published ifAdvance ACS Abstractfecember 15, 1996. detergent, Brij35 (TCI), was used without further purification.
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Water (>18 MQ cm) was obtained from an Iwatani UP-100 MPTZ ™ IMPTZ* — 3MPTZ* Q)
ultrapure water maker.

Laser flash photolysis experiments were performed at 293 SMPTZ* + (F4)DCNB—>3[MPTZ'+ (F)DCNB] (2)
K. The magnetic fields oB = 0—1.75 T were generated
by a Tokin SEE-10W electromagnet. ThoseBt= 0—10 T 3[|\/||:>'|'Z'Jr (F)DCNB' ] < 1[|\/|p'|'z‘+ (F)DCNB] (3)
were generated by an Oxford 37057 superconducting magnet

with a PS120-10 power supply. Solvents were degassed by l[MPTZ’+ (F)DCNB' ] — MPTZ + (F)DCNB  (4)
sonication, and the solutions were prepared under nitrogen 4 4

atmosphere. The sample solution flowed in a 5-mm optical 1, ot 1 ot o—

length quartz cell in the sample holder. The sample solutions S[MPTZ (F)DCNB" ] —MPTZ™ + (F)DCNB™ (5)
except for the detergent one were bubbled with pure nitrogen
gas during the measurements. The reservoir bottle of the

detergent solution was kept under nitrogen during the experi- reaction 5, which will be discussed later. We have measured

ments. The.sample solutions were excited with the third (355- the rate of reaction 2. The quenching rates by DCNB were 4.3
nm) harmonic of a Quanta-Ray GCR-103 Nd:YAG laser. For . 1 and 4.6 x 10° mol-X dm® st in the 2-PrOH and

high accuracy measurements, both of the monitoring lights po-ane DMSO solutions, respectively. Those by[FCNB
before and after the sample cell were measured. The outputsyere 59% 10° and 8.6x 10° mol-L dm® s in the 2-PrOH

of the photomultipliers (Hamamatsu R636) were measured 5nq henzeneDMSO solutions, respectively. These errors are
by a HP54510A (1 Gs/s) or a HP54522A (2 Gs/s) digitizing |ess thant10%.

oscilloscope and then recorded with a NEC PC9801 computer. Time-resolved ESR spectra are also measured for these

Other conditions are similar to those described elsewiefe.  eactions. The CIDEP spectra observed at a delay time of 500
The experiments under the lowest magnetic fi@d<(0.2 mT ns after excitation of a 2-PrOH solution of MPTZ (4 10-3
for the electromagne® < 0.3 mT for the superconducting  mol dn3) and DCNB (1x 10-2 mol dn3) are shown in Figure
magnet) are denoted as those in the absence of a magnetic fieldi A. A similar one was observed withy BCNB (1 x 103 mol

A JEOL RE-1X X-band spectrometer was used for the time- dm™3) as shown in Figure 1B. Both spectra have three broad
resolved ESR measurements without field modulation at room absorptive peaks in lower fields and several sharp emissive peaks
temperature with a XeCl laser (308 nm) of a Lumonics EX- in higher fields. The broad ones are well reproduced by the
742 excimer laser as an exciting light source. The output signal hyperfine coupling (hfc) constants of MPTZ(g = 2.0050,an
was averaged by an SRS SR250 boxcar integrator. Other= 0.765 mT,ay = 0.742x 3, 0.213x 2, 0.113x 2, 0.070x
experimental conditions are similar to those described else-2, 0.023 mTx 2).24 The sharp ones in Figure 1A are well
wherel® reproduced by the hfc constants of DCNBg = 2.0013 relative
to MPTZ*, ay = 0.181 mTx 2,ay = 0.159 mTx 4).25 In
comparison with those of DCNB, the sharp ones in Figure
1B are ascribed tof/DCNB*~ (g = 2.0012 relative to MPTZ,

In the present study, we would like elucidate the dynamic av = 0.206 mTx 2, ag = 0.206 mTx 4). The hfc constants
behavior of the RIPs at large magnetic fields. Here, the presentof FADCNB*~ and theg values of both dicyanobenzenes were
reaction systems and their MFEs are investigated for the first Obtained in this work for the first time. _
time. In order to discuss the MFEs due to thgM at large Although the assignment ofsBCNB*" is straightforward,
fields, we must discuss the reaction mechanism of the R|ps’the hfc constant of the F atoms is only a little larger than that

their magnetic parameters, and their behavior at low magnetic ©f the H atoms of DCNB'.  In the case of fluorinated aromatic
fields. We will describe them in this order. anions, the hfc constants of the F atoms are various. The hfc

. . . constant of the hexafluorobenzene anion is 40 times larger than
3.1. Assignment of thg Reaction Intermediates.MPTZ that of the benzene anidh. On the other hand, the hfc constant
and DCNB are the typical electron donor and acceptor,

X - . . - of F atoms in the-difluorobenzene anion is one-third of the H
respectively, in photochemical reactions. There is, however,

q d hei o b | tor i atoms in the same anidh. Therefore, a little larger hfc constant
no precedent study on their reaction, but an electron transfer is ,¢ o £ atoms in FDCNB* than that of the H atoms in

expe_cted frqm ex0|ted_ MPTZ to ground-stat_e DCNB' The DCNB*~ may not be surprising. This resemblance of the hfc
transient optical absorption spectrum observed immediately after ., <tants andj values between DCNB and RDCNB'™ is
excitation of a 2-ProH solution of MPTZ (% 10°% mol dm) accidental but useful for the comparison of their MFEs.

and DCNB (1x 10°° mol dm™) has a peak around 460 nm, The A/E phase patterns of the observed CIDEP spectra shown
which is ascribed to the triplet excited state of MPTZ ;, Figure 1A and 1B can be explained by the radical pair
((MPTZ*).2021 The spectrum observed at 400 ns after excitation mechanism due to singlet RPs with< 0 or due to triplet RPs

has two peaks around 430 and 520 nm. The former is attributedyjth 3 > 0. Here,Jis the exchange integral. Transient optical
to the radical anion of DCNB (DCNB)?? and the latter to the  apsorption spectra clearly show that these reactions originated
radical cation of MPTZ (MPTZ)202! Similar spectra were  from 3MPTZ*. Consequently] is concluded to be positive in
observed for the solution of MPTZ (& 103 mol dn®) and  these reactions. Althoughis usually negative in the cases of

F4DCNB (1 x 1073 mol dnm3) except for the absence of the neutral RPs, there are several reports showing positiadues
spectrum of DCNB". The peak observed around 390 nm after in RIP reactiong’28

Here,![ ] and 3 ] represent singlet and triplet RIPs. There are
decay processes of escaped radical ions after their formation,

3. Results and Discussion

several hundred nanoseconds instead of DCNBay be 3.2. Magnetic Field Effects at 6-1.75 T. The MFEs of
attributed to the radical anion ofBCNB (F,DCNB"~). Similar the photoinduced electron-transfer reactions betvistRiT Z*
spectra were also obtained in benzeBMSO (3:1, v/iv) and (R)DCNB were measured at-@..75 T using the electro-

solutiong® of MPTZ + DCNB and MPTZ+ F,DCNB and in magnet. The time profiles of the transient absorbarigs,

a micellar Brij35 (5x 1072 mol dm3) solution of MPTZ+ for the reaction of3MPTZ* and DCNB in 2-PrOH were
DCNB. Consequently, we can safely describe these photo- measured at 520 nm. Among the obser¥€t) curves, those
chemical reactions as follows: obtained aB = 0, 10, 500, and 1500 mT are shown in Figure
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Figure 1. Time-resolved X-band ESR spectra observed at a delay of
0.5 us after excitation of (A) the 2-PrOH solutions of MPTZ &
103 mol dn73) and DCNB (1x 1073 mol dn13) and (B) the 2-PrOH
solution of MPTZ (1x 1072 mol dm3) and RDCNB (1 x 102 mol
dm™3). The simulated spectra of (@) MPTZ (b) DCNB~, and (c)
F,DCNB*~ are also shown.
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Figure 2. Time profiles of the transient absorbandt), curves
observed at 520 nm of (A) the 2-PrOH solution of MPTZ %1102
mol dnT3) and DCNB (1x 1072 mol dm3), (B) the 2-PrOH solution
of MPTZ (1 x 1073 mol dn13) and RDCNB (1 x 10~ mol dnr3),
and (C) the micellar Brij35 solution of MPTZ (¥ 102 mol dnv3)
and DCNB (1x 1072 mol dnr3). The applied magnetic fields are
described in the figures.

2A. EachA(t) curve is composed of a rise from 0 ¢a. 200
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of 10 or 500 mT, the rise part is enhanced in comparison with
that at 0 mT. At 200 ns, the difference is clear, and this
difference seems to increase up to 500 ns. In the presence of
the fields larger than 500 mT, the rise part became smaller than
that at 500 mT, as shown by ti#t) curve at 1500 mT. The
decay process afterwards was found to proceed bimolecularly.

Since the bimolecular decay is only expected for uncorrelated
species, the collapse of the geminate RIP is expected to be
terminated before this bimolecular decay. Consequently, we
can conclude that the rise part includes the formation and
collapse of the geminate RIP. This means that reactiorts 2
proceed simultaneously. The enhancement of the rise part
comes from the increase of escaped MPTHh reaction 5,
which is induced by the decrease of recombination of the
geminate RIP in reaction 4. This means that theST{triplet—
singlet) conversion of the geminate RIP in reaction 3 is blocked
atB < 500 mT and then acceleratedBt= 500 mT.

Similarly, A(t) curves for the reaction ctMPTZ* and -
DCNB in 2-PrOH were measured at 520 nm, and several curves
are shown in Figure 2B. Since MPTZis common in the
reactions of this paper, we chose its peak at 520 nm for
comparing the MFEs under different conditions. Ea()
curve is composed of a rise from 0 ¢ta. 60 ns and a decay
afterwards. This rise is faster than that of DCNB. This is due
to a larger quenching rate of[BCNB than that of DCNB. In
the presence of a magnetic field, the rise part is also enhanced
as in the case of DCNB. The main effect appears, however, at
the initial decay part up to 200 ns. Therefore, the decay part
of this reaction is composed of the geminate recombination at
the initial part and the random recombination of the escaped
radical ions afterwards.

Since reactions-25 proceed almost simultaneously, we could
not derive each reaction rate directly from tA€t) curves
observed in the reaction MPTZ* and DCNB in 2-PrOH.
From the A(t) curves in that ofSMPTZ* and RDCNB in
2-PrOH, we could observe the decay of the geminate RIP, but
its separation from the RIP formation is not complete. From a
rough estimation, the recombination rate of the RIP at 0 mT
was determined to be & 10" s™1. In the presence of fields,
the RIP decay became too unclear to obtain the rate. The
increase of quencher concentration, on the other hands, involves
many difficulties as follows:

(1) The degenerate electron-transfer reactdrizetween
cyanobenzenes and their anions may modify the observed MFEs.
This process is very interesting but is beyond the scope of this
paper.

(2) A charge-transfer complex between MPTZ ang) IENB
may be formed at higher concentrations. This may give
completely different results. At the present concentration, there
is no evidence for the formation of such complexes.

(3) The solubility of cyanobenzenes in organic solvents and
micellar solutions is generally low. We may not dissolve them
enough to separate reaction 2 from others, especially in micellar
solutions.

Therefore, we chose dilute solutions to avoid any additional
effects on the MFEs at the first stage.

A(t) curves for the reaction 3MPTZ* and DCNB in Brij35
micellar solution were measured at 520 nm, and some of them
in the absence and presence of magnetic fields are shown in
Figure 2C. Eacl\(t) curve is composed of a decay from 0 to
ca.200 ns, a rise up toa.500 ns, and then a decay afterwards.
The MFEs are observed at the rise part. It is obvious that the
observed reaction is not homogeneous since the decay and rise
rates in theA(t) curves do not correspond to each other.

ns and a decay afterwards. In the presence of a magnetic fieldAlthough theA(t) curves are composed of independent dynam-
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Figure 3. Magnetic field dependence &B) = A(1 us, B)/A(1 us, 0

T) values in the reactions of (A) the 2-PrOH solution of MPTZX1

1072 mol dnr3) and DCNB (1x 1072 mol dnt3), (B) the benzene

DMSO (3:1, v/v) solution of MPTZ and DCNB, (C) the micellar Brij35

solution of MPTZ and DCNB, and (D) the 2-PrOH solution of MPTZ

(1 x 1072 mol dn3) and RDCNB (1 x 1072 mol dnT3).

ics, the MFE of the rise part is reasonably ascribed to the same
reaction scheme as in 2-PrOH solutions.

The plot ofA(t) values at 520 nm after the complete collapse
of the geminate RIP against the magnetic field should show
the MFE on the yield of escaped MPTZfrom the geminate
RIP 2 In order to make such a plot, we took the delay time to
be around Jus since we found small MFEs on the bimolecular

varied by their environments.

Sakaguchi and Hayashi

DCNB*] is 2.7 mT and that for [MPTZ F,DCNB*] is 2.6
mT. Concerning the experimental errors and used assumptions,

we can see that the agreement between the observed and

estimatedB,r values is good.

Although the magnetic field dependencies observed in the
above reactions are similar to each other, their magnitudes are
In the case YMPTZ*
DCNB*], the maximumR(B) values are 1.070, 1.163, and 1.052
in 2-PrOH, benzeneDMSO, and micellar Brij35 solutions,
respectively. Itis clear that the nonionic micellar environment
of Brij35 does not improve the magnitude of the MFEs. It is

well-known that the micellar environments enhance the MFEs

in many reactions of neutral RPsOn the other hand, anionic
or cationic micelles such as sodium dodecyl sulfate or hexa-
decyltrimethylammonium chloride are accepted to be an excel-
lent circumstance for the charge separafievhere the geminate
recombination of RIP, hence its MFE, is very small. We can
avoid this effect by using nonionic micelles. The main
enhancement of the MFE in micellar solutions, however, comes
from the hydrophobic confinement of the RPs, which may not
be expected for ionic species such as RIPs. Consequently, the
present result indicates that the nonionic micelle of Brij35 has
neither positive nor negative effects for confinement of RIPs.
The complicated kinetic behavior in Figure 2C also indicates
that the micellar solution is not a good environment for detailed
studies of the MFEs of RIPs.

From our experience, 2-PrOH is a special solvent in which
many reactions show the maximum MFEs among homogeneous
single solvents. We have found, however, in this study that

decay rates of escaped radical ions. The bimolecular decay rateghe MFEs in benzereDMSO are larger than those in 2-PrOH.

of the reactions oFMPTZ* and (R)DCNB in 2-PrOH were
found to decrease with increasiBgrom 0 to 500 mT and then
to increase with increasirigfrom 500 to 1500 mT. This effect
will be discussed later with the results obtainedBat 0—10
T.

To compare the MFEs of the reactions’fPTZ* and DCNB
in 2-PrOH, benzeneDMSO (3:1, v/v), and micellar Brij35
solutions, we plotted the relative MFE &{1 us) at 520 nm,
R(B) = A(1 us, B)/A(1 us, 0 T), against the square root of the
field strength B2, in Figure 3A-C. In Figure 3D, we plotted
the R(B) values obtained at = 0.8 us in the reaction of
SMPTZ* and RDCNB in 2-PrOH, since the observed time
region was up to 940 ns. In each reaction, R@®) value
increases quickly with increasirgfrom 0 to 20 mT, attains a
plateau at around 500 mT, and then starts to decrease with
increasing3 above 500 mT. Since the generated RJFPTZ*"
DCNB*7], is common in Figure 3AC, the magnetic field
dependencies in the figures are similar to each other irrespectiv

DCNB'~ and RDCNB*~ are also similar to each other.

*h

of the solvents as expected. The magnetic parameters of

There are several papers reporting that the binary mixture of
polar and nonpolar solvents sometimes enhances the MFEs of
RIPs23:32.33 The ionic or very polar species in such a solvent
is surrounded by polar solvent molecules. Since the RIP
generated in a cluster is confined in it, the MFE is expected to
be enhanced as is in the reversed micellar solufibn$he
bimolecular decay of RIPs in benzenBMSO shows that the
confinement by polar solvent molecules is not permanent but
enough to enhance the recombination.

Since MPTZ and DCNB are a good electron donor and
acceptor, respectively, they have been used separately for the
studies of MFEs of RIPs. The chained derivatives of MPTZ
with methyl viologen were applied for the studies of biradical
ion pairs®® Many efforts were devoted for the combination of
pyrene and DCNB%3¢ DCNB was also applied for the
photoisomerization of olefing. These studies were carried out
under low magnetic fields as mentioned in this section, but there
as been no study at fields larger than 1.9’ T.

3.3. Magnetic Field Effects at 0-10 T. To elucidate the

Consequently, the magnetic field dependencies of these RIPSMFE of RIPs in homogeneous solutions under fields larger than
. . . . 1 * T
are also expected to be similar as shown in Figure 3A and 3D. 1.75 T, the reactions 8MPTZ* with DCNB and RDCNB were

A detailed comparison between DCNB angDENB will be
discussed later with the results obtainedBat 0—10 T.

The steep rises at low fields in the results shown in Figure
3A—D are expected to be due to the hfc mecharfisif.we
assume that the average of tR&B) values from 100 to 500
mT is the maximum effect, th8,r field where half of the
maximum effect appears is calculated to be 4.0, 4.3, 5.8, and
4.2 mT for the results shown in Figure 3. The semiclas-
sical estimation of thd®n,i; field is given as follows®

— 2 2
Bhalf - 2(BMPTZ'+ + B(F4)DCNB-* )/(BMPTZ'+ + B(FA)DCNB-*) (6)

where Bragica = (Zilj(lj + 1)3?)Y2. The value for [MPTZ"

investigated in 2-PrOH and benzefieMSO (3:1, v/v) solu-
tions. We have observed similar kinetic behavior of RIPs in
the high field regionB = 1.75-10 T) to that in the low onel

< 1.75T). Instead of the reproduction of th¢) curves, we
show the 1A(t) curves obtained in the reaction®fIPTZ* and
F4DCNB in 2-PrOH in Figure 4A. The results of the other
reactions gave similar figures except for their rates. A linear
1/A(t)—t relationship shown in Figure 4A is described by a
bimolecular decay process of escaped radical ions. As clearly
seen in this figure, the decay process later thanuk. &fter
excitation is almost completely described by the bimolecular
process and the bimolecular decay rate is dependei®, @as
mentioned earlier. In Figure 4B and 4C, we show observed
MFEs on the bimolecular decay ratdge] of the reactions in
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o b with increasingB from O to 0.5 T and the increase above it
o ® o, should also be observed in the geminate RIPs. Although it was
=230 F o o oOOO" hard to directly observe the MFEs on the geminate recombina-
o 5 o ° tion rates as described earlier, we could detect the MFEs on
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Figure 4. (A) 1/A(t) curves observed at 520 nm of the 2-PrOH solution the _abs%r;(_:e a_lnd presence of th‘? magngtlc fields are plotted
of MPTZ (1 x 104 mol d3) and RDCNB (L x 102 mol drm3) in againstBY?in Figure 5A-D, respectively. Itis noteworthy that

the absence and presence of magnetic fields. (B) Magnetic field the 1A(t) plot exaggerates the tail parts of tA¢) curves and
dependence of the bimolecular decay rates in the 2-PrOH solutions ofalso the differences of their decay rates. If the MFE due to the

(®) MPTZ (1 x 1073 mol dnv%) with DCNB (1 x 1072 mol dn?) bimolecular process is large enough, the tail parts ofAtip
gnd3§3)(cl\/|)PJZ @ t>'< %(TI ; g10| derT3) Wlthf 't:ﬁDCt:)NB I(1 x 1(53 mol o CUIVES should separate to each other with increatsiikg the
m3). agnetic field dependence of the bimolecular decay rates T ;
in the benzeneDMSO (3:1, v/v) solutions of@®) MPTZ with DCNB L/A(t) curves in Figure 4.A' On the contrary, the tail parts of
. the A(t) curves are practically parallel to each other as shown
and ©) MPTZ with F,DCNB. S ; D
in Figure 2A and 2B. This fact suggests that the contribution

2-PrOH and benzereDMSO, respectively. We can estimate of the MFE due to the escaped radical ions is small. Conse-
from Figure 4A the errors dffe to be less thar-3%. Asseen  quently, we can safely regard tiR¢B) values as a measure of
from these figures, the bimolecular decay rates decrease withthe MFE of the geminate RIPs, although we cannot eliminate
increasingd from 0 to 0.5 T and then start to increase above it. the contribution of the MFEs due to escaped radical ions from
The rates at 10 T are slightly larger than those at 0 T. The them. We plotted an extrapolation of the fitting line at 10 T in
rates of RDCNB are smaller than those of DCNB. Figure 4A. This deviation means that the recombination rate
These bimolecular reactions can be described by the reen-of the geminate RIP is significantly larger than the bimolecular

counter of radical ions, reactiot, sind by reactions 3 and 4 as  decay rate. On the other hand, the extrapolation at 0.5 T is
follows: almost the same as tht) curve. This difference of thé(t)

curves at 0.5 and 10 T originates from the MFE of the geminate
[MPTZ™" (F)DCNB"] (5) RIPs.
As shown in Figure 5R(B) increases with increasirigjfrom
- — , 0 to 0.5 T and then starts to decrease with increaBifigom
[MPTZ™ (F)DCNB" ] (5)) 0.5to 10 T. In the reactions in 2-PrOH (Figure 5A and 5C),
5 . - L . B R(5 T)'s are similar toR(0 T)'s irrespective of the electron
[MPTZ" (F,)DCNB'"] <= [MPTZ"™ (F)DCNB"] (3) acceptors. The overlap of tit) curves at 0 ath5 T in Figure
4A confirms this fact. In benzereDMSO (Figure 5B and 5D),
1[|v| PTZ (F)DCNB] —MPTZ + (F)DCNB (4) R(3 T)'s are similar tdR(0 T)’s. Above these fieldS}(B) values
are smaller tharR(0 T)’s. The decrease dR(B) above 1 T
Since reaction 3 is influenced by magnetic fields, the bimo- Seems linear t@"2 especially for the reactions in 2-PrOH. In
lecular decay process may also be influenced by them asFigure 5, we plotted-least-squares-fitted line8at 1-10 T.
observed. The random reencounter of escaped radical cation There are two possible mechanisms to explain the MFEs in
and anion, reaction' 5forms statistically triplet and singlet RIPs  the high-field region. One of them is thegM,® and the other
in a 3:1 ratio. Thus, the MFEs on the reactions of escaped is the relaxation mechanis38 The observed linear relation-
radical ions should qualitatively be the same as those of triplet- ship betweerR(B) and B2 can be interpreted by th&tgM as

o— 75% 3

MPTZ™ + (F,)DCNB

9
25% 1,
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described below. It is noteworthy that the smalRéB) values
observed in the high-field region thaR(0 T) cannot be

Sakaguchi and Hayashi

radicals were observed Thenvp value of this reaction, instead
of Am/(1 — p), is calculated to be 1.0& 1076 sl/236

explained by the relaxation mechanidi.If we use the The experimental conditions of the above reactions are quite
assumptions described in refs 3 and 6, the theoretical expressionitferent from each other. Consequently, we should not discuss
of the MFE due to the&gM on the relative erId YAQM) of the /'{, m, andp Separate|y but compare S|mp|y thB']/(l — p) or
escaped radical from a triplet RP is as follows; m/p values as the measure of the magnitude of their MFEs
removing the difference im\g values. It is obvious that the
MFEs of the RIPs are much larger than that of the neutral RP
in homogeneous solution. This difference is easily attributed
to the confinement of the RIPs due to the Coulombic attraction
which is absent in the neutral RP in homogeneous solution. The
comparison also reveals that the micellar solution is an excellent
environment for the enhancement of the MFE of the RPs. The
Coulombic attraction between the RIPs in homogeneous solu-

rftions is, in fact, not so inferior to the micellar confinement for

Yagu(B) — 1= ="1,Gn/(1 - p)(@AgsBI2)"  (7)
Here,1 (0 < 1 < 1) is the recombination probability of the
singlet RP at its reencountem andp (0.5 < p < 1) are the
factors appearing in the reencounter function given by Noy-
es#041 By replacing Am/3(1 — p) with m/p, we get the
expression for the yield of cage products from a singlet’RP.
The reencounter function is based on the noninteracting specie
such as neutral RPs. Since the Coulombic attraction betwee ihe enhancement of the MEES
RIPs at large separation becomes negligible in polar solution, . : ) )

eq 7 can be tentatively applicable to the RIP reactions. Inorder In the comparison of DCNB andiBCNB, we can discuss it

to describe the dynamic behavior of RIPs quantitatively, we in detail, since the parameters to describe their reactions should

had better use a numerical method such as the procedure derive§€ Similar to each other. Thiew/(1 — p) values indicate that

by Pedersef?

The experimentaR(B) = A(1 us, B)/A(1 us, 0 T) values
include the contribution of the MFE due to the hfc mechanism
(HFCM), but the conversion to thé\gu(B) values is simply to
multiply R(B) by a constant. We can safely assume a certain
magnetic field, Bo, where the MFE due to the HFCM is
terminated and the MFE due to th&gM is negligible.
Experimentally,By is considered to be 0-10.5 T. By using
A(1 us, By) as the reference, we can get tfigu(B) value, as
follows:

Yagu(B) = A(Lus, B/A(Lus,By)
= A(1us,B)/A(Lus, 0 T)x A(lus, 0 T)A(Lus,By)
= R(B)/R(By) (8)

Since the observeR(B) values, and hence thégu(B) values,
abow 1 T are practically proportional tBY2, we can safely
conclude that the MFEs of the present reactiorB at0.5-10

T are due to theAgM.

According to eq 7, thém/(1 — p) value is a good parameter
to compare the MFEs of many triplet reactions, removing the
difference inAg values. By this value, we can compare other
conditions than thég value which affect the magnitude of the
MFEs. In order to compare the MFEs of the singlet and triplet
reactions, we must compan#p andAm/(1 — p). For a simple

the MFEs in the reactions ofMPTZ* and FDCNB are
somewhat smaller than those @IPTZ* and DCNB. Since

the contribution of the\g value is removed from thém/(1 —

p) value, the difference comes from other conditions. The
remaining factor to determine the magnitude of the MFE is the
competition between recombination, reaction 4, and escape of
singlet RIP, reaction 5, which is depicted by A smalleri

can be explained by a larger escaping rate and/or by a smaller
recombination rate. The bimolecular decay rate of escaped
radical ions is also affected by this competition. The bimo-
lecular decay rates of MPTZand RDCNB*~ are found to be
smaller than those of MPFZ and DCNB~. This implies that
the A value of MPTZ" and RDCNB"~ is smaller than that of
MPTZt and DCNB~. The escaping rate oBCNB*~ might

be even smaller because the molecular size,DONB*~ must

be a little larger than that of DCNB. Accordingly, we can
conclude that the recombination rate!iPTZ** F;,DCNB*"]

is slower than that of{[MPTZ** DCNB*"].

Since the studies by Marctand Rehm-Weller*>there have
been many studies to combine the reaction rates and the free-
energy changes of the reactions. Applying the triplet energy
of MPTZ (2.64 eV)2° the oxidation potential of MPTZ (0.64
eV),* and the reduction potential of DCNB-(.6 eV)#” the
free-energy changes of the forward (f) and backward (b)
reactions are calculated to G = —0.40— C eV andAG;

comparison of the magnitude of MFEs, we can compare these= —2.24 + C eV for the reaction ofPMPTZ* and DCNB,
values directly because these values are derived from therespectively. HereC (~0.1 eV)is a Coulombic attraction term

observed MFEs and th&g values in the same manner.

To obtain the experimentahv/(1 — p) values, we toolBg to
be 0.1 T to avoid overestimation because the laigefield
gives the larger values. We used the extrapold®&ail T)
values obtained from the linear fitting Bt= 1—10 T instead
of the observed ones to avoid the fluctuation of tihé(1 — p)
values due to the single experimental errors at 0.1 T. By this
procedure, we obtained tiev(1 — p) values to be 9.5 1076
and 1.2x 1075 s'2, in the reactions ofMPTZ* and DCNB in
2-PrOH and benzereDMSO, respectively. Those éMPTZ*
and RDCNB are 8.5x 1075 and 9.1x 1076 s2 respectively.
In the hydrogen abstraction fromp-aminothiophenol by the
triplet excited state of xanthone in a sodium dodecyl sulfate
micelle, we observed MFEs due to tigM of a neutral RP
consisting of xanthone ketyl aridaminophenylthiyl radicalé?
In this reaction, we can calculate thev(1 — p) value to be
1.5x 107%sY2 |n the case of the singlet photodecomposition
reaction of dibenzoyl peroxide in toluene, the MFEs due to the
AgM of a neutral RP consisting of benzoyloxy and phenyl

between radical ions. The reduction potential gDENB has

not been measured. If we substitute it by the reduction potential
of tetrafluoro-1,2-dicyanobenzene 1.21 eV)? we getAG; =
—0.79— C eV andAG, = —1.85+ C eV, respectively. The
magnitude ofAG; implies that the quenching rate 8¥IPTZ*

by F,DCNB should be larger than that by DCNB, which
corresponds to our observation. For the back-electron-transfer
reactions, the inverted region is sometimes observed. The
smaller back-electron-transfer rate igDFENB indicates that
the maximum point of the bell-shape dependence is not larger
than—1.85+ C eV.

By means of the nanosecond laser photolysis, the magnetic
field effects on the photochemical electron-transfer reactions
from the triplet excited state of 10-methylphenothiazine to 1,4-
dicyanobenzene or its tetrafluoro derivative are investigated.
They showed the magnetic field effects due to the hyperfine
coupling mechanism at low field8(= 0—0.5 T) and those
due to theAg mechanism at high fieldsB(< 10 T). The
micellar solution is found to be unsuitable for the confinement
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of radical ion pairs. On the contrary, the binary solution of

polar and nonpolar solvents is confirmed to be a better condition

for that purpose. The comparisonf/(1 — p) values indicates

that the confinement of radical ion pair in a binary solution is
not so inferior to that of neutral RP in micellar solutions. A
little smaller magnitude of the magnetic field effects of the
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