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The lowest triplet excited states of (2-substituted) 10-methylphenothiazine were found to be quenched by
various electron acceptors in polar solvents such as 2-propanol and acetonitrile through electron transfer
(ET). The transient absorption and time-resolved EPR spectra indicated that the radical cation of the
phenothiazine and radical anions of the acceptors were formed as the ET products in moderate to high yields.
These free radical ions were formed via two types of intermediates, (i) a triplet contact radical iGCBaR)(

or a triplet exciplex {Ex*) and (i) a triplet solvent-separated radical ion pdB$RIP). In the quenching by

the Br-substituted acceptors, a large fractio@RIP (or®Ex*) was deactivated to the singlet ground states

due to the breakdown of the spin-forbiddance by strong-spihit coupling. On the other hanéCRIP (or

SEx*) containing no heavy atom was mainly transformed #88RIP by solvation’SSRIP decayed through

either the separation to free ions or the triplsinglet conversion followed by the spin-allowed backward ET

to the ground states. The backward ET rateSSBRIPs were estimated to kel®® s™1, even when the
reaction fell into the deeply inverted region. In 2-propanol, the free ion yields were affected by magnetic
fields. The magnitudes of magnetically induced changes strongly depended on the polarity and viscosity of
solvents, suggesting that the separation rate of SSRIP should be a crucial factor determining the field dependence
of the free ion yields.

1. Introduction available. In some cases partial charge-transfer, instead of full
ET, may take place to give an exciple¥ek*), which has a
mixed character of the localized excited state and the RIP state.

photoinduced ET is one of the most active fields in ET 1Ex* decays through several processes such as complete charge

chemistry. Since the end of 1980s, mechanisms of photoinduceo‘sep‘?‘r&‘tic’ﬁ’0 deactivation to the sstates, and chemical reactions
intermolecular ET between aromatic donors and acceptors inOther than ET. In other cases, long-distance ET may directly
solution have been unraveled by means of picosecond transien@€nerate:SSRIP without intermediacy diCRIP (process D).
absorption and emission spectrosc8pyTwo kinds of radical As for ET reactions involving excited triplet states of
ion pairs (RIPs) with different distances between the charged chromophores, quite similar reaction pathways can be postulated,
centers were characterized as the intermediates of these reacs shown in Scheme 1B. A distinctive feature of ET from triplet
tions, and their decay dynamics were elucidated. A simplified precursors is that the charge recombination processes from triplet
description of the reaction pathways from singlet precursors is intermediates3gx*, SCRIP, and®SSRIP) to give the §Sstates
shown in Scheme 1A. On encounter of the lowest singlet excited are spin-forbidden. Only when strong spiorbit coupling
(Sy) state of a donor'D*) and an acceptor (A) in the ground  (SOC) exists are these deactivation channels practically opened
(So) state, an electron is transferred frdd* to A to give a (process c). Because of such spin selectivity, the free ion yields
contact radical ion paiCRIP) (process A). In polar solvents, and the decay kinetics of the intermediates may be quite different
ICRIP is transformed into a solvent-separated radical ion pair from those for reactions originated from singlet precursors. So
(*SSRIP) (process B), where'Dand A~ are separated from  far, reduction of the T states of benzophenoriésand
each other by intervening solvent molecules. Further separationquinone$?4 through ET or partial charge-transfer from amines
of D** and A~ to the bulk of solution gives free ions (process and aromatic donors has been studied by many researchers, and
G). In competition with the free ion formation, backward ET  formation of radical ion pairs has been observed in polar
within 'CRIP (process C) and/88SRIP (process F) regenerates  solvents. However, this type of reaction is sometimes compli-
the $ states of D and A. Depending on properties of reactants cated due to competing hydrogen atom transfer, proton-transfer
as well as solvents, several variations of this scheme arecqoupled with ET, and subsequent proton transfer within radical

p - ion pairs. Studies on ET reactions with other triplet precursors

Kanagawa Institute of Technology. - 17 . .
$ Kitasato University. are rather limited®> '’ Recently, Sakaguchi and Hayashi
*RIKEN. reported that 10-methylphenothiazine (MPTZ) in thestate

Electron transfer (ET) is an elementary reaction of great
importance in chemistry as well as biochemistigspecially,
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SCHEME 1: Reaction Pathways in ET Reactions of
Excited Donor (D*) with an Acceptor (A)2
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aArrows indicate A and a, ET at a contact distance; B and b,
solvation; B and B, collapse to CRIP; C and c, deactivation of Ex* or
backward ET of CRIP; D and d, long-distance ET; e;S conversion;

F, backward ET ofSSRIP; G and g, separation to free ions; H and h,
association of free ions.

donates an electron to 1,4-dicyanobenzgrBCNB) in 2-pro-
panol (2-PrOH)}8 They investigated magnetic field effects
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indicated that both CRIP and SSRIP should be formed, which
is consistent with Scheme 1B. From analyses of the MFEs and
several theoretical expressions, the rate constants of the decay
processes have been estimated.

2. Results and Discussion

2.1. Quenching of3(2-X)MPTZ* by Electron Acceptors.
Figure 1 shows transient absorption spectra on excitation of
2-MeOMPTZ in the presence of TCNB (61074 M) in 2-PrOH
with a 355 nm laser pulse. Immediately after excitation, a broad
absorption band was observed at 485 nm. This band was
assigned to the FT absorption of 2-MeOMPTZ, because its
shape was quite similar to that of the-T absorption band

(MFEs) on the yields of free radical ions and showed that the (; . — 465 nm}® of MPTZ, although thelmax value of the

spin conversion of radical ion pair [MPTZ p-DCNB*~] was

former was shifted to the red by 20 nm compared with that of

affected by magnetic fields. Their results on the MFEs suggest the |atter. The FT absorption decayed within s with

that the precursor of the free ions should be SSRIP, but detailed

pathways to give SSRIP are not elucidated.

The aims of this study are (i) to verify the applicability of
Scheme 1B to the ET reactions fréMPTZ* to acceptors such
asp-DCNB in polar solvents, (ii) to estimate the rate constant
of each process in 2-PrOH, which is a solvent often used in
studies on MFE$? and (iii) to clarify similarities and differences
in mechanisms and kinetics between intermolecular ET reactions
with singlet and triplet precursors (Scheme 1A vs 1B). For this
purpose, we have studied the photoinduced ET reactions of (2-
substituted) 10-methylphenothiazines, (2-X)MPTZ, with various
electron acceptors shown in Chart 1 by nanosecond transient
absorption spectroscopy. These donors and acceptors were
selected so that a wide range of free energy changes were
covered without a large difference in molecular size or shape.

Absorbance (arbitrary unit)

0 ]
350 400

450 500 550 600
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Effects of magnetic fields on free ion yields, free energy changes rigyre 1. Transient absorption spectra of the 2-PrOH solution of
accompanying forward and backward ET, heavy atoms, and 2-MeOMPTZ (7x 10~* M) and TCNB (5x 10~ M) at 35 ns (solid
solvents have been examined. The experimental results havdine) and 1us (dotted line) after excitation at 355 nm.
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TABLE 1: Quenching Rate Constants kq), Free Energy Changes AGer, AGger), Free lon Yields & O T (®g), and MFEs for
the Reactions of3(2-X)MPTZ* ( 3D*) with the Acceptors (A) in 2-PrOH at 293 K

am
run D A kqa AGgt b AGget b [or R(B)max (1 - ﬁ)d
1 2-MeOMPTZ TCNB 6.2 —1.42 —1.22 0.52 1.04 0.95
2 MPTZ TCNB 6.3 —1.35 —-1.29 0.55 (0.93) 1.06 1.04
3 MPTZ ~DCNB 5.9 —1.00 —1.64 0.66 (0.96) 1.07 0.99
4 MPTZ FEDMTP 4.3 —0.64 —2.00 NA? 1.09 NA
5 MPTZ p-DCNB 4.6 —0.39 —2.25 0.71 (0.93) 1.07 1.20
6 MPTZ MeCNBz 3.9 —0.36 —2.28 0.65 1.09 1.23
7 MPTZ o-DCNB 4.3 —0.33 —2.31 0.63 (0.90) 1.09 1.10
8 MPTZ DMTP 3.4 —0.32 —2.32 NAY 1.13 1.53
8 MPTZ-d3 DMTP-d;o f —0.32 —2.32 NAd 1.05 f
9 2-CIMPTZ p-DCNB f —-0.31 —2.33 0.75 (0.97) 1.08 1.00
10 2-MeOMPTZ m-DCNB 3.5 —0.22 —2.42 0.77 1.10 1.30

aUnit=10° M~1s™L. P Unit = eV. ¢ The estimated error i&0.05. The values in parentheses are obtained in MéChit = 107> s'2 ¢ Reference
18. " Not determined? Not available due to the overlap of the absorption spectra-ofldd A~. " Not available due to lack of thg-factor of A~.
i Reference 44b.

concomitant growth of new bands at 575 and 465 nm. The LIRMARLILL IR I B
spectrum recorded auis after excitation (Figure 1, dotted line)
was ascribed to a superposition of the absorption spectra due
to 2-MeOMPTZ2" (Amax= 576 and 425 (shoulder) nm in GH

Cly) and TCNB™ (Amax = 462, 436, 414, 375, and 353 nm in
MeCN). This spectral change indicates that an electron was
transferred fron3(2-MeO)MPTZ* to TCNB. Occurrence of ET
from 3D* to A was also observed by the transient spectra for
other combinations of D and A listed in Table 1.

To clarify the relationship between the quenching rate 0
constantky) and the free energy changkG®et) accompanying m N T
the forward ET, we determined thg values from the Stern 0 500 1000
Volmer plots. The observegq, values are listed in Table 1. The
AGer value is given bgP
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Figure 2. Time profiles of the transient absorbance at 520 nm for the

reaction of MPTZ witho-DCNB in 2-PrOH under various magnetic
AGgr = —E{A) + E,(D) — eZ/(‘L”GoérRAD) —Er (1) fields.

where Ee{A) and Ey(D) are the half-wave potentials of lifetimes of any postulated intermediate’ex*, *CRIP, and
reduction of A and of oxidation of D in the ground state, ~SSRIP) are much shorter than the decay timéDf (170—
respectively, andEr is the triplet excitation energy of D. The 280 ns) under the experimental conditions employed and that
Er value reported for MPTZ (2.64 €% was used for all the ~ formation of free ions has been completed withjsl Although
donors, because the phosphorescence spectra of 2-MeOM pT2he absolute values of the rate constants for the decay processes
and 2-CIMPTZ recorded at 77 K in a 1:1 mixture of 2-PrOH of these intermediates cannot be determined, the free ion yield
and EtOH were quite similar to that of MPTZ. The separation (Pr) defined by eq 2 is likely to reflect the relative magnitudes
distance between*D and A~ in SSRIP Rap) was assumed to  Of these rates.

be 8 A23 The forward ET was exergonic for any reactions N

investigated with the\Ger value ranging from-1.42 to—0.22 @ = [no. of free D" formed]/

eV, as s.hown in Table 1. TH@| valug ter!ded.to' increase with [total no. of3D* quenched by A] (2)
decreasing\Ger, approaching the diffusion-limited valukg).

Such AGegr dependence ok, has often been observed in  The denominator of eq 2 was obtained as [ncfgenerated
bimolecular ET and interpreted by the RehkVeller relation- by excitation] x k[Al/(z17 + kA]), where 77 is the decay

ship2® When the concentration of A was & 1072 M (the rate of3D* in the absence of A (see Experimental Section).
standard condition of our experiments), the lifetiméDf was The ®f values obtained for the reactions betwéBri and
shorter than ca. 280 ns, and more than 95%°3D@f was A'in 2-PrOH and MeCN are listed in Table 1. In 2-PrOH, the
quenched by A. ®f values were greater than 0.5 and tended to increase with

Figure 2 shows the time profiles of the transient absorbance, increase iM\Ger, but this correlation was not so clear. In MeCN,
which we refer to asA(t) curves herein, for the reaction of which has a higher dielectric constant and a lower viscosity
SMPTZ* with o-DCNB monitored at 520 nm. At this wavelength  than 2-PrOH, thar, values were higher than the corresponding
both SMPTZ* (esp0 = 5.3 x 10® M~ cm™!) and MPTZ* values observed in 2-PrOH and close to unity. It is noteworthy
(es20 = 9.2 x 10° M~ cm™1) absorb light, whileo-DCNB*~ that the®p, values for these reactions in 2-PrOH and MeCN
shows no significant absorption. TAe(t) curve was composed  were much higher than those reported for similar charge-
of an initial rise (0< t < ca. 200 ns) and a decay afterward. At separation type ET reactions with singlet precursors in M&CN.

a microsecond time region (is < t < 8 us), the decay of In most cases with singlet precursors, tibg, values were
Asx((t) obeyed a second-order kinetics, corresponding to bimo- reported to be less than 0.2. Only for the reactions where the
lecular backward ET between free MPTZand o-DCNB*~. backward ET was extremely exergonitGger < ca.—2.7 eV)
Similar A(t) curves were observed for other reactions between were relatively high values abr (0.6—0.8) attained2On the

3D* and A. These features of thA(t) curves indicate that other hand, for ET to the iTstate of benzophenone from 1,2-
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diazabicyclo[2.2.2]octane, thé@g value was reported to be
unity.2* For ET to the T states of Gy derivatives fromN,N-
dimethylaniline in benzonitrile, thég values were also unity/2

dp values for reactions with triplet precursors higher than those
with singlet ones are ascribed to the fact that both the
deactivation ofCRIP or3Ex* to the ground states and the
geminate backward ET withifsSSRIP are spin-forbidden, as
was mentioned in Introduction. Thus, the spin multiplicity of
the precursor can affect th@g value through the decay
dynamics of CRIP (or Ex*) and of SSRIP. Assuming that
formation of SSRIP from CRIP (or Ex*) is practically irrevers-
ible (process b in Scheme 1B)we can presen®g, by

D = Pssrifbsep

bssrip= [NO. of geminat€SSRIP formed)/
[total no. of°D* quenched by A] (3b)

(3a)

¢eep= [NO. Of free D" formed]/
[no. of geminatéSSRIP formed] (3c)

The efficiency of SSRIP formationpgsrig is determined by

the competition between the processes b and c and the

contribution from the long-distance ET (process d). The
efficiency of separation to free ions from SSRIBs) is

determined by the interplay of the spin conversion (process e),
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Figure 3. R(B) vs B¥2 plots for the reaction of MPTZ witio--DCNB
in 2-PrOH at 293 K.

is estimated from the effective HFC of the component radicals,
| Anrc (:[ziaizli(h + 1)]1/2)_28,29

Kyre = QugBy/h

Buz = 2[lAuec(D)I” + [Auec)I VAL + [Auec2)]]
(4b)

The |A4rc(MPTZ)| value of 1.58 m¥8 is much larger than
the |Ayrc| value (0.28-0.62 mT) of A~ whose HFC values

(42)

separation to free ions (processes g and G), and backward ETare available. It is likely that thg\yrc| values of 2-MeOMPTZ

from ISSRIP (process F). The following sections describe the
magnetic field effectsAGger dependence, solvent effects, and
heavy atom effects apssripand ¢sep

2.2. MFEs on Free lon Yields.According to the theory on

and 2-CIMPTZ" are almost the same as or slightly smaller than
that of MPTZ2*. For the reactions listed in Table 1, thgrc
values estimated by eq 4 fall within a range of (£11621) x
108 s! except for run 8 Thus, the similarity in theB

the radical pair mechanisms of MFEs, magnetic fields can alter dependence dR(B) at B = 0—0.1 T among these reactions is

the efficiency of spin conversion for remote radical pairs (RPS)
but not for contact RP%:27In remote RPs, the nearly degenerate

consistent with the similarity ifkyrc for these SSRIPs.
For runs 8 and '8 the As>((t) curves were measured for the

singlet (S) and triplet (T) states can be interconverted due to sample solutions having identical absorbance at 355 nm on

the isotropic hyperfine coupling (HFC) and Zeeman interactions,
while the S-T conversion for contact RPs is prohibited by large
magnitude of exchange interactigd|]. Because th&ap value

is considered to be 78 A in SSRIP, this intermediate

excitation with an identical laser intensity. The ratiosAgbo-
(run 8; 1 us)/Asarun 8; 1us) were 1.06 and 1.03 & = 0
and 0.1 T, respectively. The largdrg value for run 8 than
that for run 8 is ascribed to a smallejrc value (0.96x 108

corresponds to a remote RP. On the other hand, CRIP, wheres™1) of the former reaction than the value (1.2110° s™1) of

D** and A~ are located with van der Waals contaBhf ~ 4
A), corresponds to a contact RP. Thus, only théTonversion

the latter one. At fields much higher than the effective HFC
values B > |Ayrc|), only the T state of 3SSRIP can be

of SSRIP (process e in Scheme 1B) can be affected by magneticconverted tdSSRIP, while the T; states exclusively give free

fields. In other wordse¢sepis dependent on the magnetic field
strength B), while ¢ssripis independent oB.

To clarify theB dependence apsep We examined MFEs on
D for the reactions listed in Table 1 in 2-PrOH in a field range
of 0—10 T. Figure 2 shows th&(t) curves for run 7 at different
B's. The®g values aB = 0.2 and 10 T were higher and lower,
respectively, thanbg (0 T). To represent the magnitude of
MFEs on®g;, we use the ratio of transient absorbance in the
presence and absence of the magnetic fiR(@) = A (1 us,
B)/A (1 us, 0 T), which can be regarded as the ratiopedir
(B)/¢sedO0 T). Typical plots ofR(B) vs B2 are shown in Figure
3. The R(B) vs B2 plots for runs +10 exhibited common
features. EacliR(B) value steeply increased with increasiBg
from 0 to ca. 0.1 T to reach a maximumR(B)max, and was
almost constant @ = 0.1-0.5 T. TheR(B)max value was ca.
1.1 or less in any cases as shown in Table 1. R{®) value
decreased with increase Bfrom 0.5 to 10 T showing linear
relationship withBY2 The observe®(10 T) values were 0.86
0.94.

The observed increase R(B) with increasingB from 0 to
0.2 T can be explained by the hyperfine coupling mechanism
(HFCM) .28 The HFC-induced FS conversion rate of RRyrc,

ions. As a result, the difference g between runs 8 and 8
decreases. These deuterium effects confirmed that th8 T
conversion of SSRIP is induced mainly by the isotropic HFC
interactions at low fieldsg < 0.1 T).

The linear relationship betweeR(B) and B2 observed at
B = 0.5-10 T is characteristic of MFEs due to th&g
mechanismAgM). Theoretically, the relative MFEY(ygu) on
the escaped radical yield frofRP due to the\gM is expressed
as follows!8

Yagu(B) — 1= —1/3[am/(1-p))(7AgugB/2)*  (5)

Here,a, m, and S are parameters of the Noyes’ reencounter
function?! andAg is the difference in the isotropig-factors of
the component radicals. In the Noyes’ function(0 < o < 1)
is the recombination probability 3RP, and3 (0.5< 8 < 1) is
the total probability of at least one encounter of two radicals
that separated from a nonreactive encoufitéys was pointed
out by Kapteir®l® 8 becomes larger (closer to unity) when the
viscosity increasesnis expressed by the quantities relevant to
the relative diffusive motion and inversely proportional to square
root of the frequency of the mutual displacem&tifo eliminate
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the contribution of HFCM tdR(B) values, we converteR(B)
to Yagm (B) using the relationYagu (B) = R(B)/Rcacd B—0.1
T). Here Reaed B—0.1 T) is the extrapolate®(0.1 T) value
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of ISSRIPs. A plausible explanation for the lack of correlation
betweenonV(1 — ) andAGger is as follows. If the backward
ET of ISSRIP is much faster than the separation and the

calculated by the equation representing the least-squares fittecconversion te®SSRIP Kger > ksto(B), ksep in any caseq is

straight line of R(B) vs BY2 plots 8 = 0.5-10 T). This
procedure had also been used in the previous stidjhe
obtained values ofim/(1 — ) are given in Table 1. Recently,

close to unity, and no significant difference is observed.
Alternatively, variation ofm and/or8 may make theAGger
dependence af obscure. Indeed, feature (iv) may be understood

Wakasa et al. reported that the MFEs on the escaped radicalin terms of the difference im and/orf. In the radical anions

yields due to theAgM were saturated aB = 20 T for the
reactions involving with a neutral RP in alcoholic solvettts.
In their case, th&(B) vs B2 plots started to deviate upward of
the straight lines aB ~ 4 T (R(4T) = 0.79), approaching the
theoretically predicted asymptotic value #§. In the present
case, theR(B) vs B2 plots were still linearly decreasing at
B= 10T, and the¥agu(10 T) values (0.780.84) were larger
than?/s. Saturation behavior might be observed at much higher
fields, since theAg values of the present SSRIPs (0.00616
0.0027) are smaller than that of the RP in their study (0.0055).

The results of the MFEs give some information on the rate
constantsksep and kget. The observation of MFEs due to the
HFCM suggests thatepshould be comparable witlyrc. The
Tachiya’'s relatio® %6 gives a separation ratég) of 0.9 x
108 s1 for SSRIP consisting of & of a radius of 3.5 A and
A~ of a radius of 3.0 A with arRap value d 8 A in 2-PrOH
at 293 K (see section 2.5). Thigepvalue is the same order of
magnitude as the estimat&grc value (1.2x 10° s71). On the
other hand, the observation of MFEs due to AgM suggests
that kger should be comparable to or larger than theTg
conversion rateksto(B), given by

Ks1o(B) = Kiyrc 1 Kag(B) = Kiypc + tAgugB/h - (6)
Here, kag(B) is the rate of STy conversion induced by the
isotropic Zeeman interaction. ForD-A*~ pairs listed in Table
1, theksto(10 T) values are calculated to be (8.7.3) x 10°
s~ L. Thus, thekget Ones are estimated to be of the order of 10
st or higher.

If ksep OF keer varies for the various SSRIPs, it is expected

of the esters, the oxygen atoms are probably more negatively
charged than the cyano groups in the nitrile radical anions. The
substituents with high charge densities may cause strong
interactions with the polar solvent molecules. The slower
diffusion of either of the component radicals corresponds to
the smallem and the largef in the Noyes’ expression, which
gives the largeoim/(1 — j) value.

2.3. MFEs on Decay Rates of Free lon#\s was mentioned
in section 2.1, the free ions’ decay obeyed second-order kinetics
in the microsecond time region. The apparent bimolecular decay
rates ko, were determined to be (£@.9) x 10*°M-1s1at0
T in 2-PrOH at 293 K. However, understanding of the meaning
of k» is not straightforward. As is shown in Scheme 1B, the
association of free  and A~ (processes h and H) is regarded
as the reverse process of the separation of SSRIP to freéfons.
The approximate value déssocbetween DY and A~ at zero
ionic strength is obtained &s

ssoc

ki o/ Rer 7
Here,rc (=€%/4mepekT) is the Onsager distance, aRgr is the
reaction radius for the ET reaction between the corresponding
3D* and A. From the relationship betweépand AGer shown

in Table 1 kyis estimated to be6.3 x 10° M~1s71. With Rer
values 6 4 A (Rap in CRIP) arl 8 A (Rap in SSRIP), eq 7
gives Kassoc Values of 4.4x 109 and 2.2x 101° M~1 s71,
respectively. The observédgdvalues are lower than the estimated
Kassoc Value, which is at least partially ascribed to the spin
selectivity of backward ET.

At random encounter of free radical ions, b68SRIP and

that the magnitudes of MFEs are different from each other. The ISSRIP are formed in a statistical ratio of 3:1. The behavior of

R(B)max andan/(1 — p) values can be used as the measures of
the magnitudes of MFEs due to the HFCM amM,
respectively. AlthougiR(B)max depends olyrc, thekyrc values

for the present series of SSRIPs (rurslD except for run 9§

are almost the same. Then/(1 — f) value is independent of
Ag, as seen in eq 5. Comparison RB)max and am/(1 — fB)
values among runs-110 shows the following features: (i) There
is a tendency that the larg&®B)max is, the largerum/(1 — j3)

is. (i) Among these reactions, the differences in eitR€B)max

or am/(1 — B) are not so large in comparison with the
experimental errorst0.01 for the former ot=10% for the latter.

(iii) The magnitude of MFEs exhibits no clear correlation with
AGgt or AGger. (iv) The reactions of the esters such as F
DMTP, MeCNBz, and DMTP show somewhat larger MFEs than
those of the nitriles. Feature (i) is understood as follows: For
large MFEs to be observed, it is the common requirement for
both the HFCM and th&gM that a significant fraction of the
geminate3SSRIP should not separate to free ions but undergo
backward ET througiSSRIP. Features (ii) and (iii) may be
unexpected results. The paramatemwhich is determined by

3SSRIP formed by process h should be the same as that of
geminate’SSRIP, which is formed through the process b and/
or process d. Namelygsep fraction of SSSRIP separates to give
free ions, while the remaining part (1 ¢sep disappears through
the T—S conversion followed by backward ET. On the other
hand, most of thé SSRIP formed through process H decays
through backward ET becaukg=t > Ksto, ksep The observed

k. value contains a contribution from bofl8SRIP formed
through process H andSSRIP formed through process h.
However, the observed MFEs &n predominantly result from
B-dependent behavior 88SRIP, becaustSSRIP has a larger
initial population and a longer lifetime thai®SRIP. Accord-
ingly, it is predicted that thi&, value will exhibit MFE reflecting
the B dependence of the separation efficiencySERIP Gsep.

A theoretical study by Werner et al. dealt with MFEs on
bimolecular reactions between free radicals more quantita-
tively.3® So far, only a few experimental works have been
reported for MFEs on such reactioHs® We examinedB
dependence di, for the same reactions as the investigation of
MFEs on®f,. Figure 4 shows th&(B) vs B2 plots for the

the competition between backward ET (process F) and separateaction of MPTZ with TCNB*~ (run 2) in 2-PrOH. Thek,

tion (process G) ofSSRIP, increases with increasekisgr and
approaches unity. As will be discussed in section Rgér is
expected to exhibit a characteristic bell-shape8ser depen-

value decreased with increasifyfrom 0 to 0.5 T, while it
increased witlB from 1 to 10 T up to ca. 1.2-fold dfx(0 T).
This B dependence df; is quite similar to that oR(B) (Figure

dence and to vary by about one order among the present serie8), which agrees with the above prediction.
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Figure 4. k; vs B2 plots for the reaction of MPTZ with TCNB*~ in
2-PrOH at 293 K.

TABLE 2: Free Energy Changes of Backward ET AGgeT),
Phases of CIDEP, and Signs od for SSRIPs Composed of
MPTZ** and A"~ in 2-PrOH at 293 K

A AGget eV CIDEP phase sign of
TCNB -1.29 E/R negative
PI -1.49 E*/AP negative
F,DCNB —1.64 AE positive
F.DMTP —2.00 AIE positive
p-DCNB —-2.25 AE positive
MeCNBz —2.28 AE positive
DMTP —-2.32 AE positive

aEmission in the low field and absorption in the high fietdlhe
emissive signal was stronger than the absorptive ®Absorption in
the low field and emission in the high field.

2.4. Energy Gap Dependence of Backward ET Rates.
According to the Marcus theo®},a nonadiabatic ET rate is
expressed by

KM = (4721 h)V? (4rAkT) "2 exp[— (AG + 2)%42kT] (8)

Here, 4 is the total reorganization energy, which consists of
the outer-sphere contributioii() and the energy associated
with the intramolecular reorganizatiordi{). V denotes the
electronic coupling matrix element. Equation 8 means kMat

is maximized at—-AG = A and decreases asG goes farther
from this point in both the normal{AG < 1) and inverted
(—AG > 1) regions. Although the evaluation of the absolute
kM values requires the knowledge\dfthe relative magnitudes
of kM within a series of doneracceptor pairs can be estimated
if 1 is known. Recently, Kobori et al. proposed a new method
to estimatel for backward ET of SSRIEL According to the
perturbation theory, the exchange integiBldf RIP is related

to AGBET by42

J~ —VI(A + AGggy) (9)
The signs of] for SSRIPs can be determined from the phases
of multiplet effect of chemically induced dynamic electron
polarization (CIDEP) due to the radical pair mechanism, if the
spin multiplicities of the reaction precursors are kndithey
estimatedl accompanying the backward ET to be ca. 1.8 eV
for SSRIPs consisting of MPFZ and A~ in dimethyl sulfoxide
(DMSO), where A~ was the radical anion of the aromatic
electron acceptor such as TCNB apdDCNB. We measured
CIDEP spectra for the reactions listed in Tabtéand estimated
the 4 value to be 1.51.6 eV in 2-PrOH. With a dielectric
continuum modeldqy is obtained b§P

Shimada et al.

TABLE 3: Viscosity (), Dielectric Constants ¢) of Various
Solvents, Free lon Yields ), Calculated Separation Rates
(ksep, MFEs for the Reaction of SMPTZ* with p-DCNB at
293 K

Ksed oy
solvent nlcPr & 10°st ®r(0T) RB)max (1—H)P°
MeCN 0.37 36.64 18 0.93 1.03 0.49
MeOH 0.61 33.0 9.5 0.93 1.05 c
EtOH 1.19 253 3.1 0.85 1.06 0.78
2-PrOH 220 20.18 1.0 0.71 1.07 1.20
1-BuOH 295 17.84 053 0.56 1.14 1.24
CeHs—DMSO! NA® NA®  NA® c 1.15 1.51

aReference 632 Unit 1075 s¥2 ¢ Not measured? Reference 18 Not
available.

Aout = E1(8re)(Ur 4 + 1ty — 2/R,p) (1IN — 1le;) (10)

wheren is the refractive index of the solvent. For SSRIP with
anRap value of 8 A o was calculated to be 1.27 eV in 2-PrOH
at 293 K. Thei;, values were estimated to be 0.2 and 0.1 eV
for MPTZ%* and p-DCNB%~ (as a representative of9A"),
respectively, by the method of Nelsénbased on AM%5
calculations. Thel (=dout + 4in) value was calculated to be
1.57 eV, which agreed with the above value obtained from the
CIDEP experiments.

Thus, the backward ET for runs—10 in Table 1 covered
from the normal to inverted regions. The magnitude/dfias
been reported to be (:=5) x 1073 eV (10-40 cnT?) for
typical backward ET within SSRIPs consisting of aromatic
radical ions>~® Equation 8 with this range &f and the estimated
value of1 (1.6 eV) gives a maximum raté{,,) of 2 x 10%° -

3 x 10" s7L, This classical formula, however, predicts tRgtt
for run 10 will be reduced to about 1/50 K., which may be
smaller than the value estimated in section 2.2. Alternatively,
in the semiclassical expression by Bixon and JorfA¢he k
value in the inverted region decreases less steeply than predicted
by eq 8. By this semiclassical expression witl; = 1.27 eV,
Ain = 0.3 eV, and a typical value of 1500 cfor the average
energy of the high-frequency intramolecular vibrational modes,
the maximum valuelﬁjax) is predicted to be by ca. 20% larger
thank!.. and thekger value for run 10 to be about one-tenth of

B . Experimentally obtainedger values of 16 —10%° s71
were reported for backward ET reactions in the deeply inverted
region AGger = —(2.0—2.3) eV)30.d4a6rom these facts, the
kgeT Values for the reactions in Table 1 are estimated to be of
the order of 18to 10'* s~2, which are larger thaRsep (9 x 107
s™1) andksto(B) (1.1 x 10° s~ *at 10 T). This result is consistent
with the qualitative consideration described in section 2.2.

2.5. Solvent Effects on MFEsAs was demonstrated in the
previous sectionsAGget hardly affected on the magnitude of
MFEs in the present reactions. Next, we examined the effects
of solvent on the MFEs for the reaction wiMPTZ* with
p-DCNB. Table 3 shows that botR(B)max and amv(1 — B)
increased with increase in viscosity) @nd decrease in dielectric
constant ) from MeCN to 1-BuOH. With the change of
solvent,R(B)maxandanV(1 — /) varied more largely than with
the different reactions in 2-PrOH (Table 1). To elucidate the
origin of the solvent effects on MFEs, we must consider how
the solvent properties affect the rate constdig, Kag, Keer,
and ksep First, the ST conversion rateskqrc and kag, are
independent of the solvent properties, becausgAhge:| and
g-factors of MPTZ" andp-DCNB*~ are likely almost the same
in all the solvents in Table 3. Second, the change;ialters
kset through AGger and Aoyt (See egs 1, 8, and 10). With an
increase irg, from 1-BuOH to MeCN AGger slightly (by less
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than 0.08 eV) increaseg,,: increases by 0.19 eV, and as a
result kset increases. As was described in section 2.2, the
increase inksgr could enhance the MFEs. However, the
observed solvent effect is opposite, indicating that the variation
in kser among these solvents has no substantial effect on the
magnitude of MFEs. This is similar situation to the lack of
AGget dependence for the reactions in 2-PrOH.

Thus, knrc, Kag, andkser are not important factors of the
observed solvent effects. On the other hakg, significantly
depends omy ande, of the solvent. Several experimental studies
have reported thatepvalues are (0.52) x 10° s for SSRIPs
composed of univalent aromatic radical ions in Me®Nror
the other solvents, experimental data are not available. Accord-
ing to the theory of Sano and Tachiykse, of an ion pair
[DT—A"] is expressed by

Keep= DrC/[RADs{ exp(/Rap) — 1}]

Here,D is the mutual diffusion coefficient, which is expressed
askT (1ira + 1/rp)/6ty by the StokesEinstein relationship.
Theksepvalue of 1.8x 10° s7* calculated for MeCN by eq 11
falls within the range of above-mentioned experimental values.
As is seen in Table 3P (0 T) increases with an increase in
ksep This is mainly attributed to an increasefig0 T), although
¢ssripmay also increase with increasiag® Both R(B)maxand
oam/(1 — p) values showed clear correlation witge, The
R(B)max value increased with a decreasekig, indicating that

the magnitude of MFEs due to the HFCM is mainly determined
by the relative magnitudes &&ep and kirc. The amV(1 — f3)
value increases with a decreaseig, which can be explained
by the Noyes' reencounter model; that is, the smakeyp
corresponds to the larg@r3! More quantitative consideration
may be possible. In MeCN, whekespis much larger thakirc

(1 x 1% s71), MFE due to the HFCM was hardly observed,
but a small magnitude of MFE due to tihgM was observed.
This seems reasonable becakigg(B) increases with an increase
in B, reaching 1.1x 10° s atB = 10 T, which is comparable

t0 ksep IN 2-PrOH, theksepvalue is smaller than that in MeCN
and comparable to or somewhat larger thapc.° At B = 10

T, whereksepis much smaller thaksto(B), a large fraction of
3SSRIP born in the Jsublevel is converted t8§5SRIP, which
immediately decays through backward ET. Thus, MFEs due to
both the HFCM and\gM are expected to be observable, which
is consistent with the experimental results. Table 3 shows that
the magnitudes of MFEs in a mixed solvent of benzene and
DMSO (3:1 v/v) were larger than those observed in any single
solvent. It is likely that the preferential solvatfdrof SSRIP
inhibits the separation to free ions in this binary solution,
because DMSO has a much stronger ability to stabilize ions

11)
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TABLE 4: Reduction Potentials (Ereq) Of the Acceptors (A)
in MeCN and AGer, kg, and ®g, for the Reactions of
SMPTZ* with A in 2-PrOH at 293 K

ky/10°
run A EedV® AGgr/eV M71lst for]
11 BN —2.02¢ —0.395 3.3 0.26 (0.97)
11B  BrkBN —1.60¢ —0.815 4.3 ~0 (0.26)

5 pDCNB -2.02  —0.395 4.6 0.71(0.93)
5B BrDCNB -—-1.73 —0.685 5.0 0.34 (NA
DMTP —2.095 -0.32 3.4 NA

8B BrDMTP —1.89 —0.525 4.2 NA

aVersus ferrocene. The estimated error i£-0.05. The values in
parentheses are obtained in MeCNDetermined by normal pulse
voltammetry. The estimated error4s10 mV. ¢ Determined by cyclic
voltammetry. The estimated error 455 mV. ¢ Not available because
of the instability of A~. See ref 59! Not available due to the overlap
of the absorption spectra of*Dand A~. Relatively, ® (run 8) >
O (run 8B).

or Ex* more markedly than those of SSRIP. Kikuchi et al.
utilized the heavy atom effects as diagnostic for the intermediacy
of IEx* in the ET reactions involving the singlet excited stéfes.

To clarify whether 3CRIP or 3Ex*>4 is formed as an
intermediate in the reactions #2-X)MPTZ* with A in 2-PrOH,
we examined the quenching #IPTZ* with acceptors contain-
ing a Br atom. As is shown in Table 4, tlir, values for the
Br-substituted acceptors (runs 11B and 5B) were lower than
those for the corresponding F-substituted or unsubstituted
acceptors (runs 11 and 5, respectively). Although the absolute
values of®g for runs 8 and 8B were not obtained due to the
overlap of the absorption bands of MPTZand (Br)DMTP™,
comparison of the transient absorbance assigned to the free ions
indicated that thebg, value for run 8B was smaller than that
for run 8. The decrease iy by introduction of a Br atom can
be attributed to decrease ipssrip due to the SOC-induced
deactivation ofCRIP to the singlet ground states (process c).
It is likely that the ¢sep Values for the SSRIPs containing Br
atoms (runs 5B, 8B, and 11B) are almost the same as those for
the corresponding SSRIPs with no Br atom (runs 5, 8, and 11),
because the effect of the SOC interaction in SSRIPs are small,
as mentioned before. Thus, the observation of heavy atom effects
revealed that the geminat8SRIP is formed at least partially
through the solvation ofCRIP (process b).

It has been reported for ET quenching of a molecule in a
singlet excited state that large heavy atom effects have been
observed only at low exergonicitAGer > —0.4 eV) where
the primary product is not ¥sSRIP but 2aCRIP2 In the present
case, however, runs 11B, 5B, and 8B whose exergonicities were
higher than the above criterion (see Table 4) showed significant
heavy atom effects, in contrast to the singlet quenching. At the

than benzene. Thus, the observed solvent effects on MFEs argoresent state, we cannot discus&gr dependence of heavy

mainly attributed to the variation iRsep With 7 and e, of the
solvents.

2.6. Heavy Atom Effects on the Quenching Pathways.
Heavy atom effects on ET reactions involving triplet excited
molecules have been report€d?® In these reactions, introduc-
tion of a heavy atom into the donor or acceptor reduced free
radical yields because the intermediate with the triplet spin
multiplicity was partially deactivated to the singlet ground states.

atom effects, because we examined only three reactions whose
AGet values change only by 0.3 eV. Although the origin of
the difference between the quenching>dPTZ* and the ET
guenching in the singlet manifold is unclear, solvatioR@RIP

by 2-PrOH might be much slower than the SOC-induced back
charge-transfer, or the primary quenching product migREixe

with large resonance stabilization. In MeCN, the, values for

the Br-substituted acceptors were higher than those observed

In quenching of singlet excited states through the charge-transferin 2-PrOH. Becausksey in MeCN is probably larger than that
process, heavy atom effects were also observed as an enhancén 2-PrOH, 3CRIP gives 3SSRIP more efficiently than in

ment of the intersystem crossing ¥RIP orlEx* to give the
locally excited triplet staté?>2The acceleration of these spin-
forbidden processes has been explained by the—spinit
coupling (SOCP¥2 Since SOC is a short-range interaction, the

2-PrOH. Furthermore, the contribution of direct formation of
3SSRIP through long-distance ET (process d) in MeCN may
be larger than in 2-PrOH.

Comparison of runs 11B and 5B suggests that the SOC-

presence of a heavy atom affects the decay processes of CRIPnduced deactivation with BgBN is more effective than that



3004 J. Phys. Chem. A, Vol. 105, No. 13, 2001 Shimada et al.

with BrDCNB, although either of the acceptor molecules F). The =S conversion of SSRIP (process e) was affected by
contains one Br atom. According to Steiner et!&P? the magnetic fields to cause MFEs ahg. The kger values of
probability of SOC-induced spin-forbidden backward ET is 1SSRIP were estimated to kel x 10° st even in the highly
proportional to the spin density at the heavy atom. UB3LYP/ exergonic cases\NGger ~ —2.4 eV), which is larger thaksep
6-31+G(d)//UHF/3-21G calculations showed that the absolute andksrte As a result, the relative magnitudeska, kqrc, and
value of spin density at the Br atom in BBN*~ (0.013) is kag mainly determines which mechanism and what magnitude
higher than that in BrDCNB (0.001), which can explain the  of MFEs are observed. The effects of viscosity and polarity of
larger heavy atom effect for run 11B than that for run 5B. solvents orksepis clearly brought out in the MFE experiments.

2.7. Kinetic Behaviors of3CRIP and Evaluation of ¢ssrp.
As was discussed in the previous sections, B@RIP and 4. Experimental Section
3SSRIP were involved in ET fron¥(2-X)MPTZ* to A in ) )
2-PrOH. In ET reactions with singlet precursors (Scheme 1A),  4.1. Materials. MeOH, EtOH, 2-PrOH (Cica-Merck, HPLC
it has been discussed which (or both) of processes C anddrade), MeCN (Uvasol, spectroscopic grade), and 1-BuOH
F contributes the geminate deactivation to the ground states,(Kanto Chemicals, analytical grade) were used as solvents for

and experimental determination Mg and kBET has been laser flash ph0t0|yseS without further purlflcatlon MPTZ,
attempteddg.5.62.25b 1,2,4,5-tetracyanobenzene (TCNB), and dicyanobenzeme{

DCNB, FDCNB) were recrystallized from EtOH. Dimethyl
terephthalate (DMTP) and methyl 4-cyanobenzoate (MeCNBz)
were recrystallized from §Hs—hexane. Pentafluorobenzonitrile
(FsBN) (Tokyo Kasei, Co, 99%) and 4-bromo-2,3,5,6-tetrafluo-
robenzonitrile (BrgBN) (Aldrich) were used as received,N'-
Dihexylpyromellitdiimide (PI) was obtained in a previous
work44¢ Perchlorate salts of radical cations of MPTZ and
2-CIMPTZ were prepared by the method of Fujita and Yamau-
chi®” 2-MeOMPTZ2" was generated in situ by addition of a
known amount of 2-CIMPTZ (CIO4") to a solution of an excess
amount of 2-MeOMPTZ in anhydrous GEll, for the measure-
dssrip< 0.74 and 0.84< ¢pssmp < 1.0 were obtained for run 1 ments of visible and EPR spectra. The radical anions of the
and run 10, respectively. As for other reactions, the estimated acceptors were prepared in MeCN by the reported procedires.

ranges Ofgssrip fall between the ranges for runs 1 and 10. ~ 4-2. Steady-State SpectroscopyUV—vis spectra were
Although more accuraigssripvalues cannot be obtained at the obtained on a Hitachi U-3210 spectrophotometer. Fluores_cence
present stage, it is likely thaissmpvalues in some reactions, ~@nd phosphorescence spectra were recorded on a Shimadzu
e.g., run 1, are less than unity. This result suggests that a parfRF510 spectrofluorometer equipped with a quantum counter.
of 3CRIP should be deactivated to the ground-state instead of 1 "€ sample solutions were degassed by bubbling with Ar for
being solvated to giveSSRIP even in the reactions with the 20 min bef_ore measurements of the fluoreseence spectra. The
acceptors having no Br atom. When the driving force of ET is quantum yields of fluorescence were determined at 293 K with
very large as in run 1, long-distance ET may take place to give duinine sulfate = 0.546}° as the standard. The phospho-
3SSRIP directly to increasssrin® However, thepssripvalue rescence spectra were measured at 77 K in a glassy matrix of
for run 10 is estimated to be higher than that for run 1, indicating EtOH—2-PrOH (1:1 v/v). EPR spectra were recorded at room
that the contribution of process d is not large. The larger number t€mperature with 100-kHz modulation on an X-band EPR
of cyano groups in TCNB than that im-DCNB may cause a spectrometer (JEOL, JES-RElX): The magneﬂc fle!d and the
larger magnitude of SOC. Alternatively, even if the effective Microwave frquency were determined with an NMR field meter
magnitudes of SOC are the same for runs 1 and 10, the smalle{ECho Electronics, EFM-2000AX) and a microwave counter

energy gap for run 1 may induce the faster deactivaton. (Echo Electronics, EMC-14), respectively. Perchlorate salts of
MPTZ* and 2-CIMPTZ" were dissolved to dehydrated gH

Cl, (Organics), and the solutions (3104 M) were degassed
by five freeze-pump-thaw cycles. The EPR spectra of radical

The present study has clearly demonstrated that investigation@nions were recorded in MeCN immediately after preparation.
of MFEs on free ion yields®g) provides unique information 1 ne microwave power was 0.8 mW.
on quenching mechanism of excited molecules by various 4.3. Electrochemistry.Cyclic voltammetry was carried out
quenchers, especially on dynamic behaviors of intermediates.for each sample [(25) x 104 M] in dehydrated MeCN
In the quenching of(2-X)MPTZ* by the electron acceptors in  (Organics) or 2-PrOH containing 0.1 MBusNBF, as the
2-PrOH, the reaction pathways are represented by Scheme 1Bsupporting electrolyte under an Ar atmosphere with a BAS CV-
which are qualitatively similar to those reported for bimolecular 1B voltammetry controller. Normal pulse voltammetry was
ET reactions with singlet precursors in polar solvents (Scheme performed with a potentiostat (Hokuto Denko, HA-501) con-
1A). Two kinds of geminate radical ion pairdCRIP and trolled by a function generator (Nippon Filcon, JJ-JOKER E-1)
3SSRIP, are sequentially formed as the intermediates. In thewith a step height of 10 mV, a pulse width of 40 ms, and a
quenching by the Br-substituted acceptors, a significant fraction pulse interval &1 s under an Ar atmosphere. Glassy carbon,
of 3CRIP was deactivated to the singlet ground states (processPt wire, and Ag/Ag were used as working, counter, and
c) due to the large magnitude of SOC, decreasing the efficiency reference electrodes, respectively. Ferrocene was used as an
of formation of SSRIP¢ssri9. In the quenching by acceptors ~ internal standard.
having no heavy atom, this process had only minor contribution.  4.4. Laser Flash PhotolysesAll the measurements were
SSRIP decayed through the separation to free ions (processesarried out at 293 K. Each of the sample solutions was bubbled
g and G) and the backward ET in the singlet channel (processwith nitrogen gas before and during experiments. The solution

In the present ET reactions, the kinetic behavior$GRIP
and3SSRIP cannot be observed directly, but they are considered
to be reflected inpssripand ¢sep respectively. The results of
the MFEs provide information on a plausible range of¢berip
value as follows. On the basis of the theory of fkgM (section
2.2), if we assume that the asymptotic valueYafu(B) is %/3
atB — o, we get an inequality?/s < ¢sfB) < 1 at a range of
0 < B =< 10 T. Substitution of eq 3a to this inequality gives a
possible range opssripas Pri(B)max < ¢ssrip < @r(10 T) x
3/,, where ®g(B)max denotes the maximal value @b (B)
and equalsbg (0 T) x R(B)max From this relationship, 0.54

3. Conclusion
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flowed through a quartz cell. The magnetic fields ef07 and 4.7. Quantum Chemical Calculations.The spin densities
0—10 T were generated by a Tokin SEE-10W electromagnet of the radical anions were calculated by single-point hybrid DFT
and an Oxford 37057 superconducting magnet, respectively. Themethods (UB3LYP) with the basis set of 6-BG(d) for H, C,
third (355 nm) harmonic of a Quanta-Ray GCR-103 Nd:YAG and N, 6-31#G(d) for Br, and 6-3%G' for F using the
laser was used as excitation light. The bimolecular quenching geometries optimized at UHF/3-21G level. The spin density of
rate () and the lifetime of¥(2-X)MPTZ* in the absence of  each atom was obtained by the Mulliken’s population analysis.
acceptor {t1) were determined by StettVolmer plots in a For the check of validity of these calculations, the same level
concentration range of % 1074 to 1.5 x 1073 M for each of calculations was also carried out for the radical anion of
acceptor. For measurements of transient absorption spectrabenzonitrile. The calculated isotropic Fermi contact HFC values
and MFEs, the concentrations of MPTZ, 2-CIMPTZ, and were a;sg(C=N) = —0.541 (0.612),ay = 0.273 (0.215),
2-MeOMPTZ were 1x 1073, 3 x 1074 and 7x 1074 M, ay(0) = —0.387 (0.363)ay(m) = 0.025 (0.030), andy(p) =
respectively. The initial concentration #2-X)MPTZ* gener- —0.969 (0.842) mT, which reproduced the experimental values
ated by a laser pulse was abou110-> M. A concentration (shown in parenthes® rather well. These calculations were
of 1 x 107 M was used for each of the acceptors except for carried out with Gaussian 98 progréhon a Fujitsu VPP700E
TCNB (5 x 107 M). Under these conditions, most &2-X)- supercomputer at RIKEN. The AM1 calculations were carried
MPTZ* (=95%) reacted with the acceptor. On excitation of out with WinMOPAC ver. 1.

2-CIMPTZ, an irreversible reaction was found to occur. In the

reactions with the Br-containing acceptors, the radical anions  Acknowledgment. E.S. thanks Professor Yasuro lkuma of
were unstabl&® For these cases, the sample solution was Kanagawa Institute of Technology for his continuous interest
subjected to only one laser pulse. and encouragement. We thank Dr. Masatoshi Igarashi of RIKEN

4.5. Determination of ®g. For each sample solution
containing (2-X)MPTZ (D) and an acceptor (A)t) curves
were recorded every 5 nm in 36500 nm. The obtained time-
resolved transient spectrie= 30—1900 ns) were analyzed with
PCPro-K& based on the following kinetic scheme, where the
steady-state condition was assumed for CRIP and SSRIP.

D* +A—D"+ A"
D"+A”—D+A

(12a)
(12b)

The least-squares fitting afforded the rate constants and the

calculated component spectra3#* [ Ar(1)] and radical ions
[Ari(4)], which is 1:1 superposition of the spectrum of'and
that of A'~—. The free ion yield ) can be obtained by

D, = [Aq(A) eV A2 ) ex(A)N(Tr " + KJAD/ K [A]
(13)

whereer|(A1) ander(4,) are the molar extinction coefficients
of the radical ions an@D*, respectively. The following values
were used: for MPTZgr|(515) = 9.7 x 10°, e1(465¢2 =
2.3 x 10% for 2-CIMPTZ, €ri(525) = 1.0 x 10% er(475) =
2.1 x 10% for 2-MeOMPTZ, eg(570) = 1.13 x 104
€1(485) = 2.3 x 10* M~t cm™L. The er values of 2-XMPTZ
were determined by comparison of the T absorption intensity
at the maximum wavelength with that of the 2-PrOH solution
of MPTZ with the identical optical density at 355 nm on
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magnet. Thanks are also due to Dr. Kiminori Ushida of RIKEN
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was supported by MR Science Project (Chemical Dynamics)
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