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Photoexcitation of zinc porphyrinbridge—naphthalenediimide (ZPB—NI) dyads,1 and 2, generated the

short- and long-distance charge-separated (CS) states,{BP-NI*~], through the intramolecular electron-
transfer from excited ZP to NI in solvents of various polarity. The energy level of ZB—NI*"] was

either higher (in benzene and 1,4-dioxane) or lower (in solvents of higher polarity) than #&*efB—NI.

When generated in the singlet spin state, the short-distance CS state derivedrapidly (16—10% s™%)
decayed through the charge recombination (CR) leading to the ground state. On the other hand, when generated
from the triplet excited state df, the decay of the CS state was much slower and showed magnetic field
effects attributable to the level-crossing mechanism. For the long-distance CS state deriv2dtfrececay
dynamics and its magnetic field dependence exhibited quite different features. To examine the effects of a
neighboring additional radical on the decay dynamics of these CS states, three-spin CS stateB{ZP
NI*~—Re] were generated fromRe and 2Re, in which 2,2,6,6-tetramethyl-1-piperidinoxy radicalsjRvas
connected to the NI part ih and?2, respectively. The decay rate of [ZP-B—NI*~—Re] derived from1R e

was much faster than that of [ZP-B—NI*"] derived from1. For the CS state generated fr@fe, the initial

decay could be retarded compared to the CS state &ttmough the equilibration between the doublet and
quartet spin states. The observed effects ©bR the decay processes of the CS states are attributed to the
alteration of the energy gap between the states with different spin multiplicities and to the efficient conversion
between the doublet and quartet spin states induced by the ighpiele interaction between Nland R.

1. Introduction 1072 kJ mol1) than the thermal energy at an ambient temper-
. ) . ature. As long as the CR reactions take place obeying the spin
Photoinduced charge separation processes of edatge conservation rule, the decay dynamics of the CS states can be

acceptor (B-B—A) systems have been extensively investigated largely influenced by theéSCO< |TCconversion rates. Under-

as mi_micry of the initial event occurring in the photosynthetic standing the spin dynamics of the CS states is indispensable to
reaction center. Enormous efforts have been made towardgiarify the dynamic aspects of their formation and decay

efficient formation of long-lived charge-separated (CS) states. processes. For several CS states, indeed, the decay curves
The most commonly used strategy is multistep electron-transfer oy hibited biphasic nature due to the interconversion ofi §ie

(ET) in arrays of donors and acceptors, in which the opposite and|TCstates and/or affected by external magnetic fiéldso
charges are separated farther and farther through the sequenti%rl however, studies focused on effects of the spin multiplicity

electron (qr hole) migration processjeél_Effects of molecular in the ET reactions have been quite limi#dd Spin dynamics
conformation and bridge structures on intramolecular ET rates ¢ (adical ion-pair states generated via photoinduced charge

hav_e _a_lso attracted attentio‘h%ln most cases stud_ied SO far, separation have also been investigated by means of time-
the initial charge separation takes place from the singlet excited ;e5olved EPR techniqués;17 although, in many of these

state of D (or A) to give the intramolecular radical ion-pair, gy dies, photoexcitation has been carried out in rigid matrixes
[D**—B—A""], in the singlet (S} spin state. Within the lifetime liquid crystals not in fluid solution.

of this intermediate or during the subsequent processes such as Recently, we reported that the presence of an additional
charge shift reac'tions, the spin state of the pair is evolved t0 54ical in the proximity of either B or A*~ largely accelerates
generate population of the triplgff(J state through theS[i~ the spin conversion of the CS state, and that the lifetime of the
|TOconversion induced by various magnetic interactibhin CS state was increased by such enhancement of the spin
multistep ET processes, variation in separation distance peMeerbonversioriL_Sa Furthermore, the effects of neighboring unpaired
D+t and A~ alters not only the rates of thg charge recombination electron(s) were also observed on the product yields or decay
(CR) processes but also the magnitude of the exchangeyates for ion-pair and chain-linked biradicaf.It is expected
interaction (). The J value is one of the important quantities it the presence of an additional radical can influence the decay
governing the efficiencies of the spin conversion proce$sEs, dynamics of various type of CS states, and such spin effects

although its magnitude is usually much smaller (typically= can be utilized as a unique approach toward formation of long-
lived CS states.
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TABLE 1: Singlet Excitation Energies (Es), Fluorescence Quantum Yields Relative to that of Zn(ttp) ®g./®°), Efficiencies
(PScs or ®Pcs) and Rate Constants kScr) of CS, and Free Energy Changes Accompanying CS froniZP* (AGS:s), CS from
SZP* (AG'¢s), and CR Leading to the Ground State AGScRr) for 1, 1Re, 2, and 2R in Various Solvents at 293 K

1 (or 1Re) 2 (0r 2Re)

solvent €2 Esb (DFL/(DOFLC q)SCSc,d kscse AGS(:Sf AGTcsf AGSCRf (DFL/(I)OFLC q)SCSc,d kscse AGScsf’g AGTcsf’g AGSCRf'g

benzene  2.282 200 0.075 0.93 6.2 <0 >0 NA" 0.089 091 51 <0 >0 NAR
0.058 0.7 0.065 0.7

dioxane 2.219 199 0.095 0.91 54 <0 >0 NA" 0.14 0.86 35 <0 >0 NAR
0.066 0.7 0.11 0.7

PenOAc 4.79 199 0.076 0.92 6.9< —49 <0 =-150 0.089 091 58 <-49 <0 > —150
0.066 0.8 0.086 0.9

THF 7.52 199 0.069 0.93 7.7 —55 -6 —144 0.085 092 6.1 —62 —13 —137
0079 09 0.075 0.9 436) (+13)

PrCN 2483 199 0.084 0.92 6.2 —-76 —27 —123 0.084 092 6.2 —85 —36 —114
0074 08 0.084 0.9 457)  (-8)

MeCN 36.64 198 0.12 0.88 41 -—-78 —-30 —120 NA NA" 4.6 —87 -39 —111
0.11 0.8 011 <09 59)  (-11)

a Relative dielectric constant of the solvent at 293 K. ref7dnit: kJ mol™. Calculated from eq 1 with the use afvalue of 2.0 ns for benzene
or 1.75 ns for the other solventsUpper: forl or 2; lower for 1Re or 2Re. ¢ Estimated from eq 2a or 28Unit: 10° s f Unit: kJ mol*. 9 The
values in the parentheses are the free energy changes for ET from ZR*"tdl& available. Only the possible range was determined te-2@0
< AG%g < —150 kJ mot™. " Not available because of low solubilityBased on thabg /®%, values of2Re.

CHART 1 in CR rate but also through the alteration of the spin dynamics.

(ii) Despite such differences, the presence of the additional
Ar
o]
H
Ar O N N
o)
Ar

the same mechanism for batfRe and2Re. (iii) By addition of
Re, retardation of the initial decay can be achieved for the CS
state derived from the singlet excited state 2fthrough

radical (R) affected the decay dynamics of the CS states by
enhancement of the spin conversion efficiency.
1: (ZP-B4—Nl) Ar = polyl ; X = CgHy3

1': (ZP—B-NI') Ar = Ph ; X = Me 2. Results
1R: (ZP-By—NI-R:): Ar = p-tolyl ; X ={(§'0’ 2.1. Photoinduced Charge SeparationPhotophysical prop-
erties ofl, 1Re, 2, and2Re were examined by steady-state BV
vis and fluorescence spectroscopy in solvents of various polarity
such as benzene, THF, and MeCN. The visible absorption
spectra of these dyads showed the Q-bands characteristic for
zinc porphyrins at 595 and 555 ek~ 2 x 10* M~1cmY).
No significant difference from the absorption spectrum of zinc
5,10,15,20-tetrakis(4-methyl-phenyl)-2123H-porphinate
[Zn(ttp)] was observed forl, 1Re, 2, and 2Re. Although
N TEMPO radical exhibits a broad absorption band at-4880
o) nm, its intensity is much lower than that of the Q-band of
Zn(ttp). Thus, irradiation ofl, 1Re, 2, and 2Re with long
2: (ZP‘BZ‘N") A’=”‘°_'V' +X=CeHia wavelength light { > 500 nm) selectively excites the ZP part
Ar 2 (ZP-B-NI) Ar=Ph; X = Me q to generate its lowest excited singlet sta@R*).
N-O

Ar

Ar

2R-; (ZP-BNI-R) Ar = ptolyl ; X = The fluorescence spectra bf 1Rs, 2, and2Re showed the
same shape and maximum wavelength6@0 and 650 nm) as
those of Zn(ttp), and no other emission band was observed. Each

o 0 of their singlet excitation energiegd) was determined to be
Q 3R- : X= CgHya (NI-R-) 198-200 kJ mot? from the 0,0 band of each fluorescence
XN N N-O- 3R : X=Me (NI'-R+) spectrum. Table 1 summarizes the values and the fluores-
d O o) cence quantum yields relative to that of Zn(tp),. /D%.. The

fluorescence fromZP* was strongly quenched in these dyads,

of radicals and the characteristic features of the spin effects onSuggesting that intramolecular ET frolziP* to NI took place

the decay dynamics of the CS states-B-A compoundsl to give the charge-separated (CS) state; ZB—NI*"(—Re)].
and 2 (Chart 1) were used to generate the short- and long- Such intramolecular ET reactions have been reported for a
distance two-spin CS states, respectively. As the precursors ofiumber of zinc porphyrirrdiimide system$:*22

the three-spin CS state&Re and 2Re were used, in which Formation of the CS state was unequivocally revealed by
2,2,6,6-tetramethyl-1-piperidinoxy (TEMPO) radical was con- transient absorption spectroscopy. Figure 1 shows the absor-
nected to the NI part. We have investigated the decay dynamicsbance change observed upon excitatio wfth a 532 nm laser
and their magnetic field dependence for the CS states derivedpulse in benzene. The spectrum recorded at32 ns after
from these precursors by means of a nano-second laser flaskexcitation (solid line) exhibited positive peaks at 470 and 605
photolysis technique. The major findings are as follows: (i) nm and a negative one at 550 nm. The positive peaks were
Large differences in the decay processes were observed betweeassigned to the absorption bands of Nh the CS state, on the
the short- and long-distance CS states not only due to the changéasis of comparison with the absorption spectrum of the radical
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SCHEME 1: Photochemical Reaction Pathways of (a) 1 and 2 in Nonpolar Solvents, (b) 1 and 2 in Polar Solvents, (c)
1Re and 2Re in Nonpolar Solvents, and (d) 1R and 2Re in Polar Solvents

(a (b)

¢ ksc ] ksc
'ZP"-B-NI 1ZP*-B-NI
b b
Bos zZP™*—B-NI"] —SLyzp g NI~ o
1) e m N K'cs  3ZP*-B-NI
. Ker™ 3zp—B-NI a kst 8
1 .+ —q _. 3 +_| —
e || %L d e | [k '[ZPT=B-NIT] = YZP"-B-NI"]
& ) e IT)
+Knr CR +Kar d e
kscn e “h
e ksoc
o
ZP-B-Ni ZP-B-NI

© )

¢ kisc+Pisc kisc+k°
1zP-B-NI-*R- 12p*-B-NI-2R- Is§+ 8c
b . \b
N Dy e 1y e 1) S \Ros st SN2
@ e chn\{ o Kon ke [3ZP*~B-NI-?R¢] === 43ZP"-B-NI-?R|
7 T
ke 237p*_B-NI-2R| ==%3ZP"-B-NI-?R¢| tv | | +Kar koo k cs/ % oo g / k'cs
b vk [ g 4 + i 1Dy = [5) — Q)
e
+iB Eon d
ks CR
ZP-B-NI-?R- ZP-B-NI-?R.

aIntermediate [ZP—B2~—NI(—Rs)] is omitted for clarity. in (c) and (d)|D’'Oand |DUstand for the doublet CS stat§ZP"—B—NI""—Rs],
whereagQUfor the quartet one{ZP-*—B—NI*"Re]. The arrows and’s represent the following processes and their rateanda’: fluorescence
(keL), nonradiative deactivatiork(), and radical-induced decai¥) of 'ZP*; b: ET from !ZP* to NI; c andc’: intersystem crossing (ISC) from
1ZP* to 3ZP* (kisc) and enhanced ISC byeRkRsc); d: charge recombination (CR) to give the ground stateéS[l |TOconversiong ande'’:
|DO< |QUand |D'C< |DOconversionsf: CR to give®ZP*; g: ET from 3ZP* to NI; h: SOC-induced CR to give the ground state.

LI L absorption band at 470 nm, which did not substantially decay
] within the monitored time windowt(< 950 ns). This long-
lived component was assigned to the Tabsorption ofzZP* .24

For the other dyads, the transient absorption bands assignable
to the CS states were also observed. Thus, it has been clearly
demonstrated that irradiation of dyads 1Re, 2, and 2Re
generated the CS states through intramolecular ET fidft

to NI. The photochemical reaction pathways are shown in

A .- Scheme 1. HergD'[] D) and |Q0are [ZPT—B—NI*~—Re]
TR, v SRS RR— S with different spin states, as shown in Appendix.

In the cases of and2, we can assume that the fluorescence
guenching takes place exclusively through charge separation
Figure 1. Transient absorption spectra measured upon excitati@n of (CS) (proces®d in Scheme 1a,b), because the energy transfer
with @ 532 nm laser pulse in deaerated benzene at 293 K. The solidfrom 1ZP* to NI is thermodynamically unfavorable, and because
and dotted lines denote the spectra acquired in time windows6f 12 aither1 nor 2 contains any heavy atom which could enhance
32 and 206-800 ns after excitation, respectively. the intersystem crossing (ISC) to tREP* state (process).

The rate constant of C&Jcs) can be estimated by

Wavelength / nm

anion of N,N'-dihexylnaphthalene-1,8:4,5-tetracarboxydiimide
(CeNI*™) measured in MECNAfnax = 473 ¢ = 3.4 x 10* M1 S 10
cm™1), 515 (sh), 590 (sh), and 607 nm £ 8.9 x 1(?)]. The Kes=10 (P r/Pr — 1) 1)
negative peak is due to the depletion of the ground state of ZP.

The absorption spectrum of radical cation of zinc 5,10,15,20- wherery ! (= ke + ko + kisc) is the decay rate 6ZP* through
tetraphenyl-2H,23H-porphinate [Zn(tpp)] measured in Ckt the processes other than CS (fluorescence emission, nonradiative
Cl;?® or MeCN shows very broad absorption in 56060 nm decay, and ISC). The reported fluorescence lifetime of Zn(ttp)
and an intense absorption band at 406 nm. Although no (2.0 ns in toluene; 1.75 ns in dimethyl sulfoxide (DMS®)
absorption band assignable to*ZRvas distinguished in the  was used aso. As shown in Table 1, th&Scs values were in
transient spectrum shown in Figure 1, its absorption should havea range of (48) x 10° s7! and almost independent of the
some contribution to the positive absorbance change ir-600 solvent polarity. Such insensitivity of the photoinduced CS rate
750 and 446-480 nm. As shown by the dotted line in Figure to the solvent polarity has been reported for severaBB-A

1, the spectrum recorded at> 200 ns exhibited a broad compoundg8a.25



4456 J. Phys. Chem. A, Vol. 106, No. 18, 2002 Mori et al.

The quantum yield of CS in the singlet manifol#%cs) for 1\ T T T
1land2is equal to the efficiency of the fluorescence quenching
(D), as represented by eq 2a

D= Dy =1— [Dp [D%] (2a)

The kS5 values for1lRe and 2Re can be assumed to be the
same as the corresponding valuesif@and?2, respectively, and

Normalized AA, ()
©
n
T

the decreases i@r (1Re or 2Re) from ®¢ (1 or 2) may be 4 b
caused by nonradiative processes duestéRhus, the quantum 0 P S R
yield for formation of the CS state with a total spin multiplicity 0 1000 2000
of doublet @Pcg) can be expressed by eq 2b Time / ns
Figure 2. NormalizedAA47o(t) curves forl in various solvents under
q)Dcs(lR. or 2Re) = q’scs(l or2) x a zero field. A: PenOAc; B: THF; C: PrCN; D: MeCN.

[®p (1Re Or 2Re)/ Py (1 0r 2)] (2b) was assigned to the CS state generated inShstate [ZP—
B1—NI*~ ], which rapidly decayed through the spin-allowed CR

As shown in Table 1, thabPcs values of 1IRe and 2Re in process to give the ground state (procg$s Scheme 1a). The
benzene and dioxane were somewhat lower thadbthe values long-lived species was assigned 36P*—B;—NI generated
of 1 and2, respectively. The energy transfer frd@P* to Re through ISC. In dioxane, only the long-lived component was

by the Faster mechanism might contribute to the fluorescence observed, suggesting that the lifetime{@P*—B;—NI*~ ] was
guenching to some extent in these solveftshe efficiency of too short to be detected with our apparatus.
this process, however, is probably low because the excitation The AA47(t) curves measured upon excitation DiRe in
energy of R is higher than that of ZP and because the spectral benzene and dioxane were quite similar to thosé efkcept
overlap of the absorption ofeRwith the fluorescence emission that the intensities were reduced 5% of those ofl. This
from 1ZP* is poor. Alternatively,'ZP* may be quenched by decrease in the yields of the CS state &al* is likely due to
Re through the enhanced IS€In polar solvents such as THF  other quenching processes, as was suggested by the results of
and MeCN, the®P¢s values oflRe and2Re were almost the the fluorescence quenchifgApplication of a magnetic field
same as tha&bScs values ofl and 2, respectively, indicating below 1.7 T did not bring about any detectable change in the
that contribution of the quenching bysRvas negligible. It is AA47((t) curve ofl or 1Re in either benzene or dioxane. Thus,
noteworthy that thebPcs values were estimated to be 0.7 or the decay of the CS state in these solvents was governed by
higher in any solvents investigated. the spin-allowed CR process which was much faster than the

As will be shown in section 3.1, dyatlcan adopt at least  spin evolution.
two conformations with somewhat different distances and (b) In Sobents of Medium or High Polarityin solvents of
orientations between the ZP and NI parts. Coexistence of morehigher polarity, the decay dynamics of thé\47¢(t) curve forl
than one conformers may result in multiexponential fluorescence was quite different from that observed in benzene or dioxane.
decay, as was demonstrated for cyclophane-bridged zinc por-Figure 2 shows the normalizetiA,7¢(t) curves measured upon
phyrin—quinone dyad$’ In such cases, theé:s value derived excitation of1 in pentyl acetate (PenOAc), THF, butyronitrile
from eq 1 does not correspond to the CS rate of any single (PrCN), and MeCN. Each of thAA47((t) curves decayed in
conformer. The applicability of eq 1 ®should be considered  microsecond time region, and the decay rate increased with
with mechanism of the long-distance ET taken into consideration increasing solvent polarity. In MeCN, the two-step reaction
(see section 3.2). Although time-resolved fluorescence measureprocess’ZP*—B;—NI — [ZP*t—B;—NI*~ ] — ZP—B;—NI,
ment is desirable, the important results obtained for the presentoccurred with rate constants &f (= k'cg) = 1.4 x 10’ st
dyads are (i) that CS frodZP* takes place with high efficiency and k, = 1.0 x 1 st for the first and second steps,
(P5cs~ 0.9 for 1 and2) in any solvents investigated, (ii) that respectively (Figure 1S). Although ET frokP* took place,
17P* state disappeared in subnanosecond time scale, and (iii)the CS state born in th&state decayed too fast to be detected,
that contribution of the Rinduced quenching has only minor as was the case in dioxane. As a result, only the CS state
contribution to the fluorescence guenching. The second point generated via ET froniZP* (processg in Scheme 1b) was
means that the singlet (or doublet fdRe or 2Re) CS state observed in the transient absorption spectra. The CS state born
would be observed instantaneously on excitation with a nano- in the | TCstate mainly decayed through the spin conversion to
second laser pulse, which is consistent with the results of the |SOstate (process) followed by CR leading to the ground
transient absorption spectroscopy. state (procesd).

2.2. MFEs on Decay Dynamics of the CS States Derived To clarify the spin dynamics of the CS state, we examined
from 1 and 1Re. (a) In Benzene and DioxanEpon excitation MFEs on theAAs;((t) curves. Figure 3a shows theA4(t)
of 1 in benzene with a 532-nm laser pulse, the time course of curves forl under various magnetic field8'6€) in THF. With
the absorbance change monitored at 470 Ady7o(t) curve, increasing, the decay of thé\A47((t) curve became faster from
consisted of two decaying components. The short-lived com- 0 to 0.9 T and slower from 0.9 to 1.7 T. To represent Ehe
ponent decayed within the duration of the laser puts2Q(ns), dependence of the decay behavior of the CS gfate use the
whereas the long-lived one was constant at- 880 ns after R(B) value defined byR(B) = ls7(ti—t2, B)/lazo(ti—t2, 0 T),
excitation. When the absorbance change was monitored at 605~vherel 47(ti—ty, B) andlz¢(t;—t2, O T) are the integration values
nm, theAAgos(t) curve also contained two components, but the of the AA47¢(t) curves in the time range df < t < t; in the
intensity of the long-lived component was much lower than that presence and absence Bfrespectively. An appropriate time
observed at 470 nm. As shown in Figure’ZP* as well as the rangé® was chosen for each solvent. Figure 4a showsR(i@3}
CS state absorb 470-nm light, whereas the absorpticd Pt vs B plots obtained forl in various solvents. Th&(B) value
is quite small at 605 nm. From these facts, the short-lived speciesexhibited a minimum at 0.9 T in PenOAc and THF. This type
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Figure 3. (a) AAs7d(t) curves forl in THF under variouB's. The
dotted line shows thAA47((t) curve forlRe under the same conditions.
(b) AA47d(t) curves forlRe in MeCN under variou®'’s. The dotted
line shows theAAs7((t) curve forl under the same conditions. TBe
values are indicated in the figures.
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Figure 4. Field dependence of thHg(B) values for (a)l and (b)1Re
in various solvents. The symbols represent the following solvents and
the time windows for integration: (a) circle: PenOAc (26800 ns);
triangle: THF (506-2500 ns); square: PrCN (163100 ns). (b)
triangle: THF (106-1000 ns); diamond: MeCN (36600 ns).

of MFE can be explained by the level-crossing mechanism
(LCM),”8 as shown in Scheme 2a. The exchange interaction
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SCHEME 2: Energy Levels and Interconversion
Processes of the Spin Sublevels of the CS States Derived
from (a) 1, (b) 2, and (c) 1R and 2Re?

(a) B=0 B=12J /gﬂ
IT,q)
s kST ) P R
m 7 PR o \Kcr
/ kscn \kcn /kscn \ o) \
N\ BN
1) \
) B=0 B>>1Ayecl /gﬁ IT,,1) T
kst My iS) , lTo) \
1Sy —2 Ken \ \
/ Ker / Ken .~}
ma \
(© B=0 B>>1Dzsl /g8 1,52 a
cR
Q) D419 lomﬁmﬁi\
D% D) frenny \ /
ID'_ ID-
,// Kon Koo ¥oa chn\‘ 1) 01 e

PG _;{\
/ 1Q_3) \

2The broken and thick arrows represent less and more efficient
conversion processes, respectively, than those represented by the thin
solid arrows. in (a), thd Is assumed to be positive.

Under a zero field the HFC-inducg&<> |TCconversion is
inhibited, because the energy levels of {i$&land |TOstates
are separated by|Z. Under a magnetic field oB = 2|J|/gpB,
the energy level of théT 1;0sublevel coincides with that of the
|SCistate, and therefore th8< | T1[0conversion takes place
through the HFC interactions with an effective rate of 10
1B st

In PrCN, theR(B) value decreased with increasiBgrom 0
to 1.4 T, where the MFE was almost saturated. The magnitude
of the MFE observed in PrCN was much smaller than that
observed in PenOAc or THF. In MeCN, the decay of N&7o
(t) curve became marginally slower with increas®adgrom 0
to 1.7 T. The absence of minimum in tiR¢B) value suggests
that the 2J|/gf value could be larger than 1.7 T.

The dotted line in Figure 3a shows th®A4(t) curve
observed forlRe in THF under the same conditions as in the
case ofl. The AA47((t) curve forlRe decayed much faster than
that observed fof.. The AAs7q(t) curve for 1Re under a zero
field could be fit to a single-exponential function with a small
fraction of residual component (10% of the initial intensity)
remained (Figure 2beS). This long-lived component may be
attributed to the T absorption of théZP* in some impurities
or the absorption due to the radical ions formed through either
a certain secondary reaction or an intermolecular charge shift
process. As shown in Table 2, the observed decay rates were
almost the same in PenOAc, THF, PrCN, and MeCN and much
larger than that oflL in MeCN (Figures 1S and 2aS). The
different decay kinetics of the CS states derived frbrand
1Re clearly indicates that the rate-determining step involves the
spin conversion process.

Figure 3b shows thAAs7((t) curves forlRe in MeCN under
variousB's. For comparison, thAA47((t) curve forl measured
under the same conditions was represented by the dotted line.
The AAs7((t) curve for1Re decayed much faster than that for
1, as was observed in THF (Figure 3a). In the presence of

(J) is assumed to be positive in these solvents (see Section 3.3)magnetic fields, thé\Ay7¢(t) curves forlRe could not be fit to
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Figure 5. AAs7((t) curves for2 (a) in benzene and (b) in THF under
variousB’s. The dotted lines represent theé\s;((t) curves for2Re in
each solvent under the same conditions. (c) T#a-q(t) curves for
2Re in PrCN under variouB8's. TheB values are shown in the figures.

In (b), the dotted line is normalized to set the maxiMaL-(t) value
equal to the corresponding value of the solid line under a zero field.

TABLE 2: Observed Decay Rates and Relevant Rate
Constants for the CS States Derived from 1, 1R 2, and 2R
under Zero Field

comp. solvent observed ratesy/s kScr/s™t ks/s™t
1Re PenOAc 6.1x 1C°

1R THF 7.3x 10°

1Re PrCN 1.0x 107

1Re MeCN 7.8x 1P

1 MeCN 1.0x 10°

2Re PenOAc 8.6x 1C° 3.3x 10

2 PenOAc 4.14x 107,2.23x 1¢¢ 3.2x 10° 2.9x 10°
2 THF 7.02x 107,3.56x 10° 5.6x 10 4.5x 10°

Mori et al.
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Figure 6. Field dependence of tH(B) values for2 and2Re in various
solvents in (a) early and (b) later time regions. The symbols represent
the following solutions and time windows for integration: closed
circle: 2in benzene, (a) 306800 ns; closed triangle2 in THF, (a)
10-210 ns, (b) 8061800 ns; closed square in PrCN, (a) 15-55

ns, (b) 406-900 ns; open triangle2Re in THF, (a) 14-30 ns, (b)
400-800 ns; open square2Re in PrCN, (a) 14-34 ns, (b) 406-800

ns.

2.3. MFEs on Decay Dynamics of the CS States Derived
from 2 and 2Re. (a) In Benzene and DioxanEigure 5a shows
the AAy7o(t) curves for2 in benzene under variols. Each of
the AAs7((t) curves consisted of two components. The short-
lived component was assigned to the absorption due to the CS
state, and the long-lived one was to the-T absorption of
3ZP*. Because the short-lived component had decayed within
about 150 ns, the constant part of th&,-(t) values contained
only the contribution from the FT absorption ofZP*—B,—

NI. The yield of3ZP*—B,—NI was dependent oB, indicating
that the3ZP*—B,—NI was formed through the intermediary of
the CS state (a sequence of processes andf in Scheme 1a)
as well as through ISC (process The total yield ofSZP*—
B>—NI is expressed by eq 3

®; (B) = |<|s<:/('507l + kscs) + I(3(353/(1'071 + kscs) x 171 (B)
(39)
=(1- ®%9 x D5+ P s x 77 (B) (3b)
Here,nt (B) is the fraction of the formation o#ZP*—B,—NI
from [ZP"*—B,—NI*"] born in the|SCstate, andbsc (= kisc

x 1) stands for the quantum yield of ISC in the absence of
CS. The first and second terms in eq 3 represent the contribu-

a single-exponential function, and a longer-lived component Was jons from the 1SC frordZP* to 3ZP* (process) and from the

observed and its decay became slower with increaBifrgm
0to 1.7 T. Figure 4b shows that tf¢B) vs B plots for 1Re in
MeCN (diamond) and THF (triangle). TH¥B) values increased
with increasingB from 0 to 1 T and became almost constant at
B > 1T. In PenOAc, similar MFEs were observed. It is
noteworthy that theéB dependence of thR(B) value for 1Re
was quite different from that observed fbr

procesd through the intermediacy of the CS state, respectively.
With the use of the observabScs value (0.91) and the reported
®sc value (0.883% of Zn(ttp) for ®Osc, the first term amounts
only 0.08, which is independent & Figure 6a (closed circle)
shows theB dependence of th&(B) value with the time window

of 300—-800 ns, which corresponds to the ratio®f(B)/®+(0

T). The R(B) value decreased with increasiigfrom 0 to 0.1
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T and increased from 0.1 to 1.7 T, exceeding unitdat 1.3 TABLE 3: Selected Geometrical Parameters for the
T. The AAs7((t) curves measured in dioxane were similar to Optimized Structures of I and 2
those observed in benzene except that the decay of the short-  parameter anti-1' synl' 2
lived component was faster than in benzene. Blependence /o —793 896 857
of R(B) in dioxane was also similar to that observed in benzene. 4,/ 0.4 0.1

To examine the effects ofsdn the decay of the long-distance hal° —2.0 0.0
CS state, the\As7o(t) curve for2Re was measured in benzene ¢s 01 g3'/° 112.0 0.1 89.4

e N b0 941 86.2 85.2 87.3

under the same conditions as the casg.&s is shown by the 0/° —90.1
dotted line in Figure 5a, no initial decay was detected, and only g zp, NI')/A® 13.6 14.9 18.2 (11.9)
the long-lived component assignable to theTTabsorption was dedZP, NI')/Ac 8.5 9.1 12.6 (6.5)

observed? ThefDT (O T) value szR° in benzene was estimated 2 The definitions are shown in Figure 7The distance between the

to be 0.85, which was much higher than that2of0.24). No Zn atom and the center of the naphthalene ring ih NThe distance
MFE was observed on th®A47((t) curve for2Re below 1.7 T. between the C-5 in ZRand the closer N atom in NI¢ The value in
These results indicated that most part of {ZPB,—NI*~—Rs] the parenthesis is the corresponding distance betwetargPB.
underwent CR leading to®ZP*—B,—NI—Re] (processf in

Scheme 1c) under ary between 0 and 1.7 T. In dioxane, the in THF. In these solvents, th®A47((t)curves observed f@2Re

@1 (0 T) value of 2Re was also larger than that & but under a zero field exhibited only slight deviation from single-
somewhat smaller than that of Zn(ttp). THer (B) value of exponential decay, whereas each curve contained two compo-
2Re slightly decreased with increasimigfrom 0 to 0.1 T and nents with different decay rates in the presence of magnetic
was constant aB = 0.1-1.7 T. No reversion of MFE on the fields. The R(B) vs B plots of the short- and long-lived

@1 (B) value was observed. components observed fa@Re in THF (open triangle) and PrCN

(b) In Sobents of Medium or High PolarityFigure 5b shows ~ (0pen square) are shown in Figure 6. Because the deviation of
the AA47d(t) curves for2 measured in THF under varioss. the As7d(t) curve frpm a smgle-exponenual function was rather
Each of th%A47dt) curves exhibited biphasic decay_ The Shape S.ma”, the Separathn of the short-lived Component from the Iong-
of the transient absorbance spectrum in-4860 nm was not  lived one may be incomplete. Tt dependence of the(B)
varied with time from immediately after excitation to s, values observed in THF and PrCN were quite similar to each
indicating that both the short- and long-lived components were Other. As is shown in Figure 6a, the magnitude of the MFEs on
assignable to the absorption of the CS state{ZB,—NI*~ the R(B) value of the short-lived component f8Re was smaller

]_ The AA47(£I) curve for2 in PenOAc under a zero field was than that observed f&. Figure 6b indicates that tMB) value
similar to that in THF. In THF, PenOAc, or PrCN, the CS state Of the long-lived component increased with increasifjom
decayed only through the CR leading to the singlet ground state0 t0 0.5 T and became almost constant under fields of0E5
(Scheme 1b) because formatior?aP*—B,—NI from 3ZP*+— = 1.7 T. SuchB dependence of th&(B) value for the long-
B,—NI*"] was thermodynamically unfavorable. From the ob- lived component of2Re was qualitatively similar to that
served decay rates thi€cr values in PenOAc and THF were observed fodRein THF or MeCN (Figure 3b). Itis noteworthy
obtained! (Table 2). In PrCN, the short-lived component of that theB value at which the maxima&(B) value was observed
the AAs7(t) curve showed much lower intensity and faster decay for 2Re (0.5 T) was higher than that observed (0.1-0.2
than those observed in PenOAc and THF. The results indicatedT): The AAszd(t) curve measured f@Rs in PenOAc under zero
that thekScr value increased with increasing solvent polarity field decayed more slowly than in THF or PrCN and could be
(PenOAc< THF < PrCN). fit to a single-exponential function. The obtaink®r value’
was in good agreement with that derived from & 7q(t) curve
Jor 2 (Table 2). Ther(B) values showed MFEs similar to those
observed in THF or PrCN, although the magnitude was smaller.

As seen in Figure 5b, the presence of magnetic fields
accelerated the decay of the short-lived component and retarde
that of the long-lived one. As a qualitative measure of the MFEs
on the decay curves, we obtained ®R@) values for each of
the components by setting different integration time windows
and plotted them again&in Figure 6. TheR(B) value of the 3.1. Molecular Structures of the DyadsThe decay dynam-
short-lived component observed in THF (closed triangle) ics of the short-distance CS state formed franwas quite
decreased with increasirigjfrom 0 to 0.2 T and then slightly  different from that of the long-distance one frdnVariation
increased with increasirg from 0.2 to 1.7 T, whereas tH¥(B) in the separation distance betweertZBnd Nt~ gives rise to
value of the long-lived one exhibited MFEs in the opposite changes in the CR ratekS¢g andkcg) and in the magnitudes
direction. Similar biphasic decay and the MFEs in the opposite of the electron spirspin interactions. To estimate the separation
directions on the decay rates of the short- and long-lived distances irl(Re) and2(Rs), we carried out ab initio structure
components were previously reported for some long-distance optimization of model compounds and2' (see Chart 1) at
CS statedl18a The MFEs observed in PenOAc and PrCN the HF/3-21G level.
showed similar trends to that observed in THF. The magnitudes |y the optimized structures of’ and 2, the porphyrin
of the MFESs on the decay at early time region increased in the macrocyc|e is p|a_narl and the periphera] pheny| groups are
reverse order okcg, that is, PrCN< THF < PenOAc. almost perpendicular to this plane. These structural features are

The decay dynamics of [ZP—B,—NI*~ ] in these solvents  consistent with the results of the X-ray structure analysis of
was also affected by the presence of Rhe dotted line in Zn(tpp)32 Table 3 summarizes the selected torsion angles and
Figure 5b shows the normalizetlA47¢(t) curve measured for  the center-to-center and edge-to-edge distandgsa(id dee
2Re in THF under a zero field. At early time < 70 ns) the respectively) between ZRnd the acceptor moieties (Nir By)
decay was slower than that of thé\s7¢(t) curve for2, whereas in 1' and2'. Two stable conformers df were obtained as local
at later time it was much faster than the latter. Figure 5¢c shows minima. In one conformer (anfi‘), the NI group is in anti-
the A47o(t) curves for2Re in PrCN under differenB's. The clinal with respect to the carbonyl oxygen in the bridging amide,
AA47((t) curve under a zero field was similar to that observed and an intramolecular hydrogen-bond is formed between the

3. Discussion
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Figure 7. Definition of the torsion angles id' and2'.

NH in the bridging amide and the carbonyl oxygen in,Nis the same as the corresponding valueslfand?2, respectively,
shown in Figure 7. In the other conformer (s¥/i-the NI group for the reduction potentials of the NI parts were not changed
adopts a syn-periplanar orientation with respect to the carbonyl by substitution of ther-hexyl group by TEMPO-4-yl. Calcula-
oxygen in the bridging amide. Anfi- is predicted to be more  tion from the Rehm-Weller equation would give positiveGScs
stable by only 0.74 kJ mot than syni'. In polar solvents, a  values for1l and 2 in benzene or dioxane. However, this
H-bond can be formed between the NH and the solvent equation, which is based on the dielectric continuum model of
molecule, and therefore, the relative stability of the two Solvation, sometimes underestimates solvation energies of
conformers may be different from that predicted for an isolated charged solutes in nondipolar solvents. The CS states in benzene
molecule in the gas phase. In the optimized structur2,ahe and dioxane can be stabilized by the quadrupolar interactions
diimide parts, Band NI, are perpendicular to each other. This between the solvent molecules and charged cefftéfsThe
molecule has rotational freedom around the,@Henylene (at oxygen atoms in dioxane may also contribute to stabilization
the 5-position of ZP and the CH—N bonds ¢35 and ¢4 in of the ZP* part through coordination to zinc at the axial
Figure 7). Because of the local pseu@g- symmetry of the positions. As was mentioned in section 3.1, the distance between
Bo—NI' part, however, the rotation around these bonds doesZP* and Nt~ may be reduced compared to the value to
not alter the doneracceptor distances. The separation distance €nhance the electrostatic interaction. AlthoughAl@&cs values
between ZPand NI in 2 is by ca. 4 A larger than that ity could not be obtained, the largcs values suggested that the
(Table 3). CS processes frodZP* should be exergonic in these solvents.

In general, the equilibrium structure of the CS state is different ~ Although thedcc value and the number of the intervening
from that of the neutral ground statéShephard and Padden ~ bonds between ZP and NI f@rare larger than those fdy, the
Row suggested that Coulombic interaction can give rise to large kScs values of2 were comparable to those @f as shown in
structural changes accompanying CS processes in donor Table 1. It is likely that the CS process frotdP* in 2 took
bridge—acceptor compounds even if their structures were place through the sequential two-step reaction shown by eq 4
thought to be rather rigiéf Although their prediction was based in polar solvents such as THF and PrCN, becauseABé:s
on the ab initio calculations for isolated molecules in the gas value for ET from1ZP* to B, was predicted to be negative
phase, it is likely that such deformation takes place to some (Table 1)
extent in nonpolar solvents. However, the open-shell (triplet)
CS_st_ate; derived from tHe and?2' are too large for structure 1ZP*—BZ—NI - 1[ZP'+—BZ'_ —NI] — 1[ZP'+—BZ—NI'_]
optimization by the UHF methods. Furthermore, the effects of
solvation should be taken into account to predict the reliable 4)
structures in each solvent. Here, we usedhevalues ofl’ (14 o . .
A) and2' (18 A) for discussion of the Coulombic interactions " Model compounds mimicking the photosynthetic reaction

in polar solvents, the magnitudes of the exchange and dipolarceNter. Pl has been used as a primary electron acceptor that
interactions J| and|Dzrs]) between the unpaired electrons in received an electron from the excited donor and then gave the

the CS states, and the electronic coupling on the ET energy€lectron to a secondary acceptor such as quiAdfe:*Wied-

surfaces [V]). errecht et al. reported that the intramolecular charge shift from
As a model of the N+Re part in 1Rs and2Re, the structure  the radical anion of the PI moiety to the linked NI part took
optimization of3' Re was carried out at the UHF/6-31G* level. place in picosecond time scaf.On our apparatus with

The distance between the center of the naphthalene plane if@nosecond time resolution, no transient absorption band
NI’ and the midpoint of the NO bond in R, was calculated ~ a@ssignable to B~ was observed, but the absorption bands
to be 8.44 A. characteristic of NI appeared instantaneously upon excitation.
3.2. Free Energy Changes and Reaction Rates for the ET ~ These facts suggest that the secondary charge shift in reaction
Processes(a) CS Processes frof@P*. The free energy changes 4 should be faster than the primary CS, and that the obtained
(AGS:9 accompanying the CS processes fré#P* were kScsvalues represent the ET rates fré&P* to B,. The driving
estimated fofl and2 from the Rehm-Weller relationshifand ~ force (-AG3csin Table 1) of ET from'ZP* to B, in 2 was by
listed in Table 1. This table shows that these CS processes wag18—19) kJ mol* smaller than that fromtZP* to NI in 1,
exergonic for bott and2 in PenOAc, THF, PrCN, and MeCN.  whereas the ET distance of the former was shorter than the latter
The AGScs values of2 were more negative than the corre- (Table 3). The similarity in thé&Scs value of1 and2 probably
sponding values aof, because the reduction potential of the NI  results from these two competing factors. Because of the short
part in2 was by 0.12 V less negative than thatlimue to the lifetime and a large magnitude af, the conversion from
electron-withdrawing effect of the directly linked pyromellit-  {[ZP**—B,~ —NI] to 3[ZP*"—By"~ —NI] can be neglected. In
diimide (P1) group?? The AGScs values forlRe and2Re were solvents of lower polarity, the long-distance ET frd@P* to
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NI may occur via super-exchange mechanism because theTABLE 4: g-Factors and HFC Constants of Radicals

energy level of{ZP**—B,*~—NI] is considered to be higher
than that of:ZP*—B,—NI. The mechanism of long-distance ET
is a hot topic in ET chemistry, especially in biological systems

such as CS in photosynthesis reaction centers and DNA- zn(ttpy*2

mediated charge transpéftin some cases, the sequential ET

can dominate over the super-exchange pathway even if forma—zp+B)'E;1_N| (1)

tion of the intermediate state is slightly endotherffids an

alternative interpretation, the two mechanisms may be consid-

ered as the limiting cases in a framework of unified the@ry.
To understand the CS process2oih more detail, one need to

study the formation kinetics of the CS state and its temperature NI*"—RH
dependence in picosecond time region, which seems beyond
the scope of this paper. Whichever mechanism is valid, it should

be noted that[ZP**—B,—NI*"] was rapidly <1ns) generated
with a high efficiency.

(b) CS Processes frof@P*. Excitation of1 in PenOAc, THF,
PrCN or MeCN gave the triplet CS staf§ZP*—B;—NI*" ],
through ET from3ZP* to NI (processg in Scheme 1b). The
rate constantkcs) in MeCN was determined to be 14 107
s~1, which was by 2 orders of magnitude smaller th&ss (ca.

Derived from 1, 1Re, and 3Re, and Model Compounds in
MeCN at Room Temperature

radical g-factor HFC constants/mT |Axec|Pe
2.0027 0.149 (4N), 0.029 (8H), 0.46
0.044 (20H), 0.010 (8H)
Zn(ttpy™ 2.0026
2.0027
ZP—B;—NI—Re (1Rs)  2.0063 1.577 (1N) 2.23
ZP"—B1—NI—Re 2.0026
(AR"1) { 2.0063 1.577 (IN)
NI—Re (3Rs) 2.0062 1.580 (1N) 2.23
NI*~—Re 2.0050 0.79 (1N)
2.0038 0.0935 (2N), 0.188 (4H), 0.38
0.022 (2H), 0.021 (1H)
CeNI*~ 2.0038 0.0965 (2N), 0.189 (4H), 0.38

0.016 (4H)

aln CH.Cl, at 203 K. Determined by ESR, ENDOR, TRIPLE
resonance techniques. ref ?3Jnit: mT. ¢ ref 56.

is the total reorganization energy. In contrast to the CS process
from 1ZP*—B,—NI, B, (the bridging PI) cannot act as a good
mediator for the CR process, because *[ZMB,"~—NI] state

has much higher energy than [ZP-B,—NI*"]. This CR process

4 x 10° s71). This decrease in the ET rate can be attributed to for 2 became faster with increase in the solvent polarity from
the smaller driving force, as is seen in Table 1. Here, the triplet benzene to PrCN. This solvent dependence is typical of ET

excitation energyHr) of ZP in 1 and2 was assumed to be the
same as that of Zn(ttp) (150 kJ mé).24c42 Because the
deactivation ofZP*—B;—NI to the ground state is quite slow
(The lifetimes offZn(ttp)* were reported to be 40 and 1506
in toluene and DMSO, respectively, at room temperatéfte),
the most part oBZP*—B;—NI gave3[ZP*—B;—NI*~ ], even
though thekcs value was not so high.

In benzene and dioxan&P* was not quenched through the
CS process for eithet or 2. On the contrary, the CS state
derived from2 gave3ZP*—B,—NI through CR in the triplet
manifold (proces$ in Scheme 1a). These results indicate that
[ZzP**—B—NI*"] has a higher energy th&ZP*—B—NI. Thus,
the energy levels of the CS stateslofnd2 in these solvents
were determined to be in a range 8200 < AGScg < —150
kJ mol1,

(c) CR Processes Leading to the Ground Statgpon
excitation of 1 in benzene, the transient absorption bands
assignable to [ZP —B;—NI*~ ] decayed within the duration of
the laser pulse<20 ns). As will be discussed in section 3.3,
[zP*—B1—NI*~ ] born in the |[SOstate decays exclusively
through CR to the ground state (proce8ecause th¢S[H—
|TCconversion (process) is much slower. In the other solvents,

reaction in the inverted region, and has been observed in CR
processes of similar porphyrracceptor dyad® The corre-
sponding CR process farlies also in the inverted region except
for that in PrCN or MeCN>47

3.3. Electron Spin—Spin Interactions in the CS States(a)
Interactions between NI and R. To obtain information on
the spin-spin interactions between Nland R in [ZP*"—B—
NI*~—Re], we measured the EPR spectrum of NtRe which
was prepared by reduction 8Re in MeCN. From the separation
between the outermost lines observed at 77 K, the magnitude
of the dipole-dipole interaction |[Dzrs//gB) was determined to
be 5.3 mT. The distance between the center of the NI part and
the midpoint of the nitroxide NO bond was calculated to be
8.44 A for the model compoun@Re (see section 3.1). In the
point dipole approximation with this inter-radical distance, the
|Dzr<l/gB value was estimated to be 4.64 mT. In the point charge
approximation with the spin densities of the'Npart calculated
by the DFT methods (See Experimental), tBerg/gs value
was estimated to be 5.39 mT, which was in a good agreement
with the observed value. Th®zrg//gB value of NP —Re was
similar to that (4.4-9.3 mT) of the biradical anions employed
in the previous studjga.19a.19%

no transient absorption due to this singlet CS state was observed, The g-factors and HFC constants 8Re and its reduced

although the®S:s values were almost the same as that in
benzene. This result indicates th&tr may be larger thak>cs

in the solvents except for benzene. For similar porphyrin
diimide dyads withd.c = 13 A andAGScg = —158 kJ mot?

in THF, thekScg values were reported to be (£0.4) x 10

s 1.21a38From these facts, it can be estimated tkigk > 10'°
s™1 for 1.

In the case oR, [ZPt—B,—NI*~ ] in the |Sstate decayed
through CR leading to the ground state (proa#)ssnd the spin
conversion to theTstate (process). The kS:r values of 3.3
x 107 and 5.6 x 10" s71 in PenOAc and THF, respectively
(Table 2), were much smaller than the corresponkifagvalues
(5.8 x 10° and 6.1x 10° s71). According to the Marcus theory
of nonadiabatic ET rate’$,kScr is estimated by eq 5

Ker = (21/M) |V |7 (liks T)™ exp[—(AG cr + 2)7/40kg T]
®)

whereV is the matrix element of the electronic coupling, and

species are listed in Table 4. In the EPR spectrum measured at
room temperature for the partially reduced sampl8e¥, the

two peaks assignable to timay = +1 lines of NF™—Re were
observed, whereas itsy = 0 line was overlapped with the
signal of3Re. As shown in Table 4, tha \ value (0.79 mT) of
NI*~—Re was a half of that 0BRe (1.58 mT), and the-factor
(2.0050) was the average of those3fte (2.0062) and NI —

R’ (2.0038). Each line of the three-line signal of'Nt+Re was
broader than that d3Re, probably due to the unresolved HFC
with the N and H nuclei in the NI part. These magnetic
properties indicate that Nl and R are strongly coupled in
NI*~—Re through the exchange interaction whose magnitude is
much larger than th@ y| value of3Re.*8 Neither the sign nor
magnitude ofJ for NI*”—Re could be determined experimen-
tally.

For a variety of stable biradicals, thevalues have been
reported*®-5! Most of them are conjugated systems in which
two radical units are linked to each other with an aromatic
coupler®® It is likely that the J value of such a conjugated
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biradical is quite different from that of Ni—Re, even if the TABLE 5: Magnitudes of the Magnetic Interactions in the
inter-radical distances are similar. As for TEMPO-linked CS States
biradical ions, Sugimoto et al. reported that the biradical cation interaction  [ZP*—B;—NI*-] [ZP**—B;—NI*"] [ZP*t—B—NI""—Rs]

of 2-[N-(TEMPO-4-yl)iminomethyl]tetrathiafulvalene hagp Vg8 450 ¢ JI(NI--, Re)| >
= —5.6 T (The negative sign means that the ground state is 13ZP+, NI*)|
singlet) andDzrsl/gB = 1.62 mT (This corresponds to the inter- |3(Tjgéb%)hjf,)‘
radical distance of ca. 12 A in the point dipole approximatfdp). IDzesllgB 1.0 0.47 IDass (NI*, Re)[ = 5.3
The |J|/gp value of Nt~ —Re may be larger than the highe3t |Dzes (ZP+, Re)| ~ 0
(1.7 T) applied in this study. Bugle 0.84 0.84 s

(b) Interactions between ZPand Nt~. The magnitude of lAgB| (B=1.7T) L1 11 3
for [ZP*t—B1—NI*~] was determined to bg|/g8 = 0.45 T in aUnit: mT. ® In PenOAc and THF¢ Estimated to be a few mT. See

THF and PenOAc from the observ&(B) vs B plots shown in text in Sectior_1 3.3(_b)’f‘ Ref 56.¢ The |Anrc| values of th?r individual
Figure 4252 According to the perturbation theo?ythe J value radicals are given in Table 4Ag = g(NI*"—Re) — g(ZP").
due to the charge-transfer interaction for the CS state can be

estimated by eq 6 (c) Interactions between ZPand R. Because ZP and R

in [ZP*"—B—NI*"—Re] are apart from each other, the spin
) s spin interactions between these two radical centers are expected
J=— VI NAG"r + 1) (6) to be much smaller than the other interactions operating for each
of them. To confirm this assumption, the EPR spectrum of
As the solvent polarity increases from benzene to MeCN, the [ZP*t—B;—NI—Re] was measured in MeCN at room temper-
(AGScr + 1) value forlincreases from negative to positite>* ature. Two signals were observedgn:= 2 region. One of them
Equation 6 predicts that the sign éffor [ZP*T—B;—NI*"] is was almost identical to the signal of ZB;—NI—Re, whereas
positive in benzene, dioxane, PenOAc, or THF, whereas it is the other showed g-factor and a half-width quite similar to
negative in PrCN or MeCN. IfV | were independent of the the corresponding values for the signal of Znfttp)Table 4).
solvent properties, thgl| value would be smaller in PenOAc  These results indicated that thi value between ZP and R
than in THF. The observeld| values, however, were the same in [ZP*t—B;—NI—Re] is smaller than theay values in these
in these solvents. This discrepaftynay be attributed to the  radicals. In [ZPt*—B,—NI—Re] derived from 2Re, the inter-
solvent-dependent distribution of the conformers differi&t radical distance between ZPand R is longer than that in
values. As was mentioned in Section 3.1, there can exist more[ZP*"—B;—NI—Rs], and therefore, thdJ| value should be
than one conformers of [ZP—B;—NI*"] with different dc. smaller. Table 5 summarizes the magnitudes of the magnetic
values. With decreasing solvent polarity, the conformer with interactions which can induce the spin conversion of the CS
the smallerd.. value probably becomes more populated, and states. TheJ| value of Nt~ —Re pair is probably much larger
therefore, the averagel| value increases. Alternatively, the than that of ZP*—NI*~ or ZP*—Re pair>’
relative contribution taJ from the different coupling modes 3.4. Decay Dynamics of the CS States Derived from 1 and
(through-bonds, through space, and through solvent) may beiRe. (a) Sobent Effects on the Decay Rate3#P*t—B;—NI*].
varied with the solvent properties. Although tgvalue could  Upon excitation ofl in solvents of medium or high polarity,
not be determined in other solvents, it may be different from 3[zp+—B;—NI*"] was formed from CS fron¥ZP*. Because
that observed in PenOAc and THF. the |TO— |SOconversion was much slower than CR from the
For the long-distance CS state [ZP-B,—NI*"] generated |SCtate kScr > 10'°s71), the decay dynamics 8fZP*"—B;—
from 2, the observed MFEs on the decay rates suggested thaitNI*~] was governed by the spin conversion process. The
the HFC-inducedS[< |TOconversion efficiently took place  efficiency of the|T— |SCconversion depends on tevalue,
under a zero field. This means that tf# value for this CS which can be varied with the solvent properties. As shown in
state was negligibly small. In general, tlevalue shows the Figure 2, the decay of th&A47((t) curve forl increased with

exponential dependence on the inter-radical distaRe ds increase in solvent polarity from PenOAc to MeCN. Such
represented by(R) = Jo exp (—aR). ThekScg value also shows  solvent dependence seems contradictory in the following
the exponential dependence RrkScr(R) = kScr(0) exp AR). points: (i) Despite the samégl| value, the AAsz((t) curve

Comparison of eq 5 and eq 6 indicates that détx andJ are observed in THF decayed faster than in PenOAc. (ii) Bhe
proportional to V|2 and that theiR dependence mainly originate  dependence dR(B) shown in Figure 4a suggested that tde
from that of|V|. ThekScr values of2 observed in PenOAc and  value may be larger in PrCN or MeCN than in PenOAc or THF.
THF were~1/300-1/200 of the estimatekcr value of 1. If The largenJ| value should bring about the less efficigti—

the oo and § values are assumed to be equal, dhealue for |SCconversion under a zero field. Contrary to this prediction,
[ZP—B,—NI*"]is estimated to be-2 mT. Alternatively, from the decay of theAAs7o(t) curve was faster in PrCN or MeCN
the difference (4.6 A) in the calculatefy. value between anti-  than in THF or PenOAc.

1" and 2’ (Table 3) and a typicab value of 1 A2, it was These discrepancies may be explained as follows: As for
evaluated to be~4.5 mT. This range of theJ| value is (i), because the HFC-inducgBl— |SCconversion is inefficient
somewhat larger than the magnitude of the effective HFC as described above, the spifattice relaxation also has signifi-

interactions By, = 0.84 mT)% cant contribution to the decay of th&state. The relaxation
As for the dipole-dipole interactions, théDzggl/gB values rate k) is varied with the correlation times of the fluctuating
were estimated to be 1.0 and 0.48 mT ##ZP*t—B;—NI*"] magnetic interaction’;® which depend on the solvent viscosity.

and 3[ZP*"—B,—NI*"], respectively, in the point dipole ap- Among the solvents employed here, the viscosity at 293 K
proximation with the inter-radical distances of 14 and 18 A. increases in the following order: MeCN (0.36 cP)THF (0.575
These|Dzrgl/gp values are similar to thBy, value. It is likely cP) < PrCN (0.59 cP)< PenOAc (0.924 cP¥ The longer
that the dipole-dipole interaction in [ZP*—B;—NI*"] signifi- correlation time in PenOAc may cause the smaligrvalue.
cantly contributes to the spin relaxation during the decay of Alternatively, in solvents of medium polarity such as PenOAc,
the triplet CS state. the energy level of[ZP**—B;1—NI*"] is close to that ofZP*—
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B1—NI. Therefore, an equilibrium may be attained between these rate should be ascribed to th@}— |DUconversion ratekpg).
two species. In the transient absorption spectrum measured atn the case of[ZP*"—B;—NI*"], the SOC-induced CR reaction

1.8 us after excitation ofL in PenOAc, a broad band around
450 nm assignable to the-Tr absorption ofZP*—B;—NI was

also took place, especially in polar solvents such as PrCN and
MeCN, as was described in section 3.4(a). These results indicate

observed as well as the sharp band at 470 nm due to thethat the|Q— |Dlconversion of[ZP*"—B;—NI*~—Re] is more

absorption of Nt~. Because the deactivation ®P*—B;—NI

efficient than thg TC— |SCOconversion of[ZP*f—B;—NI].

to the ground state is much slower than the decay of the CS  As for the MFEs on the decay of [ZP-B;—NI*"—Re], the
state, such equilibration lengthens the apparent lifetime of the R(B) value increased with increasimyfrom 0 to 1 T, and the

CS state. With respect to (i), the spiorbit coupling (SOC)-
induced CR process 6fZP*"—B;—NI*7] to give the singlet
ground state (proceds in Scheme 1b) and/or other nonspin

MFEs were saturated aB = 1 T (Figure 4b). SuchB
dependence of th&(B) value was quite similar to that previously
observed for the free ion yield from the biradieahdical ion

selective reactions of the CS state may take place in PrCN andpair born in thgQstate!®? In the previous case, we employed

MeCN. For polymethylene-bridged zinc porphysiniologen

the biradical anion oN-hexyl-N'-(TEMPO-4-yl)-pyromellitdi-

dyads, it was reported that the SOC-induced back ET from the imide (Pt~—Re), for which the estimated inter-radical distance
triplet RIP to the singlet ground states takes place at a rate of(8.6 A) was similar to that for NT—Re (8.44 A). TheJ values

ksoc” 1P s~ and that this rate constant tends to increase with
decrease in the inter-radical distar8€° The magnitude of the
SOC interaction for [ZP —B;—NI*"] is likely to be insensitive

to the nature of solvent. On the other hand, the Frai@éndon

between the radical anion part and Ray be also similar for
these two systems. On the basis of this analogy, the MFEs
observed fodRe can be explained by the relaxation mechanism
(RM) for triplet—doublet pair$* As shown in Scheme 2c, the

factor increases with increase in solvent polarity, as the case offour sublevels of theQUOstate are converted to th®Ostate
the spin-allowed CR process from the singlet CS state, andwith a rate ofkpg under a zero field. Under high magnetic fields
therefore this SOC-induced process can have nonnegligible(B > |D:4/gp), the| Qs sublevels are energetically separated

contribution to the decay of the triplet CS state in polar solvents,

from the |Diipdor |Qii2l0sublevels. The interconversion

especially when the spin relaxation is slow. Thus, the solvent petween such nondegenerate sublevels takes place through the

dependence of the decay rate of {ZPB;—NI*~] did not result
from one dominant factor but from combination of several
factors.

(b) Spin Dynamics of [ZP—B;—A""—Rs]. Upon excitation

spin relaxation induced mainly by the electron spin dipole
dipole interaction between Nland R. The biphasic decay of
the AA47((t) curves observed und&= 0.1 T (Figure 3b) can
be explained by the existence of the faster-decay®g (]

of 1Re in benzene or dioxane, the transient absorption bands sublevels and the slower-decayii@@.s.[ones. With increasing
assigned to the CS state had decayed within the duration of theB, the relaxation rate monotonically decreases to an asymptotic
laser pulse. This result indicated that the spin-allowed CR to value5 As a result, the lifetime of thgQ.s.0 sublevels

give the ground state (procedsn Scheme 1c) was faster than

increases, whereas that of th@.iJones is substantially

the spin conversion. Such instantaneous decay of the CS stateinchanged. This is consistent with the observation that the

was also observed fdt. Thus, the spin effects on the decay

increasingB decelerated the decay of the slower-decaying

dynamics of the CS state could not be clarified in these solvents.component without significant effects on the faster-decaying

On excitation ofLRe in solvents of medium or high polarity,
the CS process frofZP* gave [ZP™—B;—NI*~—Rs] in either
the doublet (DD or quartet (QD) state in the statistical ratio of
1:2 (procesg in Scheme 1d). According to the spin catalysis
theory of Buchachenko and Berdins#the [D< |D'Cimixing
should be efficient for three-spin systems with largely different
J values such as [2P—B;—NI*"—Re] (Table 5). It was,
therefore, expected that [ZP-B;—NI*~"—Re] born in the|DO
state decayed faster than that born in [Qélstate. However,
the AA47d(t) curve observed foflRe under a zero field was
almost fit to a single-exponential function. This kinetic behavior
can be explained as follows: Under the condition taat, kScr
> Kkpg, the population of theD[istate is too low to contribute
the transient absorbance, and the obsefn&gq(t) curve mainly
represents the kinetic behavior of tfiglistate. The energy gap
between thgQ[and |DOstates is determined by thkevalues
between two radical centers in the three-spin sy$feththis
gap is as small a#\yrc|, the HFC-induced conversion between
the |Q0and the|DOor |D'Cstate efficiently takes plac@dd 62,63
whereas with a larger gap the electron spin dipa#ole
interaction plays an important role in th@— |DOconver-
sion®16264As seen in Figure 3[ZP*"—B;—NI*~—Re] decayed
much faster thas[ZP**—B;—NI*~]. The decay rates df and
1Re listed in Table 2 correspond to the total decay rates of
[zP"—B1—NI*~(—Re)] in the | TOor |QUstates, which include
the |TO— |SOor |QO— |DOspin conversion rate and the

one (Figure 3b).

3.5. Spin Dynamics of the CS States Derived from 2 and
2Re. (a) In Benzene and Dioxan&he MFEs onR(B) (i.e.,
relative yield of3ZP*—B,—NI) observed for2 in benzene and
dioxane can be explained as follows: The decrea&¢B) with
increasingB from 0 to 0.1 T is attributable to the hyperfine
coupling mechanism (HFCM)® Under a zero field, [ZP —
B,—NI*~] born in the|SCktate is converted to the three sublevels
of |TOstate through the HFC-induced spin conversion in
competition with CR leading to the ground state. Under
magnetic fields much higher thaAurc| and|J|, the|SC | ToO
conversion still takes place, whereas fie;sublevels remain
unpopulated because tf& > |T.;Cand|Tol< | T [relaxation
is much slower than the decay of tf# state through CR. The
increase inR(B) with increasingB from 0.2 to 1.7 T can be
explained in terms of th\g mechanism 4gM).”-8 According
to this mechanism, th&SO< |ToOconversion induced by the
isotropic Zeeman interaction is accelerated with increaBing
As shown in Table 5, the magnitude of this interactiphg3B|)
atB = 1.7 T is similar to the magnitude of the effective HFC
interaction ¢B12). Thus, it seems reasonable that the MFEs
due to both the mechanisms could be observed in the field range
of 0-1.7 T.

In benzene or dioxane, thkr value of2Re was higher than
that of 2. The presence of KRcan affect the®t value in the
following ways: (i) ISC from'ZP* to 3ZP* is enhanced® (i)

contribution from any other decay processes. The insensitivity 1ZZP* can be quenched bysRhrough other processes such as

of the decay rate of[ZP**—B;—NI*"—Rs] to the solvent

energy transfef® (iii) the spin-allowed CR fron?f[ZP"—B,—

properties suggested that the major contribution to the observedNI*"—Re] in the |DOstate to give3ZP*—B,—NI—2Rs] is
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opened, and (iv) theb[— |QLonversion of [ZP"—B,—NI*~— nential for the three-spin ones. These features result from the
Re] is faster than théS[+— | TCconversion of [ZP"—B,—NI*7]. fact that theDstate generated by the CS process of the three-
Factors (i), (iii), and (iv) increase thét value, whereas factor ~ spin system can be converted to the nonreactive state (that is,
(ii) decreases it. Thé+ (B) value for2Re can be expressed eq |QUktate) more efficiently than th&[state of the corresponding

7, which is a modified version of eq 3 two-spin CS state. The MFEs observed2&e can be explained
by the RM for triplet-doublet pairs, as was the caseldge.
@, (B) = (kget K¥so)/(key + K, + K+ As seen in Figure 6B value at which the MFE reached

R s b saturation was higher f@Re than for2 in either THF or PrCN.
Ksc T Kisct Keg) + @ cs x 71 (B) (7) This difference can be attributed to the difference in mecha-
nism: HFCM for2 and RM for 2Re.

In the first term of eq 7, factors (i) and (ii) are taken into  Finally, let us compare the spin and magnetic field effects
consideration. These quenching processes have probably onlyon the decay dynamics among [ZP-B;—NI*~—Re], [ZP*F—
small contribution because of the large distance between ZPB,—Nj*-—Rs], and [PTZ2t—Bs—PI'"—Rs]. The latter two
and R.? Indeed, the estimatei®csvalue (0.7) gives the upper  systems showed quite similar effects, as described above. On
limit of 0.3 for the first term of eq 7. Ther (B) value ineq 7 the other hand, the short-distance CS state{ZB;—NI*—

reflects factors (jii) and (iv). The observed high (0 T) value Re] exhibited some different features such as the lack of the
(0.85) and the lack of MFE fa2Re indicated thak'cr andkog spin effect in benzene or dioxane. The plausible reason of this
are larger thakScr in benzene. In dioxane, [ZP-Bo—NI*—— difference is that the CR ratéStg) of [ZP*—B;—NI*"—Re]

Re] decayed partially through CR leading to the ground state s too large to allow competitive occurrence of the conversion
(procesd) in competition with CR leading t&ZP*—B,—NI— to the |QUstates.

Re, suggesting thak®c value was larger in dioxane than in  The |3 value for the corresponding two-spin analogue

benzene and/or that ttiécr value was smaller in dioxane than  jcreases in the following order: [ZP-B,—NI*"] (at most
in benzene. The observed MFEs on thg(B) value for2Re in several mT)< [PTZ*—Bs—PI"] (3.75 mT in dioxane¥a <
dioxane can be explained by the decrease in|bié< |QO [ZP**—B;1—NI*"] (450 mT in PenOAc and THF). It is notable
conversion efficiency with increasirg) as the MFEs observed  ihat the presence of sRcan accelerate the interconversion
for 1R.. _ _ . o between the spin states with different multiplicities, irrespective
(b) In Sobents of Medium or High PolarityAs seen in Figure of the magnitude of for the two-spin analogue. The energy
5b, theAA47((t) curves observed f& in THF exhibited biphasic splitting between theDOand |QUstates may be dominantly
decay. Because th&Ostate decayed through CR dominantly governed by thd value between Nf (or PF-) and R. In these
over the conversion to tH@[state (Table 2), the initial decaying systems, théDO<> |QUspin conversion is mainly induced by
part of theAAs7o(t) curve mainly represents the time profile of  ine electron spin dipotedipole interaction between Ni (or
the population of the¢SOstate generated by CS frofdP*— PI-) and R. For these systems, the magnitudédyaind|Dzrg
B2—NI. The B dependence dR(B) for this component (Figure  petween Nt~ (or PF-) and R are likely similar to each other,

6a) was similar to that observed in benzene or dioxane and canyhich may cause the observed similarities of the spin effects.
be explained by the HFCM andgM. As was mentioned in

section 3.3(b), theJ| value of [ZPT—B,—NI*"] is likely to be
comparable to or somewhat larger than [&rc| value.
Therefore, the efficiency of theS < |Tolconversion is Photoexcitation ofl, 1Re, 2, and 2Re efficiently gave CS
expected to be lower than the casgdf< |Aurcl.”8%Indeed, states [ZP*—B—NI*~(—Re)] through intramolecular ET from
the effectiv&® conversion ratekgy) of (3—4) x 10° s™1 (Table 1ZP* to NI with rate constantskfcs) of (4—8) x 10° st in
2) observed in PenOAc and THF is lower than tBel> |To[ various solvents. The energy level of the CS state was higher
oscillation frequency of 1. 10" s™* (or wsto = 6.9 x 107 than that of®ZP* in benzene and dioxane, while lower than
rad s'1) evaluated from th®,,, value (Table 5) for the case of 3ZP* in PenOAc, THF, PrCN, and MeCN. The CS states
|J] = 0. In theR(B) vs B plots shown in Figure 6a, no maximum decayed through the CR processes to give-BP-NI(—Re) or
due to theJ-resonance was observed. Because of the small 32ZP*—B—NI(—Rs). The presence of Raffected the decay
magnitude of|J|, broadening caused by plausible factors such processes of the CS state in the following two ways: (i) The
as the nonzer¢Ayrc| and the lifetime broadening easily —energy gap between thBCand|QUstates of [ZP"—Bi—NI*"—
obscured appearance of a maximum. In longer time redion ( Re] is different from that between thé&sODand |TOstates of
> 800 ns) theR(B) value steeply increased with increasig [ZP*—B1—NI*"]. (ii) The dipole—dipole interaction between
from 0 to 0.05 T, showed further gradual increase ujBte NI*~ and R induces the effectivéD< |QOconversion, and
0.2 T, and became almost constant under .8 < 1.7 T as a resulf[ZP**—B;—NI*~—Re] decayed much faster than
(Figure 6b). This field-sensitive component is assigned to [ZP*t*—Bi—NI*7].
[ZPt—B,—NI*"] in the |T+;0sublevels, which is generated For the long-distance CS state, [ZPB,—NI*7], the kScr
through the CS fron¥ZP*—B,—NI. The observed MFEs can value was much smaller than that of [ZP-B;—NI*"] due to
be explained by the HFCM in low fields and by the RM in the larger separation distance. Tkier value increased with
higher fields. increasing solvent polarity from PenOAc to PrCN, indicating
The spin effects observed f@Re were similar to those  that this CR process was in the inverted region of the Marcus
observed for the previously studied three-spin CS state (referredtheory. The insertion of the PI unit diminished not only kier
to as [PTZt—Bz—PI'"—Re], where PTZ is theN-substituted value but also th¢J| value. Therefore, the HFC-inducéd
phenothiazine andfs 4,4-dimethylene-1,1biphenyl)!82The |TOconversion of [ZP"—B,—NI*"] took place in competition
characteristic features are (i) that the initial decay of the CS with the CR process. The decay kinetics of this CS state was
state generated from the singlet excited state of the donoralso affected by Rby the same mechanism as the case of
(*zP* or '1PTZ*) was retarded by the presence of &d (ii) [ZP"—B;—NI*"]. Because th¢D[> |QConversion was faster
that the decay kinetics under a zero field was changed from than the|SC | TCone, the effects of Rwere observed on the
double exponential for the two-spin systems to single expo- decay of [ZP"—B,—NI*"] born in the |SCstate especially in

4, Conclusion
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early time region (typically from several nano- to several tens
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Oxidation of 1Re and Zn(ttp) was carried out by addition of

of nano-seconds). Such retardation of the initial decay of the a small aliquot of a stock solution of #€CIO,); in MeCN to
CS state can be utilized to enhance any secondary reactiorthe porphyrin solution in CkCl, under air. In the case dfRe,

processes such as charge shift reactions.

5. Experimental Section

Materials. Benzene, THF, and MeCN were of spectroscopic 4.
grade and used as solvents for laser flash photolysis and

fluorescence measurements without further purification. 1,4-
Dioxane (Cica-Merck, HPLC grade) was passed through

activated alumina just before use. PrCN was distilled and stored
over molecular sieves 4A. PenOAc of analytical grade was used
as received. For electrochemical studies and EPR measurement:

dehydrated MeCN and CiEl, (Organics) were used as
received. Zn(tpp) and Zn(itp) were prepared by metalation of
the corresponding free bases with Zn(OAD)CHCl;-MeOH 212
N,N-Di-(n-hexyl)naphthalene-1,8:4,5-tetracarboxydiimide-(C
NI) was obtained by the methods of Hamilton efaBynthetic
procedures andH NMR spectral data ofl, 1Re, 2, 2Re, and
3Re are given in Supporting Information.

Fluorescence Spectralhe sample solutions+3 x 107% M)

were deaerated by bubbling with argon gas presaturated with
the corresponding solvents for 20 min before the measurements

The excitation wavelength was set to the maximum (5556

nm) of the 0,1 transition of the Q-band, which was slightly
dependent on the solvent but not on the identity of the
compounds. The fluorescence spectra were recorded on

counter at 293 K. The relative fluorescence quantum yields
(PrL/DPO%) were obtained from the integrated intensities in a
wavelength range of 565750 nm.

Laser Flash PhotolysesEach of the sample solutions (3 &m
was placed in a long-necked quartz cell @& x 45 mm) and

the amount of PE(ClOy4); added was less than 1 equivalent to
avoid oxidation of the TEMPO moiety. The EPR spectra were
immediately measured at room temperature.

Quantum Chemical Calculations.Structure optimization of
and?2' was carried out at the Hartre€ock (HF) level with
the LanL2DZ° and 3-21G basis sets for zinc and the other
elements, respectively. As f8fRe the optimization was carried
out at UHF/6-31G level. To determine the spin densities of the
radical anion olN,N'-dimethylnaphthalene-1,8:4,5-tetracarboxy-
diimide, the hybrid DFT calculations were carried out at the

Snrestricted B3LYP! level with the 6-3%G* basis sets. The

calculated |a n| and |a y| values (0.096 and 0.187 mT,
respectively) agreed well with the experimental values (0.0965
and 0.189 mT) obtained forgI*~ (Table 4). These calculations
were carried out with Gaussian 98 progrdnon a Fujitsu
VPP700E supercomputer at RIKEN.
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Appendix

bubbled with argon gas presaturated with the corresponding
solvents for 20 min before experiments. The sample concentra- The three-spin CS state {D-B—A*"—Rs] has the four

tion was (£2) x 10°° M. All the measurements were carried quartet (Q0J and four doublet|D’'Cand DL spin sublevels. In

out at 293 K. The second (532 nm) harmonic of a Quanta-Ray high field case, these sublevels are expressed in terms of the
GCR-103 Nd:YAG laser was used as excitation light. The spin state of each radicdly Oand |3 O(i = D, A, and R), as
transient signals were accumulated 10 times at the repetitionfollows®te.73

rate of 0.6 Hz. The magnetic fields were generated by a Tokin
SEE-10W electromagnet.

EPR Spectra. The EPR spectra were recorded with 100-
kHz modulation on an X-band EPR spectrometer (JEOL,
JES-RE1X). The magnetic field and the microwave frequency
were determined with an NMR field meter (Echo Electronics,
EFM-2000AX) and a microwave counter (Echo Electronics,
EMC-14), respectively.

Reduction of3Re was carried out by shaking with 0.5% (w/
w) Na—Hg in MeCN under vacuum at a low concentration (ca.
3 x 1074 M) in the presence of 4,7,13,16,21,24-hexaoxa-1,10-
diazabicyclo[8.8.8]hexacosane (0.04 M) to avoid ion-pairing
with Na.68 The progress of reduction was monitored by EPR

spectral change at room temperature. When a sharp signal due
to the two-electron reduced species appeared, the solution was

separated from NaHg. The EPR spectrum of this solution,
which contained unreduce&Re (NI—Re), one-electron reduced
species (NI"—Re), and two-electron reduced one (N+RH),
was immediately recorded at 77 K. The microwave power of

0.6 mW was used. A more intense microwave was applied for

attempt to detect a signal due to thens = 2 transition, but no

signal could be observed. The solution was warmed to room

temperature and shaken again with Ndg until complete
conversion to NIFr—RH was attained. The EPR spectrum of
NI*~—RH was recorded at room temperature. The isotropic HFC
constants of gNI*~ and NF-—RH (Table 4) were determined
by simulation with the software WIN SimFon%8.

|Q, 3 lopHa,Oogd
1Qu17= 37 (Jap Do DIBRTH lap 08D O
IBoUa,TogD
1Q_1,0= 372 (1Bo0IBA Do O+ 1BpCla, AR
lapOBALBRD
1Q_3,,l= 1Bp0BA0BRD
ID4 = 6~ 1? (2lopHa, OB lapOpaOog0-
IBodoa0oagD
D_10F 62 (2|Bp01Ba0lor— 1BoTloaDlBr -
lapOBA0BRD
ID",10= 272 (lap O8O0 1BpTla Dol
ID' 1= 2712 (lopOBAOBRO= 1B IARD
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