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Inter- and Intramolecular Photoinduced Electron Transfer of Flavin
Derivatives with Extremely Small Reorganization Energies
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Abstract: Photoinduced electron trans-
fer (ET) of a series of aromatic elec-
tron donors (D) to the singlet or triplet
excited state of a flavin analogue (10-
methylisoalloxazine: MeFl) and inter-
molecular back electron transfer
(BET) from MeFI" to D't in benzoni-
trile (PhCN) has been investigated in
light of the Marcus theory of ET. The
rate constants of intermolecular photo-
induced ET (k) from D to the singlet
excited state (‘MeFl1*) and the triplet
excited state (*MeFl*) were deter-
mined by fluorescence quenching and
enhanced decay rates of triplet-triplet
(T-T) absorption by the presence of D,
respectively. The k. values increase
with an increase in the ET driving
force to reach the diffusion-limit value

that remains constant with a further in-
crease in the ET driving force. Nano-
second laser flash photolysis was per-
formed to determine the rate constants
of intermolecular BET (k) from
MeFI"™ to D't in PhCN. In contrast to
the case of k., the driving force de-
pendence of k. shows a pronounced
decrease towards the highly exothermic
region. The reorganization energy (1)
of intermolecular BET is determined
to be 0.68 eV by applying the Marcus
equation in the inverted region, where
the k., value decreases with increasing
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the BET driving force. The slowest
BET was observed for BET from
MeFI™ to N,N-dimethylaniline radical
cation (DMA'Y) with the k. value of
3.5x10°m's™!, which is 1600 times
smaller than the diffusion rate constant
in PhCN (5.6x10°m 's™!). Then, DMA
was linked to the 10-position of isoal-
loxazine to synthesize a DMA-flavin
linked dyad (10-[4'-(NV,N-dimethylami-
no)phenyl]-isoalloxazine: =~ DMA-FI).
Photoexcitation of DMA-FI results in
photoinduced ET from the DMA
moiety to the singlet excited state of Fl
moiety to form the charge-separated
(CS) state (DMA'*-FI'") that has an
extremely long lifetime (2.1 ms) in
PhCN at 298 K.

Introduction

Natural photosynthesis applies photoinduced electron-trans-
fer (ET) systems, where a relay of photoinduced ET reac-
tions evolves among chlorophyll (electron donor) and qui-
none (electron acceptor) moieties embedded in a transmem-
brane protein matrix, to attain a lifetime of the final charge-
separated (CS) state as long as seconds.!) The long-lived CS
state leads to conversion of light into usable chemical
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energy.!! Extensive efforts have so far been devoted being
inspired from the natural photosynthetic systems to develop
electron donor-acceptor (D-A) linked molecules that un-
dergo photoinduced ET reactions to afford charge-separated
(CS) states.”" The Marcus theory of electron transfer!"!
has provided rational design of D-A linked molecules. The
most important prediction of the Marcus theory of ET is
that the ET rate is expected to decrease in the strongly exer-
gonic region.™ Such a strongly exergonic region is generally
referred to as the Marcus inverted region,[lg] which has been
observed in a number of DA linked systems.>” The mag-
nitude of the reorganization energy (1) is known to be the
key parameter to control the ET process. The smaller 4
value promotes the forward photoinduced ET process, but
retard the back electron transfer (BET) process when the
driving force for BET (—AGyggy) is larger than the A value.
Thus, the CS lifetimes can be finely controlled by the 4
value, which is determined by the choice of the electron
donor and acceptor pair, the type of linkage between the
electron donor and acceptor molecules.®!
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We have previously reported that D-A compounds, which
afford the long-lived CS state in glassy solution at 77 K,
however, the CS state decays with the diffusion rate via in-
termolecular charge recombination (CR) between two CS
states in solution at 298 K. Artificially, none of reported
molecules has ever afforded a CS state over millisecond in
solution at 298 K. Formation of a truly longer-lived CS state
in solution at 298 K requires slower intermolecular CR than
intramolecular CR.

It has generally been believed that intermolecular ET re-
actions exhibit a Rehm-Weller behavior: the ET rate in-
creases with an increase in the ET driving force to reach a
diffusion limit, which remains unchanged no matter how ex-
ergonic ET might be.'”? This is the main reason for ignor-
ing the Marcus inverted region for the intermolecular ET re-
action. Recently, however, there have been reports on obser-
vation of the Marcus inverted region for ET reactions with a
small A value.”'?/ Thus, if a chromophore with an extremely
small A value for the inter- and intramolecular ET is utilized,
an extremely long-lived intramolecular CS state in D-A
dyad would be formed in solution at 298 K.

In this context, flavin may be a good candidate as a chro-
mophore with an extremely small 4 value of electron trans-
fer, because the flavin cofactor is one of the most important
coenzymes for electron transportation and an important
photoreceptor in biological systems.>*! Flavin is a tricyclic
heteronuclear organic ring based on pteridine whose bio-
chemical source is the vitamin riboflavin. The redox reactivi-
ty of flavins is the most drastically changed by the photoex-
citation as compared to the ground state. Thus, photochem-
istry of flavoenzymes and flavin analogues has been the sub-
ject of intense research in photocatalysts for the photobio-
logical redox processes.”’ ! Besides, the flavin
chromophore has a strong absorption band at visible region
acting as a photosensitizer.’® Despite the versatile role of
flavin as a photosensitizer, there has been to the best of our
knowledge no report on photoinduced ET in D-A dyads
using a flavin chromophore.

We report herein the dynamics for inter- and intramolecu-
lar photoinduced ET and BET reactions of a flavin analogue
(10-methylisoalloxazine: MeFl shown below) by using the
time-resolved spectroscopic measurements, which have re-
vealed the evidence of the Marcus inverted region for the
intermolecular BET reactions for the first time. N,N-Dime-
thylaniline that afforded the slowest intermolecular BET
rate in photoinduced ET with MeFl was linked to the isoal-
loxazine at 10-position to synthesize an N,N-dimethylani-
line-flavin linked dyad (10-[4'-(V,N-dimethylamino)phen-
yl]-isoalloxazine: DMA-F1). The longest lifetime of the CS
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state of DMA-F] was successfully observed in solution at
298 K.

Results and Discussion

Photoinduced electron transfer from electron donors to
MeFl: Irradiation of the absorption band of 10-methylisoal-
loxazine (MeFl) at 440 nm results in fluorescence at A=
500 nm in deaerated PhCN (see Supporting Information
S1).% The steady-state fluorescence emission of the singlet
excited state of MeFl (‘MeF1*) was efficiently quenched by
the addition of triphenylamine (TPA) in PhCN via photoin-
duced ET from TPA to '"MeFI* as confirmed later (see Sup-
porting Information S2a). The observed quenching rate con-
stant (k) was derived from the slope of the Stern—Volmer
(SV) plot and lifetime of '"MeF1* (see inset of Supporting In-
formation S2a). The fluorescence lifetime (7,) was deter-
mined from the time-resolved fluorescence decay to be
9.4 ns in PhCN (see Supporting Information S2b).

Fluorescence decays of MeFl were also measured in the
presence of various concentrations of TPA as shown in Fig-
ure 1b. The fluorescence lifetime (r) was significantly short-
ened by the addition of TPA (see Supporting Information
S2b). The quenching rate constant was obtained from the
linear plot (see inset of see Supporting Information S2b) of
T/t versus concentration of TPA (5.8x10°m 's™"), which
agrees with the value (5.9x10°m's™") determined from the
steady-state fluorescence quenching in PhCN (see inset of
see Supporting Information S2a). Similarly, the k., values for
other electron donors (D) are determined from the SV
plots, which are listed in Table 1.

Photoinduced ET can be examined not only from D to
'MeFI* but also from D to the triplet excited state (*MeFI1*).
The energy of *MeFI* was determined from phosphores-
cence spectrum of MeFl in 2-methyltetrahydrofuran glass at
77K to be 1.96eV (see Supporting Information S$3).5%¥
The one-electron reduction potential of *MeFI* was estimat-
ed from the one-electron reduction potential of MeFl
(—0.83 V vs. SCE) and the triplet energy (1.96eV) to be
1.30 V versus SCE. Thus, photoinduced ET from D (E,,
<1.30V vs. SCE) to *MeFI* can be energetically feasible.
The reaction pathway of photoinduced ET from D to
*MeFI* becomes dominant under experimental conditions of
low concentrations of D because of the much longer lifetime
of *MeFI* as compared to 'MeFI*.

Figure 1a shows a transient absorption spectrum in a
PhCN solution at 1.6 ps after the laser pulse excitation at
440 nm containing MeFl and N,N,N',N'-tetramethylbenzi-
dine (TMBZ; E,,=1.03 V vs. SCE). Transient absorption at
1050 nm is assigned to TMBZ'*, which was confirmed by
comparison with the spectrum obtained by the one-electron
oxidation of TMBZ with [Fe(bpy);]’* as an oxidant (see
Supporting Information S4). The time profile of rise in ab-
sorption at 1050 nm obeys pseudo-first order kinetics, and
the observed pseudo-first-order rate constant (k) increases
linearly with increasing concentration of TMBZ (inset of
Figure 1b). The k., value of photoinduced ET from TMBZ
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Figure 1. a) Transient absorption spectrum of MeFl (6.0x10°m) in the
presence of TMBZ (4.0x10*mM) in deaerated PhCN at 298 K taken at
1.6 us after nanosecond laser excitation (4=440nm, 13 mJ per pulse).
b) Time profile at 1050 nm. Inset: Plot of k,, versus [TMBZ]. The k.,
values were determined from the decay time profiles of *MeFl* (6.0x
107> M) with various concentration of TMBZ.

where e is elementary charge, 'E*, °E*, E,, and E,. are the
energies of the '"MeFI* (2.60 eV), *MeFI* (1.96 eV),?**! the
one-electron oxidation potentials of D and the one-electron
reduction potential of MeFl (—0.83 V vs. SCE), respectively.
The electrostatic stabilization term is neglected in a highly
polar solvent such as PhCN in Equations (1) and (2). Since
the E,, values of D in PhCN have been determined by elec-
trochemical measurements (see Experimental Section), the
—AG.(S) and —AG.(T) values are determined by using
Equations (1) and (2) as listed in Tables 1 and 2, respective-
ly.

Figure 2 shows a plot of logk, versus (—AG.(S) or
—AG.(T)) in PhCN, the logk., value increases with a de-
crease in the (—AG.(S) or —AG,(T)) value to reach a pla-
teau value corresponding to the diffusion rate constant
(5.6x10°m~'s ™) in PhCN as the photoinduced ET be-
comes energetically more favorable (i.e., more exergon-
iC).[lo,zo]

Photoinduced ET from D to 'MeFl* and the subsequent
reactions are shown in Scheme 1, where kg and k_g; are dif-
fusion and dissociation rate constants in the encounter com-
plex, (D MeFI1#*).*¥ The rate constant of forward intramo-
lecular photoinduced ET in the encounter complex,
(D MeFI*) to (D't MeFI™) is denoted as kgy, whereas the
rate constant complex, (D MeFI*) to (D" MeFI™) is de-
noted as kgp, whereas the rate constant of the forward inter-
molecular photoinduced ET (D + MeFI*) to (D't +
MeFI") is denoted as k.. Likewise the rate constant of the
back ET (BET) to the ground state by intramolecular and
bimolecular BET are denoted as kggp and k., respectively.
The observed rate constant of intermolecular photoinduced
ET (k.) is given by Equation (3).

Table 1. Oxidation potentials of electron donors (E,,), free energy changes of intermolecular photoinduced

to *MeFI* is determined from

ET from '"MeFI* to electron donors (D) (—AG,(S)) and rate constants of photoinduced ET (k) from 'MeFI*

K to D in PhCN.
the slope of the linear plot of - N T
k,, versus concentration of Entry  Electron donor E. vs. SCE in PACN [V]  —AG(S)™ [eV] k' [M's7]
T(i\/[BZ to be 5.6x 109M71 Sfl. 1 1,2,3-trimethylbenzene 1.88 —0.11 7.3x10°
.. . 2 1,2,4-trimethylbenzene 1.79 —-0.02 2.8x10%
Similarly k, values of various 5 1,2,3 4-tetramethylbenzene 1.70 0.07 12x10°
electron donors were deter- 4 1,2,3,5-tetramethylbenzene 1.69 0.08 12x10°
mined and the results are listed 5 1,2,4,5-tetramethylbenzene 1.65 0.12 2.3%x10°
in Table 2. 6 hexamethylbenzene 1.53 0.24 3.4x10°
Driving force of photoin- 7 4-methoxybenzene 1.46 0.31 4.0x10°
. 8 trans-stilbene 1.40 0.37 4.6x10°
duced ET from D to MeFI* 4 1,2,3-trimethoxybenzene 1.32 0.45 3.7x10°
(—AG.(S) in eV; S denotes sin- 10 1,4-dimethoxybenezene 1.21 0.56 5.4x10°
glet excited state) and SMeFl* 11 1,2,4-trimethoxybenzene 0.93 0.84 5.8x10°
(~AG.(T) in eV; T denotes 12 triphenylamine 0.83 0.94 5.9x10°
. . ’ X 13 N,N-dimethylaniline 0.68 1.09 5.6x10°
triplet excited state) are given 4 penothiazine 0.50 127[018]9  5.5x10°
by Equations (1) and (2), 15 bis(ethylenedithiol)tetrathiafulvalene ~ 0.40 1.37[0.13]*¢ 55%10°
16 N,N,N',N'-tetramethylbenzidine 027 1.50[0.35] 5.9%10°
17 N,N,N',N'-tetramethylphenylenediamine ~ 0.03 1.74[0.22] 5.7x10°

_AGeI (S) ='E* _e(on_Ered)

[a] Driving force of intermolecular photoinduced ET from electron donors (D) to 'MeFI* producing D't and

(1) MeFI", determined from the one-electron oxidation potentials of electron donors, the one-electron reduction
potential of MeFl (E,,=—0.83 V vs. SCE in PhCN) and the energy of 'MeFI* (2.60 eV in PhCN) by using

_AGet (T) = SE*_e(on_Ered)

Eq. (1). [b] The experimental error is +5%. [c] Driving force of intermolecular photoinduced ET from D to
'MeFI* to produce the doublet excited state (D™**) and MeFI™, determined by subtracting the energy of the low-

2) lying excited state of D*** (?E*)P! from those of photoinduced ET producing the ground state (D'* and MeFI™).
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Table 2. Free energy changes of intermolecular photoinduced ET from D to *MeFI* (—~AG,(T)) and back ET
(—AGy,), the rate constants of intermolecular photoinduced ET from D to *MeFI* (k) and intermolecular
BET (ki) from MeFI'~ to D'* in PhCN, and the molar absorption coefficients of Dt (¢).

FULL PAPER

Intermolecular charge recombi-
nation: In contrast to the case
of photoinduced ET reactions

Entry Electron ~AG(T)" —AGk ke Koet & mom ] of MeFl, the existence of the
donor® [eV] [eV] [M~'s™] [M~'s™ (Amax [nm])1! N ..

13 DMA 0.62 151 48x10° 3.5x10° 3.4x10? (650) Mareus lnYerted een Cl.e .

14 PTZ 0.80 133 5.8x10° 1.8x10° 7.1 x10% (758) ly shown in the BET reactions

15 BEDT-TTF 0.90 1.23 5.4x10° 1.4x10° 7.3%10° (998) (see below). A transient ab-

16 TMBZ 1.03 1.10 5.6x10° 4.8%10° 4.8x10*(1075) sorption spectrum observed at

17 TMPD 1.27 0.86 5.5x10° 5.8x10° 8.3x10° (620) 48 us after the laser pulse exci-

[a] DMA: N,N-dimethylaniline, PTZ: phenothiazine, BEDT-TTF: bis(ethylenedithiol)-tetrathiafulvalene,
TMBZ: N,N,N',N'-tetramethylbenzidine, and TMPD: N,N,N',N'-tetramethylphenylenediamine. [b] Determined
from the reduction potential of MeFl (E,.,=—0.83 V vs. SCE in PhCN) and the value of triplet excited state
of MeFl (*MeFl*=1.96 eV in PhCN) by using Eq. (2). [c] Determined from UV-visible spectra of radical cat-
ions of aromatic electron donors obtained by the oxidation with [Fe(bpy);](PF¢); (bpy =2,2"-bipyridine) in de-
aerated MeCN at 298 K. [d] Values in parentheses are absorption maxima of radical cations.

ket = kEdeiff/(kET + k—diff) (3)

The dependence of k., on —AG, (—AG.(S) or —AG(T))
for adiabatic outersphere ET has well been established by
Marcus as given by Equation (4), where kg is the Boltzmann
constant, A is the Planck constant

ke = (kg T/h)exp(—(AG, + A)*/44kyT) 4)

and A is the reorganization energy of electron transfer.'¥l
Equations (3) and (4) are derived Equations (5) and (6):

AGy+1)?
ki Z €xp (_ Ty T )

kel = 2 (5)
k_qr + Zexp (‘ (AﬁZ:TM )

o1 ! o

ke ki Zexp[—(2/4)(1 + AGy/2)’ [ksT]

where Z [=(kgT/h) (kgw/k_qir)] is the collision frequency
which is taken as 1x 10" M~ 's™L.¥ The k value in PhCN is
taken as 5.6x10°m 1514

The driving-force dependence of logk. is shown in
Figure 2. The k., values increase with increasing the ET driv-
ing force to reach the kg value. This region is well repro-
duced using Equation (6) as indicated by the solid curve in
Figure 2, where the A value is taken as 0.59 ¢V in PhCN,
which is the smallest value for intermolecular photoinduced
ET reactions ever reported in such a polar solvent (for ex-
ample, 0.66 eV for C4/Cq~ in PACNP* and 0.88 eV for 9-
phenyl-10-methylacridinium  ion  (AcrPh*)/AcrPh’ in
MeCN).* The calculated dependence of k. on —AG,, using
Equation (6) predicts a decrease in the k. value from a dif-
fusion-limited value with increasing the driving force of
electron transfer (—AG,, >1.0 eV), provided that the 1 value
is constant (0.59 eV). However, the observed k. values re-
mains diffusion-limited up to —AG,=1.74 eV. The absence
of a Marcus inverted region has well been recognized in for-
ward photoinduced electron-transfer reactions as mentioned
in Introduction.'”* The reason is discussed in the next sec-
tion.
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tation of a PhCN solution of
MeFl with N,N-dimethylaniline
(DMA) is shown in Figure 3a.
The observed transient absorp-
tion at 370 nm is assigned to

i L
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Figure 2. Driving force dependence of logk,, for intermolecular photoin-
duced ET from electron donors to 'MeFI* (—~AG.(S): o and e) and
SMeFl* (—AG(T): A), and logky,, for intermolecular back ET (~AG,:
#) in PhCN at 298 K. o: represents highly exergonic ET reactions directly
to ground-state products (radical cations of electron donors and MeFl™");
e: represents the much less exergonic ET reactions to produce the excit-
ed states of radical cations of electron donors and MeFI™. The solid and
broken lines represent best fit to Eq. (6) with A=0.59 and 0.68 eV, re-
spectively. Numbers refer to the electron donors in Table 1 and Table 2.

Me It
N MNgo K .
D + @NJV\(NH (D MeFT")
0

K_qitt
(MeFI")
\ Ker
Kait
(D** MeFI-) = D* 4 MeFI~
ditf

l Ket

D + MeFI

Scheme 1.

MeF1 ™! being overlapped with that due to DMA™*.P% The
observed absorption band at 620 nm is diagnostic of DMA"™,
as indicated by the reference spectrum of DMA'™* (see Sup-
porting Information S5). The decay time profile of absorb-
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ance (Figure 3b) obeys second-order kinetics as indicated
by the second-order plot (see inset of Figure 3b), which
afford the same slope at different laser powers (13 and 9 mJ
per pulse) in PhCN at 298 K. The rate constant of intermo-
lecular BET (k) from MeFI"™ to DMA't is determined
from the slope and the inset of Figure 3b to be 3.5x
10°m~!s7t. This k., value is 1700 times smaller than the kg
value in PhCN. Similarly, the other k.. values are deter-
mined from the second-order decay plots by using the molar
absorption coefficients of the radical cations of aromatic
electron-donor compounds, which are determined by the
one-electron oxidation with [Fe(bpy);]*" as an oxidant (see
Supporting Information S6-S12). The k., values are listed
in Table2 with the values of the BET driving force
(_AGbel)'
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MeFI™ DMA™
(370 nm) (620 nm)
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Figure 3. a) Transient absorption spectrum of MeFl (6.0x10°m) in the
presence of DMA (1.0x107%m) in deaerated PhCN at 298 K taken at
48 us after nanosecond laser excitation at 440 nm. b) Time profiles at
620 nm obtained at 13 (@) and 9 (0) mJ per pulse in the 40 ms range.
Inset: Second-order plots.

The driving-force dependence of logky. is shown in
Figure 2, which reveals a clear parabolic dependence includ-
ing the Marcus inverted region, that is, a decrease in the k&,
value with increasing the BET driving force. This is the first
definitive confirmation of the existence of the Marcus in-
verted region in a truly intermolecular BET reactions. The
data in Figure 2 are well fitted by the Marcus equation for
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intermolecular BET reactions [Eq. (6)] to afford the reor-
ganization energy of BET (41=0.68¢V) in PhCN. The 4
value of the BET reactions is larger than the 1 value
(0.59 eV) of the photoinduced ET reactions in the Marcus
normal region. The solvent reorganization energy of BET
(4,) is expected to increase with an increase in the distance
(Rpa) between D and A as given by Equation (7), where e is
the electric charge, ¢, is the dielectric constant in a vacuum,
rp and r, are the ionic radii of D and A, and ¢,, and & are
the optical and static dielectric constants of the solvent, re-
spectively."® 2] Equation (7) suggests that BET reactions
occur at the longer distance from MeFl™ to D'* as com-
pared with the photoinduced ET reactions in the Marcus
normal region.

e 1 1 1 1 1
=i et m e 3 ™

The small difference in the 1 values between the two cases
cannot account for the absence of the Marcus inverted
region for photoinduced ET in Figure 2. However, it should
be noted that there is a fundamental difference between the
two types of ET, that is, photoinduced ET produces radical
ions, whereas BET does not produce radical anions. It is
well known that radical ions particularly for those of delo-
calized & radical ions have much lower lying excited states
as compared with the corresponding neutral com-
pounds.’"* Invoking the formation of excited-state prod-
ucts has frequently been suggested to explain the absence of
the Marcus inverted region as pointed out by Gray and co-
workers.*!* Thus, it is likely that photoinduced ET from D
(14-17) to MeFl with large ET driving forces results in for-
mation of the doublet excited state of D***. In such a case,
the actual ET driving force is not in the Marcus inverted
region to afford the diffusion-limited ET rate. The driving
force [-AG.(S)] of photoinduced ET from D (14-17) to
MeFI to produce D'** and MeFI'~ is obtained by subtracting
the energy of the low-lying excited state of D't (2E*),P! as
given by Equation (8).

7AGct(S) = IE*ie (oniErcd)izE* (8)

The first low-lying excited state of PTZ and TMPD radical
cations were reported by photoelectron spectra (PES) as to
be 1.09 and 1.52 eV, respectively.®!) Absorption bands at
NIR of BEDT-TTF and TMBZ are shown at Table 2 as to
be 1.24 and 1.15eV, respectively. Only the vertical *E*
values are available because of the lack of the fluorescence
data of D'*.’") In such a case, the actual deriving forces of
photoinduced ET from D (14-17) to MeFl to produce D" **
and MeFI"™ are larger than the estimated value using the
vertical 2E* values. By taking this into account, the k,
values of photoinduced ET from D (14-17: closed circles) to
'"MeF1* producing the excited state (D° and MeFl™ agree
reasonably well with the Marcus curve (broken line in
Figure 2) is satisfactory. In contrast to photoinduced ET in
Figure 2, BET is not intercepted by the excited states of

Chem. Eur. J. 2010, 16, 78207832
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BET products because of the higher energies than the BET
driving force to the ground state, exhibiting the Marcus in-
verted region in Figure 2 (broken line).

The Marcus inverted region for intermolecular BET is fur-
ther confirmed by the temperature dependence of k. as
shown in Figure 4. The temperature dependence of k. is
analyzed using Equation (9):

ny
o
1

AHH(TMBZ) = 0.63 + 0.10 kcal mol™
e S
AH(BEDT-TTF) = 1.90 + 0.07 kcal mol™!

. . e e

~ AHH(PTZ) =2.58 +0.10 kcal mol™

_
(93]

| AH*(DMA) = 2.63 + 0.11 kcal mol™

‘.“—'\.‘—"0—‘—0‘

IN (Kookan/ (K ~ Ko) I M1 571y —
)

5 1 1 ]
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108 T /K1
Figure 4. Plot of In[{kgickped (Kair - kve)} T '] versus T-! for the intermolec-
ular BET from MeFl™ to D't (DMA'™* (e), PTZ* (0), BEDT-TTF'*
(w), and TMBZ* (o) in deaerated PhCN determined by nanosecond
laser flash photolysis measurements.

kaigtkper | 1 ks, AS AH,
_diffPbet |\ ) p(=B) 4 = — obs 9
M — ko) T =100 ey~ T ®)

which is derived from Equation (6). The observed AH"
corresponds to the sum of the heat of formation of the com-
plex (D't MeFI™) in Scheme 1 (InK=(AH-TAS)/(ksT);
K =kgu'k_4) and the activation enthalpy of BET (AH )
as given by Equation (10).

AHY,

obs

= AH+AH;, (10)

The temperature dependence of kg is evaluated using
Stokes-Einstein—-Smoluchowski equation [Eq. (11)],

kg = 8kgNAT/(31) (11)

where N, is Avogadro constant and # is viscosity of PhCN
which is taken as 1.17 mPas at 298 K***! Plots of
In[{kgkoed (kag—kioe)} T '] and T' give good linear correla-
tions as shown in Figure 4 in agreement with Equation (9).
The AH™,, values are determined from the slopes of the
linear correlations in Figure 4 and the resulting values are
listed in Table 3 together with the calculated AH™ values
based on the Marcus equation, AG*,,= (1 + AG,. )44, as-
suming that AH",,=AG" .. The AH", values increases
with increasing the BET driving force in accordance with
the Marcus inverted region. The AH values are evaluated
using Equation (10). The evaluated AH values are in the
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Table 3. Observed activation enthalpies (AH™,,,), heats of formation of
CS complexes (AH), activation enthalpies of BET in CS complexes
(AH?).

Entry  Electron donor  AH* AHE AH*
[kcalmol™']  [kcalmol™']  [kcalmol™]

13 DMA 2.63 3.21 5.84

14 PTZ 2.58 1.00 3.58

15 BEDT-TTF 1.90 0.67 2.57

16 TMBZ 0.63 0.87 1.50

[a] Determined from AH",,,=AH + AH". [b]Determined from
AH#het:AGnga:(;L + AGhet)z/4}‘-

range of reported values of radical ion pair (ca. 2 kcal
mol—l).[45,46]

A donor-substituted flavin affording the long-lived charge-
separated state: The result of Marcus inverted region in an
intermolecular BET reveals that the smallest k. is obtained
for electron transfer from MeFl'~ to DMA'*. Thus, we syn-
thesized a donor-acceptor linked dyad composed of DMA
and a flavin analogue (10-[4'-(N,N-dimethylamino)phenyl]-
isoalloxazine: DMA-FI) to achieve a long-lived charge-sep-
arated (CS) state. The synthesis of DMA-FI was carried out
according to the literature.”*) The structure of DMA-FI,
which is optimized by DFT calculation with Gaussian 03 at
B3LYP/6-31G(d) level (see Experimental Section), is shown
in Supporting Information S13a. The dihedral angle made
by aromatic ring planes was found to be approximately per-
pendicular (89.8°). The HOMO (the highest occupied mo-
lecular orbital) and LUMO (the lowest unoccupied molecu-
lar orbital) of DMA-FI are localized on the DMA and the
F1 moieties, as shown in Supporting Information S13b and
13c, respectively. This indicates that there is no m-conjuga-
tion between D and A moieties (see Supporting Information
S1). Indeed, the absorption and fluorescence spectra of
DMA-FI are super-positions of the spectra of each compo-
nent, that is, DMA and unlinked reference compounds
(MeFl).

The singlet excited state energy of the Fl moiety
(DMA-'FI¥) is determined as 2.55 eV from the absorption
(Amax =440 nm) and fluorescence (4., =540 nm) spectra (see
Supporting Information S1). The one-electron oxidation and
reduction potentials of DMA-FI in PhCN were determined
by cyclic voltammetry (CV) to be 0.94 and —0.83 V versus
SCE, respectively (see Supporting Information S14). The re-
versible CV waves were observed for the one-electron oxi-
dation and reduction of the Fl moiety at fast scan (50 Vs™)
and low scan rate (0.1 Vs™), respectively.

The energy of the CS state of DMA-FI is determined
from the difference in the one-electron oxidation and reduc-
tion potentials of DMA-FI to be 1.77 eV, which is signifi-
cantly lower than those of DMA-'FI* and DMA-"FI*. Thus,
photoinduced ET from the DMA moiety to both the singlet
and triplet excited states of the Fl moiety is energetically
feasible. The fluorescence intensity of DMA-FI was too
small to determine the quantum yield (@y), which is much
smaller than the fluorescence from the MeFl reference
(@4 =0.24; see Supporting Information S15).5
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Time-resolved transient absorption spectra of DMA-FI]
were measured by femtosecond laser photolysis in PhCN.
The transient absorption spectra observed at 11 and 300 ps
after the laser pulse excitation of a PhCN solution of
DMA-FI are shown in Figure 5a. The transient absorption
band at 520 nm is assigned to the singlet excited state of the
Fl moiety (DMA-'FI*) by comparison with that of 'MeFI*
(see Supporting Information S16). The transient absorption
band of DMA-'FI* disappears, accompanied by the appear-
ance of a new band at 520 and 680 nm, which is ascribed to
the CS state (DMA"*—FI")P by comparison with UV-visi-
ble spectra of DMA-FI"" and DMA'*-FI (see Supporting
Information S17 and S18),5% produced by the ET oxidation
of DMA-FI with [Ru(bpy);]** and reduction with NA"", re-
spectively. The bleaching band at 470 nm is due to the
DMA-FI (see Supporting Information S17). Thus, the most
of the absorption of DMA'*-FI at around visible region was
bleached by the DMA-FI. According to the transient spec-
trum in Figure 5a, the absorbance due to DMA'*-Fl is obvi-
ously smaller than that due to DMA-'FI* because of the
small molar absorption coefficient of DMA™-FL* Photoin-
duced ET from the DMA moiety to the singlet excited state
of the FlI moiety ('FI¥) occurs to produce the CS state,
DMA'*-FI", in competition with the intersystem crossing
(ISC) to °FI*. The rate constant of ET (kgy) is determined
as 1.2x 10" s™! by single exponential fitting for the rise and
decay at 450 and 520 nm, respectively.

The charge-recombination process from FI'” to DMA' in
the dyad was confirmed by nanosecond laser flash photoly-
sis. Figure 6a shows the transient absorption spectrum in a
PhCN solution containing FI~ and DMA"* observed upon
laser excitation at 440 nm. The transient absorption bands at
370 and 680 nm taken at 30 ps after laser excitation are as-
signed to FI~ and DMA'*, respectively. The bleaching band
at 470 nm in Figure 6a is ascribed to the DMA-FI~ and
consistent with Figure 5a. The decay time profile at 680 nm
due to the CS state is shown in Figure 6b. The first-order
decay was confirmed by single-exponential fitting for differ-
ent laser power (30 and 10 mJ per pulse). The decay rate
constants were determined as 4.7x10?s™" from the slope of
the first-order plots for both of different laser power. The
lifetime of CS state is determined as 2.1 ms in PhCN at
298 K. The quantum yield of CS state is determined by
using the comparative method®* to be 31 %. According to
the comparison between k- and kgp, the rest of CS state
could be considered as lost in internal conversion. The
energy diagram of intramolecular photoinduced ET and
BET in the dyad is summarized in Figure 7.

Temperature dependence of the CS lifetime of DMA""-FI'":
The kggr value of the CS state of DMA-FI in PhCN exhibit-
ed significant temperature dependence: 4.7 x 10°-8.7 x10° s~!
between 298-363 K (Figure 8). Such large temperature de-
pendence of kgpr is predicted by the Marcus equation
[Eq. (12)] for nonadiabatic electron transfer."® Equa-
tion (13) is written by Equation (12):
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Figure 5. a) Transient absorption spectra of DMA-FI (3.0x 10~*m) in dea-
erated PhCN at 298 K taken 11 ps (@) and 300 ps (o) after femtosecond
laser excitation at 440 nm. b) The decay and rise profiles at 450 nm (e)
and 520 nm (o).

LT (AGypr + 1)

_ _ - 12
koer = Gazie?) VP 2T 12
2m2V?  (AGger +A)?

12y _ _ BET
In(kggr T )_ln(h(sz)l/Z ik T (13)

which predicts a linear correlation between In (kger7"?) and
T-'. The plot of In(kgerT"?) versus T~' for the intramolecu-
lar BET in DMA'*-FI'" in the temperature range from 298
to 363 K gives a linear correlation as shown in Figure 8. The
activation enthalpy for the intramolecular BET was deter-
mined as 9.7(£0.2) kcalmol™ from the slope of Figure 8.
According to the line slope, the values of A and V are deter-
mined to be 0.69(£0.01) eV and V=4.5(+0.7) cm ', re-
spectively.

The clear observation of the Marcus inverted region that
exhibits significant temperature dependence in accordance
with the Marcus theory of electron transfer [Eq. (12)] in this
study is contrasted to some previous reports on no tempera-
ture dependence of intramolecular ET rate constants with
the large ET driving force.’*® On the other hand, there are
a number of reports on temperature dependence of intramo-
lecular ET in accordance with the Marcus inverted region
including our results in Figure 8."%"**%1 It should be noted
that there are two types of ET, one is charge-separation and

Chem. Eur. J. 2010, 16, 78207832


www.chemeurj.org

Photoinduced Electron Transfer of Flavin Derivatives

0.005

AAbsorbance

-0.005

—0.010 1 I 1 1 |
300 400 500 600 700 800

Wavelength / nm

b) 0.003

0.002

0.001 [

AAbs at 680 nm

Time / ms

Figure 6. a) Transient absorption spectrum of DMA-Fl (6.0x107°m) in
deaerated PhCN at 298 K taken at 30 us after nanosecond laser excita-
tion at 440 nm. b) Decay time profile at 680 nm with different laser
powers (30 (o) and 10 (o) mJ per pulse) Inset: First-order plots.

DMA-'FI" (2.55 eV)

DMA-3FI" (2.13 eV)

DMA™—FI" (1.77 &V)
hv
KT

DMA-FI

Figure 7. Intramolecular photoinduced ET and BET in the dyad.

charge-shift types of ET, which produces radical ions, and
the other is charge-recombination type ET, which does not
produce radical ions. No temperature dependence of ET
rate constants was reported for the former type of ET,
whereas temperature dependence of ET in accordance with
the Marcus inverted region was reported for the latter type
of ET. As discussed in the intermolecular photoinduced ET
versus the intermolecular BET (see above), the lack of tem-
perature dependence of the intramolecular charge-separa-
tion and charge-shift types of ET reactions with large ET
driving forces may be well interpreted by ET to produce the
low lying excited states of product radial ions, when the ET
driving force would never be in the Marcus inverted region.

The driving force dependence of logkgr and kggr is shown
in Supporting Information S19, where the bell-shaped curve
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Figure 8. Plot of In (kgpr7"?) versus 77! for the intramolecular BET in

DMA-FI (6.0x10~°m) in deaerated PhCN determined by laser flash pho-
tolysis measurements.

is obtained for the photoinduced ET processes.'¥! To quanti-
fy the driving force dependence of logkgr, the Marcus semi-
classical formulation [Eq. (12)] is employed.'¥ The best fit
of Equation (12) (the solid line in Supporting Information
S19) provides the values of 1=0.68(+0.01)eV and V=
6.2(£1.2) cm™'. These values are well accorded with above
values derived from the temperature dependence. Such a
small 1 value is the key factor to attain the long-lived CS
state. According to the Marcus theory of electron transfer,'!
the A value of electron transfer from D to A is the average
of the A values of electron self-exchange of D**/D and A/
A'". The small 1 value of photoinduced ET and BET of
DMA-FI may result from the small A value for electron self-
exchange of DMA-FI/DMA-FI"". This is confirmed in the
next section.

Electron self-exchange between DMA-FI and DMA-FI":
A reversible CV wave was observed for the one-electron re-
duction of the Fl moiety of DMA-FI in deaerated PhCN.
Thus, the one-electron reduced species of DMA-FI (DMA-
FI'") is stable in deaerated PhCN. DMA-FI'~ was produced
by the photoinduced ET reduction of DMA-FI with dimeric
1-benzyl-1,4-dihydronicotinamide (BNA),P in PhCN as
shown in Equation (14).

CONH, + 2 DMA-FI %»
CHzPh (14)
(BNA), 2 ~CONH,
2 ’,t( + 2 DMA-FI~
<|3H2Ph
BNA*
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The ESR spectrum of DMA-FI"™ with the hyperfine cou-
pling structure is shown in Supporting Information S20).
The hyperfine coupling constant and the maximum slope
line width (AH,,) were determined from a computer simu-
lation of the ESR spectra (see Supporting Information S20).
The spin distribution of unpaired electrons was mainly local-
ized on the Fl moiety. The AH 4 value thus determined in-
creases linearly with an increase in the concentration of
DMA-FI (Figure 9). The rate constants of the ET self-ex-

1 1 ]
0] 1 2 3
[DMA=FI] / mM

Figure 9. Plot of AH,,, of DMA-FI"~ versus concentration of DMA-FI.

change reaction (k,,) were determined using Equation (15):

1.57 x 10" (AH,y — AHY,)
ke = :
«= (1 P,)[DMA — FJ (15)

where AH? | (in Gauss) is the AH,,q of the ESR spectrum in
the absence of unreduced DMA-F] and P; is a statistical
factor, which can be taken as nearly zero.® The k., value is
determined from the slope of the linear correlation between
AH_y and [DMA-FI] to be 3.2x10°M's™ within experi-
mental error £5%. The A, value of the ET exchange reac-
tion is determined from the k., values using Equation (16)
to be 0.26 eV:

[(kex) ™" = (kair) '] = Z " exp(A/4kgT) (16)

which is significantly smaller than the A value of photoin-
duced ET and BET of DMA-FI. Thus, the small A value
mainly results from the extremely small A, value of the
flavin moiety. The small 4., value may be ascribed to the
cancellation of solvent reorganization energy of the polar-
ized flavin molecule before and after the electron transfer.

Intermolecular electron-transfer reactions with the CS State
of DMA-FI: The CS state of DMA-FI should have both the
oxidizing and reducing ability, because the DMA'* and FI"~
moieties can act as a strong electron acceptor and an elec-
tron donor, respectively. This is confirmed by examining the
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intermolecular ET reduction and oxidation of appropriate
aromatic compounds by the FI™ moiety and the DMA"*
moiety, respectively. Since the one-electron oxidation poten-
tial of the FI'™ moiety (E,,=—0.83 V vs. SCE) is more nega-
tive than that of the one-electron reduction potential of p-
dinitrobenzene (p-CqH,(NO,),) (E(q=—0.71 V vs. SCE), ET
from the FI'™ moiety to the p-C,H,(NO,), is energetically
feasible. Thus, nanosecond laser excitation of a deaerated
PhCN solution of DMA-FI containing p-CqH4(NO,), at
440 nm results in formation of p-CqH4(NO,), radical anion
(p-CeH,4(NO,), )P at 920 nm shown in Figure 10a. Accord-

a) 0.02
P-CeH4(NO2),™
(920 nm)
f
o 0.01
o
C
@
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I}
1)
o
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_001 1 1 1 1 | 1 1 ]
400 500 600 700 800 900 10001100
Wavelength /nm ——
b) 0.03
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Figure 10. a) Transient absorption spectra of DMA-Fl (4.7x107°m) in
deaerated PhCN containing p-dinitrobenzene (p-CiH,(NO,),) (1.0x
10~*m) taken at 10 ps after laser excitation at 440 nm at 298 K, showing
formation of p-C;Hy(NO,), (E.eq=—0.71V vs. SCE; 4,,,,=920 nm): the
transient absorption due to DMA'*-FI (4,,,,=370 nm) remains the same.
b) Rise time profiles at 920 nm of DMA-Fl (4.7x107°m) in deaerated
PhCN containing various concentration of p-C;H,(NO,), (2.0x107°-1.0x
10~*m). Inset: Plot of the pseudo-first-order rate constant versus [p-CoH,-
(NO,),.

ing to the time profiles at 920 nm, the rate of rise in absorb-
ance obeys pseudo-first-order kinetics. The observed
pseudo-first-order rate constant (k) increases linearly with
increasing concentration of p-CsH,(NO,),. The rate constant
(ko) of ET from DMA'*-FI” to p-CH,(NO,), is deter-
mined from the slope of a linear plot of k., versus concen-
tration of p-C;H,(NO,), (Figure 10b) to be 4.9x10°m™'s™".
This value is close to the diffusion rate constant in PhCN
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(kgir=5.6x10"M"s71).*Y The transient absorption spectrum
of the radical cation of bis(ethylenedithiol)tetrathiafulvalene
(BEDT-TTF) (E,=0.40V vs. SCE; A,,,,=1000 nm) is also
observed by the one-electron oxidation of BEDT-TTF with
the DMA't moiety of DMA'"-FI'~ in PhCN (see Support-
ing Information S21), when ET is thermodynamically feasi-
ble. In contrast, no ET from the FI™™ moiety to nitrobenzene
(Eq=—1.17V) occurred, when the laser excitation of
DMA-F1 with nitrobenzene results in the same transient ab-
sorption spectra as the CS state of DMA-FI (see Supporting
Information S22). Similarly, the one-electron reduction was
not observed from DMA'* moiety to 1,4-dimethoxybenzene
(Ex=1.21V) (see Supporting Information S23). Thus, the
FI'" and DMA'* moieties of the CS state act as a strong re-
ductant and an oxidant, respectively.

Conclusion

We have discovered that the rate constants of intermolecu-
lar back electron-transfer (BET) reactions from the radical
anion of a flavin analogue (MeFI") to the radical cations of
electron donors (D) following intermolecular photoin-
duced electron transfer (ET) from D to MeFl decrease re-
markably with increasing the driving force of BET. Among
examined electron donors N,N-dimethylaniline (DMA),
which afforded the slowest rate of BET, was selected to be
linked at the 10-position of flavin to synthesize N,N-dime-
thylaniline—flavin (DMA-FI). DMA-FI undergoes efficient
intramolecular photoinduced ET to afford the charge-sepa-
rated (CS) state that has the longest CS state lifetime
(2.1 ms) ever reported for electron donor-acceptor linked
molecules by preventing the intermolecular charge recombi-
nation in solution at 298 K. Such a long CS lifetime results
from an extremely small reorganization energy for electron
self-exchange between DMA-FI/DMA-FI'~ (0.26 V),
which was determined by the ESR line width alternation.
The long-lived CS state acts as both a strong electron donor
and an acceptor, not only reducing electron acceptors with
E.s <—-0.83V versus SCE but also oxidizing electron
donors with E,, <0.94 V versus SCE.

Experimental Section

General procedures: '"H NMR spectra were measured on a JEOL JNM-
AL300 using tetramethylsilane as an internal standard. Fast atom bom-
bardment (FAB) mass spectra were obtained on a JEOL EX-270.
Matrix-assisted laser desorption/ionization (MALDI) time-of-flight
(TOF) mass spectra were measured on a Kratos Compace MALDI I
(Shimazu). Steady-state absorption spectra were measured on a Shimad-
zu UV3100 spectrometer. Fluorescence and phosphorescence spectra
were taken using a Shimadzu RF5300PC fluorospectrophotometer.

Materials: All commercially available solvents and chemicals were of re-
agent grade quality and used without further purification unless other-
wise noted. Tetra-n-butylammonium perchlorate (TBAP) used as a sup-
porting electrolyte for electrochemical measurements was purchased
from Tokyo Chemical Industry Co., Ltd. and recrystallized from EtOH/
water, and dried in vacuo according to the standard procedure./® 10-
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Methylisoalloxazine (MeFl) was purchased from Aurora Fine Chemicals,
Ltd. and used without further purification. Benzonitrile and butyronitrile
were distilled from P,Os in vacuo.l Tris(2,2-bipyridine)iron(III) hexa-
fluorophosphate [Fe(bpy);](PF);, was prepared from a reaction between
iron(II) sulfate heptahydrate and 2,2'-bipyridine followed by oxidation of
the resulting iron(II) complex by ceric sulfate in aqueous H,SO,.[*
Tris(2,2'-bipyridine)ruthenium(III) hexafluorophosphate [Ru(bpy);(PF);]
was prepared by oxidizing Ru(bpy);’* with lead dioxide in aqueous
H,SO, followed by the addition of KPF,.!"” Thin-layer chromatography
(TLC) and column chromatography were performed with silicagel 60 Fs,
(Merck) and silica gel 60, respectively.

Synthesis of DMA-FI

4'-(N,N-Dimethylamino)-2-nitrodiphenylamine (1): A mixture of 2-chlor-
onitrobenzene (8.1 g, 52 mmol), the N,N-dimethyl-p-phenylenediamine
(7.0 g, 52 mmol) and DBU (7.88 g, 52 mmol) were heated at 140°C for
10 h. The reaction mixture was allowed to cool to room temperature and
partitioned between dichloromethane and water. The organic layer was
dried over anhydrous sodium sulfate and the residue was purified via
silica gel column chromatography with chloroform/hexane 2:1 as an
eluent (R;=0.4) to afford dark red color solid (2.3 g, 8.8 mmol, 17 %).
'"H NMR (300 MHz, CD;CN): §=9.27 (s, 1H), 8.13 (d, 1H, J=9.0 Hz),
737 (t, 1H, J=7.7Hz), 7.14 (d, 2H, J=8.7 Hz), 6.95 (d, 1 H, J=8.4 Hz),
6.80 (d, 1H, J=8.7Hz), 6.71 (t, 3H, J=8.0 Hz), 2.90 ppm (s, 6H); ele-
mental analysis calcd (%) for C,,H;sN;O, + 1/5 H,O: C 64.45, H 5.95, N
16.11; found: C 64.52, H 5.79, N 16.00; MS (FAB): m/z: 257.2 [M]*.
4'-(N,N-Dimethylamino)-2-diphenyldiamine (2): A propanol solution
(100 mL) of 1 (2.3 g, 8.8 mmol) was added to a well stirred refluxing
aqueous solution (200 mL) containing ammonium chloride (1.5g,
27 mmol) and reduced iron (1.5¢g), and the reflux maintained for 3 h.
The hot solution was filtered through celite and the residue was washed
well with chloroform. The filtrate was extracted with chloroform and the
combined extracts were washed with water, dried (MgSO,,), and evapo-
rated. The brown oil was distilled to afford 4'-(N,N-dimethylamino)-2-ni-
trodiphenylamine (1.9 g, 8.5 mmol, 96%). 'H NMR (300 MHz, CD;CN):
0=17.09 (s, 1H), 6.93 (d, 1H, J=7.8 Hz), 6.84 (t, 1H, J=7.5 Hz), 6.65-
6.74 (m, 6H), 4.95 (s, 1H, NH), 3.55 (s, 1H, NH,), 2.81 ppm (s, 6 H).
10-[4'-(V,N-Dimethylamino)phenyl]-isoalloxazine (DMA-FI): Alloxane
tetrahydrate (1.8 g, 8.5 mmol) and boric acid (0.56 g, 9.0 mmol) were
added to an acetic acid solution (75 mL) of 2 (1.9 g, 8.5 mmol) and the
mixture was heated at 60°C for 1 h under a nitrogen atmosphere. After
evaporation to dryness the residue was washed with a small volume of
water and ether and recrystallized from MeOH to give DMA-FI (0.63 g,
22%). 'HNMR (300 MHz, [D¢]DMSO): 6=11.37 (s, 1H, NH), 8.16 (d,
1H, J=8.4Hz), 7.75 (t, 1H, J=7.2 Hz), 7.60 (t, 1H, /=72 Hz), 7.18 (d,
2H, /J=9.0Hz), 6.92 (d, d, 3H, J=12.0 Hz, 11.4 Hz), 3.02 ppm (s, 6H,
NMe,); HRMS (FAB*): m/z: caled for: 333.1226; found: 333.1233 [M]*;
elemental analysis calcd (%) for CgH;sNs;O,-0.17H,0: C 64.28, H 4.59,
N 20.82; found: C 64.55, H 4.47, N 20.60.

Laser flash photolysis: For nanosecond laser flash photolysis experiments,
deaerated PhCN solutions of DMA-FI or MeFl and electron donors
were excited by a Panther OPO pumped by Nd/YAG laser (Continuum,
SLII-10, 4-6 ns fwhm) at 1=440 nm. The photodynamics was monitored
by continuous exposure to a xenon lamp (150 W) as a probe light and a
photomultiplier tube (Hamamatsu 2949) as a detector. The transient ab-
sorption spectra were recorded using fresh solutions in each laser excita-
tion. The solution was deoxygenated by argon purging for 15 min prior to
measurements. The experiments at various temperatures were performed
using a Unisoku thermostated cell holder. Femtosecond transient absorp-
tion spectroscopy experiments were conducted using an ultrafast source:
Integra-C (Quantronix Corp.), an optical parametric amplifier: TOPAS
(Light Conversion Ltd.) and a commercially available optical detection
system: Helios provided by Ultrafast Systems LLC. The instrumental de-
tails are described in Supporting Information S24.

Fluorescence lifetime measurements: Fluorescence decays were mea-
sured by a Photon Technology International GL-3300 with a Photon
Technology International GL-302 and a nitrogen laser/pumped dye laser
system equipped with a four-channel digital delay/pulse generator (Stan-
dard Research System Inc. DG535) and a motor driver (Photon Technol-
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ogy International MD-5020). The excitation wavelength was 440 nm with
use of 1,4-bis(4-methyl-5-phenyl-2-oxazolyl)benzene (Dojindo Molecular
Technologies, Inc.).

Fluorescence and phosphorescence measurements: Fluorescence and
phosphorescence spectral measurements of MeFl were performed on a
Shimadzu RF-5300PC fluorescence spectrophotometer. Fluorescence
quenching experiments of MeFI by electron donors carried out as follows.
The solutions were deoxygenated by argon purging for 15 min prior to
the measurements. Typically, the relative emission intensities were mea-
sured for PhCN solution containing MeFl (1.3x107°m) with electron
donors at various concentrations (4.0x107-5.0x107?>m). There was no
change in the shape but there was a change in the intensity of the fluores-
cence spectrum by the addition of an electron donor. The Stern—Volmer
relationship [Eq. (17)] was obtained for the ratio of the emission intensi-
ties in the absence and presence of electron donors (/,/I) and concentra-
tions of electron donors [D]. The observed quenching rate constants of
photoinduced ET [k, (=K, ')] were obtained from the Stern—Volmer
constants K, and the emission lifetime 7.

I,JI=1 + K, [D] 17)

Stopped-flow measurements: The transient absorption spectra of the rad-
ical cation of N,N-dimethylaniline (DMA) was measured in the electron-
transfer oxidation of N,N-dimethylaniline with [Ru(bpy);]** (bpy=2,2'-
bipyridine) using a UNISOKU RSP-601 stopped-flow rapid scan spectro-
photometer equipped with the MOS-type high sensitive photodiode array
under deaerated conditions. Gate time for the measurement was set at
2 ms. Typically, deacrated MeCN solutions of [Ru(bpy);]** and DMA
were transferred to a spectrophotometric cell by means of a glass syringe
that had earlier been purged with a stream of argon.

Electrochemical measurements: Measurements of cyclic voltammetry
(CV) were performed at 298 K using a BAS 630B electrochemical ana-
lyzer in a deaerated solvent containing 0.10m TBAP as a supporting elec-
trolyte at 298 K. A conventional three-electrode cell was used with a
platinum working electrode and a platinum wire as a counter electrode.
The measured potentials were recorded with respect to the Ag/AgNO;
(1.0x107%m). The E,, and E,. values (vs. Ag/AgNO;) are converted to
those versus SCE by adding 0.29 V, respectively.l! All electrochemical
measurements were carried out under an atmospheric pressure of argon.

ESR measurements: ESR spectra were taken on a JEOL X-band spec-
trometer (JES-RE1XE) at various temperatures. ESR spectra of the CS
state of DMA-FI (DMA"*-FI"") in frozen PhCN and the one-electron re-
duced DMA-FI (DMA-FI"") in PhCN were measured under photoirra-
diation with a high-pressure mercury lamp (USH-1005D) through a
water filter focusing at the sample cell in the ESR cavity at 243-203 K.
The g value was calibrated using an Mn?* marker. DMA-FI'~ was gener-
ated by the photoinduced ET reduction of DMA-FI (2.8 x 10~*m) with di-
meric  1-benzyl-1,4-dihydronicotinamide ~ [(BNA),]*” (1.0x10°-2.5x
107*m). The resulting solution was transferred to a quartz ESR tube
under an atmospheric pressure of Ar. The hyperfine coupling constants
were determined using the Win-Sim program of the NIEHS public EPR
software tools package, which is available on the Internet (http:/EPR.
niehs.nih.gov/).®*! This program was allowed to systematically vary the
hydrogen and nitrogen hyperfine coupling constants and the relative con-
centrations of each species to achieve the best fit to the experimental
spectra. The ESR spectra were recorded under nonsaturating microwave
power conditions. The magnitude of modulation was chosen to optimize
the resolution and the signal-to-noise (S/N) ratio of the observed spectra.

Theoretical calculations: Density-functional theory (DFT) calculations
were performed on an 8CPU workstation (PQS, Quantum Cube QSS-
2400C-064). Geometry optimizations were achieved using the Becke3
LYP functional and 6-31G(d) basis set,[”" with the restricted Hartree—
Fock (RHF) formalism for neutral compounds and unrestricted Hartree—
Fock (UHF) formalism for radical anion and radical cation species as im-
plemented in the Gaussian 03 program Revision C.02."Y) Graphical out-
puts of the computational results were generated with the Gauss View
software program (ver. 3.09) developed by Semichem, Inc."
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