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Effects of Metal Ions on Photoinduced Electron Transfer in Zinc Porphyrin—
Naphthalenediimide Linked Systems

Ken Okamoto,™ Yukie Mori,™ Hiroko Yamada,® Hiroshi Imahori,*™ and

Shunichi Fukuzumi*'®!

Abstract: Zinc porphyrin-naphthalene-
diimide (ZnP-NIm) dyads and zinc
porphyrin—pyromellitdiimide—naphtha-
lenediimide (ZnP-Im-NIm) triad have
been employed to examine the effects
of metal ions on photoinduced charge-
separation (CS) and charge-recombina-
tion (CR) processes in the presence of
metal ions (scandium triflate
(Sc(OTf);) or  lutetium triflate
(Lu(OTf);), both of which can bind
with the radical anion of NIm). Forma-
tion of the charge-separated states in
the absence and in the presence of
Sc** was confirmed by the appearance
of absorption bands due to ZnP'* and
NIm'™ in the absence of metal ions and
of those due to ZnP'T and the NIm'~/
Sc** complex in the presence of Sc**
in the time-resolved transient absorp-
tion spectra of dyads and triad. The
lifetimes of the charge-separated states
in the presence of 1.0x107°m Sc**

Introduction

In the bacterial photosynthetic reaction center, relatively
little energy (0.2 eV) is consumed in the rapid initial photo-

(14 ps for ZnP-NIm, 8.3 ps for ZnP-
Im-NIm) are more than ten times
longer than those in the absence of
metal ions (1.3ps for ZnP-NIm,
0.33 ps for ZnP-Im-NIm). In contrast,
the rate constants of the CS step deter-
mined by the fluorescence lifetime
measurements are the same, irrespec-
tive of the presence or absence of
metal ions. This indicates that photoin-
duced electron transfer from 'ZnP" to
NIm in the presence of Sc** occurs
without involvement of the metal ion
to produce ZnP-*-NIm', followed by
complexation with Sc** to afford the
ZnP*-NIm"/Sc** complex. The one-
electron reduction potential (E,4) of
the NIm moiety in the presence of a

transfer .
metal
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metal ion is shifted in a positive direc-
tion with increasing metal ion concen-
tration, obeying the Nernst equation,
whereas the one-electron oxidation po-
tential of the ZnP moiety remains the
same. The driving force dependence of
the observed rate constants (kgp) of CS
and CR processes in the absence and
in the presence of metal ions is well
evaluated in terms of the Marcus
theory of electron transfer. In the pres-
ence of metal ions, the driving force of
the CS process is the same as that in
the absence of metal ions, whereas the
driving force of the CR process de-
creases with increasing metal ion con-
centration. The reorganization energy
of the CR process also decreases with
increasing metal ion concentration,
when the CR rate constant becomes in-
dependent of the metal ion concentra-
tion.

induced electron transfer step from bacteriochlorophyll
dimer [(BChl),] to bacteriopheophytin (Bphe) on a time-

scale of 3 ps, whereas the back electron transfer to the
ground state occurs on a much slower timescale of ~0.07 s
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despite the much larger driving force (1.2 eV) in relation to
the initial photoinduced electron transfer step.!!. When the
free energy change of electron transfer (AGY,) becomes
very negative, the driving force of electron transfer
(—AGY%,) can exceed the reorganization energy (1), the
energy required for the structural reorganization of the
donor, acceptor, and their solvation spheres upon electron
transfer. This region (—AGY,> 1) is generally referred to as
the Marcus inverted region, where the electron transfer rate
is expected to decrease rather than to increase as the driving
force of electron transfer (—AGY,) increases where the driv-
ing force is larger than the reorganization energy of electron
transfer (—AGY,>1).*% In the normal region (—AGY, < 1),
the electron transfer rate increases with increasing driving
force—namely, increasingly
negative AGY . —but in the
Marcus inverted region the op-
posite is true. In such a case a
charge shift reaction from
Bphe™ to an electron acceptor
quinone (Q,) occurs much
more rapidly, on a timescale of
200 ps, than the back electron
transfer, which occurs on a
timescale of ~0.07s. The fur-
ther charge separation proceeds
to achieve a nearly quantitative
quantum yield of the final
charge-separated state, which
has an extremely long lifetime
(ca. 1s)." Extensive efforts
have been devoted to the devel-
opment of multi-step electron
transfer systems involving the
initial photoinduced electron transfer with the use of do-
nor—acceptor (D-A) linked multi-array systems to mimic
multistep charge-separation processes in photosynthesis.*!]
The same strategy as occurs in natural photosynthesis has
been chosen to optimize the efficiency of the charge-separa-
tion processes: that is, the use of components with small re-
organization energies of electron transfer in order to accel-
erate the forward electron transfer in the Marcus normal
region and to decelerate the back electron transfer in the
Marcus inverted region. The use of fullerene, which has a
small reorganization energy in relation to other electron ac-
ceptors such as quinones, has been successful in achieving
long-lived charge-separated states.>2")

In principle, the totally opposite approach to attaining
long-lived charge-separated states—that is, the use of a com-
ponent with a large reorganization energy, resulting in slow
back electron transfer in the Marcus normal region
(—AGY%,;<A)—is also possible. In such a case, however, the
rate of forward electron transfer with a much smaller driv-
ing force becomes much smaller than the back electron
transfer rate, and so the use of a component with a large or-
ganization energy has never been employed in the design of
the artificial photosynthetic reaction center. If one could
design a system in which the forward electron transfer had a
small reorganization energy whereas the reorganization

Chem. Eur. J. 2004, 10, 474—483 www.chemeurj.org

energy of the back electron transfer were much larger than
that of the forward electron transfer in the Marcus normal
region, long-lived charge-separated states would be attained
efficiently. In the Marcus normal region, the smaller the
driving force, the smaller is the electron transfer rate. Thus,
a decrease in the driving force of back electron transfer is
essential to attain the long-lived charge-separated states in
the Marcus normal region.

It has been shown that the driving force of electron trans-
fer can be finely controlled by complexation of radical
anions, produced in the electron transfer, with metal ions
acting as Lewis acids, in a variety of intermolecular and in-
tramolecular electron transfer systems.”" Quantitative
measurements to determine the Lewis acidity of a variety of

metal ions have now been established in relation to the pro-
moting effects of metal ions on the electron transfer reac-
tions. !

Here we report the effects of metal ions on photoinduced
electron transfer in porphyrin-containing donor—acceptor
ensembles, zinc porphyrin-naphthalenediimide (ZnP-NIm)
dyads and zinc porphyrin—pyromellitdiimide-naphthalene-
diimide (ZnP-Im-NIm) triad.””! Here, naphthalenediimide,
employed as an electron acceptor moiety containing a car-
bonyl oxygen, plays an important role in binding with metal
ions in the radical anion state (NIm'™). The driving force of
back electron transfer from the NIm*~ moiety to the ZnP*
can be controlled by addition of metal ions, which bind with
NIm*". The strong binding of metal ions with NIm*~ results
in a decrease in the driving force of back electron transfer
and an increase in the reorganization energy of electron
transfer. In contrast to that of the back electron-transfer
process, the driving force of forward photoinduced electron
transfer remains the same irrespective of the absence or
presence of metal ions, since the photoinduced charge sepa-
ration process occurs without involvement of metal ions,
which bind with the NIm™ moiety only after the electron
transfer. This study thus provides a new strategy by which to
attain long-lived charge-separated states in the Marcus
normal region with a large reorganization energy.
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Results and Discussion

Photoinduced intramolecular electron transfer: Time-re-
solved transient absorption spectra of ZnP-NIm (1), ZnP-
Im-NIm (2), and ZnP-NIm-R* (1R’) in benzonitrile
(PhCN) were measured by nanosecond laser photolysis. A
transient absorption spectrum observed at 0.1 us after the
laser pulse excitation of a PhCN solution of 1 is shown in
Figure 1a. The transient absorption bands at 479, 531, 583,
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Figure 1. a) Time-resolved absorption spectrum observed at 0.1 us after
laser pulse excitation (431 nm) of a deaerated PhCN solution of 1 (1.0x
10~°m) at 298 K. Inset: Time profile of absorbance at 480 nm. b) The dif-
ference spectrum of the radical anion of 1 (1.0x107°m), in which the
spectrum due to 1 (1.0x 10> m) is subtracted. The radical anion of 1 was
generated by the one-electron reduction of 1 with tetramethylsemiqui-
none radical anion in deaerated PhCN at 298 K.

620, 685 (sh), and 763 nm are at- ;.4 PLCN at 298 K.

ZnP-NIm + :éi —> ZnP-NIm'™ +
o-

Scheme 1. Independent production of 1.

a). From the first-order plot it is possible to obtain the rate
constant (kcg) of the charge-recombination (CR) process in
the charge-separated state—ZnP*-NIm~—as 7.7x10°s™!
(lifetime of the charge-separated state: 7o = 1.3 ps). Simi-
larly, the kcr rate constants can be determined from the
decay of the charge-separated states of 2 (see Supporting In-
formation S1) and 1R', and the kcy values are listed in
Table 1.

The addition of Sc(OTf); to a PhCN solution of 1 results
in a change in the transient absorption spectrum in relation
to that in the absence of Sc(OTf);. Figure 2a shows transient
absorption spectra observed at 0.1 ps and 1 ps after the laser
pulse excitation of a PhCN solution of 1 in the presence of
Sc(OTf); (2.0x107°m). At 0.1 us, besides the absorption
bands due to ZnP** and NIm'~, a new absorption band, not
seen in the absence of Sc(OTf),, is observed at 650 nm.""
At 1 ps, the absorption bands due to NIm'™ are changed to
those of the new bands, which can be assigned to the Sc**
complex with NIm~ by comparison with the transient ab-
sorption bands observed by photoexcitation of a PhCN solu-
tion of 1-benzyl-1,4-dihydronicotinamide dimer [(BNA),]
and NIm-ref in Figure 2b.P" It has been well established
that photoinduced electron transfer from (BNA), to elec-
tron acceptors in the presence of metal ions affords the
metal ion complexes with radical anions.’” Thus, photoin-
duced electron transfer from (BNA), to NIm-ref in the pres-
ence of Sc(OTf); affords the (NIm-ref)~/Sc** complex
(Scheme 2). The results in Figure 2a therefore indicate that
photoinduced electron transfer from the porphyrin singlet
excited state ('ZnP") to NIm in the presence of Sc(OTf); ini-
tially produces the charge-separated state, ZnP"—NIm"",
and that the NIm'~ moiety then forms the complex with
Sc(OT¥); to give the ZnP*—NIm*/Sc** complex.

The CR process in the ZnP**—NIm'/Sc** complex in the
presence of Sc(OTf); is followed by the decay of absorbance
at 480 nm and is compared in Figure 3 with the CR process
in ZnP**-NIm*~ in the absence of metal ions. The decay of

Table 1. Driving forces (—AGgr(cr)) and electron transfer rate constants (kcg) of CR in 1, 2, and 1R in deaer-

tributable to NIm*~ by compari-

1 2 1R
son with those of NIm™ pro- M"*] ken —AGgrcr)™ ke ~AGgyep™ ke —AGgrcr)™
duced independently by the M+ M no. 57! eV no. s7! eV no. s eV
one-electron reduction of 1 with  g¢3+ 0 1 77%10° 133 10 3.0x10° 122 19 62x10° 132
tetramethylsemiquinone radical 20x107* 2 6.9x10* 0.84 1 1.2x10° 0.98 20 21x10° 1.20
anion (Scheme 1, Figure 1b).% YR O R - AR
. U X - LI X . L X 2 . A X - .
The ' +abs,°rp“°n band due to 40x10° 5 69x10' 0.77 14 12x10° 0.90 23 21x10° 113
ZnP™ is also observed at v 50,104 6 7.6x10° 0.98 15 4.0x10° 113 - -
410 nm (Figure 1a).”?” 1.0x10° 7 7.6x10* 0.94 16 4.0x10° 1.09 - -
Each absorption band decays 20x10° 8  7.6x10* 0.92 17 4.0x10° 1.07 - -
40x10° 9 7.6x10' 0.90 18 4.0x10° 1.05 - -

at the same rate, obeying first-

order kinetics (inset of Figure 1

476 ——

[a] Determined from Equation (7).
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Figure 2. a) Time-resolved absorption spectra observed at 0.1 us (o) and
1 ps (@) after laser pulse excitation (431 nm) of a deaerated PhCN solu-
tion of 1 (1.0x107°m) in the presence of Sc(OTf); (2.0x 107 M) at 298 K.
b) Time-resolved absorption spectrum of the (NIm-ref)/Sc’* complex
produced by the photoinduced electron transfer from (BNA), (5.0x 1072
M) to NIm-ref (1.0x 107*m) in the presence of 2.0x 107>m Sc** in deaerat-
ed PhCN at 10 ps after laser pulse excitation (355 nm) at 298 K.

Q O
\ /4
CONH, + nCgHiz— Q N—nCgH13
o o)
NIm-ref
hv N CONH2
— 20+ &+ 2NImref)"

N
)
B
‘. +28c*

BNA

2 (NIm-ref)"/Sc>*

Scheme 2. Photoinduced electron transfer from (BNA), to NIm-ref in the
presence of Sc(OTY)s, affording the (NIm-ref)"/Sc’** complex.

ZnP*-NIm'~ in the absence of Sc(OTf); obeys first-order
kinetics [Eq. (1)]. In the presence of Sc(OTf);, however, the
decay consists of two components (closed circles in
Figure 3). The larger the concentration of Sc(OTf);, the
larger is the contribution of the slow component, which has

Chem. Eur. J. 2004, 10, 474—483 www.chemeurj.org

the same lifetime irrespective of any difference in Sc(OTf),
concentration. The initial fast component thus corresponds
to the complexation process of Sc** with the NIm~ moiety
in ZnP*-NIm"~ to produce the ZnP**-NIm"/Sc** complex
[Eq. (2)], which decays to the ground state with a much
slower rate constant (k'cg) [Eq. (3)]-

ZnP* — NIm'~£%,7nP — NIm (1)
ZnP* —NIm'~ + Sc**“5ZnP* — NIm'~ /Sc** (2)
ZnP* — NIm'~ /Sc* %, 7ZnP — NIm + Sc** 3)

According to Equations (1)-(3), the sum of the concentra-
tions of ZnP"*-NIm'~ and the ZnP*-NIm'/Sc’** complex is
given by Equation (4) (for the derivation see Supporting In-
formation). Equation (4) predicts the two-exponential decay.
The kcg value in the absence of Sc(OTf); is determined as
7.7x10°s™! from the slope of the linear first-order plot in
Figure 3 (open circles). The k' rate constant of the ZnP*—
NIm/Sc**

[ZnP™ — NIm'™] + [ZnP"* — NIm" /Sc*]
ZnP* — NIm'™ ,
= kE:R T k1 [SC3+]_Ij£R [(kCRkaR) exp{f(kCR (4)

+hi[Sc™ )t} + ki [Se™ ] exp(—kip!)]

complex is determined as 6.9x10%s™ from the constant

slope after the completion of the complexation process of
Sc®* with NIm*~ (Figure 3).”) From the initial slope in

480 nm

S =4x10°M

In(A/Ag)
3
X
;
1]
~

10% Time, s —>

Figure 3. First-order plots of the observed absorption change at 480 nm
after laser pulse excitation (431 nm) of a deaerated PhCN solution of 1
(1.0x107°m) in the absence and in the presence of Sc(OTf); at 298 K;
[Sc**] = 0 (0), 1.0x10%m (x), and 4.0x 107> M (@).

Figure 3 it is possible to estimate the k; value as about 1x
108m~'s™. Thus, the rate of the complexation process of
Sc** with the NIm'™ moiety in ZnP**—NIm*~ is much faster
than the CR rate. The k'cgx values in the presence of
Sc(OTf); become significantly smaller in relation to the kcg
value in the absence of Sc(OTf); (7.7x10°s™"), which indi-
cates that the lifetime of the charge-separated state becomes

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 477
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much longer through the complexation with Sc(OTf);. Simi-
larly, the k'cgx values of other metal ion complexes of the
charge-separated states of 1 (see Figure S3 in the Supporting
Information), 2 (see Figure S4 in the Supporting Informa-
tion), and 1R in the presence of various concentrations of
Sc(OTf); and Lu(OTf); are determined as listed in
Table 1.5+

The rate constants of photoinduced electron transfer from
'ZnP* to NIm to give the charge-separated states (kcg) were
determined by fluorescence lifetime measurements in PhCN.
The k¢g value of 1 in PhCN is determined from the difference
between 7' and Tizpre | as 3.4x10°s7'. Similarly, the kcg
values of 2 and 1R are determined as listed in Table 2.5

The ks values were also determined in the presence of
various concentrations of Sc(OTf); and Lu(OTf);, and the
results are listed in Table 2. In contrast with the kg values,
the kg values are the same irrespective of the presence or
absence of Sc(OTf); (see Figure S5 in the Supporting Infor-
mation). This is consistent with the results in Figure 2,
where the photoinduced electron transfer from 'ZnP" to
NIm in the presence of Sc(OTf); affords the charge-separat-
ed state (ZnP**-NIm"") and the complexation with Sc(OTf),
then occurs to produce the ZnP"-NIm/Sc’* complex.
Thus, the rate of the initial photoinduced electron transfer is
not affected by the presence of metal ions.

Driving force of electron-transfer processes in the presence
of metal ion salts: To determine the driving force of electron
transfer, the one-electron redox potentials of 1, 2, and 1R’
in the absence and in the presence of metal ions were deter-

Table 2. Driving forces (—AGkgrcs)) and electron transfer rate constants (kcs) of CS in 1, 2, and 1R in deaerat-

ed PhCN at 298 K.

a)

NIm/NIm™
-0.57V

ZnP*/ZnP"*

b)

NIm/(NIm"7/Sc*")
—0.02V

¢)
2 uA
0V
0.76 V
NIm/(NIm'/Sc*)
1.5 1.0 0.5 0 -0.5 -1
E/V vs SCE

Figure 4. Cyclic voltammograms of 1 (5.0x 10 *m): a)in the absence of
Sc**, b)in the presence of 3.0x107°m Sc**, and c)in the presence of
50x107°m Sc’* in deaerated PhCN containing TBAPF, (0.10Mm) at
298 K.

The positive shift of E,, in

the presence of metal ions is at-

n+ -1
N]o. Comzound M 0] (m) S;ll\;:t AGE(;;: (eV) 71.6;31(1509[1] tributaple tq the binding of
5 0 PrCN 079 6ax 10w metal ions with NIm™ [Eq. (5)]
3 0 MeCN 0.81 41x10°" as indicated in Figure 4. The
4 0 PhCN 0.81 34x10"  neutral species of NIm cannot
5 1+Sc* 2.0><10j PhCN 0.27E1 3.4><l()zg bind with Sc**, since there was
N
g N 0 THF 0.64 6.1x10m 162ppm (CDCL/CD;CN 1:1)]
9 0 PrCN 0.88 62x10°"  in “C NMR measurements irre-
10 0 MeCN 0.90 4.6x10™  gpective of the presence of Sc**
1 0 PhCN 0.92 310 T uch a case, E, .4 is given as
12 248t 2.0x107° PhCN 0.62! 3.1x10% . .
13 4.0x10-3 PhCN 0,601 31x10f @ function of concentration of
14 24 Lut 40x107 PhCN 0.75 3.1x10%  metal ions (M""), according to
15 1R 0 PhCN 0.80 6.9x10  the Nernst equation
16 1R +Sc™* 4.0x107 PhCN 0.611! 6.9x10% [Eq. (6)].7" where E°, is the

[a] Determined from Equation (9). [b] Taken from ref. [27]. [c] This work; kcs = Tazir) '—Tizop) |

mined by cyclic voltammetry in PhCN. Figure 4 shows cyclic
voltammograms of 1 in the absence and in the presence of
Sc(OTf);. The one-electron reduction potential at —0.57 V
for the NIm/NIm'™ couple is shifted in a positive direction
by 0.55V in the presence of 3.0x107>M Sc(OT¥),;, whereas
the one-electron oxidation potential of ZnP at 0.76 V re-
mains the same irrespective of the absence or presence of
Sc(OTf);. Similar positive shifts of the one-electron reduc-
tion potential of NIm (E,.,) are observed in the presence of

one-electron reduction poten-
tial in the absence of metal
ions, K, is the formation constant of the ZnP-NIm"/M"*
complex, K, is the formation constant of the ZnP-NIm/
M"* complex, R is the gas constant, T is the absolute tem-
perature, and F is the Faraday constant. Since K, 4M"T]>1,
and K [M"*]<1, Equation (6) can be reformulated as
Equation (7), where AE,. is the potential shift in the pres-
ence of M"* from the value in its absence.

Lu(OTf),. ZnP — NIm'~ + M"*==ZnP — NIm~ /M"* Q)
Kred
478 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  www.chemeurj.org  Chem. Eur. J. 2004, 10, 474483
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Brs = By (RT/Fn { R 0
AE‘rc—:d = (RT/F)]H Kred [M'H] (7)

Plots of AE, against log[M"*] (M"* = Sc** and Lu’*)
are shown in Figure 5. The slope of each plot is determined

0.6)

0.4

AEgq IV —>

0
-3.2 -2.8 -2.4 -2
log([Sc®*] /M) —

Figure 5. Nernst plots of AE,.4 against log [Sc’*] for 1 (0), 2 (o), and 1R"
(). The slope of the line is 0.059.

as 0.059, which agrees with the slope (2.3RT/F at 298 K) ex-
pected from the Nernst equation [Eq. (7)]. The intercepts of
linear plots in Figure 5 thus afford the binding constants of 1
(Kreg (SST) = 87x10" M, Kooq (Lu*T) = 43x10°m7Y), 2
(Kreq (SSF) = 6.5x10'M7", K g (LU**) = 1.2x10°M7"), and
1R (K4 (Sc*t) = 4.7x10°m7"). These K, values are much
smaller than the reported values of Q/Sc** and NQ'/
g3+ (2]

The driving force of the CS process in the absence of M"*
(~AGlqc in eV) and that in the presence of M"*
(—AGgr(s) in eV) are given by Equation (8) and Equa-
tion (9), respectively,

—AGlycs) = —e[E°(ZnP™ /' ZnP*)—E°(NIm/NIm™)]  (8)
_AGET(CS) = _AG?;T(CS) + kB Tln (Kred [Mnﬂ) (9)

where e is the elementary charge and kg is the Boltzmann
constant. On the other hand, the driving force of the CR
process in the absence of M"* (—AG{yy,) and that in the
presence of M"* (—AGgrcr)) are given by Equation (10)
and Equation (11), respectively, where AE('ZnP‘/ZnP) is
the singlet excitation energy of ZnP.

_AG%T(CR) = AG%T(CS) + AE(IZHP*/Z“P) (10)
7AGET(CR) = 7AG(})5T(CR)7kBT1n (Krcd[MnJrD (11)

It is important to note here that the driving force of the
CS process increases with increasing metal ion concentration

Chem. Eur. J. 2004, 10, 474—483 www.chemeurj.org

[M"*] [Eq. (9)], but that the driving force of the CR process
decreases with increasing [M"*] [Eq. (11)].

The energy diagram of photoinduced electron transfer
and the back electron transfer of 1 is shown in Figure 6. The

1ZnP*-NIm  (2.12 eV)
1 kcs
3.4x10%s7!
ko ZnP™-NIm'~ (1.33 eV)
431nm|| 40x108s7!
hv

Ker((Sc¥1=1x102M)
6.9x 104571

ZnP-NIm (1)

Figure 6. Energy diagram of photoinduced electron transfer and back
electron transfer of 1.

photoexcitation of 1 results in the formation of the singlet
excited state 'ZnP*~NIm (2.12 eV), in which electron trans-
fer from 'ZnP" to NIm occurs to give the charge-separated
state (ZnP~*-NIm"") with kcs = 3.4x10°s™! in competition
with the decay to the ground state with k, = 4.0x10%s™%. In-
tersystem crossing (ISC) from 'ZnP" also occurs to give the
triplet excited state *°ZnP", but electron transfer from *ZnP”
to NIm occurs to produce the charge-separated state as
well. The back electron transfer from NIm'~ to ZnP* (CR)
occurs with kcg = 7.7x10°s7%.

In the presence of M"T, the CS process takes place
mainly from 'ZnP*-NIm rather than 'ZnP*-NIm/M"* com-
plex due to very weak binding of M"* with neutral species
of NIm. Furthermore, the observed spectral change shown
in Figure 2a indicates that the CS process is not coupled
with the binding of Sc** with NIm™, which occurs after the
CS process. This corresponds to the case in which electron
transfer occurs first, followed by ion transfer in the effects
of electrolytes for ion pairing on the rates of electron trans-
fer reactions, reported by Marcus.”® In such a case, the ks
values in the presence of M"" are determined by the
—AG,°5T<CS> values in the absence of M"* [Eq. (8)] rather
than by the —AGgycs values in the presence of M"*
[Eq. (9)], although the —AGgrcs) values increase with in-
creasing [M"*] [Eq. (9)]. In contrast, the k'cg values in the
presence of M"* should be determined by the —AGgr(cy,
values in the presence of M"*, since the CR process occurs
mainly from the ZnP:*-NIm"/M"* complex rather than
from ZnP'*-NIm"~, as shown in Figure 2a in the case of the
ZnP*-NIm"/Sc** complex. The back electron transfer
from NIm™ to ZnP'* (CR) in the presence of 1.0x107°m
Sc*t occurs with k'cg = 6.9x10*s™!.

Driving force dependence of rate constants of CS and CR
processes in the absence and in the presence of metal ions:
The driving force dependence of the rate constants of elec-
tron transfer (log kgr) including both the CS and CR proc-
esses in the absence of M"* is shown in Figure 7 (part a), in
which the kg and fAG%T values are taken from Table 1 and
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Figure 7. Driving force (—AGgr) dependence of intramolecular electron
transfer rate constants for CS (@) and CR (V) in the absence of M"*,
and for CR (1 (0), 2 (o) and 1R’ (2)) in the presence of M"* in deaerat-
ed PhCN at 298 K. Numbers refer to compounds in Table 1 (CR) and
Table 2 (CS). The solid lines [(a), (b), and (c)] represent the fits to Equa-
tion (12) with: a)4 = 0.58eV, V = 50cm™, b)1 = 243eV, V =
50cm ™, andc) A = 293eV,V = 50cm™".

Table 2. The log kcs value in the absence of metal ions de-
creases rather than increases with increasing driving force.
The kcg values are much smaller than the kqg values despite
the driving force of the CR process being much larger than
that of the CS process. This indicates that the CS process is
already in the Marcus inverted region and that the CR proc-
ess is deeply in the inverted region.””! Such driving force
dependence of log kg in Figure 7 (part a) can be analyzed
in terms of the Marcus equation for non-adiabatic intramo-
lecular electron transfer [Eq. (12) and Eq. (13)], where 4 is
the reorganization energy of electron transfer, V is the cou-
pling matrix element, and /# is the Planck constant.”

kpr = (47 /WP Ak T)V? Viexp(—AG;,/ksT) (12)

AGH; = (2/4)(1+ AGer/A) (13)

The reasonable fit to a single Marcus curve of all the data
in the absence of M"* in Table 1 affords the values of 1 =
0.58eV and V = 5.0cm™' (Figure 7a), which should be re-
garded as average values of the investigated compounds,
since the A4 and V values vary slightly depending on the dif-
ferent geometry or solvation. It is more important to point
out that the k¢g values in the presence of M"* are also in-
cluded in the single correlation in the absence of M"* using
the driving force in the absence of M"*. This indicates that
the change in the driving force of the CS process in the pres-
ence of M"* does not affect the CS rate, because the binding
of M"* with NIm'~, which causes the change in the driving
force, occurs after the photoinduced electron transfer.

In contrast to the CS process in the presence of M"*, the
k'cg values in the presence of M"t become much smaller
than those in the absence of M"*, but the decreased k'cg
values are fairly constant irrespective of the difference in
the driving force, as shown in Figure 7. The solid lines in
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Figure 7 (part b and part c) represent the lines calculated by
use of the same V value for the line in the absence of M"*
(part a) but also of two different A values: A = 2.43 eV and
2.93 eV, respectively.”! Such large A values are required to
fit the data in the presence of M"* to Equation (12). Ac-
cording to Equation (12) and Equation (13), k'cg should ex-
hibit a significant temperature dependence, since the AGg;
value of the CR process of the ZnP**-NIm"/Sc** complex
is obtained as 0.29 eV from the 4 and the AGgy(cr, values in
the case of 2.0x107>M Sc®**. The temperature dependence of
the k'cg was also determined and a plot of In(K'cxT")
against 7°' gave a linear correlation, as expected from
Equation (12) (S6). From the linear slope it is possible to
determine the AHET value as 0.21 eV, which is smaller than
the AGL; value because AGy, = AH,;;—TAS., in which the
activation entropy (AS;,) is negative in non-adiabatic elec-
tron transfer.

The driving force dependence of k'cy in the presence of
M"* in Figure 7 (part b and part c) indicates that the 4 value
is not constant but varies with the driving force. Such a
change in the A value with [M"*] can be evaluated in the
context of the Marcus theory of electron transfer as follows.
The A value consists of A, for the electron self-exchange be-
tween D and D" and A, for that between A and A"

[Eq. A4)].

A= (Ap+414)/2 (14)

Since M"* is involved only for the acceptor part (NIm),
the dependence of A, on [M""] should be considered. The
electron self-exchange between ZnP-NIm and the ZnP-
NIm*/M"* complex occurs through the formation of the
ZnP-NIm/M"* complex as shown in Scheme 3.

ZnP-NIm*/M™ + ZnP-NIm/M™ =——= ZnP-NIm/M™* + ZnP-NIm' /M

o]

ZnP-NIm + M™

Scheme 3. Electron self-exchange between ZnP-NIm and the ZnP-
NIm~/M"* complex.

According to Scheme 3, the electron self-exchange rate
constant (k) is given by Equation (15), where Z is the fre-
quency factor for an intermolecular reaction, 1°4 is the reor-
ganization energy for the electron self-exchange between
the ZnP-NIm/M"* and ZnP-NIm"/M"* complexes.
koo = ZK oM Jexp(—A3 /4k; T) (15)

The reorganization energy between ZnP-NIm and the
ZnP-NIm' /M"* complex (1,) is therefore given by Equa-
tion (16), from comparison of Equation (15) with k., = Z
exp(—Aa/4ksT). From Equation (15), the reorganization
energy 1 is given by Equation (17), where 1° = (1p+1%)/2.
Equation (17) indicates that the A value decreases with in-
creasing [M"*] as observed in Figure 7.
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An = 2y—4ksTn (Ko [M"']) (16)
A = 22k TIn (K, [M"]) (17)

Since 4> —AGgr g, in Figure 7, the Marcus free parabolic
energy relationship [Eq. (13)] is simplified to Equation (18)
under these experimental conditions for the CR process.
The differential of Equation (18) with respect to AGgrcr, is
given by Equation (19). The zero value of I(AGgy )/
O(AGgr(cr)) means that the k'cg value should be constant ir-
respective of the difference in the driving force at various
concentrations of M"*. Such a constant driving force de-
pendence of k'cx with variation of [M"*] is indeed observed
experimentally, as shown in Figure 7.

AGET(CR) = (4/4) + (AGgrcr)/2) (18)

O(AG iy cr))/(AGercr)) = (1/4)0(4)/0(AGercr) +0.5 = 0
(19)

The driving force dependence of k'cy is derived from
Equation (12), Equation (17), and Equation (18) as Equa-
tion (20) and Equation (21). Figure 8 shows plots of —kgz7In
(k' cg/[M"*]") against AGgrcg, including all data in Table 1.

S
7

kg Tin(Kea[M™T2 | M 12571) oy
&
Fy
T
8‘\,

5
>

1 | 1 1 | ]
-1.2 -1 -0.8
AGgrcr/eV —>

Figure 8. Plots of —kgTIn (K cg[M"*]'?) against AGgycg, for the CR
processes in 1 (0), 2 (0) and 1R’ (2) in the presence of M"* in PhCN.
Numbers refer to compounds in Table 2. The slope of each plot is 0.50.

—kp Tn (kg /[M™]'?) = C + (AGgrcr)/2) (20)

C = (A°/4)—ky TIn [V*(40°K,,, /W Aky T)'?] (21)

Each of the plots gave a straight line, indicating that C is
nearly independent of concentration of M"* but depends on
the type of metal ions. Each linear plot has the same slope,
which is 0.50, consistently with the slope expected from
Equation (20).

Chem. Eur. J. 2004, 10, 474—483 www.chemeurj.org

Conclusion

Metal ions have been shown to alter the driving force of
electron transfer in ZnP-NIm through the strong binding of
the metal ion with NIm'". The rate constants of the photoin-
duced electron transfer from 'ZnP* to NIm (CS process) are
not affected by the change in the driving force in the pres-
ence of metal ions, since the CS process precedes the bind-
ing of metal ions with NIm'~. The kg values in the absence
and in the presence of metal ions, as well as the kcy values
in the absence of metal ions, are well fitted to the Marcus
equation for non-adiabatic electron transfer with the same 4
and V values. The k'cz values of back electron transfer in
the ZnP*-NIm"/M"* complexes (CR process) in the pres-
ence of metal ions become much smaller than those in the
absence of metal ions. The drastic change in the driving
force of back electron transfer is accompanied by a large re-
organization energy required for the electron transfer in-
volving the metal ion complex. The driving force depend-
ence of k'cg of the ZnP*-NIm"/M"* complexes can also be
evaluated well in the context of the Marcus theory of elec-
tron transfer in which both the driving force and the reor-
ganization energy decrease with increasing concentrations of
metal ions. This study therefore provides a new strategy for
controlling the back electron-transfer processes of the
charge-separated states by complexation with metal ions.

Experimental Section

Materials: All solvents and chemicals were of reagent grade quality, ob-
tained commercially, and used without further purification unless other-
wise noted. Scandium triflate [Sc(OTf); (99 %, EW. = 492.16)] was pur-
chased from Pacific Metals Co., Ltd. (Taiheiyo Kinzoku). Lutetium tri-
flate [Lu(OTf);] was prepared as reported previously® ! and dried
under vacuum evacuation at 403 K for 40 h prior to use. 1-Benzyl-1,4-di-
hydronicotinamide dimer [(BNA),] was prepared according to the litera-
ture.>*“! The synthesis of N,N'-dihexyl-1,4,5,8-naphthalene-tetracarbox-
ylic 1,8:4,5-diimide (NIm-ref) was reported previously.*!! 5,10,15,20-Tet-
rakis-p-tolyl-21 H,23 H-porphine was purchased from Aldrich Co., USA.
The tetramethyl-1,4-benzoquinone was purchased from Tokyo Kasei Or-
ganic Chemicals, Japan, and purified by recrystallization from ethanol.[*”!
Benzonitrile (PhCN) was purchased from Tokyo Kasei Organic Chemi-
cals and distilled over P,Os prior to use.l?!

Synthesis and characterization: Details on the synthesis and characteriza-
tion of the compounds [ZnP-NIm (1), ZnP-Im-NIm (2), and ZnP-NIm—
R’ (1R’)] are reported elsewhere.””! ZnP-ref (zinc 5,10,15,20-tetrakis-p-
tolyl-21 H,23 H-porphinate) was prepared by addition of zinc acetate to
5,10,15,20-tetrakis-p-tolyl-21 H,23 H-porphine, followed by heating at
reflux for 1 h in MeOH/MeCN.

Laser flash photolysis and fluorescence decay: Time-resolved fluores-
cence spectra were measured on a Photon Technology International GL-
3300 instrument with a Photon Technology International GL-302, nitro-
gen laser/pumped dye laser system, equipped with a four-channel digital
delay/pulse generator (Stanford Research System Inc. DG535) and a
motor driver (Photon Technology International MD-5020). Excitation
wavelength was 431 nm with use of POPOP (1,4-bis(5-phenyl-2-oxazo-
lyl)benzene) (Wako Pure Chemical Ind. Ltd., Japan) as a dye. Fluores-
cence lifetimes were determined by an exponential curve fit with the aid
of a microcomputer. Nanosecond transient absorption measurements
were carried out with a Nd:YAG laser (Solar, TII) at 431 nm with the
power of 20 mJ as an excitation source. The transient spectra were re-
corded on fresh solutions in each laser excitation. The experiments at
various temperatures were carried out in a Unisoku thermostated cell
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holder designed for low-temperature measurements. The time-resolved
absorption spectra of NIm-ref (1x107*m) with 2.0x107>m Sc** in the
presence of an excess amount of (BNA), in PhCN were measured upon
excitation at 355 nm with the power of 25 mJ. The solution was deoxy-
genated by argon purging for 10 min prior to the measurements.

Spectral measurements: The UV/Vis spectrum of ZnP-NIm*~ was record-
ed on a Hewlett Packard 8453 diode array spectrophotometer in a quartz
cuvette (pathlength = 10 mm) at 298 K. A benzonitrile solution of ZnP—
NIm'~ was prepared by the one-electron reduction of ZnP-NIm (1x107°
M) with tetramethylsemiquinone radical anion, which was produced
through the proportionation reaction between tetramethylhydroquinone
and tetramethyl-1,4-benzoquinone in the presence of tetrabutylammoni-
um hydroxide (TBAOH).1*!

Cyclic voltammetry: Cyclic voltammetry measurements were performed
at 298 K on a BAS 100W electrochemical analyzer in deaerated PhCN
containing 0.1mM Bu,NPF; (TBAPF) as supporting electrolyte. A conven-
tional three-electrode cell was used, with a platinum working electrode
(surface area of 0.3 mm?) and a platinum wire as the counter-electrode.
The Pt working electrode (BAS) was routinely polished with a BAS pol-
ishing alumina suspension and rinsed with acetone before use. The meas-
ured potentials were recorded with respect to the Ag/AgNO; (0.01 M) ref-
erence electrode. All potentials (against Ag/Ag™) were converted to
values against SCE by adding 0.29 V. All electrochemical measure-
ments were carried out under an atmospheric pressure of argon with the
same scan rate (0.1 Vs™').
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