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Long-Lived Charge-Separated State Generated in a Ferrocene-meso,meso-
Linked Porphyrin Trimer-Fullerene Pentad with a High Quantum Yield

Hiroshi Imahori,*"* Yuji Sekiguchi,” Yukiyasu Kashiwagi,"”! Tohru Sato,'!
Yasuyuki Araki,'! Osamu Ito,*'! Hiroko Yamada,™ and Shunichi Fukuzumi*!"!

Abstract: A meso,meso-linked porphy-
rin trimer, (ZnP);, as a light-harvesting
chromophore, has been incorporated
for the first time into a photosynthetic
multistep electron-transfer model in-
cluding ferrocene (Fc) as an electron
donor and fullerene (Cq) as an elec-
tron acceptor, to construct the ferro-
cene-meso,meso-linked porphyrin
trimer—fullerene system Fe-(ZnP);-Cg.
Photoirradiation of Fec-(ZnP);-Cy, re-
sults in photoinduced electron transfer

(ZnP);*-C¢~. Subsequent formation
of the final charge-separated state Fe™-
(ZnP);-C4y~ was confirmed by the
transient absorption spectra observed
by pico- and nanosecond time-resolved
laser flash photolysis. The final charge-
separated state decays, obeying first-
order kinetics, with a long lifetime
(0.53 s in DMF at 163 K) that is compa-
rable with that of the natural bacterial
photosynthetic reaction center. More
importantly, the quantum yield of for-

mation of the final charge-separated
state (0.83 in benzonitrile) remains
high, despite the large separation dis-
tance between the Fct and C4~ moiet-
ies. Such a high quantum yield results
from efficient charge separation
through the porphyrin trimer, whereas
a slow charge recombination is associ-
ated with the localized porphyrin radi-
cal cation in the porphyrin trimer. The
light-harvesting efficiency in the visible
region has also been much improved in

from both the singlet and triplet excit-
ed states of the porphyrin trimer,
Y(ZnP)} and *(ZnP)}, to the Cy4 moiety
to produce the porphyrin trimer radical
cation—Cq, radical anion pair, Fe-

Introduction

The three-dimensional structures of the antenna complex
and the bacterial reaction center have provided an impor-
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Fc-(ZnP);-C,, because of exciton cou-
pling in the porphyrin trimer as well as
an increase in the number of porphy-
rins.

tant structural basis for understanding the light-harvesting
and subsequent primary charge separation processes in pho-
tosynthesis: %! visible light is harvested by the antenna com-
plexes, including a wheel-like array of chlorophylls and caro-
tenoid polyenes, and the collected energy is funneled effi-
ciently into the chlorophyll dimer (that is, special pair) in
the reaction center. The subsequent multistep electron-
transfer (ET) event takes place unidirectionally along the
well-arranged chromophores that are embedded in the
transmembrane protein in the sequence special pair, acces-
sory chlorophyll, pheophytin, quinones. The charge-separat-
ed state lasts for seconds in nearly 100% quantum yield,
and leads eventually to the conversion of light into usable
chemical energy. The importance and complexity of energy
transfer (EN) and ET reactions in photosynthesis have in-
spired many chemists to design and prepare donor-acceptor
linked systems that mimic the EN or ET processes.”'"]
Since chlorophylls are essential components in the photo-
synthetic reaction center, porphyrins and metalloporphyrins
have frequently been employed as their analogues in donor—
acceptor-linked molecules.” ' Some of the covalently
linked porphyrin-containing arrays, such as triads, tetrads,
and pentads, have successfully exhibited efficient EN or ET

DOI: 10.1002/chem.200305308 Chem. Eur. J. 2004, 10, 31843196



3184-3196

processes such as photosynthesis. However, the difficulty of
synthesis has precluded integration of the two functions,
light harvesting and charge separation, into one artificial
system. So far there have been few examples of donor-ac-
ceptor-linked systems mimicking both EN and ET processes
in photosynthesis.!”!

Recently we synthesized the longest-lived charge-separat-
ed state in the ferrocene—zinc porphyrin—free-base porphyr-
in—fullerene tetrad Fe-ZnP-H,P-Cg (Scheme 1), which re-
veals a cascade of photoinduced energy transfer and multi-
step electron transfer within a molecule in frozen media as
well as in solution."®! The lifetime of the resulting charge-
separated state (ferricenium ion—C, radical anion pair) in
frozen benzonitrile (PhCN) is as long as 0.38s, which is
comparable with that observed for the bacterial photosyn-
thetic reaction center. However, the quantum yield for for-

Fe«ZnP);-Cgo: M=Zn (n=3)
o: M=2H (n=3)
Fe<(ZnP),-Cgp: M=Zn (n=2)
Fe-ZnP-Cgqo: M=Zn (n=1)

F{H,P)y-

(ZnP);Cgo: M=Zn (n=3)
(H,P)-Cgo: M=2H (n=3)
(ZnP)-Ceq: M=2n (n=2)

D
NHCO Q 167133
g@m <) % CONH{_)—CH pit
Ar 3

Fe-(ZnP)3: M=Zn
Fc-(HP),: M=2H

Ar
et m O-con-cute

(ZnP);ref: M=Zn
(HyP)ref: M=2H

mation of the charge-separated state (@ = 0.24) is still
much lower than that of the natural system (@ = 1). Thus,
the charge separation efficiency could still be much im-
proved. Moreover, the light-harvesting efficiency could also
be increased. In this context, meso,meso-porphyrin arrays
are good candidates to improve both efficiencies, since their
length can be extended easily by facile oligomerization of
the porphyrin monomer."*'” In addition, they can absorb
visible light over a wider spectrum than a linear combina-
tion of the corresponding porphyrin monomers, because of
the exciton coupling of the porphyrins, as in molecular as-
semblies of chlorophylls in antenna complexes."? We have
previously reported incorporation of the meso,meso-linked
porphyrin dimer (ZnP),, as an improved light-harvesting
chromophore compared with the monomer porphyrin, into a
photosynthetic ET model to construct the ferrocene-meso,-

Scheme 1. Ferrocene—porphyrin trimer—fullerene pentad and the reference compounds.
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meso-linked porphyrin dimer—fullerene tetrad Fe-(ZnP),-Cq,
(Scheme 1), in which the Cg and the ferrocene (Fc) are
tethered at both ends of (ZnP),."! The quantum yield of
formation of the final charge-separated state (0.80 in PhCN)
is indeed improved. However, this final state decays obeying
first-order kinetics with a lifetime of 19 us in PhCN at
295 K, which is far shorter than the value expected from the
long edge-to-edge distance (R, = 38.6 A) as compared with
the R.. value of Fet-ZnP-Cg~ radical ion pair (R, =
30.3 A), which has a lifetime of up to 16 ps in PhCN.I"”)

We report herein incorporation of an additional porphyrin
moiety to construct the ferrocene-meso,meso-linked por-
phyrin trimer—fullerene pentad Fe-(ZnP);-Cgy, in which the
Cy and the ferrocene (Fc) are tethered at both the ends of
(ZnP); (R.. = 46.9 A) (Scheme 1). The lifetime of the final
charge-separated state is expected to be prolonged without
lowering the charge separation (CS) efficiency, provided
that a similar stepwise ET occurs in Fe-(ZnP);-Cq. We have
achieved not only a high quantum yield for the formation of
a final charge-separated state (@ = 0.83), but also a longer
lifetime of the charge-separated state than the previously re-
ported longest lifetime of Fe-ZnP-H,P-Cg,."! The light-har-

Ar Ar

vesting efficiency has also been much improved in Fe-
(ZnP);-Cq, as compared with Fe-ZnP-H,P-Cg, ! Fc-ZnP-
Cg'™! and Fe-(ZnP),-Cg.'® The ET dynamics of Fe-(ZnP);-
C, has been investigated by ESR spectroscopy as well as by
time-resolved transient absorption spectroscopy and fluores-
cence lifetime measurements.

Results and Discussion

Synthesis: Fc-(ZnP);-Cg,, the reference tetrads Fe-(ZnP);
and (ZnP);-Cy, and the porphyrin reference (ZnP);-ref
(Scheme 1) were prepared as shown in Scheme 2. For the
meso,meso coupling of 1'221 and 2,1 we used the oxidant
AgPF, in a mixture of chloroform and acetonitrile. Because
slight demetallation occurred under the present experimen-
tal conditions, the crude mixture was treated with TFA and
H,SO, in chloroform to afford free-base porphyrin 3. The
resulting coupling reaction mixture contained the other por-
phyrin derivatives, such as homo- and hetero-coupled
mono-, di-, tri-, and tetra-meso,meso-porphyrins. The free-base
porphyrin 3 was purified by silica gel column chromatogra-

1) AgPFg, CHCly-CH,CN

L )-CoMe +

Ar Ar Ar

Ar Ar Ar
3
Ar Ar
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Ar Ar
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Scheme 2. Synthesis of ferrocene—porphyrin trimer—fullerene pentad and the reference compounds.
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phy and gel permeation chromatography. Important synthet-
ic intermediate 4 was obtained by base hydrolysis of 3 in a
mixture of THF and ethanol. The free-base porphyrin car-
boxylic acid 4 was converted to the corresponding bis(acid
chloride) by treatment with SOCI, (Scheme 2). Cross-con-
densation with 4-aminophenylferrocene'” and formyl-pro-
tected aniline™ in benzene in the presence of pyridine, fol-
lowed by acid hydrolysis, afforded ferrocene-meso,meso-
linked porphyrin trimer 5 in 19 % yield.

Fe-(ZnP);-Cg, was obtained in 65% yield by 1,3-dipolar
cycloaddition™! using 5, N-methylglycine, and C, in toluene
and subsequent treatment with zinc acetate.

(ZnP);-C, was synthesized from 4-hexadecylaniline, 4,
and formyl-protected aniline via 6 by the method described
for Fe-(ZnP);-Cy. Fe-(ZnP); and (ZnP);-ref were prepared
from 4-aminophenylferrocene, 4, and 4-hexadecylaniline,
and 4 and 4-hexadecylaniline, respectively. Single-chromo-
phore references Fe-refl'”) and Cg-ref™™ were also prepared
by following the same procedures as described previously.
Their structures were verified by spectroscopic analyses in-
cluding '"H NMR, FAB, and MALDI-TOF mass spectra (see
Experimental Section).

Absorption and fluorescence spectra: The absorption spec-
trum of Fe-(ZnP);-Cg in PhCN is virtually a linear combina-
tion of the spectra of Fc-ref, (ZnP);-ref, and Cgy-ref. This in-
dicates that there is no significant interaction among the
three chromophores in the ground state. The absorption of
the porphyrin trimer in the visible region is much stronger
than that of the ferrocene and the Cy, moieties. It should be
noted that the splitting of the Soret bands (=430 nm and ~
490 nm) is characteristic of the meso,meso-linked porphyr-
ins," ™) as in Figure 1. This enables us to harvest the light
more widely across the visible region than does a linear
combination of zinc porphyrin monomer 1 or 2. Fe-(ZnP);-
Cgo absorbs visible light more widely than Fe-ZnP-Cg, or Fe-
(ZnP),-C, (Figure 1).

The steady-state fluorescence spectrum of Fe-(ZnP);-Cg,
in PhCN exhibits the same band shape and peak positions
as (ZnP)jref (A" = 651 nm). No emission from the Cg,

em

Absorbance

Wavelength / nm

Figure 1. Absorption spectra of Fe-(ZnP);-Cgy (solid line with open
rings), Fe-(ZnP),-Cg, (broken line), and Fe-ZnP-Cy, (solid line) in PhCN
(1.0x10"%m).
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(A" = 720 nm)" could be detected for Fe-(ZnP);-Cg. The
fluorescence spectrum of Fe-(ZnP);-Cg, in PhCN is strongly
quenched compared with that of (ZnP);-ref (relative intensi-
ty for Fe-(ZnP);-Cq = 0.13) when adjusting absorbance
(0.32) at the excitation wavelength of 426 nm, where the
porphyrin moiety absorbs light exclusively. In contrast, the
fluorescence spectrum of Fe-(ZnP); in PhCN is more
weakly quenched than that of (ZnP);-ref (relative intensity
for Fe-(ZnP); = 0.83). This indicates that an electron trans-
fer occurs mainly from the singlet excited state '(ZnP); to
Cg rather than from Fc to '(ZnP); (vide infra).

One-electron redox potentials and ET driving force: The
driving forces (—AG®y) for all the intramolecular ET proc-
esses were determined accurately by measuring the redox
potentials of reference chromophores (Fc-ref, (ZnP);-ref,
and Cg-ref) in PhCN, THF, and DMF. The differential pulse
voltammetry was performed in PhCN, THF, and DMF con-
taining nBuyNPF, (0.1M) as a supporting electrolyte. Table 1

Table 1. One-electron redox potentials (versus Fc/Fc*) of references in
PhCN, THF, and DMF.

Compound Solvent E’ [V] E%, [V] E' [V] E’[V]
(ZnP);*/  Fc*/Fc Ceo/Ceo”™ (ZnP)y/
(ZnP), (ZnP);~

(ZnP);ref PhCN 032 ~1.83

Fe-ref —0.01™

Cgyref —1.04"

(ZnP);ref THF 033 -1.96

Fe-ref —0.021

Cgo-ref —1.02

(ZnP);-ref DMF 033 —1.9401

Fe-ref —0.01™

Cgo-ref —0.92M

[a] The redox potentials were measured by differential pulse voltammetry
in PhCN using 0.1m nBu,NPF( as a supporting electrolyte with a sweep
rate of 10 mV's™". [b] From ref. [13].

summarizes all the redox potentials of the compounds inves-
tigated, and of Fe-ref and Cgyy-ref as references, which were
reported previously.'”] The first one-electron oxidation po-
tentials (E°,,) of (ZnP)s;-ref and Fc-ref are 0.32V and
—0.01 V versus ferrocene/ferricenium (Fc/Fc*) and the first
one-electron reduction potentials (E’.;) of Cg-ref and
(ZnP);-ref are —1.04 V and —1.83 V versus Fc/Fct in PhCN,
respectively.

The driving forces (—AG gycr) [€V]) for the intramolecu-
lar CR processes from the Cg, radical anion (Cg™) to the
zinc porphyrin trimer radical cation [(ZnP);*] or the ferri-
cenium ion (Fc¥) in Fe-(ZnP);-Cg and (ZnP);-Cg, were de-
termined by applying Equation (1), where e stands for the
elementary charge. The —AG’:cg) values [eV] in PhCN,
THEF, and DMF thus obtained are listed in Tables 2 and 3.

—AGiycr) = e[Eo (D7 /D)—Eg (A/A7)] 1)
The driving forces for the intramolecular charge separa-

tion processes (—AG gr(cs) [€V]) from the porphyrin trimer
singlet and triplet excited states to the Cg moiety in Fe-
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(ZnP);-Cyy and (ZnP);-C4 were determined by Equa-
tion (2), where AE,, is the energy of the 0-0 transition
energy gap between the lowest singlet or triplet excited
state and the ground state, which is determined by the 0-0"
absorption and 0°-0 fluorescence or phosphorescence
maxima in a solvent (* denotes the excited state). The
—AG gycs) values are given in Table 2 and 3. The driving
forces for intramolecular charge-shift (CSH) processes
(—=AG sy [eV]) from the Fc to the (ZnP);* moiety in
Fe-(ZnP);-Cg) were determined by subtracting the energy of
the final state from that of the initial state (Table 3). The
Coulombic terms in the present donor—acceptor systems are
largely neglected in the evaluation of the driving forces in
Tables 2 and 3, especially in solvents with moderate or high
polarity, because of the relatively long edge-to-edge distance
(R..>11 A) employed.

_AG(I)ET(CS) = AEy, + AG(I)ET(CR) (2)

Photodynamics of porphyrin—fullerene-linked systems:
Time-resolved transient absorption spectra, following pico-
and nanosecond laser pulses, were employed to examine the
photodynamics of (ZnP)s-ref, (ZnP);-Cq, Fc-(ZnP);, and
Fc-(ZnP);-Cg. To monitor the intramolecular ET dynamics,
the absorption of the one-electron reduced form of the elec-
tron acceptor (Cq ) was analyzed in the near-IR region
around 1000 nm.

(ZnP);-ref: Picosecond excitation (560 nm) of (ZnP);-ref re-
sulted in characteristic absorption changes in 500-700 nm
range (Figure 2, dotted line). In particular, a net decrease of
the absorption was observed around 580 nm, which is domi-
nated by the strong ground-state absorption. This suggests
that the porphyrin singlet ground state is converted to the
corresponding singlet excited state '(ZnP);.*! 1(ZnP)} also
exhibits a strong absorption band at 520 nm. Intersystem
crossing is the predominant fate of the singlet excited state.
The resultant triplet excited state *(ZnP);™®! reveals a char-
acteristic peak in the nanosecond absorption spectrum
around 820 nm (Figure 3a), whereas no characteristic ab-
sorption around 800-1050 nm appears in the picosecond
spectrum (Figure 2). The lifetimes determined for the por-

(ZnP)3™  Cgov

\xs

/

x102 AAbsorbance

1 1 1 L 1
600 700 800 900 1000
Wavelength / nm

Figure 2. Picosecond time-resolved absorption spectra of (ZnP);-ref
(dotted line) and (ZnP),-Cg, (solid line) at a time delay of 1000 ps excited
at 560 nm in argon-saturated PhCN.

phyrin trimer triplet excited state are 1.1 ms in PhCN,
1.7 ms in THF, and 1.1 ms in DMF.

The porphyrin trimer radical cation (ZnP);'* produced by
the chemical oxidation of (ZnP)s-ref with Fe(bpy);** (bpy
= 2,2-bipyridine)?® exhibits broad absorption around
500-820 nm (Figure 3b). The absorption coefficient deter-
mined at 650 nm in PhCN was 13000m " cm ™. The charac-
teristic features of '(ZnP);, *(ZnP)}, and (ZnP);* described
above are easily detectable markers for following intramo-
lecular ET reactions.

Fc-(ZnP);: Nanosecond time-resolved absorption spectra of
Fc-(ZnP); were measured (Figure 4). Fe-(ZnP); was excited
at 532 nm, where the porphyrin moiety absorbs light exclu-
sively. The differential spectrum recorded 250 ns after the
laser pulse is characterized by bleaching of the porphyrin Q-
band absorption around 600-800 nm. As time elapses, only
the triplet—triplet absorption due to *(ZnP)} is observed.
This indicates little occurrence of photoinduced electron
transfer from Fc to '(ZnP);.

(ZnP);-Cyy: Time-resolved transient absorption spectra of
(ZnP);-Cg, were also measured by pico- and nanosecond
laser photolysis. In its picosecond time-resolved absorption

Table 2. ET rate constants (kgy), quantum yields (@), and driving forces (—AGr) in (ZnP);-Cg.

Solvent Initial state!®! Final statel®! —AG% [eV] kegr [s7'™ @l

PhCN (e, = 25.2) (ZnP)}-Cyy (195 €V) (ZnP);*-Cq (136 V) 0.59 Kiricsy = 2.8x10° @, ('ZnP) = 0.82
3(ZnP)*-Cg (1.56 €V) (ZnP),;*-Cq (136 €V) 020 Kerioss) = 2.5%107 ®esx(*ZnP") = 1.0
(ZnP);*-Cq (136 V) (ZnP)+-Cq 1.36 ke = 1.5%10°

THF(e, = 7.58) (ZnP)}-Cyy (1.99 €V) (ZnP),;*-Cq (135¢eV) 0.64 kiricsyy = 3.9%10° @, (‘ZnP) = 0.86
3(ZnP)*-Cy (1.56 €V) (ZnP),;*-Cq (135¢€V) 021 Keressy = 13x107 ®es;(*ZnP") = 1.0
(ZnP);*+-Cq (1.35¢eV) (ZnP);-Cq, 1.35 kgrcriy = 1.0x10°

DME(¢, = 36.7) (ZnP)}-Cyy (197 €V) (ZnP);*-Cq (125 V) 0.72 kiricsyy = 3.1x10° @, (‘ZnP) = 0.84
3(ZnP)*-Cy (1.56 €V) (ZnP),;*-Cq (125 V) 031 Keriessy = 7.3x107 ®esx(*ZnP") = 1.0
(ZnP);+-C (125 V) (ZnP),-Cqy 1.25 Kty = 13x10°

[a] The energy of each state relative to the ground state is given in parentheses. [b] The kg values for ET from '(ZnP); to Cy, were determined from the
fluorescence lifetimes by using the equation: kgr = [1/7((ZnP);=Cqy)] —[1/7((ZnP)s-ref)]. The kgr values for ET from *(ZnP); to Cy, were determined

from the rise component at 1000 nm. The kg; values for CR were determined by analyzing the decay of Cg ™ at 1000 nm. [c] The efficiency (@) for

charge separation was estimated on the basis of Figure 5.
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Table 3. ET rate constants (kgy), quantum yields (@) and the driving forces (—AG’sy) in Fe-(ZnP);-C.

Solvent

Initial statel®!

Final statel®

PhCN (g, = 252 V)

THF (¢, = 7.58)

DMF (¢, = 36.7)

Fe-'(ZnP);-Cq (1.95eV)
Fe-'(ZnP)7-Cy, (1.95 V)
Fe-*(ZnP);-Cy (1.56 €V)
Fe-(ZnP);1-Cgy (1.36 €V)
Fe-(ZnP);+-Cq (1.36 €V)
Fct-(ZnP);-Cgy~ (1.03eV)
Fe-'(ZnP);-Cq (1.99 V)
Fe-'(ZnP);-Cq (1.99 V)
Fe-*(ZnP);-Cy (1.56 €V)
Fe-(ZnP);1-Cgy (1.35eV)
Fe-(ZnP);+-Cq (1.35€V)
Fet-(ZnP);-Cg~ (1.00 V)
Fe-'(ZnP)}-Cy, (1.97 €V)
Fe-'(ZnP);-Cy (197 V)
Fe-*(ZnP);-Cq (1.56 €V)
Fe-(ZnP);+-Cgy (1.25€V)
Fe-(ZnP),*-Cq (125 V)
Fet-(ZnP);-Cgy~ (091 eV)

Fe-(ZnP);t-Cyy (1.36 V)
Fc*-(ZnP);~-Cq (1.82 €V)
Fe-(ZnP);t-Cqy (1.36 V)
Fct-(ZnP);-Cqy~ (1.03 V)
Fc-(ZnP);-Cg
Fc-(ZnP);-Cy,
Fe-(ZnP);t-Cgyy (1.35eV)
Fct-(ZnP);-Cq (1.94 €V)
Fe-(ZnP);t-Cgy (1.35eV)
Fct-(ZnP);-Cqy~ (1.00 eV)
Fe-(ZnP);-Cg
Fc-(ZnP);-Cy,
Fe-(ZnP);*-Cq (125 eV)
Fct-(ZnP);-Cq (1.93 V)
Fe-(ZnP);+-Cq™ (1.25€V)
Fe+-(ZnP);-Cqy~ (0.91 eV)
Fe-(ZnP);-Cg,
Fc-(ZnP);-Cy,

—AG%; [eVT'] kg [T Pl

0.59 keresny = 2.7x10° @ ('ZnP") = 0.81
0.13 keresy = 89x107  @cg('ZnP’) = 0.03
0.20 keresy = 25x107 @ (*ZnP) = 1.0
0.33 keresuny = 52x10°  Degy = 0.78

1.36 kgrery = 1.5%10°

1.03 keticray = 2.91 Ds(total) = 0.82(0.83)!"
0.64 keresy = 2.6x10° &g ('ZnP") = 0.80
0.05 keresy = 42x107  @Dcg('ZnP7) = 0.01
0.21 kgresy = 13x107  @(*ZnP) = 1.0
0.35 keresuy = 3.7x10°  Degyy = 0.79

1.35 kgrry = 1.0x10°

1.00 [el Des(total) = 0.83
0.72 keresy = 3.0x10° @ ('ZnP’) = 0.84
0.04 kpresy = 1.8x10°  @cg('ZnP’) = 0.05
0.31 k pressy = 73x107 @D (*ZnP) = 1.0
0.34 kgresuy = 41x10°  Degy = 0.76

1.25 kgrry = 1.3x10°

0.91 kercry = 1.99 Des(total) = 0.80

[a] The energy of each state relative to the ground state is given in parentheses. [b] The kgrcs) values for ET from '(ZnP); to Cy and Fc to '(ZnP); were
determined from the fluorescence lifetimes by using the equations kprcsiy = [1/7(Fe-(ZnP);-Cq)]—[1/z(Fe-(ZnP);)] and Kkgresyy = [1/7-
(Fe-(ZnP);)|—[1/7((ZnP)s-ref)]. The keycss values are assumed to be the same as those of (ZnP);-Cg. The kgyicsun values were determined from the
decay rate constants of (ZnP);* for Fe-(ZnP);-Cy, referred to those of (ZnP);-Cgy. The kgrcrs) values were determined by analyzing the decay of the
ESR signal due to Cq,~. [c] The efficiencies (@) for each deactivation pathway were estimated on the basis of Figure 7. [d] At 163 K. [e] Not measured.

[f] Quantum yield obtained from the comparative method.

a)
—O— 500 ns
| —e— 5us

o 0.1
(]
[ =
@
2 ’W\-‘_a
o
2, | M '
3 v

-0.1 . L 1 | 1

500 600 700 800 900 1000
Wavelength / nm

b) Amax = 650 nm

0.4
D
e
g 0.2
3 ¥
n
e}
<<
<o

_02 1 1 1

600 700 800

Wavelength / nm

Figure 3. a) Differential absorption spectra obtained upon nanosecond
laser flash photolysis (532 nm) of 0.1 mm of (ZnP);-ref solution in argon-
saturated PhCN with a time delay of 500 ns and 5 ps. b) Spectral change
upon addition of [Fe(bpy)s]** (0.11, 0.22, 0.33, 0.44, 0.56, 0.67, 0.78, 0.89,
1.0 equiv) to a PhCN solution containing (ZnP);-ref (2.0 x 10~ m).

spectrum in PhCN (Figure 2), (ZnP);-C4 was excited at
560 nm, where the porphyrin moiety absorbs light exclusive-
ly. The differential spectrum taken immediately after the
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Figure 4. Nanosecond time-resolved absorption spectra of Fe-(ZnP);
(0.1 mm) in argon-saturated PhCN excited at 532 nm with a time delay of
250 ns (open rings) and 2500 ns (solid rings).

laser pulse is characterized by bleaching of the porphyrin Q-
band absorption at 580 nm due to the '(ZnP)Y. As time
elapses, a new transition around 1000 nm appears, accompa-
nied by another new broad absorption around 600-700 nm
(the solid line in Figure 2), which is quite different from the
spectral features of *(ZnP); in Figures 3a and 4. By compari-
son with the absorption of C4~ and (ZnP);* (vide supra),
we ascribe the former and the latter bands to the Cg™
moiety® and the (ZnP);* moiety, respectively. This indi-
cates the occurrence of a photoinduced ET, evolving from
1(ZnP)_§" to Cg and, in turn, creating the (ZnP);*-Cg~ state.
The energy levels in PhCN;, as extracted from Table 2 into
Figure 5 to illustrate the relaxation pathways of photoexcit-
ed (ZnP);-Cg. Similar transient absorption spectra, specifi-
cally the spectral fingerprints of (ZnP);* and Cg~, were
obtained in THF and DMF.
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Figure 5. Reaction scheme and energy diagram for (ZnP);-Cg in PhCN.
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Figure 6. a) Nanosecond time-resolved absorption spectra of (ZnP);-Cq,
(0.1 mm) in argon-saturated PhCN excited at 532 nm with a time delay of
250 ns (open rings) and 1000 ns (solid rings). Time profiles of absorbance
at b) 620 nm and c¢) 1000 nm.

The fluorescence lifetimes 7 of (ZnP);-Cq, and (ZnP);-ref
were also measured with a time-correlated single-photon-
counting apparatus using 400 nm excitation, where the por-
phyrin moiety absorbs light exclusively. The fluorescence
decay was monitored at 630 nm, for the emission from only
the porphyrin moiety. No emission from the Cg, moiety was
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detected for (ZnP);-Cg, even at 720 nm.* In general, the
fluorescence decay curves were fitted well by a single expo-
nential decay component. The fluorescence lifetimes t are
listed in Table 4. On the basis of the fluorescence lifetimes

Table 4. Fluorescence lifetimes () of Fe-(ZnP);-Cq and the reference
compounds in THF, PhCN, and DME.

Compound Fluorescence lifetime 7 [ps]

PhCN (e, = 252) THF (¢, = 7.58) DMF (¢, = 36.7)
(ZnP);-Cg 290 220 270
(ZnP);-ref 1600 1600 1700
Fe-(ZnP)-Cq 300 310 280
Fc-(ZnP), 1400 1500 1300

[a] Excitation wavelength = 400 nm, monitoring wavelength = 630 nm.

(Agps = 630 nm) in PhCN, the ET rate constants were deter-
mined: kgycs;y = 2.8x10°s™" for ET from 'ZnP” to Cy with
quantum efficiency @cg('ZnP") = kgrcsi/(Keres)) + kise
+ ko) = 0.82. Similar kgr(cs)) values were also determined:
keresy = 3.9x10°s™ in THF and 3.1x10°s™' in DMF
(Table 2). These results are similar to those for the corre-
sponding references, ZnP-Cgy (Kgrcsyy = 9.5x10° s and
(ZnP),-Cgy (kgrcsy = 6.6x10°s™)"™ in Scheme 1.

Formation of Cg'~ (1000 nm) and (ZnP);* (broad absorp-
tion around 600-700 nm) was further substantiated
(Figure 6) by a set of complementary nanosecond laser ex-
periments using 532 nm excitation, where the porphyrin
moiety absorbs light exclusively. The transient absorption
spectrum obtained for (ZnP);-Cg, (Figure 6) matches the
spectrum in Figure 2, corroborating the formation of Cgy~
and (ZnP);* well. The resulting charge-separated state re-
combines to regenerate the singlet ground state. From the
decay kinetics at 1000 nm and 620 nm the rate constant
kereryy = 1.5%10°s™" deduced for a PhCN solution was vir-
tually the same as those of the corresponding references:
ZnP-Cg (kgrcry = 1.3x 10° 571)[191 and (ZnP),-Cqy (Kgr(criy
= 1.9x10°s7!).l% This indicates that the charge recombina-
tion from the C4'~ moiety to the porphyrin moiety adjacent
to the Cqy~ is the rate-determining step. The time profiles of
absorbance at 620 nm and 1000 nm display rise components
with identical rate constants of 2.5x 10" s™' before the decay
of the characteristic bands due to (ZnP);*-Cg ™. The un-
quenched porphyrin trimer singlet excited state undergoes
intersystem crossing to yield the corresponding triplet excit-
ed state, which results in the quantitative formation of
(ZnP);*-Cg~ by photoinduced ET (@cs;(*ZnP") = kgycss)/
(ker(cssy + ki) = 1.0). In other words, excitation of (ZnP);-
Cg leads to the exclusive formation of the (ZnP)y*-Cg™
state via '(ZnP); and *(ZnP);.

The photodynamic behavior of (ZnP);-C4 in THF and
DMF is similar to that described in PhCN (Table 2). A pos-
sible explanation for this analogy is based on the corre-
sponding energy levels. In particular, the energies of the ex-
cited states ('(ZnP); 1.95-1.99 eV, *(ZnP)] 1.56eV, 'C}
1.75eV, *C} 1.50eV) are substantially higher than the
energy of the charge-separated state in PhCN (1.36 eV),
THF (1.35eV), and DMF (1.25 eV). This, in turn, guaran-
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Figure 7. Reaction scheme and energy diagram for Fe-(ZnP);-Cy, in PhCN.

tees large driving forces for the associated charge separation
and CR processes.

Fc-(ZnP);-Cy,: The energy levels in PhCN, which are ex-
pected to be of significance for the photoinduced ET reac-
tions in Fe-(ZnP);-Cq, are taken from the data summarized
in Table 3 and displayed in Figure 7. Since a ferrocene unit
is tethered at the end of (ZnP);-Cg, the pentad will display
coupled photoinduced ET: Fe-'(ZnP);-Cq (1.95 eV)—Fe-
(ZnP);-Cyy~ (1.36 eV)—Fct-(ZnP);-Cqy~ (1.03eV) in
PhCN (Figure 7).

Its picosecond time-resolved absorption spectra in PhCN
after a laser pulse (560 nm) demonstrate that the spectral
behavior of Fe-(ZnP);-Cg, is similar to that of (ZnP);-Cq,
(Figure 2). This clearly shows that initial ET occurs from the
Y(ZnP); to the Cg moiety to generate Fe-(ZnP)y+-Cep™.
The rate constant (kgpcs;) = 2.7x10”s™") and the efficiency
of the formation of Fe-(ZnP);*-Cg~ from '(ZnP)f
[®csi('ZnP") = 0.81] were determined as described for
(ZnP);-C, (Table 3). The fluorescence lifetime of Fe-(ZnP),
indicates that photoinduced ET also takes place from the Fc
to the }(ZnP)} to produce Fe*-(ZnP);~ (Table 4). However,
the ET from the Fc to the '(ZnP); [kprcsy = 8.9x107s '] is
much slower (by a factor of '/y) than that from '(ZnP); to
Cq- Thus, the deactivation pathway to generate Fe*-
(ZnP);-Cq, is quite negligible [@cg,('ZnP") = 0.03], al-
though the charge-separated state would undergo charge
shift (CSH) (—AG:rcsiny = 0.79 ¢V) to the Cq moiety to
generate Fe'-(ZnP);-Cg~ efficiently.

Nanosecond transient absorption spectra of Fe-(ZnP);-Cg,
at a time delay in the nano- and microsecond regions also
exhibit formation of C4~ around 1000 nm, whereas the tran-
sient absorption due to the (ZnP);* around 600-700 nm dis-
appears (Figure 8a), in contrast with the case of (ZnP);-Cy,
(Figure 6a). The resultant absorption spectrum is virtually
identical to those of Fet-ZnP-Cg ' and Fe*-(ZnP),-
Cg 1" Taking into account the small molar absorption co-
efficient of the ferricenium ion (e~1000M'cm™ at
800 nm),”® one can conclude that the resulting charge-sepa-
rated state (Fe-(ZnP)y*-Cg") undergoes the CSH from the
Fc moiety to the (ZnP);* moiety to generate Fe'-(ZnP);-

Chem. Eur. J. 2004, 10, 3184-3196 www.chemeurj.org
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Cg - The time profile of ab-
sorption around 650 nm can be
fitted by a fast decay
[z((ZnP);*) = 150ns] and
slow decay identified as the ab-
sorption of Cg~ in Fet-(ZnP);-
kercsny @ csm Cs~ (Figure 8b). The fast
decay component corresponds
to the sum of the CSH from the
Fc moiety to the (ZnP);* and
the CR from the C4~ to the
(ZnP);*.  Given that the
kercry Of Fe-(ZnP);*-Cgy is
the same as that of (ZnP);*-
Co~ (1.5x10°s™"), the kprcsui
and the quantum yield of CSH
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Figure 8. a) Nanosecond time-resolved absorption spectra of Fe-(ZnP);-
Cg (0.1 mm) in argon-saturated PhCN excited at 532 nm with a time
delay of 500ns (open rings), 15us (solid rings), and 150 us (open
squares). b) Time profile of absorbance at 650 nm.

(Dcsui), determined according to Equation (3), are 5.2x
10°s7! and 0.78.

D =
s kET(CSH]) + kET(CRl)

kET(CSHl) (3)

It is interesting that the CSH value is smaller by two
orders of magnitude than that of Fe-ZnP-Cg (2.8x10°s71),
and is also smaller by a factor of '/, than that of Fe-(ZnP),-
Cg-"¥ The relatively slow CSH of Fe-(ZnP);-Cg may be as-
cribed to the slow charge migration in the porphyrin trimer
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in comparison with that in Fe-ZnP-Cg and Fe-(ZnP),-Cg,
(vide infra).

On the basis of the predominant excitation of the ZnP
moiety (>99 %), the total quantum yield (Dg(total)) for CS
is 0.83 when determined by applying the comparative
method from the nanosecond time-resolved transient spec-
tra (monofunctionalized Cg™, €900am = 4700M~ ' cm™").P
That the quantum yield is greater than those for Fet-ZnP-
H,P-Cq,~ (0.17-0.24)!% can be rationalized by the higher ef-
ficiency of the CSH along the meso,meso-linked zinc por-
phyrin arrays than that of the CSH in Fe-ZnP-H,P-Cy,.
Since the unquenched porphyrin singlet excited state under-
goes intersystem crossing to yield the porphyrin triplet excit-
ed state, photoinduced ET from the porphyrin triplet excit-
ed state to the Cq4 moiety (kgr(css) may occur to produce
the charge-separated state, as in the case of (ZnP);-Cy, (vide
supra). Assuming that 1) the quantum yield of CSH from
Fct-(ZnP); -Cgy to Fet-(ZnP);-Cqy is unity (Peg, = 1),
2) the decay of Fe-'(ZnP);-Cq, to the ground state is negligi-
ble (@4,~0), and 3) the kgrcss) value is the same as that of
(ZnP);-Cy, the total quantum yield of the charge separation
[Pes(total) = Pesix Pesm + PesyX Pesmy + Prse X Pz %
Dcgi] is found to be 0.82, which agrees well with the quan-
tum yield obtained from the transient absorption spectra
(Table 3). Similar photodynamic behavior was observed in
THF (@cs(total) = 0.83) and DMF (P¢(total) = 0.80); the
results are summarized in Table 3. The overall quantum
yields of formation of Fet-(ZnP);-Cg4y~ are as high as those
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Figure 9. a) Time profiles of absorbance at 1000 nm for Fe-(ZnP);-Cq,
(0.1 mm) in argon-saturated PhCN excited at 532 nm. b) Second-order
plot derived from the absorption change at 1000 nm.
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of Fct-(ZnP),-Cgy~ (0.82-0.92),®) despite the larger R..
value in the former.

In contrast to the previously reported tetrad Fe-(ZnP),-
Cq, the decay dynamics of the charge-separated radical ion
pair [Fet-(ZnP);-C4 "] does not obey first-order kinetics
(Figure 9a). Instead, the time profiles at 1000 nm (that is, at
the maximum of the Cyy~ absorption) obey second-order ki-
netics, as shown in Figure 9b, where [Fet-(ZnP);-Cq ]! is
plotted against time. From the slope of the linear plot is ob-
tained the second-order rate constant of 2.7x10°m 's™,
which is nearly completely diffusion-controlled. The second-
order rate law was further verified by changing the effective
radical ion pair concentration obtained by employing differ-
ent laser power levels over a wide range (with increments
reaching a five-fold increase in laser intensity). The prefer-
ence for such an intermolecular ET (second-order kinetics)
over an intramolecular ET (first-order kinetics) indicates
that the intramolecular charge recombination from the Cg,™
to the Fct moiety is too slow to compete with the intermo-
lecular ET.

ESR measurements under photoirradiation: To segregate
the intermolecular ET from the intramolecular ET process
in Fet-(ZnP);-C4~, ESR measurements were performed in
frozen PhCN or DMF using a low concentration of Fe-
(ZnP);-Cq, (1.0x107°M) under photoirradiation. The ESR
spectrum in frozen DMF (Figure 10a) under irradiation at
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Figure 10. a) ESR spectrum of Fe-(ZnP);-Cgy (1.0x107°M) in frozen dea-
erated DMF observed at 163 K under UV/Vis photoirradiation with a
high-pressure Hg lamp. b) Signal intensity response of Fe-(ZnP);-Cy, in
frozen deaerated DMF at the ESR signal intensity maximum due to the
Cqy~. c) First-order plot for the decay of the ESR signal intensity in Fe-
(ZnP)3-Cq (ker(crzy = 1.87s7h).
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163 K shows a characteristic broad signal attributable to
Ceo™ (g = 2.0004).5% Co~ was also produced by chemical
reduction of Cgeref with tetramethylsemiquinone radical
anion, yielding a virtually identical ESR signal. The lack of
direct ESR evidence for the ferricenium ion (Fc*) in the
Fct-(ZnP);-Cg,~ radical ion pair is rationalized in terms of
the well-known line broadening of the Fct ESR signal.’!]
Similar ESR spectra were observed for Fe-(ZnP);-Cq, in
frozen PhCN.

The ESR signal in a fixed magnetic field was monitored
to obtain maximal intensity of the Cg ™~ response and to
enable performance of the following lifetime experiments in
frozen DMF. As shown in Figure 10b, the ESR signal grows
immediately when the photoirradiation of Fe-(ZnP);-Cy, is
“turned on“. When the source was “turned off”’, the ESR
signal did not diminish instantly. Instead, it exhibited a slow
decay that lasted nearly for seconds, which was best fitted
by first-order kinetics yielding a rate constant of 1.9 s7! (Fig-
ure 10c) for the intramolecular CR process (kgr(crz)- The
clean mono-exponential dynamics corroborate the origin of
the ESR signal to be indeed the intramolecular radical ion
pair (Fet-(ZnP);-Cq 7). In contrast, as it may prevail be-
tween radical ion pairs located in close proximity, an inter-
molecular ET should exhibit multi-exponential decay pro-
files, depending on the relative distance between the radical
ion pairs. Under the present experimental conditions this
contribution was found to be negligible. The Kprcry) value is
also 2.9 s when determined in frozen PhCN at 163 K.

To shed light on the extremely slow charge recombina-
tion, the structure of the meso,meso-linked porphyrin trimer
radical cation is optimized by B3LYP calculation with the
LanL.2 MB basis set. The three porphyrin rings are found to
be perpendicular each other, minimizing the delocalization
of excess spin over the meso,meso-linked array (Figure 11).

Figure 11. Optimized structure and spin density distribution of meso,me-
so-linked porphyrin trimer radical cation. The optimized structure is ob-
tained by B3LYP calculation with the LanL.2 MB basis set.

The excess spin is localized mainly on the middle porphyrin
of the three.’ Thus, the observed high quantum yield of
radical ion pair formation results from efficient charge sepa-
ration through the porphyrin trimer,"¥,™™ whereas the slow
charge recombination is associated with the localized por-
phyrin radical cation in the porphyrin trimer.

Conclusion

The present study has demonstrated unequivocally occur-
rence of an intramolecular CR process in the Fe-(ZnP);-Cg,

Chem. Eur. J. 2004, 10, 3184-3196 www.chemeurj.org

pentad, observable by ESR measurements under photoirra-
diation. More importantly, the lifetime (0.53s in frozen
DMF and 0.34 s in frozen PhCN at 163 K) is one of the lon-
gest ever reported for intramolecular CR in a donor-accept-
or ensemble.” 33 The lifetime is comparable with that
(=1s) of the bacteriochlorophyll dimer radical cation
[(Bchl),*]-secondary quinone radical anion (Qg™) ion pair
in bacterial photosynthetic reaction centers.!"),”! Such an ex-
tremely long lifetime of a charge-separated state could only
be determined in frozen media, since in solution intermolec-
ular dynamics dominate the back ET. It should be empha-
sized that efficient formation of the final charge-separated
state with a high quantum yield (@ = 0.83) is also achieved
in the present pentad system. Such excellent performance of
this system can be rationalized by the efficient charge sepa-
ration and retarded charge recombination through the mes-
o,meso-linked porphyrin trimer.

Experimental Section

General: Melting points were recorded on a Yanagimoto micro-melting
point apparatus and not corrected. "H NMR spectra were measured on a
JEOL EX-270 and JEOL JNM-AL300. Fast atom bombardment mass
spectra (FAB MS) were obtained on a JEOL JMS-DX300. Matrix-assist-
ed laser desorption/ionization (MALDI) time-of-flight mass spectra
(TOF) were measured on a Kratos Compact MALDI I (Shimadzu). IR
spectra were measured on a Shimadzu FT-IR 8200 PC using KBr disks.
Steady-state absorption spectra in the visible and near-IR regions were
measured on a Shimadzu UV-3100PC. The edge-to-edge distances (R..)
were determined from CPK modeling using CAChe (version 3.7, CAChe
Scientific, 1994).

Materials: All solvents and chemicals were of reagent grade quality, ob-
tained commercially and used without further purification except as
noted below. The tetrabutylammonium hexafluorophosphate used as a
supporting electrolyte for the electrochemical measurements was ob-
tained from Tokyo Kasei Organic Chemicals. Tris(2,2'-bipyridine)iron(1r)
complex was prepared by adding 2,2'-bipyridine (3 equiv) to an aqueous
solution of ferrous sulfate.” Tris(2,2"-bipyridine)iron(1) hexafluorophos-
phate, [Fe(bpy);](PFs);, was prepared by oxidation of the corresponding
iron(11) complex with lead dioxide in aqueous H,SO, followed by the ad-
dition of KPF..”" THF, PhCN, and DMF were purchased from Wako
Pure Chemical Industries, Ltd., and purified by successive distillations
over calcium hydride. Thin-layer chromatography (TLC) and flash
column chromatography were performed with Art. 5554 DC-Alufolien
Kieselgel 60 F,s, (Merck) and Fujisilicia BW300, respectively.

Fc-(ZnP);-Cq (3): A solution of AgPF, (879.8 mg) in acetonitrile
(11 mL) was added all at once to a solution of 1 (1232.2 mg, 1.39 mmol)
and 2 (348.2 mg, 0.464 mmol) in dry CHCl; (250 mL) and dry N,N-dime-
thylacetamide (DMA) (3.8 mL). The reaction mixture was protected
from light and stirred at 30°C for 22 h. The reaction mixture was washed
with water, it was dried over anhydrous Na,SO,, and then the solvent
was evaporated. The reaction mixture was dissolved in a mixture of
chloroform (250 mL), trifluoroacetic acid (100 mL) and 5% aqueous sul-
furic acid (75 mL). After being stirred overnight, the mixture was poured
into water (300 mL) and extracted with CHCl;. The organic layer was
washed with a saturated NaHCO; aqueous solution, dried over anhy-
drous Na,SO,, and evaporated. Flash column chromatography on silica
gel with hexane-toluene (1:2) as an eluent (R; = 0.50 in benzene) and
subsequent gel permeation chromatography (BioRad Bio-Beads SX-1,
toluene) gave 3 as a dark purple solid (55% yield, 445.6 mg,
0.192 mmol). M.p.>300°C; '"H NMR (270 MHz, CDCl;) 6 = 8.96 (d, J
= 5Hz, 4H), 8.87 (d,/ = 5Hz, 4H), 8.69 (d,/ = 5Hz, 4H), 8.65 (d, J
= 5Hz, 4H), 849 (d,/ = 8 Hz, 4H), 841 (d,/ = 5Hz, 4H), 821 (d,J
= 5Hz, 4H), 815 (d,J = 5Hz, 4H), 8.09 (d,/ = 2Hz, 8H), 8.05 (d, J
= 2Hz, 4H), 7.73 (t, ] = 2Hz, 4H), 7.59 (t, / = 2Hz, 2H), 4.14 (s,
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6H), 1.46 (s, 72H), 1.34 (s, 36 H), —1.60 (brs, 2H), —2.12 ppm (brs, 4H);
MALDI-TOF MS (positive mode): m/z: 2325 [M+H*]; FTIR (KBr): 7=
3451, 3319, 2959, 2332, 1728, 1591, 1473, 1364, 1274, 1110, 962, 918, 796,
716 cm™'.

Free-base porphyrin carboxylic acid 4: A mixture of 3 (345.5 mg,
0.149 mmol) in THF/ethanol (8:2, 350 mL) and aqueous KOH solution
(2™, 35 mL) was refluxed under nitrogen (1 atm) for 36 h. After cooling,
the reaction mixture was diluted with water (300 mL), and the precipitate
was filtered. Acidification (pH 1) of an aqueous suspension of the residue
with aqueous HCI solution and subsequent filtration gave 4 as a black-
brown solid (327.2mg, 0.142 mmol, 96%). M.p.>300°C; 'H NMR
(270 MHz, CDCL/DMSO = 5:2): 6 = 8.94 (d,J = 5Hz, 4H), 8.90 (d, J
= 5Hz, 4H), 8.63 (d,/ = 5Hz, 4H), 848 (d, / = 8 Hz, 4H), 837 (d, J
= 8Hz, 4H), 8.07 (d, /] = 5Hz, 4H), 8.05 (d,/ = 2Hz, 8H), 7.71 (t, J
= 2Hz, 4H), 145 (s, 72H), —2.21 ppm (brs, 4H); MALDI-TOF MS
(positive mode): m/z: 2298; FTIR (KBr): #=3318, 2962, 2363, 1739,
1592, 1474, 1361, 1247, 973, 916, 793, 716 cm ™.
Ferrocene-meso,meso-linked porphyrin trimer 5: A solution of 4
(24.5mg, 0.0108 mmol), pyridine (0.04 mL), and thionyl chloride
(0.03 mL) in benzene (10 mL) was refluxed for 2.5 h. The excess thionyl
chloride and solvents were removed under reduced pressure and the resi-
due was redissolved in benzene (5 mL). This solution containing 4 was
added to a stirred solution of 4-aminophenylferrocene (2.17 mg,
0.00783 mmol) and 2-(4-aminophenyl)-5,5-dimethyl-1,3-dioxane (2.88 mg,
0.0138 mmol) in benzene (2.5 mL) and pyridine (0.5 mL), and the solu-
tion was stirred for 16 h. TLC showed three products and the second (R;
= 0.15, chloroform) was separated by flash column chromatography. The
second fraction was concentrated and dissolved in a mixture of chloro-
form (10 mL), trifluoroacetic acid (4 mL), and 5% aqueous sulfuric acid
(3mL). After being stirred for 17 h, the mixture was poured into 50 mL
of water and extracted with CHCIl;. The organic layer was washed with
saturated NaHCO; aqueous solution, dried over anhydrous Na,SO,, and
evaporated. Flash column chromatography on silica gel with chloroform
as an eluent (R; = 0.15) and subsequent reprecipitation from chloro-
form/methanol gave 5 as a black-red solid (5.4 mg, 0.0020 mmol, 19%).
M.p.>300°C; '"H NMR (270 MHz, CDCLy): 6 = 10.04 (s, 1H), 8.98 (d, J
= 5Hz, 4H), 891 (d, /] = 5Hz, 2H), 8.89 (d,J = 5Hz, 2H), 871 (d, J
= 5Hz, 4H), 8.66 (d,/ = 5Hz, 4H), 850 (d, / = 8 Hz, 2H), 8.48 (d, J
= 8Hz, 2H), 8.37 (d,J = 8 Hz, 2H), 8.35 (d, / = 8 Hz, 2H), 8.33 (brs.,
1H), 8.22 (d,J = 5Hz, 2H), 8.17 (brs, 1H), 8.16 (d, / = 5 Hz, 4H), 8.11
(s, 8H), 8.05 (s, 8H), 7.76 (d, / = 8 Hz, 2H), 7.74 (s, 4H), 7.60 (s, 2H),
7.58 (d, J = 8Hz, 2H), 4.73 (s, 2H), 4.39 (s, 2H), 4.13 (s, SH), 1.47 (s,
72H), 1.35 (s, 36 H), —1.59 (brs, 2H), —2.10 pm (brs, 4H); MALDI-TOF
MS (positive mode): m/z: 2660 [M+H*]; FTIR (KBr): #=3440, 3315,
2962, 2360, 1696, 1590, 1527, 1474, 1360, 1315, 1246, 1164, 973, 916, 798,
716 cm ™.

Fe-(H,P);-Cg): Cg (11.6 mg, 0.0161 mmol), 5 (5.4 mg, 0.0020 mmol), and
N-methylglycine (143 mg, 1.61 mmol) in dry toluene (35 mL) were re-
fluxed overnight under nitrogen (1 atm) in the dark. The reaction mix-
ture was allowed to cool to room temperature and then evaporated to
dryness at reduced pressure. Flash column chromatography on silica gel
with benzene/ethyl acetate (19:1) as eluent (R; = 0.50) and subsequent
reprecipitation from chloroform/methanol gave Fe-(H,P);-Cg, as a dark
grayish-brown solid (4.5 mg, 0.0013 mmol, 65%). M.p.>300°C; '"H NMR
(270 MHz, CDCL,CDCl,, 80°C) 6 = 9.01 (d,J = 5Hz,2H),8.99 (d,J =
5Hz, 2H), 894 (d, ] = 5Hz, 2H), 8.89 (d, J] = 5Hz, 2H), 8.76 (d, J =
5Hz, 2H), 8.74 (d,J = 5Hz, 4H), 8.72 (d,J = 5Hz, 2H), 851 (d,J =
8 Hz, 2H), 8.44 (brs, 1H), 8.41 (brs, 1H), 8.34 (d, / = 8 Hz, 2H), 831
(d,J = 5Hz, 2H), 829 (d, J = 5Hz, 2H), 823 (d, J = 5Hz, 2H), 8.22
(d,J = 5Hz, 2H), 8.15 (d, /] = 2Hz, 4H), 8.14 (d, J] = 2 Hz, 4H), 8.11
(d, J = 2Hz, 4H), 8.30-8.10 (brs, 4H), 7.96 (d, / = 8 Hz, 2H), 7.91 (d,
J = 8Hz,2H),7.79 (t,J = 2Hz,4H),7.78 (d,J = 8 Hz, 2H), 7.66 (t, J
= 2Hz, 2H), 7.62 (d, /] = 8 Hz, 2H), 5.02 (d, / = 10 Hz, 1H), 5.00 (s,
1H), 4.74 (s, 2H), 4.41 (s, 2H), 4.30 (d, / = 10Hz, 1H), 4.16 (s, 5H),
291 (s, 3H), 1.41 (s, 72H), 1.30 (s, 36H), —1.42 (brs, 2H), —1.97 ppm
(brs, 4H); MALDI-TOF MS: 3407 [M+H*]; FTIR (KBr): #=3318,
2959, 2357, 1682, 1592, 1521, 1475, 1362, 1313, 1245, 973, 917, 800, 715,
528 cm™".

Fc-(ZnP);-Cgy: A saturated methanol solution of Zn(OAc), (3 mL) was
added to a solution of Fe-(H,P);-Cgy (4.5 mg, 0.0013 mmol) in CHCI,
(30 mL) and refluxed for 30 min. After cooling, the reaction mixture was

3194

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

washed twice with water, then dried over anhydrous Na,SO,, and the sol-
vent was evaporated. Flash column chromatography on silica gel with
benzene/ethyl acetate (19:1) as eluent (R; = 0.50) and subsequent repre-
cipitation from chloroform/methanol gave Fe-(ZnP);-Cg, as a dark gray-
ish-violet solid (100% yield, 4.5mg, 0.0013 mmol). M.p.>300°C; 'H
NMR (270 MHz, CDCL,CDCl,, 80°C): 6 = 9.10 (d, / = 5 Hz, 4H), 9.00
(d,J = 5Hz,4H), 8.83 (d,/ = 5Hz, 4H), 8.82 (d, /] = 5 Hz, 4H), 8.50-
8.00 (m, 34H), 7.96 (d, / = 8 Hz, 2H), 7.86 (d, / = 8 Hz, 2H), 7.76 (s,
4H), 7.63 (s, 2H), 5.02 (d, J = 10 Hz, 1H), 5.00 (s, 1H), 4.80-3.00 (brs,
9H), 4.32 (d, / = 10Hz, 1H), 2.91 (s, 3H), 1.51 (s, 72H), 1.39 ppm (s,
36H); MALDI-TOF MS: 3598 [M+H*]; FTIR (KBr): #=3432, 2924,
1686, 1592, 1515, 1411, 1363, 1321, 1247, 997, 928, 822, 798, 716 cm™".
Fc-(ZnP);: This compound was synthesized from 4, 4-aminophenylferro-
cene, and 4-hexadecylaniline by the method described above for 5 and
Fc-(ZnP);-Cg. Dark grayish-violet solid from chloroform/methanol; yield
3%; m.p.>300°C; '"H NMR (300 MHz, CDCl;): 6 = 9.07 (d, J = 5SHz,
2H), 9.06 (d, J = 5Hz, 2H), 8.99 (d,/ = 5Hz, 2H), 898 (d, /] = 5Hz,
2H), 872 (d,J = 5Hz, 4H), 846 (d, /] = 8Hz, 2H), 845 (d, /] = 8 Hz,
2H), 8.31 (d, / = 8 Hz, 2H), 8.29 (d, / = 8 Hz, 2H), 8.16 (brs, 1 H), 8.15
(d,J = 5Hz, 4H), 8.12 (brs, 1H), 8.09 (d, / = 2Hz, 8H), 7.75 (d, J =
8 Hz, 2H), 7.73 (d, J] = 8 Hz, 2H), 7.70 (t, /] = 2Hz, 4H), 7.59 (d,J =
8 Hz, 2H), 7.29 (d, / = 8 Hz, 2H), 4.70 (t, /] = 2Hz, 2H), 436 (t,J =
2 Hz, 2H), 4.10 (s, 5H), 2.67 (d, J] = 7 Hz, 2H), 1.60-1.20 (m, 28H), 1.44
(s, 72H), 0.89 ppm (t, / = 7 Hz, 3H); MALDI-TOF MS (positive mode):
m/z: 3046 [M+H*]; FTIR (KBr): 7=3437, 2962, 2359, 1654, 1592, 1523,
1413, 1364, 1323, 1246, 997, 928, 823, 796, 715 cm ™.

Compound 6: This was synthesized from 4, 4-hexadecylaniline, and 2-(4-
aminophenyl)-5,5-dimethyl-1,3-dioxane by the method described above
for 5. Dark grayish-violet solid from chloroform/methanol; yield 17 %;
m.p.>300°C; '"H NMR (300 MHz, CDCLy): 6 = 10.03 (s, 1 H), 8.96 (d, J
= 5Hz,2H), 895 (d,/ = 5Hz, 2H), 8.88 (d, / = 5Hz, 2H), 8.87 (d, J
= 5Hz,2H), 8.63 (d,/ = 5Hz, 4H), 848 (d,/ = 8 Hz, 2H), 8.44 (d, J
= 8Hz, 2H), 8.36 (d, / = 8 Hz, 2H), 8.32 (brs, 1H), 8.31 (d, / = 8 Hz,
2H), 8.11 (d, J = 5Hz, 2H), 8.10 (d, / = 5H, 2H), 8.09 (brs, 1H), 8.07
(d, J = 2Hz, 8H), 8.04 (s, 4H), 7.73 (d, / = 8 Hz, 2H), 7.71 (t, J =
2Hz, 4H), 7.29 (d, J] = 8 Hz, 2H), 2.67 (d,J = 7 Hz, 2H), 1.60-1.20 (m,
28H), 1.44 (s, 72H), 0.89 (t, J = 7Hz, 3H), —2.15 ppm (brs, 4H);
MALDI-TOF MS (positive mode): m/z: 2699 [M+H™*]; FTIR (KBr): 7=
3443, 3315, 2959, 2359, 1690, 1588, 1515, 1246, 973, 911, 797, 716 cm™".
(ZnP);-Cgy: This compound was synthesized from 6, N-methylglycine,
and Cg4, by the method described above for Fe-(ZnP);-Cq,. Dark grayish-
violet solid from chloroform/methanol; yield 49%; m.p.>300°C;
'"HNMR (300 MHz, CDCL,CDCl,, 80°C): 6 = 9.10 (d, / = 5Hz, 2H),
9.06 (d, ] = 5Hz, 2H), 9.02 (d, J] = 5Hz, 2H), 8.88 (d, /] = 5Hz, 2H),
8.80 (d, J] = 5Hz, 2H), 8.74 (d, ] = 5Hz, 2H), 8.50 (d, ] = 8 Hz, 2H),
8.31 (d,J = 8Hz,2H), 8.21 (d,J = 5Hz, 2H), 8.16 (brs, 1H), 8.15 (d, J
= 5Hz, 2H), 8.13 (d, /] = 2 Hz, 4H), 8.12 (brs, 1H), 8.11 (d, / = 2 Hz,
4H), 8.09 (d, /] = 8 Hz, 2H), 7.93 (brs, 2H), 7.84 (d, /] = 8 Hz, 2H), 7.78
(d,J = 8Hz, 2H), 7.75 (t, J = 2 Hz, 4H), 7.73 (d, ] = 8 Hz, 2H), 7.33
(d, J = 8Hz, 2H), 492 (d, J = 10Hz, 1H), 485 (s, 1H), 419 (d, J =
10 Hz, 1H), 2.85 (s, 3H), 2.71 (d, / = 7 Hz, 2H), 1.60-1.20 (m, 28H),
1.44 (s, 72H), 0.93 ppm (t, / = 7 Hz, 3H); MALDI-TOF MS (positive
mode): m/z: 3639 [M+H*]; FTIR (KBr): #=3438, 2959, 2359, 1686,
1592, 1515, 1361, 1321, 1247, 997, 929, 823, 796, 715, 527 cm ™.

(ZnP);-ref: This compound was synthesized from 4 and 4-hexadecylani-
line by the method described for 5 and Fe-(ZnP);-Cg above. Dark gray-
ish-violet solid from chloroform/methanol; yield 11%; m.p.>300°C; 'H
NMR (300 MHz, CDCl,): 6 = 9.06 (d, /] = 5Hz, 4H), 8.98 (d, / = 5 Hz,
4H), 8.72 (d, J = 5Hz, 4H), 845 (d,J = 8Hz, 4H), 829 (d, /] = 8 Hz,
4H), 8.14 (d, J = 5Hz, 4H), 8.12 (brs, 2H), 8.09 (d, /] = 2 Hz, 8H), 7.72
(d, J = 8Hz, 4H), 7.70 (t, J = 2 Hz, 4H), 7.29 (d, J = 8 Hz, 4H), 2.67
(t, J = 7Hz, 4H), 1.60-1.20 (m, 56H), 1.44 (s, 72H), 0.89 ppm (t, J =
7 Hz, 6H); MALDI-TOF MS (positive mode): m/z: 3086 [M+H*]; FTIR
(KBr): 7=3432, 2924, 1686, 1592, 1519, 1409, 1360, 1319, 1246, 997, 929,
823,796, 715 cm ™.

Spectral measurements: Time-resolved fluorescence spectra were meas-
ured by a single-photon counting method using second harmonic genera-
tion (SHG, 410 nm) of a Ti:sapphire laser (Spectra-Physics, Tsunami
3950-L2S, 1.5ps fwhm) and a streakscope (Hamamatsu Photonics,
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C4334-01) equipped with a polychromator (Acton Research, Spectra-
Pro 150) as an excitation source and detector, respectively.

Picosecond transient absorption spectra were recorded by the pump and
probe method. The samples were excited with second harmonic genera-
tion (SHG, 388 nm) of output from a femtosecond Ti:sapphire regenera-
tive amplifier seeded by SHG of an Er-doped fiber (Clark-MXRCPA-
2001 plus, 1 kHz, fwhm 150 fs). The excitation light was depolarized. The
monitor white light was generated by focusing the fundamental of the
laser light on a flowing D,0/H,O cell. The transmitted monitor light was
detected with a dual MOS linear image sensor (Hamamatsu Photonics,
C6140) or an InGaAs photodiode array (Hamamatsu Photonics, C5890—
128).

Nanosecond transient absorption measurements were carried out using
SHG (530 nm) of a Nd:YAG laser (Spectra-Physics, Quanta-Ray GCR-
130, fwhm 6 ns) as an excitation source. For transient absorption spectra
in the near-IR region (600-1600 nm), monitoring light from a pulsed Xe
lamp was detected with a Ge avalanche photodiode (Hamamatsu Pho-
tonics, B2834). Photoinduced events in nano- and microsecond time re-
gions were estimated by using a continuous Xe lamp (150 W) and an
InGaAs-PIN photodiode (Hamamatsu Photonics, G5125-10) as a probe
light and detector, respectively. Details of the transient absorption meas-
urements have been described elsewhere.*® All the samples (107*~107>m)
in a quartz cell (1 cmx1cm) were deaerated by bubbling argon through
the solution for 15 min.

The quantum yields were measured by the comparative method.?™ The
strong monofunctionalized fullerene triplet-triplet absorption (&,09,m =
16100M " cm™!; Dy = 0.98)P™) served as probe to obtain the quantum
yield for the CS state, especially for the monofunctionalized fullerene 7-
radical anion (&,09pm = 4700M~" cm™).27)

ESR measurements: The ESR spectra of the porphyrin—fullerene linked
compounds and the reference compounds (1.0x107°m) in frozen DMF
and PhCN were measured under photoirradiation with the focused light
of a 1000 W high-pressure Hg lamp (Ushio-USH1005D) through an
aqueous filter at 163 K using an attached variable-temperature apparatus
in the cavity of the ESR spectrometer. The formation of Cg -ref was ex-
amined in the ESR spectrum of Cgyref (1.0x107*m) in the presence of
semiquinone radical anion (1.0x10~*m). Tetramethylammonium hydrox-
ide (TMAOH) was used for generation of the semiquinone radical anion
in the reaction between hydroquinone and p-benzoquinone.’”’ All ESR
measurements were performed on a JEOL X-band spectrometer (JES-
ME-1X) with a quartz ESR tube (3.9 mm i.d.). The g values and hyper-
fine splitting constants were calibrated using an Mn>* marker.
Electrochemical measurements: The differential pulse voltammetry
measurements were performed on a BAS 50 W electrochemical analyzer
in a deaerated PhCN (or THF and DMF) solution containing 0.10m n-
Bu,NPF; as a supporting electrolyte at 298 K (10 mVs™'). The platinum
working electrode was polished with BAS polishing alumina suspension
and rinsed with acetone before use. The counter-electrode was a plati-
num wire. The measured potentials were recorded with respect to an Ag/
AgNO; (0.01m) reference electrode. Ferrocene/ferricenium was used as
an external standard.

DFT calculations: The Gaussian 98 package® was used on an SGI
Origin 3800 instrument. We employed the B3LYP functional and
LanL.2MB basis set. The vibrational frequency analysis was performed
for the optimized structure to confirm it to be a stable minimum.
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