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Both charge-transfer absorption and emission have been observed in porphyrin-linked fullerene where the
Ceo moiety is closely located on the porphyrin plane. Electron-transfer parameters including reorganization
energies, free energy changes, and electronic coupling matrix elements were determined by analyzing the
charge-transfer absorption and emission in benzene. The reorganization energy is estimated-a& 0123

eV, which is the smallest value among inter- and intramolecular desmareptor systems ever reported and

is comparable to the smallest ones for the primary charge separation in the photosynthetic reaction center.
The results clearly show that fullerenes combined with porphyrins are potential components for constructing
artificial photosynthetic systems.

Introduction as vibrational 1,) and solvent {5 reorganization energies,
> N . . .

Photosynthesis is a natural energy-conversion system thatdnv'r.]g _fotrce( IAG lET)’gmd electront|c couptllrr\T%gr"TgtAr‘K(helerr;]ent

converts solar energy to chemical energy. The primary electron .(V)' In intermolecular donaracceptor Systems: ouy

: : intramolecular CT emissions have been extensively studied,
transfer (ET) processes of photosynthesis are characterized b){here have so far been onlv a few reports on CT abysor tion or
an extremely small reorganization energy< ~0.2 eV)12 This y P P

is essential in order to achieve the ultrafast forward ET and to EM'SSIon that was analyzed to give ET parameters in the

retard the energy-wasting back ET (BET), which is highl intramolecular systems. In addition, relatively largevalues
exergonic MG?;’ET _ 12 eV) and t(herelly deeply in tghey (>0.5 E\Q have been reported for the linked donacceptor
Marcus inverted regioh? The photoexcitation leads to the syls_|temsl. he fi . ld o f1h
production of the long-lived, charge-separated state with almost ere we report the first experimental determination ofthe
100% efficiency across the transmembrane proteithe value for the cT emission of_a porphyﬁrhullerene.dyad
reactants involved in the natural photosynthesis are chromo-iov{a_lr?mlyf“nked with asho&brldgggf—%?g—cﬁzoéglgurg
phores (i.e., chlorophylls) holding highly delocalize@lectron ). The reference compoundsrP— andteo™ ) an

: : : . . other types of porphyrin-linked fullereneZnP—P34—Cegy,
E;tztkﬂzr? gfjvs;?clr? ?g;%%r?éeg |2rtr(])atlI:e essentially nonpolar protein ZnP—P23—(;60, 'and ZnSP—M34—C60, used in this study are

There has been a widespread interest in synthesis of system§1ISO shown in Figure 1: The remarkably small reorganlz_atl_on
capable of mimicking the behavior of natural photosynthesis energy (0.23+ 0.11 eV) is dgd_uced from the cT emission
and thus providing artificial photosynthedi® The Marcus  SPectra 0ZnP—034~Ceo, providing valuable information for
inverted region is now well established, both in rigidly linked the construction of artificial photosynthetic systems.
molecule$ and in radical ion pair systems produced by
intermolecular photoinduced ETHowever, the smallest
values so far reported0.5 eVF~10 are still significantly larger Materials. Porphyrin-linked Go (ZnP—034—Cgo, ZNP—
than thel value for the natural photosynthetic systéi®ince M34—Cgo, ZNP—P23—Cgq, and ZnP—P34—Cg0)'> was ob-
the Marcus equation for reorganization energy predicts that tained by the DielsAlder reaction of the corresponding
reorganization energy becomes smaller upon decreasing theporphyrin o-quinodimethane produced from the dibromide in
donor-acceptor separation distante small reorganization  situ and G, followed by treatment with zinc acetate in CHCI
energy may be obtained when electron donor and acceptorPorphyrin reference compound@nP—034, ZnP—M34, ZnP—
molecules are covalently linked with a short bridge to place P23 andZnP—P34) were prepared by the coupling reaction
the donor moiety in the vicinity of the acceptor moiety. In such  of the corresponding aminoporphyrin and benzoic acid, followed
a case, one can expect to observe formation of an emittingby treatment with zinc acetate in CHClrespectivelyt>
charge-transfer (CT) state. The CT emissions have proven toCg,—REF!was synthesized from the corresponding dibromide
be the key to accurate determination of ET paraméfesach and Go by the same method as that described for porphyrin-
linked fullerenes.
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Figure 1. Molecular structures of model compounds.

(HexsNCIO4) was used as a supporting electrolyte for the run to afford the CT spectrum. All transfers were effected with
electrochemical measurements. Ke&I0, was prepared from  glass pipets to obviate contamination from trace metal impuri-
tetrahexylammonium bromide (Tokyo Kasei Organic Chemicals) ties. In control experiments using a benzene solutioArd?—

and sodium perchlorate monohydrate (Wako Chemicals). Ben-O34—Cgg or a mixed solution of the same concentration of
zene and benzonitrile were purchased from Wako Pure ChemicalZnP—034 andCeo—REF, it was confirmed that no thermal or
Ind., Ltd., and purified by successive distillation over calcium photochemical reaction occurred during the time required for
hydride. the spectral measurements.

Spectral Measurements.To deduce the CT spectra, the Steady-state fluorescence spectra were recorded using a
difference spectra were measured under calibrated conditionsFluorolog 3 fluorimeter (SPEX Inc.). The emission was detected
on a Shimadzu UV-3100PC spectrophotometer. In a typical using a cooled, IR-sensitive photomultiplier (Hamamatsu R2658).
procedure, the spectrum of a benzene solutiodrd? —034— The emission spectra were corrected using the correction func-
CeoWas first measured against a reference solution of the sametion supplied by the manufacturer after subtracting the photo-
solvent by using a matched pair of 10-mm quartz cuvettes. Next, multiplier dark counts signal. The air-saturated samples were
the solution of the same concentrationZofP —034 andCeo— excited at 440 nm, slits were 3 nm for both excitation and
REF was run against the same solvent using the same matchedmission monochromators, and the accumulation time was 5 s.
pair of 10-mm quartz cuvettes. It was confirmed that the sum These showed emission spectra, similar to those under the

of separately measured spectraznfP—034 and Cgo—REF deaerated conditions. The concentrations wereé?400* M
was the same as the spectrum of the solution containing thefor all the optical measurements.
same concentration of bothnP—034 and Cg¢o—REF. The Electrochemical Measurements.The cyclic voltammetry

second spectrum was subtracted from that obtained in the first(CV) measurements were performed on a BAS 50W electro-



1752 J. Phys. Chem. A, Vol. 105, No. 10, 2001 Imahori et al.

_ 1500 — -~ 1500 ey S . .
' C ] £ s s ]
3 ] o : 1
- ] S g ]
b= ZnP-034-C, 1 = _ ]
~ c F H 4
= ] ) Y i 3
Ag 1000 CT absorption E S 1000: \ ; ZnP-P34-Cg, 1
= ] © \ i 3
3 ] ] < % Ceo-REF ]
o 1 c N ]
(ED ] g X L. ]
& 500 3 £ 500 ) ]
S [ @ |
§ E\Cs(rR?f/ - g [ / |
5 E~ 5 L ZnP-P34 '
g pameou N _ Y T =
Pl widur Stk Tkl LYY I 1 1 I
%50 700 750 800 850 550 600 650 700 750 800 850
Wavelength / nm Wavelength /nm
Figure 2. Absorption spectra oZnP—034—Cg, (solid line with Figure 3. Absorption spectra oZnP—P34-Ce (solid line), ZnP—

circles), ZnP—034 (dotted line), andCeo—REF (dashed line) in ~ P34(dotted line), andCeo—REF (dashed line) in benzene.
benzene and CT absorption@fiP—034—Cgin benzene (solid line). : R —
The contribution of absorption from the porphyrin and thglias been [ 7nP-034 C.-REF ZnP-034-C.s
subtracted to obtain the CT absorption. L n \ il e n Ceo

VN

chemical analyzer in deaerated benzene solution containing 1.2
M Hex4NCIO, as a supporting electrolyte at 4G (10 mV s1).

The glassy carbon working electrode was polished with BAS
polishing alumina suspension and rinsed with acetone before
use. The counter electrode was a platinum wire. The measured
potentials were recorded with respect to an Ag/AgCI (saturated
KCI) reference electrode.

Fitting Procedure of the Emission Spectra.The emission L
spectra were converted from the wavelength to the energy B —
domain,I(v) = I(1)A2, wherev = c¢/A. A nonlinear curve-fitting 600 700 800 900 1000
algorithm utilizing mean least squares evaluation criterion was Wavelength / nm

used to fit the spectra in the frequency domain to eq 2 taking Figure 4. Fluorescence spectra BhP—034—Cao (solid line, Aex =

into account only the four first summandss= 0, 1, 2, 3 (se€ 440 nm),ZnP—034 (dotted line Lex= 425 nm), ancCeo—REF (dashed
Results and Discussion). line, Aex = 370 nm) in benzene. The spectra are normalized for
comparison.

Fluorescence intensity /a.u.

Results and Discussion
034 and Cg—REF) in benzené? A broad and weak band is

We have earlier reported the synthesis, structures, andSeen around 656800 hm inZnP—034—Cag, as compared to
photophysical properties of porphyrin-linked fullerenes, in which ZnP—034 andCeg—REF (Amax= 703 nm) 1I'he CT spectrum
max .

a phenyl group has been employed to link the electron acceptor(/lmax = 721 nm) fromZnP—034—Cgo in benzene has been

. o . )
(Ceo) to th(;lpgrphyrltn motllet9‘. Sut?h a fl|trr11kalgekwnh.at?1hen¥rl] obtained by subtracting of the spectrazofP—034 andCgo—
group enabied a systemalic vanation ot the linkage In e ortho-, per ¢rom that ofZnP—034—Cg (see Experimental Section).

meta-, and para-position of the phenyl group 1o afffinP — In benzonitrile the CT bandifax = 724 nm) ofZnP—034—

834:(5560133;\'/:MS;i_sigo\’/vﬁnif\_Flefre?{%k?g?ﬁ;;azgﬂ; 4  Ceois broad and slightly red-shifted by 3 nm, relative to that in
60, €SP Y, 9 ' benzene. In contrast to the case &fP—034—Cg, no CT

transient absorption and fluorescence lifetime measurements )
revealed the formation of zinc porphyrin radical cation (ZnP ?:bsorpt(ljo; l;afg;’;sg bgerged mTP_Ps“;CGO’ Z.nF|>:.—M34; ¢

and Gy radical anion (Gg~) in nonpolar solvents as well asin 5% En E 60 IN DENZENE as Shown N |ggre or
polar solvents, regardless of the specific position of the linkage, ZnP—P34-Ceo. Furthermore_, benzene solutlonsZm‘F_’ 034
indicating that the extent of CT is complete even in nonpolar and CGO_,R,EF show UV-visible spect.ra .th'at are simply the
solventsi5—22 The reference compoundZrP—034, ZnP— supe_rpo_smon of the spectra of the two individual chromophores.
M34, ZnP—P23 ZnP—P34, and Ceo—REF) were also made This indicates Fhat the_close contact between the porphynn plane
to determine the photophysical properties of the porphyrin and 2d the Gomoiety achieved only foZnP—034—Ce* (Figure

Ceo moieties (Figure 135 From thetH NMR spectra, absorption 1) is essential for the observation of the CT spectrum.
spectra, and molecular mechanics calculation&r? —034— Figure 4 displays emission spectraZofP—034—Ceo, ZNP—

Ceo, the Gso moiety is folded onto the porphyrin plane, leading 034, and Ceo—REF in benzene. The reference compounds
to a van der Waals contact between thg &d twotert-butyl (ZnP—034 and Ceo—REF) exhibit fluorescence with typical
groups at meta-positions of the meso-phenyl groups (center-peaks as zingnesetetraphenylporphyrinsifax = 605, 648
to-center distanceR,) = 7.6 A, edge-to-edge distandg.f) = nm)® and monoadducts of ¢ (Amax = 713, 787 nm)®

3.2 A)1®5 This is in sharp contrast with other isomers, where respectively. In contrasZnP—034—Cgo Shows relatively strong

the porphyrin and the 4 were separated by a considerable CT emission{max= 810 nm) that extends into the near-infrared

distance Rec = 18.6 A ZnP—P34—Cqg), Rec = 14.4 A @nP— region?* in addition to weak emission from the porphyrin at
M34—Cep), Rec = 12.5 A @ZnP—P23—Cg()].15 612 and 652 nm® Emission from the g moiety is negligible.
Figure 2 shows the enlarged absorption spectra {&50 The CT emission in benzonitrile becomes broader and weaker

nm) of ZnP—034—Cgo and the reference compoundpP— (see the Supporting Information, Figure S1), which is charac-
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Figure 5. Fluorescence spectra @hP—P34—Cg (solid line, lex =

425 nm),ZnP—P34 (dotted line Aex = 425 nm), andCs—REF (dashed
line, Aex = 370 nm) in benzene. The spectra are normalized for
comparison.

teristic of CT emission in doneracceptor systen®. It is
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Figure 6. CT emission spectrum &inP—034—Cg in benzene. The

contribution of emission from the excited singlet states of the porphyrin
and the G has been subtracted. The fit of the curve based on the

Marcus model (eq 2) is shown by the dotted line (see text for the best

fit BET parameters).

interesting to note that there was no CT emission in the solution k;T) motions associated with the solvent reorientation are given
containing a mixture of the same concentrations of the referencepy a solvent reorganization energy, Each summand in eq 1

compoundsZnP—034 andCeo—REF). As it was the case of
the CT absorption, no CT emission was observedZoP—

P34—Cgo, ZNP—M34—Cgo, or ZnP—P23—-Cgq in benzene, as
shown in Figure 5 foZnP—P34—Cg. This also indicates that

represents the ET rate for a single contribution to the total ET
rate from aj<—0 nonradiative vibronic transition. Overall, the
ET rate constant is proportional to a square of the electronic
coupling matrix elementy?, which is assumed to be small or

the close disposition and the resulting relatively strong interac- moderate to fulfill the conditions of a nonadiabatic process.

tion between the porphyrin andsgdmoieties® are required for
the observation of the CT emission as well as the CT
absorption-of

It is well-established that there is a close relationship between
thermal ET and radiative CT spectfalhe intensity of emission
(photons per molecule per unit time per unit spectral energy) is

It should be noted here that even in polar solvents such asgiven by eq 2, which is similar to the expression for the ET

benzonitrile the CT emission foZnP—034—Cgy can be
detected, whereas the conventional derexceptor systems
typically exhibit CT emission in only nonpolar and moderately
polar solventd®1¥1427 The small Stokes shift of the CT
emission ZnP—034—Cgu: 1530 cntl) in benzene supports
the rigid framework of G in both the excited and the ground
states. The energy difference nearly equal$!23eresulting in
A =0.10+ 0.02 eV forZnP—034—Cg. This value is much
smaller than the vibrational reorganization energy (0.3%2V)
estimated using the CT absorption afy@ pure diethylaniline
(550 nm¥°2and the CT emission of ggin methylcyclohexane
containing 0.1 M diethylaniline (740 nmj*¢ The total
reorganization energy is quite consistent with the small vibra-
tional reorganization energy (0.06 eV fogdCobtained from
theoretical calculatio®® The small Stokes and Raman shifts
reported in the photoexcitation and reduction of fullerenes
support the rigid structure of § where the vibrational
reorganization energy is small.

According to the semiclassical Marcus theory, the ET rate
constant Ky is expressed by eq 3

i

N[ A VN a2
b it \RPA ks T,
(hv, + AG%er + A)°

4K T

hv,

1)

eX

High-frequency lfv > kgT) skeletal vibrations of the donor and

rate, eq 1:

o2 + 2|7 1625

ex

[(v) =|n X

3
a2 |12

b, []\bw [\ JE I\ WAk T
(ihv, + AG%gr + Ag+ hy)?
KT

)

Heren s the refractive index of the solve] is the magnitude
of the electronic transition moment (dipole length formy)js
the frequency, antiv; is the energy of the emitted photon. In
a simple modelM is related to the electronic coupling matrix
element V), the energy of maximum emission intensity
[(hvf)mad, and the static dipole moment of the ion pair state
(4cp), @s shown in eq 3334

_ Ve

B (hvf)max

Thus, an analysis of the CT emission spectram®—034—
Ceo according to eq 2 would provide an independent method
for evaluating the ET parameters of eq 1. It is important to note
that the value oM? has an effect on intensity of the emission
only, but the shape of the spectrum and position of its maximum
are independent d¥12 (i.e., V?) and totally determined by four

®3)

acceptor are represented by a single “average mode” (the vparameters, namely, s, —AG%egr, andw,. The CT emission

mode), with a fixed frequency,, and vibrational reorganization
energy, Ay, which is associated with changes in the nuclear
positions of the species undergoing ET. Low-frequeroy<k

spectrum fronZnP—034—Cgo in benzene has been fitted using
the Marcus model to determine the BET parameters as shown
in Figure 6 (see Experimental Sectidf)*35The best fit values
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of ZNP—034—Cgp for Ay, As, —AG%ger, 1y in benzene are 0.10  absorption and emissidA:*3The A value is much smaller than

eV, 0.13 eV, 1.66 eV, 1540 cr¥, respectively, with experi-  those reported previously for porphyriquinone (0.5-1.8 eV}

mental accuracies a£0.01 eV foris and—AG%gr, and+0.1 and bisporphyrin-linked systems (8:%.5 eV)? In addition, the

eV for A, and .2 Since the ratiol,/hv, is less than unity, a experimental value is small, as compared to the calculated values

few first summands in eq 2 determine the shape of the emissionin donorCgp linked systems (i.e4 = 0.67 eV andR.c= 9 A

band, and the contribution of the transitions to higher vibrational in toluene for the aniline Cgo systent® andi = 1.11 eV and

modes is negligible. Therefore, the sum can be limited by Rec = 20.4 A in benzonitrile for the porphyrinCeo Systensh)

3 for a successful least-squares fitting. and the experimental values in intermolecular ET systems
The one-electron oxidation potenti&%) of the ZnP moiety involving fullerenes £ = 0.60 eV in dichloromethane for one-

of ZnP—034—Cg in benzene containing 1.2 M HgXCIO, electron oxidation of & and Gg by arene radical catiok¥®

was determined as 1.01 V (vs Ag/AgCl (saturated KCI) (see andA = 0.64 eV in benzonitrile/benzene (1:7 v/v) for electron

Experimental Sectior?y. The one-electron reduction potential exchange betweerBuCso~ andt-BuCsg 1°9.

(E%q of the Gso moiety of ZNnP—034—Cgp in benzene contain- More important, thel value is comparable to the smallest

ing 1.2 M HexNCIO4 was also determined as0.38 V (vs ones (0.22+ 0.16 eV) in the photosynthetic reaction center

Ag/AgCI (saturated KCI)§8 From theE%y andECeq values one where the primary charge separation takes place from the excited

can determine the free energy change of BET from thet@ state of the special pair to the active-branch pheophytin via a

the ZnP moiety 0ZnP—034—Cg (—AGP%e7) in benzene as  two-step sequential mechanism or a one-step superexchange

1.39 eV. This value is smaller than theAG%%ger value (1.66 mechanisnt. The small1 value in ZnP—034—Cg may be

eV) evaluated on the basis of the CT emission spectrum of ascribed to the large systems in which an electron and a hole

ZnP—034—Cg (vide supra). Such a difference may be mainly are delocalized over a three-dimensional framework of the

attributed to the presence of the high concentration of an porphyrin and the €, respectively:1025.e./160170ther important

electrolyte (1.2 M HexNCIO,) required for the cyclic voltam- conditions to achieve the smdllvalue are the short linkage

metric measurements in benzene, which results in a decreasdetween the porphyrin and then ZnP—034—Cg and the

in the free energy change of BET as compared to that in the use of a nonpolar solvent (benzene).

absence of an electroly®In fact, the— AG%set value ofZnP— In conclusion, the reorganization energy of ET in porphyrin-
P23—Cgo in benzene was reported to be 1.73 eV on the basis linked fullerene has been determined by analyzing the CT
of the energetic equilibrium betweetnP**—P23—Cgy~ and emission in benzene. The experimental value (@:2R11 eV)
ZnP—P23-1Cq0*.2®> The Coulombic stabilization oZnP*+— is the smallest value among inter- and intramolecular denor
034—Cgs0~ may be larger than that &nP*t—P23-Cgg~ in acceptor systems ever reported and is comparable to the smallest

benzene, since the separation distance between the porphyrimnes for the primary charge separation in a photosynthetic
and the Go in ZNP—034—Cgo (Rec = 7.6 A) is smaller than reaction center. Thus, an intramolecular charge separation
that in ZnP—P23-Cgo (Ree = 12.5 A). This justifies the system consisting of porphyrins and fullerenes can mimic

somewhat smaller AG%%set value ofZnP—034—Cg (1.66 €V), efficient photosynthetic charge separation without the special
as compared to that &nP—P23—Cg (1.73 €V). surrounding environment (i.e., protein matrix).
It is also possible to estimate the electronic coupling matrix
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