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Abstract: The photochemical and electrochemical properties of four chtd@ya or porphyrin-Cgo dyads

having the same short spacer between the macrocycle and the fullerene are examined. In contrast with all the
previous results on porphyriffullerene dyads, the photoexcitation of a zinc chler®s dyad results in an
unusually long-lived radical ion pair which decays via first-order kinetics with a decay rate constantof 9.1

10® s~L This value is 2-6 orders of magnitude smaller than values reported for all other porphyrin or chlorin
donor-acceptor of the molecule dyad systems. The formation of radical cations of the donor part and the
radical anion of the acceptor part was also confirmed by ESR measurements under photoirradiation at low
temperature. The photoexcitation of other dyads (free-base chiBGgis zinc porphyrin-Cgo, and free-base
porphyrin—Cgo dyads) results in formation of the ion pairs which decay quickly to the triplet excited states of
the chlorin or porphyrin moiety via the higher lying radical ion pair states as is expected from the redox
potentials.

Introduction in the visible wavelength region, whereas porphyrins generally

Because fullerenes and porphyrins have rich redox properties@V€ Strong absorption bands in this region of the spectrum.
in both the ground and excited states, they have been utilized | 'US, MOst Grbased donoracceptor systems synthesized to

as important components for the design of novel artificial date have utilized porphyrins as an antenna for efficient light

photosynthetic systenis® Fullerenes have a low absorbance capture in the visible region of the spectréirfi Although natural
photosynthesis utilizes chlorophylls as antenna molecules, only

a few model compounds have been synthesized where a
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Scheme 1

i) NH,CH,-C=CH, toluene, 80 °C

i) Grubb's catalyst, CH,=CH,, CH,Cl5, 48 h
i} Cgp/toluene, reflux

iv) DDQ, rt

6: M=2H (HzCh-Ceo)
7:M=2n (ZnCh-Ceo)

9:M=2H (HZPOF'CG())
10: M = Zn (ZnPor-Cgg)

only one of these compounds (a chlofi@g, dyad) has been  Experimental Section

examined as to its photochemical properfiéisis thus of great . o . o
interest to examine the use of a chlorin as an electron donor Materials. Tetramethylp-benzosemiquinone radical anion in benzo-
instead of a fully conjugated porphyrin in theginked dyad nitrile was prepared by proportionation reaction of tetramefhyl-

that . iaht b de bet th lat enzoquinone with the dianion obtained by a deprotonation of the
SO that comparisons mig € made between these relate orresponding hydroquinone with tetrabutylammonium hydro¥idé.

systems. A number of porphyrirCeo dyads have been reported  1yis(> 5_pipyridyl)ruthenium dichloride hexahydrate, [Ru(bgglz-
in the literature; 8 but the different linkages and geometries gn,0 ’ was obtained commercially f Aldrich Tlh idati f
20, y rom ricn. e oxidation o
between the various porphyriCso systems and the single  [Ru(bpy)|Cl, with lead dioxide in aqueous80; gives [Ru(bpy)]*,
photochemically investigated chlorin-containing dyad have which is isolated as the RF salt, [Ru(bpy)](PFs)s.24 Tetrabutyl-
precluded a direct comparison between the redox and photo-ammonium perchlorateBusNCIOg), used as a supporting electrolyte
chemical properties of these two systems. for the electrochemical measurements, obtained from Fluka Fine
In this study, we have designed and synthesized both chlorin Chemical, was recrystallized from ethanol and dried in vacuo prior to
(H2Ch)—Cso and porphyrin (HPor)-Ceo dyads as well as the use. Be_n_zonltrlle was pqrcha_seq frpm Wako F;gre Chemical Ind., Ltd.,
Zn analogues (ZnGRCgo and ZnPor-Ceo), all of which have ~ 2nd purified by successive distillation oveiQ.
the same linkage so that we might quantitatively extract the 1€ synthesis and characterization 6OH—Ceo, HoP0—Co, the Zn
results of utilizing a chlorophyll-like donor (a chlorin) instead ~2na0gues (ZnChCe and ZnPorCeo), and the reference compounds
of a fully conjugated porphyrin. The electrochemical and have been performed according to Scheme 1. For synthesis of the
. . - _corresponding porphyrinfullerene analogues, the purpurin-h8-
photochemical properties of these compounds are then StUd'eCEropargylimide (synthesis is described in Supporting Information, S1)
using cyclic voltammetry and laser flash photolysis, respectively.
Unique electrochemical and photochemical properties of Z2nCh (12) Fukuzumi, S.; Yorisue, TBull. Chem. Soc. Jpri992 65, 715.

Ceo are revealed in comparison with those of the other dyads. _ (13) Fukuzumi, S.; Nakanishi, I.; Suenobu, T.; Kadish, K. J.Am.
Chem. Soc1999 121, 3468.

(11) (a) Kutzki, O.; Walter, A.; Montforts, F.-elv. Chim. Acta200Q (14) DeSimone, R. E.; Drago, R. $. Am. Chem. S0d.97Q 92, 2343.
83, 2231. (b) Montforts, F.-P.; Kutzki, OAngew. Chem., Int. EQ00Q (15) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
39, 599. Chemicals Butterworth-Heinemann: Oxford, 1988.
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was converted into the related porphyrin, also known as “emeraldin”,

by DDQ (2,3-dichloro-5,6-dicyanp-benzoquinone) treatmettt.
Chlorin-diene 4. Propargylimide2 (85 mg, 0.14 mmol) was

dissolved in 10 mL of dichloromethane (@Ely), followed by 12 mg

of Grubbs’ catalyst (10 mol %). The synthesis 2fs described in

Supporting Information (S1). The reaction mixture was stirred under

ethylene gas at room temperature for 48 h. After removing solvent

Fukuzumi et al.

of saturated Zn(OAg)in methanol. The reaction mixture was refluxed
for 1h. After regular workup, the crude product was chromatographed
on a silica plate with 3% methanol/GEl,. The title compound was
obtained in 6.0 mg yield (75% yield). Melting point: 13€. FAB

MS (W2): 1427.9 (M+ 1), 720.7 (Gg). UV—vis (CH.Cl,, nm )):

404 (5.6x 10%, 425 (8.6x 10%, 515 (5.1x 10%), 557 (7.9x 10,

632 (1.0x 10%, 683 (4.0x 10%. 'H NMR (400 MHz, 5.0 mg/mL

and excess ethylene, the mixture was chromatographed on a silica platé€cDCh, 6 ppm): 9.26, 9.14 and 8.28 (each s, 1H, 5-H, 10-H and 20-

with 1% acetone/CkCl, as the mobile phase. The fast moving band
was identified as desired diedavith a 40% conversion yield (36 mg).
The slow moving band was identified as the starting material. There
was no byproduct formation in this reaction. Melting point: €5
FAB MS (m/2): 644.6 (M + 1) and 643.6 (M). Anal. Calcd for
CsoHa1NsO4+ (Y2)H20: C, 71.74; H, 6.49; N, 10.73. Found: C, 72.11;
H, 6.39; N, 10.70. UV~vis (CH,Clp, nm )): 365 (4.7 x 10%), 416
(1.3 x 10P), 512 (6.5x 10%), 548 (2.3x 10%, 647 (7.7x 10°), 707
(4.8 x 10%. *H NMR (400 MHz, 5.0 mg/mL CDGl 6 ppm): 9.51,
9.26 and 8.57 (each s, 1H, 5-H, 10-H and 20-H), 7.84 Jdd,18 Hz

12 Hz, 1H, 31-H), 6.70 (dd] = 18 Hz 12 Hz, 1H, diene-H), 6.25 (d,

J =18 Hz, 1H, 32-H), 6.12 (d) = 12 Hz, 1H, 32-H), 5.64 (d) = 18

Hz, 1H, diene-H), 5.41 (m, 1H, 17-H), 5.33 (d, 1H, diene-H), 5.31 (s,
2H, N—CH,), 5.21 (d,J = 17 Hz, 2H, diene-H), 4.36 (q]l = 7 Hz,
1H, 18-H), 3.78, 3.56, 3.33 and 3.08 (each s, 3HzCH.54 (q,d =

8 Hz, 2H, 8CH,CHs), 2.71, 2.41 and 2.00 (each m, total 4H, 171,CH
and 172-CH), 1.79 (d,J = 7 Hz, 3H, 18-CH), 1.63 (t,J = 8 Hz, 3H,
8-CH,CHjz), —0.03 and—0.15 (each br s, 1H\-H).

Porphyrin- N-propargylimide Methyl Ester 5. Purpurin 18N-
propargylimide 2, (820 mg, 1.27 mmol) was dissolved in 100 mL of
dry CH.CI, and stirred under argon. A solution of 2,3-dichloro-5,6-
dicyanop-benzoquinone (DDQ) (530 mg in 10 mL methanol) was
added in portions over 30 min. The reaction mixture was left stirring
for another 30 min before pouring into water. After washing witk 6
800 mL of water to remove the excess DDQ, the crude product was
further washed with hexanes to remove most of the chlodips&
705 nm). Finally, after purification by column chromatography with
2% MeOH/CHCI,, the desired porphyrin was obtained in 55% yield
(428 mg). HRMS for G/H3sNsO4: caled, 614.2683 (Mt 1); found,
614.2.'H NMR (400 MHz, 5.0 mg/mL CDG], 6 ppm): 8.99, 8.89
and 8.88 (each s, 1H, 5-H, 10-H and 20-H), 7.67 (@¢; 18 Hz, 12
Hz, 1H, 31-H), 6.06 (dJ = 18 Hz, 1H, 32-H), 6.03 (dJ = 12 Hz,
1H, 32-H), 5.34 (d, 2HJ = 2 Hz, N-CH,), 4.05 (t,J = 8 Hz, 2H,
17-CH,CH,CO,CHz), 3.64, 3.63, 3.20, 3.17 and 3.13 (each s, 3H, 2-,
7-, 12-, 18-CH and CQCHg), 3.61 (q,J = 8 Hz, 2H, 8CH,CH),
3.15 (t, 2H, 17-CHCH,CO,CHs), 2.46 (t,J = 2 Hz, 1H, CCH), 1.56
(t, J = 8 Hz, 3H, 8-CHCHj3), 10.16 and 9.87 (each br s, 1H,%2
N-H).

Chlorin —Cgo Dyad 6. Diene4 (30 mg, 0.047 mmol) and g (44
mg, 0.061 mmol) were mixed in 20 mL toluene and refluxed for 2 h.
After removing the solvent, the crude product was chromatographed
on silica plate with 1% methanol/GBl,, and two bands were collected.
Desired dyad was obtained in 30% yield (19 mg) from the fast moving
band, and the starting dierewas recovered in 50% yield (14 mg)
from the slow moving band. Melting point: 197C. HRMS for
CooH41NsO4: caled, 1364.3270 (M- 1); found, 1364.3273. UVvis
(CH:Cl3, nm ()): 365 (4.8x 10%, 419 (1.0x 10°), 512 (6.4x 10°),
551 (1.9 x 10%), 653 (7.1x 10%), 710 (3.7 x 10%). H NMR (400
MHz, 5.0 mg/mL CDCY4, 6 ppm): 9.48, 9.30 and 8.49 (each s, 1H,
5-H, 10-H and 20-H), 7.85 (dd, = 18 Hz, 12 Hz, 1H, 31-H), 7.22 (t,

J = 5 Hz, 1H, cyclohexene-H), 6.26 (d,= 18 Hz, 1H, 32-H), 6.14
(d,J =12 Hz, 1H, 32-H), 5.67 (ABX, 2HN-CH,), 5.29 (m, 1H, 17-

H), 4.33 (ABX, 2H, cyclohexene-H), 4.29 (d,= 7 Hz, 1H, 18-H),
3.98 (d,J = 6 Hz, 2H, cyclohexene-H), 3.75, 3.53, 3.30 and 3.12 (each
s, 3H, CH), 3.59 (q,J = 8 Hz, 2H, 8CH,CHs), 2.69, 2.41 and 1.88
(each m, total 4H, 171-CHand 172-CH), 1.63 (d,J = 7 Hz, 3H,
18-CH;), 1.61 (t,J = 8 Hz, 3H, 8-CHCHg), —0.05 (br s, 2H, 2x
N-H).

Chlorin —Cgo Dyad (Zn Complex) 7. Chlorin—Cso dyad6 (7.5 mg,
0.0055 mmol) was dissolved in 20 mL of GEl,, followed by 5 mL

(16) Kozyrev, A. N.; Zheng, G.; Lazarou, E.; Dougherty, T. J.; Smith,
K. M.; Pandey, R. KTetrahedron Lett1997 38, 3335.

H), 7.82 (dd,J = 18 Hz, 12 Hz, 1H, 31-H), 7.13 (§ = 5 Hz, 1H,
cyclohexene-H), 6.10 (dl = 18 Hz, 1H, 32-H), 6.01 (dJ = 12 Hz,
1H, 32-H), 5.42 (ABX, 2H, N-CHy), 5.26 (m, 1H, 17-H), 4.28 (ABX,
2H, cyclohexene-H), 4.13 (d,= 7 Hz, 1H, 18-H), 4.00 (dJ = 6 Hz,
2H, cyclohexene-H), 3.58 (¢J, = 8 Hz, 2H, 8CH,CHjy), 3.49, 3.34,
3.20 and 3.12 (each s, 3H, > CHs), 2.56, 2.26 and 1.85 (each m,
total 4H, 171-CH and 172-CHj), 1.61 (t,J = 8 Hz, 3H, 8-CHCHj),
1.58 (d,J = 7 Hz, 3H, 18-CH).

Preparation of Porphyrin-Diene 8. A mixture of propargylimide
5 (400 mg, 0.65 mmol) and Grubbs’ catalyst (55 mg, 10 mol %) was
dissolved in 50 mL of CEKCl,. The reaction mixture was stirred under
ethylene gas at room temperature for 64 h. After removing the solvent,
the crude product was separated by silica column chromatography with
2.5% MeOH/CHCI,, and the resulting product was further purified
by silica plate with 2% MeOH/CKCI, to afford the porphyrin-diene
in 30% yield (125 mg). El for €HsoNsO4: calcd, 642.2996 (Mt 1);
found, 642.3'H NMR (400 MHz, 5.0 mg/mL CDGl é ppm): 9.22,
9.14 and 9.13 (each s, 1H, 5-H, 10-H and 20-H), 7.73 Jdd,18 Hz,

12 Hz, 1H, 31-H), 6.72 (dd] = 18 Hz, 12 Hz, 1H, diene-H), 6.07 (d,
J = 18 Hz, 1H,trans-32-H), 6.04 (dJ = 12 Hz, 1H,cis-32-H), 5.79
(d, J = 18 Hz, 1H, diene-H), 5.395.33 (m, total 5H, 3x diene-H
andN-CH,), 4.02 (t,J = 8 Hz, 2H, 17€H,CH,CO,CHj), 3.69, 3.64,
3.29, 3.22 and 3.19 (each s, 3H, 2-, 7-, 12-, 18;Cihd CQCHj),
3.67 (q,d = 8 Hz, 2H, 8CH,CHs), 3.14 (,J = 8 Hz, 2H, 17-CHCH,-
CO,CHjg), 1.62 (t,J = 8 Hz, 3H, 8-CHCHs), 10.85 and 10.62 (each
brs, 1H, 2x N-H).

Porphyrin —Cgo Dyad 9. Diene 8 (55 mg, 0.086 mmol) and &

(65 mg, 0.090 mmol) were mixed in 20 mL of toluene and refluxed
for 3 h. After removing the solvent, the residue was chromatographed
on a silica plate with 1% methanol/GEl,. Desired dya® was obtained

in 10% (12 mg) yield. UV-vis (benzene, nmef): 438 (1.1x 10°),

617 (1.0 x 10%, 669 (1.3 x 10%. HRMS for GgH3oNsO4: calcd,
1362.2996 (M+ 1); found, 1362.3'H NMR (400 MHz, 5.0 mg/mL
CDCls, 6 ppm): 4.33 (m, 2H, cyclohexene-H), 4.29 (o= 7 Hz, 1H,
18-H), 3.98 (d,J = 6 Hz, 2H, cyclohexene-H), 3.75, 3.53, 3.30 and
3.12 (each s, 3H, C§)l 3.59 (q,J = 8 Hz, 2H, 81-CH), 2.69, 2.41
and 1.88 (each m, total 4H, 171-Gkind 172-CH), 1.63 (d,J = 7 Hz,

3H, 18-CH), 1.61 (t,J = 8 Hz, 3H, 82-CH), —0.05 (br s, 2H, 2x
N—H), 9.81, 9.77 and 9.74 (each s, 1H, 5-H, 10-H and 20-H), 8.01
(dd, J = 18 Hz, 12 Hz, 1H, 31-H), 7.34 (1) = 6 Hz, 1H, 1x
cyclohexene-H), 6.21 (d, = 18 Hz, 1H,trans-32-H), 6.11 (dJ = 12

Hz, 1H,cis-32-H), 5.70 (s, 2HN-CH,), 4.40 (s, 2H, 2< cyclohexene-

H), 4.23 (t,J = 8 Hz, 2H, 17€H,CH,CO,CHs), 4.07 (d,J = 6 Hz,

2H, 2 x cyclohexene-H), 3.93 (q] = 8 Hz, 2H, 8CH,CHj), 3.83,
3.73, 3.49, 3.482 and 3.479 (each s, 3H, 2-, 7-, 12-, 18-&htl
CO,CH), 3.39 (t,J = 8 Hz, 2H, 17-CHCH,CO,CHj), 1.76 (t,J =8

Hz, 3H, 8-CHCHj3), 12.43 (br s, 2H, 2x N-H).

Porphyrin —Cso Dyad (Zn Complex) 1Q Dyad 9 (15 mg, 0.011
mmol) was refluxed in 40 mL of C§Cl, with 10 mL of saturated
Zn(OAc), in methanol for 1 h. After the standard workup, the crude
product was recrystallized from GBI,/hexanes to give 11.0 mg of
the title compound (70% yield). UVvis (benzene, nmgf): 331 (4.6
x 10%, 446 (8.9x 10%), 664 (1.6x 107.

Electrochemical MeasurementsCyclic voltammetry (CV) meas-
urements were performed on an EG&G model 173 potentiostat coupled
with an EG&G model 175 universal programmer in deaerated benzo-
nitrile  solution containing 0.10 Mn-BusNCIO, as a supporting
electrolyte at 298 K. A three-electrode system was used and consisted
of a glassy carbon working electrode, a platinum wire counter electrode,
and a saturated calomel reference electrode (SCE). The reference
electrode was separated from the bulk solution by a fritted-glass bridge
filed with the solvent/supporting electrolyte mixture. Thin-layer
spectroelectrochemical measurements were carried out at an optically
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transparent platinum thin-layer working electrode using a Hewlett-
Packard model 8453 diode array spectrophotometer coupled with an
EG&G model 173 universal programmer.

Spectral Measurements.Absorption spectra were recorded on a
Shimadzu UV-3100 PC U¥vis NIR spectrophotometer. Fluorescence
spectra were recorded on a Spex Fluorolog F112X spectrofluorometer.
The fluorescence quantum yield was determined by the relative method ) Z1Ch-Ceo (7)
using optically dilute solutions of 3 liethyloxatricarbocyanine iodide
in ethanol ¢ = 0.49) as reference. Time-resolved fluorescence spectra
were measured by a single-photon counting method using second
harmonic generation (SHG, 410 nm) of a Ti:sapphire laser (Spectra-
Physics, Tsunami 3950-L2S, 1.5 ps fwhm) and a streakscope (Hama- (c) HxChiref (2)
matsu Photonics, C433401) equipped with a polychromator (Acton
Research, SpectraPro 150) as an excitation source and a detector,
respectively. Nanosecond transient absorption measurements were
carried out using a Nd:YAG laser (Spectra-Physics, Quanta-Ray GCR- (d) HaCh-Cg (6)
130, fwhm 6 ns or Continuum, SLII-10,46 ns fwhm) at 355 nm
with the power at 30 mJ as an excitation source. For transient absorption
spectra in the near-IR region (66@200 nm), monitoring light from a
pulsed Xe-lamp was detected with a Ge-avalanche photodiode (Hama-
matsu Photonics, B2834). Photoinduced events in micro- and milli- T T T T T
second time regions were estimated by using a continuous Xe-lamp 1.2 0.8 0.4 0 -04

(a) ZnCh/ref (3)

1

T
-0.8

(150 W) and an InGaAs-PIN photodiode (Hamamatsu Photonics,
G5125-10; 600-1200 nm and Hamamatsu 2949; 40800 nm) as a

probe light and a detector, respectively. The output from the photodiodes

and a photomultiplier tube was recorded with a digitizing oscilloscope
(Tektronix, TDS3032, 300 MHz).

E,V vs SCE

Figure 1. Cyclic voltammograms of (a3, (b) 7, (c) 2, and (d)6 in
the presence of 0.10 M-Bu:NCIO, in PhCN (processes-13 represent
reduction of Go, while | and Il represent reduction of the macrocycle

ESR Measurements.A quartz ESR tube (internal diameter: 4.5 and Iil represents oxidation of the macrocycle).

mm) containing a deaerated PhCN solution of Zr@Cl, (1.0 x 1073 . .
M) was irradiated in the cavity of the ESR spectrometer with the focused / @nd6 consist of three one-electron reduction processes@f C

light of a 1000-W high-pressure Hg lamp (Ushio-USH1005D) through two one-electron reduction processes of the macrocyclic ring,
an aqueous filter at low temperature. The ESR spectra in frozen PhCNand the one-electron oxidation process of the macrocyclic ring.
were measured under nonsaturating microwave power conditions with The redox couple of ZnCh/znCh(l) in 7 is overlapped with

a JEOL X-band spectrometer (JES-RE1XE) using an attached variablethe redox couple of & /Cs®~ (2) in Figure 1b8 Similarly,
temperature apparatus. The magnitude of modulation was chosen tothe one-electron redox potentials of ZnP@s (10) and

optimize the resolution and the signal-to-noise (S/N) ratio of the
observed spectra when the maximum slope line widiH{s) of the
ESR signals was unchanged with larger modulation.g@ues were
calibrated with a MA™ marker.

Theoretical Calculations. Theoretical calculations were performed
on a COMPAQ DS20E computer. The PM3 Hamiltonian was used for
the semiempirical MO calculatiod$ Final geometries and energetics
were obtained by optimizing the total molecular energy with respect
to all structural variables. The heats of formatidi) were calculated
with the restricted HartreeFock (RHF) formalism.

Results and Discussion

ZnCh—Cqgo (7), ZnPor-Cgp dyads (0), and their correspond-
ing free-base dyads6{ H,Ch—Cgy 9: HoPor—Cgg) were
synthesized via a DietsAlder reaction of the chlorin4) and
porphyrin @) with the fullerene as shown in Scheme 1 (see
Experimental Sectiol?!! These tetrapyrrolic compounds

HoPor—Cgo (9) were determined from the cyclic voltammo-
grams. The first one-electron oxidation potentials of the macro-
cyclic ring (E°ox) Of 2, 3, 6, 7, 9, and 10, the first one-electron
reduction potentials of & (E°w.q) in the dyads §, 7, 9, and
10), and the first one-electron reduction potentials of the
macrocyclic ring of2 and 3 are listed in Table 1. Th&®q
values for reduction of linked 4g which are attributed to the
fullerene moiety are almost invariant, irrespective of the type
of linked macrocyclic ring, whereas tf&,, values for oxidation
of the macrocycle are shifted in a negative direction in the
following order: HPor > H,Ch > ZnPor> ZnCh. Thus, the
free energy change of electron transfer from ZnCh ¢pic 7,
obtained from the difference betwe&i.x and E°«q is the
smallest among the examined dya8ls.

A deoxygenated PhCN solution containing Znr&®so (7)
gives rise upon a 355 nm laser pulse to a transient absorption
spectrum with maxima at 790 and 1000 nm, as shown in Figure

contain a six-membered fused imide ring system and present2a (see Supporting Information (S2) for the transient absorption
an opportunity to design fullerene conjugates containing a spacerspectrum between 400 and 800 nm). The absorption band at
with a defined length and geometry. TH¢ NMR spectra of 1000 nm is a clear attribute of the fullerene radical anion,
the dyads revealed the presence of only a single species inbecause the one-electron reduction dfby tetramethylp-

solution10
The absorption spectra @, 7, 9, and 10 in benzonitrile

benzosemiquinone radical anion yields Zr€lye'~ which
exhibits the absorption band at 1000 ne= 7.0 x 105 M1

(PhCN) are reasonable superpositions of the spectra of thecm™1), as shown in Figure & The near-IR band at 1000 nm is
component chromophores making up these molecules. Thusknown as a diagnostic marker of the monofunctionalized

there is no significant electronic interaction between the

individual chromophores in their ground-state configuration.
The cyclic voltammograms of ZnCHCg (7) and HCh—

Ceo (6) are shown in Figure 1 together with those of unlinked

ZnCh @) and HCh (2) without Gso. The comparison with the

fullerene radical anioA!~22 The electrochemical oxidation of
7 in PhCN containing 0.2 Mi-BusNCIO4 at an applied potential

(18) Dubois, D.; Moninot, G.; Kutner, W.; Jones, M. T.; Kadish, K. M.
J. Phys. Cheml1992 96, 7137.
(19) The Coulombic term in a polar solvent (PhCN) is assumed to be

unlinked compounds reveals that the cyclic voltammograms of negligible.

(17) Stewart, J. J. Rl. Comput. Cheml989 10, 209, 221.

(20) Thee value was determined by the titration of Zn€Gg, with
tetramethylp-benzosemiquinone radical aniéh.
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Table 1. One-Electron Oxidation PotentialE%y), Reduction PotentialsE( 4, Free Energy Chenge of Photoinduced Electron Transfer
(AG°e7), Electron Transfer Rate Constanks+, Free Energy Change of Back Electron Transte&{ser), Back Electron Transfer Rate
ConstantsKger), and Triplet Decay Rate Constants)(in Deaerated PhCN at 298 K

E° E°red

ox
compound VVvsSCE VVsSSCE AG%reV Ket (Keaid?, St AG°ger, €V keeT (Kealg?, S°1 krs?
7 (ZnCh—Cs) 0.73 —0.60 —0.47 2.4x 10°(1.7 x 101 -1.33 9.1x 10°(9.6 x 1(°)
10 (ZnPor—Csg) 0.93 —0.58 —0.33 7.4x 10°(9.3 x 10°) —-1.51 2.0x 10¢
6 (H2Ch—Cso) 1.00 —-0.57 —-0.17 4.2x 10°(2.4 x 10°) -1.57 1.5x 10
9 (H,Por—Cg) 1.15 —0.57 —0.12 6.6x 10°(1.0 x 10°) -1.72 4.6x10*
3 (ZnChiref) 0.75 —1.00 5.6 x 10°
2 (H,Ch/ref) 0.99 -0.79 6.9x 10°
a Calculated based on eq 1.
(a) 0.02 20
2 15
a
< o.01 g
[=
S
€ 10
o
7]
1
< ZnCh-Ceq™~
0 1 1 I £=7.0x10°M"cm™
800 1000 1200 05
Wavelength, nm
(b 0.03 © 0 '
—_ 3 -1 400 600 800 1000
<0 kobs=9.1x10%s
< Wavelength, nm
» 002 )
< < Figure 3. UV—vis spectra of dyad ZnGhCso (7) (1.9 x 1075 M)
< 0.01L >,~_2 and reduced’ (ZnCh—Cesp~) produced by the reduction af with
’ ‘f tetramethylp-benzosemiquinone radical anion (2:0 1075 M) in
< deaerated PhCN at 298 K.
0 B3
_4 1 1 1
0 100 200 300 0 100 200 300
Time, ps Time, ps +

Figure 2. (a) Transient absorption spectrum of Zn@B (7) (1.0 x

10* M) in deaerated PhCN at 298 K taken at Qu& after laser
excitation at 355 nm, (b) the decay profile at 790 nm, and (c) the first-
order plot.

positive of the first reversible oxidation (0.90 V) gives the
chlorin z-cation radical (ZnCH —Cso) whose spectrum is shown

in Figure 4. This spectrum is almost identical to the transient
spectrum in Figure 2a, indicating that the absorption band at
790 nm in the photochemical experiment can be attributed to
the radical cation of the chlorin moiety.

The reference chlorin compound, shows a fluorescence
band at 700 nm with a quantum yield & = 0.10, whereas
the fluorescence emission is almost quenched for ZnCf 0 460
(7) in PhCN @ = 0.002). Next, we measured the fluorescence
lifetimes () of 7 and 3 with a time correlated single-photon-
counting apparatus by using a 410 nm excitation where the ZnChFigure 4. UV—vis spectra of ZnChCeo (7) (2.4 x 10™* M) during
moiety is mainly excited. The fluorescence decay curvé of _electrochemical oxidation at an applied potential of 0.90 V (vs SCE)
monitored atl = 700 nm was fitted by a single-exponential N deaerated PhCN at 298 K.

Absorbance

600 800
Wavelength, nm

(21) (&) Fukuzumi, S.; Suenobu, T.; Patz, M.; Hirasaka, T.; Itoh, S.; decay component. The fluorescence ||fet|me3c(f[(3) =26

Fujitsuka, M.; Ito, 0.J. Am. Chem. S0d.998 120, 8060. (b) Fukuzumi, - - _
S.; Suenobu, T.; Hirasaka, T.; Sakurada, N.; Arakawa, R.; Fujitsuka, M.; ns) is significantly reduced whehis replaced by (z(7) = 41

Ito, O.J. Phys. Chem. A999 103 5935. ‘ ps). The rate constant of electron transfer) from 1ZnCh* to
Arrgzz(%rsgznl_ug(’)c%(;) &1“?52'362/'3-?5 'Té‘)h?r?]é E‘grisz.aEi E-]?Oif;kaﬁ' Jé Ceols determined from the difference betwes#)~* andz(3) 2

. . . » A, El- » M. B 0 o1
Fujitsuka, M. Ito, O.; Sakata, Y.; Fukuzumi, $. Phys. Chem. 2001, to be.2.4>< 10 s7* (Table 1). The free energy change of
105, 325. photoinduced electron transfeéxG°er) from the singlet excited

(23) (a) Kadish, K. M.; Gao, X.; Van Caemelbecke, E.; Suenobu, T.; state of the ZnCh moiety to the g moiety in PhCN is
Fukuzumi, SJ. Phys. Chem. 2000 104, 3878. (b) Guldi, D. M.; Asmus, d ined be-0.47 eV f h | idati
K.-D. J. Phys. Chem. A997 101, 1472. (c) Guldi, D. M. Hungerther, etermined to be-0.47 eV from the one-electron oxidation

H.; Asmus, K.-D.J. Phys. Chem1995 99, 9380. potential and the excitation energy;€5L.80 eV) of the ZnCh
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moiety and the one-electron reduction potential of teeniiety
in 7 (Table 1)?*

The radical ion pair state (ZnCh-Cgg' ") is lower in energy
(1.33 eV) than both the triplet excited state of€1.45 eVy®
and ZnCh (1.361.45 eV)? Thus, photoinduced electron
transfer (PET) from the singlet excited state of Zn&nCh*)
to the Gyo part of the molecule occurs to produce the radical
ion pair, ZNCh"—Cg¢"~, in competition with the intersystem
crossing tZnCh* and energy transfer to produce ZnciCeg*
and ZnCh-3Cgg*. Electron transfer from3ZnCh* to Gso, as well
as electron transfer from ZnCh t€4¢* and 3Ceg*, also results
in formation of ZnCh*—Cesg~. Thus, in any case, the radical
ion pair, ZnCh"—Cg¢, is formed. The radical ion pair detected
in Figure 2 decays via back electron transfer (BET) to the
ground-state rather than to the triplet excited stafehe BET

rate was determined from the disappearance of the absorption

band at 790 nm due to Zn€hin ZnCh*—Cgsg~ (Figure 2b).
The decay of the absorption band obeys first-order kinetics
(Figure 2c). Thekger value is determined as 9.¢ 10° s™%
Measuredkger values for other linked porphyrin fullerene
systems range from 1.& 10 to 3.7 x 10° s 1,122 and the
value measured for ZnCh-Cgy~ thus corresponds to the
longest lived radical ion pair ever reported for any-R dyad
system containing a porphyrin or chlorin as the donor agd C
as the acceptdr:22!

Formation of such a long-lived radical ion pair state of
ZnCht—Cgss~ enabled detection of the radical ion species

produced by PET with measurements of the ESR spectrum unde

photoirradiation of the compound. The resulting spectrum of
the photoirradiated dyadin PhCN at 143 K is shown in Figure

5a. The ESR spectrum consists of two characteristic signals,

one of which is attributable to an organofullerene radical anion
derivative at a smalyj value @ = 2.0006%8, and the other to
the chlorin radical cation at a highgrvalue g = 2.0031). To
confirm these assignments, the ZnChnd Gg'~ spectra were
produced independently via chemical oxidation fwith
Ru(bpy}®* (bpy = 2,2-bipyridine) and via chemical reduction
with tetramethylsemiquinone radical anion as shown in Figure
5b,c, respectively. A comparison of the photochemically
produced spectrum in Figure 5a with the spectrum of the
chemically generated ZnCh-Cgo and ZnCh-Cgg*~ in Figure

r
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(@) ZnCh™*-Ceo™

206G :
g=20031" |

(b) ZnCh™*-Cgy

- ,//I

[E—1

20G

| g=2.0031
i 9757

(c) ZnCh-Cgg"™

Figure 5. ESR spectra measured at 143 K of (a) the photoirradiated
dyad ZnCh-Cs (7) (5.0 x 1074 M) with a high-pressure mercury
lamp, (b) oxidized7 with [Ru(bpy)](PFs)s (5.0 x 104 M), and (c)
reduced? with tetramethylp-benzosemiquinone radical anion (5<0
1074 M).

PhCN occurs to give ZnCh—Cgoand ZnCh-Cso'~, which are
now separated from each other to prevent the BET.

In contrast to the case of Zn€iCs (7), no transient
formation of Gg~ was detected at 1000 nm for any other dyad
employed in this study6; 9, and10). In each case, only the
triplet—triplet absorption due to the chlorin or porphyrin moiety
was observed because of the higher energy of the radical ion
pair as compared to the triplet excited state, as is expected from
the redox potentials (vide supra). Because the fluorescence
emission of6 at Amax = 720 nm is significantly quenchedb(
= 0.01) as compared to the reference compound without the
Cso moiety Q) at lmax= 720 nm (b = 0.06), the photoinduced
electron transfer frontH,Ch* to Cso may occur to give the
radical ion pair (HCh*—Cgsc'™). The fluorescence lifetime of

5b,c clearly shows that the observed ESR signal in Figure 5ais2 (¢(2) = 2.7 ns) was significantly reduced wheris replaced

composed of two signals, one of which is due to the chlorin
radical cation in Figure 5b, and the other due tg"Cin Figure
5c.

Upon “turning off” the irradiation source, no significant decay
of the ESR signal occurred for hours. This indicates that PET
from 1ZnCh* to Gy results in formation of the radical ion pair
(ZnCh*™—Cg¢) and that intermolecular electron transfer be-
tween radical ion pairs located close to each other in frozen

(24) The S values of7, 10, 6, and9 are obtained from the absorption
maxima (see Experimental Section) and the emission maxima= 702,
685, 720, and 682 nm) as 1.80, 1.84, 1.74, and 1.84 eV, respectively.

(25) Anderson, J. L.; An, Y.-Z.; Rubin, Y.; Foote, C. &.Am. Chem.
Soc.1994 116, 9763.

(26) Dvornikov, S. S.; Knyukshto, V. N.; Solovev, K. N.; Tsvirko, M.
P. Opt. Spectrosk1979 46, 385.

(27) The energy level of the radical ion pair in reference to the triplet
energy of a component is an important factor in determining the lifetime
of the radical ion pair. See: (a) ref 22b. (b) Komamine, S.; Fujitsuka, M.;
Ito, O.; Moriwaki, K.; Miyata, T.; Ohno, TJ. Phys. Chem. 200Q 104,
1149. (c) Fujitsuka, M.; Ito, O.; Yamashiro, T.; Aso, Y.; OtsuboJTPhys.
Chem. A200Q 104, 4876. (d) Fujitsuka, M.; Matsumoto, K.; Ito, O;
Yamashiro, Y.; Aso, Y.; Otsubo, TRes. Chem. Interme@00Q 27, 73.

(28) For theg values of ESR spectra ofsederivatives, see: Fukuzumi,
S.; Mori, H.; Suenobu, T.; Imahori, H.; Gao, X.; Kadish, K. M. Phys.
Chem. A200Q 104, 10688.

by 6 (7(6) = 2.2 x 1(? ps). The rate constant of electron transfer
(ket) from H,Ch* to Cs is determined from the difference
betweenr(6)~! andz(2)~1 to be 4.2x 1(® s1. Similarly, the
ket values of electron transfer froAZnPor* andH,Por* to
Ceoin 10 and9 were determined to be 74 10° and 6.6x 10°
s71, respectively (Table 13°

To quantify the driving force dependence on the ET rate
constantskgr), eq 1 was employed, whekéis the electronic
coupling matrix elemenkg is the Boltzmann constarti,is the
Planck constant, and is the absolute temperatui®.This

4 | oo | Gt A
h22ksT, 42k T

)

o

equation is rewritten as eq 2, which is also applied to evaluate

(29) The fluorescence lifetimes of the reference porphyrin compounds
are taken from ref 22a.

(30) (a) Marcus, R. AAnnu. Re. Phys. Cheml964 15, 155. (b) Marcus,
R. A.; Sutin, N.Biochim. Biophys. Actd985 811, 265. (c) Marcus, R. A.
Angew. Chem., Int. Ed. Endl993 32, 1111.
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Figure 6. Kinetic traces for the triplet absorption at 500 nm for 18)
and (b)9. Inset: first-order plots.
the back electron transfer rate constagtf). According to eq

AG,
kT I ker +—

i (AG)?

3 \12
h2 ks T 4 41

kT In @)

2, a plot ofkgT In ket + (AG°e1/2) versus AG°e7)? gives a
linear correlation (see Supporting Information 88JheA and
V values are obtained from the intercept and the slopkas
0.484 eV andV = 6.79 cn1?, respectively. Théer and kgt
values are calculated from the V, and AG°gt (or AG®geT)
values using eq 1. The calculatleg andkger values are listed

Fukuzumi et al.

Scheme 2

kr

ZnCh-Cgg
Hzc h—CGO
HyPor-Cgy ZnPor-Cgq
TH,Ch'—Cgg

hv

HoCh-Cgo

value in the present system may result in the smaller solvent
reorganization energy as compared to the zinc tetraphenyl-
porphyrin—Cgo dyad system, because the smaller Fag the
smaller the solvent reorganization energy will be, as expected
from the Marcus theory of electron transf#2 The solvent
reorganization in ET of €y and porphyrins is known to play a
major role in determining the overallvalue, which includes a
small reorganization energy of the inner coordination spheres
associated with the little structural change in ET @b @nd
porphyrins®*35The smalleiRe. value also results in the larger
V value (6.8 cm?) as compared to the value (3.9 thof the
zinc porphyrin-Cso system with a largeRee value33

The photoinduced ET processes in the dyads in Table 1 are
located in the normal region of the Marcus parabdl&{er >
—1), whereas the BET process from¢C to ZnCh~ in 7is in
the inverted regionAG°ger < —1).3%3¢In the inverted region,
the kget value decreases with the decreasingalue3® Thus,
the smalll value in the present dyad systems leads to the small
kser value (9.1x 10® s™1) as compared to the value of any
other D-A dyad system containing a porphyrin or chlorin as
the donor and € as the acceptdr.%2?

The radical ion pair derived froid cannot be detected in the
microsecond time scale in Figure 2 because of the fast decay

in Table 1 (see the values in parentheses), where the calculatedp the triplet excited state3fl,Ch*—Cgo) which is lower in

values agree with the experimental valgés.

energy than the radical ion p&it.The other dyads9 and 10,

TheZ value (0.484 eV) in the present dyad systems is smaller a|so quickly yield the triplet excited states. The triplet decay

than the value (0.66 eV) reported for zinc tetraphenylporphyrin
Ceo dyad with an edge-to-edge distanéed of 11.9 A2233The
ReeValue between FCh and G in the dyad 6) is evaluated as
5.89 A from the optimized structure which was calculated by
the PM3 method (see Experimental SectibriJhe smallerRee

(31) The correlation coefficienp] of a least-squares linear fit was=
1.000 (S3).

(32) The agreement between the calculdtger value and the experi-
mental value is quite sensitive to theandV values. For example, slightly
different values (2% larger valuest = 0.494 eV andV = 6.93 cn1?)
give the calculatedger value (1.8x 10* s71) which is twice as large as
the experimental value (9. 10® s™1). Thus, uncertainty in thé andV
values may be withint2%.

(33) (a) Imahori, H.; Tamaki, K.; Guldi, D. M.; Luo, C.; Fujitsuka, M.;
Ito, O.; Sakata, Y.; Fukuzumi, S. Am. Chem. So@001, 123 2607. (b)
Imahori, H.; Guldi, D. M.; Tamaki, K.; Yoshida, Y.; Luo, C.; Sakata, Y.;
Fukuzumi, S.J. Am. Chem. Soc2001, 123 6617. (c) Imahori, H;
Tkachenko, N. V.; Vehmanen, V.; Tamaki, K.; Lemmetyinen, H.; Sakata,
Y.; Fukuzumi, SJ. Phys. Chem. 2001, 105 1750.

rate constantkg) of 6, 9, and10and the reference compounds
(2 and3) were also determined (Figure 6), as listed in Table 1.
The largeikr values of6, 9, and10 as compared to the reference
compounds Z and 3) may be ascribed to the contribution of
the decay from the triplet excited state of thg @oiety, which

is slightly higher in energy but has the shorter lifetitde.

(34) Fukuzumi, S.; Nakanishi, I.; Suenobu, T.; Kadish, K. M.Am.
Chem. Soc1999 121, 3468.

(35) Fukuzumi, S.; Nakanishi, I.; Tanaka, K.; Suenobu, T.; Tabard, A.;
Guilard, R.; Van Caemelbecke, E.; Kadish, K. B1Am. Chem. S04.999
121, 785.

(36) For the Marcus inverted region, see: (a) Closs, G. L.; Miller, J. R.
Sciencel988 240, 440. (b) Gould, I. R.; Farid, SAcc. Chem. Red.996
29, 522. (c) McLendon, GAcc. Chem. Re4.988 21, 160. (d) Winkler, J.
R.; Gray, H. B.Chem. Re. 1992 92, 369. (e) McLendon, G.; Hake, R.
Chem. Re. 1992 92, 481. (f) Mataga, N.; Miyasaka, H., I&lectron
Transfer from Isolated Molecules to Biomolecules Paddtner, J., Bixon,
M., Eds.; Wiley: New York, 1999; p 431.
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In conclusion, the ZnChCgo dyad (7) gives a long-lived Japan and the Robert A. Welch Foundation (K.M.K., Grant
radical ion pair upon photoexcitation, whereas photoexcitation E—680). Our special thanks are due to Dr. Suresh Das, Regional
of the other dyads having the same linkageGhtCgo, ZNPor- Research Laboratory, Trivendrum, India for the fluorescence
Cso, and HPor—Cg) gives short-lived radical ion pairs which  measurements.
decay to give the triplet excited states, because the radical ion
pair is higher in energy, as schematically shown in Scheme 2. Sypporting Information Available: Synthesis of and3
This demonstrates the importance of the zinc chlorin chloro- (S1), transient absorption spectrumbetween 400 and 800
mophore instead of a fully conjugated porphyrin system to nm (S2), and plot oRT In ket + AG°sr vs (AG°e7)? (S3).
obtain the long-lived charge separated state. This material is available free of charge via the Internet at
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