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The ultrafast photodynamics of porphytifullerene dyads in which the distance between the porphyrin and

Cso Moieties is varied systematically at close proximity has been examined using fluorescence up-conversion
and pump-probe transient absorption techniques with time resolutions of ca. 100 fs. The porgiayigrene

dyads examined are MP-Dg&(M = Zn and 2H) in which the g moiety is directly connected with the
porphyrin ring at the meso position and MP-QsCMP-M-Cg,, and MP-P-G, in which the Gy moiety is

linked with porphyrin moieties through the benzene ring at the ortho, meta, and para positions, respectively.
The charge transfer (CT) bands are observed for MPspa@d MP-O-Go, whereas no CT band is seen for
MP-M-Cgo and MP-P-Go. Time-resolved absorption spectral measurements indicate that the photoexcitation
of ZnP-D-Gy in benzonitrile (PhCN) results in formation of the exciplex, which decays to the ground state
without forming the charge-separated state. The strong interaction between the ZnP agdribeties due

to the short linkage distance in ZnP-D@s indicated by the observation of the strongest CT band at the
ground state results in formation of the exciplex. The energy of the exciplex is lower than that of the charge-
separated state even in a polar solvent such as PhCN. In contrast, the photoexcitation of the dyad with longer
linkage, ZnP-O-G, in PhCN results in formation of the charge-separated state via the exciplex formation,
which is higher in energy than the charge-separated state. The photodynamics of exciplex formation of
porphyrin—Cso-linked dyads with a short linkage is characterized by the extremely fast formation rate from
the singlet excited states of porphyrins involving both the second and first excited states due to the interaction
between the porphyrin ands@moieties, which are placed at close proximity. In the case of MPs§)18e

exciplex formation from the first singlet excited state of MP occurs at an ultrafast time scale with a time
constant of 160 fs and that from the second singlet excited state occurs faster with a time constant less than

50 fs.

Introduction lar, the combination of porphyrins and fullerenes has been
During the past half-century, the field of electron-transfer employed to z_attair_1 long-lived pho'_coinduced cha_rge-separated
chemistry has undergone a remarkable expansion by the detailed©S) States in high quantum yields, as achieved in the
analytic theory developed by R. A. Maréusnd also by photosynthetic reaction centeér:l” Porphyrins contain an
introduction of new technology such as lasers that have extensively conjugated two-dimensionalsystem, which is
expanded the electron-transfer systems that could be s[udied§ultab|e for efficient electron transfer because the uptake or
extending to ultrafast reactions in even the femtosecond release of electrons results in minimal structural change upon
regime2-6 Electron transfer plays a pivotal role not only in electron transfet® On the other hand, fullerenes contain an
chemical processes but also in biological redox processes thaextensively conjugated three-dimensiomabystem, which is
are essential for life, such as photosynthesis and respiration. also suitable for efficient electron transférl’1° Rates of
Extensive efforts have thereby been devoted toward the preparaelectron transfer of a variety of electron doracceptor systems
tion of electron donoracceptor linked-compounds to construct  can be well predicted in light of the Marcus theory of electron
efficient photoinduced electron-transfer systém&.In particu- transfer, once the fundamental electron-transfer properties of
—, p hould be add FRE— electron donors and acceptors such as the one-electron redox
*To whom corresponaence snou € addaressed. £=-mall aadresses: . : . .
nikolai.tkachenko@tut.fi; fukuzumi@ap.chem.eng.osaka-u.ac.jp; imahori@ potentials aﬁd the reorganization energles Of. electron transfer
scl.kyoto-u.ac.jp; helge.lemmetyinen@tut.fi. are determined?° In these cases, the interaction between the
losaka University. donor and acceptor moieties is minimized when the type of
Tampere University of Technology. - e
electron transfer is classified as an outer-sphere electron
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§ Kyoto University. transfer!-20 When the Go moiety is folded onto the porphyrin
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plane, the distance between thg @nd the porphyrin moieties  the stronger interaction between the donor and acceptor moieties
(ZnP-0y4-Cqp center-to-center distanc®¢) = 7.6 A) is close in the exciplexz®

enough to observe the charge-transfer (CT) interaction at both |n contrast to such extensive studies on intermolecular
the ground and excited state as indicated by the CT absorptionformation of exciplexes and radical ion pairs, there have been
and emission bandd, which are not observed for other few studies on intramolecular formation of exciplexes in
porphyrin—fullerene dyads in which the porphyrin and theeC  comparison with the electron-transfer quenching of the excited
were separated apart in longer distand@g € 18.6, 14.4, and  states in doneracceptor linked systen?8.The ultrafast pho-
12.5 A)?? This indicates that the close contact between the todynamics of doneracceptor-linked dyads including exciplex
porphyrin plane and the ¢ moiety is essential for the formation and decay and the relation with the charge-separated
observation of the CT absorption and emission bands. state has yet to be scrutinizéd.

There have been a number of examples in which charge- We report herein the first comprehensive study on the ultrafast
transfer excitation of electron doneacceptor (EDA) complexes  photodynamics of porphyriafullerene dyads in which the
resulted in formation of exciplexes, which exhibit high degrees distance between the porphyrin andg,@noieties is varied
of charge transfer similar to the radical ion p&it® The radical systematically. The structures of the porphytfollerene dyads
ion pair is also formed by electron-transfer quenching of the examined in this study are shown in Chart 1, in which the dyads
excited state of an electron donor or acceptor molecule in the are named as ZnP-Dg§, HoP-D-Csp, ZNP-0O-Go, HoP-O-Geo,
EDA complex?3-25 The important difference between the ZnP-M-GCso, HoP-M-Cso, ZNP-P-Go, and HP-P-Gy. Reference
exciplex formed by charge-transfer excitation and the radical compounds (ZnP-D-ref, #P-D-ref, ZnP-ref, HP-ref, and Gy
ion pair formed by electron-transfer quenching is their relaxation ref) are also given in Chart 1. In the ZnP-Qy@nd HP-D-Cs
dynamics?® The back electron transfer in the exciplex is dyads, the g moiety is directly connected with the porphyrin
generally much faster than that in the radical ion pair formed ring at the meso position. The other dyads have the linkage
by electron-transfer quenching of the excited state because ofbetween the g and porphyrin moieties through the benzene
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ring at the ortho, meta, and para positions. The photodynamics Compound1. A solution of meso-unsubstituted dipyr-

of ZnP-P-Go and HP-P-Go dyads have been reported previ- romethan& (2.31 g, 15.8 mmol), 3,5-deert-butylbenzalde-
ously and compared with the results in the present stdiye hyde??2 (5.86 g, 26.9 mmol), and 3,5-dért-butylphenyl-
ultrafast dynamics of these porphyfifullerene dyads are  substituted dipyrromethaffe(4.49 g, 13.41 mmol) in CHGI
reported using fluorescence up-conversion and pupipbe (2200 mL) was degassed by bubbling with nitrogen for 30 min.
transient absorption techniques with time resolutions of ca. 100 Then, trifluoroacetic acid was added (3.0 mL, 39.2 mmol). The
fs. The decay-associated spectra, which are employed togqytion was stirred fo2 h atroom temperature under,NTo
reconstruct the sample transient absorption with compensatedy,« reqdish black reaction mixture was adgechloranil (12.4
probe pulse dispersion, allow us to examine the dynamic g, 50.4 mmol), and the resulting mixture was concentrated. Flash

behavior of the exciplex formation and decay in relation with o .
the dynamics of the formation and decay of the charge-separatedCOIumn chromatography on silica gel with CHG@ls Fhe eluent
and preparative SEC column chromatography with toluene as

state. Thus, the present study provides valuable insight into the ;
relation betweenpthe exciplega?nd the charge-separa%ed state iﬁhe eluent %avei as a purple solid (1.56 g, 1.82 mmol, 11.5%).
intramolecular electron transfer in the donacceptor linked Mp > 300 °C; "H NMR (300 MHz, CDC}) 6 10.2 (s, 1H),
systems. 9.33 (d,J = 5 Hz, 2H), 9.05 (dJ = 5 Hz, 2H), 8.95 (dJ =

5 Hz, 2H), 8.91 (dJ = 5 Hz, 2H), 8.11 (dJ = 2 Hz, 4H),
Experimental Section 8.06 (d,J = 2 Hz, 2H), 1.55 (s, 54H);-2.90 (s, 2H); MALDI-

. . . TOFMS (positive modejn/z 876 (M + H™).

General. Melting points were recorded on a Yanagimoto ) )
micro-melting point apparatus and not correctéd. NMR Compound. A mixture of1 (1.40 g, 1.60 mmol) and nickel-
spectra were measured on a JEOL JNM-AL300. Matrix-assisted (II) acetate tetrahydrate saturated-methanol solution (20 mL)
laser desorption/ionization (MALDI) time-of-flight mass spectra in CHCl; (100 mL) was heated at reflux for 20 h. The solution
(TOF) were measured on a Kratos Compact MALDI | (Shi- was washed with water, dried over anhydrous sodium sulfate,
madzu). Steady-state absorption spectra in the visible and nearand filtered, and the solvent was completely removed. Then
IR regions were measured on a Shimadzu UV-3100PC. the residue was passed through short silica gel using €HCI

Materials. All solvents and chemicals were of reagent grade eluent. Porphyrir2 was isolated as a purple-red solid (1.40 g,
quality, obtained commercially and used without further puri- 1.50 mmol, 94%). Mp> 300°C; 'H NMR (300 MHz, CDC})
fication except as noted below. Tetrabutylammonium hexafluo- § 9.83 (s, 1H), 9.13 (d) = 5 Hz, 2H), 8.93 (d,J = 5 Hz, 2H),
rophosphate used as a supporting electrolyte for the electro-g 83 (s, 4H), 7.89 (dd] = 7 Hz,J = 2 Hz, 6H), 7.72 (dt]) =

chemical measurements was obtained from Tokyo Kaseigp; j=2Hgz, 3H), 1.49 (s, 54H); MALDI-TOFMS (positive
Organic Chemicals. Benzene, toluene, THF, benzonitrile, and qeyvz 932 (M + H*).

DMF were purchased from Wako Pure Chemical Ind., Ltd., and )
purified by successive distillation over calcium hydrfd&hin- Compound. POCE (12 mL, 128 mmol) was added dropwise
layer chromatography (TLC) and flash column chromatography t© DMF (10.3 mL, 128 mmol) at 6C and stirred for 30 min at
were performed with Art. 5554 DC-Alufolien Kieselgel 6gs ~ foom temperature. Then? (1.40 g, 1.50 mmol) in 1,2-
(Merck), and Fuiisilicia BW300, respectively. Preparative-scale dichloroethane (470 mL) was poured at%Dand stirred for 1
size-exclusive chromatography (SEC) was performed using h. Sodium acetate aqueous solution was added dropwise to the
BioRad Bio-Beads SX-1 (Bio-Rad). mixture and stirred for 2 h. The reaction mixture was extracted
Synthesis of MP-D-Gyo. The synthetic procedures of MP-  with CHCls. The organic phase was washed with water and
D-Cgp are summarized in Scheme 1. dried over NaSQy. After evaporation, the residue was purified
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by column chromatography (Si080% CHCl/hexane) to give
3 as a purple-red solid (1.10 g, 1.15 mmol, 76%). M@B00

°C; *™H NMR (300 MHz, CDCH/DMSO = 5:2) § 12.0 (s, 1H),
9.79 (d,J = 5 Hz, 2H), 8.88 (dJ = 5 Hz, 2H), 8.69 (dJ =

5 Hz, 2H), 8.62 (dJ = 5 Hz, 2H), 7.80 (dJ = 1 Hz, 6H),

7.71 (dt,J = 8 Hz, J = 2 Hz, 3H), 1.47 (s, 54H); MALDI-
TOFMS (positive modejn/z 960 (M + H™).

Compound4. A solution 3 (1.00 g, 1.04 mmol) in concen-
trated sulfuric acid (98%, 10 mL) and TFA (10 mL) was stirred
for 30 min. Then NaHCg{aq) (0.1 M) was poured onto the
solution at 0°C. The resulting mixture was poured into CHCI
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Spectral Measurements.Steady-state fluorescence spectra
were measured on a Fluorolog 3 spectrofluorimeter (ISA Inc.)
equipped with a cooled IR-sensitive photomultiplier (R2658,
Hamamatsu Inc.). The excitation wavelength was at the
maximum of the Soret band (43@30 nm region). The emission
spectra were recorded in the wavelength range from 600 to 1000
nm with the detection monochromator slits set to 2 nm and the
accumulation time set to 1 s. The background counts were
subtracted, and the spectra were corrected using the correction
function supplied with the instrument (accounting for both
photomultiplier quantum efficiency and monochromator through-

(100 mL), and the organic phase was separated. The organiGyyt spectra). Ultrafast fluorescence decays were measured by

layer was washed with water, dried over anhydrous sodium 4, up-conversion method as described previotishhe instru-
sulfate, and filtered, and the solvent was removed. The residueqeant (FOG100, CDP, Moscow, Russia) utilizes the second

was purified by column chromatography over silica using a
benzene-hexane mixture (1:2) as an eluent to givas a purple
solid (0.75 g, 0.831 mmol, 80%). Mp 300°C; H NMR (300
MHz, CDCh) 6 12.51 (s, 1H), 10.01 (d] = 5 Hz, 2H), 9.00
(d,J = 5 Hz, 2H), 8.80 (d,) = 5 Hz, 2H), 8.73 (dJ = 5 Hz,
2H), 8.02 (ddJ = 6 Hz,J = 2 Hz, 6H), 7.81 (dtJ = 9 Hz,J

= 2 Hz, 3H), 1.53 (s, 54H);-1.83 (s, 2H); MALDI-TOFMS
(positive mode)ywz 904 (M + H™).

H,P-D-Cso. Porphyrin-linked fullerene kP-D-Csp was ob-
tained by the 1,3-dipolar cycloaddition of azomethine ylide to
fullerene. A mixture o# (133 mg, 0.13 mmol), fullerene (0.74
g, 7 equiv), andN-methylglycine (0.91 g, 60 equiv) in dry
toluene (80 mL) was stirred for 30 min undes &hd heated at
reflux for 70 h. After evaporation, the residue was purified by
column chromatography over silica using a benzemexane
mixture (1:1) as an eluent to give,P-D-Cgp as a dark violet
solid (46 mg, 0.0279 mmol, 20%). Mp 300 °C; IH NMR
(300 MHz, CDC}) ¢ 11.58 (d,J = 5 Hz, 1H), 9.92 (dJ=5
Hz, 1H), 8.96 (dJ = 5 Hz, 1H), 8.93 (dJ = 5 Hz, 1H), 8.88
(d,J =5 Hz, 1H), 8.84 (dJ = 5 Hz, 1H), 8.82 (dJ = 5 Hz,
1H), 8.78 (d,J = 5 Hz, 1H), 8.13 (s, 1H), 8.05 (s, 1H), 8.05 (s,
1H), 8.03 (s, 1H), 7.99 (s, 1H), 7.81 (s, 2H), 7.78)(& 2 Hz,
1H), 7.78 (t,J = 2 Hz, 1H), 7.75 (tJ = 2 Hz, 1H), 5.55 (d)
= 10 Hz, 1H), 4.85 (dJ = 10 Hz, 1H), 3.13 (s, 3H), 1.56 (s,
9H), 1.53 (s, 9H), 1.50 (s, 18H), 1.49 (s, 18H)2.53 (s, 2H);
MALDI-TOFMS (positive mode)wz 1653 (M + H™).

ZnP-D-Gs. A saturated methanol solution of Zn(OALO
mL) was added to a solution of;A-D-Cs, (20 mg, 0.012 mmol)
in CHCI; (50 mL) and refluxed for 12 h. After cooling, the
reaction mixture was washed with water twice and dried over
anhydrous Nz50Oy, and then the solvent was evaporated. Flash
column chromatography on silica gel with CHG@Is an eluent
and subsequent reprecipitation from chlorofermethanol gave
ZnP-D-G as a dark violet solid (98% vyield, 20 mg, 0.012
mmol). Mp > 300 °C; H NMR (300 MHz, CDC}) ¢ 11.80
(d,J =5 Hz, 1H), 10.13 (dJ = 5 Hz, 1H), 9.11 (dJ = 5 Hz,
1H), 9.06 (d,J = 5 Hz, 1H), 8.96 (dJ = 5 Hz, 1H), 8.94 (d,
J=5Hz, 1H), 8.84 (dJ = 5 Hz, 1H), 8.83 (dJ = 5 Hz, 1H),
8.15 (s, 1H), 8.07 (s, 1H), 8.06 (s, 1H), 8.01 (s, 2H), 7.92 (s,
1H), 7.80 (s, 1H), 7.80 (t) = 2 Hz, 1H), 7.80 (tJ = 2 Hz,
1H), 7.80 (t,J = 2 Hz, 1H), 5.55 (d,J = 10 Hz, 1H), 4.86 (d,

J = 10 Hz, 1H), 3.13 (s, 3H), 1.54 (s, 18H), 1.51 (s, 18H),
1.51 (s, 18H); MALDI-TOFMS (positive modea)Vz 1715 (M
+ H).

MP-O-Cgand MP-M-C g and Reference CompoundsThe
synthetic procedures and characterization of MP-Q-®1P-
M-Cg0,2” and MP-D-ref (MP= ZnP or HP) are given in
Supporting Information. ZnP-rét,H,P-ref3l and Go-reft” were

harmonic (420 nm) of 50 fs pulsed Ti:sapphire laser (TiF50,
CDP, Moscow, Russia) pumped by an Ar ion laser (Innova
316P, Coherent). The samples were placed into rotating disk-
shaped 1 mm cuvettes. Typical time resolution for the instrument
was 150 fs (fwhm). Subnanosecond emission decays were
studied using a time-correlated single-photon-counting instru-
ment described elsewhet€The excitation wavelength was 590
nm, and the time resolution was ca. 100 ps. Femtosecond to
picosecond time-resolved absorption spectra were collected
using a pump-probe technique as described elsewlét@he
femtosecond pulses of the Ti:sapphire generator were amplified
by using a multipass amplifier (CDP-Avesta, Moscow, Russia)
pumped by a second harmonic of the Nd:YAG Q-switched laser
(model LF114, Solar Tll, Minsk, Belorussia). The amplified
pulses were used to generate second harmonic (420 nm) for
sample excitation (pump beam) and white continuum for time-
resolved spectrum detection (probe beam). The samples were
placed into 1 mm rotating cuvettes, and averaging of 100 pulsed
at 10 Hz repetition rate was used to improve signal-to-noise
ratio. The wavelength range for a single measurement was 227
nm, and typically three regions were studied, 4500, 556~

780, and 826-1050 nm. Typical response time of the instrument
was 150 fs (fwhm). A global multiexponential fitting procedure
was applied to process the data. The procedure takes into
account the instrument time response function and the group
velocity dispersion of the white continuum and allowed calcula-
tion of the decay time constants and dispersion-compensated
transient absorption spectra.

Electrochemical MeasurementsThe differential pulse vol-
tammetry measurements were performed on a BAS 50W
electrochemical analyzer in a deaerated PhCN solution contain-
ing 0.10 Mn-BusNPFs as a supporting electrolyte at 298 K (10
mV s™1). The platinum 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 a Ag/AgNO
(0.01 M) reference electrode. Ferrocene/ferricenium was used
as an external standard. All potentials (vs AgfAgwere
converted to values vs SCE by adding 0.293\All electro-
chemical measurements were carried out under an atmospheric
pressure of argon.

Theoretical Calculations. Theoretical calculations were
performed on a COMPAQ DS20E computer. The PM3 Hamil-
tonian was used for the semiempirical MO calculati&hginal
geometries and energetics were obtained by optimizing the total
molecular energy with respect to all structural variables. The

prepared by following the same procedures as describedheats of formation AHr) were calculated with the restricted

previously.

Hartree-Fock (RHF) formalism.



8838 J. Phys. Chem. A, Vol. 107, No. 42, 2003

cde f klmn A
— ilP
fg’_\ —
b S
g 0q
9.0 8.8 (\8’.0 78 ‘\
a h %( ‘J
™ T T T IJI T A| T T T T T T T T T 7T
11 10 9 8
r
u t
”j\n J(L e
T T T T T T
5 4 3 [ppm]

Figure 1. *H NMR spectrum (300 Hz) of HP-D-Csoin CDCl; at room
temperature.

Results and Discussion

Ground-State Interaction between Porphyrin and Gy in
Dyads. The synthesized dyads were well-characterized by
spectroscopic analysis includifdgi NMR and MALDI-TOF
mass spectra (see Experimental Section)."FhiMR spectrum
of H,P-D-Gsp shows that all eighf protons are magnetically
unequivalent and two of them are shifted to downfield as shown
in Figure 1. These two doublets (a and h in Figure 1) can be
assigned to thg protons vicinal to the meso carbon connected
to the pyrrolidine ring. The large downfield shifts for the two
of eight protons are due to the deshielding effect that results
from Cso -electrons. The methyne proton of the pyrrolidine
ring (s in Figure 1) also exhibits a downfield shift by about 2
ppm with respect to those of the usual pyrrolidine ring owing
to the ring current effect of the porphyrin.

All dyads were studied in two solvents: toluene and ben-
zonitrile. In ZnP-M-Go, HoP-M-Cso, ZNP-P-Go, and HP-P-

Tkachenko et al.
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Figure 2. Absorption spectra (a) of ZnP-De&(solid line), Go-ref
(dashed line), and ZnP-D-ref (dotted line) in benzene (the CT absorption
(dash-dotted line) of ZnP-D-& has been obtained by subtracting the
absorptions of ZnP-D-ref ande¢gref from the dyad absorption) and
(b) of ZnP-0O-Go (solid line), Goref (dashed line), and ZnP-ref (dotted
line) in toluene (the CT absorption (dastotted line) of ZnP-O-&
has been obtained by subtracting the absorptions of ZnP-ref gnd C
ref from the dyad absorption).

500 800

of ZnP-D-Gyg is broader and the Soret band is red-shifted as
compared with that of the ZnP-D-ref reference porphyrin as
shown in Figure 2. Enlarged absorption spectra (6500 nm)

of ZnP-D-Gso, ZNP-0O-Go, and the reference compounds (ZnP-
D-ref, ZnP-ref, and gy-ref) in nonpolar solvents are shown in
insets of Figure 2, in which the CT absorption spectra are
obtained by subtracting the spectra of porphyrin reference and
fullerene reference from those of porphyrifullerene dyads.
Thus, the ground-state interaction is observed for ZnPgp-C
and ZnP-O-G@, whereas no such interaction is detectable for
ZnP-M-Gsp and ZnP-P-G. This is ascribed to the shorter
distance between the porphyrin angh@oieties for the former
cases as compared with the latter.

The calculated structures of,P-D-Gso and HP-O-Gyp are
shown in Figure 3 for comparison. The center-to-center distance
between the porphyrin and thes@dmoieties increases in the
order: HP-D-Gso (8.9 A) < HaP-0-Gso (9.7 A) < HaP-M-Cgo
(10.9 A) < HP-P-Gy (12.6 A).

Excited-State Interaction between Porphyrin and Gy in
Dyads.The excited-state interaction between porphyrin agd C
is expected to be the strongest for ZnP-B;@s is the case of

Ceo, the absorption spectra of the dyads are well reproduced asthe ground-state interaction (vide infra). Figure 4 shows the
a sum of the spectra of two chromophores: porphyrin and transient absorption component and time-resolved spectra of
fullerene. This indicates that there are no observable ground-zZnP-D-G in toluene. The transient absorption spectra show

state interactions between the chromophores.

broad and featureless absorption bands in the—80@® nm

In contrast, a considerable ground-state interaction of the region extending over 1000 nm and in time scale ranging from
porphyrin and fullerene moieties is seen in the absorption the resolution limit of the instrument<(00 fs) to 1 ns (the

spectrum of ZnP-D-g and ZnP-O-G in nonpolar solvents.

longest delay available). Such broad and featureless absorption

The same phenomenon was reported for the zinc derivative ofbands extending over 1000 nm are characteristic of the exciplex

the dyad ZnP-@x-Cgo, in which the ZnP and the gg moieties
are in close proximityRe. = 7.6 A) 17 The absorption spectrum

in which the porphyrin excited state forms the complex with
the Gso moiety?2” The first detected state has lifetime 800
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H,P-0-C,, H,P-P-C,

Figure 3. Structures of HP-D-Cso, H2P-O-Gso, H2P-M-Cso, and HP-P-G obtained by the PM3 calculations. The center-to-center distances (edge-
to-edge distancesRe; (Ree), 0f HoP-D-Cso, HoP-0-Gso, HoP-M-Ceo, and HP-P-Goare 8.9 (2.6), 9.7 (3.4), 10.9 (3.7), and 12.6 A (5.2 A), respectively.
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Figure 4. Transient absorption component spectra of ZnPiC Figure 5. Steady-state emission spectrum of ZnP-R-@ toluene.

toluene obtained from global three-exponential fit of the data (bottom) |nset shows the emission decay at 730 nm (the major decay lifetime is
and corresponding reconstructed time-resolved spectra (top). The fitted1.6 ns).

time constants and selected delay times are indicated on the plots.

0.041] atr=0ps
fs and will be discussed later. The second decay component, 0.03 4 - - -atr=1lps
16 ps, has only minor impact on the absorption spectrum in 002y a0 . atr=10ps
visible and IR regions. Overall lifetime of the exciplex is longer 0.01] 2 CRp
than the time scale measured, that3id, ns. 0.00]

The exciplex emission of ZnP-Dggin toluene is observed 5 0.044 j ' '
as a steady-state emissioniat, = 730 nm when excited at 0.03] T RERAIRS T E IR AR mmee " =30ps
430 nm as shown in Figure 5. Subnanosecond emission decays 0.021 L
were measured using a time-correlated single-photon-counting 0.014 . f'\,\,
instrument (see Experimental Section). At wavelengths longer .8:8(1)_ p - —

th.an 720.nm! the_decay profiles were almost monoexpongntial 400 500 600 700 800900 1000 1100

with dominating time constant of 1.6 ns (as shown in the inset wavelength, nm

of Figure 5), which is the exciplex lifetime for ZnP-Defin Figure 6. Transient absorption component spectra of ZnPpiC

toluene. PhCN obtained from global three-exponential fit of the data (bottom)
In a much more polar solvent (PhCN) than toluene, virtually and corresponding reconstructed time-resolved spectra (top). The fitted

the same transient absorption spectra are obtained as the cadéme constants and selected delay times are indicated on the plots.

in toluene (compare the spectra in Figure 6 with those in Figure

4). The broad and featureless absorption bands in the 800 The dynamics of the exciplex formation and decay at 690

nm region extending over 1000 nm, which are characteristic of nm is shown in Figure 7. The initial instantaneous rise @

the exciplex, are also observed in Figure 6, and no sharp ps) is followed by a slower rise (05 ps), as seen in the inset

absorption band at 640 ##°due to ZnP" is detected. of Figure 7. The initial fast formation of the exciplex is
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Figure 7. Transient absorption time profile for ZnP-Dsgdn PhCN
at 690 nm, which shows formation and decay of the exciplex.

wavelength, nm
Figure 9. Transient absorption component spectra of ZnPQHC

PhCN obtained from global three-exponential fit of the data (bottom)
and corresponding reconstructed time-resolved spectra (top). The fitted

a) 994 -D- : . oSk
) % ZnP-D-C,ftoluene time constants and selected delay times are indicated on the plots.
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Figure 10. Transient absorption time profile for ZnP-Qgdn PhCN
at 630 nm.
£
H SCHEME 2
Qo
~ ZnP*-D-Co
~akic
s s 'SZnP*-D-Cgo
10 et ks <
-0.5 0.0 0.5 . 1.0 1.5 2.0 2.5 i p=x Kox X ZnP—D—lSCm*
time, ps <
Figure 8. Porphyrin fluorescence decays at 600 nm for ZnP{4oi€ (ZnP-D-Ceo)*  exciplex
(a) toluene and (b) PhCN measured by up-conversion method (dots).
The solid lines show fits of the data with decay time of 160 fs and kg
instrument response time of 150 fs.
ZnP-D-Ceo

consistent with the fast emission decay of the porphyrin locally . ) o
excited singlet state of ZnP-Dggin PhCN (lifetime of 160 fs)  State of ZnPZnP*-D-Cyg), because the direct photoexcitation

measured by the up-conversion method (Figure 8). The exciplex©f the CT band of ZnP-D-g is highly unlikely because of the
decays with a lifetime of 50 ps to the ground state (Figure 7), much smaller CT absorption than the Soret band at the excitation

which is much shorter than that in toluene. wavelength (415 nmf)t The photodynamics of the exciplex
The primary excited state of ZnP-Dsgls the second singlet ~ formation and decay is summarized in Scheme 2.

excited state of ZnP28ZnP*-D-Cq0).37-39 The internal conver- A slight elongation of the distance between the ZnP agd C

sion of the second singlet excited state to the first singlet excited moieties in the dyad results in a change in the energy balance

state is known to occur on a time scale of 13p&,-3° which is between the exciplex and the charge-separated state. The

certainly much slower than the fast emission rise and decay of transient absorption spectra of ZnP-@@ PhCN are shown
the 1SZnP* fluorescence in Figure 8 (160 fs). This indicates in Figure 9, in which the sharp absorption band at 640 nm due
that the2SZnP*-D-Cg State is relaxed to the exciplex (ZnP-D- to the ZnP™ moiety is observed together with the absorption

Cso)* in competition to the first singlet excited stateSZnP*- band at 1000 nf¥* due to the @'~ for the component that
D-Ce0), Which is also converted to the exciplex. The energy has the longest Il.fetlme (60 ps). It is worthy of notice that the
transfer from1SZnP* may also occur to the g moiety to transient absorption spectra of ZnP-@@nd ZnP-D-Go at a

produce (ZnP-DCqg*).2” The subsequent slower rise in the short delay time (compare spectratat 1 ps in Figures 6 and
absorption due to the exciplex is thereby ascribed to the exciplex9) are virtually identical to each other. The difference in spectra
formation from ZnP-D'Csg*. %% In addition, the instant appear- ~ appears at the completion of the picosecond processes, when
ance of the exciplex upon photoexcitation (most pronounced the charge-separated state of ZnP-§+€ formed.

in toluene, see time-resolved spectrunt & 0 ps, Figure 4) The time profile of the absorbance at 630 nm is shown in
indicates that the exciplex is also formed from the second excited Figure 10. The initial instant rise {€0.2 ps) is followed by a
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Figure 11. Fluorescence decay of ZnP-Qgn PhCN measured with Figure 12. Transient absorption component spectra of ZnP<HC

up-conversion method (dots). The solid line shows a fit of the data (4|,ene obtained from global three-exponential fit of the data (bottom)
where the fast decay lifetime is 180 fs and the instrument response ;g corresponding reconstructed time-resolved spectra (top).

time is 160 fs.
0.03 L att=0ps
SCHEME 3 1 ‘\‘ — —-att=2ps
ZnP*-0-Co 0.024 R att=20ps
~ki 0.01 3 oAl TR, -
1SZnP*.0-Ceo 0.00 d o
L ~dg < ki
2X < T T T T T T 1
v P Kpx Kex ZnP-0-"5Cgo* 0.034
0.02
(ZnP-O-Ce0)*  exciplex 0.01
l . 0.00
ZnP*-0-Ceo  CS state -0.014
400 500 600 700 800 900 1000 1100
kig wavelength, nm
ZnP-O-Cso Figure 13. Transient absorption component spectra of ZnP-iC

PhCN obtained from global three-exponential fit of the data (bottom)
slower rise ¢, = 6 ps), as seen in the inset of Figure 10. The and corresponding reconstructed time-resolved spectra (top).
transient absorption spectrum at 1 ps delay (Figure 9) indicates
that at this time the exciplex is already formed. The initial
ultrafast formation of the exciplex is consistent with the ultrafast
emission decay of ZnP-Oggin PhCN (lifetime of 180 fs) 2001
measured by the up-conversion method (Figure 11). The mirror
image between the decay component spectra of 6 and 60 ps in
Figure 9 indicates that the charge-separated state*{ZnP
Cso7) is formed with a time constant of 6 ps and has lifetime
of 60 ps.

The photodynamics of ZnP-Oggin PhCN is summarized y s
in Scheme 3. The second singlet excited state is formed upon — T T T > ]
photoexcitation and is relaxed to the exciplex and the first singlet *

excited state, which is also converted to the exciplex with the _ .
P Figure 14. Fluorescence decay of ZnP-Ms&dn PhCN measured with

Ilfetlme of .180 fs. The eXC|p_Ie)_( f_ormatlon from the _Second up-conversion method (dots). The solid line shows a monoexponential
singlet excited state occurs within instrumental resolutiob( fit of the data with time constant of 0.8 0.2 ps (the instrument

fs). The exciplex is then converted to the charge-separated stat@esponse time is 160 fs).
with the time constant of 6 ps. The charge-separated state decays

to the ground state with the lifetime of 60 ps.

hen b tile i laced by tol he ch of the charge-separated state is 90 ps, and the time constant for
When benzonitrile is replaced by toluene, the ¢ arge-separatc_aqhe transition from exciplex to charge-separated state is 11 ps.

state is not observ_ed any more and .instead only the exciple.x 'Salso the lifetime of the singlet excited state of porphyrin
formed, as shown in Figure 12, in which the transient absorption chromophore is 0.9 ps for ZnP-Me§ as indicated by up-

component spectra of Z_nP-OmCin t(_)luene have only br_oad conversion measurements (Figure 14). In contrast to the results
and featureless absorption bands in the-6800 nm region . . 7
in PhCN, only a long-lived exciplex was observed for ZnP-M-

extending over 1000 nm, which are characteristic of the exciplex. : -
The transient absorption spectra of ZnP-gr&nd ZnP-O-Go Ceolin toluene, similar to that of ZnP-Oggand ZnP-D-Go (see
Supporting Information).

in toluene are very much alike, and the photodynamics of ZnP-
0O-Cso can be well presented by Scheme 2. ZnP-P-Go dyad studied previously fits perfectly well into

Further elongation of the distance between the donor andthe observed tendency in this stutlyln PhCN, the charge-
acceptor results in a further stabilization of the charge-separatedseparated state is formed via the exciplex, that is, the energy of
state relative to the exciplex. The transient absorption measurethe charge-separated state is lower than that of the exciplex,
ments of ZnP-M-Gyin PhCN (Figure 13) show all key features whereas in toluene only the exciplex was observed. Also the
observed for ZnP-O-§ in PhCN (Figure 9), but the time time constants of the reactions are the slowest for ZnRgP-C
constants of the reactions are gradually increased. The lifetimeas compared to other dyads involved in this study.

2504

150

1, counts

time, ps
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TABLE 1: Rate Constants for Exciplex Formation and Decay and Decay Rate Constants of Charge-Separated States (When
Observed}

dyad solvent Kpox,? s Kox,CS1 Kex, St Kyg, S ki, s kg, St

ZnP-D-Gy toluene >2 x 1018 ~6 x 1012 6.3 x 109 0.6 x 10°

PhCN >2 x 1018 ~7 x 102 2.3x 101 2 x 10t
ZnP-0-Go toluene >2 x 1018 ~6 x 10% 1.7 x 101 6.3x 10°

PhCN >2 x 108 ~6 x 102 1.7 x 101t 1.7 x 10w
ZnP-M-Cso toluene 1.1x 1012 ~3 x 10 6.3x 10°

PhCN 1.1x 1012 9.1 x 10 1.1x 10w
ZnP-P-Go toluene 5x 10 7.7x 108

PhCN 5x 101 8.3 x 10 7.7x 10°
H2P-D-Ceo toluene 5x 1012 6 x 108

PhCN 5x 102 ~5x 10w 5x 10°
HoP-O-Gso toluene 5x 10

PhCN 7x 102 4 % 101 2.9x 10°
H.P-M-Cso toluene 1.3x 101 ~10t0d

PhCN 1x 101 1.5x 10w 1.1x 1
HoP-P-Gyo toluene 3x 10t 4 x 10°d

PhCN 1.1x 1

aThe rate constants are marked according to notation used in Schemes 2Panglo3pathways contribute to the relaxation of the second
excited state: internal conversiokcf and exciplex formationkg,). Assumingkic ~ 10'2 s71,37-39 the fast component is mainly due to exciplex
formation.® A competing process is intermolecular energy trandégy, (which is a minor relaxation channel and has been neglected in calculations.
dThe exciplex decays to fullerene singlet excited staExciplex was not observed.

The observed trends in the exciplex and charge-transfer a) 0.04 atr=0ps
photodynamics indicate that both the distance between the ZnP 0.034 - = -atr=2ps
and G moieties and solvent polarity are important in determin- 0029 N\ /M att=30ps
ing the energy balance between the charge-separated state and 0.014 e
the exciplext® In the case of ZnP-D-§ in PhCN, the strong 0.00 oo -z
interaction between the ZnP and thegy@oieties due to the 5 T T T T Y Y ,
short linkage distance as indicated by the observation of the 0.029 —RT=0APS = = =5 =20ps -oeee 73 =200ps
strongest CT band in the ground state results in lowering the o01] AN AN
energy of the exciplex, which becomes lower than the charge- A\ :
separated state even in a polar solvent such as PhCN (Scheme 0.00 .‘\' SR
2). Already in the case of ZnP-Og6; the interaction in the -0.01 il

400 500 600 700 800 900 1000 1100

exciplex is not strong enough to make the energy lower than
wavelength, nm

that of the charge-separated state, which is stabilized by polar
solvent molecules (Scheme 3). Virtually the same results are

—_—1g1att=0
obtained for the dyads with a longer linkage (ZnP-Myr@nd o -:u= 222
ZnP-P-Gg), which afford the charge-separated states via the ~ ,,,] v\ . L at 1= 40 ps

exciplex formation in PhCN. In toluene, the solvent stabilization
of the charge-separated state is not as strong as that in PhCN
and the charge-separated state becomes higher in energy than
the exciplex. . ' 250 e s =300 36
Qualitatively similar tendency was observed for free-base '
dyads. The transient absorption spectra giPHD-Cso and HP-
O-Cspin PhCN are presented in Figure 15. In the case £-H
D-Ceo Only a broad and featureless absorption band of the 0.02] 7
exciplex is seen in the red and infrared regions. In contrast, the 400 500 600 700 800 900 1000 1100
transient data for bP-O-Gso in PhCN shows reshaping of the wavelength, nm
spectra due to the transition from the exciplex to the charge- Figure 15. Results of the pumpprobe studies of (a) #P-D-Cso and
separated state. As in the case of zinc porphy@g dyads, (b) HoP-O-Gso in PhCN. The lower plots show absorption component
the charge-separated state was not observed in toluene for freespectra obtained from the global three-exponential fits, and the upper
base porphyrir Cgo dyads. Moreover, for BP-P-Gyin toluene, plots show corresponding reconstructed time-resolved spectra.
there was no direct evidence of exciplex formattémnd for photodynamics of MP-D-g, MP-O-Gso, MP-M-Cgo, and MP-
H.P-M-Cso, the exciplex energy appeared to be higher than the P-Gsp dyads (M= Zn and 2H) in PhCN and toluene. The results
energy of the singlet excited fullerene chromophore, which are summarized in Table 1. The ultrafast formation of the
resulted in efficient energy transfer from porphyrin to fullerene exciplex from the porphyrin second excited st&®f) deserves
mediated by the exciplex (see Supporting Information for a special comment. This feature is the most pronounced in
details). Unlike for zinc porphyrins, internal conversion of the toluene for ZnP-D-g and ZnP-O-@ (and their free-base
second excited state to the first excited state is faster than 100analogues), where transient absorption spectra hold the exciplex
fs. Therefore the formation of exciplex directly from the character immediately after excitation (spectrd & 0 ps in
porphyrin second singlet excited state should be relatively Figures 4, 12, and 15a). Although for these samples some
inefficient for free-base porphyrinCgy dyads but cannot be  emission from the porphyrin first singlet excited state was
excluded totally. observed, the emission intensity was very weak (e.g., compare
The data of emission decay by the up-conversion methods Figures 8 and 14) and the lifetime was extremely short (Figures
and transient absorption spectra afford the rate constants of8 and 11). This means that the quantum yield of the internal
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