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Abstract: The photoinduced electron transfer in differently linked zinc porphyrin—fullerene dyads and their
free-base porphyrin analogues was studied in polar and nonpolar solvents with femto- to nanosecond
absorption and emission spectroscopies. A new intermediate state, different from the locally excited (LE)
chromophores and the complete charge-separated (CCS) state, was observed. It was identified as an
exciplex. The exciplex preceded the CCS state in polar benzonitrile and the excited singlet state of fullerene
in nonpolar toluene. The behavior of the dyads was modeled by using a common kinetic scheme involving
equilibria between the exciplex and LE chromophores. The scheme is suitable for all the studied porphyrin—
fullerene compounds. The rates of reaction steps depended on the type of linkage between the moieties.
The scheme and Marcus theory were applied to calculate electronic couplings for sequential reactions,

and consistent results were obtained.

1. Introduction

During the past decade, porphyrifullerene donoracceptor

(DA) systems have gained great attention, and a vast variety of

porphyrin—fullerene dyads, triads, and more complex systems
have been synthesized and studiéd@hey have shown promis-
ing results, e.g., in molecular device applications for efficient
conversion of light to electrostatic energ§® In addition, they

are considered to be good modeling systems to mimic natural

photosynthesi&:8 Similarly to chlorophyll-based natural reac-
tion centers, the electron transfer (ET) reaction of porphyrin
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fullerene DA compounds is characterized by a relatively low
reorganization energy, which is important for a fast charge
separation (CS)1°

However, the results of the studies show that the excitation
relaxation is a complex process for these porphyfuilerene
systems. The desired ET was reported for a series of DA
dyads®~911This primary charge separation can be extended by
construction of triad and more complex systeifid13thus
confirming that complete charge separation (CCS) takes place
in the primary DA pair. Typically, the porphyrin chromophores
serve as a light antenna of the dyads. However, the fullerene
excited singlet state, which may relax to the CS state, was
observed under certain conditioh2On the contrary, the final
formation of the CS state was not detected for a series of free-
base and zinc porphyriffullerene dyads in nonpolar sol-
vents?1213At the same time, in nonpolar solvents and in solid
films, an infrared emission was observed for dyads characterized
by a close proximity of the donor and accept®#*1®> The
emission was attributed to an emissive CS state, and was
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observed for both free-base and zinc complexes of porphyrin
and fullerene.

Despite these diversities in phenomena, the ET reactions of
the porphyrir-fullerene dyads are usually discussed considering
three intermediate states, namely, the locally excited (LE)
porphyrin and fullerene states, and the CS state. This ignores
the tendency of porphyrin and fullerene to interact with each
other in the ground and especially in the excited states. The
former can be illustrated by an ability to form mixed crystals
with sandwich-like structure$:1” The latter is confirmed by
the CT emissiod%1415 which can occur at relatively high
electronic couplings only. This kind of phenomenon is usually
referred to as an exciplex, meaning that two separate chro-
mophores form in the excited state a common molecular orbital,
which exists only as an excited state. The newly formed state
may result in an essential electron density redistribution. In such
a case, it can be qualified as a CS state. It is also called a
“contact ion pair” state to emphasize that the system can proceed
to a complete charge-separated state, in which the chromophores
are again separated from each other but hold an extra charge, i
being a cation and anion radicdf:2? This type of behavior was g;%‘gs sltu'Jdi'ZIg 'iﬂgzuﬁ;“g;fgﬁs‘sﬁa rg%g‘gfﬁgﬁ@g’;ﬁ:gggg&%
observed for phytochloriafullerene dyad$??* where the  in this paper. The PO34—Cso dyads were studied earli€is and are
exciplex was the key intermediate preceding the CCS state.

included for comparison. The porphyrin part, denotedRkii), is common
An important property that complicates the photochemistry {2;‘1}5‘2%jﬁ?;ﬂgﬁ‘;ﬁg“;@‘;‘;‘"ff,r,e;‘;cﬁeg‘;‘;ifo”e”‘eR@ and edge-

of the porphyrir-fullerene systems is that the excited-state

energies of fullerene and porphyrin are close to each 8tHef. exciplex31-33|n the latter case, the chromophores may not form
An obvious result of this situation is an efficient energy transfer a ground-state complex, although they must be close enough
from the excited singlet state of porphyrin to that of fullerene, to form an exciplex, and the formation of the exciplex cannot
which can compete with the electron transfer and even be morebe predicted from the absorption spectrum of the dyad. An
efficient than the ET in nonpolar solverft& A less obvious indication of the exciplex is a new emission band, which,
result is the formation of an exciplex. Both chromophores, however, may not be detected if the exciplex relaxes quickly
porphyrin and fullerene, hold extended conjugatedlectron to the CCS state. Then, to clarify the mechanism of the
subsystems, which can interact efficiently with each other. When photoinduced ET reaction, a detailed analysis of the transient

= R(M)

R(M)

H,P-034-Cgy: M = 2H
ZnP-034-Cqy: M = Zn
R,=78AR,=32A

R(M)—OCHZNHCO ’

H,P-C1-Cgy: M = 2H
ZnP-C1-Cgy: M =2Zn
R,=109A R,=34A

1" Tee

H,P-81-Cgy: M = 2H
ZnP-81-Cgy: M = Zn
R,=13.0A R, =6.0A

the distance between the donor and acceptor is short, as in mixedibsorption and emission properties of the dyads is required.

crystals or in some covalently linked dyatise interaction can

The exciplex has been reported to be a precoursor of the CCS

already be seen from the ground-state absorption: a newstate of covalently linked phytochlorirffullerene dyad$®24The

absorption band is formed in the near-infrared redfoi.
However, the intensity of the band is low, roughly a thousand
times lower than that of the Soret band. The ground-state
complex can be excited directly to the excited CT staté?
Alternatively, one of the chromophores can be excited selec-
tively, and the resulting LE state is transformed to an
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structural similarities between the phytochletifullerene and
porphyrin—fullerene compounds are a good reason to study
whether the mechanism could be generalized to include the
charge-transfer reactions of the latter compounds as well.

We report herein the study of four porphyrifullerene
dyads: ZnNP-S1—-Cgo, HoP—S1—Cqp, ZnP—Cl—C50,34 and
HoP—C1—Cg (Figure 1). Their properties are compared to those
of ZnP—034—Cgp and HP—034—Cq, for which the charge-
transfer emission has been studied eatfiéf.These dyads are
involved in this study for comparison and elucidation of the
role of the exciplex in the ET photodynamics. The $1—Csgo
and P-C1—-Cgo dyads have a moderate dor@cceptor center-
to-center distance (roughly 1 nm), which is short enough to
promote CCS but long enough to make the electronic coupling
between the porphyrin and fullerene moieties weak. The
exciplex interaction for these dyads was considered to be less
probable and the exciplex emission less intense than for the
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P—034—-Cgp dyads, as the emission yield is proportional to the
square of the electronic coupling matrix elem&wHowever,

an emission component, which can be attributed to exciplex,
was resolved for the PS1-Cgp dyads in toluene with time-
resolved emission spectroscopy.

Porphyrin and fullerene have been observed to form exci-
plexes with many compounds. For example, fullerene forms
exciplexes with aromatic aminé%3” and porphyrin forms
exciplexes with anthraquinor polynucleotide$? and naph-
thalene®® However, this is the first study devoted to detailed
investigation of the exciplex photodynamics and its impact on
electron-transfer properties of porphyrifullerene dyads.

2. Results and Discussion

The P-S1-Cgp and P-C1—Cgo dyads were studied in two
solvents: toluene and benzonitrile. In all cases, the absorption

spectra of the dyads are well presented as a sum of the spectra

of two chromophores, porphyrin and fullerene. This indicates

that there are no observable ground-state interactions between

the chromophores. In contrast, for ZaB34—Css®1°and HP—
034—Cqo, 15 significant ground-state interactions were previously
observed.

For all the dyads, the fluorescence of the porphyrin moiety
is strongly quenched. In benzonitrile, the remaining emission

spectra of the dyads resemble that of the corresponding reference

porphyrin, and contribution from the fullerene emission is weak
(Figure S1 in the Supporting Information). In toluene, the
fullerene emission is relatively strong, except for that ePH

C1—Cgo. This indicates that there is an intramolecular energy
transfer from porphyrin to fullerene. The results of the steady-

state emission measurements were similar to those of previously

studied porphyrir-fullerene dyadg:12

The ultimate goal of this study was to investigate the
dynamics of the photoinduced ET. This was accomplished by
using three methods: femto- to picosecond puipmbe

transient absorption spectroscopy, femto- to picosecond emission
up-conversion, and pico- to nanosecond time-correlated single- <

photon counting (TCSPC). In the femtosecond experiments, the
excitation wavelength was 41@20 nm. Therefore, the second
excited singlet state of porphyrin?¥, was formed right after
the excitation pulse (width typically 50 fs). For some zinc
porphyrins, the internal conversion of the second excited state
to the first can be relatively slow, up to a picosecdhdhe
slow internal conversion was observed for ZP1—Cgg, as
will be noted later, but otherwise the conversion was not
resolved in time, and the first observed state was the first excited
singlet state of the porphyrin chromophoré®. In TCSPC
experiments, the excitation wavelength was adjusted in the rang
580-605 nm to the nearest absorption band of the porphyrin
moiety, thus creating mainly locally excited porphyridS@.

2.1. P-S1-C60. 2.1.1. ZnP-S1—-Cgo in Benzonitrile. The
population of the porphyrin locally excited statéS@, can be

(35) Marcus, R. AJ. Phys. Chem1989 93, 3078-3086.
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A 1997, 105, 225-233.
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Figure 2. Time-resolved spectroscopy for ZrB1—-Csg in benzonitrile:

(a) fluorescence up-conversion at 605 nm (15 ps time scale), (b) transient
absorption decays at 470, 620, and 1020 nm (50 ps), and (c) transient
absorption component spectra together with the spectrum of the exciplex
(dashed line) obtained by adding the 12 and 130 ps components.
monitored by measuring the emission decay profile at the
wavelength of maximum porphyrin fluorescence, e.g. 605 nm.
The emission decay was dominatgdeb2 pscomponent (Figure

2a). For dyads similar to ZrPS1—Cg, the excited singlet state
usually undergoes ET. The charge-separated state was also
observed in the present case, as can be seen from the spectrum
of the longest lived component (130 ps, Figure 2c), which has
pronounced bands at 620 and 1020 nm usually attributed to the
porphyrin radical cation and the fullerene radical anion,
respectively.4=47 However, the 12 ps component in Figure

(41) Greaney, M. A.; Gorum, S. Ml. Phys. Chem1991, 95, 7142-7144.
(42) Sun, Y.; Drovetskaya, T.; Bolskar, R. D.; Bau, R.; Boyd, P. D. W.; Reed,
C. A.J. Org. Chem1997, 62, 3642-3649.
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2c and the corresponding time profiles at 620 and 1020 nm in
Figure 2b show that the formation of the CS state is much slower
(12 ps) than the decay of'f (2 ps). A fast process (lifetime
roughly 1 ps) can also be seen in the transient absorption, but
it is not related to the CS state. It only shows some recovery of
the absorption band at 480 nm.

The transient absorption spectrum between 2 (relaxation of
the PSC state) and 12 ps (formation of the®~state) is shown
by the dashed line in Figure 2c. The spectrum has characteristic
features of the porphyrin excited state, such as a bleached
Q-band at 560 nm, and thus cannot be attributed to the fullerene

4004 A, = 640 nm
3004

2004

1, counts

1004

locally excited state, P In conclusion, there are three
intermediate states in the relaxation of the photoexcited dyad.
Two of them can be identified as the excited singlet porphyrin,
PISC, and the CCS state,'B~. The third one is a new state,
which will be denoted as (PC)*. The relaxation chain can be
presented schematically as

pC™ piSc 2 (poy <% pre 2% pC )
where the rate constants of the reactions®kg ~ 5 x 10
sk ~ 8 x 1019s7%, andkig ~ 7.7 x 10° s

2.1.2. ZnP-S1-Cgo in Toluene. For ZnP-S1—-Cgp in
toluene, the pumpprobe measurements yielded three transient
components with lifetimes of 1.7 ps, 200 ps, antins (Figure
3c). There was no evidence of the ET in toluene, since no
formation of the porphyrin cation band was observed in the

600—-700 nm region. The up-conversion emission measurements
show that the fluorescence of the porphyrin chromophore has a

lifetime close to 2 ps (Figure 3a). Therefore, the first component
in transient absorption can be identified as the relaxation of the
PISC state. The longest lived component in transient absorption
has a broad nonstructured spectrum typical for the fullerene
excited singlet state. The formation of the PGtate is also

well confirmed by the emission spectroscopy studies. The

steady-state emission spectrum of the sample correlates with

that of the fullerene reference compound. The time-resolved

emission spectroscopy (TCSPC method) yields a component 7

with a spectrum similar to that of fullerene (Figure 3b). The

lifetime of the component is 1.3 ns, which agrees with the
lifetime of the unquenched excited singlet state of the fullerene
chromophoré?®-51 However, there is a subnanosecond compo-
nent in the emission (Figure 3b). The component has a
maximum at 655 nm, and its lifetime is 370 ps. Its presence is

quite evident from the time-resolved measurements, as illustrated

by the decay profiles in the inset of Figure 3b. The component

(43) Fukuzumi, S.; Nakanishi, |.; Maruta, J.; Yorisue, T.; Suenobu, T.; Itoh, S.;
Arakawa, R.; Kadish, K. MJ. Am. Chem. S0d.998 120, 6673-6680.
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Fukuzumi, SJ. Phys. Chem. A998 102 3898-3906.

(46) Luo, C.; Fujitsuka, M.; Huang, C.-H.; Ito, Q. Phys. Chem. A998 102
8716-8721.
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Ito, O.J. Am. Chem. S0d.998 120, 8060-8068.

(48) The two letters in the subsripts of the rate constant symbols denote the
initial and final states of the transition, respectively. The different states
are the ground state (g), the excited singlet states of porphyrin (p) and
fullerene (c), exciplex (x), complete charge-separated state (i), and excited
triplet state of fullerene (T).
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Figure 3. Time-resolved spectroscopy for ZaB1—Cgp in toluene: (a)
fluorescence up-conversion at 640 nm (25 ps time scale) and (b) emission
decay-associated spectra (DAS) and exciplex spectfua) éum of all
shown components, dashed line). An additional componigt & 650
nm), whose lifetime was shorter than the time resolutior: (20 ps), was
omitted from the figure. The inset shows the time profiles of the decays at
670 and 720 nm. (c) Transient absorption component spectra together with
the spectrum of the exciplex (dashed line).
cannot be attributed to the emission of the porphyrin chro-
mophore, which has a double-peaked spectrum with maxima
at 605 and 645 nm. Moreover, its emission maximum is blue
shifted too much to be attributed to the fullerene chromophore.
Evidently, there is an intermediate state between the porphyrin
and fullerene excited singlet states.

A charge-transfer emission, or an exciplex, was observed for
ZnP—034—Cg in nonpolar solvents, e.g. tolueMeThe maxi-

700 800 900 1000 1100

wavelength, nm

500 600
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mum of the emission was at 810 nm, thus the exciplex was

. . . issi t610 L
much lower in energy than the excited singlet fullerenelSPC 0.064 /em]ssmn 2 nm 600
(1.75 eVf0). In the case of ZnPS1-Cgp, the exc_iplex energy 0.05. 500
is somewhat higher than that of the P&ate, since the new ]
emission maximum is at a shorter wavelength than that of the  0.044 absorption at 400
fullerene. 625 nm 200 2
Assuming a linear reaction chain p 0.031 [ §
" k, Kk 0.02 - -200 ~
Lo, LY =S pas L pdT
PC— P'SC = (PC)*— PC' PC 2) 0.01] [ 100
one can obtain the following reaction rate constdfitgy ~ 5 0.00 = 0
x 10 574 ke &~ 2.7 x 1P s7%, andker ~ 7.5 x 18 s7L. The 0 50 100 150 200
emission spectrum of the exciplex, i.e. the emission spectrum a) time, ps

after the decay of thelfC state, 2 ps, and before the formation

of the PGS state, 370 ps, can be obtained as a sum of the decay- ‘
associated spectra (DAS)and it is shown by the dashed line ——1,=1.2ps
in Figure 3b. The calculated spectrum has two maxima and a
shoulder in the red region. The spectrum can be used to calculate  0.034/
the principal energetics parameters of the exciplex by using a
procedure similar to that described previou$y+1519 as 0.0247 8
discussed later.

The intermediate lifetime obtained from the transient absorp- < 9:014
tion measurements was 200 ps (Figure 3c). However, the value <
is inaccurate, because the contribution of the corresponding
component is rather weak over the measured wavelength range
(450-1060 nm). This lifetime should correspond to the rather -0.01+
accurate lifetime of 370 ps obtained from TCSPC measurements 0.02
(Figure 3b). Accordlr_lg to Scheme 2, t_he transient absorption ™ 500 600 700 800 900 1000 1100
spectrum of the exciplex can be obtained as the sum of the b)
spectra of the two long-lived componefitsThe calculated . ) ) o
spectrum is presented by the dashed line in Figure 3c. It can be/79ure 4. Time-resolved spectroscopy of ZaR1-Ceo in benzonitrile:

. . ' éa) fluorescence decay at 610 nm and transient absorption curves at 625
compared to_the spectr_um of t_he new |ntermed|a}te state observeding 1030 nm and (b) transient absorption component spectra obtained after
for the dyad in benzonitrile (Figure 2c, dashed line), and a good 4-exponential fit (the fit globab value was 0.0008).
correlation between them can be observed.

In conclusion, in both solvents, the primary excited singlet decayed in 900 ps. No direct evidence of a transient between
state of porphyrin, FC, decays to an intramolecular exciplex, the PC and CCS states was found.

PISC — (PC)*, in 2 ps. In benzonitrile, the exciplex relaxes to  2.2. P~C1-C60. 2.2.1. ZnP-C1-Ceo and HP—C1—Cqo
the CCS state in 12 ps. In toluene, the exciplex is relatively in Benzonitrile. For ZnP-C1-Cg and HP—C1-Ce, the

long-lived (370 ps), and its emission efficiency is comparable PUmMp-probe experiments revealed four intermediate states, as
to that of the locally excited fullerene. The exciplex relaxes to the data measured in the 460060 nm range could not be fitted

the excited singlet state of fullerene. successfully with less than four components. The fitting results
2.1.3. HP—S1—-Cqg in Toluene and Benzonitrile. HP— for ZnP-C1-Cqo are presented in Figure 4b. The fastest
S1-Ceo demonstrated similar emission properties in toluene COMPONent represents thése — PISC transition. This was
(Figure S2) as the corresponding zinc porphyrin dyad,ZnP confirmed by up-conversion measurements at 600 nm, where a
S1—Ceo (Figure 3b). The lifetimes were 30 ps, 230 ps, and 1.4 formation of the porphyrin fluorescence (i.e. the first excited
ns for the LE porphyrin, exciplex, and LE fullerene, respectively. Singlet state) is observed with a time constant of 1 ps. A
The pump-probe experiments confirmed the decay of the LE relatively slow internal conversion is in agreement with the
porphyrin in 30 ps and the decay of the fullerene excited singlet "€Sults reported previously in the literatife. _
state at a longer delay time. However, no component with a | T_he second component in the transient absorption spectra
lifetime close to 230 ps was detected in the transient absorptionindicates the formation of the bands at around 625 and 1030
measurements. This is probably due to relatively small changes™™ (Figure 4a), which are usually attributed to the porphyrin

in the transient absorption between the LE porphyrin and the cation and fullerene anion radicals, respectiveiy.*" The
exciplex. corresponding time constant is 20 ps for ZP1—Cgp, as

In benzonitrile, the fluorescence lifetime of the porphyrin indicated (Ijnt Flgure 4b. Thef :Elrdb andd fc;u(;tth corgplc())r;%nts
chromophore is 27 ps, which correlates well with the formation correspond to the recovery of the bands a an nm

time constant (24 ps) of the CCS, obtained from the time- with lifetimes of 73 and 590 ps, respectively. The emission
. ’ é‘neasurements at 610 nm (the fluorescence maximum of the

porphyrin chromophore) show that the excited singlet state of

(52) The method to calculate the real emission or absorption spectra of the porphyrin does not relax with a time ConStfmt of 20 ps _(Flgure
intermediate states is shown in the Supporting Information. 4a), as could be expected from the transient absorption data.

0.00

wavelength, nm
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Table 1. Rate Constants, Exciplex Energies (Ex), and Free Energies (—AGpx and — AGxc)?

rate constants, 10° s~! energies, eV
compd solvent Kox (Kep) Kyi Kye (Kex) kig Ex —AGy, —AGy,

ZnP—S1-Cgp benzonitrile 530 83 7.7

toluene 480 2.9 1.89
HoP—S1—Cego benzonitrile 37 1.1

toluene
ZnP—C1-Cgo benzonitrile 24 (6.1) 20 1.7 2.05 0.036

toluene 0.3(0.4) 1.74 —0.007
H,P—C1-Cgp benzonitrile 7.6 (11) 7 0.5 1.92 -0.01

toluene 0.6 (0.1)

aThe subscripts refer to the initial and final states of the transition, respectively:PFC, x = (PC)*, c= PCS, i = P'C~, g = PC.

A careful analysis of the emission decay curves revealed thatrate constants are
a biexponential fitting gives a better approximation, and the

resulting lifetimes match those obtained from the transient ri, + 2,
absorption measurements. In the case of -Z8P—Cg, the xT r—1
lifetimes are 25 and 65 ps with relative amplitudes 23% and
77%, respectively. The goodness of fit w&s= 1.05, whereas K = AaoKoy
a monoexponential fitting gave a lifetime of 55 ps grfd=
1.15, in accordance with an earlier rep¥rt. and
The biexponential decay of the porphyrin fluorescence could
be accounted for by assuming that the dyad exists in two distinct Kep =~ = Ao — ko — K (4)
conformers. The relative proportions of the conformers would
be given by the relative intensities of the two components in Where 1 = — 1/r; and 1, = — 1/ro. The calculated rate
the emission decay, i.e. 23 and 77% in the case of-ZDP- constants are presented in Table 1, and can be used to model

Cso. Thus, after the relaxation of the porphyrin singlet states, the time-profiles of the populations of the intermediate states.
both conformers should be in some intermediate (e.g. CS) state.The results of the modeling are shown in Figure 5. The
The decays of these states should yield two additional decayPopulation of PSC is directly proportional to the emission
components, which should be distinguishable as the relative intensity in Figure 4a.

population of the minor conformer is as high as 23%. However, ~The calculated rate constants for the equilibriurdSgP==

only one component was observed: 590 ps. Therefore, the two-(PC)*) allow one to estimate the energy difference between the
conformer model cannot adequately describe our experimentaltwo states: AE = ksT In(kox/'kyp). Since the energy of the LE
data. porphyrin is known, the corresponding energy of the exciplex

Another interpretation for the biexponential decay of the can be calculated. The results are presented in Table 1.
porphyrin fluorescence is that the porphyrin LE state is in equil- ~ 1he principal behavior of the free-base dyadPHC1—Csy,
ibrium with some other state. The other state could be a CSWas very similar to that of ZnPC1-Ceo. The corresponding
state, since the formation of the state is associated with the 8XPerimental data are collected in the Supporting Information
formation of the bands at 625 and 1030 nm. However, the decay(Figure S3). The fitted lifetimes were 32 ps, 300 ps, an@
of the transient absorption is clearly biexponential (73 and 590 NS from the transient absorption measurements and 30 (25%
ps), meaning that there are two transient states formed afterélative amplitude) and 450 ps (75%) from the porphyrin
PISC. Therefore, it is reasonable to assign the longest lived state,EMISSIoN decays. The calculateq intrinsic rate constants and the
590 ps, to the CCS state. The intermediate state between theXciplex energy are presented in Table 1.
porphyrin LE and CCS states is the exciplex, (PC)*, whose  2.2.2. ZnP-C1-Cgo and H,P—C1—Ceo in Toluene. For
spectrum is rather similar to that of the CCS state as discussedZNP—C1—Cyo in toluene, three components were observed in

later. Thus, the kinetic scheme for ZARB1—Cgo and HP— the transient absorption measurements (Figure 6b), but the
C1-Cq in benzonitrile can be presented as longest living component was not time-resolvé@he shortest

lived component, 1.3 ps, corresponds to the internal conversion
. K K kg P2SC — PISC. The second component, 65 ps, is mainly
PC— PISCT—‘ (PC)*—P'C” —PC 3) associated with the decay of the signal at 480 nm and has a
® minor influence on the transient spectra at the red and infrared
parts of the spectrum. The decay of the emission measured by
the up-conversion method at wavelengths specific for porphyrin
is monoexponential with a lifetime very close to 65 ps, in
accordance with ref 34. This lifetime can be resolved by using
the TCSPC method. The emission DAS measured with this
method are shown in Figure 6a. There are two DAS with the

The time profile of the porphyrin emission is determined by
three intrinsic rate constantyy, ke, andky.*® The experi-
mentally obtained parameters are the two emission decay time
constantsr; andt,, and the ratio of the preexponential factors,

r = ai/ap. Therefore, assuming that the initially populated state
is the first excited singlet state of porphyrin, i.e.}¥€] = 1

* = = i I i
and [(PC) ] 0 att . 0, the Inmn_SIC rate Con_StantS (_:an_ bg 53) The relaxation process was not completed in 1 ns (the instrument time
calculated. As shown in the Supporting Information, the intrinsic scale). This is indicated by the third component wigh> 1 ns.
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time, ps
Figure 5. Populations of the transient states of Zr®P1—Cgin benzonitrile

calculated by using the model of eq 3.
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Figure 6. Time-resolved spectroscopy of ZrE1—Cgg in toluene: (a)
emission DAS obtained for 3-exponential fit (glokdl= 1.2) and emission
decay at 780 nm (see inset) fitted by using the biexponential model (lifetimes
are 0.81+ 0.05 and 5.4+ 0.5 ns,y2 = 0.96) and (b) transient absorption
component spectra obtained after 3-exponential fit (the fit goodmess

frame of a linear reaction chain. The explanation can be found
if the fullerene excited state is in equilibrium with some other
state. Thus, the kinetic scheme for Z2r@1—Cgg in toluene can

be drawn as in eq 5, wheig. = 1/65 ps~ 1.5 x 100 s™L.

Y Fpe kex
PC«ivac—i+Pc“z§2(PCV,

(5)

ke

PclT

The exciplex plays the role of a reservoir that allows a long
emission lifetime for the excited singlet state of fullerene.

Taking into account the fact that the intramolecular energy
transfer, PSC — PCS is much faster than the reactions involved
in the equilibrium, the second part of the scheme!'P€ PC'S
= (PC)*, can be analyzed separately. The initial populations
are [PG9 = 1 and [(PC)*]= [PC'T] = 0. The biexponential
decay of the fullerene emission (see inset in Figure 6a) yields
two lifetimes and the ratio of the preexponential factors. These
values can be used to calculate the intrinsic rdtgskey, and
ket using equations similar to (4), but because of the difference
in the scheme, the ratiomust be calculated as= ay/a;. The
intersystem crossing rate constant for fullerene obtained by this
method isk.t = 7 x 10° s71, which is in agreement with the
actually measured value (% 10° s71).4951 This strongly
supports the applicability of Scheme 5 and gives an additional
argument against the two-conformer model. The equilibrium
rate constants and the calculated energy of the exciplex are given
in Table 1.

The general behavior of the free-base dyagP-HC1—Cso,
is similar to that of the zinc dyad (Figure S4). However,
the fitted time constants are rather close to each other, e.g.
the porphyrin emission lifetime is 0.61 ns (measured at 650
nm) and the fullerene emission decays biexponentially with
the lifetimes of 0.89 and 2.3 ns (measured at 800 nm). In
addition, the fluorescence spectrum of free-base porphyrin
overlaps with that of fullerene. Therefore, quantitative esti-
mation of the intrinsic rates is unreliable fopPH+C1—Cgg in
toluene.

2.3. Generalized Kinetic SchemeThe kinetic schemes used
for the modeling of the photodynamics are apparently different
for the P-S1—-Cgo and P-C1—Cgo dyads in different solvents,
because the relative rates of the individual reaction steps vary
from case to case. However, the schemes have common
intermediate states {fC, PGS, (PC)*, and PC),%* and a
general scheme presenting all the reactions between the states
can be drawn (Figure ?7.A similar kinetic model was used to
analyze the photodynamics of phytochlerillerene dyadg24

The main difference between the present scheme and those
used previously to analyze the photodynamics of the porphyrin
fullerene dyad¥ is the existence of the exciplex, (PC)*.

0.0011) and time-resolved spectra at 10 (dashed line) and 100 ps delayFormally, the scheme can be reduced to the ones used previously

time (solid line).

lifetimes of 0.8 and 5.5 ns in addition to the short-lived

component (65 ps). Both spectra have maxima at 710 nm, and

could be attributed to the emission of the LE fullerene. However,
neither of the lifetimes matches the lifetime expected for
fullerene decaying via intersystem crossing, 1.3 ns. While the
shorter lifetime, 0.8 ns, could be attributed to a quenchet-PC

by combining the exciplex and CCS states. From the practical
point of view, this may happen when the formation rate of the
exciplex is much slower than the rate of its decay, e.g. the

(54) In the frame of this study, only the primary reactions of the excited state
relaxation are studied. This is limited by the time scale of roughly 1 ns,
and does not cover the possible reactions involving triplet states.

(55) The scheme presents the reaction chains only, and does not intend to indicate
the relative energies of the intermediate states, which may vary significantly
from dyad to dyad and from solvent to solvent. The energies are dicussed
later in the paper.

state, the longer one, 5.5 ns, can hardly be explained in the(s6) See for example references 1, 2,8 and 12.
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pC semiclassical Marcus electron-transfer thé6#°¢(see also the
A \\ Supporting Information)
PISWPCIS ket =
2 1 © g (AG® + A+ ihy, + hy)
AVex (PC)* / \ o - V2 e—S-_eX N S \
; \ PC h 4k T2 &0 ! 4 KT
\'on (7)

PC

which can be used to evaluate the electronic coupliMgs
associated with the different reaction steps. The calculated results
PC y y can be visualized with use of Franelcondon plots, where the

) . I L . reaction coordinate is scaled to adopt the correct value of the
Figure 7. Generalized kinetic scheme describing the photophysical .. . .
processes in porphyrirfullerene dyads. Transitions which may result in ~'€0rganization energy (see the Supporting Information). Further
photon emission are shown by the dotted arrows. The energy levels are notinsight can be gained by comparing the differential absorption
drawn to scalé® The states shown are the ground_ state (PC), locally excited spectra of the exciplexes with those of the LE and CCS states.
porphyrin (PSC and PSC) and fullerene (PE), exciplex ((PC)*), complete . .
charge-separated state'®), and fullerene triplet state (PO). The transient spectra can be calculated on the basis of the

proposed kinetic scheme and the experimental results, as shown
. in the Supporting Information. The results for ZAB1—Cgo

reactions P°C — (PC)* and PC® — (PC)* are much slower  5ng znP-C1—Cg in benzonitrile are presented in Figure 8.
than the reaction (PCy*- P*C~, or if the formation rate of the  Although the transient absorption spectra 3f® states are
CCS is much slower than the rate of its decay. Then, only reasonably alike and so are those of the CCS states, the spectra
exciplex (the latter case) or CCS state (the former case) is of the exciplexes are very different (Figure 8). In the cases of
observable. However, in the case of 81-Cgy and P-C1— ZnP—C1—Cg and ZnP-034—Cg,% the spectrum of the (PC)*
Cso dyads, both the exciplex and CCS state should be takenstate resembles that of CCS. For ZaB1—Cs, the spectrum
into account and can be resolved experimentally. Application of (PC)* is rather similar to that of ¥C except for a strong
of the kinetic model shown in Figure 7 is crucial for the absorption recovery in the 45650 nm region.
interpretation of the transient absorption and emission data. It The rigid structure of the PS1-Ceo dyads prevents any
also allows a comparison of the behavior of different dyads and formation of a contact ion pair. Thus, the origin of the exciplex
a collection of new information on the nature of the exciplex Should be in the interplay of the LE states of porphyrin and

P

and CCS states. fullerene. '!'he Iinkage_ betwet_an th_e do_nOI_r and the accep_tor is
_ an aromatic phenyl ring, which, in principle, could mediate
2.4. Nature of the Exciplex and Its Impact on Intramo- through-bond interaction of porphyrin and fullerene electronic
lecular ET Reactions.The series ZnP0O34—Cgo, ZNP-S1— subsystems. This may involve the formation of a common

Ces0, and ZnP-C1—Cgo forms an ideal basis for comparing the  molecular orbital with a relatively small total shift of the electron
influence of the molecular geometry on the principal ET density. This type of interaction may result in a minor change
parameters and for discussing the nature and the role of thein the reaction coordinates and, thus, in a small reorganization
exciplex in intramolecular ET interactions. The charge-transfer energy.

emission was previously observed for 2A@34—Cgoand HP— Unlike in the cases of ZnPO34—Cso and HP—0O34—Cep,
034—Cgp dyadst®15 Their steady-state emission spectra were the exciplex emission cannot be extracted from the steady-state
analyzed in the frame of the semiclassical Marcus electron- spectra of anlssl_—Cso- However, if the reaction chain'fC
transfer theory to obtain principal energetics parameters: the ™ (_PC)* — PC=is assumgd, the emission spectrum of the
outer-sphere and internal reorganization energigsaid Ay exciplex can be calculated in toluene as a sum of all the shown
respectively), the reaction free energh@°), and the DA compqnents in the emission DAS (Flgur_e 3). The exupiex
vibrational frequency i,). The same procedure can be ap- emission correspon_ds to the minor relaxatlon channel (P€)_
plied to ZnP-S1—Ceo in toluene, by fitting the calculated PC. The spectrum fit (eq 6 and Figure S5) gives the following

wciplex trum shown in Fiqure 3b rding to th values: —AG° = 1.894+ 0.01 eV,As= 0.04+£ 0.005 eV A, =
excipiex spectrum sho gure according to the 4 15, 0.01 eV, andw, = 0.13+ 0.01 eV8° Thus, the exciplex

equatiof®3> . ) . .
is 1.89 eV higher in energy than the ground state. The energies
of the excited singlet states of porphyrin and fullerene are 2.07
® d (AG® + A+ ihw, + hv)2 and 1.75 eV, respectively. Accordingly, the free energy changes
= " axnl — S Y of the reactions BC — (PC)* and (PC)*— PC!Sare 0.18 and
Iv)=A) e —ex (6) .
=l DT 0.14 eV, respectively.

(57) Moser, C. C.; Keske, J. M.; Warncke, K.; Farid, R. S.; Dutton, Ndture
_ 2 2/2\73 312 1/20 12 _ 1992 355, 796-802.
whereA = n((n +2)/3)2(167t /3)U [4'7[ /h ;LSkBT] M2, S= A/ (58) Jortner, J.; Bixon, MJ. Chem. Phys1988 88, 167—170.

(hwy) is the electronic-vibrational coupling), is the refractive (59) Following the discussion above, the spectrum previously attributed to the
. . . . CT staté should be treated as the exciplex spectrum.
index of the mediumhw is the energy of the emitted photon,  (s0) A “wavy” shape of the exciplex emission receives a good interpretation in
andM is the electronic transition dipole moment. The energetics terms of eq 6. A small value of the reorganization energy¢ < (h.)?%)

. makes the transitions to different vibrational levéls{) spectrally resolved,
parameters and the measured rate constants are linked by the  the distance between the emission maxima being determindat,by
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The reorganization energies of the excited statésqRnd
PC') relative to the ground state can be assumed to be small

based on the small Stokes shifts of the corresponding reference

compound$! Therefore, the reorganization energies for the
reactions (PC)*> PC, BSC — (PC)*, and (PC)*~ PCS must

be the same, i.eds = 0.04 eV. Naturally, one can expect also
the DA vibration frequency, and the internal reorganization
energy/, to be the same for these reactions. Thus, using eq 7

and the corresponding rates and energies, the electronic

couplings can be estimated to ¥g ~ 4 meV (30 cm?) and

Vi ~ 0.3 meV (2.5 cm?) for the formation of the exciplex
and for its relaxation to P, respectively. The calculated values
are quite reasonabt&8263The fact thatVyx > Vi indicates
that the exciplex resembles mor&@ than P&S. This conclu-
sion is in accord with the result that the transient absorption
spectrum of the exciplex is very similar to that of the porphyrin
LE singlet state (compare the solid line spectra in Figure 8,
parts a and b, respectively).

From the FranckCondon plot (Figure 9), the relaxation
pathway of the exciplex is evident for ZrfS1—-Cgo in
toluene: (PC)*— PC!S. The potential barrier for this path is
almost the same as that for the formation of the excipléSCP
— (PC)*. However, the electronic coupling is lower (see above),
and hence the rate is slower, for the relaxation of the exciplex
than for its formation.

Only for the P-O34—Cg, dyads were charge-transfer absorp-
tion bands in the 706800 nm range observed, indicating
ground-state interactiof?:1> According to'H NMR measure-
ments and molecular mechanics calculations, Z0RB4—Csg
exists mainly in a conformation where the fullerene moiety is
folded onto the porphyrin ring.lt is therefore reasonable to
qualify the exciplex as a contact ion pair.

For ZnP-034—Cgp studied previously in nonpolar ben-
zeneb 10 the emission fit gave the followinl: —AG° = 1.66
eV,As=0.13 eV,A, = 0.1 eV, andw, = 0.13 eV. The rate of
the decay of the exciplex, (PCy* PC, wasky = 3 x 10°
5716 Thus the electronic coupling calculated from eq Mg
= 0.60 eV (5000 cmb). This is clearly too large a value. The
applied theory can be used to calculate the electronic coupling
only in the diabatic case whah< hv,. The electronic coupling
for the same transition was estimated previously from the CT
absorption corresponding to the transition PC(PC)*. The
result wasVgc = 0.03 eV (270 cm?).20

An explanation for the inconsistency in the two electronic
coupling values can be that the decay rate of the exciplex, 3
10° s71, was assigned to a wrong transition. The situation can
be discussed by using the energy plots in Figure 9. The
excitation of the dyads populates the porphyrin LE stat&CP
which yields the exciplex, (PC)* at energy 1.66 eW There
is no evident way for the relaxation of the exciplex to occur.

(61) Assuming the Stokes shift to be 5 nm (for a band at 650 nm) the
reorganization energy can be estimated to be 0.03 eV. This is probably the
limit when one can neglect the reaction coordinate change for the excited
states.

(62) Katz, N. E.; Mecklenburb, S. L.; Graff, D. K.; Chen, P.; Meyer, TJJ.
Phys. Chem1994 98, 8959-8961.

(63) Williams, R. M.; Koeberg, M.; Lawson, J. M.; An, Y.; Rubin, Y.; Paddon-
Row: M. N.; Verhoeven, J. WJ. Org. Chem1996 61, 5055-5062.

(64) Although the potential barriers for the transitiodS®— (PC)* and PSC
— PTC~ are almost equal (Figure 9), the respective electronic coupling
matrix element¥,, andV,, are not. Because the charge shift is much greater
for the CCS than for the exciplex, the overlap of tHé@wave function
Wpisc must be greater with’pcy than withWe+c-, andVpx > V. Therefore
(eq 7), the transition to the exciplex dominates over direct charge transfer.
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Figure 8. Transient spectra of the (a) LE porphyrintSe, (b) exciplex,
(PC)*, and (c) CCS state,"~, of ZnP—S1—-Cg (solid line) and ZnP-
C1—-Cqgo (dashed line) in benzonitrile. The spectra were calculated according
to the kinetic schemes proposed for each compound; see text for details.

The small reorganization energy associated with the (PC)* state
(relative to PC) results in a high potential barrier for the
radiationless relaxation to the ground state. This is illustrated
by Figure 9, where the crossing point of the potentials for the
ground state and exciplex does not fit to the scale. Unlike in
the case of the PS1—-Cgo dyads, the exciplex cannot relax to
the fullerene LE state, because the energy of the exciplex is
lower than that of the LE fullerene. However, the experimentally
determined lifetime of the state is relatively short, 300 ps, and
an attempt to attribute it to the radiationless relaxation of the
exciplex to the ground state results in an unreasonably high value
of the electronic coupling. A solution to the problem can be
found if both exciplex and CCS state are present in the reaction
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(I?C)' (P-S1-C,)
g (PC)* (P-034-C, )

ground PC
——P'°C, 2.07 eV 144
e PC'®, 1.75 8V . T r |
<o (PC)*, 1.66 &V -0.5 0.0 0.5 1.0 1.5
------ (PCY*, 1.89 eV D)o 4-
------ P'C,16eV
0.5 0.0 05 1.0 15 2.21
reaction coordinate 20
Figure 9. Potential energy profiles of the ground, LE, exciplex, and CCS o
states of ZnP-S1-Cgo and ZnP-034-Ceo in toluene. See text for > 1.8
explanations. Note that the"B~ state only applies to ZnPO34—Cgo. 0’_1 6
Wi 1.6
scheme. The potential profile of the hypothetical CCS state is 1.4
shown by the dotted line in Figure 9. The energy of the CCS 12]
state (1.6 eVPP roughly equals the energy of the exciplex, but
is characterized by a greater shift in the reaction coordinate. 1'90_5 0.0 05 10 15
Thus, it can provide a two-step relaxation channel: (P&)* reaction coordinate, a.u.
PTC~ — PC. Apparently, the rate-determining step in this case Figure 10. Potential energy profiles of the ground, LE, exciplex, and CCS
is (PC)*— PtC-. states of ZnP-C1—Cgp in toluene (a) and benzonitrile (b). See text for

In ZnP—C1—Ceo, the bridge between the fullerene and the *Planations.

phenyl ring attached to the porphyrin macrocycle consists of to satisfy the kinetic model. As a result, the exciplex ((PC)* in

five si!ngle fbt(k)]ndg, (Figure dl), Wh'fh C?fnn?.t n*lnedﬁ:e elfectrotnhlc Figure 10b) reduces the potential barrier between the LE)P
coupling of the donor and acceptor effectively. Therefore, the _ ~ " ~~c (PC-) states.

Iorkmat:on OI;he e;](CtIEIeX and thI(: .followmg C;Cliststate Shorlt(:] i In summary, the linker of the PS1-Cgo dyads has an

tﬁ eE_ﬁ)_ ?Cke r?ug f tetspac?r.] Ihs rﬁ?sonc':ll el ohsuggtes. dalnfluence on the ET properties of the dyad, whereas for the

by & smal nuclear rearrangement (small reorganization energy).”-- 02 C2aNd P C1-Copdyads the exciplex and CCS states
) . : ‘are f h h A hesR—

whereas the final CCS state is characterized by a completeare ormed through space. In contrast to t Coo dyads,

S . . . " ““the ET of the P-C1-Cg and P-0O34—Cg, dyads can be
grrlzrrg? stabilization and, thus, by a relatively high reorganization discussed in terms of degree of the charge traféf@mather

. than taking into consideration the electronic wave functions of
For ZnP-C1—-Cg, only the energy of the exciplex can be 9

evaluated based on the experimental data, because the emissiotrh]e donor and acceptor.
P ! A clear drawback of the FraneiCondon plots in Figures 9

zfaigtgirt]iqn?;-t:]eic?l)\(/zglsxecc??alldlz(iglt:; (Zr?gt?r:gegnf:m gﬁhsée(ig;and 10 s that in the case of the multistep reactions, a 1D reaction
state is only~0.01 eV bglow tHat of PE bésed on tﬁg intrinsic coordinate may not work; and a more complex approach is
y~0. required. In addition, the placement of the potential minima of

gﬁeﬁgsstarxiﬁi?: kiassrzgzlt?;idcévcl)trzi;hzsteef?)li"tlﬁguemxc?flex the ground and LE states at the same reaction coordinate (at 0
) 9 P our case) may be inaccurdfe.

to be similar to that of ZnP0O34—Cg, a potential curve for
ZnP—C1-Cgy can be drawn as presented in Figure 10a. 3. Conclusions
Qualitatively, this figure fits well to the proposed kinetic model

The ET cabability of the porphyriafullerene dyads is well-
with an equilibrium between the exciplex and the LE fullerene Hy porphyrTiy y oW

Sch 5 established today, and recently a charge-transfer emission has
(Sc Eme )'. ile. th fth iolex f P1—C been reported for a series of dyads. The present study shows
In benzonitrile, the energy of the exciplex for ZaR1~Ceo that the emission occurs from a state that can be characterized
was estimated to be 2.05 eV based on the intrinsic rate constants,q o, exciplex. Furthermore, the exciplex can undergo complete
K andky, (Scheme 3), and the reaction coordinate was assumedcharge separation, manifesting itself as a distinct intermediate

to be the same as in toluene. Reasonable energy profiles forstate between the locally excited and complete CS states. The

ZnP—C1-Cgpin benz.onitrile resemble those presented in Figure appearance of the exciplex depends on the DA distance, type
10b. To draw the figure, the energy of the CCS state was

determined to be 1.33 eV based on cyclic voltammetry data, (66) Matyushov, D. V.; Voth, G. AJ. Phys. Chem. 2000 104, 6470-6484.

; ; ; P 67) Matyushov, D. V.; Voth, G. AJ. Phys. Chem. 200Q 104, 6485-6494.
and the reaction coordinate (reorganization energy) was choserf68 Gayathri, N. Bagchi, B). Phys. Chem. 4999 103 8496-8504.
(69) Higashida, S.; Imahori, H.; Kaneda, T.; SakataC¥iem. Lett1998 605.

)
)
(65) Oxidation potentials are measured in polar solvents and are not directly (703 Hammel, D.; Kautz, C.; Mien, K. Chem. Ber199Q 123 1353.
)
)

available in nonpolar solvents. In benzonitrile, the energy level of the CCS (71) Maggini, M.; Scorrano, G.; Prato, M. Am. Chem. Sod.993 115 9798.
state of ZnP-O34—Cgo was determined to be 1.43 eV relative to the ground  (72) Wang, Y.; Schuster, D. |.; Wilson, S. R.; Welch, CJ.JOrg. Chem1996
state on the basis of electrochemical data. On one hand, the energy should 61, 5198.

be higher in a nonpolar solvent. On the other hand, it should be less than (73) Imahori, H.; Tamaki, K.; Araki, Y.; Hasobe, T.; Ito, O.; Shimomura, A.;
the energy level of the exciplex. The value 1.6 eV was chosen arbitrarily Kundu, S.; Okada, T.; Sakata, Y.; Fukuzumi,JSPhys. Chem. 2002

to meet these criteria. 106, 2803-2814.
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of linker, and solvent. A common kinetic scheme, accounting 0.1 ps can be achieved. Since the longest delay time was 1 ns, the
for the LE chromophores, the exciplex, and CCS states, can befitted lifetimes longer than 1 ns are inaccurate and can be treated as
presented to analyze the ET properties of the dyads. The scheméentative values only.

can be used to estimate the energetics parameters of the exciplex In the nanosecond time range, the time-resolved fluorescence was
and to construct a consistent model for the dynamics of the measured by using the time-correlated single-photon counting (TCSPC)
photoinduced ET of the porphyrirfullerene dyads characterized technique with a time resolution of about 100 ps. The excitation

by short and moderate DA separation distances wavelength was 590 nm, which corresponds to the porphyrin Q-band.
' With a global analysis of the TCSPC emission decay data, the spectra

4. Experimental Section and lifetimes of different emitting species can be distinguished. This
The studied compounds are presented in Figure 1. The Synthesismethod was particularly useful for nonpolar solutions, where fullerene

and WR charscteizaton o 51 Co an P-Ci-Cotyads e Soenh = S TEe orbe g ol a i umberof
described in the Supporting Informatiétf®73 P y y weig q

) . . viation value w; .
The instruments for steady-state and time-resolved optical spectro-de ation value was used
scopic studies are described elsewtéréhe fast processes were
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