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Abstract: Novel molecular electron donemacceptor (DA) dyads, composed of a phytochlorin donor and a
[60]fullerene acceptor, have been photochemically characterized. In these dyads, a pyrrolidine spacer group
links the chlorin and the § moieties covalently, forming a rigid dyad with a short and almost constai#t D
distance. The photochemical behavior of the metal-free dyads and the corresponding Zn complexes was studied
by means of fluorescence and absorption spectroscopies with femto- and picosecond time resolutions in polar
benzonitrile and nonpolar toluene solutions. In consistence with the previous studies on perpiilgiane

dyads, the novel chlorinfullerene dyads underwent a fast intramolecular photoinduced electron transfer in a
benzonitrile solution. The recombination rates of the charge-transfer (CT) states wetel8'8s! for the

Zn dyads and ca. 1.5 10'° s~ for the metal-free compounds. The CT state was preceded by at least three
intermediate states in the time domain from 200 fs to 100 ps. Two of the states were identified as singlet
excited states of either the phytochlorin or the fullerene moiety. The third state was attributed to an intramolecular
exciplex, which was transformed to the CT state. In the frame of this model, the formation rate constant of the
CT state was estimated to be 610 s~ for the Zn dyads and 0.5 10 s~ for the metal-free compounds.

The formation of the exciplex was also observed in nonpolar solvents, e.g., toluene. In contrast to the behavior
in polar solvents, the exciplex relaxed in toluene directly to the ground state, without the formation of the CT
state. The lifetime of the exciplex was 140 ps for the Zn dyads atelis for the metal-free compounds in
toluene.

porphyrin as a donor and a fullerene as an acceptor, have been
synthesized and intensively studie#® It has been found that,

in addition to the photoinduced charge transfer (CT), the
primarily excited porphyrin donor can transfer its excitation
energy to the fullerene acceptor. The combination of these two

rocesses, the energy and electron transfer, determines the
acceptors or even as electron aqcymulators. As these molgpule hotochemical behavior of the dyad. The CT reaction is efficient
have a low absorbance at the visible wavelengths, an efficient;

o ; in polar solvents such as benzonitrile, whereas in nonpolar
donor-acceptor dyad containing a fullerene moiety should

include a donor canable of pickin light quanta in the visible media, the CT is unfavorable and the singlet excited state
inciu 135 cap picking up Tight qu in e vist undergoes an intersystem crossing to the triplet state before its
region!3> A series of dyads, comprising a fully conjugated

relaxation to the ground state.

1. Introduction

Since the initial discovery of & or [60]fullerene and the
development of a method for its preparation, the fullerenes have
been used in the design of electron donacceptor (DA)
molecular system5:12 The fullerenes can function as electron
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Recently, a new series of DA compounds, the phytochterin
Ceso dyads, have been synthesized and conformationally char-
acterized:® The principal difference between these dyads and
the porphyrin-Cgo dyadd-35is the utilization of a chlorophyll
derivative, phytochlorin or its Zn complex, as the electron donor,
instead of a fully conjugated porphyrin. The phytochlet®so
dyads underwent desirable light-induced CT in benzonitrile. The
processes preceding the CT state revealed, however, significant
difference in the excitation energy relaxation pathways, com-
pared to those reported for the porphyrinllerene dyads. In
addition to the energy transfer from the primary excited
phytochlorin to fullerene, we observed the formation of a
transient state with new spectroscopic properties. This state was
finally attributed to the phytochloriafullerene exciplex. In
benzonitrile, the exciplex appeared to be a precursor of the CT
state and altogether four transients were observed. In a nonpolar
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solvent, e.g., toluene, the CT reaction was unfavorable and thements were performed and averaged to improve the signal-to-noise ratio.

exciplex relaxed directly to the ground state. Intensities and shapes of the reference spectra were checked and
variations more than 10% were not accepted. This enabled one to
2. Experimental Section achieve a resolution of 0.06:D.005 in the optical density (OD) units,
depending on the wavelength. Time-resolved spectra were measured
2.1. Compounds.The reference compound},3-didehydrophy- with a delay line moving in 100 fs steps for the first 2 ps period and

tochlorin methyl esterRer), and the phytochlorin[60]fullerene dyads then increasing the time step at longer delays. The increment factors

(PF, PFue, andZnPFye) were prepared and conformationally char- were 1.1-1.3 to cover the whole time range of interest (106-f4 ns)

acterized as described earliéiThe solvents used were of analytical ~ with 40—60 spectra.

grade, dried and stored avé A molecular sieves. To obtain quantitative information about the photochemical pro-
2.2. Steady-State Spectroscopbsorption spectra were recorded ~ cesses, the decay profiles were calculated out of the spectra with a

on a Shimadzu UV-2501 PC spectrophotometer, with slits set to 1 nm. Wavelength averaging range of 3 nm. The decays were globally fitted

Steady-state fluorescence spectra were measured on a Fluorolog 30 & sum of exponentials,

spectrofluorimeter (ISA Inc.) equipped with a cooled IR-sensitive

photomultiplier (R2658). The fluorescence spectra were corrected using D(t.A) = a,(4) + Zai(i) exp(—t/t) (1)
the correction function supplied with the instrument. The excitation
wavelength was at the maximum of the Soret band {4430 nm and deconvoluted with the Gaussian pulse

region). The corrected 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 to 1 s.

2.3. Time-Resolved Fluorescence Spectroscofiast fluorescence
decays were measured by an up-conversion methdbe instrument
comprised a Ti:sapphire femtosecond laser (TiF50, CDP-Avesta,
Moscow, Russia) pumped by an Ar ion laser (Innova 316, Coherent).
The radiation wavelength was centered at 820 nm, the pulse half-width
was 50 fs, as estimated by using an autocorrelator, and the pulse
repetition rate was 91 MHz. The instrument (FOG100, CDP-Avesta,
Moscow, Russia) utilizes the second harmonic (410 nm) of the laser
emission for the sample excitation. The fluorescence emitted from a
rotating disk-shaped cuvette with an optical path length of 1.0 mm
was collected by an achromatic lens with the focal distance of 40 mm.
The fluorescence and the laser gate pulses (at 820 nm) were focuse
onto a 0.3 mm BBO nonlinear crystal (NLC), the sum frequency
produced by it was selected by a monochromator, and its intensity was
measured by a photomultiplier (R1527P, Hamamatsu) working in a
photon counting regime. A typical time resolution of the system was
150 fs (fwhm). Fluorescence decay curves were fitted to a sum of
exponents convoluted with an instrumental response function, measure
in the same arrangement as the fluorescence but with the excitation

ulse used instead of the emission pulse. - )
P 5 4. Time-Resolved Absorbtion Sp ectrosconvEemtosecond to (2—3%) in theo?value compared to the first method, but smoother
T P P PYE component spectra were obtained for the shortest-lived component.

plcr?]secc;ng tline;]rr(]a_solve(_irr?b?o:sttlon spne dctralwere ]f:?rl]lec_ff_d usn;]gr 4Because the pulse width is a free parameter in the fitting procedure, it
pump—probe technique. The lemtosecond pulses of the 11.Sapphire impossible to distinguish the fast formation from the pulse broaden-

generator were amplified by using a multipass amplifier (CDP-Avesta, ing. This limits the resolution at lifetimes shorter than 300 fs. In that

Q(AXECOW’ RtushSIZ)l pumpgdl byTelll S:A(.:onlg ga:monlc_ of ;T]e LFlll.‘;. ’\(de: respect, the fluorescence up-conversion method gives a more accurate
Q-switched laser (Solar Til, Minsk, Belorussia). The amplifie estimate for lifetimes shorter than 1 ps.

pulse energy varied from 0.3 to 0.5 mJ and the repetition rate was 10
Hz. The pulses were split into two beams. One beam (10%) was focuseds Results

to a second harmonic generator (SHG) to produce excitation pulses

(pump beam). Another beam was focused on a 4-mm sapphire plate to  3.1. Structural Aspects.The structures of thBF, PRye, and
generate a white continuum (probe beam). The continuum was ZnPFye dyads are presented in Figure 1. TheNMR spectra
collimated by a lens and then split into two beams. The first beam was of the dyads revealed the presence of four different molecular
used for the transient absorption measurements and it crossed the Samp|§pecies in the solutior’8. These species represent a pair of
on the same spot as the excitation beam. The second beam was usedliysiereomers (epimeric at thepsition of the pyrrolidine ring)

as a reference beam; it passed the sample across a nonexcited aregq a pair of atropisomers of each diastereomer, differing in

Finally the two beams were directed onto an input slit of a monochro- . . .
mator (Solar, Minsk, Belorussia) coupled with a cooled CCD detector the orientation of the fullerene ball regarding that of the

(PI 1100 x 330, Princeton Instruments, USA). Each beam produced Propionic acid side chain of the phytochlorin ring (Figure 2).
one stripe on the CCD image. The stripes were used to calculate The atropisomerism is due to a rather short linkage between

p(t) = exp[—(t — 977, @)

wherez, is the pulse half-width and = s(1) is the probe pulse delay
caused by the group velocity dispersion. The fit parameters were the
lifetimes, 7;, the corresponding preexponential facta§l), pulse width,
7p, and the delay spectrurs(d). The two last parameters were used
mainly for evaluating the quality of the fit together with the mean-
square deviationy?. In test experiments, the pulse half-width was
~ 60-90 fs, which corresponds to the time resolution of about 150 fs.
The group velocity dispersion in the range of one spectrum, e.g., from
550 to 750 nm, was about 0.8 ps, thus an accurate determination of
the delayss(1), was important for the correct fitting of fast transients

t < 1 ps). The probe pulse delagd), can be fitted using two methods.

irst, the delay can be fitted independently at all wavelengths, which
yields a delay spectrum. Second, the group velocity dispersion can be
approximated by a polynomial of the second degree, which involves
three global parameters to be fitted. The first method gave a better
o%-value, but the spectig{l) were monotonic functions of wavelengths
0only in average and at some wavelengths deviations exceeded 0.5 ps,
which reduced significantly the accuracy of the calculations for the
short-lived component. The second method caused a small increase

intensity spectra for the signalsig(1), and for the referenceed(?), the Gy ball and the chlorin ring, which restricts free rotation
pulses. The wavelength range for a single measurement was 227 nmof the bulky ball. It was possible to separate chromatographically
and typically two regions were studied, 55880 and 826-1050 nm. a mixture of the atropisomers into pure atropisome?F and

The ratio of the intensitiesy(4) = lsig(1)/11e(4), was typically within atropisomes-PF (Figure 2).
0.8-1.3. The ratio was recorded before the purppobe experiments A comparative spectroscopic study of the two atropisomers

and was used for the correction of the measurement. Thus, during the, 55 performed. Both the steady-state absorption and emission
pump—probe experiments the change in the optical density of the spectra were recorded for the and 3-PE compounds sepa-
sample was calculated 2OD(%) = —log{ [lsg()/le(1)l/ a(A)} . For & rart)tely Also the time-resolved fluoreﬁscence ug-conversiopn and
single measurement, the CCD shutter was operi f® and spectra of t . t d b thod lied t h at
10 pulses were averaged at once in the detector. Usually 10 measure-r_anSIen pump-and-pro ? methods were applie ,0 each atro-
pisomer separately. No differences were observed in any of the

(14) Shah, JIEEE J. Quantum Electrorl988 24, 276. photochemical parameters determined. In addition, the qure
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Figure 3. Absorption spectra oPFye (solid line), P (dotted line),
and Gy fullerene (dashed line) in toluene; concentrationsud2 (1
cm cuvette).
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Figure 1. Structures oPFye, PF, andZnPFy. dyads. {32’(10 :
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Figure 2. Atropisomersa-PF and 3-PF. toluene
. . . | 1 | benzonitrile
and -atropisomers were separately subjected to a continuous 7np

irradiation with blue light (intensity was about 0.1 mW ctfn F7 7N [ ' [\ D tolue'rrl]e (normalized)
nm-1 at 410 nm) for a period of 1 h, but no photoisomerization § o
was observed in either case. Thus, the photochemistry is the 8_1"10
same for both atropisomers within experimental errors, and there ~
is no need to distinguish the atropisomers from each other in
the photochemical characterizations of the three forms of the
DA dyads PF, PFye, andZnPFyg). Only minor differences .
(mainly in the rates of individual reaction steps) were observed 600 700 800 900 1000
in the photochemical behavior of the carboxylic acid dyRH)(
as compared to that of the methylated dyRée).

3.2. Steady-State Spectroscop¥he steady-state absorption  Figure 4. Corrected steady-state fluorescence spectra at visible and
spectra of 332didehydrophytochlorin methyl estePy), NIR wavelength_ra}nges for (&»)_FMe and (b)ZnPI_:Me in toluene (solid
methylated phytoclorirfullerene PFye), and [60]fullerene in line) and benzomtr_lle (dashed line). The normalized fluorescence spectra
toluene are shown in Figure 3. To a great extent the absorption®! N corresponding reference compourisudZnP) are shown by

1100
wavelength, nm

spectrum ofPFye is a superposition of the spectra®@gs and dotted lines.

Cso. Small perturbations in the spectrum of tRé&y. dyad The intensities of the steady-state fluorescence of the DA

indicate a weak electronic interaction between the phytochlorin compounds, originating mainly from the phytochlorin moiety,

and the fullerene chromophores in the ground state. were quenched to a value of 1/200 relative to the intensity of
In the time-resolved experiments, the absorption of the the pure reference molecul®. The efficiencies of the

phytochlorin part at the excitation wavelength (48220 nm) guenching were almost the same for the three DA dyads in all

was much greater than that of the fullerene part. Therefore, solvents. The fluorescence spectraPaf, PFye, andZnPFye
mainly the phytochlorin moiety, i.e., the donor, was excited are shown in Figure 4. In the Q-band region, at about 680 nm,
when the fluorescence up-conversion and transient absorptiona small red shift (1.52 nm for the metal-free dyads and 8 nm
pump—-probe methods were applied. for the Zn dyad) and a broadening of the fluorescence bands
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can be seen for the DA dyads compared to the bands of the

reference compoundBes andZnP,;. At longer wavelengths, a) 3000 674 nm
a broad shoulder in the fluorescence spectraP&f,e and 1 : ’
ZnPFye can be seen, being most pronounced in toluene. In the 2500

case of the toluene solution @hPFye, even a formation of a
new emission band at 810 nm was observed. The band was not , 20007
observed for the free-base derivativ€d-(and PFye), thus it
cannot be attributed to the fluorescence of the fullerene part
alone. To our knowledge, this is the first indication of an
observable emissive transient and of the possible difference
between the reaction mechanisms in polar and nonpolar solvents. 500
3.3. Time-Resolved Fluorescence Decayihe time-resolved ]
fluorescence measurements of the studied compounds were 0~
carried out by the fluorescence up-conversion technique. The 0 1 2 3 4
decays were followed at the 67680 nm wavelengths, which time, ps
are around thelmax of the steady-state fluorescence of the
phytochlorin moiety, at 710 nm, which is in the range of the b)
fullerene fluorescenck!® 17 and at 750 nm, which is the red-
wavelength limit of the instrument. The decays were measured
with a 25 fs delay step to resolve the short-lived components 0.8
and with 0.1-2 ps steps to detect the long-lived components.
The decays were fitted separately to two and three exponentials, 5061
and only fittings with weighted mean-square deviatjghpetter
than 1.1 were considered as successful. The relative intensities —

counts

15007

10001

1.0

of the short-lived components at 670 nm were higher than 60% 0.4

for PRye andPF in toluene and higher than 90% in benzonitrile

and ZnPFye in all solvents. In all cases, the lifetimes of the 0.2

short-lived components were 20050 fs forZnPFye and 306~

900 fs forPFye andPF. The long-lived component was detected 0.0-

at 680 nm, and it became more pronounced at longer wave- )

lengths. time, ps
The fluorescence decaysPBFye andZnPFye in benzonitrile

are shown in Figures 5 and 6, respectively. The fast component
of PFye had a lifetime of ca. 0.5 ps and it was dominant at
wavelengths 675 and 710 nm (Figure 5a,b), where also a 4001
component with a lifetime of about 3 ps was observed. Another
long-lived component was observed at 750 nm (Figure 5c¢). Its 300
lifetime was approximately 10 ps, but its intensity was relatively
low and hence an accurate lifetime determination was not
possible. The remaining fluorescence had a lifetime in the
nanosecond time domain and it was measured using the time-
correlated single photon counting technique. Most probably this 100
remaining fluorescence originated from a small amount of
impurities or self-aggregates present in the sample. A photo- 0 — ' ' ' . .
chemical behavior, similar to that &fFve, was observed for 0 20 40 60 80 100 120
ZnPFye in benzonitrile (Figure 6). The corresponding lifetimes
were 220 fs, 1.9 ps, and 6.1 ps. _ ] o

Unfortunately, a photodegradation of the studied compounds Figure 5. Fluorescence decay curves BFye in benzonitrile in
was observed in toluene during the up-conversion measurements?&?}i;ﬁ)n;)t'r&i Z‘;%le; f(t) (Z)r]g?;s%'?]sogﬁg I('Cn)e7';éhfr:]nsﬁ]uﬂﬁgéisupsgze
This did not allow us to resolve the long-lived components, as are shown as solid lines. ' '
the measurements at longer wavelengths needed longer ac-
cumulation times. The short-lived component was dominant in
the fluorescence decays in the wavelength range of-680
nm, with lifetimes of ca. 900 fs foPFye, 600 fs forPF, and
230 fs forZnPFy, respectively.

3.4. Transient Absorption Studies.The transient absorption
measurements were carried out in two wavelength domains:
around the Q-band (550780 nm) and in the NIR region (820
1050 nm). The visible region was important for following the

5007
2 ] 750 nm

time. ps

photoinduced perturbations occurring in the phytochlorin part,
whereas the NIR region gave information about the photochem-
istry of the fullerene part of the dyads.

3.4.1. Transient Absorption at the Q-Band of the Dyads
in Toluene. When the transient absorption data obtained in
toluene were globally fitted, an approximation with three
exponentials gave a reasonable mean-square deviafiofor
all three DA dyads. The addition of the fourth exponential to

(15) Sun, Y.-P.; Wang, P.; Hamilton, N. B. Am. Chem. Sod993 the fitting did not improve the statistical reliability in terms of
115 6378. ' the mean-square deviation (the typical decrease iothalue
L Oélg%%'d" D. M. Torres-Garcia, G.; Mattay, 3. Phys. Chem. A998 was 2-5%), and a fitting with two exponentials caused

(17) Sun, Y.-P.; Lawson, G. E.; Riggs, J. E.; Ma, B.; Wang, N.; Moton,  Statistically worse results (the*-value was 1.52 times as high
D. K. J. Phys. Chem. A998 102, 5520. as that for the fitting with three exponentials).



9382 J. Am. Chem. Soc., Vol. 121, No. 40, 1999 Tkachenko, et al.

a) 12007 ) 675 nm
1000
800
@ ]
5 6001
8 ]
~ 400
2001 -0.15 T T T T
1 P : 550 600 650 700 750
R - cR— r T — T ) wavelength, nm
05 00 05 10 15 20 25 3.0
time, ps
b) 6001
5007 Q -0.107 Yoy
O v —5—0.32ps
400+ < -0.157 Ve o 17 ps
2 -0.207 Y T 42ps
3% -0.251 Y
2001 -0.30 - r - "
550 600 650 700 750
100 wavelength, nm
1 Figure 7. Transient absorption decay component spectra oP@)
0 T T T — T | and (b)ZnPFye in toluene. Lifetimes of the components are indicated.
0 2 4 6 8 10
time, ps followed by a decrease in the optical density with the lifetime
of 26 ps and an increase in the density with the lifetime of 1.3
o) ns (Figure 8b). This process finally led to the ground state.
5001 An important feature of the long-lived component, with the
lifetime of 1.35 ns forPF, is the broad absorption band at the
4001 750 nm region. This band is formed extremely fast, as illustrated
in Figure 8c. From the 685 nm decay curve one can estimate
£ 300+ the relaxation of the singlet excited state with the time constant
§ of 0.6—0.9 ps. This is consistent with the lifetime of the singlet
—:2001 state obtained using the time-resolved fluorescence up-conver-
sion method. The singlet state relaxation was clearly slower than
1001 the formation of the absorption at 748 nm. The latter occurs in
200—-300 fs, which is at the limit of the time resolution of our
instrument.
0 0o 5 10 45 20 3.4.2. Transient Absorption at the Q-Band of the Dyads

in Benzonitrile. Transient component spectra of the DA
compounds, measured in benzonitrile, were more complex than
Figure 6. Fluorescence decay curves BfiPFye in benzonitrile in those measured in toluene. In benzonitrile, a fitting with four
different time scales at (a) 680 nm= 210 fs (94%) (dotted line is  exponentials was necessary to obtain an acceptable value for
the inftgume?;o;e)sgﬁnse fltJ_ncTion),l(b_) 710 r’rﬁT}= §2t0 fds (93%)tart]d " the mean-square deviatioo?. The component spectra &fF
T2 = 1.9 ps () € vertical scale IS magnified to aemonstrate the : H : . H
1. po component), an (c) 750 = 052 ps 6190 andy =61 o” T TS R e oe.
ps (21%). The fitted curves are shown as solid lines. . . ’ .
resulted in a bleaching of the ground-state absorption at the

The component spectra f&F andZnPFye, at the Q-band Q-band region, but at the later stage, the spectra exhibited a
region, obtained by fitting with three exponentials, are shown red shift for the Q-band. Comparison of the component spectra
in Figure 7. Three components for both compounds can be obtined in benzonitrile foPF with those observed in toluene
observed at~670 nm. The time-resolved transient signals (Figure 7a) reveals that the similar three components are also
measured at selected wavelengthsRérare shown in Figure present in benzonitrile solutions. The fourth component, which
8. The signal at 673 nm was formed in 26800 fs (Figure 8a) does not appear in toluene, has the longest lifetime of 70 ps for
and was characterized by a strong bleaching of the Q-band.PF. Its spectrum corresponds to a shift rather than bleaching of
Tentatively this state was attributed to the first excited singlet the Q-band.
state of the phytochlorin chromophore. The fast bleaching is  Another important observation is that the transient absorption
followed by a 36-40% recovery with a time constant of 0.6 ps band at 748 nm relaxes faster than the 70 ps component (Figure
(Figure 8a). This rate correlates well with the short-lived 9b). Formation of the absorption at 682 nm takes place with
component in the fluorescence decay. The recovery process ighe time constant similar to the lifetime of the transient signal

time, ps



Phytochlorin—[60]Fullerene Dyad

3 0.00
-0.02‘-
-0.041
0067
-0.08
-0.10-
-0.12:
-0.14

AOD

%) 0.00
-0.021
-0.041

A -0.06‘~

S -0.081
-0.107
-0.121
-0.141

673 nm

100 150 200

time, ps

10 15 2
time, ps

r——r—
0 25 30
Figure 8. Time-resolved transient absorption curveséfin toluene

at different wavelengths. For details see the text. The solid lines
correspond to the global fittings with the lifetimes indicated in Figure
7.

at 748 nm. The longest-lived signals were observed mainly at

the Q-band region. The signals correspond to the increase in
optical density at the red shoulder (682 nm) and to the decrease

at the blue shoulder (661 nm). A similar behavior was observed
for ZnPFye in benzonitrile. Its component spectra are shown
in Figure 10. A fitting with four exponentials was needed to
achieve a reasonahié-value. The new longest-lived component
has spectroscopic features similar to those of the longest-lived
component observed f&F in benzonitrile.

3.4.3. Transient Absorption of the Dyads at NIR Wave-
lengths. The transient species of all DA compounds at the NIR
wavelengths (8261050 nm) were formed fas(l ps) in both
toluene and benzonitrile. In toluene, the absorption relaxed with
a lifetime close to that observed for the longest-lived component

J. Am. Chem. Soc., Vol. 121, No. 40, 1993883
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Figure 9. Transient absorption decay component spectra (&Fah

benzonitrile and the corresponding decay curves (b) at 661, 682, and
748 nm.
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Figure 10. Transient absorption decay component spect@ndfFye
in benzonitrile. The corresponding lifetimes are indicated.

at the Q-band region, e.g., ca. 1 ns RIF and PFye and ca.
150 ps forZnPFye.

In benzonitrile, the lifetimes of the transients at the NIR region
were about 20 ps at 850 nm and about 70 ps at 1000 nm for
PF. The measured transient spectra at selected delays are shown
in Figure 11b, where clear differences in decays at 850 and
1000 nm regions can be seen.

4. Discussion

The excitation of the studied dyads took place at about 400
nm resulting in the formation of the second excited singlet state
of the phytochlorin donor, *&F, since the extinction coefficient
of the phytochlorin part at this wavelength is much higher than
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tochlorin moiety. In particular, the bleaching of the Q-band
absorption indicates that the electron sub-system of the phy-
tochlorin is not in the ground state. An important qualitative
observation is that, at long delay times 10 ps), transient
absorption signals decay almost simultaneously at the Q-band
and at the NIR regions. Therefore, one can rule out the existence
of triplet states, in which the triplet excitation is localized either
on the phytochlorin or the fullerene moiety. The second reason
to exclude the formation of triplet states is the short lifetime
(<2 ns) of the transients.

It is known that the fullerene anion has an absorption band

T T M y y T at 1000 nnm?%-23 Thus, the longest-lived transient observed at
850 900 950 1000 1050 this wavelength in benzonitrile (for both Zn and metal-free DA

wvelength, nm dyads) can be attributed to a CT statéFP (Figure 11). The

spectrum of the longest-lived component in the shorter wave-
length range (Figure 9a) with the lifetime of 70 ps represents
the differential spectrum between the CT state and the ground
state. If the quantum yield of the CT state is known, its spectrum
can be calculated.

It is noticeable, that the CT state was not observed in toluene
for either of the DA dyads. Similar behavior was observed for
the porphyrin-fullerene dyads, in which the CT state was
formed in benzonitrile, but did not appear in toluene either for
the Zn or for the metal-free porphyrin derivatives. The CT state
was observed, however, for the Zn porphytfollerene dyad
. ] i i i . . ; in benzene by Sakata et%aFor thePF compounds the main
850 900 950 1000 1050 difference between the photochemical behavior of the dyads in
toluene and in polar solvents was the existence of the fourth
] ) ) ) ) ] component, i.e., the CT state, in polar solvents. The lifetimes
Figure 11. Transient absorption spectra in the NIR region R in of the transient species varied from solvent to solvent, but their
(a) toluene and (b) benzonitrile. Delay times are indicated in the figure. spectra were essentially similar.

To analyze the photochemical pathways of the dyads in
toluene and in benzonitrile, one has to consider three intermedi-
ate states in the time domain from 200 fs (the ultimate time
resolution of the particular measurements) to hundreds of

0.00

b)

0.02

AOD

0.011

0.00

wavelength, nm

that of the fullerene part. Usually, the second excited state
relaxes fast to the first excited state. The energy levels of the
first singlet excited states of the phytochlorin and fullerene
moieties are quite close to each other (1.86 eVZoP, 1.83 ;
eV for Py, and 1.74 eV for [60]fullereri, and the distance picoseconds. . ) .
between the covalently linked chromophores is rather short, Eventually, the relaxation from the second singlet excited
8—10 A center-to-center. Thus, one can expect an efficient and State, *RaF, to the first singlet excited state, &, occurs faster
reversible energy transfer from the phytochlorin moiety to the than in 200 fs, since the fluorescence signal was formed in a
fullerene ball. A comparable energy transfer was observed time shorter than 200 fs. The strongest transient ab_sorptlpn signal
previously to occure in the porphyrirfullerene dyadg.There- ~ Was observed at the Q-band region. This signal is mainly due
fore, the singlet excited state of the fullerene, B*fean be to the bleqchlng of the ground-state apsorbance e_md its fprmatlon
formed. Since the molecules are composed of donor and!S determined by the |n§trumental time resolution. This time
acceptor, the formation of a charge transfer (CT) stat& P was 200-300 fs, depending on the solvent and the wavelength.

can be expected. If the CT state is energe’[ica"y unfavorable, The shortest-lived Component inall eXperimentS had a lifetime
one can expect an appearance of a triplet excited stat€, 6P shorter than 1 ps. The results from the fluorescence measure-
P*Fr. Thus, altogether six intermediate states are possible: Ments implied that this component corresponds to the relaxation
*PgF, *PsaF, P*Fsy, PF-, *PrF, and P*F. By analyzing the of the first singlet excited state, &fF. It can be seen at the
fluorescence and transient absorption data, one can distinguisf-band region as the recovery of the ground-state absorption
between the possible reaction pathways and intermediate stateFigure 7a, the 0.6 ps component, and Figure 8a). The

The transient absorbances at the NIR region are mainly mechanism of the *8F quenching is an energy transfer to the
determined by the photoproducts of the fullerene motét§? fullerene moiety, P*E.. The same phenomenon was also
whereas the transient absorbances at the visible part of the'eported for the porphyrinfullerene dyad$.This process was
Spectrum are main|y induced by photoproducts of the phy_ well resolved in time forPFMe and PF in toluene. It is

— . noteworthy that about 60% of the initial bleaching remained

18512)0?“56”* T. W.; Tanigaki, K.; Kuroshima,Chem. Phys. LetL991, when the energy transfer was complete (Figure 8a). Thus, part

(19) Palit, D. K.: Sapre, A. V.: Mittal, J. P.; Rao, C. N. RBhem. Phys. of the excited molecules did not proceed via an energy-transfer
Lett. 1992 195, 1. step, or did not appear originally in the ¢ state.

s .(éﬂ)ir'éﬁqtgg 'h@%?miazﬁi S&"F’Kéﬁ'é?%ﬁ%ﬁ‘n"v%@sMLaettsﬁ“ébI';1232“‘(" The following state, both in toluene and in benzonitrile, was

446. that which dominated in the transient absorption in the time
(21) Greaney, M. A.; Gorum, S. Ml. Phys. Cheml1991, 95, 7142. range of tens of picoseconds (FiguresID). This transient is

T s enot T characterized by a sirong bleaching of the groundstate absorp-
(23) Sun, Y.: Drovetakaya, T.; Bolskar, R. D.; Bau, R.; Boyd, P. D. w.; tion of the phytochlorin chromophore at the visible part of the

Reed, C. AJ. Org. Chem1997, 62, 3642. spectrum and by a broad ill-structured absorption at the NIR
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range. Thus, both chromophores contribute to that state. On theScheme 1
other hand, the state is not the CT state, as can be seen from 2
the spectra at both the NIR and visible wavelengths. Since the P F

corresponding lifetime can be found in the fluorescence decays \ _stp

at the NIR wavelengths (Figures 5c¢ and 6c), this state corre- L-xl k

sponds to an electronically excited state. In polar solvent, the " P°F (,__._\”f) 1s
relaxation of this state resulted in the formation of the CT state, k kﬁ; """ ~ PF
and hance the state is a precursor of the CT state. The behavior 2sx kpx*-. /

of this state resembles the behavior of an exciplex. The energy N * kfx=1/172
of the exciplex must be lower than that of either the phytochlorin >(PF)

or the fullerene chromophore. Therefore, in the fluorescence lk =1/t
spectrum, the exciplex may manifest itself at the NIR range, 8 3
800—-1000 nm, which agrees well with the observed spectra PF

(Figure 4).

The state described above is referred to as an intramoleculatg,ene solution these are = 26 ps= 1/, which represents

exciplex, *(PF). An obvious formation pathway of the exciplex P*Rs, — *(PF) transition, ands = 1.3 'ns= 1/kyg, which

is P*Fs;— *(PF), which can be seen as a growth of the transient js e jifetime of the *(PF) state. The shortest lifetime= 0.6
absorption signal recorded at 673 nm (Figure 8b). This transition s s associated with the relaxation of the first singlet excited
is not observable a}t the NIR region as the spectra ofgf_’aﬁd state, *R4F. The reaction *BiF — *(PF) is possible, but was
:(PF) states are similar. FdpF |n*toluene, the formation of 4t ohserved in the transient absorption decay curves and, thus,
(PF) takes place in 26 ps. If the *(PF) state does not absorb atgeems not to be efficient. Therefore, one can concludekghat
the Q-band region, the excitation efficiency can be estimated . kex and 7y &~ 1/ky. The dominating reaction in the energy
to be about 50% under the experimental conditions used in thistransfer is *R,F — P*Fs,, but the reverse reaction, P&F—
study. '

*PsiF, is also possible since the fluorescence spectrum of the
If the pathway

fullerene somewhat overlapps the absorption spectrum of the
phytochlorin moiety. This would result in a biexponential decay
of the phytochlorin fluorescence, which was observed experi-

N mentally. However, the second component in the fluorescence
would be the only road to reach the *(PF) state, a complete yo.5y a1 675 nm was relatively small, e.g. less than 10% for

recovery of the absqrbance at the Q-band would be expectedthe benzonitrile solutions, which means that the forward energy
when the P*[k; state is reached. That clearly was not the case. transfer is more efficient than the reverse one

The energy transfer from the excited phytochlorin moiety to
the fullerene part is a fast and reversible process. Therefore, it
may result in incomplete recovery of the Q-band bleaching in
the reaction:

*PgF — *Pg F — P*Fg;— *(PF) — PF

The relaxation rate of the *JF state is given by the sum of
two rate constantskosp + kos, and could, in principle, be
observed, but is too fast to be resolved experimentally. A hint
for the fast formation of the *(PF) state is seen in Figure 8c.
P F= P*F,, — *(PF) The formation of the transient at 748 nm takes place in a time

St st of about 0.1 ps, which corresponds to the ultimate time
In the present case, the reaction balance is shifted more to therei(z:lgg?(;nogf tt:eslcr;]setgjgwin;” the excited molecules converted

e " ) o ,
direction of P*Fsy. This can be seen from the time-resolved nto the *(PF) state before the relaxation to the ground state. In

fluorescence decay curves (Figures 5 and 6); the fast deca;/l e .
components dominate for all dyads in all solvents. the case oPFye andPF, the lifetime of the *(PF) state is much

In addition to the formation of the exciplex from the RAF longer than lifetimes of its precursors. Thus the spectrum of

. : . : the longest-lived componengs(1), can be obtained as a
state, it may be formed also from the first excited singlet state .
of the phytochlorin moiety, *BF — *(PF). This was, however, difference between the spectrum of the *(PF) state and that of

not observed experimentally. The exciplex has a broad absorp-the ground state, PF:

tion band at 750 nm (Figure 7) that is formed faster than the
*PgyF state decayed, as illustrated in Figure 8c by the transient ay(4) = [S(4) — Sgr(’l)]‘b ©)
absorption curve at 748 nm. Therefore the *(PF) state is, at
least partially, formed before the &fF state is totally relaxed.  whereS; () is the ground-state spectru@(4) is the spectrum
Thus, the possibility that *(PF) is formed directly from the of the exciplex, and¢ is the relative amount of excited
second singlet excited state, &P, should be taken into  molecules.
account: *RJ — *(PF). The *(PF) state is characterized by a strong bleaching of the
In toluene the transient absorption signal decays simulta- Q-band and the energy of this state should be lower than that
neously at all wavelengths, thus the exciplex relaxes directly of the Q-band. Therefore it is reasonable to suggest that the
to the ground state. Probably the energy of the exciplex in exciplex does not absorb at the Q-band region. In the case of
toluene is somewhat lower than the energies of the triplet statesPF in toluene, a flat absorption spectrum at the Q-band region
of either the phytochlorin or the fullerene. can be achieved whep= 0.45. The resulting spectrur§y(1)
Finally, a kinetic scheme for the photoinduced processes in = S;(4) + as(4)/¢, is shown in Figure 12 (solid line). The
toluene is presented in Scheme 1, where solid arrows represenintensities of the spectra of the $fF and P*ks; states §(4)
processes resolved experimentally and dotted arrows describeand (1), respectively) depend on the relative fractions of the
processes which are either too fast to be measured directly orspecies in the reaction path & — *PgiF — P*Fs; compared
are inefficient to be detected reliably. to those in the path *&F — *(PF). If the relative fraction of
As shown in Scheme 1, two processes can be associated witlthe molecules relaxing via the &fF state isf, then one can
the experimentally detected lifetimes. In the caseP&f in write:
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(1) =[S() — S (4) a) .
5 *(PF), $=0.52
(1) =[S(A) — SW)]¢B (5) 0.4r N pE
whereS,(1) andS(1) are spectra of the *gF and P*F; states, o3F iy | T ground state

respectively. At the Q-band maximum, the absorption of the
P*Fs; state should be approximately equal to that of the ground 4o

state (since the phytochlorin chromophore is in the ground state), © 0.2r x5
whereas at the *RF state the Q-band should be essentially
bleached. Thus, thg fraction can be estimated gs~ —aj/as 017
or f = aj/az at the wavelength of about 670 nm. A reasonable
estimate for3-values would be in the range of 6:8.4. An 0.0
average value of 0.35 has been used to calculate the spectrum T T
of P*Fg, presented in Figure 12. 600 700 800 900 1000
In benzonitrile, four transient species were observed. Thus, wavelength, nm
the CT state should be added to Scheme 1. It has the longest
lifetime (70 ps) and is formed and relaxed by processes b) 0.6; “(ZnPF), $=0.6
—*(PF)—P'F" —PF o5r @ ZnP'F
"""""" ground state
Consequently, the spectrum of the longest-lived compoagnt, 04F ZnP*Fg,
(4), can be obtained as a difference between the spectrum of
the CT state and that of the ground state, PF: 003t
a,(4) = [S{A) — §,D]e (6) 02t
where&y(4) is the spectrum of the CT state. The spectrum of _
the exciplex in benzonitrile is given by 0.1 B
= - 0.0 - -
ay() = [S() — S(M$ ) 00 e00 1000
Following the procedure described for the toluene solution, one wavelength,nm

can determine the-values and calculate the spectra for the Figure 13. Transient absorption spectra of the *(PF) (solid line) and
*(PF) and PF~ states. Results are presented in Figure 13. As CT (dashed line) states for (8Fy. and (b)ZnPFy. in benzonitrile

can be seen, the intensity of the fullerene anion absorption atcalculated according to Scheme 2. The ground-state absorption spectra
the wavelength range of about 1000 nm is surprisingly low, of the dyads are shown as dotted lines.

compared to the intensities of the fullerene excited state and

the exciplex. Therefore, one can suggest that not all moleculesSCheme 2

of the *(PF) state relax via the CT state, and that the quantum 2s T~ l/kpf
yield of the CT state formation is below unity. If the case of p 1? = 1/k
competitive relaxation of the exciplex via CT or directly to the '| \]stp T2 fx
ground state will be considered, then the calculated spectrum \ &ls kpf T4 = 1/kctg
of the CT state would be characterized by greater absorbance \\ P°F < ppls
of the fullerene anion. At the same time, a gradual decrease in \ oo T PF
the intensity and an increase in the red shift of the chlorin \\ km‘.‘ }/
Q-band would be observed as a consequence of the formation /PN M
of the chlorinz-cation radical. ‘\> (PF)X
. +-
oar ground state ket ™ P'F
) *(PF), $=0.45 kg -: /(
L . . clg
v
03 ia PF
Finally, a kinetic scheme for the photoinduced processes in
Q0.2r benzonitrile is presented in Scheme 2, where solid lines represent
the major reaction path, dotted lines represent possible but minor
reactions, and dashed lines present reactions which are nonre-
011 solved in time.
From the energetic point of view, the excited-state energies
0.0 L ) L of the Zn and metal-free DA dyads are close to one another,

' 600 = ‘700'” 800 900 1000 which does not hold for the energies of the CT states. The
energies of the CT state for the Zn compounds are about 0.2

] ) ) o eV lower compared to those of the metal-free derivatitdhis
Figure 12. Transient absorption spectra of the *(PF) (solid line) and

P*F (dashed line) states calculated f8F in toluene according to (24) Johnson, D. G.; Svec, W. A.; Wasielewski, M. Bt. J. Chem
Scheme 1. The ground-state absorption is shown as the dotted line. 1988 28, 193.

wavelength, nm
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enhances the probability of the CT formation for the metalated transfer rates<2 x 10° s71) were observed by Sakata et°al.
DA complex in nonpolar solvents, even if the corresponding for porphyrin-fillerene dyads, where the porphyrin donor was
metal-free derivative undergoes CT only in solvents of high or linked to the fullerene acceptor by a longer spacer group and
moderate polarity. In the present case, the Zn dyad did notthe close proximity between the donor and acceptor was
exhibit photoinduced electron transfer in toluene. This can be sterically hindered by the bulkyert-butyl groups of the
understood in the frame of the discussed model. For the studiedporphyrin. The only paper reporting electron-transfer rates
compounds, the CT state was formed from the exciplex and comparable to those observed by us is that of Michel-Beyerle
the relative energy of the exciplex compared to that of the CT et al.26 who studied the electron transfer between porphyrin

state governs the electron transfer. _ and benzoquinone, covalently linked to form a sandwich-like
. The energy trar_lsfer has been found to be an important processstructure. Thus, it seems that fast electron transfer takes place
in the photochemistry of the porphyritiullerene dyads$.In the through the space, whereas the slow process occurs through the

present study, the rate of the energy transfer wa8 times as bond.

high as th%t dieltermlned for the porphyﬁmllegen_eldyad, I.e. The charge recombination rate constants are compatible in

~4 x 102 571 for ZNPPue VS ~5 x 101 s% for the 4y of the caseskq for ZnPFye being~4.8 x 1015 and for

Zn-porphyrin-Cgg d_yad. Th|s_can be explained by the ENergy  he zn porphyrin-fullerene dyad 2« 101 5713,

gap between the smglt_et e_xcned states of the phytochlorin and In the present study, the phytochlorin donor is excited to the

Sg?rcéfslgoorzgﬁ]hgo;e;evsvrgf ?h:esfimagg:ljt:;:tézepg?p?hyt/)r?:\w:gg‘ éhe second singlet state. More than half of the excited molecules
undergo a fast <200 fs) conversion to the exciplex, and a

chromophores. | | he fi inal tod f th
Another significant difference between the phytochlei@so smaller part relaxes to the first singlet excited state of the
phytochlorin moiety. The latter relaxes to the exciplex with a

dyads and the porpyrinCgo dyads reported inrefs 3and 5is  F . X > o .
the mechanism of the formation of the CT state. In the present time constant in the—250 ps time do_mgln, _Wh'Ch is accessible
study, an exciplex was observed as a precursor of the CT state@xperimentally. A straightforward elimination of the role of the
whereas in the case of the porphyFifis, dyads35the exciplex seco_nd smgle'_[ excited state in the _exmplex formation _vvouId
was not formed or not observed, probably because of lower €quire excitation of the dyad to the first singlet state. This was
time resolution. Recently, an exciplex was proposed, but not N0t Yet possible by the present laser system.

experimentally proved, to explain the photochemical behavior

of the free-base porphyrirCg dyad in THF25 and it was not 5. Conclusions

clear whether it was followed by the CT state formation or not.
The reason for the exciplex formation in phytochleti@so
dyads can be the presence of a conformer, in which the
chromophores are in a closer proximity to one another. The
close proximity of the chromophores was not possible for the
porphyrin—fullerene dyad, because of the presence of four
phenyl groups in the porphyrin moiety. Even slower electron-

This study shows that the formation of the photoinduced
charge-transfer state of the phytochlerinllerene dyad pro-
ceeds via the formation of an intramolecular exciplex in polar
solvents such as benzonitrile. In nonpolar solvents the exciplex

is formed but relaxes directly to the ground state without the
formation of the charge-transfer state.
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