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Abstract: Mono- and bis-functionalized
Cq and C, fullerene derivatives (DF,
1-10) that carry one or two oligoanion-
ic dendritic termini in their malonate
addends and an oligocationic octapyri-
dinium zinc porphyrin salt (ZnP) were
found to self-assemble in buffered
aqueous solution to yield a novel series

operative between the electron-accept-
ing DF and the electron-donating ZnP
is considered to contribute to the
uniquely high complex stability. First
insight into intracomplex excited state
interactions came from steady-state
and time-resolved fluorescence quench-
ing experiments that were performed

sociates. Excited state quenching pro-
cesses are, for example, evident in form
of a bi-exponential fluorescence decay
of ZnP—corresponding to a distribu-
tion of associated and non-associated
ZnP. Unambiguous evidence for an in-
tracomplex electron transfer quench-
ing, namely, formation of ZnP*/Cy ™

of 1:1 and/or 1:2 electron transfer
hybrid associates. Remarkably high as-
sociation constants—typically on the
order of 10°M '—were derived that
corroborate stable complex formations.
A combination of electrostatic and
charge-transfer interactions that are

lerenes -

troscopy

Introduction

In the attempt to design highly efficient molecular architec-
tures that give rise to electron donor-acceptor interactions,
porphyrins and fullerenes have been widely utilized as effec-
tive building blocks as a result of their remarkable electro-
chemical, chemical, and photophysical properties.!! Novel

with the molecular ZnP/DF hybrid as-
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and ZnP™/C,;~ radical ion pairs, was
gathered in time-resolved transient ab-
sorption measurements. Lifetimes of
these radical ion-pairs range from
nanoseconds to a few microseconds.

time-

organic/inorganic nanocomposites based on water-soluble
Cq monoadducts emerged, for example, as integrative build-
ing blocks in the context of solar-energy conversion and
photovoltaics.*?!

As the water solubility of fullerene derivatives often goes
hand in hand with the presence of a high number of charges,
it is quite obvious to employ electrostatic interactions for
the construction of supramolecular assemblies. Interestingly,
this idea has found widespread attention over the last
decade with the use of all kinds of oligoelectrolytes!

It has been shown that an electron-transfer process within
an intriguing molecular hybrid associate—consisting of a
dendritic fullerene oligocarboxylate 1 and an octapyridinium
zinc porphyrin (ZnP) salt®'—leads to a remarkably long life-
time of 1.1 us for an efficiently formed radical ion-pair
state.*” Molecular dynamic simulation studies have further
underlined that the effective m—mt distance between 1 and
ZnP is approximately 8 A and that 1 is not able to com-
pletely cover ZnP, thus leaving approximately half of the
ZnP unit uncovered and exposed to the solvent (i.e., water).
Pronounced electrostatic interactions also govern the associ-
ation of positively charged proteins (i.e., native iron cyto-
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chrome c and reconstituted zinc cytochrome c) with polyan-
ionic dendrofullerenes (i.e., 1 and 3); as a consequence,
stable protein—fullerene hybrids are formed.®”

Herein, the electron donor-acceptor interactions built
around the rigid and highly charged octapyridinium ZnP
salt are taken to the next level. In particular, a novel series
of Cy and C,, fullerenes 1-10—mono- and bisfunctionalized
with dendritic addends (Scheme 1)— were tested. Each of
these dendritic addends consisted of one or two building
blocks that carried up to nine carboxylic acid groups. pH ti-
trations on dendrofullerenes 1 and 3 showed that the car-
boxylic acid groups of the Newkome dendrimer branches
are almost completely deprotonated at pH=~7.!" Hence,
pH 7 supports effective negative charges of 6 (4-7), 9 (1, 2,
8, and 9), 18 (3 and 10) per addend. In addition to the

number of charges, the spatial orientation (e.g., see 5-7) was
also varied to study the influence of shape on the aggrega-
tion and electron-transfer properties. Since the nature of the
additional moieties in the side chains can have a substantial
effect on the dispersion properties and complexation with
the cationic ZnP counterpart, we also altered the substitu-
ents of the unsymmetrical malonate addends in 1, 2, 8, and
9. Finally, to investigate the influence of the electronic prop-
erties of the fullerene chromophore, we used a selection of
different cores either by employing C;, as an all-carbon cage
(i.e., 8-10) or by establishing three different bisaddition pat-
terns of Cg, (i.e., 5-7) with slightly different absorption and
redox characteristics.

Interestingly, a direct comparison of implementing Cg, or
C,, into similar electron donor—acceptor conjugates is limit-

Scheme 1. Water-soluble anionic DFs 1-10 and octapyridinium ZnP.
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ed to a few, rare cases. It is important that Cy and C;, dis-
play nearly identical reduction potentials in electrochemical
experiments,'!! which also holds for the corresponding de-
rivatives of Cg, and C,, systems.'”l Nevertheless, the initial
charge separation was shown to be accelerated when con-
trasting C;—porphyrin with the corresponding Cg—porphy-
rin."*¥ A smaller reorganization energy for C; and a dif-
ferent electronic coupling have been considered to explain
the observed differences in electron-transfer rates.!'>!

Results and Discussion

Syntheses of fullerene oligocarboxylic acids 5-10: The den-
dritic fullerene derivatives 1,1 2,11 3111 apnd 4] have been
prepared previously. As we have shown earlier, the forma-
tion of aggregates between ZnP and fullerene oligocarboxy-
lates 1-3 is governed by the number and spatial arrange-

ment of the charges. Thus, it seemed appropriate to look Crmo + ij 2
Rot Mo

into C4 bisadducts in which the dendritic branches sit in
well-defined positions according to the substitution pattern
of the fullerene. The reaction of a twofold excess of the G1-
subsituted malonate 11 with Cg, under typical cyclopropana-
tion conditions gave a mixture of the fert-butyl ester deriva-
tives e-bisadduct 12, trans-2-bisadduct 13, and trans-3-bisad-
duct 14, which were separated by HPLC (Scheme 2).

11: R={Bu

- 14: trans-3-bisadduct,R" = fBu
ks 5: e-bisadduct, R" =H

6: trans-2-bisadduct, R' = H
7: trans-3-bisadduct, R' = H

Scheme 2. Syntheses of [60]fullerene dodecacarboxylic acids 5-7. DBU=
diaza(1,3)bicyclo[5.4.0Jundecane, TFA =trifluoroacetic acid.

The esters 12-14 were cleaved with trifluoroacetic acid
(TFA), thus liberating the desired [60]fullerene acids 5-7.
The assignment of isomers in both series was performed by
using "C NMR spectroscopic analysis (number of signals)
and the typical UV/Vis bands for e- (C; symmetry, 29
BC NMR sp” signals, 4, =422, 483 nm), trans-2- (C, sym-
metry, 28 "CNMR sp® signals, 4,,=437, 473 nm), and
trans-3-bisadducts (C, symmetry, 28 *C NMR sp® signals,
Amax =411, 425, 494 nm).

So far, we have looked only into the Coulomb complex
formation of Cy, derivatives. As the C,, species possesses
different properties and reactivity, we decided to prepare
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several water-soluble C,, derivatives carrying carboxylate
groups to allow for electrostatic association with the posi-
tively charged ZnP. Our studies have revealed that it is of
crucial importance to Coulomb complex generation that the
inherent self-aggregation of water-soluble fullerenes is sup-
pressed.!™ To get a better understanding of this phenomen-
on for the [70]fullerene, the C,, moiety was treated with
three different malonates, that is, the simple monosubstitut-
ed malonate 15 carrying a G2-Newkome dendrimer, the tri-
ethylene glycol-substituted malonate 16 with the same den-
dron, and the symmetrical malonate 17 with two G2 arms
(Scheme 3).

HN

with R"in all cases fBu

(CH,CH,0),0CH;
: R = CH,CH;CH,CONH-[G;]Newkome
with R"in all cases fBu
8:R=CH;
9: R = (CH,CH,0);0CHs,
10: R = CH,CH,CH,CONH-[G,]Newkome
with R"in all cases H

18:
19:

20

TFA,
CH.CI,

Scheme 3. Syntheses of [70]fullerene oligocarboxylic acids 8-10.

The syntheses of the precursor molecules 18-20 followed
typical monosubstitution protocols for fullerenes using
iodine and DBU. The position of the substituent on C,;, was
determined by comparison with known monoadducts of
C,,."™ Finally, the free acids were obtained by acid-promot-
ed saponification of the ester groups of 18-20, which led to
the desired carboxylic acids 8-10 in quantitative yields. See
the Supporting Information for details on the synthesis and
characterization of the bisadducts of Cg and the monoad-
ducts of Cy,.

Absorption spectroscopy: The structures of the water-solu-
ble cationic ZnP salts and the anionic dendrofullerenes
(DFs) studied are shown in Scheme 1. Consistent with our
previous results,® upon adding 1-10 to aqueous solutions of
ZnP a gradual decrease in intensity and a red shift of the
absorption bands for the porphyrin unit are observed
throughout the visible region of the spectrum. This observa-
tion suggests effective interactions between 1-10 and ZnP in
the ground state. The bathochromic shifts scale with the
concentration of added fullerene. Common to these titration
experiments—Cg, and C,, monoadducts (i.e., 1, 2, 8, and
9)—is the development of an isosbestic point around
440 nm." The presence of only two absorbing species that
are in a dynamic equilibrium is implicit. Indeed, in these as-

— 3139

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

D. M. Guldi, A. Hirsch, N. Jux et al.

A EUROPEAN JOURNAL

semblies, the Job method of continuous variations confirmed
the formation of complexes with a 1:1 stoichiometry (see
the Supporting Information)."”

At first glance, similar changes were noted when titrating
ZnP with either Cg/C,, monoadducts 3, 4, and 10 carrying
two dendritic termini in their malonate addends or with Cg,
bisadducts §, 6, and 7. However, upon closer analysis, some
differences relative to 1, 2, 8, and 9 were noted. More pre-
cisely, the appearance of a second isosbestic point (Figure 1)
is reproducibly seen. Alternatively, toward the final stage of
the titration the spectra fail to go through an isosbestic
point at all.
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Figure 1. Changes in the ZnP Soret band (8.4x107m) observed upon
adding different concentrations of 10 (6.4x 10759 x 10" m).

In line with the aforementioned observations, maxima
from the Job-plot analysis are seen which are not at 0.5 but
at 0.68 for the hybrid assemblies of ZnP with 3, 4, and 10.0'")
Thus, we postulate complexes in which ZnP interacts with
these DFs in a 2:1 fashion. The analysis becomes even more
complicated for 5-7. In these cases, the Job plots displayed
one or two maxima depending on the wavelength, at which
point data were taken for the analysis. A possible interpreta-
tion involves complexes that have different stoichiometries
and that are present in equilibrium.!"!

The formation of 1:1, or 1:1 along with 2:1, complexes be-
tween ZnP and the anionic dendrofullerenes 2 and 3 has
been shown previously in electrophoresis experiments.['”]
Whereas ZnP and cytochrome ¢ were shown to form 1:1
complexes with 2, the results displayed a clear formation of
both 1:1 and 2:1 complexes with 3.

Steady-state fluorescence: For example, in steady-state fluo-
rescence experiments the changes of the fluorescence inten-
sity of ZnP were followed upon addition of increasing quan-
tities of DFs (only buffered solutions of ZnP (pH 7.2, 0.05m
KH,PO,) were used). Quite drastic quenching of the por-
phyrin emission—typically seen to evolve during these titra-
tion experiments—is tentatively attributed to originate from
electron-transfer processes between the photoexcited ZnP
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and the DF ground state. An illustration is given in Figure 2,
which represents the spectral changes in conjunction with
the ZnP fluorescence in the absence and presence of varia-
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Figure 2. Changes in the steady-state fluorescence of ZnP (5.3x1077m)
observed upon adding different concentrations of 2 (0-9.8x 107" m).

ble concentrations of 2. For all the C4, and C,, monoadducts,
a saturation point of the quenching correlation was reached
after adding just one equivalent of the fullerene; here, the
donor fluorescence quenching is quantitative (i.e., 99%).
On the other hand, for the Cy, bisadducts to reach the pla-
teau value fullerene concentrations that exceeded 1.5 equiv-
alents were needed. We used the fluorescence quantum
yields at the plateau values in the next step to evaluate the
dynamics of the excited-state deactivation process. For ex-
ample, the efficient quenching of the fluorescence in ZnP/2
leads to a fast electron-transfer rate of 4.8x 10" s™" relative
to the intrinsic decay of the singlet excited state of ZnP,
namely, an intersystem crossing with a rate constant of 3.5 x
10%s71.

The gradual quenching of the steady-state fluorescence in-
tensity of ZnP was further used to quantify the association
between the cationic ZnP and the anionic DF species. Data
were taken at 610 nm and plotted versus the fullerene con-
centration. A nonlinear curve fitting according to Equa-
tion (1) allowed the association constants to be estimated
(Figure 3).

I 171 1
LS [ — — — — 1
IO 1 2CD [KS + Co + Cp \/(Ks + Co + Cp 4C0CD):| ( )

where [, refers to the initial fluorescence intensity, c, is the
total porphyrin concentration, cp, is the total concentration
of the added fullerene, and Kj is the association constant.
The association constants obtained from the emission ti-
tration experiments are summarized in Table 1. Overall, re-
markably high association constants were obtained for the
assemblies, with 2 displaying the highest values, namely,
3.2x10°m™". As far as the 2:1 associates are concerned, only

Chem. Eur. J. 2008, 14, 31373145
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Figure 3. Fluorescence intensity at 610 nm of ZnP/2. The concentration
of 2 varies from 0 to 3x107°m, while the ZnP concentration is constant
at 1.8x107°M. The solid line corresponds to a fit according to Equa-
tion (1), thus giving Ks=3.2x10°m".

Table 1. Association constants obtained from steady-state fluorescence
titration experiments for 1:1 complex formation between ZnP and the
studied DFs.l!

K [105m7]
0.05M 0.034M 0.1m 0.17m
KH,SO, Na,SO,! NaCl NaCl1!

0.5

32 - - -
1.0 0.5 0.3 0.1
1.3 - - -
1.8 1.3 0.9 0.6
1.9 - - -
2.1 - - -
1.9 - - -
1.1 - - -
2.3 - - -

Compound

RN B R S

[y
>

[a] The estimated values remained constant for ZnP concentrations,
which varied from 5x10%m to 5x107°m. [b] Buffered with 0.05m
KH,SO,. [c] Ref. [6].

the 1:1 complex formation was considered during the evalu-
ation of the experimental data. Estimation of the K, and K,
values was, however, impossible since only the changes that
were associated with the ZnP fluorescence were followed.

To test the influence of the ionic strength on the ZnP/DF
association, we carried out the same titration experiments in
the presence of Na,SO, and NaCl at different concentra-
tions. As expected and previously confirmed for the ZnP/1
assembly,’® an increase in the ionic strength weakens the as-
sociation between ZnP and DF (Table 1). Interestingly, the
presence of Cl™ ions evokes smaller association constants
when compared to, for example, the values obtained in the
presence of SO,*~ ions. We assume that as the NaCl concen-
tration increases the HPO,~ and H,PO,” counteranions of
the buffer are replaced in an equilibrium process by CI™
ions. As these are less strongly bound, the effective charge
of the solvated porphyrin increases, thus making the Cou-
lomb complex formation with the negatively charged ful-
lerenes much more likely.

Chem. Eur. J. 2008, 14, 31373145
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Time-resolved fluorescence: Quenching of the porphyrin
emission became also evident in the time-resolved fluores-
cence experiments. Whereas the fluorescence decay of ZnP
in the absence of any DF is exclusively monoexponential—
with an intrinsic lifetime of 2.05 ns—the decays were best
fitted upon addition of DF by a biexponential fitting func-
tion (i.e., a fast-decaying and a slow-decaying component).
From the fast-decaying component—attributed to the associ-
ated ZnP/DF hybrids—the rates for the intracomplex elec-
tron-transfer processes were estimated according to Equa-
tion (2):

ol 1 @

17 1

where 7, refers to the ZnP fluorescence lifetime and 7, is
the lifetime of the faster-decaying component in the biexpo-
nential fitting function. As a leading example, the titration
of ZnP with 2 should be considered, in which biexponential
decays of the ZnP fluorescence with lifetimes of 2.05 and
0.07 ns are seen throughout the titrations (Table 2). It is im-

Table 2. Fluorescence lifetimes and rate constants for the quenching pro-
cess obtained from time-resolved fluorescence decays.

Compound 7, [ns]® 7, [ns]® kg [s7'] Intrinsic
lifetimes
[ns]
ZnP 2.05 - 2.8
1 2.30 0.06 1.68x 10" 0.080
2 2.05 0.07 1.49x 10" 0.114
3 2.05 0.09 1.03x 10" 0.120
4 2.10 0.10 9.52x10° -
5 2.10 0.11 8.45x10° 0.170
6 2.15 0.22 4.10x 10° -
7 2.05 0.17 5.26x10° -
8 2.20 0.16 5.72x10° 0.250
9 2.40 0.19 4.85x10° 0.270
10 2.30 0.17 5.41x10° -

[a] Corresponds to the fluorescence lifetimes of ZnP. [b] Corresponds to
the fluorescence lifetimes of ZnP/DF hybrids. [c] Obtained according to
Equation (2).

portant that the relative weight of the long-lived component
decreases throughout the titration and that only the short-
lived component is detectable at the plateau of the steady-
state fluorescence quenching. Although the obtained life-
time of 0.07 ns is in a good agreement with the electron-
transfer rate estimated from the steady-state fluorescence
spectra, we must point out that this value is essentially the
time resolution of our apparatus. Still, it signifies that elec-
tron-transfer rates faster than 1x10's™' should be expect-
ed.

Transient-absorption spectroscopy: Transient-absorption
spectroscopy provided support for the proposed electron-
transfer mechanism and gave conclusive information about
the quenching pathways and the corresponding photoprod-
ucts.
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ZnP reference compound: Figure 4 illustrates that two tran-
sients that correspond to the 'ZnP* and *ZnP* excited states
are discernable on the femto-, pico-, and nanosecond time-

a)
]
-
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la.u. [ e
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Figure 4. a) Differential absorption changes obtained upon femtosecond
flash photolysis (570 nm) of ZnP (8x10~°m) in an argon-saturated buffer
solution (pH 7.2) with different time delays between 0 and 2892 ps at
room temperature (arrows indicate the evolution of differential changes).
b) Differential absorption changes recorded with a time delay of 8.93 x
10~°s after 355-nm nanosecond photolysis of ZnP (4 x 10~°m)

scales. The first transient, namely, the singlet excited state of
ZnP, 'ZnP*, appears simultaneously with the conclusion of
the femtosecond laser pulse and is characterized by an ab-
sorption band that is centered at approximately 470 nm and
a broad and low-intensity absorption in the range 600-
700 nm, with two minima in the Q-band region. Figure 4a
exemplifies the spectral changes associated with the ZnP
singlet excited-state formation. The singlet excited state of
ZnP is short-lived (i.e., the intrinsic lifetime is 2.8 ns), since
it undergoes fast and efficient intersystem crossing to the
corresponding triplet manifold. The latter is seen on the pi-
cosecond timescale as a slowly evolving species for which a
maximum is registered at 840 nm (Figure 4a). Moreover, it
is readily observed on the nanosecond timescale, as is corro-
borated in Figure 4b. The triplet lifetime of 450 ps, deter-
mined in our experiment, agrees well with the previously re-
ported data.”’
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ZnP/DF assemblies: The observed changes upon femtosec-
ond photolysis with 570-nm excitation of all the C4 mono-
adducts containing hybrid assemblies include fast develop-
ment of the absorption at 470 nm.™ This maximum starts,
after reaching a maximum at around 0.5 ps, to decay follow-
ing monoexponential kinetics. Fitting the data gives a life-
time for ZnP/2 of 114 ps. With the decay of the absorption
at 470 nm, the characteristic spectral features®®" of the one-
electron oxidized ZnP radical cation (ZnP'*) and the one-
electron reduced fullerene radical anion (Cg'~) at 640 and
1020 nm, respectively, appear. Both absorptions are stable
on the picosecond timescale and only start to decay in the
nanosecond time regime.

In complementary nanosecond transient-absorption ex-
periments performed with 355-nm excitation of 1:1 mixtures
of 1-4 and ZnP, the spectral features show the instantaneous
formation of the ZnP"*/Cg,’~ radical ion-pair state; the latter
is characterized by absorption features at 640 and
1000 nm." Importantly, no triplet—triplet absorptions, char-
acteristic of either ZnP or DF units, were observed at 840
and 700 nm, respectively. These observations indicate that
an electron-transfer process takes place exclusively from the
singlet state of ZnP and that the decay of the radical ion
pair leads to the direct recovery of the ground state rather
than going through an intermediate triplet excited state. The
ZnPt/Cy ' radical ion-pair state decays with a lifetime on
the scale of microseconds. Table 3 summarizes the data ob-
tained from the nanosecond photolysis for all the assem-
blies.

Figures 5 and 6 confirm that femto- and nanosecond pho-
tolysis also provided support for the electron-transfer mech-
anism within the hybrid assemblies containing the Cg, bisad-
ducts 5-7. In particular, femtosecond excitation into the por-
phyrin Q band at 570 nm of ZnP/5 led to the features
known to correspond to the C4~ and ZnP* radical ions at
1060 and 640 nm, respectively, as they evolve during the
decay of the initially formed absorption of ZnP at 470 nm.
Again, this decay is best fitted by a monoexponential fitting
function with a lifetime of 170 ps, which underpins the elec-
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Figure 5. Differential absorption spectrum obtained upon femtosecond
flash photolysis (570 nm) of ZnP/5 in an argon-saturated buffer solution
(pH 7.2) with time delays between 0 and 1000 ps at room temperature.
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Table 3. Absorption maxima and lifetimes of the ZnP"*/DF"~ radical ion
pair obtained from nanosecond photolysis.

Compound Amax [NM] 7 [s]
1 10401 1.1x107°%
2 1020 6.5x107°
3 1000 7.0x10°°
4 1000 44x10°°
5 1060 7.5%x107°
6 880 72x107°
7 900 6.2x107°
8 1350 7.8x1077
9 1350 5.6x1077
10 1350 7.4%x1077
[a] Ref. [6].
0.03 -
0.025 [
0.02 [
AOD 0.015 3
/a.u. r
0.01 [
0.005 [ -
0 : PR ST RS T S S S BT |
600 700 800 900 1000 1100

Wavelength / nm

Figure 6. Differential absorption changes obtained upon nanosecond
flash photolysis (355 nm) of ZnP/6 in a nitrogen-saturated buffer solution
(pH 7.2) with a time delay of 5x 107" s at room temperature.

tron-transfer rate from the ZnP lowest-excited singlet state.
In the complementary nanosecond transient absorption
measurements, the lifetime of the ZnP™/Cg '~ radical ion-
pair state was determined to be 7.5 ps.

The differential absorption changes of the C;,-containing
assemblies 8-10, displayed representatively in Figure 7, were

0.006 -
0.005 [

0.004 L

AOD 0.003 [
/a.u.

4 L

L L L L 1 L
800 1000

0.002 [ 'Q
]
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.
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Figure 7. Differential absorption changes obtained upon femtosecond
flash photolysis (570 nm) of ZnP/8 in an argon-saturated buffer solution
(pH 7.2) with a time delay of 250 ps at room temperature.
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obtained upon femtosecond photolysis (i.e., 570-nm excita-
tion). Similar to the assemblies with the Cq mono- and bi-
sadducts, the observed changes involve the fast development
of the absorption at 470 nm, characteristic for the 'ZnP*
state, which starts to decay following monoexponential ki-
netics after reaching a maximum (i.e., at 0.4 ps). Fitting the
data gives a lifetime for ZnP/8 of 250 ps. Simultaneously, as
the decay of the absorption at 470 nm is observed, the char-
acteristic spectral features of the ZnP'* radical cation at, for
example, 640 nm are discernable. Although we were not
able to observe the one-electron reduced C;, radical anion
(Cy7) during the femtosecond photolysis experiment, as its
absorption is known to maximize at 1350 nm™ which is
near the detection limit of our femtosecond transient appa-
ratus, it is clearly distinguishable (Figure 7).

Both the characteristic absorption bands of the ZnP** and
C;, radical ions are clearly seen in the nanosecond transi-
ent absorption spectrum (Figure 8). Once again, no triplet—

0.003 -~
0.0025 [
0.002 [

AOD 0.0015 [
/a.u. [

0.001 |

.-.7'{—\\ /./'-.M.

0.0005 _ / .

0:...’|...|...|..‘|...|..‘|
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Wavelength / nm

Figure 8. Differential absorption changes obtained upon nanosecond
flash photolysis (355 nm) of ZnP/9 in nitrogen-saturated D,O (pH 7.2)
with time delays of 6x10~* (dashed line) and 1.9x 107" s (solid line) at
room temperature.

triplet absorptions, characteristic of either ZnP or C;, mono-
adducts, were observed, for example, at 840 or 1100 nm.
Table 3 summarizes the data from the nanosecond transient
absorption for the ZnP/C,, assemblies. In contrast to the
ZnPC*/Cy~ radical ion-pair, the lifetimes of the ZnPC'*/
C,,~ radical ion-pair states are only in the range of hun-
dreds of nanoseconds.

Conclusion

Our study indicates that stable complexes (Ks~10°m~") are
formed between cationic zinc porphyrins and anionic den-
drofullerenes as a class of functional fullerodendrimer.”!
The complex formation is driven by electrostatic interac-
tions between oppositely charged species, that is, polyanion-
ic DF and polycationic ZnP. Charge-transfer interactions
also are considered to contribute to the overall complex sta-
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bility, as evidenced from the observed red shift of the por-
phyrin absorption in the visible range of the solar spectrum.
The stoichiometry of porphyrin/DF in the complexes was
determined to be 1:1 and 2:1 for the different assemblies.
For the Cy, bisadducts, complexes of different stoichiometry
are formed. The highest K values arose from the Cg and
C,, monoadducts with the polyethylene glycol chain. Inter-
estingly, the binding is not very specific as the correlation
between the total number of carboxylate groups (i.e., 9 in 1,
2,8 and 9; 18 in 3 and 10; 6 in 4; and 12 in 5, 6, and 7) and
the Kjvalues reflects. In other words, this relationship cor-
roborates earlier molecular dynamic simulations,® which
suggested that as soon as one salt bridge is formed the other
bridges are built quickly, thus leading to a structure in which
the DF covers about one half of the ZnP unit.

The transient-absorption experiments show that the sin-
glet excited-state features of ZnP decay through an intermo-
lecular charge-transfer reaction to form the corresponding
radical ion-pair states (Scheme 4). Notable differences are
seen for the different classes of electron acceptors (i.e.,
mono- and bisfunctionalized Cq, and C;, derivatives). The
fastest charge separation occurs for the monofunctionalized
Cg, derivatives, while the more negative reduction potentials
of the bisfunctionalized C,, derivatives leads to a slowing

/:I:arge transfer S

T charge transfer

A% T

fluorescence

fluorescence

Scheme 4. Excited-state interactions in ZnP (left), DF (right), and ZnP/
DF (center).
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down of the charge-transfer processes. The dynamics associ-
ated with the monofunctionalized C;, derivatives fall, how-
ever, in between those dynamics of the bisfunctionalized Cg,
derivatives. This finding is surprising since their first reduc-
tion potentials are nearly identical to those potentials deter-
mined for the analogous C, derivatives. Spectroscopically,
the formation of the radical ion-pair was monitored by spec-
tral features that developed in parallel to the disappearance
of the ZnP singlet-singlet absorption. These features are, in
particular, a one-electron oxidized radical cation absorption
of ZnP in the visible region (i.e., 600-800 nm) and a one-
electron reduced radical anion absorption of C4/Cy, in the
near-infrared region (i.e., 900-1400 nm).

All of the radical ion-pair states decay to their singlet
ground states, without passing through the intermediate trip-
let excited states of ZnP, Cy,, or Cy,. Notably, the decays of
the radical ion-pair state for C4, assemblies are seen within
a few microseconds, whereas the decays are completed
within a few hundreds of nanoseconds for the analogous C;,
assemblies.
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