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Effect of Axial Ligation or n—n-Type Interactions on Photochemical
Charge Stabilization in ‘“Two-Point” Bound Supramolecular
Porphyrin—-Fullerene Conjugates
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Abstract: Two types of structurally
well-defined, self-assembled zinc por-
phyrin—fullerene  conjugates  were
formed by “two-point” binding strat-
egies to probe the effect of axial liga-
tion or m—m-type interactions on the
photochemical charge stabilization in
the supramolecular dyads. To achieve
this, meso-tetraphenylporphyrin was
functionalized to possess one or four
[18]crown-6 moieties at different loca-
tions on the porphyrin macrocycle
while fullerene was functionalized to
possess an alkyl ammonium cation, and
a pyridine or phenyl entities. As a
result of the crown ether-ammonium
cation complexation, and zinc—pyridine
coordination or m—m-type interactions,
stable zinc porphyrin—fullerene conju-
gates with defined distance and orien-
tation were formed. Evidence for the
zinc—pyridine complexation or m—n-

type interactions was obtained from
the spectral and computational studies.
Steady-state and time-resolved emis-
sion studies revealed efficient quench-
ing of the zinc—porphyrin singlet excit-
ed state in these dyads, and the mea-
sured rates of charge separation, kcg
were found to be slightly better in the
case of the dyads held by axial coordi-
nation and crown ether—cation com-
plexation. Nanosecond transient ab-
sorption studies provided evidence for
the electron transfer reactions, and
these studies also revealed charge sta-
bilization in these dyads. The lifetimes
of the radical ion pairs were found to
depend upon the type of porphyrins
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utilized to form the dyads, that is, por-
phyrin possessing the crown ether
moiety at the ortho position of one of
the phenyl rings yielded prolonged
charge stabilized states. Addition of
pyridine to the supramolecular dyads
eliminated the zinc—pyridine coordina-
tion or m-m-type interactions of the
“two-point” bound systems due to the
formation of a new zinc-pyridine axial
bond thus giving a unique opportunity
to probe the effect of axial coordina-
tion or m—m interactions on kgg and
kcr- Under these conditions, the mea-
sured electron transfer rates revealed
faster kcs and slower kg as compared
to those obtained in the absence of
added pyridine. The evaluated lifetimes
of the radical ion-pairs were found to
be hundreds of nanoseconds and were
longer in the presence of pyridine.
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Study of photoinduced electron transfer in donor-acceptor
dyads is a topic of current interest mainly to address the
mechanistic details of electron transfer in chemistry and
biology, to develop artificial photosynthetic systems for light
energy harvesting,'™® and also, to develop molecular opto-
electronic devices.!”) Fullerenes as electron acceptors'” and
porphyrins as electron donors!'!! have been successfully uti-
lized in the construction of such dyads™® owing to their rich
and well-understood electrochemical, optical, and photo-
chemical properties. Fullerenes, because of their unique
structure and symmetry, require small reorganization energy
in electron transfer reactions."”) As a consequence, fuller-
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enes (Cq and C,) in donor—acceptor dyads accelerate for-
ward electron transfer (kqg) and slow down backward elec-
tron transfer (kcg) resulting in the formation of long-lived
charge-separated states, as verified in a number of porphy-
rin—fullerene dyads.'” More recently, elegantly designed
porphyrin and fullerene bearing molecular and supramolec-
ular triads, tetrads, pentads and so on, have also been syn-
thesized and studied."!! In some of these supramolecular
systems, distinctly separated donor-acceptor radical ion-
pairs are generated in succession by charge migration reac-
tions along the well-tuned redox gradients.

Recent studies have revealed the importance of intra- and
intermolecular type interactions on the photochemistry of
flexibly and rigidly linked molecular and supramolecular
porphyrin—fullerene conjugates.'® Information was ob-
tained primarily from the crystal structures of inter- and in-
tramolecularly interacting porphyrin/fullerene conjugates;!”)
thus, attempts have been made to model the organization
principles and to probe their impact on electron transfer re-
actions.'>! These attempts have led to the development of
a variety of porphyrin/fullerene hybrids that give rise to dif-
ferent topologies and chromophore separations. Most of the
synthetic methodologies are based on connecting porphyrins
and fullerenes by a single linker that resulted in a substan-
tial degree of conformational flexibility in the molecular
topology. As a result, the porphyrin/fullerene organization
in the resulting hybrids was poorly defined and the fullerene
could not be positioned close or on top of the porphyrinic
macrocycle. In a few synthetic approaches, the porphyrins
and fullerenes were brought together by two separate link-
ers, yielding dyads with m-stacked sandwich structures. Con-
trol over the interchromophore interactions and fine-tuning
of the properties of the ground and excited states were pos-
sible to some extent by this approach by varying the linker
lengths.!'*

Our interest in this area of research has been to utilize
multiple modes of binding in a self-assembly process to
form rigidly held porphyrin—fullerene conjugates and to vis-
ualize the effects of inter- and intramolecular interactions
on the physico-chemical properties of these novel supra-
molecular systems.'”! This approach has provided informa-
tion about the structure and orientation of the donor-ac-
ceptor pair, and minimized the different degrees of electron-
ic coupling due to the different wave function mixing, ob-
served in flexibly linked donor—acceptor pairs. In subsequent
studies, the self-assembly approach was also extended to
form supramolecular triads bearing three photo/redox active
entities, and dyads bearing more than one donor or acceptor
entities. The photochemical studies of the self-assembled
triads resulted in the successful generation of relatively
long-lived charge separated species. The multiple modes of
binding utilized different types of binding mechanisms.['”)
These include: i) a “coordinate-covalent” binding strategy in
which the porphyrin—fullerene interactions were probed by
a “tail-on” and “tail-off” binding mechanism," ii) a “coor-
dinate-hydrogen bonding” strategy which led to the forma-
tion of stable supramolecular dyads and triads,™® iii) a “co-
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ordinate—coordinate bonding” approach of obtaining bispor-
phyrin—fullerene dyad held in a symmetrical fashion,'*! and
iv) a “coordinate-crown ether cation complex” strategy of
obtaining stable porphyrin—fullerene conjugates with de-
fined distance and orientation."*l In the latter case owing to
the higher stability of the supramolecular complex it was
possible to investigate the spectral and photochemical prop-
erties in more polar solvent such as benzonitrile. It may be
mentioned here that in all of above developed multiple
binding mechanisms, metal to pyridine axial binding (coordi-
nation) was one of the common modes of binding.

In the present study, we have extended the novel ap-
proach of “two-point” binding by utilizing porphyrins bear-
ing one or four [18]crown-6 moieties (compounds 1-3 in
Scheme 1) and fulleropyrrolidine bearing an alkyl ammoni-
um cation and pyridine entities (compound 4 in Scheme 1).
As demonstrated recently for porphyrin 1 interacting with
fullerene 4, stable porphyrin—fullerene conjugate was ob-
tained in which the pyridine unit was axially coordinated to
the zinc center of the porphyrin and the ammonium cation
was complexed with the crown ether moiety. Compound 2 is
newly synthesized to visualize the “two-point” binding in a
porphyrin macrocycle in which the crown ether entity is dis-

Scheme 1. Structure of the crown ether appended porphyrins and fuller-
ene derivatives employed in the present study.
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posed differently than that in 1, while compound 3 is synthe-
sized to form porphyrin—fullerene conjugates bearing up to
four fullerene entities. In order to visualize the m—m-type in-
teractions between the porphyrin—fullerene entities in the
self-assembled dyads, fullerene 5 was synthesized which
lacks the axial coordinating pyridine unit and has only an
alkyl ammonium cation to complex with crown ether. Such
fullerene, when bound to a crown ether appended porphy-
rin, is expected to interact with the porphyrin m-system in
addition to the cation—crown ether complexation.ma] Hence,
a comparison of the ground and excited state properties be-
tween the “two-point” bound dyads 1:4 or 2:4, and the
dyads held by only alkyl ammonium cation—crown ether
complex, 1:5 or 2:5 would provide information on the effects
of axial ligation versus m—m-type interactions in the presently
investigated series of self-assembled dyads on their spectral
and photochemical properties. Interestingly, addition of pyri-
dine to these supramolecular compounds eliminates the
zinc—pyridine bonds in case of dyads 1:4 and 2:4, and the m—
ni-type interactions in case of dyads 1:5 and 2:5 as a result of
the newly formed zinc-pyridine (externally added) bond
(Scheme 2). Photochemical studies under these conditions
would provide the role of axial coordination or m— interac-
tions on the charge separation and charge recombination
processes in the supramolecular dyads. These effects have
been systematically investigated in the present study.

a) axial coordination and cation-crown
ether complexation

b) n—x interaction and cation-crown
ether complexation

Scheme 2. Effect of external pyridine addition on the structures of the supramolecular dyads.
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Results

Optical absorbance studies and ground state interactions:
The optical absorption behavior of the benzo-[18]crown-6
appended at different meso-positions of the zinc porphyrin
macrocycle was found to be similar to that of pristine meso-
tetraphenylporphyrinatozine, ZnP. That is, they exhibited an
intense Soret band around 425 nm and two visible bands
around 560 and 600 nm, respectively. No apparent absorp-
tion bands in the wavelength region covering 350-700 nm
corresponding to the crown ether entities were observed.
Addition of fullerene 4 to a solution containing porphyrin 1
or 2 revealed spectral changes accompanied by one or more
isosbestic points. Typical spectral changes are shown in
Figure 1 for porphyrin 2 in the presence of increasing
amounts of fullerene 4. The Soret band revealed a decrease
in intensity accompanied by a red shift, typical of axial coor-
dination of a nitrogenous ligand. The '"H NMR studies con-
firmed the “two-point” binding involving axial coordination
of the pyridine entity of 4 to the metal center of 1, and the
crown ether-ammonium cation complexation (See Figure S1
in the Supporting Information). The binding constants for
zinc porphyrin—fullerene conjugate formation were calculat-
ed from Benesi-Hildebrand plots®!! using the absorbance
and fluorescence spectral data and the results will be dis-
cussed in the subsequent sections.

Interestingly, in the case of fullerene 5 binding to the
crown ether appended porphyrins, 1-2, the observed spec-
tral shifts were not so drastic primarily due to the lack of
axial coordination. However, spectral evidence for m—mn-type
interactions between the por-
phyrin macrocycle and the full-
erene spheroid was observed.
As shown in Figure 1 inset, a
broad band in the 725-825 nm
region was observed for the
dyad 1:5. Control experiments
performed by recording the
spectrum of 1, §, and the spec-
trum obtained by the digital ad-
dition of spectrum of 1 and §
were different in this wave-
length region. Earlier, in a
number of covalently linked
porphyrin—fullerene dyads such
broad absorption bands in the
725-900 nm regions were ob-
served as a result of m—m-type
interactions."*"®l A similar but
less pronounced spectrum was
also observed for the complex
2:5 but not for the spectra of
1:4 and 2:4. Addition of pyri-
dine to the solution eliminated
this spectral band. '"H NMR ti-
trations of fullerene, 5 on in-
creasing addition of porphyrin,
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Figure 1. Spectral changes observed during the titration of porphyrin 2
(1.6 um) with fullerene 4 (0.21 um each addition) in benzonitrile. The
inset shows enlarged near-IR portion of the spectrum for i) porphyrin 1,
ii) fullerene, 5, iii) digitally added spectrum of i) and ii), and iv) the com-
plex obtained by treating equimolar 1 and 5 in benzonitrile.

1 in CDCl; revealed systematic high field shift (up to
0.3 ppm) of the pyrrolidine and alkyl protons of the ammo-
nium pendant arm. The shifts of the phenyl ring protons of
5 were found to be <0.1 ppm. The high field shifts were
smaller than that earlier reported for the complex 1:4 in-
volving both axial coordination and cation—crown ether
complexation. The observed high field shift for the dyad 1:5
suggests positioning of the fullerene moiety in the ring-cur-
rent zone of the porphyrin ring with close proximity, that is,
the presence of interacting porphyrin and fullerene entities
in the complex. To summarize, the present spectral results
indicate metal-ligand axial coordination and crown ether—
ammonium cation complexation in case of 1:4 and 2:4. In
the case of 1:5 and 2:5, in addition to crown ether—-ammoni-
um cation complexation, m—mn-type interactions have also
been observed.

Ab initio B3LYP/3-21G(*) Computational studies: In order
to further understand the geometry and electronic structure
of the investigated conjugates, computational studies were
performed on all of the investigated dyads by a moderate
level ab initio method. Our recent works using the B3LYP/
3-21G(*) method on molecular/supramolecular systems
have yielded remarkable results not only in predicting the
correct geometry but also in predicting m—m-type interac-
tions and tracing the sequence of electrochemical redox
processes.*?! As a consequence of m—n-type charge transfer
interactions in the ground state, partial delocalizations of
the HOMO and LUMO frontier orbitals on both the donor
and acceptor entities were observed for the donor-acceptor
dyads.['*0

The structures of the self-assembled dyads are shown in
Figures 2 and 3a, and the key geometric parameters are
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given in Table 1. For geometry optimization, the starting
porphyrin and fullerene entities were initially optimized on
a Born—-Oppenheimer potential energy surface and then al-
lowed to interact. The optimized structures of dyads 1:4 and
2:4 revealed the expected “two-point” binding, namely,
zinc—pyridine coordination and crown ether—ammonium
cation complex formation. The Zn-N distance of the newly
formed coordinate bond was around 2.1 A which was close
to the other four Zn—N bond lengths of the zinc porphyrin.
The Zn was pulled out of the porphyrin plane by about
0.4 A upon axial bond formation. Two sets of N—O distan-
ces, 2.80 and 3.00 A, were observed for the ammonium
cation-crown ether complexation. That is, the presence of
three sets of N—H--O type hydrogen bonds was visualized.
Because of the different position of the crown ether moiet-
ies on the porphyrin macrocycle, the topology of the dyads
was different, as shown in Figure 2a and b. It may be men-
tioned here that the porphyrin macrocycle in 1 was distorted
considerably upon self-assembling the fullerene while such
macrocycle distortions were not found in porphyrin 2. Inter-
estingly, the center-to-center distance between the zinc—por-
phyrin and fullerene entities was found to be almost the
same, slightly larger than 10 A. The edge-to-edge distance,
that is, the distance between the closest porphyrin m-ring
atom to the fullerene spheroid carbon atom was over 4.5 A,
larger than that would be expected to observe any through-
space m-m-type interactions. These results suggest that, al-
though dyads 1:4 and 2:4 have considerable rigidity because
of the employed “two-point” binding motif, they have no
through space n—m type charge-transfer interactions. These
observations readily agree with the earlier discussed optical
absorption spectral results.

In contrast to the above results on 1:4 and 2:4 dyads, the
structure of dyads 1:5 and 2:5 revealed the presence of m—-
type interactions. As shown in Figure 2c for the dyad 1:5
and in Figure 3a for the dyad 2:5, the geometric parameters
revealed the expected crown ether—ammonium cation com-
plex formation. The calculated center-to-center distances be-
tween the porphyrin and fullerene entities were found to be
in the range of 5.6 to 6.1 A while the edge-to-edge distances
were in the rage of 2.2 to 2.3 A (Table 1) indicating closely
interacting porphyrin and fullerene entities. It may be men-
tioned here that slightly energy demanding, “extended type”
conformers were possible for 1:5 and 2:5 dyads. Interesting-
ly, addition of pyridine to form a pentacoordinated zinc por-
phyrin of the 2:5 dyad (Figure 2d), pushed the fullerene
entity away from the porphyrin macrocycle by ~1 A thus
eliminating the through space interactions.

The frontier HOMO and LUMO orbitals also revealed
the existence of m—m type interactions in these dyads. As
shown in Figure 3b and c for the dyad 2:5, considerable
amounts of HOMO were found on the fullerene entity,
while part of LUMO was also found on the porphyrin entity
of the dyad. Similar results of delocalization of the frontier
orbitals were observed for the studied dyad 1:5 but not for
the dyads 1:4 and 2:4. It may also be mentioned here that
the dyad 2:5 in the presence of pyridine bound to zinc did
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Figure 2. Ab initio B3LYP/3-21G(*) calculated structures of the self-as-
sembled dyads a) 1:4, b) 2:4, ¢) 1:5 and d) 2:5 with pyridine axial ligand.

Figure 3. Ab initio B3LYP/3-21G(*) calculated a) optimized structure,
b) HOMO, and ¢) LUMO of the self-assembled 2:5 dyad.

Table 1. B3LYP/3-21G(*) optimized geometric parameters for the
crown-ether-ammonium cation complexed, self-assembled zinc porphy-
rin—fullerene conjugates.

Dyad® center-to-center Distance [A]®"  edge-to-edge Distance [A]
ZnP-Cy, ZnP-N Ceo-N ZnP-Cq,

14 10.1 10.1 10.2 4.5

2:4 10.7 9.7 8.7 6.7

15 6.1 10.6 9.2 2.3

2:5 5.6 10.2 10.0 2.2

Py:2:59 67 10.5 10.0 33

[a] See Scheme 1 for structures. [b] Zinc metal center, center of Cg, sphe-
roid, and N of ammonium cation were used. [c] Axial coordination of
pyridine to the zinc center, see Figure 2d.
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not reveal such delocalization of the frontier orbitals corre-
lating with the increased distance between the entities.

Fluorescence emission studies: The singlet excited-state
quenching of crown ether appended porphyrins by function-
alized fullerenes was investigated to obtain the binding con-
stants of the self-assembled dyads and the overall fluores-
cence quenching behavior with respect to differently assem-
bled zinc porphyrin—fullerene dyads. The emission behavior
of the crown ether appended porphyrins was found to be
similar to that of ZnP with two emission bands around 610
and 660 nm, respectively. Addition of either of the fullerene
derivatives, 4 or 5, to a solution of either of porphyrins 1, 2,
or 3, revealed fluorescence quenching in benzonitrile. Rep-
resentative emission changes of 2 on increasing addition of 4
are shown in Figure 4. By using the emission data, the bind-
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Figure 4. Fluorescence spectral changes observed on increasing addition
of fullerene 4 (2.0 um each addition) to a solution of porphyrin 2 in ben-
zonitrile. 1.,=560 nm. The inset shows the Benesi-Hildebrand plot at
615 nm constructed for measuring the binding constant; I, (fluorescence
intensity in the absence of 4), and A (changes of fluorescence intensity
on addition of 4).

ing constants (K) for the formation of self-assembled dyads
were obtained by constructing Benesi-Hildebrand plots®!!
(Figure 4, inset), and the data are listed in Table 2. The mag-
nitude of the binding constants revealed stable self-assembly
in polar benzonitrile and agreed well with that reported on
1:4 by using absorbance methods."* Earlier, for the “one-
point” bound through axial coordinating zinc porphyrin—
fullerene dyads,”™! it was not possible to perform spectro-
scopic studies in polar benzonitrile signifying the importance
of the adopted “two-point” binding strategy in the present
study. For porphyrin 1, the binding of 4 is 2-3 times larger
than that of 5. Similarly, for porphyrin 2, the binding of 4 is
an order of magnitude higher than that of 5. This could be
rationalized based on the ability of 4 to form “two-point”
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Table 2. Formation constants calculated from the Benesi-Hildebrand
plots of the fluorescence data for the “two-point” bound zinc porphyrin—
fullerene conjugates in benzonitrile at 25°C.

Porphyrin Receptor!?! Fullerene K [m ']
1 4 4.48x10*
5 1.64x10*
2 4 2,08 10*
5 1.30x 10°
3lcl 5 4.80x 10°

[a] See Scheme 1 for structures of the porphyrin and fullerene deriva-
tives. [b] Error = £+10%. [c] Overall binding constant.

binding involving axial ligation and crown ether-cation com-
plex formation. The smaller K values of 1:5 and 2:5 suggest
that the contributions from the m—n-type interactions are
smaller than the axial coordination bond of dyads 1:4 and
2:4. However, it may be mentioned here that the m—m-type
interactions indeed contribute to the overall stability of the
self-assembled dyads.

Figure 5 shows the Stern—Volmer plots of the fluorescence
quenching by the crown ether appended porphyrins by the
functionalized fullerenes. The slope of the plots followed the
binding constants, that is, the efficiency of fluorescence
quenching was higher for more stable complexes. The calcu-
lated Stern—Volmer constant, K, values were found to
range between 1.2x10°m™" and 1.6x10°m™'. On employing
the excited state lifetime of zinc porphyrin to be 2 ns, the
fluorescence quenching rate-constants, k,, were two to four
orders of magnitude higher than that expected for diffusion
controlled-bimolecular quenching processes in benzonitrile
(5.0x10°m's™") suggesting that the intramolecular process-
es are responsible for the fluorescence quenching. The ten-
dency of increasing in the k, values is in good agreement
with those evaluated K values.

1.0 I | I
0.0 0.5 10 15 20 25

[Fullerene]/10™

Figure 5. Stern-Volmer plots of fluorescence quenching at 616 nm of i) 1
by 4, ii) 2 by 4, iii) 1 by 5, iv) 3 by 5, and v) 2 by 5 in benzonitrile, 4., =
558 nm.
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Scanning the emission wavelength of the zinc porphyrin—
fullerene dyads to longer wavelength regions (700-800 nm)
revealed a weak emission band around 715 nm correspond-
ing to the singlet emission of the Cy moiety. The intensity
of this band for a given concentration of fulleropyrrolidine
was found to be almost the same as that obtained in the ab-
sence of added zinc porphyrin. Changing the excitation
wavelength from 560 to 410 nm also revealed similar obser-
vations with slightly enhanced emission of fulleropyrrolidine
due to its higher absorbance at 410 nm. These results sug-
gest that emission in the 700-800 nm range is attributable to
direct excitation of the fullerene unit.

Electrochemical studies: Cyclic voltammetric studies were
performed to evaluate the redox potentials of the dyads.
The zinc porphyrins, 1 and 2 revealed two one-electron oxi-
dations corresponding to the formation of ZnP'* and ZnP**,
respectively (Figure 6), and a one-electron reduction corre-
sponding to the formation of ZnP*~. Scanning the potential
further in the negative direction revealed another reduction
but was not well defined. Upon forming the dyads, the oxi-
dation waves revealed interesting changes. That is, the first
oxidation processes were still reversible but were easier to
oxidize by 5-30 mV, depending upon the nature of the por-
phyrin and the fullerene. The first oxidation processes of
ZnP in the dyads were located in the range 0.27-0.30 V
versus Fc/Fc*. Such cathodic shifts were much more pro-
nounced for the second oxidation processes. That is, shifts in
the range of 30-100mV were observed. However, the
second oxidation processes were found to be irreversible. In
these dyads, the potentials corresponding to the reductions
of fulleropyrrolidine were not different from that of un-
bound fulleropyrrolidine.”>! The first reduction of fullero-
pyrrolidine in the dyads was located at Ey, = —1.10V
versus Fc/Fct (data not shown). The free-energy changes
for charge separation, AGcs and charge recombination,
AGcr were calculated by using the first oxidation potential
of ZnP, the first reduction potential of fulleropyrrolidine,
singlet excitation energy of the ZnP, and the Coulomb
energy according to Weller’s approach.”® Both AGcs and
AGcr were found to be exothermic with values ranging be-
tween —0.70 to —0.72 eV for AGg and —1.31 to —1.33 eV
for AGcg. These negative AGgs values indicate that the
charge-separation process is probably near the top region of
the Marcus parabola, because the reported reorganization
energy (about 0.7 eV)!" is almost the same as the absolute
value of AGs. On the other hand, the AGy values suggest
that the charge-recombination process belongs to the invert-
ed region of the Marcus parabola.l'*!

Further, time-resolved emission and transient absorption
studies were performed to follow the kinetics of quenching
and to characterize the photo reaction products.

Pico-second time-resolved emission studies: The time-re-
solved emission studies of the self-assembled dyads tracked
those of steady-state measurements. Figure 7a—c show the
emission decay time profile of the crown ether appended
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Figure 6. Cyclic voltammograms showing the oxidation processes of a) 1
in the absence (-----) and presence (—) of 1 equiv 4, b) 1 in the absence
(dashed line) and presence (—) of 1 equiv 5, ¢) 2 in the absence (-----)
and presence (—) of 1 equiv 4, and d) 2 in the absence (-----) and pres-
ence (—) of 1lequiv 5 in benzonitrile, 0.1m (n-C,H,),NCIO,. Scan
rate=100 mVs™.

porphyrins, 1-3 in the absence and presence of fullerene de-
rivatives, 4 and 5. The lifetimes of the singlet excited crown
ether appended porphyrins were found to be similar to that
of ZnP, around 2 ns, and all of them revealed mono-expo-
nential decay. The appended crown ether moieties had little
or no influence on the lifetime of the porphyrin. Addition of
1.5 equivalents of fullerene derivatives to ensure complete
complexation of the porphyrins (1 or 2) caused rapid decay
in addition to slow decaying tail as shown in Figure 7. The
porphyrin emission decay in the
dyads could be fitted satisfacto-
rily by a bi-exponential decay
curve; the lifetimes (z;) are

&

Auo. Int.

Figure 7. a) Fluorescence decays at 610-630nm of i) porphyrin 1
(0.1 mm), ii) porphyrin 1 (0.1 mm) in the presence of fullerene 5
(0.15 mm) and iii) porphyrin 1 (0.1 mm) in the presence of fullerene 4
(0.15 mm) in benzonitrile. b) Fluorescence decays of i) porphyrin 2
(0.1 mm), ii) porphyrin 2 (0.1 mm) in the presence of fullerene 5
(0.15 mm) and iii) porphyrin 2 (0.1 mm) in the presence of fullerene 4
(0.15mm) in benzonitrile. c) Fluorescence decays of porphyrin 3
(0.1 mm), in the presence of i) 0.0 mm, i) 0.11 mm, iii) 0.21 mm, iv)
0.31 mm and v) 0.42 mm) of fullerene 5 in benzonitrile. All of the samples
were excited at 410 nm.

evaluated from the short 7; components in the usual manner
employed in the intramolecular electron-transfer process,’
as listed in Table 3. Higher values of k% and &} were ob-
tained for all of the dyads indicating the occurrence of effi-
cient electron transfer irrespective of the nature of the
adopted binding modes. The k¢ values are generally higher
for the “two-point” bound system involving axial coordina-

Table 3. Fluorescence lifetime (t;), charge-separation rate-constant (kg),l"! charge-separation quantum yield
(D)™, charge-recombination rate constant (k) and lifetime of the radical ion-pair for the investigated zinc
porphyrin—fullerene conjugates in benzonitrile.

summarized in Table3. The

. Porphyrin Fullerene 7 [ps] (%) ks [s7] D5 keg [s7'] T [1S]

fractions of the short 7; compo- n 1980 (100)
nents seem to increase with the 4 280 (83) 31x10° 0.86 21x107 50
K values in Table 2, the slow t; 1180 (17)
components may be related to 1 5 330 (82) 2.6x10° 0.84 1.0x 107 100
the uncomplexed porphyrin 1270 (18) .

. Py:10! 4 280 (79) 3.0x10° 0.86 40x10° 250
emission. 1560 (21)

Based on the observations py; 5 300 (80) 2.8x10° 0.85 3.6x10° 280
that the time resolved fluores- 1640 (20)
cence spectra did not show the 2 1960 (100) , .
appearance of the transient 2 4 143;28 ggg 2.8x10 0.85 4.7x10 210
fluorescence peak of the Cgp 5 320 (57) 2.6%10° 0.84 4.9x10° 200
moiety after the decay of the 1520 (43)
fluorescence of the ZnP moiety, Py:2 4 300 (82) 2.9x10° 0.85 2.0x10° 500
the short lifetimes of ZnP are 1420 (18)

. Py:2 5 300 (50) 2.8x10° 0.84 2.6x10° 390

predominantly due to charge- 1450 (50)
separation within the supra- 3 1950 (100)
molecular dyads. Thus, the 3 5 370 (65) 22x10° 0.82 1.2x 10’ 80
charge-separated rates (k%) 1500 (35)

and quantum yields (@) were
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tion and crown ether-cation complexation than that involv-
ing crown ether-cation complexation and m—m interactions. It
may also be mentioned here that the magnitudes of k¥ and
D¢ are close to those reported earlier for a number of cova-
lently linked zinc porphyrin—fullerene dyads.™>!®! Nanosec-
ond transient absorption spectral studies were also per-
formed to characterize the electron transfer products.

Nanosecond transient absorption studies: Transient spectra
recorded after 550 nm laser irradiation of crown ether ap-
pended porphyrins, 1-3 revealed absorption peaks at 630
and 840 nm corresponding to the excited triplet state of zinc
porphyrin.” Fullerenes 4 and 5 showed a band at 700 nm
corresponding to their excited triplet state.” It may be
mentioned here that the 550 nm laser did not cause decom-
position of the crown ether appended porphyrins under the
present experimental conditions. Figure 8 shows the transi-
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AAbsorbance

004
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n

009t —1 “1%0d0uels
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Figure 8. Nanosecond transient absorption spectra of porphyrin 1
(0.1 mm) in the presence of fullerene 4 (0.11 mm, at 32 ns (@) and 320 ns
(o) after the 550 nm laser irradiation in benzonitrile.

ent absorption spectra of 1:4 at different time-intervals for
the studied self-assembled zinc porphyrin—fullerene dyads.
Transient spectra of other studied supramolecular dyads are
given in the Supporting Information. In these spectra, in ad-
dition to the peaks corresponding to the triplet excited zinc
porphyrin and fullerene, peaks at 600 nm corresponding to
the formation of zinc porphyrin cation radical and at
1020 nm corresponding to the formation of fulleropyrroli-
dine anion radical were observed. These spectral features
provide experimental proof for the assigned electron trans-
fer fluorescence quenching mechanism.

In order to calculate the rate of charge recombination kcg,
the decay of the fulleropyrrolidine anion radical peak at
1020 nm was monitored. As shown in Figure 9, the time pro-
file at 1020 nm followed the first-order decay suggesting the
occurrence of intramolecular charge recombination process
of the radical ion-pair. The k¢ values thus measured in
Table 3 are 2-3 orders of magnitude smaller than kg sug-
gesting charge stabilization in the dyads. The lifetimes of the
radial ion-pairs, 7z were evaluated from the kg as given in
Table 3. The magnitude of the 7z, values was found to
range between 50-210 ns suggesting that the charge stabili-
zation in these dyads depends upon the nature of the por-
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Figure 9. Absorption time profiles of a)i) porphyrin 1 (0.10 mm) in the
presence of fullerene 4 (0.11 mm), ii) porphyrin 1 (0.10 mm) in the pres-
ence of fullerene 4 (0.14 mm) and pyridine (0.11 mm) at 1020 nm in
PhCN; b)i) porphyrin 1 (0.10mm) in the presence of fullerene 5
(0.11 mm), ii) porphyrin 1 (0.10 mm) in the presence of fullerene 5
(0.14 mm) and pyridine (0.11 mm) at 1020 nm in benzonitrile.

phyrin and the resulting complex. That is, the charge stabili-
zation is generally higher for dyads formed from porphyrin
2 than from porphyrin 1. The tg;p value for the 1:4 complex
is shorter than that for the 1:5 complex indicating that the
charge recombination tends to be accelerated via the coordi-
nation bond of 1:4 more than the n—x interactions (through-
space) of 1:5. This could be reasonably explained because of
the longer distance between the ZnP and C,, entities of the
1:4 complex (Table 1). On the other hand, the 7, value for
2:4 is almost the same as that of 2:5, suggesting that the
charge-recombination via ;- interactions (through-space)
is preferred over the coordination bond, because of the
shorter distance between the ZnP and Cg, entities. Interest-
ingly, complexes formed from porphyrin 3 bearing up to
four fullerene entities had no additional effect in terms of
slowing down the charge-recombination process. Additional-
ly, the fast rise of the 1020 nm band also suggests that the
charge separation from the triplet excited states is a minor
contributor to the overall electron transfer process.

Pyridine complexation to zinc porphyrin—Retro axial coor-
dination or n—nx interaction effect: As discussed earlier from
optical absorption and computational modeling studies, ad-
dition of pyridine to dyads 1:4 or 2:4 replaces the zinc—pyri-
dine coordination bond of the supramolecular complexes
with the formation of a new zinc—pyridine bond (Sche-
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me 2a). Similarly, addition of pyridine to the supramolecular
complexes of 1:5 and 2:5 forms a new zinc—pyridine coordi-
nation bond and attenuates the m—m interactions (Sche-
me 2b) yielding increased porphyrin—fullerene distances
(Figure 2d and Table 1). Hence, photochemical measure-
ments in the presence of pyridine would give us a unique
opportunity to verify the axial coordination and s—s interac-
tions on the rates of charge separation, kcs and rates of
charge recombination, kcr. In the case of supramolecular
complexes held by axial coordination and cation—crown
ether complexation, addition of pyridine would keep the co-
ordination number of the central zinc the same, and there-
fore the electronic structure of zinc porphyrin would not be
significantly different. Only small changes in the donor-ac-
ceptor distances would be anticipated. In the case of the
complexes held by m—m interactions and cation-crown ether
complexation, addition of pyridine would cause slight
changes in the redox potentials (<15 mV change), and red
shifts of the absorption and emission bands in addition to in-
creased donor—acceptor distances. Importantly, the m—x type
interactions observed in 1:5 and 2:5 are attenuated upon
axial coordination as shown in Figure 2d and Table 1.

In general, as listed in Table 3, addition of pyridine to
supramolecular dyads slightly increased the ks values which
could easily be attributed to the slightly better donor ability
of the zinc—porphyrin upon axial pyridine coordination. The
slight increase in the donor—acceptor distance upon axial
pyridine coordination had no appreciable effect on kqg or
this effect is factored into the observed ks Interestingly,
the measured k- revealed slower rates of charge recombi-
nation. The lifetimes of the radical ion-pair calculated from
the kcr values were found to be hundreds of nanoseconds
suggesting longer lifetimes of the charge-separated state
upon axial pyridine coordination for both types of supra-
molecular complexes. That is, elimination of either the axial
coordination shown in Scheme 2a or attenuation of n—x in-
teractions as shown in Scheme 2b for the studied supra-
molecular complexes elongates the distance between ZnP
and C, resulting in slower charge-recombination rates.

Discussion

The results of the present study demonstrate several impor-
tant points. The design of the “two-point” bound systems in-
volving crown ether—cation complexation and either axial
coordination or m—m type interactions has yielded, highly
stable, self-assembled zinc porphyrin—fullerene conjugates
which allowed us to perform the spectral and photochemical
studies in a polar solvent, benzonitrile. This is unlike a
number of previous studies on “one-point” bound self-as-
sembled porphyrin—fullerene dyads, where the spectral and
photochemical studies could be performed only in nonpolar
solvents such as toluene and dichlorobenzene, due to the
limited stability of these types of conjugates.”>* Because
of the adopted “two-point” binding, the dyads revealed de-
fined structure and topology depending upon the position of
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the crown ether on the porphyrin macrocycle and type of in-
teractions (coordination or m—m-type).

It has been possible to control intramolecular interactions
between the donor and acceptor entities by using the pres-
ent “two-point” binding methodology. By the choice of an
axial ligating pyridine entity on the fullerene (compound 4)
or phenyl entity (compound 5), it was possible to achieve
control over axial coordination and m—m interactions. Al-
though the former type of dyads involving axial coordina-
tion and crown ether—cation complexation was more stable
than the latter type involving m—m interactions and crown
ether—cation complexation, computational studies revealed
longer distances between the porphyrin and fullerene enti-
ties in the former type of dyads compared with the relatively
shorter distances of the latter type.

Photochemical studies revealed light induced electron
transfer from the singlet excited porphyrin to the fullerene
as the main fluorescence quenching mechanism irrespective
of the type of binding modes. Both steady-state and time-re-
solved emission studies revealed efficient fluorescence
quenching and the measured rate of charge separation was
slightly higher for the dyads formed by axial coordination
and crown ether—cation complexation binding mechanism.
One possibility for the slightly low ks values for the dyads
involving mt—m interactions and crown ether—cation complex-
ation could be due to the existence of “free” and “bound”
forms of the m-interacting species. In the “free” form, where
only the crown ether—cation complex holds the dyad, the
electron donor-acceptor distance would increase considera-
bly (up to 5 A from computational modeling). Under these
conditions, the measured rates could be the average of the
different conformers.

Another important aspect is the ability of these self-as-
sembled dyads to stabilize the charge separated states thus
creating radical ion-pairs of long lifetimes in the 50-500 ns
range. Free-energy calculations revealed that the charge re-
combination process for these dyads occurs in the inverted
region of the Marcus parabola similar to the reported obser-
vations for a number of covalently linked and self-assembled
porphyrin—fullerene conjugates. However, the measured y;p
values suggest that the dyads formed from porphyrin 2 are
better combinations than porphyrin 1 irrespective of the
type of fullerene used to form the dyad. One of the reasons
for these findings might involve the differences in the mech-
anism of the charge-recombination processes; that is, via
axial coordination bond versus via through-space m— inter-
actions.

It was possible to achieve additional charge stabilization
by eliminating the zinc—pyridine axial bond or by attenuat-
ing m—m interactions by the addition of pyridine to the solu-
tion containing the dyads. The measured kcg values were
slightly higher and the k. values were considerably lower
in the presence of pyridine. Keeping in mind the small
changes in the energetics upon external pyridine coordina-
tion, the lower kci value can be attributed to the increased
distance between the porphyrin—fullerene entities as a result
of the externally added pyridine coordination. These points
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delineate the importance of the present methodology for
building stable supramolecular porphyrin—fullerene conju-
gates with defined distance and orientation, and subsequent
manipulation of the rates of electron-transfer by controlling
the axial coordination or ;- interactions during photoin-
duced processes in these novel supramolecular dyads.

Experimental Section

Chemicals: Buckminsterfullerene, Cq4 (+99.95%) was from SES Re-
search (Houston, TX). All the chromatographic materials and solvents
were procured from Fisher Scientific and were used as received. Tetra-n-
butylammonium perchlorate (n-C,H,),NCIO, was from Fluka Chemicals.
All other chemicals utilized in the synthesis were from Aldrich Chemicals
(Milwaukee, WI) and were used as received.

Synthesis of porphyrin and fullerene derivatives
H,-5-(2-Hydroxyphenyl)-10,15,20-triphenylporphyrin (1a): This com-
pound was synthesized according to the literature procedure.” '"H NMR
(400 MHz, CDCl;, 25°C, TMS): 0=38.89-8.84 (m, 8H, f-pyrrolic H),
8.23-8.17 (m, 6 H, o-phenyl H), 8.0-7.96 (dd, 2H, o,m-H meso-substituted
phenyl), 7.78-7.64 (m, 9H, mp-phenyl H), 7.33-7.26 (m, 2H, mp-H
meso-substituted phenyl), 5.0 (brs, 1H, OH).
4'-Formylbenzo-[18]crown-6 (1b): This compound was synthesized ac-
cording to the following procedure: A mixture of 3,4-dihydroxybenzalde-
hyde (1 g, 7.24 mmol) and excess K,CO; (5.0031 g, 36.2 mmol) taken in
DMF (~50 mL) was stirred at ~80°C under nitrogen for 30 min. Then
pentaethylene glycol di-p-toluene sulfonate (3.483 mL, 7.9641 mmol) was
added to the reaction mixture during 20 minutes, and stirred at ~80°C
under nitrogen atmosphere for 20 h. The cooled mixture was filtered and
the filtrate was evaporated to dryness and the residue was extracted with
chloroform. The extract was evaporated to yield a viscous oil which was
purified through column chromatography over silica gel by using CHCly/
MeOH 98:2. Evaporation of the solvent yielded a pale-yellow oil, which
upon triturating with diethyl ether and refrigeration gave the desired
product as a white solid (1.85 mg, ~75%). '"H NMR (400 MHz, CDCl,,
25°C, TMS): 0=9.84 (s, 1H), 7.44 (dd, 1H, phenyl H), 7.39 (d, 1H,
phenyl H), 6.95 (d, 1H, phenyl H), 4.28-4.18 (m, 4H, crownethylene H),
4.02-3.90 (m, 4H, crownethylene H), 3.82-3.71 (m, 8H, crownethylene
H), 3.69 (s, 4H, crownethylene H).

4'-Hydroxymethylbenzo-[18]crown-6 (1c¢): This compound was obtained
by reduction of the above synthesized formyl-derivative, 1b by using a
procedure described by Kryatova et al.?*! 4-Formylbenzo-[18]crown (1b)
(1g, 2.93 mmol) was suspended in absolute ethanol (15 mL), and the
mixture was cooled to 0°C. Sodium borohydride (125 mg, 3.3 mmol) was
added to this suspension in small portions, maintaining the temperature
below 7°C. After the addition of sodium borohydride, the mixture was
stirred at 0°C for 2 h and the solvent was rotary evaporated. The residue
was washed with water and extracted with CH,Cl, (835 mg, ~85%).
'HNMR (400 MHz, CDCl;, 25°C, TMS): 6=6.92 (d, 1H, phenyl H),
6.88-6.78 (m, 2H, phenyl H), 4.60 (s, 2H, benzyl H), 4.22-4.06 (m, 4H,
crownethylene H), 3.98-3.82 (m, 4H, crownethylene H), 3.80-3.58 (m,
12H, crownethylene H), 2.20 (brs, 1H).

4'-Chloromethylbenzo-[18]crown-6 (1d): This compound was prepared
according to Kryatova et al.’®! 4-Hydroxymethylbenzo-[18]crown-6] (1¢)
(200 mg, 0.59 mmol) was dissolved in CH,Cl, (15 mL), and fine powder
of K,CO; (270 mg, 1.954 mmol) was added. The mixture was cooled to
0°C under N,, and thionyl chloride (96 pL, 1.31 mmol) was added. The
reaction was stirred for 1 hour, then filtered and the solvent was evapo-
rated to give a semi-solid product (192 mg, ~90% ), which was used with-
out further purification. 'H NMR (400 MHz, CDCl;, 25°C, TMS): 0 =
6.92 (m, 2H, phenyl H), 6.82 (d, 1H, phenyl H), 4.55 (s, 2H, benzyl H),
4.24-4.10 (m, 4H, crownethylene H), 4.0-3.84 (m, 4H, crownethylene
H), 3.80-3.60 (m, 12H, crownethylene H).

H,-5-(2-Oxomethylbenzo-[18]crown-6-phenyl)-10,15,20-triphenylporphyr-
in (1e): A mixture of 1a (335 mg, 0.53 mmol) and excess K,CO; (220 mg,
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1.592 mmol) taken in DMF (~50 mL) was stirred at ~80°C under nitro-
gen for 30 min. Then, 4’-chloromethylbenzo-[18]crown-6 (1d) (190 mg,
0.53 mmol) dissolved in minimum amount of DMF was added to the re-
action mixture over 20 min, and stirred at ~80°C under nitrogen atmos-
phere for 18 h. The cooled mixture was filtered and the filtrate was
evaporated to dryness and the residue was extracted with chloroform.
The extract was evaporated and the residue was subjected to column
chromatography over basic alumina. The desired compound was eluted
with CH,CL,/EtOAc 80:20 (430 mg, ~85%). '"H NMR (400 MHz, CDCl,
25°C, TMS): 6=8.92-8.78 (m, 8H, B-pyrrolic H), 8.34-8.12 (m, 6H, o-
phenyl H), 8.05 (dd, 1H, ortho-H meso-substituted phenyl), 7.80-7.62 (m,
10H, m,p-phenyl H), 7.38-7.28 (m, 2H, m,p-phenyl H), 6.25 (s, 2H, ben-
zocrown-phenyl H), 5.18 (s, 1H, benzocrown-phenyl H), 4.85 (s, 2H,
benzyl H), 3.68-3.59 (m, 2H, crownethylene H), 3.52-3.48 (m, 2H,
crownethylene H), 3.47-3.36 (m, 6H, crownethylene H), 3.34-3.26 (m,
2H, crownethylene H), 3.18-3.08 (m, 2H, crownethylene H), 2.58-2.48
(m, 2H, crownethylene H), 1.52-1.42 (m, 2H, crownethylene H), 1.41-
1.32 (m, 2H, crownethylene H), —2.7 (brs 2H, imino H); UV/Vis (tolu-
ene): An. = 419.0, 514.0, 547.5, 590.0, 645.5 nm.

5-(2-Oxomethylbenzo-[18]crown-6-phenyl)-10,15,20-triphenylporphyrina-
tozinc(m) (1): The free-base porphyrin 1e (100 mg, 0.105 mmol) was dis-
solved in CHCl; (20 mL), a saturated solution of zinc acetate in methanol
was added to the solution, and the resulting mixture was refluxed for 2 h.
The course of the reaction was followed spectrophotometrically by the
disappearance of the 514.0 nm band of 1e. At the end, the reaction mix-
ture was washed with water and dried over anhydrous Na,SO,. Chroma-
tography on basic alumina by using CHCL/EtOAc 80:20 gave the title
compound (96 mg, ~90%). 'H NMR (400 MHz, CDCl,, 25°C, TMS): 6=
8.86-8.74 (m, 8H, PB-pyrrolic H), 8.14-8.0 (m, 6 H, o-phenyl H), 7.78 (dd,
1H, ortho-H meso-substituted phenyl), 7.73-7.57 (m, 10H, m,p-phenylH),
7.31-7.17 (m, 2H, m.p-phenyl H), 6.23-6.15 (m, 1 H, benzocrown-phenyl
H), 591 (d, 1H, benzocrown-phenyl H), 4.99 (m, 1H, benzocrown-
phenyl H), 4.81 (s, 2H, benzyl H), 3.08-2.92 (m, 2H, crownethylene H),
2.65-2.40 (m, 8H, crownethylene H), 2.32-2.2 (m, 2H, crownethylene H),
1.72-1.62 (m, 2H, crownethylene H), 1.2-1.1 (m, 2H, crownethylene H),
1.08-0.98 (m, 2H, crownethylene H), 0.76-0.62 (m, 2H, crownethylene
H); UV/Vis (toluene): A = 424.5, 552.0, 592.5nm; ESI mass in
CH,Cl,: m/z: caled for: 1018.5; found: 1018.3 [M]*, 1049.2 [M+MeOH]*

H,-5-(benzo-[18]crown-6-10,15,20-triphenylporphyrin (2a): A mixture of
4'-formylbenzo-[18]crown-6 (1b) (700 mg, 2.057 mmol), benzaldehyde
(627.33 pL, 654.93 mg, 6.171 mmol) and pyrrole (570.1 uL, 551.28 mg,
8.228 mmol) was refluxed in propionic acid (180 mL) for 2 h. The pro-
pionic acid was removed under reduced pressure and the crude product
was purified on a basic alumina column by using hexanes/CHCIl; 75:25
(87 mg, ~5%). 'HNMR (400 MHz, CDCl;, 25°C, TMS): 6=28.93-8.79
(m, 8H, B-pyrrolic H), 8.29-8.16 (m, 6H, o-phenyl H), 7.82-7.67 (m,
11H, m,p-phenyl H (9H) and benzocrown-phenyl H(2H)), 7.18-7.13 (m,
1H, benzocrown-phenyl H), 4.42-4.33 (m, 2H, crownethylene H), 4.31-
424 (m, 2H, crownethylene H), 4.11-4.03 (m, 2H, crownethylene H),
3.96-3.85 (m, 4H, crownethylene H), 3.83-3.72 (m, 10H, crownethylene
H), —2.77 (brs, 2H, imino H); UV/Vis (toluene): 1,., = 421.5, 516.0,
550.5, 592.5, 652.0 nm.

5-(Benzo-[18]crown-6)-10,15,20-triphenylporphyrinatozine(m) (2): The
free-base porphyrin 2a (50 mg, 0.059 mmol) was dissolved in CHCl;
(10 ml), a saturated solution of zinc acetate in methanol was added to the
solution, and the resulting mixture was refluxed for 2 h. The course of
the reaction was followed spectrophotometrically by monitoring the dis-
appearance of the 516 nm band of 2a. At the end, the reaction mixture
was washed with water and dried over anhydrous Na,SO,. Chromatogra-
phy on basic alumina column by using hexanes/CHCl; 75:25 gave the
title compound (49 mg, ~90%). 'HNMR (400 MHz, CDCl,;, 25°C,
TMS): 6 = 8.98-8.87 (m, 8H, B-pyrrolic H), 8.24-8.17 (m, 6H, o-phenyl
H), 7.79-7.66 (m, 11H, m,p-phenyl H(9H) and benzocrown-phenyl H-
(2H)), 7.12-7.08 (m, 1H, benzocrown-phenyl H), 4.19-4.14 (m, 2H,
crownethylene H), 4.06-3.98 (m, 2H, crownethylene H), 3.68-3.61 (m,
2H, crownethylene H), 3.58-3.40 (m, 14H, crownethylene H); UV/Vis
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(toluene): Ay, = 424.0, 549.5, 589.5 nm; ESI mass in CH,Cl,: m/z (%):
caled: 912.37; found: 912.3 (57) [M]7, 943.1 (100) [M+MeOH]*.
H,-5,10,15,20-Tetra-(benzo-[18]crown-6)-porphyrin (3a): This compound
was prepared according to the reported procedures® for H,-5,10,15,20-
tetra(benzo-[15]crown-5)-porphyrin with some modifications. A mixture
of 4'-formylbenzo-[18]crown-6 (1b) (502.3 mg, 1.5mmol) and pyrrole
(95 uL, 91.9 mg, 1.4 mmol) was refluxed in propionic acid (115 mL) for
3h. The crude product was purified on a basic alumina column with
chloroform (116 mg, ~5%). '"H NMR (400 MHz, CDCl,, 25°C, TMS):
0=8.88 (s, 8H, B-pyrrolic H), 7.79-7.70 (m, 8H, benzocrown-phenyl H),
7.24-7.22 (m, 4H, benzocrown-phenyl H), 4.50-4.44 (m, 8H, crownethy-
lene H), 4.33-4.27 (m, 8H, crownethylene H), 4.16-4.11 (m, 8H, crown-
ethylene H), 4.01-3.90 (m, 16 H, crownethylene H), 3.88-3.75 (m, 40H,
crownethylene H), —2.79 (brs, 2H, imino H); UV/Vis (benzonitrile): A,
= 429.5, 521.5, 559.0, 595.0, 655.0 nm.
5,10,15,20-Tetra(benzo-[18]crown-6)-porphyrinatozinc(u) (3): The free-
base porphyrin 3a (20 mg, 0.0129 mmol) was dissolved in CHCl;
(10 mL), a saturated solution of zinc acetate in methanol was added to
the solution, and the resulting mixture was refluxed for 2 h. The course
of the reaction was followed spectrophotometrically by monitoring the
disappearance of the 521 nm band of 3a. At the end, the reaction mix-
ture was washed with water and dried over anhydrous Na,SO,. Chroma-
tography on silica gel column by using CHCI; gave the title compound
(19 mg, ~90%). 'HNMR (400 MHz, CDCl;, 25°C, TMS): 6=8.97 (s,
8H, B-pyrrolic H), 7.78-7.68 (m, 8H, benzocrown-phenyl H), 7.18 (d,
4H, benzocrown-phenyl H), 4.41-4.29 (m, 8H, crownethylene H), 4.26—
410 (m, 8H, crownethyleneH), 3.99-3.86 (m, 8H, crownethylene H),
3.85-3.54 (m, 56H, crownethylene H); UV/Vis (benzonitrile): A, =
434.5, 562.0, 604.5 nm; ESI mass in CH,Cl,: m/z (%):caled: 1615.12;
found: 1647.1 (100) [M+MeOH]*.
2-(3'-Pyridyl)-5-(n-butylammonium)-3,4-fulleropyrrolidine  (4): H-Lys-
(Boc)-OH (100 mg, 0.406 mmol) and 3-pyridine carboxyaldehyde (76 pL)
were added to a solution of C4 (100 mg, 0.138 mmol) in toluene, and re-
fluxed for 3 h. The solvent was evaporated by vacuum, purified on silica
gel by using toluene/ethyl acetate 8:2 to obtain N-Boc protected 4
(85 mg, 62%). Next, to a dichloromethane solution of N-Boc protected 4
(75 mg in 5SmL), trifluoroacetic acid (3 mL), and m-cresol (50 uL) was
added and stirred for 3 h.” The solvent and acid were removed under
vacuum and the solid product (66 mg, 97 %) was washed in toluene sever-
al times to desired 4. "H NMR (400 MHz, CDCl,;, 25°C, TMS): 0=9.13,
8.60, 8.48, 7.64 (s, d, t, t, 4H, 3 pyridine H), 6.15, 5.17, 5. 14 (s, d, d, 3H,
pyrrolidine H), 3.01-1.94 (d, m, m, m, 8H, -(CH,),-); ESI mass in
CH,Cl,: m/z: caled: 912; found: 912.8; UV/Vis (MeOH): A,., = 204,
254.5 nm.

2-Phenyl-5-(n-butylammonium)-3,4-fulleropyrrolidine (5): H-Lys(Boc)-
OH (100 mg, 0.406 mmol) and benzaldehyde (72 pL) were added to a so-
lution of C4 (100 mg, 0.138 mmol) in toluene (100 mL) and refluxed for
2 h. The solvent was evaporated by vacuum, purified on silica gel by
using toluene/ethyl acetate 9:1 to obtain N-Boc protected 5 (93 mg,
68%). To unprotect the Boc group, to a dichloromethane solution
(5mL) of  2-phenyl-5-(4-Boc-amino-n-butyl)-3,4-fulleropyrrolidine
(82 mg), trifluroacetic acid (3 mL) and m-cresol (50 uL) were added and
stirred for 4 h. The solvent and acid were removed in vacuum and solid
product was washed in toluene several times, yielding the desired product
5 (72 mg, 97%). 'HNMR (400 MHz, CDCl;, 25°C, TMS): 6=7.3-7.77
(m, 5H, phenyl H), 6.0, 5.15, 5. 07 (s, d, d, 3H, pyrrolidine H), 3.01-1.94
(d, m, m, m, 8H, -(CH,),-); ESI mass in CH,Cl,: m/z: calcd for: 911.0;
found: 912.2; UV/Vis (MeOH): 4.« = 204, 254 nm.

Instrumentation: The UV/Vis spectral measurements were carried out

standard. All the solutions were purged prior to electrochemical and
spectral measurements using argon gas. The computational calculations
were performed by ab initio B3LYP/3-21G(*) methods with GAUSSIAN
03 software package® on high speed computers. The images of the fron-
tier orbitals were generated from Gauss View-03 software. The ESI-Mass
spectral analyses of the newly synthesized compounds were performed
by using a Finnigan LCQ-Deca mass spectrometer. For this, the com-
pounds (about 0.1 mm) were prepared in CH,Cl,, freshly distilled over
calcium hydride.

Time-resolved emission and transient absorption measurements: The pi-
cosecond time-resolved fluorescence spectra were measured by using an
argon-ion pumped Ti/sapphire laser (Tsunami) and a streak scope (Ha-
mamatsu Photonics). The details of the experimental setup are described
elsewhere.™”’ Nanosecond transient absorption spectra in the NIR region
were measured by means of laser-flash photolysis; 532 nm light from a
Nd/YAG laser was used as the exciting source and a Ge-avalanche-pho-
todiode module was used for detecting the monitoring light from a
pulsed Xe lamp as described in our previous report.*")
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