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Abstract—Reaction of �-cyclodextrin alcoholate with meso-tetrakis(pentafluorophenyl)porphyrin under mild conditions afforded
a hydrophilic cyclodextrin–porphyrin conjugate in 14% yield. The conjugate showed a marked tendency to form chiral assemblies
in aqueous solutions. Photoinduced electron transfer, occurring within the conjugate monomer or aggregate, between the
porphyrin moiety and a guest molecule accommodated in the cyclodextrin cavity was investigated by fluorescence spectroscopy.
© 2002 Elsevier Science Ltd. All rights reserved.

Porphyrin assemblies1 and high-order structures2,3 are
attractive due to their structural resemblance to the
chlorophyll aggregates and other molecular systems
relevant to biology. Although photophysical and pho-
tochemical properties of monomer porphyrins in solu-
tions are well characterized, less is known about the
effects of strong electronic interactions between coupled
porphyrin rings on intramolecular photoinduced pro-
cesses.4,5 Photoinduced electron transfer processes have
been studied on many elegant covalent systems, but
more biologically relevant non-covalent donor/acceptor
assemblies, based on salt bridges, hydrogen bonding or
inclusion, have been addressed recently.6 Construction
of porphyrin–cyclodextrin conjugates affords molecules
that combine useful photoactive and/or electroactive
properties of the porphyrin moiety and the binding
ability of the hydrophobic pre-organized cyclodextrin
(CD) cavity. Cyclodextrins are water-soluble cyclic
oligosaccharides forming inclusion complexes with a
number of compounds such as water-soluble por-
phyrins.7 The synthesis and characterization of several
CD-linked porphyrins have been reported.8–14 They
were used for studying binding and catalytic,8–10

photocatalytic11 and photoinduced electron transfer12

processes. Here we report on a novel modular approach
for the synthesis of porphyrin–CD conjugates joined by
the -O-CH2 bridges and on spectral properties of por-
phyrin assemblies bearing the CD cavity. Several com-
pounds were specifically incorporated into the CD
cavity and photoinduced electron transfer that includes
the compound and neighboring porphyrin units was
investigated by fluorescence spectroscopy.

The synthesis relies on the use of meso-tetra-
kis(pentafluorophenyl)porphyrin 1 and �-CD alcoho-
late. Mixing equimolar amounts of 1 and �-CD
alcoholate15 (formed from dispersed �-CD by treatment
with NaH in dry dioxane) in dry DMF resulted in the
formation of conjugates. A conjugate bearing one CD 2
(Fig. 1) was obtained under mild conditions at room
temperature, while treatment at 90°C for 6 h afforded a
conjugate with four CDs per porphyrin unit attached at
each 4-fluorophenyl substituent. Reaction products
were purified by reverse-phase chromatography and
fully identified by 1H, 19F, 13C NMR, MALDI TOF-
MS spectroscopy and elemental analysis.16

Porphyrin 1 is a hydrophobic porphyrin soluble in
methanol. The attachment of �-CD having a
hydrophilic exterior produces a conjugate soluble in
aqueous solutions. The absorption spectrum of a
methanolic solution of 2 is characterized by the intense
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Figure 1. Porphyrin–CD conjugate 2.

features point to exciton coupling between adjacent
porphyrin units due to the formation of chiral assem-
blies of 2 in aqueous solutions.

The key role of CD in the formation of a porphyrin-
based supramolecular complex is confirmed by steady-
state and time-resolved fluorescence data summarized
in Table 1. The fluorescence intensity of 2 is quenched
by the addition of 1,4-benzoquinone (BQ),
anthraquinone-2-sulfonate (AQS) and 8-anilino-1-
naphthalene sulfonic acid (ANS) in 20 mM phosphate
buffer. All these quenchers are known to form inclusion
complexes with �-CDs in aqueous media.22 Since 2 has
one CD binding site we can assume a 1:1 complex
formation. Quenching is characterized by the down-
ward curving of the Stern–Volmer plots indicating a
complex process. The fluorescence lifetime of 2 in
methanol (10.6 ns) is similar to that of 1 (9.6 ns) and
can be attributed to the sole presence of the porphyrin
monomer. In a buffer solution of pH 7.1, the fluores-
cence decay of 2 becomes biexponential with lifetimes
of 4.6 and 10.9 ns. The longer lifetime belongs to the
porphyrin monomer and the lifetime of 4.6 ns can be
tentatively attributed to the porphyrin assembly
because the fluorescence lifetimes tend to decrease upon
porphyrin aggregation.4,5 As follows from Table 1 both
lifetimes decrease upon addition of AQS or ANS. The
longer-living monomer is quenched by AQS more effec-
tively than the assembled form as documented by a
decrease of the relative amplitude from 69 to 49%. This
observation can explain the observed non-linearity of
the Stern–Volmer plots. We also monitored the fluores-
cence changes of 2 caused by the quenchers in the
presence of 1-adamantanecarboxylic acid (Ad), which is
known to be incorporated into the CD cavity with large
affinity and thus it displaces the quencher molecule.22

Soret band at 408 nm (2.3×105 M−1 cm−1) and by the
Q-bands at 504, 535, 581 and 635 nm (Fig. 2a). This
spectrum is fully comparable with that of 1 with typical
low intensities at 535 and 635 nm due to the electron-
withdrawing character of the pentafluorophenyl sub-
stituents.17 Similarly, the fluorescence emission peaks of
2 at 643 and 709 nm and the fluorescence quantum
yield �f of 0.061 (methanol) are the same as those of
1.17 This demonstrates that the attachment of CD does
not affect the spectral properties of the porphyrin moi-
ety of 2. In aqueous solutions, the Soret band of 2 is
considerably broadened and shows a large
hypochromicity (�412=1.1×105 M−1 cm−1) (Fig. 2b).
These changes are accompanied by a shift of the emis-
sion bands to 666 nm and 713 nm and by a strong
decrease of �f from 0.061 (methanol) to 0.029. Simi-
larly, the quantum yields of the triplet states �T are
quenched from 0.63 in methanol to �0.01 in a buffer
solution. In order to obtain more information on the
molecular form of 2 we performed resonance light
scattering experiments (RLS). Because the amount of
scattered light is directly proportional to the volume of
particles and because monomeric molecules and small
oligomers show no enhanced scattering it makes this
method particularly useful.18,19 In a phosphate buffer,
we recorded intense RLS profiles confirming the forma-
tion of extended assemblies of 2. The peaks centered at
about 436 nm are slightly red-shifted compared to the
Soret band of 2 in consequence of self-absorption of
scattered light near the Soret maxima (Fig. 2d). Inter-
molecular contacts within the assembly13,20,21 are also
documented by the strong induced circular dichroism at
420 nm (Fig. 3). In methanol, monomeric 2 shows only
the minimum at the Soret band of RLS due to self-
absorption of the incident light (Fig. 2c) and no circular
dichroism in the Soret region. All described spectral

Figure 2. Absorption spectra of 2 in methanol (a) and in 20
mM phosphate buffer, pH 7.1 (b). Resonance light-scattering
profiles of 2 in methanol (c) and in 20 mM phosphate buffer,
pH 7.1 (d).
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Figure 3. Circular dichroism spectrum of 2 (3 �M) in water at
room temperature.

the lowering of the lifetimes both in biexponential
fluorescence kinetics.

In conclusion, the developed synthetic procedure offers
versatile molecular conjugates of porphyrins bearing
one or more CD units that are suitable for systematic
investigation of photoinduced processes within nonco-
valently bound supramolecular systems. We have
demonstrated that intramolecular electron transfer
between the porphyrin moiety and the quencher accom-
modated in the CD cavity dominates over intermolecu-
lar electron transfer and/or the formation of the
porphyrin triplet states.
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Table 1. Summary of fluorescence lifetimesa of 2 in 20
mM phosphate buffer, pH 7.1. The numbers in parenthe-
ses indicate the relative amplitudes of the components

Quencher �1 (ns) �2 (ns)

10.6 (100%)–b –
4.6 (31%) 10.9 (69%)–c

4.9 (28%)4.4 mM Ad 11.2 (72%)
0.31 mM AQS 9.3 (60%)4.2 (40%)
0.77 mM AQS 3.8 (45%) 8.6 (55%)

3.3 (51%)2.3 mM AQS 8.0 (49%)
9.4 (65%)4.2 (35%)0.77 mM AQS, 3.7 mM Ad
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ments FS/FL900 steady-state/time-resolved spectrofluorimeter using
time-correlated single photon counting detection. The samples in 1
cm quartz cells were excited at 403.7 nm and fluorescence was
collected at 720 nm. Fluorescence lifetimes were determined by
non-linear least-squares iterative re-convolution fitting of the raw
data. The quality of the fit was evaluated by inspection of the
residual distribution and the reduced �2 value.

b Solution in methanol; recorded at 709 nm; fluorescence quantum
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c �f=0.029, �T�0.01.

While Ad has no significant effect on fluorescence of 2
itself, in the presence of the quenchers Ad increases the
fluorescence intensity, the lifetimes and the contribution
of the longer-living fluorescent component (Table 1).
The results presented and the fact that fluorescence
quenching of 2 does not occur in methanol in which the
quenchers are not bound, confirm that intermolecular
porphyrin–quencher interactions are not responsible for
the observed fluorescence quenching, and that fluores-
cence quenching occurs via an intramolecular process.

On the basis of the displacement by Ad, the oxidative
and reductive electron transfer potential23 of BQ, AQS
and ANS, respectively, fluorescence quenching can be
interpreted in terms of electron transfer between the
excited porphyrin moiety and the quencher molecule
accommodated in the CD cavity. Photoinduced elec-
tron transfer occurs in both monomeric and assembled
forms of porphyrin 2, which is directly demonstrated by
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16. Procedure for synthesis of 2: �-CD alcoholate (240 mg; 0.21
mmol) and 1 (200 mg; 0.21 mmol) were mixed in an
equimolar ratio in dry DMF (10 ml) and stirred at room
temperature. The solvent was removed under reduced
pressure. The solid residue was purified by reverse-phase
chromatography (LiChroprep RP-18; Merck, 30 g), eluting
with water–methanol gradient (3:7–1:9) to yield pure 2 (62
mg; 14% yield) as a purple microcrystalline powder.
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TMS, the fluorine shifts are relative to CFCl3; all in ppm.
Compound 2: 1H NMR (CD3OD, 400 MHz), selected
resonances � : 7.98 (8H, s, �-pyrrolic H), 5.5–2.7 (�-CD H).
19F NMR (CD3OD, 282.2 MHz) � : −138.5 (6F, m),
−140.54 (2F, dd, J1=6.7 Hz, J2=14.9 Hz), −153.80 (3F,
t, J=20.1 Hz), −156.42 (2F, dd, J1=7.7 Hz, J2=14.6 Hz),
−163.37 (6F, m). 13C NMR (DMSO-d6) selected reso-
nances � : 103.91 (CD CH), 83.03 (CD CH), 74.83 (CD
CH), 74.64 (CD CH), 74.27 (CD CH), 73.80 (CD CH),
61.95 (CD CH2). UV–VIS (MeOH) �max (nm), � (M−1 cm−1)
in parentheses: 408 (2.28×105), 504 (1.80×104), 535 (2.2×
103), 581 (5.9×103), 635 (770). Elemental analysis calcd for
C86H81F19N4O36 [M, H2O]: C, 49.01; H, 3.87; F, 17.13; N,
2.66; found: C, 48.88; H, 3.92; N, 2.56. MS (MALDI-TOF)
m/z : calcd for C86H79F19N4O35Na: 2111.41; found
[MHNa]+ 2112.41. HPLC: single peak at 21.62 min in
60–100% water–MeOH gradient, flow rate 0.7 ml min−1,
column SGX C18 250×4 mm (7 �m), recorded at 410 nm;
the starting porphyrin 1 was eluted at 24.11 min.
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evaluated using the Rehm–Weller equation: �GET=
e [ED

ox−EA
red]−�E00+�, where ED

ox is the ground-state
one-electron oxidation potential of porphyrin and EA

red is
the reduction potential of BQ (EA

red=−0.166 V versus
SCE) or AQS (EA

red=−0.634 V versus SCE) (taken from
Wardman, P. J. Phys. Chem. Ref. Data 1989, 18, 1637–
1755). The energy �E00 of the excited singlet state of 2 is
of 1.91 eV as obtained from the absorption and fluores-
cence spectra in buffer. We applied cyclic voltammetry to
obtain the oxidation potential of 2. Unfortunately, strong
aggregation prevents this measurement in aqueous solu-
tions. When recorded in methanol we only found an
irreversible oxidation wave at 1.30 V versus SCE (a similar
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