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Abstract: [2]Catenanes made up of sev-
eral polyether-strapped porphyrin mac-
rocycles interlinked with the cyclic elec-
tron acceptor cyclobis(paraquat-p-phe-
nylene) were spectroscopically,
photophysically, and electrochemically
characterized. The catenanes exhibit
very rich redox behavior due to the
presence of several different and inter-
acting electro-active subunits. The redox
patterns represent useful ™fingerprints∫
that provide detailed information on the
electronic interactions and the chemical
environments that the electroactive sub-
units experience in the supramolecular

arrays. A photoinduced electron trans-
fer from the porphyrin excited state
(charge separation CS) occurs with ��
20 ps in the catenanes with a larger strap
and faster than 20 ps (instrumental res-
olution) in the catenanes with a shorter
strap. The resulting charge-separated
state recombines to the ground state
(charge recombination CR) with life-
times similar in all cases, 41� 4 ps.

Comparison of the electron transfer
rates CS and CR in the host ± guest
complexes of the same porphyrins with
the noncyclic electron acceptor para-
quat, indicate slower reactions in the
[2]catenanes. This behavior is assigned
to the different separation between re-
acting partners determined by the type
of bond (weak interaction or mechan-
ical) and to a two-step consecutive
electron transfer to different sites of
the macrocyclic electron acceptor in the
catenanes which retards charge recom-
bination.
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Introduction

Porphyrins are photo- and electroactive components with
outstanding properties which have been widely used since the
early stages of supramolecular photochemistry in the con-
struction of multipartite systems able to respond to light
input.[1] Their use was at first essentially based on a
biomimetic approach to achieve light energy conversion.
From the earliest stages of research into natural photo-

synthetic phenomena, it was recognized that highly special-
ized functions such as energy collection and charge separation
are performed by organized structures essentially based on
porphyrins or closely related chromophores.[2, 3]

In the following decades the use of porphyrins and related
components rapidly developed into several fields, and their
utilization in the construction of complex architectures for
molecular recognition,[4] and in the development of novel
materials is of particular note.[5] Their ease of preparation has
contributed to a ready availability. The robustness, especially
in relation to the possibility of finely tuning their spectro-
scopic and electrochemical properties by simple substitution
or metalation,[6] makes porphyrins very convenient building
blocks in the construction of systems able to perform light-
triggered functions. Moreover this class of molecules, due to
the intense spectroscopic signatures associated with radicals
and/or excited states, is particularly well-suited for time-
resolved spectroscopic investigations and their study has
greatly contributed to the fundamental knowledge of photo-
induced energy and electron transfer processes.[7±9]

Porphyrinic units have often been included in potential host
or guest systems able to self-assemble in higher order
architectures,[7] as well as in multicomponent covalently
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linked systems[8] or in interlocked systems.[9] In this case the
aim is to trigger, upon light absorption, some useful and
predetermined function such as energy or electron transfer, or
some specific molecular motion.
We have recently reported on the photoinduced electron

transfer between ZnII porphyrin electron donors and the
paraquat electron acceptor within complexes formed by
paraquat with a series of porphyrins strapped with polyether
chains of different length and with different structures and
substitution patterns.[10] The effect of strap length, type, and
substitution on the electron transfer rate has been discussed
and evidence of complete recombination of the charge-
separated state within all complexes has been provided.[10]

Herein we describe the spectroscopic, photophysical, and
electrochemical characterization of a series of [2]catenanes,[11]

in which some of the strapped porphyrins previously studied
are now interlocked to the electron acceptor cyclobis(para-
quat-p-phenylene) (CBPQ4�) to yield the catenanes desig-
nated Cat-n (Figure 1). The cyclic paraquat derivative
CBPQ4� has been often used as electron acceptor in
interlocked structures by several groups and its properties
are well assessed.[12±13] We intend to compare the electron
transfer rates in the mechanically linked [2]catenanes Cat-n,
with the corresponding host ± guest complexes previously
studied and reported in Figure 1, n-PQ2�, with the aim of
deriving information on the effect of the linkage (mechanical
versus noncovalent) and of the acceptor type on the electron
transfer rates in the two different systems.

Results and Discussion

The models

Spectroscopic and photophysical determinations : The photo-
physical properties of unstrapped porphyrin MOD, of strap-
ped porphyrins, n, and of their complexes with PQ2�, n-PQ2�,
have been previously studied in the context of a detailed
photophysical study of a representative series of strapped
porphyrins and of their complexes.[10]

The association constants of the complexes in acetonitrile
were derived both by spectrophotometric and spectrofluori-
metric titrations and are 3� 104��1 for 4-PQ2�, 4� 102��1 for
5-PQ2�, and 4� 103��1 for 6-PQ2�. The properties of the
complexes were determined in solutions containing �95% of
the porphyrin in the complexed form. Table 1 summarizes the
absorption parameters of the porphyrin components and the
complexes, while Table 2 collects the luminescence properties
of the model porphyrins.

Electrochemical determination : Problems arising from the
low solubility of the strapped porphyrins in acetonitrile
prevented any electrochemical study in this solvent. The
porphyrins were dissolved to the desired concentration (�5�
10�4�) in dimethylformamide (DMF) which permits only a
rather modest window to be examined (oxidation wave
�0.8 V versus SCE). This allowed only the first oxidation
wave of the porphyrins to be determined at�0.62,�0.65, and

Figure 1. Schematic formulae of the strapped porphyrins n, the model MOD, the guests PQ2� and CBPQ4�, the complexes and the catenanes
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�0.67 V versus SCE for 4, 5, and 6, respectively. The first
oxidation wave of the unstrapped porphyrin MOD, was
detected at �0.60 V versus SCE; the lower value with respect
to the strapped porphyrins could be assigned to the presence
of the dimethoxyphenyl substituents on the meso positions,
which makes the oxidation process easier. The values are in
line with previously reported data of zinc meso-diaryloctaal-
kylporphyrin in butyronitrile.[9d]

No determination could be performed on the complexes
since, in addition to the solubility problems, the modest
association constant (102 ± 104��1) required too large a con-
centration of the excess reactant to provide a percentage of
complexation (ca. 90 ± 95%) such that the properties of the
complexes could be determined with some reliability. In
particular, to examine the reduction window (which, in DMF,
could give more significant information) prohibitive amounts
of the porphyrins are needed. In the discussion on electron
transfer (see later) we will assume approximate values for the

first oxidation of porphyrins in the complexes similar to the
one determined here in DMF for the simple model porphyr-
ins, that is �0.62, �0.65 and �0.67 V versus SCE for 4-PQ2�,
5-PQ2� , and 6-PQ2�, respectively. We are conscious that these
are lower limits since the complexation by paraquat and the
consequent CT interaction is expected to increase the
oxidation potentials. Nonetheless CT interaction between
the porphyrinic donor and the paraquat acceptor in the
complexes, as testified by the modest stabilization of the CT
bands detected at 720 nm (with respect to the stronger
interaction detected for the catenanes where �max� 760 nm),
is expected to be rather weak and negligible in the present
context.
As far as the first reduction potential of PQ2� is concerned,

it is well documented that upon CT interaction with a
dimethoxybenzene unit, the first reduction of paraquat type
units is made more difficult by 0.1 ± 0.08 V.[14] Accordingly, if
we assume a value of �0.43 V for the first reduction of PQ2�

in acetonitrile,[12] its complexation in the strapped porphyrin
unit should shift the first reduction to a more negative value of
approximately� 0.5 V.

Spectroscopic and photophysical characterization of Cat-n

Ground state absorption : The absorption data of the cate-
nanes, Cat-n, are collected in Table 1 together with the data of
the related porphyrin models n, and the complexes n-PQ2�.
Figure 2 displays the spectra of all catenanes described. To
allow comparison with the models, for Cat-6 only, the spectra
of porphyrin 6, and of the complex 6-PQ2� are shown. The

Figure 2. Absorption spectra of Cat-6 (- - - -) compared with the absorption
spectra of free 6 (�) and the complex 6-PQ2� (�). In the insets the spectra
of the catenanes Cat-4 (––), Cat-5 ( ¥¥ ¥ ¥ ), and Cat-6 (- - - -), are shown in
the regions of the Soret bands, the Q bands and the CT bands.

catenane spectra display typical porphyrin Soret and Q bands.
These appear broader, shifted to lower energies and with
lower molar absorption coefficients than the model porphyrin
n and, to some extent, also with respect to the complex n-PQ2�

(Table 1 and Figure 2). In the insets of Figure 2, the regions of
the Q bands and the region at lower energy than the Q bands
are enlarged, where new spectral features appear, for the
three catenanes. These bands, which display maxima around
760 nm and molar absorption coefficients in the range 102 ±
103��1 cm�1, are assigned to CT bands that originate from the
interaction between the porphyrin component and the para-

Table 1. Ground state absorption properties of the porphyrins, the
complexes and the catenanes at 298 K in acetonitrile solution. The
reported charge transfer (CT) bands arise from interaction of porphyrin
with the paraquat or cyclobisparaquat unit.

Soret bands Q bands CT bands
�max [nm] �max [nm] �max [nm] �max [nm]
(� [��1cm�1]) (� [��1cm�1]) (� [��1cm�1]) (� [��1cm�1])

MOD 412 541 577
(420000) (18800) (6200)

4 414 542 577
(420000) (17600) (6000)

5 413 542 577
(420000) (19000) (6000)

6 413 542 577
(370000) (17300) (5700)

4-PQ2� 420 546 578 720
(224000) (15000) (5100) (260)

5-PQ2� 418 544 578 720
(257000) (17000) (6700) (230)

6-PQ2� 418 543 578 720
(234000) (15000) (5800) (380)

Cat-4 425 548 582 765
(199700) (21100) (7400) (600)

Cat-5 425 548 583 760
(209700) (18800) (5800) (400)

Cat-6 425 548 582 760
(201000) (21700) (6900) (500)

Table 2. Luminescence data in acetonitrile solutions (298 K) and butyroni-
trile solution (77 K) of porphyrins n and unstrapped model MOD.[10]

298 K 77 K
�max [nm] � [ns] �fluo

[a] �max [nm] � [ns] E [eV][b]

MOD 1MOD 582 2.6 0.029 582 3.2 2.13
3MOD 728 46� 106 1.70

4 14 584 2.1 0.030 582 2.4 2.13
34 724 55� 106 1.71

5 15 584 2.1 0.030 582 2.3 2.13
35 728 70� 106 1.70

6 16 584 2.0 0.030 582 2.2 2.13
36 726 67� 106 1.71

[a] Fluorescence quantum yield upon excitation at 413 and 542 nm, see
Experimental Section for details. [b] Energy derived from the emission band
maxima at 77 K.
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quat units of the macrocycle in the catenanes. Similar bands,
though less intense and with maxima at higher energies, were
also observed for the complexes (Table 1).[10] A stronger
interaction is detected in the catenanes with respect to the
complexes as revealed by the higher stabilization in the
energy of the CT bands (i.e lower wavelength of the
maximum), and the higher absorption coefficient. The reason
for better stabilization in catenanes could be the higher
oxidizing ability of CBPQ4� compared to that of PQ2�, but to
some extent geometric factors could also play a part. The
rigidity of the catenane can ensure a better parallel orienta-
tion of the electron acceptor with the porphyrin plane,
compared with the looser complex. Other CT bands, which
are derived from the interaction between the CBPQ4� and the
dimethoxy aromatic group in the 450 ± 520 nm region, in
agreement with previous observations,[12±13] are also detect-
able (Figure 2). The above features in the absorption spectra
are indicative of interactions between the various compo-
nents. Nonetheless, as confirmed below, the units maintain
their own spectral and electrochemical features, indicating
that the interaction between components, though active in
promoting electronic coupling, can be considered a weak
perturbation.

Luminescence : The porphyrin luminescence is quenched in
the catenanes compared to that in the porphyrinic macrocycle
alone, both at 298 and at 77 K, as shown for Cat-5 in Figure 3.
The steady-state residual luminescence at 298 K in acetoni-
trile is 1, 3, and 2% for Cat-4, Cat-5, Cat-6, respectively,
compared to the model porphyrins 4, 5, and 6. This reduction
in the luminescence yield, �fluo, could be consistent with a
lifetime reduction of the porphyrin from approximately 2 ns
(Table 2) to a few tens of picoseconds, according to the
relation �fluo� krad�. Alternatively, an even larger decrease of

Figure 3. Luminescence quenching in the catenane Cat-5 (- - - -) at 298 and
77 K compared with the emission of an optically matched solution of 5
(––). The sensitivity is 100 times higher in the case of the catenane.

the lifetime in the catenanes but in the presence of a few
percentage of free porphyrin macrocycle in the sample, could
contribute to the steady-state emission.
An unambiguous answer can be obtained by time-resolved

luminescence experiments with picosecond resolution. The
time-resolved luminescence profiles in acetonitrile display a
very fast decay in Cat-5 and Cat-6 which, after deconvolution
with the instrumental profile, yields lifetimes of 20 ps. The
luminescence decay and fit is shown for Cat-6 in Figure 4. In

Figure 4. Luminescence decay at 650 nm of Cat-6 (�) upon excitation with
a 35 ps laser (532 nm, 1 mJ per pulse). The instrumental response (- - - -)
and the fitting (––) are shown. In the inset the spectrum in the time
window 0 ± 50 ps is reported.

Cat-5 and Cat-6 the fast decay is followed by a slower one,
with a lifetime of approximately 2 ns, whose contribution is of
the order of few percent[15] and can be ascribed to some
contamination by the porphyrin component not engaged in
the interlocked structure. In spite of the very short lifetime,
just at the edge of our resolution of 20 ps, the determination
corresponds to a genuine decay of a porphyrin type emission,
as testified by the time-resolved spectrum at very short time
periods. The time-resolved spectrum over the 0 ± 50 ps time
window, reported in the inset of Figure 4, indicates the
presence of typical porphyrin emission bands. On the
contrary, in the case of Cat-4, no such fast decay could be
detected but only a very weak and long-lived (2 ns) lumines-
cence was registered, ascribable to some residual free
porphyrin macrocycle. This indicates that the quenching
within the catenane Cat-4, measured by steady-state techni-
ques to be 99%, occurs faster than our resolution (20 ps)
within the laser pulse duration.
The quenching of the porphyrin luminescence in the

catenanes is assigned to an electron-transfer reaction from
the singlet excited state localized on the porphyrin, to the
electron acceptor CBPQ4�, hereafter called charge separation
(CS). The reaction is faster than 20 ps in Cat-4, where the
strap is shorter than in the other catenanes. Remarkably, the
CS reaction is slower in the catenanes Cat-5 and Cat-6 than in
the corresponding complexes, 5-PQ2� and 6-PQ2�, where we
have been unable to time resolve the reaction as it is faster
than our instrumental resolution and the decay occurs within
the pulse.[10] The CS reaction lifetimes for the present
catenanes and the previously studied complexes are summar-
ized in Table 3.[10]
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Time-resolved absorption : The CS state formed by the
electron-transfer reaction is characterized by a porphyrinic
cation and a reduced paraquat-type radical. This is expected
to display the characteristic absorption bands of the two
radicals, respectively at 670 nm for the oxidized ZnII porphyr-
in[16] and around 600 nm for the reduced paraquat radical.[17]

The transient absorptions detected at the end of a 35 ps laser
pulse, with excitation at 532 nm, are shown in Figure 5 for

Figure 5. Transient absorbance of toluene solutions of Cat-4 (––), Cat-5
(�), Cat-6 (�) upon excitation with a 35 ps pulse (532 nm, 3 mJ per pulse).
The absorbance of the samples at the exciting wavelength was 0.8 ± 0.9.

Cat-4, Cat-5, Cat-6. The signatures of the CS states with
maxima at 600 and 670 nm can be detected and their time
evolution can be registered. The decay of the transient
absorbance features registered at 600 nm are reported in
Figure 6 for the three catenanes. They can be fitted by
exponential decays with lifetimes in the range of 37 ± 45 ps
which can be considered the same within experimental error.
The reaction is assigned to the recombination reaction of

the charge-separated state, hereafter called CR, to yield once
again the ground state. The base line is completely recovered
and no residual signal from the triplet porphyrin or any other
intermediate could be detected
with a nanosecond flash-pho-
tolysis apparatus. The absence
of any triplet porphyrin is in full
agreement with the existence of
the fast CS reaction which, by
rapidly depleting the excited
singlet state, does not allow
any intersystem-crossing to the
triplet state.

Figure 6. Decay of the charge separated state detected at 600 nm and
exponential fittings for Cat-4, Cat-5, and Cat-6.

The lifetime of the CS state in the catenanes, 37 ± 45 ps,
although still very short, is longer than those of the
corresponding complexes 4-PQ2�, 5-PQ2�, 6-PQ2�, which
were measured to be �20 ps for the complex with the shorter
strap 4-PQ2� and only 20 ps for the other two complexes, see
Table 3.

Electrochemical characterization of Cat-n

The catenanes Cat-4, Cat-5, and Cat-6 exhibit very rich redox
patterns, due to the presence of several different and
interacting electro-active subunits (Figure 1, Table 4). In all
the compounds, the bisbipyridinium macrocycle CBPQ4�

plays the role of the electron acceptor subunit. Cat-4 and
Cat-6 contain the same electron donor components, that is the
substituted dimethoxynaphthalene (DMN) moiety, and the
Zn porphyrin. Differences between Cat-4 and Cat-6 arise
from the different dimensions of the macrocycles containing
the electron donor groups (Figure 1). The electron-donor
macrocycle that is present in Cat-5 has the same dimensions as
that which is present in Cat-6, with the noticeable difference
that a substituted dimethoxybenzene (DMB) group replaces
the DMN subunit. Clearly, the oxidation processes of the

Table 3. Lifetimes of the charge separation (from time-resolved lumines-
cence) and charge recombination (from transient absorbance) in the
complexes n-PQ2� and in the catenanes Cat-n.

�CS [ps] �CR [ps]

4-PQ2� � 20 � 20
5-PQ2� � 20 20
6-PQ2� � 20 20
Cat-4 � 20 39
Cat-5 20 37
Cat-6 20 45

Table 4. Electrochemical data.[a]

Compound E(ox) (V versus SCE) E (red) (V versus SCE)

CBPQ4� � 0.28 [2]; �0.72 [2];
Cat-4 � 0.72[1]; �1.06;[b] �1.67 [irr.] � 0.34[1]; �0.56[1]; �0.85 [2]; �1.70 [1];
Cat-5 � 0.66[1]; �0.88;[b] �1.87 [irr.] � 0.32[1]; �0.39[1]; �0.82 [2];
Cat-6 � 0.68[1]; �0.88;[b] �1.59 [irr.] � 0.35[1]; �0.45[1]; �0.76[1]; �0.86[1]; �1.68[1]
[a] E1/2 , values in acetonitrile. Potentials versus SCE. All the redox processes are reversible unless otherwise
stated. The numbers in brackets refer to the number of exchange electrons. [b] Quasi-reversible processes.
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catenanes involve the porphyrin and DMB (or DMN)
subunits, whereas the reduction processes are localized on
the bisbipyridinium subunits of the acceptor macrocycle.

Reduction processes : The electron acceptor macrocycle
CBPQ4� contained in the catenanes investigated here is
commonly used in catenane and rotaxane chemistry[18] and its
properties are well known.[12±13, 19±21] For better comparison
purposes, we re-examined the properties of the free electron
acceptor macrocycle under our conditions (acetonitrile, room
temperature) and found that it undergoes two bielectronic
reversible processes at potentials (Table 4) close to those
reported in the literature.[19, 20] The first process is the
contemporary one-electron first reduction of each bipyridi-
nium subunit and the second one is due to the contemporary
one-electron second reduction of the same subunits.
In the free-electron acceptor macrocycle, the reduction

processes have a bielectronic nature since the two bipyridi-
nium units are equivalent to each other and are also weakly
interacting. When such a macrocycle is a component of
organized assemblies such as catenanes, the changes of its
reduction ™fingerprint∫ give useful information on the elec-
tronic interactions and the chemical environments that the
electroactive subunits experience in the supramolecular
arrays.
As pointed out by several groups,[11±14, 18±22] , charge transfer

(CT) interactions between the subunits play important roles
in stabilizing the species in catenanes and rotaxanes contain-
ing donor and electron acceptor subunits. Such CT interac-
tions are held responsible for the shift of the reduction
potentials of Cat-4, Cat-5, and Cat-6 with respect to the free
bisbipyridinium macrocycle reductions (Table 4, Figures 7
and 8). The magnitude of this shift depends on the extent of
the CT interactions.
The first bielectronic wave, typical of the free acceptor

cyclophane, is also split in all the catenanes studied here into
two monoelectronic processes (Table 4, Figures 7 and 8). This
is because of the different (inside and outside) environments
experienced by the bipyridinium subunits.[20] This also in-
dicates that rotation of the acceptor cyclophane ring is
inactive within the time scale of our measurements and
confirms that in the stable conformation one bipyridinium
unit is inside the porphyrin-containing macrocycle (inner
subunit) and the other one is outside (outer subunit). It is
reasonable to assume that the first reduction involves the
outer bipyridinium subunit, while the second process involves
the inner one, which is more difficult to reduce with respect to
the former because it interacts with two electron donor groups
(i.e., the porphyrin and the DMN, or DMB, subunits). The
outer is involved in the CT interaction only with one electron
donor group, that is the DMN (or DMB) subunit.
In the light of the above considerations, the slightly less

negative potential (�20 mV, see Table 4) of the first reduction
process of Cat-5 compared to the corresponding process of
Cat-4 and Cat-6 (for which the first reduction takes place at
nearly the same potential) is attributed to the different
electron donor properties of DMB and DMN; DMN is a
better electron donor than the DMB unit. The same argument

Figure 7. Cyclic voltammograms of the catenanes Cat-4, Cat-5 and Cat-6 in
argon-purged acetonitrile solution. For comparison purposes, the cyclic
voltammogram of the free electron acceptor macrocycle is also shown. Scan
speed: 200 mVs�1. The wave at �0.395 V is ferrocene, used as standard.
Oxidation processes not shown.

accounts for the less negative potential of the second
reduction process of Cat-5 with respect to those of Cat-4
and Cat-6. However, this second reduction process occurs at
different potentials for Cat-4 and Cat-6 (Table 4). This can be
justified by considering that in Cat-4 the porphyrin donor is
closer to the inner bipyridinium subunit (the redox site
involved in the second reduction, see above) than in Cat-6.
This is because of the constraints imposed by the different
sizes of the macrocycles, and therefore the CT interaction
between the porphyrin and bipyridinium subunits, which
destabilizes the bipyridinium acceptor orbitals, is larger in
Cat-4.
The third and fourth reductions of Cat-6 are still reversible

and monoelectronic, whereas the third reduction of Cat-5 is
also reversible, but bielectronic in nature (Table 4, Figures 7
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Figure 8. Genetic diagram of the reduction processes taking place in the
catenanes studied here. Sketches of the proposed structures of the
catenanes in the various states are superimposed. The oval represents the
porphyrin ring; light grey rectangle is the DMN unit; distorted rectangle
stands for the DMB unit; empty rectangles identify the bipyridinium
subunits of the bis(bipyridinium) macrocycle. In the catenanes, the inner
bipyridinium is represented as a grey rectangle and the outer one is still
empty in order to stress the difference of their chemical environments.
After the second reduction, Cat-4 and Cat-5 undergo structural reorgan-
izations (see text). A possible new conformation for the doubly reduced
Cat-4 and Cat-5 species is also shown. In these sketches the rectangles
representing the bipyridinium subunits are both dark grey in order to stress
their equivalence.

and 8). This suggests that, although the CT interactions are
reduced in intensity following the first reduction of both the
bipyridinium subunits of Cat-6, they are still strong enough to
inhibit free rotation (or structural reorganization) of the
interlocked rings within the time scale of our experiment.
Therefore here, and also after the second reduction, inner and
outer bipyridinium are still distinguishable in Cat-6, with the
outer one responsible for the third reduction and the inner
one responsible for the fourth process. Interestingly, the
separation between the third and fourth reduction processes
(100 mV) is comparable to the separation between the first
and second processes (110 mV), indicating that the differ-
ences between inner and outer bipyridinium subunits remain
constant upon first reduction. This is not the case for Cat-5.
The bielectronic nature of its third reduction process indicates
that the two bipyridinium subunits of Cat-5 become equiv-
alent after one-electron reduction of both such subunits. This
can occur either by means of a relatively fast rotation of the
cyclophane macrocycle or by a structural reorganization of
the interlocked rings. The latter minimizes differences be-
tween the two bipyridinium subunits with respect to CT
interactions, that is with respect to relative distances of the
bipyridinium subunits from the porphyrin and DMB electron
donors. Such a reorganization could be, for example, a 90�

rotation of the cyclophane ring which could lead both the
bipyridinium subunits to interact with both the porphyrin and
DMB donors. (In a conformation which makes the two
bipyridinium centers equivalent, it is not possible to distin-
guish between inner and outer bipyridinium subunits any-
more, but both the acceptor components are partially inner
and outer). Such a possible conformation is shown in Figure 8.
The differences in the properties of Cat-5 and Cat-6 after the
second reduction are still ascribed to the differences in donor
capability of DMB and DMN. This behavior is in agreement
with the findings reported for other catenanes containing
similar subunits.[20]

The behavior of Cat-4 after the second reduction is
somewhat puzzling. The interaction between the cyclophane
ring and the porphyrin and DMN units should be strong
enough to inhibit the free rotation or structural reorganization
of the array, as happens for Cat-6 which contains the same
redox-active subunits, the third reduction process is bielec-
tronic. This indicates that in the case of Cat-4, similar to Cat-5,
the first reduction of both bipyridinium subunits makes these
subunits equivalent. The strong interaction between the donor
porphyrin subunit and the cyclophane operating in Cat-4 has
to be responsible for this behavior. The extent of this
interaction is also evident by comparing the potentials of
the second reductions of Cat-4 and Cat-6, see above. Probably
the presence of the added electron on the inner bipyridinium
subunit disturbs the interaction of such a unit with the
porphyrin, so that a different conformation, in which the two
bipyridinium subunits are equivalent, becomes preferred. The
observation that in the new conformation the two acceptor
sites are partially ™inner∫ (see above) is supported by the
coincidence of the potentials of the third reduction of Cat-4
and of the fourth reduction of Cat-6.
An explanation of the differences observed for the third

and fourth reductions within the series Cat-4, Cat-5, and Cat-6
may lie in the data obtained from dynamic 1H NMRmeasure-
ments. We have measured rates of rotation at 25 �C for the
three members of the series using the same procedures as
previously reported,[11a] and they are�1, 3� 105, and 100 Hz,
respectively. We have also demonstrated previously for an
extended series of catenanes that while there is little differ-
ence between rotation rates for corresponding zinc and free
base derivatives, protonation of the porphyrin units in the
free-base derivatives has the effect of increasing the rotation
rates. This is especially true for the DMB members of the
series, but less so in the DMN series where they remain
approximately unchanged.[11b] We rationalized this as an effect
of protonation destroying any charge transfer interactions
between the porphyrin and the tetrapositively charged
CBPQ4� macrocycle and of introducing additional coulombic
repulsions between the two components. In the DMN series,
the stronger � ±� interactions are the limiting factor on
rotation rates, which are little influenced by the porphyrin.
Nevertheless, in Cat-4, the restrictions of the tight strap
prevent any effective rotation at room temperature, in any of
the free base, zinc, or protonated derivatives. It is not
unreasonable to assume therefore that after the second
reduction, rotation of the macrocycle in Cat-4 is still severely
restricted. On the other hand, we would predict, by analogy
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with the protonation 1H NMR experiments,[11b] that after the
second reduction the rotation of the CBPQ2� macrocycle in
Cat-5will be�105 Hz. It would appear anomalous for both to
experience a similar bielectronic third and fourth reduction,
which implies equivalence of both bipyridinium subunits of
the CBPQ2� macrocycle. The apparent paradox can be
resolved however, by invoking a different mechanism by
which equivalence is reached in each of twomolecules. In Cat-
4, a sideways orientation as depicted in Figure 8 would
achieve such equivalence within an essentially ™locked∫ (or
very restricted) system. Rapid rotation in Cat-5, rather than
locking in an end-on orientation, would achieve the required
equivalence in this freely rotating system. As for Cat-6, it
appears that although the charge transfer interactions be-
tween the CBPQ2� and both the porphyrin and the DMN
group is weakened after the first and second reductions, there
is sufficient flexibility and freedom in this system to allow the
CBPQ2� macrocycle encircling the DMN unit to move away
from the porphyrin, without resorting to an ™end-on∫
orientation. This, together with the inherent restricted rota-
tion about the DMN unit (�100 Hz for the Zn, free base and
protonated free base derivatives measured in 1H NMR
studies), means that a more or less parallel orientation of all
three units is maintained, giving rise to ™inside∫ and ™outside∫
environments for the bipyridinium subunits, and hence to two
distinct monolectronic reductions.
In all the catenanes, at potentials more negative than

�1.65 V versus SCE, a reversible monoelectronic reduction
process, localized on the porphyrin subunit, occurs.

Oxidation processes : All the catenanes show three processes
(Table 4). To assign the different oxidation processes to
specific sites of the arrays it is useful to recall that the
oxidations of DMN[21] and DMB[12] take place at �1.17 and
�1.31 V versus SCE respectively. In the catenanes, the
oxidation of the corresponding components (DMB and
DMN) is expected to occur at even more positive potentials
as a consequence of the CT interactions. The porphyrin units
undergo the first oxidation process in DMF (see above) at
�0.62, �0.65, and �0.67 V versus SCE for 4, 5, and 6,
respectively. Data in butyronitrile for a zinc meso-diary-
loctaalkylporphyrin are available from the literature: �0.63
and �1.02 V versus SCE for the first and second oxidation
wave respectively.[9d] Therefore, in all the cases investigated
here, we can assign the first two oxidations to the porphyrin
subunits and the third one to the DMN or DMB sites. In
agreement with such an assignment it is useful to note that the
first two processes occur at very similar potentials in Cat-5
and Cat-6 (the same redox-active site, that is the porphyrin
subunit, is involved). Conversely, the potentials of the third
process are quite different in the two species, with the one
containing the better electron donor DMN center which is
oxidized at less positive potential.
Interestingly, the porphyrin-centered oxidation processes in

Cat-4 take place at more positive potentials than in Cat-5 and
Cat-6. This demonstrates further that the extent of the CT
interactions involving the porphyrin subunit in the former
(smaller and more restricted) catenane is much stronger than
in the other two.

Electron transfer in Cat-n and n-PQ2�

On the basis of the luminescence properties at 77 K (Table 2)
and of the electrochemical data discussed in the previous
sections and reported in Table 4, schematic energy level
diagrams for the two types of arrays, the noncovalently linked
complexes n-PQ2� and the mechanically bound Cat-n, can be
drawn (Figure 9).

Figure 9. Schematic energy level diagrams andmeasured rate constants for
the generic complex n-PQ2� and the catenane Cat-n. The charge separated
state (n�-CBPQ3�)in corresponds to the reduction localized on the internal
paraquat unit of the macrocycle, whereas (n�-CBPQ3�)out corresponds to
the reduction localized on the external paraquat unit of the macrocycle.

The excited energy levels are essentially identical in the two
diagrams, respectively 2.13 eV for the singlet localized on the
porphyrin unit, and 1.7 eV for the related triplet excited state.
The excited states of the electron acceptor unit are not
relevant to the present case since the excitation occurs in the
visible region of the spectra, where only porphyrin compo-
nents absorb light.
The energy level of the CS state can be calculated by simply

adding the energy necessary to oxidize the electron donor, to
the energy necessary to reduce the electron acceptor.[23, 24] As
far as the estimate of the CS state for n-PQ2� is concerned,
only approximate figures can be derived given the lack of
electrochemical data for the complexes (see Model Section).
Nonetheless the potentials of the oxidation processes of the
porphyrin models in DMFare available (�0.62 V versus SCE
for 4, �0.65 V versus SCE for 5, and �0.67 V versus SCE for
6) and a reduction potential for paraquat in the complex of the
order of �0.5 V versus SCE can be assumed (see Model
Section). The use of potentials determined for porphyrin hosts
does not take into consideration the destabilizing effect due to
CT interactions in the complexes, expected to be higher for
the short strap component 4-PQ2�. Since strapped porphyrin 4
undergoes oxidation at a less positive potential than 5 and 6,
this in part is expected to counterbalance the destabilizing
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larger effect of CT interactions. On this basis and in the frame
of a qualitative approach, the energy for the charge separated
sates n�-PQ� can be assumed similar for all the complexes and
of the order of approximately 1.15 eV.[23, 24]

For the catenanes Cat-n, it is evident from the data reported
in Table 4 that two very close charge-separated states exist,
the first at lower energies corresponding to the oxidized
porphyrin and the reduced outer paraquat unit of the cyclo-
bisparaquat, (n�-CBPQ3�)out, and the second corresponding to
the oxidized porphyrin and the inner paraquat unit of the
macrocycle, (n�-CBPQ3�)in. The latter CS has energy values of
1.28 eV for Cat-4, 1.05 eV for Cat-5, and 1.13 eV for Cat-6,
while the energy levels of the former are stabilized, respec-
tively at 1.06 eV for Cat-4, 0.98 eV for Cat-5, and 1.03 eV for
Cat-6.
Therefore the two energetic diagrams of Figure 9 are

similar, but in the case of the catenane the low-lying charge-
separated state is split because of the nonequivalence of the
reduction sites in the cyclic electron acceptor. The less
stabilized CS involves reduction of the paraquat unit inter-
posed between the porphyrin and the DMN (or DMB) planes
which, because of the closer approach to the porphyrin
electron donor, is expected to be involved in the primary
transfer of electron from the porphyrin excited state, the
CS reaction. The splitting between the CS states is different
for the various catenanes. This is important in Cat-4, with a
value of 0.22 eV, due to the stronger interaction caused by a
closer approach of partners constrained by the shorter strap,
whereas it has smaller values in Cat-6 (0.1 eV) and Cat-5
(0.07 eV).
Comparison of the energy levels and related thermody-

namic parameters in n-PQ2� and Cat-n indicates that charge-
separated states in the complexes are, roughly, at a higher
energy than both levels of the catenanes for the longer
strapped porphyrins 5 and 6, and at an energy which is
intermediate between the two levels for short-strapped 4. The
more facile reduction of the electron acceptor CBPQ4� with
respect to PQ2� is in part counterbalanced by the stronger CT
interaction in the interlocked compounds, which is rather
strong in Cat-4. The �G0 value for CS is approximately
�1.1 eV for n-PQ2� and assuming a primary electron transfer
from the porphyrin excited state to the adjacent (inner)
paraquat unit of CBPQ4�, the �G0 value for CS ranges from
�0.85 eV in Cat-4, to�1.08 eV in Cat-5, and�1 eV for Cat-6.
Regarding the CR reaction, the �G0 is approximatley

�1.5 eV for n-PQ2� and, if we assume that in the catenanes
the charge recombination reaction occurs from the more
stabilized CS state, values of �G0 of �1.06 eV in Cat-4,
�0.98 eV in Cat-5, and�1.03 eV in Cat-6, can be derived. The
above assumptions would obviously imply that within the
catenanes, an electron transfer from the inner to the outer
paraquat unit occurs fast, following the primary photoinduced
transfer and we will discuss this point below.
The �G0 value for CS and CR reactions are very high for

both interlocked and complexed structures and both can be
safely assumed to occur in a nearly activationless regime.[25]

Therefore they will occur at the maximum rate regardless of
the small differences in �G0 attributable to the specific
reaction. On such grounds the differences in the kinetic

parameters determined for the single systems can be discussed
solely based on the different structures of the assemblies.
The electron transfer rates determined for CS and CR are

reported in Figure 9. In the complexes n-PQ2� the CS rate is in
all cases �5� 1010 s�1, as can be derived from the fact that no
accumulation of luminescent species is detected during the
short laser pulse (resolution 20 ps). A similar lower limit for
the rate can be derived for the Cat-4 interlocked structure,
while in the other catenanes Cat-5 and Cat-6, a rate of 5�
1010 s�1 can be measured from a lifetime of 20 ps. For CR a
rate of recombination to the ground state of 5� 1010 s�1 could
be measured for the complexes with the longer straps 5-
PQ2�,and 6-PQ2�, whereas 4-PQ2� recombined faster than the
apparatus resolution, placing a lower limit of 5� 1010 s�1 to the
rate.[10] The recombination in the catenanes is slower and
detectable in all cases, Figure 6, and the same rate of 2.5�
1010 s�1 for Cat-4, Cat-5 and Cat-6 is measured.
In general terms, the complexes display a more rapid

electron transfer than the catenanes both in CS and in CR
reactions, and within the n-PQ2� series the compound with a
shorter strap displays a faster reaction. In the case of the
catenanes this is also true for the charge separation reaction
but not for charge recombination, where a similar rate is
measured for all the systems, irrespective of the strap length.
In the complexes, where the association occurs by multiple

weak interactions (primarily � ±�, C�H ¥¥¥O hydrogen bonds,
and electrostatic interactions) the electron acceptor experi-
ences a ™loose∫ situation that allows a closer approach to the
porphyrin. This is a better electron donor than the dioxyar-
omatic unit contained in the strap (see Electrochemistry
Section), favoring the rapid transfer of the electron to form
the charge separated state. Only in the case of the ™looser∫
strapped 5-PQ2�, and 6-PQ2�, the reduced paraquat radical,
positively charged, which experiences some repulsion from
the positively charged oxidized porphyrin has enough spatial
freedom to be able to distance itself from its partner and can
thus survive long enough to be detected by our apparatus. In
the complex with the shorter strap this is not possible and both
forward, CS, and back, CR, electron transfer reactions are
extremely fast.
On the other hand, in the Cat-n case, the mechanical

linkage enforces the macrocyclic electron acceptor unit close
to the dioxyaromatic residue and keeps it spatially separated
from porphyrin donor. This allows a detectable CS reaction,
except in Cat-4 where the inner paraquat unit accepting the
electron is very close to the porphyrin plane, because of the
short strap. Once the electron has been transferred from the
porphyrin donor to the inner paraquat unit of the macrocycle
a further electron transfer step to the outer paraquat unit has
to be postulated. This is necessary to explain the lifetime of
the CR reactions which is essentially identical for all the
catenanes, irrespective of the strap length (Figure 9). We do
not expect to have spectroscopic evidence for this electron
transfer since both inner and outer reduced paraquat units
should display essentially identical absorption spectra. The
proof is therefore indirect, but supported by the comparison
with the corresponding complexes n-PQ2�. If this further,
postulated electron transfer were not to occur, the reactivity
order detected for the complexes would still hold, with Cat-4
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reacting much faster than Cat-5 and Cat-6, due to the close
proximity of the inner paraquat to the porphyrin.
This postulated electron transfer step further separates the

charges in space and allows a slower recombination in all the
catenanes. In this regard it should be pointed out that the time
scale of electron transfer is much faster than any structural
reorganization discussed in the Electrochemistry Section.

Conclusion

A series of catenanes containing a macrocyclic porphyrin and
the electron acceptor cyclobis(paraquat-p-phenylene) has
been spectroscopically, photophysically and electrochemically
characterized. The electron transfer rates leading to charge
separation and the recombination rate to the ground state
have been determined.
Comparison with closely related complexes containing the

same porphyrin macrocycles and paraquat as electron accept-
or is made. Assuming that thermodynamic parameters are not
effective in determining the different observed rates (activa-
tionless region), the results are discussed on the basis of
structural differences of the interlocked and complexed
structures, respectively. The rates of electron transfer are
faster in the complexes than in the catenanes and this is
attributed to a looser structure in the complexes which favors
a closer approach of the partners in the charge-separation
reaction. Accordingly, a slower charge-separation reaction is
measured in the systems with longer straps and the same
occurs for the recombination reaction of the charge-separated
state in the complexes. This recombination reaction in the
catenanes occurs with the same rate regardless of the strap
length and suggests the involvement of a further, subsequent
electron transfer to a more stabilized reduction site of the
macrocyclic electron acceptor, identified as the outer para-
quat unit of the cyclic electron acceptor CBPQ4�.

Experimental Section

The synthesis and characterization of these and closely related porphyrins,
complexes and catenanes have been reported and discussed previous-
ly.[11, 26]

Spectroscopic and photophysical determinations : Acetonitrile Spectro-
scopic Grade (C. Erba) was used. Absorption spectra were recorded with a
Perkin-Elmer Lambda9 spectrophotometer and emission spectra, uncor-
rected if not otherwise specified, were detected by a Spex FluorologII
spectrofluorimeter equipped with a Hamamatsu R928 photomultiplier.
Relative luminescence intensities were evaluated from the area (on an
energy scale) of the luminescence spectra corrected for the photomultiplier
response. Luminescence quantum yields � for the components were
obtained with reference to a standard, ZnII (1,5,10,15-tetra-tert-butylphe-
nyl)porphyrin, in toluene with �� 0.08.[8f]
Fluorescence lifetimes longer than 1 ns were detected by an IBH Time
Correlated Single Photon Counting apparatus with excitation at 337 nm.
Luminescence lifetimes shorter than one nanosecond were determined by
an apparatus based on a Nd:YAG laser (Continuum PY62 ± 10) with a 35 ps
pulse duration, 532 nm, 1 mJ per pulse and a Streak Camera. In a typical
experiment, the luminescence signals from 1000 laser shots were averaged
and the time profile was measured from the streak image in a wavelength
range of approximately 20 nm around the selected wavelength. Spectra in a
selected time window were also acquired from the streak image, which

were based on a rectangular matrix of 480 points (wavelength) time 512
points (time). The fitting of the luminescence decays were performed by
standard iterative non-linear programs taking into consideration the
instrumental response. Further details on the equipment can be found
elsewhere.[27]

Transient absorbance in the picosecond range made use of a pump and
probe system based on a Nd-YAG laser (35 ps pulse, 532 nm, 2 ± 4 mJ) and
an OMA detector. The instrumental response profile was obtained by
measuring the buildup of the absorption of the reference porphyrin (n)
singlet at 600 nm and time zero was set at the complete evolution of the
absorbance signal. Further details can be found elsewhere.[28] Estimated
errors are 10% on lifetimes and 20% on quantum yields.

Electrochemical determinations : Electrochemical measurements on the
catenanes were carried out in argon-purged acetonitrile at room temper-
ature with a PAR273 multipurpose equipment interfaced to a PC. The
working electrode was a glassy carbon (8 mm2, Amel) electrode. The
counter electrode was a Pt wire, and the reference electrode was an SCE
separated with a fine glass frit. The concentration of the samples was about
5� 10�4�. Tetrabutylammonium hexafluorophosphate was used as sup-
porting electrolyte and its concentration was 0.05�. Cyclic voltammograms
were obtained at scan rates of 20, 50, 200, and 500 mVs�1. For reversible
processes, half-wave potentials (versus SCE) were calculated as the average
of the cathodic and anodic peaks. The criteria for reversibility were the
separation of 60 mV between cathodic and anodic peaks, the close to unity
ratio of the intensities of the cathodic and anodic currents, and the
constancy of the peak potential on changing scan rate. The number of
exchanged electrons was measured with differential pulse voltammetry
(DPV) experiments performed with a scan rate of 20 mVs�1, a pulse height
of 75 mV, and a duration of 40 ms, and by taking advantage of the presence
of ferrocene used as the internal reference.

The determination of electrochemical properties of the model porphyrins
could be only performed in dimethylformamide (DMF) for solubility
reasons.
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