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Conformational Effects on the Photoinduced Energy Transfer in a Star-Shaped
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The photophysical properties of a pentameric array (FB-Zn,)
containing peripheral Zn porphyrins and a free-base core,
connected by nucleosidic linkers, have been determined and
compared with the properties of the model dyad (FB-Zn) and
of their individual components. The flexibility of the nucleos-
idic linkers allows the dyad to take two different conforma-
tions corresponding to a bent and an almost fully extended
form of the linker, which are characterized by a chromophore
separation of ca. 2nm and ca. 3 nm, respectively. Energy
transfer from the zinc porphyrin to the free-base porphyrin
occurs, in the bent conformation, with a rate of 3.6 x 10% s71.
Conversely, in the extended conformation, the Zn porphyrin
decay is unperturbed, which is in good agreement with the
expected dipole—dipole (Forster) energy transfer mechanism.
In the pentameric array, the Zn porphyrin luminescence is
quenched with a rate of 3.6 x 10° s7! in 15% of the popula-

tion, whilst the luminescence of the Zn porphyrin is un-
quenched for ca. 35% of the population. For comparison with
the dyad, these two cases are assigned as arrays with a single
linkage in a bent configuration and arrays with all linkages
in the extended configuration, respectively. However, the
most striking feature in the pentaporphyrin is that 50% of
the Zn porphyrin excited state population exhibits a fast non-
radiative deactivation (rate ca. 10'° s7') which also involves
the free-base porphyrin core to some extent. This behavior is
attributed to a strongly interacting conformation with the Zn
porphyrins folded over the central free-base porphyrin. The
proposed model is supported by CD spectroscopy, com-
plexation experiments with bases, and the reactivity of the
excited state towards external quenchers.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Synthesis of multi-porphyrin architectures and determi-
nation of their photo properties is the object of intensive
research activity.['l These oligomeric arrays can mimic nat-
urally occurring tetrapyrrolic aggregates that perform key
processes in photosynthesis, i.e. light energy collection and
charge separation.’l The study of multi-porphyrin en-
sembles, in addition to providing basic knowledge in the
fields of photochemistry, photophysics and photobiology,
can be regarded as potentially informative in the construc-
tion of light-operated molecular-level information storage
devices, P! for the conversion of light energy into chemical
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or electrical energy,['"*! and for the preparation of materials
with novel properties.[!

The present system, which consists of a pentaporphyrin
containing a central free-base porphyrin and four periph-
eral zinc porphyrins connected via a flexible chiral nucleos-
idic linker,[® was studied in order to determine its potential
as an antenna system, capable of collecting light energy and
conveying it to the energy sink at the central position. The
peripheral zinc porphyrin chromophores can absorb light
extensively over the full visible spectrum and the energy
stored in the first excited singlet state (2.05eV) could be
conveyed to the central free-base porphyrin characterized
by a lower lying excited singlet state (1.92 eV). The system
can work effectively as an antenna if the absorbed light en-
ergy is efficiently conveyed to the central porphyrin and no
competitive loss of the absorbed energy occurs. The study
of convenient model compounds, ZnU, FBS and the dyad
FB-Zn, whose structures are shown in Scheme 1, can help
in the elucidation of the fundamental steps in the pentad
system FB-Zng, where photophysical behavior could be
strongly influenced by the existence of different confor-
mations due to the flexible linkers. Steady state and time-
resolved spectroscopic methods were used to quantify the
energy transfer process which was postulated previously.[®
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Scheme 1. The structures of the component models ZnU and FBS, the dyad FB-Zn and the pentad FB-Zn,

Results and Discussion

Synthesis

The dyad was synthesized according to Lindsey’s pro-
cedure for the construction of sterically hindered porphy-
rins.[’”l One equivalent of aldehyde ZnU!® and three equiva-
lents of p-tolualdehyde were condensed, at room tempera-
ture and under an inert atmosphere, with four equivalents

2558 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of pyrrole in chloroform in the presence of a catalytic
amount of BF;-OEt,. The resulting porphyrinogen was
then oxidized by reflux with three equivalents of p-chlor-
anil, for one and a half hours. After a tedious purification
requiring many chromatographic separations over silica gel,
the desired dyad was isolated in 10% yield. It was charac-
terized by '"H NMR and FAB mass spectrometry (m/z =
2104.5 [M]*, caled. 2104.9). The synthesis and characteriz-
ation of the pentad has been reported previously.[©]
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Photoinduced Processes

The Dyad

The absorption spectrum of the dyad closely matches the
superposition of its two components, as shown in Figure 1,
where absorption spectra of both the component units, their

ure 2), it is clear that, in the array, the emission of the zinc
porphyrin unit is quenched whereas the emission of the
free-base porphyrin moiety is increased, i.e. it is sensitized
(Table 1).
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Figure 1. Molar absorption coefficients of the models ZnU (thin
solid line) and FBS (dashed line), and of FB-Zn (thick solid line)
in toluene solutions, the sum of the molar absorption coefficients
of the models is also reported (dotted line)

The emission spectrum of the dyad, after excitation at a
wavelength where only FBS absorbs, i.e. at A > 625 nm,
displays the emission spectrum of the FBS model, with an
identical quantum yield within experimental error (Table 1).
Selective excitation of the ZnU unit is not possible (see Fig-
ure 1) but excitation where both components absorb, yields
an emission spectrum which shows the features of both the
free base component (A, = 652 and 718 nm) and of the
zinc component (A, = 598 nm and 646 nm). However, if
the emission is compared to those of the component models
absorbing the same number of photons as in the dyad (Fig-

Figure 2. Emission spectra in toluene at 298 K of the models ZnU
(thin solid line; Assonm = 21.6%),FBS (dashed line; Assonm =
11.7%), and the dyad FB-Zn (thick solid line; As550nm = 33.4%, the
partition of photons is Apz,u = 21.6% and Aggs = 11.7%) in tolu-
ene solutions; excitation at 550 nm

Time-resolved experiments with picosecond resolution
(at A = 600 nm, the maximum of the zinc porphyrin com-
ponent emission) revealed a bi-exponential decay of the lu-
minescence of the dyad, with lifetimes of 240 ps and 1.9 ns,
accounting for ca. 30% and 70% of the total decay, respec-
tively (Figure 3). Whilst the short lifetime could be due to
the quenching of the luminescence of the zinc porphyrin
component, the long lifetime is typical of the unquenched
ZnU model (Table 1). The luminescence of the dyad at A =
720 nm (Figure 3), where only the free base component em-
its, is characterized by a species with a lifetime of ca 240
ps, closely matching the fast decay of the zinc porphyrin
component. A subsequent slower decay of 9.8 ns, typical of
the emission of the model FBS (Table 1), was detected on a

Table 1. Luminescence properties and energy levels of the excited states of the models and arrays in toluene

298 K 77T K
State kmax. (nm) Pn el O (o] T (ns)[C] 7Lmax. (nm) E (ev)[d]
(% component)
FBS 'FBS 652 0.18 0.18 9.5 646 1.92
ZnU 1ZnU 598 0.073 1.9 604 2.05
FB-Zn 'FB-Zn 652 0.19 0.33 0.2401; 9.8 647 1.92
FB-Zn 598 0.042 0.240; 1.9 604 2.05
(30%); (70%)
FB-Zn, 'FB-Zn, 652 0.13 —[1 9.8 648 1.91
FB-'Zn, 600 —[f 0.110; 0.240; 1.9 606 2.05

(50%); (15%); (35%)

[al Emission quantum yield. Selective excitation of the free-base porphyrin unit was at 650 nm. P! Emission quantum yield. Excitation of
both free-base and zinc porphyrin components was at 550 nm. The calculation is based on the photons absorbed directly by the moiety,
as calculated by the molar absorption coefficients of the models ZnU and FBS. [l Excitation was at 532 nm or at 337 nm for lifetimes >
2 ns. [ Energy levels from the emission maxima at 77 K. [ Lifetime of the rise. [l In this array the interaction between components is
strong (see text) and this prevents a reliable calculation of the partitions of photons between components. Consequently, it was impossible
to measure the emission yields as done for the dyad (see above).
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longer time scale with a nanosecond time correlated single
photon counting apparatus.

I/a.u.
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Figure 3. Time-resolved luminescence of FB-Zn in toluene solution
after excitation at 532 nm; decay at 600 nm (open circles) and
720 nm (open triangles) with the bi-exponential fitting with life-
times of 240 ps and 1.9 ns at 600 nm and of 240 ps and 9.8 ns at
720 nm; the exciting flash profile is also shown

The energy of the emission maxima, determined at 77 K,
are conventionally assumed to correspond to the energy
levels of the emitting states. From these, a value of 2.05 eV
and 1.91 eV was derived for the energy of the singlet excited
states localized on the zinc porphyrin and the free-base
unit, respectively. The energy transfer from the zinc to the
free-base porphyrin component is thermodynamically al-
lowed and has a driving force of 0.14 eV. Therefore, the
quenching of the zinc porphyrin donor and the sensitization
of the free-base porphyrin acceptor are interpreted as being
due to an energy transfer process. The rate constant can be
calculated from the equation k = 1/t — 1/1y, where t and
Ty are the lifetime of the quenched component (240 ps) and
of the model compound (1.9 ns), respectively. The resulting
rate constant is k = 3.6 X 10° s~!. However, the bi-ex-
ponential nature of the decay indicates that only a fraction
(30%) of the donor is quenched, whereas the main part
(70%) is largely unaffected with respect to the model life-
time. This is indicative of the existence of two different con-
formers of the dyad (see below).

The occurrence of energy transfer from the zinc porphy-
rin unit to the free-base porphyrin unit is further supported
by the excitation spectrum detected at 720 nm, where only
the free-base porphyrin emits, which shows the contribution
from the ZnU band at 550 nm, indicating that the emission
of the free-base is sensitized by the absorption of the zinc
component (Figure 4). The overlap between absorption
spectrum and excitation spectrum of the dyad is not com-
plete since the sensitization of free-base porphyrin by the
zinc component only takes place in 30% of the excited con-
formation.

Energy transfer between singlet states can occur by two
different mechanisms: the Forster mechanism (or
dipole—dipole interaction)!® or the Dexter mechanism (or
electron exchange).’l In case of energy transfer between sin-
glet states with high absorbances and high emission quan-
tum yields, the dipole—dipole mechanism usually prevails.
For this mechanism, it is possible to calculate the rate k%,

2560 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Excitation spectrum registered at A.,, = 720 nm (thick
solid line) and an arbitrarily scaled absorption spectrum (dotted
line) of FB-Zn in toluene solution; for comparative, purposes the
excitation spectra of models ZnU at L., = 646 nm (thin solid line)
and FBS at L., = 720 nm (dashed line) are also shown

by means of Equation (1), in which ® and t are the emis-
sion quantum yield (0.073) and lifetime (1.9 ns) of the do-
nor ZnU, respectively, dpa is the donor—acceptor center-
to-center distance, n is the refractive index of toluene and
J¥ is the overlap integral. x2, the orientation factor, takes
into account the relative orientation of the transition dipole
moments of the donor and the acceptor and in a pair of
reactants freely diffusing in solution the value is statistical,
1.e. 2/3, since they can randomly approach. In the present
case, the statistical value 2/3 can be considered a good
approximation because of the length and flexibility of the
bond connecting the two components.

_8.8x10 % %D

KE = JF
s, (M

The Forster overlap integral, JF, is calculated from the
overlap between the luminescence spectrum of the donor
ZnU, F(V) (cm™! units) and the absorption spectrum &(V) of
the acceptor FBS (cm™! units), according to Equation (2).[%

. [F@)e(0y1 04 do
© [F@wz &)

From the experimental emission and absorption spectra,
an overlap integral J¥ of 5.55 X 107 cm?® M~ ! was calcu-
lated, and from Equation (1) a critical transfer distance R,
of 28 A was calculated. This is the distance at which the
energy transfer rate equals the intrinsic deactivation rate of
the donor and, given the sixth power dependence [see Equa-
tion (1)], for distances slightly larger, no energy transfer can
occur because the intrinsic deactivation prevails. From
Equation (1), the distance dpa, at which the transfer occurs
with the experimental rate of 3.6 X 10° s™', can be calcu-
lated as being ca. 20 A.

The presence of two different lifetimes in the decay of
luminescence of the zinc donor component can be assigned
to the presence of two different conformations of the dyad.

www.eurjic.org Eur. J. Inorg. Chem. 2004, 2557—2569
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In order to elucidate this point, a series of calculations
based on the semiempirical AM1 hamiltonian(!”] were car-
ried out to describe a minimum conformation for this com-
pound in vacuo. It was found that the most stable confor-
mation corresponds to a bent structure, with a torsion angle

NS oo
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%z zf %j

Scheme 2. Cartoon representation of the different conformations
for FB-Zn (a) and FB-Zn4 (b); white diamonds represent the free-
base porphyrin energy acceptor and gray diamonds the Zn porphy-
rin energy donor; the arrows indicate exciton interactions
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Scheme 3. Energy level scheme and photoinduced processes which
can occur in the different conformations of FB-Zn (a) and FB-Zn,
(b); dotted lines represent light absorption, dashed lines represent
non-radiative transitions, solid lines are radiative processes and
dash-dot lines, energy transfer
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of 67° defined by the C2'—C1’'—N1—-C6 atoms, and a heat
of formation of 1174 kcal/mol. The C1’ and C2’ atoms are
in the ribose unit and the N1 and C6 (C6 is the carbon
atom involved in the double bond) are in the uracil nucleic
base. In this conformation, the edistance between the two
chromophores Zn and FB is 23 A, i.e. a distance in reason-
able agreement with that calculated from the experimental
energy transfer rate according to the Forster theory (ca. 20
A, see above). However, we note that the molecule is quite
free to rotate about the saturated bridges and that small
variations of the torsion angle mentioned above lead to neg-
ligible variations in the overall energy of the compound.
For example, a small increase in the twisting angle men-
tioned above, from 67° to 97°, leads to distances d—d
greater than 28 A, but the corresponding destabilization of
the molecule is only 0.5 kcal/mol. It is quite possible that
interaction of this molecule with a suitable solvent stabilizes
an energy minimum corresponding to a donor—acceptor
distance of at least 30 A. Such a distance implies a reduced
and, possibly, a no more competitive rate constant for the
energy transfer process. The greatest distance achieved by
rotation around the above twisting angle is ca. 32 A.

On this basis, we interpret the results of the photoind-
uced processes in the dyad FB-Zn as follows. The dyad is
composed of two populations of conformers which equilibr-
ate on a long time scale compared to the photoinduced pro-
cesses and therefore behave as independent species. Al-
though the theoretical results in the gas phase indicate a
folded structure as a shallow minimum conformer, the solu-
tion experimental results indicate that a more displaced
conformation has been stabilized by solvent interactions
and accounts for 70% of the population. A schematic illus-
tration of the two conformers, whose structures are compat-
ible with both the experimental findings and the theoretical
results, is shown in Scheme 2 (a). Both conformers are in a
bent configuration. However, in isomer k (Scheme 2, a) the
two porphyrins are nearly overlapping, with a distance of
the order of 20—23 A between the donor—acceptor couple,
which is sufficient to promote a dipole—dipole type energy
transfer process. In the second open conformation, %, the
planes containing the porphyrins are displaced and the
center-to-center distance is increased to a value of ca. 32 A,
which does not allow Forster energy transfer to take place
effectively.

Scheme 3 (a) shows schematic energy level diagrams illus-
trating the photoinduced processes occurring in both con-
formations of FB-Zn.

The Pentad

Unlike that found for the dyad, the absorption spectrum
of the pentad FB-Zny, does not result from the simple
superposition of the spectra of the component units. Fig-
ure 5 shows the absorption spectrum of the pentad com-
pared with the sum of its components. Large effects on the
Soret band, namely broadening, decrease in epsilon and a
minor red shift are observed and, in addition, a rather im-
portant change in epsilon, a red shift and a change in spec-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2561
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tral shape in the Q band region are also observed. When-
ever porphyrins are connected to other species, some
change in the Soret band region, which corresponds to the
So—S, transition, is generally encountered. However, the ef-
fect on the Q band region, which corresponds to the So—S;
transition, is rather unusual. This observation can be taken
as indication of a rather important coupling between com-
ponents. Since the type and length of the linker is not ex-
pected to couple the components substantially, a through-
space interaction can be invoked to explain this obser-
vation. This must occur in a conformation where the com-
ponents are in close contact and which can only be possible
in FB-Zn, and not in FB-Zn, since no such interaction was
apparent in the latter.

25+

204
0.8

e/ 10° M em™”

4(I)O 5(|)0 GCIJO

A/nm

Figure 5. Molar absorption coefficient of FB-Zny in toluene solu-
tion (solid line); the sum of the molar absorption coefficients of
the components, one FBS and four ZnU units, is also reported
(dotted line)

Selective excitation of the free-base component at 650 nm
results in a decrease of the emission quantum yield of this
component compared to its model, from 0.18 to 0.13
(Table 1). This confirms the perturbation of the radiative
and non-radiative parameters of the units when they are
incorporated into the pentameric array. Under these strong
coupling conditions, a quantitative consideration of the em-
ission quantum yields of the individual components of the
pentad as performed in Figure 2 for the dyad, is rather un-
reliable. In fact, that type of determination relies strongly
on the fact that the properties of the components are not
substantially modified when incorporated into the arrays. It
is evident from both the ground state absorption spectrum
(Figure 5) and from the free-base porphyrin emission yield
(Table 1), which appears decreased in the pentad, that this
is not the case. A qualitative experiment comparing the
overall emission quantum yield of optically matched solu-
tions of the dyad and the pentad is presented in Figure 6.
This shows that the emission in the higher order array is
strongly diminished for both the zinc porphyrin and the
free-baseporphyrin. This cannot be attributed to an in-
creased efficiency of the intramolecular energy transfer pro-
cess, but rather to an overall increase in the non-radiative

2562 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

decay involving both components of the pentad, i.e. the
free-base porphyrin and the Zn porphyrin.
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Figure 6. Emission detected from optically matched (4 = 0.18)
toluene solutions of FB-Zn (solid line) and FB-Zn4 (dashed line)
after excitation at 550 nm

Upon excitation at 532 nm, the time-resolved lumi-
nescence of the pentad FB-Zny is reduced with respect to
that of an optically matched FB-Zn dyad. The initial inten-
sity at 600 nm is ca. 25% that of the dyad. A satisfactory fit
of the decay at 600 nm, illustrated in Figure 7, was obtained
using three exponentials of 110 ps (50%), 240 ps (15%) and
1.9 ns (35%). In this case, the band at 720 nm typical of the
free-base porphyrin emission, is extremely low because of
the numerical predominance of the zinc porphyrin chromo-
phore, and no rise in the luminescence signal could be de-
tected.

17, = 110 ps (50%)
T, = 240 ps (15%)
1, = 1.9 ns (35%)

//a.u.

500 1000 1500

time / ps

Figure 7. Time-resolved luminescence of FB-Zn, in toluene solu-
tion after excitation at 532 nm; decay at 600 nm (O) and tri-ex-
ponential fitting with lifetimes of 110 ps, 240 ps and 1.9 ns. The
exciting flash profile is also shown

The two longest lifetimes, 1.9 ns and 240 ps, are similar
to those found in the dyad FB-Zn, and can be similarly
assigned to unquenched conformations (1.9 ns), where the
donor and acceptor are at the extremities of an extended
linker and to quenched conformations (240 ps) with the do-
nor and the acceptor at the extremities of a bent linker.
The shortest (110 ps) and most important component in
the luminescence decay, which accounts for ca. 50% of the
intensity, is new and may be assigned to a different type
of conformer which is only possible in the pentad. Multi-
exponential decay of the zinc porphyrin luminescence is

www.eurjic.org Eur. J. Inorg. Chem. 2004, 2557—2569
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typical of flexible zinc porphyrin-based star compounds
with a central free base porphyrin energy acceptor and has
been frequently reported in the literature.[*<~#1

In spite of the fact that the overall yield of the lumi-
nescence of the pentad is extremely low, sensitization of the
free-base by the zinc component still occurs, as illustrated
by the excitation spectrum registered at 720 nm, which is a
wavelength normally indicative of free-base porphyrin emis-
sion (Figure 8). In this excitation spectrum, there is a clear
contribution to the free-base emission from the zinc por-
phyrin donor band at 550 nm. Its extent is partial as in the
dyad FB-Zn, and may be assigned to the fact that some
conformations in Fb-Zn, do not contribute to energy trans-
fer. In spite of the fact that we could observe some sensiti-
zation of the free-base emission by the zinc porphyrin com-
ponent (see Figure 8), the overall emission of the free-base
porphyrin does not appear to increase in the pentad but
rather to decrease, as shown in Figure 6. At the same time,
we determined a quenching of the zinc porphyrin lumi-
nescence without detecting a corresponding sensitization in
the free-base acceptor. A similar behavior was reported by
Sanders et al. for a pentaporphyrin composed of a free base
tetrapyridylporphyrin core coordinated via four axial bonds
to a cyclic tetra-Zn porphyrin.[*! The authors assigned the
quenching of the luminescence of both components to an
undefined photoinduced electron transfer process. In the
present case, no photoinduced electron transfer can occur
spontaneously since, according to their redox potentials,©
the energy of the highest excited state (2.05 eV, Table 1) is
insufficient to promote an electron transfer between the
components. Therefore, in order to explain this observation,
we have to assume that a remarkable loss of emission from
the zinc porphyrin component, as well as from the free-
base porphyrin unit, must take place through some non-
radiative path.

I/a.u.

Figure 8. Excitation spectrum registered at A.,, = 720 nm (thick
line) and absorption spectrum (dotted line) of FB-Zn, in toluene
solution; for comparative, purposes the excitation spectra of the
models ZnU at A, = 646 nm (thin solid line) and FBS at A, =
720 nm (dashed line) are shown; the spectra are arbitrarily scaled

Some strong interacting conformer could account for the
observed phenomena, namely non-additivity of absorption
and a dramatic decrease in emission quantum yield of the
pentad compared to the dyad as well as a new fast compo-
nent (110 ps) in the quenching of the luminescence. This

Eur. J. Inorg. Chem. 2004, 2557—2569 www.eurjic.org

conformation must be precluded in the dyad, where the
above effects were not observed. For the pentad, a series of
different conformations can be envisaged, some of which
are shown in Scheme 2 (b.) Conformation x (fully extended)
and conformation y (partially bent) resemble the respective
conformations of the dyad and should behave similarly.
However, the conformations resulting from the concomi-
tant bending of two (or more) Zn porphyrins over the free
base component, denoted as z or z/, are unique to the pen-
tad. Other types of conformations unique to the pentad,
denoted as j, with the Zn porphyrins in a parallel arrange-
ment, can be neglected. In fact, it seems unlikely that this
type of conformation could affect the radiative parameters
of the free-base component which is not involved in the
interaction. Therefore, type z conformers are most likely re-
sponsible for the strong interaction observed in the pentad
and this is supported by the data presented in the follow-
ing sections.

A simplified interpretation of the data can be attempted
as follows. The pentad is assumed to take (at least) three
different types of conformations denoted as x, y and :z.
Conformations x and y behave “regularly” i.e. similarly to
the corresponding bent or extended conformations in the
dyad, as confirmed by the similar lifetimes detected in the
luminescence quenching of the Zn porphyrin donor. The
z type conformations may be responsible for the different
behavior of the pentad array compared to the dyad. The
short luminescence lifetime of the zinc porphyrin compo-
nent (110 ps) is assigned to this type of conformation
which, unlike the 240 ps component assigned to an energy
transfer process in conformation y, has to be regarded as a
fast, non-radiative decay of the excited state. In this type of
conformation, an electronic, exciton type interaction also
involving the free-base component, can occur. This induces
a strong perturbation of the individual parameters of the
components resulting in a greatly increased non-radiative
decay. Since it accounts for about half of the excited state
population, as calculated from the luminescence of the
components, its behavior dominates the observed phenom-
ena.

The ensemble Zn—FB—Zn in z, or Zn—Zn—FB—7Zn—Z7n
in z/, typical of the pentad, is therefore deemed responsible
for the new properties, caused by the strong electronic coup-
ling between the components. Deactivation of the excited
ensemble Zn—FB—Zn (or Zn—Zn—FB—Zn—Zn) proceeds
rapidly, by non-radiative pathways, without producing any
sensitization localized at the free-base. The free-base itself,
when selectively excited, displays a decreased emission
quantum yield in the pentad. This indicates that, irrespec-
tive of the excited component, the Zn—FB—Zn ensemble
seems to follow non-radiative decay paths.

Further evidence supporting the importance of a confor-
mation where the free-base porphyrin is somehow shielded
from the exterior is given by the electrochemistryl® and the
triplet excited state lifetime data reported below.

A nanosecond flash photolysis experiment on the pentad
FB-Zn,4 in air free solution allows detection of the porphy-
rin triplet states of the zinc porphyrin donor and of the free-
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base porphyrin acceptor. The lifetime of the triplet state
localized on the zinc porphyrin, FB-3Zn,, decays with a life-
time of 0.5 ps and sensitizes the lower energy triplet lo-
calized on the free-base porphyrin *FB-Zn,, which has a
lifetime of 500 ps, much higher than that measured in the
model FBS and in the dyad FB-Zn which are, under the
same conditions, 200 ps and 160 ps, respectively (Figure 9).
This indicates that the reactive FB-3Zn, excited state of the
pentad is better shielded from trace impurities and oxygen
contained in the solvent than in the models and the dyad,
and supports the assignment of a rather compact structure
which protects the central free-base porphyrin, as in the z
conformations.

AAfa.u.

0.0005  0.0010
time /s

0.0000 0.0015

Figure 9. Normalized decay for absorption of the free-base triplet
excited state in the model, 3FBS (dashed line), in the dyad, 3FB-
Zn (dotted line), and in the pentad, *FB-Zn, (full line)

A similar indication comes from electrochemistry, which
was reported previously.[®! The central free-base porphyrin
behaves as an encapsulated electroactive molecule in penta-
porphyrin FB-Zn,, which is masked from electron transfer
by the experimental conditions employed. The electro-
chemical studies make it clear that, in a flexible molecule
such as pentaporphyrin FB-Zny, a substantial reduction of
the electron transfer rate to the porphyrin core may be
reasonably expected, i.e. the restricted accessibility to this
core is probably assignable to conformational effects rather
than to steric factors alone.

Scheme 3 shows the type of photoinduced processes
which can occur in the arrays for extended (x), singly bent
(y) or multiply bent (z) conformations.

Circular Dichroism Spectroscopy

In order to obtain further insight into the type and
strength of interactions postulated in the different confor-
mational cases, circular dichroism experiments were per-
formed. The models FBS and ZnU display no optical ac-
tivity when excited at the absorption bands of the porphy-
rin, while both FB-Zn and FB-Zn, are optically active. Data
from CD experiments for the dyad and the pentad in the
Soret band region are shown in the upper panel of Fig-
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ure 10 while the lower panel shows the electronic absorption
bands for comparative purposes.
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Figure 10. CD (upper panel) and UV (lower panel) spectra of FB-
Zn (solid line) and FB-Zny4 (dashed line) in toluene solutions

The zero value of the CD signal at the wavelength of the
maximum UV/Vis absorption band, together with the lack
of signal for the separate units composing the pentad, indi-
cates exciton coupling as the origin for the observed CD
spectrum. In the simple case of the dyad, the CD spectrum
arising from the exciton coupling between Zn and FB was
calculated and the results obtained for the Soret band re-
gion are displayed in Figure 11. The molecular geometry
used in the calculations was that obtained from the AMI1
optimization, corresponding to the conformation k& in
Scheme 2 (a). The protocol described by Tinoco ' for exci-
ton coupling in the case of strongly allowed transitions was
implemented by using energies and transition dipole mo-
ments calculated with the ZINDO/S program.[?l

800+

400

f/ a.u.

-4004

-800

340 360 380 400 420

rnm

Figure 11. Calculated CD spectrum for the dyad FB-Zn; the solid
line results from the sum of the exciton splitting of the parallel
(dotted line) and perpendicular (dashed line) components of the
Soret band

The calculations show that the crossed interactions be-
tween the two Soret states of ZnU and FBS give rise to two
exciton bands of opposite sign (represented by the dotted
and dashed curves in Figure 11), with a resulting compo-
nent (solid line) presenting a dissymmetric pattern, the
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negative part being larger and at longer wavelength than
the positive one. The other, smaller component calculated
on the low energy side was not detected experimentally, and
is derived from a direct inclusion of the two transition di-
pole components typical of the Soret band. In fact, usually
just the parallel component of the band is included in the
calculation, as the perpendicular one is partially deleted by
the librational modes, as recently shown for similar com-
pounds."?! While the calculated energy appears, as usual,
shifted to the blue when using the ZINDO/S program, the
pattern and intensity of the signals appear consistent with
experiment and, since the calculated CD spectrum appears
very sensitive to the geometry adopted, these results corrob-
orate the conformational hypotheses presented above.

Complexation

Zinc porphyrins are known to axially bind pyridine or
pyridyl residues with association constants of the order of
10* M~ 1. These constants have been found to increase dra-
matically up to ca. 103 M~! when multiple bonds contribute
to the complex formation (cooperative effect).

We have undertaken these experiments with both monod-
entate and bidentate pyridyl complexing agents in order to
obtain information about the geometry of and the interac-
tions between the zinc porphyrin chromophores. We have
derived the association constants using different methods
and additionally, we have monitored the effect of full com-
plexation on several spectroscopic properties (i.e. lumi-
nescence and CD spectroscopy) with the aim of further
understanding these systems.

Association of a pyridyl residue to Zn porphyrin induces
a red shift, both on the Soret and Q absorption bands, and
on the emission spectrum of the zinc porphyrins. A typical
example is shown in Figure 12 for complexation of ZnU by

| 0.8 .
0.8 | .
<
0.4 431 nm
0.4 00 5.0x10"
[PYR] /M
00— =
420 440 460
(1]
= 0.0 50x10*

PYR]/M

650 700

A/nm

600

Figure 12. Electronic spectra of ZnU in toluene solution upon ti-
tration with increasing amounts of PYR; the upper panel shows
the change of absorbance in the Soret band region and the inset
shows the data points at 431 nm fitted according to Equation (3);
in the lower panel, the change in emission intensity is shown and
the inset shows the data points at 609 nm fitted according to Equa-
tion (3)
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pyridine (PYR). The spectral change, which is proportional
to the concentration of complex, can be treated according
to the equation below, which has been adapted and devel-
oped previously.[4-13]

%%‘E{Kd FX+S, -k, +X+so)2—4xsoT’2}
0

(€)

In this equation, the association constant K,y is 1/Kjy,
Obs is any observed signal intensity (i.e. absorbance or em-
ission intensity), Sy is the concentration of ZnU, or FB-Zn
or FB-Zn, (constant), X is the concentration of the com-
plexing agent (variable), AObs is the maximum variation of
the observed signal intensity under examination. The fitting
of the absorbance data points of the maximum of the Soret
band absorbance of the complexed form, at 431 nm, and
the fitting of the emission intensity at A = 610 nm are given
in the insets of Figure 12.

Binding of the bidentate 1,4-diazabicyclo[2.2.2.]Joctane,
DABCO, to Zn porphyrins to form a 1:2 complex has been
reported to induce a shift in the UV-absorbance of the 1:1
complex by ca. 6 nm, caused by exciton coupling between
the parallel porphyrin units.['#l Therefore, titration of the
pentad with DABCO could give an indication of a simul-
taneous complexation of two porphyrins.['3l As illustrated
in Figure 13, the complexation behavior of FB-Zng by
DABCO is similar to that of ZnU by PYR. A single isosbes-
tic point can be observed, indicating that only the uncom-
plexed and the 1:1 complex are present without any inter-
mediate 2:1 (Zn porphyrin/DABCO) complex formation.
This is indicative of the fact that in FB-Zn, there are no
couples of Zn porphyrins available for a cooperative bind-
ing. Further support for this observation comes from the
comparison of the association constants derived by absorp-

Obs =0bs, +

|1
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4 0.4
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Figure 13. Electronic spectra of FB-Zny in toluene solution upon
titration with increasing amounts of DABCO; change of ab-
sorbance in the Soret band region appears in the upper panel with
the fitting of the data points at 426 nm according to Equation (3)
shown in the inset; change in the emission intensity is reported in
the lower panel with the fitting to data points at 610 nm according
to Equation (3) shown in the inset
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Table 2. Association constants in toluene

PYR DABCO BIPY
Abslal Eml Abslal Em Absla! Eml®!
KE)SS (Mil) KZ)SS (Mil) KaSS (Mil) KaSS (Mil) K’dss (Mil) KE‘SS (Mil)
ZnU 8 X 10° 9 x 103 2 X 10° 4 % 10° 2 X 104 2 X 104
FB-Zn 5% 10* 9 x 104 5% 10* 5% 104 2 X 104 5% 10*
FB-Zn, 2 X 104 3% 10* 1 x 104 1 X 10* 5% 104 2 X 104

[al Determined by spectrophotometric titration. The absorbance signal at A = 431 *+ 1 was fitted to the equation given in the text. [
Determined by spectrofluorimetric titrations upon excitation at the isosbestic of the absorption bands of uncomplexed and complexed
forms, L = 428 = 1. The emission signal at A = 610 nm was fitted to the equation given in the text.

tion and emission methods. Table 2 shows these association
constants determined for ZnU, FB-Zn and FB-Zn, with
PYR, DABCO and 4,4" bipyridine (BIPY), respectively.
The association constants of bidentate DABCO and BIPY
with the dyad and pentad do not appear to differ substan-
tially from the model ZnU. This indicates that the multiple
binding sites of the pentad, compared to the model ZnU
and the dyad FB-Zn are not detected by the bidentate com-
plexing agent and confirms that the Zn porphyrin units in
the pentad are not available for a cooperative binding,
either because they are engaged in some different type of
interaction, or because they cannot approach each other
at an appropriate distance to complex at both ends of the
bidentate units.

As a further experiment to help in the interpretation of
the data, we observed the kind of changes in the emission
and CD spectra brought about by complexation of the dyad
and pentad with mono or bidentate bases. Figure 14 shows
examples of the changes in the emission spectra occurring
upon complexation of BIPY (concentration of complex >
95%) with the model ZnU, the dyad FB-Zn and the pentad
FB-Zn,. The results obtained using PYR and DABCO in
place of BIPY (not reported) are essentially the same. In the
axially bound model ZnU, maxima at 609 nm and 662 nm,
compared to 598 nm and 646 nm in unbound ZnU, appear
and an increased intensity of the first band (ratio 1.36) and
a decrease in the intensity of the second band (ratio 0.7)
with respect to unbound ZnU can be seen. Comparison of
the emission spectra in Figure 14 confirms that the changes
in the emission spectra of the dyad and the pentad can be
ascribed only to the different luminescent properties of the
axially coordinated zinc porphyrin. No other effect due to
changes in the emission properties of the zinc porphyrin in
the arrays can be detected.

An experiment similar to the one described for the emis-
sion experiment, was also carried out for the CD spectra.
CD spectra of the dyad FB-Zn (middle panel) and the pen-
tad FB-Zny4 (bottom panel) before and after complexation
with BIPY (complex concentration > 95%), respectively,
are shown in Figure 15. The spectrum for ZnU, where no
signal was detected since it is not optically active, is given
in the top panel for purposes of comparison. In FB-Zn, the
CD signal was slightly shifted, similarly to the shift occur-
ring in the absorption spectrum of the complexed FB-Zn as
expected for an exciton coupling interaction. This indicates

2566 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 14. Emission spectra of ZnU (top panel), FB-Zn (middle
panel) and FB-Zn, (lower panel) in toluene solutions before (solid
line) and after (dashed line) addition of BIPY (concentration of
the complex > 95%)
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Figure 15. CD spectra of FB-Zn (middle panel) and FB-Zn, (lower
panel) in toluene solutions before (solid line) and after (dashed
line) addition of BIPY (concentration of the complex > 95%); the
top panel shows the signal obtained for the model ZnU for com-
parative purposes
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that the presence of BIPY does not alter the type of interac-
tion in conformer k, which is responsible for the CD signal,
as discussed in the previous section. Conversely, in the pen-
tad FB-Zn, axial binding to the zinc porphyrin unit by
BIPY has a stronger effect on the signal. There was no shift,
but a sizeable decrease of the CD band intensity was ob-
served. The results obtained using DABCO or PYR are es-
sentially the same.

An attempted interpretation of the results presented
above follows. An increase in the luminescence would be
expected if the postulated non-radiative decay responsible
for the decrease in the luminescence yield of the pentad and
for the rapid quenching assigned to non-radiative decay
(110 ps) of the zinc porphyrin luminescence, is caused by a
direct interaction between two zinc porphyrins. In that case,
complexation by a bidentate BIPY should disrupt such an
aggregate and re-establish the luminescence. The absence of
this effect on the luminescence upon BIPY binding con-
firms that configuration j in Scheme 2 cannot be respon-
sible for the detected decrease in luminescence yield.

If the CD spectra are considered, the behavior of FB-Zn
is quite regular — upon complexation there is no disruption
of the interaction responsible for exciton coupling, just a
slight shift, which is in agreement with the change in the
absorption spectrum of the complex form. This probably
indicates that complexation of the Zn porphyrin in confor-
mation k, occurs on the Zn porphyrin face remote from the
free-base unit. In the case of the pentad, the situation is
less straightforward. The complexing bases are unable to
suppress the optical activity but modify it substantially.
Whether this is indicative of the disruption of some exciton
coupling in the pentad or just of a change in the parameters
(distance, angles) caused by BIPY complexation, with a
consequent cancellation of exciton contributions, is difficult
to say. As a consequence, the existence of a conformer with
more than two zinc porphyrins in a bent conformation over
the central free-base, as in z/, can not be excluded. In fact,
in the latter case, complexation of the more internal Zn por-
phyrin would require some displacement or decoupling of
the external Zn-porphyrin.

Conclusions

In conclusion, we have shown that the photoinduced pro-
cesses in an FB-Zn dyad, covalently joined by a flexible nu-
cleosidic linker, can be rationalized on the basis of the exist-
ence of two different conformers accounting, respectively,
for ca. 30% and ca. 70% of the population. The major con-
former is an extended one in which the distance between
chromophores does not allow energy transfer to occur,
while the minor conformer is a bent one where the shorter
distance between chromophores allows energy transfer by a
Forster mechanism with a rate of 3.6 X 10° s~!. This latter
bent isomer is assigned to the detected CD spectrum, which
is deriving from the excitonic coupling of the electric tran-
sition dipole moments of the Soret band.

Eur. J. Inorg. Chem. 2004, 2557—2569 www.eurjic.org

The corresponding pentad FB-Zn, exhibits extremely
complex behavior, which can only be explained by the exist-
ence of three different conformers. The two first identified
conformers, which account for ca. 35% and 15% , respec-
tively, correspond to one approximately extended confor-
mation with a distance between chromophores which in-
hibits energy transfer, and one bent conformation with a
distance that allows energy transfer toward the free-base
porphyrin core to occur. These first two conformers are
similar to those observed for the dyad FB-Zn. However, the
most striking feature in this pentaporphyrin FB-Zny is the
observed overall decrease in the luminescence quantum
yield. This is attributed to the presence of a third con-
former, which is only possible in the pentamer and accounts
for ca. 50% of the population. In this conformer, a very
fast, non-radiative decay of the excited state of the zinc por-
phyrin units (rate of ca. 10'° s7!) is also associated with a
decrease in the radiative rate constant of the central free-
base porphyrin. On the basis of this evidence, a strongly
interacting geometry, where Zn porphyrins are folded over
the central free-base porphyrin, is assigned to this con-
former. CD spectroscopy data, complexation experiments
with mono and bidentate bases, electrochemistry results
and reactivity of the excited states with external quenchers,
all provide further support to the postulated model.

Experimental Section

Synthesis of the Dyad (FB-Zn): p-Tolualdehyde (49 mg, 0.41 mmol,
3 equiv.), the aldehyde ZnU (210 mg, 0.14 mmol, 1 equiv.) and pyr-
role (36 mg, 37 puL, 0.55 mmol, 4 equiv.) were dissolved in chloro-
form, which had been dried with molecular sieves. BF5-OEt, (56 pL
of a 3.2 M solution in chloroform) was then added. The solution
turned red immediately. The reaction mixture was stirred at room
temperature under argon for one and a half hours. p-Chloranil
(100 mg, 0.41 mmol, 3 equiv.) was then added to oxidize the por-
phyrinogen formed during condensation and the mixture was re-
fluxed for one and a half hours. The acidic solution was finally
neutralized by addition of NEt; (25 uL) and the solvent was evapo-
rated. The product was purified by column chromatography over
silica gel (® = 3cm, 74 = 23 cm, eluent: EtOAc/hexane, 50:50 to
60:40). The desired dyad FB-Zn was finally isolated in 10% yield
(28 mg, 0.013 mmol).

FB-Zn: Purple glassy product. 'H NMR (CDCls;, 300 MHz): § =
8.99 (s, 4 H, Hp), 8.96 (d, 3J = 5.1 Hz, 2 H, Hp), 8.94 (d, *J =
5.1Hz, 2 H, Hp), 8.87 (d, 3J = 5.0 Hz, 2 H, Hy), 8.84 (d, 3J =
4.6 Hz, 4 H, Hp), 8.81 (d, 3/ = 4.8Hz, 2 H, Hp), 827 (d, J =
8.3 Hz, 2 H, Hp), 8.10 (d, 3/ = 79Hz, 2 H, H,), 8.09 (d, *J =
1.7Hz, 2 H, H,), 8.08 (d, 2 H, Hp, hidden), 8.06 (d, *J = 1.7 Hz,
4 H, H,), 8.02(d, 4 H, H,, 3*J = 8.0 Hz), 7.99 (d, 3J = 8.0 Hz,
2 H, Hyp), 778 (t, *J = 1.6 Hz, 1 H, H,), 7.75 (t, *J = 1.7Hz, 2
H, H,), 7.55 (d, J = 79 Hz, 2 H, Ha'), 740 (d, °J = 6.1 Hz, 4
H, H,,), 7.28 (d, 3J = 7.8 Hz, 2 H, H,,)), 6.07 (d, 3J = 4.6 Hz, |
H, 1’-H), 5.50 (t, 3J = 5.3 Hz, 1 H, 2'-H), 5.46 (t, 3J = 5.1 Hz, 1
H, 3'-H), 4.51 (m, 3J = 3.3 Hz, 2 H, 5'-H), 4.43 (t, *J = 3.6 Hz, 1
H, 4'-H), 4.37 (t, 3J = 5.7Hz, 2 H, CH,y), 2.99 (t, 3J = 6.7 Hz, 2
H, CH,ga, ), 2.70 (s, 3 H, 7'-CH; ), 2.52 (s, 6 H, 7-CH3), 2.41 (m,
3J = 4.1 and 7.0 Hz, 2 H, CH,p), 2.16 (s, 6 H, CH; 2',3’-OAc),
1.53 (s, 36 H, rBu), 1.48 (s, 18 H, /Bu), —2.79 (s, 2 H, NH) ppm.
MS (FAB*): m/z = 2104.5 [M]", calcd. 2104.9.
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Spectroscopic and Photophysical Determinations: Toluene (spectro-
scopic grade, C. Erba) was used as received. Titration experiments
for the determination of association constants were performed
using a constant concentration of porphyrins and variable concen-
trations of PYR, DABCO and BIPY. Absorption spectra were re-
corded with a Perkin—Elmer Lambda 9 spectrophotometer. Emis-
sion spectra were measured using a Spex Fluorolog II spectrofluori-
meter equipped with a Hamamatsu R928 photomultiplier and are
uncorrected unless stated otherwise. Relative luminescence intensit-
ies were evaluated from the area (on an energy scale) of the lumi-
nescence spectra corrected for the photomultiplier response. Lumi-
nescence quantum yields ¢ for the components were obtained with
reference to a standard zinc(i1) porphyrin [Zn(11){5,10,15,20-tetra-
kis(4-tert-butylphenyl)porphyrin}] in toluene with ¢ = 0.08.4" Cir-
cular dichroism spectra were obtained with a Jasco J-710 dichro-
graph. Experiments at 77 K were done using quartz capillary tubes
immersed in liquid nitrogen contained in a home-made quartz
dewar.

Fluorescence lifetimes in the nanosecond range were determined
using 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, at
532 nm, 1 mJ/pulse and a Streak Camera. The luminescence signals
from 1000 laser shots were averaged and the time profile was meas-
ured from the streak image in a wavelength range of ca. 20 nm
about the selected wavelength. The fitting of the luminescence de-
cays were performed by standard iterative non linear programs tak-
ing into consideration the instrumental response. Further details
on the equipment can be found elsewhere.!'‘]

Transient absorbance in the nanosecond range made use of a laser
flash photolysis apparatus based on a Nd:YAG laser (JK Lasers)
delivering 532 nm pulses of 18 ns. Absorbance of the solutions at
the exciting wavelength was ca 0.2 and an energy of 5 ml/pulse
was used for the determination of the spectra. In order to prevent
undesired second-order T—T annihilation reactions, an energy of
ca. 0.5 mJ/pulse was used for the triplet lifetime determination.
Experiments were conducted in home-made, 10 mm optical path
cuvettes, bubbled with argon for 5 min and sealed.

Computation of the integral overlap and of the rate for the energy
transfer processes according to the Forster mechanism were per-
formed with the use of Matlab 5.2.171 Estimated errors are 10% on
lifetimes, 20% on quantum yields and 30% on association con-
stants. Working temperature, if not otherwise specified, was 295
+2K.

The Hyperchem package !'% was used for both the conformational
calculations (AM1 Hamiltonian) and the excited states properties
calculations (ZNDOY/S) of the free-base porphyrin and zinc porphy-
rin units necessary to perform the exciton coupling calculations.
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