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Abstract: We describe the construction
of self-assembled double-decker por-
phyrin arrays built up from two cova-
lently connected trimeric Zn—porphyrin
units that are joined together by metal-
coordination bonds with diamine li-
gands. We used three different types of
diamine ligands: 1,4-diaza[2.2.2]bi-
cyclooctane (DABCO), 4,4'-bipyridine
(BIPY), and 5,15-bis(4-pyridyl)-10,20-
diphenylporphyrin (DPYP). The li-
gands act as pillars, through two axial

porphyrin units in an almost cofacial
orientation and inducing the formation
of a trigonal prismatic structure. The
spectroscopic and photophysical prop-
erties of the Zn—trisporphyrin compo-
nent were determined as well as those
of the resulting multimolecular cage-
like assemblies. The double-decker as-
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sembly with DPYP as the pillars con-
stitutes a nonameric porphyrin aggre-
gate. Although this assembly is thermo-
dynamically less stable than those con-
taining DABCO or BIPY, efficient
photoinduced energy transfer occurs
(96% yield) from the trisporphyrin
base units to the DPYP side walls. The
rate of the energy-transfer process is in
good agreement with that calculated
for a dipole—dipole (Forster) mecha-
nism corrected for the unfavorable ori-

coordination bonds with the porphyrin-

) I chemistry
ic Zn" ions, to block the planes of the

Introduction

Elaboration of artificial, noncovalent, multiporphyrin assem-
blies is important in relation to the mimicry of the biological
systems employed for photosynthesis by green plants and
purple bacteria. The use of weak forces to assemble com-
plex artificial structures allows, in fact, a closer mimicry of
the light-harvesting complexes and the reaction center in
the natural photosynthetic apparatus in which the photoac-
tive components are positioned by a protein matrix through
a combination of interactions.*?) The noncovalent approach
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entation geometry of the donor and
the axially bound acceptor.

is a promising alternative or integration to covalent synthe-
sis and interesting examples of multiporphyrin arrays have
been reported.! Not all noncovalent artificial multiporphyr-
inic assemblies that appear in the literature are functional,
but they are nevertheless appealing structures due to their
inherent beauty.! From a practical viewpoint, this type of
approach for the production of synthetic structures often
has the inconvenience of a low association tendency and
poor control over the geometry. This is counterbalanced by
the advantage of a simple and fast interchange of compo-
nents within the system, which does not require the tedious
synthesis and difficult purifications of the covalent ap-
proach, and makes noncovalent assembly of structures for
chemical conversion of light energy a rapidly expanding
field."!

An effective and widespread strategy for the assembly of
noncovalent multicomponent systems based on porphyrins
involves axial coordination to the central metal ions of por-
phyrins by suitable ligands. Examples based on Ru'
Co',» Rh™ B sp™ 1 PV and AI™'Y porphyrins can be
found in the literature, but the largest number of reported
cases deals with Zn"-porphyrins.">!¥ Pyridines can weakly
axially bind to Zn"-porphyrins, with association constants
(K,) in the order of 10° to 10*m~!, depending on pK, values
and steric hindrance on the nitrogen. Such association con-
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stants cannot provide, at the spectroscopic concentrations
used in the photophysical studies, equilibrium mixtures with
the assembly as a dominant species. Multiple axial ligations,
and when appropriate, close matching of the dimensions are
required to achieve the high association constants required
for photophysical studies.”® For example, bis(Zn—porphyrin)
systems with tweezerlike structures and bite angles that
match the dimensions of the guest could very effectively
complex (K,~10-10*m™") photoactive bidentate guests.!'>!¥
High thermodynamic stability of the multimolecular assem-
blies has also been obtained with molecules or relatively
rigid oligomers with multiple recognition sites in which addi-
tive properties have reinforced the interaction between part-
ners, which results in relatively stable photoactive arrays.!'”)

Herein, we discuss the formation of thermodynamically
stable porphyrin arrays that closely relate to a molecular
box. The multimolecular architectures studied herein are
roughly trigonal prismatic structures and consist of two co-
valently connected trimeric Zn-porphyrin units that are
joined together by metal-coordination bonds with three
diamine ligands. The bidentate ligands 1,4-diaza-
[2.2.2]bicyclooctane (DABCO), 4,4'-bipyridine (BIPY) and
5,15-bis(4-pyridyl)-10,20-diphenylporphyrin (DPYP) were
used to induce the self-assembly of the molecular box
(Scheme 1). Each diamine ligand acts as a pillar, through
two axial coordination bonds with the porphyrinic Zn" ions,

DABCO BIPY

Scheme 1. Structures of the compounds used.
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to block the planes that contain 1 in an almost parallel ori-
entation. The interaction of 1 with each ligand induces the
formation of a trigonal prismatic structure of different
heights. Assuming a Zn—N bond approximately 2 A in
length, one can anticipate interporphyrin plane distances
(i.e., prism heights) of approximately 20, 11.2, and 6.5 A for
the complexes with DPYP, BIPY, and DABCO respectively.
Whereas DABCO and BIPY are photochemically “inno-
cent”, that is, they do not absorb visible light and will not in-
teract with the excited states of the Zn—porphyrin units,
DPYP can interact and is photochemically active under visi-
ble light absorption. The spectroscopic and photophysical
properties of 1 were determined, as well as those of the re-
sulting multimolecular cagelike assemblies (DABCO);1,,
(BIPY)s1,, and (DPYP);-1,. The DABCO and BIPY assem-
blies contain photochemically inert pillars that could serve
as models for the DPYP assembly, in which a photoinduced
energy-transfer process from 1 (base) to the DPYP pillars
(side walls) was detected and discussed in the context of
current theories.

Results and Discussion

Self-assembly: The self-assembly of 1 induced by coordina-
tion with DABCO has been previously studied in chloro-
form and the stability of the 3:2
double-decker molecular cage
formed was determined by
using a combination of UV-visi-
ble absorption and 'H NMR
spectroscopic titrations.'! To
study the spectroscopic and
photophysical properties of the
3:2 complexes of 1 with
DABCO, BIPY, and DPYP, the
stability of the corresponding
assemblies were evaluated in
toluene.

The initial addition of
DABCO to a solution of 1 in
toluene (porphyrin concentra-
tion ~107°m) leads to a shift of
the Soret band from 426 to
429 nm (Figure S1 in the Sup-
porting Information). This red-
shift of the Soret band by 3 nm
is characteristic of a 1:2
DABCO-1 sandwich geometry.
The two porphyrin units bound
to DABCO are in an almost co-
facial arrangement and experi-
ence exciton coupling interac-
tion, as shown by the 4nm
blueshift of the corresponding
Soret band compared with the
same band observed for a

Zn-TPPP
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simple Zn-porphyrin axially coordinated to DABCO
(433 nm)."” On addition of more DABCO the intensity of
the band at 429 nm decreases and a new band appears at
434 nm. As observed for reference compound Zn-TPPP
(TPPP =tetra-p-pentylphenylporphyrin), a shift of the Soret
absorption band by 8 to 10 nm is typical for the formation
of a simple 1:1 DABCO-1 axial complex. The titration pro-
file is similar to that observed in chloroform, although the
shifts in the maximum of the Soret band corresponding to
the three species (1, the 3:2 complex, and the 3:1 complex)
are smaller (the maximum of the Soret band for the three
colored species in chloroform appears at 423, 429, and
431 nm, respectively). Another notable difference is the ab-
sence of clear isosbestic points when the titration of 1 with
DABCO is carried out in toluene instead of chloroform.
This observation indicates that the 3:2 assembly starts to dis-
sociate at a DABCO concentration very close to that re-
quired for its quantitative formation. Contrary to the obser-
vations made in chloroform for the same 3:2 assembly of
DABCO and 1, the cage assembled in toluene is less stable
in the presence of excess DABCO.

The titration data obtained in toluene for the interaction
of 1 with DABCO were analyzed with regards to the three
colored species 1, the 3:2 assembly, and the 3:1 open com-
plex."® Figure 1 shows the formation of these species and

(DABCO), 1,

(DABCO),1

Figure 1. Schematic representation of the species involved in the equili-
bria for the coordination of DABCO with 1. The overall equilibrium con-
stants K, K3, and K3, .3, are also indicated.

the calculated stability constants of the complexes were
K3 =8x10"M~% and K;,=2.5x10*m~*."1 Using these stabil-
ity constant values and the program SPECFIT,'! we simu-
lated the speciation profile of 1 (porphyrin concentration
~107%m; Figure 2) with DABCO assuming that 1 is involved
exclusively in 1, (DABCO);-1,, and (DABCO);-1. The speci-
ation profiles are very useful to visualize the relative stabili-
ty of the different multimolecular complexes formed during
a self-assembly process. The stability range for each species
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Figure 2. Simulated speciation profile for the titration of 1 with DABCO
in toluene ([1]=1x10"m) for 1 (---+), (DABCO)s1, (—), and
(DABCO);1 (—).

is highly dependent on the concentration at which the as-
sembly process is carried out. We have already mentioned
that the values of the stability constants for the 3:2 cage
complex and the 3:1 open complex for the DABCO-1
system in toluene are slightly smaller than those measured
in chloroform.™ The speciation profile shown in Figure 2
indicates that the cage complex, (DABCO)s1,, is almost
fully assembled in toluene and the concentrations of the
other two possible species (1 and the open 3:1 complex) are
negligible at a concentration of 1x107°m for 1 and 3x 107> M
for DABCO. These concentration values were selected to
carry out the photophysical and spectroscopic measure-
ments. Note that higher DABCO concentrations do not in-
crease the concentration of the 2:3 assembly, but instead
they favor the destruction of the cage.

The self-assembly of 1 into a molecular cage induced by
coordination with BIPY was also probed by using UV-visi-
ble absorption spectroscopy at micromolar concentrations of
1 (Figure 3). The addition of incremental amounts of BIPY
induces the disappearance of the initial Soret band at
426 nm, which corresponds to 1, and the appearance of a

1.6+
A 1.24
0.84

0.4

0.0 T T T =5
1410 420 430 440 450
A /nm

Figure 3. Selected absorption spectra during the course of the titration of
1 with BIPY in toluene ([1]=1x10"m). Spectra were recorded for differ-
ent amounts of BIPY: 0 (—), 2.1 (-----), 20 (se+++), 803 (----), and
20448 equiv (——).
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new band at 430 nm. We assign this 4 nm shift to the forma-
tion of the 3:2 BIPY-1 sandwich complex in which the two
porphyrin subunits still experience a weak exciton cou-
pling.'! On addition of more BIPY, the intensity of the
band centered at 430 nm diminishes and a new absorption
band appears at 433 nm. We assigned this band to the open
(BIPY);:1 complex. Again, we did not observe clean iso-
sbestic points during this titration, which is a clear indication
that the formation and destruction of the cage occurs in a
very similar BIPY concentration range.

The stability constants of the two multimolecular com-
plexes (BIPY);-1, and (BIPY);1 were calculated as de-
scribed for DABCO, and the values obtained were Kj; =
47x10"M> and K;=3.2x10"'m* (Table 1). The corre-

Table 1. Calculated stability constants (K) in toluene for the self-assem-
bled 3:2 cages and the 3:1 open complexes of 1 with DABCO, BIPY,
DPYP, and MPYP. The corresponding microscopic binding constant for
the N--Zn interaction is determined for each system. K, values are also
reported.

Pillars Ks M7 Ky [M7] Ky v

DABCO 2.5%10% 8x 10" 4.6x10%
BIPY 32x10% 4.7x10" 3.9x10%
DPYP 2.8x10" 2.5%10"0I 3.1x10%!
MPYP 2.7x10"0 3.1x10%

[a] Estimated from K,,= (K3/8)"". [b] Estimated by using the relationship
K3 =8K,>. [c] Assumed to be equal to that for MPYP. [d] Estimated by
using the relationship K3, =K.’ [¢] Calculated from "H NMR spectrosco-
py titrations (see text for details).

sponding simulated speciation profile was also obtained by
using SPECFIT software (Figure 4). The photophysical stud-
ies were performed at concentrations of 1x107°m for 1 and

104 ™

[Species] / 10" m

0 T T T -\-_l M T T T T 1
-6 -5 4 -3 2 -1

Log [BIPY]
Figure 4. Simulated speciation profile of the titration of 1 with BIPY in

toluene ([1]=1x10"°m) for 1 (-+-+), (BIPY);1, (—), and (BIPY)s1
(—)

1x10*m for BIPY to produce the cage as the almost exclu-
sive component of the mixture (see Photophysical properties
section).

The experimental study for the calculation of the stability
constants of the (DPYP);-1, molecular cage is more complex

Chem. Eur. J. 2008, 14, 42144224
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than for the two previous guests. The minimized structure of
this complex is shown in Figure 5. The guest DPYP absorbs
in the UV-visible range used to probe the binding process

Figure 5. Side (left) and top (right) view of the minimized structure of
the trigonal prismatic molecular box formed by coordination of three
DPYP components as the pillars and two units of 1 as the bases. DPYP
is shown as a CPK representation and 1 is a van der Waals surface
model.

with 1. In general, it is quite complicated to fit the data of
an absorption titration that contains two or more colored
species with very similar absorption bands when one of the
colored species is found in great excess with respect to the
other. This will be the case if we perform a typical titration
of 1 with DPYP. To try to overcome this limitation we de-
cided to do the following experiments: First, the optical ab-
sorption titration was performed with a constant concentra-
tion of 1=3x10">m, which is thirty-fold more concentrated
than that typically used for the titrations of 1 with other pyr-
idine derivatives. Second, instead of adding a great excess of
DPYP, the titration was stopped when only four equivalents
were present in solution. The quantitative assembly of the
3:2 aggregate requires the addition of less equivalents of
DPYP when the titration is carried out at higher concentra-
tions of 1. Moreover, the addition of only four equivalents
of DPYP ensures that only the first phase of the binding
process, the formation of the 3:2 cage, takes place. The con-
centration of the open 1:3 complex is negligible over the
range of DPYP concentrations used for this titration (see
below).

Figure 6 shows the Q band region for the titration of 1
with DPYP. The initial addition of DPYP produces a de-
crease and a small shift in the band centered at 550 nm. The
appearance of a shoulder on this band becomes evident on
addition of successive amounts of DPYP. The shoulder at
555 nm and the band centered at 515 nm are assigned to the
Q bands of DPYP. The titration data were fitted by using
SPECFIT software to a binding model that contained only
1, the 3:2 complex, and DPYP. During the fitting procedure,
the absorption spectra of 1 and DPYP were fixed and only
the stability constant of the 3:2 complex and its absorption
spectrum were used as fitting variables. We obtained a good
fit of the titration data to the binding model to give a stabili-
ty constant of 2.8x10"M~* for the 3:2 complex and a rea-
sonable prediction of its optical absorption spectrum (see
Figure S2 in the Supporting Information).

www.chemeurj.org — 4217


www.chemeurj.org

CHEMISTRY—

L. Flamigni, P. Ballester et al.

A EUROPEAN JOURNAL

0.34
T (550 nm)
0.24 T(SSS nm)

0.1+

0.0

500 550 600

Alnm
Figure 6. Selected absorption spectra for the titration of trisporphyrin 1
with DPYP in toluene ([1]=3x10"°m). Spectra were recorded for differ-

ent amounts of DPYP: 0, 0.2, 0.4, 0.5, 0.8, 1.1, 1.4, 1.6, 1.8, 2.1, 2.4, 2.7,
3.0, 3.4, 3.8, 4.1 equiv.

In a completely separate experiment, we titrated 1 with
MPYP (Scheme 1) and used 'H NMR spectroscopy to deter-
mine the microscopic binding for the interaction of 1 with
the monodentate ligand. The fit of the titration data to a
simple 1:1 binding model taking into account that the con-
centration of Zn—porphyrin units in solution is three times
that of 1 afforded a K,, value of 3.1x10°m~'. Using this
value, we can estimate the stability constant for the open
complex (DPYP);-1 from the equation K;;=8 K, to give
K3 =2.5x10"m7? (Table 1).

Figure 7 shows the simulated speciation profile for the ti-
tration of 1 with DPYP, which we previously performed at

4-

[Species] / 10° m
s

[DPYP] / 10° m

Figure 7. Simulated speciation profile of 1 with DPYP in toluene ([1]=
3x107m) for 1 (-----), DPYP (—), (DPYP);-1, (—), and (DPYP);-1

[1]=3x10""M. The simulated data consider the possible ex-
istence of three stoichiometric states of 1: free 1, the 3:2
cage complex, and the 3:1 open complex. For the simulation
we used the stability constant values determined above for
the two assemblies. It can be readily observed that in the
DPYP concentration range used, which coincides with the
experimental absorption titration described above, the con-
centration of the 3:1 complex is negligible.

4218 — www.chemeurj.org
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Using the binding model described above and the values
determined for the stability constant, we performed several
simulations of the speciation profiles at different concentra-
tions of 1 with the goal of finding out the best concentration
and stoichiometric ratio to perform the photophysical stud-
ies. We wanted to achieve a solution mixture that contained
the minimum number of colored species in which the 3:2
cage complex should be present at as high a concentration
as possible without necessarily being the major species in so-
lution.

We found that using a concentration of 1=3x10"m
(Figure 7), the same as that used in the absorption titration,
we obtained the best scenario. The cage complex,
(DPYP);1,, coexists with 1, whereas the concentration of
the open complex, (DPYP);-1, is negligible. Looking at the
simulated speciation profile at this concentration of 1 it can
be readily concluded that both concentrations of these two
species, the cage complex and 1, are 1x107>M when the con-
centration of DPYP present in solution is 6.3x 107> M. Con-
sequently, we selected these conditions to perform the
photophysical study of the 3:2 cage complex.

Photophysical properties

Zn-TPPP and I: The absorption spectrum of 1 is in good
agreement with the simple superposition of the absorption
spectrum of the model compound Zn-TPPP when multi-
plied by a factor of three (see Figure 8). Only a slight red-

500 600
Alnm

Figure 8. Absorption spectra of 1 (—) and Zn-TPPP (—) in toluene.
The absorption of Zn—-TPPP multiplied by a factor of three is also shown

shift (2 nm) and approximately a 10 % decrease in the molar
absorption coefficient of the Soret band of 1 relative to the
sum of the spectra of the component monomers (Figure 8)
can be detected, which indicates that there is essentially no
electronic coupling between the individual Zn-porphyrin
units in 1.

The luminescence properties of 1 and Zn-TPPP are col-
lected in Table 2; at room temperature almost identical pa-
rameters are detected for both. An emission quantum yield
(@) of 0.050, independent of the excitation wavelength, and

Chem. Eur. J. 2008, 14, 42144224
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Table 2. Luminescence properties and energy levels of the excited states of 1 and Zn—-TPPP in toluene.
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the complex with BIPY, no dif-

295K 77K ference was observed in the Q
State Aumax [nM] Dyl 7! [ns] Aumax (0] 7" [ns] EeV]  bands, which in both cases dis-
Zn-TPPP 'Zn-TPPP 596, 645 0.048 1.9 598, 653 24 2.07 play a shift of 12 nm with re-
*Zn-TPPP 778 1.59 spect to 1.
1 "1 596, 645 0.051 1.9 606, 661 22 2.04 :
i 793 156 The luminescence spectra of

[a] Fluorescence quantum yields with tetraphenyl porphyrin (TPP) as the standard in aerated toluene (@;=

(DABCO)s-1, and (BIPY)sl,
have maxima at the same wave-

0.11). Excitation at 560 nm. [b] Excitation at 560 nm. [c] Derived from the emission maxima at 77 K.

Table 3. Luminescence properties and energy levels of the excited states of (DABCO);1,, (BIPY);l,,

(DPYP)s-1,, and DPYP in toluene.

lengths (Table 3) and display a
bathochromic shift of 13 nm
with respect to the spectrum of
1, in agreement with previous

295 K
State Amax [nm] (Dﬂ[a] 70l [ns]

71K reports and with the shift de-

(DABCO);1, (DABCO):'1 609,660  0.051 15

(BIPY)s1, (BIPY)s'1 609, 661 0.051 15
(BIPY);*1

DPYP 'DPYP 647,712 0.094°1 9 ple]

(DPYP);:1,  (DPYP);'l, ca. 606 0.070141; 1,9ld<]

(DPYP),('DPYP)-1, ca. 650,713 0.056!1 —; 7.0l

ca. 650, 704, 713 12.1 1.91

Ainax [0} ©ns] EY[eV]  tected in the absorption of the
642, 701 24 193 low energy Q bands."**! The
g(l)g’ 676 24 igg fluorescence quantum yield of
639, 698, 709 143 194 the two cages is alm(?st '1dent1cal
ca. 620 - 2.00 to that of 1. The emission spec-

tra of optically matched solu-

[a] Fluorescence quantum yields with TPP as the standard in aerated toluene (®@;=0.11). [b] Excitation at
514 nm. [c] Excitation at 660 nm. [d] Excitation at 532 nm. [e] Excitation at 560 nm. [f] Derived from the emis-

sion maxima at 77 K.

a lifetime (7) of 1.9 ns was measured for both compounds.
At 77 K in a rigid glass matrix, the fluorescence maxima of
1 shifts to slightly lower energies (606 nm) with respect to
Zn-TPPP (598 nm) and the same behavior was observed for
the phosphorescence, which is at 778 nm in Zn-TPPP and at
793 nm in 1. This slight bathochromic shift accounts for a
stabilization of approximately 0.03 eV for the singlet and
triplet excited states compared with the model.

Cages with DABCO and BIPY: The self-assembled cages in-
duced by the photochemically inert bidentate ligands
DABCO and BIPY have been characterized in toluene.
Concentrations of 1x107°wm for 1 and 3x10~°m for DABCO
were used to form (DABCO);-1,, and concentrations of 1 x
10~°m for 1 and 1x10~*m for BIPY were used for the cage
(BIPY)51, (indicated with arrows in Figures 2 and 4). These
conditions ensured that the cages were formed as the major
species and excluded the presence of 1 or the open com-
plexes in the systems examined. Note that DABCO has no
absorption in the range available for the UV-visible determi-
nations, whereas the contribution of BIPY to the spectrum
of (BIPY)s1, appears as a tail on a band extending below
300 nm, so these guests cannot actively participate in the
photophysics of the ensemble after excitation with visible
light. On the other hand, they cannot act as energy accept-
ors or electron acceptors, therefore, these complexes are
ideal references to display only the effect of complexation
on the spectroscopic and photophysical properties of 1.

A comparison of the spectra of the complexes with the
absorption spectrum of 1 multiplied by a factor of two, (see
Figure S3 in the Supporting Information) shows that where-
as the maximum of the Soret band moves from 426 nm in 1
to 429 nm in the complex with DABCO and to 430 nm in

Chem. Eur. J. 2008, 14, 4214 —-4224

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tions of Zn-TPPP, 1,
(DABCO)s1,, and (BIPY),1,
upon excitation at 560 nm are
shown in Figure 9. The lifetime

//a.u.

S
750

Figure 9. Uncorrected emission spectra of optically matched solutions of
Zn-TPPP (—), 1 (—), (DABCO);-1, (0), and (BIPY);1, (-----) in tol-
uene at room temperature for excitation at 560 nm. The inset shows the
luminescence data in toluene glass at 77 K.

of both of the cages at room temperature is 1.5 ns, which is
approximately 20% shorter than the lifetime of Zn-TPPP
(1.9 ns) and in agreement with other reports of Zn—porphy-
rin complexes with pyridyl residues,'*?? whereas at 77 K
the lifetime is essentially the same within experimental
error. The fluorescence band of (DABCO);-1, at 77 K is sig-
nificantly shifted to lower energies with respect to 1 (ca.
900 cm™") and displays a peculiar spectrum with a shoulder
at around 620 nm (Figure 9, inset), which could be explained
either by release of 1 from the cage or by a change in the
self-assembly mode. The remarkable bathochromic shift in
the fluorescence maximum in the glass, could be either due
to high stabilization of the excited state of complexed 1 in
the rigid media, or to destabilization of the ground-state

— 4219
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energy level, but there are no clues to assess this point. A
weak phosphorescence at 809nm is detected from
(BIPY)51,, whereas no phosphorescence from (DABCO);-1,
can be monitored. It is very likely that a triplet-state stabili-
zation in the complex, similar to that detected for the singlet
excited state, would shift the phosphorescence emission to
even longer wavelengths. This would increase the nonradia-
tive decay paths that result in essentially no phosphores-
cence from the (DABCO);-1, cage.

Cages with DPYP: The stability constant for the assembly
of 1 and DPYP is lower than those for the assembly be-
tween 1 and DABCO or BIPY, and at spectroscopic concen-
trations (DPYP);-1, is present in solution with both 1 and
free-base guest DPYP; all strongly absorbing in the spectral
region of interest. This fact has to be taken into account in
the following discussion.

The assembly of the cage with the photoactive guest
DPYP introduces, in addition to the changes in the spectro-
scopic properties of 1 induced by complexation, alterations
in the luminescence properties of both host and guest due to
photoinduced processes that can take place within the part-
ners. As far as the former changes are concerned, they will
resemble those already reported and discussed above for the
assemblies with DABCO and BIPY, therefore, the
(BIPY)5-1, complex will be used as a reference model in this
aspect owing to the closer similarity between the dimensions
of BIPY and DPYP. The spectroscopic properties of free-
base DPYP within the assembly, as shown for previous sys-
tems, should only be slightly affected.**]

The absorption spectrum of DPYP (Figure S4 in the Sup-
porting Information) and the luminescence properties listed
in Table 3 are in accordance with previously reported data
for trans-dipyridyl free-base porphyrins.'>**! It has a lumi-
nescence quantum yield slightly lower than the correspond-
ing tetraphenyl porphyrin (TPP) and a lifetime of 9.2 ns,
which increases to 14.3 ns in toluene glass at 77 K.

The cage complex, (DPYP);1,, is formed following the
results of the simulated speciation profile by using concen-
trations of 3x 107> M for 1 and 6.3 x10~>M for DPYP, as indi-
cated by an arrow on the graph in Figure 7. Under these
conditions 1 and (DPYP),-1, are at the same concentration
(107°m) and the concentration of DPYP is 3.3x10°m. The
amount of open 3:1 complex under these conditions is negli-
gible and can be ignored in the spectroscopic analysis of the
system. The absorption of the mixture over a 5 mm optical
path in the Q band region of the solution is shown in
Figure 10. The spectrum contains the contribution of 1 and
DPYP involved in (DPYP);1, together with the contribu-
tions of 1 and DPYP. Figure 10 also shows the absorbance
of DPYP (3.3x107°m) and 1 (1075m), according to the con-
centrations of the simulation shown in Figure 7. By subtract-
ing the spectra for DPYP and 1 from the total absorbance,
the absorption spectrum of (DPYP);-1, can be derived. This
is shown in Figure 11 and compared with the absorbance of
the other components present in the mixture at the pertinent
concentrations, namely 1 (10~°m) and DPYP (3.3x 107> m).
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Figure 10. Total absorbance of solutions of 1 (3x10~°m) and DPYP (6.3 x
10~°m) in toluene (—) and the components 1 (107 m; ----- ) and DPYP
(3.3x107°m; —). Optical path=>5 mm.

0.54
0.4

0.3

0.2

0.1

\ o
/ \
// \\ /I N \\ N\
] . /_~_,\ AR \//
0.0 Lo="" : 7 \A
500 600
Alnm

Figure 11. Absorption spectrum of (DPYP)s1, 10°M (—) in toluene.
The absorption of 1 (-----) and of DPYP (——) present in the mixture is
also reported. Optical path 5 mm.

Important information on which component is excited at
a selected wavelength can be derived from Figure 11. At
wavelengths greater than 650 nm it is possible to selectively
excite DPYP, whereas at =570 nm the absorbing species is
essentially 1 within (DPYP);-1,, which has a spectrum differ-
ent from that of 1. Selective excitation of the free-base guest
DPYP at 660 nm leads to the detection of a decrease of ap-
proximately 20 % in the emission intensity of the band cen-
tered at 713 nm, which is unique to the DPYP emission. If
one takes into account that about half of DPYP is part of
the complex, this means a decrease of approximately 40 %
in the emission yield of this chromophore when it is within
the complex. This is somehow in contrast with previous
studies that report essentially no change in the spectroscopic
and photophysical properties of the free-base porphyrin
when it is in a double axial coordination through pyridyl res-
idues to Zn"—porphyrins.***! The decrease is likely to be a
result of perturbation of the radiative parameters of DPYP
caused by the vicinity of the other DPYP units within the
complex or by interaction with 1.

Excitation of the mixture at 570 nm, a wavelength at
which most of the light (ca. 80 %, see Figures 10 and 11) is
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Figure 12. Luminescence of a solution of 1 (3x107°m) and DPYP (6.3 x
107°m) in toluene (——), excited at 570 nm. The emission from the Zn-
porphyrin component, obtained by addition of the emission from solu-
tions of models (BIPY);-1, 10~ M and 1 10> M (-----), and the emission of
DPYP 6.3x10°m toluene solutions (—) upon excitation at 570 nm are
also reported.

absorbed by the Zn-trisporphyrin unit in the complex leads
to the emission spectrum shown in Figure 12. Figure 12 also
shows the luminescence spectra from the Zn-porphyrin
component (obtained by adding the emission from the
model complex (BIPY),-1, at 107> M and the emission from 1
at 107°M) and the luminescence from the free-base compo-
nent DPYP at 6.3x107°m. The results can be interpreted as
follows: the luminescence of 1 (4,,,, around 600-620 nm) is
clearly quenched compared with the emission from the
model compounds since this band is considerably reduced.
Considering that excitation at 570 nm leads to the excitation
of a small percentage of freely dispersed 1 (ca. 15%; see
Figure 11) the residual emission observed at around 600 nm
can be attributed to it, which indicates that the emission of
1 involved in the cage is completely quenched. On the con-
trary, the band at 713 nm, typical of the DPYP emission, is
enhanced with respect to the model free-base. This indicates
that the luminescence of DPYP is sensitized upon energy
transfer from the Zn-porphyrin component and this, given
the short lifetime of the Zn—porphyrin excited state, can
only occur within the complex.

Time-resolved experiments on a nanosecond timescale
performed on the same solution (1 (3x107°m) and DPYP
(6.3x107°m)) indicated a lifetime of 1.9 ns for the emission
at 600 nm and a biexponential decay, with lifetimes of 7.0
and 9.2 ns, for the emission centered at 713 nm. The first
lifetime is coincident with that of 1 and can be clearly as-
signed to uncomplexed 1 (10°m) present in the solution. As
the band at 713 nm arises from the emission of both the
complexed and freely dispersed DPYP, the two observed
lifetimes can be ascribed to the two forms, which reveals
that complexed DPYP has a lifetime (7 ns) that is reduced
compared with that of the model (9.2 ns) in agreement with
the decrease of the luminescence quantum yield discussed
above. Increase of the time resolution to the picosecond
range with excitation at 532 nm indicates the existence of a
fast process with a decay centered at around 600 nm and a

Chem. Eur. J. 2008, 14, 4214 —-4224

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

610nm 7, =70 ps

//a.u.

700

Alnm

Figure 13. Time-resolved spectra 30 (o) and 300 ps (e) after the pulse of
a solution of 1 (3x107°m) and DPYP (6.3x10°m) in toluene. The inset
shows the time evolution at two selected wavelengths. Excitation at
532 nm, 2 mJ per pulse.

rise around 720 nm. Figure 13 shows the time-resolved spec-
tra 30 ps after the pulse (0) and after a delay of approxi-
mately 300 ps (@) and provides evidence for the evolution
of the spectrum during this time interval. The profile of the
decay at around 600 nm, typical of the Zn—porphyrin emis-
sion, has a biexponential evolution that can be fitted with
lifetimes of 70 ps and 1.9ns in a ratio of 1:1 (Figure 13,
inset). The 70 ps decay is ascribed to the quenching reaction
of 1 within the complex, whereas the longer lifetime is the
contribution of 1 dispersed in solution. A small rise with a
time compatible with a lifetime of 70 ps can be detected at
720 nm, the wavelength at which the DPYP acceptor emits,
but a precise fitting is made difficult by the very small com-
ponent with a rising signal. Most of the excited population
of DPYP is in fact directly formed upon excitation at
532 nm (see Figure 11), which makes the rise a small frac-
tion of the total DPYP singlet excited state.

Photoinduced processes in the complex: The energy-level di-
agram for the photoactive system (DPYP);1, is shown in
Figure 14. The energy levels of the lowest singlet excited
states involved in the process are derived from the lumines-
cence maxima detected at 77 K (Tables 2 and 3). The energy
level of the singlet excited state of the DPYP that is part of
the cage appears to be slightly bathochromically shifted with
respect to the model DPYP (although the overlap with the
emission from the Zn—porphyrin component makes its pre-
cise determination difficult), that is, at 1.91 eV rather than
at 1.94 eV as in the DPYP. The energy level of the singlet
excited state of 1 in the cage is taken from the data for
(BIPY)51,, which is the reference model for complexed 1,
that is, at 2.0 eV. Therefore, there is a driving force for the
energy-transfer reaction from the Zn—porphyrin component
to the free-base porphyrin component within (DPYP);-1,;
the estimated AG® for the reaction is —0.09 eV. The experi-
mental energy-transfer rate, defined as k., =1/t—1/t), in
which 7 and 7, are the lifetimes of the quenched donor unit
(i.e., 1 involved in the cage) and the lifetime of the un-
quenched unit (i.e., the lifetime of the reference model
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Figure 14. Energy-level diagram for photoinduced energy transfer in
(DPYP);-1,.

(BIPY),1,), respectively, is 1.4x10'°s™!. The efficiency of
energy transfer, calculated from @, =k, /(k.,+7,'), is very
high, in the order of 96 %.

We will discuss the energy-transfer experimental rate in
terms of the Forster theory, which interprets the process as
a dipole-dipole interaction. In general, this is the mecha-
nism that operates when strongly emitting donors and
strongly absorbing acceptors (porphyrins) are involved.
Within this theory it is possible to calculate, on the basis of
geometric, spectroscopic, and photophysical data, the rate
constant of the process, k\ , by means of Equation (1):*

en’

L 8.8 x4 10*25;c2<Z>JF ()
en n TOdDA6

@ is the emission quantum yield (0.051) and 7, is the life-
time (1.5 ns) of donor 1 in the model complex (BIPY)s1,,
dpa is the donor—acceptor center-to-center distance (ca.
10 A), n is the refractive index of toluene, and J* is the over-
lap integral calculated from the luminescence spectrum of
the donor, F(7), and the absorption spectrum of the accept-
or, &(7) and has a value of 1.56x 10" cm*m ' derived from
Equation (2):

(2)

x? in Equation (1) is the orientation factor and takes into ac-
count the relative orientation of the transition dipole mo-
ments of the donor and the acceptor. Whereas the value of
the orientation factor is statistical (i.e., %;) in reacting part-
ners that freely diffuse in solution because they are random-
ly approaching, the value for x* can be quite different when
the two partners are blocked in rigid positions with respect
to each other. In this case «? can be calculated from Equa-
tion (3):1*¥

x? = (sinfp sinf, cosg—2 cosOp cosh, )? (3)
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in which 6, and 6, are the angles formed between the line
connecting the donor and acceptor centers and the transi-
tion moments of the donor and acceptor, respectively, and ¢
is the angle between the projections of the transition mo-
ments on a plane perpendicular to the line connecting the
centers of the donor and acceptor. The transition dipole of
the Zn—porphyrin donor is degenerate on the plane of the
tetrapyrrolic ring and the transition dipole of the free-base
porphyrin guest is oriented along the direction of the pyrrol-
ic nitrogen atoms.'*! In the presence of axial coordination,
the planes containing the donor and acceptor porphyrins are
perpendicular, 6, is 90°, and 6, is 45°, whereas ¢ varies be-
tween 0 and 360°. Under these conditions the average &’
value is in the order of 0.2. By introducing this value, to-
gether with the pertinent parameters, into Equation (2), a
rate constant of k,,=1.9x10' is calculated. This result can
be considered in good agreement with the experimental
result of 1.4x 10" s7" if one takes into account the limits and
simplifications of this theory in describing closely spaced
large chromophores, as in the present case. These findings
confirm that, as in many other porphyrin noncovalent as-
semblies, energy transfer by the Forster mechanism is the
most common mechanism. Whereas for covalently connect-
ed porphyrin arrays, when the connecting bridge is made of
highly delocalized units (polyphenylethyne, oligo-phenylene-
vinylenes, etc.), the contribution to energy transfer by an
electron-exchange (Dexter) mechanism®! mediated by a su-
perexchange®”! process has been reported,” this is almost
never the case for self-assembled porphyrin arrays.'”! It is
likely that close packing of the partners, and the nature of
the weak interaction connecting them, favors the dipole-
dipole interaction over the exchange interaction.

Conclusion

We have shown that at micromolar concentrations the coor-
dination of 1 with a series of bidentate amines (DABCO,
BIPY, and DPYP) induces the self-assembly of the compo-
nents into a trigonal prismatic cage with the general formula
(diamine);1,. Using optical absorption and '"H NMR spec-
troscopy titrations, we have calculated the stability constants
of the three cage assemblies. The molecular cages are de-
stroyed in the presence of excess diamine to yield simple
(diamine);-1 open complexes. The double decker assembly
with DPYP as the pillars is the less thermodynamically
stable aggregate. The trigonal prismatic boxes prepared with
photoactive 1 have been characterized from the spectroscop-
ic and photophysical viewpoint. The assembly of the molec-
ular subunits into cagelike aggregates induces spectral and
photophysical changes in 1 when photochemically inert
BIPY and DABCO are used as the pillars. However, when
DPYP is used as the pillars of the molecular box, efficient
photoinduced energy transfer (96 %) occurs from the bases
to the side walls. The rate of the energy-transfer process is
in good agreement with that calculated by a dipole—dipole
(Forster) mechanism after a correction for the orientation
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factor that takes into account the unfavorable geometry of
the donor—acceptor axial bond is introduced.

Experimental Section

The syntheses of Zn-TPPP?! and 1'° have been previously reported.
DPYP and MPYP were prepared and purified as described in the litera-
ture.!

"H NMR spectra were recorded by using a Bruker Avance 500 Ultra-
shield NMR spectrometer. UV/Vis absorption spectra were measured by
using a Shimadzu UV-2401PC spectrophotometer with 10 mm optical
path cells except in the spectrophotometric titration of 1 with DPYP in
which 1 mm optical path cells were employed. All solvents were of
HPLC grade quality, obtained commercially, and used without further
purification. The spectrophotometric titrations were carried out by run-
ning a spectrum of a solution of 1 in toluene at a concentration of
around 10~°m and adding incremental aliquots of the guest solution. Sev-
eral guest solutions with different concentrations were used and after
each addition a new UV/Vis spectrum was measured. Dilution of the
host was avoided by preparing the guest solutions with the host solution
in toluene as the solvent. The data obtained from the UV/Vis spectro-
photometric titrations were analyzed by fitting the whole series of spectra
at 1 nm interval by using the SPECFIT software,!'™ which uses a global
system with expanded factor analysis and Marquardt least-squares mini-
mization to obtain globally optimized parameters.

"HNMR spectroscopy titrations were carried out by recording a spec-
trum of the MPYP solution in deuterated toluene at a concentration of
10~*m and adding incremental aliquots of solution of 1 at a concentration
of around 10 m. A new '"H NMR spectrum was acquired after each addi-
tion. The solution of 1 was prepared by using the solution of MPYP in
toluene as the solvent to avoid dilution.

The solvent used for photophysical determinations was spectroscopic
grade toluene (C. Erba). DABCO (Aldrich) and BIPY (Merck) were
used as received. Absorption spectra were recorded by using a Perkin—
Elmer Lambda 9 spectrophotometer and emission spectra, uncorrected
unless otherwise specified, were detected by using a Spex Fluorolog II
spectrofluorimeter equipped with a Hamamatsu R928 photomultiplier.
Luminescence quantum yields were evaluated from the area of the lumi-
nescence spectra, corrected for the photomultiplier response, with refer-
ence to TPP in aerated toluene (@;=0.11).”"! Experiments at 77 K made
use of quartz capillary tubes immersed in liquid nitrogen contained in a
homemade quartz dewar. Absorption experiments were conducted in
5 mm optical path cells. Luminescence experiments were carried out on
the same cells and the geometry used allowed excitation of a thin slice of
solution at the edge of the cell from which the emission was collected to
reduce reabsorption. Fluorescence lifetimes in the nanosecond range
were detected by using IBH time-correlated single-photon counting ap-
paratus with excitation at 560 nm. Luminescence lifetimes in the picosec-
ond range were determined by using an apparatus based on an Nd:YAG
laser (Continuum PY62-10) with a 35 ps pulse duration, 532 nm, 1.5 mJ
per pulse, and a Streak Camera (Hamamtsu C1587 equipped with
M1952). 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. The over-
all time resolution of the system after the deconvolution procedure is
10 ps.*

Computation of the integral overlap and the rate for the energy-transfer
processes according to the Forster mechanism were performed with the
use of Matlab 5.2.%%1 Molecular dimensions and distances were estimated
with Chem 3D Ultra 6.0 software.® The minimized structure of the
trigonal prismatic molecular box in Figure5 was obtained with
CAChe.® Estimated errors are 10% for lifetime values, 20% for
quantum yields, and approximately 20 % in the association constants. The
working temperature, if not otherwise specified, was (295+2) K.
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