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ABSTRACT: The neutralization reaction between themeso-tetrakis(4-carboxyphenyl)porphyrin (TPPC) andO-(2-
aminopropyl)-O′-(2-methoxyethyl)poly(propylene glycol) (Jeffamine M-600) in 1:4 stoichiometric ratio affords
a stable supramolecular adduct (TPPC@Jeffamine). This species has been characterized in aqueous and chloroform
solution through a series of spectroscopic techniques, including1H and13C NMR spectroscopy, UV/vis absorption,
steady-state and time-resolved fluorescence emission, time-resolved fluorescence anisotropy, and resonance light
scattering. All the experimental findings point to a different structural arrangement of the porphyrin chromophores
within the supramolecular adduct depending on the quality of the solvent. In aqueous solution, the TPPC@Jeffamine
contains mainly monomeric porphyrins while the flexible polymeric chains are folded and entangled to give
larger aggregates. An insight into the structure of the basic building unit is given by SAXS measurements which,
assuming a core-shell model, afford an internal core radiusR1 ) 15.3 Å and an external radiusR2 ) 21.8 Å, in
line with the expected dimension of the single unit, based on a single porphyrin surrounded by four Jeffamine
chains. In chloroform, the adduct rearranges and porphyrins oligomers are stabilized by ion-pairing with Jeffamine,
which, due to its hydrophobic nature, swells in this solvent.

Introduction

Porphyrins are an important class of natural and artificial
pigments which play an important role in largely different area
of both fundamental and technological interest. In particular,
porphyrins bearing hydrophilic pendant groups conferring water
solubility have received special attention because their metal
derivatives have been exploited as models for enzymes1,2 and
artificial blood.3 Charged porphyrins are able to interact with
several relevant biomolecules, i.e., nucleic acids,4-8 polypep-
tides,9-15 and proteins.16,17 This property together with their
ability to localize into tumor cells and to photosensitize the
production of singlet oxygen led to the development of several
compounds actually in use or under investigation for photody-
namic therapy applications (PDT).18 A common feature of these
molecules is their propensity to interact to form dimers,
oligomers, or more extended aggregates.19 The extent of self-
aggregation can be controlled by a series of factors, including
the nature of the specific porphyrin (substituent groups and
coordinated metal ion) and environmental changes (pH, ionic
strength, cosolvents, temperature, etc.).20-23 It is important to
note that many of the physicochemical properties of this class
of pigments, and in particular the electronic absorption and the
luminescence, are strictly dependent on their aggregation state.
For example, the B-band (Soret band) and the Q-bands, which
are the main absorption features for these dyes in the near-UV
and visible range, respectively, exhibit different changes
depending on the geometrical arrangement between the chro-
mophores: (i) an hypsochromic shift is related to the formation

of H-type aggregates (face-to-face) while (ii) a bathochromic
shift is associated with J-type aggregates (side-by-side).24,25

Another consequence of porphyrin aggregation is the quenching
of their fluorescence emission, very often related to the
consistent decrease of the fluorescence lifetime of the corre-
sponding excited states.

Among the anionic porphyrins, themeso-tetrakis(4-sul-
fonatophenyl)porphyrin (TPPS) has been largely investigated
because of its tendency to self-assemble at acidic pH and in
the presence of a variety of simple cationic species forming
extended J-aggregates,26-34 which exhibit interesting nonlinear
optical35 and optoelectronic properties.36 Despite this large
amount of reports on TPPS, much less attention has been
devoted to themeso-tetrakis(4-carboxyphenyl)porphyrin (TPPC).
At difference with TPPS, whose peripheral sulfonate groups
remain unprotonated up to very acidic conditions, the carboxy-
late groups in TPPC are easily neutralized in the range of pH
5-7 (the highest pKa value is 6.6),37 leading to a neutral species
which is scarcely soluble in aqueous solutions. At pH<1 the
nitrogen atoms of the porphine core get protonated, yielding a
dicationic porphyrin which is able to self-assemble into J-
aggregates, whose exciton spectra exhibit wavelength depen-
dence on the counteranion nature.38,39Under neutral conditions,
TPPC is a monomer only at very low concentration (<2 µM)
and at low ionic strength, while it tends to dimerize on increasing
the ionic strength. In the presence of 0.1 M KNO3 at pH 7.5 a
value of 4.55 × 104 M-1 has been determined for the
dimerization equilibrium constant from the analysis of the
absorbance data.40 H-type aggregates have been investigated in
aqueous solutions at pH∼3.5, and an average size of 15-20 Å
has been calculated on the basis of time-resolved fluorescence
anisotropy experiments.41 A distribution of species has been also
reported in micellar and premicellar systems made by both ionic
and nonionic surfactants.42 Solvatochromic and specific solute
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effects have been pointed out for this porphyrin: the position
of the Soret band and the molar extinction coefficient can change
in the range 408-419 nm and (3.9-5.1) × 105 M-1 cm-1,
respectively, depending on the nature of the solvents and the
added electrolyte, with a blue shift in more polar environments.37

Formation of aggregated species on titanium dioxide43 and stable
1:1 and 1:2 complexes with various viologens37 have been also
reported.

Interestingly, quite recently, TPPC has been exploited as a
marker for the rapid detection of tumor cells by fluorescence
imaging.44 To develop efficient systems for biomedical applica-
tions or for PDT (in which aggregation should be prevented)
or to stabilize monomeric porphyrins in an very water-soluble
form, novel systems based on biocompatible delivery systems
are highly desirable.

Amino-terminated polypropylene or poly(ethylene oxide)s are
generally termed as Jeffamines and can have linear or branched
chains terminated with ionizable amino groups. These polymers
are biocompatible and can be easily grafted with other poly-
mers45,46to obtain stimulus responsive drug delivery systems47

or to prepare dispersions in which Jeffamine acts as costabi-
lizer.48 Jeffamine-containing copolymers have been also inves-
tigated for blood compatibility of poly(ether urethane)s,49 in the
reduction of aortic wall calcification,50 and for systems able to
haemolyse the erythrocyte membrane.51 These polymers find
also application in protein crystallization52 or in enzyme
immobilization.53 Furthermore, this class of molecules have been
largely exploited in materials preparation and applications.54-59

Here we report on the formation and structural characteriza-
tion through a variety of spectroscopic techniques of a supramo-
lecular complex between the TPPC porphyrin and an amino-
terminated poly(propylene glycol) (Jeffamine M-600) (Figure
1). We anticipate that electrostatic attractive forces drive the
interaction between the deprotonated carboxylic groups of TPPC
and the protonated primary amino groups of the polymer,
affording a remarkably stable adduct. The polymeric chains
actually prevent porphyrin aggregation, allowing to reach
millimolar concentration of TPPC in a monomeric form.
Because of the amphiphilic nature of Jeffamine, large structural
changes occur on varying the quality of the solvent.

Experimental Section

Materials. The porphyrinmeso-tetrakis(4-carboxyphenyl)por-
phyrin (TPPC) andO-(2-aminopropyl)-O′-(2-methoxyethyl)poly-
(propylene glycol) (Jeffamine M-600), average FW∼ 600, were
purchased from Aldrich Co. All solvents were reagent grade,
available from commercial suppliers (Analytical Reagent Grade,
Lab-Scan Ltd.). Chloroform-d (99.8+%, C.I.L. Inc.) and D2O
(99.9+%, Aldrich Co.) were used as received.

The supramolecular adduct between TPPC and Jeffamine
(TPPC@Jeffamine) has been prepared by mixing 160 mg (0.2
mmol) of solid porphyrin (tetracarboxylic acid) with 490 mg (0.8
mmol) of the liquid polymer. The resulting mixture has been
amalgamated in order to make it as homogeneous as possible. The
product has been suspended in chloroform, stirred at room
temperature for about 4 h, and then dried under vacuum, affording
a waxy dark red solid. Aqueous stock solutions (10 mM phosphate
buffer pH 7) of this compound were prepared in dust-free Millipore
water and stored in the dark.1H NMR (D2O): δ 8.54 (br s, 8H),
8.24 (d, 8H), 7.76 (d, 8H), 3.74-2.92 (m, 147H), 1.20-0.54 (m,
120H). 13C{1H} NMR (D2O): δ 176 (Cquat), 145.7 (Cquat), 139
(Cquat), 136.8 (CH), 132 (CH), 131.2 (CH), 130.5 (CH), 122 (Cquat),
78-77 (CH), 76.6-72 (CH2), 60.6-49.5 (CH), 19.7-16.8 (CH3).
UV-vis (water): (λmax/nm) 416 (ε ) 3.94× 105 M-1 cm-1), 522,
562, 592, 652; (CHCl3): (λmax/nm) 410, 430, 520, 554, 596, 650.
Fluorescence emission (water): (λexc/nm) ) 430, (λem/nm) ) 650,
712; (CHCl3): (λexc/nm) ) 430, (λem/nm) ) 650, 714.

Methods. 1H and13C{1H} NMR spectra were recorded at 298
K on a Bruker AMX R-300 spectrometer operating with a broad-
band probe at 300.13 and 75.7 MHz for1H and 13C nuclei,
respectively. Chemical shifts are reported in ppm downfield from
SiMe4, with respect to dioxane as internal standard. The13C signals
have been assigned through standard DEPT sequence. UV/vis
spectra were obtained on a Hewlett-Packard model 8453 diode array
spectrophotometer using 0.001-1 cm path length quartz cells.
Luminescence and resonance light scattering (RLS) spectra were
recorded on a Jasco FP-750 spectrofluorimeter equipped with a
Hamamatsu R928 phototube adopting a synchronous scan protocol
for RLS experiments.60 The emission spectra were not corrected
for the absorption of the samples. All the other fluorescence
measurements were carried out by a time-correlated-single-photon-
counting (TCSPC)61 homemade apparatus (λex ) 575 nm), which
has been already described.62 The fluorescence decay profiles were
analyzed through a nonlinear least-squares iterative deconvolution
procedures based on the Marquardt algorithm,63 achieving an
instrumental resolution of about few tens of picoseconds. The total
fluorescence decay curves were fitted to a multiexponential decay
equation:64

whereI(t) is total fluorescence decay curve,I0 is the intensity att
) 0, and Ri and τi are relative amplitude and lifetime ofith
component (the normalization condition being∑iRi ) 1), respec-
tively. Fluorescence anisotropy,r(t), is defined according to the
following equation:

where VV and VH indicate respectively the vertically and
horizontally polarized emission, being the excitation beam vertically
polarized. Since, in our experimental conditions, the anisotropy
decay times were much longer than the overall instrumental
response (∼200 ps), no deconvolution procedure was applied, and
ther(t) curves were simply fitted to the following exponential decay
equation:

where r0 is the fundamental anisotropy andτR the rotational
correlation time. Assuming a simple case of “spherical molecules”,
τR is related to the volumeV of the equivalent sphere by

with η the microviscosity of the medium,T the temperature in
kelvin, andkB the Boltzmann constant.

Figure 1. Molecular formulas of TPPC and Jeffamine M-600.

I(t) ) I0∑
i

Ri exp(-t/τi) (1)

r(t) )
IVV(t) - IVH(t)

IVV(t) + 2IVH(t)
(2)

r(t) ) r0 exp(-t/τR) (3)

τR ) ηV
kBT

(4)
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Small-angle X-ray scattering (SAXS) patterns have been recorded
by a laboratory instrumentation consisting of a Philips PW X-ray
generator (providing Cu KR, Ni-filtered X-ray radiation,λ ) 1.5418
Å) with a Kratky-type small-angle camera in the “finite slit height
geometry” equipped with step scanning motor and scintillation
counter as detector. The range of scattering vector covered is 0.005
Å-1 < q < 0.6 Å-1. All measurements were carried out at 298 K.
The scattering data were normalized with respect to transmission
and corrected by contributions due to the empty cell and solvent.
Best-fit analyses were performed using homemade programs based
on the CERN minimization procedure MINUITS. The smearing
effect, due to instrumental setup, was taken into account during
the minimization of the data according to a standard procedure.65-67

Results and Discussion

The adduct between TPPC and Jeffamine can be easily
prepared by a one-pot acid-base reaction between a known
amount of solid porphyrin with the liquid polymer in a 1:4
stoichiometric ratio. The resulting supramolecular species is
extremely soluble in water, where it remains stable for months,
as confirmed by the invariance of UV/vis and1H NMR spectra.
The structure is mainly stabilized through electrostatic interac-
tions acting between the anionic carboxylate groups of the
porphyrin and the charged protonated amino groups of the
polymer. The nature of the interaction between the two
constituting molecular components is supported by the effect
of increasing the ionic strength (>10 mM) or lowering the pH
(<5): the formation of a turbid solution is a clear indication of
disruption of the adduct with partial or extensive aggregation
and precipitation of the porphyrin. For these reasons, the system
has been characterized both in neutral and at low ionic strength
aqueous solutions and in chloroform solutions through a
combination of different spectroscopic techniques.

NMR Spectroscopy. The 1H NMR spectrum of the adduct
in D2O displays doublets centered atδ 8.24 and 7.76 ppm due
to the ortho and meta protons, respectively, of the peripheral
meso phenyl substituent groups on the porphyrin ring (Figure
2). A very broad peak can be detected atδ 8.54 ppm
corresponding to theâ-pyrrole protons. The broadening of this
latter resonance can be probably ascribed to a tautomeric
equilibrium slow in the NMR time scale of the inner N-D
groups of the porphine core.68 Accordingly, variable temperature
NMR experiments show that this signal sharpens on increasing
the temperature up to 312 K, while it is still not resolved even
at 273 K (data not shown). All the resonances belonging to the

porphyrin are shifted downfield with respect to the correspond-
ing sodium salt of the parent porphyrin (inset of Figure 2). The
aliphatic region of the1H NMR spectrum shows peaks in the
rangeδ 3.74-2.92 ppm andδ 1.35-0.82 ppm, corresponding
respectively to CH, CH2 and CH3 protons of the Jeffamine
polymer. An exact assignment of the various resonances in this
region is prevented by the polydispersivity of the starting
polymer. Anyway, a general downfield shift of all the peaks
with respect to the signals of the free polymer, due to the ring
current of the porphyrin ring, is clearly evident. Furthermore,
the signals of the protons belonging to the aliphatic chain, and
in particular the resonance of the terminal methyl group (δ 0.98
ppm) close to the amino moiety, are broadened in the adduct
in comparison to the free polymer. This evidence suggest an
increase in the molecular mass and a slowing down of the
molecular tumbling in solution, with a concomitant decrease
of the relaxation times. The13C NMR spectrum has been
tentatively assigned by standard DEPT sequence and by
comparison with the spectra of the free polymer and porphyrin
sodium salt. In the aromatic region, all the signals relative to
the porphyrin appear slightly upfield shifted with respect to
TPPC. The aliphatic region exhibits the presence of the
resonances for the carbon atoms of the polymer chain, and also
in this case a general upfield shift in comparison with the free
Jeffamine is well evident. In particular, the signal atδ 18 ppm
assigned to the terminal methyl groups undergoes to an upfield
shift ∼3 ppm. A downfield shift (∼2 ppm) is evident for the
CH2 group at aboutδ 49 ppm due to the presence of the
neighbor amino group.

UV/Vis Absorption, Steady-State Fluorescence, and Reso-
nance Light Scattering. The UV/vis spectrum of the TPPC
porphyrin (sodium salt) in aqueous solution at pH 7 displays a
B-band located at 414 nm accompanied by four Q-bands at 516,
533, 580, and 635 nm, exhibiting the so-called etio pattern.69

In the supramolecular complex, the B-band is bathochromically
shifted with respect to TPPC sodium salt (∆λ ) +2 nm, ε )
3.94× 105 M-1 cm-1) and similarly the four Q-bands at longer
wavelengths (522, 562, 592, and 652 nm) (Figure 3). The
presence of the four Q-bands indicates that the core of the TPPC
ring is unprotonated and retains theD2h symmetry typical of
the free base porphyrin.42 Even if this porphyrin exhibits a strong
dependence of the absorption features on the medium properties,
it is interesting to note that the position of the Soret band in the
adduct is similar to that already reported in concentrated aqueous
solution of tetramethylammonium perchlorate. This shift has
been suggested as indicative of a more organic environment
around the porphyrin.37 As mentioned above, the supramolecular

Figure 2. 1H NMR spectra of TPPC@Jeffamine complex (A) and
Jeffamine (B) in D2O at 298 K. The inset shows an expansion of the
aromatic region for the parent TPPC sodium salt (upper plot) and the
TPPC@Jeffamine system (lower plot).

Figure 3. UV/vis spectra of 2µM solutions of TPPC@Jeffamine in
aqueous solution (solid line) and in chloroform solution (dashed line)
at 298 K. The inset shows the corresponding RLS spectra in aqueous
solution (solid line) and in chloroform solution (dashed line).
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adduct is soluble in aqueous solution up to millimolar concen-
tration (60-80 mM), whereas the parent porphyrin (TPPC) is
only slightly soluble (<50 µM).42 Furthermore, the Beer law
for the adduct is hold up to 3 mM (Figure 4), suggesting that,
under our experimental conditions, (i) no aggregation of the
porphyrin chromophores is occurring, (ii) the adduct behaves
as a stable compound, and (iii) no acid-base equilibria seem
to be operative.

The monomeric nature of this species is strongly supported
by the RLS profile which is only slightly larger than the neat
solvent and shows a well corresponding to the B-band, due to
photon loss for absorption (solid line, inset of Figure 3). The
system is strongly emissive in aqueous solutions, and fluores-
cence spectra display the typical two banded pattern very similar
to those of the parent porphyrin and of other tetraaryl-substituted
porphyrins (Figure 5). The emission features at 650 and 712
nm are blue-shifted (∆λ ) -10 nm) with respect to the
tetraanionic TPPC porphyrin.42

Dramatic changes are observed in the spectroscopic behavior
of this system in chloroform solution, in line with the reported
solvatochromic properties of TPPC.37 In this organic solvent,
the Soret band appears split with two components centered at
410 and 430 nm, respectively. A similar broaden and shifted
B-band has been reported in the case of TPPC aggregates in
mild acidic aqueous solutions.41 The corresponding fluorescence
emission spectrum shows a substantial quenching and a modest
bathochromic shift of the two bands with respect to the same
sample in water solution. The RLS spectrum shows the presence
of a rather large Rayleigh scattered light component, modulated
by absorption of the sample, without any specific resonance

peak (dashed line, inset of Figure 3). All these spectroscopic
evidences point to the occurrence of small porphyrin aggregates
in these samples. The RLS phenomenon is an enhancement of
the scattered light intensity in the red edge of an absorption
band, which is related to the extent of electronic coupling
between adjacent chromophores, to the molar extinction of the
individual chromophores and to the size and the geometry of
the aggregates.60 According to the RLS theory, the absence of
any resonance peak indicates that only a small number of
interacting chromophores (n < 25) should be involved in the
structural arrangement of our system in chloroform solution.70

Time-Resolved Fluorescence. Time-resolved fluorescence
measurements were performed at 298 K on sodium salt of TPPC
in aqueous solution and on the supramolecular adduct in both
chloroform and aqueous solution. In the latter case the fluo-
rescence lifetimes were measured also at 323 K. Typical
fluorescence decay curves for these systems are shown in Figure
6 (together with their weighted residuals to evaluate the
goodness of the fit). The emission decays of TPPC sodium salt
in aqueous solution (trace A) and the adduct (trace C) show a
biexponential behavior with similar lifetime values (8.5 and
∼0.3 ns), but with different relative amplitudes (21% and 79%
vs 46% and 54%, in the absence and in the presence of
Jeffamine, respectively).

At 323 K in aqueous solutions, the longest lifetime value in
the adduct decreases to 7.9 ns, whereas the shortest one increases
to 1.2 ns, being the relative amplitudes about the same. Actually,
the fluorescence emission of the long-living form, as expected,
is “temperature-quenched” (through dynamic quenching), whereas
the shortest fluorescent component is “temperature-enhanced”.
In this latter case, the emission behavior is compatible to the
temperature effects on the static fluorescence quenching due to
an aggregation process of fluorescent molecules.64 On increasing
the temperature, the aggregation process (and consequently the
static quenching) is disfavored and the fluorescence emission
is enhanced. On these bases the long-living fluorescent species

Figure 4. Beer law on the TPPC@Jeffamine adduct in aqueous
solution. The inset reports an expansion of the low concentration range
(cell path length 0.001-1 cm).

Figure 5. Fluorescence emission spectra of 2µM solutions of
TPPC@Jeffamine in aqueous solution (solid line) and in chloroform
solution (dashed line) (λexc ) 430 nm) at 298 K. The intensity emission
of the sample in chloroform solution is multiply by a factor 100.

Figure 6. Fluorescence decays of (A) TPPC sodium salt in aqueous
solution and (B) TPPC@Jeffamine in chloroform solution and in (C)
aqueous solution at 298 K, together with the fit curves (the straight
lines) and the weighted residuals.
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can be ascribed to a monomeric form of TPPC which is
dominant in the presence of the polymer in aqueous solution,
while the short-living fluorescent component can be assigned
to nonmonomeric TPPC (small oligomers).71 In chloroform
solution, in the presence of polymer, the decay curve (Figure
6B) was fitted to three exponentials, whose lifetime and relative
amplitudes are 2.6 ns (19%), 1.0 ns (17%), and 0.2 ns (64%).
Maiti et al. reported a three-exponential behavior for the
fluorescence emission of J-aggregates of tetrakis(4-sulfonatephe-
nyl)porphyrin (TPPS) in buffer solution (pH) 3.5, [KCl] )
0.2 M) with lifetime values of 2.08, 0.29, and 0.05 ns.29

Analogously, we can suggest that, in organic solvent, TPPC is
present in the aggregated form.

Figure 7 shows the fluorescence anisotropy decays (r(t)) for
the systems in the different solvents. In the case of free
porphyrin in aqueous solutionr(t) is equal to zero (trace A).
This fact can be probably due to the relative angle between the
absorption and emission dipoles, which, in our conditions, could
be close to the magic angle (54.7°), to which corresponds a
fundamental anisotropy value (r0) equal to zero. Indeed, a typical
porphyrin molecule in aqueous solution exhibits a rotational
correlation time (τR) of about 0.5 ns,29 which is well within the
time resolution of our instrumental apparatus. On the contrary,
in the presence of polymer ther0 values become 0.07 (in
aqueous solution, trace C) and 0.17 (in chloroform, trace B),
indicating that the porphyrin is interacting with Jeffamine
molecules. Moreover, in both solvents the anisotropy decay
times are very long: (i) in chloroformr(t) is fitted as a single
exponential with a rotational correlation time of about 40 ns;
(ii) in aqueous solution the anisotropy decay appears as a
plateau, indicating that the corresponding rotational correlation
time is much longer than 40 ns. Maiti et al. reported a rotational
correlation time of 10 ns for J-aggregate of TPPS in buffer
solution, so that aτR value of 40 ns is much longer than expected
in chloroform, whose viscosity is about 50% than water.29

According to eq 4, theτR value measured in chloroform is
compatible with a rotating unit of about 100-200 kDa mass,
in line with porphyrin aggregates noncovalently bound to the

polymer chains. On considering the molecular mass of a single
TPPC@Jeffamine adduct (∼3200 Da), we estimate an aggrega-
tion number of more than 30 porphyrins in this organic solvent.
On the other hand, in aqueous solution, all the spectroscopic
evidence points to a predominant population of monomeric
porphyrins interacting with the protonated Jeffamine chains. This
basic unit undergoes to further aggregation yielding even larger
clusters. Therefore, the very long rotational correlation time
(.40 ns) corresponding to a rotating unit with a molecular
weight>100 kDa is consistent with a basic unit made by single
monomeric TPPC molecules surrounded by four Jeffamine
molecules, which then aggregates through the intermediacy of
the poly(propylene oxide) side chains, leading to these larger
aggregates. In these species, the direct interaction between
adjacent porphyrin units is prevented by the presence of the
Jeffamine chains.

The different behavior of the supramolecular adduct in the
two solvent can be explained on the basis of the different extent
of solvation of the two molecular components. In aqueous
solution the anionic porphyrin is largely solubilized, and only
a minor population of oligomers occurs. On the contrary, the
poly(propylene oxide) moieties of the Jeffamine tend to avoid
the interaction with the solvent by interdigitation and consequent
clustering. Changes in the relative solubility in aqueous solutions
have been also reported for porphyrins bearing poly(ethylene
glycol) methyl ether chains covalently linked at the peripheral
substituent groups. In this case, a consistent decrease of
solubility with consequent aggregation has been observed for
systems with low molecular mass (e2100 Da).72 On considering
the higher hydrophobicity of poly(propylene oxide) with respect
to poly(ethylene glycol), we expect that our supramolecular
adduct undergoes easily monomer to aggregates equilibria. It
is important to stress the point that even in these aggregated
species the porphyrin core is embedded in the surrounding
polymer chains, resulting in nonelectronically coupled chro-
mophores. On the other hand, as evidenced by the time-resolved
fluorescence measurements, the presence of Jeffamine moves
the monomer-aggregate equilibrium toward TPPC in a mon-
omeric form.

In organic solvent the anionic porphyrin tends to extensively
self-aggregate because of the charge screening by tight ion-
pairing among the carboxylate groups of TPPC and the
protonated amino groups of the Jeffamine and the consequent
increase of the van der Waals attractive contribution operating
between the adjacent porphyrin cores. At the same time the
polymer chains are well solvated and swelled in solutions,
leading to more compact noninteracting aggregates. At differ-
ence with aqueous solutions, in chloroform the porphyrins are
electronically coupled affording the observed changes in the
corresponding spectroscopic features.

Small-Angle X-ray Scattering. To get more insights into
the structure of this supramolecular system, SAXS measure-
ments have been performed on quite concentrated aqueous
solutions (2 and 20% w/w) at room temperature. Even if the
concentration used in these experiments is at least an order of
magnitude higher than for the spectroscopic measurements,
important information on the nature of the basic unit can be
extracted. Indeed, on the basis of the previously discussed
experiments on time-resolved fluorescence anisotropy, we can
reasonably assume in aqueous solution the coexistence of a
population of large assemblies of TPPC@Jeffamine aggregated
through the intermediacy of Jeffamine chains, together with
monomeric TPPC@Jeffamine complexes. In the selectedq range
for the SAXS experiments the first aggregates are too large and

Figure 7. Anisotropy decays (r(t)) of (A) TPPC sodium salt in aqueous
solution and (B) TPPC@Jeffamine in chloroform solution and (C) in
aqueous solution. In the case of chloroform, also the curve fit (straight
line) is plotted.
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their scattered intensity is mainly lost in the forward direction,
while an investigation at level of the monomeric building block
remains possible. Therefore, on considering only this ensemble
of monomers, the detected scattering intensityI(q) in the SAXS
experiment can be expressed as a product of the form factor
P(q), which contains information on the shape and dimension
of the scattering particles, and the structure factorS(q) describing
the interparticle interaction:65,66

whereN is the number density of the micelles and∆F ) F -
F0 is the so-called “contrast” (i.e., the difference between the
scattering length density of the particleF and that of the solvent
F0). In the dilute region the interparticle interaction can be
neglected (i.e.,S(q) ≈ 1), so that the analysis of scattering
intensity I(q) can afford direct information on morphological
features of the scattering particles. Assuming our species as
uniform spheres of radiusR, the corresponding form factorP(q)
can be written as65,66

whereJ1(x) ) [sin(x) - x cos(x)]/x2 is the first-order spherical
Bessel function.

This expression has been used to fit our data in the dilute
regime, i.e., where interparticles interference effects are assumed
to be negligible. A given polydispersity∆R in the dimension
of the scattering particles has been taken into account by
introducing a Weibull-type distribution during the fitting
procedure. Results of the fitting for the most diluted system
investigated (2% w/w) is presented in Figure 8a. Scattering data
are well reproduced in the wholeq region and furnish a value

of R ) 11.5 ( 0.8 Å for the TPPC@Jeffamine adduct. It is
noteworthy that the low statistics in the scattering curves,
especially at highq values, can be mainly related to the small
dimensions of the scattering objects (the amount of scattered
intensity is in fact proportional to the square of the particle
volume) and further complicated by the low concentration of
the sample. On increasing the concentration (20% w/w) a better
statistics for the SAXS spectra has been achieved, while the
interparticles interactions become progressively important (Fig-
ure 8b). In this case, the broad peak observable in the low-q
region of the spectra is mainly connected to interparticles
correlations.

The structure factorS(q) of the system in eq 5 is estimated
using the Percus-Yevick73 approximation for the case of hard
spheres (solid line in Figure 8b) in the Ornstein-Zernicke
integral equation74

whereφ is the volume fraction,y ) 2qRhs (Rhs is the hard-
sphere interaction radius), andG(y,φ) is a complex function of
y and φ. The adopted potential takes into account excluded-
volume interactions between interacting particles and can be
considered as a first approximation of more complex potentials.
It is important to observe that the average distance between
particles calculated from the maximum of the structure factor
S(q) is d ) 38.9 Å, which is near the close contact distance
(2R ) 30.6 Å). Furthermore, while the scattering data are well
fitted in the low-q region, a sensitive discrepancy is detectable
for higher q values of the spectra, where a bump is clearly
detectable. This latter scattering features is probably connected
with an internal interference caused by intraparticles contrast
effects, and it may be indicative of a layered structure of the
scattering objects. Accordingly, we can assume that the ag-
gregates are composed by porphyrins in the core and polymer
hydrophilic chains in a surrounding shell. The corresponding
form factor can be described by a spherical core-shell model
(Figure 9a) expressed as a function of core and shell radius,R1

and R2, respectively, and core and shell scattering length
densities,Fc andFs:65,66

Results obtained by fitting eq 8 to our SAXS data are
presented in Figure 9b and clearly indicate how the main features
of SAXS data are well reproduced by the adopted model in the
whole q range explored. From the fitting procedure we obtain
the values ofR1 ) 15.3 Å for the core radius and theR2 ) 21.8
Å for the external radius of the particle. The obtained SAXS
results clearly indicate that in aqueous solution the investigated
samples form stable supramolecular species with a very small
size. More specifically, the determined internal core radius is
compatible with the porphyrin size (porphyrin average diameter
is ∼18 Å).

Conclusions

The simple interaction of the TPPC porphyrin in acid form
with a stoichiometric amount of amino-terminated polymer leads
to a supramolecular species behaving as a quite robust molecular

Figure 8. SAXS spectra of TPPC@Jeffamine (A) 2% w/w and (B)
20% w/w, at 298 K.

I(q) ) N(∆F)2P(q)S(q) (5)

P(q) ) [3J1(qR)/(qR)]2 ) {3
[sin(qR) - (qR) cos(qR)]

(qR)3 }2

(6)

S(q) ) 1

1 + 24φ
G(y,φ)

y

(7)

P(q)(∆F)2 ) [4π
3

R1
3(Fc - Fs)

3J1(qR1)

qR1
+

4π
3

R2
3(Fs - F0)

3J1(qR2)

qR2
]2

(8)
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compound. The attractive electrostatic forces acting between
the anionic carboxylate on the meso phenyl groups of the
porphyrin and the protonated primary amino group of the
polymer are mainly responsible for the stabilization of this
species. In this framework, the solvent plays a very important
role in driving different structural arrangements (Figure 10). In
aqueous environment the Jeffamine exerts two different roles:
(i) it enhances the solubility of the TPPC porphyrin, achieving
unusually high concentration of the dye in solution (up to 60-
80 mM), and (ii) it prevents extensive dimerization and further
aggregation phenomena, which are commonly observed at much
lower dye concentration in the absence of polymer. In this
solvent the polymer chains, due to the partial hydrophobic
character of the poly(propylene oxide), tend to assume a more
compact conformation and to extensively self-aggregate, leading
to large clusters. On the contrary, chloroform acts as a good
solvent for the polymer chains which can swell in the solution.
Ion-pairing is much more effective due to the dielectric constant
of chloroform with respect to water; consequently, a more tight
electrostatic interaction between oppositely charged species is
expected. Anyway, screening of the overall charges on the single
adducts can make the dispersive forces operative, leading to
rather extensive porphyrin aggregation.

As the photophysical properties of porphyrins are widely
modulated by their aggregation state, we expect that a fine-
tuning of these properties can be achieved through a proper

modulation of the overall structure. Our results suggest that this
kind of supramolecular species can be exploited for the design
of self-assembled systems to be employed in different fields,
such as drug delivery and hybrid organic-inorganic materials
for sensing or optical applications.
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