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Light scattering enhancement in an aqueous solution of spermine-induced fractal
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We performed an experimental investigation on the scattering and extinction properties of an aqueous
solution of spermine-induced fractal J aggregates, constituted by porphyrin molecules. In analogy with nano-
structured particle composites, the dipolar moments of different porphyrins, not belonging to the J aggregates,
are coupled and generate a strong light scattering enhancement. Both the enhanced scattered intensity and
the imaginary part of the polarizability of the system obey scaling laws with the optical spectral dimension

dy=0.3.
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Optical properties of nanostructured and fractal aggre-
gates have been intensively investigated from the theoretical
point of view and also under resonance conditions [1-5].
Fluctuations of the local electromagnetic field and conse-
quent enhancement of the linear and nonlinear optical prop-
erties are especially pronounced in colloidal aggregates of
metal particles and metal nanocomposites [6,7]. In these
systems, the optical properties are dramatically different
from those observed in bulk: the local field at some nanopar-
ticles differs significantly from the macroscopic one [8,9]. In
fractals nanocomposites, which do not have translational in-
variance (they cannot support propagating waves), excita-
tions are localized in subwavelength regions, called ‘“hot
zones.” When the frequency of the illuminating field is close
to the frequency of the dipolar eigenmodes of the system a
strong scattering enhancement occurs. Several experimental
investigations have been carried out on clusters of metal par-
ticles (e.g., [10,11]), but only some on organic molecules,
regarding essentially metal particles on which some dyes are
adsorbed [12,13].

In this study we report on the analogy between the optical
properties of an organic fractal structure formed by one-
dimensional chains of dyes (known as J aggregates) and the
properties of more conventional fractal nanoparticle compos-
ites. J aggregates have attracted a great deal of interest for
their applications in nonlinear optical devices, photoelectric
cells, recording devices, and as model for the bacterial light
harvesting antenna complexes. In general, the optical prop-
erties of these structures are described by the Frenkel exciton
model [14,15]. For perfectly ordered aggregates, the exciton
wave functions are delocalized along all the length of the
aggregate. A typical absorption spectrum shows a narrow
peak shifted at lower energy with respect to the optical ab-
sorption of the isolated molecule. The energy shift corre-
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sponds to the nearest-neighbor excitation transfer interaction
[16]. In typical J aggregates the exciton dipoles are delocal-
ized over about a few tens of molecules; under this condition
there is not a pronounced enhancement of the scattering
around the J-aggregate absorption band. In these J aggre-
gates, local field enhancement has been obtained only in the
presence of metal tip in near-field optical microscopy (e.g.,
[17]). A strongly enhanced field is localized at the tip and
consists mainly of evanescent components which locally in-
teract with the sample surface and generate the spectroscopic
response.

The system under investigation in this paper consists of
aqueous solutions of a particular fractal J aggregate of tet-
rakis (4-sulfonatophenyl) porphyrin (TPPS,), induced by
adding a ligand molecule, spermine. An hypothetical model
for the structure of the present system can be sketched by
considering the formation of an intermolecular network of a
porphyrin edge-to-edge arrangement; in such a network sper-
mine induces the branching through interactions between the
protonated nitrogen atoms of the spermine and the negatively
charged sulfonate end groups of the porphyrin not involved
in the porphyrin-porphyrin contacts. In this heterogeneous
system, besides the exciton coupling inside the J aggregate,
the porphyrin molecules (inside the fractal) not involved in
the J aggregate interact through dipolar coupling, enhancing
the Rayleigh scattering. In analogy with fractal composites,
the absorption spectrum of the J aggregate-spermine system
is broad and extends in the long wavelength region well
outside the absorption frequency. These fractal J aggregates
also show an enhancement of the Raman scattering, similar
to that observed in molecules adsorbed on the surface of
aggregated metal nanoparticles. The enhancement of the op-
tical properties occurs in the presence of the ligand which is
directly involved in the formation of the fractal aggregate.
The composite is formed when aggregates are seeded into
the substrate (matrix) consisting of spermine. On contrary, in
typical fractal J aggregates obtained under strictly acidic
conditions in the absence of spermine, both smaller enhance-
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FIG. 1. Extinction (open symbols) and absorption A (closed
symbols) spectra of (a) smaller and (b) larger TPPS, aggregates in
the presence of spermine. Experimental conditions: cypps=3 uM,
Cspermine=100 uM pH=2.7, citrate buffer 10 mM.

ment around the J-aggregate band and spectral broadening
are observed [18-21].

Figure 1 compares the extinction and the absorption spec-
tra of an aqueous solution of TPPS, J aggregate in the pres-
ence of spermine for different fractal sizes (larger aggregates
are obtained after one week). The absorption and extinction
measurements have been carried out using a homemade
spectrophotometer. The optical cell (path length 1 mm) was,
in the first case, faced to the photomultiplier in order to col-
lect both transmitted and scattered light (up to about 80°) and
to obtain the absorption. In the second case, the cell was
placed at 50 cm from the photomultiplier; a field aperture
selected the transmitted light within 0.5°.

The scattering contribution, S(\), difference between the
extintion and absorption spectra [22], increases with the
wavelength (Fig. 2) and with the fractal size. On the other
hand, the scattering from the acidic solution in the absence of
spermine (shown in the inset of Fig. 2) is due to the presence
of the J-aggregate resonance peak [23] (the peak at 420 nm
is attributable to H aggregates [18]). Therefore, the broaden-
ing of the J-aggregate band in the porphyrin-spermine sys-
tem cannot be attributed to the exciton localization.
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FIG. 2. Scattering contribution for the smaller (squares) and
larger (circles) aggregate. In the insert the scattered light from the
acidic solution without spermine is reported; experimental condi-
tions: cypps=3 uM, cyc;=0.1 M.
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According to a purely exciton model, in fact, the energy
and the broadening of the band for a J aggregate of N mol-
ecules can be obtained by the Frenkel excitation Hamiltonian
[14,16]. In particular, the width of the absorption band of the
J aggregate, I' half-width at half maximum (HWHM), cen-
tered at ¥, (which for large N becomes ¥,—23, where
v=1/N, N being the wavelength in vacuum, and S the
nearest-neighbor excitation transfer interaction), is related to
the number of molecules of the localized exciton by [14,24]:
Ng=(1/1.12)[{(377|B)/(2T")-2.86].

The isolated porphyrin has a Soret band at 7, correspond-
ing to A,=434 nm, whose width is I'j=875 cm™', and the
J-aggregate peak is at \;=490 nm (B8=1275 cm™') whose
width is T~ 100 cm™".

This theory well describes the J-aggregate absorption
spectrum under acidic conditions in the absence of spermine
and the resonant band width leads to N~ 10. By adopting
the same approach for the J-aggregate-spermine system, the
large spectral width of the J-aggregate resonant peak
(I'=500 cm™) would correspond to N,,;<3. This result
does not agree with the experimentally measured energy shift
A;=490 nm, which, for aggregates with a small number of
molecules should be close to that of the two level excitation,
hew, (for Ny,=3 it is \;=470 nm) [25]. Moreover, the scat-
tering enhancement already appears in the Soret region and
increases, according to a power law, well beyond the
J-aggregate band.

Experimental data can be rationalized by considering the
porphyrin molecules (in the fractal and outside the J aggre-
gate) embedded in the spermine matrix; in analogy with
nanocomposites, the dipolar moments induced on monomers
by the external electric field are able to interact through di-
polar coupling. The dipole-dipole interaction (long range)
between different monomers gives rise to the enhancement
of the optical properties.

The amplitude of the transition dipole moment d; at the
ith monomer within the fractal is related to the external field
EY through a light-induced dipolar interaction W (in the limit
of monomers smaller than the wavelength of light) [26,27]

(Z+W)|d) =|E") (1)

which represents a coupled-dipole equation, where
Z=-X-id=c" (a, is the polarizability of the monomer),
|d) is the state of the light-induced dipolar moments,
X=-Re(1/ay)*1-7,/7 is the spectral parameter and
8=-Im(1/ay) =T the dephasing [1]. The optical properties
are easily related to the polarizability y of the system, that is
the average of the polarizability y; obtained through the so-
lution of Eq. (1). The eigenvalues w, of W (with eigenvector
|n)) contribute to the width of the absorption band. The pa-
rameter X has the meaning of a relative frequency detuning
and & determines the resonance width (related to the dissipa-
tion within the fractal). When the real part of the polarizabil-
ity exceeds its imaginary part, the quality factor Q (X/0) is
large, leading to a large enhancement [1].

The optical properties of the system are totally included in
x by means of Z; moreover, in a fractal system possessing a
self-similar structure, any physical quantity F obeys a scaling
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FIG. 3. Small and wide-angle elastic light scattering for smaller
(lower data) and larger (upper data) fractal in the presence of sper-
mine. The lines are the best fit according to Eq. (5). The insert
displays the scattering from both fractals properly normalized (see
text).

law in Z with some scaling index vy [28]. For high quality
resonators, for which Q0> 1, such as resonant dipolar modes
in a fractal, the local field exceeds the external one. Under
this condition physical quantities scale with X. For the ab-
sorption, A (which is related to the imaginary part of the
polarizability, ~kImy, where k=2/\) the scaling index be-
comes y=dy—1 [26]

Alk = Tm x(X) = |[RoX]|%™", (2)

whereas for the scattering enhancement Fj (ratio between
the scattering from the fractal and that of an equivalent num-
ber of noninteracting particles [26] and proportional to
S7,"/7") is y=dy+1. The index d,, (0<d,<1) is the optical
spectral dimension, that is the counterpart of the spectral
dimension in the case of vibrational excitations, it also char-
acterizes the scaling of the dipolar density of states.

In the case of large fractal clusters (having a size larger
than the wavelength of light) F can be written as [26]

_ (kRy) ™

F
RS

(RYXDO™ (D> 2), (3)
where the prefactor (kR;)> (coherence enhancement) takes
into account the scattering function of the fractal in the ab-
sence of absorption [29]. The resonance character of the scat-
tering dipolar interaction in a fractal is considered in the
factor 6~'. For the fractal’s size smaller than the wavelength
of light, the prefactor becomes unity.

In the case of very large fractals, on the other hand, for
which the size parameter kRn>20 (n being the refractive
index), the enhanced scattering of Eq. (3) becomes

1
Fr~ Qu.wRZ@(RSIXI)dO”, @)
where R is the radius of the fractal and Q.. is the scattering
efficiency factor of nonabsorbing spherelike aggregates. For
a high value of the size, parameter Q,. reaches a limiting
value of 2 [22]. In this case Fy (and S§O4/ 7*) scales with X
according to a power law with index dy+1. In order to the
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FIG. 4. Enhanced  scattering Si?o4/ 7t for the

J-aggregate-spermine sample; the straight line indicates the region
having slope dy+1=1.3. In the inset the imaginary part of the po-
larizability is reported for both positive and negative values of X;
the straight line indicates the region with slope dy—1=-0.7.

check size and fractal structure of the spermine-induced ag-
gregates of porphyrin and to use the proper coherence en-
hancement factor, static light-scattering measurements (at
A=532 nm) have been performed. The experiment consists
in collecting scattered light at small (<4 um™') and
wide angle (¢>4 um™') using two different setups
[g=(47n/N\)sin(6/2), 6 being the scattering angle]. The
matching of the two data sets has been performed by normal-
izing small angle and wide angle scattering experiments
through a secondary standard and toluene, respectively.

The fractal structure is evidenced by an inspection of Fig.
3 in which the scattering profile I(g) is well described by the
following structure factor [21,30]:

sin[ (D — 1)arctan(gR)]
(D= DgR(1+¢R}) P

I(q) = (5)

which takes into account both the power law ¢ °f of the
wide-angle scattering profile and the finite size of the
fractal R (indicated by the round off at small ¢ values). The
best fit gives the fractal dimension Dy=2.5£0.1 for both
fractals (diffusion limited aggregation) and radii R
=3+0.5 um and R=0.5+£0.1 um. Therefore, for the smaller
fractal, for which kRn=38, Eq. (3) holds, whereas for the
larger fractal (kRn=45), Eq. (4) must be applied. As it can
be seen from the inset of Fig. 3, the scattering enhancement
from both fractals exhibits the same monotonic behavior.

In Fig. 4 the measured enhanced scattering S 1704/ 7* for the
larger J-aggregate-spermine fractal is shown as a function of
the parameter X and a scaling parameter dy+1=1.3 is ob-
tained. The imaginary part of the polarizability, on the other
hand, which is related to the absorption, displays a power
law, as a function of X, that agrees with the scaling of Eq. (2)
for both positive and negative values of X, with the scaling
parameter dy—1=-0.7. The value of the optical spectral di-
mension agrees with the results from numerical simulations
on diffusion limited cluster-cluster fractal aggregates [26]. It
is worth noting that in the case of J aggregates under acidic
conditions, in the absence of spermine, no scaling law is
observed either for scattering or absorption.
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In summary, the present work shows that in analogy to
metal nanocomposites, the investigated system induces an
enhancement of the scattering properties. Whereas under
acidic conditions without spermine, the Frenkel excitation
model can explain the polarizability behavior satisfactorily;
the dipole-dipole interaction between porphyrins (not be-
longing to the J aggregate) must be considered in order to
explain the broadening of the absorption band, the energy
shift observed experimentally, and the wavelength depen-
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dence of the scattering in the porphyrin-spermine system.
Therefore, this system can be regarded as a fractal nanopar-
ticle composite. The correctness of such a model can be
based on the fulfillment of both the scattering enhancement
and polarizability scaling law with the same optical spectral
dimension d;=0.3 as that obtained through numerical simu-
lations on cluster-cluster aggregates of metal nanoparticle
composites.
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