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We have studied the aggregation of the porphyrid,P,,, in agueous solution by light scattering.
The intensity profile of the elastically scattered light, studied in the exchanged wave-vector range
0.2 = g = 31.4 um™!, indicates that the aggregation produces large monodisperse clusters having a
fractal structure, and is driven by diffusion-limited aggregation kinetics. Additional measurements
performed at differen§ values confirm such a picture giving a hydrodynamic radiysconsistent with
the radius of gyratiorR, measured by elastic scattering. This is explained taking into accourt’the
dependence observed in the mean decay rate of the intensity-intensity correlation function and the effect
on this latter dynamical quantity of anisotropies in the cluster structure. [S0031-9007(96)00430-9]

PACS numbers: 64.60.Cn, 05.40.+j, 82.70.Dd

Aggregation phenomena are of central interest in manyalue which suggests a RLA mechanism. Other systems
fields of science and technology, and in particular in reshow alternative kinetic processes of growth exhibiting
search areas that are at the borderline between physid3|. CCA (d; = 1.75) or DLA (dy = 2.5) [1,2].
chemistry, and biology. Monomer aggregation, in the Although initially scattering techniques were used
buildup of large supramolecular assemblies, is relevargolely to probe geometrical aspects of aggregates, they
to the understanding of systems such as polymers, gelapw constitute a powerful experimental tool to explore the
colloids, biological macromolecules, and various nucle-dynamical properties of these structures. This approach
ation processes involved at phase transitions [1]. Thegields detailed relationships between their hydrodynamic
concept of fractal geometry and the application of theand static properties. It is the purpose of this Letter
scaling laws have proven to be successful for the descrigo address the fractal properties of aqueous porphyrin
tion of nonequilibrium aggregation in many of these sys-solutions by means of both elastic and quasielastic light
tems [2]. A large variety of techniques, such as electrorscattering experiments.
microscopy, x-ray and light scattering, as well as com- It is well known that porphyrins constitute an im-
puter simulations, make apparent the signature of fractgdortant class of chemical compounds. A relatively re-
structures originating from different kinetics of growth. cent and interesting application of synthetic cationic
In fractal aggregates, the various growth mechanisms rggorphyrins (and their metalloderivatives) in biophysics
late the cluster mass/ to the corresponding radiuR  is represented by their use as probes of the dynamics
via the well known scaling formM « R [3], where and the structure of nucleic acids and helical polypep-
the fractal or Hausdorff dimensiod, differs from the tides [4]. In particular, these species can bind to DNA
spatial (Euclidean) dimensiod. The different growth and RNA by intercalation, external groove binding, and
processes [i.e., percolation, simple diffusion-limited ag-external binding with self-stacking. The observed inter-
gregation (DLA), reaction-limited cluster-cluster aggrega-action is dependent on the porphyrin structure, the ionic
tion (RLA), diffusion-limited cluster-cluster aggregation strength, and the polynucleotide composition [4—6]. The
(DLCCA), etc.] are characterized by different values inrapid uptake of these molecules by DNA supports the
the corresponding;. Therefore this quantity can be con- idea of a “collective motion” model for nucleic acids, in-
sidered as an indicator of the nature of the aggregation kivolving the simultaneous breaking of multiple adjacent
netics [2]. For example, charged colloidal particles (latexhydrogen bonds [4]. Porphyrins can induce conforma-
spherical particles) can be caused to aggregate, upon ttienal changes into the double helix, for example, con-
addition of salt, with a fractal dimensiod; = 2.1, a  verting Z-DNA to the B-form [4]. The use of an electron

0031-900796/76(25)/4741(4)$10.00 © 1996 The American Physical Society 4741



VOLUME 76, NUMBER 25 PHYSICAL REVIEW LETTERS 17JNE 1996

acceptor porphyrin is a powerful tool for the investiga-function g(r)]. In the actual experimental situation, for
tion of energy transfer processes through the double hehe ¢ range used and given that the porphyrin molecule is
lix of DNA [4] and several metalloderivatives have beenthe monomeric unitP(g) = 1 [8]. In addition, if Sy (g)
reported as showing nuclease activity, making these conrepresents the structure factor of a cluster of mdsand
pounds useful reagents for footprinting experiments [4]sizeR [M = Myk (M, being the mass of a monomer and
A particular behavior is shown by aqueous solutions ofk the number of monomers with a si®)], it is shown
the dicationic porphyririrans-bis(V-methylpyridinium-4-  that for a fractal structure§y,(¢) « S(gR) [9]. Under the
yl)diphenylporphyine(s-H,P,,,). Upon addition of salt, conditionsgRy << 1 andgR >> 1,
this porphyrin forms supramolecular assemblies even in _
the a%sgnge of the biopoFI)ymer [5,6]. This self-aggregation I(q) = S(q) = g (1)
has been revealed by the results of different experimentaf the intensity /(¢) is plotted on a double logarithmic
techniques such as UV-visible, resonance Rayleigh lighécale as a function af, a straight line with slope-d; is
scattering (RRLS), and, in the presence of helical temobtained. However, such a condition is not fulfilled even
plates, circular dichroism (CD) spectroscopy [5,6]. Al-when the size of the scatterers grows up to the micrometer
though these techniques have given information on thegcale. In such a case, the obtained scattering profile
presence of large structures of porphyrin molecules, theyhust be compared to Hg) form calculated for a fractal
do not give details on the nature of these clusters. system [10,11]. For fractal objects, the density correlation
The samples were prepared at 298 K by using the fre@unction has the characteristic of being homogeneous:
base porphyrin-H,P,,, as the chloride salt. The stud-
ied concentrationy X 10-°M, was determined by using g(r) = 1 ﬁ(Rgf)*lrd/73 exp(—1>, )
e =240 X 10°M~! cm™! at the Soret maximum [6], at p 4m &

Z€ro ionic strer_lgth. Aggregat@on was induced_by. addinQ/vhereg is a cutoff parameter (equal to the radius of the
NaCl up to a final concentration @f1M. Elastic light cluster); Chen and Texeira [10] were able to deduce the

scattering measurements were pgrformed IN tWO rang&gycryral factor for a fractal aggregate bfmonomers.
of scattering angl®@ by using two different experimental Their result can be written as

systems. In the rang®° = 6§ = 150°, corresponding to
scattering wave vectors.6 = ¢ < 31.4 um~!, a com- ksin(d; — 1)arctaigR;)]
puterized goniometer was used (ELS); whereas the small (d; — DgR(1 + G2R})dr=/2”
angle region (SALS) in the wave-vector rangel < ) ] )
g = 1.99 um~! was explored by using a homemade ap_where Ry = £ is the cluster rad|u§ ar_1d is related to
paratus. Dynamic light scattering (DLS) was studied ino bY R = Rok~% [2,3]. By considering the cluster
the same angular range as ELS by using a Malvern 47ogolyd_|sper3|ty, and a proper clu_ster size distribution
submicron particle analyzer system. With this apparatufunction N(k), the total scattered intensiti(¢) can be
the intensity-intensity correlation function was measuredbtained as
in the time rangel0 us = 7 = 1 s. The light source o
for ELS and DLS was the 514.5 nm line of an argon I(q) = f kN (k)Si(q) dk . (4)
laser operating at a power of 200 mW. The experimen- !
tal setup for SALS has been described in a previous In Fig. 1 the scattered intensity profiles obtained by
paper [7]. This optical apparatus is based on performSALS and ELS are reported. The continuous line is the
ing an optical Fourier transform of the impinging (scat- best fit by Eq. (3) with the multiplicative factet, as well
tered) wave front at a linear position sensitive detectorasé andd, as free parameters. As can be observed, data
In the present case the exciting light source is a 10 m\Woming from two different types of measurements (ELS
HeNe laser (632.8 nm). A 1024 element diode arrayand SALS) fall on the same curve. The good agreement
was used as detector and a 16 bit analog-to-digital conwith Eq. (3) implies that the system aggregation gives rise
verter was employed to digitalize the signal. The inten4to nearly monodisperse clusters. From the data fitting we
sity scattered by the optical cell filled by the solvent wasobtaind, = 2.5 and¢ = 3.0 um. This¢ value indicates
taken as the background and subtracted from all the me#ie presence in the solution of very large aggregates. The
sured spectra. Furthermore, data coming from ELS wergalue obtained fow, together with the additional result
scaled by a multiplicative factor in order to perform thethat clusters are nearly monodisperse suggests that (inside
fitting procedure. the experimental uncertainty) the aggregation kinetics are
The method for obtaining the aggregate fractal dimenof the diffusion limited DLA type [2].
sion involves the measurement of the scattered intensity as The growth of large aggregates in the porphyrin so-
a function of the exchanged wave vector. The measurelditions under investigation can be confirmed by means
intensity isI(g) « P(q)S(q) [8], whereP(q) is the form  of quasielastic light scattering data (DLS). In addition,
factor of the monomeric unit ansi(gq) is the structure fac- by considering the self-similar structure of the diffusing
tor [i.e., the Fourier transform of the density correlationobjects, it can be shown that there is good agreement

Silg) = (3)
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FIG. 1. Intensity profilel(g) vs ¢ in the regime of complete FIG. 2. Plot ofl./¢? vsq.

aggregation. Open circles are the experimental data coming

from SALS and squares from ELS, continuous line is the best

fit with Eq. (3).
range. Such a’ dependence is very interesting as it
reflects the structural properties observed in intensity data

between the cluster size measured from the static (combfor dynamics measurements. 4 dependence il
nation of SALS an ELS data) and dynamical data (DLS).can provide information related to the properties of the

The same scaling form used for the structure factofluster aggregate: their internal anisotropy, and intrinsic
S(¢) and the theoretical models of the kinetic growth forstructural rigidity [15]. For theq” dependence to be
fractal aggregates can be used to obtain information ofPserved, the aggregate must have a characteristic mass
the dynamical properties of these self-similar structure§izé M., which in turn sets an effective length in the
[12,13]. In a DLS homodyne experiment, the dynamicSize distribution [16]. The aggregates thus have a high
structure factotS(q, 7) is measured as proportional to the degree of internal rigidity and are nearly monodisperse.
autocorrelation function of the scattered field. From thisConsidering the optical anisotropies of a monodisperse
quantity the mean decay rate (weighted by the cluster siz@uster, it has been shown [15] that Eq. (5) can written
distribution) I, is obtained as the first cumulant: as

2 % o, a_2
L@ = 75 fl kN(K)Sk(q)[Dg” + Aldk.  (5) Felg) = Dy [1 ! 4,;2] ©)

where D and A are the translational and rotational where = Ry /R, is the ratio between the hydrodynamic
diffusion coefficients of a cluster of mass, respectively. radius and the radius of gyration of the cluster and
Depending on the radius of gyratioR, of a cluster, is a quantity directly related to the anisotropy of the
one of two distinct dependence @i, on ¢ can result. aggregate. From Eg. (6) we can consider/¢> as an
When ¢R, < I, T, = g%, in this range DLS results effective diffusion coefficientD.s;. When gR, < 11t
are insensitive to the fractal nature of the aggregatesas a value oD (the translational diffusion coefficient)
The measured diffusion coefficient is due to center ofand rises up to a higher limit foyR, >> 1. The value
mass diffusion. For the general case of polydispersedyf this higher limit depends on the ratio & to R, for
flexible clustersqR, >> 1 and I'. = ¢°. This latter the cluster. Itis well established [16,17] that the value of
behavior has been observed in a variety of aggregatinthe ratio depends on the cutoff function [Eq. (2)]. A step
systems such as colloidal polystyrene particles and micrdfunction yields Ry /R, = 1.03, whereas an exponential
emulsions [12-14]. cutoff givesRy /R, = 0.62.

Figure 2 shows the measurdd/g> versusg for the It is important to note that we can assume that
investigated solution after aggregation was completedhe diffusion coefficientD is described by a single
As can be observed, in the present system, the firdtydrodynamic radiu®Ry using the Stokes relatioP =
cumulant retains > dependence even in thgR, >> 1  kzT/6mmRy. This approximation is suitable as long
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