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Light absorption study of aggregating porphyrin in agueous solutions
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UV-visible absorption measurements have been applied to the study of the aggregation kinetics of the
porphyrint—H,P,44 in aqueous solution. The temporal evolution of the spectra can be related to the time
dependence of the monomer concentration and the mean cluster size. Results from the absorption experiments
agree with the findings of previous light scattering measurements, and with the current theoretical models and
molecular dynamics simulations of diffusion-limited aggregation kinefi84063-651X98)04605-4

PACS numbg(s): 82.70.Dd, 64.60.Cn, 05.40j

I. INTRODUCTION is achieved through a consideration of statistical quantities,

The formation of clusters through spontaneous self3S for example, the dynamic cluster size distribution func-

o : . t|Pn ng(t), which represents the number of clusters, consist-
aggregation is a process of both theoretical and experimenta . ) . )
Ing of s particles, in a unit volume at time

interest in physics, chemistry, biology, and engineering. This Scattering techniques, initially used to probe geometrical

focus is particularly true in the complex fluids, as, for poly- aspects of aggregates, have provided a great deal of informa-

mers, gels, and colloidal and biological molecules, where th? . .
: X ion on the properties of these structures, e.g., detailed rela-
spontaneous or induced buildup of large supramolecular as:

semblies have significant effects on the basic properties o onships between hydrodynam_lc ar]d static properties. The
- ) ) econd moment of the cluster size distribution was measured

the systenj1]. Stgtlstlcal physics have proven quite successy ;o light scattering on colloids and ge[&] indicating a

fu_l for the description of many properties of these assem"scaling” time behavior. Many attempts ensued to deter-

bling phenomena through the use of fractal geometry anthine the temporal evolution of the cluster size distribution

scaling conceptp2]. _ . theoretically[1,2,5. Quantitative comparisons with experi-

A number of different growth processfse., percolation, mental data have been achieved using molecular dynamics
diffusion-limited aggregatioDLA), reaction-limited cluster (MD) simulations and models based on the von Smolu-
aggregationtRLA), diffusion-limited cluster-cluster aggrega- chowski equation[6] by assuming specific mathematical
tion (DLCA), etc] have been proposed for the formation of forms for the inter-particle reaction rates. These comparisons
these assemblies. The impetus for considering such modefwve been made possible through the use of a dynamic-
comes from the recognition that the large clusters formed iscaling description, and a knowledge of precise relationships
these processes exhibit a scale-invariant fractal structure. lgetween rate constants and the dynamics of aggregation.
fractal aggregates, the various growth mechanisms relate the In a previous study7], we have showiusing both elastic
massM of the cluster to the corresponding radRsvia the  and quasielastic light scattering experimerttsat aqueous
well known scaling formM«R% [3], where the fractal or solutions of a particular porphyrin display precise fractal
Hausdorff dimensiord; differs from the Euclidean dimen- properties. The aim of the present study is to provide insight
siond. This fractal parameter has become a subject of coninto the aggregation kinetics, and, in particular, on the quan-
siderable interest—as implied, it serves as a signature for theties directly related to the MD simulations alluded to above.
mechanism of cluster growth—and a variety of experimentaln addition, we show that the aggregation kinetics can be
techniques as well as computer simulations have been useticcessfully studied through UV-visible absorption experi-
to determined;. The fractal dimensionality, however, con- ments. These findings can be considered as being of general
veys only limited information about the aggregation processapplicability in aggregation investigations and especially in
since it refers to the geometrical properties of only a particubiological systems where the clustering process generally
lar cluster and it is not useful in describing the ensemble andlakes place with concomitant changes in the electronic prop-
the dynamics of the clusters in the system. A more deeprties of monomers. It is common for biologically relevant
understanding of the dynamical properties of these systemspecies like DNA or proteins to show fluorescence and/or

optical density changes upon aggregation. Analogous at-
tempts have been exploited in the past in the study of poly-

*Permanent address: Dipartimento di Fisica, Univerditdles-  merization under high pressure and association king@its
sina, 1-98166 Messina, Italy. Porphyrins constitute an important class of biochemical
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compounds. An important application of synthetic cationic 10— e
porphyrins (and their metallo-derivativésin biophysics is
their use as probes of the dynamics and the structure o
nucleic acids and helical polypeptidd®]. These chro-
mophores can interact and bind to DNA and RNA by inter-
calation, external groove binding and external binding with
self-stacking. Under appropriate conditions, depending or§
porphyrin structure and polynucleotide composition, they are8
also able to induce conformational changes of the doubleg
helix (e.g., converting-DNA to the B-form [9]). The rapid <
uptake of these molecules by DNA, accompanied by the si-
multaneous breaking of adjacent hydrogen bonds, support
the idea of a “collective motion” model for nucleic acids.

Here we report on the salt induced aggregation
of the dicationic porphyrirtrans-bis(N -methylpyridinium-
4-yl)diphenylporphyine t-H,P.49) which forms supramo-
lecular assemblig®]. This phenomenon has been evidenced
by resonance Rayleigh light scatterifip] and, in the pres-
ence of helical templates by circular dichroism spectroscopy
[9]. Recently, we have reported a characterization of the late FIG. 1. UV-visible spectral changes relative to the aggregation
aggregation stage of the porphyrin by using elastic andprocess of the porphyrin solution. Different spectra are measured at
quas|e|ast|c ||ght Scattenr[g] From the measured |ntens|ty different times after Salt. addltlon Arrows indica‘fe the time behavior
profile of elastically scattered light we obtained a clear indi-0f the two mean contributions 420 nfdecreasingand 452 nm
cation that aggregation—driven by diffusion-limited aggre- (increasing.

gation kinetics—produces large rigid monodispgrse cluster§ition to the 420 nm Soret band. There is a well-defined
having a fractal structurewith d;=2.5). From theq” depen- iqqqpestic point at 434 nm. As time proceeds, the 420 nm
dence observed in the mean decay rate of the intensitys, g gecreases in intensity while the new peaks increase.

intensity correlation function and the effect on this dynami-1,o spectra corresponding to a late stage of aggregation

cal quantity of anisotropies in the cluster structure, weghw that both monomeric and aggregated porphyrins are
confirmed such a picture giving a hydrodynamic radris

. . ; ; i . present. The new spectral features are assigned to porphyrin
contsélst_ent with the radius of gyratid, measured via elastic i, the aggregated form. Whereas the 420 nm peak is clearly
scattering.

due to the absorbance of the monomeric species, the 452 nm
band can be attributed to “extinction effect$12] due to

Il. EXPERIMENTAL DETAILS resonant light scattering of the aggregated form as already
reported[9,10].

Aqueous solutions of porphyrin were prepared by using Clusters arise from the relatively strong dispersive forces
the free base as chloride salt. The concentration used in Olarcnng between these molecules. Porphyrins are Compounds
experiments (%10 °M) was determined spectrophoto- possessing an extendedelectron system in which the so-
metrically USINg &4p0=2.24<10°M " cm™! at the Soret called - or stacking interactions take place. Such interac-
maximum in water{7]. Aggregation was induced at 298 K tjons lead basically to two different spatial arrangements
by adding NaCl up to a final concentration of BI1 The  [11]: (i) offset 7 stacked, in which two molecules overlap
kinetic runs were performed on a Hewlett-Packard modekach other with a lateral offset afii) a T-shaped geometry,
8452A diode-array spectrophotometer by repetitive scanningh which one molecule is orthogonal with respect to the other
of the spectrum at suitable time intervals. Measurementgne. As is well known, the absorbance of the system is di-
were begun immediately after salt addition in the range 200-rectly connected with its electronic properties, and the ob-
800 nm. The deconvolution of the spectra as Gaussian coRerved changes in the spectra can be related to the presence
tributions(centered at 365, 420, and 452 nm, respectMely  of these strongr-7 molecular interactions. They are able to
the region 320—500 nm was achieved by performing a fittingriginate completely different electronic configurations for

300 400 500

Wavelength (nm)

procedure based on Marquadt algorithm. the monomeric and the aggregated chromophores.
In order to analyze the absorbance data, we considered the
IIl. RESULTS AND DISCUSSION time dependence of the two major peaks related to the mo-

nomeric and aggregated species, respectively. We decided to

In neat water, the-H,P .44 porphyrin exhibits an intense use the areas of the corresponding bands performing a de-
Soret maximum at 420 nm in the absorbance spg6t0]. convolution in the spectral range of inter¢fig. 2(@)]. In
Under these conditions, resonance light scattering spectra ihis way, we obtained quantities related to the concentration
dicate that the porphyrin has not formed extended aggresf porphyrin molecules in the monomeric foi@20 nn) and
gates. This spectral feature can be associated with monde the mass of the aggregat@b2 nmj. In Fig. 2b) the time
meric porphyrin. Upon salt addition, the spectra changeevolution of the areas relative to the two bands is shown in a
dramatically with time(Fig. 1) showing the buildup of a logarithmic plot. It is evident that porphyrins belonging to
more complex structure. At least two new contributions centhe monomeric and aggregated species exhibit different time
tered at 365 and 452 nigimore intensgare detected in ad- dependences. These behaviors can be explained considering
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K(j.k)
Pj+Px—— Pjik, V)

whereP; denotes an aggregate containjnigionomeric units
andK(j,k) is the rate at which the reaction proceeds and is
model dependent. From a general point of view, in self-
similar processes the reaction raté§ ,k) are characterized
only by two exponenta and v and are written as

Absorbance

K(aj,ak)=aK(j,k), 3

K(1.j)~}",

340 360 380 400 420 440 460 480 with A<1 andv<1 [17] (for A\=1 gelation will occuy.
Under these conditions the mean cluster <8 is deter-
mined by the rate at which two aggregates of this size inter-
e A T — act, and the time dependence of its concentration is ex-
U] . ] pressed by the equatid(t) ~t? with z=1/(1—\) [16,17).
| 420 nm ®e (b) | To determine the exponentsand w it is necessary to
I . 000000 $0EHNON © know the behavior of the monomer concentrat@y{t). The
X" time behavior of such a quantity depends on the expoment
10" £ o s L. g and is strongly related to the physics of aggregation, i.e., to
- .. .N 1 . .o . . .
'S the relative reactivity of the monomer with itself or with a
1 cluster of sizeS. Rate equations have been developed for
. ] different possible situationsl7] depending on the value of
hd the quantityu=\—v. For examplex >0 implies that large
1 aggregates react preferentially with equally large ones. We
P limit our considerations to the picture proposed for the sys-
10° P ‘””'1 — "”"2 — "”"‘3 — tem under investigation by light scattering data: the DLA
10 10 10 10 aggregation phenomenon originates large monodisperse clus-
t (sec) ters (i.e., A<v). In such a case, the growth mechanism is
FIG. 2. (a) Typical deconvolution procedure applied to an UV- _d?Tﬁgatserga%rlaggisgr?rl?hgescéuségfdiggﬁf”?ﬁ;ﬁ;ﬂg:m&

visible spectrum. The spectral region between 325 and 500 nm i I d iallv with ti |
treated as three Gaussian contribution centered at 365, 420, and 4891a'er aggregates decreases exponentially with time. It can

nm. (b). Logarithmic plot of the calculated area of the 420 nm andP€ Shown that the monomer concentratioy{t) is given by
450 nm peaks vs time.

wavelength (nm)

L 452 nm

Integrated Area (arb. units)
[

Ci)=a exp—tT)=a exp(—t~ A~0/A-N)y (g

results coming from current models that have been shown tth licati f i DLA L
account well for the DLA aggregation kinetid43-15. e application of scaling concepts to aggregation im-

More precisely, by considering results of MD simulations Plies also_ that the diffusion cc_)eff|C|_ertIDS of a cluster of
[16] and mean-field theoretical approaches based on the vdRaSSS (S is the number of particles in the clustecales as
Smoluchowski equatiofil7], we are able to show that the D.~Dns~? 5)
guantities obtained from UV-visible spectra agree well with s 0> o

these. Fheoretlc_al ana[yses,_ and in a_ddmon, cqrrespond R?/hereDo is a constant ang is the diffusion constant expo-
quantities considered in a direct way in MD studies. nent[16]. Furthermore, by considering that the studied ob-

Scaling concepts describing fractal aggregations are bas? cts are fractals, then their radius R{s)~s'%, and we
on the dynamic cluster size distribution functiog(t) [1.2: e the foIIowiné relationg17]: ’
ng(t)~k ™ %f(s/t?), (o (d—2) (d-2)
wheref(x) is a scaling function with rapid decay at large :( dy )_ v (@ and v= ds ) ®: 0

From mass conservation followg=2. More precisely,
f(x)~x° for x<1, andf(x)<1 for x>1. According to Eq. Whered represents the Euclidean space dimension.
(1), for x<1, ng(t)~t~Ws™ 7" with w=z§ and6=2—r, i.e., Under the assumption that the area of the bands, measured
the cluster size distribution decreases as a power lasaind  in the present experiment, is proportional to the concentra-
t and the exponents satisfy the scaling relation (2—7)z.  tion of species in solution, E¢4) can be written a<C,(t)
Another consequence of E(l) is that the mean cluster size =Aq+A;exd —(kt)"], wherek is an observed time constant
S(t)==s?n4(t) diverges for large, and in terms of Eq(1) (sech) andr=—(A—v)/(1—\). The best fit of the experi-
is S(t) ~t= mental data to this equatidirig. 3@)] gives A;=7.5+0.2,

In general, aggregation processes in which cluster strucA;=48.1+ 3.9, k=0.064+ 0.012 sec!, and 7=0.45+0.03
tures are originated by monomeric units can be described bfstandard error 0.61In such terms, as can be observed, the
following the reaction scheme: data analysis does not give satisfactory results.
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FIG. 4. Time evolution of the increasing spectral contribution
(452 nm ascribed to porphyrins in the aggregated form, the con-
tinuous line givez=0.9+0.1.

Integrated area (arb.units)

Furthermore, it is well known that dimerization of por-
phyrins [9] is a very fast process and, in the case of the
porphyrin under investigation, a recehi NMR study has
pointed out the presence of dimers in aqueous solufib®is
In addition, elastic light scattering data on unsalted porphyrin
L samples confirm the presence of a detectable wave vector

109 107 102 103 dependent intensity contributioftwo orders of magnitude
t (sec) smaller than the corresponding salted solutioBn these
bases, we can suppose that the fast initial exponential decay

FIG. 3. (a) Logarithmic plot of the calculated area of the peak atis a contribution due to basic units forming a threshold size
420 nm vs time; the continuous line represents the best fit by usingggregate. However, the intriguing issue of an RLA early
Eq. (4). (b) Logarithmic plot of the calculated area of the peak atstage in a DLA process seems to be confirmed by prelimi-
420 nm vs time; the continuous line represents the best fit by usinpary data of a proper investigation performed in our labora-
Eq. (7). tory [20].

The consistence of the present data analysis in the frame-

Following results coming out from recent theoretical MD work of current models and MD simulations for DLA aggre-
simulation studie$18] we consider that a better description gation kinetics is confirmed by the measuredalue. Con-
of the measured time profile of porphyrin molecules in thesidering the measured values @f and 7, Egs.(6), and by
monomeric stat¢absorption band centered at 420)ncan  using the relation connectingwith the scaling terms and
be achieved by introducing an additional short time exponenp | we obtainy=0.512+0.04, i.e., the value expected and
tial contribution. On these baséke., considering the pos- measured in an aggregating system in which the diffusion
sible presence of a RLA early stagee use the form process is controlled by the shear visco$itg]. Such a re-

_ sult is usually obtained, fat>2, when the DLA aggregation
Ci(t)=Ag+Asexd — (kit) "1+ Asexp( — kot). (7) process originates a sharply peaked well-shaped cluster-size
distribution, and it is in complete agreement with the find-
The continuous line in Fig.(B) represents the best fit of the ings of light scattering measuremen®.
experimental data with Eq.7) that provides a fairly good Finally, we consider the time evolution of the increasing
description of experimental results in the measured timespectral contributior{452 nm ascribed to porphyrins in the
range. From such a fit we obtaify,=6.7+0.2, A;=14.0 aggregated forniFig. 4). On the basis of the previous dis-
+3.2, A,=20.8+1.5, k;=0.01+0.004 sec’, k,=0.044 cussion, we can relate such a peak to the mean cluster size
+0.001 sec?, and finally 7=0.46+0.08 (standard error S(t). As previously discussed, this quantity scales?asith
0.24). a diverging behavior fot—~. However, in a real system

The additional exponential term on passing from Ef. this power-law behavior is expected to level off due to finite
to Eq.(7) deserves an additional comment; it is explained byconcentration constraints. A careful MD simulation for DLA
considering that the porphyrin monomers are not the redl16], performed with different concentrations andvalues,
starting units for the studied aggregation phenomenon. Thisonfirms that in the time evolution of the mean cluster size
hypothesis is supported by the recent MD simulation studythere is a crossover from th&behavior to an asymptotically
on colloidal solutiong18] suggesting that the DLA aggrega- finite value. The observed time dependence is qualitatively
tion process is, in general, preceded by a very early reactiogimilar to that obtained in this MD simulation. A more guan-
limited aggregation between monomers leading to smallitative study is actually in progress in our laboratory. We
clusters. Present results give an experimental indication afonclude by observing that just after the early stage of the
the validity of this MD suggestion. aggregation the power laté well fits the experimental data

101} 1
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(continuous line in Fig. ¥ In this case, again, the obtained of the monomer concentration during the aggregation. These
z=0.9+0.1 value agrees with the above reported exponentsxperimental findings are completely in line with scaling
characterizing the scaling laws and reproduces qualitativelynodels and numerical simulations. In conclusion, we outline
the results of the cited MD simulation. that UV-visible measurements can constitute a powerful tool
in studying aggregation of biological system in which
changes of their absorption is a frequent phenomenon as a

o _consequence of the interaction between monomers.
In summary, we have showed that UV-visible absorption

spectroscopy can give detailed information on the fractal ag-
gregation kinetics of thé-H,P 44 porphyrin in aqueous so-
lution. The obtained results are in complete agreement with
light scattering measurements performed on the same sys- The authors are indebted to Professors R. F. Pasternack,
tem, showing that the aggregation phenomenon follows &. Family, H. E. Stanley, P. Tartaglia, and F. Sciortino for
simple DLA giving rise to rigid monodisperse clusters. This helpful suggestions. This work was supported by MURST
spectroscopic technique provides useful information on thend the CNR through the “Progetto Finalizzato Tecnologie
temporal evolution of the aggregation kinetics. In particular,Elettroottiche” and by NATO Grant No. SRG 950676. The
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