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Abstract: Elastic and quasi-elastic light scattering and conductivity experiments have been performed on the
supramolecular species [Ru{(u-2,3-dpp)Ru[(x-2,3-dpp)Ru(bpy).]2}31(PFe)20, 1, and [Os{(u-2,3-dpp)Ru((u-2,3-dpp)-
Ru(bpy)212}31(PFs)20, 2, in dilute fluid solution at room temperature (bpy = 2,2’-bipyridine; 2,3-dpp = 2,3-bis(2-
pyridyl)pyrazine). Aggregation phenomena occur in fluid solution for 1 and 2 even at concentrations as low as 1076
M. The dimension of the aggregates at 298 K in a 107 M acetonitrile solution is about 100 nm. The effects of
ionic strength and solvent polarity on the aggregation are discussed. Intermolecular attractive interactions between
the hydrophobic aromatic moieties of the supermolecules are likely at the basis of the aggregation process. The
results obtained indicate that the nanometer-sized hyperbranched supermolecules investigated here can be considered
as colloidal systems as far as the aggregation properties are concerned.

Introduction

Design and synthesis of ultralarge supramolecular species
(nanostructures) capable of exhibiting specific functions is an
important challenge now facing chemistry.? Well-defined na-
nometric species can be obtained by the *“cascade approach’™
(hyperbranched molecules, also called cascade molecules,
dendrimers, or arborols) and can be considered as a bridge
between molecular and material sciences.* Properties and new
applications of these species are only beginning to be
explored.3eeded

On the other hand, it is known that various nanometer-sized
species, such as microemulsion, micelles, silica particles, and
biological macromolecules, can organize themselves in semi-
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macroscopic edifices in solution.>® For example, latex particles
of 80 nm diameter at a volume fraction of 1075 in water and a
salt concentration of 1072 M give rise to formation of clusters
in which the internal structure is self-similar (fractal dimension,
2.1) and the dynamics are governed by reaction limit aggrega-
tion,>¢ For ternary microemulsions (decane/water/dodecyl
sulfoxysuccinate), the growth of percolation clusters with fractal
dimension 2.5 is observed as a function of temperature. The
size of the clusters can reach a fraction of a micrometer, while
the dimensions of the droplets are on the order of 10 nm.>¢
Biological macromolecules in water solution (e.g., lysozima,
BSA, DNA) show aggregation phenomena, and the structure
exhibits a diffusion-limited cluster—cluster aggregation (fractal
dimension, 1.75).%6

Some of us have recently prepared nanometer-sized hyper-
branched supermolecules made of Ru(I) and Os(II) building
blocks which exhibit quite interesting photophysical and
electrochemical properties.3%” Here, we report the aggregation
properties in acetonitrile at very low concentrations of two
representative species of this family of compounds, studied by
laser light scattering and conductivity experiments. The reported
investigation concerns the decanuclear species [Ru{(u-2,3-dpp)-
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Figure 1. Schematic representation of the decanuclear species 1 (N'N
stands for 2,2"-bipyridine; solid circles are Ru?* metal ions). The
hexafluorophosphate counterions are not represented.

Ru[(#-2,3-dpp)Ru(bpy)212}3]1(PFe)0. 1, and [Os{(u-2,3-dpp)Ru-
[(,u-2,3-dpp)Ru(bpy)2]2}3](PF6)20, 2 (Figure 1: bpy = 2,2'-
bipyridine; u-2,3-dpp = 2,3-bis(2-pyridyl)pyrazine).

The results show that supermolecules like those studied here
can be considered as colloidal systems as far as their aggregation
properties are concerned.

Experimental Section

[Ru{ (4-2,3-dpp)Rul(4-2,3-dpp)Ru(bpy)z]z}:1(PFe)z0 (1), [Os{(4-2.3-
dpp)Ru[(u-2,3-dpp)Ru(bpy)2]2}3](PFs)20 (2), and [Ru(bpy)s](PFs). were
available from previous work.’

Conductivity experiments were performed in acetonitrile solution
at 298 K on freshly prepared solutions (within one hour from the
preparation of the solutions) and repeated on one-day aged solutions.
The concentration range of the decametallic species was 2.5 x 1077 to
4.0 x 107 M (5.0 x 107%t0 8.0 x 1073 N). Each set of experiments
was repeated twice on different solutions, giving the same results.

The laser light-scattering measurements were made on at least one-
day-aged solutions at 298 K in an optical thermostat (temperature
stability, £0.01 °C). The experiments were repeated after a few days,
giving the same results. This ensured that thermodynamic equilibrium
was achieved. The light source was a 10-mW He—Ne laser (wave-
length 632.8 nm). A computerized goniometer was used to change
the scattering angle. The light scattered by the systems was collected
with appropriate optics and measured with a fiber-optic-coupled
photomultiplier which gives a pulse rate proportional to the number of
scattered photons. Malvern 4700 submicrometer particle analyzer
correlator operating in parallel mode (8 parallel correlator at different
sampling times) was used to obtain the correlation function g»(¢) in the
range between 10 us and 0.6 s. All the samples (and pure solvents)
were centrifuged prior to measurement. Due to the high molar
extinction coefficients of 1 and 2 (e.g., € = 125 000 M~! cm™! at 540
nm for 17), only dilute solutions (10~% M) were studied by scattering
techniques. Each set of experiments was repeated at least twice using
ultrapure solvents of different grades (spectrophotometric or better) and
origins, giving the same results within experimental error. This
indicated that different water contamination in acetonitrile has no
significant effect on light scattering results.

Results and Discussion

A. Laser Light Scattering. 1. Quasi-Elastic Light Scat-
tering. Quasi-elastic light scattering (QELS) experiments are
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Figure 2. Field correlation functions gi(r) at finite ionic strengths at
the scattering angle of 30° for 1 (a) and 2 (b). For details, see text.

used to determine the diameter of submicrometric dispersed
particles by measurement of their diffusion coefficient.® The
technique is based on the determination of the correlation
function of the scattered light intensity, g»(#), by eq 1, where q
is a function of the scattering angle 6, the refractive index n,
and the wavelength of the incident light 4, and D is the diffusion
coefficient of the particles.

g,() =< exp(—2Dq*?) (1

q = 4an/A sin(6/2) a1’

The diameter of the particles (twice the hydrodynamic radius
o) can then be achieved by the use of the Einstein—Stokes
relationship expressed by eq 2,

D = (kg)/(6710) @

where # is the viscosity of the solvent and 4g and T have the
usual meanings. For polydispersed samples, g»(f) is a super-
position of exponentials with different decay rates. Distribution
of decay rates is then obtained by performing a Laplace
inversion of the field correlation function g1(f) = [g2(H]Y2.
Here, we made use of the CONTIN program,’ a non-negative
least-squares algorithm, and a discrete multiexponential least-
squares fit to invert the experimental data. All methods give a
single peak for the size distribution function, with substantially
good agreement. It was possible to observe a small contribution
in the g2(¢) function (at very short times and for solutions at
low ionic strength) that can be related to isolated molecules,
but this contribution was not analyzed because its amplitude
was small compared to the principal relaxation time. The
measurements were performed at scattering angles of 30, 40,
and 70° (three different exchanged wave vectors q) in order to
test the q independence of the diffusion coefficient, D. When
such a condition is proved, the measured relaxation time can
be connected to the translational dynamics of the supramolecular
aggregates, and eq 2 gives a corrected value for the size of the
particle. At particular salt concentrations, the QELS measure-
ments cannot be performed due to the low intensity of the signal.
Parts a and b of Figure 2 show field correlation functions
g1(1) at finite ionic strengths at a scattering angle of 30° for 1
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Figure 3. Mean diameters of 1 (a) and 2 (b) as a function of the molar
concentration of added tetraethylammonium perchlorate (TEAP). Solid
and open circles refer to different scattering angles (30 and 40°,
respectively).

and 2, respectively. At very short times it is possible to observe
the contribution from isolated molecules. The contribution at
very long times (>0.1 s) is the same for all the samples and
solvent and can, therefore, be assigned to impurities of the
solvent and/or the stability of laser. The overall data are fitted
by a three-exponential curve (solid line in Figure 2). Dashed
lines in Figure 2 shows the contribution for intermediate times,
giving the translational motion of the aggregates.

The mean diameters (obtained for the intermediate contribu-
tion in the fitting) of 1 and 2 as a function of the molar
concentration of added tetraethylammonium perchlorate (TEAP)
are shown in parts-a and b of Figure 3, respectively. Because
of technical problems (e.g., strong extinction coefficients in the
visible which makes compulsory the use of very dilute samples
that produce low scattering signals), we cannot obtain reliable
data on the polydispersity of the samples. A size of about 100
nm is obtained for the species in acetonitrile solution in the
absence of added salt for both 1 and 2. This mean value is
noticeably large when compared to the dimension calculated
by CPK models for the cationic decametallic species (diameter,
~30 A) and indicates the presence of aggregates of tens of
supermolecules. The size of the aggregates grows with salt
concentration, and for 0.01 M salt concentration it abruptly
increases to micrometer dimensions. In Figure 3 the various
symbols correspond to calculated radii for experimental mea-
surements made at different scattering angles; for small ag-
gregates, closed values are obtained for size (and for D)
corresponding to translational diffusion motion. When the
dimension of the aggregates increase (i.e., for added salt), a
dependence of ¢ (and, as a consequence, on D) on q is con-
nected with the contribution of internal motions of the particles
superimposed on the translational diffusion motions. The same
effect has been also observed in a similar system.’® Experiments
performed in other solvents, including water, gave qualitatively
similar results, but their quantitative determination was not
possible under our experimental conditions because of the poor
quality of the results from very dilute water solutions (various
optical impurities, such as bubbles and dust, cannot be easily
removed from water) and because in nonpolar solvents such as
benzene, toluene, and dichloromethane the dimension of the
aggregates was in the micrometric scale even without salt
addition.
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Figure 4. Excess light scattering intensity as a function of added TEAP
for 1 (a) and 2 (b). The dashed horizontal line is the excess scattering
intensity for samples without added salt.

2. Elastic Light Scattering. The light intensity I scattered
by molecules in solution depends on the concentration ¢, the
size and weight of dispersed molecules, and (for noninteracting
molecules) the mass M. The Rayleigh ratio Ry is given by

R, = (I~ I)RJI, = HcM 3)

extrapolated at the zero angle limit. Here I and I, are the
scattering of the solvent and the scattering of the reference
sample, respectively, and Ry is the Rayleigh ratio of the reference
sample (usually benzene). H is the optical constant of the
solution, defined as in eq 4.11

AN, 3C)T

We performed measurements of I and I; as a function of
scattering angles for low concentrated samples at different ionic
strength. The quantity measured is the excess scattering
intensity Ix = (I — I) extrapolated at zero scattering angle.
This quantity is proportional to the mass of the particles in the
solution and gives indication about the presence of aggregates
as inferred from eq 3.

The finite values for the excess scattering intensity calculated
for 1 and 2 at low ionic strength cannot be explained by the
presence of isolated molecules like “free” 1 and 2. In fact, the
excess intensity for molecules of 10000 Da at 1076 M
concentration (105 g/mL) is nearly 1073 times the scattering
of pure benzene and, therefore, should not be detectable with
our apparatus. A much larger structure is needed for reaching
a detectable scattering signal. Because of the relatively weak
signal, a quantitative analysis for the calculation of apparent
molecular weight M is not possible; however, the excess
intensity Zex is, without doubt, indicative of the presence of large
aggregates in solution. In Figure 4 we show the excess intensity
as a function of salt concentration. It is possible to see a rapid
variation of Iy (i.e., of the apparent molecular weight as
expressed by eq 3) as a function of salt concentration. It can
be noted that such a rapid variation occurs at salt concentrations
in which QELS detects micrometric aggregates (Figure 3). The
results for high TEAP concentration (10~3 M) seem to deviate
from the expected behavior. This behavior can be explained

(10) Engelhardt, Th.-P.; Belkoura, L.; Woermann, D.; Grimme, W.
Bernsen-Ges. Phys. Chem. 1993, 97, 33.

(11) In The Scattering of Light and Other Electromagnetic Radiation;
Kerker, M., Ed.; Academic Press: New York, 1969.
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by considering that for very large aggregates most of the
scattered light is in the small angle region, which is out of the
experimental range for elastic light scattering. This problem
does not affect dynamic light scattering results (Figure 3)
because this technique is spectral and is independent of the
absolute value of the scattered light intensity.?

The agreement between elastic and quasi-elastic light scat-
tering data rules out the assignment of the diffusion coefficient
at low ionic strength to the increase of friction factor due to the
effect of electroviscosity.!? In other words, the slow dynamics
of our systems as revealed by quasi-elastic light scattering
experiments is assigned to formation of aggregates.

B. Conductivity. Before discussion of conductivity experi-
ments, some consideration has to be made. For the decametallic
species 1 and 2, conductivity values at very low concentrations
are time-dependent. In fact, freshly prepared solutions exhibit
conductivity values lower than aged solutions. This effect is
particularly noticeable for the more dilute samples. The time-
dependence of the conductivity can be rationalized by consider-
ing that 1 and 2 are nanometer-sized species; their solubility in
fluid solution can take long times to occur. The time-
dependence of the conductivity of the diluted concentrations
is, therefore, probably due to slow solubilization. The fact that
the conductivity values increase with time and asymptotically
tend to the theoretical limiting value for a 1:20 electrolyte of
~30 A diameter (as estimated from the mobility of the species)
is in agreement with this explanation. At higher concentrations,
the species are strongly associated (vide infra), and slow
solubility no longer significatively affects the conductivity
values. Because only aged solutions can be considered to be
in thermodynamic equilibrium, the following discussion of the
conductivities of 1 and 2 will be limited to the aged solutions.

Conductivity measurements in organic solvents have been
extensively used to determine the structures of coordination
compounds.!3!4 Equivalent conductivity, A., is expected to be
linearly dependent on the square root of the equivalent
concentration, C.'?, if the nature of the conductant species
remains unchanged.

For [Ru(bpy):](PF¢),, used as a reference, the equivalent
conductivity changes linearly in the range of 2.5 x 10760 5.0
x 1074 M (5.0 x 107% to 1.0 x 1073 N). At higher
concentrations, however, A, deviates markedly from linearity.
This behavior can be attributed to ion-pair formation between
Ru(bpy)s?* and PF¢~ ions. The equivalent conductivity of the
dilute solutions (5.0 x 107%to 1.0 x 1074 N) of the decametallic
species decreases drastically with concentration (Figure 5).
However, for more concentrated solutions (1.0 x 1074 to 8.0
x 1073 N) equivalent conductivity is roughly constant with
concentration.

Onsager’s limiting law (Figure 5, inset), A — Ae = Av/C.
(where Ag and A, are the equivalent conductivities at infinite
dilution and at the concentration C., respectively),1%14 expresses
the linear decrement of the equivalent conductivity as a function
of the square root of the concentration due to counterion
shielding. The expected value of the slope is obtained for Ru-

(12) In An Introduction to Dynamic Light Scattering by Macromolecules;
Schmitz, K. S., Ed.; Academic Press: New York, 1990.

(13) (a) Debye, P.; Hiickel, E. Phys. Z. 1923, 24, 311. (b) Onsager, L.
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649.
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Figure 5. Equivalent conductivity (S cm™! equiv~!) vs square root of
the equivalent concentration of 1 (solid circles) and [Ru(bpy)s](PFs).
(open circles) in acetonitrile. Inset: (Ag — A¢) Vs square root of the
equivalent concentration The triangles are the theoretical limiting
values of the equivalent conductivity for 1 and [Ru(bpy);](PF¢),. The
solid lines are the initial slopes. The dashed line T in the inset is the
theoretical slope of a 20:1 strong electrolyte calculated by using the
Debye—Hiickel—Onsager equation.

(bpy)s?* in the range of 2.5 x 1071t0 5.0 x 107* M (5.0 x
1075 to 1.0 x 1073 N). The same equation, applied to the
concentration range of 2.5 x 1077 to 5.0 x 107 M (5.0 x
1075 to 1.0 x 107* N) for 1 and 2, gives slopes significantly
different from the theoretical value of a.20:1 electrolyte. The
failure of the law indicates that association processes are already
effective for the studied supermolecules even at concentrations
as low as 1076 M. 1

It is interesting to note that the equivalent conductivity of 1
at concentrations greater than 1074 M is about 80% of the
equivalent conductivity of the “free” hexafluorophosphate anion
at infinite dilution (102 Q~! cm™1), and when extrapolated to
infinite dilution (if lower concentrations are not considered), it
approximates PF¢~ equivalent conductivity. This is in agree-
ment with our findings, where the hyperbranched decametallic
cations are involved in larger edifices of presumably very low
mobility.

Ion-pairing is the simplest act of aggregation of charged
molecules so that the first association process occurring in the
studied systems is certainly formation of solvent-stabilized ion-
pairs. However, due to the nanometer dimension of the dendritic
supermolecules and to the hydrophobic nature of their periphery,
ion-pairing is probably only the first step of stronger and massive
aggregation phenomena occurring in this family of compounds.
Strong long-range attractive forces, which are known to occur
for nanometer-sized systems (macromolecular solutions, particle
dispersions, microemulsions, and so on),'¢ can be sufficient to
overcome the repulsive forces between the preformed supramo-
lecular ion-pairs. The dimension of the aggregates measured
by QELS definitively confirms this hypothesis. The main role
of ion-pairing is, therefore, to transform the decanuclear species
in “noncharged” supermolecules, decreasing electrostatic repul-
sion. This explanation is completely supported by the effect

(15) One can note that Aq for 1, calculated by a best fitting procedure
of the equation developed by Debye, Hiickel, and Onsager for strong
electrolytes, is affected by strong uncertainty, and Onsager limiting law is
hardly used. We would like to point out that, although the crude values
are to be taken with care, the experimental slope is noticeably different
from the theoretical value, even accounting for experimental uncertainty.

(16) (a) Derjaguin, B. V.; Landau, L. Acta Phys. Chim. Debricina 1941,
14, 633. (b) Verwey, E. I.; Overbeek, J. Th. G. Theory of the Stability of
Lyophobic Colloids; Elsevier: Amsterdam, 1948.



1758 J. Am. Chem. Soc., Vol. 117, No. 6, 1995

of the added salt on the light scattering measurements. The
solvent would play an important role in stabilizing (or desta-
bilizing) ion-pair formation. In fact, nonpolar solvents such as
dichloromethane and benzene lead to larger aggregates at low
concentrations, most likely a consequence of stronger stabiliza-
tion of ion-pairs.

Conclusion

The investigations reported here (based on laser light scat-
tering and conductivity experiments) strongly indicate the
occurrence of aggregation phenomena for 1 and 2 at room
temperature in fluid solution at very low concentrations, and
that, as a consequence, the nanometer-sized hyperbranched
supermolecules investigated can be considered colloidal systems
as far as aggregation properties are concerned. Attractive forces
between the hydrophobic supermolecules are probably the basis
for the production of huge, stabilized aggregates. 1720

It should be considered that, as previously noted, aggregation
phenomena are usual for nanometer-sized compounds (e.g.,

(17) Attractive effects between hydrophobic aromatic moieties of large
molecules are well-known!® and are at the basis of recognition processes
in natural!® and “unnatural”? species.

(18) The literature on this topic is too vast to be exhaustively quoted.
Representative examples can be found in the following: (a) Inclusion
Phenomena and Molecular Recognition; Atwood, J. L., Ed.; Plenum: New
York, 1990. (b) Vogtle, F. Supramolecular Chemistry; Wiley: Chichester,
1991. (c) Supramolecular Chemistry Balzani, V., De Cola, L., Eds.; Kluwer:
Dordrecht, The Netherlands, 1992.

(19) See, for example: Structure and Dynamics of Nucleic Acids, Proteins,
and Membranes; Clement, E., Chin, S., Eds.; Plenum: New York, 1986.
(b) Tanford, C. The Hydrophobic Effect: Formation of Micelles and
Biological Membranes, 2nd ed.; Wiley: New York, 1980.
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proteins, chlorophylls, latex particles, microemulsions) and have
been reported for many systems, including synthetically prepared
hyperbranched molecules that are structurally similar to the
present species.!® These reported examples concern nonionic
species with aggregation occurring at relatively high concentra-
tions and/or with aggregation formed by a few single molecules.
The case reported here is a profoundly different one: the species
are (highly-charged) ionic ones; aggregation occurs at very low
concentrations (lower than 10~% M), and it concerns tens of
“single” supermolecules. The results suggest new perspectives
in the research field of luminescent and redox-active Ru(Il) and
Os(IT) polynuclear compounds. For example, intriguing con-
sequences on the interpretation of photophysical and electro-
chemical properties of such species could come from aggrega-
tion studies. In particular, the interpretation of photophysical
properties of highly-charged polynuclear compounds could be
improved by taking into account the possibility of intermolecular
effects due to aggregation. Work in this direction is in progress
in our laboratories. )
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