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Abstract: The solution behavior of the largest inorganic acid known thus far, the neutral, spherical iron/
molybdenum/oxide nanocluster {Moz2Feso} (={(MoY') MoV's}oFe''sy 1a), including the pH-controlled
deprotonation, is reported. The acidic properties are due to the 30 peripheral, weakly acidic Fe"'(H,O)
groups that form a unique Archimedean solid with all edges and dihedral angles being equal, the
icosidodecahedron, and therefore an “isotropic” surface. Interestingly, the aqueous solutions are stable
even for months because of the inertness of the spherical solutes and the presence of the hard Fe'"' and
MoV! centers. The stability can be nicely proven by the very characteristic Raman spectrum showing, because
of the (approximately) icosahedral symmetry, only a few lines. Whereas the {Moz,Feso} clusters exist as
discrete, almost neutral, molecules in aqueous solution at pH < 2.9, they get deprotonated and self-associate
into single-layer blackberry-type structures at higher pH while the assembly process (i.e., the size of the
final species) can be controlled by the pH values; this allows the deliberate generation of differently sized
nanoparticles, a long-term goal in nanoscience. The average hydrodynamic radius (R:) of the self-assembled
structures decreases monotonically with increasing number of charges on the {Moz,Fes} macroanions
(from ~45 nm at pH ~ 3.0 to ~15 nm at pH ~ 6.6), as studied by laser light scattering and TEM techniques.
The {Mo7,Fesq} macroions with high-stability tunable charges/surfaces, equal shape, and masses provide
models for the understanding of more complex polyelectrolyte solutions while the controllable association
and dissociation reported here of the assembled soft magnetic materials with tuneable sizes could be
interesting for practical applications.

Introduction hydrophobic interactions, for example, are responsible for the
self-assembly of amphiphilic surfactants, and attractive van der
Waals forces are responsible for the aggregation of large
colloidal particles. Different groups, including ours, recently
reported a new type of self-assembly behaigk (i.e., that of
soluble, hydrophilic giant molybdenum/oxide-based spherical
and wheel-shaped specié$)lhese nanosized clusters can be

Several types of molecules self-assemble in solution into
supramolecular structures (e.g., surfactants and membrane lipids
into complex micelles, liposomes, or hollow vesicles) owing
to their amphiphilic charactérThe kind of assembly formation
depends on the specific functionalities of the species in
connection with the cooperativity between these, an effect that
is influenced by the respective solvent. The special case of , - X -

. . . (2) Liu, T.; Diemann, E.; Li, H.; Dress, A. W. M.; Mler, A. Nature 2003
formation of hollow spherical structures, potentially capable of 426, 59.
encapsulating various substrates and valid also for the present (3) Muller A.; Diemann, E.; Kuhimann, C.; Eimer, W. Serain, C.; Tak, T.;
ochel, A Pranzas, P KChem. CommurQOO:L 1928
situation, is of great interest not only for modeling the emergence (4) Zhu Y.. Cammers-Goodwin, A.; Zhao, B.; Dozier, A.; Dickey, E. C.
Chem=Eur. J.2004 10, 2421.
of protoc<_-:‘ll assemb“es. on the pr_lmordlal earth. but also in Chen, B.; Jiang, H.; Zhu, Y.; Cammers, A.; Selegue, J. Am. Chem.
context with the related isoperimetric problem (optimal/smallest S0c.2005 127, 4166.
i i 3 (6) Liu, T. J. Am. Chem. So@002 124, 10942;2004 126, 406.
surface to volume rau_o). The res_pt_actlve self-assembly processes (7) i’ 7.3 Am. Chem. S0@003 125 312.
may result from different driving forces. Hydrophitic (8) Liu, G.; Cali, Y.; Liu, T.J. Am. Chem. So2004 126, 16690.
(9) Liu, G.; Liu, T. Langmuir2005 21, 2713.
(10) Liu, G.; Liu, T.J. Am. Chem. So@005 127, 6942.

"Lehigh University. (11) (a) Liu, T.J. Cluster Sci2003 14, 215. (b) Liu, G.; Cons, M.; Liu, TJ.
* Brookhaven National Laboratory. Mol. Lig. 2005 118 27.
§ University of Bielefeld. (12) Liu, G.; Liu, T.; Mal, S. S.; Kortz, UJ. Am. Chem. So2006 128 10103.

(1) (a) Evans, D. F.; Wennerstmg H. The Colloidal Domain: Where Physics, (13) (a) Mler, A.; Kdgerler, P.; Kuhlmann, CChem. Commuril999 1347.
Chemistry, Biology, and Technology Me2hd ed.; Wiley: Chichester, (b) Cronin, L. InComprehensie Coordination Chemistry jIMcCleverty,
1999. (b) Holmberg, K.; Jwsson, B.; Kronberg, B.; Lindman, Burfactants J. A., Meyer, T. J., Eds.; Elsevier: Amsterdam, 2004; Vol. 7, p 1. (c) Long,
and Polymers in Aqueous Solutjo?nd ed.; Wiley: Chichester, 2003. D.-L.; Cronin, L. Chem=—Eur. J. 2006 12, 3698.
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rings while the Fe centers span the unique icosidodecahedron
(for a discussion, see refs 15n,da can be considered as a
nanoacid due to the presence of 30"'R&,0) groups on the
surface that allow pH-dependent deprotonations. Clusters of type
la which have also unique magnetic propeffes self-
assemble in solution into blackberry-type structures due to
unprecedented driving forced? (see also below), a situation
which is significantly different from the above-mentioned
“strong electrolyte”-type macroanion case.

[Mo""; Fe" 30,5 CH,COO), { M0,0,(H,0)} ,
{H,M0,04(H,0)} (H,0)q,]-ca. 150HO = Laca. 150HO
(1)

Figure 1. Structure of the sphericgMo7-Fesq}-type cluster built up by

¥ el | MoVt _t 7 - hedron (in polyhedral Here, we report on several new facets of the solution
pentagonal (Mo ype units spanning an icosahedron (in polyhedral : . . . .
representation) and 30 Fe8), groups acting as linkers and spanning the properties ofLa. As its skeleton is extremely stable in solution,

unique icosidodecahedron with not only all vertices but also all edges equal the related experiments can be easily done over long periods
(in ball and stick representation). of time. In particular, it was our aim to investigate how the

size of these supramolecular structures is affected by a variety
categorized into two groups due to their solution behaviors: of solution conditions, especially the pH. The obtained knowl-
strong electrolytes and weak electrolytes. Examples of strong edge was found to be useful in achieving rational/logical control
electrolytes include anionic giant wheels, especially{te1s4} of self-assembled nanostructures, a long-term goal in nano-
specie$*!ac (and to some extent also the hedgehog-type science and nanotechnology.
{Mogzgg}), 3144 ewhich all contain delocalized electrons and are
termed therefore “molecular conductors”; these are highly
soluble in polar solvents as a result of their negative charges Static and Dynamic Laser Light Scattering (SLS and DLS).A
and layers of water ligands, both of which are present on their commercial Brookhaven Instrument LLS spectrometer equipped with
surfaces. Such macroions tend to self-assemble into single-2 solid-state laser operating at 532 nm was used for SLS and DLS

Experimental Section

layered spherical, hollow, vesicle-like structures due to attractive
forces resulting essentially from the presence of countercations
(alkaline metal and/or H). An example of a weak electrolyte

is the{MovaFe;q} cluster type with a localized charge distribu-
tion (“molecular insulator”) according to the presence of very
hard Md”' and Fé' centers. The related compouttf2contains

in the solid state the neutral icosahedral clu§tdo;Fesq} =
{(MoY"YMoV's} 1.Fel 59 1a (Figure 1), which exhibits a nanom-
eter-sized cavity and 20 small pores equivalent to 2QRdDg

(14) (a) Mler, A.; Das, S. K.; Fedin, V. P.; Krickemeyer, E.; Beugholt, C.;
Bogge, H.; Schmidtmann, M.; Hauptfleisch, B. Anorg. Allg. Chem1999
625 1187. (b) Milier, A,; Das, S. K.; Krickemeyer, E.; Kuhimann, org.
Synth.2004 34, 191; Shapley, J. R., Ed. (c) Cronin, L.; Diemann, E.;
Miiller, A. In Inorganic Experiment2nd ed.; Woollins, J. D., Ed.; Wiley-
VCH: Weinheim, Germany, 2003; p 340. (d) Nar, A.; Beckmann, E.;
Bogge, H.; Schmidtmann, M.; Dress, Angew. Chem., Int. E@002 41,
1162. (e) Miier, A.; Botar, B.; Das, S. K.; Bgge, H.; Schmidtmann, M.;
Merca, A.Polyhedron2004 23, 2381.

(15) (a) Mler, A.; Sarkar, S.; Shah, S. Q. N.;"Bge, H.; Schmidtmann, M.;
Sarkar, S.; Kgerler, P.; Hauptfleisch, B.; Trautwein, A. X.; Seiremann,
V. Angew. Chem., Int. EA.999 38, 3238. (b) Gatteschi, D.; Sessoli, R.;
Miller, A.; Kdgerler, P. InPolyoxometalate Chemistry: From Topology
via Self-Assembly to ApplicationBope, M. T., Mlier, A., Eds.; Kluwer:
Dordrecht, The Netherlands, 2001; pp 3138. (c) Gatteschi, DEurophys.
News2003 34/6, 214. (d) Gatteschi, D. I©rganic Conductors, Super-
conductors and Magnets: From Synthesis to Molecular Electronics
Ouahab, L., Yagubskii, E., Eds.; Kluwer: Dordrecht, The Netherlands,
2004; pp 179-196. (e) Miller, A.; Luban, M.; Schider, C.; Modler, R.;
Kdgerler, P.; Axenovich, M.; Schnack, J.; Canfield, P.; Bud’ko, S.; Harrison,
N. ChemPhysChe2001, 2, 517. (f) Axenovich, M.; Luban, MPhys. Re.
B 2001, 63, 100407:1%4. (g) Schider, C.; Nojiri, H.; Schnack, J.; Hage,
P.; Luban, M.; Kgerler, P.Phys. Re. Lett. 2005 94, 017205:1-4. (h)
Mischenko, A. S.; Chernyshov, A. S.; Zvezdin, A.Burophys. Lett2004
65, 116. (i) Schnack, J.; Luban, MPhys. Re. B 200Q 63, 014418:1-7.
(i) Schnack, J.; Luban, M.; Modler, FEurophys. Lett2001, 56, 863. (k)
Schnack, J.; Schmidt, H.-J.; Richter, J.; Schulenburdgui. Phys. J. B
2001, 24, 475. () Exler, M.; Schnack, Phys. Re. B 2003 67, 094440:
1-4. (m) Cepas, O.; Ziman, TProg. Theor. Phys. Sup®005 159, 280.
The comparably large number of references is given as the unique magneti
properties of the discrete macroions described in these lead to unprecedente
properties of the supramolecular structures. (n)I&fuA.; Todea, A. M.;
van Slageren, J.; Dressel, M.;'8ge, H.; Schmidtmann, M.; Luban, M.;
Engelhardt, L.; Rusu, MAngew. Chem., Int. EQ005 44, 3857. (0) Mler,
A.; Todea, A. M.; Bage, H.; van Slageren, J.; Dressel, M.; Stammler, A,;
Rusu, M.Chem. Commur2006 3066.

C

4

measurements. The basis of the SLS data analysis is the Rayleigh
Gans-Debye equation, which can be used to determine the weight-
average molecular weighti,) and radius of gyrationy) of particles!®
In our current study, the change of scattered intensity from SLS
measurements can be used to monitor the growth of blackberry-type
structures in solution.

From DLS measurementéanalyzed by the CONTIN methd@we
can determine the average hydrodynamic radis ¢f the particles.
We obtain the particle-size distribution in solution from a plof&-
(T') versusR,, with TiG(I'y) being proportional to the angular-dependent
scattered intensity of particle i having an apparent hydrodynamic radius
Rn,i. Detailed descriptions on SLS and DLS techniques can be found
in our previous publicatiof.

Transmission Electron Microscopy (TEM). For conventional TEM
studies, samples were prepared by pipettind-Sf the solution ofl
(12 mg/mL) onto a freshly glow discharged carbon-coated EM grid, and
after excess liquid was blotted, 8 of 2% uranyl acetate aqueous
solution was used to negatively stain the sample. The negative stain
method provides better sample contrast while keeping the structural
details to around 1-nm resolution. Microscopy was done with a Jeol
JEM-1200EX microscope. Images were recorded on Kodak SO-163
films and developed with standard procedures. Negative films were
digitized with a Nikon Super Coolscan 8000 scanner. For cryo-TEM
studies, 5L of the sample solution was pipetted onto a glow discharged
EM copper grid covered with holey carbon film in a 100% humidity
environmental chamber. The grid was blotted and plunge-frozen in
liquid ethane cooled by liquid nitrogen. Cryo images were recorded
while the sample was kept at170 °C with a 2 K x 2 K Tietz CCD
camera.

Results and Discussion

{Mo7sFeso}: Structurally Well-Defined Clusters of 2.5-
m Diameter Acting as Weak Acids in Aqueous Solution.

(16) Hiemenz, P.; Rajagopalan, Rrinciples of Colloid and Surface Chemistry
Marcel Dekker: New York, 1997.

(17) Chu, B.Laser Light ScatteringAcademic Press: New York, 1990.

(18) Provencher, S. WBiophys. J.1976 16, 27.
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Scheme 1

~-Fe"(OH,)*" + H,0 & --Fe(OH)*" + H;0"

Important for the present study is that deprotonations of 30 Fe
(H20) surface groups can be initiated whens dissolved in
water while the degree of deprotonation depends in a controlled
way on the pH. Such a type of deprotonation behavior is very
well-known for the classical complex [féH,0)s]*" containing
the same acidic Fe@®) groups (Scheme 1.

In the freshly prepared aqueous solutionlafl.0 mg/mL),
each cluster releases’ H™ at 20°C, which leads to pHx 3.4.

The deprotonation process becomes of course less favorable with

increasing negative surface charges.

Solubility and Stability of the Clusters in Aqueous
Solution. 1 has limited solubility in water at room temperature,
~3 wt %. As the dissolution df in water is a very slow process,
heating at 50C for some time with stirring is needed to obtain
solutions of at least ca. 1 wt %. This is quite different from the
situation of the above-mentioned a priori charged giant wheel-
shaped polyoxometalate clusters (sucfiMeis4 ) which release
easily H" and alkali cations and which therefore can be easily
and quickly dissolved in water at room temperature and have
much larger solubility. A remarkable property df is its
extreme and, for a nanoparticle, unprecedented stability in
(acidic) aqueous solutions, as nicely proven by the very
characteristic Raman spectrum (Figure 2), which does not

change for months. The reason is that the latter shows only a

few intense characteristic lines due to the high (approximately)
icosahedral symmetris,. (Also the less characteristic UV/vis

spectra at room temperature do not change at all over a period

of several months’ The most intense line in the Raman
spectrum at ca. 949 crhis due to the totally symmetrie-
(Mo=O0) in-phase breathing type vibration. The stability of

pH=5.9
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Figure 2. Raman spectraif = 1064 nm) of {MozFesq} clusters in
saturated aqueous solutions at different pH values. They show a small shift
of the most intense band toward lower wavenumbers as the pH is
increased: change from 949 (at pH3.7) to 943 cm?! (at pH= 5.9). At

pH = 5.5, a decrease of the intensity of this band is observed according to
partial decomposition, while a new band appears at ca. 897.chihe
concentration used for Raman spectroscopy (nearly saturated solutions) is
more than 50 times higher than that for the light scattering measurements
(wavenumbers in crit of all shown bands: 949, 837, 712, 581, 515, 450,
363, 238).

The variation of deprotonations and of the corresponding
(average) net charges on the clusters caused by changes of the
pH leads to tunable self-assembly processes discussed below.

Self-Assembly of{Mo7.Fesg} Macroanions in Aqueous
Solution: Basic Facts and pH Dependencelhe large size
and well-defined surface of the macroanibais important for

{MozzFey} clusters in aqueous solution allows us to perform o hresent special solution behavior. In this context, we should

interesting special experiments. Although the Raman spectra

measured between pH 3.7-5.9 do not show pronounced

also refer to the other above-mentioned molybdenum/oxide-
pased clusters allowing a nice comparison and better description,

changes, some band broadening is observed when the pH ofy is; 10 the highly soluble, hydrophilic, wheel-shaped giant
the solution is increased. Furthermore, the wavenumber of themixed-valence{ Moisg species which carry quite a few negative

most intense band which has to be assigned to gitype
vibration shifts from 949 to 943 cm (Figure 2). This type of

shift is expected since a small increase of the clusters’ negative

charges and delocalized electrons and tend to self-associate into
single-layer vesicle-like structures of ca. 45-nm radius with even
rather narrow size distribution. The two nearly identical clusters

charge decreases (to some extent) the strength of the terminaly he rejated parent mixed-crystal compound/salt contain 14

Mo=0 bonds.
A pH titration experiment was carried out to determine the
degree of deprotonation dfa. The titration curve (dpH/dV

H* counterions as well as 14 or 16 Naespectively:13 The
resulting/observed vesicle-like structure is obviously different
from that of the (classical) bilayer type formed by amphiphilic

representation, not shown here) has two broad characteristicgrfactants via hydrophobic interactions. This is because the
maxima corresponding to 3:6 0.6 and 22.3t 3.0 protons per (o4 macroanions do not have a hydrophobic part. A delicate
cluster at pH= 3.2 and 4.9, respectively. This result indicates pajance between the repulsive electrostatic interactions and the
a significant increase of the charge on the clusters with auractive forces arising from counterion effects, van der Waals
increasing pH, while it can be assumed that at any given pH qrces, and hydrogen bonds is considered to be responsible for
somewhat differently protonated/charged clusters coexist in ihe formation of the new type of assemblies. Furthermore, well-

equilibrium. When the pH gets lower than 3.7, precipitation is  gefined layers of structured water at the surface of each cluster
observed over time at the used concentration (saturated solu4nion should also play an important role within the overall

tions!). At low pH, only uncharged (i.e., completely protonated) complex hydrogen-bonding netwoH®

glusters exist'which are not soluble enough to stay (for along the present sphericéMorFesg clusters (neutral in the solid
time) in solution. state) also form supramolecular structures in solution according
to light scattering investigatiorfs1?2 but of a significantly
different type. (These could be called blackberry-type because
their structural appearance is reminiscent of this fruit.) The
spherical clusters lack (compared to the above-mentioned

(19) (a) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, Mdvanced
Inorganic Chemistry6th ed.; Wiley: New York, 1999. (b) Oleinokova,
A.; Weingatner, H.; Chaplin, M.; Diemann, E.; ‘Bge, H.; Miller, A.
ChemPhysChento be submitted for publication. (c) Pope, M. T.; Nau,
A. Angew. Chem., Int. EAL99], 30, 34.
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Figure 3. Shown are the average hydrodynamic rag) (of the blackberry-type structures formed in 0.5 mg/mL aqueous solutioha aff different pH,

as measured by DLS at 98cattering angle. For pH 2.9, the clusters are almost neutral and no supramolecular structures are formed, whereas they are
not stable at pH> 6.6. The shown TEM images of the aggregates on carbon film are formed at M@ (left; conventional TEM) and pk 4.6 (right;

more appropriate cryo-TEM).

{Mois4 macroions) delocalized electrons, and thus the attractive
van der Waals forces are much weaker due to the much lower
polarizability. Also, hydrogen bonding and, more importantly, 039 oo
electrostatic interactions are, as expected, much weaker here
since solutions ofl contain much fewer counterions. +©—
H---O—Fe interactions between adjacdm@ttype ions can, in —~o02 |

. . . . Y [ ] .,\
principle, influence the structure formation and could be partly < ]
responsible for the comparably broad size distribution; even the ¢ /
formation of a few but temporary(!) FEO—Fe links between '
adjacent clusters at higher pH values cannot be completely ruled 0.1 - o o \
out. \

Importantly, according to their surface properties, the negative f .
charges on eachMorzFes} macroanion change by changing b f ‘e
the solution pH due to a variation in the degree of deprotonation. 0 +—enamnmans -9 @ie—6S00scssmeo omee
Hence, the strength of the electrostatic interactions can be 1 10 100 1000
continuously tuned and correspond to the kind of formation of R, (nm)
the related supramolecular structures. In the current experiment,\’lzgﬁges "]c-oriiég ?;Sgibuuetg:‘so;gl‘li izi';'%Sggﬂgigﬁnzgufiggetsh? gg‘ﬁmpH
a series of 0'_5 mg/mL aqueous SOIUtlonS]'qu ~ 39) was analysis of DLS meqasurements. The size distribution becomes broader at
prepared while their pH values were adjusted in the range low pH conditions.
between 2.0 and 6.6 by adding small amounts of hydrochloric

acid or sodium hydroxide solutions. The solutions were im- 5065 50 that the repulsive electrostatic interactions should
mediately added after dissolving crystallitgi.e., before the  pecome very strong and overrun the attractive short-range ones
very slow formation of the supramolecular structures had started;,, the consequence that all the macroions should stay as
see below). It should be noted that, Wgen adJES“”g the pH, ?malldiscrete ions in solution. (This would resemble the behavior of
amounts of extra electrolytes such as'Na CI” are automati- 45y \water-soluble proteins.) But this phenomenon at the higher
cally introduced into the aqueous solutions (but it is known that pH conditions cannot be observed since decompositiataof
such small amounts of additional electrolytes do not cause any,.c\,rs in solutions at pH> 6.6, as expected. Note: all

change in the size of the final supramolecular structutésa polyoxometalates decompose at high pH values while smaller
pH = 6.6, the{Mo7.Fesq} clusters become less stable with the species are formede

consequence that thgy are broken.v.vhile yeIIow-brown' Precipi- o, the other hand, on the basis of the present SLS and DLS
tates with the approximate composition (Fe(g)tfye obtained,  gy,gies, no supramolecular structures were observed in the

as exp(ra]cted. ecul formed in solut . macroionic solutions at pH 2.9 where the clusters, as weak
For the supramolecular structures formed in solution$af  5¢jgs are almost neutral in solution (i.e., when almost no

with pH between 3.0 and 6.6, the average hydrodynamic rad'us,deprotonation occurs). Therefore, these results suggest that the
(R, as ob.served.by DLS measurements, decreases mo”OtO”"self-assemny of Mor-Fex macroions occurs only when they
cally with increasing pH from~50 nm (at pH=3.0) to only 5y 4 moderate amount of charges, and corresponding®y’; H
~15nm (at pH= 6.6), that is, with increasing (average) number ., yerions are present. Formally, the attractive forces might
of charges on the clusters (Figure 3; cf. also Figure 4). This o ¢5)1eq “like-charge attraction”, because of the attraction of
proves that charges play an important role in the solution 4 .y6i0ns carrying an identical type of charge. The real reason
beha\{lor of the macr0|9n§. As it values obtained by _SLS for this phenomenon is of course the presence of counterions
experiments are very similar to thi& values of DLS studies, ,qitioned in between the macroions. Quite a few examples are

there is evidence for the hollow nature of the supramolecular designated by some auth®t=4 as “like-charge attraction” in
structures (see also ref 6). Under rather high pH conditions, the

{Mo7zFes} macroanions should hypothetically carry many more (20) Sogami, 1.; Ise, NJ. Chem. Phys1984 81, 6320.
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the case of charged colloids (e.g., latex particles in micrometer surfaces, which leads also to an inhomogeneous distribution of
size) and sometimes in confined environments. counterions such asz@* around them. Consequently, a large
The total charge on thdatype clusters decreases with fraction of collisions between the macroions (a condition for
decreasing pH, which leads to weaker repulsive interactions association) might become ineffective if there are not enough
between them. If van der Waals forces would be the dominant counterions near the collision site. This effect definitely
attractive forces responsible for the self-assembly (considering contributes to the unusual slowness of #do7zFeso}-type
that this type of force among the macroanions does not changeassembly (see below and also ref 7).
with changing surface charge density), the almost ne{itlal>- The change in size of the blackberry-type structures with the
Feso} clusters should assemble more efficiently, which could corresponding pH is confirmed by TEM and environmental
even lead to precipitates. However, experiments show that, atscanning electron microscopy (ESEM) measurements. The
pH < 2.9, the macroions stay as discrete clusters in solution, observed average radii are30—45 and~15—20 nm at pH=
suggesting that the hydration of the neutral weakly hydrophilic 3.1 and 4.6, respectively (Figure 3, left and right), a situation
clusters overcomes attractive van der Waals forces, which meansomparable to the DLS results. The particles are transparent
for the supramolecular structure formation that a major contri- for the 120 and 200 keV electrons (Figure 3, left and right,
bution from the latter types of forces can be ruled out. Let us respectively), showing the hollow nature of the structures. As
keep in mind that the interactions of lyophobic colloids, which  shown in Figure 3 as well as by ESEM studies (results not
can as thermodynamically unstable systems only be suspende@&hown), the supramolecular structures are not necessarily in
in solutions due to their charges, can be described by the DLVO perfect spherical (i.e., blackberry) shape. We attribute this to
theory?>:26 the presence of differently charged spherical anions of tygpe
Size Distribution of the Blackberry-Type Structures. The the aggregation of which should lead to different types of
size distribution (polydispersity) of the supramolecular structures assemblies, as mentioned above. In this context, it should be
can be viewed via the/T')? values in the CONTIN analysis noted that the size derived from TEM images can vary due to
of DLS measurements, with the smaller values denoting specific interactions with the support film and due to shrinking
narrower size distributions (Figure 4). The presgafl()? values or flattening upon drying.

are considerably larger than those of the above-mentioned Characteristics of the Speed of the Self-Assembly: Process

{Mos4 -type supramolecular structurésignifying (relatively) Slowness and pH Dependenceédne unique property of the
broader size distributions. This can be elucidated as follows: strycture formation in weak electrolytes such{ #o--Fesq} is
There is an equilibrium between differefiMozzFesq}-type that the related self-assembly processes are slow in dilute

clusters carrying different numbers of charges at each given pHso|utions, especially at low temperatures while the slowness of
with the consequence that these species form supramoleculaghe process offers the advantage to monitor/follow nicely the
structures with different sizes and more complex shapes (Figurestrycture formation by different types of experiments (e.g., by
3). The present{/T)* values show a significant pH dependence .S and DLSY. This slowness is due to a high activation
with relatively small values+0.1-0.2) at higher pH (3.9 energy, corresponding to a very high energy barrier between
6.6) (i.e., indicating narrower size distributions) and larger values the two relevant states (i.e., discrete macroions on the one hand
(~0.2-0.3) at lower pH (3.6:3.9) with the reverse result. This  ang supramolecular structures on the other). The speed is
could be explained by the fact that, at a higher pH, the macroions gffected by the solution pH. At a given temperature, the self-
carry on average larger numbers of charges; thus, at a givenassemply process, measured by SLS, becomes faster at higher
pH the relative change of charge numbers from one cluster to pH (i.e., when the clusters carry more charges), which is more
another, being in equilibrium, is comparatively small. On the proof for the fact that the charges on thilo7Fesg} clusters
other hand, at a low pH value the clusters being in equilibrium «contribute significantly” to the attractive type of forces: When

carry only very few charges with the consequence that a tne clusters contain more charges, they are more easily attracted
difference of even one charge from cluster to cluster results in 15 each other based on the larger number of counterions in

quite a comparably large difference % which, correspond-  perween them, thus allowing more effective collisions.
ingly, leads to a situation with a larger size distribution of the Transition from Supramolecular Structures to Discrete

blackberry_-type strugtures. . ' Macroions Due to pH Change.lt is not easy to break down
Further important issues have to be ment:oned. because Ofy,q seif-assembled structures into discrete macroions (i.e., once

the presence of the very .hard Moand Fé centerg, the they are formed), due to the high-energy barrier between them.

electrons/charges are localized on the surfaces, which COMMe-(The addition of a large amount of the cationic surfactant

sponds to an inhomog'eneity of chargfs distr?b'u.tion (e.g. dimethyldioctadecylammonium bromide (DODA-Br), for in-
_compared to the abov_e ring-shaped spe_me_s e>§h|b|t|ng delo_ca"stance, leads to breaking into single macroions due to forming
ized electrons). The inhomogeneous distribution of negative DODA/{Mo7zFeso} -type complexes which can be transferred
charges is increased after a few deprotonations on the clustef, . o CHC} phase }* Adding several dropsfd M hydrochloric
acid to an aqueous solution df (pH ~ 4) (containing a

(21) Gelbart, W. M.; Bruinsma, R. F.; Pincus, P. A.; Parsegian, VPAys.

Today200Q 53, 38. considerable amount of blackberry-type structures) to get a
(22) Kepler, G. M.; Fraden, hys. Re. Lett. 1994 73, 356. i i ~ low dissociation of the
(23) Crocker, J. C.; Grier, D. QPhys. Re. Lett. 1996 77, 1897. solution with pH 2 le.ads to. as .

(24) Ito, K.; Nakamura, H.; Yoshida, H.; Ise, N. Am. Chem. Sod.98§ 110, supramolecular assemblies. This was monitored by SLS (con-

6955. tinuous and drastic decrease of total scattered intensity from

(25) Derjaguin, B. V.; Landau, LActa Physicochim. URSE41, 14, 633. i
(26) Verwey, E. J. W.; Overbeek, J. Th. Theory of the Stability of Lyophobic ~ the solution) and DLS measurements (absence of the peak at

Colloids, Elsevier: Amsterdam, 1948. ~ ; ; ot
(27) Schmitz, K. S.Macroions in Solution and Colloidal SuspensiovCH Rh 30 nm in CONTIN analySIS characteristic for the
Publishers: Deerfield Beach, FL, 1993. disappearance of blackberry structures). The reason for the
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change is due to the protonations of {Mo--Fesq} clusters at and long-chain polyelectrolytes, including some natural bio-
low pH. This provides evidence that the supramolecular structure macromolecules, such as DNAs and proteins (see, for instance,
formation is reversible. Heating the solution can significantly ref 9). Therefore, the inorganic macroions described here can
accelerate the dissociation. The final solution is still clear/ be treated as a simple form of polyelectrolytes and can be used
homogeneous, having the characteristic light yellow color of as excellent model systems for studies of more complex charged
the{Mo7Fe;q} clusters. Also, a UV/vis and especially the more macromolecules because they are identical in size, shape, and
meaningful Raman study provide almost the same result as thatmass, and carry for a well-defined solution condition either an
obtained from a freshly prepared solutionlpfindicating that identical (in case of the mentiongdo1s4 type species) or a

no significant chemical reaction has occurred during the similar number of charges, which can easily be tuned. Moreover,
formation and later dissociation of the assemblies. The result these inorganic clusters have the advantage that they are rigid.
is again a direct proof that the association is dominated by It is well-known that various organic polyelectrolytes tend
electrostatic interactions. After this type of acidified solution to form large domains in salt-free or low-salt-concentration
was kept at 50°C for ca. 2 years, the clusters still exist as solutions. Although there are continuous disputes on the nature
individual species according to the characteristic Raman spectraof such “large domains” (sometimes called “slow mode”), more
and in agreement with SLS (very weak scattered intensity, and more evidence shows that at least in some cases they are
indicating no association) and DLS measurements (no peakstable while multimacroionic structures are formed by the
corresponding to the presence of large structures). association of single polyelectrolyte chafis®* rodlike poly-

An Unprecedented Process: Assembly upon Dilution. ~ €lectrolytes, for instance, can form bundlelike aggregétes.
Normally, dilution is expected to bring the solutes further apart Sedi& recently reported that, in sodium poly(styrene sulfonate)/
from each other, while on the other hand, aggregation or Hz0 systems, the average size of multimacroionic domains was
crystallization usually occurs with increasing solute concentra- "elated to the concentration of the added electrofjtegich
tion. But this is not the case when a solution containing the shorten the screening length between polyelectrolytes while their
{Mo7Fesg} clusters is diluted with a larger amount of pure concentration affects the effective attraction between polyelec-
water. Starting with a situation where all clusters are discrete, rolyte chains. This result shows a certain similarity to our
almost uncharged in a 0.5 mg/mL aqueous solution atspH  Current situation, which indicates that charge distributions play
2.7, the following takes place: after dilution of the solutionto & key role for the attractive forces among the inorganic
~0.1 mg/mL, the pH increases to 3.3, thereby lowering tiie H Macroions. Whereas Sédlaoticed that in the presence of
concentration with the consequence that their degree of depro_additional electrolytes the formation of multimacroionic domains
tonation increases. After keeping the (diluted) solution at 50 Shows an obvious delay procedsy similar phenomenon can
°C (to increase the velocity of association) for only 1 day, a P& observed in the self-assembly proces¢Mo7zFes} mac-
considerable amount of aggregates was detected as the scatterdé@ions in NaCl-containing solutior8.Even the kinetic curves
intensity measured by SLS had increased by more than ca. 5of the formation of the polyelectrolyte multidomain structdfes
times while DLS studies showed that a new moRg & 40 and the type of supramolecular structures described here have
nm) with relatively narrow size distribution had appeared. This Similar shapes. To summarize, on the basis of the present results,
result further indicates that the transition between the two states!t can be expected that in the future the present type of
(discrete {Mo7,Fesq} clusters and their assemblies) can be assemblies of the inorganic macroionic solutions could lead to
controlled by adjusting only the solution pH. The transition from & better understanding of the in.triguing polyelectrolyte solutions,
discrete clusters at pH 2.7 to the related aggregates at pH ~ Maybe even of those of the biomacromolecular type.

3.3 is totally consistent with the curve in Figure 3 (center).  Summary and Conclusions

Changing the Size of Formed Supramolecular Structures {MosFex} clusters act in dilute aqueous solution as nano-

by Changing Solution pH.. Importantly, th? size of .the sized weak inorganic acids that can deprotonate differently
blackberry-type structures is foun.d to be aQJustapIe Wlth.pH, depending on the pH, which allows (based on a thermodynami-
even after they are formed. A typical experiment is described . 4y 0red assembly process) to form differently sized soft
as follows. A sample of 1.0 mg/m{MozzFes} solution (PH w5 o0aricles”. Their sizes monotonically decrease with in-
= 3.5, 10 mL) was heated at 4C for a couple of weeks 10 oaqing deprotonation and the related cluster surface charges,
ensure the completion of self-gss_embly. In that case, the_averagesuggesting that the charges play an important role in this kind
_Rh of th? supramolecular SPecies IS arou_nd ?29'55 nm, which of self-assembly. Furthermore, the self-assembly processes are
is consistent with _the results presented in Fl_gure 3. After several reversible. The unique solution properties together with the high
drops 6 1 M sodium acetate (NaAc) solution were added 0 gyapjity of the clusters in acidic media render them promising
the reaction medium to adjust the solution pH t0 5.0, the Size 5eia1s for both fundamental studies of macroionic solutions
of the blackberry-type structures did not immediately change, ¢ \ve|| as for practical applications regarding controllable

proving that they are rather difficult to break. But after heating ,<qqciation and dissociation of nanoscaled soft (magnetic)
the solutions at 40C for 1 day, DLS measurements clearly . -:arials with rationally tunable sizes.

showed that the averad® of the assemblies had decreased to
~16.2 £ 1.0 nm, indicating that their sizes have changed in (28) Sedl&, M. J. Chem. Phys2002 116 5256.

response to the pH change. The present data are in agreemerggg Eg','ﬁg”?\;,_RL'f.V,;’;%ﬂir’P(T’i,g,:‘;’;f‘;ﬁ??%%g@q?'gé’gslogfg 15, 4022.

with the R, vs. pH curve in Figure 3. (31) Mukherjee, A. K.; Schmitz, K.'S.; Bhuiyan, L. Bangmuir2003 19, 9600.
. . . (32) Schmitz, K. S.; Lu, M.; Singh, N.; Ramsay, D.Biopolymers1984 23,
Connection between Inorganic Macroions and Long- 1637.

; i i iilarit (33) Sedl&, M. J. Chem. Phys1996 105 10123.
Chain Organic Polyelectrolytes.There are obvious similarities (34) Sedi&. M. J. Chem. Phys2008 122 151102,
)

between the mentioned molybdenum/oxide-based mactdiins  (35) Liu, G.; Liu, T. Unpublished results.
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