A\C\S

ARTICLES

Published on Web 04/28/2007

A Complete Macroion —“Blackberry” Assembly —Macroion
Transition with Continuously Adjustable Assembly Sizes in
{Mo132} Water/Acetone Systems

Melissa L. Kistler,” Anish Bhatt," Guang Liu, Diego Casa,* and Tianbo Liu*T

Contribution from the Department of Chemistry, Lehigh &émsity, Bethlehem, Pennsghia
18015, and Adanced Photon Source, Argonne National Laboratories, Argonne, lllinois 60439

Received December 5, 2006; E-mail: til204@lehigh.edu

Abstract: A complete, continuous transition from discrete macroions to blackberry structures, and then
back to discrete macroions, is reported for the first time in the system of { Mo1s,} /water/acetone, with { M0132}
(fl,l” formula (NH4)42[M01320372(CH3COO)30(H20)72]‘Ca.3OOH20‘Ca.1OCH3COONH4) as the Cso-”ke anionic
polyoxomolybdate molecular clusters. Laser light scattering studies reveal the presence of the self-assembled
{Mos3;} blackberry structures in water/acetone mixed solvents containing 3 vol % to 70 vol % acetone,
with the average hydrodynamic radius (R,) of blackberries ranging from 45 to 100 nm with increasing
acetone content. Only discrete {Mo13,} clusters are found in solutions containing <3 vol % and >70 vol %
acetone. The complete discrete macroion (cluster)—blackberry—discrete macroion transition helps to identify
the driving forces behind the blackberry formation, a new type of self-assembly process. The charge density
on the macroions is found to greatly affect the blackberry formation and dissociation, as the counterion
association is very dominant around blackberries. The transitions between single {Moi3;} clusters and
blackberries, and between the blackberries with different sizes, are achieved by only changing the solvent
quality.

Introduction homogeneously in dilute solutions. However, this is no longer

true for very large anionic POM clusters in polar solveitg?
such as wheel-shapgd/lois4 and{Mo17¢, hollow, spherical
“Keplerate”{ Mo133 , and lemon-shaped “hedgehdilozeg 2333

Recent developments in inorganic chemistry have led to the
synthesis of a large series of giant metal-oxide-based polyoxo-
metalate (POM) molecular clusters. Such nanoscaled, structur-
ally well-defined species represent a class of inorganic com- (11) Liy, T Diemann, E.: Li, H.: Dress, A. W. M. Mier, A. Nature 2003
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The high solubility of POMs in polar solvents is due to the
external water ligand layer and the negative charges of the
POMs, which are balanced by small counterions, such as Na
and NH,". We found that for such POM macroions, which are
fully hydrophilic and highly soluble in polar solvents, will self-
assembile into large, relatively uniform, single layer, “blackberry”-
type structures in very dilute solutions as proven by static and
dynamic laser light scattering (SLS and DLS), TEM, SEM, and
AFM studies!?=22 The “strong electrolyte” type and “weak
electrolyte” type macroions show different self-assembly mech-

anismst’ | 2 9 |
The monodispersed large POM anions are valuable model -7 NN

systems for studying the fundamental behavior of macroionic Figure 1. Structure of{ Mo “Keplerate” giant cluster (full formula
solutions, which connect simple ionic solutions and colloidal (NH)aM013:057ACH;COOko(H:0)77] -ca.300HO-ca. LOCHCOONH,). Re-
suspensions, but are different from both. A key issue for the grc'?éf]g;”'th permission from ref 2, p 198, Figure 5. Copyright 2001 Elsevier
blackberry structure is the driving force behind the blackberry '

formation. Previous work based on a weak electrolyte-type, 2.5- {Mo1z3 (full formula (NH)sdM0135057ACHsCOO)o(H-0)72]*
nm-diameter polyoxometalatéMor7Fes macroanions has ca.300HO-ca.10CHCOONH;) is a type of molybdenum brown
unveiled that the driving force behind the blackberry formation “Keplerate” anion showing, symmetry with a diameter 0£2.9
process is not primarily due to van der Waals forces (the n and charge of42. It has a similar structure {Mo7-Fesq},
dominant attractive force among large, hydrophobic colloidal by using 30 M, linkers to replace the 30 Beinkers in{ Mo
particles), hydrophobic interactions (responsible for the self- Fex 233334 {Moysz is a type of highly charged, “strong
assembly of amphiphilic surfactants), or chemical interac- electrolyte” macroanion, as well as a type of “molecular
tions!415The blackberries show unusual properties, such as anjnsyjator’ POM. Cammers et al. have stud{ddoys3} in highly
obvious soft nature that would not be expected for inorganic .qncentrated aqueous solutions (mother liquor) and found the
species;t and unlike common inorganic ions in solution which 5 mation of large, hollow, spherical objects in soluti#2We
quickly reach equilibrium in dilute solutions, the blackberry pejieve that those observed supramolecular structures may be
formation may require months to reach an equilibrium stéte.  yhe “plackberries” referred to in other macroionic systems.
The driving forces behind the blackberry formation can be Here, we will choose to work with very dilufgMo; 33} solutions
clarified by studying the transition between blackberry structures gue to the limited solubility off Moss3} in organic solvents
and discrete ions, i.e., whether the transition between these twoFigure 1).
states is observed by simply changing the solvent quality or  Another important issue is the status of the small counterions
the charge density of macroions. The negative charges on POMjn poM solutions. Different from small ions which distribute
macroions seem to be important for the solution behavior of homogeneously in diluted solutions, some long-chained organic
the POMs. As indicated in our previous wordVo7oFeso}f macroions (polyelectrolytes) and charged colloidal particles are
macroions stay as discrete ions (or molecules) when they aregpje to bind to a large fraction of small counterions found in
almost neutral. However, the macroanions tend to strongly ciose proximity to the charged polyelectrolytes or colloidal par-
attract one another when they carry enough charges. Thisticles. The ability of the macroions to bind to small counterions
indicates that an increase of charge density on macroions leadsg important for understanding the properties of macroions in
to a more significant attraction between the macroions and sejution. POM anions are much smaller than colloids. Therefore,
encourages blackberry formation, although the electrostatic the sjze disparity between cations and anions is less significant,
repulsion is expected to be more signific&ht>2° though still existent. Hill and Weinstock et al. showed that the
A critical question is whether or not the blackberry structure cations in Keggin-type (1-nm size POM) anionic solution
is still the free-energy-favored structure when the macroanions exchange quickly between “free ions” and “cation-Keggin ion
carry a large amount of charge. We speculate that, in this casepairs”, suggesting that the solution still follows the Debye

the electrostatic repulsion would become dominant and, there-Hgickel equatiorf. Here we present a systematic study to clarify
fore, the macroions would remain as discrete ions in solution. the issue of the small counterions in large POM macroionic

However, until now there is no direct experimental evidence splutions and “blackberry”-containing solutions.

of the electrostatic repulsion dominance on POM macroions Finally, exploring the relationship of the blackberry size and
which leads to the dissociation of blackberri¢do7oFeso} the solvent quality is of interest. It is also important to determine
macroions are not suitable for this study beca{ig®Fesq} whether the transition from discrete clusters or macroions to
has a low charge density in aqueous solutions§Zharges  blackberries and vice versa can be achieved by only adjusting
per cluster). As a weak acid, tH¢VlozoFesq} charge density  solvent quality, and whether the size of the blackberries is
depends on solution pH; thus, a higher charge density can bechanged by changing solvent quality after blackberry formation,
expected at higher pH. HowevéiVioz.Fes} macroions are not  or if the blackberries are so inert that their size does not change
stable at pH> 7. To understand the process that occurs in once formed in solution. Positive results will strongly confirm

solutions of highly charged macroions, we chose to study that the unique blackberry formation is a thermodynamically
{Moy33 in a series of water/acetone mixed solvents. favored process.

(33) Muller, A.; Krickemeyer, E.; Bgge, H.; Schmidtmann, M.; Peters, F. (34) Mller, A.; Fedin, V. P.; Kuhimann, C.; Bjge, H.; Schmidtmann, MChem.
Angew. Chem., Int. EA998 37, 3360. Commun.1999 927.
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Experimental Section ©  Mol32 solution

Sample Preparation. {Moi33 single crystals were synthesized 014 1.45-nm radius solid sphere

according to the literatuf@and then dissolved in different solvents of
water, acetone, and their mixtures for study. A series of 1.0 mg/mL
{Mos33 solutions were prepared in water/acetone mixed solvents with
different percentages of acetone ranging from 0% to 100% acetone by
volume. The solubility of Mo133} in pure acetone is less than 1.0 mg/
mL; therefore, a less concentrated solution was prepared. The newly §
prepared solutions were tightly sealed in glass vials to prevent the slow w
oxidation of{ Mo1s3} clusters in air. Additional amounts of acetone or
water were added to the solutions, if changing solvent quality was
required for the experiment.

pH and Conductivity Measurements.An Orion pH-meter is used 0.0001 ,
for pH measurements, and an Oaklon Conductivity meter is used for 0.1 03 0.5 0.7 09 1.1
conductance measurements. NaCl solutions (0.125 mg/mL) are used qA’)
as standard solutions for calibrating the decrease of solution conductancerjgre 2. Diffraction pattern (pink circles) of 10 mg/m{Moys3} aqueous
when the solution contains a higher percentage of acetone. At this solution, measured by SAXS. The experimental curve can be fit with the
concentration, sodium chloride completely ionizes in each water/acetonetheoretical diffraction pattern from a sindl#o133 cluster (1.45-nm-radius
solvent; thus, the number of charges will remain equal in each solution. hollow sphere).

Dialysis experiments were performed on aquepM®is;} solutions . .
to remove possible impurities (small electrolytes attachefgMo133} supramolecular structures formed in such solutions. DLS

crystals during synthesis) before conductivity measurements, by using M€asurements also confirm thi§ Olbser\{gtion, as no peak corre
semipermeable Spectra/Por Membrane (1000 MWCO). A Genesis-SPonding to large structures is identified by the CONTIN
10UV UV-vis spectrometer was used to determine the accurate analysis. However, this study is not sufficient in determining
concentration of POM solutions after dialysis. whethed{ Mo133} stays as discrete ions, or forms small associates
Static and Dynamic Laser Light Scattering. A commercial in aqueous solution.

Brookhaven Instrument light-scattering spectrometer was used for both SAXS was used to further determine the statd Moz}
the DLS (with a BI-9000AT digital correlator) and the absolute macroions in aqueous solutions. Figure 2 shows a typical profile
integrated scattered intensity (SLS) measurements. The CONTIN of SAXS measurement of 10 mg/mlMoa3z solution at 25
method® was used to analyze the DLS data and to calculate the °C. The solution had been kept at 3G for several months
hydrodynamic radiusi;) of the particles. DLS measurements further before the experiment, in order to ensure that the solution was
provide information on the particle-size distribution in solution from a e . ' .. .

at equilibrium. In Figure 2, thg-axis is the normalized scattered

plot of 'G(I') versusR,. SLS experiments were performed at scattering . X . . . .
angles between 20and 100, at 5 intervals. The basis of the SLS intensity while thex-axis denotes the magnitude of the scattering

data analysis is the RayleigiGans-Debye equatiod® which is used ~ Wave vectorg with
to obtain the radius of gyratiorR() and the weight-average molecular _ .
weight (My) of the particles in solution. q = 4mwsin(0/2)/A )

Scanning Electron Microscopy (SEM).A Philips XL30 ESEMwas yhereq is the scattering angld,is the X-ray wavelength, and
used for SEM studies of the sample solutions. The ESEM was used in q is in units of ALl The diffraction pattern (pink circles)

SEM mode and set to an accelerating voltage of 25.0 kV, with a spot represents the experimental data. which clearly sho three
size of 3.0, under high vacuum conditiofido,33} samples were dried P ) Sents xperi  Whi y Snows
maxima at~0.37, 0.62, and 0.87 &, respectively. The

onto SEM stubs and then analyzed. " > ! ]
Small-Angle X-ray Scattering (SAXS) Experiments.SAXS ex- scattered intensity of SAXS measurements is determined by

periments were performed at the CMC-XOR, 9-ID, Advanced Photon tWo factors: the form factok(q) and structure factog(q). The

Source (APS), at Argonne National Laboratory (ANL). The incident former is determined by the size and shape of the particles, while
X-ray wavelength {) was tuned at 0.154 nm. A 2-D CCD camerawas the latter is determined by the interaction between solute

= hollow sphere with outer radius
1.45 nm, inner radius 0.95 nm

0.01 4

ttered Intensity

Relative S

used as the detector. particles. Considering that the concentratiofilb35 solution
€ Potential Analysis A Brookhaven Instruments commercial s very low, its diffraction pattern should be determined (.
ZetaPALSanalyzer was used to measure ¢heotential of the particles The calculated diffraction pattern from hollow spheres with

in sample solution_s. The analyzer was equipped with a 35-mW solid- 5 quter radius of 1.45 nm and inner radius of 0.95 nm (very
state laser operating at 660 nm. The sample chamber was held at 253imi|ar to the structure of Mois3 single clusters) is also
°C and could be controlled to withig= 0.1 °C. According to the P . : . .
. . ) . presented in Figure 2. It is obvious that the diffraction pattern
instrument desigr; potentials ranging from-150 to+150 mV could h imil h d . - | h K
be measured, and the data accuracy and repeatability sv@fé for as Ver}_/ S'm'_ QI’ shape ar‘ m_aX'ma _pos't'ons (at .eastt ree peaks
dust free samples. can bg |den_t|f|ed), and fits nlgely with the gxpenmental result.
. . The diffraction patterns provide strong evidence #1325}

Results and Discussion clusters stay as single ions in dilute aqueous solutions. The

{Mo1s3} Clusters in Dilute Aqueous Solutions.{Mo13z} experimental curve has a less ideal shape than that of theoretical

single clusters are highly soluble in water0 wt % at room calculatipn (solid_ Iine)Z which is due to the smearing effec_t.
temperature) and exist as macroions, showing no signs of self-Comparing the diffraction pattern from a 1.45-nm-radius solid
association in dilute solutions. SLS studies show that dilute SPhere (dashed blue curve in Figure 2) to the experimental curve
{Mo133} aqueous solutions<{10 mg/mL, or 1 wt %) have very there is a significant difference in the peak positions.

weak scattered intensities, suggesting that there are no large However{Mosz} macroions may self-assemble into single-
layer vesicle-like “blackberry” structures in highly concentrated

(35) Provencher, S. WBiophys. J1976 16, 29. aqueous solutions. The groups of Cammers and Selegue at the
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Figure 3. Conductivity of 1.0 mg/mL{Moi32 and 0.125 mg/mL NaCl solutions vs percent of acetone by volume. By assuming thanN«I ions are
free in all NaCl solutions, it is obvious that more cations are closely associated Miks; macroanions with increasing acetone volume.

Discrete ions Blackberries Discrete ions
(molecules)
=]
@ & —§—
e
100% 70% 3% 0% Acetone
Acetone Acetone Acetone 100% H,O

Figure 4. Complete transition of single macroanieftdackberry structuresmacroanions is achieved by simply adjusting the solvent quality ofthee 32}/
H,Ol/acetone system.

University of Kentucky observed the formation of hollow, A major difference between POM macroionic solutions and most
spherical, ~20—40 nm diameter objects formed in highly ~common polyelectrolyte solutions is that POM macroionic
concentrated Mo;33 solutions (including mother liquor) by  solutions do not contain additional small electrolytes, which
TEM.2122\We believe that the structures Cammers et al. observedprovides an opportunity to use simple conductivity measure-
were the blackberry structures we refer to, as the results werements to determine how many counterions are free in solution
very similar to those of other self-assembled POMs. The reasonand how many are effectively associated with macroions.
blackberry formation in dilute solutions was not observed may  After dialysis, the only anions ifiMo133} agueous solutions
be due to the fact that tHeMo133} blackberry formation has a  are {Moi33}, which are balanced by small cations including
very high critical association concentration (CAC) in aqueous NH4" (dominant) and Fi released from the POM clusters. pH
solutions. A high CAC value is quite possible since each measurements directly determine the concentration of free H
{Moi3z anion can carry many charges. In comparison, each ions, from which the contribution from Hions to the total
{Mo7Fesg macroanion only carries 7 localized charges in  solution conductance can be accounted. Thus, the determined
aqueous solution, leading to a very low CAC valfe. conductance value should be due to free;Niéns and{ Mo132}

Status of Counterions in{Mo133/H,0 Solutions by pH macroanions. In previous work, it was determined that most
and Conductivity Measurements.We speculate that the small NH4™ cations are free in very dilut§ Mo;33 solutions®
counterions play an important role in determining the fascinating however, more N cations tend to associate wi{Moi3z} as
behavior of POM macroionic solutions. If this is true, some

: . . . (37) Sedlak, MJ. Chem. Phys1994 101, 10140.

counterions could be closely associated with the macroions at(3g) sediak, M.J. Chem. Phys2002 116 5256.
very low concentrations, as observed in polyelectrolyte (includ- (39) Ermi, B. D.; Amis, E. JMacromoleculesl996 29, 2701.

. . . . . . (40) Zhang, Y.; Douglas, J. F.; Ermi, B. D.; Amis, E.Macromolecule2001,
ing biomacromolecules such as proteins) solutions, which is 20, 3299.
called counterion condensation or counterion associétih?4 (41) Moradian-Oldak, J.; Leung, W.; Fincham, A. &.Struct. Bio1998 122
(42) Sedlak, M.J. Phys. Chem. R00G 110, 4329.
(36) Verhoeff, L.; Kistler, M. L.; Bhatt, A.; Pigga, J.; Groenewold, J.; (43) Ermi, B. D.; Amis, E. JMacromolecules998 31, 7378.
Klokkenburg, M.; Veen, S.; Roy, S.; Liu, T.; Kegel, W. Rhys. Re. (44) Hiemenz, P. C.; Rajagopalan, Rrinciples of Colloid and Surface
Lett, submitted. Chemistry Marcel Dekker: New York, 1997; Chapter 5.
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aong q ——] mL NaCl solutions in mixed solvents was studied. NaCl is a
5% . o :

strong electrolyte and expected to fully dissociate into discrete
ions in dilute solutions of water/acetone mixed solvents. The
conductance of 0.125 mg/mL NaCl solution decreases with
increasing acetone content. If the degree of counterion associa-
tion in {Mo132 solution does not change with solvent quality,
the same rate of conductivity decrease can be expected.
However, a more significant decrease{®fo;35} conductance
than that of NaCl is obtained (Figure 3), which implies that,
with higher acetone content, more bfHcations are associated
with {Mo13z and do not contribute to solution conductance.
The measured solution conductance is mainly attributed to the
presence of free cations, because the anions are excessively large
and their contribution for the solution conductance is negligible.

*
L
'

10 100 1000 Further calculations allow for the determination of both the
Hydrodynamic Radius (nm) associated and the free cations present on gsichsg cluster.
As the acetone content increase§lfio; sz solution, the number
b 120 of free cations decreases from 32.2 plto;37} anion at 5 vol
% acetone to 18.3 at 65 vol % acetone. When the solvent
100 1 . contains 70 vol % of acetone, the solution conductance is mainly
80 o * * o * from the free ammonium acetate ions in solution (10 per
E‘ o0 | . macroion, see the chemical _formula in Figure 1, which results
= o o * * in a total conductance equivalent to 16 free NHons; no
® w0l ® dialysis was performed for solutions of water/acetone mixtures).
Thus, thel Mo;33 species are almost chargeless; i.e., counterions
20 1 are almost stoichiometrically closely associated Vitho;32}
0 , , , , , and move together. Correspondingly, the observed range for
0 10 20 30 40 50 60 70 80 {Mo133} blackberry formation was frony3 to 70 vol % acetone,
Percent Acetone by Volume as shown in the following text.
Figure 5. (A) CONTIN analysis of DLS study on 1.0 wt %Moss3} Self-Assembly of Mo133t Macroanions in Water/Acetone
aqueous solutions of-560 vol % acetone. Experiments were performed at Mixed Solvents.LLS is a powerful tool for monitoring the
90" scattering angle. (B) Average hydrodynamic radri3 ¢f the{Moy33} formation of supramolecular structure in solutidn'’ such that
blackberries in water/acetone mixed solvents measured by DLS (same . . . . .
experiments as those in part A). a continuous increase in scattered intensity by SLS and a new

mode (usually with narrow distribution) identified by DLS

macroionic concentration is increased. The observation of the indicate the blackberry formation. Blackberry formation in dilute
increase of bound NH is reasonable since we speculate there {M0133t aqueous solutions was not observed, as confirmed by
exist two extreme cases. First, all the cations are closely boundSAXS (Figure 2), SLS (very low scattered intensity from such
to the macroanions i§Mos3 single crystals (concentrated —solutions), and DLS (no mode corresponding to species with
“solution”). Second, in an infinitely dilute solution, all the ~Ra> 10 nm).
cations are expected to be free. At 1.0 wt %, {Mo133 is not completely soluble in 100%
Hill and Weinstock et al. used NMR to show that, in solutions acetone, but is soluble in solvents 690 vol % acetone.
of Keggin-type macroanions<{1 nm size), all the small cations  Blackberry supramolecular structures{®o135} were observed
can be considered as “free ions” since the cation exchangefor dilute solutions between 3 vol % and 70 vol % acetone,
between free ions and catiemacroanion pairs was very fast.  based upon SLS and DLS results (Figure 4{Mo135} solution
In our current case, thEMo1s2} anions are larger in size and  shows a drastic increase in the scattered intensity when the large
carry more charges than the Keggins; therefore, it is reasonableblackberries form. The average radii of gyratidRy)(of the
to see stronger counterion association effect. blackberries can be obtained from SLS measurements. Likewise,
Status of Counterions in Water/Acetone Mixed Solvents. ~ CONTIN analysis of DLS measurements on such solutions
In less polar solvents (e.g., acetone), the association of coun-shows a mode with average hydrodynamic radiig) (of
terions to{Mo13 macroions could become more significant. approximately 25100 nm, depending upon the solvent quality.
To confirm this, the solution conductance of a series of 1.0 mg/ The concentration effect on blackberry sif)(is negligible;
mL {Mos3 solutions in the mixed solvents of water and therefore, an extrapolation oR, and Ry values to zero
acetone with water content ranging from 10 to 100 vol % was concentration is not critical.
studied. The conductivity of theMoi33} solutions decreased {Mo132} macroions in solutions containing less than 3 vol %
from 176.9 to 46.0uS/cm, when solvent concentration of acetone do not show blackberry formation over a long period
acetone is increased from 0 to 65 vol %, as shown in Figure 3. of time. In such solutions, thEMo;32} macroanions are highly
However, the molar conductance of ions usually becomes lower negatively charged; therefore, the strong repulsive electrostatic
in a less polar solvent due to lower ionic mobility. This effect interactions prevent the blackberry formation. Furthermore, the
must be excluded in order to obtain the actual degree of blackberry formation is not observed in dilyt®lo;35} solutions
counterion association. To achieve this, a series of 0.125 mg/because the blackberry formation is known to have a critical
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Figure 6. SLS studies at low scattering angles yield the radius of gyration [ ® |
(Rg) of {Mo133 blackberries.

association concentration (CAC). The CAC value could be fairly
small, as with poorly charged “weak electrolyteMo7Feso}
solutions!® However, the CAC value fofMois3 in aqueous
solution could be very high and beyond the concentration of
1.0 wt % used in the current study. This explanation becomes
more plausible when the fact that more cations associate with
{Mo13} macroanions and decrease the charge density of the :
macroanions at highefMoi33 concentrations is considered. ' ﬁ
For the 1.0 wt 9% Mo;33 solutions containing 370 vol %
acetone, blackberry structures with different aver&gebut
relatively narrow size distribution are observed by DLS. The |m . v Det WD —————— 200 0m
blackberries formed in each differefitlo13} sample reflected 265.0 K { x SE 7.7
narrow, parabolic ranges 8%, Figure 5A. However, in solvents  Figure 7. SEM images showing the hollow, spheri§¢aoasz clusters in
containing more than 70 vol % acetone, {ido,3; supramo- (A) 30 vol_% acetone with radii between 3310 nm and (B) 45 vol %
. . . . acetone with a diameter 6150 nm.
lecular formation is observed over a long period of time and
with heating {Moyz} clusters become almost charged neutral e rejationship between i of blackberries and the solvent
and less soluble (1.0 wt ¥dMo132} can be soluble in solvents jiclectric constarit®
containing <90% acetone) in such solvents, but the clusters  g) g measurements at low scattering angles are used to obtain
remain as discrete clusters in solution. The nearly neutral e radius of gyrationR;) based on the RayleigtGans-Debye
charged Moj3g} clusters are unable to form the supramolecular equatiorf as shown in Figure 6. THR, of {Moys7} blackberries
structures and thus confirm that the existence of charges onyyas determined as 56-6 0.7 and 90.1- 0.8 nm for those in
macroions is critical for the blackberry formation. This process 15 and 60 vol % acetone, respectively. As mentioned earlier,
clearly proves that the van der Waals forces are not the majorihe R; of the blackberries only shows very weak concentration
attractive forces responsible for the self-assembly b33} dependence; thus, extrapolation to zero concentration becomes
macroions. If van der Waals forces were the major attractive |ess important. Since the values obtained Ryrand R, are
forces, more serious aggregation should occur in solutions with gimost equal for all the supramolecular assemblies with different
higher acetone content, as the loss of charge decreases thgg|yent quality, and the blackberries are spherical, as shown
repulsive interaction between macroanions and does not greatlyfrom SEM studies described below, tf#ois; blackberry
affect the van der Waals attractive forces. We have reachedstryctures are confirmed as hollow, vesicle-like structures.
similar conclusions in studies of the “weak electroly{®o;- Information about the shape and size of {0,373} clusters
Fesy} macroions in water/methanol mixed solvetfts. was directly obtained through SEM examination. Figure 7 shows
Change of Blackberry Size with Solvent Quality. The SEM micrographs of blackberries formed in 30 and 45 vol %
averageR, of the blackberries clearly depends on the solvent acetone. The observed spherical particles have radii ef 35
quality. Increasing acetone content in solution results in the 110 nm. The size of theMo;33} clusters found by SEM is in
formation of larger blackberries. Average blackberry size agreement with the results of LLS studies.
changes from~30 nm in 5 vol % acetone solution t8100 nm Transitions of {Moi133 Supramolecular Structures in
in 70 vol % acetone solution, as shown in Figure 5B. The size Solutions of Varied Solvent Quality.Blackberry structures are
distributions of the blackberry structures formed in different not easy to form due to the high-energy barrier between the
solvents are very similar (Figure 5A). The relationship between two states: single macroanions and supramolecular structures.
the R, of the blackberries and the solvent quality (given as the Furthermore, it is even more difficult to break the blackberry
inverse dielectric constant) is obvious. In a separate paper westructure'®-18 To our knowledge, the breaking or reassembly
present, with our collaborators, a general formula to describe of blackberry structures by simply changing solvent composition
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Figure 8. Average hydrodynamic radii dfMo132} vs percent acetone by ) . .
volume during solvent quality changes from 20 to 50 vol % acetone. The Figure 9. Average hydrodynamic radii gfMossz} vs percer;t acetone by
results of Figure 5B, in which blackberry sizes measured from individual V0lume during solvent quality change from 70 to 35 vol % acetone. The
solutions without the process of changing solvent quality, are also included "€sults of Figure 5B are also included for comparison.

for comparison. L . . .
P more blackberries in solution with higher acetone content. To

has not yet been reported, nor has change of the blackberryldent'fy which factor is dominant, we can use the simplified

i i 44
size by tuning the solvent quality been reported. We now Rayleigh-Gans-Debye equatiof**to

describe a series of experiments which successfully achieve the | 0C-M,, = C-R> )
formation and dissociation of the blackberry structures in water/ w
acetone mixed solvents. wherel, C, andM,, are the scattered intensity from blackberry

The 1.0 wt %{Mo133 solutions were prepared in water/  go|ytion, the blackberry concentration, and mass, respectively.
acetone mixed solvents containing 20 and 70 vol % acetone, The scattered intensity was 5 times greater when the volume
respectively. Upon the formation of blackberries in solutions, percent of acetone increased from 20 to 50 vol %, whileRhe
the solvent quality was changed by the addition of either acetone ¢ plackberries increases from 60 to 86 nm. From eq 2 the
or water. For the 70 vol % acetone solution, water was added concjusion is that more blackberries were formed at higher
to change the solvent quality step by step to 65, 55, 45, and gcetone content, suggesting that the higher acetone content (or
finally 35 vol % acetone. For the 20 vol % acetone solution, |oyer dielectric constant) is favored by the blackberry structure,
acetone was added stepwise to make solutions containing 30;n the current experimental regime.

40, and finally 50 vol % acetone. More interesting phenomena were observed by SLS during

A {Moasz} solution initially prepared in 20 vol % acetone  the above experiments. On average 6 days are required for the
contained blackberries with an averageof ~60 nm and was jpjtial blackberries to form; however only 3 days are required
in agreement with th&, values in Figure 5B. With the addition  for the blackberry transition to occur. The time required for
of acetone to the solution, tti® value increased after3t days  pjackberry formation indicates that the addition of acetone to
at 30°C, as shown in Figure 8. It is clear that changing the tnhe solution does not completely destroy the blackberries present
solvent quality can change tHéMo,s3 blackberry size cor- i the initial solution and that the blackberries are allowed to
respondingly. In addition, the nefiMos} blackberry sizes are  re-form during the transition from one solvent quality to the
also in very good agreement with those from the original sample eyt
solutions having the same solvent quality. The reproducible  siate of Counterions in Blackberry Solutions.The mean
formation of the{Mo133} blackberry clearly indicates that the  + potentials of the blackberry structures in water/acetone
blackberry formation is a thermodynamically favored process. ggjutions were determined hiy potential analysis. For a 0.5
Furthermore, the sizes of blackberries reported in Figure 5 are mg/mL {Mossz solution, the¢ potential values range from
clearly in the thermodynamically stable states. —9.13 to —49.48 mV depending on the acetone content in

{Moa33} solutions initially prepared in 70 vol % acetone solvent. It is expected that th potentials of the blackberry
solution showed an averag® of 90.1 nm. As the percentage  stryctures also depend on the solvent dielectric constant, but
of acetone in solution was decreased by the addition of water, only logarithmically3¢ To determine the charge on the surface
the R, value decreased accordingly (Figure 9). TRevalues  of the{Mo,3;} blackberries{ potential studies were performed.

of blackberries in solutions with solvent quality tuning are within - The jon mobility is related to the charge on particles via the
the range of expected values f& (Figure 5B). The transition  Hyckel equation

of {Mo133 in solvents changing from 70 to 35 vol % acetone

again shows the size of the blackberry decreases with decreasing Ho = Ql6nr 3)
acetone concentration, as a result of increasing solvent dielectric - .
constant. whereuo, 17, g, andr are the absolute mobility of particles at

During the study, the change in scattered intensity of the 260 buffer ionic strer]gth, thfe solvent vi;cosity, the charge on
solutions was monitored by SLS. As the percent acetone by particles, and the particle radius, respectivi@KgIn our current
volume was increased, the intensity of {do:s;} solution also case, the solution contains no buffer ions; thus, the measured
increased. The increment of the scattered intensity may ariseMOPility is uo. The average total charge on eafhosss
from two sources. First, the blackberries grow into larger sizes 45) Roy, K. L Lucy, C. A Electrophoresi€003 24, 370.
in response to the change of solvent quality. Second, there arg46) Roy, K. L.; Lucy, C. A.Anal. Chem 2001, 73, 3854.
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blackberry-type structure, dependent upon the solvent quality related to the charge density on the macroions. No blackberry
of each solution, is estimated as61l to —200, where the formation occurs when the POM clusters are chargeless or carry
negative sign denotes negative charges. The absolute chargéoo many charges. The states of small counterions in solutions
decreases as more acetone is added. Since the total number afontaining discretd Moi13} macroions and large blackberry
{Mo133 clusters on each blackberry can be estimated from SLS structures were also studied.
(over 1000 macroions), the number of charges per cluster can Furthermore, the size §Mo132} blackberries is found to be
be calculated, which ranges from 0.1 charges for solution directly related to the solvent dielectric constant, Wbeing
containing 10 vol % acetone to 0.02 charges for solutions 25 nm in 3 vol % acetone solution and 100 nm in 70 vol %
containing 60 vol % acetone. Considering that efibto;32} solution. After the blackberries are formed in a given solution,
macroanion carries at least 42 negative charges in crystals, it istheir sizes can be accurately tuned by adjusting solvent quality,
clear that most cations are strongly associated with large suggesting that the blackberry structure is truly the thermody-
blackberries in dilute solutions. namically stable state.

Our work strongly shows that the blackberry formation is a
new type of free-energy-favored self-assembly behavior for

We report the discovery of the first discrete macreion  various types of macroions in polar solvents. The simple, rational
blackberry-discrete macroion transition by usingVoisz}/ control of the formation and dissociation of the blackberry
water/acetone as a model system. The continuous, highlystructures, as well as the accurate size control of their nanoscaled
reproducible transitions achieved by simply adjusting the solvent self-assembled structures, may find applications in different
quality reveal important properties of the blackberry formation, fields.
a new type of self-assembly process with intriguing driving
forces. The behavior of thgMo133 in water/acetone solutions
exemplifies that the presence of the counterions in solution is
critical to the solution behavior of macroions. The blackberry
formation and dissociation dfMo13} macroions are closely  JA0685809

Conclusion
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