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Abstract: The crystallinity and porosity of all-inorganic dodecatungstophosphate M3PW1,040 (M = Cs, NHy,
Ag, denoted as MPW) particles are controlled by the changes in the synthetic temperatures and
countercations. The MPW particles can be classified into three groups by the crystallinity and porosity: (i)
mesoporous “disordered” aggregates, (ii) microporous “self-organized” aggregates, and (iii) nonporous single
crystals. The formation and growth mechanism of MPW particles is expressed by three steps: formation
of nanocrystallites, assembly of the nanocrystallites to form aggregates, and the growth of aggregates by
the attachment of nanocrystallites. The time courses of the turbidity of the synthetic solution, the concentration
of the nanocrystallites, and the average particle sizes of MPW patrticles are well reproduced by the calculation

based on the mechanism.

Introduction

Self-organization is the spontaneous aggregation of molecules

or particles into patterns or structures. The driving forces of

the self-organization are van der Waals interaction, hydrophobic
interaction, aromatic interaction, hydrogen-bonding, electrostatic

interaction, etd: 4 For example, in the synthesis of inorganic
metal oxide molecular sieves, the metal oxide framework
precursors are formed by the progressive hydrolysis an
condensation of metal aquo ioHs!! and the organization of

the pore structure is achieved by the electrostatic interaction
between the precursors and the structure-directing organic

moleculest'? In the self-organization of inorganic particles

such as metals, metal oxides, and metal sulfides, the control o
the shape and size is achieved also by the addition of organic

or organometallic molecules, which act as precursors or
structure-directing reagert8.56.1216 For example, the inorganic
hydroxyapatite crystallizes along the organic collagen fibers
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to form the structure of bone tissue, in natéirélhe
morphologies (cubic, dodecahedron, or sphere) of molybdenum
oxide particles are controlled by the use of polyethylene oxide
homopolymer with different molar masses, which act as a
structure-directing reagetft. The self-organization ofall-
inorganicaggregates without the aid of organics is reported only
for copper sulfate pentahydratécalcium carbonaté® silica

4 carbonaté? and tin oxidez® While the thermodynamic morphol-

ogy of the aggregates can be predicted from their crystal
structures, most shapes are empirically controlled by changing
the extent of supersaturati8h?? In addition, the crystallinity
and porosity of all-inorganic aggregates have not yet been

fcontrolled and the mechanism of the formation and growth is

still unclear.

Polyoxometalates are inorganic metal oxide anion nanoclus-
ters that show unique chemical properties such as catalysis by
changes in the constituent elements and counterc&foHsThe
dodecatungstophosphoric acigh¥V;,040 is a well-known solid
acid, and the partial substitution of protons with alkali metal
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Table 1. Properties of Various MPW Particles?@

synthetic solubility size of organized ED BET surface d(BET) L(XRD) organized
sample temperature (K) (1075 mol dm~—3) form (nm) pattern major pore area (m?g~?) (nm) (nm) form
CsPW 298 0.221 310 ring mesopore 148 6 13 i
368 1.30 1x 10Pto 3 x 107 spot micropore 82 12 24 ii
NH,PW 298 1.22 Ix 10°to 4 x 107 spot micropore 91 11 27 ii
368 5.20 3x 107to 1 x 103 spot micropore 51 19 59 ii
473 250 2x 10%to 1 x 1P spot none 9 1.k 107 9.3 x 1(? iii
AgPW 298 149 5< 10Pto 3 x 10° spot none 4 2.4 17 7.7x 107 iii
368 254 2x 10°to 1 x 10* spot none 4 2.4 17 5.6 x 1% iii

aSize of organized form was measured from the SEM imd(f@ET) (nm) is the average size of nanocrystallites calculated from the BET surface area
assuming a spherical shapg€XRD) is the length of coherent ordered structure calculated by Scherrer’'s equation from the 222 diffraction. Organized forms
are (i) mesoporous disordered nanocrystallites, (ii) microporous self-organized aggregates of nanocrystallites, and (iii) nonporoustalsgle cry

Figure 1. SEM images and ED patterns of (a) CsPW-298, (b) CsPW-368, (cPMH298, (d) NHPW-368, (e) NHPW-473, (f) AgPW-298, and (g)

AgPW-368.

ions or ammonium ions increases the surface area and(M = NH,, Cs, denoted as MPW) are self-organized aggregates

porosity#32-35 For example, GssHo sPW;204 possesses high

of 5—10 nm nanocrystallites, while the self-organization is not

porosity and surface acidity and is more active than the parentcontrollable and the mechanism is still uncléa¥-43 On the
acid for acid-catalyzed reaction such as alkylation, acylation, other hand, ring-shaped polyoxometalate clusters are formed

and hydrolysi$?:34.35 Recently, self-organized aggregates of
polyoxometalates have been report&d?3 Porous MPW;,040
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Mater. 200Q 12, 2230.

by the self-organization of several tens to more than a hundred
molybdenum atoms in acidic solution with reducing reagénts
or under UV irradiatior?® These molybdenum oxide clusters
further assemble with ionic interactions to form vesicles of ca.
50 nm in size®

In this work, we demonstrate the successful control of the
self-organization oéll-inorganicionic nanocrystallites by using
MPWs and elucidate the self-organization mechanism.

Experimental Section

Materials. HsPW;,040-nHO (n =~ 25) was synthesized and purified
by extraction with diethyl ether and recrystallization from wétefhe
IR spectrum of HPW;;040-nH,O (KBr: 1079, 982, 892, and 800 cr)

(44) Bailar, J. C., Jrlnorg. Synth.1939 1, 132.
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Figure 4. Time course of the SAXS profiles of the synthetic solution of
NH4PW-293. Inset: the relative signal intensity &t2 2.52 in the SAXS
profile. The solid line shows the concentration Bf Ealculated with eq 9.
The SAXS profiles were the averaged data for (&) 33 min, (b) 38-58
min, (c) 62-82 min, (d) 87107 min, and (e) 112132 min.

700

600 [

500
mL) of HaPW;,040:nH,0 (0.001 mol dmS) to an aqueous solution

(15 mL) of CsCQO; (0.0015 mol dm?) in a single step with stirring at

293 K.

Characterization. The scanning electron microscopy (SEM) images
were obtained with an S-4700 (Hitachi) without metal coating. The
transmission electron microscopy (TEM) images and electron diffraction
(ED) patterns were measured with a JEM-4000FX Il (JEOL). The TEM
image and ED pattern of Cs-298 were measured with a JEM-2100
(JEOL) at 77 K: CsPW-298 was dispersed in a resin and the resin
was sliced with a microtome to a thickness of 50 nra.adsorption/

0 ! ' desorption isotherms of MPW were measured with an ASAP-2010
0 200 400 600 automatic adsorption apparatus (Micromeritics). Powder X-ray diffrac-
Time [min] tion patterns were recorded with a MultiFlex diffractometer (Rigaku
Figure 3. Time courses of the photographs of the synthetic solution of Corporation) using Cu & radiation.
NH4PW-293 and turbidity. Solid squares and solid line show the experi- The solubility of MPW was estimated as follows: MPW was
mental and calculated data with eq 3, respectively. dispersed in water at 298 or 368 K, and the quantity of W&~ in
the supernatant was estimated with the absorbance of the 260 nm band
agreed with that reported in the literatdféNH,HCO; (Nacalai Tesque) of the Keggin anion (ligand-to-metal charge transfer<@) band).

400 |

Turbidity

300 1

2001

100

was recrystallized in a watelethanol mixed solvent. @G80O; (Merck) The solubility in water at 368 K was also estimated by using the surface
and AgNQ (Wako) were used without further purification. Water was free energy %) at 298 K. The value ofy was calculated with the
purified by Milli-RX12c (Millipore Corporation). equationre, = 29VI/(KT In(a/ag)), whereren, k, T, andV are the size of

Synthesis.MPWs (M = NH., Cs, and Ag) were synthesized as the critical nuclei, Boltzmann constant (1.38066 10723 J K™Y,
follows: A stoichiometric amount of an aqueous solution of NEBOs, temperature, and molecular volume (4.189.0"%7 ), respectively?
CsCOs, or AGNO; (0.075 mol dm of M) was added dropwise to an Concentrations were used in place of approximated activiaig(tial
aqueous solution of #PW;,040-nH20 (0.025 mol dm? of PW;204*) concentration of BPWi20s0 (0.025 mol dm?); &, solubility of MPW).
for 5 min with stirring to form a white colloidal solution. During The e_stlmated values of the SOIu.b”'ty apprO)flmater agree_q with the
this procedure, the solution was kept at 298 or 368 K. R-473 experimental values (e.g., experimental (estimated) solubility of Cs-

ll . 3
was synthesized under hydrothermal conditions as described 368: 17.5 (13.0ymol dm- )'_ .
before?s For the mechanistic study, the synthetic solution ofsR¥ Small-angle X-ray scattering (SAXS) measurements of the synthetic
was prepared by adding an aqueous solution (15 mL)s8MA,Oucr solution were carried out to detect nanocrystallites with a NANO-
nH,0 (0.005 mol dm?) to an aqueous solution (15 mL) of NHCOs Viewer diffractometer (Rigaku Corporation). The solution was sealed
(0.015 mol dm®) in a single step with stirring at 293 K. The synthetic in a quartz capillary (2 mm), and the SAXS spectra were measured

solution of CsPW was prepared by adding an aqueous solution (15 with Cu Ko radiation (40 kV, 20 mA).

(46) Stumm, W.Chemistry of the Solid-Water Interfgc@/iley: New York,
(45) lto, T.; Hashimoto, M.; Uchida, S.; Mizuno, KChem. Lett2001, 1272. 1992.
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Figure 5. (a) Schematic model of a nanocrystallite of ca. 3 nm in size and
(b) the calculated X-ray diffraction pattern. Gray polyhedron shows the
WOG unit of PW1204037.

UV —vis spectra of the synthetic solution were measured in the range
200-800 nm with a Fiberspec S-2450 (Soma). The absorbafge (
was converted to the turbidity) with the equatiorr = 2.303A. The
turbidity (z) of the solution is defined by

@)

1_ exp(—rl)
IO

wherel/lo and| are the transmittance of light and the length of the
light pass, respectiveli.According to Rayleigh-Gans theor§#*°the
turbidity of the solution containing spherical particles is defined by

|

wherec, d, 4, a, andm are the concentration of the particle [g ci
density of the particle, wave length in water, relative particle size, and
relative refractive index, respectively. The density of the particle,
relative particle size, and relative refractive index are defined by
M/VpNa (M, molecular weightV,, volume of particle £4/37r3); Na,
Avogadro’s number)p = 27r/A, andm = ua/m, (11, refractive index

of water (1.33)u», refractive index of particle (1.685Y,respectively.

T_ 47>
Ad

EAY
m? 1) @

m + 2

C_

(47) Atkins, P. W Physical ChemistryOxford University Press: Oxford, 1990;
Chapter 17.

(48) Lord RayleighProc. R. Soc1911, A84, 25.

(49) Gans, RANNn. Phys1925 76, 29.

(50) The best fit for the calculation of the turbidity of the MMV solution was
obtained withu, = 1.68. The value agreed fairly well with the refractive
index of typical metal oxidesu(= ca. 1.5) American Institute of Physics
Handbook 3rd ed.; McGrawHill: New York, 1973).
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Figure 6. Time course of the particle size distribution of MNPV-293.
The average particle size is shown by the arrow. Each graph shows the
size distribution of 456550 particles in the SEM images.

In order to apply eq 2 to a wide range of particle siz€s)was
multiplied by eq 2 for the correctiott.Equation 3 was obtained by the
substitution of the parameters in eq 2:

T=154x 10° x V,”[C] x f(c) €)

where [C] is particle concentration. The values f¢ét) were obtained
from ref 51 and were approximated as a linear equatioa, of

—0.42 4+ 1.12 (0< < 2)
—0.1721 + 0.63 (2= o < 2.5)
—0.069x + 0.36 (2.5< o < 4)
—0.030x + 0.21 (4< o < 5)
—0.012x + 0.12 (5= o < 6)

flo) = (4)

(51) Tabibian, R. M.; Heller, W.; Epel, J. N.. Colloid Sci.1956 11, 195:
Theoretical turbidity calculated by eq 2 is compared to the experimental
one for polymer solution, of which the concentration and particle size are
known. The deviation between the theretical and experimental values are
corrected by the multiplication dfa).
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Figure 7. Time course of the average particle size of JRM/-293. Solid Time [min]
squares and solid line show the experimental and calculated data with eq
14, respectively. (b)
400
Results and Discussion —
S
Systematic Control of Crystallinity and Porosity of MPW % I
Particles with Temperature and Countercations.Table 1 and N 300
Figure 1 show the properties and SEM images of MPW 2
particles, respectively. The morphology (SEM) and crystallinity £
(ED) of the MPW particles systematically changed with o 2001
changes in the synthetic temperatures and the kinds of coun- &
tercations as follows: CsPW synthesized at 298 K (designated :%

as CsPW-298) consisted of fine nanocrystallitesad nm in 100}

size (Figure l1a). The nanocrystallites formed spherical ag-

gregates of 56100 nm in size and were crystallographically

disordered, as indicated by the ring-patterned electron 0 . ‘ . . . ‘ '

diffractogram (ED). The ED of the nanocrystallites 0 20 40 60 80

showed discrete spots, indicating that the nanocrystallites are Time [min]

crystalline (Figure 2). The intercrystallite spaces behaved as rigyre g, Time courses of the (a) turbidity of the synthetic solution and

mesoporeé!43 By increasing the synthetic temperature to 368 (b) averag particle size of CsSPW-293. Solid squares and solid lines show

K (CsPW-368), the sizes of spherical particles were increasedthe experimental and calculated data, respectively.

to 100-300 nm (Figure 1b). The particles showed discrete spots

in the ED, indicating that the nanocrystallites are crystallo- grown under hydrothermal conditions showed a cubic cell

graphically ordered in the spherical particles (i.e., self-organized (space groupPn3-m),*> and the powder XRD patterns of the

aggregates). other MPWs were indexed to the same structure. In the unit
By changing the countercation from €t NH,", spherical cell, polyoxometalates were placed at the vertices of the cube

particles of 106-400 nm in size were formed at 298 K (I¥H and were positioned diagonally. Therefore, the density of the

PW-298) (Figure 1c). The large BET surface area (1gnt) {110 planes was higher than that 100}, suggesting that

indicates that the spherical particles are aggregates ofthe crystal growth along thg110 planes to form a dodeca-

nanocrystallites of ca. 10 nm in size. The ED of NHV-298 hedron is thermodynamically more stable than that along the

showed discrete spots, indicating that the nanocrystallites aref100 planes to form a cube. The BET surface area of:NH

crystallographically ordered in the same way as that of CSPW- p\y/.368 was 51 g1 and still had a large micropore volume.

368. Nonporous dodecahedral single crystals of®%in size were

By incregsing the synthetic temperatL_Jre to 368_K, dodeca- grown under hydrothermal conditions (MPW-473, Figure
hedral particles were formed and the sizes were increased tole)45

0.3—1 um (Figure 1d). The dodecahedron was formed by 12 ) .

equivalent planes of 113 of a cubic lattice. Generally, the By changing the countercation to Agnonporous dodeca-
morphology of self-organized aggregates of a material with hedral particles of 053 um in size were formed even at 298

a cubic lattice is either a cubfeformed by six equivalent K (AgPW-298) (Figure 1f). By increasing the synthetic tem-
planes off 100 or a dodecahedréhformed by 12 equivalent ~ Perature to 368 K (AgPW-368), the particle size was increased
planes of{110}. In the case of NEPW, the single crystal to 2—10um (Figure 1g). Thus, MPW particles can be classified
into three groups by their crystallinity and porosity: (i)

(52) Lu, W.; Fang, J.; Stokes, K. L.; Lin, J. Am. Chem. So2004 124, 11798. I ” _ i i
(53) Trikalitis, P. N.; Rangan, K. K.; Bakas, T.; Kanatzidis, M.JsAm. Chem. mesoporouﬂs dlsorde_red i aggregates (CsPW-298), (ii) mi
So0c.2002 126, 12255, croporous “self-organized” aggregates (CsPW-368 M-
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Figure 9. SEM images of NHPW-298 patrticles: (a) as prepared and after
keeping in water (b) at 298 K for 1 week and (c) at 368 K for 24 h.

298, and NHPW-368), and (iii) nonporous single crystals
(NH4PW-473, AgPW-298, and AgPW-368).

Formation and Growth of NH 4PW Particles 56 The turbid-
ity of the synthetic solution of NFHPW-293 can be used as a
measure of the aggregation since JRW-293 are white particles
of 100-400 nm in size and scatter visible light. Figure 3 shows
the photographs of the synthetic solution of MV-293 and
the turbidity. The solution was initially clear and then became

(54) While MPW nparticles of groups ii and iii have an epitaxial connection
of nanocrystallites and the formation and growth of these particles would
be regarded as the crystal growththe nanocrystallites are randomly
oriented (disordered) in the MPW particles of group i. Therefore,
the formation and growth of MPW particles in part includes the crystal
growth.

(55) Markov, I.Crystal Growth for BeginnersiVorld Scientific: Hackensack,
NJ, 2003

(56) The formation and growth of the aggregates was made slower by lowering
the concentration of the ions in the synthetic solution of ,RW to
investigate the mechanism in more detail.

cloudy with time. The turbidity showed an induction period and
then increased with time, in good agreement with the photo-
graphs.

Figure 4 shows the reproducible changes in the SAXS profiles
of the synthetic solution as a function of time. The intensity of
the 29 = 2—-3° region @ = 3—4.5 nm) initially increased,
reached a maximum around 50 min, and then decreased. This
peak position approximately agreed with that calculated with
dodecahedral NHPW-293 nanocrystallites of 3 nm in size
(Figure 5). Therefore, the initial increase in the intensity of the
260 = 2—3° region suggests that the nanocrystallites are initially
formed and then the amount decreased with time.

The increase in the turbidity after the induction period
in Figure 3 and the decrease in the signal intensity ®=2
2—3° suggest that the formation and growth of particles take
place by the consumption of the nanocrystallites. Figure 6 shows
the time course of the particle size distribution of NV-293.

The size increased, while the distribution remained almost
unchanged with time, showing that the particles are monodis-
persed.

Kinetics and Mechanism.On the basis of the above results,
it is probable that the formation and aggregation of nanocrys-
tallites proceeds according to eqs-B nanocrystallites are
formed with free PW,O4*~ and M™ (eq 5) and assemble to
form aggregates (eq 6), and then the aggregates grow by
attaching nanocrystallites (eq 7) (Scheme S1).

[3
A—B (nucleation)

(6)
B+B Rl C (formation) (6)
B+C -l C (growth) (7

whereA, B, andC stand for the free ions (NH, PW;,046%"),
nanocrystallites, and aggregates, respectively. According to egs
5—7, the following rate equations were obtained:

d
= kAT ®)
dB] _k
% - n_; [Al” — 2[B]° — kBI[C] )
el k,[B]? (10)

dt

wherek; andk; are rate constant&; is time dependerff, and

ng is the average number of [PMD40]3~ in the nanocrystallite.
[A], [B], and [C] could be calculated by solving eqs-&0
consecutively withAt = 0.02 s, and the time courses of the
turbidity of the synthetic solution of N#PW-293 (Figure 3),
the concentration of the nanocrystallites (inset in Figure 4), and
the average particle size of NPW-293 (Figure 7) were well
reproduced by = 1.2 [sTmol~1dm?], k, = 2.5x 1071 [s7?
mol~1 dm?], andks' = 9.9 x 10° [s~1 mol~! dn¥] (see the solid
lines). The results suggest that the formation and aggregation
of the nanocrystallite is much slower than the growth of the
particle ki, ko < ks). All these results support eqs-%. The
increase in the turbidity after the induction period (Figure 3)
and decrease in the signal intensity 6f2 2—3° in the SAXS
profile (Figure 4) show that the particle growth by the

J. AM. CHEM. SOC. = VOL. 129, NO. 23, 2007 7383
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attachment of the nanocrystallites (eq 7) becomes dominant afterform, and the mesopores were left between the nanocrystallites

a certain period (ca. 50 min). probably because the dissolution and reprecipitation of the
The time courses of the turbidity (Figure 8a) and average nanocrystallites hardly occur. As for the compounds in group

particle size (Figure 8b) of CsPW-293 were also well reproduced il with medium solubility, the epitaxial interfaces were formed

by the calculation wittky = 2.5 x 102 [s~* mol~ dn¥], k. = to give a thermodynamically stable morphology (i.e., dodeca-
6.5 [ mol~ dm?], andks' = 8.1 x 108 [s~ mol~1 dm?].62 hedron), and certain amounts of micropores were left between
Thus the mechanism could also be applied to the formation of the nanocrystallites. As shown in Figure 9, by keepingsNH
CsPW patrticles. PW-298 in water (at 298 K for 1 week or at 368 K for 24 h),

On the basis of the mechanism described above and thethe morphology of the particle changed from sphere to dodeca-
reverse reactions (solubilization), the decreases in the crystal-nedron with a fair maintenance of the particle size. Therefore,
linity (crystallographic coherence) and the increases in the epitaxial interfaces are formed by the slight dissolution and
porosity (BET surface area) of MPWSs with the decrease in the reprecipitation of the nanocrystallites. As for the compounds
solubility (Table 1) were explainet. CsSPW-298, with the with high solubility (group iii), nonporous dodecahedral crystals

lowest solubility (group i), did not aggregate into the crystalline Were formed probably because the dissolution and reprecipitation
of the nanocrystallites easily occur.

(57) On the assumption that the growth of the aggregates by attachlng Conclusion
nanocrystallites is a diffusion-controlled reaction, the rate of the consump

tion of nanocrystallites by the attachment to an aggregate is expressed by The self-organization of all-inorganic nanocrystallites was
ks = 4a(r + rnangDNa (11), wherer, rnano Na, and D are the average

radius of aggregates’ average radius of nanocrysta”ﬂﬁ& (: 3 nm)’ SUCCQSSfu”y COI’]II’O"Gd by the Changes |n the SynthetIC tempel’-
Avogadro’s number, and the diffusion constant, respectivehccording atures and countercations. The formation and growth mechanism
to the Stokes Einstein equation, the diffusion constdhtis expressed by . . .

D = KT/6mn(L/r + 1lrnand (12), wherey is the viscosity of watef? The of MPW particles was elucidated by the mechanism that

average number of nanocrystallites)(in a monodispersed patrticle is given consisted of three steps: formation of nanocrystallites, assembly

by nc = (/} ka[B][C] dt)/[C] (13), whereV is the volume of the synthetic .
solution. Thus, the average radius of the aggregate is expres&ed by of the nanocrystallites to form aggregates, and the growth of

Tnandic’’® x 1.2 (14). By the use of eq 14, eq 15 is derived from eq 11 as  aggregates by the attachment of nanocrystallites.
follows: ks = ks'(r + rnang(1/r + 1/rnang (15), whereks' is (2kTNaA)/3n
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