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Submicro- and nanocrystals of a d–f heteronuclear coordina-
tion polymer, La[Fe(CN)6]�nH2O, were prepared in the water-
in-oil microemulsion using AOT or NP-5 as a surface-protecting
agent. When AOT was used, size and shape of the crystals were
remarkably influenced by their preparation conditions, whereas
little changed when NP-5 was used. These results were ex-
plained by the different protecting abilities of anionic AOT
and nonionic NP-5.

Prussian blue (PB) and its analogues (PBA) with cyano-
bridged polymeric structures have attracted much interest be-
cause of their possible use as molecule-based magnets1 and
catalysts.2 With the development of nanotechnology, tremen-
dous attention has been directed also to nanoparticles/crystals
of PB and PBA,2b,3 and it has become recognized that their size
and shape give an effect in tuning properties of their materi-
als.3j,3l,3m,3o,3t However, studies are limited to those on the d–d
systems comprising only d-transition metal ion(s), as far as
nanoparticles/crystals are concerned,2b,3 and no reports are
available on the d–f systems comprising d-transition metal
and lanthanide (f-elements) ions. Recently, we reported the
fluorescence and morphology of Eu[Co(CN)6]�nH2O and
La[Fe(CN)6]�nH2O prepared in the water/AOT/hexane
reversed micelle media (AOT: sodium bis(2-ethylhexyl)sulfo-
succinate as a surfactant).4 Under the respective synthetic condi-
tions, the former coordination polymer was a few nanometer in
size4a and the latter was observed as a submicro-sized hexagonal
disk which was changed into a hexagonal ring.4b These results
insinuate that particles/crystals with a wide variety of sizes
and shapes can be prepared for the d–f systems by controlling
the interaction between lanthanide ions located on the crystal
surface and surfactants, because lanthanide ions are labile in
the ligand substitution and have generally higher coordination
numbers compared with d-transition metal ions. Thus, the d–f
heterometal systems are the next stimulating targets for studies
on the morphology control. From this point of view, in this work,
we prepared the La[Fe(CN)6]�nH2O crystals employing the
reversed micelle technique with AOT or NP-5 (polyethylene
glycol mono-4-nonylphenyl ether) as a surface-protecting
agent, and the first investigation was undertaken on the effects
of preparation conditions on their sizes and shapes.

Typical preparation of La[Fe(CN)6]�nH2O crystals was as
follows: aqueous La(NO3)3 and K3[Fe(CN)6] solutions (0.25
or 0.5M) were prepared. FiftymL of each solution was separate-

ly added to 2mL of a hexane solution (0.2M) of AOT or a
c-hexane solution (0.2M) of NP-5, and the temperature was kept
constant at 10, 20, or 30 �C for 1 day. These two clear reversed
micelle solutions were mixed to form La[Fe(CN)6]�nH2O crys-
tals and the temperature of this mixture was held at the same
temperature for 1 to 8 days.

In the reversed micelle solutions of K3[Fe(CN)6] formed
by AOT and NP-5, the �(CN) bands were observed at 2038
and 2040 cm�1, respectively. After mixing K3[Fe(CN)6] and
La(NO3)3 in the reversed micelle, these bands were shifted to
2059 cm�1, indicating the coordination of cyano-nitrogens to
La(III) to give the three-dimensional network structure consist-
ing of the Fe–CN–La linkages.

Photos (a)–(f) in Figure 1 are the TEM images of samples
prepared by mixing 0.25M aqueous solutions of K3[Fe(CN)6]
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Figure 1. TEM images of La[Fe(CN)6]�nH2O prepared in
H2O/AOT/hexane ((a)–(f)) and H2O/NP-5/c-hexane ((g)–(l)),
using 0.25M aqueous La(NO3)3 and K3[Fe(CN)6] solutions.
Measurements were performed in 1 day ((a)–(c), (g)–(i)) and
in 8 days ((d)–(f), (j)–(l)) after mixing two reversed micelle solu-
tions of La(NO3)3 and K3[Fe(CN)6]. Preparation temperatures
are 10 �C for (a), (d), (g), and (j), 20 �C for (b), (e), (h), and
(k), and 30 �C for (c), (f), (i), and (l). Scale bars are 100 nm
for (a)–(f), 200 nm for (g)–(k), 1000 nm for (l).
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and La(NO3)3 which were separately dispersed in 2.0mL of
0.2M hexane solution of AOT. The particle sizes are around
10 nm or less in diameter and little affected by both the changes
in temperature and the elapse of time. Quite different TEM im-
ages were observed for the NP-5/c-hexane system ((g)–(l) in
Figure 1). In 1 day after mixing, the particle diameters are in
the range of 60 to 150 nm, irrespective of the preparation temper-
ature. After 8 days, their shape and size are not apparently
changed at 10 and 20 �C, whereas aggregation of the particles
considerably proceeds at 30 �C to give much larger particles with
the 600–700-nm diameters. Each submicrometer-sized particle
is observed as an irregularly aggregated form of nanocrystals
and the secondary aggregation of the agglomerates seems to oc-
cur depending on the preparation temperature and the reaction
time. Further detailed observation of the photos (g)–(l) in
Figure 1 reveals that nanoholes appear in the agglomerates,
which may be initially formed in the irregular aggregation of
nanocrystals, and the hole-size and -number are increased with
the elapse of reaction time. These observations suggest that
the release of cyano-network components and their recombina-
tion still take place after the secondary aggregation. As can be
seen in Figure 1l, size distribution of the secondary agglomerates
are relatively narrower, suggesting that the particle size may be
finally controlled by the balance between the release and recom-
bination rates. Such remarkable difference in the particle sizes
between AOT and NP-5 can be explained by the different pro-
tecting abilities: compared to the nonionic NP-5, stronger elec-
trostatic interaction of the anionic AOT with LaIII on the crystal
surface is expected to suppress the particle size growth. It has
been reported that the more effective electrostatic interaction
of cationic polymer PDDA (poly(diallyldimethylammonium
chloride)) with the negatively charged PB colloid, compared to
nonionic polymer PVP (poly(vinylpyrrolidone)), decreased the
particle size.3o

Drastic difference in shape was also observed between
AOT/hexane and NP-5/c-hexane systems, when two aqueous
solutions of La(NO3)3 and K3[Fe(CN)]6 with higher concentra-
tion (0.5M) instead of 0.25M were mixed. In the AOT/hexane,
hexagonal disks with the dimensions of 50–150 nm in diagonal
length and 35–70 nm in thickness were observed in 1 day after
mixing (Figure 2a). After 4 days, hexagonal rings appeared with
the dimensions being almost the same (Figure 2b). Similar re-
sults were recently observed by mixing 0.4M aqueous solutions
of La(NO3)3 and K3[Fe(CN)]6, and reasonably explained by the
anisotropic interaction of AOT anions with LaIII ions which are
known to be located on the {001} planes and inside the {110}
planes from the structural analysis.4b In the NP-5/c-hexane,
spherical particles with the 70–200 nm diameters were formed
in 1 day, and their size and shape were little changed even after
4 days (Figures 2c and 2d). In the NP-5 system, the aggregation

behavior is not so affected by the preparation conditions.
Results showed that the shape of La[Fe(CN)6]�nH2O crys-

tals in the water-in-oil microemulsion can be, to some extent,
changed by controlling the surface-protecting ability of surfac-
tant. However, compared with PB and PBA comprising d-transi-
tion metal ion(s), the preparation of crystals with narrower size
distribution was found to be difficult, probably because of the
high lability of lanthanide(III) ions in the ligand substitution
sufficient to accelerate the aggregation of particles. In order to
overcome this problem, further studies are in progress on the
special design of crystal surface.
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Figure 2. TEM images of La[Fe(CN)6]�nH2O prepared at
25 �C in H2O/AOT/hexane ((a), (b)) and H2O/NP-5/c-hexane
((c), (d)), using 0.5M aqueous La(NO3)3 and K3[Fe(CN)6]
solutions. (a) and (c): taken in 1 day after mixing; (b) and (d):
taken in 4 days after mixing. Scale bar is 200 nm.
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