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bstract

Studies of metal cyanide thin films prepared directly at interfaces are reviewed. The systems range from monolayers, single-la
f Prussian blue-like networks, to bulk powders prepared as thin films. Monolayer networks are prepared at the air/water int

ransferred to solid supports using Langmuir–Blodgett film methods. Films of bulk materials are prepared directly on solid surfac
emplated sequential deposition procedure. The magnetic properties of the films have been explored, and in some cases, thes
nd surface films give rise to new behavior that is only possible because of the fabrication method or thin film architecture. Th
f synthesis can generate oriented samples, even when the materials are poorly crystalline. Furthermore, the interface-assemb
re inherently anisotropic, leading to phenomena not present in the solid-state analogs, such as anisotropic photomagnetism in a
bjCok[Fe(CN)6]l·nH2O.
2005 Elsevier B.V. All rights reserved.

eywords: Photoinduced magnetism; Supramolecular; Cyanometallates; Monolayers; Thin films; Molecule-based magnets; Prussian blue analog

. Introduction

Despite impressive advances in supramolecular synthesis,
any of the promised technological applications of the
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new nano structures will still require positioning structu
at interfaces. An attractive alternative to the multis
process of synthesis–isolation–deposition, is to fabr
nanoscale objects at the site of use, providing motiva
to investigate supramolecular assembly directly at a su
or interface. These ideas are particularly relevant in
area of molecule-based magnets, for which the struc
directing properties of coordinate covalent bonds h
been exploited for the supramolecular design of beau
molecular and network magnetic structures, and applica

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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such as information storage require a surface or solid
support.

Metal cyanide extended networks, analogs of Prussian
blue, have been of keen interest to the molecule-based mag-
netism community[1–3], because the nature of the magnetic
exchange can be anticipated in advance from basic orbital
interaction arguments and the predictable structure-directing
quality of the cyanide bridge facilitates supramolecular and
network design[4]. The cubic Prussian blue analogs have the
general formula MjAk[B(CN)6]l·nH2O where A and B can
be divalent or trivalent transition metals in ratios that depend
on the relative charges of the metal ions and the number
of vacancies in the structure. Charge balancing monovalent
cations, M, may also be present. Many lower dimensional
extended networks are also known. A wide range of magnetic
phenomena have been observed in metal cyanides, including
high-spin clusters[5–10], metamagnetism[4,11–13], room
temperature magnetic ordering[14–16], spin-glass behavior
[17,18], and photomagnetism[19–21].

The inherent ability to tailor both the structure and
magnetic exchange in metal-cyanide systems also makes this
family of materials well suited for exploring supramolecular
assembly at interfaces. This review will highlight some of our
group’s recent studies of metal cyanide thin films prepared
directly at interfaces. The systems range from monolayers,
single-layer analogs of Prussian blue-like networks, to bulk
p es of
t olay-
e only
p ple,
t even
w , the
i opic,

even if the parent structure is cubic, leading to phenomena
not present in the solid-state analogs.

2. Cyanometallate monolayers

To prepare monolayers, networks can be synthesized at the
air/water interface[22,23]. The surface of water retains the
structure-directing property of an interface but at the same
time is fluidic, enabling diffusion of reactants. The water
surface is also flat, which facilitates some characterization
methods including Brewster angle microscopy and grazing
incidence X-ray diffraction (GIXD)[22,23].

Our approach for assembly at an interface is outlined
in Fig. 1. The target in this example is a square grid
nickel–iron–cyanide network that arises from the 90◦ bond
angles around the starting iron cyanide complex,1. The prod-
uct is a single monolayer of a two-dimensional square grid
because the amphiphilic dialkylaminopyridine ligand con-
fines the iron complex to the interface, thereby directing the
condensation reaction within the plane of the water surface.
In the absence of the interface, the pentacyanoferrate(3+)
starting complex is capable of forming bridges that lead to
geometries other than a square grid, and when the reaction is
carried out in solution, only amorphous products are observed
[22]. The interface facilitates bridging in the equatorial plane
o tant
r rks
b
b

h ence
X ray

F to the yanide
b are gri
owders prepared as thin films. The magnetic properti
he films have been explored. In some cases, these mon
rs and surface films give rise to new behavior that is
ossible because of our method of fabrication. For exam

he method of synthesis generates oriented samples,
hen the materials are poorly crystalline. Furthermore

nterface-assembled networks are inherently anisotr

ig. 1. Reaction of an amphiphilic pentacyanoferrate complex,1, confined
ridged square grid network. In addition to the Ni2+ example, shown, squ
f the amphiphilic complex, and therefore plays an impor
ole in controlling the final structure. Monolayer netwo
ased on1 with Co2+ or Mn2+ in place of Ni2+ have also
een prepared[23].

The two-dimensional grid networks depicted inFig. 1,
ave been structurally characterized by grazing incid
-ray diffraction, and chemically characterized with X-

air/water interface, with aqueous metal ions results in a mixed-metal c
d monolayer networks have been formed with Co2+ and Mn2+.
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Fig. 2. Field cooled magnetization vs. temperature for a 150-bilayer sample
of the Fe3+/Ni2+ grid network depicted inFig. 1. Data are background cor-
rected and shown for two sample orientations, parallel to the applied field
and perpendicular to the applied field. The measuring field is 20 G in each
case.

absorption fine structure analysis, infrared spectroscopy,
and X-ray photoelectron spectroscopy[22,23]. The in-plane
structure of the networks consists of a face-centered square
grid of low spin Fe3+ ions that are bridged through cyanide
to the second metal ions. For the Fe3+/Ni2+ network, the
in-plane lattice parameter isa = 10.40Å [22], which yields
a Fe–Ni separation of 5.2̊A. The corresponding cell edge
for the Fe3+/Mn2+ grid is 10.36Å and that for the Fe3+/Co2+

monolayer is 10.20̊A [23].
Magnetization measurements can be performed on films

transferred onto Mylar. In the solid state, Fe3+/Ni2+ mixed
metal cyanides are ferromagnets, and a multilayered (150
bilayers) sample of the Fe3+/Ni2+ network transferred off of
the air/water interface undergoes a transition to a ferromag-
netic state belowTc ≈ 8 K, Fig. 2 [22,24,25]. The ordering
temperature is lower thanTc = 23 K observed for the cubic
analog, but is similar to other low-dimensional Fe–CN–Ni
networks[11]. On the other hand, the real and imaginary
components of the ac susceptibility (Fig. 3) show frequency

F mple
o uired
w

dependence and are interpreted as being characteristic of
spin-glass-type ordering of the ferromagnetic domains to
form a cluster glass[25]. Domains are likely limited by struc-
tural coherence, the average of which is approximately 6 unit
cell lengths, as determined from X-ray diffraction[22]. This
value gives an average coherent particle size on the order of
3600Å2, which would contain approximately 144 ions (72
Fe3+ ions and 72 Ni2+ ions).

3. Monolayer, bilayer, multilayers

The magnetic data shown inFigs. 2 and 3are for films
of 150 bilayers. However, single-layer control over the depo-
sition process provides an opportunity to observe how the
magnetic properties of the system evolve as it changes from
a monolayer to a bilayer to a multilayer film[25]. The net-
work depicted inFig. 1, can be transferred to solid supports
in a controlled fashion, and if the dipping cycle begins with
the substrate submerged in the water subphase, withdrawing
it results in transfer of a single monolayer of the Fe–CN–Ni
network oriented such that the inorganic network is in direct
contact with the substrate surface (Fig. 4). On the other hand,
if the substrate begins above the water surface, one dipping
cycle of passing into the subphase and back out results in a
b in
c face-
t ture
o the
n va-
l iron
c en
b rage
d n the
o ed,
m Ni
n nat-
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ig. 3. Background corrected ac susceptibility for the 150-bilayer sa
f the Fe3+/Ni2+ square grid network at three frequencies. Data are acq
ith the film parallel to the applied field with an ac field of 4 G.
ilayer (Fig. 4), with the organic portion of the material
ontact with the substrate and the inorganic networks
o-face, sandwiched in the center of the bilayer. The na
f the bonding interaction in the polar region between
etworks is uncertain, but likely contains a mixture of co

ent bonding via coordination of the axial cyanide of the
omplex to Ni2+ ions in the adjacent layer and hydrog
onding via intercalated water molecules, giving an ave
istance between inorganic networks within the bilayer o
rder of 10Å or less. Finally, if the dipping cycle is repeat
ultilayer films result with each bilayer of the Fe–CN–
etwork deposited onto the previous bilayer with alter

ng regions of organic-to-organic and inorganic-to-inorg
ontacts (Fig. 4).

The frequency dependentχac(T) data for the monolaye
nd bilayer samples are shown inFigs. 5 and 6 [25]. The
resence of aχ′′(T) component indicates uncompensa
oments in the monolayer film, even though the peak
ot clearly formed aboveT = 2 K. Theχ′(T) clearly shows
frequency dependence, which again is indicative of s

lass-like behavior and the peak position at all frequen
s below that of the multilayer film. Fitting the data to
rrhenius equation:

n(τ/τ0) = [Ea/(kBT )], (1)

hereτ is the average relaxation time corresponding to
requency of the ac measurement, andEa/kB the energy
arrier to magnetic reversal in an isolated particle, yi
× 10−15 < τ0 < 1× 10−13 s and Ea/kB = 70± 5 K. This
alue ofτ0 is below the range of 1× 10−11 < τ0 < 1× 10−9 s
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Fig. 4. The two-dimensional cyanide bridged Fe3+/Ni2+ square grid networks assembled at the air-water interface can be transferred using the Langmuir–Blodgett
technique as monolayer, bilayer, and multiple bilayer (multilayer) films. The different magnetic responses of the three films are attributed to differences in the
in-plane, inter-plane, and long-range dipolar exchange interactions present in each sample architecture.

Fig. 5. The background corrected ac susceptibility,χ′(T) andχ′′(T), for a
monolayer of the Fe3+/Ni2+ square grid aligned parallel to the measuring
field. The samples were measured at different frequencies with an ac field
of 4 G under zero applied dc field.

Fig. 6. The background corrected ac susceptibility,χ′(T) andχ′′(T), for a
bilayer sample of the Fe3+/Ni2+ square grid aligned parallel to the measuring
field. The samples were measured at different frequencies with an ac field of
4 G under zero applied dc field. The two processes observed inχac(T) likely
reflect sets of domains with different coherence lengths.

predicted for non-interacting ferromagnetic particles and
indicates the presence of inter-particle interactions[26,27].
The strength of the interaction increases significantly as one
progresses to the isolated bilayer and multilayer film for
which 1× 10−19 < τ0 < 1× 10−21 s (Ea/kB = 170± 10 K) and
1× 10−29 < τ0 < 1× 10−31 s (Ea/kB = 350± 5 K), respec-
tively. Therefore, the system may be best described as a pro-
gression from moderately interacting ferromagnetic domains
in the monolayer to a more strongly interacting glass-like
state, or cluster glass, in the bilayer and multilayer films.

Evidence for increasing interactions as bilayers and
multilayers form is seen in other data, as well. The dc mag-
netization versus temperature plot of the multilayer sample,
Fig. 2, shows significant anisotropy, withM‖:M⊥ of 3.4 at
2 K. The magnetic easy axis has a component parallel to the
surface, reflecting the structural anisotropy of the film. The
value ofM‖:M⊥ is highest for the monolayer (ca. 22), and
intermediate for the bilayer (4.6)[25], suggesting the pres-
ence of face-to-face coupling between layers in the bilayer
that is not present in the monolayer, with additional interlayer
interactions in the multilayer films. Similarly, the magnetic
coercivity increases from monolayer to bilayer to multilayer
(Fig. 7).

The changing interactions as the films are built from a
monolayer to multiple-bilayers are summarized inFig. 4.
Additional layers add additional interactions, which are evi-
d cribed
a netic
d ter-
a ms.
T are
a nge
d long-
r s
g em-
b

ent in the magnetic responses. The system may be des
s a progression from moderately interacting ferromag
omains in the monolayer to a collective more strongly in
cting glass-like state in the bilayer and multilayer fil
he different magnetic responses of the three films
ttributed to different in-plane, inter-plane, and long-ra
ipolar exchange interactions. This series shows that
ange magnetic dipolar interactions[28], across distance
reater than 30̊A, can be important in supramolecular ass
lies.
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Fig. 7. Background corrected magnetization vs. field measured at 2 K for a
monolayer (�), bilayer (�), and multilayer (�) films of the Fe3+/Ni2+ square
grid aligned parallel to the applied field. (The total sweep width was−50
to 50 kG.) The lines are guides to the eye. The increasing coercivity reflects
the larger number of exchange pathways upon building from monolayer to
bilayer to multilayers.

4. Thin films of solid-state Prussian blue analogs

Many potential applications of magnetic cyanometallate
bulk solids will also benefit if they can be processed as thin
films. By far, the most studied route to cubic Prussian blue
thin films is electrochemical deposition[29–32]. Other meth-
ods include adsorption onto sol–gel films[33], adsorption
at Langmuir monolayers[34–37], and sequential deposition
onto polyelectrolyte coated surfaces[38–40]. The morpholo-
gies of the deposited films vary, as the low solubility and poor
crystallinity of most PB derivatives make surface wetting and
the fabrication of continuous films difficult.

An alternative approach to cyanometallate thin films,
shown inFig. 8, is modeled after the layer-by-layer deposition
process commonly used to for polyelectrolyte multilayers
[41]. Thin films of the bulk solids are formed by sequential
adsorption from solution of the appropriate metal ions and
hexacyanometallate complexes. We modified the methods
described by Millward et al.[38] and by Pyrasch and Tieke
[39] by first derivatizing the surface with a monolayer of the
two-dimensional iron–nickel–cyanide grid network[42,43],
described earlier (Fig. 1). The two-dimensional grid network
is essentially one layer of the Prussian blue structure and
provides a surface layer with chemistry and structure that is
similar to the cubic cyanometallates. Subsequent growth of
the bulk phases is therefore continuous, completely covering
the surface, even for very thin films. The Fe3+/Ni2+ grid can
be used as the primer layer for growing any of the mixed-
metal Prussian blue analogs because its cell edge of 10.40Å
is in the middle of the range normally expected for the struc-
turally similar bulk derivatives.

Thin films of several magnetic Prussian blue analogs pre-
pared in this way have now been studied and shown to exhibit
magnetic properties similar to the bulk materials[42,43].
Examples include KjFek[Fe(CN)6]l·nH2O, KjNik[Fe(CN)
6]l·nH2O, CsjNik[Cr(CN)6]l·nH2O, KjCrk[Cr(CN)6]l·nH2O,
and RbjCok[Fe(CN)6]l·nH2O. Film thicknesses range from a
few nanometers to hundreds of nanometers.

5
R

n

F s to for id te.
ig. 8. The sequential deposition of cationic and anionic building block
. Anisotropic photomagnetic effects in
bjCok[Fe(CN)6]l·nH2O

The Fe3+/Co2+ Prussian Blue analogs, MjCok[Fe(CN)6]l·
H2O, are known to be photomagnetic[19–21]. The

m Prussian blue at a surface modified with a monolayer of a square grmplate
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Fig. 9. The time dependence of the photoinduced magnetization of a film
of RbjCok[Fe(CN)6]l·nH2O, prepared using the methods depicted inFig. 8,
when the external field is parallel and perpendicular to the plane of the film.

magnetization of the solids increases if irradiated in
the ordered state with visible light. For certain com-
positions, the bulk compounds contain mixtures of two
dominant spin configurations belowTc, a diamagnetic
Fe2+(LS, S = 0) CN Co3+(LS, S = 0) state and a ferrimag-
netic Fe3+(LS, S = 1/2) CN Co2+(HS, S = 3/2) state. The
relative populations of each state can be tuned by chang-
ing the Fe/Co ratio of the sample[19,20]. Upon irradia-
tion, electron transfer within the diamagnetic sites generates
additional ferrimagnetic sites, increasing the samples mag-
netization. The photoinduced state is metastable, but can be
maintained as long as the sample is kept below approximately
150 K.

Photomagnetic effects are also observed in RbjCok
[Fe(CN)6]l·nH2O thin films prepared by the sequential depo-
sition methods, described above. However, the response of
the interface-confined films is anisotropic[44]. The previ-
ously known increase in magnetization is observed with the
magnetic field parallel to the film, but adecrease in magneti-
zation is observed with the field perpendicular to the film. The
time dependence of the photoinduced magnetism is shown in
Fig. 9for the two orientations upon field cooling the sample
to 5 K in 200 G external field.

The anisotropic magneto-optical properties arise from
interplay between the low-dimensional nature of the
surface-confined film and the dipolar magnetic fields
g hen
t
t omly
d sess
a rnal
fi nt to
t field
a -
n
q the
a ,
t the

Fig. 10. The time dependence of the photoinduced magnetization at 2 K of a
film of RbjCok[Fe(CN)6]l·nH2O in the perpendicular orientation for two val-
ues of the external applied field,HE < HD andHE > HD, and schematic illus-
trations of the spin configurations. The primordial ferrimagnetic domains are
magnetized parallel toHE, with neighboring diamagnetic domains (S = 0).
The photoinduced magnetization of the diamagnetic domains depends on
the vector sum of the external field,HE, and the dipolar field of the ferri-
magnetic domains,HD. ForHE < HD, the photoinduced moments result in a
net decrease in magnetization. ForHE > HD the photoinduced moments give
rise to a net increase in magnetization.

direction of the photoinduced magnetization will follow that
of the net field. IfHD is larger thatHE, the total magnetization
will decrease. On the other hand, ifHE is larger thanHD,
the net photoinduced magnetization is expected to increase.
This case is also observed experimentally withHE = 5 kG, as
shown inFig. 10. When the plane of the film is parallel to the
external field,HD is also in the plane, and the powder-like
in-plane distribution of orientations means that diamagnetic
domains will experience some in-plane component, so
the photoinduced moment results in an increase in total
magnetization.

The dipolar field explanation for the anisotropic photo-
magnetic response depends on the quasi-two-dimensional
nature of the film. If the film is too thick relative to the
coherent domain size, then bulk properties should result. This
point was explored experimentally by comparing films with
different thickness and homogeneity[45]. All films exhibit
the photo-induced increase in magnetization characteristic
of RbjCok[Fe(CN)6]l·nH2O, but only quasi-two-dimensional
smooth films with thickness on the order of 200 nm or less
showed anisotropic response.
enerated by the constant ferrimagnetic domains. W
he sample is cooled from room temperature to belowTc,
he ferrimagnetic and diamagnetic domains are rand
istributed. The primordial ferrimagnetic domains pos
net magnetic moment that aligns parallel to the exte

eld (HE). Consequently, diamagnetic domains adjace
hese sites experience the vector sum of the external
nd a dipolar field (HD) originating from the ferrimag
etic site. Importantly,HD is antiparallel toHE when the
uasi-two-dimensional film is oriented perpendicular to
pplied field, as illustrated inFig. 10. When illuminated

he diamagnetic site will become ferrimagnetic, and
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6. Summary

Cyanometallate networks generally form as insoluble
polymers, presenting challenges to processing as homoge-
neous thin films. Synthesis directly at the site of interest
can overcome difficulties associated with manipulating the
preformed solids. This review has highlighted synthetic
routes to films of metal cyanide networks that range from
monomolecular layers to several hundred nanometers thick
and prepared directly at interfaces. The thin film architectures
and the methods of assembly combine to generate materials
with new characteristics that the bulk solids do not possess.
For example, single-layer control of the deposition process
generates oriented samples, even though the structural coher-
ence is small. In addition, the interface-assembled networks
are inherently anisotropic, as exemplified by the orientation
dependent photomagnetism of RbjCok[Fe(CN)6]l·nH2O.
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