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Abstract

Two applications of previously described square grid network monolayers prepared at the air/water interface are explored. The

monolayer networks are single layers of Prussian blue like mixed-metal cyanide networks that are formed via the interface-directed

condensation of amphiphilic pentacyanometallate complex and subphase metal ions. In the first application, the monolayers are

deposited onto solid supports and the magnetic properties of the networks are evaluated, as the transferred films evolve from a

monolayer to a bilayer to multilayers. In the second application, the network monolayers are used to derivatize a surface, providing

a seed layer for the subsequent deposition of solid-state metal cyanide molecule-based magnets. Improved surface wetting results in

continuous, transparent magnetic films.

# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

While there have been impressive recent advances in

supramolecular synthesis, many of the technological

applications of nanometer-scale objects are likely to also

require positioning the structures at surfaces. Future

generations of electronics and information storage

architectures, often cited as motivation for nanoscale

fabrication, will likely still be fabricated onto a solid

support. An attractive alternative to the multistep

process of synthesis and isolation, followed by deposi-

tion, would be to fabricate the nanoscale objects directly

at the site of use. Therefore, there is a significant need to

investigate supramolecular assembly at a surface or

interface, and this need certainly extends to molecule-

based magnets. With a growing understanding of how to

synthesize supramolecular magnetic materials, we are

now in position to study how the requirements of such

assembly processes change when performed at an inter-

face and how the magnetic response of the materials are

influenced.

Our studies of assembly at interfaces have focused on

the air/water interface [1]. An air/liquid interface elim-

inates many obstacles inherent to carrying out reactions

at surfaces while still allowing investigation of general

principles [2]. For example, restricted diffusion can limit

the reactivity of molecules confined to a surface. A gas/

liquid interface minimizes this problem, allowing studies

to focus on the structure-directing elements of the

reactants and surface. Analytical methods are available

to probe structures directly at the air/water interface [3],

but in addition, monolayers can be transferred from the

water surface to solid supports using standard

Langmuir�/Blodgett (LB) film methods for more com-

plete measurements of the structural and physical

properties of the interface-formed assemblies.

We recently described [1] the synthesis of cyanide-

bridged FeIII�/NiII, FeIII�/CoII, and FeIII�/MnII square
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grid networks as monolayers at the air/water interface

and their transfer to solid supports by the LB technique

(Fig. 1). The two-dimensional networks can be trans-

ferred as an isolated monolayer, as a single bilayer, or as

multiple bilayer assemblies (Fig. 2). DC magnetometry

of transferred multilayer films showed the Fe�/Ni film to

be ferromagnetic [1a], consistent with related solid-state

structures where FeIII and NiII are bridged by cyanide

ligands. The Fe�/Co and Fe�/Mn films are also magnetic

[1b,1c].

In this paper, we demonstrate two applications of the

interface-assembled networks, one of a fundamental

nature and the other more practical. First, single-layer

control of the deposition process provides an opportu-

nity to observe how the magnetic properties of a film

evolve as it changes from a monolayer to a bilayer to a

multilayer film. The magnetic response is followed with

both DC and AC magnetometry. Second, monolayers

can be transferred to a solid support to change the

surface chemistry and provide epitaxy with solid-state

molecule-based magnets. This surface modification

process leads to the facile deposition of continuous
thin films of Prussian blue related structures.

2. Experimental

2.1. LB film preparation and transfer

The mixed-metal cyanide square grid networks were
prepared at the air/water interface as previously de-

scribed [1]. For magnetic measurements, multilayer

(FeNi-multi) and bilayer (FeNi-bi) films of the cyanide-

bridged FeIIINiII square grid network were prepared on

Fig. 1. Reaction of an amphiphilic pentacyanoferrate complex, 1, confined to the air/water interface with aqueous Ni2� ions results in a mixed-metal

cyanide-bridged square grid network.

Fig. 2. Controlled transfer of the networks described in Fig. 1 to solid supports results in monolayer, bilayer, or multiple bilayer films. These films

are used to monitor the evolution of magnetic properties as additional interactions are introduced.
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Mylar and have also been described previously [1]. A

sample consisting of a single monolayer (FeNi-mono)

was prepared using a single transfer starting with the

Mylar immersed in the subphase, i.e. hydrophilic

transfer. The transfer ratio for FeNi-mono was TR�/

1.09/0.1. For the templating experiments, monolayers

were transferred onto OTS-covered glass slides by

starting with the substrate above the monolayer and

transferring as the slide is immersed. The result is a

hydrophobic transfer, and the slide is kept wet and used

immediately.

2.2. Magnetization measurements

For magnetic measurements, each 10 cm2 sample was

cut and packed into gel caps for SQUID magnetometry.

The rectangular pieces were packed parallel to one

another and orientated with the plane of the sample

surface aligned parallel (/I) or perpendicular (�/) to the

applied DC or AC magnetic fields. Background correc-

tions were applied by subtraction of the diamagnetic

signal measured on a similar (within 3%) mass of clean

Mylar and sample container.

2.3. Instrumentation

Instrumentation for magnetic measurements and

structural characterization were the same as described

in earlier papers [1].

2.4. Formation of the Prussian blue films

The bulk Prussian blue film is assembled onto the

templated substrate by a sequential deposition process.

After transfer of the template layer by the LB method,

the substrate was removed from the trough and rinsed

briefly with water. The substrate was then immersed in

the appropriate 0.01 M aqueous FeCl2, Ni(NO3)2 �/
6H2O, or CrCl2 solution for �/1 min, then rinsed twice

by brief immersion in two separate beakers of nanopure

water, then once by immersion in methanol, and finally

dried under a stream of nitrogen before the process was

repeated with an aqueous solution 0.01 M in the

appropriate K3Fe(CN)6 or K3Cr(CN)6 complex salt.

The CrII/[CrIII(CN)6] film was prepared under a N2

atmosphere with N2-purged solutions. A

CsxK(1�x )[Cr(CN)6] solution 10 mM in CsNO3 was

used in the synthesis of the NiII/[CrIII(CN)6] film. One

deposition cycle is comprised of one immersion, subse-

quently, in each of the metal ion solutions.

3. Results and discussion

3.1. Fabrication of monolayers, bilayers, and multilayers

The cyanide-bridged grid structures are formed when

the amphiphilic pentacyanoferrate complex, 1, is reacted

at the air/water interface over a subphase containing the
second metal ion, as illustrated in Fig. 1. The reactions

can be monitored in situ at the air/water interface [1],

and the resulting structure has been characterized in

transferred films by grazing incidence X-ray diffraction

and with IR, UV�/Vis, and X-ray absorption spectro-

scopies [1]. The films can be deposited in different ways.

Transfer onto a hydrophilic support yields a monolayer

with the metal cyanide network in contact with the
surface. Alternatively, if the monolayer is deposited

onto a hydrophobic support, then the alkyl groups of

the dialkylaminopyridine ligand are in contact with the

solid surface and the metal cyanide network is directed

away from it. Adding a second layer to this structure

gives a bilayer, where two layers of the metal cyanide

network are in contact, sandwiched between two layers

of the organic groups. Continued deposition in this way
leads to the buildup of multilayer films.

3.2. Evolution of magnetic properties

The Fe�/Ni networks are ferromagnetic [1] and single-

layer control over the deposition process provides an

opportunity to observe how the magnetic properties of

Fig. 3. Background-corrected magnetization vs. temperature for FeNi-

mono and FeNi-bi in two orientations, parallel to the applied field and

perpendicular to the applied field. Filled symbols are the field-cooled

measurements and open symbols are zero-field-cooled. The measuring

field is 20 G in each case.
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the system evolve, as the film changes from a monolayer

(FeNi-mono) to a bilayer (FeNi-bi) to multilayers (FeNi-

multi). The DC magnetization of the FeNi-mono and

FeNi-bi are compared in Fig. 3. In both films, the

response is anisotropic, with larger magnetization when

the films are oriented parallel to the applied field,

reflecting the planar anisotropy of the network. The

magnetization increases at higher temperature for the

bilayer than for the monolayer, and the field-cooled and

zero-field-cooled plots deviate near 5 K for the bilayer,

indicating spontaneous magnetization. Spontaneous

magnetization is not seen for the monolayer above 2 K.

The apparent ordering transition suggests the pre-

sence of coupling between the face-to-face networks

within the bilayer, an interaction that is absent in the

monolayer (Fig. 2). The interaction is most likely

covalent in nature, brought about through bridging of

the axial cyanide of some number of the amphiphilic

pentacyanoferrate complexes to available coordination

sites on nickel ions in the adjacent network. This

covalent bonding arrangement would favor ferromag-

netic exchange by the same mechanism that promotes

ferromagnetism within one network plane [4�/6]. Mag-

netization measurements up to 30 T on multiple bilayer

samples showed no evidence for ferrimagnetic or

metamagnetic behavior [7], supporting the assignment

of ferromagnetic coupling within the bilayers.

The temperature dependence of the magnetization for

the multilayer sample, FeNi-multi, is almost identical to

that of the bilayer. Both samples are anisotropic and

show a divergence of the field-cooled and zero-field-

cooled plots at the same temperature. However, there is

a difference in the magnetization vs. field plots (Fig. 4).

The hysteresis is larger for the multilayer film, Hc�/135

G, than for the bilayer, Hc�/75 G. Overall, the data
suggest an additional interaction that is not present in

the bilayer. Adjacent bilayers are not linked covalently,

so interbilayer interactions are likely dipolar in nature.

Dipolar interactions over similar distances have been

proposed to play a significant role in solid-state

examples of organic/inorganic layered ferromagnets [8].

Measurements of the AC susceptibility for each

sample show pronounced frequency dependence, indi-
cating spin glass-like behavior. The AC data for FeNi-

multi is shown in Fig. 5. A spin glass state can be

distinguished from a superparamagnet by quantifying

the frequency dependence through the ratio f [9], which

may be written as

f�
DTf

TfD(log v)
(1)

where Tf is the temperature at which the maximum in

x ?(T ) occurs, DTf the difference in Tf between an initial

frequency v and final frequency vf, and D(log v ) the

difference between the log of the initial and final

measuring frequencies. The values of f obtained for

FeNi-bi and FeNi-multi are 0.05 and 0.04, respectively,

which fall within the range typical for insulating spin

glasses [9] and are very similar to those reported by
Buschmann et al. [10] for a series of hexacyanomanga-

nate Prussian blue analogues. A somewhat larger value

of f�/0.10 was obtained for FeNi-mono, which falls

between the values typical of superparamagnets and

spin glasses [9], so the ferromagnetic domains are more

weakly interacting in the monolayer than in the bilayer

or multilayer.

The changing interactions, as the films are built-up
from a monolayer to multiple bilayers, are summarized

in Fig. 2. Additional layers add additional interactions,

which are evident in the magnetic responses. The system
Fig. 4. Background-corrected magnetization vs. field at 2 K for FeNi-

bi and FeNi-multi in parallel and perpendicular orientations.

Fig. 5. Background-corrected AC susceptibility for FeNi-multi at three

frequencies. Data are acquired with the film parallel to the applied field

with an AC field of 4 G.
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may be described as a progression from moderately

interacting ferromagnetic domains in the monolayer to a

collective more strongly interacting glass-like state in the

bilayer and multilayer films.

3.3. Templating films of solid-state molecule-based

magnets

In a more practical application of the monolayer

networks, they can be used to derivatize a surface,

changing its chemistry. The specific example to be

discussed here is use of the monolayer to provide epitaxy

with a molecule-based magnetic solid, so that deposition

of a thin film of the solid becomes easier and gives better
surface coverage. The FeIII�/NiII cyanide-bridged two-

dimensional square grid network described in Fig. 1 has

lattice parameters [1] that are nearly the same as the

(1 0 0) face of Prussian blue and related mixed-metal

derivatives [11], so we can use it to template the growth

of different hexacyanometallates. Prussian blue related

films are of interest for applications in photovoltaics

[12], electrochromics [13], and sensing [14], in addition
to their magnetic properties [15]. However, the low

solubility and poor crystallinity of most derivatives

make surface wetting and the fabrication of continuous

films difficult. By providing a surface layer with similar

chemistry and epitaxy, continuous films can be formed.

Our method for preparing thin metal cyanide films is

outlined in Fig. 6. It is modeled after the layer-by-layer

deposition process commonly used to form polyelec-

trolyte multilayer films and similar to the approach

taken by Pyrasch and Tieke [16]. Fig. 6 is specific to the

preparation of a Prussian blue film, but the method

itself is general and various combinations of aqueous

metal salts and hexacyanometallate complexes can be

substituted for the Fe3�
aq and [Fe(CN)6]4� ions depicted

in the scheme. An FeIII�/NiII monolayer is used as the

template. The cubic Prussian blues all have similar

lattice constants, so the lattice matching with the over-

layer does not change much with the identity of the

metal ions in the template.

Fig. 7 is an AFM image of a Prussian blue film

formed from FeCl2 and K3Fe(CN)6 after five deposition

cycles. The image shows complete surface coverage over

the 100 mm2 image. The higher regions in the film are

due to smaller crystallites on the surface and indicate

that film growth is not purely layer-by-layer, but that

crystallites form once growth is initiated. However,

AFM images also confirm that the metal cyanide

completely covers the surface. Even the low spots are

the Prussian blue films and these can be verified when

defects are found in the film. Further evidence that the

surface coverage is complete in these films is provided by

SEM images. An SEM image taken of an

Fig. 6. The sequential deposition of cationic and anionic building blocks to form Prussian blue at a surface modified with a monolayer of a square

grid template.
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FeIII/[FeII(CN)6] film after 10 cycles is also shown in

Fig. 7. The abrasion in the upper left corner clearly

shows the substrate below a Prussian blue film that is

continuous over the remaining 400 mm2.

The Prussian blue film is magnetic. Solid-state Prus-

sian blue is a known ferromagnet with Tc�/5.6 K [17]

and similar response is observed in the thin film samples.

Data for a 10 cm2 film after 100 deposition cycles are

shown in Fig. 8, where the field-cooled magnetization

rapidly increases near 5 K.
Similar results were obtained on the other metal

cyanide films. A film with nominal formula

CsjNiII
k [CrIII(CN)6]l prepared from Ni(NO3)2 �/6H2O

and K3Cr(CN)6 in the presence of CsNO3 is shown in

the SEM image of Fig. 9. Magnetization data for an

8 cm2 film after 20 deposition cycles are also shown in

Fig. 9. The ferromagnetic ordering temperature, Tc�/

75 K, extracted from Mfc(T ) data is slightly lower than

Tc�/90 K reported for the bulk solid [18]. Ordering

temperatures of the hexacyanometallates are known to

be sensitive to the precise stoichiometry and are often

affected by the identity of the counterion [18]. Since the

structural coherence of the film was confirmed by X-ray

diffraction, the lower ordering temperature observed in

the film most likely reflects a lower Ni:Cr ratio in the

film relative to the solid-state material. The film displays
a clear hysteresis at 5 K with an Hc of 70 G and a

remnant magnetization (Mrem) 50% of the saturation

value. Both of these values are very similar to those

reported by Gadet [18a] for the solid analogue.

4. Conclusions

These experiments demonstrate that the metal cyanide

square grid network monolayers can be transferred to a
solid support to facilitate subsequent deposition from

solution of mixed-metal Prussian blue related films. The

combination of the right surface chemistry with appro-
Fig. 7. AFM image of a Prussian blue film after three deposition cycles

(top). SEM image of a Prussian blue film after 10 cycles (bottom). Both

films are deposited on glass.

Fig. 8. Magnetization vs. temperature of a templated Prussian blue

film.

Fig. 9. SEM image of NiII/[CrIII(CN)6] after 10 cycles (top). Magne-

tization vs. temperature and magnetization vs. field for NiII/

[CrIII(CN)6] after 20 cycles (bottom).
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priate lattice matching helps the molecule-based mag-

netic solid to wet the surface to give continuous films.

Two examples, the iron-based Prussian blue and a

related NiII/[CrIII(CN)6] film, are demonstrated here
and current work is exploring other compositions.

The metal cyanide monolayers have also been used in

a more fundamental study. The ability to regulate the

monolayer transfer leads to films with a controlled

number of layers. By preparing monolayer, bilayer, and

multiple bilayer samples, we are able to quantify how

magnetic interactions change in films with different

architectures.
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