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Abstract

Two isostructural square grid networks were formed by reacting a Langmuir monolayer of an amphiphilic pentacyanoferrate
(3+) complex with aqueous Co?* or Mn?* ions dissolved in the subphase. Confinement of the reactants to the air-water interface
discriminates against the formation of higher dimensional products and directs the lateral propagation of a polymeric two-di-
mensional cyanide-bridged network. The network can be transferred to a variety of supports to form monolayer or multilayer
lamellar films by the Langmuir—Blodgett (LB) technique. Characterization of both the Fe-Co and Fe-Mn LB film extended net-
works by FTIR spectroscopy, SQUID magnetometry, and grazing incidence synchrotron X-ray diffraction (GIXD) reveals face-
centered square grid structures directed by the defined bond angles of the octahedral metal complexes and the linear cyanide bridges.
Magnetic measurements on both samples indicate the presence of anisotropic low temperature magnetic exchange interactions
between the paramagnetic centers. The results illustrate the potential utility of an interface as a structure director in the assembly of

low dimensional coordinate covalent network solids.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Coordination chemistry routes to finite and infinite
networks make use of the predictable directional char-
acteristics of coordinate covalent bonds [1-9]. Tunable
variables like stoichiometry, template additives, sec-
ondary structure building blocks, or kinetic control are
used to determine the final network structure, and sev-
eral examples are included in the current issue. Potential
applications of inorganic finite and infinite networks
include recognition and sensing, catalysis, electronic and
optical functions, and magnetic effects related to infor-
mation storage [1,10,11]. It is interesting to note that
several of these applications are likely to involve posi-
tioning at surfaces, and routes to locate the finite or
infinite networks at interfaces will be needed [12-22].
One approach is to involve the interface directly in the
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assembly, to carry out the network fabrication where it
will be located. In this case, the interface can play a role
in determining the network structure. Examples of as-
sembly at liquid interfaces have been published, in-
cluding some two-dimensional infinite networks
[19,20,23-27]. The surface of a liquid retains the struc-
ture directing character of an interface, but at the same
time is fluidic and can facilitate diffusion of reactants.
Careful understanding of these processes is now possible
largely as a result of surface sensitive characterization
methods, including grazing incidence X-ray diffraction
as detailed in a recent review [27].

We recently reported the fabrication of an Fe3*/Ni*+
mixed-metal cyanide-bridged square grid network at the
air—water interface, showing that the interface can act as
a structure directing entity when preparing coordinate
covalent networks [28]. In this paper, we show the
process is general and describe two new examples of
square grid networks prepared as monolayers at the air—
water interface. The technique, outlined in Scheme 1,
uses the air—water interface and involves the reaction of
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Scheme 1. Assembly of two-dimensional grid networks at the air—water interface.

an amphiphilic pentacyanoferrate (3+) complex 1 con-
fined to a monolayer on a aqueous subphase containing
a second divalent metal ion. By confining one of the
reactants to the air—water interface the propagation of
the structure in the third dimension is prevented, re-
sulting in a planar network at the water surface. The
effect of the interface works in tandem with the defined
bond angles of the octahedral metal complexes and the
linear geometry of the cyanide bridge to direct the final
structure of the network to a face-centered square grid
array. The same reactants in a homogeneous reaction
give amorphous colloidal products, thus illustrating the
ability of an interface to direct the structure of the net-
work. Also, the interface-assembled network can be
conveniently transferred to solid supports by the Lang-
muir—Blodgett technique, permitting added structural
and material property characterization.

The cyanide ligand is particularly attractive for use in
network assembly. Its linear geometry and ambidentate
nature make for a versatile building block when com-
bined with various transition metal complex geometries
[29-40]. In addition, cyanide has been shown to mediate
both magnetic and electronic exchange between the
bridged metal centers, giving rise to materials with in-
teresting physical properties, including a family of
molecule-based magnets [29-32,41-43]. We previously
reported an Fe**/Ni** cyanide bridged network pre-
pared at the air—water interface and showed it to be
magnetic [28]. This study extends the series to include
Fe3*/Co** and Fe’*/Mn?" mixed metal cyanide net-
works. These new two-dimensional networks are also
magnetic, and their behavior is compared to those of re-
lated three-dimensional hexacyanometallate complexes.

2. Experimental
2.1. Materials

The amphiphilic complex tetramethylammonium
pentacyano(4-didodecylaminopyridine)ferrate(IIT) - 6H,0
was prepared as previously described [28]. Attenuated
total reflectance (ATR) FT-IR samples were prepared as

monolayers on clean silicon ATR crystals. Grazing in-
cidence X-ray diffraction (GIXD) samples were pre-
pared on petrographic slides that were first cleaned
using the RCA procedure [44] and made hydrophobic
by deposition of a monolayer of octadecyltrichlorosilane
[45,46]. Samples for SQUID magnetometry measure-
ments were prepared on Mylar (Dupont) substrates
cleaned with absolute ethanol prior to use.

2.2. Film preparation

The amphiphilic iron complex 1 was spread onto the
water surface from a chloroform solution. Multilayer
films of the iron-cyanide-manganese and iron—cyanide—
cobalt networks were transferred as Y-type films onto
hydrophobic substrates at a surface pressure of 25
mN/m over a subphase 1 g/l in Mn(NOs), - xH,O or
Co(NO3), - xH,O at ambient temperature. Transfer
ratios for both the upstrokes and downstrokes were
between 0.85 and 1.0 for all layers.

2.3. Instrumentation

IR spectra were collected using a Mattson Instru-
ments (Madison, WI) Research Series-1 FTIR spec-
trometer with a deuterated triglycine sulfate (DTGS)
detector. The LB films were prepared by using a KSV
Instrument 5000 through modified to operate with
double barriers. The surface pressure was measured with
a filter paper Wilhelmy plate suspended from a KSV
microbalance. Subphase solutions were prepared from
17.8 to 18.1 MQ cm water delivered with a Barnstead
Epure system. Magnetization measurements were per-
formed on a Quantum Design MPMS SQUID magne-
tometer. GIXD experiments using synchrotron
radiation were performed at the Advanced Photon
Source, Argonne, IL, at the Materials Research Col-
laborative Access Team beamline (sector 10) [28,47].
The GIXD scans were performed on LB films trans-
ferred to glass slides. The sample was positioned in the
center of an 8-circle Huber goniometer and oriented at
an angle of 0.13° relative to the incident beam. The in-
cident beam was collimated to 200 pm high by 1500 pm
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wide and tuned to a wavelength of 1.254 A. Diffracted
intensity in the xy plane was measured using a Nal
scintillation counter mounted on the Huber goniometer.
The diffracted signal was collimated prior to the detector
using Soller slits giving an experimental resolution of the
order of 0.015 A1,

3. Results and discussion
3.1. Langmuir monolayers

Evidence for the condensation reaction is first seen
directly at the air—water interface using the traditional
Langmuir monolayer methods of Brewster angle mi-
croscopy (BAM) and pressure vs area isotherms. At
room temperature, the amphiphilic pentacyanoferrate
(3+) complex 1 is in a liquid expanded phase on water
(with 1073 M NaCl). The BAM image in Fig. 1(a) shows
a two-dimensional foam of the liquid expanded phase
that forms upon spreading. As the film is compressed, a
continuous film forms. The pressure vs area isotherm for
1 does not show evidence for a phase transition with
increased pressure, indicating that 1 maintains the liquid
expanded phase up until collapse.

If a complexing metal ion (Mn?* or Co?*) is added to
the subphase, the amphiphile behaves very differently,
forming a condensed phase at all pressures. The
monolayer must be compressed to a much smaller area
before the surface pressure increases (Fig. 2). After the
surface pressure begins to rise, the slope is much sharper
than in the absence of complexing ions, reflecting the
lower compressibility of the film. The condensed phase
over Mn?* is seen in the BAM image, Fig. 1(b). The
behavior is consistent with crosslinking of the amphi-
philes by the subphase metal ions through cyanide
bridges to form a network.

: | (b)

Fig. 1. BAM images taken at zero surface pressure of complex 1 over
(a) 103 M NaCl and (b) 1 g/l Mn(NO3), subphase.
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Fig. 2. Room temperature surface pressure vs mean molecular area
isotherms for complex 1 over pure water (A) and 1g/l Co(NOs); (o).

3.2. Tansferred films

3.2.1. Infrared spectroscopy

The network monolayers can be transferred onto solid
supports using traditional LB deposition procedures,
permitting further structural and physical property
characterization. Evidence for cyanide bridging is seen
by FTIR. Attenuated total reflectance FTIR spectra of
the cyanide stretches for the condensed films are com-
pared in Fig. 3 to those of 1, obtained as a KBr pellet.
The spectrum of complex 1 shows a band at 2111 cm™!
with a shoulder at 2128 cm~! and is in the typical range
with the expected splitting for an Fe’* pentacyanide
complex. The Fe-Mn film shows a broad band centered
at 2145 cm~! and agrees well with the CN stretching
frequency reported for the related Mns[Fe(CN)4] Prus-
sian blue analog [48], confirming the presence of
Fe-CN-Mn bridging in the film. The FTIR spectrum for
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Fig. 3. Infrared absorbance spectra of the C-N stretching region for
monolayer films on Si ATR crystals of the grid network formed from
the reaction of complex 1 with (a) Co>* and (b) Mn?* compared to (c)
the spectrum of 1 as a KBr pellet.
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the Fe—-Co film is more complex and shows a split band
with a peak at 2155 cm~! and a broad peak at 2090 cm ™.
A similar splitting has been reported in a Co[Fe(CN)g]
Prussian blue analog and has been attributed to the
presence of two different oxidation states of the iron
cyanide complex [49]. The peak at higher wavenumbers
is due to an Fe**—~CN-Co?* bridge and the lower energy
peak to an Fe’*—-CN-Co”* bridge. The band reported at
2133 cm~! for Co[Fe(CN)g] attributed to an Fe**—CN-—
Co’* bridge is not observed in the monolayer Fe-Co
film. The IR data suggest that some Fe3* is reduced in
the network, as in the three-dimensional analog, but the
relatively large excess of Co>* in the subphase assures
that any Co* that forms in the network is quickly re-
duced, leaving only Co®" in the film.

3.2.2. Grazing incidence X-ray diffraction

The in-plane structure of the networks is confirmed
by X-ray diffraction. The small quantity of material and
strong background scattering make conventional X-ray
sources ineffective for characterizing the in-plane struc-
ture of thin films. However, the combination of en-
hanced X-ray flux from synchrotron radiation with
grazing incidence angles reduces the signal-to-noise ratio
to a level where scattering from as little as a monolayer
film can be detected. This method of grazing incidence
X-ray diffraction (GIXD) has been described in detail
[50]. The GIXD patterns obtained on 15-bilayer samples
of the Fe-Mn and Fe—Co networks transferred to glass
slides are shown in Fig. 4. Both patterns show the same
three peaks, with slight shifts in spacing, and confirm
that the Fe-Mn and Fe—Co networks are isostructural.
The diffraction peaks for the Fe-Mn film correspond to
lattice spacings of 5.18, 3.69, and 2.61 A. The analogous
spacings for the Fe-Co film are 5.10, 3.62, and 2.55 A,
respectively. Both patterns can be indexed to a face-

Counts (A.U.)

d spacing (A)

Fig. 4. Grazing incidence X-ray diffraction patterns for 10 bilayer
samples on glass of the (a) Fe-Mn and (b) Fe—Co grid networks. Each
pattern can be indexed to a face-centered square grid network with cell
edges of 10.36 and 10.20 A, respectively.

centered square network with Miller indices of (20), (22),
and (40), in the order from large to small spacings, and
yield face-centered square unit cells of a = 10.36 A for
the Fe-Mn and a = 10.20 A for the Fe-Co networks.
Analysis of the peak widths of the (20) and (40) reflec-
tions in both films by application of the Scherrer equa-
tion [51] yields a structural coherence length of
approximately 80 A for both films.

3.2.3. Magnetism

The three-dimensional analogs Mnj3;[Fe(CN)g], and
Cos[Fe(CN)g], are low-temperature ferrimagnets with
T. of 9 and 14 K, respectively [52]. Magnetic exchange
in these compounds is mediated by the cyanide ligand.
The temperature dependent magnetization for the two-
dimensional assemblies is reported in Fig. 5 for the Fe—
Co film and in Fig. 6 for the Fe-Mn film, each in two
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Fig. 5. The temperature dependence of the product of the zero-field
cooled magnetization (measured in 20 G) and temperature for a 100
bilayer (per side) sample of the Fe-Co network on Mylar showing the
anisotropy of the magnetic response when the field is applied parallel
to the sample surface (A) and perpendicular to the sample surface (o).
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Fig. 6. The temperature dependence of the product of the zero-field
cooled magnetization (measured in 20 G) and temperature for a 125
bilayer (per side) sample of the Fe-Mn network on Mylar showing the
anisotropy of the magnetic response when the field is applied per-
pendicular to the sample surface (o) and parallel to the sample surface

(A).
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orientations. The Fe-Co sample was 100 bilayers per
side and the Fe-Mn sample 125 bilayers per side. Both
films were on 10 cm? of Mylar substrate. The magnetic
behavior of each film is consistent with the ferrimagnetic
exchange observed for the three-dimensional parent
compounds, although a significant diamagnetic back-
ground contribution from the Mylar substrate makes it
difficult to unambiguously quantify the moments to
discern ferrimagnetism from ferromagnetic exchange in
the transferred films.

The magnetic response of each film is anisotropic
with respect to the sample orientation in the applied
magnetic field. The Fe-Co film shows negligible mag-
netic response (Fig. 5) when the field is applied
perpendicular to the magnetic planes. Conversely,
magnetization increases rapidly below 10 K with the
applied field parallel to the plane of the network. The
magnetic response of the Fe-Mn film (Fig. 6) is also
anisotropic, but in the opposite sense. The variation in
the orientation of the magnetic easy axes must reflect the
reduced symmetries of the crystal fields in the two-
dimensional networks and the differences in single ion
anisotropies expected for Co?*, Mn?*, and low spin
Fe3*. The pentacyanoferrate (3+) complex common to
both structures is a low-spin d° ion, known to experience
significant spin—orbit coupling [53]. In addition, the
4-aminopyridine ligand and bridging of the in-plane
cyanides lower the symmetry of the Fe’* site. When
coupled with the isotropic S = 5/2 Mn>* ion, the ferric
site can be expected to define the magnetic easy axis. In
the case of the Fe—Co material, the strong Ising char-
acter of the Co’* ion dominates, in this case confining
the moments to the network plane. The anisotropy of
the Fe—Co film is similar to that observed for the anal-
ogous Fe—Ni film that was described previously [28].

When the monolayers are transferred to solid sup-
ports for magnetic studies they form bilayers with the
metal cyanide networks depositing face-to-face. Each
inorganic bilayer is then separated from the next by the
alkyl tails of the amphiphilic aminopyridine ligand. The
exact nature of the interaction between the face-to-face
networks is not yet clear nor is its influence on the an-
isotropic response. More detailed magnetic studies
comparing true monolayers with the multilayer films are
underway. Nevertheless, magnetic exchange in the films
provides additional evidence that extended networks
form in the condensation reaction at the air-water in-
terface. In addition, the anisotropic magnetic behavior
discriminates against a cubic Prussian blue-like product
and is consistent with a planar structure.

4. Conclusions

Reaction of an amphiphilic pentacyanoferrate (3+)
complex at the air-water interface with divalent metal

ions from the subphase results in two-dimensional cya-
nide-bridged coordinate-covalent networks. Confining
one of the reactants to the surface of water illustrates the
concept that the interface can be used as a structure-
directing element for preparing two-dimensional arrays.
The same reaction in the absence of the interface gen-
erates amorphous colloids. The cyanide bridges mediate
magnetic exchange, just as in the related three-dimen-
sional hexacyanometallate analogs, but the two-dimen-
sional networks lead to anisotropic behavior that
changes with the identity of the metal ions.
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