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Generating new magnetic properties in
organic–inorganic hybrids†

J. Wu, N. Akhtar, R. Y. N. Gengler, T. T. M. Palstra and P. Rudolf*

Organic–inorganic hybrids are a rapidly developing class of multifunctional materials, which can present

properties different from those of either of their building blocks. Control over the structure during the

assembly process is crucial to achieve the desired functions. Here we present the layer-by-layer

deposition in ambient conditions of CoCl4-octahedra or MnCl4-octahedra and organic layers to tailor

their magnetic properties. The Langmuir–Blodgett technique used to assemble these structures provides

intrinsic control over the film structure down to the molecular level. Magnetic characterization reveals

that MnCl4-based hybrid Langmuir–Blodgett films order antiferromagnetically like the bulk hybrid, while

the CoCl4-based hybrid Langmuir–Blodgett films show ferromagnetic coupling in contrast to the bulk

hybrid, which is a paramagnet.

Introduction

Organic–inorganic hybrid materials have attracted significant
attention due to their versatility for combining desirable pro-
perties of individual components into one single composite1–6

but also because new properties that are absent in either of
their building blocks can be generated.2 For organic–inorganic
hybrids suitable for electric and magnetic devices7,8 an extra
challenge is that thin films are the most desirable form for
the active material. Langmuir–Blodgett (LB) deposition is a
versatile method for thin film growth because it proceeds at
room temperature and can be applied to flexible substrates;
moreover it offers the possibility to exploit self-assembly and,
most importantly, it provides excellent control down to mole-
cular level through simply changing external parameters during
the deposition.9,10 This is why we have chosen this fabrication
method for the work presented here, which derived inspiration
from the report on paramagnetism in CoCl4(C5H6CH2CH2NH3)2

and MnCl4(C5H6CH2CH2NH3)2 hybrid crystals.11 These crystals
have a layered structure with polar interfaces where the inter-
action between the CoCl4

2� (or MnCl4
2�) and NH3

+ group has a
crucial effect on the properties of the ensemble. One of the goals
addressed here was to produce CoCl4

2� and MnCl4
2� based

hybrids in the form of thin films with adjustable composition
and thickness by using the LB method, which takes advantage of
the soluble nature of precursors (CoCl2, MnCl2, CuCl2). CuCl2-based
hybrid LB films have been successfully fabricated and showed
ferromagnetism.7 Similarly in the hybrid LB films reported

here, organic and inorganic parts are connected via hydrogen
bonds between the NH3 group and the chlorine ions from
CoCl4

2� or MnCl4
2�.

Differently from the bulk synthesis for CoCl4- and MnCl4-based
hybrids, the LB technique allows not only for the modification of
the interlayer spacing in the film by using different organic
spacers, it permits to tune the spacing within the layer by changing
the target pressure during the deposition. In the case of the
CoCl4-based bulk hybrid, the spacing between the coordinated
Co-ions is not close enough to induce magnetic interaction.11

Since a Co2+ ion has a d7 configuration, it can be stable both
with octahedral as well as with tetrahedral coordination11 and
the energy difference between these two coordinations is small.
Hence we expect, by using the Langmuir–Blodgett technique,
to be able to overcome the small energy difference if we apply a
high enough target pressure during deposition. The goal of this
work is therefore to verify whether it is possible to form corner
shared CoCl4 and MnCl4 octahedra, thus generating new magnetic
properties in the hybrid LB films.

Experiment section
Preparation of CoCl4- and MnCl4-based hybrid LB films

Octadecyl amine (499%) was purchased from Alfa Aesar,
cobalt chloride (CoCl2; 99.999%), manganese chloride (MnCl2;
99.999%), methyl ammonium chloride (MA), and other chemical
reagents of analytical grade were purchased from Sigma Aldrich and
used as received. To prepare octadecyl ammonium chloride
(ODAH+Cl�), we used the same method as reported in ref. 7. The
subphase in the LB deposition experiments was an aqueous solution
of CoCl2/MnCl2 (1.0 � 10-3 mol L�1) and MA (1.0 � 10�3 mol L�1).
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Surface pressure–molecular area (P–a) isotherm measurements and
deposition experiments were performed using a NIMA Technology
thermostated LB trough. The temperature was kept at 25 1C during
these experiments. Langmuir films were obtained by spreading a
chloroform–methanol (9 : 1) solution of ODAH+Cl� (0.25 mg mL�1)
onto the subphase. After a 1 h waiting time to allow for solvent
evaporation, the molecules were compressed at a rate of
20 cm2 min�1 by a movable barrier until a desired surface
pressure was reached and this pressure was kept constant
throughout the whole deposition process. The compressed
Langmuir film was allowed to stabilize for 30 minutes time
before deposition. LB films were deposited by vertical dipping
of hydrophobic substrates (see below) into the subphase at a
dipping speed of 5 mm min�1.

X-ray photoelectron spectroscopy (XPS)

150 nm thick films of gold (purity 99.99%, Schöne Edelmetaal
B.V.), grown on glass microscope slides (Knittel glass) served as
substrates for the XPS measurements of the CoCl4-based hybrid
LB film. Silicon wafers (Prime Wafer) served as substrates for
XPS measurements of the MnCl4-based hybrid LB film. Both
the substrates were made hydrophobic by modifying surface
with octadecyltrichlorosilane prior to the LB film deposition.12

XPS data were collected using a Surface Science SSX-100
ESCA instrument with a monochromatic Al Ka X-ray source
(hn = 1486.6 eV) operating at a base pressure of E5� 10�10 mbar.
XPS spectra were analysed using the least-squares curve fitting
programme Winspec developed at the LISE laboratory, Univer-
sity of Namur, Belgium. The energy resolution was set to
1.26 eV. Binding energies (BEs) are reported with a precision
of �0.1 eV, and referenced to the C 1s (BE = 285.6 eV)
photoemission peak.13 All measurements were carried out on
freshly prepared samples; four different spots were measured
on each sample to check for reproducibility.

X-ray diffraction (XRD)

Diffraction measurements were performed on 18-layer-thick
CoCl4-based and 20-layer-thick MnCl4-based hybrid LB films,
which were deposited on glass microscope slides (Knittel glass)
made hydrophobic as described above for Au films and silicon
wafers. The out-of-plane X-ray reflectivity data for the hybrid
films were collected under ambient conditions with a Philips
PANanalytical X’Pert MRD diffractometer, equipped with a Cu
Ka (l = 1.5418 Å) radiation source (operated at 40 keV, 40 meV);
a 0.251 divergence slit and a 0.1251 antiscattering slit were
employed. The 2y scans from 0.61 to 151 were collected with a
0.021 step and a counting time of 15 s per step.

Magnetic characterization of the CoCl4/MnCl4-based hybrid LB
films

The magnetic properties were measured using a Quantum
Design XL SQUID Magnetometer. The samples, a 1724-layer-
thick CoCl4-based and a 1884-layer-thick MnCl4-based hybrid
LB film on glass substrates (Knittel Glass, 0.1 mm thick, made
hydrophobic as described above), were mounted in a gelatin
capsule, which was fixed in a plastic straw.

Results and discussion
Assembly of CoCl4 and MnCl4-based hybrid Langmuir films
and transfer to the substrate

To optimize the quality of the films deposited by the Langmuir–
Blodgett technique, we studied the properties of the hybrid
Langmuir film assembled at the air–water interface. Fig. 1
displays the surface pressure–area per molecule (P–a) iso-
therms of ODAH+Cl� on the CoCl2–MA (a) and MnCl2–MA (b)
subphases. Both of the P–a isotherms show typical and clear
phase transitions during the compression process. In order
to get densely packed monolayers, we chose target pressures of
38 mN m�1 and 47 mN m�1 for the CoCl2 and MnCl2 hybrids
respectively; these target pressures are far away from the
pressures where the 2D solid layers collapse (52 mN m�1 for
the CoCl2 hybrids and 56 mN m�1 for the MnCl2 hybrids).

Proof for successful transfer of the Langmuir films comes
from the transfer characteristics plotted in Fig. 1(c) and (d). The
blue line in the lower panel of Fig. 1 shows the displacement
of the substrate as a function of time, which corresponds to
dipping into the subphase; the black curve represents the
trough area covered by the ODAH+–CoCl4 or ODAH+–MnCl4,
recorded as a function of deposition time. When the substrate
moves into the subphase during each dip, the trough area
reduces due to the transfer of part of the Langmuir film from
the subphase surface to the substrate. The transfer ratio is 1
if the decrease in area is equal to the substrate surface area.
In the present case, the transfer ratio was unity for the down-
ward stroke and 0.97 � 0.04 for the upward stroke for both
films, suggesting Y-type deposition.14

Mechanism of CoCl4/MnCl4-based hybrid LB film deposition

The proposed structure of the CoCl4/MnCl4-based hybrid LB
film is sketched in Fig. 2; the CoCl4

2� or MnCl4
2� layer is

composed of 6 octahedral Cl� encaging the central Co2+ or Mn2+

ions, four of which share neighbouring Cl� in plane, one from the
amphiphilic ODAH+Cl� and another one from the MA in the
subphase. Such a corner-shared octahedral structure has been
reported for CuCl4-based hybrid LB film,7 for which the self-
assembly mechanism is almost the same as for the CoCl4/MnCl4-
based hybrid LB films we report on here.

In contrast to this film structure, the CoCl4(C5H6CH2CH2NH3)2

bulk hybrid consists of free-standing tetrahedral CoCl4
2� in an

organic C5H6CH2CH2NH3 matrix held together by the hydrogen-
bond network.11 MnCl4(C5H6CH2CH2NH3)2 bulk hybrids have a
symmetric coordination of C5H6CH2CH2NH3 ligands on both
sides of the octahedral corner-shared MnCl4

2� sheets.11

Composition of the CoCl4/MnCl4-based inorganic sheets

To verify the composition of the films, X-ray photoelectron
spectroscopy (XPS) data were collected from 17-layer-thick CoCl4/
MnCl4-based hybrid LB films as well as CoCl4(C6H5CH2CH2NH3)2

and MnCl4(C6H5CH2CH2NH3)2 bulk hybrids; all four samples are
layered materials in which the charged MCl4

2� (M = Co or Mn)
are bonded with an amine group at the organic–inorganic
interface.
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The photoemission spectra of the Co 2p3/2 core level regions
of the bulk compound and the hybrid film are shown in
Fig. 3(a) and (b), respectively, while the corresponding Mn
2p3/2 core level regions are plotted in Fig. 4(a) and (b). All four
spectra show a shake-up satellite at the high binding energy
side of the main peak, which is a signature of Co/Mn being in
the 2+ oxidation state.15,16

The Co 2p3/2 spectrum for the bulk hybrid can be fitted with
a single component peaked at a binding energy of 781.9 eV

which corresponds to Co–Cl bonds within the tetrahedra;17

the shake-up satellite was fitted with three peaks at binding
energies of 783.8 eV, 787.2 eV and 789.7 eV. The BEs of the Co
2p3/2 line for the LB film (782.5 eV) and of the shake-up satellite
peaks (784.9 eV, 787.4 eV, and 791.0 eV) are higher than those
of the bulk hybrid. Since it has been reported that the binding
energy of core level electrons for Co2+ in octahedral coordina-
tion is larger than for those in tetrahedral coordination,18 this
is an indication that in the hybrid LB films, the Co–Cl bonds
are part of the octahedral corner-shared CoCl4-based inorganic
sheets.

A detailed scan of the Cl 2p core level region for the
CoCl4(C6H5CH2CH2NH3)2 bulk hybrid and the CoCl4-based
hybrid LB films are shown in Fig. 3(c) and (d), respectively.
The spectrum of the bulk hybrid is peaked at a binding energy
of 199.6 eV, which identifies it as due to Cl–Co bonds in
tetrahedra in agreement with the X-ray diffraction measurements
by A. H. Arkenbout;11 the lower BE for the hybrid LB films
(198.9 eV), points to Cl–Co bonds in octahedra.

The spectrum of the Mn 2p3/2 line for the bulk hybrid
(Fig. 4(a)) can be fitted with one single main peak at BE =
642.1 eV, which can be assigned to Mn–Cl bonds within the
octahedra; the shake-up satellite peak at BE = 647.6 eV confirms
the 2+ state of Manganese. The Mn 2p3/2 line for MnCl4-based
hybrid LB films can be fitted with a main peak and a satellite at
the same binding energies, indicating that we have Mn2+ in
octahedral coordination with Cl� also in this case. However,
the Mn 2p3/2 spectra of both the MnCl4-based hybrid LB films
and the bulk hybrid require in the fit an additional component
at BE = 643.5 eV; the latter originates from oxidized manganese,19

the presence of which is supported by a much stronger oxygen
peak in the survey spectrum shown in Fig. 5 as compared to the
CoCl4-based hybrid film.

The scan of the Cl 2p core level region for both the bulk
hybrid of MnCl4(C6H5CH2CH2NH3)2 and the MnCl4-based
hybrid LB film are shown in Fig. 4(c) and (d); the spectra are
both peaked at BE = 198.6 eV, corresponding to Cl–Mn bonds in
the octahedra.11

Additionally, in order to further confirm the octahedral
coordination of Co2+ in the CoCl4-based hybrid film, the UV/visible
absorption spectra were measured (shown in the ESI†). Since the
energy separation between the eg and t2g orbitals in the octahedral
field is larger than in the tetrahedral one, the absorption
bands of Co2+ in tetrahedral symmetry are found at wavelength

Fig. 1 P–a isotherms of ODAH+Cl� on an aqueous CoCl2–MA (a) and
MnCl2–MA (b) subphase. Lower panel: Deposition of a CoCl4-based hybrid
LB film (c) and a MnCl4-based hybrid LB film (d).

Fig. 2 Scheme of the proposed structure of the CoCl4/MnCl4-based
hybrid LB films.
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of 524 nm, 610 nm and 660 nm,20 while Co2+ in octahedral
symmetry absorbs at shorter wavelengths.21 The absorption
band at the wavelength of 476 nm observed for CoCl4-based
hybrid LB films therefore clearly points to Co2+ in an octa-
hedral environment.

Structure of the CoCl4/MnCl4-based hybrid film

To gain insight into the structure of the films and to prove the
high quality of the layer-by-layer deposition, X-ray diffraction
studies were carried out. Fig. 6 shows the specular X-ray
reflectivity of an 18-layer-thick of CoCl4-based and a 20-layer-
thick MnCl4-based hybrid LB film, deposited at P = 38 mN m�1

and 47 mN m�1, respectively. Diffraction peaks as well as Kiessig
fringes are observed for both films and provide evidence for a

Fig. 3 X-ray photoemission spectra of the Co 2p3/2 and Cl 2p core level
regions of a CoCl4-based bulk hybrid (top panels) in powder form and of a
17-layer-thick CoCl4-based hybrid LB film (bottom panels); fits to the
experimental lines are also shown.

Fig. 4 X-ray photoemission spectra of the Cl 2p, Mn 2p3/2 core level
regions of a 17-layer-thick hybrid LB film (right panels) and a MnCl4-based
bulk hybrid (left panels) in powder form and fits to the experimental lines.
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well-ordered layered structure; the Kiessig fringes in particular
indicate that the LB films remain relatively smooth during
multilayer deposition.

The length of the smallest periodic unit perpendicular to the
film surface, d, calculated from the positions of the diffraction
peaks for CoCl2/MnCl2-based hybrid LB films by using the
Bragg formula was found to be 52.1 � 0.5 Å/52.5 � 0.5 Å.
It should be noted that based on geometrical considerations,
the expected d value is E59 Å, which is larger than the observed
experimental value. Since the long ODAH+Cl� molecules have a
tendency to adopt a tilted conformation, the lower d value
observed most likely arises from the tilting of these molecules
with respect to the film plane. The tilt angle of CoCl2/MnCl2-based
hybrid LB films would then be E281/E271 as sketched on the left
hand side in Fig. 6(c) and (d).

Kiessig fringes result from the interference of X-rays
reflected from the surface of the film and from the film/
substrate interface as a consequence of the angle-dependent
phase shift. Their period is determined by the thickness of the
film.22 A layered material with n repeat units shows n-2 Kiessig
fringes between two diffraction peaks in the X-ray reflectivity
spectrum.23

Based on the modified Bragg law,22,24 the total thickness of
447 Å and 499 Å can be extracted CoCl4-based and MnCl4-based
hybrid LB films respectively, which is close to what we expect
from the d-spacing result, namely 475 Å and 524 Å.

Magnetic order

Magnetism in organic–inorganic hybrids arises from the transi-
tion metal ions in the inorganic sheets. Magnetization mea-
surements were performed on a 1724-layer-thick CoCl4-based
and a 1884-layer-thick MnCl4-based hybrid LB film. The large
film thickness was necessary in order to obtain a measurable
magnetic moment.

The magnetization loop measured at 3 K with the field
applied both in and out of the plane of the CoCl4-based hybrid LB
film shows magnetic order resulting in the ferromagnetic hysteresis
loop (Fig. 7(a)) differently from the CoCl4(C6H5CH2CH2NH3)2 bulk
hybrid, which shows no magnetic order down to 2 K.11 The coercive

field of both the in and out of plane configuration is 200 Oe at 3 K.
These results indicate that the high surface pressure applied
during deposition was sufficient to induce the Co-ions to pack

Fig. 5 X-ray photoemission survey spectra (XPS) of CoCl4- and MnCl4-based
hybrid LB films.

Fig. 6 X-ray specular reflectivity patterns of (a) a CoCl4-based hybrid LB
film (with an ordered structure as sketched in (c)) and (b) a MnCl4-based
hybrid LB film (with an ordered structure as sketched in (d)).
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closely enough to induce magnetic exchange interaction. Compar-
ing to the bulk hybrid CoCl4(C6H5CH2CH2NH3)2, the situation is
different in the CoCl4-based hybrid LB film, where, because of the
octahedral coordination, the Co2+ (S = 3/2) are Jahn–Teller active
and involved in coherent orbital ordering, which causes magnetic
coupling in the plane of the inorganic sheets.25,26 Considering
that the M–H loop shows the same S-shape without saturating at
higher magnetic field it is equally possible that this ferromagnetic
moment is caused by the canting of antiferromagnetically coupled
moments. This hypothesis is supported by the negative Weiss
temperature, calculated from the 1/M–T data (shown in the ESI†).

The magnetization loop measured at 3 K with the field
applied both in and out of the plane for the MnCl4-based
hybrid LB film shows a small hysteresis (Fig. 7(b)) with a coercive
field of around 120 Oe in the in-plane configuration and 30 Oe in
the out-of-plane configuration. The Weiss temperature calcu-
lated from 1/M–T data is also negative, indicating antiferro-
magnetic exchange interaction, which is the same as in the bulk
hybrid MnCl4(C6H5CH2CH2NH3)2. The hysteresis of both the
hybrid LB film and bulk hybrid is due to the ferromagnetic
component in the long range ordered states, as a result of the
canting of the antiferromagnetically ordered spins.11

Conclusion

We synthesized a new type of CoCl4-based hybrid LB film with
an octahedrally coordinated inorganic layered structure, which

is different from tetrahedrally coordinated one in the CoCl4-based
bulk hybrid. The new structure of the hybrid LB film goes hand-
in-hand with the generation of new magnetic properties, namely
antiferromagnetic exchange resulting in ferromagnetic ordering.
Most importantly, the ferromagnetic order parameter, the
remanent magnetisation, can be modified by changing the
number of layers. This means that for certain practical applica-
tions, this material can still be used as a ferromagnet.

A MnCl4-based hybrid LB film was also successfully synthe-
sized but in this case the structure and magnetic properties
were similar to those of the corresponding bulk hybrid. These
results indicate that the assembly by the LB technique allows to
tailor the layer-by-layer structure easily and to induce new
magnetic properties, which make these LB films promising
candidates for applications in electronics.
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