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In this paper, an organic template, the Langmuir—Blodgett (LB) film of a bolaamphiphilic diacid (1,18-
octadecanedicarboxylic acid, ODA), was used to grow nanostructured calcium carbonate. ODA can form a
stable Langmuir film when it is spread on the aqueous subphase containing CaCl,. FT-IR and XPS spectra of
the transferred Langmuir—Blodgett film show that formation of the stable Langmuir film is induced by

Ca®" ion. Through immersion of the Ca>" containing LB film of ODA into aqueous Na,COs solution,
nanostructured CaCO; can be formed in the film. Although nanoparticles were obtained at the initial times,
nanorods were obtained after longer growth times. When using a LB film of the calcium salt of stearic acid, only
granular particles were found. A possible mechanism is proposed to explain the formation of the nanorods in

the templated LB films of these bolaamphiphiles.

Introduction

Inorganic and metal nanoparticles have been intensively stu-
died due to their potential applications in microelectronics! ™
and for their magnetic, catalytic and optical properties.*”
The properties of these inorganic or metal nanomaterials are
strongly depended on their size and shape, as well as the inter-
actions between the nanoparticles. Although size control is
important for achieving specific properties of materials,® shape
or morphology control of the nanostructured materials has
also proved to be significant.” '° For the preparation of inor-
ganic and metal nanostructured materials, template synthesis
methods are widely used, which include ““soft” templates such
as micelles!' and vesicles'? and “hard” templates such as
Langmuir—Blodgett (LB) films,'? self-assembled films,'* nano-
porous alumina'® and carbon nanotubes.'® Langmuir-Blod-
gett films are about the most used templates to grow
inorganic or metal nanoparticles or nanomaterials.!” !> How-
ever, work on the growth of nanoparticles in LB films of
bolaamphiphiles is rare.?*>2

Bolaamphiphiles are a class of amphiphiles in which two
hydrophilic head groups are covalently linked by a hydropho-
bic alkyl chain.?*° Compared with conventional amphiphiles,
bolaamphiphiles show abundant interfacial conformations and
the potential to form nanostructures in organized assemblies.
It has been reported that bolaamphiphiles can form multilayer
films or some exotic structures on subphases containing var-
ious metal ions.>*?® As an important biomineral and an
industrially useful material, calcium carbonate crystals have
been widely studied in the presence of organic templates
and/or additives.”! Up to now, the controlled growth of
CaCOs; crystals has been studied in templates of ultrathin
organic films,*>* self-assembled films®® and foam lamellae,
focusing on control of the polymorph and crystal orientation.
In this paper, we have used the LB film of a bolaamphiphilic
diacid as a template to investigate the growth and morphology
control of calcium carbonate in the film. Some special
morphologies were observed, compared with the stearic acid
LB film, and possible growth mechanism are discussed.

614

New. J. Chem., 2004, 28, 614-617

Experimental

1,18-Octadecanedicarboxylic acid (ODA) was purchased from
Tokyo Kasei and was used without further purification.
CaCl,, Na,COj; (A.R. grade) were also used without further
purification. The subphase was prepared by dissolving CaCl,
in highly purified Millipore Q water (18 MQ cm) at a con-
centration of 1 x 1072 mol L™!. The floating films at the air—
water interface were formed by spreading chloroform solutions
of ODA (1 x 107 mol L") on a water surface or subphase
containing CaCl,. The surface pressure-molecular area iso-
therms were measured in a KSV minitrough (KSV 1100, Hel-
sinki, Finland). Thirty minutes after the spread of ODA on the
air-aqueous surface, compression of the barrier at a constant
speed of 5 mm min~! was performed. The subphase tempera-
ture was kept at 20°C. The Langmuir-Blodgett films were
prepared by the vertical dipping method at a constant speed of
5 mm min~! on the KSV trough. CaCOs nanostructures were
formed by simply immersing the Ca(i) containing ultrathin
films into the Na,COj; solution (0.1 M, 0.01 M and 0.001 M)
for different times at room temperature (ca. 20 °C).

The LB films of ODA /Ca(11) were deposited on silicon wafer
and CaF, substrates for X-ray photoelectron (XPS) spectro-
scopy and the FESEM observations, Fourier transform infra-
red (FT-IR) spectra, respectively. The films were washed with
water before the FESEM observations. Field emission scan-
ning electron microscopy (FESEM) was performed using a
Hitachi S-4300 system. XPS spectra were measured with a
VG Scientific ESCALAB 220-IXL spectrometer using Al Ko
as the excitation source (1486.6 eV).

Results and discussion
Surface pressure-area isotherms of spreading Langmuir film

Fig. 1 shows the surface pressure-area isotherms of ODA
spreading on a pure water surface as well as on the subphase
of CaCl,. ODA formed a multilayer Langmuir film or three-
dimensional structure on a pure water surface as reported
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Fig. 1 The surface pressure-area isotherm of ODA spread on a pure
water surface and subphase containing Ca(ir) ions.

previously.”” When spreading ODA on the Ca(i) ion sub-
phase, larger changes were observed. The isotherm became
condensed and showed a much higher collapse pressure com-
pared with that on pure water. The limiting area was about
30 A% molecule . This result strongly indicates some inter-
action between ODA and Ca®". Although this value is larger
than the cross section of a single chain, it resembles the iso-
therm in the work of Lahav et al. on divalent ions using the
GIXD method.?’ So it can be suggested that ODA forms a salt
with Ca(in), resulting in a multilayer film.

Characterization of the transferred Langmuir—Blodgett film

To further confirm the metal salt formation of ODA with
Ca(11), FT-IR spectra of the LB film transferred from the Ca(ir)
subphase were compared with the cast film on CaF, substrates,
as shown in Fig. 2. The cast film of ODA shows a strong band
at 1698 cm ™!, which can be ascribed to the vibrational mode of
the hydrogen-bonded carboxylic acid. In the film transferred
from the subphase of Ca’*, strong absorption bands were
observed at 1570 and 1536 cm™'. These bands were assigned
to the asymmetric stretching vibration of carboxylate (COO ™),
, while a band at 1412 cm ™! could be assigned to the symmetric
stretching vibration of carboxylate. These spectral changes
indicate the salt formation of ODA with Ca*". In addition, a
new band appeared at 1735 cm™' replacing the band at 1698
em ™!, which indicates that upon interacting with Ca>* some
of the carboxylic acid groups are liberated.

To further reveal the salt formation in the film, XPS spectra
were measured in the transferred film from the water surface
and Ca>" ion subphase. In the spectrum of the film transferred
from the Ca®" subphase, there appeared a characteristic bind-
ing energy of Ca®" at 347.2 eV, indicating the incorporation of
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Fig. 2 The FT-IR spectra of (a) ODA cast film, (b) ODA/Ca(i) LB
film, (¢) ODA /Ca(i) LB film immersed into 0.1 M Na,COs; for 10 min.
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Ca’" in the film. Quantitative analysis revealed that the con-
centration of Ca®>" ions was lower than that of ODA. This
indicates the incompleteness of the interfacial reaction and is
in agreement with the FT-IR spectra.

Growth of CaCOj; in the LB film

A Ca®" containing LB film can serve as a template for the for-
mation and growth of CaCOj; nanoparticles. The formation of
CaCOs in the film can be verified by the FT-IR spectra. The
two bands ascribed to COO™ and located at 1570 and 1535
cm ! disappeared after immersion into the Na,CO; solution,
while the band at 1735 cm™! increased. This indicates that
CaCO; was formed in the complex film. On the other
hand, the absorption peaks at 2920 and 2850 cm ™' in the
transferred film, which are attributed to the asymmetric and
symmetric stretching bands of CH,, did not noticeably
change. This means that the conformation of the alkyl chain
does not change significantly after formation of CaCOj; in
the film.

The morphology of CaCOj; plays an important role in deter-
mining the properties of CaCO;. It was observed that various
morphologies of CaCOj; could be formed when it is grown in
LB films of ODA/Ca’", as shown by the FESEM images
reproduced in Fig. 3. Different concentrations of Na,CO; were
used to investigate the relationship of morphology with the
reactant concentration while keeping reaction time constant.
Nanoparticles of CaCO; with a diameter of about 100 nm,
shown in Fig. 3(a), were obtained by immersion in 1 mM of
Na,COs; solution. With increasing concentration of Na,COs,
a fern-like morphology, shown in Fig. 3(b), composed of
CaCOj3 nanorods was observed in the film. At the highest con-
centration of Na,COj3, nanorods of CaCO; were obtained in
the film [Fig. 3(c)]. These nanorods have a diameter of 100
nm and a length of several hundred nanometers, indicating
that they were formed by aggregation of nanoparticles.

In situ formation of nanoparticles by solution reaction meth-
ods can be divided into two steps: one is the nucleation of the
nanoparticles and the other is the aggregation or diffusion of
the nanoparticles in the film. A lower concentration of the
reaction solution leads to a slow nucleation speed and further
influences the final aggregation morphology. In our case,
nanoparticles were observed only in the low concentration
Na,COj3 solution. At high concentration, the high rate of
nucleation led to the direct aggregation of the CaCO; nano-
particles into nanorods.

The morphology of the formed CaCO; was also influenced
by the growth time. As shown in Fig. 4, the aggregation mor-
phology changed from nanoparticles to nanorods with increase
of the immersion time, even at low Na,COj concentration.
Globular nanoparticles were found in the film after 2 min of
immersion as shown before. Aggregation of the nanoparticles
in the film was seen when the immersion time was increased
to 5 min. Nanorods of CaCO; was observed in the film when
the immersion time was increased to 600 min. This result indi-
cates that the nanorods are formed by the aggregation of
nanoparticles. Upon increasing the concentration of Na,CO;
to 0.1 M, rod-like CaCO5 was observed in the film after the
first 2 min of immersion. The diameter of the rods increasing
with immersion time (Fig. 5), changing from 100 nm to about
1 um at the longest immersion times.

We used LB films of stearic acid/Ca®" as a reference and
performed similar experiments under similar conditions. Only
granular particles were found (Fig. 6) and no nanorod struc-
tures of CaCO; were obtained. Obviously the bola-form amphi-
philes play an important role in forming such morphologies.

The formation of the nanorods can be explained by the fol-
lowing mechanism, shown in Scheme 1. It has been reported
that ODA can form Langmuir films on a water surface; in
these films the alkyl chains are packed parallel to the water
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Fig. 3 FESEM images of the morphologies of CaCOj; formed in an ODA/ Ca”* LB film after immersing it into (a) 0.001, (b) 0.01, (c) 0.1 M

Na,COj; solution for 2 min.

£10um

Fig. 5 The morphology of CaCO; formed in an ODA/Ca2+ LB film after immersing into a 0.1 M Na,COj solution for (a) 2, (b) 5, (c) 600 min.

Fig. 6 The morphology of CaCO; when the stearic acid/Ca®" LB
film is immersed into a 0.01 M Na,COs; solution for 2 min.

surface when forming metal complexes with divalent transition
metal ions.?>*"?7 In the case of salt formation with Ca®", a
similar structure b, shown in Scheme 1, is proposed with the
two heads of the ODA molecules being connected by the metal
ions. Such a conformation could be kept when transferring
onto the solid substrates. When the template film is immersed
into the Na,CO; solution, CaCOj3 nanoparticles grow at the
two ends of the ODA. With increasing the amount of CaCOs,
the nanoparticles aggregate through the ionic linkages and
bundles, as shown in Scheme 1c¢ and d. Because the interaction
between Ca>t and COO™ is not so strong as with transition
metal ions, only short nanorods are formed. This is clearly ver-
ified by the time-dependent morphological changes of CaCOj;

—o — - &9 - .
(a) (b) (©) )

Scheme 1 Possible formation process of CaCO; nanorods in the LB
film of ODA/Ca*": (a) bolaamphiphile, (b) ODA/Ca’*" Langmuir
film, (c) growth of CaCOj; particles at the two ends of the bolaamphi-
phile, (d) nanoparticles aggregate along the bundles of the alkyl chains
to form the nanorods.
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in the templated LB films. In addition, due to the fact that the
Langmuir film at the air-water interface is not formed in one
direction, the bolaamphiphile can extend in all directions;
therefore, the nanorods in our case are not aligned.

Conclusion

1,18-Octadecanedicarboxylic acid, a bolaamphiphilic diacid,
can form stable Langmuir films with Ca®" at the air-water
interface. The Langmuir film can be transferred onto solid sub-
strates by using the LB technique. The film can be used as a
template to grow CaCOs. It was found that nanoparticles were
obtained at the shortest times. At longer immersion times and
in concentrated Na,COj; solution, nanorods and aggregates of
nanorods were observed. It is suggested the structure of the
bolaamphiphile plays an important role in the formation of
such nanorods. The nanoparticles are suggested to aggregate
through the ionic grooves of the bolaamphiphilic template
structure.
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