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Abstract The mesostructured lamellar phases with the
general formula [C,H,,, 1 N(CH3);]3[Fe(CN)¢] (n = 14, 16,
18) were prepared by ion-exchange/precipitation reaction
of alkyltrimethylammonium surfactants and Kj;[Fe(CN)g]
complex in aqueous medium. The phases were character-
ized using powder X-ray diffraction, high-resolution
transmission electron microscopy, IR spectroscopy, ther-
mogravimetric, and differential scanning calorimetry
means. The results obtained all support a proposed model of
crystal structure for these materials, in which the layers are
constructed by monolayer of the discrete complex mole-
cules, and the surfactants tails of opposite head groups
deeply penetrate and arrange with a tilt angle of 63°.

Introduction

The design and synthesis of new solid materials with
controlled structures are of great interest in materials sci-
ence. Since the discovery of a new family of silica meso-
porous molecular sieves by scientists at Mobil Oil in 1992
[1], the use of surfactants as structure-directing agents in
the synthesis has become a versatile route to various con-
trolled mesoporous materials. It has been well known in
ordered silicate mesostructures that lamellar as well as
hexagonal and cubic phases could be controlled by using
appropriate surfactants and synthesis conditions, and they
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can be transformed each other [2, 3]. In the case of lamellar
phases, increased understanding of supramolecular arrange-
ments in these materials would help us use these surfactant
templates more efficiently and design new phases with
valuable properties. Therefore, the synthesis of new
lamellar phases, structural information on surfactant-based
phases, and precise understanding of surfactant—anion
interactions in the solid-state have received much attention.
Based on the results of the chemistry of mesoporous sili-
cates, recently, the lamellar, hexagonal and cubic phases
were also prepared from the molecular clusters [4-9].
However, the chemistry used to construct these frameworks
differs from that used in the silicate system. The lamellar
phases were obtained predominantly by ion-exchange
reaction between the cluster molecules and the surfactants,
while the hexagonal and cubic phases were constructed
from the cluster building units that are linked together
through the metal ions in the template of surfactants. No
phase transform between them has been obtained so far
[4-9]. These mesostructures based on molecular clusters
promise to open new doors to applications in electronic,
photonic, and magnetic fields that have been not found in
silica framework.

To our knowledge, few works on lamellar phases based on
clusters, complexes have been reported. Some of them were
characterized by single crystal X-ray diffraction such as
[C,H2,11N(CH3)3]4GesQ10 (Q = S, Se; n = 8-18) [7, 8],
[C,H2,11NH3]4GeyS1p (n = 12-18) [9], [Cy2HpsNHzly
Sn,S6-2H,0 [10], [C12H25N(CH3)314H2V 19025-8H,0 [11],
[C12H25N(CH3)314V12052-6H,0  [12], [C16H33N(CH3)3]4
SiM05049 [13], [C14H290N(CH3)3]4[ResTeg(CN)g], [CisHas
N(CHj3)3]4[RegSeg(CN)g] [14]. The others that have
been described from powder X-ray diffraction and TEM
data include [C;sH33N(CH3)3l6(H2W12040), [CisHasN
(CH3)3]> 4+ «(Nb,W_O10) (x = 2, 3, 4), [15], [Ci2HasN
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(CH3)3]sNaPW 039 [16], (NH4),(C,Hs,,1NH3),(NH4:~V;
P,BO5)6:3H,0 (7 < n < 18, x + y = 17) [17]. However,
no works have been reported using [Fe(CN)e]>~*~ anions in
synthesis of ordered mesostructures templated with surfac-
tants. Here, we present the synthesis and properties of a new
series of mesostructured materials prepared by an assem-
bly of complex [Fe(CN)6]3_ in the presence of C,Hj,
N(CH3)3Br (n = 14, 16, 18) surfactants.

Experimental

[C,H2,+1N(CH3)3]5[Fe(CN)6]  (denoted as C,—Fe(CN)e)
phases were prepared by ion-exchange reaction between
complex Kj;[Fe(CN)¢] and the surfactants in aqueous
medium. In a typical synthesis, 0.36 g of the surfactant was
dissolved in warm water (5 mL). In a separate flask, 0.1 g
of K;[Fe(CN)g] were dissolved in 1 mL of H,O. This
solution was added to the surfactant solution. A yellow
solid was formed immediately. The mixture was stirred
further for 5 h. The solid was isolated by filtration and
washed thrice with warm water and dried in air.

Powder X-ray diffraction (PXRD) patterns were
obtained with a Rigaku X-ray Diffractometer using Cu-K
radiation (4 = 1.5418 A) at 30 mA and 40 kV. The dif-
fraction data were recorded at scanning rate of 0.12 min~".
Thermogravimetric analysis (TGA) coupled with differ-
ential scanning calorimetry (DSC) was carried out on a
SETARAM LABSYS TG under nitrogen environment. FT-
IR experiments were conducted at room temperature on a
ThermoNicolet 6700 spectrometer in the range of wave
numbers from 4,000 to 500 cm ™! at a resolution of 4 cm™!
with 30 scan times. Images of high-resolution transmission
electron microscopy (HR-TEM) were achieved with a
JEOL JEM-3110.

Results and discussion

The PXRD patterns of the phases reported here are shown
in Fig. 1 and clearly reveal their lamellar character. From
these diffractions, the interlayer spacing values calculated
for C14—Fe(CN)g, C16—Fe(CN)g, and C;g—Fe(CN)g are 23.7,
26.2, and 28.3 /OX, respectively. A linear relationship
between the interlayer spacing (d) and number of carbon
atom (n) of n-alkyl (C,H,, | in C,Hs, . {N(CH3)?) has
been observed and expressed as d = 1.15n + 7.67 (10%) (see
Fig. 2). This means that the average increment of the
interlayer spacing (Ad/An) is 1.15 A, which is smaller than
1.27 A for the length increment per carbon atom in a linear
all-trans chain [18]. Therefore, the alkyl chains of the
surfactants in these materials may be arranged as mono-
layers or deeply penetrate in the interlayer region with a tilt
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Fig. 1 Powder X-ray diffraction patterns of C,—Fe(CN)¢: n = 14 (a),
16 (b), 18 (¢)
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Fig. 2 Plot of inorganic layer-to-layer distance (10%) versus number of
carbon atom (n) of n-alkyl (C,, n = 14, 16, 18) in C,—Fe(CN)¢ phases

angle of sin~'(1.15/1.27) ~ 63°. Extrapolation of the data
to n = 0 gives intercept of 7.67 (1&), which is close to the
value of diameter of the complex molecule. In fact, this
value is smaller than that expected because if n = 0, the
surfactants become (CH3);NH™'. One may be explained by
a strong direct anion—cation interaction between the head
groups of the surfactant and the complex anions, and that
the layers of these phases are constructed from monolayer
of the complex anions. The lamellar structures of the
materials were confirmed further by high-resolution trans-
mission electron microscopy. Figure 3 shows the TEM
image of a representative lamellar phase, C;c—Fe(CN)g,
with clearly visible layer structures. The interlayer spacing
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Fig. 3 TEM image of C;s—Fe(CN)g

value of the image is about 25.5 A, which sufficiently
matches the d value (26.2 A) obtained from the PXRD
data.

To investigate bonding features in the framework of
these phases, a representative phase, C;s—Fe(CN)g was
characterized by IR and the result was shown in Fig. 4. For
comparison, also shown are the IR spectra of complex
K;5[Fe(CN)g] and C,4H33N(CH);Br (CTABr) surfactant.
Figure 4a reveals a characteristic sharp peak at 2,116 cm ™"
corresponding to the vibration mode of cyanide group of
the complex [19]. This peak clearly appears in the spec-
trum of the material (Fig. 4c). This indicates that cyanide
group is intact in C;4—Fe(CN)g. It is also shown the pres-
ence of CTA in C;4-Fe(CN)g from comparison of the
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Fig. 4 FTIR spectrum of K3[Fe(CN)¢] (a), CTABr (b), and Cj¢—
Fe(CN)s (c)
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spectrum of CTA (Fig. 4b) and the material (Fig. 4c). In
addition, the position of the stretching bands of CH, groups
is worth to note from the spectra. It is well known
that the positions of the antisymmetric stretching band
(2,920 cm™") and the symmetric band (2,850 cm™ ) of
CH, groups in n-alkyl chains are sensitive to chain con-
formation and that these two bands shift to lower wave-
numbers if disorder (kink and gauche-blocks) is introduced
into the n-alkyl chains [20]. In the case of C;¢—Fe(CN)g,
the spectrum exhibits two bands at 2,920 and 2,850 cm”
which are very close to those of CTA. This means that the
n-alkyl chains are in ordered conformation in the interlayer
space of C;¢—Fe(CN)g.

The thermochemical properties of C;¢—Fe(CN)g were
investigated using thermogravimetric analysis coupled with
differential scanning calorimetry. Figure 5 indicates that no
appreciable weight loss is observed up to 100 °C. The
weight loss of the product possesses three steps: the first
one around 106 °C (~3%), the second, main step, from
215 to 290 °C (~66%), and the last from 290 to 400 °C
(~18%). The first, second, and last may be due to
desorption of water, decomposition of the surfactant, and
organic residue of the second step, respectively. Total mass
loss of the second and last step is about 84%. The DSC
curve (Fig. 5) provided an evidence for order and stability
of the surfactant tails in the material. Indeed, when heated,
the material reveals four endothermal peaks at 70, 106,
268, and 397 °C. As mentioned above, no weight loss
happens up to 100 °C; therefore, the first peak can be
attributed to a solid phase change. The phase transforma-
tion is correlated with increased disorder upon increasing
the thermal energy of the surfactant tails in lamellar phases
[10, 13, 15]. The second, third, and fourth peak may cor-
respond to desorption of water, decomposition of the
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Fig. 5 Thermogravimetric analysis and differential scanning calo-
rimetry of C;s—Fe(CN)g
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Fig. 6 Differential scanning calorimetry of C;s—Fe(CN)s showing
solid-state phase transitions

surfactant, and the organic residue, respectively, as men-
tioned above. To clarify the phase transformation, C;c—
Fe(CN)q was characterized by DSC with heating from
room temperature to 115 °C and cooling from 115 °C to
room temperature (Fig. 6). When heated, the lamellar
phase has an endothermic solid-state phase transition in the
region around 70 °C. With cooling, the DSC spectrum of
the product shows an exothermic phase change at 48 °C,
which likely corresponds with some reordering of the
surfactant tails. The sample C;s—Fe(CN)¢ after the DSC
experiment appears unchanged in color and shape. The
sample after the DSC experiment was also characterized by
PXRD and IR. The results show that the PXRD pattern and
IR spectrum are unchanged compared to those of the
sample before the DSC experiment. This may indicate that
the sample turns to the former phase after the phase change
at 48 °C when cooling. The difference between the two
phases before and after cooling may be the order of the
surfactant tails, and the phase transformations can come
from some disordering and reordering of the surfactant tails
when changing thermal energy. The phase transformations
related to increased disorder upon increasing the thermal
energy of the surfactant tails in lamellar phases were
reported in the previous articles [10, 13, 15].

A combination of the IR, EDX, elemental C, H, N, and
TGA analysis supports a chemical formula of C,—Fe(CN)¢
to be [C,H,, . 1N(CHj3)3]3[Fe(CN)g]. The type of this
formula was also observed in most of the lamellar phases
prepared from the cluster and the surfactants, and it as a
result comes from cationic exchange reaction [7-17]. The
structure of these lamellar phases is suggested by a model
shown in Fig. 7.
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Fig. 7 A model illustrates the structure of C,—Fe(CN)g

Conclusion

In summary, the results obtained here show that the
assembly of complex Kj;[Fe(CN)¢] in the presence of
C,H,, . (N(CH3)3Br (n = 14, 16, 18) surfactants yields a
series of new, highly ordered lamellar phases. These phases
possess the layers that are constructed by monolayer of the
discrete complex molecules, and in their interlayer region,
the surfactant tails of opposite heads deeply penetrate and
arrange with a tilt angle of 63°.
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