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Materials of nanosize or bearing nanoscale features represent
a significant class of substance that have the potential for
advanced applications because of their superior chemical and
physical properties.l'! The preparation and characterization of
such substances is, therefore, of interest not only from a
scientific viewpoint but because of their possible uses in such
diverse fields as catalysis” and microelectronics.”! Currently,
much attention is focused on inorganic nanotubes, organic
polymers, and nanostructured inorganic oxides whose proper-
ties endow them with considerable potential.!¥

The structures and properties of nanosized hybrid
organic-inorganic materials are influenced by the function-
alities present in both the inorganic and organic compo-
nents,’! whereas the use of coordination compounds as
templates or precursors in decomposition processes is a
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promising strategy for the synthesis of nanocomposites.’
Supramolecular coordination compounds that contain nano-
sized features within their structures are ideal precursor
candidates for these purposes. One aim of such investigations
is to develop an understanding of how the structures of the
precursor complexes influence the structure and stoichiom-
etry of the decomposition products. Thermolysis of metal
complexes is already widely used for the synthesis of super-
conducting, nanocrystalline mixed-metal oxides!” and also for
the incorporation of transition-metal ions into porous carriers,
such as zeolites or silicates.’l Hybrid materials themselves can
have unique properties, and their synthesis on the atomic-to-
mesoscopic scales can have significant impact on diverse
fields of technology.”

Reaction systems that contain
large organic hydrophobic ligands
and hydrophilic ions favor the for-
mation of cross-linked structures in
which supramolecular aggregates
are organized within vast areas of
different polarities. We have previ-
ously described how increased
steric hindrance around aromatic
cycles (L) influences the topology
and dimensionality of coordination
chemistry networks based on {Fe,-
(u-O)(u-CO3)(L),} units," ™1 thus
bringing a new dimension to the
now classical isoreticular chemistry
concept. Herein, we describe the
pyrolysis of an example of one of
these compounds. The coordination
network used in these in-
vestigations, Nag[Fe,(u-O)(u-CO;)-
(chnida),]-13.5H,0 (1; chnida = N-
[(3-carboxy-2-oxy-naphthyl)me-
thylene]iminodiacetato), consists of
a simple oxo/carbonato bridged
diiron(1r) unit coordinated by two
chnida ligands. Figure 1 shows the
basic diiron unit [Fe,(u-O)(p-CO;)-
(chnida),]®~ within the structure of
complex 1, together with the chemical structure of the ligand
and an optical micrograph of crystals of the complex. Within
the dinuclear transition-metal complex, nitrogen and oxygen
donors of the iminodiacetic acid moiety of the organic ligands
occupy facial positions of the distorted octahedral coordina-
tion polyhedra, whereas the bridging O atom and the N-
donors coordinate trans with respect to each other.

Within the coordination ensemble (Figure 2), the [Fe,(u-
0)(u-CO;)(chnida),]*~ complexes are organized in such a way
that the organic residues of the ligands are contained in
tubular cavities that run along the long axis (crystallographic
c axis) of the crystals. The intercavity spaces are occupied by
hydrated sodium ions which are present to balance the
negative charge of the diiron complex and which are linked to
the complexes through oxygen donors. The hydrophobic
cavities of this honeycomb-type structure have a maximum
cross-sectional distance of approximately 1.2 nm. The pre-
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Figure 1. Structure of the dinuclear [Fe,(u-O) (1-COs) (chnida),]*~ unit
contained in 1 (Fe: green, O: red, N: blue, C: gray). Inset: crystals of 1
(left; scale bar: 300 pm) and the organic chnida ligand (right).

ponderance for the hexagonal symmetry within the structure
is consistent with the morphology of the compound, which
crystallizes as needles with a hexagonal cross-section. Single-
crystal X-ray analysis of 1 found its structure to be within the
trigonal space group R3¢ and demonstrates that 1 is isostruc-
tural with its potassium analogue.'"?) Further confirmation
of the space-group assignment was gained from X-ray powder
diffraction measurements and simulations (see the Support-
ing Information). The presence of clearly demarcated nano-
sized organic and inorganic regions organized into a honey-
comb-type structure prompted us to speculate about the
synthesis of materials with nanoscale features by using
thermal decomposition.

Crystals of 1 are sensitive to solvent loss, and we
investigated this behavior by cutting crystals, which had
been stored for six weeks at room temperature, perpendicular
to the ¢ axis by using a focused gallium ion beam. Previously,
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Figure 2. Supramolecular structure of 1. a) Viewed along the ¢ axis. b) Section through a channel viewed
perpendicular to the ¢ axis. (Fe: green, Na: yellow, O: red, N: blue, C: gray.)
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we have successfully used electron microscopic techniques to
identify structural patterns within crystals"!! and, in this case,
the scanning electron microscopy (SEM) observation of the
resulting a-b surface revealed a transformation of some
regions of the crystal into fibers with a diameter of approx-
imately 50-100 nm (Figure 3a). These fibers are coagulated

Figure 3. SEM images of 1: a) A crystal cut perpendicular to the
crystallographic ¢ axis with a focused ion beam (scale bar: 2 um).

b) Crystals after thermolysis at 370°C, thus showing fibers and burnt
crystals in the same sample (scale bar: 20 um). c) View of aggregated
fibers (scale bar: 20 um). d) Magnification showing some individual
fibers (scale bar: 2 um). e) and f) Further views of the fibrous
structures (scale bars: 2 pm).

into bundles. The IR and UV/VIS spectra and X-ray powder
diffraction patterns of the crystals prior to and following
desolvation are similar, which demonstrates that the structure
of the dinuclear Fe™ unit is intact and that the structures of
single crystals and the observed hybrid organic-inorganic
fibers are closely related.

Thermolysis of crystals of 1 under nitrogen confirms fiber
formation after desolvation (Figure 3b—f) and provides a
means for variation of the fiber composition up to their
decomposition at approximately 400°C. Thermogravimetric
analysis (TGA), in combination with TGA-MS, IR, and X-
ray diffraction (XRD) analysis, provided information about
the composition of the sample during thermolysis. On the
basis of elemental analysis, the formula Nag[Fe,(u-O)(u-
CO;)(chnida),]-9H,0O was assigned to crystalline samples of 1
used in this study. TGA events (Figure 4a) in the temperature
range 25-140°C result from solvent loss. The thermolytic
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destruction of the Fe™ complex occurs during the event

between 250 and 350°C and is accompanied by the formation
of sodium carbonate, as demonstrated by FTIR and X-ray
powder diffraction analysis (Figure 4b-d)."”] Samples ther-
molyzed at 350-370°C were black in appearance because of
deposition of amorphous carbon in the sample. This amor-
phous carbon was detected by TGA-MS (m/z 12 amu), and its
formation is attributed to combustion of the ligand in an
anoxygenic environment, such as that in the tubular channels
of the crystals. This process is commonplace in the pyrolysis of
organic molecules within zeolite templates in which efficient
carbonization occurs at elevated temperatures.¥

The combustion of the remnant carboniferous materials
occurs between 380 and 480°C. During this event, samples
contain Na,COj; and iron oxide species which further react
between 480 and 600 °C with the loss of dioxide lost from the
sample to form NaFeO,."! X-ray powder diffraction patterns
of samples of 1 heated to 600°C identify the trigonal and
orthorhombic phases of NaFeO, and y-Na,CO;. Upon heat-
ing the sample to 1100°C, sodium carbonate is no longer
present and only the orthorhombic form of the binary sodium
iron oxide can be observed (Figure 4c,d)./'*

We analyzed thermolyzed samples using scanning elec-
tron microscopy (SEM). Decomposition temperatures were
selected by reference to thermogravimetric (TG) and differ-
ential thermogravimetric (dTG) data. Thus, the plateau
between 350 and 390°C in the dTG trace was selected as
being of interest as it marks a borderline for the hybrid
material transforming into purely inorganic product. At this
point, the sample appears to be between two distinct weight
losses. From the TGA-MS analysis, the first event entails loss
of water, carbon dioxide, and small quantities of both benzene
and naphthalene, whereas the second is dominated by loss of
carbon monoxide, carbon dioxide, and water, together with
benzene and other fragments from the incomplete combus-
tion of the ligand. The SEM micrographs shown in Figur-
es3b-f and 5b show the result of the thermolysis of 1 at
370°C and illustrate the formation of a highly aligned fibrous
structure.

The energy dispersive X-ray analysis (EDAX) analysis
confirms the presence of sodium carbonate in the fibrous
material obtained at 370°C, which is coated with a carbon-
rich shell. The fibrous nature of the materials inside a
thermolyzed crystal could also be observed through the
carboniferous husks at several sites (see also Figure 5b).
Closer observation of the fibers reveals that they have a cross-
sectional thickness of 50 nm and tend to be segmented. This
segmentation differs from the materials obtained at temper-
atures below 300°C, in which the fibers are more homoge-
neous, or even microcrystalline, and contain the intact
dinuclear complex.

To illustrate the structure of the product of the thermol-
ysis of 1 at 370°C, we have presented a scheme in Figure 5.
Our observations and analysis rationalize the following
thermally induced transformation process of single crystals.
Components in a single crystal of 1 aggregate into fibers upon
solvent loss. This process is enhanced by the morphology of
the crystals and the supramolecular structure of the coordi-
nation compound, which contains nanosized channels of
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Figure 4. a) Thermogravimetric analysis of 1. b) FTIR spectra of 1 and thermolyzed samples. c) XRD pattern
of 1 thermolyzed to 600°C; identification of the components was carried out by comparison with generated
XRD patterns of trigonal NaFeO, (green), orthorhombic NaFeO, (red), and y-Na,CO;. d) XRD pattern of 1
thermolyzed to 1000°C; comparison with generated XRD patterns of orthorhombic NaFeO, (blue) and Na,O

(red).

Figure 5. SEM images that illustrate microcapsular formations after
crystal decomposition: a) Morphology of a single crystal (scale bar:
10 um). b) Fibrous structure viewed through a break in the surface of
a thermolyzed crystal (scale bar: 2 um); inset: crystals thermolyzed in
bulk (scale bar: 100 um). c) Carbon microcapsule formed during
plasma treatment of crystals of 1 after washing with water (scale bar:
10 um). d) Cross-sectional view of broken carboniferous microcapsule
(scale bar: 5 um).
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the Na,CO; formation is
likely to be the result of
this and other decomposi-
tion reactions. Further
ligand decomposition at
370°C and at higher tem-
peratures enriches the
carbon content at the out-
side of the burnt crystals so that sodium carbonate fibers are
usually contained within capsules composed of amorphous
carbon. Thus, it is relatively simple to remove the sodium
carbonate by washing with water to leave the empty carbon
capsule of micrometer dimensions, which is determined by the
morphology of the crystalline precursor. Furthermore, it is
possible to improve the formation of amorphous carbon by
the application of a reductive process to the crystals of 1,
whereby the crystals are treated with a plasma of hydrogen
gas at a temperature slightly higher than the decomposition
temperature of 400 °C. In that case, much more robust carbon
microcapsules are produced, as shown in Figure 5c,d.
High-surface-area sodium carbonates are used for the
removal of SO,, NO,, HF, and HCI pollutants from industrial
emissions.””’ The high activity of these sodium carbonates
makes them the preferred substances for dry-sorbent injec-
tion processes; thus, they are used for flue-gas desulfurization
and scrubbing, effectively decreasing the impact of acid rain
on the environment."”"® Therefore, nanostructured particu-
lates, or even better, sodium carbonate nanomaterials con-
tained in microcapsular entities, are of substantial industrial
interest. Such alkali or alkali-earth carbonates are currently
used as NO, storage/reduction catalysts for the cleansing of
emissions from diesel engines.!””! Furthermore, alkali iron
oxide phases also possess high activity for the reduction of
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NO, emissions™™ and are the main active components of the
industrially applied Fe,O; dehydrogenation catalyst for the
production of styrene from ethylbenzene.”'! It is interesting
that we obtain such alkali iron oxides (e.g., the different
phases NaFeO,, KFeO,, and K,Fe»,O;, (x=2-4)) in our
system, albeit at elevated temperatures.

In summary, we have demonstrated that a hybrid organic—
inorganic coordination complex with an extended 3D struc-
ture that contains separated organic and inorganic regions can
be used as a template in thermal decomposition reactions that
produce nano- and microsized products. Comparable ther-
molysis studies of crystals of such a hybrid compound have
not been reported, and our results validate a synthetic
concept for the preparation of nanostructured materials by
taking advantage of a pristine crystalline coordination com-
pound that contains the starting components from the
thermolysis reaction that are prearranged in a 3D form.
Thus, the molecular structure, stoichiometry, and crystal
morphology of the precursor determines the 3D structure and
constitution of the decomposition products: we obtained
aligned nanosized hybrid organic—inorganic fibers by desol-
vation. Thermolysis changes the fiber composition and results
in mainly fibrous sodium carbonate and a concomitant
deposition of amorphous carbon at the crystal surface. If
sufficient carbon is deposited, stable microcapsules can be
obtained after removal of the sodium carbonate by washing
with water, thus leaving the carbon microcapsules intact. The
components react at higher temperatures to give different
phases of sodium iron oxides. We are currently investigating
the inorganic products obtained from thermolysis of 1 by
transmission electron microscopy (TEM). In addition, we are
preparing derivatives of 1 in which sodium ions have been
substituted with a variety of metal ions and are carrying out
thermolysis of these novel supramolecular transition-metal
assemblies under different atmospheres.

Experimental Section

The starting materials were purchased from Aldrich Chemical Co.
and used without further purification. Thermogravimetric analyses
were carried out using a Netzsch STA 409C operating in the TG mode
under both nitrogen and oxygen. TGA-MS measurements were
performed on a similar device equipped with a quadrupole mass
detector by using electron impact ionization. In that case, the analysis
was done under vacuum. Scanning electron micrographs were
obtained using a LEO 1530 SEM with a spatial resolution of 1 nm
at 20 kV and 3 nm at 1 kV and equipped with an energy-dispersive X-
ray analysis system EDX INCA 400 from Oxford Instruments.
Focused ion-beam sectioning and scanning-electron micrographs of
the sections were obtained using a FEI 200 x P dual beam SEM/FIB.
FTIR spectra were obtained with KBr pellets of the analytes with a
Perkin-Elmer Spectrum One spectrophotometer. XRD analysis was
performed on a STOE Stadi P diffractometer (equipped with Ge
monochromator) using Coyg, radiation (1=1.78897 A). Sample
thermolysis of 1 was performed using a Netzsch STA 409C apparatus
with sample heating and cooling rates of 2 or 5°Cmin'. The sample
was held isothermally at the selected thermolysis temperature for 1
min.

The chnida ligand was prepared by the Mannich reaction of 3-
hydroxy-2-naphthoic acid: 'HNMR (D,0 +Na,CO;): 6=3.62 (s,
4H), 4.35 (s,2H), 7.42 (m, 1H), 7.65 (m, 1H), 7.86 (d, 1H, JHH') =
8.0 Hz), 7.99 (d, 1H, J(H,H') =8.6 Hz), 8.29 ppm (s, 1 H).
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1: Ligand chnida (0.088 g, 2.64x10~*mol) was treated with
iron(irr) chloride hexahydrate (0.142 g, 5.28 x 10~* mol) in methanol
(30 mL), followed by addition of 2M aqueous sodium hydroxide
(2 mL). Ethanol (20 mL) was added after dissolution of all reagents,
and the solution container was covered with parafilm, which was
perforated several times to allow slow evaporation of the solvent. It is
vital that the solution is open to the atmosphere to allow dissolution
of carbon dioxide into the reaction mixture. Small well-formed
needles with a hexagonal base of 1 formed after 10 days. Yield: 0.09 g
(56% based on chnida). Elemental analysis (%) calcd for
(Cy3HyoFe,NyNagOs,5): € 32.3, H 4.0, N 2.3; found C 32.6, H 42 N
241231
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