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tained over macroscopic film thicknesses and large surface
areas by vapor deposition of a single molecular species on an
amorphous substrate. Inducing the non-centrosymmetric or-
der by using selective hydrogen bonding to the substrate and
between the molecules leads to a much better molecular or-
dering than with the technique described by Cai et al. 1!
which requires control of the molecular beam direction rela-
tive to the substrate. The present technique does not require a
well-defined molecular beam, and is also much simpler and
faster than the synthetic methods used by Ulman!”! and Marks
and Ratner!"® or for LB films.

It is important to note that the alignment in our films is crit-
ically dependent on the ability of these molecules to selec-
tively hydrogen bond to the surface, in order to begin the
alignment process, and selectively hydrogen bond to itself in a
unidirectional fashion in order to maintain the alignment over
a large thickness. We have carried out preliminary experi-
ments with molecules that only posses hydrogen bond accep-
tors and, therefore, can form hydrogen bonds to the substrate
surface, but which lack hydrogen bond donors thus eliminat-
ing the possibility of intra-molecular hydrogen bonding, and
have shown that only very thin films (of the order of a few
monolayers thickness) with polar ordering perpendicular to
the substrate surface can be grown. As the films grow thicker,
we see that the ordering cannot be maintained.

In conclusion, we have shown a simple and efficient new
method to produce supramolecular self-assembled thin films
with well-defined polar ordering perpendicular to the sub-
strate surface. The resulting films are homogenous over a
large area, and a regular, deterministic molecular ordering
can be maintained over a large thickness of the order of 1 um.
The fact that the films were grown on amorphous glass sub-
strates circumvents the need for surface epitaxy. The quality
of the films and the simplicity of the fabrication method make
this novel technique very attractive for the fabrication of non-
linear optical waveguides for frequency conversion or electro-
optic modulation. Despite the relatively low nonlinearity
(di11=5 pm V) that has been obtained in this first demon-
stration, the high degree of molecular ordering and the fact
that the films consist of only one component make them
potentially very interesting when compared to present candi-
dates for organic electro-optic modulators, poled polymers.
The higher degree of order and tighter molecular packing in
our films should also lead to a better photostability when com-
pared to amorphous systems with embedded chromophores.

A further detailed investigation of the mechanism that leads
to the molecular ordering and an optimization of the growth
conditions should lead to a new generation of organic wave-
guides for frequency conversion and electro-optic modulation.

Experimental.

BITINPH was purchased from Opto-Organics Industrial Research Limited
and purified by recrystallization from ethanol. The amorphous glass substrates
were cleaned by immersing them in an ultrasonic bath of acetone for 5 min and
then in an ethanol bath for 5 min. The substrates were then immersed in a pi-
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ranha solution (H,SO4:30 % H,O,, 70:30 vol./vol.) and left in it for 1 h at 80°C
(warning: piranha solution reacts violently with organic materials), they were
then rinsed with deionized water and dried under vacuum at a temperature of
100°C for 1 h. Thin films of BITINPH were grown by evaporation of the mate-
rial, which was placed in a molybdenum boat and heated in a vacuum chamber
that was kept at 107 torr vacuum.
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An Electrospun Poly(vinylidene fluoride)
Nanofibrous Membrane and Its Battery
Applications

By Sung Won Choi, Seong Mu Jo,* Wha Seop Lee,
and Yong-Rok Kim

Polymer electrolytes using perfluoropolymers, such as
poly[(vinylidene fluoride)-co-hexafluoropropylene] (P(VdF-
HFP)), as host polymers have been widely studied because
they are known to be chemically and mechanically stable.!'?!
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Gel polymer electrolytes are usually prepared by film-casting
a homogeneous polymers solution dissolved in an electrolyte
solution.*! The mixing ratio of polymer to electrolyte solu-
tion can be easily controlled. Polymer gels encapsulate the
electrolyte solution in the polymer hosts and at room temper-
ature generally show high ionic conductivity of 1 x 10~ S/cm
or more.”! All the processes must be performed in a moisture-
free environment since lithium salts in an electrolyte solution
are highly sensitive to moisture. However, the soft morphol-
ogy of the gels is often unsuitable for high-speed processing in
the manufacture of lithium polymer batteries. The flow prop-
erties of these electrolytes at high temperature can also lead
to internal short circuits.®! Therefore, gel polymer electrolytes
are not suitable for commercial fabrication of lithium polymer
batteries.

Highly crystalline PVdF homopolymer may be applied as a
polymer electrolyte to overcome the mentioned disadvan-
tages.I® However, PVdF-based gel polymer electrolyte shows
low ionic conductivity and electrochemical stability because
the crystalline part of PVAF hinders the migration of Li* ions.
The resulting lithium polymer battery also shows low charge/
discharge capacity and poor C-rate value.l”)

The phase inversion method is a well-known technique for
preparing nanoporous membranes with high porosity, large
surface area, and excellent mechanical properties. A nanopo-
rous polymer matrix was prepared by casting a polymer solu-
tion and evaporating the non-solvent and solvent in turn.l*!!l
The polymer electrolyte was prepared using the activation
method by impregnating the nanoporous matrix with the elec-
trolyte solution. Outstanding work using the phase inversion
and activation method was performed by Telecordia (formally
Bellcore)."! In their work, P(VAF-HFP) with lower crystal-
linity was used as the polymer matrix instead of PVJF.>!4
These polymer electrolytes simultaneously show good electro-
chemical and mechanical properties. However, residual sol-
vent or non-solvent cannot be easily removed, affecting elec-
trochemical properties such as the electrochemical stability
and safety of lithium polymer batteries.'! Furthermore, com-
mercial Li ion batteries using this polymer matrix as a separa-
tor suffer from low rate capability of only about 50 % of the
designed capacity at high discharge rate (C/1 rate).

The porous polymer matrix from Telecordia or commercial
polyolefin separators generally show pore sizes of tens of
nanometers. However, the ionic conductivity of PVdF-based
polymer electrolytes increases as the pore size of the porous
polymer matrix increases from the nanometer to the micro-
meter range. Finally, the rate capability of a cell with this
polymer electrolyte increases dramatically.'*!”!

The immersion precipitation method is applied to prepare
this microporous structure. The activation of a PVdF micro-
porous membrane with electrolyte solutions gives rise to mul-
tiphase systems that result in an amorphous swollen gel, crys-
talline strands, and cavities filled with the solution (liquid
phase). The amount of electrolyte uptake, the membrane’s
porosity, pore size, interconnectivity, the conductivity of the
neat electrolyte, the thickness of the membrane, and the ex-
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tent to which the electrolyte wets the pore walls of the mem-
brane are important factors in determining the ionic conduc-
tivity of this film."!! These porous polymer electrolytes still
maintain mechanical integrity, show good wettability for
liquid electrolyte, and form a stable interface between elec-
trode and electrolyte. Therefore, microporous polymer elec-
trolytes are generally expected to have fast ion mobility, high
ionic conductivity, low bulk impedance, and high rate capabil-
ity. These characteristics render them more suitable for cells
with high power density.

A microporous polymer matrix can be also prepared by
electrospinning the polymer solution. Electrospinning is
known to be a novel and efficient fabrication tool for prepar-
ing fibrous polymer membranes with fiber diameters ranging
from several micrometers down to tens of nanometers.

An electrospun nanofibrous membrane has high porosity,
pore size of a few tens of nanometers to a few micrometers,
interconnected open pore structure, high permeability of gas,
and large surface area per unit mass. Electrospinning technol-
ogy recently came into the spotlight for applications in fields
such as filters, biomedical materials, fiber mats in reinforcing
components, clothing providing protection from electromag-
netic waves, sensor engineering, radioactive radiation, and
electronic devices."*?!

In electrospinning a polymer solution, a high voltage is ap-
plied to a very thin tip of a nozzle connected to a syringe or a
reservoir containing a polymer solution. When the voltage is
increased to just below the threshold value, a droplet of poly-
mer solution at the tip is deformed into a conical shape known
as a Taylor cone. In this case, charge or dipole orientation will
be formed at the interface between air and the droplet of
polymer solution. When the applied electric voltage over-
comes the surface tension of the polymer solution, one or
more jets of polymer solution are ejected from the tip of the
nozzle and fly towards the collector. Eventually, a fibrous
membrane of nanofibers forms on the surface of the collector.
The nanofibers are deposited at a rate of several meters per
second.” The solvent is easily evaporated and the polymer
jet is elongated when the fiber flies toward the collector.*
Solvent evaporation occurs on the time scale of several milli-
seconds.”! The rapid evaporation of solvent during electro-
spinning of the polymer solution is related to phase separation
in the polymer jet. Phase separation influences the fiber diam-
eter and surface morphology.?*?”

In this study, an electrospun PVdF nanofibrous membrane
was investigated as a microporous polymer matrix for a poly-
mer electrolyte. The polymer electrolyte was prepared by
soaking the PVdAF nanofibrous membrane in an electrolytic
solution with 1 M LiPFs-EC/DMC (1:1, wt./wt.), where EC is
ethylene carbonate and DMC dimethyl carbonate. Its electro-
chemical properties, such as ionic conductivity, interfacial re-
sistance, and electrochemical stability were then measured.
Owing to the micropore structure and high porosity of the
polymer matrix, the electrolyte solution may be easily in-
serted into and tightly held in the pores of the polymer matrix.
The polymer electrolyte is expected to show good electro-
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chemical properties such as high ionic conductivity, sufficient
electrochemical stability, and low interfacial resistance. Thus,
this polymer electrolyte will maintain sufficient mechanical
strength due to its three-dimensional network structure with
fully interconnected fibers.

The nanofibrous membrane was prepared by electrospin-
ning PVdF (Kynar 761) solution in an acetone/N,N-dimethyl-
acetamide (DMAc; 3:7 wt./wt.) mixture. When a strong elec-
tric field was applied, PVdF polymer jets were sufficiently
elongated when the fiber flew toward the collector because of
the relatively slow evaporation caused by the high boiling
point of DMAc.

The resulting fibrous membrane (Fig. 1) consists of fibers
with a smooth surface, a well-controlled average diameter of
250 nm, as determined by scanning electron micrography
(SEM), and mean pore size of about 0.65 um, as determined

X

Fig. 1. SEM images of PVdF nanofibrous membrane obtained by electrospin-
ning of PVdF solution in acetone/DMAc (3:7, wt./wt.): a) x15 000, b) x100 000.

using a capillary flow porometer. Electrospun PVdF nanofi-
brous membranes show a fully interconnected pore structure
with narrow pore size distribution and apparent porosity of
about 83 %.%¥ In the case of electrospun fibrous membrane,
the porosity calculated by the uptake of butanol may result in
some error because of large openings formed by the inter-
stices between fibers on the surface layer of the fibrous mem-
brane.

The melting temperature and melting enthalpy of PVdF
powder and electrospun PVdF nanofibrous membrane were
determined by differential scanning calorimetry (DSC). As
shown in Table 1, PVdF nanofibrous membrane shows an al-
most identical melting point and crystallinity to the PVdF
powder received. However, PVdF polymer electrolyte shows
lower crystallinity than PVdF powder and PVdF nanofibrous
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Table 1. Thermodynamic properties of PVdF powder, electrospun PVdF nano-
fibrous membrane, and PVDF nanofibrous polymer electrolyte.

Sample Melting point Melting enthalpy ~ Crystallinity
Tm [°C] AH,, [J/g] X. [a] [%]
PVdF powder 167 46.8 44.7
PVdF nanofibrous 166 46.0 439
membrane
PVdF polymer electrolyte:
Ethylene carbonate 6.34 351 -
Gelled PVdF 94.4 8.66 8.27
Partially swelled PVdF 123 4.26 4.07

[a] Xe= (AH™P'/AH;,) x 100, AHp, = 104.7 J/g

membrane. Although PVdF is swelled by the electrolyte solu-
tion, electrospun PVdF nanofiber-based membrane maintains
its three-dimensional network structure. It also shows suffi-
cient mechanical strength for use as the matrix in polymer
electrolyte.

In wide-angle X-ray scattering (WAXS) diffraction patterns
of a nanofibrous membrane and nanofibrous polymer electro-
lyte (not shown here), the PVAF nanofibrous membrane
showed similar peak patterns (two major peaks at 26 = 18.3°,
20.5° and two minor peaks at 26 = 36.4°, 56.9°) to the typical
WAXS peaks of PVdF powder with form II (a type). This in-
dicated that there was no serious change of crystal structure
caused by electrospinning in a strong electric field.””) How-
ever, after soaking the nanofibrous membrane in the electro-
Iyte solution, the PVdF nanofibers in the fibrous membrane
were partially swollen because of the penetration of electro-
lyte solution. Thus, their peaks either disappeared or broad-
ened because of partial collapse of the PVdF crystal structure.

From these results, the nanofibrous polymer electrolyte is
assumed to consist of solid polymer phase with partially swol-
len PVdF fibers, a gel phase formed on the fiber surface by
swelling, and a liquid phase of pores filled with the electrolyte
solution.

After soaking in electrolyte solution, the nanofibrous poly-
mer electrolyte showed self-standing membrane characteris-
tics with some mechanical strength. Solid polymer phase with
partially swollen PVdF fibers still supports the membrane
structure and exhibits mechanical strength.

On the other hand, the electrochemical properties of this
nanofibrous polymer electrolyte will be influenced by the gel
and liquid phases. Nanofibrous membrane shows good wetta-
bility for electrolyte solution due to its large specific surface
area. Therefore, the nanofibrous membrane shows excellent
ability to hold electrolyte solution.

The determination of the uptake of electrolyte solution still
includes some error due to the large openings formed by the
interstices between fibers in the surface layer of the fibrous
membrane. Even so, the amount of electrolyte solution
soaked up by the fibrous membranes was about 260 wt.-%,
indicating high solvent retention ability of the electrospun
nanofibrous membrane. For comparison, that of the polyole-
fin separator (Celgard, thickness 20 um, porosity 40 %) in the
same electrolyte solution was only about 130 %. This is due to
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the polyolefin separator’s lower affinity for liquid electrolyte
and lower porosity.

Figure 2 shows the ionic conductivity and impedance change
of this polymer electrolyte. The ionic conductivity of the elec-
trospun fibrous membrane electrolyte was measured from the
alternating current (AC) impedance spectra of the SS/nanofi-
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Fig. 2. Tonic conductivities of PVdF nanofibrous polymer electrolyte at several
temperatures. The inset shows ionic conductivity, o, plotted as a function of in-
verse temperature.

brous polymer electrolyte/SS (SS=stainless steel) over the
range of —20 to 60 Q. The nanofibrous polymer electrolyte ex-
hibits high ionic conductivity of about 1.7 x 10~ S/cm at 0°C.
Most gel polymer electrolytes show high ionic conductivity of
more than 1x 10~ S/cm at room temperature. However, the
polymer gel electrolyte with PVdF homopolymer generally
shows very low ionic conductivity due to its high crystallinity
and the crystallization of electrolyte solution at low tempera-
ture. Although PVdF homopolymer with high crystallinity
was used as the nanofibrous polymer matrix, the nanofibrous
polymer electrolyte shows high ionic conductivity, which is
sufficient for use in a lithium polymer battery.

PVdF nanofibrous membrane shows a fully interconnected
pore structure with high porosity. It also shows excellent wet-
tability by the electrolyte solution, owing to the high surface
area of the nanofiber and good affinity of PVdF for the elec-
trolyte solution.

Lithium ion conduction is more dependent on the liquid-
like electrolyte phase in the pores than on the swollen gel
phase in the polymer electrolytes with microporous struc-
ture.® Lithium ions can easily move through the pore struc-
ture of the nanofibrous polymer electrolyte. Therefore, the
high ionic conduction in the PVdF nanofibrous polymer elec-
trolyte mainly depends on the electrolyte solution phase with
higher conductivity in the micropore structure, in addition to
the minor contribution of a swollen polymer phase with lower
conductivity. However, the swollen phase on the surface of
the nanofiber not only suppresses the leakage of electrolyte
solution from electrospun nanofibrous polymer electrolyte

2030 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

but also contributes to the ionic conductivity, especially at low
temperature.

Tonic conductivity increased with increasing temperature
and decreased at temperatures below 0 °C (Fig. 2). This is due
to the crystallization of ethylene carbonate (EC) in electrolyte
solution, as shown in Table 1. Crystallized ethylene carbonate
is known to greatly hinder the migration of lithium ions, de-
creasing the ionic conductivity at low temperature. When the
polymer matrix is sufficiently swelled by the electrolyte solu-
tion, a drastic decrease of ionic conductivity due to solidifica-
tion of solvent may be greatly suppressed.[”] PVdF nanofi-
brous membrane shows excellent wettability by electrolyte
solution due to the high surface area of the nanofiber and
good affinity of PVdF for the electrolyte solution. Therefore,
crystallization of solvent in the nanofibrous polymer electro-
lyte may be sufficiently reduced. The resulting fibrous poly-
mer electrolyte exhibited high ionic conductivity of about
1.7x 107 S/em at 0°C.

The interfacial resistance between lithium and the nano-
fibrous polymer electrolyte was confirmed from the imped-
ance data of a symmetric Li/PVdF nanofibrous polymer elec-
trolyte/Li cell. Figure 3 shows the Cole-Cole plots for the
symmetric cell. The semicircle is attributed to the parallel
combination of resistance (Rgm) and capacitance (Cqgp) asso-
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Fig. 3. Cole-Cole plots of the PVdF-based polymer electrolyte using electro-
spun PVdF nanofibrous membrane.

ciated with the passivation layer between the nanofibrous
polymer electrolyte and lithium electrode. The resistance
(Rpui) of the nanofibrous polymer electrolyte was an almost
constant value. On the other hand, the resistance due to the
passivation layer continuously increased with time. However,
the interfacial resistance due to the passivation layer between
lithium and the nanofibrous polymer electrolyte was very
small. In the case of a prototype cell composed of LiCoO,/
PVdF nanofibrous polymer electrolyte/graphite, it was con-
firmed that a compact and dense passivation layer was formed
after the charge/discharge test (not shown here). Based on
this, the PVdF nanofibrous polymer electrolyte was assumed
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to maintain a stable interface with the lithium electrode dur-
ing the charge/discharge process.

The electrochemical stability window of the nanofibrous
polymer electrolyte was measured using linear sweep volt-
ammetry between 2.0 and 5.0 V. Figure 4 shows the electro-
chemical stability of the nanofibrous polymer electrolyte
containing 1 M LiPFs-EC/DMC (1:1, wt./wt.). Generally, the

20
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Fig. 4. Linear sweep voltammogram of the PVdF nanofibrous polymer electro-
lyte.

oxidation peak for free liquid electrolyte is observed at about
39 V. As shown in Figure 4, the nanofibrous electrolyte
showed good oxidation stability of the polymer electrolyte on
the anode up to 4.5 V. The presence of the host polymer
causes an increase in the anodic limit voltage to 0.6 V with re-
spect to the solution itself. This higher resistance is caused by
the resulting gel phase in the activated membrane.!! The
PVdF nanofibrous membrane showed excellent wettability of
the electrolyte solution due to the high surface area of nanofi-
ber and good affinity of PVdF for the electrolyte solution.
This gel phase formed by the swelling of PVdF fibers is
thought to cause an enhancement of the electrochemical sta-
bility window. Therefore, nanofibrous polymer electrolyte is
expected to be stable within the operating voltage region of
the lithium polymer battery.

In summary, the electrospun nanofibrous membrane had
high porosity, large surface area, fully interconnected pore
structure, and sufficient mechanical strength. A nanofibrous
polymer electrolyte using this membrane showed excellent
physical and electrochemical properties. Therefore, the elec-
trospun nanofibrous membrane is considered to be a good
microporous polymer matrix of polymer electrolytes for high-
performance lithium polymer batteries.

Experimental

Poly(vinylidene fluoride) (PVdF) is a commercial product (Kynar Flex 761,
EIf Atochem) with average molecular weight (M,) of 5.5 x 10° g/mol. A known
amount of PVdF powder was homogeneously dissolved in an acetone/N,N-di-
methylacetamide (DMAc) solvent mixture. The polymer solution was charged
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in a syringe. The silver-coated needle of the syringe was connected to a high-
voltage power supply (Bertan, Model 230). Then, a stainless steel plate for col-
lection of electrospun fiber was grounded. After this, the feed rate of polymer
solution through the syringe was controlled with a syringe infusion/withdrawal
pump (KD Scientific, Model 220). A fibrous membrane with a thickness of
30 um was deposited on the collector plate by electrospinning of PVdF solution
under high voltage of 10-15 kV.

The electrospun nanofiber-based membrane was dried under vacuum at
80°C for 12 h. Polymer electrolyte was then prepared by soaking the electro-
spun fibrous membrane in the electrolyte solution: 1 M LiPF; in ethylene car-
bonate (EC)/dimethyl carbonate (DMC) (1:1, wt./wt.) mixture.

Under vacuum, SEM (S-4200 scanning microscope, Hitachi Co.) was used to
observe the fibrous membranes. The electrospun PVdAF nanofiber-based mem-
brane was gold-coated prior to SEM measurements.

Mean pore diameter and pore size distributions were measured using a capil-
lary flow porometer (PMI, ver. 7.0). Here, mean pore diameter refers to “mean
flow pore diameter”. Air pressure was applied to one side of a fluid-saturated
membrane. Airflow through the membrane was recorded at various differential
pressures. Pore size was calculated from the “wet” and “dry” flow curves. A per-
fluoropolyether (1,1,2,3,3,3-hexafluoropropene, oxidized, polymerized) was
used as a wetting solvent in this experiment.

The WAXS diffraction patterns of the electrospun PVdF nanofibrous mem-
brane and its polymer electrolyte were obtained using an X-ray diffractometer
(MAC science, MX018) with Cu Ka radiation. The scanning rate was 1°/min,
and the samples were scanned in the range 5°-70°.

The thermal properties of PVdF powder and the electrospun nanofiber-
based membrane were investigated using differential scanning calorimetry (Per-
kin-Elmer Co., DSC-7) under N, atmosphere. The heating rate was 10 °C/min,
and the samples were scanned in the range —50 to 200 °C.

Tonic conductivity was measured using the impedance technique over the
frequency range 0.1 Hz-100 kHz and temperature range from —10 °C to 60 °C
using an IM6e (Zahner Co.). The conductivity cell consisted of two stainless
steel blocking electrodes.

The change of interfacial resistance between lithium metal and the polymer
electrolyte was investigated at room temperature for 28 days using the imped-
ance analyzer. The measuring cell consisted of two lithium non-blocking elec-
trodes.

Linear sweep voltammetry was used to determine the electrochemical stabil-
ity of the polymer electrolyte. The measurement was carried out with a three-
electrode electrochemical cell consisting of a nickel working electrode, a lithi-
um reference, and a counterelectrode. The measurement was performed at
room temperature and the scan rate was 1 mV/s.
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Synthesis of Aragonite Nanofilament Networks
by Mesoscale Self-Assembly and Transformation
in Reverse Microemulsions**

By Mei Li, Benedicte Lebeau, and Stephen Mann*

The integration of nanosized components into functional
materials and devices requires new technologies that provide
reproducible processing and assembly of nanostructures
across extended length scales. Current chemical approaches
usually involve the controlled organization of preformed
nanoparticles into relatively simple close-packed superstruc-
tures by solvent evaporation,'* molecular cross-linking,**! or
programmed recognition,[s’ﬂ or through the use of patterned
substrates.®”! In contrast, other studies have demonstrated
the potential of direct methods, in which synthesis and self-as-
sembly are coupled in situ to produce higher-order nanoparti-
cle-based structures.'”) These reactions are undertaken in
complex media, such as water-in-oil microemulsions or aque-
ous solutions containing anionic polyelectrolytes, and result in
the spontaneous organization of incipient inorganic—organic
nanoparticles by mesoscale assembly and transformation of
stable or metastable building blocks.!"!! In the latter case, re-
markable complex higher-order architectures such as twisted
bundles, cones, and helicoids, often with self-similar structure,
are produced by aggregation and subsequent crystallization of
surfactant—polymer-stabilized amorphous nanoparticles.[12'18]
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A common feature of these organized materials is the spon-
taneous embedding of structures over multiple length scales,
which arises as an emergent property of the system that is not
directly related to the smallest building block but dependent
on how these units evolve in time and space. For example, the
slow transformation of surfactant-stabilized amorphous nano-
particles within colloidal aggregates can be strongly coupled
with rearrangements of surface-adsorbed organic molecules
such that the organization and morphology of the resulting
nanocrystals are modulated according to the length scale of
the growing structure. Although the mechanistic details re-
quire further elucidation (see Coelfen and Mann for de-
tails),[”] the degree of cooperativity associated with these me-
soscale disorder—order transformations is strongly influenced
by the surface charge and degree of hydration of the inorganic
phase and surfactant headgroups. In microemulsion-based re-
actions, these can be controlled, respectively, by changes in
the reactant molar ratiol"™'?! and the number of water drop-
lets per amorphous nanoparticle (n),'® for a constant [H,O]/
[surfactant] molar ratio (w) equal to 10. In the latter case,
changes in the value of n produced a range of organized hy-
brid surfactant-vaterite (CaCO;3) nanostructures associated
with the water-induced crystallization of alkylbenzenesulfo-
nate-coated amorphous calcium carbonate (ACC) nanoparti-
cles in water-in-isooctane sodium bis(2-ethylhexyl)sulfosuc-
cinate (NaAOT) microemulsions. Here, we extend these
studies to a detailed investigation of the reaction system at an
increased w value of around 20. Surprisingly, no vaterite nano-
structures are formed under these conditions. Instead, re-
markable doughnut-shaped micrometer-sized particles with
mesoporous sponge-like internal structures consisting of inter-
linked aragonite nanofilaments are produced by the surfac-
tant-mediated transformation and crystallization of the ACC
precursor nanoparticles. Although nanofilament networks
and mesoporous phases are rare for calcium carbonates, such
materials could have important uses as catalyst supports, fill-
ers, and pigments, as well as in the design of novel biomimetic
scaffolds for targeted drug release and tissue engineering.[lg]

Addition of dry samples of surfactant-stabilized ACC nano-
particles to NaAOT microemulsions prepared in isooctane at
w=20 and n=680 produced transparent solutions that be-
came slightly turbid within 30 min and cloudy after 2 h, fol-
lowed by the gradual appearance of a white precipitate at the
bottom of the test-tube. Powder X-ray diffraction analysis (d-
spacings (hkl indices): 0.336 (111), 0.287 (002), 0.269 (012),
0.248 (200), 0.234 (130), 0.197 (221), 0.187 (202) nm) and Fou-
rier transform infrared (FTIR) spectroscopy (vibrational
bands; 700, 712, 864, 1082, and 1476 cm’]) indicated that the
precipitate collected after 5 h was aragonite. In addition,
FTIR spectra of the as-prepared samples showed bands corre-
sponding to ester C=0 (1735 cm™), ester C=0, and S=0
(1219 ecm™), C=C aromatic (1595 and 1467 cm™), C-H methyl
(2960, 2874 cm™), C-H methylene (2931, 2861 cm™), and
0=S=0 (1169 cm™) vibrations, indicating that significant
amounts of alkylbenzenesulfonate and NaAOT were asso-
ciated with the precipitate. This was confirmed by energy dis-
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