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1  ABSTRACT. Interfacial water confined in the microemulsions behaviors different to normal
2 bulk water and could affect the reactions involved at the interface. In this work, the content of
3  interfacial and bulk water in the parental microemulsions for the reactions was first
4  quantitatively determined by Fourier-transform infrared (FTIR) spectroscopy. The nucleation
5 and growth of PbCrO4 nanoparticles in the microemulsions were studied, on the basis of the
6  FTIR results. By controlling water ratio in the micellar droplets, amorphous nanoparticles were
7  obtained in the interfacial water, while nanocrystals were produced in the bulk water. The
8  amorphous nanoparticles with defined shapes are quite stable in the microemulsion solution and
9  show no transformation to crystallites for several days. This work offers a delicate way to control

10  the metastable amorphous precursor for follow-up crystallization.
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Amorphous nanoparticles have recently attracted extensive interest, due to their increasing
applications in science and technology.! Compared to nanocrystals, amorphous nanoparticles
show their special properties, inspired from their long-range disordered structure and higher
surface-bulk ratio, in the field of alloy catalysis,> magnetism,® and corrosion-resistance,* surface
adsorption of pollutants,’ and semiconductor photoluminescence.®

Amorphous precursors are readily formed prior to their crystalline components,’ in the light of
Ostwald step rules’® that the nucleation and growth in solution often start from the structures that
are more similar to the solution. Thereby, the amorphous precursor particles are of considerable
importance for understanding the generation and development of nanocrystal structures and
properties. For example, amorphous calcium carbonate (ACC) is identified as a postnucleation-
stage precursor phase in the formation of calcium carbonate, which determines the produced
crystal phases (calcite, vaterite, or aragonite) in biomineralization. %2

According to the classic nucleation theory, the nucleation occurs via either homogeneous
nucleation in bulk or heterogeneous nucleation at interfaces. In the latter case, hydration ions are
often bound to the organic interfaces or macromolecular matrices, where the interaction between
water/ions and interfaces will highly affect the nucleation rates via reducing the interfacial free
energy.'® By virtue of the large interfacial area and ultralow interfacial tension, microemulsions
show their priority as the medium to study the effects of water/ion microenvironments on the
nucleation and growth of nanoparticles. Compared to free water, water confined in water-in-oil
microemulsions shows substantially different dynamic behaviors due to the hydrogen bond
interactions with surfactant interfaces. Specifically, the water droplet can be divided into bulk
water at the center of the aqueous core, behaving as normal free water, and interfacial water,

hydrogen bonded to the hydrophilic headgroup of surfactants. Interfacial water in the
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14-16 which can

microemulsions shows a distinctively slower relaxation dynamics than bulk water,
give rise to different chemical reactivities in the solvolysis reaction of benzoyl chlorides.!’
Consequently, microemulsions have been employed to produce a wide variety of nanomaterials,
including the nanoparticles of gold,'® mesoporous silica,' hydroxyapatite,>’ amorphous calcium
carbonate and so on.?!

However, how the confined water/ions at the interface to easily capture the amorphous
precursor phases prior to crystal nucleation, stabilize and extend this metastable state while still
in contact with an aqueous phase, and control its dehydration during the transformation to the
crystalline state, are still challenges. Lead chromate (PbCrOs), an important solid material that is
widely used as a photosensitizer and yellow pigment,?? shows different UV-visible absorption in
amorphous and crystalline phase,? but the method of capturing the former under mild conditions
has not been reported.

In this work, water-in-oil microemulsions were employed as the reaction medium to study the
nucleation and growth of PbCrO4 nanoparticles and their polymorphs developed in solution. By
controlling the water content confined in the micellar droplets, amorphous nanoparticles with
defined shapes were obtained in the microemulsion solution. The amorphous structures are quite
stable and show no transformation in solution for several days. Water-dependent nucleation of
nanoparticles was studied by quantifying the content of interfacial and bulk water using liquid
FTIR spectroscopy. The interfacial water is viewed to be responsible for the formation of

amorphous nanoparticles in the microemulsions.
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60  Figure 1. (A) Normalized FTIR spectra of the OD stretching bands for Ci2Es microemulsions of

61  W/S series. The inset shows the spectra of absolute absorbance. (B) Three referee OD bands for
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fitting. (C-F) the fits (solid lines) for the measured spectra (dots) at W/S=12.5 (C), 7.5 (D), 5 (E),
and 2.5 (F) by three OD bands (dash-dot lines). (G) The calculated volume fraction of the
interfacial water and bulk water versus W/S. (H) The number of the bounded water per
surfactant versus W/S. The inserted cartoons represent the interfacial water molecules bounded

to the surfactants.

The microstructure of water confined in the parental Ci2Es (pentaethyleneglycol
monododecylether) microemulsions was first investigated by liquid FTIR spectroscopy, aiming
to quantify the content of the interfacial and bulk water. Water solutions used for the
measurements were made by adding 2.5% (in weight) of D>O into H>O. The purpose of using
spectra of isotopically diluted HDO, instead of H>O, is to simplify the fits and analysis of the
FTIR spectra by getting one OD-stretching mode of Gaussian peak (see more details in
Experimental Methods and Figure S1 in Supporting Information).?*?® As shown in Figure 1A,
the OD-stretching bands shift to higher frequencies with the decreases of water in the
microemulsions, indicating the increased ratio of the interfacial water. Further decreasing water-
to-surfactant ratio to /S =1.25 shows no more shift of the absorption peak, overlapping with the
spectrum of W/S =1. This means that no free water exists in the micellar droplets and all water
molecules are hydrogen bonded to the polyoxyethylene headgroups of the surfactants.

In order to determine the ratio of bulk water to interfacial water in the microemulsions, the
measured OD stretching spectra (I(w)) were fitted as the sum of three contributions: bulk water
(I"k(w)), interfacial water (I™eial(y)) and oxyethylene headgroups (I"**4€°U()) of surfactants
due to the isotope exchange. These three referee OD bands are extracted from the measured 5%
HDO, the microemulsion at W/S =1, and pure deuterated Ci2Es, respectively (see Figure 1B). By

using linear combination of these three referee spectra with a volume fraction @,
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Figure 2. TEM images of PbCrOy nanoparticlés formed in the microemulsions .at W/S=1.25 (A-
B), 2.5 (C-D), and 5 (E-F), for I min (A, C, E) and 2 h (B, D, F). The upper insets in (B, D, F)
show the enlarged images of the produced nanoparticles. The corresponding SAD patterns are
shown in the lower insets of (B and F) on the multi-particles, and (C, D, and E) on the marked

single-particles, where the space group Pnma and indices of zone axes are presented. Scale bars

for all SAD are 2 nm™.
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the OD stretching bands of the microemulsions at different W/S ratios were excellently fitted, as
shown in Figure 1C-F. From the fits, we can clearly see that at small W/S (e.g., W/5=2.5), a
higher percentage of interfacial water than bulk water exists in the micellar droplets (60%
interfacial water vs. 40% bulk water), while more bulk water stays in the droplet as W/S
increasing, as shown in Figure 1G. The number of interfacial water molecules on every
surfactant molecule (N(W,/S)) can be further evaluated by the following equation.
N(Wp/S) = (M)(D2)/(D2+D1))/ (M) )
Where M; and M; respectively represent the total number of molecules of water and surfactant
added in the experiment. As seen in Figure 1H, at W/S=1 all water is bounded to the surfactants
and one water molecule sticks to one surfactant. N(W,/S) increases to ~1.55 at W/S =2.5, and
eventually reaches ~2.2 at W/5=5, which is followed by a plateau. This means that after W/S=5,
the interfacial water is saturated and not increased by adding more water. The previous study
claimed that 1.5~2 water molecules could directly interact with every oxyethylene group.?” So it
can be deduced that in our microemulsions, the water molecules mainly interact with the
surfactants at the interface layer, and the hydrophilic headgroup cannot penetrate into the interior
water core. This is in coincidence with the results from the previous work by the water dynamic
measurements.?®
To study the effects of the confined water in the microemulsions on the nucleation and growth
of nanoparticles, PbCrO4 nanoparticles formed in the above microemulsions at different W/S
ratios were tracked by TEM. The precursor particles at the early stage were captured by taking
samples at 1 min. At W/S$=1.25, the primary nanoparticles are initially small spherical particles,
followed by the transformation into elongated particles (Figure 2A). At 2 hours, needle-like

nanoparticles of ~200nm in length (L) and ~10 nm in width (D) are the only final product (Figure
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2B), which shows amorphous structure (see the inserted selected area electron diffraction (SAD)
pattern in Figure 2B). When the microemulsion of W/5=2.5 was employed, two types of
prestructures, small elongated particles and big particles with undefined shape, can be seen at 1
min (Figure 2C), which transformed into amorphous needles (L~200 nm, D~10 nm) and short
while thick nanorods (L~50 nm, D~20 nm), respectively. The SAD patterns reveal that both
nanorods and their precursors are orthorhombic crystals (space group: Pnma, No. 62), as seen in
the insets of Figure 2C and D. Further increasing water ratio to W/5=5, more big irregular
nanoparticles are formed at the beginning, accompanied with a small amount of elongated
particles (Figure 2E). Ubiquitous rod-like crystals are the final products at 2h (Figure 2F). The
SAD patterns (the insets in Figure 2E and F) and high resolution TEM images (Figure S2 in
Supporting Information) confirm the same crystal structure Pnma for both the precursors and the
final nanorods.

Combined with the results from FTIR, we can conclude that two different kinds of nucleation
modes take place in the bulk and interfacial water. Nanocrystals form in the bulk water, while
interfacial water induces amorphous nanoparticles. At W/S=1.25, only interfacial water exists in
the micellar droplets, resulting in the only product, amorphous needles. Increasing the water
content in the microemulsions will bring free water in the core of the droplets, where the
nucleation of nanoparticles occurs in the way different to that in the interfacial water (Figure S3)
and forms crystallites. Consequently, two kinds of nucleation are simultaneously produced in the
microemulsion of W/S=5 at the beginning. Although the nucleation in the interfacial water occurs
at the early stage, the metastable amorphous precursor phase is readily “consumed” and

transformed into the crystallized nanorods, due to the fast inter-droplet exchange kinetics at the
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high water content.?>->* Therefore, nanorod crystallites are observed to be the only final product
in solution.

The amorphous nanoparticles formed in the interfacial water can be ascribed to the decreased
interfacial free energy of the microemulsions, so that a lower thermodynamic energy barrier to
nucleation of the metastable solid phase needs to overcome. Moreover, the structure of
metastable phases initially occurring is highly dependent on the hydration environment of ions in
solution, on the basis of Ostwald step rules.” The hydration ions in interfacial water are strongly
hydrogen-bonded to the hydrophilic headgroup of surfactants, where the original hydrogen bonds
between the water molecules are destroyed. The fully hydrophilic interfaces give rise to dense

3436 which results

but more disordered water structures correlated to the hydrophilic headgroup,
in slow interfacial dynamics that was confirmed by water dynamic measurements.'* The highly
disordering of the interfacial water could suppress the formation of the long distance ordered
arrangement of the solid phase during the nucleation. Therefore, the interfacial water of the
microemulsion droplets favors to produce amorphous structures.

A typical time series of the nucleation and growth process of the amorphous nanoparticles in
the microemulsions at W/S=1.25, as imaged by TEM, is shown in Figure 3. Small primary
nanoparticles (~5 nm) are first formed just after the initial mixing of the reactants (0 min in
Figure 3A). Meanwhile, the primary particles are evidenced to start to grow into elongated
particles. At 3 min, more elongated particles of (L~50 nm, D~5 nm) are obtained (Figure 3B),
and these thin ribbon-like particles show a certain flexibility. At 10 min, rigid needle-like
nanoparticles (L~120 nm, D~10 nm) are presented as the main products, accompanied by

dissolving of the small primary particles (see Figure 3C). Afterwards, the width of the needles

keeps constant at ~10 nm, while the length continuously increases until 2 h and reaches a plateau

10
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at ~220 nm (see Figure 3D-E, and the size evolution with time in Figure 3F). In addition, we
count the particle size distribution on histograms during this evolution, indicating the uniformity
of the particles around the average size (Figure S4). The needle-like amorphous nanoparticles are
quite stable in the microemulsion solution and show no transformation to crystallites for several

days (Figure S5 and S6).
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Figure 3. (A-E) TEM images of amorphous PbCrOy particles in the microemulsion of W/S=1.25
at different reaction times: 0 min (4), 3 min (B), 10min (C), 1 h (D), and 2 d (E). (F) The size

evolution of PbCrOy needles with time.

To further investigate the effect of the interfacial water bound to the surfactants on the
amorphous nanoparticles, Ci2E4, having four oxygethylene groups on the hydrophilic part of the
surfactants, was employed for making the parental microemulsion. As shown in the FTIR
spectrum of Figure 4A, the OD absorption of the Ci12E4 microemulsion at W/5=5 is found to shift

a little to the low wavenumbers in comparison with Ci2Es, which has one more oxygethylene

11
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groups on the hydrophilic part than Ci2E4 (Figure S7). This means that less water is bound to the
C12E4 surfactants, due to less hydrophilic oxygethylene groups. Decreasing the water ratio leads
to the OD absorption shifting to a higher frequency, while no more shifting was observed until
W/S=1. Accordingly, PbCrO4 nanoparticles formed in the Ci2E4 at small water ratio (W/5=1)
reveal amorphous structure with a size of ~10 nm in diameter (Figure 4B), while at W/S=5 the
produced nanoparticles are exclusively crystallites of Pnma phase (Figure 4C). From the
enlarged image in the inset of Figure 4C, we can see that the ellipsoid-like nanocrystals are ~35
nm in length and ~10 nm in thickness. Compared to the nanoparticles formed in the CizEs
microemulsions, different morphologies of nanoparticles are obtained. However, the interfacial
and bulk water confined in the microemulsions shows the same effects on controlling the
formation of amorphous and crystalline nanoparticles, respectively.

In summary, the nucleation and growth of PbCrO4 nanoparticles in the nonionic water-in-oil
microemulsions have been studied. By controlling the water content in the micellar droplets,
amorphous nanoparticles can be obtained at small water ratio, nanocrystals are produced by
increasing the water ratio. The interfacial water is responsible for the formation of the
amorphous nanoparticles, on the basis of the FTIR analysis on the water confined in the
microemulsions. These results enable us to suggest a new field of application of the
microemulsions as a competitive alternative to synthesizing new amorphous nanoparticles,
stabilizing these metastable phases in aqueous solution, and precisely controlling their

transformation into the desired crystalline structures.
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Figure 4. (A) Normalized FTIR spectra of OD stretching bands of C12E4 (W/S=0.75, 1, and 5)
and C12Es microemulsions (W/S=5). (B, C) TEM images of PbCrO4 nanoparticles in the Ci2E4
microemulsions at W/S=1.25 (B) and W/S=5 (C) for 2h. The inset of (B) is the corresponding

SAD pattern, and the insets of (C) are the enlarged image (left) and SAD pattern (right).
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Supporting Information.

Detailed experimental methods, FTIR spectra and the fits for H>O and 5% HDO in H2O, and

HRTEM images for PbCrO4 nanocrystals.
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