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Abstract: Polystyrene latex particles
modified at the surface with different
hydrophilic functional groups were pre-
pared by miniemulsion polymerization
and used as controlling agents in the
crystallization of zinc oxide from aque-
ous medium. The effects of the chemi-
cal nature of the surface functionaliza-
tion and the latex concentration on the
crystal growth, morphology, and crys-
talline structure of the resulting zinc

the acrylic-acid-derived particles were
shown to be a convenient system for
further quantitative investigations. In
this case, as the additive concentration
increases, the length-to-width ratio
(aspect ratio) of the crystals decreases
systematically. Preferential adsorption
of the latex particles onto the fast-
growing faces {001} of ZnO is assumed
to follow a Langmuir-type isotherm,
and interaction of the adsorbed parti-

cles with the growth centers will reduce
the growth rate in [001]. This leads to a
quantitative relationship linking the
aspect ratio to the latex concentration
at constant diameter and surface
chemistry of the latex. The dependence
of the aspect ratio on charge density of
the latex can also be modeled by an al-
gorithm in which attractive forces be-
tween the latex particle and the ZnO
surface are balanced against repulsive

oxide were analyzed. Micro- and sub-
microsized crystals with a broad variety
of morphologies depending on the
functionalization were obtained.
Among the different latexes studied,

morphogenesis
zinc oxide

Introduction

Commonly in nature, crystal growth of inorganic systems is
controlled by the presence of biogenic macromolecules. Cal-
cium carbonate, present in corals and shells of sea creatures,
or calcium phosphates, present in bones or teeth, are typical
examples of this phenomenon. Many research groups focus
on the investigation of such processes, working in the area
of biomineralization."! However, the study of mineraliza-
tion phenomena and the growth mechanisms involved is not
only interesting for the life sciences, but it has also industrial
importance. The control of the crystal growth features of in-
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forces of an osmotic nature. The latter
are associated with the confined
volume between the crystal and latex

polymers .
particle surfaces.

organic materials has become an active research field in the
last two decades, because of the increasing interest in ob-
taining materials with homogeneity and specificity of both
the crystal shape and the size distributions, key aspects in
many applications.[**

This scientific interest has focussed on a limited number
of systems, among which the most important are carbo-
nates®® (calcium and barium carbonate), phosphates®!%
(calcium and zinc phosphates), sulfates!'!! (barium sulfate),
sulfides!'>™ (zinc and cadmium sulfide), chromates,!'”l and
several metal oxides!"*?! (aluminum, zinc, titanium, zirconi-
um, and iron oxides). From the mechanistic point of view,
zinc oxide is quite an ideal system for studies of the con-
trolled crystallization. Due to its high insolubility in water,
ZnO can be easily precipitated from an aqueous solution,
and only one modification is obtained (zincite). In addition,
this is a versatile material and micro- and nanostructures of
zinc oxide are interesting for various applications, such as
catalysts, cosmetics, pigments, varistors, electro- and photo-
luminescence devices, and gas sensors.?’?! Much research
has been devoted to the precipitation of ZnO from aqueous
media, investigating the changes in morphologies and prop-
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erties, and trying to understand the controlling parameters.
The effect of the synthetic pathway,?*?") the reaction param-
eters (temperature, pH, reaction time, concentration),?>%
and the influence of different solvents®™>! have been broad-
ly screened. The use of different organic additives to control
the morphology of the resulting crystals has been also re-
ported.[%]

As indicated above, biopolymers control the growth of in-
organic structures in various life forms. Imitating nature,
synthetic polymers have been used as additives in the crys-
tallization of zinc oxide. The presence of double hydrophilic
block- and graft-copolymers has been shown to affect the
morphology of ZnO crystals obtained from aqueous
media.*> Actually, these types of polymers have not only
been used in the control of ZnO crystallization, but also ex-
tensively applied to other systems, for instance CaCO; or
BaSO,. A systematic overview of the different systems in
which the crystallization has been controlled by hydrophilic
polymers can be found in a recent review published by Yu
and Colfen.”

The effects observed with hydrophilic polymers prompt
the investigation of a system with functional groups an-
chored to the surface of spherical latex particles. Latex par-
ticles, prepared by miniemulsion polymerization, provide an
interesting approach to control crystal growth, as indicated
by preliminary results.*® These particles are versatile, as the
particle size and the local concentration of functional groups
attached to the surface can be controlled. Furthermore, the
synthesis of latex particles is convenient, reproducible, and
structures with surfaces of various chemical compositions
can be obtained quickly from simple monomers.

Here, we focus on the influence that the structure and the
content of latex additives have on the crystal growth of zinc
oxide precipitated from an aqueous solution, and explore
the nature of the control parameters.

Results and Discussion

Synthesis and characterization of surface-functionalized
latexes: Following the basic procedure of Landfester
et al.,”®*) Jatex particles typically of radii 30-120 nm were
prepared by direct miniemulsion polymerization, using ul-
trasonication as a shear method to achieve the state of mini-
emulsion. Styrene, practically immiscible in water, was the
main component of the oil phase, and the various comono-
mers 1 to 6 were used to modify the surface properties of
the latex particles, considering the polarity and the charges
of their functional groups.

A non-ionic poly(ethylene oxide)-derived surfactant, Lu-
tensol AT50, (CysHs3)(EO)sy,*" was used instead of cationic
or anionic surfactants, to minimize any undesired effect in
the ZnO crystallization. Hexadecane was used as a hydro-
phobic agent to stabilize the emulsion and to avoid Ostwald
ripening. This costabilizer has been reported to disperse ho-
mogeneously in the droplets and it does not show any en-
richment close to the interface.[*!]
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To commence the polymerization inside the droplets, an
oil-soluble initiator,  2,2'-azobis(2-methylbutyronitrile)
(AMBN), was used. AMBN was preferred to the typical
AIBN (2,2"-azoisobutyronitrile) because of its higher insolu-
bility in water. In some cases (explicitly indicated), small
portions of the water-soluble initiator potassium persulfate
(K,S,04) were added to initiate the polymerization of water-
soluble comonomers in the aqueous phase and to improve
their grafting onto the corona.

The miniemulsification leads to the formation of small
droplets of the oil phase (containing mainly styrene, hexade-
cane, and the initiator), partially covered by the surfactant,
which stabilizes the miniemulsion. The hydrophilic comono-
mer is outside the droplets in the aqueous phase, but due to
its partition coefficient, a small fraction is also present in
the oil phase. Because of this, copolymerization of the hy-
drophilic monomer with the styrene may also take place
inside the droplets. As an example, let us consider acrylic
acid (AA) as the hydrophilic monomer for the following dis-
cussions. There is always an equilibrium between the AA
present outside and inside the droplets, and as AA units
polymerize in the oil phase, new molecules diffuse from the
aqueous to the oil phase. As soon as AA becomes incorpo-
rated into the growing chain, mainly composed of styrene
units, the chain assumes an amphiphilic character and
moves toward the interface to expose the carboxyl groups to
the water phase. As a consequence, a complex latex corona
structure is formed. As sketched in Figure 1, the latex
corona is comprised of short segments of the hydrophilic
component of the non-ionic surfactant and hydrophilic seg-
ments of the copolymer between styrene and AA. A certain
concentration of carboxylic groups will be present embed-
ded at various depths inside the corona. The details of the
structure and properties of the corona in core-shell latexes,
formed as a consequence of analogous or similar processes,
are still not fully understood and have been the subject of
detailed studies (e.g., references [42-47]). In our case, we
are mainly concerned with the density of functional groups
that can be accommodated by a growing crystal surface, as-
suming that these functional groups need to make contact
with the surface in order to control the crystal-growth fea-
tures.
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functional corona

200 nm

atoms occupy half of the tetra-
hedral interstices and are also
hexagonal close-packed. This
mode of crystal packing is
shown in Figure 2a.

The crystal structure readily
implies that the faces normal to
the c-axis, (001) and (001), ex-
hibit a highly polar character
and are not identical under
ideal conditions. The (001) face
is composed of zinc atoms,
whereas the (001) face is occu-

Figure 1. SEM micrograph of a poly(styrene-acrylic acid) latex and schematic representation of the chemistry

of the corona.

In this work, it is assumed that copolymerization process-
es similar to the one described for the case of AA occur for
the other comonomers used. In the case of methacrylonitrile
and 2-allylphenol, with solubilities in water of only 25.7 and
7 gL, respectively (at 20°C), it is expected that the seg-
ments composed of these monomers will generally remain
inside the latex core, and only a small fraction will be pres-
ent within the corona.

Surface-charge densities of the latex particles were deter-
mined by performing direct polyelectrolyte titration (also
called colloid titration), based on the interaction between
oppositely charged polyelectrolytes.**! Poly(diallyl dimethyl-
ammonium chloride) (poly-DADMAC) was used as titrating
agent and the carboxylic groups were previously deprotonat-
ed by adjusting the pH to values of approximately 9.5. The
final point of the titration was detected by using a particle-
charge detector (PCD), whose operating system is based on
electrokinetic measurements.”” It has been reported that, in
this technique, the type of functional groups plays an impor-
tant role, and the measured density of charges may differ
from the real value.”) Nevertheless, this method gives in-
sight into the differences between latex preparations, and
the charge-density estimation provided is sufficient for our
requirements. The diameters (from photon correlation spec-
troscopy measurements®') and results of polyelectrolyte ti-
trations for latex emulsions prepared with the different hy-
drophilic comonomers (samples S1 to S6), as well as the di-
ameter of a non-charged reference latex (sample S0), are
compiled in Table 1. This table also shows those cases in
which potassium persulfate was used in a second step of the
reaction. The reaction parameters for all the samples report-
ed in the table were chosen so that particle diameters in the
range of 60-90 nm and surface-charge densities of approxi-
mately 0.5-2.0 nm > were obtained.

Screening of different surface-functionalized latexes for
morphology control: Zinc oxide crystallizes in the hexagonal
system as zincite (a=3.2498 A, ¢=52066 A, space group
P6ymc, number of formula unit Z=2, p=>5.68 gcm>). The
oxygen atoms are hexagonal close-packed, and the zinc
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pied by oxygen atoms. Under
conditions of growth from an

Table 1. Characteristic data of latex samples obtained by miniemulsion
copolymerization of styrene (S) with various comonomers (1-6).!

Sample  Functional Initiator Diameter  Surface-charge
comonomer [nm] density® [nm]
S0 - AMBN 59 0.0
S1 1 AMBN 72 14
S2 2 AMBN/K,S,04 79 0.6
S3 3 AMBN/K,S,04 80 2.3
S4 4 AMBN 73 n.d.
S5 5 AMBN 91 n.d.
S6 6 AMBN/K,S,04 80 n.d.l¥

[a] The reaction mixture contained 96 wt % of styrene and 4 wt % of each
comonomer, except for S0, in which only styrene was used. The solid
content was 22+1wt% after polymerization, except in the case of
sample S5, in which the solid content was 11 wt%. [b] Determined by
polyelectrolyte titration and expressed as charged groups per unit area.
[c] n.d.=not determined.

aqueous medium these surfaces may be hydrated,” but will
still differ with regard to polarity and charge density. In fact,
we observe the formation of twins in almost all cases, which
may be a consequence of the instability of one of these
polar faces. A structure of this twin formation is sketched in
Figure 2b. The ZnO structure contains also a series of non-
polar faces {hk0}, electronically neutral, with equal numbers
of oxygen and zinc atoms.

In this work, zinc oxide was precipitated from an aqueous
solution of zinc nitrate by adjusting the pH through the ther-
mal decomposition of hexamethylenetetramine (HMTA) in
ammonia and formaldehyde at the reaction temperature of
95°C. Before the start of the precipitation reaction, the pH
has a value of around 5 in the absence of additives. This ini-
tial pH can change considerably as the functionalized latex-
es are added. However, independent of the initial value,
HMTA produces a buffer effect and the final pH remains
constant at around 6.

In a conventional precipitation in the absence of any addi-
tive, long hexagonal prismatic crystals are formed. This mor-
phology, reproduced in Figure 3a, implies that different
crystal faces grow with different velocities. It can be de-
duced that the basal face (001) is a rapidly growing face and

Chem. Eur. J. 2006, 12, 118 -129
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Figure 2. a) Structure of ZnO (zincite). b) Crystal habit frequently ob-
served in controlled precipitation, with definition of experimental magni-
tudes (length and width) and crystal faces (basal face (001) and lateral
face (100)).

the lateral faces {hk0} are slow growing, which results in a
needlelike crystal.

Polyelectrolytes may adsorb onto the surface of growing
crystals and modify the growth features. In this context, sur-
face-functionalized latexes represent an interesting ap-
proach, as indicated in the Introduction. For this reason, we
initially screened the effect of latex particles differently
functionalized at their surface, but with similar particle di-
mensions.

The precipitations were carried out in a medium contain-
ing 1gL™" of latex (content of solid latex in the total
volume), which represents a particle density of approximate-
ly 2x 10" per cm® (considering an average radius of 35 nm
and approximating the density of the solid latex to 1 gecm™).
In general, the latex particles are embedded in the growing
crystal, becoming incorporated into the structure and giving
ZnO-latex hybrid materials. If desired, the latex can be re-
moved by dissolving with organic solvents or, more effec-
tively, by calcination.

The resulting morphology of the crystals was investigated
by conducting scanning electron microscopy (SEM).
Figure 3 shows how the SEM micrographs of the various ex-
periments compare with the reference sample.

A brief description of the main observations of the
screening experiments follows:

a) The reference sample in Figure 3a shows a high proba-

bility of occurrence of starlike growth features that are
the result of nucleation of several individual crystals

Chem. Eur. J. 2006, 12, 118-129
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Figure 3. Zinc oxide samples crystallized (a) without additive, and (b-h)
in the presence of 1 gL' of the latexes SO to S6, respectively (see
Table 1). The samples shown in (f) and (h) were calcinated at 600°C to
remove the polymer.

from the same nucleation center. Small, needlelike crys-
tals resulting from secondary nucleation processes are
observed.

b) Upon addition of a pure polystyrene latex (latex S0),
without addition of functional groups to its surface, the
crystals show essentially the same morphology as the ref-
erence sample, composed of hexagonal prismatic crystals
of widely differing length-to-cross-section ratio. A few of
the latex particles remain adsorbed on the surface.

c) With poly(styrene-acrylic acid) latex (latex S1), crystals
with lower polydispersity in the dimensions are obtained.
The crystals are densely covered by latex particles that
could not be removed by simple washing, as was the
case for the latex S0. This indicates a strong interaction
between the surface groups of the latex particles and the
zinc oxide.

d) The addition of poly(styrene-maleic acid) latex (latex
$2), with two carboxylic groups in the functional mono-
mer, leads to crystals with a completely different mor-
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phology. The crystals show a platelike shape and no
clear borders are formed; the hexagonal structure essen-
tially disappears. However, the twinning and the starlike
growth of the crystals from a common nucleation center
are present, as in previous samples. A relatively high
number of latex particles remain in the crystals after
washing.

e) With poly[styrene-(ethylene glycol methacrylate phos-
phate)] latex (latex S3), the obtained prismatic crystals
were shorter and wider, with a more isometric morphol-
ogy, that is, with similar length and width. The interac-
tion of the latex particles with ZnO appears to be
strong, as in the case of the latex S1, and the crystals are
densely covered with the polymeric nanoparticles.

f) Very large amounts of aggregated poly(styrene-meth-
acrylonitrile) latex (latex S4) were observed upon using
this additive, and the analysis of the crystal structure was
only possible after calcinating the polymer. Figure 3 f
shows peculiar “canal structures” observed in the result-
ing crystals after pyrolysis at 600°C (10°C min~', from
room temperature to 600 °C).

g) In the presence of the poly[styrene-(2-allylphenol)] latex
(latex S5), starlike hexagonal crystals are again obtained,
and no residual polymer is observed. This indicates that
the latex does not adsorb onto the crystals and it is com-
pletely removed during the
centrifugation and washing
processes.

h) As in the case of the latex
S4, analysis of the morphol-
ogy of the crystals precipi-
tated in the presence of the
positively  charged latex
based on vinylbenzyl trime-
thylammonium chloride
(latex S6) was only possible
after removal of the latex
by pyrolysis. Very porous
crystals with “canal struc-
tures” are observed after
calcination.

1gL™"

3gL™!

In spite of the very different
external morphologies, all our
products were analyzed by X-
ray diffractometry (XRD) and
clearly identified as pure zincite
(JCPDS 36-1451), without con-
tamination by other crystalline
species.

6gL™

Influence of the latex concen-
tration on the crystal morpholo-
gy: The latex concentration ap-
pears to be an important pa-
rameter for the final morpholo-
gy of the ZnO crystals, as is

9gL™
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shown in Figure 4. By using acrylic-acid-functionalized latex
S1 as the crystallization additive, the length-to-width ratio
decreases systematically as the concentration increases.

The latex S2, synthesized from maleic acid, produced a
very strong effect in the crystals obtained. The significant
differences in the morphologies for the latexes S1 and S2
cannot be justified only in terms of the number of carboxylic
groups, because the effect is much higher than that expected
for such surface-charge densities. In the presence of an in-
creasing concentration of the latex S2, the growth in the c-
axis is blocked and the crystals become wider until thin lam-
inar structures are observed. If one naively assumes that the
latex is reversibly adsorbed onto the (001) plane and that
the rate of growth in the c-direction is proportional to the
actual coverage by the latex particles (this is discussed in
detail below), then the absorption constant for the maleic-
acid-functionalized latex must be much higher than that for
the latex exposing acrylic acid groups towards the growth
plane. In the latter case, prismatic crystals are obtained, and
suppression of the growth of this plane leads to platelike
crystals. The strong affinity in the case of the maleic-acid-de-
rived latex may be explained by taking into account the spe-
cial conformation that the polymeric chains can take due to
the cis position of the two carboxylic groups in the mono-
mer. This conformation will not occur in the latex based on

Latex S2

Latex S3

Figure 4. SEM micrographs of samples crystallized at different concentrations of the latexes S1, S2, and S3
(see Table 1). The latex was eliminated by calcination at 600°C.

Chem. Eur. J. 2006, 12, 118-129
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acrylic acid, in which very high concentrations of the latex
(ca. 9 gL™") are required to substantively reduce the aspect
ratio.

The phosphate groups attached to the surface in the latex
S3 have an intermediate effect, not as strong as in the case
of the maleic-acid-derived functionalities, but stronger than
in the acrylic-acid-type residues. Comparing the effects of
the acrylic acid and the phosphate-group-decorated latexes,
one sees that a concentration of 1 gL in the first case pro-
duces approximately the same effect as a concentration of
9¢L! in the latter. At a concentration of 6 gL~!, laminar
structures can be observed, similar to those obtained in the
presence of the latex S2.

Poly(styrene-acrylic acid) latex as crystallization additive

From the results of the screening described above, the poly-
(styrene-acrylic acid) (PSAA) latex appears to be a conven-
ient system for a more detailed study, for the following rea-
sons: i) the particles are incorporated into the crystals with-
out formation of large polymer aggregates; ii) the prismatic
form of the resulting crystals allows the measurement of
width and length, facilitating the quantification of the effect
of the additive; iii) good estimation of the surface-charge
density of the latex can be obtained by titration with poly-
DADMAC, which may become more difficult for latex with
other functional residues, for instance phosphate groups.
Therefore, to analyze the influence of the latex concentra-
tion on the morphology and the crystal habit, samples in the
presence of different quantities of PSAA latex were crystal-
lized.

Morphology and crystalline structure: The aspect ratio (A),
defined as the quotient of the length and the width, under-
goes a systematical decrease as the PSAA latex concentra-
tion increases, as shown in Figure 4. The width and length of
the crystals in each sample were determined from statistical
analysis of SEM images, after measuring at least 100 parti-
cles. Histograms of the length and width distributions were
obtained for each sample; these are plotted in Figure 5. The
presence of the latex reduces the length distribution from
multimodal to monomodal, even at the smallest concentra-
tion of 0.5 gL ™!, Further increase of the latex concentration
reduces the length of the crystals taken at the maximum of
the length distribution curve, which was used to describe the
envelope of the histograms. Note that a single normal distri-
bution is sufficient to describe the statistical data and that
the width of the distribution becomes narrower as the latex
concentration increases. The width distribution is rather
narrow to begin with, but the mean value increases system-
atically as the latex concentration increases. In other words,
the crystals become more isometric. The aspect ratio A was
calculated from the average length-to-width ratio of the
data shown in Figure 5, and it is plotted in Figure 6. The
product of the square of the width and length of the crystals
remains approximately constant within the limits of error,
indicating that the volume of the growing crystals in the

Chem. Eur. J. 2006, 12, 118 -129
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Figure 5. Histograms of the lengths and widths of crystals in samples
grown in the presence of different concentrations of the PSAA latex S1.
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Figure 6. Relationship of the aspect ratio to the concentration of PSAA
latex S1.

system is not significantly affected by the change in latex
concentration. Considering that all data were obtained from
comparable reaction yields, this implies that the number of
crystals in the system remains the same for different latex
concentrations.

Changes in the crystal morphology do not imply signifi-
cant changes in the microcrystalline structure, as can be de-
duced from the XRD data shown in Figure 7. Here, powder
diffractograms of samples whose morphologies were ana-
lyzed to obtain the data of Figures 5 and 6 are presented.
Assuming that the peak broadening results only from the
size of the coherently scattering domains, their size can be
estimated by using the Scherrer equation [Eq. (1)],*”

www.chemeurj.org — 123
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Figure 7. X-ray diffractograms of ZnO crystallized in the presence of dif-
ferent concentrations of the PSAA latex S1, as indicated; the samples
contained up to approximately 10 wt % of latex occluded in the crystals
(see Table 2).

in which K is a form factor approximately equal to unity, A
is the radiation wavelength (1.54 A), and ,, is the full width
at half maximum (FWHM) of the peak on the 20 scale in
radians. This equation was applied to the (100) and (002) re-
flections, after normalizing and adjusting to Lorentzian
(Cauchy) curves,®" which may be taken as an approximation
to fit XRD reflections.”™ The positions of these two reflec-
tions and the FWHM are listed in Table 2, together with the
estimated crystallite sizes. The latex content in the final

Table 2. Position and full width at half maximum (8:,) of the (100) and (002) reflections in ZnO crystals ob-
tained in the presence of different amounts of the latex S1 (see Table 1). Crystallite sizes (L) were calculated
by using the Scherrer equation [Eq. (1)], and the latex content was estimated from the weight loss determined

diffractometer used. In general, it can be concluded that the
long-range order in the crystals is not disturbed. Thus, the
use of latex as additive causes no significant reduction in the
perfection of the crystals.

Model considerations: The change in morphology that ac-
companies increasing latex concentration can be explained
by a model of the interaction between the latex particles
and the growing faces of the zinc oxide. Presumably, the
latex particles, functionalized on the surface with carboxylic
groups, are adsorbed preferentially onto the (001) face of
zincite, thereby blocking the positions from which the crys-
tal would normally tend to grow. This leads to a slower
growth along [001], although other possible growth direc-
tions are essentially not affected. If it is assumed that the
latex particles adsorb onto the basal plane (001) according
to a Langmuir isotherm (i.e., a surface coverage proportion-
al to the overall concentration is achieved), then the fraction
of the surface covered by latex (normalized to 1), 6, is given
by Equation (2),

kc

“T1+ke @

0

in which k is the adsorption constant and c is the concentra-
tion of latex particles. Above a certain concentration, full
coverage of the basal plane by the latex spheres will be
achieved. This will define the maximum of the effect. At
lower concentrations, the crystals will grow along [001] in
proportion to the fraction of free surface available for the
addition of crystal-building species. We assume that the
aspect ratio is proportional to
the free surface available at a
certain coverage defined by 6.
This requires a rescaled aspect

by TGA. ratio, S, defined by Equa-
Sample Latex Latex content (100) (002) tion (3),

[gL] (%] 26 [7] B, [°] Ly [nm] 26 [°] B, [°] Loy, [nm]
ZL0 0 0 31750 0.111 83 34408 0.097 95 A—A
ZL05 0.5 17 31764 0156 59 34420 0136 68 S=1-Ga—1" A3)
ZL10 1.0 43 31785 0.163 56 34436 0.130 71 07 Mo
ZL30 3.0 7.0 31765 0.174 s3 34411 0.127 73
ZL50 5.0 9.1 31.804  0.177 52 34459 0.147 63 in which A, is the aspect ratio
Z1.90 9.0 9.5 31.811 0.145 63 34.464 0.139 66 at a certain latex concentration,

products, that is, the quantity of latex incorporated from the
initial latex concentrations added during the crystallization,
is also listed. The amount of latex occluded in the crystals
was estimated from the weight loss determined by thermog-
ravimetrical analysis (TGA).

As the latex concentration increases, the 26 values tend to
shift to slightly smaller angles (considering the maximum of
the Lorentzian fittings) and the peaks tend to broaden.
Crystallite sizes calculated by using the Scherrer equation
[Eq. (1)] decrease as the additive concentration increases.
However, it should be mentioned that the shifts in the posi-
tion are small and close to the resolution limit of the X-ray
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A, is the aspect ratio at an in-

finitely large latex concentra-
tion, and A, is the aspect ratio obtained in the absence of
latex. The rescaled aspect ratio S for the data of Figure 5 is
plotted in Figure 8, by adjusting the data to a function
equivalent to the Langumir isotherm [Eq. (4)].

K¢

= 4
1+ kc “)

S

It can be observed that the model correlates quite well
with the data for latex concentrations of below 6 gL', but
for higher concentrations, the experimental values differ
from the theoretical curve. At high concentration, more
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Figure 8. Plot of the scaled aspect ratio S (see [Eq. (3)]) versus the con-
centration of latex, ¢, following the algorithm of a Langmuir isotherm

(see [Eq. (4)]).

complex phenomena, such as multilayer adsorption, may
occur, complicating the treatment. By excluding the points
for ¢>6 gL, the value obtained for the constant k' was
0.78£0.05. Because the adsorption of the latex is related to
the surface-charge density, different values of k’ would indi-
cate different characteristics of the latex particles.

The aspect ratio of the resulting crystals is influenced
mainly by two parameters: the concentration and the sur-
face-charge density of the latex particles. So far, we have
considered a fixed surface charge of the latex particles and a
variable additive concentration. Another series of experi-
ments was carried out in which the surface-charge density
was altered to investigate quantitatively the influence of this
parameter. From here on, the latex particles are considered
as spheres of radius r with an average surface charge. It is
assumed that no deformation of the spherical shape occurs
during the adsorption process. The characteristic length
scale for features relative to defects that control the growth
of crystals is the Burgers vector, that is, the height / of the
growth spirals is responsible for growth in a particular direc-
tion. Carboxylic groups at a distance greater than 4 will not
be able to interact with the growth sites on the ZnO surface.
In this context, we can define a “cap” of the latex sphere as
being the region where the functional groups interact with
the crystal surface. The meaning of the cap is further dem-
onstrated in Figure 9. The surface area of this “cap” is de-
noted as 2wrh. As an approximation, the value of the height
h is set as 0.52 nm, which corresponds to the unit-cell pa-
rameter c of zincite; other values would result in only a pro-
portional rescaling. The number of carboxylic groups per
“cap”, N, can be calculated by multiplying the surface-
charge density by the surface area of the “cap”. This value
N allows us to eliminate the effect of the diameter of the la-
texes as an independent parameter.

By taking the Langmuir-type dependence of the aspect
ratio into account, two different situations were considered:

1) a small concentration of latex of 0.6 gL™', meaning a
linear dependence of A on ¢ (i.e., kK'c <1)
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Figure 9. Schematic representation of the “cap model” for adsorption of
a latex particle at the ZnO surface.

2) a higher latex concentration of 6 gL}, that is, close to
the saturation value (k'c=1).

The same type of PSAA latex as in the previous experi-
ments was used; however, the parameters of the synthesis
were tuned to obtain samples that differed in both surface-
charge density and diameter. The set of prepared latexes is
listed in Table 3, together with the resulting aspect ratios of
the ZnO crystals obtained at the two different latex concen-
trations of 0.6 and 6 gL', As described previously, the
aspect ratio was calculated from the statistical treatment of
SEM micrographs. The aspect ratios obtained are plotted in
Figure 10 as a function of N. The solid lines through the
points were calculated on the basis of the considerations
presented below. Both curves show a similar behavior: in
region I, the aspect ratio decreases dramatically as N in-
creases towards a minimum located at ~100 charged groups
per cap; in region II, the aspect ratio increases again until it
reaches a constant value that is maintained in region III.
Note that the minimum aspect ratio occurs at a similar
value of N for both sets of experiments, that is, the mini-
mum seems to be independent of the latex concentration; in
other words, only the associated value of the aspect ratio re-
flects the concentration.

As indicated above, the two parameters influencing the
aspect ratio are the latex concentration and the number of
charged groups per “cap” (N). In reality, Figures 5 and 10
are actually sections through a multiparameter space.

The experimental points of Figure 10 are approximated
by a curve calculated according to the following considera-
tions. It is assumed that the interactions occurring within a
certain volume between the latex and the ZnO surface con-
trol the adsorption process. This volume is referred to as the
“osmotically active volume” and is defined as the projection
of the “cap” onto the ZnO growth plane. The variable is the
distance between the center of the latex sphere and the
ZnO surface. As the sphere approaches the ZnO surface,
both attractive and repulsive forces are encountered. At
fixed size and surface-charge density, the number of bonds
that eventually lead to chemisorption (or physisorption) of
the sphere onto the surface is, therefore, well defined. One
could assume, for the sake of simplicity, that ionic bonds are

www.chemeurj.org — 125


www.chemeurj.org

CHEMISTRY—

G. Wegner et al.

A EUROPEAN JOURNAL

Table 3. Set of PSAA latexes prepared with different particle diameters and different surface-charge densities,

deliberately defined by fixing

together with the average aspect ratio of the zinc oxide crystals obtained at latex concentrations of 0.6 and  je height of the “cap” to

6 gL', The latexes are listed according to increasing number of charged groups on the “cap”.

0.52 nm, as already indicated.

Latex sample Diameter Surfgce—cha{gze Number of charged Aspectirlatio at AspeCE 1ratio at However, increasing this value
[nm] density [nm | groups on “cap” 0.6 gL~ latex 6 gL latex L
would not affect the principal
SAA1 113 0.1 11 3.8 2.1 .
SAA2 68 05 54 42 07 conclusions.
SAA3 8 04 55 37 0.7 The repulsive forces are do-
SAA4 96 04 69 _ 1.7 minated by the osmotic pressure
SAAS 66 0.8 85 34 0.4 that builds up from the confine-
SAAG 118 0.4 85 - 31 ment of the counterions within
SAA7 98 0.6 101 - 2.9 th ticall . 1
SAAS 112 0.6 103 B 03 e osmotically active volume.
SAA9 84 0.9 120 35 0.4 These counterions originate
SAA10 115 0.8 150 - 0.5 from both the carboxylate
SAATI 116 08 153 - 05 groups at the surface of the
SAA12 83 1.2 163 3.5 - « » : .
SAALS o7 11 1 37 06 cap” and the. ionogenic groups
SAAL4 167 07 182 45 B contained within the ZnO
SAA1S 160 4.5 188 3.8 0.7 growth surface.
SAAl6 124 1.0 192 42 0.7 The total interaction potential
SAATT 121 1.0 192 - 20 Vi between a sphere and the
SAA18 116 1.0 192 - 1.6 7ZnO th £ . d
SAALY g4 14 193 40 - nO growth surface is assume
SAA20 120 1.0 194 42 _ to be additive, as represented in
SAA21 84 1.6 215 4.2 - Equation (5),
SAA22 104 1.4 229 4.1 -
SAA23 134 1.1 230 3.9 -
SAA24 192 0.8 249 4.1 29 Viot = Vi + V'ep (5)
SAA25 125 1.3 264 4.6 -
SAA26 104 1.6 265 - 1.9 in which V,, and V., are expres-
SAAZT 93 18 280 44 - sions for the global attractive
SAA2S 130 L9 410 48 N and repulsive components, re-
SAA29 162 17 457 45 41 rep p > ]
SAA30 162 21 564 5.0 35 spectlvely, of the total potentlal.
SAA31 100 3.9 642 4.9 - This formulation has some simi-
SAA32 92 4.6 694 4.7 - larities to the DLVO theory,
SAA33 236 2.8 1089 4.8 3.0

which describes the interaction

aspect ratio

: 111
- T T T T Y 1
0 400 800 1200
N

Figure 10. Dependence of the aspect ratio of the ZnO crystals obtained
in the presence of PSAA latex particles (at concentrations of 0.6 and
6 gL™") on the number of charged groups on the “cap”, N.

formed between the carboxylate groups on the surface of

the “cap” and the Zn** species situated within the growth
surface. A cut-off length of these interactions is somewhat
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between colloidal particles.?">]
As indicated, the aspect ratio,
A, is controlled by the adsorp-
tion of the latex spheres, with the adsorption constant being
a measure of the interaction potential. In Equation (6), we
propose the following relationship,

_a b .y 6

in which k and C are constants and a and b are parameters
dependent on the latex concentration. The first term of the
equation (a/N) describes the attractive forces that cause the
aspect ratio to decrease as the surface-charge density in-
creases, which is conditional upon small loadings of the sur-
face with carboxylic groups. The second term describes the
repulsive forces, related to the osmotic pressure, which in-
crease as the number of carboxyl groups increases. The os-
motic pressure could be considered to act as an activation
barrier to the adsorption process. The third term is a con-
stant related to the situation of “overloading” of the surface
of the spheres with charged groups. The fitting of the experi-
mental points to Equation (6) was performed after estimat-
ing the constant C from the average value of the data at
N>500. The optimization of the fitting parameters gave the
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following values for latex concentrations of 0.6 and 6 gL,
respectively: 162 and 343 for a, 0.032 and 0.073 for b, 0.0061
and 0.0059 for k, and 4.75 and 3.53 for C.

Conclusions

It is well known that hydrophilic and water-soluble polymers
are able to interfere with the nucleation and growth of inor-
ganic crystals during precipitation from an aqueous medium.
Double hydrophilic block- or graft-copolymers have been
shown to be particularly effective if the functional groups
(e.g., carboxylic groups) are spatially separated from other
groups (e.g., ethylene oxide groups) that merely facilitate
water compatibility without interacting with the surface of
the inorganic material. Here, we have demonstrated that for
the precipitation of zinc oxide, anchoring of the components
of double hydrophilic block- or graft-copolymers to the sur-
face of latex particles has the same effects. Whereas the syn-
thesis of bishydrophilic block- or graft-copolymer may be
cumbersome, the application of surface-functionalized latex-
es offers new possibilities in the control of crystallization
phenomena. Latex particles of defined diameter and compo-
sition of surface-anchored functional groups are readily and
efficiently available by the miniemulsion polymerization
technique. The properties of the materials obtained in the
course of crystallization of zinc oxide are particularly suited
for systematic studies, because zincite is the only polymorph
formed and it crystallizes in the form of hexagonal prismatic
crystals. The length-to-width ratio of these crystals (aspect
ratio) is their most important characteristic feature, and is
subject to control by the polymer additive. In addition, latex
particles become incorporated into the growing crystals.
Thus, hybrid materials can be obtained that are composed
of inorganic and largely undisturbed crystalline materials in
which organic latex particles are embedded.

The systematic screening of variations in the chemical
composition of the corona of the latex particles reveals that
both the chemistry of the functional groups and their density
are important control parameters that allow the shape of
precipitated zincite to be modified from slender elongated
to platelike forms. Furthermore, the size distribution of the
crystals becomes narrow and homogeneous.

Polystyrene miniemulsion latexes with a corona composed
of carboxylic groups (originating from acrylic acid used as
comonomer) and oligo(ethylene oxide) residues (from the
surfactant used in the preparation of the miniemulsion)
have evolved from the screening procedure as a model
system.

The diameter of the latex spheres can be easily controlled
by choosing the conditions of synthesis. Thus, the diameter
of the latex particles and their surface composition in terms
of the number of carboxylic groups per unit area are inde-
pendent parameters subject to variation. Our experiments
indicate that the diameter of the latex particles is a
“hidden” control parameter, accounted for by considering
an interaction volume between the latex particle and the
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growth surface of the crystals onto which the particle is ad-
sorbed. The number of active groups, N, within the area of
the “cap” of the spherical latex particles can be defined;
functional groups outside the area of the cap have no oppor-
tunity to interact with a surface of the crystal.

The aspect ratio of the prismatic zinc oxide crystals is a
function of the latex concentration, all other parameters are
kept constant. A model that assumes absorption of the latex
particles onto the growth centers at the basal plane of zin-
cite according to a Langmuir isotherm can explain the de-
pendence of the aspect ratio on the overall latex concentra-
tion.

The influence of other control parameters, that is, the cur-
vature (radius) and density of functional groups at the sur-
face, can be combined and accounted for in the definition of
“active groups” N. By using this definition, all data regard-
ing the dependence of the aspect ratio on specific latex char-
acteristics can be rescaled to describe the aspect ratio as a
function of N, with the concentration of latex particles left
constant. The results imply that the aspect ratio arises from
a balance of attractive and repulsive forces between the
latex surface and the growth surface of the crystal (i.e., the
basal plane of zincite) within the interaction volume. Con-
sidering these assumptions, an algorithm can be defined that
describes the aspect ratio of the resulting crystals over three
orders of magnitude in the surface-group density in the
corona and size variations of the latex from 60 to 240 nm.
We are not aware of a similar and, moreover, quantitative
approach in the area of mineralization and/or biomineraliza-
tion that relates morphological features to variations in
chemical structure.

A further conclusion is that the latex has very little, if any,
influence on nucleation density. This is deduced from the
study of the size distribution of the crystals obtained at dif-
ferent concentrations of the same type of latex. However,
the width of the size distribution seems to become narrower
at increasing latex concentrations, which may indicate that
Ostwald ripening is suppressed in the presence of the latex.

Increasing amounts of the interactive latex particles
become incorporated into the growing crystals at increasing
overall concentration in the crystallizing system. Hybrid ma-
terials that contain up to approximately 10 wt % of latex oc-
cluded in the crystals are formed without causing a deterio-
ration in the long-range order in the crystalline material.
The polymer can be removed by thermolysis or by dissolu-
tion in organic solvents to leave porous crystals of zinc
oxide behind. This observation may inspire further develop-
ments in the application of zinc oxide in catalysis.

Finally, the results and their analysis reported here dem-
onstrate that morphology control can be very effective with-
out involving topochemically defined interactions between
the growth surface and the additive. Poisoning of growth
centers, such as dislocations that emerge at the surface and
unspecific interactions that control the approach of the addi-
tive to the crystal surface, are sufficient to account quantita-
tively for the dependence of the aspect ratio on the chemical
composition of the latex corona. In other words, topochemi-
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cal and “specific recognition” phenomena are of less impor-
tance in this case. The latex particles of chemically struc-
tured corona may even be good models to mimic the behav-
ior of globular proteins in biomineralization.

Experimental Section

Chemicals were supplied by Aldrich (highest purity available) and were
used as received, unless otherwise stated. The water used was Milli-Q.

Synthesis, purification and characterization of latexes: The latexes listed
in Table 1 were prepared in a similar way to that described by Landfester
et al.,’¥! by miniemulsion polymerization with styrene (Fluka, puriss.,
>99.5%) and a small amount of one of the second functional comono-
mers: acrylic acid (1), maleic acid (2, Janssen Chimica, >99 %), ethylene
glycol methacrylate phosphate (3), methacrylonitrile (4), 2-allylphenol
(5), vinyl benzyl trimethylammonium chloride (6). The monomers
(11.52 g of styrene and 0.48 g of comonomer; 12 g of styrene in the case
of latex S0) were mixed with hexadecane (500 mg) and 2,2'-azobis(2-
methylbutyronitrile) (AMBN, Wako Pure Chemical Industries) (240 mg).
The aqueous phase was prepared by dissolving Lutensol AT50 (BASF,
3.0 g) in water (48 g). Both the oil and aqueous phases were stirred sepa-
rately for 30 min and then mixed and stirred for 45 min. The miniemul-
sion was achieved by ultrasonification for 7 min (Branson Digital Sonifier
250-D; 70 % intensity, pulse 1.0 s, pause 0.1 s), followed by cooling in an
ice-water bath to avoid polymerization due to heating. The reaction oc-
curred at 72°C under an argon atmosphere and was stopped after 8 h. In
the latexes S2, 83, and S6, potassium persulfate (25 mg) was added after
6 h to graft oligomeric, hydrophilic free radicals onto the corona. The re-
sulting latexes were filtered and purified by centrifuging in a disposable
Ultrafree-15 centrifugal filter device with a membrane Biomax 50 kDa
(Millipore).

The latexes listed in Table 3 and Figure 10 were prepared independently
of, but analogously to, those described above. The latex diameters and
the surface-charge densities were tuned by selecting the optimal amounts
of surfactant and acrylic acid. Various amounts of acrylic acid were
mixed with styrene (6 g), hexadecane (250 mg), and AMBN (250 mg).
This oil phase was added to the aqueous phase, prepared from various
amounts of Lutensol ATS50 dissolved in water (24 g). The mixture was
stirred as described previously and ultrasonified for 60 s (UD-20 by Tech-
pan, level 5). In this case, the reaction time was 2 h.

The particle size was measured by conducting photon correlation spec-
troscopy at a fixed angle of 90° with a Malvern Zetasizer 3000HS. Solid
contents were determined by drying a portion of emulsion (0.8 g) at
40°C under vacuum for 12 h. The surface-charge density of the latex par-
ticles was estimated by polyelectrolyte titration: a pertinent quantity of
latex was titrated with a ~0.001 N solution of poly(diallyl dimethylammo-
nium chloride) (poly-DADMAC, Miitek Analytic, M distribution of
40000-100000 gmol ') by using an automatic titration unit Metrohm 702
SM Titrino combined with a particle-charge detector Miitek PCD 03-pH,
after adjusting the pH to ~9.5 with a suitable solution of NaOH. The
exact concentration of the poly-DADMAC solution was determined by
titration with the anionic standard sodium polyethensulphonate (Miitek
Analytic, 19100 gmol ™', 0.001~). The surface-charge density was calcu-
lated by dividing the number of charged groups N, by the total surface
area of the latex particles A,. N4 was obtained by multiplying the
number of moles of charged groups (obtained from the titration results)
by Avogadro’s number N,. The mass of a particle was calculated by as-
suming a spherical geometry for the latex particles and by approximating
the density of the latex to 1 gcm ™. By using the mass of a particle and
the total mass of the titrated sample, it is possible to calculate the
number of latex particles and A,y,.

Synthesis of ZnO crystals: A triple-neck flask containing a solution of
Zn(NO;),,6 H,O (Fluka, >99%, 0.446 g, 1.50 mmol) in water (95—x mL)
was placed in an oil bath and heated at 95°C under reflux and continuous
magnetic stirring. The pertinent quantity of latex emulsion (x mL, x=0
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in the case of the reference sample) was added to the reaction flask.
After achieving thermal equilibrium, the reaction was started by adding
hexamethylenetetramine (HMTA, 0.210 g, 1.50 mmol) dissolved in water
(5mL). After 90 min, the reaction mixture was cooled in an ice-water
bath and the precipitate was separated by centrifugation, washed several
times with water, and dried under vacuum at 40°C. To obtain the re-
quired quantities, the samples used in the study of the effect of additive
concentration (Figures 4-8 and Table 2) were prepared similarly, but by
doubling the volume of the solution (total volume after addition of the
HMTA solution was 200 mL) and also multiplying by a factor of two the
concentration of the reactants (Zn(NO;),,6H,0: 1.784 g, 6.00 mmol;
HMTA: 0.840 g, 6.00 mmol). In this case, the reaction was performed in
a jacketed reactor connected to a thermostated water circulator, which
allowed precise control of the temperature. The reaction temperature, re-
action time, and product treatment were as previously indicated.

Powder characterization: Scanning electron microscopy (SEM) micro-
graphs were recorded by using a field emission microscope LEO EM1530
Gemini. Particle-size histograms and distributions were obtained statisti-
cally by measuring the dimensions of at least 100 crystals with the soft-
ware Image].*)

X-ray diffractograms (XRD) were registered by using a Seifert XRD
3000 TT diffractometer with Cuy, radiation (A=1.54 A).

Thermogravimetric analysis (TGA) was conducted by using a balance
Mettler TG50 under an oxygen atmosphere and with a heating rate of
10°Cmin~" from RT—600°C.
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