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Copper oxalate particles precipitated from copper nitrate and
sodium oxalate are aggregates of small crystallites. The crystallites
seem to be self-organized such that they are very well aligned crys-
tallographically within the volume of the aggregate. The addition of
various cellulose derivatives induces different particle and crystal-
lite morphologies. Without additives, particles with a cushion-like
morphology are observed. Increasing the concentration of hydro-
xypropylmethylcellulose (HPMC) added to the precipitating agents
induces a variation of the shape from low axial ratio forms such as
cubes to higher axial ratio rods. The crystallites within these par-
ticles show a more elongated shape and smaller size as the HPMC
concentration is increased. The polymer additive seems to influence
the three steps of copper oxalate precipitation: nucleation, crystal-
lite growth, and aggregation. The presence of HPMC affects the
copper oxalate nucleation step whereby more nuclei are created and
their sizes decrease as reflected by the crystallite volume (total num-
ber of crystallites increases while the precipitate yield is constant). In
this paper we describe the characterization of these well-organized
aggregates and propose a mechanism for the influence of the HPMC
on the crystallite and aggregate shape. C© 2000 Academic Press

Key Words: precipitation; aggregation, self-assembly; morphol-
ogy, additives.
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1. INTRODUCTION

Precipitation is one of the oldest chemical engineering
erations to have been exploited commercially. The increa
emphasis on high added value speciality chemicals has
highlighted the important role of precipitation. The need to c
trol the properties of the precipitated product with respect to
size, shape, chemical composition, and substructure is be
ing more and more important and much research and prog
has been made over the past 10 years to this goal. Particle
precipitate as single crystals or in the form of polycrystals m
up of a large number of small crystals. The formation of sin
crystals is often well described by classic nucleation and gro
theory for many systems (1). For the production of micron-si
1 To whom correspondence should be addressed. d
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particles much effort has been devoted to the production of
row or monosized particles that are often spherical in shape
other morphologies have also been illustrated (2). Nanom
sized particles are often the primary product in precipitat
from solution. Such dispersions are inherently unstable and
so-formed small crystallites aggregate to form larger partic
There are many examples of precipitated powders in which
particle is an agglomerate of small crystallites rather than a
gle crystal (3–12). The driving forces and detailed mechani
by which these polycrystalline aggregates form are not well
derstood and constitute a fascinating area of current resear
which this paper will contribute.

Matsui and Ohgai (7) report the formation of polycrystalli
hydrous zirconia particles during hydrolysis of ZrOCl2. These
particles are aggregates of primary nanoparticles smaller
10 nm and electron diffraction analysis has shown that th
polycrystals are made up of randomly oriented subunits
When precipitated in the presence of phosphate ions,α-Fe2O3

particles aggregate in an ordered manner to give ellipsoidal
ticles (12). This was interpreted as being due to the net mag
moment that hematite has along thec axis. In addition, when a
magnetic field is applied during the precipitation, the aspec
tio of the so-formed particles increases (12). Many authors h
in fact prepared a wide variety of particle morphologies and
results are well documented in the literature (e.g., Refs. 1b, 2
In some cases the morphology is related to the chemical com
sition of the solid, whereas in other cases materials of the s
composition precipitate as particles of different shapes, o
as a result of some modification of the experimental conditi
such as reactant concentrations, pH, and counterions.

A major effort has been made concerning the effect of v
ious additives on single crystal growth (13) and some gro
also developed accurate models capable of predicting the s
of molecular crystals including the effect of the growth e
vironment (14). For inorganic compounds organic additi
such block copolymers of PMMA-b-PEO have been shown t
strongly influence the morphology of CaCO3 precipitates (15).
The PMMA blocks specifically interact with the crystal fa
parallel to the calcitec axis leading to the growth of elongate
9 0021-9797/00 $35.00
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crystals, the aspect ratio increasing when the PMMA block r
increases.

The degree of order in the particles discussed above has
ied from perfect crystalline order through the orderedα-Fe2O3

ellipsoidal aggregates to random orientation of nanometer-s
crystallites in the ZrOCl2 products. Why some do and othe
do not have well-organized substructures is often poorly un
stood. Different types of materials are known to self-assem
such as small surfactant molecules in solution, in natural
materials, and in surfactant-coated semiconductors (16). S
assembly of several inorganic materials such as silver, s
sulfide, and cadmium selenide nanocrystals has been rep
(17, 18). Small or large aggregates can also be produced
in these aggregates the crystals are highly organized and
pseudocrystals. An important factor in the self-organizat
of such pseudocrystals is the very narrow size distribution
the subunits (18). The self-assembly of microcrystallites
(NH4)3PW12O40 has also recently been reported (19). The
polycrystals are porous but give monocrystal-like elect
diffraction patterns. The microcrystallites are epitaxially co
nected to each other leading to a dodecahedral morphology
origin of the unidirectional orientation of the microcrystals
not clear yet but a significant epitaxy between the microcrys
could control the orientation.

The compound of interest in this study, copper oxal
CuC2O4 · xH2O (with 0= x< 1), does not precipitate in th
form of single crystals but as spherical polycrystalline partic
(20) and in the work cited the particles were spherical. A preli
nary study in our laboratory has shown an interesting effect of
droxypropylmethylcellulose polymers (HPMC) on the partic
shape (22). The present study is devoted to a better unders
ing of this phenomenon with the help of analytical techniqu
such as X-ray diffraction, FT-IR spectroscopy, image analy
electron microscopy, and electron diffraction. A proposition
the mechanism explaining the interaction between copper
alate and the HPMC during the three main precipitation ste
nucleation, crystallite growth, and crystallite aggregation
presented.

2. MATERIALS AND METHODS

This series of experiments was carried out by varying
amount of HPMC from 0 to 2.5 g/l of reactant solution. Ea
experiment was undertaken by simultaneously adding 250 m
a copper nitrate solution and 250 ml of sodium oxalate solu
to 500 ml of a saturated copper oxalate solution (mother solu
or liquor) containing a prescribed amount of HPMC in a 2-l
actor maintained at 30◦C in a water bath. Constant agitation w
maintained during the experiments (magnetic stirrer, 500 rp
The mother solution contained 2.22× 10−4 mol/l of copper ni-
trate, 2.22× 10−4 mol/l of sodium oxalate, 1.1× 10−5 mol/l of
nitric acid, and a given amount of HPMC. The pH was abou

The compositions of the reactant solutions were 4× 10−2 mol/l
of copper nitrate (solution A) and 4× 10−2 mol/l of sodium
ET AL.
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TABLE 1
Sample Name and Corresponding Polymer Concentrations

for the Various Copper Oxalate Precipitates

Sample [HPMC] (g/l)

Cu0 —
Cu1 0.005
Cu2 0.020
Cu3 0.039
Cu4 0.078
Cu5 0.156
Cu6 0.313
Cu7 0.625
Cu8 1.25
Cu9 2.50

oxalate (solution B). The reactants were added simultaneo
at a constant flow rate (250 ml/h for each reactant). After
reactants were added, the suspension was aged for 1 h under
agitation, the precipitate was allowed to sediment for 1 h more,
and then the suspension was centrifuged to remove the filt
After the filtrate was removed the powder was washed with
propanol and centrifuged. A fraction of powder was preser
in suspension while the other fraction was filtered on a 0.2-µm
membrane and dried over silica gel in a desiccator until cons
weight was obtained. The sample names and their correspon
polymer concentrations are presented in Table 1.

The polymer (Culminal HPMC 100, lot VK-2244) was su
plied by Hercules GmbH (D¨usseldorf, Germany). Its absolu
molecular weightMw was 64,000 g/mol. The mean relativ
molecular weights communicated by Hercules wereMn=
38,134 g/mol, Mw= 205,216 g/mol. The substitution o
hydroxyl functions on the cellulose backbone by methyl a
hydroxypropyl functions were respectively 24.7 and 5.5 w
The substitution degreeDS was 1.53 and the mean molar su
stitutionMSwas 0.14.

The X-ray diffractograms were measured using a Siem
D500 diffractometer equipped with a copper anode and a
phite secondary monochromator. The radiation wavelengλ
(CuKα1)= 0.15406 nm was used for calculations. The JCP
file no. 21-297 for copper oxalate was used to index the pe
The peak profiles 110, 111, and 220 were measured mor
curately in order to calculate the mean crystallite size from
peak broadening. The ranges 2θ = 20–25◦, 41–44◦, and 45–49◦

were measured with 0.006◦ steps and with times of 4, 12, an
16 s/step, respectively. Quartz was used as a standard in or
correct for the peak broadening due to the diffractometer c
tribution. The measured peaks were then fitted using a Pea
function and theKα1 and Kα2 contributions were separate
The peak integral widths were then used for mean crysta
size calculations. The Diffrac5000 software (Siemens) allow
the use of the Warren–Averbach method (23) in order to de
mine the mean crystallite size in the direction of the normal to

diffracting (110) planes with the 110 and 220 lines. This method
supposes the peak profiles to be symmetric. As there were no
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PRECIPITATION OF COPPE

higher order reflections observed for the 111 line, the Sche
equation (24) was then used to calculate the mean crystallite
L in the [111] direction according to

L = Kλ/(β cosθ ), [1]

whereλ is the wavelength,K is a constant equal to 1,β is the
peak integral width, andθ is the diffraction angle.

The powders were observed in SEM mode on a Jeol m
JSM-6300F electron microscope and in TEM mode on a Hita
HF-2000 FEG electron microscope under 200 kV accelera
voltage. The sample was held at 77 K while the TEM obse
tions were carried out to minimize beam damage.

The specific surface area measurements were made b
trogen adsorption evaluated using the Brunauer–Emmett–T
(BET) model with a Micromeritics Gemini 2375 instrumen
Prior to the measurement, the powder was dried under flow
nitrogen at 110◦C for 60 min.

The FT-IR spectroscopy measurements were carried out
a FT-IR Nicolet spectrophotometer (model 510) in transmiss
mode in order to quantify the residual quantity of HPMC
the precipitated powders. A calibration curve was determi
with reference samples obtained by depositing the approp
amount of an aqueous HPMC solution on KBr pellets pre
ously pressed with a given quantity of copper oxalate prec
tated without HPMC. The samples to be measured were prep
by mixing a precise quantity of copper oxalate precipitated
the presence of HPMC with KBr and then pressing the mixtu

Zeta potential measurements were carried out using a Mal
Zeta Sizer 4. Samples measured were suspensions of c
oxalate in the filtrate as precipitated just before centrifugati

3. COPPER OXALATE STRUCTURE

According to several studies published in the literature (
25–31) the copper oxalate structure has not yet been de
tively determined, probably because of the great difficulty
obtaining sufficiently large crystals. Copper oxalate present
unusual antiferromagnetic character which should be relate
its polymer-like structure as revealed by extended X-rays
sorption fine structures analysis (30). The most detailed s
for the determination of the copper oxalate structure was
ried out by Schmittler (27–28): the interatomic distances
duced from powder X-ray diffraction are comparable to the o
determined from EXAFS (30). The crystalline structure is
scribed with thePmnnspace group and the cell parameters
termined are (JCPDS file no. 21-297)a= 5.403Å, b= 5.571Å,
c= 2.546 Å (orthorhombic). This structure is described as
stacking of . . .Cu(C2O4)Cu(C2O4). . . ribbons. Each coppe
atom is bound with four oxygen atoms in the same ribbon
with two oxygen atoms of the upper and lower ribbons. A rep
sentation of the ribbons is showed in Fig. 1a with their respec

positions in space. The ribbon axis corresponds to the [001]
rection. The successive ribbons are perpendicular to each o
R OXALATE CRYSTALLITES 191
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FIG. 1. Ribbon arrangement in the copper oxalate structure. (a) Perspe
view along [010] (horizontal axis is [001], vertical axis is [100]); (b) proje
tion along [001]. Orientation corresponding to the cell described in JCPDS
no. 21-297. (Reprinted, with permission, from H. Schmittler,Crystal Res. Tech-
nol. 19(9), 1225–1230 (1984).)

(also see Fig. 1b). The ribbon stacking corresponds to an
dered arrangement within the crystalline structure. As can
seen from Fig. 1b, the [100] and [010] directions are equiva
and the (100) and (010) planes should be of a similar natur

4. RESULTS

For each experiment, the same amount of powder was pre
itated (1.3 g/l). The reference powder Cu0 shows a cushion-
morphology (Fig. 2a). The particles change morphology as
HPMC concentration increases. Figure 2 exhibits the three ty
of morphology obtained in the presence of HPMC: cubes fo
relatively low concentration (0.005 g/l), then square-ended r
(0.0195 g/l), and finally circular rods starting at a 0.1563
concentration.

Image analysis was undertaken with certain samples (Tab
in order to determine the axial ratio, defined as the ratio betw
the particle axish and the axisb. If we have a Cartesian coor
dinate system,h corresponds to thez direction andb to thex–y
direction for symmetric bodies. Oblate spheroids will then ha
axial ratiosh/b< 1 and prolate spheroids will have axial ratio
h/b> 1. A sufficient number of particles were counted in ord
to ensure a 5% precision for the axial ratio (31). These res
are presented in Fig. 3 and the mean lengthsh andb and mean
particle volumes are summarized in Table 2.

TABLE 2
Mean Particle Lengths h and b, and Mean Particle Volumes from

Image Analysis: Samples Cu1, Cu2, Cu5, and Cu7

Sample

Cu1 Cu2 Cu5 Cu7

h (µm) 1.12 1.81 2.70 3.26
b (µm) 0.95 0.73 0.54 0.43
Vparticle (µm3) 1.008a 0.965a 0.780a 0.480b
di-
ther

a Vparticle= b2h (square rod).
b Vparticle=π (b/2)2h (cylinder).
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FIG. 2. SEM micrographs of copper oxalate powders prepared (a) without HPMC and with (b) Cu1 with{HPMC}=0.005 g/l, (c) Cu2 with{HPMC}=
5
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0.0195 g/l, (d) Cu5 with{HPMC}=0.156 g/l, and (e) Cu7 with{HPMC}=0.62

Two electron diffraction patterns were measured using p
der Cu2: they were indexed in an orthorhombic cell with p
rameters described in JCPDS file no. 21-297. Figure 4 pres
a TEM micrograph and the diffraction pattern of the small
particle denoted P in the micrograph. Figure 4a shows tha
particle major axish is parallel to the ribbon axis [001] of th

copper oxalate atomic structure while the particle minor a
b is parallel to the [110] axis. The zone axis is [11̄0]. This
g/l. (f ) Cu7 at higher magnification showing crystallites.

w-
a-
ents
st
the

diffraction pattern almost corresponds to a monocrystal with
spotlike appearance but the slightly diffuse lines parallel to
[110] axis suggest some misorientation from perfect alignm
between crystallites. This does however indicate that the cry
lites are arranged in a very regular way within the particle. T
diffuse parallel lines in Fig. 4b indicate some disorder for
xis(001), (003),. . .(00l ) planes, in other words (00l ) planes withl =
2n+ 1. These planes are slightly disordered while being
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PRECIPITATION OF COPPE

FIG. 3. Particle aspect ratios determined by image analysis as a functi
the HPMC concentration in the reactant solutions.

parallel to the [110] direction. This disorder may also be du
an infinite superstructure. The correspondence between the
tallographic directions and the particle morphology indica
strong interactions between faces parallel to the [110] direct
Electron diffraction of sample Cu0, which shows a cushion-
morphology, could not be carried out because of its high in
bility under the electron beam (even when cooled at 77 K)
addition the particles also flipped and stuck on the carbon
on their thinner side, which may be indicative of a hydropho
interaction between the cushion edge and the carbon grid.

The X-ray diffractograms presented in Fig. 5 show pe
broadening as the HPMC concentration increases. The m
crystallite size has been calculated in the [110] and [111]
rections for the powders with different morphologies (cushi
cube, square rod, rod, longer rod). According to the elec

diffraction, the crystallites are stacked along the [110], [11̄0], and Thermogravimetric analysis showed that the polymer decom-

refore
[001] directions. The crystallites are then assumed to be squareposes at the same temperature as copper oxalate and the
FIG. 4. (a) TEM micrograph of powder Cu2, particles with a square rod
axis 1̄10.
R OXALATE CRYSTALLITES 193
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prisms with edges parallel to these directions. The mean c
tallite sizeL001 is calculated using the following relationship
L001= [(L111)2− (L110)2]1/2. The mean crystallite sizeL11̄0 was
considered identical toL110 from symmetry considerations a
illustrated by Fig. 6. As these faces present an identical struct
the assumption that they grow at similar rates seems reason

The mean crystallite sizes and aspect ratiosL001/L110 are
presented in Table 3. These mean crystallite sizes must b
terpreted with care because of their limited accuracy as som
the hypotheses required when using the Warren–Averbach
Scherrer methods were not satisfied (24). The crystallite size
ror may be up to 50%. Nevertheless, the polymer influence
be clearly seen in the strong trend shown by the mean crys
lite volume: 56 times smaller for sample Cu7 compared to C
(Table 3). This size decrease also corresponds to an increa
the number of crystallites per unit volume of a similar magnitu
as the same yield of powder (1.3 g) was found for each pre
itation experiment. The crystallites are represented to scal
Fig. 7. They tend to be longer along the [001] axis as the polym
concentration increases. The mean crystallite sizes for sam
Cu8 and Cu9 were not determined because the peaks wer
large to be fitted with any reasonable degree of accuracy.

The zeta potential measurement undertaken on sample
(precipitated without HPMC) at 31◦C in the as-precipitated sus
pension gave a value of−10.4 mV.

The specific surface area for most powders was also meas
(Table 3) and shows an increase with the HPMC concentra
until it is 0.625 g/l (powder Cu7) where a plateau is observed. T
geometric surface area determined from the particle dimens
and the copper oxalate density (3.5 g· cm−3) generally shows
a very good correlation between the geometric specific surf
and nitrogen absorption measurements.
shape. (b) Electron diffraction pattern of the smallest particle on the micrograph, zone
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FIG. 5. X-ray diffractograms of Cu0 (without HPMC), Cu5 ({HPMC}=0.1

the method could not be used to determine the residual qua
of HPMC in the powders. To determine the residual HPMC c
tent the powders were examined using FT-IR spectroscopy.
HPMC bands at 1063 and 1100 cm−1 were clearly seen in the
powders prepared in the presence of HPMC. The quantifica
was carried out using the 1100 cm−1 band. The residual amoun
of polymer ranges from 4 to 15 mg· g−1 of powder. Using the
total amount of precipitated powder and the measured spe
surface area the effective occupancy of HPMC per square
ter of powder was then calculated assuming that the poly
remains exclusively at the particle surface.

We believe that one of the key factors in explaining the
dered aggregation of the crystallites and the axial ratio is
anisotropy of the copper oxalate crystalline structure. The
minating surfaces of the crystallites are of two types,ε andα
(Figs. 6 and 7). These will probably have different interfac
energies with respect to the surrounding solution. If theε sur-
faces have a higher surface energy, i.e., are less hydrop
then these may interact preferentially with the HPMC to m

FIG. 6. Copper oxalate structure projected on the (001) plane. The co
oxalate ribbons are represented by light lines inclined at±45◦ and perpendicular

to this plane. The open gray square represents one crystallite projected on (
as the (110) and (1̄10) planes have the same composition.
63 g/l), and Cu8 ({HPMC}=0.625 g/l). Indexed with JCPDS file no. 21-297.

tity
n-
he

ion
t

ific
e-
er

r-
he
er-

al

ilic,
n-

per

imize the overall free energy. This difference may be expec
from the ribbon-like structure of copper oxalate as illustrated
Fig. 1, where the dominating species in solution from solubi
calculations (33) is expected to be the [CuC2O4]0 species. The
ε faces should not contain free O−C=C−O bonds and with
the low difference in electronegativity between C and O suc
surface would be of low polarity and consequently relatively
drophobic. Theα-type faces are more likely to have more po
terminations, the exact nature of which will depend of the cry
growth mechanism and the particular molecular growth un
Possible terminating groups (33) could be a hydrated cop
species (Cu2+) or oxalic acid groups from the charged compl
001)FIG. 7. (a) Crystallite representation from crystallite size determination.
(b) Possible growth mechanisms for ordered aggregates.



PRECIPITATION OF COPPER OXALATE CRYSTALLITES 195

TABLE 3
Mean Crystallite Size, Mean Crystallite Volume, and Total Number of Crystallites per Sample

Sample

Cu0 Cu1 Cu2 Cu5 Cu7

L (nm) L110= L11̄0 69 31 20 19 11
L001 49 46 34 41 33

L001/L110 0.7 1.5 1.7 2.1 2.9

Vcryst. (µm3) 2.33× 10−4 4.35× 10−5 1.40× 10−5 1.15× 10−5 4.13× 10−6

Ncryst. (l−1)a 1.6× 1015 8.6× 1015 2.7× 1016 3.2× 1016 9.0× 1016

Specific surface area (m2/g) 1.54 2.97 2.56 3.92 4.68
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a Calculated from the total amount of precipitate in 1 l (1.3 g) and the coppe

[CuC2O4]2− which would be consistent with the small negat
charge found in the zeta potential measurements. These
of terminations would be more polar than theε-type faces. Fur-
ther work on refining the crystal structure of copper oxalate
modeling of the crystal face terminations and surface ener
is planned and should help confirm the above suggestions.

We assume that the polymer interacts preferentially with
lateral surfaces of the particles that we have namedε, i.e., it
adsorbs only on theε faces and not on theα faces. By using the
geometric specific surface area data and the particle dimen
determined from image analysis, the residual amount of HP
on the lateral surfacesε would be equivalent to 4.5 mg/m2 for
each powder (except Cu5). The effective surface occupie
one HPMC molecule was calculated from the quantity adsor
per square nanometer and the absoluteMw assuming one mono
layer is adsorbed. Table 4 shows that the effective surface
one molecule is about 24 nm2 if the HPMC is considered to b
selectively adsorbed on the lateral surfaceε. It is possible to cal-
culate the radius of gyration〈r 2〉0 from viscosity measuremen
(34); this was estimated to be 17 nm. This is quite large c
pared to the occupied volume calculated above and sugges
polymer is well extended into the solvent with a relatively we
adsorption energy (35).

5. DISCUSSION

Microscopy has shown that the copper oxalate particle m
phology is highly affected by the presence of HPMC: pa

TABLE 4
Comparison between the Amount of HPMC That Would Adsorb

on ε Surface of Nonaggregated Crystallites and the Amount of
HPMC Available from Reactant Solutions

Theoretical monolayer
capacity on surfaceε Weight available

Sample (mg of HPMC/g of powder) (mg of HPMC/g of powde

Cu1 168 4
Cu2 251 15

Cu5 267 120
Cu7 457 481
oxalate density (3.5 g/cm3).

e
pes
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m-
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cles from cubes to circular rods have been prepared whe
a cushion-like morphology results when precipitation is d
without polymer. The electron diffraction patterns have sho
that the crystallites forming the particles are aggregated
highly organized manner, the major particle axish being parallel
to the Cu(C2O4)Cu(C2O4) ribbon in the copper oxalate stru
ture. The crystallite sizes have also been calculated using X
diffraction. The crystallites are smaller and more elongated
increasing polymer concentration. The residual amount of p
mer within the powders has been measured by FT-IR spectr
try and has also been assumed to remain on the particle surf
calculate the quantity per unit surface area. We will now disc
the possible mechanisms which may help elucidate these
ferent phenomena. The precipitation of copper oxalate with
the additive will first be discussed before considering the eff
encountered in the presence of HPMC and we assume th
crystallites are well-organized within the particle as observed
the HPMC-containing sample studied by electron diffractio

Copper oxalate without HPMC precipitates with a cushi
like shape and an axial ratio smaller than 1. It seems tha
lateral surfacesε have a hydrophobic nature while the basal s
facesα are of hydrophilic nature as these particles flip and s
on the carbon grid on their thinner side when under the e
tron beam. We think that these particles are formed follow
a self-assembly although we could not confirm this by e
tron diffraction as the particles decompose too rapidly. W
these crystallites aggregate to form a particle, it seems tha
hydrophobic faces minimize the interaction with the surrou
ing aqueous solution as the lateral surfaces of the particle
much smaller than the basal ones. In addition, the crysta
axial ratio is also smaller than unity. This suggests that du
the crystallite growth the hydrophobic face growth rate is a
limited in order to minimize their interaction with the aqueo
solution. This type of hydrophobic–hydrophilic interaction w
recently elegantly illustrated by the self-assembly of mesos
objects (36). The hydrophobic sides were attracted to one
other over large distances and even when two hydrophobic
were close to each other, they could move laterally from sid
side and maximize the amount of hydrophobic area in con

This phenomenon was explained as resulting from minimiza-
tion of the interfacial free energy of the liquid–liquid interface.
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The authors also suggested that this strategy can be appli
objects at the micrometer scale as we believe is the cas
the self-organization of the copper oxalate aggregates with
liquid–solid interface dominating.

The presence of HPMC seems to affect the copper oxa
precipitation during nucleation, crystallite growth, and cryst
lite aggregation. For the following discussion the selective in
action between the HPMC and theε surfaces will be assumed

Nucleation

Cellulose ether aqueous solutions are known to have a lo
interfacial energy than pure water (37). According to the cla
cal nucleation theories (1, 38), when the interfacial energy
tween the solution and the nucleus decreases, the free ene
nucleation decreases, the critical nucleus size decreases, a
nucleation rate increases. For this series of experiments, a
synthesis conditions were identical except the increasing HP
concentration. Therefore, the interfacial energy for the nucle
solution couple diminishes. The mean crystallite volume
creases when the polymer concentration increases (Table 3
the amount of precipitated powder does not vary. If each crys
lite is assumed to result from the growth of a stable nucleus t
the crystallite concentration may be used to estimate the in
nuclei concentration. This gives 1.6× 1015 nuclei/l for the pow-
der precipitated without HPMC whereas powder Cu7 conta
up to 9.0× 1016 nuclei/l around 56 times greater.

Crystallite Growth

From the mean crystallite sizes determined from the X
measurements, the crystallites tend to become more elong
when they grow in the presence of HPMC. Let us suppose tha
the crystallites have reached their final size and they are no
aggregated; their geometric specific surface area can then b
culated. In addition, we can assume that the maximum qua
of HPMC adsorbed on the lateralε faces is about 4.5 mg/m2 as
derived from FT-IR spectroscopy and image analysis meas
ments above. The initial concentration of HPMC in the reacta
is also known. This information is used to compare in Tabl
the amount of polymer available from the reactants with
amount that would be able to adsorb on the crystallite surf
For powders Cu1 and Cu2, the available amount of polym
is not sufficient to produce the estimated monolayer cover
of 4.5 mg/m2 on theε crystallite surface, by at least a fact
of 10. However, in the case of the powders Cu5 and Cu7
is in the same range as the required quantity to cover the
face. It is known that crystal morphology can be altered by
presence of polymer specifically interacting with crystal fac
(15). According to the representation of the crystallite sh
(Fig. 7), the crystallite aspect ratio sharply increases from C
This indicates that for Cu1 and Cu2, there is not enough poly
available to influence significantly the crystallite shape beca
of an insufficient coverage. When the concentration approa

the monolayer coverage of 4.5 mg/m2, the aspect ratio is signif-
icantly affected. In conclusion, the presence of polymer see
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to modify the relative growth kinetics of theε andα faces by
interacting exclusively with theε faces analogous to the effec
of polymer additives on CaCO3 single-crystal shape (15).

Aggregation

An important factor in the self-organization of such nanosiz
crystallites is that the distribution of crystallite sizes should a
proach monodispersity as illustrated in the organization of C
semiconductor crystallites (18). The growth of the particle fro
the near monosized crystallites should then resemble the gro
of single crystals (38). Here faceted faces grow quickly and
attachment of the growth unit is made at the higher energy k
or step sites as schematically illustrated in Fig. 7b. The near
taxial arrangement would also follow from this type of grow
mechanism as was also observed by Itoet al. (19). Consider-
ing that these crystallites seem to self-organize, it is reason
to assume a narrow crystallite size distribution; this is pro
bly related to the solution concentration and the mixing meth
used to create supersaturation. When precipitating with hig
concentrations spherical agglomerates with seemingly ran
orientation between the crystallites were observed (20). Th
variations have also been discussed elsewhere (21).

Murray et al. (18) in their conclusions suggested that su
self-organized particles or colloidal crystals could be form
from any controlled size colloid via a control of the interpartic
forces—primarily a gentle destabilization. We shall now d
cuss the different forces acting on the crystallites in our sys
and propose a qualitative mechanism for their aggregation.
forces to be considered are (36) attractive van der Waals for
repulsive electrostatic forces, and attractive or repulsive st
forces due to the presence of polymer molecules. The re
sive electrostatic forces are expected to be small because o
low value of the measured zeta potential. For weakly adsorb
polymer molecules depletion flocculation can be an import
mechanism (35). If water is a good solvent for HPMC and
the polymer is weakly adsorbed on the copper oxalate surf
when twoε surfaces approach, the HPMC molecules in betwe
these surfaces must alter their configuration. The resulting
crease in the configurational free energy renders this pro
unfavorable in dilute solutions so a polymer layer of thickne
smaller than the adsorbed layer thickness adjacent to a su
should be depleted. The osmotic pressure due to the poly
solution becomes unbalanced, resulting in an attraction of
two crystallites. For our system the sum of the forces res
in an attraction with perhaps the dominating mechanism be
depletion flocculation. Thus the major part of polymer wou
consequently be depleted from the crystallites’ surface as
aggregate while the remaining amount in solution surround
the so-formed polycrystalline particles would still interact wi
the externalε surface. This is the amount of residual polym
measured using FT-IR spectroscopy. The kinetic limitations
the polymer desorption could also help in the near well-orde
ms
arrangement of crystallites akin to the gentle destabilization pro-
posed by Murrayet al. (18).
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Particle Morphology

To describe the final shape and aspect ratio of the particle
us consider the respective interfacial energies of crystallite fa
α andε, σα andσε, (J· cm−2) andσt, the total interfacial energy
by unit volume (J· cm−5). The particle volume is given by

V = b2h. [2]

The total interfacial energy of the particle is given by

Wit = 2σαb2+ 4σεbh. [3]

The interfacial energy by unit volume is obtained by simp
dividing [3] by [2]:

σt = (2σα/h)+ (4σε/b). [4]

By expressingσt as a function ofV andb, [4] gives

σt = (2σαb2/V)+ (4σε/b). [5]
For a defined volumeV , the energy is at a minimum as
a fun

cally the interaction between the copper oxalate and the polymer
lite growth,
ction ofb when theσt derivative as a function ofb is for each step of the precipitation (nucleation, crystal
FIG. 8. Schematic description of copper oxalate precipitatio
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zero,

(dσt/db) = (4σαb/V)− (4σε/b
2), [6]

or when

(4σαb/V) = (4σε/b
2). [7]

By replacingV from [2] and simplifying [7], the interfacial
energy is a minimum with

(h/b) = (σα/σε). [8]

Equation [8] signifies that the particles become longer (h/b
increases) when the interfacial energy ratio between the b
faces and the lateral faces increases. Ifσε decreases relative t
σα when interacting with soluble molecules, the particles w
be more elongated. The axial ratio is smaller than one w
the copper oxalate is precipitated without HPMC but with t
HPMC concentration of 2.5 g/l, it equals 10.6, supporting t
general interpretation.

Figure 8 summarizes the above discussion, showing schem
n. Influence of HPMC on the three major steps of particle formation.
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and nanocrystallite aggregation) as a function of polymer c
centration.

6. CONCLUSIONS

The polymer additive seems to influence the three step
copper oxalate precipitation: nucleation, crystallite growth, a
aggregation of the crystallites.

The presence of HPMC affects the copper oxalate nuc
tion step by decreasing the interfacial tension between nu
and solution; more nuclei are consequently created and
sizes decrease as reflected by the average crystallite vo
(total number of crystallites increases as the precipitate yie
constant).

The influence of HPMC on copper oxalate morphology see
to be closely related to the copper oxalate structure with
types of faces,ε andα, at the external surface of the crystallite
They most likely have different surface energies that dictate
equilibrium shape and volume of the crystallites. During crys
growth, the specific adsorption of HPMC on theε faces seems
to, when present in a sufficient amount, dictate the shape
induce the growth of anisotropic crystallites.

This situation of dispersed nanocrystals is apparently no
vorable for the system and the nanocrystallites decrease the
all free energy of the system by aggregating. The major pa
the adsorbed polymer desorbs from the internalε surfaces and a
residual quantity remains adsorbed on externalε surfaces. The
aggregates formed from the crystallites have a very regular m
phology which varies from a plate- or cushion-like morpholo
through cube to finally a cylindrical rod morphology as the po
mer concentration increases.

Electron diffraction shows that certain particles are made
very well arranged subunits. The mechanism governing su
regular arrangement still needs to be elucidated but is likel
be driven by interfacial energy considerations and linked t
near monodispersed size of the crystallites.

We have shown in this study how it is possible to control
copper oxalate morphology from cushions to needles. No o
examples have been found that show such a good contr
morphology with a single chemical compound that precipita
in the form of polycrystalline particles.
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