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Abstract

Attachment energies computed with only Coulomb
potentials have been utilized to predict crystal morphol-
ogies for NalO,, sodium iodate, and the hydrate
NalO4.3H,0, sodium iodate trihydrate [actually
Na(H;0)(105)(OH);]. As with other previously studied
water-soluble ionic compounds, these two systems
exhibit a systematic relationship between the early
growth morphology and that of mature crystals; this
relationship can in each case be reproduced by adjusting
one attachment energy value. Morphology prediction
for these two substances is of particular interest because
NalO,4.3H,O is a polar crystal and involves extensive
hydrogen bonding, and because obtaining the observed
morphology for NalO, involved consideration of
solvent desorption at the growing faces.

1. Introduction

Docherty et al. (1991) have summarized the various
approaches to crystal morphology prediction.
Geometry-based approaches date back to the 19th
century; such methods consider that densely packed
faces (generally low-index faces) are less hospitable to
the addition of new solute molecules than high-index
faces, which would be more ‘rough’ on the atomic scale.
While such an approach does yield the observed
morphologies in many cases, it tends to fail for crystals
involving directional forces, as with many molecular
crystals.

Morphology prediction methods that incorporate
specific intermolecular interactions improve upon the
performance of the geometric approach. Considerable
success in predicting the morphologies of molecular
crystals has been achieved through the use of the
‘attachment energy’ method. Here, the growing crystal is
considered to consist of the bulk crystal (that which has
already grown) and a crystal slice of a certain orienta-
tion (hkl) with thickness (dj.;) about to attach to the
bulk. The energy of the bulk is computed by summing
atom-atom potentials over a sufficiently large volume to
achieve convergence. The slice energy is similarly
computed, and the attachment energy is taken as the
difference between the bulk energy and the slice energy;
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that is, the bulk energy of the crystal per mole is the sum
of the slice energy and the attachment energy. The
attachment energy can be computed for any crystal
direction. Directions corresponding to high attachment
energies are assumed to grow rapidly and thus do not
appear as faces in the mature crystal, while those
directions with low attachment energies become the
bounding faces of the crystal.

We have recently summarized the computational
issues involved in the attachment-energy method and
have suggested that, for ionic crystals, it may be possible
to dispense with all short-range forces, retaining only the
Coulomb potential, for which no special parameteriza-
tions are needed (Soltzberg et al., 1998). In the present
work, we apply the Coulomb-only attachment-energy
method to two particularly challenging examples.
Nal0O,4.3H,0 involves extensive hydrogen bonding but,
nonetheless, its observed morphology is successfully
predicted using only Coulomb interactions; in addition,
this crystal (space group R3) is polar. For NalO, (space
group I4,/a), although structurally simpler than the
hydrate, morphology prediction did not initially yield
agreement with the experimentally observed
morphology; a simple allowance for solvent affinity at
the growing faces did give a reasonable approximation
to the observed morphology.

The attachment-energy method has been applied to
several ionic crystals in recent years (Hartman & Strom,
1989; Gay & Rohl, 1995; Roberts et al, 1995). Those
studies have taken into account not only the Coulombic
attractive forces in such crystals, but also short-range
attractive and repulsive forces. The method, which has
been described in detail by Telfer et al. (1996), involves
refining an initial set of X-ray or neutron diffraction
atomic coordinates plus the parameters of the various
potentials against a group of experimental data
including elastic constants, dielectric constants and
phonon frequencies. The structure and potentials thus
obtained (the ‘refined structure’) are then used for the
computation of attachment energies. In the present
work, we have dispensed with the short-range potentials
and thus with the refinement process, and have used
only the Coulomb interactions computed from
published X-ray or neutron diffraction atomic coordi-
nates. This approach has given satisfactory results in the
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cases studied, presumably because Coulomb interac-
tions dominate the lattice energy in the ionic compounds
chosen.

2. Experimental

Crystals of the title compounds were grown by
controlled cooling from solutions saturated at various
starting temperatures. The apparatus and method for
growing crystals have been described previously
(Soltzberg et al., 1994, 1998). In the present work, we
grew crystals in small beakers, with paraffin oil on the
surface to prevent evaporation. Crystal growth was
recorded using a microscope-mounted video camera and
a time-lapse video cassette recorder. NalO,.3H,O
crystals were grown in the temperature range 296—
303 K. Crystals of NalO, were grown in the range 318—
323 K. Hill (1928) has reported that periodate solutions
take on the order of hours to days to equilibrate, so we
held the stock solution at the appropriate starting
temperature for 1 week before growing crystals.

Morphologies of resulting crystals were determined
using optical goniometry to establish the identity of
crystal faces.

3. Computations

The starting point for crystal morphology prediction
consists of unit-cell dimensions and atomic coordinates
obtained from X-ray or neutron diffraction studies. In
the present work, we utilized coordinates from X-ray
diffraction studies for both NalO, (Kalman & Cruick-
shank, 1970) and NalO,.3H,0 (Abrahams & Bernstein,
1978).

Since we employed only the Coulomb potential, the
only information needed in addition to the structural
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Fig. 1. Observed and predicted morphologies. The renderings have the
standard clinographic orientation, with the a axis emerging from the
page, the b axis roughly horizontal but tilted slightly from the page,
and the c axis nearly vertical but tilted very slightly out of the page.
The computed attachment-energy morphology for NalO, is based
on attachment energies scaled by the estimated H,O adsorption
energy, as explained in the text. {hkl,qy} is the face whose relative
growth rate is adjusted to model the early-growth morphology.
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data was the charge on each atom in the structure. It has
been shown that predicted morphologies can be sensi-
tive to the charge separation within a polyatomic anion
(Hartman & Strom, 1989). Experimental evidence based
on charge distributions determined from very accurate
X-ray diffraction data, such as the work of Maslen et al.
(1995) on inorganic systems, shows that formal charges
certainly are too large. In the present work, we
employed charges computed by fitting to the electro-
static potential map derived from abinitio wave func-
tions. We used the MacSPARTANPIlus software
(Wavefunction Inc., 1997) with wave functions
computed at the 3-21G* level.

The atomic coordinates and charges were then used as
input to MARVIN (Gay & Rohl, 1995). MARVIN was
developed specifically for calculating crystal energies
from structural data and employs algorithms that
implement the two-dimensional and three-dimensional
Ewald sum (Ewald, 1921); this method greatly reduces
the computational cost of calculating atom—atom inter-
actions among multiple unit cells and makes it practical
to carry out such calculations even on a desktop
computer.

For each (hkl) of interest,t MARVIN computes the
attachment energy and the surface energy, which is
related to the attachment energy as y = ZE,d,,;,/2V,
where y is the surface energy, Z is the number of
molecules or formula units per unit cell, d;; is the
interplanar spacing, and V is the unit-cell volume
(Hartman & Bennema, 1980; Rohl & Gay, 1996). It is
generally found that, except for submicrometre crystals,
the attachment energy is a better predictor of
morphology than the surface energy (Bennema, 1993).
The essential idea for predicting morphology from the
attachment energy is that growth rate is roughly
proportional to the attachment energy. Visualization of
the morphology is based on Wulff’s theorem (Brice,
1973), as implemented in the software SHAPE (Dowty
& Richards, 1994).

4. Results and discussion

Fig. 1 summarizes our results and should be compared
with similar findings for six compounds previously
reported by Soltzberg et al. (1998). As with the other
crystals reported in that work, there is a difference
between the observed early- and late-growth morphol-
ogies that can be understood on the basis of a change in
the relative growth rate of one growth direction. In the
case of NalO,, the difference is subtle, appearing as a
difference in the relative sizes of the {112} and {101}
forms. The observed late-growth morphology agrees

+ The growth directions investigated are, generally speaking, low-
index planes, subject to the Bravais-Friedel-Donnay-Harker (BFDH)
condition, which adjusts plane spacing for translational symmetry
elements that result in extra planes of atoms (Docherty et al, 1991).



884

with that reported by Deshpande et al. (1982) for two
large crystals grown over a period of several days. This
morphology is also consistent with that reported by
Groth (1908).

The morphology difference between early- and late-
growth crystals is more pronounced in the hydrate.
Newly appearing and rapidly grown crystals look like
simple squat trigonal pyramids, with tiny [101] faces
becoming visible at the corners as the crystals age.
Mature large crystals show additional faces around the
base. Crystals of both types were illustrated by Groth
(1908); the polar character is obvious in both types of
morphology.

Prediction of morphology for both these compounds
presented challenges not encountered with any of the
substances that we studied previously. The hydrate is a
polar crystal, but the straightforward computation of
attachment energies cannot give a polar morphology.
Fig. 2 shows a bulk crystal and two slices, hkl and hkI. If
the internal structure in the slice is the same as the
structure in the bulk, it is clear that there will be no
difference in the interaction of the bulk with either slice,
even if the internal structure is polar. The polarity of the
crystal structure can only affect the attachment energy if
there is some structural difference between the bulk and
the slice. There is, indeed, reason to expect that charge
separation would be greater in the bulk than in the slice;
abinitio computations on NaCl clusters show that charge
separation increases with cluster size. Docherty et al
(1993) successfully predicted the polar morphology of
urea crystals by considering the polarization of a free
urea molecule to be different from that of the molecule
in the bulk crystal. To test this strategy for NalO,.3H,0,
we computed abinitio atomic charges for one and two
formula units from the unit cell; the resulting charges are
shown in Table 1. We scaled the resulting charges to
bring the cation to integer charge (+1), in keeping with
usual practice (see, for example, Telfer et al., 1996). We
utilized the ‘impurity’ feature of MARVIN to incorpo-
rate the two charge sets by entering two different
versions of each atom, designating the atoms in the slice
as ‘impurities’ and assigning them different charges from
the atoms in the bulk crystal. This approach produced a
good approximation to the observed morphology of
late-growth crystals, as seen in Fig. 1. Artificial reduction
of the attachment energy for (001) changed the

Jikl slice

hid slice

Fig. 2. Interactions of a polar bulk crystal with #kl and Ak slices.

CRYSTAL MORPHOLOGY PREDICTION

Table 1. Atomic charges used for the bulk crystal and the
crystal slice in NalO,.3H,0

q (bulk) q (slice)
Na +1.0000 +1.0000
1 +2.5191 +2.3824
(0] —1.1250 —1.0872
H +0.5480 +0.5253
Hiydronium +0.7992 +0.7265
Ohydronium —0.8106 —0.6147

morphology to resemble that of early growth crystals of
this material.

Since we did not employ any interatomic potentials
other than electrostatic potentials, the extensive
hydrogen bonding in NalO,3H,O might have been
expected to be problematic; however, this was not the
case. The success of the morphology prediction for this
substance suggests that, at least with respect to the
energetics of the crystal, electrostatic interactions can
account for the effects due to hydrogen bonding.
Indeed, Buckingham (1997) has commented on the
utility of an electrostatic view of hydrogen bonding.

Morphology prediction for the anhydrous compound
initially gave poor results, as shown in Fig. 3(a). The fact
that NalO, forms a hydrate suggested that the process of
removal of water from the growing faces of the crystal
might affect the growth kinetics for the anhydrous
material. This idea had been employed in another
morphology study (Wireko et al., 1987). In that study of
the growth of a-resorcinol along its polar ¢ axis, the
binding energy of a water molecule to different crystal
faces was estimated by systematically computing its
interaction energy with the crystal at a variety of sites
and for a variety of orientations. Sayle et al. (1996) have
employed MARVIN in a simplified version of this
strategy. We applied this latter approach to the
morphologically important {004}, {101} and {112} faces of
NalO,. We used MARVIN to compute the effect of
placing a water molecule 2.49 A (the average Na—O
distance in the crystal) and 52.49 A above various
surface Na* ions on these faces and took the difference
between the 2.49 and 52.49 A energies to be an estimate
of the interaction energy with each face. We then
crudely scaled the attachment energies for these faces by
dividing by the interaction energies, since tight binding
of the solvent to a face would retard the growth of that

v 9

Fig. 3. (a) Predicted morphology for NalO, using attachment energies.
(b) Predicted morphology for NalO, using attachment energies
scaled by the estimated H,O adsorption energies.
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Table 2. Interaction energies of a water molecule with the morphologically important faces of NalO,

hkl

101
E o (H,O at 2.49 A) (eV) —130.5110
Eo (HyO at 52.49 A) (eV) —130.0850
AE (adsorption energy) (eV) —0.4260
AE (adsorption energy) (kJ mol™ ")t —2.57
Eachment (€V mol ™)t —1.1324
Eauachment (scaled) (eV mol ™)+ —0.44

112 004
—130.4709 —132.9555
—129.7657 —132.4828
—0.7052 —0.4727
—4.25 —2.85
—1.7353 —1.7590
—041 —0.62

1 These particular energy values have been divided by the number of unit cells in the MARVIN computation (4) and the number of formula units

in the unit cell (4) to put them on a per-mole basis.

face. The resulting estimates of the binding energy are
shown in Table 2 and the improvement in the predicted
morphology is shown in Fig. 3(b); that morphology is
also shown in Fig. 1. Artificial reduction of the attach-
ment energy for {101} changed the relative prominence
of {101} and {112} to resemble that shown by early
growth crystals of NalO,.

The two crystals presented in this study introduce
features not encountered in our previous work. The
inclusion of a compound and its hydrate, with attendant
strong hydrogen bonding, and the inclusion of a polar
crystal extend the range of crystal environments
encompassed by this study. The persistence of the early-
growth/late-growth morphology differentiation and its
apparent correspondence to an increase in the growth
rate of all directions except one under conditions of
rapid growth (Soltzberg et al., 1998) begin to suggest that
this phenomenon may indeed have some generality
among ionic crystals.
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