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Biomaterials such as foraminifers, coccoliths, and shells exist Table 1. Selection Rules for Chirality of the Calcite (_Zrysgal
predominately as one of two nonsuperimposable mirror images of System (Planes Which Lack Mirror Symmetry are Chiral)

each other known as enantiomér€alcite can form these chiral point ) ) ) B
microstructures even though the material crystallizes in an achiral ___ system group {0001} {1010} {1120} {hki0} {hOh {hh2hl} —{hkil}
space groupResearchers have shown that enantiomorphs of calcite trigonal 3m 6mm 2mm 2 2 2nm 2 2

can be produced either by treating calcite with chiral etchants or  (hexagonal
by crystallizing calcite in the presence of amino acids such as  2X€S)
aspartic acid and proteid€lectrodeposition, like biomineralization,
is a near-equilibrium solution processing method in which solid in which metals are produced from metal ions by a cathodic process,
inorganic materials are produced from solution precursors. The it is also possible to deposit materials on an electrode surface by
resulting morphologies depend strongly on the presence of solutionthe electrochemical generation of acid or ba3ée electrodepo-
precursors and additives. We have previously shown that chiral sition of biomaterials occurs by electrochemically generating
films of CuO can be electrodeposited in the presence of tartaric hydroxide ions from water reduction, increasing the local pH at
and amino acidéHere, we show that chiral morphologies of calcite the electrode surface (eq 1). Base can also be electrochemically
can be electrodeposited in the presence of tartaric, malic, andgenerated by reducing molecular oxygen, nitrate, or organic
aspartic acid. molecules such as quinones. The biominerals calcite and aragonite
Studies in biomineralization have explored the influence of can then be electrodeposited by using the electrochemically
additives on the morphology of calcite crystalsMagnesium generated base to react with HEQn solutions containing C&
additives are found to inhibit calcite growth by limiting the step according to eq 2.
growth and s_ubstitut_ing for calcigr_n in the calcite_ structure, 2H,0 + 26" = H, + 20H 1)
consequently increasing the solubility of the deposit and often

producing a different polymorph such as aragoffif@The addition - + -
of carboxylic acids to calcite deposition solutions produces OH +cCa" + HCO; = CaCQ, + H;0 @)

elongated calcite crystals, terminated wit014} facets3*5dSimilar Scanning electron micrographs of electrodeposited calcite and
structures have occurred in magnesium inhibition studies on calcite gragonite are shown in Figure la and b. We observe that
growth on carboxylate-terminated self-assembled monol&fers. rhombohedral-shaped crystals of trigonal calcite are electrodeposited
Chiral organic acids with carboxylate groups have produced chiral from a pure calcium bicarbonate solution (Figure 1a). The lattice

etch-pit morphologi€s™ and chiral growth hillocks on calcité:® parameters determined by Rietveld analysis @re 0.4980 nm
Chiral morphologies of calcite exist in nature even though the andc = 1.7033 nm for the electrodeposited calcite, compared with
material crystallizes in the achiral space groBfc.? In fact, the literature values o& = 0.4991 nm anct = 1.7062 nm for

enantioselective adsorption of molecules on the chiral surface of trigonal calcite (JCPDS no. 81-2027). The addition of magnesium
minerals such as calcite has been invoked to explain the genesis oto the deposition bath inhibits the growth of the trigonal calcite
biogenic homochirality¢ The chirality of certain faces of calcite  and produces rosette formations of orthorhombic aragonite (Figure
can be understood from symmetry considerations. A chiral plane 1b). The lattice parameters aae= 0.4950 nmb = 0.7957 nm,
lacks mirror or glide plane symmet?? In order to determine andc = 0.5738 nm for the orthorhombic aragonite, compared with
which planes of calcite are chiral, one needs to determine from the the literature values af = 0.49598 nmp = 0.79641 nm, and =
space group the locations of mirror or glide planes in the structure. 0.57379 nm (JCPDS no. 76-0606). When the deposition bath
Achiral planes are those which are parallel with directions normal contains both dicarboxylic acids and magnesium ions, the structure
to these planes and therefore satisfy the zonal equétion-(kv reverts back to trigonal calcite with lattice parametera &f 0.4964
+ Iw = 0). This process can be simplified by considering the point nm andc = 1.6930 nm. The electrodeposited calcite contains-0.6
group of the material, 8, in which the c-glides are replaced by 0.8 atom % Mg. The morphology also changes when carboxylic
mirrors. Table 1 shows selection rules for chirality for the point acids are added to the bath. Instead of rhombohedral-shaped
group 3n. The plane groups for the pland4120}, {hkiO}, morphologies, the electrodeposited calcite from solutions with
{hh2hl}, and {hkil} are chiral because they lack mirror sym- achiral succinic acid (Figure 1c¢) or-malic acid (Figure 1d) are
metry® Hence, the commof1014} cleavage planes of calcite are  barrel-like structures with symmetrical facets. It is interesting to
achiral, whereas thg2131} scalenohedral faces on dog-tooth cal- note that the racemic mixture af- and L-malic acid does not
cite are chiral. For a chiral plane such &i(), its enantiomer is produce a racemic mixture of chiral morphologies, but instead forms
(hkal). an achiral microstructure.

Electrodeposition has been used by other groups to deposit Calcite that is deposited in the presence of chiral molecules grows
biominerals’ Although electrodeposition is usually a redox method with a chiral morphology. Scanning electron micrographs of calcite
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Figure 1. Deposition of calcite and aragonite by the electrochemical
generation of base. Scanning electron micrographs of (a) trigonal calcite
grown from a calcium bicarbonate solution, (b) rosettes of orthorhombic
aragonite grown from the same solution with magnesium present, (c) calcite
grown with added succinic acid, and (d) calcite grown with adnlechalic

acid.

Figure 2. Electrodeposition of calcite with chiral facets. Scanning electron
micrographs of calcite grown on polycrystalline stainless steel from calcium
bicarbonate in the presence of magnesium andL{&rtaric acid, (b)
p-tartaric acid, (c).-malic acid, (d)o-malic acid, (e).-aspartic acid, and

(f) p-aspartic acid. Each chiral agent produces a chiral morphology with
either a right- or left-handed spiral.

deposited with tartaric, malic, and aspartic acid additives are shown
in Figure 2. For each of the acids, a seashell-like spiral morphology
is produced, with the two enantiomers of the molecule producing
chiral morphologies. Notice thattartaric acid produces calcite with

a spiral that rotates to the left when viewed from above, while
L-malic acid and -aspartic acid produce calcite with spirals which
rotate to the right. Hence, there is not a direct correlation between
theL/p designation for the chiral molecule and the chiral orientation
of the resulting calcite. We note that théo designation is an
arbitrary label based on the glyceraldehyde molecule. Our results
correlate better with the Cahiingold—Prelog priority rules for

assigning absolute configurations to chiral moleculestartaric
acid has two chiral sites and is labelB@R, whereas -malic acid
andL-aspartic acid are both designatedSas

The electrodeposited calcite morphologies seen in Figures 1c,d
and 2a-f are similar to the columnar calcite with three rhombo-
hedral-like facets chemically deposited from supersaturated calcium
bicarbonate solutions with organic additives such as maloni¢%cid
and aspartic aciéfl The overall chiral shape evolution of right- and
left-handed morphologies is reported to be related to the reduction
of symmetry of the{ 1014} plane and the step edge selectivity of
the enantiome¥ Orme et al. have shown by molecular modeling
thatp-aspartic acid will preferentially bind to a (O4)iriser over a
(1104) riser3d Our results suggest that-tartaric acid may, in
contrast, preferentially bind to (D), producing calcite with the
opposite handed morphology.

Chiral electrodeposition should also be applicable to other
biominerals such as hydroxyapatite. Because other workers have
shown that epithelial cells will preferentially adhere to specific chiral
faces of solids such as calcium tartréteis interesting to speculate
whether the surfaces of electrodeposited biominerals such as
hydroxyapatite on metal bone implants can be made more biocom-
patible if they are deposited in the presence of the correct hand of
a chiral imprinting agent.
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