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Reply to “Mirror Symmetry Breaking” of the
Centrosymmetric CaCOj; Crystals with Amino Acids**

Niklas Loges, Stephan E. Wolf, Martin Panthofer, Lars Miiller, Marc-
Christopher Reinnig, Thorsten Hoffmann, and Wolfgang Tremel*

I n their Comment in Angewandte
Chemie, Lahav and Leiserowitz state
that the crystallization experiments re-
ported in the contribution “Phase Selec-
tion of Calcium Carbonate through the
Chirality of Adsorbed Amino Acids™
violate basic rules of symmetry and
thermodynamics. Ruling out insufficient
statistics, they suspect the presence of
chemical, biological, or other homochi-
ral contaminants® in the system. Lahav
and Leiserowitz rest their assumption
on etch figures induced by the presence
of D- and L-a-amino acids in the growth
and morphology of the centrosymmetric
a-polymorph of glycine® and their ef-
fect on its polymorphic behavior. We
present here additional data on the
crystallization studies of calcium car-
bonate in the presence of homochiral
amino acids that were not contained in
the original paper.

We do not question the basic ex-
planation of the crystallography of the
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interaction of chiral molecules with
opposite surfaces (hkl) and (hkl) of
centrosymmetric crystals, irrespective
of the surface’s plane group symmetry.
These symmetry arguments certainly
apply to the growth, dissolution, and
physical properties of the defect-free
extended crystal, but they should also be
valid in the presence of potential homo-
chiral contaminants. It is highly debat-
able, however, whether these arguments
apply to the nucleus during the early
stages of crystal formation, even prior to
phase selection.™

In their crystallization experiments
with glycine, Leiserowitz and Lahav
view the solution merely as a reservoir
of discrete and non-interacting molec-
ular building blocks that are added one
by one to the surface of the growing
crystal. While this may be a reasonable
model for the crystallization of glycine,
it is certainly an inappropriate picture
for the crystallization of calcium car-
bonate. Lahav and Leiserowitz over-
looked that the amino acids cannot be
considered as innocent molecules, be-
cause they are involved as ligands in the
coordination chemistry of Ca’".l
CaCO; (bio-)mineralization, that is, nu-
cleation and crystal growth in the pres-
ence of amino acids (Haa), peptides, or
proteins, is dictated kinetically and ther-
modynamically by Ca®—amino acid
complex formation equilibria such as

(D-G).

[Ca(H,0),]*" +aa” = 0
[Ca(aa) (I_IZ())nfm]Jr +m HZO
[Ca(aa)(H,0),]" +aa” =

[Ca(aa)Z(HZO)n—m] +m Hzo (2)
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[Ca(aa),(H,0),] + aa~ = )
[Ca(aa);(H,0), ] + mH,0

Most of the possible Ca*" complexes
have neither been demonstrated in so-
lution nor isolated and structurally char-
acterized. Assuming only six-coordinate
metal centers, a large number of enan-
tiomeric and diastereomeric Ca*'—ami-
no acid complexes may co-exist (see
Figure S2 in the Supporting
Information), and it seems plausible
that five- or seven-coordinate species
exist as well.® These different com-
pounds will exert a distinct influence
on crystal growth and dissolution, as
they have different structures, symme-
tries, and thermodynamic stabilities.

Based on the stability and protona-
tion constants given in reference [7], the
complex [Ca(Hala)(H,0),]*" is present
only in small amounts for pH>8.5.
However, when the solution becomes
more basic, the alaninato complex [Ca-
(ala)(H,0),]* is formed, and at pH
values of >11 reaches a constant con-
centration corresponding to 16 % of the
total amount of dissolved calcium.

The positive-ion ESI mass spectra
(Figure 1a) of solutions containing Ca®"
and alanine in H,O is consistent with the
discussion above: the solutions contain
mono-, di-, and tri-substituted Ca?"
alaninato complexes, that is,
[Ca(ala); +2H]",  [Ca(ala),(H,0),+
H]" (0<x<2) and [Ca(ala)(H,0),]".
Prominent signals at higher masses can
be partially assigned to compounds with
more than one calcium ion:
[Cay(ala),(H,0)s]*", [Cay(ala)s(H0)]",
[Ca,(ala);(H,O)s+ H]*, and [Cas(ala),-
(H,O)J*". A detailed discussion of these
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Figure 1. ES| mass spectra of a calcium-alanine solution. a) Full mass spectrum in the range 50 <m/z <500 and b) MS? (306 m/z) to show
fragment ions during collision of the calcium trisalaninato compound with He* ions.

experiments is given in Section 1 in the
Supporting Information.

The coordination chemistry of Ca®"
in combination with the above mass
spectrometric data indicates that possi-
ble clues for understanding the observed
phase selection of calcium carbonate in
the presence of chiral amino acids lie in
their complexation behavior in solution.
In fact, the pH and [Ca®"] profiles of the
crystallizations in Figure 2 reveal signif-
icant differences in the presence of D- or
L-alanine. For L-alanine we observe a
uniform crystallization profile charac-
teristic of a steady precipitation, for
D-alanine the precipitation appears to
be a two-step process. The observed
differences in the solution pH cannot be
explained by the presence of chemical,
biological, or other homochiral contam-
inants, because the pH value is a ther-
modynamic bulk property of the solu-
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tion. For a detailed discussion see the
Section 2 in the Supporting Information.

We agree with Lahav and Leisero-
witz that impurities may play an impor-
tant role in the early stages of crystal
nucleation. Enantiomers of the amino
acids are prepared by different synthetic
routes and may be contaminated, for
example, with synthetic chiral precur-
sors. The commercially available L-ami-
no acids are prepared by fermentation
and extraction from natural products.
Each amino acid has to be separated
from complex mixtures of different
amino acids. As a result, commercial
L-amino acids may be contaminated by
small amounts of other L-amino acids.
On the other hand, p-amino acids are
synthesized either by asymmetric syn-
thesis or by separation from racemic
mixtures that are prepared by racemi-
zation of the L-amino acid.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The purity of the D- and L-alanine
and D- and L-valine was checked rou-
tinely by 'HNMR spectroscopy (see
Figures S6-S9 in the Supporting
Information). To rule out contamina-
tions of the enantiopure amino acids,
their purity was analyzed additionally by
gas chromatography using chiral col-
umns. The samples of D- and L-alanine
and D- and L-valine contain less than
0.1% of impurities, the samples of
D- and L-proline contain 0.13% and
0.12% of impurities (see Table S2 in the
Supporting Information). In the case of
D- and L-proline, these impurities might
possibly be due to other amino acids.

Based on the analytical data one
would rule out impurities to be the
driving force for the observed phase
selection of calcium carbonate. Still, to
probe the influence of chiral contami-
nants on the phase selection in a con-
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Figure 2. Progression of pH and [Ca’'] during a crystallization with L- and p-alanine as additives. (The apparent [Ca’'] in excess of the nominal
Ca”" content (10 mmol) of the parent solution is due to the fact that the Ca-sensitive electrode is also sensitive to H™ and NH,*.)!""!

trolled fashion, the crystallization of
CaCOj; was carried out in the presence
of enantiopure amino acids with and
without addition of 1.0%. and 1.0 % of a
second (enantiopure) amino acid, re-
spectively (Figure 3). The phase analysis
of the precipitates shows that the phase
selectivity in the presence of homochiral
amino acids, which was reported in
reference [1], has completely vanished
already at an impurity level of 1 %o (see
Table S1 and FigureS5 in the
Supporting Information). A detailed
discussion and phase analysis by means

Figure 3. SEM images of calcium carbonate crystallized in the pres-
ence of enantiopure L-and p-alanine. a) L-alanine with 1.0%o L-valine,
b) L-alanine with 1.0 %o p-valine, c) p-alanine with 1.0%o L-valine, and
d) p-alanine with 1.0 %o D-valine. Scale bars: 200 pm.
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of X-ray diffraction data are given in
Section 3 in the Supporting Information.
Thus, homochiral impurities that were
claimed by Lahav and Leiserowitz® to
be the driving force of the observations
reported in reference [1] clearly elimi-
nate the effect of phase selection rather
than promote it.

It is a well-known fact that the
polymorphism of calcium carbonate is
affected by other factors such as solution
pH, temperature, supersaturation, and
initial ion concentrations, the solution
pH being an important factor. At am-
bient temperature
and in the absence
of additives, vater-
ite was reported to
be the major prod-
uct in the pH range
between 8.5 and
10.”7 The yields of
aragonite and cal-
cite increase with
increasing pH val-
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ue. Aragonite formation shows a max-
imum at pH 11, above pH 12 calcite is
the dominant product."”’ When CaCO,
is precipitated from Ca(OH), solutions
in a CO, atmosphere in the presence of
enantiopure amino acid additives fol-
lowing a procedure given by Page and
Colfen,M! only calcite was formed (Fig-
ure4 and S11 in the Supporting
Information).

The difference between the miner-
alization experiments following the am-
monium carbonate method and the
Colfen method!™! lies in the starting
pH value and the pH evolution during
the precipitation process (see Figure S12
in the Supporting Information). The pH
value exerts not only a strong influence
on the supersaturation level by control-
ling the CO;*~ and HCO;~ concentra-
tions, it determines also—through the
protonation equilibria of the amino acid
(Haa, aa [zwitterionic], or aa~)—the
concentration of the active Ca*" solution
species that is involved in the complex-

Figure 4. SEM images of calcium carbonate crystallized in the pres-
ence of enantiopure valine from Ca(OH), under CO, atmosphere:
a) L-valine and b) p-valine. Scale bars: 20 um.
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ation equilibria given by Equations (1),
(2), and (3).

In summary, different from the crys-
tallization of glycine, the nucleation and
growth of CaCO; in the presence of
amino acids is determined to a large
extent by complex formation equilibria
that involve the amino acids and Ca?'.
The existence of mono-, di-, and trisub-
stituted Ca®" amino acid complexes has
been demonstrated by ESI mass spec-
trometry. For bifunctional chiral ligands
a large number of enantiomeric and
diastereomeric complexes can be
formed, which must be regarded as
“intrinsic homochiral contaminants”.
Chiral impurities that were claimed by
Lahav and Leiserowitz® to be the
source of the observed phase selectiv-

www.angewandte.org

ities in reference [1] show exactly the
opposite of the proposed effect: When
added intentionally, they annihilate the
observed phase selectivity rather than
promoting it.

Published online: April 10, 2008

[1] S. E. Wolf, N. Loges, B. Mathiasch, M.
Panthofer, I. Mey, A. Janshoff, W. Trem-
el, Angew. Chem. 2007, 119, 5716; An-
gew. Chem. Int. Ed. 2007, 46, 5618.

[2] M. Lahav, I. Weissbuch, E. Shavit, C.
Reiner, G.J. Nicholson, V. Schurig,
Origins Life Evol. Biosphere 2006, 36,
151.

[3] I. Weissbuch, L. Leiserowitz, M. Lahav,
Top. Curr. Chem. 2005, 259, 123.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[4] D. Zahn, Phys. Rev. Lett. 2004, 92,
040801.

[5] H. Schmidbaur, H.-G. Classen, J. Helbig,
Angew. Chem. 1990, 102, 1122; Angew.
Chem. Int. Ed. Engl. 1990, 29, 1090.

[6] S. Fox, I. Biisching, W. Barklage, H.
Strasdeit, Inorg. Chem. 2007, 46, 818.

[7] A.Casale, A. D. Robertis, C. D. Stefano,
A. Gianguzza, Thermochim. Acta 1989,
140, 59.

[8] M. Lahav, L. Leiserowitz, Angew. Chem.
2008, 120, 3738; Angew. Chem. Int. Ed.
2008, 47, 3680.

[9] D. Kralj, L. Brecevi, A. E. Nielsen, J.
Cryst. Growth 1990, 104, 793.

[10] S. Wachi, A. G. Jones, Chem. Eng. Sci.
1991, 46, 3289.

[11] M. G. Page, H. Colfen, Cryst. Growth
Des. 2006, 6, 1915.

Angew. Chem. Int. Ed. 2008, 47, 3683-3686


http://dx.doi.org/10.1002/ange.200700010
http://dx.doi.org/10.1002/anie.200700010
http://dx.doi.org/10.1002/anie.200700010
http://dx.doi.org/10.1103/PhysRevLett.92.040801
http://dx.doi.org/10.1103/PhysRevLett.92.040801
http://dx.doi.org/10.1002/ange.19901021005
http://dx.doi.org/10.1002/anie.199010901
http://dx.doi.org/10.1002/anie.199010901
http://dx.doi.org/10.1021/ic061838b
http://dx.doi.org/10.1016/0040-6031(89)87284-3
http://dx.doi.org/10.1016/0040-6031(89)87284-3
http://dx.doi.org/10.1016/0022-0248(90)90104-S
http://dx.doi.org/10.1016/0022-0248(90)90104-S
http://dx.doi.org/10.1016/0009-2509(91)85030-2
http://dx.doi.org/10.1016/0009-2509(91)85030-2
http://dx.doi.org/10.1021/cg060152r
http://dx.doi.org/10.1021/cg060152r
http://www.angewandte.org

