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Abstract: Calcium carbonate biomineralization uses complex assemblies of macromolecules that control
the nucleation, growth, and positioning of the mineral with great detail. To investigate the mechanisms
involved in these processes, for many years Langmuir monolayers have been used as model systems.
Here, we descibe the use of cryogenic transmission electron microscopy in combination with selected area
electron diffraction as a quasi-time-resolved technique to study the very early stages of this process. In
this way, we assess the evolution of morphology, polymorphic type, and crystallographic orientation of the
calcium carbonate formed. For this, we used a self-assembled Langmuir monolayer of a valine-based
bisureido surfactant (1) spread on a CaCl,-containing subphase and deposited on a holey carbon TEM
grid. In a controlled environment, the grid is exposed to an atmosphere containing NH; and CO; (the (NH,).-
COs diffusion method) for precisely determined periods of time (reaction times 30—1800 s) before it was
plunged into melting ethane. This procedure allows us to observe amorphous calcium carbonate (ACC)
particles growing from a few tens of nanometers to hundreds of nanometers and then crystallizing to form
[00.1] oriented vaterite. The vaterite in turn transforms to yield [10.0] oriented calcite. We also performed
the reaction in the absence of monolayer or in the presence of a nondirective monolayer of surfactant
containing an oligo(ethylene oxide) 2 head group. Both experiments also showed the formation of a transient
amorphous phase followed by a direct conversion into randomly oriented calcite crystals. These results
imply the specific though temporary stabilization of the (00.1) vaterite by the monolayer. However,
experiments performed at higher CaCl, concentrations show the direct conversion of ACC into [10.0] oriented
calcite. Moreover, prolonged exposure to the electron beam shows that this transformation can take place
as a topotactic process. The formation of the (100) calcite as final product under different conditions shows
that the surfactant is very effective in directing the formation of this crystal plane. In addition, we present
evidence that more than one type of ACC is involved in the processes described.

Introduction mains present within a macromolecular matrix have been
associated with the nucleation of calcium carbonate biominer-
Is3 To elucidate the mechanisms involved, researchers have
used different synthetic systems to study the controlled formation
of oriented CaC@crystals in vitro? In particular, organic 2D
assemblies such as substrate adsorbed poly¥heesygmuir!—1°
Langmuir-Blodgett!11? and self-assemblé# 16 monolayers
have been instrumental in the study of the nucleation and growth
of such crystals.
In many studies, the structure of the stabilized crystal face
was compared with the available information on the monolayer

Many organisms use calcium carbonate mineralization to form
precisely shaped and composed materials specifically designe
for a variety of functions, including support and defense. To
this end, they use complex assemblies of macromolecules that’
control the nucleation, growth, and positioning of the mineral
with great detail Although many details of this process are
not yet understood, it has been demonstrated that nucleation
and growth are often controlled by acidic macromolecules such
as polypeptides rich in aspartate and glutamate residues and
sulfonated polysaccharidé$olypeptides with organized do-

2) Nudelman,_ F.; Chen, H. H.; Goldberg, H. A.; Weiner, S.; Addadi, L
T Laboratory for Macromolecular and Organic Chemistry, Eindhoven Faraday Discuss2007 136 9-25. !
University of Technology. (3) Addadi, L.; Weiner, SProc. Natl. Acad. Sci. U.S.AL985 82, 4110~

*Soft Matter CryoTEM Research Unit, Eindhoven University of (4 L(lal)lt'am‘ R. S. K.. Charnock, J. M.. Lennie, A.. Meldrum, F. C.

Technology. ) CrystEngComn2007, 9, 1226-1236. (b) Pokroy, B.; Zolotoyabko, E.;
§ University of Maastricht. Amir, N. Biomacromolecule®00§ 7, 550-556.
(1) (a) Addadi, L.; Weiner, SAngew. Chem., Int. EA.992 31, 153-169. (b) (5) Addadi, L.; Moradian, J.; Shay, E.; Maroudas, N. G.; WeinerP&c.
Meldrum, F. C.Int. Mater. Re. 2003 187—224. (c) Mann, SBiominer- Natl. Acad. Sci. U.S.Al987, 84, 2732-2736.
alization: Principles and Concepts in Bioinorganic Materials Chemistry; (6) Donners, J. J. J. M.; Nolte, R. J. M.; Sommerdijk, N. A. J. M.Am.
Oxford University Press: New York, 2001. Chem. Soc2002 124, 9700-9701.
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organization. From this comparison, the authors extracted gravity will cause these crystals to lie on their largest exposed
information concerning the relationship between the template plane, not necessarily on their nucleation plane, it is difficult
and the developing mineral phase. This has led to the nominationto fulfill the strict requirement that the orientation of the
of different important factors involved in the nucleation process, nucleation plane with respect to electron beam is unambiguously
including epitaxial’ stereochemicéland orientational match-  known. Moreover, forced precipitation from supersaturated
ing,811.12electrostatic interactior’d,and template adaptability. solution caused by the drying of the sample can cause artifacts
In most cases, the information concerning the crystallographic and leave some ambiguity about when and where nucleation
orientation and morphology of the crystals was obtained by did take placé?
isolation of crystals large enough to be analyzed with the  Although in situ experiments such as X-ray microsc8mnd
available methods. synchrotron small-angle X-ray scatterfhdnave revealed im-
The nucleation face of a crystal can be determined, establish-portant information on the formation of Ca@@ solution, little
ing its orientation with respect to the template in several ways. information is available on the interaction of the organic and
These include measuring the angles between the exposed knowinorganic phases during the process. Using in situ infrared and
crystal planed%1214modeling the crystal shag&Por determin- in situ UV experiments, other researchers have demonstrated
ing the relative intensities of the X-ray reflectioHs'® These the adaptation of the monolayer during the procéds.in
methods, however, can only be applied generally for crystals addition, in situ grazing incidence X-ray diffraction and reflec-
that have sizes near or in the micrometer range and do not givetivity experiments indicated an absence of structural matching
information about the orientation of the mineral in the very early between the two phasé&SMoreover, important indications have
stages of the experiment (i.e., on the onset of nucleation). been found for the involvement of amorphous calcium carbonate
Moreover, several examples are known in which crystals are (ACC) as a transient precursor phase in the formation of
suspected to change their orientation with respect to the air CaCQ.23 Nevertheless, to date, it has not been possible to

water interface in the course of their developmi@ht.A

unambiguously establish how the template drives the nucleation

frequently used method to obtain information on the early stagesof specific crystal face%'

of crystal growth involves the transfer of these crystals to a

In recent years, the use of cryogenic transmission electron

transmission.electron microscopy (TEM) .grid e}nd the subse- microscopy (cryoTEM) has been applied to study molecular
quent analysis by selected area electron diffraction (SAED). As assemblie? including monolayer®27in vitrified specimens.

(7) (&) Mann, S.; Heywood, B. R.; Rajam, S.; Birchall, J. \ature 1988
334, 692-695. (b) Mann, S.; Heywood, B. R.; Rajam, S.; Walker, J. B.
A.; Davey, R. J.; Birchall, J. DAdv. Mater.199Q 2, 257-261. (c) Rajam,
S.; Heywood, B. R.; Walker, J. B. A.; Mann, S.; Davey, R. J.; Birchall, J.
D. J. Chem. Soc., Faraday Tran$991, 87, 727-734. (d) Heywood, B.
R.; Mann, SChem. Mater1994 6, 311-318. (e) Didymus, J. M.; Mann,
S.; Benton, W. J.; Collins, I. Rhangmuir1995 11, 3130-3136. (f) Champ,
S.; Dickinson, J. A.; Fallon, P. S.; Heywood, B. R.; Mascal, Mhgew.
Chem., Int. Ed200Q 39, 2716-2719. (g) Buijnsters, P. J. J. A.; Donners,
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Langmuir2002 18, 8902-8909.
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J.; Vos, M. R. J.; Cheboraterova, N.; Popescu, D. C.; van Asselen, O.;
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CryoTEM has already been applied to study the formation of
silica-based organic/inorganic hybrid materisHere, we
present a cryoTEM-based method that allows us to assess the
morphology, polymorphic type, and orientation of calcium
carbonate in the very early stages of formation. In this new setup,
we use plunge freezing of the sample to arrest the growth
process and cryoTEM in combination with SAED to analyze
the resulting crystals in their native hydrated state and in their
original orientation. As a template, we use a valine-based bisurea
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Chart 1. Chemical Structures of the Valine-Based (1)8? and the ®
Penta(ethylene oxide)-Derived (2)& Bisurea Surfactants Pundgaam {Nmrcaa VITROBOT
i i _ @ !sAH_,4 c?,q-mo @ -
NN NN NN OIS SN N +
NN H H K l \.E
1 VITROBOT
i i ~0 o) OH
H H/\/\/\/\H u OIS T Emcflrl'::lnrll;:rntal i
2 : <«

amphiphile 1,8215 which self-organizes by strong bifurcated
hydrogen bonding between the urea units (Chaff1).

Results

Experimental Design.In the experimental setup used (Figure
1), Langmuir monolayers were prepared in glass crystallization
dishes containing a subphase of aqueous 10 mM £d@k
crystallization dish was placed inside a gloveldiitted to a

Figure 1. Schematic representation of the setup for the preparation of
cryoTEM samples from the mineralization process. (1) Deposition of the
NV . o monolayer on a Caghkolution. (2) Draining of the solution to deposit the
vitrification robot (step 1), which allowed us to maintain the monolayer on the TEM grid. (3) Grid mounted on the plunging arm and
sample at a controlled temperature (22 and at 100% relative introduction in the environmental chamber of the vitrobot. (4) Blotting of

humidity. Before the experiment, the equipment was flushed the sample to remove the excess Gadlution. (5) Introduction of (Nkj2-

. . . . . CG; and its decomposition into NfHand CQ. (6) Diffusion of NH; and
with nitrogen gas to prevent it from reacting Wlth the &Fm CO; into the solution. (7) Formation of CaGO(8) Quenching of the
the air, which would create an off-set in the time-dependent reaction.
CaCQ formation (Supporting Information S2). Subsequently,
the monolayer was deposited onto a holey carbon-coated TEMof time ranging from 30 s to 30 min. During the very early
grid by slowly draining the aqueous solution through a valve stages (30 s to 2 min), we observed the formation of small
on the bottom of the glass dish (step 2). In this way, the spherical particles that increased in size as well as in number
monolayer became suspended over therholes in the carbon  during this period (Figure 2). More precisely, after 30 s the
film covering the grid while still in contact with the CaCl particles had sizes between 10 and 50 nm (average 35 nm) and
solution. Maintaining the same environmental conditions, we displayed a density of 50 particlasi?. After 1 min, the particle
then transferred the grids into the chamber of the fully automated density was similar while their sizes had increased slightly to
vitrification robot (step 3). In there, the excess liquid was 20—70 nm (average 50 nm). After 2 min, the size range covered
removed by automated blotting to produce an approximately 50—120 nm (average 100 nm) with a particle density of 100
100-nm thin aqueous layer under the monolayer (step 4). After um~2. Significantly, the clustering of particles was now also
this (t = 0), a 10 mM aqueous ammonium carbonate solution observed.
was sprayed in the chamber using the Vitrobot humidification =~ The observed particles were absent in control experiments
system. Because of the decomposition of ammonium carbonatein which no ammonium carbonate was introduced in the system
(NH,)2CO;, the atmosphere inside the chamber became saturatedFigure S2). This demonstrates not only that in the experimental
with ammonia (NH) and carbon dioxide (C£) (step 5). The setup used the reaction with G@om the air does not play a
diffusion of these components into the aqueous film led to the significant role, but also that the particles can be differentiated
concomitant formation of CaGOwhile maintaining 100% from contaminating ice particles frequently observed in cryo-
humidity (step 6). The reaction was allowed to proceed for TEM preparationd® SAED showed the absence of diffraction
precisely determined periods of time ranging from 0 to 1800 s spots in all samples prepared in the presence of(R8s),
(step 7) before the reaction was quenched by plunging the gridduring these early stages, suggesting that the particles consisted
into melting ethane (step 8). This procedure not only provides of ACC. During the cryoTEM experiments, it became apparent
a method to investigate the early stages of the mineralizationthat the ACC particles could be divided into two classes.
process under the monolayer but also should trap the amorphousVhereas the larger particles 80 nm) were persistent in the
phase when present without staining or drying the sample. After electron beam upon application of higher electron doses (3000
being transferred to a cryoholder, both the morphology and the e A2), the smaller particles with diameters of 280 nm
(crystallographic) orientation of the particles formed in solution disintegrated under the same conditions (Figure 3, arrows)

can be studied using cryoTEM without disturbing them.
CaCO3z Formation under a Langmuir Monolayer of
Valine-Based Surfactant 1. Amorphous Calcium Carbonate

Interestingly, earlier reports similarly have suggested the exist-
ence of multiple forms of ACC not only with a different degree
of hydration, but also with a different degree of short range

Formation. Using the experimental procedure described in the order3! We speculate that our results may be related to these
Supporting Information (S2), we allowed calcium carbonate to observations.

form under a monolayer of the valine-based bisurea surfactant

Formation of Vaterite. When the reaction time was increased

1, which had been spread on an agueous subphase containingp 3 min, two types of particles were observed: a population
10 mM CaC} (Figure S3). The reaction was terminated by of small particles coexisting with a few distinctly larger ones
plunging the system into melting ethane after different periods (Figure 2d). The smaller category was present with a particle

(30) Dubochet, J.; Adrian, M.; Chang, J.-J.; Homo, J.-Cpduét, J.; McDowall,
A. W.; Schultz, PQ. Re. Biophys.1988 21, 129-288.

4036 J. AM. CHEM. SOC. = VOL. 130, NO. 12, 2008

(31) Politi, Y.; Levi-Kalisman, Y.; Raz, S.; Wilt, F.; Addadi, L.; Weiner, S.;
Sagi, I.Adv. Funct. Mater.2006 16, 1289-1298.
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Figure 2. TEM pictures of particles grown from a monolayer of valine-based surfagtanthe holes of the TEM grid after reaction times of (a) 30 s, (b)

1 min, (c) 2 min, and (d) 3 min. Scale bars are 200 nm. (e, f) Dark field TEM pictures and SAED pattern of the whole hole shown in (d), respectively. The
dark field picture corresponds to spot “C”. Reflections for (= (100),d = 3.58 A;B = (110),d = 3.58 A;C = (010),d = 3.58 A; (AAB) = 30°; (AAC)

= 60°; zone axis [00.1] of vaterite. The appearance of white spots in the dark field image (Figure 1e) that do not correlate to particles in the corresponding
bright field image (Figure 1d) is attributed to beam-induced ice crystallization (see also Figure S3).

cannot exclude that these satellite particles may be the seed of
new crystals that are growing in the proximity of the other
clustered ones.

Calcite Formation. When the calcium carbonate formation
under monolayers of was allowed to proceed for 5 min, the
cryoTEM images became dominated by larger particles (particle
density 6um~2) with sizes> 100 nm (Figure 4a,c). However,

a population of particles with sizes o0 nm was also still

- = . : o present (particle density 3m—2). SAED demonstrated that
B ' o I () . approximately 65% of the larger particles diffracted as (00.1)
Figure 3. TEM images of particles grown after 2 min of reaction and Vaterite (Figure 4b), whereas the remaining 35% consisted of
exposed under a beam that corresponds to an electron density of (a) 100 ealcite, almost exclusively in a [10.0] orientation (Figure 4e).
AZ and (b) 3000 e A Arrows in (a) show some of the particles that |t was not possible to unambiguously determine the crystallinity
disappear in (b). of the smaller particles as in almost all cases the selected area

density of~30xm~2and had diameters 30 nm, hence, clearly ~ also overlapped with the larger crystalline ones.

smaller than those observed after 2 min. In contrast, the few After 10 min, the number of crystals had increased over all
larger particles had sizes exceeding 200 nm. The absence ofize ranges (Figure 4d,f). The crystal density now amounted to
diffraction spots in SAED for the smaller ones suggests that 28 um~2 with approximately half of these<100 nm (14
these still consisted of ACC. In contrast, the larger ones all particlestn?). Of this population, approximately 70% consisted
diffracted as [00.1] oriented vaterite (Figure 2f). The observation of (10.0) calcite, indicating that in this stage of the process (5

of exclusively [00.1] oriented vaterite may be related to a 10 min after the start of the reaction) calcite crystals are
directing effect of the surfactant molecules in the monolayer, continuously nucleating. It also suggests that the smaller crystals
similar to what has been reported for fully compressed mono- of calcite found after 5 min may be freshly nucleated calcite
layers of stearic acié? crystals.

Our observation that the dimensions of the ACC particles  Importantly, the same preferred [10.0] orientation of calcite
present after 3 min were smaller than those observed in thewas found, similar to that for the experiments performed using
earlier stages of calcium carbonate formation (between 30 s andthe Kitano protocol, which involves the crystallization of CaCO
2 min) suggests that the larger particles grow at the expense offrom a supersaturated calcium bicarbonate solution controlled
the smaller ones through Ostwald ripening, a dissolution/ by CO, outgassing? This demonstrates that the monolayer of
reprecipitation mechanism driven by the reduction of total 1 is able to stabilize the same specific crystal face of calcite
surface free energy. Importantly, dark field images (Figure 2e) regardless of the kinetic details associated with the different
revealed that these particles, although they presented a singlésrocedures? It is interesting to note that all particles have a
diffraction pattern, had not yet fully crystallized and were still spherical appearance (as judged by their 2D projections) when
partially composed of amorphous material. The presence of their dimensions are<100 nm. Although vaterite has a
small (<20 nm) particles decorating the surface of the larger hexagonal lattice, the observed larger crystals generally appear
crystalline ones may indicate that the latter ones further grow
through addition of the former ones. However, at this point we (32) Kitano, Y.; Park, K.; Hood, D. WJ. Geophys. Re2963 67, 4873-4874.
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Figure 4. CaCQ formed after (a-c) 5 min and (e-f) 10 min of reaction. (a, d) TEM pictures, (b, €) SAED patterns, and (c, f) particles size distributions.
Scale bars are 200 nm. Reflections for (#):= (100),d = 3.58 A; B = (010),d = 3.58 A; C = (110),d = 3.58 A; (AAB) = 60°; (AAC) = 30°; zone

axis [00.1] of vaterite. Reflections for (€)A = (006),d = 2.84 A; B = (110),d = 2.495 A;C = (116),d = 1.87 A; (AAB) = 90°; (AAC) = 45°; zone

axis [10.0] of calcite.

template-directed mineralization process as was indicated earlier.
Significantly, exposure of the amorphous particles to the electron
beam for several seconds induced the appearance of spots in
the diffraction mode. Again, these patterns corresponded to
calcite in its [10.0] orientation, thereby confirming the initial
particles to consist of ACC.

This shows that exposure to the electron beam apparently
provides enough energy to allow transformation of the ACC
into one of the crystalline polymorphs, even in a vitrified ice
film. Furthermore, it allowed the particle to transform into a
crystal with the same shape. A similar topotactic transformation
of ACC into calcite was, albeit at room temperature, observed
for regenerating sea urchin spici#ésnd also in synthetic
molds3*

Importantly, during this process the presence of the monolayer
manifested itself through stabilization of the (10.0) face of
calcite. This demonstrates once more that an organic template
is indeed able to direct the solid-state transformation of ACC
to calcite® It is also interesting to note that such an electron
beam-induced transformation was not observed for the smaller
Figure 5. TEM pictures showing particles grown in the presence of a 100 ACC particles formed at lower €& concentration (10 mM).

mM CaC} solution after () 5 min and (b) 30 min. Scale bars are 200 nm. This may be explained by the fact that under a certain threshold

(c, d) Corresponding SAED patterns. Reflections for (&)= (006),d = ; ; ; ; .
2.84'A.B = (110),d — 2.495 A: C = (116),d = 1.87 A: (A\B) = 90" diameter calcium carbonate particles are not stable in their

(AAC) = 45°; zone axis [10.0] of calcite. Reflections for (dp = (0— crystalline form and hence must remain amorphusiterna-
21),d = 3.86 A; B = (0-1-6),d = 2.38 A;Cc= (1-2-4),d = 1.93 A tively, the difference in ease of transformation may be related
(AAB) = 84% (AAC) = 54°; zone axis [10.0] of calcite. to the existence of different types of ACC with different degrees

: . _of short range orde#
as round objects, whereas the calcite crystals, because of their g ) L
Role of the Monolayer. Mineralization in the Absence of

[10.0] orientation, appear as hexagons consistent with morpho- . L )
a Monolayer. When the mineralization reaction was performed

logical models of [10.0] oriented calcite (Figure S5). ! i

With reaction times exceeding 10 min, the formation of a without a monolgyer present, we fou_nd that after the first 30 s
thick layer of crystals hampered their characterization by TEM @morphous particles were present with size ranges between 15
and SAED. To increase the rate of the reaction while maintain- @1d 60 nm (average size 30 nm; Figure S6). These values are
ing a low nucleation density, the mineralization process was Slightly smaller than those observed in the presence of the
performed using a higher (100 mM) concentration of GacCl

(Figure 5). Following this procedure, after 5 min large amor- (33) Polil, ¥.; Arad, T.: Klein, E.; Weiner, S.; Addadi, iScience2004 306

phous particles with sizes of Z200 nm were formed, whereas  (34) Loste, E.; Park, R. J.; Warren, J.; Meldrum Al Funct. Mater.2004
; ; ; ; 14, 1211-1220.

after 30_ min o_nly [10'0] orlent(_ad calcite Wa? observed (Flgure (35) Aizenberg, J.; Muller, D. A.; Grazul, J. L.; Hamann, D. &ience2003

S4). This confirms (10.0) calcite to be the final product of the 299, 1205.
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Table 1. Size and Density of Amorphous Particles Formed after
30 s of Reaction without or in Presence of Monolayer of
Surfactants 1 or 2

particle

density

surfactant size (nm) (um=?)
— 30 70
1 45 50
2 50 40

monolayer and are in line with the observed higher nucleation
density of 70 particleg? (Table 1).

After 2 min, a new type of larger particles with an ap-
proximate diameter of 200 nm had appeared alongside a «
population of smaller ones (Figure S6). Whereas the smaller +*
ones only produced a diffuse halo indicating amorphous |
material, the larger ones all diffracted as randomly oriented |
calcite as may be expected in the absence of a directing templater
The decreased particle density of 2in—2 indicates that the !
crystals are formed at the expense of the small ACC patrticles.
In accordance with this suggestion, the amorphous particles still
present were clearly smaller than the ones observed after 30 <
and displayed diameters of35 nm. Further investigations
showed that after 5 min the entire population consisted of small
(50—500 nm) calcite crystals with a particle density ©25
crystalsim? (Figure 6a,b).

It is important to note that without the presence of the
monolayer, the formation of calcite crystals occurs at a higher
rate than when a templating monolayer is present. Nevertheless
during this process no signs of vaterite formation were observed.
The increased rate of crystallization is most likely because the E _

absence of the monolayer allows a more rapid diffusion of the = :
CO; into the aqueous filngé Figure 6. (a, c, e) CryoTEM pictures, scale bars are 200 nm. (b, d, f)

ik = e

. L. . . . Corresponding SAED patterns. (a, b) Caf&@ystals grown in the presence
Mineralization under a Nondirecting Monolayer. To obtain of a 10 mN CaGl solution without any monolayer after 5 min of reaction.

more information on the role of the template, a monolayer was (c—f) Particles grown in the presence of a monolayeafeposited in a
prepared from the nondirecting penta(ethylene oxide) analoguel0 mN CaC} solution. (c, d) After 30 s and (e, ) after 5 min. (d, )
2:5¢371n this assay, after 30 s we observed the formation of (Czcir‘;‘;sgc’:”g'_g% 2’?556%“52'51?&01' f%ﬁii'g?fréssz’(' A(?E) 254290;
amorphous particles (Figure 6d) with dimensions between 30 zone axis {-12.0] of calcite that is an example and corresponds to one of
and 65 nm and with a density of40 particlesim? (Figure the crystals with a size-200 nm shown in (e).

6c), quite similar to that observed for surfactanit the same

time, the results obtained after 5 min were comparable to thosecrystals. Consequently, we speculate that the preaggregation of

obtained without a monolayer after 2 min: we observed small the calcium ions in the vicinity of the carboxylic acid groups

amorphous particles (24m2, average diameter15 nm; in the monolayer ofl affects the kinetics in favor of the
Figure 6e) with a tendency to aggregate, coexisting with a formation of vaterite as an intermediate step before calcite is
population of larger ones (diameters 2€8D0 nm) that dif-  formed.

fracted as calcite. However, in contrast to the crystals formed _. .

under monolayers ofl, these all had random orientations, Discussion

confirming that the molecular structure dfis essential in the The monolayer of surfactart directs the successive trans-
formation of [10.0] oriented calcite. formations from ACC to [00.1] oriented vaterite and finally to

Notably, although the crystal size and crystal density of the [10.0] oriented calcite. These results are in line with our previous
reaction in the presence @fare comparable to the numbers experiments in which a monolayer bfwas also found to lead
observed fod, again no sign of vaterite formation was observed. to the stabilization of [10.0] oriented calcfeThis is regardless
In view of the specific [00.1] orientation of the vaterite crystals of the fact that these previous experiments were performed
with respect to the airwater interface, one may assume an following a different procedure (i.e., using the Kitano proto-
interaction between the monolayer and the nucleating vaterite col).2° Hence, the results presented here underline the effective

- control of the template over the nucleation of calcium carbonate.
(36) Loste, E.; Daz-Marf| E.; Zarbakhsh, A.; Meldrum, F. Cangmuir2003 . . .
19, 2830-2837. This successive formation of the less stable phases of ACC
(37) Poly(ethylene oxide) chains have no significant effect on the formation of i i i i
calcum carbonate. See. Colfen. H.: OF ChemEur, J. 2001 7. 106- and vaterite th'at pregede the formation of final calcite upder a
116. A monolayer ofl is predicted by the Ostwaldlussac law? This
(38) (a) Ostwald, WZ. Phys. Chemil879 22, 289. (b) Stinel, O.; Garside, J. — empjrical law says that first the least stable stage with the lowest

Precipitation; Butterworth-Heinemann: Oxford, 1992 and references L . .
therein. density is formed, which subsequently undergoes successive
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transformations until the most stable state with higher order and the carboxylate groups may dictate the orientation of a first layer
highest density is obtained. The kinetics in the absence of aof carbonate ions in subsequently the (00.1) plane of vaterite
(templating) monolayer at present give no indication for the and the (10.0) plane of calcite through interacting with a stern
involvement of formation vaterite, suggesting a direct conversion |ayer of calcium ions. As the (00.1) plane of vaterite has a charge
of ACC into calcite. density of about 6.7 calcium ions/@nwhich is~2.5 times the

It is furthermore interesting to note that although the charge density of a Langmuir monolayer of surfactar{®.7
conversion of ACC into vaterite seems to be a solid-state carhoxylate groups/nfras determined on a calcium bicarbonate
transformation, the trapsformation of ygter_ite into clearly calcite subphas®), an epitaxial relationship between nucleating plane
proceeds through a dissolutiereprecipitation mechanism. At 54 template can be ruled out. It further implies that the exact

cz?]lcl[lqum ((:jon.centtrr?notns O]; 10 TM' glér(r:entlly It s n?t clear compensation of the charge between the organic and inorganic
whether during this transtormation plays a role as an phase is not a prerequisite to stabilize vaterite crystals.

intermediate, even though many calcite c_rystals were foun_d 0 Nevertheless, the charge density of (10.0) calcite, which is 2.35
be decorated with small amorphous particles. That the direct S . . o
calcium ions/nr, is lower and gives a much better fit with the

transformation of ACC certainly is a possible route was h densi f th | Thi lain th
demonstrated by the fact that at a calcium concentration of 100¢narge epsny or the m°“9 ayer. IS may.exp ain the
transformation of (00.1) vaterite and the selection of (10.0)

mM an ACC-calcite transformation can be induced by the ;
electron beam. calcite as the preferred face.
As reported in other studies, ACC with sizes in the order of
tens of nanometers initially forms and aggregates into clukters.
ACC is formed whether or not a monolayer (charged or Conclusions
uncharged) is present. This shows that the formation of ACC
is not affected by surface tension or supersaturation effects at In conclusion, we have demonstrated that cryoTEM in
the interface with the monolayer and is only induced under combination with SAED can be used to study the progression
kinetic control. This is supported by the finding of smaller ACC of the biomimetic formation of calcium carbonate under
particles in the presence of monolayer that act as barriersmonolayers of a self-organized surfactant. This study has shown
reducing the diffusion rates of G@nd NH; at the air-water that irrespective of the presence of a dictating monolayer the
interface. formation of calcite is preceded by the formation of ACC as a
The ACC particles grow through Ostwald ripening, producing transient precursor phase. We found that, in the presence of a
a population of larger particles that subsequently crystallize to templating monolayer, ACC first transformed into vaterite before
form single crystals of vaterite with spherulitic morphology as 5 transformation into calcite occurred. The specificity of the
descr.ibed in earlier's‘,tudiéé9 Significantly, the metastable  jnteraction between the monolayer and the vaterite was dem-
vaterite polymorph is only observed in the presence of a yngirated by the stabilization of a specific crystal plane: the

monollayer Ofé'dThe fact thathvatehrit(? is not ob?ehr_ved Iunder (00.1) plane. Whereas the transformation of ACC to vaterite is
monolayers ob demonstrates that the formation of this polytype topotactic process involving an apparent solid-state transfor-

cannot be simply attributed to the kinetics as determined by mation, the transformation of vaterite to calcite involved a

the limited diffusion of NH and CQ through the monolayer . . L :
o . dissolution-reprecipitation process. This sequence shows that
of 1. Nevertheless, kinetics do play a role because Rieger et :
al3 did observe the subsequent formation of ACC and vaterite under the monolayers of our valine-based surfactant the forma-
tion of calcium carbonate obeys the Ostwaldissac law, which

as transient phases following the mixing of aqueous solutions X L .
of calcium chloride and sodium carbonate predicts that the less dense, kinetically more accessible phases

The crystallization process is controlled by the template as Précede the dense, more thermodynamically stable phase.
evident from the formation of [00.1] oriented crystals vaterite. The use of quasi-time-resolved cryoTEM analysis allows the
This is a gradual process as shown by the dark field TEM image quenching of the reaction and the trapping of the intermediate
(Figure 2e), which shows the coexistence of ACC and vaterite reaction products at precisely determined stages in the process.
in a single particle. We suggest that, under the conditions used,Thjs procedure plays an important role in the detection of the
the formation of the polar (00.1) vaterite face is mediated by ealy stages of the reaction. The technique further provided
the additional stabilization provided by the carboxylate groups ¢;ijence that also in this biomimetic process the transient ACC

of the monolayer. L L . can exist in more than one form with varying stability.
The subsequent transformation into calcite involves a dis-

solution—reprecipitation mechanism as indicated by disappear-

ance of vaterite particles concomitant with the formation of new,  Acknowledgment. This research was supported by The
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