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1. Introduction

Biomineralizing organisms produce scales, shells or skeletons
that are hybrid materials, composed of inorganic components such
as calcium carbonate or phosphate and a (minor) organic part con-
sisting of acidic macromolecules that display a high content of car-
boxylate, phosphate or sulfate groups [1,2]. These biominerals often
possess unique crystal textures that give rise to unusual mechanical

Abbreviations: SAM, self-assembled monolayer; ACC, amorphous calcium
carbonate; LBL, layer-by-layer; LFS, liquid-feed solution; M, number average
molecular weight; hb-PG, hyperbranched polyglycidol; hb, hyperbranched;
COO-terminated hb-PG, hyperbranched polyglycidol carboxylates (carboxylate
functionalized hb-PG); OPOsHPhOH-terminated hb-PG, hyperbranched polyglycidol
phosphates (phosphate monoester functionalized hb-PG); SO4-terminated hb-PG,
hyperbranched polyglycidol sulfates (sulfate functionalized hb-PG); DHBCs,
double-hydrophilic block copolymers; CaCOs, calcium carbonate; at.%, atomic
concentration; Eg, reduced Young's modulus; PAANa, poly(acrylic acid) sodium salt.

and optical properties such as strongly increased toughness, impact
resistance and characteristic luster [3,4]. By using nanoindentation,
it was demonstrated that calcite semi-nacre (H ~ 3-6 GPa;
E = 60-120 GPa) and pure calcite (H ~ 2-3 GPa) are harder and stif-
fer than calcite fibers (H ~ 0-3 GPa; E = 20-80 GPa). Rhynchonelli-
form brachiopods, for instance, have a three-layered shell, where
the secondary layer is composed of calcite fibers [5]. Many scien-
tists were intrigued by the hierarchical order and structure of
biominerals [6] leading to excellent mechanical properties [7],
which provide a source of inspiration for the fabrication of novel or-
ganic-inorganic composites. From the perspective of producing
materials reminiscent of biominerals (e.g., nacre) at large scale,
two technological aspects deserve further attention: First, to imple-
ment biomimetic production strategies requires vast conceptual
simplifications of the putative mechanism(s) by which biominerals
are formed and thus the value of a production strategy has to be as-
sessed by screening gross morphological features of the as-synthe-
sized composite materials. This more or less descriptive (yet fast)
step might then be augmented by more sophisticated analyses of
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mechanical properties, which constitutes a limiting factor in terms
of time and equipment required to obtain meaningful results. Sec-
ond, genetic control over biomineral production has to be replaced
by simple self-assembly approaches. For the latter, it is anticipated
that finding appropriate synthetic models of biomacromolecules
occluded within biominerals might pave the way toward hierarchi-
cal materials that exhibit superior mechanical performance. It
should be noted in this context, however, that even a seemingly
simplistic task such as selective formation of artificial aragonite
platelets that bear morphological features closely related to the
brick-and-mortar arrangement of tabular aragonite crystals found
in nacre has remained elusive so far, despite partial success re-
ported by several groups [8-12].

In the realm of CaCOs/polymer composites, many studies have
shown that numerous experimental parameters, including pH
[13], temperature [14], foreign ions [15], chemical nature of the or-
ganic additives [9,15] and templates (matrices such as chitin, cellu-
lose or chitosan) [9] affect the CaCOs; crystal phase and the
resulting crystal morphology. DHBCs polymers demonstrated
remarkable effects in crystallization for a wide range of inorganic
and inorganic-organic hybrids [13,15,16]. Other classes of poly-
mers such as dendrimers were also discovered as active additives
for controlled CaCOs precipitation [17]. Hyperbranched polymers
belong to these synthetic tree-like macromolecules class and fur-
thermore, they are also accepted to be polysaccharide and polyeth-
ylene glycol analogues due to their good water-solubility and
biocompatibility [18-20]. Due to their unique properties, easy
one-pot synthesis, low cost production and well-defined architec-
ture with the possibility to attach different reactive terminal
groups in a straight-forward manner, hyperbranched polymers
have a wide range of industrial and biomedical applications [21].
Hyperbranched materials also have outstanding mechanical prop-
erties such as tensile strength and compressive modulus which re-
flect the compact highly branched structures [22]. The application
of hyperbranched polymers is largely unexplored in CaCO3 miner-
alization processes. Only few reports [20,23-25] as yet appeared in
the literature where functionalized hyperbranched polymers pos-
sessing carboxylate or sulfate groups were employed as additives
for the growth of isolated CaCOs crystals. To the best of our knowl-
edge, hyperbranched polyglycidols bearing phosphate monoester
end groups as well as their influence on CaCOs crystallization are
unknown until now. As outlined above, the appropriate selection
of both the synthetic polymers and a scalable production method
is of major importance for producing hybrid thin films. Numerous
established laboratory (i.e., small scale) techniques exist for the
fabrication of CaCOs thin films (carbonate diffusion in different
variants [26], self-assembled monolayers (SAMs) [23], layer-by-
layer (LBL) [10], Langmuir monolayer [27], electrophoretic deposi-
tion [11], are known, as well as continuous flow deposition tech-
niques [12]. Each of these techniques suffers from specific
disadvantages: Most of them are time consuming, pH dependent,
and none of them can be applied using high concentrations, thus
resulting in low deposition rates [28]. Therefore, there is a demand
for improved methods in order to cover large surface areas with
dense composite thin films in a production efficient and economi-
cally viable fashion.

We here present a novel strategy to obtain nanostructured com-
posites of CaCO5 by using spray-coating technique in a combina-
tion with functionalized hyperbranched low molecular weight
polyglycidols. For the preparation of calcium carbonate compos-
ites, the spray-coating technique offers many advantages as com-
pared to conventional deposition techniques, such as (1) simple,
fast and easy to handle spraying process; (2) no need to apply
pre-coatings; (3) easy scale-up due to the usage of simple and
industrially established equipment; (4) the possibility to cover
large areas and (5) to apply highly concentrated solutions,

resulting in deposition rates superior to that of all other methods.
In this work, we focus on the preparation of low molecular weight
hyperbranched polyglycidols bearing different functional groups
and effects of these on the formation of calcium carbonate compos-
ites prepared via spray coating. Attractive targets for these CaCOs/
polymer composites might include traditional wall paintings, coat-
ings of transportation systems such as ships or off-shore buildings,
coatings of medical devices (i.e., tubings, syringes or pumps),
ceramics, as well as biocompatible biomaterials such as bone or
dental implants [29].

2. Materials and methods

CaCl, x 2H,0 and Na,COs3; were purchased from Merck. These
chemicals were used as received without further purification.
High-purity 18.2 MQ cm double-demineralized water was used
as solvent for all solutions. Microscopy glass slides (ca.
76 x 26 mm; Menzel-Gldser) were used as test substrates in spray
coating procedures leading to calcium carbonate composites.

The deposited calcium carbonate composites were character-
ized with the following techniques: Thermogravimetric analysis
(TGA) was performed with a TGA/SDTA851 Mettler Toledo ana-
lyzer in a temperature range of 25-1100 °C in flowing nitrogen at
a heating rate of 5°C min~'. Scanning electron microscope (SEM)
images were recorded using a Zeiss DSM 962 scanning electron
microscope. Energy dispersive X-ray analysis (EDX) was performed
on an EDAX (Phonix) X-ray detection system with 30 mm? SUTW
window. Fourier transform infrared (FTIR) spectra were recorded
from KBr pellets in the range 4000-400 cm~' on a Bruker IFS FT-
IR spectrometer. X-ray powder diffraction (XRPD) patterns were
measured using Philips PANalytical X’Pert PRO diffractometer with
Cu Ko-radiation (Philips PW 3373, 45 kV, 40 mA) between 5° and
80° (20) with a step-size of 0.0334° (2@) and a sample time of
10 s/step. The refinement process was performed by using the
Jana2000 Program. Raman spectroscopy was performed with a Jo-
bin Yvon Horiba Raman spectrometer equipped with a He-Ne-la-
ser at a wavelength of 633 nm. Thickness profile measurements
were performed with a Dektak 150 profilometer from Veeco (stylus
diamond tip with radii 2.5 pm). X-ray photoelectron spectroscopy
(XPS) measurements were performed by a Physical Electronics
5800 Multitechnique ESCA System using monochromatic Al Ko
radiation (1486.6 eV) X-ray source operated at 250 W (13 kV and
19 mA). The photoelectrons were analyzed using a spherical capac-
itor analyzer (Phi Model 10-360). The pressure in the sample anal-
ysis chamber was 4 x 107° Torr. Survey scans (187.85eV pass
energy, 0.4eV step size), and high-resolution XPS spectra
(23.35 eV pass energy, 0.125 eV step size) were acquired to deter-
mine surface compositions. The spot size was 800 x 800 um at
normal incidence to the sample. Physical Electronics MULTIPAK
V6.1A software was applied to deconvolute XPS spectra. XPS anal-
ysis was taken at a take-off angle of 45°, and the binding energy
was calibrated by setting the C(1s) peak of hydrocarbons to
284.8 eV. For all cases studied, XPS analysis indicated the presence
of S(2p), Ca(2p), O(1s) and C(1s) peaks. An Olympus IX70 inverted
stage microscope was used to capture optical micrographs and
polarization optical micrographs of polycrystalline thin films
mounted between crossed polarizers. Mechanical properties were
measured by using a Nanotest™ 600 by Micro Materials Ltd.,
Wrexham (UK), which is a pendulum-based nanoindenter (i.e.,
samples are mounted vertically). A Berkovich pyramidal diamond
tip was used for all indentation measurements, penetrating into
the specimen surface at a controlled loading rate of 7.5 mN. The
load-displacement curves for each sample were performed at a
depth until 500 nm. The nanoindentation instrument uses Nano-
Test Platform software, which employs Oliver-Pharr data analysis



method to obtain the hardness [30]. As reference sample, natural
calcite was indented parallel to the freshly cleaved rhombohedral
(101) cleavage plane. For the purpose of statistical reliability, 45
indents for calcite and one hundred for the calcite composites were
made to obtain statistically averaged results.

2.1. Experimental set-up for spray coating deposition of CaCO3
composites

CaCO5; composites were prepared from two aqueous liquid-feed
solutions (LFSs) as starting materials. Liquid-feed solution 1 (LFS 1)
consists of an aqueous Na,COs3 solution mixed under vigorous stir-
ring for 40 min with functionalized hyperbranched polyglycidol
(hb-PG). The functionalized hyperbranched polyglycidols (hb-PGs)
were added to the Na,COs solutions prior to mixing, because at a
high pH value (in our experiments pH = 11.2) the different anionic
groups are completely deprotonated. Therefore, the negative anio-
nic charges are compensated by sodium cations. When a CaCl, solu-
tion is mixed with hb-PGs, sol-gel phase separation occurs due to
the sequestration of Ca?* ions bridging the anionic groups which
is accompanied by hydrophobic interactions between the organic
branches of the hb-PGs. Three different hyperbranched polyglycid-
ols were used: sulfate functionalized hb-PG (SO4-terminated hb-
PG), carboxylate functionalized hb-PG (COO-terminated hb-PG)
and phosphate monoester functionalized hb-PG (OPOsHPhOH-
terminated hb-PG). For synthesis, derivatization and discussion of
hyperbranched polyglycidols, see the Supplementary Material. In
a typical procedure, SO4-terminated hb-PG (3.7 mg/mL), or COO-
terminated hb-PG (4.65 mg/mL), or OPOsHPhOH-terminated hb-PG
(10 mg/mL at the first experiment and 1.23 mg/mL in the second
experiment) was dissolved in an aqueous solution of Na,COs
(100 mL, 0.5 M). The total final concentration of functional groups
employed from each polymer was approx. 0.02 M (sum over all
functionalized monomer units stemming from the polyglycidol
and 0.0025 M (for the second experiment performed in the pres-
ence of OPO3;HPhOH-terminated hb-PG). Liquid-feed solution 2
(LFS 2) consists of an aqueous CaCl, solution (100 mL, 0.5 M). The
resulting molar ratio was thus: functional group/Caz"/COi’ =1/
25/25. The resulting pH values for LFS1 and LFS2 were 11.2 and
5.7, respectively. The spray-coating experimental set-up consists
of a peristaltic pump, manometer and nozzle (detailed description
of the spray coating procedure, conditions and a technical drawing
are given in the Supplementary Material, Fig. S1). All experiments
were repeated at least twice. Control experiments were also carried
out employing an identical experimental set-up either in absence of
polyglycidol or with unmodified polyglycidol.

3. Results and discussion

3.1. Spray-coating preparation of vaterite composites in the presence
of SO,-terminated hb-PG

Different kinds of macromolecules have been tested for the for-
mation of CaCOsz-organic composite thin films [15]. In contrast to
the frequent usage of sulfonate-based polymers, few reports have
previously considered sulfate-based polymers (whether being syn-
thetic [16,20,24] or natural [9,31]) as effective modifiers for cal-
cium carbonate crystallization. Vaterite stabilization in bulk over
long periods of time [13,32,33] and formation of continuous pure
vaterite thin films [34] in the presence of different polymers have
been achieved by several groups. To the best of our knowledge,
there is only a single publication [24] that describes functionalized
hyperbranched polyesters possessing sulfonic acid groups and
their influence on the formation of single-phase, spherical vaterite
particles with a narrow size distribution and rough surface. Herein,

63

we present the preparation of a dense vaterite thin film obtained
by spray-coating employing a SO4-terminated hb-PG solution at a
concentration of 0.02 mol/L. The initial precipitation of an amor-
phous calcium carbonate (ACC) thin film was verified by optical
microscopy and Raman spectroscopy. The amorphous phase con-
sists of close packed contiguous colloid particles with apparently
no associated birefringence (Fig. S10c, Supplementary Material).
The Raman spectrum only showed a single carbonate vibration at
1079 cm™' and a broad hump below 300cm™' confirming that
the obtained product is ACC (Fig. S10a, Supplementary Material)
[35]. However, a complete transition from the ACC precursor into
polycrystalline thin film was readily achieved by heating the sam-
ple at 70 °C for 30 min. According to XRPD measurements, this
yields an optically birefringent hybrid thin film (Fig. S10d, Supple-
mentary Material), which contains pure vaterite. In addition, when
using spray technique for the preparation of CaCOs; composite
coatings in combination with functionalized hyperbranched
polyglycidols bearing phosphate monoester, sulfate and carboxyl-
ate groups, the thus-prepared CaCOs; composite thin films did
cover the substrate surface completely. Polarization optical micro-
graphs of polycrystalline thin films, taken at low magnification, are
shown in Fig. S10 (Supplementary Material). To evaluate the influ-
ence (if any) of the functionalized polymer on the formation of
dense composite thin films, we used the spray technique either
in the absence of any organic additives or in the presence of non-
functionalized hyperbranched polyglycidol (under otherwise
identical conditions). In both cases, only isolated calcite crystals
showing the typical rhombohedral form were observed. No dense
CaCO3 polycrystalline thin films were obtained (Figs. S11 and
S12, Supplementary Material). The XRD pattern in both cases indi-
cated formation of pure calcite. These results clearly indicate that
there is a strong interaction between the different functional
groups (phosphate monoester, sulfate and carboxylate groups)
and calcium ions that served as a reaction depot for the formation
of dense CaCOs polycrystalline thin films.

Phase purity of the composites was confirmed by comparing the
experimental X-ray powder diffraction (XRPD) patterns to refer-
ence diffraction data taken from the PDF-4 + database [36].

Fig. 1 shows the XRPD patterns of the deposited CaCO3; compos-
ite obtained in the presence of SO4-terminated hb-PG, which exclu-
sively leads to the formation of vaterite. It should be noticed that
the annealed films show an exceptional long-term stability (Fig. 1).

As a crystal model for the Rietveld refinement of the vaterite
phase, the crystal structure of vaterite with the unit cell parame-
ters and space group closest to the measured data for the vaterite
thin film was applied (initial coordinates and displacement param-
eters taken from ISCD, Ref. No. 15879) [37]. When applying the
March-Dollas formula [38], different directions of preferred orien-
tation were tested. The best solution was obtained in case of pre-
ferred orientation chosen along the [001] direction. The final
Rietveld plots are presented in Fig. S13 (Supplementary Material).

In contact with aqueous solution, vaterite normally transforms
rapidly into thermodynamically more stable calcite within hours
via a dissolution-recrystallization process [39]. It is assumed that
the stabilization of vaterite in liquid solution can be denoted due
to preferential adsorption of the organic additives (AOT [33] and
DHBC [13]) on the vaterite surface. Here, we report a stable vaterite
composite obtained in high purity after annealing at 70 °C. It seems
surprising that within 9 months the synthesized vaterite/SO4-ter-
minated hb-PG composite does not show any sign of phase trans-
formation, as can be clearly seen in the series of XRPD patterns
displayed in Fig. 1. To the best of our knowledge, this is the first
example that describes a successful stabilization of a spray-coating
vaterite composite in the presence of SO4-terminated hb-PG over
such a long period of time. The polymorphism of the film was also
characterized by Raman and FT-IR spectroscopy (Figs. S14 and S15,
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Fig. 1. Change of X-ray diffraction patterns over time of a vaterite composite thin film prepared by spray-coating technique in the presence of SO,-terminated hb-PG.

Supplementary Material). Both spectra clearly identifies vaterite as
crystalline phase from the characteristic peaks at 745 cm™! (vy)
and at 1092 cm™' (v;). The infrared data display four additional
absorption bands that correspond to the sulfate groups and the
C-H stretching modes arising from the polymer (Fig. S15, Supple-
mentary Material). The presence of three bands (1049, 1122 and
1255 cm™!) in the spectrum can be explained with a C,, symmetry
for SOi‘ groups stemming from the polymer. As a result, the (v,s)
region for the sulfate group is strongly split into three bands due
to a triply degenerated asymmetric mode (v3) [40]. The band at
2930 cm~! can be ascribed to the C-H stretching mode. Fig. 2
shows the typical scanning electron microscopy (SEM) images of
the vaterite composite. The composite consists of polycrystalline
spherical aggregates typical for vaterite (Fig. 2a), which are built
up of small needle-type nanoparticles with a size of 40-50 nm.
The aggregates show coalescence giving rise to a thick coating,
which possesses a pronounced roughness. This morphology is typ-
ical for strong interactions between crystallizing CaCO3 and func-
tional anionic groups which effectively suppress crystal growth
[13]. SEM images taken at higher magnification (Fig. 2b) show that
the aggregates within the polycrystalline vaterite thin film have an
external texture built from uniform nanoparticles. The average size
of these vaterite subunits was determined to be about 40-50 nm
by comparing the profile width of a standard profile with a sample
profile according to the Debye-Scherrer formula [41]. The average
size of single crystal domains thus obtained (40-50 nm) is almost

identical to the characteristic size of the vaterite primary particles
measured from the SEM micrographs (approximately 60 nm).
Thus, it can be concluded that the vaterite spherulites are com-
posed of needle-shaped single crystals that are radially orientated.
The average thickness of the vaterite coating is about 4-7 um
according to profilometer measurements, which corresponds to
1-2 times of the av. diameter of the aggregates.

The amount of SO4-terminated hb-PG adsorbed on the obtained
polycrystalline vaterite aggregates was determined by TGA
(Fig. S16, Supplementary Material). Two weight loss regimes were
observed as the film was heated from 25 to 900 °C: 41.96 wt.%
above 700 °C, which is due to decomposition into CO, and CaO
and weight loss of 3.22 wt.% between 150 and 300 °C, which is
due to the decomposition of the hb oligomers. The pure SO4-termi-
nated hb-PG itself has a weight loss of 44.1 wt.% in the same tem-
perature region of 150-300°C. Thus, the composite contains
between 4.6 wt.% and 7.3 wt.% of polymer (calculated from the dif-
ference between measured and theoretical weight loss of both
CaCO5 and the polymer). The assignment of the decomposition
steps was accomplished by comparison with the TGAs of pure
CaCO3; and SO4-terminated hb-PG (Figs. S16 and S17, Supplemen-
tary Material). Wang et al. [24] reported an amount of 7.9 wt.% of
sulfonic-based hyperbranched polymers that is bound to vaterite
crystals resulting from direct mixing of stock solutions. Via slow
CO, gas diffusion as well as using a sulfate-based hb-polymer
[20], pure calcite particles were produced, showing 5.3 wt.% of

Fig. 2. SEM micrographs showing morphological characteristics of vaterite/SO4-terminated hb-PG composite thin films formed via spray-coating technique. The micrographs
were obtained from the film after annealing at 70 °C for 30 min: (a) low magnification and (b) high magnification.



adsorbed polymer. The generation of different polymorphs and the
lower content of organic components reported in this study might
attribute to the different crystallization methods.

Employing sulfated hyperbranched polymers similar to ours
Meng and co-workers have reported on formation of pure vaterite
when using likewise polymer concentration [24]. The fast precipi-
tation (direct mixing of stock solutions), which occurs also in
spray-coating experiments, seems to be essential for obtaining
pure vaterite, in contrast to slow vapor diffusion experiments
where pure calcite is formed, even at much higher polymer con-
centration [20]. The degree of functionalization of the polymer,
on the other hand, seems only to have a minor role compared to
the crystallization method. Vapor diffusion method [20] and fast
precipitation [24] yielded pure calcite or vaterite polymorph,
respectively, at nearly the same polymer degree of functionaliza-
tion (approximately 60%).

3.2. XPS analysis of vaterite/SO4-terminated hb-PG composite

The FT-IR spectrum recorded from samples of vaterite/SO4-ter-
minated hb-PG composites provide evidence for the presence of
sulfate and C-H groups stemming from the polymer. This raises
the question for the location of polymer in the composite and its
putative interaction with the CaCO; particles. Accordingly, XPS
analysis was employed to determine the concentration of polymer
at the particle surface and to obtain concentration-depth profiles.
The film surface was etched by sputtering with Ar* ions: the Ar*
ion gun was used to slowly remove sample material (~1 nm/
min) in a stepwise fashion. XPS measurements of non-etched
(t=0) and etched areas of vaterite/SO4-terminated hb-PG compos-
ite at different times (t=1, 10, 20, 30, 40, 50, 60, 70 and 80 min)
were performed. The resulting fresh surface layers of the thin film
were scanned periodically by XPS in order to determine the depth
profile of the chemical composition.

The inset of Fig. 3 shows the detail spectra in the S(2p) binding
energy range. The peak at 169.0 eV can be assigned to the S-O
bonds in sulfate groups of the polymer [42]. The evaluation of
the XPS data shows that the atomic concentration (at.%) of sulfur
has the highest value of 0.45 at.% at the surface of the sample, be-
fore being etched by Ar* (Fig. 3a, t = 0 min). With increasing time of
etching, the S concentration decreases and reaches the detection
limit of the XPS instrument (~0.1 at.%) (Fig. 3a). These results fur-
ther demonstrate that the S concentration decreases with increas-
ing depth of the composite. Thus, we can conclude that the sulfur is
predominantly located in the external region of the vaterite/SOy4-
terminated hb-PG thin film. The total carbon concentration
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decreases with increasing etching times, whereas the Ca and O
concentrations increase (Fig. 3b; Fig. S18 see Supplementary Mate-
rial), which is in satisfying agreement with the conclusions drawn
above.

As a conclusion from the XPS data, the topmost part of the vate-
rite surface and its vicinity are rich in polymer species (S, C from
hydrocarbons), while the CaCO3 content increases and finally dom-
inates with increasing the penetration depth into the vaterite com-
posite. XRPD data showed no differences in the unit-cell parameters
when crystallized in the presence or absence of SO4-terminated hb-
PG, additionally indicating that the polymer was surface bound and
not incorporated into the crystal lattice. Furthermore, it was shown
that SO4-terminated hb-PG is preferentially adsorbed on the exte-
rior of the vaterite crystals, probably acting as a surface stabilizer.
Thus, a surface-confined polymer layer is probably the reason for
the observed unusual long-term stability of the vaterite composite.
At an atomistic level, the stabilization of vaterite particles might be
attributed to the branched structure of the polyglycidol backbone,
but this interpretation would require support from additional
experimental investigations.

Some authors [43] discussed that polymers having lower M,
values adsorb more efficiently on crystal surfaces than polymers
with greater M,. Since the synthesized functionalized hyper-
branched oligomers used in this study have molecular weights
(about M, = 700-800 g/mol), they should be anchored relatively
strongly at the surface of the aggregates. In this context, it can be
rationalized as to why SO,4-terminated hb-PG stabilizes vaterite
over a period of more than 9 months.

3.3. Spray-coating preparation of calcite-vaterite composites in the
presence of COO-terminated hb-PG

As mentioned in the introduction, the organic macromolecules
from the biominerals are typically rich of carboxylate groups. Thus,
another biomimetic CaCO3; composite was produced in the pres-
ence of hyperbranched polyglycidol functionalized with carboxyl-
ate groups (COO-terminated hb-PG). The XRPD diffractogram and
quantitative phase analysis (Figs. S21 and S22, Supplementary
Material) indicate that the composite is comprised of 50% calcite,
45% of vaterite and 5% of contamination with NaCl. A preferred ori-
entation along the [001] direction for both calcite and vaterite was
observed. The crystalline domain size of 102.7 nm for calcite deter-
mined from the (104) reflex and 51.1 nm for vaterite, determined
from the (112) reflex, respectively, were calculated according to
the Scherrer formula. The FT-IR and Raman spectra of the obtained
composite also indicate the presence of both polymorphs (Figs. S23
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Fig. 3. Chemical composition (Ca, O, C, S) of vaterite/SO4-terminated hb-PG coating derived from XPS spectra after increasing Ar* etching times (depth profile). (a) Significant
decrease in the sulfur concentration, as derived from the detailed spectra in the S(2p) range (inset) and (b) the evolution of chemical composition (Ca, O, C, S) at the surface as

a function of Ar* etching times.
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and S24; detailed explanations of both spectra can be seen in the
Supplementary Material). Typical SEM micrographs show that
the CaCO3 composite exhibits two different morphologies, typical
for each polymorph (Fig. 4). Big, rough, spherulitic aggregates are
found for vaterite, and a rhombohedral-lamella shaped structure
corresponds to calcite (Fig. 4). The mechanically interlocked crystal
aggregates associate with two types of crystal polymorphs found in
the composite, which is promoted by the COO-terminated hb-PG,
since no polycrystalline thin film formation was observed in the
control experiment in absence of the polymer (Figs. S11 and S12,
Supplementary Material). The surface of the composite is very
rough, with an average thickness of about 2-4 pm as determined
by the profilometer.

In addition to the control experiments performed, a CaCO5; com-
posite in the presence of PAANa (M,, = 2100 g/mol) was produced
by spray-coating. Although experiments were done under the
same conditions, PAANa did not exert the same strong influence
on the morphology of CaCO; thin films when compared to COO-
terminated hb-PG. Moreover, isolated crystal islands rather than
a dense composite coating were observed (Fig. S10, Supplementary
Material). Whereas linear polycarboxylates seem to act as an inhib-
itor for crystal nucleation, the hyperbranched polymers employed
in the current study are more efficient crystal habit modifiers.
Therefore, the specific CaCO3; composite structure and morphology
is, beside the functional group of the polymer, dominated by the
structure of the polymer. Composite films thus prepared possess
a typical average thickness of about 0.5-0.7 um, as determined
by AFM. TGA analysis was used to determine the amount of organic
content within the film, showing weight loss of 35.32 wt.% above
600 °C, which attributes to the decomposition of CaCOs. The
weight loss of 8.9 wt.% in the temperature range of 150-300 °C is
due to the decomposition of the polymer (Fig. S25, Supplementary
Material). Wang and co-workers [24] employed carboxylate-based
polyesters possessing a degree of carboxylation of 71.3%, which is
close to the corresponding value (70%) of hb oligomers employed
in our study. These authors found that 8.7 wt.% of polymer is at-
tached to the single spherical vaterite particles (with phase purity
of 96%) by direct mixing of precursor solutions. However, the cal-
cium and carbonate concentrations reported in this study
(0.025 M) were much lower than those used in our investigations
(0.5 M) and thus hardly comparable. In contrast, carboxylate-ter-
minated PAMAM dendrimers [17] showed approximately 30 wt.%
of polymer bound to vaterite particles, which were obtained by
direct mixing of stock solutions. On the other hand, You et al.
[20] reported pure calcite formation by slow vapor diffusion using
COO-terminated hyperbranched polyglycidol. These significant
differences in the obtained polymorph of CaCOs are due to the

employed crystallization method, which influences the nucleation
and growth of CaCOs. For all these similarly branched polymers
functionalized with carboxylate groups, direct mixing of precursor
solutions led to vaterite, slow vapor diffusion led to the thermody-
namically more stable product calcite, and spray-coating in our
case led to a mixture of both polymorphs showing that COO-termi-
nated hb-PG could - at least partially - initiate vaterite nucleation
and growth under these conditions. If compared to SO4-terminated
hb-PG, carboxylated polyglycidol seems less suitable for stabilizing
a high level of supersaturation of CaCOs, and it seems to act less
selective in directing the formation of a particular CaCOs; poly-
morph. The highest amount of vaterite that could be obtained in
our experiments employing COO-terminated hb-PG was 45%. Even
though no formation of a single pure CaCO3 phase was achieved,
these results show that dense calcite-vaterite composites can be
effectively prepared in the presence of COO-terminated hb-PG with
spray technique.

3.4. Spray-coating preparation of calcite composites in the presence of
OPO3;HPhOH-terminated hb-PG

Compared to carboxylate functionalized polymers, polymeric
additives bearing phosphate monoester groups have so far rarely
been employed as soluble additives in CaCOs3 crystallization. Phos-
phate groups were identified as good modifying groups due to the
low solubility product of calcium phosphate [44], and it was shown
that they can strongly interact with the surface of calcium minerals
[16,45].

The morphology of the composite obtained with hyperbranched
polyglycidol functionalized with phosphate monoester groups
(OPO3HPhOH-terminated hb-PG) in our experiments differs con-
siderably from the film morphologies obtained by the other func-
tionalized hyperbranched polyglycidols. Whereas the sulfate
functionalized polyglycidol showed distinct influence on the CaCO3
morphology and preferred vaterite formation, the phosphate
monoester functionalized polyglycidol led exclusively to calcite
formation with a strong impact on morphology. The crystal phase
of the polycrystalline CaCOs thin film made in the presence of
OPOsHPhOH-terminated hb-PG was characterized first by XRPD,
and quantitative phase analysis showed that pure calcite is present
(Figs. S26 and S27, Supplementary Material). The calcite thin film
demonstrated preferred orientation along the [001] direction.
The Raman and FT-IR spectra confirm calcite formation indicated
by an absorption band at 714 cm™! (v4) (Figs. $28 and S29, Supple-
mentary Material). Two additional bands at 1090 cm™' and at
1010 cm™! were found in the FT-IR spectrum, which corresponds
to the P-O-C bending modes of the phosphate monoester groups

e

Fig. 4. SEM micrographs showing morphological characteristics of the calcite-vaterite composite obtained by spray technique in the presence of COO-terminated hb-PG.

(a) Low magnification and (b) high magnification.



from the polymer, since no infrared active band occurs for calcite
in this region. By EDX analysis, a small amount of phosphorous
bound to the composite (Fig. S30, Supplementary Material) was
found. Thus, the presence of polymer bound to the calcite was
proved by EDX and FT-IR. Thermogravimetric analysis (Fig. S31,
Supplementary Material) of the composite was carried out to
determine the amount of incorporated polymer within the com-
posite. The first weight loss of 13.1% occurs upon heating to
300°C and corresponds to the decomposition of the polymer,
whereas the second weight loss of 38.2% occurs from 700 °C on,
which is due to CaCOs; decomposition. The adsorbed OPO5
HPhOH-terminated hb-PG showed pronounced morphological
impact on the CaCO3 composite. Suppressing the regular rhombo-
hedral growth of typical calcite crystals, rosette-like structures are
observed, which show a layered and confluent intergrowth of cal-
cite platelets, as revealed by SEM images (Fig. 5a and b). The XRPD
analysis shows that this composite is constructed of small subunits
with a primary particle size of 250 nm, as revealed by the width of
the (104) reflection. Employing a profilometer, it was found that
an essentially uniform film thickness in the narrow range of 3.3-
3.5 um is characteristic for this composite. Noteworthy is that
when the oligomer concentration was decreased by nearly 10
times, that is, from 10 mg/mL to 1.23 mg/mL, even at this low con-
centration a composite was obtained, although the morphology
was changed. SEM micrographs of the obtained composite, which
contains larger crystal specimen and a rough surface texture, are
shown in Fig. 5¢ and d. Two different morphologies can be clearly
seen: rhombohedral particles with sharp edges and smooth surface
areas showing intergrown spherical particles. The single poly-
morph accomplished in this second composite was calcite as well,
as proved by XRPD (data not shown). The single crystalline
domains were estimated to have a size of approx. 205 nm as
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determined from the (104) reflection. An EDX measurement de-
tected a small amount of phosphorous bound to the composite
as well (Fig. S32, Supplementary Material). Despite the low degree
of phosphorylation of only 26% and the low polymer concentration,
OPO3HPhOH-terminated hb-PG demonstrates a very strong influ-
ence on CaCO; morphology.

As it was mentioned above, phosphate groups generally show
high association constants with Ca®" ions and strong adsorption
to the surface of calcium carbonate crystals [16]. In a series of pub-
lications [16], it was reported that block-copolymers with different
degrees of phosphorylation and applied at different concentrations
are able to modify the CaCO3 crystal morphology, yielding either
pure vaterite or a mixture with calcite.

The chosen crystallization methods were Kitano method and
double-jet technique with stirring. It was also reported that the
higher the degree of phosphorylation (40%), the lower the stabiliza-
tion efficiency per functional group, suggesting that only a certain
fraction of phosphate groups will interact and thus influence CaCO3
formation [16]. In our experiments using OPOsHPhOH-terminated
hb-PG (26% degree of phosphorylation), two different concentra-
tions were tested, leading to two different calcite morphologies.
Our results are in a good agreement with the above mentioned re-
sults relating to the effect of different polymer concentration on
CaCOs; morphologies. An interconnection between the CaCOs aggre-
gates present in the calcite film was obtained even at the lowest
polymer concentration level. Mann et al. [46] reported that ester
derivatives of orthophosphate showed a marked reduction in the
morphological effects exerted on CaCOs as the R group increased
in size and hydrophobicity (H > butyl > phenyl > naphthyl). As a pos-
sible explanation, different stereochemical arrangements of phos-
phate groups with the inorganic crystal faces were discussed,
which seem to depend strongly on the chemical nature of the

Fig. 5. SEM micrographs showing morphological characteristics of calcite composite obtained by spray technique in the presence of OPOsHPhOH-terminated hb-PG. (a and b)
low and high magnification, respectively, in the presence of 20 mM OPOsHPhOH-terminated hb-PG; (¢ and d) low and high magnification, respectively, in the presence of

2.5 mM OPO3;HPhOH-terminated hb-PG.
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phosphate ester residue R. Crystal morphologies similar to ours were
obtained by using phenyl phosphoester, which led to well defined
crystals, showing a curved cross-section with a smooth surface.

3.5. Mechanical properties

Mechanical properties of calcite composite thin films produced
by the novel spray technique employing OPOsHPhOH-terminated
hb-PG were investigated and compared to neat calcite. The
mechanical tests were performed in two ways: by simple pre-tests
(scratch resistance) and by nanoindentation. Due to the relatively
low height of the thin films, nanoindentation was chosen for mea-
suring the mechanical properties, since small scale volumes (e.g.,
thin films, nanowires, nanotubes, fibers, small particles, electron-
ics) are difficult to probe using conventional techniques. As an al-
most non-destructive technique, nanoindentation thus allowed
us to measure the as-prepared film without removing it from the
substrate [47,30].

The samples prepared in the presence of SO4-terminated hb-PG
and COO-terminated hb-PG show a low mechanical stability, since
they were not scratch resistance against a finger nail (indicating a
scratch resistance lower than 2 on the Mohs scale, and thus lower
than neat CaCOs) [48,49]. In contrary, the polycrystalline CaCO5
thin films prepared in the presence of OPO3;HPhOH-terminated
hb-PG at different concentrations showed scratch resistance against
a finger nail and thus were further investigated by nanoindentation.
Two calcite composite coatings were investigated, which were pre-
pared in the presence of 2.5 mM or 20 mM OPO;HPhOH-terminated
hb-PG, respectively. Nanoindentation was used to investigate the
reduced Young’s modulus (Eg) and hardness (H) at a constant load
of 7.5 mN. These mechanical properties were determined from
the load-displacement curves using the Oliver-Pharr method
[30]. Representative examples for the load-displacement curves
are given in Fig. 6, and the resulting average values resulting for
Er and H are presented in Table 1. The obtained Eg and H for neat
calcite are Eg=81.3 £3.3 GPa and H =2.4 +0.1 GPa, respectively,
which are in good agreement with values reported in the literature
(reported values are in the range of H=2.2-3.0 GPa and E = 73.5-
85 GPa) [49].

The values of Eg and H of the calcite composites are depending
on the OPO3;HPhOH-terminated hb-PG concentration used during
the spray process. The composite prepared in the presence of

Load on composite (mN)

L T 3 T " T ¥ T -4 T iy 1
0 100 200 300 400 500 600
Displacement into Surface (nm)
Fig. 6. Representative load-displacement curves for nanoindentation experiments
performed with a load of 7.5 mN on (a) calcite composite made in the presence of

20 mM OPOs;HPhOH-terminated hb-PG; (b) neat calcite; (c) calcite composite made
in the presence of 2.5 mM OPO3;HPhOH-terminated hb-PG.

Table 1

Mean mechanical properties, modulus (Eg) and hardness (H) of calcite composite in
the presence of OPOsHPhOH-terminated hb-PG formed by spray process and control
sample of natural calcite.

Sample Modulus (Eg) (GPa) Hardness (H) (GPa)
Composite (a) 55.1+204 3.0+1.1
Neat calcite (b) 80.3+3.7 24+0.1
Composite (c) 43.1 £20.1 1.1+09

Composite (a): calcite composite in the presence of 20 mM OPO;HPhOH-terminated
hb-PG; composite (c): calcite composite in the presence of 2.5 mM OPOsHPhOH-
terminated hb-PG.

20 mM OPOsHPhOH-terminated hb-PG (composite (a) shows an
increase in hardness by 20% when compared to neat calcite,
whereas the Young’s modulus is slightly decreased (Table 1). On
the other hand, by decreasing the oligomer concentration to
2.5 mM (composite (c), both of these values are decreased below
Er and H of neat calcite. The reduction (or only slight increase in
the hardness in one case) in the mechanical properties in compar-
ison with neat calcite seems to be due to the fact that calcite as a
hard particle is embedded in a relatively soft polymer matrix. In
many cases, it has been observed experimentally that the hardness
of a composite is the average obtained by a simple “rule of mix-
ture” [50,51] from both hardness values of the constituting pure
components.

Exceptions of this “rule of mixture” are found when the size of
the particles embedded in the soft matrix are in the order of a few
nanometers, and when a highly ordered structure is present [51].
Accordingly, calcite composite (a), which was prepared in the pres-
ence of higher oligomer concentration compared to calcite com-
posite (c), showed the highest value of hardness in contrast to
neat calcite and calcite composite (c). This increase in hardness
seems to be due the more regular morphology and the intimate
packing of the mineral particles (Fig. 5b), contrasting calcite com-
posite (c), which shows two different kinds of morphologies
(Fig. 5d). In conclusion, whereas the spray technique is generally
suitable for the preparation of dense composite thin films, there
is still a huge potential to increase the mechanical properties by
developing more sophisticated polymer molecules. In order to im-
prove the hardness of the coatings, the polymer should stronger
adsorb on the CaCOs crystallites to guarantee a more intimate con-
tact and produce smaller crystallites in the resulting composite
coating.

4. Conclusions

Using spray technique, the preparation of dense CaCOs hybrid
film in combination with hyperbranched polyglycidol comprising
different functional groups (phosphate monoester, sulfate and car-
boxylate groups) is described for the first time. The spray tech-
nique seems to be the most promising method for the huge-scale
preparation of biologically inspired CaCO3; composite thin films,
since large surface areas can be covered by an industrially estab-
lished set-up at high deposition rates, in contrast to other crystal-
lization methods established in this field. Via spray-coating
technique, CaCO3; composites with selective control of the CaCO5
polymorph and crystal morphology were prepared. SO4-termi-
nated hb-PG as additive in the spray-coating deposition of thin
films exclusively led to formation of vaterite. This coating shows
long-term stability: the polymorph remained unchanged for an
exceptional period of more than 9 months. In contrast, the CaCO5
composite produced in the presence of COO-terminated hb-PG
shows the formation of equal quantities of calcite and vaterite.
The effect of the phosphate monoester group led to the formation
of a very dense calcite composite with a constant film thickness



ranging from 3.3 to 3.5 pm in height. The results from mechanical
investigations show that, depending on the oligomer employed,
the E-modules and hardness of the composite thin films exceed
those measured for neat calcite under identical experimental con-
ditions, albeit the overall mechanical performance will require fur-
ther optimization of polymer structure and processing conditions.
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