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ABSTRACT: Scale formation, the deposition of certain minerals such as
CaCO3, MgCO3, and CaSO4·2H2O in industrial facilities and household
devices, leads to reduced efficiency or severe damage. Therefore, incrustation is
a major problem in everyday life. In recent years, double hydrophilic block
copolymers (DHBCs) have been the focus of interest in academia with regard
to their antiscaling potential. In this work, we synthesized well-defined blocklike
PAA-PAMPS copolymers consisting of acrylic acid (AA) and 2-acrylamido-2-
methyl-propane sulfonate (AMPS) units in a one-step reaction by RAFT
polymerization. The derived copolymers had dispersities of 1.3 and below. The
copolymers have then been investigated in detail regarding their impact on the
different stages of the crystallization process of CaCO3. Ca

2+ complexation, the
first step of a precipitation process, and polyelectrolyte stability in aqueous
solution have been investigated by potentiometric measurements, isothermal
titration calorimetry (ITC), and dynamic light scattering (DLS). A weak Ca2+

induced copolymer aggregation without concomitant precipitation was observed. Nucleation, early particle growth, and colloidal
stability have been monitored in situ with DLS. The copolymers retard or even completely suppress nucleation, most probably by
complexation of solution aggregates. In addition, they stabilize existing CaCO3 particles in the nanometer regime. In situ AFM
was used as a tool to verify the coordination of the copolymer to the calcite (104) crystal surface and to estimate its potential as a
growth inhibitor in a supersaturated CaCO3 environment. All investigated copolymers instantly stopped further crystal growth.
The carboxylate richest copolymer as the most promising antiscaling candidate proved its enormous potential in scale inhibition
as well in an industrial-filming test (Fresenius standard method).

■ INTRODUCTION

Controlling the crystallization of calcium carbonate is of great
importance both in academics and industry. First, it is a
challenge to understand and control the mineralization process
itself.1−8 The formation of mineral scales leads to significant
problems during the washing and cleaning process or in
aqueous closed cycle cooling systems.9−11 Thus, water-soluble
polymers which have the ability to complexate ions or adsorb
on the particle surface play a major role in the inhibition of
scale formation.12−14 In this context, polycarboxylated poly-
mers are currently used in detergent and cleaner formulations
for fabric washing and automatic dishwashing or for pipe
protection in industrial water cooling systems.15 After banning

polyphosphates as detergents for environmental reasons,
polycarboxylated polymers such as poly(acrylic acid) (AA),
poly[(acrylic acid)-co-(maleic acid)], or polyaspartate became
increasingly important in commercial detergents, but they do
not perform as well as polyphosphates.16 During the past 15
years, double hydrophilic block copolymers (DHBCs) have
found large interest in academia with respect to their potential
as antiscaling agents.16−18 Typically, they consist of an anchor
block, which interacts with the substrate, and a second,
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noninteracting block, which renders enhanced solubility.
Therefore, DHBCs can stabilize complexes or particles in
aqueous solution in a surfactant-like fashion. Although the
mechanisms of nucleation and crystal growth control are still a
matter of debate, current working models are based on (i)
prevention of nucleation through ion complexation, (ii)
prevention of nucleation by stabilization of prenucleation
clusters,19,20 and (iii) surface stabilization of precursor particles
in the nanometer regime by surface coordination. Their impact
on the crystallization process during its early19−21 and later
stages has been investigated for various minerals.22,23

Most of the reported DHBCs employed nonionic poly-
ethylene oxide as the solubilizing block. This role is filled by the
sulfonate groups of the copolymers reported here. This type of
copolymers has been in industrial use for several years (e.g.,
ALCOGUARD 40-80, ACUSOL 587, ACUSOL 588, Aquatreat
545). Due to its very low pKa value and strong hydration, the
sulfonated side chain of 2-acrylamido-2-methyl-propane sulfo-
nate (AMPS) is a superior solubilizing group over the whole
pH range that can stabilize aggregates or particles in solution
while the carboxylate groups interact with solvated or surface-
bound Ca2+ ions. Thus, AA-co-AMPS copolymers are used to
control scale formation even under high-ionic-strength
conditions. However, these copolymers are commonly
prepared by free radical polymerization using chain transfer
agents,24,25 and thus, control about molecular weight,
dispersity, and copolymer microstructure is reduced. We have
chosen to synthesize AA-co-AMPS copolymers of various
compositions via RAFT polymerization,26−28 since this
methodology appears to be a reasonable compromise between
better defined polymer structure and facile synthesis in aqueous
solution. Additionally, the reported polymerization method-
ology bears the potential of transfer to industrial scale
production.
In this contribution, we describe the influence of these

copolymers on the formation of calcium carbonate during
various stages of the precipitation process, for example,
prenucleation stage, nucleation, early growth, and crystallization
stage. The Ca2+ complexation, as the first step of a precipitation
process, and polyelectrolyte stability in aqueous solution have
been investigated by potentiometric measurements, ITC and
DLS. Nucleation, early particle growth and colloidal stability
have been monitored in situ with DLS. In situ AFM was used as
a tool to obtain mechanistic information about the polymer
coordination on the crystal surface. The most promising
copolymer was further evaluated in a crystallization study and
in an industrial-filming test (Fresenius standard method).

■ EXPERIMENTAL SECTION
Materials. Unless specified otherwise, all chemicals were reagent

grade and obtained from Aldrich. The 2-acrylamido-2-propane
sulfonate monomer solution was obtained from Lubrizol. Acrylic
acid was distilled prior to polymerization. All chemicals were used
without further purification. The polymerizations were performed in
deionized water (Millipore) adjusted to pH 6.
Polymer Synthesis and Characterization. CTA Synthesis. The

chain transfer agent was synthesized following McCormick and
Lowe.27 In a 1000 mL reaction flask, 22.9 g of carbon disulfide and 2.0
g of tetrabutylammonium hydrogensulfate were dissolved in 150 mL of
dodecane under nitrogen atmosphere. The reaction flask was equipped
with a reflux condenser, dropping funnel, and cooling unit. To this
solution, 168 g of sodium hydroxide solution (50 wt %) was added
slowly in order to keep the temperature between 20 and 30 °C. After a
reaction time of 30 min, 43.6 g of acetone and 89.6 g of chloroform

were added to the solution whose color turned yellowish afterward.
The solution was stirred overnight under nitrogen atmosphere. During
this period, a yellow to brownish solid precipitated from the solution.
The precipitate was dissolved again by adding 500 mL of deionized
water. The organic and aqueous phases were separated, and the
aqueous phase was acidified with concentrated HCl. After acidification,
a yellow solid precipitated. The solution was cooled down to complete
the precipitation. The yellow solid was removed from the solution and
dried. For purification, the product was transferred to toluene and this
suspension was stirred overnight. The toluene was removed, and the
final product was dried in a vacuum oven. The yield was 21.3% with
respect to carbon disulfide. 1H NMR (CDCl3) δ/ppm: 1.67 (6H, s).
13C NMR (CDCl3) δ/ppm: 220.12 (1C), 173.59 (2C), 56.70 (3C),
25.63 (4C). FD-MS: calculated for C9H14O4S3 282.0; found 282.1.

Synthesis of PAA-PAMPS Copolymers. Acrylic acid and the Na-
AMPS solution from Lubrizol were introduced into a 200 mL Schlenk
tube. A volume of 20 mL of deionized water was added to this
solution. Afterward, S,S′-bis-α,α′-dimethyl-α″-acetic acid trithiocar-
bonate and 4,4-azobis(cyanopentanoic acid) were added to the
solution. The resulting solution was degassed in three vacuum thaw
cycles. The polymerization was carried out overnight at 70 °C and
stopped by cooling the solution in an ice bath and exposure to air.
Subsequently, the solvent was removed, and the final product was
dried in a vacuum oven. A yellowish granulate was yielded. (yield 98%)
1H NMR (D2O) δ/ppm: 3.89 (m 2H, s), 2.25 (n 1H, br s), 1.81 (n
2H, br s), 1.68 (n 2H, br s), 1.38 (m 6H, s).

Polymer Characterization. 1H NMR spectra were obtained with a
300 MHz instrument using a FT-spectrometer from Bruker and
analyzed using the ACDLabs 6.0 software. The polymers were dried at
40 °C overnight under vacuum and afterward submitted to gel
permeation chromatography (GPC). Gel permeation chromatography
(GPC) was performed in aqueous ammonium formiate solution (c =
0.1 M). Calibration was done using poly(acrylic acid) standards from
PSS. The flow rate was 1 mL/min at a temperature of 25 °C.

In order to determine the copolymer composition, the polymers
were freeze-dried over 3 days to remove condensed water.
Approximately 1 mM in monomer units (indicated by the composition
determined via NMR) of the polymer was dissolved in 50 mL of 1 M
NaCl solution in order to screen electrostatic forces on the
polyelectrolyte surface. The solution was then titrated with 0.1 M
NaOH solution, so that the number of AA groups and hence the
number of AMPS groups could be calculated. The latter was already
deprotonated because the sodium salt of 2-acrylamido-2-propane
sulfonic acid (Na-AMPS) had been used during the polymerization
reaction.

Determination of the Calcium Complexation. Ca2+ Selective
Electrode. The condensation of calcium ions to the PAA-PAMPS
polymers of various compositions was quantified by measuring the
Ca2+ activity with a pH 340/ION meter (manufactured by WTW) and
a CA 60 calcium selective combination electrode (manufactured by
Schott Instruments). The calcium electrode was calibrated by
measuring the voltage of Ca2+ solutions of different concentrations,
ranging from 5 × 10−4 to 1.5 × 10−2 mol/L, in the presence [KCl] =
0.08 mol/L in order to guarantee comparable ionic strengths in
standard and analyte solutions. To 50 mL of an aqueous solution,
which contained 1 mM in monomer units of the copolymer and 1 mM
CaCl2, a 0.1 M NaOH solution was added in increments of 10 μL to
deprotonate the AA groups.

Isothermal Titration Calorimetry. The binding of Ca2+ to PAA83-
PAMPS19 and PAA20-PAMPS80 was investigated by ITC (VP-ITC
MicroCal Northhampton, MA). Sample and reference cells contained
a volume of 1.4287 mL of the polyelectrolyte solution (16.5 mM of
PAA80-PAMPS20 (A) or 11 mM of PAA20-PAMPS80 (B), pH= 7.5)
and water. A concentration of 200 mM (A) or 40 mM (B) of CaCl2
was titrated in 3 μL increments with an injection syringe (250 μL total
volume), which simultaneously served as a stirrer at a rate of 200 rpm.
Dilution heat effects were determined by titrating CaCl2 in water and
water in the polyelectrolyte, respectively, and subtracted from the
detected measured heat in the complexation experiment. All data was
acquired at a constant temperature of 20 °C. By integration of the heat
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power over time, the removed or supplied heat was calculated. Data
analysis was based on a model for n identical binding sites provided by
the instrument’s software.
Precipitation and Crystallization Experiments. Precipitation

by Hydrolysis of Carbonate Esters29 Traced with Dynamic Light
Scattering. Three solutions were prepared: 50 mL of a 30 mM of
CaCl2 and 30 mM DEC solution, 50 mL of a 24 mM NaOH solution,
and 50 mL of a solution containing a 3-fold excess of the polymer
mass, set to pH = 7. The polymer concentrations were adjusted in a
way that all polymer solutions contained the same number of
monomer units. A concentration of 0.5 g/L (2.2 mM) for the Na-
PAMPS polymer was chosen as reference value, and the respective
concentrations of the copolymers were adjusted to this value
accordingly. In this way, differences in the antiscaling behavior
depending on the copolymer composition could be investigated best.
The three solutions were mixed under stirring. The addition of the

NaOH solution marks the starting point of the measurement.
Approximately 2 mL of the mixture was then filtered through a
Millpore GS filter with a pore size of 0.22 μm into a cylindrical quarz-
glass cuvette (Hellma, no. 540.135) with an outer diameter of 20 mm.
DLS experiments were performed at T = 298 K with a commercial

ALV setup using a frequency doubled Nd:YAG laser (λ = 532 nm and
P = 750 mW) in at Θ = 90°. The DLS-detector system consists of a
single mode fiber with a fiber coupler (Schaf̈ter +Kirchhoff - SuK,
Hamburg), an ALV static and dynamic enhancer (ALV GmbH,
Langen, Germany), a fiber-beam splitter, two avalanche photodiodes
(SPCMAQR-14, Perkin-Elmer), and an ALV7004/fast multiple tau
digital correlator (ALV GmbH). The correlation time was typically set
to 30 s; however, in the case of fast particle growth, it was decreased to
10−20 s in order to reduce fluctuations of the baseline.
A biexponential function was fitted to the field correlation function

g1

τ = +τ τ− −g q a a( , ) e eD q D q
1 1 2

1
2

2
2

(1)

⟨ ⟩ =
+
+

D
a D a D

a aapp
1 1 2 2

1 2 (2)

and the hydrodynamic radius was calculated according to the Stokes−
Einstein equation
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Crystallization Experiments with the (NH4)2CO3 Gas Diffusion
Method. Crystallization experiments were performed with the
standard (NH4)2CO3 diffusion method. Spectrosil glass slides were
cleaned in acid piranha solution (H2O2/H2SO4 1:1), rinsed with water
and ethanol, further cut into smaller pieces, and placed in a
microreaction tube (1 mL, Eppendorf), which contained a 1 mL
solution of 10 mM CaCl2 and 5 mM PAA80-PAMPS20. Two holes were
punched in the lid with a needle and the tubes were put in a desiccator.
The experiment was started by placing a Petri dish with 7 g of crushed
ammonium carbonate at the bottom of the desiccator. The Petri dish
was covered with needle punched parafilm. The reference experiments
were carried out simultaneously in the same desiccator but without
additive. The sample was taken out after 60 min, carefully rinsed with
water and ethanol and then dried in a nitrogen flow. The resulting
crystals were examined with a laser scanning microscope (Keyence
VK-8710).
Atomic Force Microscopy (AFM). Atomic force microscopy (AFM)

images were taken in the intermittent contact mode (tapping mode)
using a commercial instrument (Bruker MultiMode V with Nanoscope
V controller) that has been optimized for operation in liquids.30 The
calcite samples used for AFM imaging were of optical quality from
Korth KristalleGmbH (Kiel, Germany). To minimize contaminations,
all calcite samples were cleaved immediately before inserting them into
the fluid cell (standard closed fluid cell from Bruker). We cleaved the
samples by gently scoring a line parallel to the edge of the crystal with
a scalpel, a recipe known to produce flat (104) cleavage planes.31 The
influence of the polymers on the growth of calcite was then

investigated by exposing the freshly cleaved calcite first to a 1.85
supersaturated CaCO3 solution for a few minutes, followed by
replacing said solution with a 1.85 supersaturated solution containing
the respective polymer.

As force sensors, we used gold-coated, p-doped silicon cantilevers
(PPPNCHAuD from Nanosensors, Neuchat̂el, Switzerland) with an
eigenfrequency of about 150 kHz, a spring constant of about 40 N/m,
and a Q value of around 8 in Milli-Q water (Millipore GmbH,
Schwalbach, Germany).

Industrial Antifilming Test. The tests were performed according to
the Fresenius testing procedure for the evaluation of calcium carbonate
film formation. A Miele G651 SC Plus dishwasher was used. The
machine was loaded with three plates of China black (Bauscher), 3
plates of glass black (Luminarc), 3 plates of plastics (SAN) blue 24 cm
(Waca = 1 pan in stainless steel, 2 knives, 2 glasses “Paris” (Schott/
Zwiesel) = Schott, 2 glasses “Saft classic”; (Stölzle) = Stölzle, 3 glasses,
“Islande” Whisky (arcoroc) = whisky; and 3 glasses “Mondial”
(Schott/Zwiesel) = red wine. The polymer containing compact
powder formulation was prepared according to the industrial
standards. The tests were performed in the presence of ballast soil
and a water hardness of 21°d using the program Universal Plus 65°C.
The evaluation was performed after 5 and 10 cycles 30 min after
completion of each washing cycle. After the crockery is completely
dried, the filming effect was evaluated visually in a “black box” under
defined light conditions (halogen light).

■ RESULTS AND DISCUSSION
Polymer Synthesis. In this work, we studied the influence

of PAA-PAMPS copolymers and their composition on the
precipitation of CaCO3. To this end, we synthesized various
copolymers by the RAFT polymerization method according to
Scheme 1.

The copolymers differ in constitution and molecular weight.
The AA/AMPS ratio was varied from 80:20 to 20:80 (the
numbers represent the fraction of the total number of
monomer units in percent), and the molecular weights were
set to be in the range from 5000 to 12 000 g/mol. We observed
slight variations between the calculated molecular weight and
the one estimated by GPC, which are, in all probability, related
to the fact that the GPC was calibrated with PAA standards.
Nevertheless, control over the molecular weight and molecular
weight distribution was achieved. In general, the polydispersity
index (PDI) was between 1.1 and 1.3 depending on the AA/
AMPS ratio in the copolymer. The copolymers used in this
study are listed in Table 1.
The composition of the copolymer was calculated from the

NMR spectra by comparing the integral from 3.2 to 3.4 ppm
(AMPS side chain) with the integral of the backbone C−H
from 2.0 to 2.5 ppm. From the ratio of these integrals we
determined the content of AMPS in the copolymer (see the
Supporting Information). Additionally, the composition of the
copolymers was determined by titration with NaOH.
For higher AMPS contents, we observed discrepancies in the

ratios determined by NMR and titration (Table 1). Due to

Scheme 1. Synthesis of the Poly(acrylic acid co-2-
acrylamido-2-propane sulfonate) Copolymers via RAFT
Polymerization
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signal broadening in NMR, which hinders an accurate
integration, we considered the ratios determined via titration
to be more reliable and used them for adjusting concentrations
in monomer units per volume.
The copolymerization parameters were determined accord-

ing to the Mayo−Lewis method (see the Supporting
Information). For the monomer mixture AMPS/AA (r1/r2),
we determined r values of r1 = 1.37 and r2 = 0.58, indicating
that AMPS prefers to polymerize with monomers of the same
type. Thus, for small and moderate molar AMPS/AA ratios
blocklike copolymers are formed.
Calcium Complexation. It is well-known that polycarbox-

ylates strongly bind calcium ions, which often leads to
aggregation and even precipitation at high calcium concen-
trations.32−34 The latter case was nicely examined by Huber et
al. who followed the Ca2+-induced collapse of PAA chains with
the help of DLS and SLS.35,36 This effect becomes more
pronounced with increasing chain length. At the outset, the
precipitation process is characterized by a contraction of the
coil, most probably through conformational changes and Ca2+

bridging, followed by a distinct coil to globe transition.
Although the polymer captures a fraction of the calcium ions
from solution and thus reduces the effective supersaturation
during precipitation, it cannot stabilize emerging calcium
carbonate clusters or particles anymore. In a detailed
calorimetric analysis, Antonietti et al. investigated the binding
of Ca2+ to various polycarboxylates (NaPAA, NaPAsp, Sokalan)
and detected in all cases an endothermic heat flow, whose
magnitude decreased with increasing ratio of Ca2+ ions and
carboxylate binding sites r = [Ca2+]/[COO−] until precip-
itation occurred (r = 0.31 for Ca-PAA, r = 0.24 for Ca-Sokalan
and r = 0.66 for Ca-PAsp).37 The driving force is the release of
Ca2+ coordinating water molecules which results in a strong
entropy gain.
Potentiometric measurements were performed to investigate

the calcium binding to the PAA-PAMPS copolymers. All
solutions were normalized to 1 mM of Ca2+ and 1 mM in
monomer units of the polymer irrespective of the type (Figure
1). Unlike the acrylic acid groups, the AMPS units are already
deprotonated prior to addition of any NaOH. Thus, AMPS-rich
copolymers are strongly charged at the beginning of the
experiment. The sulfonate groups do not bind any Ca2+ ions at
all, since the concentration of unbound Ca2+ ions equals the
total Ca2+ ions available in the beginning of the experiment.
Addition of NaOH and subsequent deprotonation of the
carboxylate groups induces Ca2+ binding and therefore
decreases the amount of free calcium in solution, until a
slightly substoichiometric ratio of Ca2+ ions is bound.
Our ITC measurements (Figure SI 4 and Table SI 1,

Supporting Information) also show an endothermic heat flow
which is, however, significantly lower for PAA20-PAMPS80
(ΔH°bind = 7.2 kJ/mol) compared to PAA80-PAMPS20
(ΔH°bind = 14.0 kJ/mol) and PAA (17.0 kJ/mol). This is

attributed to the lower number of AMPS units in PAA20-
PAMPS80 in combination with an increased solubility of the
Ca2+-polyelectrolyte complexes attributed to the AMPS. This
was also observed by Antonietti et al.,37 who found a more
exothermic binding behavior for NaPAsp compared to NaPAA
and explained it by the more hydrophilic properties of the
backbone of the PAsp polyelectrolyte, which is also reflected by
a shift of the precipitation limit toward higher calcium loads.
DLS measurements were carried out to determine a possible

aggregation or eventual precipitation of the copolymer with the
highest AA content (PAA80-PAMPS20) in the presence of Ca2+

in comparison to a classical polycarboxylate (PMAA; Mw =
1200 g/mol, PDI < 1.2). PAA80-PAMPS20 was chosen because
it was the copolymer with the lowest PAMPS content and
therefore closest in composition to a pure polycarboxylate.
Only small aggregates were formed in the presence of the
copolymer, which lead to the appearance of weak scattering
intensities. Therefore, a calcium dependent study of the
aggregation could not be carried out. A ratio of [Ca]/
[PAA80-PAMPS20] = 2.5 however yielded correlation functions
at a scattering angle of θ = 30°, which could be fitted with a
biexponential fit to a hydrodynamic radius of 10 nm (Figure SI
2, Supporting Information). In contrast, Na-PMAA formed
much larger aggregates at the same [Ca]/[polymer] ratio.
Extrapolation to θ = q = 0 yields a hydrodynamic radius of RH =
95 nm (Figure SI 3, Supporting Information). Unlike PMAA,
the copolymers do not precipitate, even at high calcium loads
([Ca2+] > 100 mM) (data not shown). In summary, the
copolymers can bind Ca2+ ions and weakly aggregate by cross-
linking through intermolecular Ca2+ bridges, but they do not
precipitate because the low Ca2+ affinity of the AMPS moieties
retains a sufficiently large solubility. Thus, the copolymers can

Table 1. Characterization of Synthesized Poly(acrylic acid co-2-acrylamido-2-propane sulfonate) Copolymers

polymer AA/AMPS ratio(calc) AA/AMPS ratioa AA/AMPS ratiob Mn(calc) Mnc Mw
c PDIc

P1 80:20 82:18 83:17 6000 5000 6200 1.22
P3 50:50 52:48 60:40 6000 6100 7500 1.23
P5 20:80 24:76 31:69 6000 6200 8300 1.34
P7 0:100 0:100 12 000 9500 14 700 1.56

aDetermined by 1H NMR bDetermined by titration. cDetermined by GPC in aqueous ammonium formiate solution (c = 0.1 mol/L) using acrylic
acid standards from PSS.

Figure 1. Concentration of free calcium ions in dependence of the
degree of neutralization α of the AA units in the copolymer. All
solutions contained 1 mM in total monomer units of the polymer and
1 mM Ca2+.
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act as stabilizing surface ligands for CaCO3 aggregates in the
postnucleation stage.
Nucleation and Early Growth. The precipitation method

by Faatz et al.,29 which is based on the hydrolysis of dialkyl
carbonate with NaOH, was used to study the influence of the
additives on nucleation and early growth. In this case, carbonate
is generated under homogeneous conditions, which allows
monitoring the precipitation process with DLS. We used
diethyl carbonate [DEC] as carbonate precursor, and
concentrations of [CaCl2] = [DEC] = 10 mM and [NaOH]
= 8 mM were found to discriminate the influence of the
different polymers best. All solutions were adjusted to the same
number of monomer units (2.2 mM).
Figure 2 displays the growth curves for pure PAMPS and

three copolymers. The reference experiment carried out in the

absence of additives (Figure SI 5, Supporting Information)
indicates nucleation after 32 min with subsequent particle
growth to a particle size of well over RH = 300 nm. Considering
that all runs were carried out at a constant angle of θ = 90°,
only apparent values for the hydrodynamic radius are obtained
which leads to underestimation of the true (inversely) z-
averaged particle size due to the contribution of the particle
form factor.

In the presence of PAMPS, PAA20-PAMPS80, and PAA50-
PAMPS50, nucleation was retarded. The early postnucleation
stage is characterized by a linear increase of the apparent
hydrodynamic radius followed by a convergence toward a
saturation value. In the saturation limit, the particle size of
copolymer aggregates remains static for hours; only a slight
increase in the scattering intensity was observed, which can
tentatively be ascribed to a densification and crystallization of
the particles. Retardation of nucleation as well as particle
stabilization became more pronounced with increasing PAA
fraction. Interestingly, the copolymer with the highest number
of PAA units, PAA80-PAMPS20, completely inhibits nucleation
in this experimental setup and hence demonstrates the highest
antiscaling potential. The strong inhibition of nucleation by this
polymer cannot solely be ascribed to simple Ca2+ ion
complexation because in terms of total Ca2+ binding, the
three copolymers do not differ much, compared to the starting
concentration of [Ca2+] = 10 mM. Furthermore, recent results
for PAA homopolymers, which precipitated under similar
conditions, showed only a slight delay or even a promotion of
nucleation, depending on their molecular mass.38 Cölfen et al.
came to similar conclusions by titrating CaCl2 into a carbonate
buffer in the presence of various additives. They concluded that
(i) the role of ion complexation has been overestimated and
(ii) the key step in retarding nucleation is the stabilization of
prenucleation clusters by additives which prevent their
aggregation and subsequent nucleation.19,20

Additional crystallization experiments with the best perform-
ing polymer PAA80-PAMPS20, were carried out, using the
(NH4)2CO3 diffusion method.39 Representative images are
shown in Figure 3. In this setup, nucleation and crystallization
are not completely inhibited. However, compared to the
reference experiment (Figure 3a), which led to the formation of
calcite crystals with a size of about 20 μm, the additive appears
to reduce the nucleation rate, reflected by the particle number,
strongly decreases the crystallite sizes, and thus prevents the
formation of macroscopic amounts of CaCO3 (Figure 3b).

In Situ Atomic Force Microscopy. In order to obtain a
better understanding of the growth inhibiting effect from a
molecular point of view, in situ AFM imaging was performed
on freshly cleaved calcite samples in the absence and presence
of polymer. For the sake of clarity, AFM images are either
shown as the topography (z) or as the derivation of the
topography raw data (dz/dx). Figure 4a−f show a series of
representative AFM images of calcite (104) taken as a reference
in 1.85 supersaturated CaCO3 solution in the absence of

Figure 2. Apparent hydrodynamic radius obtained from in situ DLS
experiments starting with [CaCl2] = [DEC] = 10 mM and [NaOH] =
8 mM in the presence of various polymers. T = 298 K, θ = 90°. All
polymer concentrations were adjusted to the same number of
monomer units (2.2 mM).

Figure 3. Crystallization experiments performed using the (NH4)2CO3 method, [CaCl2] = 10 mM, stopped after 1 h. (a) Reference experiment in
the absence of additives; (b) in the presence of PAA80PAMPS20 (5 mM).
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polymer. The step edges are not stable but change in time. This
is a well-known observation when imaging calcite in super-
saturated CaCO3 solution, reflecting the in situ growth of
calcite. In contrast, characteristic, diamond-shaped etch pits
appear when imaging calcite (104) in pure Milli-Q water, as
shown in Figure 4g and h,40,41 reflecting the dissolution until
the solution reaches its saturation level.
This behavior changed drastically in the presence of PAA and

PAMPS solutions. When calcite was imaged in a 1.85
supersaturated solution containing 4.5 mM PAA (Mw = 15
000 g/mol), the well-known etch pits developed immediately
after introducing the calcite sample into the solution (Figure
5a) despite using a supersaturated CaCO3 solution. This
observation can be readily explained by the fact that PAA forms
a complex with the calcium cations in solution, effectively
reducing the ion concentration and, thus, inducing calcite
dissolution.

A fundamentally different situation was obtained however
when imaging calcite in a 4.5 mM PAMPS solution (Mw = 15
000 g/mol) in supersaturated CaCO3 (Figure 5b). In this case,
no etch pits were formed because (i) a supersaturated CaCO3
solution was used and (ii) PAMPS does not bind Ca2+ as
shown by potentiometry. Instead, adsorbates with an apparent
height of approximately 0.7 ± 0.1 nm exist on the surface,
exhibiting a needlelike shape. Compared to calcite (104)
imaged in the absence of polymer, the step edges shown here
reveal a meandered shape. Interestingly, the step edges appear
free from adsorbates, indicating that the step edges do not act
as nucleation sites for polymer adsorption. As AFM shows the
coordination of this purely sulfonated polymer onto the crystal
surface and also in situ DLS revealed a weak stabilizing effect,
we conclude that the PAMPS block does not only account for
solubilization (its function in a typical DHBC) but interacts to
some extent with the CaCO3 particles or crystals as well.
Next, the impact of the copolymer solutions was investigated.

Again the solutions were normalized to the same number of
monomer units. A series of images taken in the presence of 4.5
mM PAA20-PAMPS80 (a−f) and PAA50-PAMPS50 (g−l) in a
supersaturated CaCO3 solution is shown in Figure 6. These
images reveal no change in the step edge configuration even
after 90 min of exposure, clearly demonstrating the growth-
inhibiting effect of the copolymers. A zoom into a stepped
region exhibits adsorbates with an apparent height of 0.4 ± 0.1
nm and 0.7 ± 0.1 nm (Figure 6f and l). In clear contrast to the
reference samples, these adsorbates are mainly observed to
decorate the step edges.
A different situation was revealed when the fraction of PAA

in the copolymer was further increased. A series of images taken
in the presence of 4.5 mM PAA80-PAMS20 is shown in Figure
6m−r. As for the two other copolymers, calcite crystal growth is

Figure 4. Time-dependent series of tapping mode AFM images taken
on calcite (104). (a−f) Images taken in 1.85 supersaturated CaCO3
solution after 13, 30, 64, 81, and 99 min showing the in situ growth. (g,
h) Tapping mode images taken on calcite (104) in Milli-Q water after
19 min.

Figure 5. Tapping mode AFM topography images taken on calcite
(104) in 1.85 supersaturated CaCO3 solution in the presence of
polymer. (a) PAA: image taken 19 min after adding the solution. (b)
PAMPS: image taken 32 min after adding the solution.
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stopped effectively. However, in sharp contrast to the structures
obtained in the presence of PAA20-PAMPS80 and PAA50-
PAMPS50, etch pits exist on the surface already a few minutes
after introducing the polymer solution, which indicates that the
solution became undersaturated at this polymer concentration.
Compared to the pure PAA solution, the etch pits obtained in
the presence of PAA83-PAMS17 solution do not show the
characteristic diamond shape. Instead, meandered edges appear
similar to those observed for the pure PAMPS solution.
Moreover, the surface is covered by needlelike adsorbates that
resemble the structures obtained in the presence of PAA50-
PAMPS50. A zoom reveals adsorbates with an apparent height
of 0.7 ± 0.1 (Figure 6r).
Industrial Antifilming Tests. The performance of the

most promising copolymer PAA80-PAMPS20 was examined in a
standard industrial testing setup. The antifilming test was

performed according to the Fresenius standard method. In this
test, several commercial glasses and dishes were placed in a
dishwasher, ballast soil and the polymer containing formula-
tions were added, and the cleaning program was started (see
Experimental Section).
We have chosen commercial copolymers comprising

carboxylated and sulfonated units such as ALCOGUARD
4080, Aquatreat 545, or ACUSOL 588 to compare the
antifilming performance in an industrial testing setup. In the
first test reported here, we compared ALCOGUARD 4080 with
PAA80-PAMPS20, both of which are copolymers of comparable
composition and molecular weight. Both polymers were tested
in standard phosphate containing and phosphate free compact
powder formulations for machine dishwashing. It turned out
that already after 5 washing cycles a difference in the
performance of the polymer was clearly apparent. The

Figure 6. Time-dependent series of tapping mode AFM topography taken on calcite (104) in the presence of PAA-PAMPS copolymers. (a−f)
PAA20-PAMPS80: images taken 23, 40, 57, and 91 min after adding the solution to the calcite sample, respectively. (g−l) PAA50-PAMPS50: Images
taken 22, 33, 45, 56, and 93 min after adding the solution to the calcite sample, respectively. (m−r) PAA80-PAMPS20: Images taken after 22, 33, 44,
56, and 84 min after adding the solution to the calcite sample, respectively. Line profiles are extracted as indicated by arrows in (f), (l), and (r).
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difference in the antifilming performance was even more
pronounced after 10 washing cycles. Whereas the commercial
polymer failed in preventing film formation, the PAA80-
PAMPS20 copolymer suppressed filming effectively (see Figure
7) in phosphate free as well as phosphate containing
formulations.
The performance of the polymer PAA80-PAMPS20 was

independent of the type of glass. The performance of the
PAA80-PAMPS20 copolymer was in all cases superior to the
commercially available product of comparable composition and
molecular weight.

■ CONCLUSION
PAA-PAMPS blocklike copolymers of different compositions
and molar masses of approximately 10 000 g/mol were
synthesized in a one step synthesis via RAFT polymerization
and investigated in terms of their antiscaling potential during
the different stages of calcium carbonate formation. Calcium
ions only bind to the carboxylate groups in substoichiometric
amounts. They induce a weak aggregation of the copolymers
(dH ≈ 20 nm) but do not lead to a precipitation, even at very
high calcium loads, very different from the cases of
polycarboxylates or polyphosphates. CaCO3 nucleation and
early growth could be traced by DLS. It could be demonstrated
that the copolymers (i) retard nucleation and (ii) stabilize
nanoscaled CaCO3 particles in the postnucleation stage. Both
effects become more pronounced with increasing PAA content
of the copolymer. Remarkably, the carboxylate-richest copoly-
mer PAA80-PAMPS20 was able to suppress CaCO3 formation
virtually completely. It showed a very good performance in the
Fresenius industrial antifilming test and proved itself an
effective antiscaling agent. The strong inhibition of nucleation
by the carboxylate-rich copolymers cannot be explained by Ca2+

ion complexation only; in addition, a stabilization of solution
aggregates must be assumed. In situ AFM measurements on the
macroscopic calcite (104) face in a supersaturated CaCO3
solution clearly demonstrated that the copolymers instantly
inhibit further crystal growth. This can be explained by the fact
that the copolymers adsorb onto the step edges and presumably
also lower the interfacial energy. From the DLS and AFM
results, it can be derived that the highly charged AMPS block

contributes to the particle stabilization, not only by accounting
for solubility but also by interacting with the particle or crystal
surface.
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