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Calcium carbonate (CaCO3) is central to phenomena such
as rock formation,[1] biomineralization,[2–4] or the scaling
(incrustation) of pipelines.[5] Investigations of its nucleation
process and of the influence of soluble additives are relevant
for the development of new materials and CO2 sequestra-
tion.[5–8] However, the mechanism of CaCO3 nucleation is still
under debate.[9,10] It is often analyzed and interpreted from
the viewpoint of classical nucleation theory (CNT)[11,12] where
any role of the solvent is typically neglected. Alternatively,
the so-called pre-nucleation cluster (PNC) pathway[9] involves
a stable cluster population prior to nucleation. The PNCs are
regarded as solutes owing to their high dynamics and chain-
like structural form called DOLLOP (dynamically ordered
liquid-like oxyanion polymers)[13] whereas the release of
water molecules from the ion hydration layers drives PNC
formation.[14] Computer simulations suggest that upon reach-
ing a certain critical ion activity product (IAP), the PNCs can
internally develop higher coordination numbers than in the
initial chain-like form, slowing down the dynamics.[13, 15] This
was considered as microscopic evidence for liquid–liquid
demixing.[9, 16] The loci of the corresponding binodal and
spinodal limits, however, beyond which phase separation can
proceed with a certain barrier and proceeds spontaneously,

respectively, remain yet unknown. Upon binodal demixing,
PNCs become nanodroplets that aggregate in a process driven
by the decrease in the interfacial surface area. These phases
can solidify or undergo a second nucleation event, yielding
amorphous CaCO3 (ACC) and finally crystals. This pathway
has the potential to unify various experimental observations,
especially the occurrence of liquid-like intermediates stabi-
lized by polymers (polymer-induced liquid precursors,
PILPs)[17] that are used in bio-inspired materials chemistry.[6,7]

The interaction of ions and PNCs with water may be the
key to a better understanding of the nucleation of CaCO3

[18]

although the comprehension of the complex interplay
between water and ions on the molecular scale is still
a scientific challenge, despite extensive research.[19] THz
spectroscopy has been shown to be a powerful tool to assess
ion hydration and ion pair formation in aqueous environ-
ments.[20–23] Aside from THz spectroscopic investigations of
the nucleation stages of additive-free aqueous CaCO3 sys-
tems, the effect of poly(aspartic acid) (PAsp) and poly(acrylic
acid) (PAA) was explored, which are known to stabilize
PILPs.[24, 6] Combined with a quantitative titration assay,[25]

this approach reveals the impact of water dynamics on the
early stages of CaCO3 precipitation, that is, the binodal limit
according to the PNC pathway,[9] and the influence of
polycarboxylates.

The dielectric response (e(w)) of samples prepared by
subsequent mixing of CaCl2, NaOH, and sodium (bi)carbon-
ate buffer solutions was measured by THz time-domain
spectroscopy (THz-TDS) in the frequency region of 0.2–
1.4 THz (6.7–46.7 cm�1) and analyzed by a double Debye
relaxation model (see the Section on THz spectroscopy in the
Supporting Information and Figures S1 and S2) [Eq. (1)]:[26–31]

eðwÞ ¼ e0ðwÞ�ie00ðwÞ ¼ e1 þ
De1

1� iwt1
þ De2

1� iwt2
ð1Þ

where ti is the time constant for the ith relaxation mode, w is
the frequency, e’ and e’’ are the real and imaginary parts of the
complex dielectric constant, respectively, and e1 is the
dielectric constant in the high-frequency limit. The relaxation
constant t1 is associated with the cooperative collective
reorientation of ensembles of water molecules (ca. 8 ps for
pure water). The constant for the faster relaxation, t2, is
usually assigned to the rotation or translation of water
molecules that are not or scarcely involved in hydrogen
bonds. The latter constant is in the range of 0.1–0.45 ps for
pure water, and its amplitude contributes a few percent to the
overall dielectric response.[26–31] Therefore, we restrict our
discussion to t1 only. At pH 9.00, t1 decreases significantly
during the precipitation process (Figure 1), indicating a per-
turbation of the cooperative relaxation of the hydrogen-bond
network, similar to observations made for confined water in
organic solvents and micelles.[32, 33] The magnitude of this
effect is in qualitative agreement with predictions from
molecular dynamics (MD) simulations on another salt
solution at low concentrations[34, 35] but a quantitative com-
parison is not possible as such effects are ion-specific. In
reverse micelles, for example, the decrease in t1 correlates
with a decrease in the size of the micelles that is due to the
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retardation of the water dynamics upon confinement and
interfacial hydrogen bonding.

The THz-TDS data were complemented by THz narrow-
band absorption measurements (see the Section on THz
spectroscopy experiments in the Supporting Information) in
the frequency range of 2.1–2.8 THz (ca. 70–95 cm�1), where
collective water hydrogen-bond network dynamics domi-
nate.[36] Distinct solution stages were prepared by continuous
and slow addition of dilute CaCl2 solution into carbonate
buffer at constant pH, and identified by determining the
calcium carbonate IAP with a Ca2+ ion selective electrode
(under- and supersaturated pre-nucleation and early post-
nucleation stages, i.e., regimes I, II, and III, respectively, in
Figure 2A). The corresponding developments of the differ-
ence in the absorption between the CaCO3 solutions and bulk
water (Da) at a constant pH value of 9.00 (Figure 2B) and
pH 10.0 (Figure S3 B) are similar. However, the changes in
the THz absorption are larger at pH 9.00 than at pH 10.0,
which is due to the larger fraction of carbonate ions in the
buffer at pH 10.0. As much fewer calcium ions need to be
added at pH 10.0 than at pH 9.00 to reach the same IAP, the
overall concentration of ions and clusters at the distinct
nucleation stages becomes significantly lower with increasing
pH,[37] which leads to a lower contrast.

Below the level of saturation with respect to proto-calcite
ACC[38] (region I in Figure 2B) until roughly the ACC
saturation threshold, the THz response increases linearly,
but when the system becomes supersaturated with respect to
the proto-structured ACCs (regime II),[39] it drops to a plateau
at both pH 9.00 (Figure 2B) and pH 10.0 (Figure S3 B). The
corresponding activity-based solubility products for proto-
calcite and proto-vaterite ACC of 3.1 � 10�8 M2 and 3.8 �
10�8 M2 at pH 9.00 and pH 10.0, respectively, are in accord
with the literature within experimental accuracy.[40]

Regarding the increase in the absorption at 2.1–2.8 THz in
the pre-nucleation stage (undersaturated with respect to

proto-calcite ACC; regime I, Figure 2), the corresponding
increase in the IAP (Figure 2A) is deceptive. Upon addition
of CaCl2 solution to the carbonate buffer, the total ion
concentration (i.e., regimes I and II) stays virtually constant
at approximately 2.0 � 10�2

m during the pre-nucleation stage,
increasing by only 4.8 � 10�5

m upon entering regime II (i.e.,
after addition of ca. 0.4 mL CaCl2 solution; Figure S4). At the
same time, the free calcium concentration increases from
initially zero to 7.3 � 10�5

m. The corresponding increase in the
THz absorption thus cannot be attributed to the increasing
calcium ion concentration. In fact, in previous work on CaCl2

solutions,[20] a linear THz absorption change on the order of
70 cm�1

m
�1 was observed and assigned to rattling modes of

anions and cations within their hydration cages. Here the
corresponding change would be less than 0.01 cm�1 owing to
the low concentrations used. We also recorded the absorption
of carbonate buffer solution and compared it to that of water
(Da = 0.6� 0.2 cm�1). Thus the reason for the increase in THz

Figure 1. Relaxation constants (t1) obtained from a fit of experimental
data to the double Debye model, describing the complex dielectric
constant at pH 9.00 (black circles) and of the buffer (black dashed
line). The error bars represent + /�1 s-standard deviation of N = 5
single measurements. The CaCl2 volumes can be contrasted with the
stages of precipitation in Figure 2A.

Figure 2. A) Titration data and B) THz absorption in the frequency
range of 2.1–2.8 THz without additives at pH 9.00; the concentration
of the added CaCl2 solution was 10 mm. The horizontal dashed line
(g) in (A) represents the solubility threshold of proto-calcite ACC.
The error bars represent + /�1 s-standard deviation of N = 4 single
measurements.
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absorption remains unclear, but we speculate that it is due to
PNC formation (see below). The subsequent nonlinear
response that is observed as soon as regime II is entered
(Figure 2B and Figure S3 B for pH 9.00 and pH 10.0, respec-
tively) also cannot be attributed to any single-ion contribu-
tions.[20] Both the THz-TDS and THz narrow-band absorption
data sets provide strong evidence for a structural and dynamic
transition in the aqueous CaCO3 system, occurring at an IAP
corresponding to the solubility product of the proto-struc-
tured ACCs. This occurs long before the drop in the IAP in
regime III (Figure 2A) that indicates the formation of a solid
CaCO3 phase. All absorption changes are typical of the
formation of neutral species rather than highly charged ionic
complexes, which would give rise to more dramatic differ-
ences in the absorption, Da.[20–23] Importantly, the turnover in
THz absorption is not due to the induction times associated
with the formation of solid CaCO3. Experiments in which the
addition of CaCl2 was stopped at defined IAPs show that the
induction time after the addition of 0.8 mL CaCl2 (10 mm,
minimum in Figure 2 B) still exceeds 60 min; however, solid
CaCO3 has likely nucleated during the THz analysis from the
sample drawn from the titration assay after addition of 1.0 mL
CaCl2 solution (Figure S5 A).

In the presence of 5 mgmL�1 PAsp or PAA at pH 9.00,
nucleation of solid CaCO3 is strongly inhibited (Figure 3A
and Figure S6 A), in accordance with previous investiga-
tions.[41, 42] To ensure a similar volume dilution as in the
additive-free experiments, the concentration of the CaCl2

solution was increased by a factor of ten in the presence of
the polymers. The polymers do not exert a detectable effect
on the THz absorption owing to their very low concentrations
(data not shown). Again, an assessment of the induction time
shows that even after the addition of 0.6 mL CaCl2 solution
(100 mm ; Figure S5B), nucleation of solid CaCO3 does not
occur immediately while the decrease in the IAP occurs very
slowly, if at all. However, precipitation of solid CaCO3 likely
started during the THz measurements after the addition of
1.0 mL 100 mm CaCl2 solution in the presence of the
polymers. With PAsp and PAA, the increase in THz
absorption in regime I is similar to the additive-free case,
despite a larger increase in the total ion concentration. This
likely arises from cooperative effects, such as the formation of
neutral aggregates of ions, PNCs, and the polyanions. With
5 mgmL�1 PAsp (Figure 3A, see Figure S6 A for PAA), the
features of the THz curve are somewhat more pronounced
(Figure 3B) than without the polymer (Figure 2B). The
turnover point of the water dynamics is not affected by the
presence of either polymer (Figure S6 B) although the
nucleation of solid CaCO3 is strongly inhibited (transition
from regime II to regime III). Starting from the addition of
1.4 mL CaCl2 solution, we found a plateau in the THz
absorption, which implies that no further changes occur with
respect to the collective modes of the hydrogen-bond net-
work.

The THz results can be understood within the notions of
the so-called PNC pathway, which was proposed on the basis
of extensive previous work (Figure 4).[9] In regime I, stable
PNCs (DOLLOP structural form) are in equilibrium with the
free ions, and can be considered as polycondensation

polymers of ion pairs with an average size of 1–2 nm, as
confirmed by experimental and theoretical studies.[9, 13]

Recently, temperature-dependent titration experiments, in
combination with isothermal titration calorimetry and MD
simulations, revealed that PNC formation is driven by
entropy, which can be rationalized by the release of water
molecules from ionic hydration layers upon association.[14]

The fact that PNC formation is solvent-mediated and
entropy-driven might explain the distinct THz effect observed
in regime I. Owing to their high dynamics, the PNCs are
regarded as solutes within a single-phase system, similar to
micelles.[9]

It has been proposed on the basis of simulations that upon
reaching a certain IAP, the PNC dynamics can significantly
decrease, which is caused by the increase in the coordination
number relative to the initial chain-like DOLLOP form and
can be understood as a liquid–liquid separation event.[9,15]

This hypothesis has not yet been assessed experimentally.
However, the transition from an initial increase to the non-

Figure 3. A) Titration curve and B) THz absorption in the frequency
range of 2.1–2.8 THz with 5 mg mL�1 PAsp at pH 9.00; the concentra-
tion of the added CaCl2 was 100 mm. The horizontal dashed line (g)
in (A) represents the solubility threshold of the nucleated ACC phase
(ca. 3.9 � 10�8 M2, in accord with pv-ACC within experimental accu-
racy). The error bars represent + /�1 s-standard deviation of N = 4
single measurements.
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linear behavior of the THz absorption (Figures 2B and 3B) is
evidence for a change in the water dynamics. Only the
coexistence of two liquid calcium carbonate phases is
consistent with the continuous linear increase of the IAP at
that point.[9] Consistently, assessments of the induction times
(see above) show that the observed changes in THz absorp-
tion do not correlate with the onset of precipitation of solid
CaCO3. The liquid–liquid transition structurally and chemi-
cally corresponds to nanodroplet formation (high-density
liquid)[17] from PNCs as the direct molecular precursors,
which are part of the homogeneous mother solution (low-
density liquid; Figure 4 A–C; see also Figure 2A, regime II).
The nanodroplets have internal pools of high-density liquid
water (Figure 4C, dark blue). Subsequently, the decrease in
the interfacial surface area of the droplets drives further
aggregation, yielding hydrated proto-structured ACC that is
approximately 10–20 nm in size according to previous TEM
and SAXS analyses (Figure 4E; see also Figure 2, regi-
me III).[39] The fact that the liquid–liquid binodal limit is
governed by the solubility, and thus also by the stability, of
solid ACC is consistent with solidification rather than
a second nucleation event that yields solids from dense
liquid droplets.

In conclusion, THz absorption spectroscopy has been
applied to observe the different nucleation stages of CaCO3,
which are in accord with the notions of the PNC pathway,
showing the collective dynamics of the hydrogen-bond net-
work of the ion clusters and water molecules (see Figure 4).
Common inhibitors, namely PAsp and PAA, do not modify
the liquid–liquid binodal limit. Rather, organic–inorganic
interactions seem to stabilize the colloidal liquid nanodrop-

lets against aggregation[43] and/or prevent
their dehydration, thereby inhibiting the
formation of solid CaCO3 and stabilizing
the so-called PILP droplets. Our study
highlights the key role of water in CaCO3

(bio)mineralization and during the nucle-
ation process from aqueous solutions. Fur-
thermore, we have provided fundamental
information for the assessment of nuclea-
tion pathways. From the CNT point of
view, the supersaturation with respect to
calcite is on the order of ln(IAP/Ksp)� 2
(where Ksp is the calcite solubility) at the
liquid–liquid binodal limit, which is in turn
defined by the solubility threshold of
proto-structured ACCs. The barrier for
classical nucleation is tremendous under
these conditions for both homogeneous
and heterogeneous scenarios,[12] rendering
the occurrence of classical pathways to
solid CaCO3 via critical nuclei highly
improbable.
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