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Part I

Introduction





1Introduction

The Calcite-Water Interface...
... in the Presence of Organic Molecules

Mineral–water interfaces are everywhere:[1] from the separation of continents by
oceans, the formation of coral reefs to the growth of speleothems, mineral–water
interfaces are ubiquitous on the Earth’s surface. Reactions occurring at the interface
between minerals and aqueous solutions are of tremendous importance for a wide
range of natural and technological processes, such as: dissolution and growth,
precipitation, weathering and soil production.[2–5] In this thesis, I particularly focus
on calcite, the most thermodynamically stable polymorph of calcium carbonate
(CaCO3) and an omnipresent rock-forming[6,7] and biogenic[8] mineral. Due to its
abundance in the Earth’s crust, the calcite-water interface is of utmost interest for a
wide range of geochemical processes,[9] synthetic[10,11] and industrial systems.[12]

Organic molecules at mineral-water interfaces are known to alter the morphology
and composition of the interface in various ways. Hence, the presence of organic
additives exhibits a decisive influence on dynamic processes on the surface, such
as: dissolution, growth, surface restructuring, mineral replacement and molecu-
lar self-assembly.[13–19] Especially for calcite, the impact of organic additives in
biomineralization,[20,21] scale inhibition[22] and decalcification[23,24] has been stu-
died extensively with experimental, as well as with computational techniques.[25,26]

Nevertheless, very little is known about the detailed mode of action of organic
molecules at interfaces and a comprehensive molecular understanding of surface
processes (e.g. adsorption and molecular self-assembly) is still missing.

The aim of this thesis is therefore to characterize interfacial interactions of organic
molecules at the nanoscale and therewith to contribute to a molecular-scale know-
ledge of the composition of mineral-water interfaces. In particular, I systematically
elucidate the impact of organophosphonates and organic azo dyes on the calcite
(10.4)-water interface. Both classes of organic molecules have been chosen as they
are well-known to strongly interact with the surfaces and ions of various minerals
and hence, are extensively used as scale growth inhibitors or for water hardness
determination.[27,28]
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Atomic force microscopy (AFM) has been proven to be the ideal tool for investigating
surfaces and interfaces in real space and with atomic precision, even in liquid
environment.[29] Using in-situ high-resolution dynamic AFM, I focus specifically on
two dynamic interfacial processes: molecule-induced surface restructuring of the
dissolving calcite (10.4) surface and molecule adsorption of the organic additives
onto the calcite (10.4) substrate and subsequent their self-assembly into ordered
structures.

The mode of action of all investigated additive molecules is studied through the
variation of different functional groups and structural patterns, as well as the
molecule concentration, solution pH and calcium ion concentration. My results
demonstrate that the interplay of surface restructuring and molecular self-assembly
in the complex environment of a mineral-water interface is the result of the subtle
balance between molecule-molecule, molecule-surface, molecule-water, surface-
water and water-water interactions. For the twelve molecules studied in this thesis,
I provide nanoscopic insights into adsorption, structure formation and surface
restructuring processes on and of the calcite (10.4) surface. Furthermore, for the
first time, results from molecular dynamic (MD) simulations highlight the decisive
impact of the hydration structure on interfacial processes in the presence of organic
molecules. The latter finding emphasizes the impact of considering the entire
interface rather than only the mineral surface when studying the impact of organic
molecules.

Thesis Structure

In this thesis, the calcite (10.4)-water interface is characterized in the presence
of organic molecules using in-situ high-resolution dynamic AFM. Therefore, I will
briefly outline the theoretical foundations of dynamic AFM in chapter 2. Moreover, I
will describe in detail the used experimental in-situ AFM setup, the measurement
conditions, as well as the sample preparation procedure in section 2.2, section 2.3
and section 2.4.

In chapter 3, the influence of both the size of an additive molecule, as well as its
number of functional groups on the surface restructuring process of calcite (10.4)
is explored. I systematically study the impact of six different organophosphonate
molecules (three tetraphosphonates and three disphophonates) on the calcite (10.4)
dissolution process. For each molecule, a very pronounced restructuring of the
calcite (10.4) surface is observed, resulting in the formation of characteristically
shaped etch pits.
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The complex interplay of surface restructuring and molecular self-assembly at the
calcite (10.4)-water interface is elucidated for five different organic molecules from
the class of Eriochrome azo dyes in chapter 4. Here, I demonstrate that the ability to
restructure the calcite (10.4) surface by the adsorption to specific step edges during
calcite dissolution appears to be a general property of these molecules, irrespective of
the specific molecular structure, conformation, protonation and deprotonation state.
In contrast, the formation of self-assembled structures on calcite (10.4) terraces is
observed for only one out of the five Eriochrome azo dyes.

For the specific example of the organic azo dye molecule Benzopurpurine 4B (BPP),
I discuss the formation of well-ordered molecular islands on the calcite (10.4)
substrate in chapter 5. Furthermore, for the first time, the results demonstrate three
possibilities regarding how the adsorption of BPP molecules and the formation of
the well-ordered molecular islands on calcite (10.4) can be systematically controlled.
By varying the molecule concentration, the pH and the concentration of calcium
ions in the solution, the coverage of BPP molecules adsorbed onto calcite (10.4), as
well as the timescale of the molecule adsorption and island growth processes can be
precisely controlled.

The decisive impact of the hydration structure on the adsorption behavior of organic
molecules and subsequent their self-assembly at the calcite (10.4)-water interface
is highlighted and discussed in chapter 6. MD simulations reveal that BPP adsorbs
at the interface, but is not in direct contact with the calcite (10.4) surface. Instead,
the molecules adsorb onto the second hydration layer, which seems to be the most
hydrophobic region in the system. This somewhat surprising finding is corroborated
by comparing the results with other mineral surfaces that exhibit different interfacial
hydration structures.

Finally, in chapter 7, I explore the nucleation and growth process of calcite using the
ammonia diffusion method (ADM). By varying the starting pH of the crystallization
solution, I study the impact of the initial pH on the resulting calcite crystal number
and size. The results disclose a decisive dependence on the pH, as the calcite crystal
number and size can be directly controlled by changing the initial pH.
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2In-situ Dynamic Atomic Force
Microscopy

2.1 Atomic Force Microscopy

The atomic force microscope (AFM) was invented by Binnig, Quate and Gerber in
1986 to resolve the atomic surface structure of bulk insulators.[30] In AFM, a very
sharp tip (ideally an atomically sharp tip), mounted at the free end of a so-called
cantilever, is scanned in close proximity above a sample surface. Forces (attractive
and repulsive in origin) acting on the tip cause a deflection of the cantilever. The
detection and analysis of the resulting deflection finally provides information about
the tip-sample force. The detection of the cantilever deflection is often realized by
using a laser beam, which is focused on the free end of the cantilever and from there
reflected to a position-sensitive detector (PSD).[31]

Dynamic Atomic Force Microscopy

Since the invention of AFM, a variety of different dynamic operation modes have
been implemented.[32] In all dynamic AFM modes, the cantilever is excited with an
external excitation force Fexc, causing the cantilever to move (eq. (2.1)).

Fexc = F0 · cos(2πνexct) (2.1)

In eq. (2.1), F0 represents the excitation force amplitude, νexc the excitation fre-
quency and t the time. The movement of the cantilever, as a consequence of the
excitation, can be expressed through its deflection q (eq. (2.2)), as well as the
tip-sample distance zts (eq. (2.3)).

q = qs +A · cos(2πνexct+ ϕ) (2.2)

zts = zc +A · cos(2πνexct+ ϕ) (2.3)
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Here, qs is the static deflection of the cantilever, zc its center position, A the amplitude
of the cantilever oscillation and ϕ the corresponding phase shift. The two equations,
eq. (2.2) and eq. (2.3) are the harmonic approximation.[33] The latter implies that
at all times of a dynamic AFM experiment, the oscillating cantilever is in a steady
state, i.e. all observables qs, A, ϕ, as well as νexc and F0 are constant and the velocity
of the cantilever is given by żts = q̇.

Hence, the movement of the cantilever can be described with three observables only:
the static deflection qs, the amplitude A and phase shift ϕ.[33] In practicality, the
three observables result in at least four different dynamic AFM operation modes, in
which either the excitation parameters (F0 and νexc), as well as the three observables
(qs, A and ϕ) are kept constant or are varied, respectively.

In-situ dynamic AFM is used in this thesis as it allows for imaging surfaces and mole-
cular structures with true atomic[34] and molecular resolution.[35] Compared to static
AFM, the vertical movement of the cantilever significantly reduces lateral friction
forces,[35] which enables to probe very sensitively even weakly bound molecular
structures on surfaces.

Frequency Modulation Atomic Force Microscopy

The main body of AFM experiments in this thesis is conducted using the dynamic
frequency modulation AFM (FM-AFM) mode.[36] As in all dynamic AFM modes, the
cantilever is externally excited with Fexc in FM-AFM. Through the implementation of
three feedback loops, the amplitude and the phase shift of the cantilever oscillation
are kept constant, while the excitation force amplitude and the excitation frequency
are given by these feedback loops and qs results from the measurement. All FM-AFM
measurements in this thesis are performed in the constant frequency shift mode.
In this operating mode, the main measuring parameter is the excitation frequency
νexc, while a predetermined frequency shift νexc − νe (νe being the eigenfrequency
of the cantilever, determined far away from the sample surface) is kept constant by
adjusting the z-position of the cantilever zp. In addition to the excitation frequency
νexc, the z-position of the cantilever zp, the amplitude A and phase shift ϕ of the
cantilever oscillation and F0 are measured signals.

The working principle of FM-AFM is illustrated in fig. 2.1. Far away from the sample
surface, the cantilever is excited with F0 and νe. Reducing the tip-sample distance
creates forces from tip-sample interactions, which affect the oscillating cantilever.
The forces acting on the cantilever result in a change of the oscillation properties.
The dynamic deflection signal is detected via the optical beam deflection technique
and converted into electronic signals.
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Fig. 2.1: Schematic drawing of the FM-AFM setup. The excitation parameters F0 and νexc

are displayed in green, the reference setpoints Asetpoint, ϕsetpoint and νexcsetpoint are highlighted
in black and the measuring signals zp, νexc, qs, A, ϕ and F0 are illustrated in red.

On the one hand, the signals are fed into a phase-locked loop (PLL), which deter-
mines the phase shift of the current cantilever oscillation. Furthermore, the PLL
compares the detected phase shift to a phase shift setpoint ϕsetpoint. Usually the
phase shift setpoint is set to be at −π/2.[33] If the measured phase shift is dissimilar
to the reference phase shift, the PLL adjusts the excitation frequency to maintain
the constant phase shift. The new excitation frequency is then used to excite the
cantilever, as well as to feed into a z-feedback loop. The z-feedback loop adjusts the
tip-sample distance to maintain the frequency shift νexc − νe at a constant set point
νexcsetpoint which is picked by the experimentalist.

On the other hand, the dynamic deflection signals are also fed into an amplitude
feedback loop. This feedback loop determines the amplitude of the current cantilever
oscillation. Similar to the PLL, the amplitude feedback loop compares the measured
amplitude to an amplitude setpoint Asetpoint, picked by the experimentalist. A dis-
crepancy causes the amplitude feedback loop to adjust the excitation force amplitude.
The new excitation force amplitude is subsequently used to excite the cantilever.

2.1 Atomic Force Microscopy 11



2.2 In-situ Atomic Force Microscopy Setup

All measurements presented in this thesis are conducted at a constant temper-
ature of 28 °C with a commercial AFM from Bruker Corporation (MultiMode V
with Nanoscope V controller) that has been modified for in-situ high-resolution
imaging. Besides a rigorous noise reduction,[37] photothermal excitation has been
implemented[38] to avoid the problem with the so-called “forest of peaks“.[39] The
in-situ AFM setup, including the home-built isolation chamber, as well as a detailed
view on the home-built AFM scanhead are shown in fig. 2.2.

(a)
(b)

2

3

4

1

Fig. 2.2: AFM setup for in-situ high-resolution imaging. (a) Home-built isolation chamber
with air suspension. (b) Home-built AFM scanhead.[38] The main components are (1) the
sample holder and liquid cell, (2) the excitation laser and (3) the detection laser input
coupling. An overhead magnifying camera (4) enables the laser alignments, as well as the
sample adjustments.

AFM Liquid Cell

AFM liquid cells from Bruker Nano Surfaces Division are used in two modifications,
an open and a closed cell system (fig. 2.3). The commercially available liquid cell
without any additional components is called the open cell system as the injected
solution is in contact with air at all times (fig. 2.3, left liquid cell). Due to its easy
handling when mounting and during tip approach, the open cell system is used for
most of the experiments in this thesis. The injection volume ranges from 0.2 ml to
0.3 ml and is injected into the liquid cell via a syringe. All in-situ solution exchange
experiments are conducted using the closed cell system (fig. 2.3, right liquid cell).
For closing the cell system an O-ring is carefully fitted into the notch around the
cantilever holder. The O-ring locks up the space between the sample holder and the
liquid cell preventing the contact of the solution with air. In- and outlet tubes enable
a continuous re-filling and exchange of solutions during the in-situ AFM experiments.
As the O-ring hampers the view onto the cantilever-sample surface distance, care has
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to be taken when approaching the sample holder. Furthermore, too much pressure
of the O-ring onto the sample holder can cause image distortion during large scan
area changes. This is why the closed cell system is only used when conducting in-situ
solution exchange experiments.

Fig. 2.3: AFM liquid cells from Bruker Nano Surfaces Division. Open cell system (left) and
closed cell system with O-ring and in- and outlet tubing (right).

Cantilever

The in-situ AFM experiments are conducted using two types of gold-coated and
p-doped silicon cantilevers, PPP-NCHAuD from Nanosensors and Tap300GD-G from
BudgetSensors. The cantilevers exhibit a typical eigenfrequency of 100-150 kHz in
liquids, a spring constant of approximately 40 N/m, as well as a quality factor of
7-10.
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Fig. 2.4: Representative thermal noise spectrum obtained for a PPP-NCHAuD cantilever
from Nanosensors in an aqueous solution far away from the sample surface.
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After injecting the solution into the liquid cell, a thermal noise spectrum is obtained
for each cantilever far away from the sample surface using the digital lock-in ampli-
fier HF2LI from Zurich Instruments. The analysis of the cantilever resonance curve
reveals the eigenfrequency of the cantilevers, as well as its quality factor. A repre-
sentative thermal noise spectrum for a PPP-NCHAuD cantilever from Nanosensors is
shown in fig. 2.4. The oscillation amplitude of the cantilever is adjusted during the
in-situ AFM measurements to be between 0.1 and 1 nm.

Calcite Crystal Sample Holder

All in-situ AFM measurements are conducted on calcite crystals with a sample size of
4 x 4 mm2. The crystals are purchased from Korth Kristalle GmbH and cut into the
desired orientation by Vario Kristallbearbeitung GmbH.

[421]

(a) (b)

Fig. 2.5: (a) Home-built sample holder for calcite crystals with a sample size of 4 x 4 mm2.
(b) Schematic drawing illustrating the crystallographic orientation of the calcite crystal
mounted into the sample holder.

The calcite crystals are placed in a home-built calcite crystal sample holder (fig. 2.5
a) made out of polyether ether ketone (PEEK). Prior to each experiment, the calcite
crystals are freshly cleaved with a razor blade and cleaned under a nitrogen flow.
The absolute orientation of the calcite (10.4) surface is determined by evaluating
the birefringence of calcite. A (10.4) projected split vector between the ordinary and
extraordinary ray proceeds exactly along the [421̄] direction.[40] After identifying the
[421̄] direction, the calcite crystals are placed in the sample holder so that the [421̄]
direction points exactly towards the locking screw of the sample holder (fig. 2.5
b). The knowledge of the absolute orientation is essential for assigning the correct
directions of the calcite (10.4) surface in the obtained AFM images.

The cutting and mounting process of the calcite crystals often causes a slightly
inclined plane. Therefore, the AFM scan angle is always adjusted to almost minimize
the height difference in the fast scan direction.

14 Chapter 2 In-situ Dynamic Atomic Force Microscopy



2.3 Instrumentation

Sample Preparation

Pure water (18 MΩ·cm) is produced using a purification setup from Merck Millipore.
Sodium hydroxide (NaOH, 0.1 M and 1 M) and hydrochloric acid (HCl, 0.1 M and
1 M) standard solutions are purchased from Carl Roth GmbH & Co. KG and are
used to adjust the pH of the solutions. For varying the calcium concentration in the
solutions, I use a calcium ion solution (CaCl2, 0.1 M) from Sigma-Aldrich.

The additive molecules are dissolved in pure water during stirring or ultrasonication.
The pH of the solutions is recorded before and after adding NaOH, HCl or CaCl2.
After the sample preparation, the temperature of the measuring solutions is stabilized
to 28 °C prior to the injection into the AFM liquid cell.

pH Measurements

All pH measurements are conducted using a Schott laboratory pH meter (CG 842)
equipped with a BlueLine pH electrode (Schott Instruments, 18 pH). The pH elec-
trode is calibrated weekly utilizing buffer standard solutions with a pH value of 4
and 7 (HANNA instruments, type Hi6004 and Hi6007).

2.4 Measurement Conditions

With respect to calcite solubility, all in-situ AFM measurements are conducted in an
undersaturated solution, only consisting of pure water, the solute organic molecules
and, depending on the starting conditions, hydrochloric acid, sodium hydroxide or
calcium chloride, respectively. An immersed calcite crystal in an undersaturated
solution dissolves at all times, independent of the pH, until the dynamic carbonate
equilibrium is reached. Calcite dissolution releases calcium (Ca2+) and carbonate
ions (CO3

2–) into the surrounding solution, the latter causing the pH to converge to
a pH of around 8.3,[41] which corresponds to the pH of the carbonate equilibrium.
The small injection volume (approximately 0.2 ml to 0.3 ml) of the liquid cell disables
pH measurements during and after the in-situ AFM experiments. Therefore, all pH
values stated in this thesis correspond to the initial pH of the solution, which is
adjusted and measured prior to the injection into the liquid cell. Furthermore, as the
used liquid cell is open to air, the solution evaporates undoubtedly at all times during
the in-situ AFM experiment. Hence, this evaporation increases the concentration
of all components in the solution. Therefore, the indicated molecule and calcium
concentrations refer to the initially prepared concentrations.

2.3 Instrumentation 15
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3Organophosphonate-Induced
Calcite (10.4) Surface
Restructuring

The following chapter 3 is based on the article “Structure-Dependent Dissolution
and Restructuring of Calcite Surfaces by Organophosphonates“ by M. Nalbach, A.
Moschona, K. D. Demadis, S. Klassen, R. Bechstein and A. Kühnle, which has
been accepted for publication in Crystal Growth & Design.[42] The molecules
studied in this project were synthesized by A. Moschona and K. D. Demadis. I
performed or supervised the AFM measurements (some AFM measurements
were performed by S. Klassen), analyzed the experimental data, prepared
the figures and wrote the manuscript (with the exception of the molecular
details in the introduction and the organophosphonate synthesis section) with
comments by K. D. Demadis and A. Kühnle. Parts of the article are reproduced
verbatim, changes have been made to make this chapter consistent with the
other sections in this thesis.
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Organophosphonates are well known to strongly interact with the surfaces of various
minerals, such as brucite, gypsum and barite. In this work, we study the influence
of six systematically varied organophosphonate molecules (tetraphosphonates and
diphosphonates) on the dissolution process of the (10.4) surface of calcite. In order to
pursue a systematic study, we have selected organophosphonates that exhibit similar
structural features, but also systematic architectural differences. The effect of this
class of additives on the dissolution process of the calcite (10.4) surface is evaluated
using in-situ dynamic atomic force microscopy. For all of the six organophosphonate
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derivatives we observe a pronounced restructuring of the (10.4) cleavage plane of calcite,
demonstrated by the formation of characteristically shaped etch pits. To elucidate their
specific influence on the dissolution process of calcite (10.4), we vary systematically
the number of functional end groups (two for the tetraphosphonates and one for the
diphosphonates), the spacing between the functional ends through separating methylene
groups (two, six and twelve), as well as the pH of the solution (ranging from 2.6
up to 11.7). For each of the two groups of the organophosphonate derivatives, we
observe the very same formation of etch pits (olive-shaped for the tetraphosphonate and
triangular-shaped for the diphosphonate molecules), respectively. This finding indicates
that the number of functional ends decisively determines the resulting calcite (10.4)
surface morphology whereas the size of the organophosphonate molecule within one
group seems not play any important role. For all of the molecules, the restructuring
process of calcite (10.4) is qualitatively independent of the pH of the solution and,
therefore, independent of the protonation / deprotonation states of the molecules. Our
results reveal a general property of organophosphonate derivatives to induce surface
restructuring of the calcite (10.4), which seems to be very robust against variations in
both, different molecular structures and different protonation / deprotonation states.

20 Chapter 3 Organophosphonate-Induced Calcite (10.4) Surface Restructuring



3.1 Introduction - Organophosphonates

Organophosphonic acids are molecules that possess a direct phosphorus-carbon
(P-C) bond between the phosphonate tetrahedral moiety and the organic part, in
contrast to organophosphates, which possess a phosphorus-oxygen-carbon (P-O-
C) linkage.[43] The presence of the robust P-C bond (dissociation energy of 513
kJ/mol[44]) renders these molecules resistant to hydrolysis and thermal decomposi-
tion.[45] More specifically, all organophosphonates belong to the aminomethylene-
phosphonate family, bearing the aminomethylenephosphonate (–N+(H)-CH2-PO3H–)
zwitterionic moiety. Due to the high affinity of the phosphonate group towards
metal ions and mineral surfaces, organophosphonates have been used extensively
in the construction of metal-organic frameworks,[46] as scale growth inhibitors[28]

and already have been studied intensively on various surfaces like calcite,[47–49]

gypsum,[50] barium sulfate,[51] and brucite.[52]
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Fig. 3.1: (a) Model of the calcite (10.4) cleavage plane. (b) Schematic structure of the
tetraphosphonates. We study molecules with a number of methylene spacing groups of n
= 1, 3, 6. (c) Schematic structure of the diphosphonates. Here, the number of methylene
spacing groups equals m = 1, 5, 11. The scale bar in (b) applies to all subfigures.

Organic additives are known to alter the surface morphology of minerals in various
ways, e.g. affecting dissolution and growth, as well as inducing a restructuring of the
surface.[17,18,53–57] For example, ancient polysaccharide[57] adsorbs with a high affin-
ity to calcite step edges, resulting in a modified and characteristically restructured
surface morphology during both, calcite dissolution and calcite growth.
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Here, we study the influence of three tetraphosphonate and three diphosphonate
molecules on the dissolution process of the calcite (10.4) surface, the thermodyna-
mically most stable cleavage plane of calcite (fig. 3.1 a). The schematic structures
for each family of organophosphonates are given in fig. 3.1 b and fig. 3.1 c, the
detailed molecule names and abbreviations are given in table 3.1.

Tab. 3.1: Names and abbreviations of the organophosphonate molecules. The abbreviation
includes the acronym for the name, the number of methylene spacing groups (Cx), as well
as a labeling for the number of phosphonic acid end groups. T denotes tetra for the four
phosphonic acid groups in the tetraphosphonates and D denotes di for the two phosphonic
acid groups in the diphosphonates.

Additive Name Additive Abbreviation

Ethylenediamine-
tetrakis(methylenephosphonic acid)

EDTMP-C2-T

Hexamethylenediamine-
tetrakis(methylenephosphonic acid)

HDTMP-C6-T

Dodecamethylenediamine-
tetrakis(methylenephosphonic acid)

DDTMP-C12-T

Ethylamine-bis
(methylenephosphonic acid)

EABMP-C2-D

n-Hexamethylamine-
bis(methylenephosphonic acid)

HABMP-C6-D

n-Dodecamethylamine-
bis(methylenephosphonic acid)

DABMP-C12-D

For our studies, we focus on two principal structural differences of the additive
molecules. On the one hand, within each group of organophosphonate molecules,
we study the influence of the spacing between the functional ends through a variation
of the number of methylene (-CH2-) groups. We compare molecules with only two
separating methylene groups (EDTMP-C2-T and EABMP-C2-D), six (HDTMP-C6-T and
HABMP-C6-D) and twelve (DDTMP-C12-T and DABMP-C12-D). On the other hand, we
compare for each of the three pairs of organophosphonate molecules the difference
in the number of functional end groups, which consists of phosphonic acid (-PO3H2)
groups connected via a tertiary amine (R-N(CH2)2) group. The tetraphosphonate
molecules possess two amino-bis(methylenephosphonate) functional ends (fig. 3.1b),
the diphosphonate molecules only one identical amino-bis(methylenephosphonate)
functional end (fig. 3.1 c), respectively. Finally, we systematically vary for all
molecules the solution pH to elucidate the pH dependence of the surface restruc-
turing process of calcite (10.4) in the presence of organophosphonate molecules.
We find that independent of the solution pH, all six organophosphonate molecules
significantly restructure the (10.4) surface of calcite by the formation of characteris-
tically shaped etch pits. This observation indicates a general property of molecules
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with functional ends consisting of phosphonate groups connected via a tertiary
amine group to enable surface restructuring of the calcite (10.4) cleavage plane.
The number of phosphonate end groups alone seems to exert no influence on the
ability of the molecules to restructure the calcite (10.4) surface, however, it seems
to determine decisively the resulting surface morphology. For the three tetraphos-
phonate molecules we observe characteristic olive-shaped etch pits, while for the
diphosphonate molecules a triangular etch pit geometry is predominant on the
calcite (10.4) cleavage plane. The results of the surface restructuring within each
group of organophosphonate molecules are independent of the spacing between the
functional ends, revealing that the size of an organophosphonate molecule does not
have an influence on the dissolution process of calcite (10.4) and only the presence
of at least one functional end plays a decisive role.

Organophosphonate Synthesis

Ethylenediamine (99 %), 1,6-diaminohexane (> 98 %), 1,12-diaminododecane (>
98 %), ethylamine (70 %), n-hexylamine (99 %) and n-dodecylamine (97 %) are
purchased, from Alfa Aesar, formaldehyde (36.5 % aqueous solution) is purchased
from Riedel-de Haen, and phosphorus acid (99 %), as well as hydrochloric acid (37
% aqueous solution) are purchased from Sigma-Aldrich. The reactants are all used
without further purification. All organophosphonic acid molecules are synthesized
via the Mannich-type (Irani-Moedritzer) reaction. In principle, this reaction allows
the clean transformation of a primary amine to an amino-bis(methylenephosphonic
acid) moiety. Literature procedures are followed.[58–60] All organophosphonic acids
are isolated as high-purity solids in > 50 % yields, except EDTMP-C2-T which is kept
dissolved in water and used as a 25.4 % w/w stock solution.

Further experimental details about solution preparation, instrumentation, measure-
ment condition and information about the in-situ AFM setup are given in are given
in section 2.2, section 2.3 and section 2.4.
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3.2 Results and Discussion - Organophosphonates

We study aqueous organophosphonate solutions with additive concentration ranging
from 0.19 µM up to 309 µM. For all additives, we find that a dissolving calcite (10.4)
surface restructures under shrinkage of calcite terraces and the formation of charac-
teristically shaped etch pits (fig. 3.2). Compared to a calcite (10.4) surface dissolving
in pure water (in the absence of additives), the calcite (10.4) surface appears to
be much more rough and uneven in the presence of the three tetraphosphonate
molecules (fig. 3.2 a-c). We observe irregular shaped calcite (10.4) terraces and
several, but small etch pits. During the experiment, these etch pits grow mainly in
size while exposed calcite terraces vanish almost completely.

1 μm

(d)

after 22 min

(e)

after 48 min

(f)

after 100 min

250 nm

(a)

after 311 min

(b)

after 320 min

(c)

after 337 min

[010][421]

Fig. 3.2: Representative AFM image series of a calcite (10.4) surface in the presence of
the organophosphonate molecules demonstrating calcite dissolution and etch pit formation.
Images (a-c) are taken in the presence of 0.37 µM EDTMP-C2-T at a pH of 3.1. A rough and
uneven calcite (10.4) surface with predominant etch pits and less distinct terraces is found.
Perimeters of a shrinking calcite terrace and a growing etch pit are exemplarily marked by
white lines. The scale bar in image (a) applies to all images in the series (a-c). Images (d-f)
are taken in the presence of 258 µM EABMP-C2-D at a pH of 6.7. Here, the area of distinct
calcite terraces is larger compared to image series (a-c). The dimension of one dominant
growing etch pit is marked by white arrows. The scale bar in image (d) applies to all images
in the series (d-f). The images color scale represents a height difference of 3.3 nm (a, e), 4.3
nm (b), 5.0 nm (c), 3.5 nm (d) and 2.8 nm (f).

For all three tetraphosphonate molecules (EDTMP-C2-T, HDTMP-C6-T and DDTMP-
C12-T), the very same restructured surface morphology of calcite (10.4) is revealed.
This indicates a general property for the group of tetraphosphonate molecules to
be able to restructure calcite (10.4) during dissolution. Therefrom, the spacing
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between the functional ends seems to have no influence on the surface restructuring
process as no differences between two, six and twelve separating methylene groups
are observed. For the three diphosphonate molecules (EABMP-C2-D, HABMP-C6-D
and DABMP-C12-D), a very similar situation can be found during calcite dissolu-
tion. We also observe a restructured calcite (10.4) surface, however, compared to
the tetraphosphonate molecules, now with a larger area of distinct terraces and
triangular-shaped etch pits (fig. 3.2 d-f). Here, during the course of the experiment
the etch pits also grow in size and depth as the confining step edges retreat. However,
the calcite (10.4) substrate appears to be less rough and uneven as compared to
when the diphosphonate molecules are present. Variation of the spacing between
the functional ends within the group of diphosphonate molecules (i.e. the length
of the alkyl side-chain) again shows no difference in the surface restructuring of a
dissolving calcite (10.4) surface. This finding also points towards a general property
for diphosphonate molecules to restructure calcite (10.4) during dissolution.

As all six organophosphonate molecules studied here show the very same influ-
ence on calcite (10.4) dissolution, we can conclude that the existence of at least
one functional end (two phosphonate groups connected via a tertiary amine group)
enables calcite (10.4) surface restructuring. Furthermore, as we can see qualitative
differences in the surface morphology between the presence of tetra- and diphos-
phonate molecules, but no differences within each group, we can deduce that the
number of functional end has a significant influence whereas the spacing between
the functional ends seems not to play an important role.

Etch pit geometries on calcite (10.4). The dissolution process of calcite (10.4) in
pure water is characterized by the formation of rhombohedral etch pits (fig. 3.3 a).
These etch pits are terminated by the thermodynamically most stable step edges
running along the [44̄1̄] and [481̄] directions (fig. 3.3 b). All four step edges of
an etch pit are neutral because of an alternating arrangement of calcium ions and
carbonate groups. Tilting of the carbonate groups in the calcite (10.4) surface
structure results in two different edges pits sides, namely acute and obtuse. The two
obtuse step edge sides are known to exhibit a more rounded shape, resulting in the
asymmetric etch pit appearance in fig. 3.3 a.[61–63]
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Fig. 3.3: Etch pit geometries observed on the calcite (10.4) surface in the absence and
presence of the organophosphonate molecules. (a) Amplitude modulation atomic force
microscopy (AM-AFM) image of the calcite (10.4) surface in pure water showing charac-
teristic rhombohedral etch pits. (b) Model of the calcite (10.4) surface illustrating the
etch pit termination by the thermodynamically most stable step edges running along the
[44̄1̄] and [481̄] directions. (c) Characteristic olive-shaped etch pit in the presence of the
three tetraphosphonate molecules EDTMP-C2-T, HDTMP-C6-T and DDTMP-C12-T. The long
diagonal of the etch pit is running along the [010] direction, the short diagonal along the
[421̄] direction. The obtuse step edge sides are rounded similarly to the one in etch pit in (a).
(d) A characteristic triangular etch pit geometry is found when the diphosphonate molecules
EABMP-C2-D, HABMP-C6-D and DABMP-C12-D are present. The etch pits observed here only
show the [481̄] direction as one of the usually seen acute step edges directions. However,
the obtuse step edge side is slightly rounded too. The angle α to the other acute edge is
measured to be 75°. The images color scale represents a height difference of 3.8 nm (a), 3.5
nm (c) and 3.0 nm (d).

In the presence of the three tetraphosphonate molecules EDTMP-C2-T, HDTMP-C6-T
and DDTMP-C12-T etch pits with an olive shape are observed all over the calcite
(10.4) surface (fig. 3.3 c). The geometry of the olive shaped etch pits is much
related to etch pits in pure water. The long diagonal is also running along the [010]
direction, likewise the short diagonal is running along the [421̄] direction. The two
obtuse step edge sides are rounded in a similar same way as it is observed in the
asymmetric etch pit appearance in pure water. Due to the symmetry of the olive
shaped etch pits also the obtuse step edge sides are now rounded. For the three
diphosphonate molecules EABMP-C2-D, HABMP-C6-D and DABMP-C12-D, we find
etch pits with a predominant triangular etch pit geometry (fig. 3.3 d). These etch
pits only show one of the commonly seen thermodynamically most stable acute step
edges directions, the [481̄] direction. Nevertheless, the obtuse step edge side is
slightly rounded too and therefore comparable to the etch pit curvature for pure
water and for the presence of the Tetraphosphonates. The pronounced angle in the
acute step edge corner is measured to be 75°.
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pH-independent dissolution process. Organophosphonic acids produce a plethora
of chemical species in aqueous solutions, depending on the pH.[64]
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Fig. 3.4: Protonation / deprotonation sequence for EDTMP-C2-T, showing eight experimen-
tally detected species. The stepwise deprotonation behavior, starting from the three-fold
deprotonated (H7EDTMP−C2−T–) species to the fully deprotonated (EDTMP−C2−T8–)
species, is displayed from left to right and top to bottom. Values for the logarithmic acid
dissociation constant (log Ka) for each protonation / deprotonation step are provided.[65]

Relevant protons for each protonation / deprotonation step are highlighted in red.
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Popov et al.[65] have summarized a large portion of the available literature on critical
stability constants for a number of phosphonic acids. Based on the reported data, we
draw the scheme in fig. 3.4, illustrating the protonation / deprotonation of EDTMP-
C2-T, exemplarily for the tree tetraphosphonates, as well as the scheme in fig. 3.5,
showing the protonation / deprotonation of EABMP-C2-D, exemplarily for the tree
diphosphonates. Such data and related speciation diagrams[66] can be very useful
in interpreting experimental results, particularly for mineral scale inhibition[22]

and decalcification of biominerals,[23,24] but should be used with caution due to the
different experimental conditions employed in measuring the pKa’s of the phosphonic
acids.
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Fig. 3.5: Protonation / deprotonation for EABMP-C2-D, showing five experimentally detected
species. The stepwise deprotonation behavior, starting from the neutral (H4EABMP−C2−D)
species to the fully deprotonated (EABMP−C2−D4–) species. Relevant protons for each
protonation / deprotonation step are highlighted in red.

To study the pH-dependence of calcite (10.4) surface restructuring in the presence
of the organophosphonate molecules, we perform in-situ AFM experiments with
solution pH values ranging from 2.6 up to 11.7. The results for the measurements
with varying solution pH are illustrated in fig. 3.6. Here, we show representative
results for the tetraphosphonate EDTMP-C2-T at solution pH values of 4.1, 8.2 and
11.7 (fig. 3.6 a-c), and for the diphosphonate EABMP-C2-D at solution pH values of
3.5, 5.7 and 9.5 in fig. 3.6 d-f.
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(b) pH = 8.2 (c) pH = 11.7

(d) pH = 3.5 (e) pH = 5.7 (f) pH = 9.5

(a)

2 μm

pH = 4.1

[010][421]

Fig. 3.6: Representative AFM images demonstrating the pH independence of the surface
restructuring of calcite (10.4) in the presence of the organophosphonate molecules. The
images (a), (b) and (c) are taken in the presence of 0.19 µM EDTMP-C2-T at solution pH
values of 4.1, 8.2 and 11.7, respectively. The images (d) and (f) are taken in the presence
of 309 µM EABMP-C2-D, image (e) in the presence of 258 µM EABMP-C2-D at solution pH
values of 3.5, 5.7 and 9.5, respectively. The scale bar in (a) applies to all images. The images
color scale represents a height difference of 3.0 nm (a), 2.5 nm (b, d), 5.0 nm (c), 3.3 nm
(e) and 2.1 nm (f).

We find no significant differences in the surface restructuring, depending on the
pH value and regardless of the specific molecule studied. We observe for both
families of organophosphonate molecules the very same etch pit shape (olive for the
tetraphosphonate and triangular for the diphosphonate molecules) as the result of
the dissolution process, independent of solution pH. This observation indicates that
the surface restructuring process seems to be insensitive against variations in both
factors, i.e. structural differences due to the alkyl spacing between the functional
ends and different protonation / deprotonation states caused by the solution pH.
The pH independence of calcite (10.4) surface restructuring has been recently
also observed in in-situ AFM studies in the presence of organic dye molecules[19]

and, hence, might indicate a more general surface restructuring mechanism in the
presence of chemical additives.
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3.3 Summary and Conclusion - Organophosphonates

Herein, we systematically study the impact of six different organophosphonate
molecules, three tetraphosphonates (EDTMP-C2-T, HDTMP-C6-T and DDTMP-C12-T)
and three diphosphonates (EABMP-C2-D, HABMP-C6-D and DABMP-C12-D) on the
dissolution process of calcite (10.4) using in-situ dynamic AFM. For each molecule,
a pronounced surface restructuring is observed, resulting in the formation of charac-
teristically shaped etch pits for each group of organophosphonate molecules. From
that, we can conclude that the existence of at least one functional end (two phospho-
nate groups connected via methylene linkers to a tertiary amine group) is sufficient
to enable calcite (10.4) surface restructuring. This observation points towards a
general property of organophosphonate molecules to alter and restructure the (10.4)
surface of calcite during dissolution.

Furthermore, the difference in the number of functional phosphonate end groups
(four for the tetraphosphonates and two for the diphosphonates) decisively deter-
mines the resulting surface morphology. We observe olive-shaped etch pits for the
tetraphosphonate and triangular-shaped ones for the diphosphonate molecules. In
contrast to the number of functional end groups, changing the spacing between the
functional ends through a variation of the number of methylene groups (two, six and
twelve) has no influence on the dissolution process of calcite (10.4). For all three
tetraphosphonate, as well as for the three diphosphonate derivatives, we observe the
very same etch pit geometry, respectively. Finally, the dissolution process of calcite
(10.4) in the presence of each of all six molecules is independent of solution pH and,
therefore, not affected by the protonation / deprotonation state of the molecules.
The surface restructuring process of calcite (10.4) during dissolution in the presence
of the organophosphonate molecules studied here appears to be very robust against
variations in both, additive molecular structure and solution pH.

Although precise information on the interaction of the phosphonate group with
the calcite surface at the molecular level cannot be drawn from AFM studies, it is
well established that the doubly-deprotonated R-PO3

2− group interacts much more
strongly with the calcite surface than the singly-deprotonated R-PO3H− group.[49]

This is consistent with the pH-independent restructuring process observed for all
organophosphonate additives. Furthermore, the second additive side moiety (a
second amino-bis(methylenephosphonate) group for the tetraphosphonates and an
alkyl group for the diphosphonates) does not seem to directly interact with the
surface of calcite (10.4).
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However, it may indirectly influence the interaction of the entire molecule by cre-
ating a hydrophilic (for tetraphosphonates) or a hydrophobic (for diphosphonates)
microenvironment on the calcite surface. The structural differences in the non-
interacting side-groups between tetraphosphonates and diphosphonates are con-
sistent with the morphology of the etch pits observed. The important observation
that within the same family the side chain-length does not seem to influence the
restructuring process confirms that one amino-bis(methylenephosphonate) moiety
alone is necessary for the process to occur.
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4Molecular Self-Assembly Versus
Surface Restructuring

The following chapter 4 is based on the article “Molecular Self-Assembly Versus
Surface Restructuring During Calcite Dissolution“ by M. Nalbach, S. Klassen, R.
Bechstein and A. Kühnle, which has been published in Langmuir.[19]

I performed or supervised the AFM measurements for this project (some of the
AFM measurements were performed by S. Klassen), analyzed the experimental
data, prepared the figures and wrote the manuscript with comments by R.
Bechstein and A. Kühnle. For this thesis, parts of the article are reproduced
verbatim. Changes have been made to make this chapter consistent with the
other sections in this thesis. For this chapter, I included large-scale AFM data
about the surface restructuring in the presence of Eriochrome Black T.

40 nm 1 μm

Surface RestructuringMolecular Self-Assembly

Organic additives are known to alter the mineral-water interface in various ways.
On the one hand, organic molecules can self-assemble into ordered structures wetting
the surface. On the other hand, their presence can affect the interfacial morphology,
referred to as surface restructuring. Here, we investigate the impact of a class of calcium-
complexing azo dyes on the dissolution of calcite (10.4) using in-situ high-resolution
dynamic atomic force microscopy, with a focus on the two constitutional isomers
Eriochrome Black T and Eriochrome Black A. A very pronounced surface restructuring
is observed in the presence of the dye solution, irrespective of the specific dye used
and independent of the pH. This surface restructuring is obtained by the stabilization
of both the non-polar acute and the polar [010] step edges, resulting in a greatly
altered, characteristic interface morphology. In sharp contrast to the prevalence of the
surface restructuring, an ordered molecular structure on the crystal terraces is observed
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only under very specific conditions. This formation of an ordered stripe-like molecular
structure is obtained from Eriochrome Black A only and limited to a very narrow
pH window at a pH value of around 3.6. Our results indicate that such molecular
self-assembly requires a rather precise adjustment of the molecular properties including
control of the conformation and deprotonation state. This is in sharp contrast to the
additive-induced surface restructuring, which appears to be far more robust against
both pH changes and variations in the molecular conformation.

4.1 Introduction - Eriochrome Azo Dyes

The interaction of organic molecules with mineral surfaces within their natural envi-
ronment is decisive for a wide range of processes within fields such as: geochemis-
try[2,5,16] and biomineralization,[13,14,67,68] as well as within industry.[12,69] Espe-
cially calcite, the most stable polymorph of calcium carbonate (CaCO3), has attracted
great attention due to its abundance in the earth crust and its pivotal role in the
above mentioned areas.[15,17,41,53,70–77] Consequently, additive-induced changes of
the calcite-water interface have been studied in an attempt to rationalize processes
during biomineralization and biomimetic crystallization.[17,18,47,78–81]

To this end, microscopy techniques have been proven to provide high-resolution
insights into additive-controlled calcite dissolution, growth and surface restructur-
ing, as these techniques offer the ability to directly visualize the mineral-water
interface,[26] as well as the hydration structure above the surface.[77,82,83] This real-
space insight is often combined with complementary experimental information, e.g.,
spectroscopic or X-ray reflectivity measurements, and theoretical investigations, such
as: molecular dynamics (MD) simulations.[84] However, despite considerable effort
in this field, elucidating the detailed mode of action of organic additives in calcite
nucleation, dissolution and growth remains a challenge in most cases.

In this context, an interesting question addresses the competition between additive-
induced surface restructuring[17,18,57] and the formation of a self-assembled molec-
ular structure1 on the mineral surface.[15] While both processes can, in principle,
occur at the same time, the vast majority of studies reported so far have revealed
distinct surface restructuring, often resulting in the formation of otherwise ther-
modynamically unstable step edges, e.g., the polar [010] step edge.[17] In contrast,
reports on the formation of ordered, self-assembled molecular structures on the
mineral surface are comparatively rare. On the one hand, this might be in part
due to the fact that massive surface restructuring can be readily detected, while

1We note that the term “self-assembly“ is usually used for equilibrium structures while “self-
organization“ is used for kinetically trapped structures. As it can be far from trivial to evaluate
whether a given structure is the equilibrium structure, we decided to use the term “self-assembly“
regardless of whether it is in equilibrium or not.
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self-assembled structure might be more challenging to be observed as they require
high-resolution techniques capable of monitoring a weakly bound molecular mono-
layer at the mineral-water interface. On the other hand, this observation could
also be indicative of a more general principle at play during interaction of organic
molecules with the mineral-water interface.

In this work, we investigate molecules from the class of Eriochrome azo dyes (fig. 4.1
a and b), which are known to interact with magnesium and calcium ions, as well as
other di- and trivalent metal ions as they are used for chelatometric titration.[27,85–87]

Stability constants of the magnesium and calcium complexes and their binding mo-
tives have been studied intensively using extinction experiments.[85]

SO3Na

(a) EBT

1.5 nm

(b) EBA

[010]

Carbon

Oxygen

Calcium

a = 0.50 nm

b = 0.81 nm

(c) Calcite (10.4)

[421]

OH

N N
OH

NO2

N N
OH

NO2

SO3Na

OH

Fig. 4.1: Model of the two constitutional isomers of the Eriochrome azo dyes, namely, (a)
Eriochrome Black T (EBT) and (b) Eriochrome Black A (EBA), which are used for main body
of experiments this study. (c) Model of the calcite (10.4) surface. The scale bar in (a) applies
to all subfigures.

Due to their complexation ability, the Eriochrome azo dyes, especially Eriochrome
Black T, are therefore used to determine water hardness. We demonstrate that the
ability to restructure the (10.4) surface of calcite (fig. 4.1 c) into a characteristic
morphology appears to be a general property of these molecules, irrespective of the
specific molecular structure and solution the pH value. In contrast, the formation
of an ordered self-assembled structure is more delicate to achieve. We observe
molecular self-assembled structures only for one out of the five Eriochrome dyes
tested and only in a narrow pH window.

Our work indicates that molecular self-assembly requires a precise tuning of the
molecule’s properties including control of conformation and deprotonation state,
while surface restructuring appears to be more robust against variations in the
molecular properties.
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Materials and Methods

Eriochrome Black T (EBT, ACS reagent, indicator grade), Eriochrome Blue Black
B (EBBB, indicator (for complexometry)) and Eriochrome Blue Black R (EBBR,
indicator (for complexometry (Al, Fe, Zr))) are purchased from Sigma Aldrich.
Eriochrome Black A (EBA) and Eriochrome Red B (ERB) are purchased from TCI
Deutschland GmbH. All dye molecules are used in the experiments without further
purification.

Further experimental details about solution preparation, instrumentation, measure-
ment condition and information about the in-situ AFM setup are given in section 2.2,
section 2.3 and section 2.4.

4.2 Results and Discussion - Eriochrome Azo Dyes

In-situ solution exchange. To assess the impact of the class of Eriochrome Black
molecules on the calcite (10.4)-water interface, we perform in-situ solution exchange
experiments as shown in fig. 4.2. Here, the etch pits characteristic for calcite (10.4)
are revealed in the absence of the additive molecules (fig. 4.2 a).

1.5 μm
[010][421]

(a)

after 46 min

(b) (c) (d)

after 107 min after 201 min

Fig. 4.2: In-situ solution exchange experiment demonstrating the additive-induced changes
in the calcite surface morphology upon adding EBT to the solution. Image (a) is taken before
exchanging the pure water by a 0.14 mM solution of EBT with an initial pH value of 3.6.
Images (b), (c), and (d) are taken 46, 107, and 201 min after the addition of EBT. After
molecule addition, large bright features appear on the surface as can be seen in image (b).
These features remain on the surface after the restructuring and appear to constitute the
terminating sites at the tip of the triangular-shaped terraces. The scale bar in image (a)
applies to all images in this series.

These etch pits are characterized by a rhombohedral shape with the two acute step
edges being straight, while the obtuse step edges are known to develop into curved
steps.[61–63,70] Upon exchange of the pure water by a 0.14 mM EBT solution, the
surface is observed to restructure. Already 46 min after injection of the molecules,
the acute step edges appear to be decorated by molecules, while the obtuse step
edges seem less covered (fig. 4.2 b). In the course of the experiment, the obtuse step
edges vanish and steps along the [010] direction appear instead (fig. 4.2 c).
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These newly formed steps in [010] direction are found to be decorated with
molecules. Overall, a characteristic triangular-shaped terrace termination emerges
from this restructuring (fig. 4.2 d).

[010][421] 8 μm

(a)

2 μm

(b)

Fig. 4.3: Large-scale AFM images of a restructured calcite (10.4) surface. (a) 40 µm AFM
image of calcite (10.4) in the presence of 0.15 mM solution of EBT at an initial solution pH of
3.6. The image color scale is adjusted to color code the height difference between the highest
(lower right corner) and the lowest (upper left corner) position on the surface. The three
cut-out images with a different image color scale show the characteristic triangular-shaped
terrace termination. (b) Zoom into the terraced structure in image (a), indicating the step
edges decoration with molecular structures.

This triangular-shaped terrace pattern can be found on large areas of the calcite
(10.4) surface (fig. 4.3). In fig. 4.3 a, the terrace termination is shown on a 40
µm AFM image of calcite (10.4). Here, the color scale demonstrates the significant
height difference between the highest (lower right corner) and the lowest (upper
left corner) position on the surface, as well as the multiplicity of small terraces in
between. The zoom into this terraced structure indicates clearly step edges running
along the [010] direction and their decoration with molecular structures.

Step edge models. A model for the observed step edges in the absence and presence
of EBT is given in fig. 4.4. The characteristic edge pits in the absence of molecules
are terminated by two steps running in the [44̄1̄] and [481̄] directions (fig. 4.4
a). All four step edges have in common that they are neutral with an alternating
arrangement of calcium ions and carbonate groups (fig. 4.4 b). However, the edges
differ due to the tilt in the carbonate groups, resulting in acute and obtuse edges,
as indicated by the unit cell symbol in the lower left corner of fig. 4.4 a. The edge
pit termination at the two obtuse sides are known to develop into a rounded shape,
resulting in an asymmetric etch pit appearance.[61–63,70] An image showing the
characteristic triangular-shaped terrace terminations in the presence of EBT is given
in fig. 4.4 c with the corresponding surface model in fig. 4.4 d. While the acute step
edge running along the [481̄] substrate direction is still present in this image, all
other edges of the edge pit have vanished. Instead, new edges are obtained that
run along the [010] direction. Steps in [010] direction are characterized by the
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fact that they are formed either by calcium ions or by carbonate groups exclusively.
Thus, these step edges are polar. Both, the acute, non-polar steps along the [481̄]
direction and the polar steps along the [010] direction are observed to be decorated
by molecules.
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Fig. 4.4: Model for the observed step edges in the absence and presence of EBT. (a)
Amplitude modulation AM-AFM image of the bare calcite (10.4) surface, exhibiting the
characteristic rhombohedral etch pits. The obtuse step edges are known to exhibit a curved
shape.[61–63,70] (b) Model of the calcite (10.4) surface showing the thermodynamically
most stable step edges that terminate the etch pits, running along the [44̄1̄] and [481̄]
directions. (c) Surface morphology in the presence of 0.14 mM EBT. Triangular-shaped
terrace terminations are formed. (d) Model of the surface indicating the two predominant
directions marked with black and blue arrows in (c). The step edge marked in black is the
originally existing acute step edge in the [481̄] direction. The direction marked in blue
is the [010] direction. Steps in this direction are polar because they are terminated by
either calcium or carbonate groups exclusively. (e) Model illustrating the different terrace
terminations and the glide reflection symmetry of the surface.
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Due to the glide reflection symmetry of the surface with the glide reflection axis
along the [421̄] direction, an equivalent situation is obtained when step edges
along the acute [44̄1̄] and the [010] direction are formed, resulting in the very
same triangular-shaped termination of the terraces (fig. 4.3 e). This situation is,
indeed, equally observed experimentally. Thus, the presence of the EBT molecules
appears to stabilize both the acute non-polar edges, as well as the polar edges along
[010]. Interestingly, the obtuse edges are not stabilized by the presence of the EBT
molecules and, thus, vanish in the course of the experiment in favor for the polar
edges along the [010] direction.

Step edge analysis. To obtain further insights into the step edge decoration, we
performed high-resolution images directly at a step. As shown in fig. 4.5 a, the step
edge decoration is not limited to a single molecular row, but is imaged as a broad
stripe with an apparent width of several tens of nanometers and an apparent height
of 1-2 nm, as can be deduced from the line profile given in fig. 4.5 b. No internal
order can be resolved within the molecular stripe.
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Fig. 4.5: Step edge termination in the presence of EBT. (a) Zoom onto a step edge high-
lighting the molecule-covered step edges. (b) Line profile taken at the indicated position in
(a), revealing an apparent height of the molecular structure of 1-2 nm. (c) Zoom onto the
boundary of the molecular structure and the bare calcite, revealing atomic resolution on the
calcite (10.4) surface (lower left part).

A further zoom onto the molecular stripe and the calcite substrate as shown in fig. 4.5
c reveals atomic resolution of the underlying calcite lattice. This high resolution is
indicative of a sharp tip termination. Despite the good tip quality, no further structure
can be resolved in the molecular stripe, suggesting a poorly ordered molecular stripe
or rapidly moving end groups rather than a rigid and ordered molecular structure at
the edges.
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Variation of the solution pH. Next, we investigate the pH dependence of the
observed additive-induced surface restructuring. Changing the pH of the solution
changes the deprotonation state of EBT. In fig. 4.6 a, the species distribution is
given as a function of the pH value of the solution. While one-fold deprotonated
molecules are the dominant species at a pH around 3-4, the dominant species at
a pH value around 9 is two-fold deprotonated. At a pH of 6.3, the one-fold and
two-fold deprotonated species are equally present. Moreover, we note that EBT can
undergo an azo-hydrazo tautomerization[88] (fig. 4.6 b), resulting in three (four,
one) different species for the one-fold (two-fold, three-fold) deprotonated molecule,
respectively.
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Fig. 4.6: (a) Species distribution of EBT as a function of the pH value. (b) Azo-hydrazo
tautomerization of a one-fold deprotonated EBT molecule. Relevant protons for each
tautomerization step are highlighted in red.

Species distribution calculation. EBT and EBA possessing one sulfonate (−SO3
–)

and two hydroxyl (−OH) groups are both triprotic acids. For each protonation /
deprotonation step, the acid dissociation constant (Kai) is defined by the quotient of
the respective equilibrium concentrations.

Kai = c(H3O+) · c(Hn−1A
i−)

c(Hn−i+1A(i−1)−)
(4.1)

For EBT and EBA the acid dissociation constants (Kai) for the second and third
protonation / deprotonation step are given in table 4.1.[85]
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Tab. 4.1: Acid dissociation constants for the second and third protonation / deprotonation
step of EBT and EBA.[85]

Molecule -log Ka2 = pKa2 -log Ka3 = pKa3

EBT 6.35 11.55

EBA 6.20 13.00

Calculation of the EBT and EBA species distribution is performed using the rel-
evant protonation / deprotonation equilibrium equations[89] for an n-protic acid
(Hn−i+1A

(i−1)−).

Hn−i+1A
(i−1)−(aq) + H2O −−⇀↽−− Hn−iA

i−(aq) + H3O+(aq) (4.2)

The total concentration (C) for EBT and EBA is the sum over all protonated /
deprotonated species being present in the solution at every pH.

C =
∑n

i=0
c
(
Hn−iA

i−(aq)
)

(4.3)

Numerical analysis of the resulting system of linear equations enables the precise
determination of the equilibrium concentration of all protonated / deprotonated
species at a given pH.

c
(
Hn−i+1A

(i−1)−
)

=
cn−1(H3O+) · C(HnA) ·

∏i
j=1KSj∑n

r=0

[
cn−r(H3O+) ·

∏r
j=1KSj

] (4.4)

The species distribution of EBT is illustrated in fig. 4.5 a, the species distribution of
EBA is illustrated in fig. 4.7.
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Fig. 4.7: Species distribution of EBA as a function of the pH value.
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Azo-hydrazo tautomerization. We note that the Eriochrome azo dyes can undergo
an azo-hydrazo tautomerization,[88] resulting in three, four and one different species
for the one-fold, two-fold and three-fold deprotonated molecule, respectively. The
azo-hydrazo tautomerization of an one-fold deprotonated EBT molecule is shown in
fig. 4.5 a, the azo-hydrazo tautomerization of a two-fold deprotonated EBT molecule
is shown in fig. 4.8.
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Fig. 4.8: Azo-hydrazo tautomerization of a two-fold deprotonated EBT molecule. Relevant
protons for each tautomerization step are highlighted in red.

pH-independent surface restructuring. As demonstrated in fig. 4.9, the character-
istic triangular terrace termination is found for all pH values tested here, ranging
from a pH of 3.6 to 9.1. This fact indicates that the surface restructuring ability
appears to be independent of the specific deprotonation state of the molecule.

(b) (c)

1.5 μm

(a)

[010][421]

Fig. 4.9: Demonstration of the pH independence of surface restructuring by EBT. Calcite
(10.4) surface in the presence of 0.11-0.14 mM EBT at an initial solution pH of (a) 3.6, (b)
6.3 and (c) 9.1. The scale bar in image (a) applies to all images in this series.

Moreover, while we show the surface restructuring induced by EBT as a represen-
tative example, the very same surface morphology is revealed for all Eriochrome
Black dyes studied here. Thus, the ability to restructure the surface into a character-
istic morphology with triangular-shaped terrace terminations appears as a general
property of the entire class of the Eriochrome Black dye family.
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The restructuring is insensitive against changes in the molecular conformer or even
molecular structure. Moreover, the specific deprotonation state of the molecule
seems not to affect the restructuration ability.

Stripe formation on calcite (10.4) terraces. In sharp contrast to the prevalence of
substrate restructuring, ordered self-assembled structures are observed only for one
out of the five tested Eriochrome Black azo dyes, namely, EBA. As shown in fig. 4.10
a, the presence of EBA results in the characteristic triangular terrace termination
as reported above. Interestingly, when zooming into a terrace, molecular rows are
observed that run along the [421̄] substrate direction (fig. 4.10 b). A line profile
taken at the position indicated in fig. 4.10 c reveals an apparent height of about 1.5
nm (fig. 4.10 d). The width of the stripes is uniform, indicating a highly ordered
molecular structure.
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Fig. 4.10: Coexistence of surface restructuring and molecular self-assembly induced by
addition of 0.16 mM EBA solution at an initial pH value of 3.6. (a) Large-scale image
illustrating the characteristic surface restructuring. (b) Zoom onto a calcite (10.4) terrace,
revealing unidirectional rows. (c) Further zoom onto the molecular rows with position
marked of the line profile shown in panel (d).

Most importantly, these stripes are only observed for an initial pH value of the
solution of 3.6, not for the solution with initial pH value of 6.3 nor 9.1. From this,
we conclude that the formation of an ordered self-assembled structure requires
precise control of the molecular deprotonation state. Apparently, only the one-fold
deprotonated EBA species can form a self-assembled structure on the calcite (10.4)
terrace. Moreover, EBT, which is a conformational isomer of EBA, does not exhibit
these rows. Thus, also the conformational structure is decisive for the formation of
the self-assembled rows.
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Interplay of self-assembly and surface restructuring. A detailed discussion of
the observed prevalence of molecule-induced surface restructuring in contrast to
molecular self-assembly requires a quantitative analysis of all involved interactions,
but this is a very complicated problem. A qualitative statement can, however,
be made to identify the main mechanism responsible for this observation. The
resulting equilibrium structure arises from a competition of all involved interactions
(fig. 4.11). In solution, the water-soluble molecules possess a hydration shell and
can form complexes with the dissolved species, e.g., calcium ions. The surface - being
hydrophilic - is covered by hydration layers with the first water layer being strongly
bond to the calcium ions. For the molecules to adsorb on the surface (regardless of
the position on the surface), therefore, requires breaking the molecule’s hydration
shell and the water-surface bond.

calcite (10.4)

additive molecules

dissolved species, e.g. Ca2+

water molecules

Fig. 4.11: Schematic drawing illustrating the major interactions involved. For simplicity, only
few water molecules are drawn exemplarily. Several important interactions are indicated by
arrows.

In the case of a water-soluble molecule and a hydrophilic surface, these two pro-
cesses are typically non-favored. If reactive sites such as step edges are present on
the surface, the molecule-surface interaction can become very strong, effectively
dominating over all other interactions. In this case, molecule-induced surface re-
structuring can occur as molecules can stabilize otherwise non-favored step edges.
When molecules adsorb on the defect-free terrace as in the case of a self-assembled
structure, in contrast, the molecule-surface interaction is typically weaker than for
adsorption at step edges. Still, it needs to be strong enough for replacing the ad-
sorbed water molecules. Furthermore, an ordered self-assembled structure requires
an intermolecular interaction that is of the same order of magnitude as the molecule-
surface interaction. In essence, the formation of a self-assembled structure on the
terrace is, therefore, limited to very special conditions.
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Thus, the precise control of the molecule’s properties required for achieving a self-
assembled structure might be explained by the fact that self-assembly is based on
a subtle balance between molecule-surface and molecule-molecule interactions.
This balance might easily be perturbed by a small conformational change only.
Additive-induced reconstruction, on the other hand, is dominated by molecule-
surface interactions, which can be more insensitive to variations in the molecular
structure and apparently also deprotonation state.

4.3 Summary and Conclusion - Eriochrome Azo Dyes

The impact of a class of Eriochrome azo dyes on the calcite (10.4)-water interface is
studied using in-situ high-resolution FM-AFM. A characteristic surface restructuring
is observed during calcite dissolution in the presence of the additives, irrespective of
the specific dye structure, conformation and deprotonation state. The restructuring
appears to be a result of specific step edge decoration by the molecules, favoring
the non-polar, acute step edges and the polar step edge along the [010] direction.
In sharp contrast to this prevalent surface restructuring, self-assembly of molecular
rows on the terrace of the (10.4) surface is observed for one Eriochrome dye only and
limited to a very narrow pH range around a pH value of 3.6. Our results indicate that
while molecular self-assembly appears to require precise control over the molecular
structure and deprotonation state, the surface restructuring mechanism is a more
general property of the Eriochrome dyes that is robust against variations in the
molecular structure and deprotonation state. This finding might be explained by the
fact that molecular self-assembly is based on a subtle balance of molecule-molecule
and molecule-surface interactions, while surface restructuring will be dominated by
molecule-surface interactions with less impact of the molecule-molecule interaction.
This insight contributes to attaining rational control in additive-induced surface
modifications.
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5Controlling Molecular
Self-Assembly on Calcite (10.4)

The following chapter 5 is based on the first part of the article “Where is
the Most Hydrophobic Region? Benzopurpurine Self-Assembly at the Calcite-
Water Interface“ by M. Nalbach, P. Raiteri, S. Klassen, S. Schäfer, J. D. Gale,
R. Bechstein and A. Kühnle, which has been accepted for publication in
The Journal of Physical Chemistry C.[90] I performed the AFM measurements,
analyzed the experimental data, prepared the figures and wrote this part of
the manuscript with comments by P. Raiteri, J. D. Gale and A. Kühnle. Parts
of the article are reproduced verbatim, changes have been made to make
this chapter consistent with the other sections in this thesis. For this chapter,
I included additional AFM data about the molecule adsorption and island
growth process of Benzopurpurine on calcite (10.4).
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Control of molecular self-assembly at solid-liquid interfaces is challenging due to the com-
plex interplay between molecule-molecule, molecule-surface, molecule-solvent, surface-
solvent and solvent-solvent interactions. Here, we use in-situ dynamic atomic force
microscopy to study the self-assembly of Benzopurpurine 4B into oblong islands with a
highly ordered inner structure, yet incommensurate with the underlying calcite (10.4)
surface. Molecular dynamics and free energy calculations provide insights by showing
that Benzopurpurine 4B molecules do not anchor to the surface directly, but instead
assemble on top of the second hydration layer.
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This seemingly peculiar behavior was then rationalized by considering that hydrophobic
molecules placed atop the second water layer cause the least distortion to the already
existing hydration structure. Further experiments for the adsorption of Benzopurpurine
4B on other minerals indicate that the specific interfacial water structure on calcite is
decisive for rationalizing the self-assembly of Benzopurpurine 4B in this system.

5.1 Introduction - Benzopurpurine

Self-assembly is a powerful tool for creating functional molecular structures at
surfaces.[91,92] So far, however, most reported examples are limited to systems kept
in ultra-high vacuum (UHV)[93–98] or at ambient conditions.[99,100] At solid-liquid in-
terfaces, despite being of tremendous importance both in nature and technology,[2–5]

only limited progress has been made in terms of rationally controlling molecular
self-assembly by an informed choice of suitable molecules and/or solvent.[101–105]

The formation of well-ordered structures on solid surfaces is steered by the subtle
balance of molecule-surface and molecule-molecule interactions.[106]
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Fig. 5.1: Structure of the calcite (10.4) surface. (b) Chemical structure of Benzopurpurine
4B (BPP). The scale bar below (b) applies to both parts of the figure.

At solid-liquid interfaces, the complexity of the situation is increased because ad-
ditionally molecule-solvent and surface-solvent interactions play a decisive role in
determining the adsorption configuration. This complexity severely hampers the
rational control of self-assembly at the mineral-water interface. For example, for
many molecules studied at the mineral-water interface, it even remains impossible
to predict whether or not an ordered structure will form.
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In-situ dynamic atomic force microscopy (AFM) has been shown to provide atomic
and molecular-resolution information for mineral surfaces,[34,72] molecular struc-
tures,[15,17,19,35,107,108] hydration structures,[77,82,83,109–112] as well as the possibility
of chemical identification at the solid-liquid interface.[113] Nevertheless, a compre-
hensive molecular understanding of adsorption and self-assembly processes is still
missing and computer modelling has been often used to further our knowledge.
For calcite, the most stable polymorph of calcium carbonate at ambient conditions,
and its natural cleavage plane, (10.4) (fig. 5.1a), extensive simulation studies have
helped yield a molecular scale picture of the interfacial structure, which agrees
remarkably well with experiment.[9,84,114,115] Computational work has also been
used to understand the interaction of organic molecules with calcium carbonate.

Benzopurpurine 4B (BPP, fig. 5.1 b) is a commonly used textile dye[116,117] and
structurally closely related to Congo Red, which has previously been studied with
in-situ dynamic AFM on the calcite (10.4) cleavage plane.[17] Congo Red has been
shown to drastically restructure the calcite (10.4) surface, indicative of a strong
molecule-surface interaction perhaps mediated through the negatively charged
sulfonate (SO3

−) groups. Therefore, a strong molecule-calcite interaction might be
expected for BPP as well. In the present study, we use a combination of in-situ AFM
and computer simulation to examine whether this is indeed the case.

Materials and Methods

Solution preparation. Benzopurpurine 4B (BPP) is purchased from TCI Deutsch-
land GmbH as a disodium salt (Na2BPP) and used without further purification.

Further experimental details about solution preparation, instrumentation, measure-
ment condition and the in-situ AFM setup information can be found in section 2.2,
section 2.3 and section 2.4.
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5.2 Results and Discussion I - Benzopurpurine

Structure formation of BPP on calcite (10.4). Here, in-situ dynamic AFM shows
the formation of oblong islands (fig. 5.2 and fig. 5.3) that exhibit a rather uniform
width of between 40 to 70 nm.
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Fig. 5.2: Molecular adsorption of BPP on the calcite (10.4) surface. (a) AFM image showing
a BPP island on calcite (10.4) at a solution pH of 7.7 (c(BPP) = 72 µM). (b) Line profile
taken at the indicated position in (a), revealing an island width of 70 nm and an apparent
island height of approximately 2.2 nm. (c) Drift corrected, high-resolution frequency shift
image of the molecular structure of a BPP island on the same sample. (d) Line profile 1
taken at the indicated position in (c), revealing a stripe-to-stripe distance of approximately
3.5 nm. (e) Line profile 2 taken at the indicated position in (c), revealing a periodicity of
approximately 0.8 nm within a molecular stripe.

At low concentration, the profile line measured across one 70 nm wide BPP island
(fig. 5.2 a) shows an apparent height of 2.2 nm (fig. 5.2 b), while at high concentra-
tions the formation of multilayer islands with heights of up to 10 nm is observed. It
should be stressed that AFM – similar to other scanning probe microscopy techniques
– does not provide true topography information. Therefore, while lateral periodicities
can be provided with high accuracy, vertical heights have to be considered with
care, which is why we refer to an apparent height. A high-resolution image of one
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of the BPP islands reveals ordered molecular stripes within the island (fig. 5.2 c)
with a stripe-to-stripe distance of approximately 3.5 nm (fig. 5.2 d). Additionally, a
periodicity within one stripe of approximately 0.8 nm can also be measured (fig. 5.2
e).

Variation of the BPP concentration. We study BPP solutions with a concentration
ranging from 1.7 up to 110 µM at a solution pH of 3.5. Below a BPP concentration of
3.0 µM, no structure formation can be observed, indicating a minimum concentration
for BPP to assemble onto calcite (10.4). In fig. 5.3, the calcite (10.4) surface is
shown in the presence of 3.0, 4.7, 5.8 and 8.3 µM BPP at a solution pH of 3.5.
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Fig. 5.3: Representative AFM images illustrating the oblong BPP islands on calcite (10.4) as
a function of BPP concentration. (a)-(d) Calcite (10.4) surface in the presence of 3.0, 4.7,
5.8 and 8.3 µM BPP, from left to right, at a fixed solution pH of 3.5. Variation of the pH in a
range from pH 3.5 to 11 does not reveal any influence of the pH on the island shape reported
here. The scale bar in image (a) applies to all images in this series. (e) Angle histogram
illustrating the orientation of the islands with respect to the underlying calcite lattice.

5.2 Results and Discussion I - Benzopurpurine 51



For concentrations below 5.0 µM, almost exclusively monolayer height BPP islands
are present (fig. 5.3 a and fig. 5.3 b). Increasing the BPP concentration increases
preferentially the coverage of the first layer, meaning a higher density of monolayer
islands on the calcite (10.4) substrate. In fig. 5.3 c, a significantly higher coverage
of the first layer, as well as a second layer, which grows perfectly on top of first-layer
islands, is visible. From this, we can deduce that BPP is able to adsorb on both, the
calcite (10.4) surface, indicating sufficient molecule-substrate interaction, as well as
onto already existing BPP islands, showing adequate molecule-molecule interaction.
Further increasing the BPP concentration still increases the coverage in the first layer,
but now the BPP molecules tend to adsorb more commonly onto monolayer or even
higher-layer islands. At a BPP concentration of 8.3 µM already up to four layers of
molecular islands can be observed (fig. 5.3 d). For all concentration measured, even
for the highest ones of 110 µM, a complete full coverage of the first layer can not be
achieved. Interestingly, the islands exhibit various orientations with respect to the
underlying substrate lattice. In particular, the high symmetry directions [010], and
[01̄0], [421̄] and [4̄2̄1], as well as the etch pit directions [44̄1̄], [4̄41] and [481̄],
[4̄8̄1] - corresponding to the angles 0°, 90°, 39°, 129° with respect to the [010] and
[01̄0] direction – do not appear to be favored. To quantify the latter observation, we
present an angle histogram in fig. 5.3 e, illustrating that a broad angle distribution
can be found with no clear tendency for a certain island orientation.

BPP coverage analysis. The coverage of BPP molecules on calcite (10.4) is deter-
mined quantitatively using the software Gwyddion.[118]
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Fig. 5.4: Estimated coverage of BPP islands on calcite (10.4) as a function of the BPP
concentration for all layers combined (black dots) and each layer separately (red, blue, olive
and green dots). The error is given by the standard deviation.
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In fig. 5.4, the sum of the coverage for all layers (black dots) and each of the
four layers separately (red, blue, olive and green dots) are plotted as a function of
the BPP concentration. For each experiment, at least five consecutively obtained
images, in which qualitatively no more change in coverage is observable, are used to
measure the coverage. The values for the coverages plotted in fig. 5.4 correspond
to the average over all analyzed images for each experiment with a different BPP
concentration. The combined coverage for all layers, as well as for the first layer, is
determined with respect to the total scan area of the calcite (10.4) substrate. The
coverage for the second, third and fourth layer instead, is determined with respect
to the covered area of the underlying molecular layer.

The total coverage, as well as for all layers separately, increases with increasing BPP
concentration, as expected. Below a BPP concentration of 5.0 µM, the total coverage
of about 40% is contributed by the first layer alone. The second layer reaches a
coverage of 20% not until a BPP concentration of 7.0 µM. From this point on, the
coverage of the first layer does not increase any longer and remains nearly constant
at around 70%, while the coverage of the second, third and fourth layer further
increases. This indicates that the maximum density of monolayer islands in the first
layer is reached. Furthermore, it shows that the adsorption onto already existing
molecular islands gets more and more favored with increasing BPP concentration,
rather than a further adsorption onto the calcite (10.4) substrate.

The quantitative analysis of the coverage of BPP molecules on calcite (10.4) shows
that the molecules are able to adsorb onto both, the underlying substrate, as
well as already existing molecular islands, indicating sufficient molecule-substrate
and molecule-molecule interaction at the same time. Furthermore, increasing the
molecule concentration reveals that the preference for BPP to adsorb either onto
underlying substrate or the already existing molecular islands is not the same in the
concentration range measured here. For lower concentration, BPP adsorbs more
likely directly onto the calcite (10.4) substrate. With increasing concentration, the
BPP molecules tend to adsorb more preferentially onto already existing molecular
islands, rather than onto the underlying calcite (10.4) substrate.

5.2 Results and Discussion I - Benzopurpurine 53



Variation of the solution pH. In previous in-situ AFM studies it has been shown that
controlling the pH of the solution is crucial for achieving molecular self-assembly on
calcite (10.4),[15] but this is a very complicated problem. Not only does the solution
pH dictate the protonation / deprotonation state of BPP, but it also significantly
affects the structure of the surface and the entire mineral-water interface, and
hence changes the adsorption behavior of the dye molecule onto the calcite (10.4)
substrate.
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Fig. 5.5: Protonation / deprotonation behavior and azo-hydrazo tautomerization of BPP.
The stepwise deprotonation behavior, starting from the fully protonated (H4BPP2+) species
to the four-fold deprotonated (BPP2–) species, is displayed from top to bottom. The azo-
hydrazo tautomerization for each protonated / deprotonated species is illustrated from left
to right. Relevant protons for the protonation / deprotonation are highlighted in red. For
simplicity only the symmetric tautomers are shown.
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The structure of a BPP molecule (fig. 5.1 b) consists of two sulfonate (−SO3
–)

and two amino groups (−NH2), resulting in five different possible protonated
/ deprotonated species (a fully protonated (H4BPP2+), a one-fold deprotonated
(H3BPP+), a neutral two-fold deprotonated (H2BPP), a three-fold deprotonated
(HBPP–) and four-fold deprotonated (BPP2–). Additionally, every protonated /
deprotonated species of BPP can undergo an azo-hydrazo tautomerization,[119–121]

leading to a total number of 20 species (10 symmetric and 10 antisymmetric) being
theoretically present in the solution (fig. 5.5).

pH-dependent molecule adsorption and island growth. To study the pH depen-
dence of the structure formation of BPP on calcite (10.4), we study BPP solutions
with a pH ranging from 3.5 up to 11. The results for the in-situ AFM experiments
with different solution pH illustrate that the formation of the molecular islands
itself does not depend on the pH. With the possible exception of the most alkaline
condition (pH ∼ 11), we find the same molecular self-assembly of the BPP islands.
However, the timescale of the process of molecule adsorption and island growth is
strongly pH-dependent (fig. 5.6).

after 55 min

(c)(b)

after 38 min

(d)

after 106 min1 μm

(a)

[010][421]

after 21 min

Fig. 5.6: Image series of the calcite (10.4) surface in the presence of BPP demonstrating
the molecule adsorption and island growth process. Image (a) is taken 21 minutes after
injecting a 66 µM solution of BPP with a pH of 7.3 showing an restructured, but molecule
free calcite (10.4) surface. The images (b), (c) and (d) are taken 38, 55 and 106 minutes
after the start of the experiment. With increasing time of the experiment, BPP molecules
adsorb onto step edges and terraces and BPP islands grow from there on in plane and height.
The scale bar in (a) applies to all images in this series.

Fig. 5.6 a represents the first image of the calcite (10.4) surface 21 minutes after
injecting a 66 µM solution of BPP with a pH of 7.3. The calcite (10.4) substrate is
characteristically restructured but no molecules are adsorbed. After 17 minutes, the
first molecular islands are visible; the BPP molecules adsorb preferentially onto step
edges and the molecular islands grow from there (fig. 5.6 b). Only 60 minutes after
solution injection, the calcite (10.4) surface is almost 50% covered in the first layer
with BPP molecules and additionally also the second layer starts to form (fig. 5.6 c).
After 106 minutes from the time of injecting the solution, qualitatively no further
change in coverage is observable (fig. 5.6 d).
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System state analysis. Fig. 5.7 summarizes the pH dependence of the molecule
adsorption and islands growth process of BPP on calcite (10.4) for three different
BPP concentration ranging of 66 to 110 µM, 18-21 µM and 8-13 µM. For each
concentration (high, medium and low), AFM imaging series are taken at a given pH
value. The time that has elapsed since the injection of the solution into the liquid
cell is given on the ordinate axis. The minimum time between solution injection
and first image being recorded is about 15 minutes, meaning there is a short time
frame that is not accessible within the in-situ AFM experiment. In fig. 5.7, a green
dot represents a molecule free calcite (10.4) surface. A blue dot corresponds to the
situation where BPP molecules adsorb and BPP islands grow on the surface, causing
an increase of the coverage with time. Finally, all images, where qualitatively no
change in coverage is observable anymore, is labelled with a red dot.

In fig. 5.7 a, all images from measurements with a BPP concentration ranging from
66 to 110 µM are plotted. Starting with a pH of 3.5, all measurements up to a pH
of 4.5 show directly after injecting the solution qualitatively no further change in
coverage. Above a pH of 4.5 and up to a pH of around 8.0, the coverage on the
first image recorded is decreased compared to the measurements with lower pH.
Additionally, the time necessary to reach the point at which no further coverage
change is observed increases too. Above a pH of 8.0, no BPP molecules can be
observed in the first images after solution injection. Similar to the growth of BPP
islands for pH values between 4.5 and 8.0, here, with increasing pH, the time of
first molecules adsorbing on the calcite (10.4) surface increases and the time of
reaching the situation of no more coverage change increases even further. For the
pH of almost 11, no molecules can be observed at all within the measuring time of
the experiment of about 350 minutes. Adjusting the pH, thus, enables controlling
the time of adsorption of BPP molecules for starting condition above a pH of 4.5, as
well as the time of reaching the situation of no more coverage change. Additionally,
for high alkaline pH, it allows for a complete inhibition of the adsorption of BPP
onto calcite (10.4).

For the lower concentration range of 18-21 µM (fig. 5.7 b) and 8-13 µM (fig. 5.7 c)
the above-described trend of the pH dependence still remains valid. For a pH of 3.5,
the situation of no more coverage change is directly observable after injecting the
solution. Increasing the pH for the medium and low concentrations also decelerates
the molecule adsorption and island growth process for BPP, resulting in the same
system state, where no molecules are present in the first image taken after the
solution injection.
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Fig. 5.7: System state diagram for the pH dependence of the molecule adsorption and
island growth processes of BPP on calcite (10.4). For three different concentration ranges,
the observed system state is plotted as the time displacement from the point of injecting
the solution against the pH. (a) BPP concentration ranging from 66 to 110 µM, pH ranging
from 3.5 up to almost 11. (b) BPP concentration ranging from 18 to 21 µM, pH ranging
from 3.5 up to 5.5. (c) BPP concentration ranging from 8 to 13 µM, pH ranging from 3.5
up to 5.5. Every red dot corresponds to an AFM image where qualitatively no change in
coverage is observable anymore. Every blue dot indicates already adsorbed BPP molecules
and island growth in quantity and size. Every green dot represents a molecule-free calcite
(10.4) surface.

However, the pH, at which no molecules are present and at which the situation is
described as growth condition, respectively, decreases with decreasing BPP concen-
tration. While for the highest concentrations (66-110 µM) the situation of no more
coverage change at a pH of around 5 is reached within the first hour after injecting
the solution, for the medium concentrations (18-21 µM), the same situation cannot
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be reached at all. Here, we only observe adsorption of BPP molecules and growth
of the BPP islands. For the lowest concentrations (8-13 µM) at a pH of around 5
no molecules at all can be found within the measuring time of the experiment. The
lower the BPP concentration, the lower the pH of the solution, at which the molecule
adsorption and island growth process is decelerated.

The adsorption of BPP molecules and growth of BPP islands on calcite (10.4), cha-
racterized by the existence of three consecutive system states, significantly depends
on both, the pH of the solution and the BPP concentration. Variation of the pH
allows for precise control of the timescale for BPP molecules adsorbing onto the
calcite (10.4) surface and BPP island growth until the system reaches the situation
of qualitatively no more coverage change. Increasing the pH decelerates the process
and leads, within the time of the experiment, to a complete molecule free calcite
(10.4) surface for high alkaline pH. Variation of the BPP concentration, in particular
decreasing the concentration, shows that the pH window for the three identified
system states narrows down, meaning that for lower BPP concentration only for
acidic starting condition a molecule adsorption and island growth is visible.

Variation of the calcium ion concentration. Dissolved azo dyes molecules are
known to form calcium complexes with free calcium ions in solution[27] and ac-
cording to a proposed coupled dissolution and precipitation mechanism,[16] these
calcium complexes might also adsorb onto the calcite (10.4) substrate. In undersa-
turated calcium carbonate solutions, calcium ions are released from an immersed
calcite crystal into the bulk solution. If the formation of BPP islands on calcite
proceeds via the adsorption of Ca-BPP clusters on the mineral surface, we should
therefore observe a dependence of coverage with pH and with the amount of free
calcium in solution. The first and simplest experiment that can be performed to test
this hypothesis is to add additional calcium ions to solutions with different initial
pH values and to see if we observe the earlier formation of molecular islands, as
compared to a solution with the same initial pH, but with no additional calcium ions.
We study solutions with BPP concentration of 72-84 µM, pH ranging from 3.5 to 9.2
and calcium ion concentration of 15-80 µM, resulting in a ratio of BPP molecules to
free calcium ions of 1:5.5, 1:4, 1:2.7, 1:2 and 1:1 (BPP:Ca2+), respectively. At all
conditions, no significant acceleration of BPP adsorption and island formation can
be observed in the presence of additional calcium ions. Instead, with increasing ion
concentration in solution the surface coverage decreases up to the point where no
molecules at all are adsorbed on the calcite (10.4) surface. Therefore, we propose
that BPP indeed forms a complex with calcium in solution, but the complex seems
not adsorb onto the calcite (10.4) substrate and rather the presence of calcium ions
in the solution inhibits the structure formation of the molecular islands.
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6Benzopurpurine Self-Assembly at
the Calcite (10.4)-Water Interface

The following chapter 6 is based on the second part of the article “Where is
the Most Hydrophobic Region? Benzopurpurine Self-Assembly at the Calcite-
Water Interface“ by M. Nalbach, P. Raiteri, S. Klassen, S. Schäfer, J. D. Gale,
R. Bechstein and A. Kühnle, which has been accepted for publication in The
Journal of Physical Chemistry C.[90] The MD simulations shown in this section
were performed and analyzed by P. Raiteri. The second part of the manuscript
was written by P. Raiteri with comments by M. Nalbach, J. D. Gale and A.
Kühnle. With the exception of the toc figure, figure 6.8 a and figure 9, all
figures have been prepared by P. Raiteri. The toc figure, figure 6.8 a and
figure 9 have been prepared by M. Nalbach. Parts of the article are reproduced
verbatim, changes have been made to make this chapter consistent with the
other sections in this thesis.

1 µm 100 nm 8 nm

Control of molecular self-assembly at solid-liquid interfaces is challenging due to the
complex interplay between molecule-molecule, molecule-surface, molecule-solvent and
surface-solvent interactions. Here, we use in-situ dynamic atomic force microscopy
to study the self-assembly of Benzopurpurine 4B into oblong islands with a highly
ordered inner structure, yet incommensurate with the underlying calcite (10.4) surface.
Molecular dynamics and free energy calculations provide insights by showing that
Benzopurpurine 4B molecules do not anchor to the surface directly, but instead assemble
on top of the second hydration layer. This seemingly peculiar behavior was then
rationalized by considering that hydrophobic molecules placed atop the second water
layer cause the least distortion to the already existing hydration structure.
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Further experiments for the adsorption of Benzopurpurine 4B on other minerals indicate
that the specific interfacial water structure on calcite is decisive for rationalizing the
self-assembly of Benzopurpurine 4B in this system.

6.1 Molecular Dynamics Setup - Benzopurpurine

Molecular dynamics (MD) simulation of BPP in water with and without a calcite
slab are performed using the LAMMPS code[122] augmented with the PLUMED2.2
plugin[123] for the calculation of the pairing adsorption free energies. All the si-
mulations are performed at constant volume (NVT) after an initial equilibration of
the cell at 1 atm. The equations of motions are integrated using the velocity-Verlet
algorithm with a 1 fs time step and the temperature is kept at 300 K with a chain
of 5 Nosé-Hoover thermostats and a relaxation time of 0.1 ps. The GAFF1.7 force
field[124] is used to describe the BPP, BPP-water and BPP-calcite/gypsum interactions,
as well as the intramolecular component for BPP; the calcite and sodium/calcite-
water interactions come from previous works,[84,125–127] while the gypsum water
interactions are taken from our recent work.[128]

It is important to note here that the calcite-water interactions used in this work
have been carefully parameterized and tested against thermodynamic experimental
data that include the hydration free energy of the ions, the solubility of calcite, the
Ca-CO3 ion pair association constant, as well as the water structure above the calcite
surface that compares well with X-ray reflectivity data. Moreover, the SPC/Fw water
model[129] used in this work gives an accurate representation of the liquid phase
over a wide range of temperatures.

Properties, such as the water solvation free energy, dielectric constant and structure,
are found to be in good agreement with experiment for this water model.[125] On
the other hand, the interactions involving BPP are much harder to benchmark due
to the lack of experimental data to compare against; quantities such as the solvation
free energy of BPP or the BPP-calcium pairing free energy are indeed unknown.
Due to the complexity of the molecule, it is currently too expensive to run ab initio
calculations in bulk water for a sufficiently long time to obtain benchmark data
against which to calibrate the force field. Although the precise quantitative values
of the association and adsorption free energies obtained from the simulations need
to be treated with appropriate caution, we believe the simulations can qualitatively
reproduce and explain the experimental observations.
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The free energies calculations are performed using the multiple walkers well-
tempered metadynamics technique[130–132] and a bias factor of 12 is chosen to
ensure convergence of the calculations. The initial Gaussian height is set to kBT

and their width to 0.2 Å. The pairing free energy between two BPP molecules is
calculated by inserting two dye molecules and 4 Na+ ions in a 100 Å box of water
with 3D periodic boundary conditions (PBC). Because of the size of BPP the pairing
mechanism could be quite complex and the reaction coordinate is not immediately
evident, as for two monoatomic or small ions. We therefore repeated the calculations
using two different collective variables (CV): the mean distance between all the
atoms in the two BPP molecules and the distance between their centers of mass, as
implemented in PLUMED2.2.

The adsorption free energy of BPP on the calcite (10.4) and gypsum (020) surfaces
are computed using a 3D periodic cell containing a 12 and 8 layers thick slab,
respectively. A 6x10 (10x10) surface supercell of calcite (gypsum) is created and
separated from its periodic image by a space of approximately 40 Å (60 Å) which is
then filled with water at the density of the bulk liquid. One BPP molecule and two
Na+ counter-ions are also inserted in the box. As the CV we used the z-component
of the distance between the center of mass of BPP and a Ca2+ ion in the middle of
the mineral slab.

We also consider the adsorption of a second BPP molecule on the mineral surface
to form an adsorbed dimer, which could be regarded as the first nucleus of a BPP
island. Because of the many different available pathways for this process, this is a
very computationally challenging task and some simplifications of the problem are
necessary. In order to estimate the adsorption free energy, we restrain one BPP to
stay in the adsorbed state by using a harmonic potential acting on the z-component
of the distance between the BPP center of mass and one calcium atom deep in the
calcite slab. In order to minimize the effect of the restraint we use a spring constant
of 0.4 eV/Å2, which follows the adsorption free energy profile for one molecule.
As a collective variable for the metadynamics calculations we decide to use the
z-component of the distance between the centers of mass of the two BPP molecules
and to limit the configurational space to be explored we place harmonic “walls“ at
20 Å. The bias factor is also reduced to 8 to accelerate the convergence. Unbiased
MD simulations of a stack of 8 BPP molecules on the (10.4) surface of calcite have
been performed in the NVT ensemble to assess the stability of the stack and assess
whether the oscillations in the AFM measurements are compatible with this structure.
The stack is built by replicating one of the configurations of the dimers 4 times along
an axis normal to the BPP aromatic system. After the stack is inserted above the
calcite surface the pressure is equilibrated by varying the z-axis in a 5 ns NPT run
and the system is then further run for 15 ns in the NVT ensemble.
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6.2 Results and Discussion II - Benzopurpurine

In order to rationalize the experimental observations, we use computer simulations
to estimate the strength of BPP-BPP interactions, as well as the adsorption free
energy of BPP on the calcite (10.4) surface. It is well known that organic dyes in
aqueous solution tend to form stacks at high concentration[117,133–136] and BPP has
been reported to form aggregates as long as several µm.[117] As per our previous
work on the Sunset Yellow dye,[137] we calculate the free energy to separate two
BPP molecules in water using metadynamics simulations.[130] The computed binding
free energy is of the order of -31.5/-35.5 kJ/mol (fig. 6.1), which is similar to
the value for Sunset Yellow (-28 kJ/mol[137]), and an experimental estimate (∼
-26 kJ/mol[117]). For both BPP and Sunset Yellow, force field simulations predict
a binding between the dyes that is approximately 10 kJ/mol stronger than the
experimental estimates.

Fig. 6.1: Pairing free energy between two BPP molecules as a function of the distance
between centers of mass (“COM“) and of the mean distance (“MEAN“) between two BPP
molecules. The dashed line indicates the asymptotic limit for the binding free energy in
the long-range limit which is used to demonstrate convergence and extract the free energy
at standard conditions. Representative dimer conformations can be seen in fig. 6.2. It is
reassuring that the computed binding free energy is largely independent of the CV used (in
comparison to ambient thermal energy (k̃BT).

Although there might be some fundamental differences between the calculated free
energy and the experimental estimates, this discrepancy is most likely to be due
to a systematic error in the force field hydration free energies. Analogously to
Sunset Yellow, the molecules in a BPP dimer prefer a parallel arrangement (fig. 6.2)
that maximizes π-π stacking and minimizes the amount of “surface“ exposed to
water. Due to this large exothermic binding free energy, the formation of aggregates
(stacks) in solution is thermodynamically favorable, despite the negative charge
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on the molecules, and is responsible for the formation of liquid crystals at high
concentrations.[117,133–136] However, the BPP concentrations used in the present
work (1.7-110 µM) are much lower than those required to form liquid crystals and
simple models[137,138] that predict the average number of molecules in aggregates
indicate that BPP is largely isolated in solution. It is therefore safe to assume that
the adsorption of BPP on calcite is likely to proceed one molecule at a time, rather
than via pre-assembled stacks.

Fig. 6.2: Representative configurations of the BPP dimer corresponding to the minimum
of the pairing free energy curve (top) and the small shoulder at 12 Å (15 Å) in the pairing
free energy profile (bottom) in fig. 6.1, calculated using the distance between the centers of
mass (“mean“ distance) CV.

Our calculations of the adsorption of BPP on the basal plane of calcite predict the
adsorption free energy is approximately -34 kJ/mol (fig. 6.3) and shows that the
most stable adsorbed state has the BPP lying flat relative to the surface (fig. 6.4)
while the shallow minimum at 15 Å above the surface corresponds to configurations
where BPP is perpendicular (fig. 6.5). The somewhat surprising finding is that in
both adsorbed states BPP is never in contact with the calcite surface, but instead lays
on top of the second ordered water layer (fig. 6.3).

The above observation can be rationalized by considering that BPP has large hy-
drophobic sections and therefore tries to minimize its interaction with bulk water
(fig. 6.6), an effect that, together with π-π interaction, is also responsible for the
formation of long stacks of organic dyes in aqueous solution. When BPP approaches
the calcite surface there are already two well organized water layers in which the
water molecules are strongly coordinated to the calcium ions (first layer) or hy-
drogen bonded to carbonate (second layer).[84,114,139] The orientation of the water
molecules above the calcite surface is therefore strongly dictated by the presence of
the mineral and the hydrogen bonds within these two layers and with bulk water
are therefore weakened.
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Fig. 6.3: Free energy of a single BPP molecule onto calcite (10.4) as a function of distance
from the surface relative to the most stable adsorption site (top) and density profiles (bottom)
for calcium (green) carbonate oxygen (red) and water oxygen (black). The position of the
calcite surface, defined as the average position of the top Ca layer, is set to zero. The dashed
vertical lines mark the positions of the four main peaks in the water density profile, while
the solid horizontal black line at 33.5 kJ/mol indicates the estimated adsorption free energy
of BPP on the calcite (10.4) surface.

Consequently, the adsorption of BPP on the second water layer has a smaller energy
penalty than remaining in bulk water, where water molecules on both sides of BPP
would incur a penalty for reorganizing their hydrogen bonding network. Moreover,
removing the strongly bound water molecules from the first two layers to allow
for direct binding of BPP to the calcite surface is also highly unfavorable (fig. 6.3).
By borrowing a terminology commonly used in organic chemistry, we can say that
the adsorption of BPP on calcite is driven by a “hydrophobic effect” rather than by
electrostatic interactions with the mineral surface. Small regions of BPP, like the
sulfonate (−SO3

–) groups, the amino (−NH2) groups or the diazo (-N=N-) bridges,
can still interact electrostatically with the ionic surface of calcite, but because of the

64 Chapter 6 Benzopurpurine Self-Assembly at the Calcite (10.4)-Water Interface



Fig. 6.4: A representative atomic configuration corresponding to the free energy minimum
in fig. 6.3 is shown with calcium, carbon, oxygen, sulfur, nitrogen and hydrogen colored
green, light blue, red, yellow, dark blue and white, respectively. Water molecules of the first
calcite hydration layer are shown in yellow, those in the second hydration layer in orange
and those in the outer layers are shown as transparent gray molecules. The positions of the
atoms of the mineral are averaged over 5 ps to reduce noise, while the positions of the water
and BPP atoms are from one single frame.

Fig. 6.5: A representative atomic configuration corresponding to the shallow minimum at
15 Å in fig. 6.3 is shown with calcium, carbon, oxygen, sulfur, nitrogen and hydrogen colored
green, light blue, red, yellow, dark blue and white, respectively. Water molecules of the first
calcite hydration layer are show in yellow, those in the second hydration layer in orange,
while those in subsequent layers and bulk water are omitted for clarity. The positions of the
atoms of the mineral have been averaged over 5 ps to reduce noise, while the positions of
the water and BPP atoms are from one single frame.
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relatively long range (> 5 Å) and the screening from the water layers, the forces are
generally weak. This is consistent with the experimental observation that there is no
preferred orientation for the adsorbed BPP molecules on the surface.

Fig. 6.6: 3D density profile of the water around a BPP molecule as obtained from a 15 ns
MD simulation. The values of the iso-density surfaces shown in the figure are twice (left) and
four times (right) the density of bulk water. High water density regions can be noted around
the polar groups and above and below the aromatic ring (left), with one hydrogen pointing
towards the center of the ring. Further away from the BPP molecule there is a cage-like
structure where the water molecules rearrange to maximize the number of hydrogen bonds
that they can form (right). A comparison between the radial pair distribution function of
water molecules close to BPP with that of bulk water shows that on average their coordination
number is reduced by 0.8. The formation of this “cage” during the solvation process of
large aromatic fragments is energetically costly and is responsible for the hydrophobicity of
organic dyes.

The adsorption free energy for a second BPP molecule to form a dimer on the calcite
surface is also estimated by metadynamics calculations and found to be of the order
of -48 kJ/mol (fig. 6.7).

Fig. 6.7: Free energy of adsorbing a BPP molecule onto another BPP molecule restrained
above the second water layer atop of calcite (10.4). The zero of free energy is set to that of
the most stable bound configuration and the dashed line indicates the limit of dissociation,
thereby giving the adsorption free energy.
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This is larger than the pairing free energy obtained in bulk water, but because of the
complexity of the calculations, we do not necessarily regard this difference as being
significant since there may be convergence issues or artefacts due to the restraint
that holds one BPP over the surface. Nevertheless, this confirms that the formation
of BPP dimers on the surface of calcite is thermodynamically favorable.

Two possible dimer arrangements can be envisioned, one with the dimers standing
sideways on the surface and one with the dimers laying parallel to the surface (fig. 6.8
a). Analysis of the atomic trajectories shows that one of the stable configurations for
the adsorbed dimer has both molecules standing sideways onto the surface, which is
then used to build a small island and assess its stability on the calcite surface. The
small BPP island remain stable for the whole simulation (∼ 20ns), though after ∼
10 ns the two end molecules on one side turn to form a dimer that is aligned almost
parallel to the surface (fig. 6.8 b), i.e., the turned dimer represents the other dimer
configuration shown in the schematics in fig. 6.8 a.

(a)

(b)

calcite (10.4)

BPP

BPP
BPP

BPP
BPP

BPP

(b)

Fig. 6.8: (a) Schematic representation of the possible arrangements of the BPP molecules
in the adsorbed islands. (b) Sample atomic configuration of a stack of eight BPP molecules
on calcite (10.4) after ∼ 15 ns of MD equilibration. For clarity, the water molecules are
removed and the carbonate ions of the calcite top layer are represented as large white
spheres. The scale bars shown on the plot are approximate and are determined from the
atomic trajectories.

It is worth noting that during the above simulations the BPP stack never comes into
direct contact with the calcite surface, but remaines doubly solvent separated, as
in the case of the adsorption of a single molecule or the dimer, and that the island
slowly rotates during the MD run. These findings provide evidence for the fact
that there is only a weak direct interaction between the calcite surface and BPP
that might led to a preferred orientation. Regardless of the dimer orientation, the
width of the simulated BPP stack (∼ 3 nm) agrees remarkably well with the width
of the stripes observed by AFM (∼ 3.5 nm, fig. 5.3 d). The separation between the
molecules stacked perpendicularly to the surface (0.3-0.5 nm) is consistent with the
typical π-π stacking distance, this is about half an oscillation observed within the
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stripe (approximately 0.8 nm, fig. 5.3 e). This factor of two could be due to specific
AFM imaging conditions. For example, even for bare calcite it is known that certain
tips image two surface features as a single one (so-called row pairing).[140] Thus, it
is well possible that we image pairs of molecules aligned sideways. Another option
is that the islands are instead formed by flat laying BPP dimers aligned next to each
other. Then, the width of the dimers would be approximately 1 nm, which would
then require the dimers to arrange in an overlapping manner to agree with the
experimentally observed periodicity of 0.8 nm (fig. 5.3 e). Both arrangements shown
in fig. 6.8 a seem to be plausible and it is difficult to obtain quantitative information
regarding their relative stability, which would depend on the accuracy of the force
field. The height of a BPP dimer relative to the surface is very similar to that of a BPP
molecule standing sideways on the surface (from the MD trajectories, the highest
atoms sits between 1 and 2 nm above the surface, defined as the z-position of the
calcium ions) and therefore the apparent height observed in the AFM measurements
for both these structures would be very similar. Because the apparent height in the
AFM images would also depend on the structure of the water layers above the island,
it is difficult to definitively rule out one arrangement or the other. Moreover, if we
consider that a macroscopic BPP island carries a significant negative charge, it is
likely that Na+ ions will be intercalated between the molecules, increasing both the
intermolecular separation and the stack width; an effect not considered during the
simulations.

(a)

muscovite mica 

(c)

calcium fluoride 1 µm

(b)

gypsum 250 nm

Fig. 6.9: (a) Muscovite mica (0001) surface in the presence of 83 µM BPP. (b) Gypsum
(CaSO4·2 H2O) (020) surface in the presence of 83 µM BPP. (c) Calcium fluoride (CaF2)
(111) surface in the presence of 18 µM BPP. All in-situ AFM measurements are conducted
at a pH of 3.5. For none of the four surfaces can any adsorption of molecular islands be
observed.

The above discussion highlights the impact of the interfacial hydration structure on
the self-assembly of BPP on calcite. To further verify this interpretation, we perform
in-situ AFM measurements on three further substrates, namely muscovite mica
(0001), gypsum (CaSO4·2 H2O) (020) and calcium fluoride (CaF2) (111) surfaces.
As can be seen in fig. 6.9, for none of these surfaces can we observe any adsorption
of molecular islands when using a BPP concentration of 18-83 µM at a pH of 3.5.
These results strengthen our hypothesis that the observed adsorption of BPP on
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calcite is strongly related to the presence of the first two well-ordered water layers
on this mineral’s surface (fig. 6.3 and fig. 6.4). In particular, we argue that the key
features that favor the adsorption of hydrophobic species on the hydrated calcite
surface are the presence of strong hydrogen bonds between the water molecules in
the second water layer and the mineral surface.

Fig. 6.10: Comparison between the 1D water density above calcite (10.4) surface (top) and
the gypsum (020) surface (bottom). In both panels, the calcium, water oxygen and water
hydrogen densities are shown in purple, black and orange, respectively. The carbonate and
sulfate oxygens are shown in green and blue. The vertical arrows indicate the position of the
adsorbed state for BPP above the mineral surface (fig. 6.11).

In the case of mica there is no clear separation between the second and third water
layer,[141,142] and the presence of cations in the Stern layer, which are necessary for
the local charge neutrality of the system, is probably responsible for the disruption
of the hydrogen-bond network and of any lateral ordering of the hydration water.
In the case of CaF2, computer simulations of the water structure above the (111)
surface[143] show that there are three well-defined water layers above the surface.
Similar to calcite, the water molecules in first hydration layer are strongly localized
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above the calcium ions and lay mostly flat above the surface. However, because
fluoride (F–) is not a good hydrogen bond acceptor, the water molecules in the
second hydration layer are oriented differently to those on calcite and they form
hydrogen bonds with the molecules in the third hydration layer.[143] This observation
is consistent with the third water layer being further away from the mineral surface
for CaF2 than for calcite.

Fig. 6.11: 1D adsorption free energy as a function of the distance between the BPP center
of mass and the calcite (10.4) (purple) and gypsum (020) (green) surfaces calculated using
well-tempered metadynamics simulations. Unbiased 20 ns long MD simulations starting
from the adsorption minima show that BPP remains adsorbed on calcite while it desorbs
from gypsum, qualitatively confirming these results.

More interesting is the case of gypsum where the sulfate (−SO4) groups at the
surface can form hydrogen bonds with water and it is, therefore, expected to behave
similarly to calcite. The 1D water density profiles above the two mineral surfaces
is, however, markedly different (fig. 6.10) and, in agreement with the experimental
results, metadynamics simulations predict that BPP should not adsorb on the (020)
gypsum surface (fig. 6.11). Although three water layers can be clearly identified also
above the (020) gypsum surface, these layers are significantly closer to the mineral
surface (defined as the position of the topmost calcium layer) compared to calcite,
and the second and third layers almost overlap. By analyzing the position and
orientation of the water molecules above the gypsum (020) surface (fig. 6.10 and
fig. 6.12) it is evident that the first hydration layer can be considered as continuation
of the mineral lattice, and that, similarly to calcite, the molecules in the second layer
form strong hydrogen bonds with the sulfate ions at the surface.
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Fig. 6.12: 3D iso-density map of the top gypsum (020) surface layer and of the hydration
water along the a-axis and along the c-axis. Regions of high density of calcium, sulfur and
sulfate oxygens ions are shown in green, yellow and red, respectively. The oxygens of the
water molecules in the first and second/third hydration layers are shown in mauve and
white, while regions of high density for the hydrogens are shown in pink. For clarity, the
iso-density surfaces for the oxygen atoms in the second/third hydration layer have been
made transparent.

However, a detailed analysis of the geometry of the hydrogen bonds between the
water and the mineral surfaces as a function of the distance from the surface reveals
some interesting differences between the two minerals (fig. 6.13). A typical hydrogen
bond in bulk water is characterized by an oxygen-oxygen distance of approximately
2.7 Å and by an O-H-O bond of approximately 165 degrees (fig. 6.14), and any
deviations from this typical configuration would result in a weaker hydrogen bond.

It is, therefore, immediately evident that the strongest hydrogen bonds between
water and the mineral surface are formed by the molecules in the second hydration
layer above the calcite (10.4) surface and those in the first hydration layer above the
gypsum (020) surface, while there are virtually no hydrogen bonds between calcite
and its first hydration layer and between gypsum and its second hydration layer. The
third hydration layer also forms very weak hydrogen bonds with both minerals due
to its larger distance from the surfaces.
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Fig. 6.13: 2D probability maps for finding two oxygen atoms at a distance dO−O and with a
O-H-O angle θ for the water molecules in the first (bottom panels), second (middle panels)
or third hydration layer (top panels) above calcite (10.4) (left panels) or gypsum (020)
(right panels). These probabilities have been calculated by considering only water/carbonate
pairs.

This observation supports our hypothesis that the second water layer above calcite
has a strong lateral ordering due to the interaction with the mineral and it is,
therefore, an optimal place for BPP due to the lower entropic cost associated with
locating a hydrophobic adsorbent on top of the second layer rather than in the bulk
solution. On the other hand, the second hydration layer above the gypsum (020)
surface forms very weak hydrogen bonds with the mineral, hence it has a smaller
lateral ordering and it can be viewed as more “bulk-like”. Therefore, there is no
entropic gain for BPP to leave the bulk solution and adsorb on gypsum. From this
comparison, we can conclude that the specific hydration layer structure is critical for
the adsorption of organic molecules at the interface. Interestingly, even seemingly
similar surfaces such as calcite (10.4) and gypsum (020) can greatly vary in their
interaction with hydrophobic molecules due to details of their hydration structure.
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Fig. 6.14: 2D probability maps for finding two oxygen atoms at a distance dO−O and with a
O-H-O angle θ for the water molecules in the first (bottom panels), second (middle panels) or
third hydration layer (top panels) above calcite (10.4) (left panels) or gypsum (020) (right
panels). The hydrogen bond geometry in the third water layer (top) panel is practically
indistinguishable from that of bulk water. These probabilities have been calculated by
considering all oxygen/oxygen pairs.

6.3 Summary and Conclusion - Benzopurpurine

Using in-situ high-resolution dynamic AFM and MD calculations we study the adsorp-
tion of BPP at the calcite (10.4)-water interface. BPP forms well-ordered molecular
islands that appear not to be commensurate with respect to the underlying substrate
lattice. The islands exhibit a characteristic inner structure with lateral periodicities
of about 3.5 and 0.8 nm. From MD simulations and free energy calculations, we
find that BPP does not bind to the calcite surface directly but instead adopts a
position above the second hydration layer. This unexpected adsorption position can
be understood by the fact that the water structure is least disturbed by the molecule
when positioned in the most hydrophobic region, which is atop the second hydration
layer. This finding rationalizes why the experimentally observed islands are not
commensurate with the underlying calcite lattice, which in turn supports the finding
of the simulations. We corroborate this finding by comparing the results obtained on
calcite (10.4) with other mineral surfaces that exhibit different interfacial hydration
structures and show that the formation of the island-like structures of BPP seems to
be highly selective for the calcite (10.4) surface, despite the lack of direct interaction,
because of the unique structure of its mineral-water interface.
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Calcite Nucleation and Growth





7Influence of Initial pH on Calcite
Nucleation and Growth

Abstract
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Control of Calcite Crystal Size and Number

The ammonia diffusion method is a widely used approach for investigating the impact
of additive molecules on calcium carbonate nucleation and growth. In the absence of
additives, rhombohedral calcite crystals form. To elucidate the effect of various additives
on crystallite number, size and morphology, an extensively used strategy is comparing
the results of crystallization in the presence and absence of these additives. Here, we
explore the impact of changing the starting pH value of the solution on the resulting
calcite crystal number and size using the ammonia diffusion method in the absence
of additives. Our work demonstrates that few but large crystals are obtained at low
initial pH, while many but small crystals form at high initial pH. We discuss our results
in the view of the classical LaMer theory for nucleation and growth. The revealed
pH-dependence of the particle number is compared to what is expected when using
a simplified picture assuming, among others, a constant addition rate. However, in
the ammonia diffusion method the situation is far more complex, making a precise
description of the effect of the pH on the interplay of the involved rates extremely
challenging. Our work demonstrates that care has to be taken when assigning the
particle number to a specific effect of the additive as the particle number is also a
function of the pH and, thus, might be only indirectly related to the presence of the
additive.
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7.1 Introduction - Ammonia Diffusion Method

Calcite, the most stable polymorph of calcium carbonate (CaCO3), plays a pivotal
role in many natural but also technological fields, including, e.g., geochemistry,[3]

biomineralization,[20,21] as well as scale inhibition and sea water desalination.[144] In
most of these fields, the properties of calcite are significantly modified by the presence
of organic additives.[14] For example, the outstanding properties of biominerals are
controlled by the presence of organic additives that are capable of greatly altering
the crystallization process, resulting in highly sophisticated, tailor-made crystal
morphologies. While great effort has been made to elucidate the role of additives in
nucleation and growth, the detailed mode of action of many additives still remains
unclear.[14]

(NH4)2CO3 (s)

NH3 (g)

NH3 (g)

CO2 (g)

CO2 (g)

Ca2+(aq) Ca2+(aq)

Fig. 7.1: Schematics illustrating the ammonia diffusion method setup for controlled calcium
carbonate precipitation. Ammonium carbonate decomposes at room temperature and
ammonia and carbon dioxide diffuse into the solutions containing calcium chloride. For a
solution with an initial pH smaller than 9.5, the ammonia addition increases the pH value of
the solution and, thus, shifts the carbonate equilibrium towards the carbonate side. As a
result, the carbonate concentration is increased, which results in precipitation of calcium
carbonate.

To shed light on the impact of added molecules on the crystallization of calcium
carbonate, the ammonia diffusion method (ADM) has been widely used,[15,76,145–147]

as this approach allows for a straightforward assessment of the influence of dissolved
molecules during well-controlled calcium carbonate precipitation. In brief, this
method is based on the diffusion of both carbon dioxide (CO2) and ammonia
(NH3) into a solution containing calcium chloride (CaCl2). This is realized by
thermal decomposition of ammonium carbonate ((NH4)2CO3) in a desiccator, which
also contains the calcium solution(s) (fig. 7.1). The diffusion of CO2 into the
solution increases the carbonate concentration due to the carbon dioxide-bicarbonate-
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carbonate equilibrium. When starting with a pH value lower than 9.5, the addition
of NH3 increases the pH of the solution, until a final pH of 9.5 is reached.[148] The
increase in pH shifts the carbonate equilibrium to higher carbonate ratios/contents,
which in the presence of calcium ions precipitates as calcium carbonate. The
corresponding equations are given as follows.

(NH4)2CO3(s) ∆−−→ 2 NH3(g) + CO2(g) + H2O(g) (7.1)

NH3(g) −−⇀↽−− NH3(aq) (7.2)

CO2(g) −−⇀↽−− CO2(aq) (7.3)

NH3(aq) + H2O −−⇀↽−− NH4
+(aq) + OH−(aq) (7.4)

CO2(aq) + H2O −−⇀↽−− H2CO3(aq) (7.5)

H2CO3(aq) + H2O −−⇀↽−− HCO3
−(aq) + H3O+(aq) (7.6)

HCO3
−(aq) + H2O −−⇀↽−− CO3

2−(aq) + H3O+(aq) (7.7)

Ca2+(aq) + CO3
2−(aq) −−⇀↽−− CaCO3(s) (7.8)

In the absence of additive molecules, rhombohedral crystals form, indicating the
formation of calcite, the thermodynamically stable modification of calcium carbonate.
In the presence of additive molecules in the solution, this crystallization process can
be altered significantly, and the resulting particle’s size, shape and crystal structure
provides valuable information on the mechanisms governing the additive-controlled
crystallization process.[147] Of course, as the pH shifts the carbonate equilibrium, it
impacts the formation of calcite crystals. Thus, added molecules can influence the
calcium carbonate precipitation both in a direct way, e.g., by preferential adsorption
onto certain crystal planes, and in an indirect way, namely by changing the pH of the
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solution. Therefore, it is mandatory to study the impact of changing the pH value of
the solution separately from the effect of additives to arrive at a correct description of
both direct and indirect influences. Here, we perform calcium carbonate precipitation
using the ammonia diffusion method in the absence of additives. To evaluate the
impact of the initial pH value of the calcium chloride solution, we study different
starting pH values. While few but large crystals are obtained at low starting pH
value, many but small crystals are formed at high starting pH value. This result is
discussed in the view of the classical LaMer theory for homogeneous nucleation and
growth. The obtained pH-dependence of the particle number is compared to what
is expected when using a simplified model based on several assumptions including,
e.g., a constant addition rate. However, as the pH affects the complex interplay of
the carbonate addition and, therefore, the particle nucleation and growth rates, a
precise prediction of particle number and size is not straightforward. Despite this,
we show that the crystal number and size can be controlled by tuning the initial pH
of the solution.

7.2 Instrumentation - Ammonia Diffusion Method

Thoroughly cleaned and freshly rinsed beakers are filled with 5 ml of diluted calcium
chloride solution (5 mM, stock solution volumetric grade from Sigma Aldrich with
a concentration of 500 mM) using pure water (18 MΩ·cm). The pH value of these
solutions is adjusted using NaOH (0.1 M, volumetric standard solution, Carl Roth)
and HCl (0.1 M, volumetric standard solution, Carl Roth) to obtain starting pH
values of 3, 7 and 11, respectively. A glass slide for optical microscopy is placed at
the bottom in each of the three beakers, then the beakers are placed in a desiccator,
which also contained a Petri dish with 5 g ammonium carbonate (ACS reagent,
Sigma Aldrich). The desiccator is kept at a temperature of 22-24°C. Twenty-four
hours after placing the beakers in the desiccator, the glass slides are removed from
the beakers, rinsed with pure water and acetone (ACS reagent, reag. ISO, reag. Ph.
Eur., Sigma Aldrich), dried in a nitrogen flow and inspected with a laser scanning
microscope (VK-8710 Color 3D Laser Microscope from Keyence). For each sample,
several areas on the glass slide are evaluated to obtain a representative view. The
reproducibility is ensured by repeating the experiment three times.

The glass slides for optical microscopy are cleaned prior to each experiment in an
ultrasonic bath using EtOH (absolute, reag. ISO, reag. Ph. Eur., ≥99.8%, Sigma
Aldrich), HCl (0.1 M, volumetric standard solution, Carl Roth) and NaOH (0.1
M, volumetric standard solution, Carl Roth), for 15 minutes each. Between each
cleaning step and also in the end glass slides are rinsed with pure water and finally
dried in a nitrogen flow. The clean glass slides are placed at the bottom of the
beakers and filled with the calcium chloride solution. Then the pH is adjusted using
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NaOH and HCl and after sealing placed in the desiccator. The beakers, as well as the
Petri dish are covered with sealing film (Parafilm, Neenah). The sealing film of the
beakers is punctured with three holes, the sealing film of Petri dish with one hole.

7.3 Results and Discussion

Particle number and size as a function of the pH value. To evaluate the impact
of the starting pH value on the number and size of calcite crystals precipitated using
the ammonia diffusion method in the absence of additives, we prepare solutions
with different starting pH values. Twenty-four hours after starting the precipitation
experiment, the glass slides are removed from the beakers and the obtained particle
size and number on the slide are evaluated using light microscopy. A representative
overview is given in fig. 7.2. While few but large crystals are found at a low starting
pH of 3, many but small crystals are obtained at a starting pH of 11. At an initial pH
of 7, an intermediate number of medium-sized crystals are obtained. After 24 hours,
the final pH is measured to be 9.5, regardless of the initial conditions.

Initial pH = 7 Initial pH = 11

50 µm

Initial pH = 3

Initial pH = 7 Initial pH = 11Initial pH = 3

100 µm

(a) (b) (c)

(d) (e) (f)

Fig. 7.2: Light microscopy images taken 24 hours after starting the precipitation experiment.
Depending on the starting pH value either few but large crystals (initial pH 3, left column)
or many but small crystals (initial pH 11, right column) are obtained. For an initial pH of 7
(middle column), an intermediate number of medium-sized particles are formed.

Principle of the ADM. To understand the pH-dependent crystal number and size,
we analyze the processes occurring during the ammonia diffusion method. Due to
thermal decomposition of the ammonium carbonate, ammonia and carbon dioxide
are formed. Both gases diffuse into the solutions and dissolve partially. For an
initial pH lower than 9.5, the dissolved ammonia causes the pH of the solution to
rise until a final pH of 9.5 is reached.[148] For a pH larger than 9.5, the pH drops
initially until a constant pH of 9.5 is reached. Dissolved carbon dioxide transforms
partially into carbonate. The respective fraction of carbon dioxide, bicarbonate and
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carbonate is given by the carbonate equilibrium, which is pH-dependent. For low pH
values, the majority of carbon exists as dissolved carbon dioxide, while only little
bicarbonate and even less carbonate is present. For high pH, the situation is opposite
with the majority of carbon being present in the form of carbonate, while only
little bicarbonate and even less dissolved carbon dioxide is present (fig. 7.3). This
equilibrium is characterized by the pKa values 6.35 (same amount of carbon dioxide
and bicarbonate) and 10.33 (same amount of bicarbonate and carbonate).[149,150]

Thus, the carbonate concentration in the ADM is defined by two different processes,
namely the continuous addition of dissolved carbon dioxide and the changing pH
value.

CO2 HCO3
- CO3

2-

pKa1
pKa2

0.2

0.4

0.6

0.8

1.0

0

pH
0 2 4 6 8 10 12 14

R
at

io

Fig. 7.3: Carbonate equilibrium showing the respective fraction of carbon dioxide, bicar-
bonate and carbonate at a given pH.

Upon starting the experiment with a solution having a low pH, the carbonate concen-
tration increases only marginally due to fact that the carbonate equilibrium dictates
that virtually no carbonate is present until a pH of about 8.5 is reached.[151] Further
increasing the pH, however, results in a drastic increase in the carbonate concen-
tration. When a steady pH of 9.5 is reached, the formation rate is only controlled
by the diffusion of CO2 into the solution. In contrast, starting the experiment with
a pH larger than 9.5, the pH decreases in the course of the experiment. In this
case, comparing starting situations with the same concentration of dissolved CO2,
the carbonate formation rate is higher in the beginning and decreases due to the
pH-dependent decrease in carbonate fraction. When the final pH is reached, the
same diffusion-controlled formation rate is obtained as in the case for low starting
pH. Notably, in both cases, the carbonate addition rate is not constant in the ADM.
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Carbonate equilibrium species distribution calculation. In aqueous solutions
the concentration of carbonic acid is very low and the equilibrium described in
eq. (7.5) is shifted towards the dissolved CO2. The widely accepted combination
of the equilibrium eq. (7.5) and eq. (7.6) leads to eq. (7.9), representing the first
deprotonation step for carbonic acid.

CO2(aq) + 2 H2O(aq) −−⇀↽−− HCO3
−(aq) + H3O+(aq) (7.9)

HCO3
−(aq) + H2O(aq) −−⇀↽−− CO3

2−(aq) + H3O+(aq) (7.10)

For each protonation / deprotonation step, the acid dissociation constant (Kai) is
defined by the quotient of the respective equilibrium concentrations.

Ka1 = c(H3O+) · c(HCO3
−)

c(CO2) (7.11)

Ka2 = c(H3O+) · c(CO3
2−)

c(HCO3
−)

(7.12)

For carbonic acid the two acid dissociation constants are given as follows.[149,150]

Tab. 7.1: Acid dissociation constants for the two protonation / deprotonation step of
carbonic acid.[149,150]

Molecule Ka1 [mol l−1] Ka1 [mol l−1]

H2CO3 4.45× 10−7 4.84× 10−11

Calculation of the carbonate equilibrium species distribution is performed using
the relevant protonation / deprotonation equilibrium equations for an n-protic acid
(Hn−i+1A

(i−1)−).[89]

Hn−i+1A
(i−1)−(aq) + H2O −−⇀↽−− Hn−iA

i−(aq) + H3O+(aq) (7.13)

The total concentration (C) for carbonate is the sum over all protonated / deproto-
nated species being present in the solution at every pH.

C =
∑n

i=0
c
(
Hn−iA

i−(aq)
)

(7.14)
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Numerical analysis of the resulting system of linear equations enables the precise
determination of the equilibrium concentration of all protonated / deprotonated
species at a given pH.

c
(
Hn−i+1A

(i−1)−
)

=
cn−1(H3O+) · C(HnA) ·

∏i
j=1KSj∑n

r=0

[
cn−r(H3O+) ·

∏r
j=1KSj

] (7.15)

For the carbonate equilibrium in the crystallization reaction the total concentration
of carbonate is unknown. However the calculation of the species distribution is
possible because fig. 7.3 illustrates the ratio of the protonated / deprotonated species.
The ratio is only given by the actual pH of the solution and, therefore, equal for any
arbitrary value of C.

LaMer theory for nucleation and growth. Regardless of the details in carbonate
formation, the situation in an ADM experiment can be described by a gradual
addition of carbonate to a calcium containing solution. Consequently, at a certain
concentration of carbonate, the precipitation of calcium carbonate sets in. Particle
nucleation and growth upon gradual addition of one component A to a solution
containing a fix concentration of another component B can be described by the theory
introduced by LaMer and Dinegar in 1950.[152] In this description, the saturation
S is monitored as a function of time. For a binary system as calcium carbonate the
saturation is given by:

S = [A] · [B]
KSP

(7.16)

with [A] and [B] being the concentrations of carbonate and calcium, respectively.
The constant KSP is the solubility product of the compound AB. In the course of
the experiment, the saturation depends on the interplay of three rates, namely the
addition rate, RA (which is considered to be constant in the simplest case), as well
as the particle nucleation and growth rate, RN and RG, respectively. Using classical,
homogeneous nucleation theory, an expression for the nucleation and the radius
growth rates can be given as follows:[153]

RN = dN

dt
= A · exp

[
−16πγ3V 2

m

3k3
BT

3N2
A(lnS)2

]
(7.17)
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RG = dr

dt
= Vm ·D · C0

flat ·
S − exp

( 2γVm

rNAkBT

)
r + D

kflat
g

· exp
(
α

2γVm

rNAkBT

) (7.18)

with N, A, γ, Vm, T, kB, NA and α being the particle number, the pre-exponential
factor, the bulk surface energy, the molar volume, the temperature, the Boltzmann
constant, the Avogadro number and the transfer coefficient for growth. Moreover, D,
C0

flat, and kflat
g are the diffusion coefficient, the solubility of the bulk material (i.e.,

√
KSP ) and the rate constant for growth of a flat (r =∞) surface, respectively.[153]

Note that both rates depend on the saturation, while the growth rate additionally
depends on the particle radius.

The complex interplay between addition, nucleation and growth rates results in the
classical “LaMer curve” that is shown schematically in fig. 7.4.[152,154] In regime
I, the concentration of component A increases linearly due to a constant addition
of component A to the system containing a known concentration of component
B. Accordingly, the saturation S raises linearly, which is often displayed instead of
the concentration of component A. As can be seen in fig. 7.4, the linear increase
continues even after a saturation of S=1 is reached.

I II III

S
at

ur
at

io
n 

S

critical supersaturation Scrit

undersaturated 
(S < 1)

supersaturated 
(S > 1)

maximum supersaturation Smax

Time t

(S = 1)

Fig. 7.4: Typical shape of a "LaMer curve".[152] Upon constant addition of one component
to another, the saturation linearly increases in regime I, until particle nucleation and growth
results in a deviation from this linear increase in regime II. At the point of maximum
saturation, the sum of nucleation and growth rates of all stable particles compensates the
addition rate. After the maximum saturation, the sum of nucleation and growth rates
overcompensate the addition rate, causing the saturation to drop. In regime III, the existing
particles grow in size, no new stable particles are formed.
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Now, the system is supersaturated. Only after a critical saturation, Scrit, is reached,
particle nucleation is stable, resulting in a deviation from a linear increase in the
saturation, as a certain amount of AB is precipitated. Note that particle nucleation
occurs in the entire range of regime I, however, the associated growth rates are neg-
ative, i.e., the nuclei that form in regime I have a very high probability to dissociate
immediately after formation. When the critical saturation, Scrit, is passed, the system
enters into regime II. Here, the growth rates become positive, thus, the nucleating
particles now possess a very high probability to remain stable. At the maximum satu-
ration, Smax, the sum of the nucleation and the growth rates of all stable particles
compensate the addition rate, i.e., the derivative of the saturation with respect to
the time equals zero. Then, the increasing number of stable particles with increasing
size causes the sum of nucleation rate and growth rates to overcompensate the
addition rate, i.e., the saturation decreases again.2 When the critical saturation is
reached again, regime III is entered. This regime is characterized by the growth of
the existing particles. No new particles are formed, as the growth rates of newly
formed particles are, again, negative. Thus, in regime III, the decrease in saturation
is exclusively due to particle growth. As long as the saturation is larger than 1, the
sum of the growth rates of all stable particles is larger than the addition rate. When
a saturation of S=1 is reached, the system enters into a dynamic equilibrium, which
is defined by the saturation concentration of AB,

√
KSP , i.e., an amount equivalent

to the added A is incorporated in the existing particles. Therefore, the growth rate
exactly compensates the addition rate and the curve has a zero slope.

Discussion of the pH dependence of the particle number and size. We now
discuss the experimentally obtained pH-dependence of the particle number using the
assumptions made by T. Sugimoto.[155] Using these assumptions, the final particle
number N∞ is a simple function of the addition rate, the molar volume and the
mean volume growth rate ν and given as follows:

N∞ = RA · Vm

ν̇
(7.19)

This equation is based on the assumptions that the addition rate is constant, and the
number of final particles can be estimated by only considering the nucleation close
to the maximum of the LaMer curve. The latter assumption results in far-reaching
simplifications, including a constant saturation during nucleation, the same radius
for a stable nuclei and, consequently, the same volume growth rate for all stable
particles. Assuming the volume growth rate being the same in both, the acidic
and alkaline case, the final particle number only depends on the addition rate. As

2We note that the nucleation rate decreases as the saturation decreases, thus, the fact that the sum of
nucleation and growth rates overcompensates the addition rate is caused by the increasing number
of stable particles.
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the addition rate is larger in the alkaline case as compared to the acidic case, it
follows that the final particle number should be larger for alkaline starting condition.
However, even so this conclusion nicely describes the observed results, this could
be by coincidence only. As already pointed out by T. Sugimoto,[155] the volume
growth rate can be influenced by the addition rate. In this case, the simple linear
dependence of the final particle number on the addition rate is no longer valid. For a
comprehensive description, the saturation-dependence of the nucleation and growth
rates as stated in eq. (7.17) and eq. (7.18) has to be considered explicitly within the
entire regime II. Due to their interdependence this can be a challenging task. The
observed size difference is most likely a consequence of the final particle number
assuming that roughly the same amount of carbonate is distributed among the
existing particles. If only few particles are present after nucleation has finished, these
particles will, therefore, grow larger as compared to a situation with many particles
present. Therefore, the different size of the crystals is most likely a consequence of
the different number of particles present after regime II.

7.4 Summary and Conclusion

The impact of different starting pH values on the calcite crystal number and size
using the ammonia diffusion method is discussed. We show that the particle number
is increased for alkaline as compared to acidic starting conditions. The particles
remain smaller in the case of alkaline starting condition. We discuss nucleation and
growth rates from classical LaMer theory to elucidate the mechanism behind the
different number of final particles. The obtained difference in final particle number
is considered using a commonly applied simplified picture that is based on several
assumptions. In this model, the final particle number is a linear function of the
addition rate solely. Although our results are well described by this model, the made
assumptions are not necessarily valid. We argue that disentangling the effect of
the pH on nucleation and growth rates as well as nucleation time is challenging,
illustrating the complex interplay of the involved rates in the ammonia diffusion
method. Despite these challenges, our results unambiguously show that the crystal
size can be controlled by tuning the initial pH value. This has to be considered when
using the ammonia diffusion method to assess the effect of additive molecules on
calcite.
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Summary





8Summary

This thesis presents a detailed characterization of the calcite (10.4)-water interface
in the presence of organic molecules. Using in-situ high-resolution dynamic AFM, I
particularly focus on the impact of organophosphonates and organic azo dyes on
two different dynamic interfacial processes: calcite (10.4) dissolution and surface
restructuring, as well as the adsorption and molecular self-assembly of the molecules
on step edges and terraces of the calcite (10.4) substrate.

Understanding dissolution and surface restructuring processes is highly relevant
for geochemical and industrial processes, such as: scale inhibition and corrosion
protection. Systematically varying the size and the number of functional end groups,
I study the effect of six different organophosphonate molecules, three tetraphos-
phonates and three diphosphonates, on the dissolution process of the calcite (10.4)
surface in chapter 3. Independent of the pH, a very pronounced restructuring of
the calcite (10.4) surface is observed for each molecule, resulting in the formation
of characteristically shaped etch pits (olive-shaped for the tetraphosphonates and
triangular-shaped for the diphosphonates). As I observe the very same resulting
surface morphology within each group, I conclude that the process of surface restruc-
turing is only affected by the presence of one amino-bis(methylenephosphonate) end
group and neither by the protonation and deprotonation state, nor by the size of the
molecules. This observation points towards a general property of organophosphonate
molecules to alter and restructure the (10.4) surface of calcite during dissolution.

The interplay of surface restructuring and molecular self-assembly is of tremen-
dous importance for biomineralization processes and demonstrated for five different
Eriochrome azo dyes in chapter 4. Irrespective of the specific dye structure and
independent of the pH, all five dye molecules induce a characteristic surface restruc-
turing during calcite (10.4) dissolution. The restructuring of the surface appears
to be the result of the adsorption of the molecules to specific step edges, favoring
both non-polar, acute step edges ([44̄1̄] and [481̄]) and the polar step edge along
the [010] direction. In contrast, the formation of self-assembled molecular rows
along the [421̄] direction on calcite (10.4) terraces is observed for one Eriochrome
azo dye exclusively and furthermore limited to a very narrow pH range around
3.6. The results indicate that the surface restructuring mechanism seems to be
very robust, whereas molecular self-assembly requires a more rigorous control of
molecular structure, conformation and protonation and deprotonation state.
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Nevertheless, the precise control of molecular self-assembly at mineral-water inter-
faces is extremely challenging due to the complex interplay of molecule-molecule,
molecule-surface, molecule-water, surface-water and water-water interactions. For
the first time, in chapter 5, I demonstrate three possibilities to control systematically
the adsorption of the organic azo dye BPP and its subsequent self-assembly into
highly ordered molecular islands on the calcite (10.4) surface. Varying the molecule
concentration, the pH and the concentration of calcium ions in the solution, allows
for steering the coverage of BPP molecules adsorbed onto calcite (10.4), as well as
the timescale of the molecule adsorption and island growth process.

The hydration structure above the calcite (10.4) surface plays a decisive role for
the adsorption behavior of organic molecules and their self-assembly into ordered
molecular structures. In chapter 6, MD simulations of BPP at the calcite (10.4)-water
interface reveal that the molecule adsorbs at the interface, but not as expected,
directly on calcite (10.4). Instead, the molecule adsorbs onto the second hydration
layer, approximately 5 Å above the substrate surface. This somewhat surprising
adsorption position can be understood by the fact that the unique water structure
above calcite (10.4) creates a hydrophobic region in which the molecule causes the
least disturbance of the ordered water structure at the interface. Transferring this
finding and comparing it with the hydration structure of other minerals provides
fundamental insights into the interactions of organic molecules at mineral–water
interfaces, particularly for adsorption and structure formation phenomena.

The last chapter, chapter 7, is a study of the pH dependency of calcite nucleation
and growth by using the ammonia diffusion method. Systematically varying the
initial pH of the crystallization solution shows the possibility to directly steer the
resulting calcite crystal number and size. Few but large calcite crystals are obtained
at low initial pH, whereas many but small calcite crystals result from high initial
pH. The results a critically discussed in the view of the classical LaMer theory for
homogeneous nucleation and growth.

In summary, this thesis provides high-resolution insights into dissolution, surface
restructuring and molecular self-assembly at the calcite (10.4)-water interface in
the presence of organic molecules. Furthermore, it highlights that when aiming
for a rational understanding, modelling and predicting of interfacial processes, a
molecular-scale knowledge of the composition of the entire interface is essential.
This includes the mineral surface, the hydration structure, as well as the behavior of
the additive molecules in solution and at the interface.
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