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I Introduction
With the advent of pharmaceutical chemistry and public health services, human life
expectancy rose tremendously.[1] Pharmaceutical chemistry indeed changed the quality of our
health, well-being and lifestyle. More than 90% of all pharmaceutical products contain
bioactive drug substances and excipients in the crystalline solid state.[2] Crystallization itself is
an important separation and purification step in pharmaceutical chemistry and enables the
control of crystal size, shape, crystal morphology and associated with it, dissolution rate and
bioavailability.[2-3] Nucleation, the first step of crystallization, plays a decisive role in the
polymorph selection of the final crystal. This polymorph selection is crucial for drug
development where the transformation of a primary formed unstable polymorphic crystal into
a stable polymorph can cause problems during manufacturing or storage of drugs.[4]
Therefore, it is of highest importance to study how organic molecules build up a primary
nucleus in solution before crystallization proceeds. Not only the pathway is a subject of
interest, but also and even more important are the physical and chemical properties of the
intermediates and the overall insights which could be applied to other systems.
When it comes to choosing a desirable molecule as a model system to study, there are some
prerequisites to fulfill. An estimated 40% of already approved drugs and nearly 90% of the
drugs being developed consist of poorly water-soluble molecules.[5-6] Hence, this major class
of small organics is especially important to focus on to understand which nucleation pathway
is undergone in the initial stages. Furthermore, the drug molecule should contain a pHresponsive functional group, which allows for the tuning of supersaturation in water without
using a third component such as organic solvents. As this thesis focuses on novel methods in
the field of nucleation research, it was meaningful to choose a prominent molecule that is
being extensively prescribed as pharmaceutical drug.
Based on these criterions, the analgesic drugs ibuprofen and diclofenac were selected from a
broad variety of possibilities and they represent two well-known pharmaceutical substances.
Nevertheless, there is still much more to learn.
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II State of the Art
2.1 Classical Nucleation Theory
Nucleation events were already arousing the curiosity of scientists in the beginning of the 20th
century with the work of Volmer and Weber being recognized as the first major contribution
to the field of nucleation.[7] More than 80 years later, the fundamentals of nucleation are still
a matter of debate in the scientific community.[8-10] To describe the nucleation process and
further growth of the developed phase quantitatively, several physical-chemical models have
been developed. The most commonly used model is known as the Classical Nucleation Theory
(CNT),[7, 11-12] which has been developed to describe the formation of water droplets in a
saturated vapor atmosphere.[13] Due to its analytical simplicity, researchers have applied
classical nucleation theory to crystallization from aqueous solution.[14] CNT considers the
formation of nuclei as a statistical process resulting from the reversible addition of the primary
constituents (atoms, ions or molecules). Depending on its size, this cluster can grow further or
disappear. Once the cluster reaches a critical size, its growth is thermodynamically favorable
and crystal growth proceeds up to the final crystal. In the case of a spherical nucleus, the free
energy of the cluster is described by the following equation:[15]

𝛥𝐺 =

4
3

𝜋𝑟 3 𝛥𝐺𝑉 + 4𝜋𝑟²𝛾

(1)

where 𝛥𝐺 is the Gibbs free energy for the formation of a nucleus, r is the cluster radius, 𝛥𝐺𝑉
is its volume free energy and 𝛾 is the interfacial tension of the nucleus-solution interface. This
formula contains two contributions, one from the growth-favored bulk energy and the second
one being the unfavorable surface energy as can be seen in Fig. 2.1. This surface energy is
proportional to r² of the forming nucleus, while the bulk energy scales with r³. In that way the
bulk energy term of equation (1) dominates at larger radii and crystal growth is favorable. At
a certain radius, the bulk contribution compensates the energetic effort arising from the
formation of an interfacial surface, which is called the critical radius rcrit. This radius, located
at a critical free energy level 𝛥𝐺𝑒𝑥 , is regarded as a metastable state in thermodynamic terms,
since at this value it is

𝑑𝛥𝐺
𝑑𝑟

= 0 and

𝑑2 𝛥𝐺
𝑑𝑟²

< 0. More precisely,
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𝑑𝛥𝐺
𝑑𝑟

is negative for sizes larger

than rcrit. Hence, the crystal grows under these circumstances by monomer addition until the
system is at its equilibrium state.[10]

Fig. 2.1: Schematic illustration of the size dependence of the interfacial energy (red) and the bulk energy
(green) as well as their sum (blue). This image is reprinted from [10] - Published by The Royal Society of Chemistry.

Several crucial values can be calculated from this model. The critical radius of the nucleus can
be calculated by setting

𝑑𝛥𝐺
𝑑𝑟

to 0:[15]

4𝜋𝑟𝑐𝑟𝑖𝑡 2 𝛥𝐺𝑉 + 8𝜋𝑟𝑐𝑟𝑖𝑡 𝛾 = 0

−2𝛾

𝑟𝑐𝑟𝑖𝑡 = 𝛥𝐺

𝑉

(2)

(3)

The critical free energy can be calculated as follows by inserting the critical radius (3) in
equation (1):

16𝜋𝛾³

𝛥𝐺𝑒𝑥 = 3𝛥𝐺

𝑉²

4

= 3 𝜋 𝛾 𝑟𝑐𝑟𝑖𝑡 2
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(4)

The nucleation rate J, i.e. the frequency of formation of a cluster corresponds to the
probability of energy fluctuations sufficient to overcome the free energy barrier. This leads to
the following relationship between J and the critical free energy 𝛥𝐺𝑒𝑥 :

− 𝛥𝐺𝑒𝑥

𝐽 = 𝐴 ∙ exp (

𝑘𝐵 𝑇

)

(5)

𝛥𝐺𝑒𝑥 can be regarded as the thermodynamic barrier, while also kinetic barriers resulting from
structural rearrangements within the nucleus or dehydration of the constituent monomers
have to be taken in account in order to describe the rate of nucleation:[10]

𝐽 = 𝐴 ∙ exp (−𝐸𝐴 /𝑘𝐵 𝑇) ∙ exp (−𝛥𝐺𝑒𝑥 /𝑘𝐵 𝑇)

(6)

The first exponent describes the kinetic barriers with an activation energy 𝐸𝐴 and the second
exponent is related to the thermodynamic barrier. 𝑘𝐵 is the Boltzmann constant, T is the
temperature and A is a pre-exponential factor that depends on the properties of the
material.[16]
In all these equations CNT assumes that values of the surface tension 𝛾 and the volume free
energy 𝛥𝐺𝑉 of the emerging nucleus are exactly the same as that of the bulk material. This
assumption is known as the capillary assumption.[10] However, at these small sizes the nascent
nuclei are built up of a few dozen atoms, which means that the majority of those are accessible
atoms exposed at the surface. In the past it was shown frequently that material properties
such as optical absorbance, solubility and catalytic activity at the nanoscale differ significantly
from the bulk properties.[17-20] Therefore, it is self-evident that predictions drawn from the
capillary assumption have to be regarded in a critical way. These shortcomings lead to
extraordinary discrepancies between experimental observations and CNT-predicted
nucleation rates.[21-23]
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2.2 Pre-Nucleation Cluster Pathway
Due to the crude assumption at the origin of CNT, it has been challenged by the development
of ‘non-classical’ models frequently.[24] The prenucleation cluster (PNC) pathway has been
established by Gebauer et al. for calcium carbonate in aqueous solutions.[25-26] In this system,
the measured calcium free ion concentration is significantly lower than it should be according
to the added one. A significant amount of up to 75% of the calcium ions is bound in these
PNCs. In other words, they are a highly abundant species. Their equilibrium constant of
formation is >> 1 as shown by ion association data utilizing a multiple-binding speciation
model.[25] In contrast to the thermodynamically unstable clusters, which appear in CNT, the
PNCs exist in a dynamic equilibrium with their solute and are thermodynamically stable. This
equilibrium can be expressed by an equilibrium constant and is located within a minimum of
Gibbs free energy (Fig. 2.2). As a result, the PNCs constitute a stable species and are already
present in undersaturated solutions, in which no thermodynamic driving force towards
nucleation is expected. Moreover, the ion association for their formation was found to be
entropy-driven.[27]

Fig. 2.2. Free reaction enthalpy ΔGR versus the reaction coordinate of the classical and non-classical pathway.
Metastable clusters form with an activation barrier ΔG* to be overcome in CNT (bold line). The existing
prenucleation clusters are formed with an activation barrier negligible compared to thermal energy (dashed
line). From [25]. Reprinted with permission from AAAS.

They can be regarded as oligomeric species which are highly dynamic in their formation.[26]
Computer simulations are in accordance with experimental data and show that these clusters
are made of a liquid-like ionic polymer with alternating calcium and carbonate ions
13

(DOLLOP).[28] Interestingly, they do not exhibit an interface towards the surrounding medium,
so they can be regarded as solutes. Prior to the phase separation event, their dynamics are
reduced, which leads to aggregation.[10] The driving force for this process is the reduction of
the interfacial area between clusters and solution. Precipitation at certain pH values yields
amorphous calcium carbonate phases with short-range orders of the respective precipitated
calcium carbonate crystal polymorphs.[25,

29-30]

In this regard, the proposed mechanism

involving pre-nucleation clusters allows for early structural pre-formation in the prenucleation
stage, which is maintained after nucleation. It has been suggested that clusters grow by
collision and coalescence before nucleation of a crystalline structure proceeds (Fig. 2.3).[26, 31]

Fig. 2.3. According to CNT, nucleation proceeds by addition of atoms/ions/molecules to a single metastable
pre-critical cluster (top). Another mechanism is suggested in the non-classical nucleation pathway, in which
nucleation occurs by aggregation of stable pre-nucleation clusters (bottom). The liquid intermediate
subsequently crystallizes to generate the final stable crystalline product. Reprinted from [32], this is an open
access article distributed under the Creative Commons Attribution License which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

THz-spectroscopy reveals that there is also a change in water-dynamics associated with the
locus of the binodal limit for phase separation.[33] Increasing the supersaturation of solutes
leads to the precipitation of an amorphous phase. PNCs have been found for various minerals,
e.g. calcium carbonate[25],[34], calcium phosphate,[35] and iron oxide.[36]
14

PNCs have been also found in systems of small organic molecules, more specifically of various
amino acids.[37] Oligomers up to hexamers for DL-alanine were detected by electrospray
ionization mass spectrometry (ESI-MS) and are in agreement with measurements from
analytical ultracentrifugation (AUC). In these systems, their proportion seems to be much
lower: they make up only a minor fraction. Nevertheless, they appear in more systems than
expected and might play an eminent role in nucleation. Inspired by this finding, special
emphasis will lie on the detection of pre-nucleation clusters in ibuprofen solutions.

2.3 Two-Step Nucleation Pathway
There have been computational and theoretical approaches as well as experimental
indications that nucleation can occur via a two-step process. Here, the main characteristic is
that first a densification in a separated phase takes place, followed by the formation of a
crystalline nucleus in the dense phase (see Fig. 2.4). Computational work supporting this
mechanism was carried out by ten Wolde and Frenkel,[38] who studied homogeneous
nucleation modelling the short-range attraction using a Lennard-Jones potential. They found
simultaneous fluctuations of density and structure order as in the classical viewpoint.
However, they also observed large density fluctuations around the critical point, which result
in the emergence of a highly disordered liquid droplet, followed by the formation of a
crystalline nucleus inside as the droplet reaches a critical size.[39] Boateng et al.[40] also
suggested in computer simulations that a liquid-liquid phase separation takes place in highly
supersaturated solutions and leads to crystal nucleation in the solute phase.

Fig. 2.4. Schematic of the two-step nucleation process. A dense liquid cluster forms in the first stage, a crystal
may form in the dense liquid and grow further. Reprinted with permission from [41]. Copyright (2010)
American Chemical Society.
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Theoretical studies have also provided evidence for the two-step nucleation pathway. More
precisely, density functional theory (DFT) was applied to study nucleation from solution.
Talanquer et al.[42] found that nucleation rates increase by several orders of magnitude near
the critical point. At temperatures lower than the critical point, the formation of liquid-like
droplets is favored. In these droplets, nucleation of a crystal takes place at a certain critical
size. This mechanism was suggested for nucleation of colloids and globular proteins from
solution. More recent DFT calculations, involving a Lennard-Jones potential, demonstrated the
two-step nucleation pathway to be valid for simple atomic fluids. It was commented that the
lack of experimental evidence for the two-step nucleation could be explained by the short
lifetime of the metastable phase in these systems.[43] Haas et al.[44] confirmed the two-step
nucleation mechanism in calculations of a concentration profile and Gibbs free energy of the
interface between a protein crystal and an aqueous solution. This mechanism is believed to
result in smaller activation energies for each step. Hence, each step is expected to be faster
than a one-step mechanism with a larger activation barrier. For lysozyme protein, the first
step, corresponding to the formation of a dense liquid droplet, was found to be the ratedetermining step in the nucleation process. Also, a simple phenomenological model has been
developed, which describes the kinetics of nucleation of lysozyme ordered solid phases from
solution via a metastable intermediate.[45] In that case, the rate-determining step is the
formation of an ordered cluster within the dense liquid intermediate. The viscosity within the
metastable dense liquid droplets was identified as a crucial parameter in the kinetics of
nucleation of ordered solid phases.[45]
Vekilov et al.[41, 46-49] present several experimental studies supporting the two-step nucleation
pathway for protein systems. Dynamic and static light scattering experiments on lysozyme
nucleation reveal, that monomers aggregate to form clusters, which restructure into more
compact structures.[50] Under a broad range of conditions, experiments demonstrate that the
protein lysozyme nucleates in two steps: the formation of a metastable, mesoscopic droplet
of dense liquid and subsequent nucleation of a crystal inside the droplet.[46-47, 51] There, the
formation of the disordered, dense liquid clusters is found to proceed rather fast, whereas the
formation of the crystal nuclei within is the rate determining step. Due to the high molecular
weight of the monomers, these clusters can reach up to 100 nm in size as determined by
dynamic light scattering.[48] Their liquid character was confirmed qualitatively and
phenomenologically by oblique illumination microscopy.[49] Besides, fluorescent microspheres
16

were observed to be moving in the dense liquid, which was found to exhibit a high viscosity
within an inhomogeneous structure. The prerequisite for the formation of such a dense liquid
phase is assumed to result from a negative Gibbs free energy of its formation ΔG0L-L < 0
(Fig. 2.5).[41] In that way the dense phase is stable with respect to the initial solution, but
metastable with respect to the crystalline state. If ΔG0L-L > 0, then the dense phase is
metastable with respect to both, the solution and the crystalline state and only exists as a
short-living density fluctuation.[46]

Fig. 2.5. The free energy ΔG according to two different scenarios in two-step nucleation. If the dense liquid is
unstable, the dense liquid exists as mesoscopic clusters (upper curve). If the dense liquid is stable, ΔG0L-L < 0.
ΔG1* and ΔG2* represent the barrier for the formation of a cluster of dense liquid and crystalline nucleus inside
the dense liquid, respectively. Reprinted with permission from [41]. Copyright (2010) American Chemical
Society.

However, the experimental evidence for the two-step nucleation in systems of small organic
molecules remains rather poor. Experiments of laser-induced non-photochemical nucleation
of supersaturated solutions of glycine result in much higher nucleation rates than without
laser light.[52-54] This was explained by electric-field-induced alignment of glycine molecules in
clusters, existing prior to nucleation. This alignment is suggested to reduce the entropic barrier
for ordered lattice formation. SAXS studies indicate that glycine dimers form in supersaturated
solutions and subsequently transform from mass fractals to surface fractals, indicated by an
17

increase of the power law value.[55] Another example of two-step nucleation was given by
Nakamura et al.[56] as they observed the nucleation of nanometer-sized clusters consisting of
up to 15 small organic molecules on a templated surface. The identification was accomplished
ex situ by SMRT-TEM (single-molecule real-time transmission electron microscopy). They
show that the nucleation of the crystals inside the liquid clusters is the rate-determining step.
However, the properties of these dense liquid clusters remain unclear as well as their
formation occurring on a surface, which may differ from the homogeneous nucleation in
solution. Another work provided by Rybtchinski et al.[57] corroborates a nucleation pathway
following two steps for perylene diimides as simple aromatic compounds. Here, the final
crystallinity was observed by cryo-TEM imaging to gradually develop in amorphous precursors
rather than form at the nucleation stage.
Nevertheless, non-classical nucleation should not be confused with the phenomenon of oiling
out as underlined by Davey et al.[58] In this case, one phase is concentrated with solute while
the other one is lean in solute within a submerged liquid-liquid miscibility gap in the phase
diagram. Since they are in equilibrium with each other, their solute chemical potentials are
identical in both phases and nucleation can occur in both phases.[59]

2.4 Ibuprofen and Diclofenac as Model Systems
As mentioned in the introduction, it makes sense to choose model systems for nucleation
studies from a class of pharmaceutical compounds that exhibit poor solubility in water, since
they make up a major class of the pharmaceutical compounds.[6] The drug solubility, as well
as the permeability, is a key parameter in the bioavailability of orally administered drugs.[60]
In order to classify drugs according to these parameters, the biopharmaceutical classification
system (BCS) has been developed. Accordingly, all drugs can be classified regarding their
solubility and permeability into four classes (Fig. 2.4).[60]
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Fig. 2.6. The biopharmaceutical classification system. Reprinted from [61], with permission from Elsevier.

Drugs belonging to the BCS class II exhibit high permeability but low solubility, so dissolution
is the rate-limiting step for bioavailability.[62] In order to solve this issue, amorphous
formulations can be employed since they exhibit higher solubilities than crystalline ones and
consequently have increased dissolution rates.[63] This relationship is especially interesting in
view of the fact that over the recent years growing evidence was found for the existence of
liquid, non-crystalline precursors in nucleation.[46, 64-68] With regard to the above mentioned
properties, it makes sense to study the nucleation of compounds belonging to BCS class II.

Ibuprofen
Ibuprofen was chosen for these studies as a model system for small organic molecules. Due
to its acidic group, it is possible to perform potentiometric titrations and to shift the solution
equilibrium by changing the pH value. The pKa value has been predicted by Advanced
Chemistry Development (ACD) software to be 4.41,[69] while experimental potentiometric
studies suggest a pKa value of 4.52.[70]
Ibuprofen is one of the most commonly used and most frequently prescribed nonsteroidal
anti-inflammatory drugs (NSAIDs), which makes it an attractive subject to study.[71-72] For this
application, ibuprofen is administered as a mixture of both S-Ibuprofen and R-Ibuprofen
(Fig. 2.6). The S-enantiomer is regarded as the more pharmacologically active enantiomer,
while the R-enantiomer is being transformed by enzymes in the human body to the
S-enantiomer.[73] Racemic ibuprofen features a racemic polymorph (monoclinic P21/c space
group), consisting of a 1:1 stoichiometry of S-Ibuprofen and R-Ibuprofen with a melting
19

temperature of 76 °C.[74-75] In 2008, another less stable form of racemic ibuprofen has been
found in DSC and X-ray studies in a racemic ibuprofen melt with a melting temperature of
17 °C.[76] Also, an enantiomerically pure polymorph (S-Ibuprofen) exists that crystallizes in the
space group P21.[77]

Fig. 2.6. Molecular structures of S-ibuprofen (left) and R-ibuprofen (right).

Ibuprofen inhibits the enzyme cyclooxygenase (COX) within the prostaglandin synthesis
pathway unselectively.[78-79] This COX inhibition causes anti-inflammatory, antipyretic and
analgesic effects.[80-81]

Diclofenac
Similar to ibuprofen, diclofenac is a small organic acid molecule, belonging to the same class
of unselective COX inhibitors with anti-inflammatory and pain-relieving properties (Fig. 2.7).
Unlike ibuprofen, it does not feature stereoisomerism. Diclofenac was found to crystallize in
two monoclinic and one orthorhombic polymorphs.[82-83] Thanks to its acidic group with a pKa
of 4.16,[70,

84]

it can also be used in titration experiments. DFT studies suggest that the

conformation of a carboxylic dimer lies within a global energy minimum.[85] This dimeric motif
is also dominant in the monoclinic polymorphs and hence, is supposed be the starting point
for the evolving nucleus in solution.

Fig. 2.7. Molecular structure of diclofenac.
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III Scope of the Thesis
The aim of this thesis was the investigation of the nucleation pathway in the aqueous systems
of ibuprofen and diclofenac. In order to monitor phase separation and nucleation, a
potentiometric turbidimetric titration setup for the nucleation of arbitrary small organic acids
was designed and applied.
This method was developed to provide indication and access to the different nucleation stages
and to ensure homogeneous nucleation conditions. In order to accomplish this,
potentiometric titration of ibuprofen was combined with 1H NMR spectroscopy. Experimental
observations and their interpretation are described in the first chapter of this thesis. The loci
of relevant limits in solution such as solubility limits of different polymorphs, the liquid-liquid
binodal limit as well as the liquid-liquid spinodal limit were determined. These concentration
parameters play a decisive role in both, the understanding of the phase equilibria present in
solution and the compilation of a phase diagram at standard conditions.
The combination of the potentiometric titration with several in situ analytical techniques
facilitates the detection of species present before and during nucleation of ibuprofen,
discussed in the second chapter.
In the third chapter, the dense liquid phase of ibuprofen is characterized by 1H NMR
spectroscopy in terms of molecular dynamics and possible aggregates. Quantitative physical
data is analyzed to verify the liquid character of the dense phase. Furthermore, similarities
between the dense liquid and the final crystal are elucidated and based on these observations
a nucleation pathway is suggested.
The fourth chapter deals with the nucleation of diclofenac, with emphasis on species
appearing in the early stages of nucleation, assessed with in situ techniques such as synthetic
boundary crystallization and cryo-TEM.
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In summary the main objectives of this thesis are:
•

Development of an experimental setup for monitoring nucleation of organic acid
crystals and interpretation of experimental observations

•

Determination of solubility limits as well as liquid-liquid binodal and spinodal limits for
the compilation of a phase diagram in aqueous solution

•

Detection of intermediates prior to nucleation of ibuprofen and diclofenac

•

Quantitative determination of molecular dynamics as well as composition of the dense
liquid phase and similarities to the final crystal
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IV Materials & Methods
4.1 Materials
The following chemicals were purchased and used as received. Racemic Ibuprofen,
((RS)-2-[4-(2-methylpropyl)phenyl]propanoic acid) (>99.0%), S-Ibuprofen (>98.0%), Diclofenac
(2-[2-(2,6-dichloroanilino)phenyl]acetic acid) (>98.0%) and diclofenac sodium salt (>98.0%)
were purchased from TCI Europe. Racemic ibuprofen sodium salt (>99.0%) was purchased
from Sigma Aldrich. Gallic acid (>98.0%), toluene (>99.5%) and 1,4-dioxane (>99.8%) were
purchased from Roth. 3-(Trimethylsilyl)-1-propionic-2,2,3,3-d4 acid sodium salt (TMSP,
>98.0%) was purchased from Sigma Aldrich. Sodium hydroxide solution (0.1 M), hydrochloric
acid solution (0.1 M) and KCl solution (3 M) were purchased from Merck. Buffer solutions for
pH calibration (pH 4.01, 7.00, 9.21) have been purchased from Mettler Toledo. MilliQ water
was used in all experiments. All glassware was cleaned by rinsing with ethanol and water
followed by drying before use.

4.2 Potentiometric Titration Setup and Equipment
Titration experiments were performed with a computer-controlled titration system supplied
by Metrohm (Filderstadt, Germany), with corresponding commercial software (Tiamo™,
current version: 2.3). The setup consists of a titration instrument (Titrando 905, Metrohm No.
2.905.0020) that controls two dosing devices (Dosino 800, Metrohm No. 2.800.0010), which
control two 807 dosing units with 2 ml volume (Metrohm No. 6.3032.120). Titrations were
performed in a double-walled titration vessel with thermostat jacket (Metrohm No.
6.1418.250).
The whole assembly is run with an independent power supply, which is necessary to decouple
the electric circuit of the instruments from that of the laboratory to avoid artifacts caused by
voltage changes. A special double junction pH electrode with 3 M KCl solution as reference
electrolyte is employed because of its robustness at elevated temperatures (EtOH-trode,
Metrohm No. 6.0269.100). In order to measure the turbidity during titration, an appropriate
optical sensor (Optrode, Metrohm No. 6.1115.000) is used at an emission wavelength of
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640 nm. The intensity in transmission was recorded in terms of a voltage in mV. Turbidity in
experiments was indicated by decrease of the voltage. The vessels are closed with a titration
vessel lid (Metrohm No. 6.1414.010) and largely decoupled from the atmosphere to minimize
potential pH changes that may arise from in-diffusion of atmospheric CO2 or evaporation of
the solutions during the titration experiment. Calibration of the pH electrode was executed at
25.0 ± 0.1 °C.

The Double-Dosing Method
80 ml of 3 mM ibuprofen sodium solution at a pH of 6.8 ± 0.1 were filled into the beaker. In
order to induce supersaturation of poorly water-soluble protonated ibuprofen (Fig. 4.1), 15
mM HCl solution was dosed. At the same time, 6 mM ibuprofen sodium solution was dosed to
cancel out the dilution of ibuprofen by HCl addition. Both solutions were dosed at a steady
dosing rate of 0.2 ml/min if not stated otherwise. In that way, a constant concentration of the
overall ibuprofen species was achieved. For NMR studies, the titration was carried out at a
constant concentration of 5 vol% D2O.

Fig. 4.1. Protolysis equilibrium of the weak organic acid ibuprofen (pKa = 4.41), which is a poorly water-soluble
compound in the protonated state.

Analogously to that, 80 ml of 0.5 mM diclofenac sodium solution (in 40 µM NaOH solution)
were filled in the beaker and dosed with 1 mM HCl solution and 1 mM diclofenac sodium
solution (in 80 µM NaOH solution), both at a steady rate of 0.2 ml/min if not stated otherwise.
Diclofenac sodium solutions were prepared by adding an amount of NaOH to dissolve
potentially present crystals of DicH or DicNa due to the low solubility of diclofenac in pHneutral water. Samples from titration were viewed under the light microscope. Light
microscopy images were obtained from a Zeiss Axio Imager M2m with Z800 Workstation with
crossed polarizers.
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Determination of Solubility Limits
Solubility limits of the compounds were determined by an iterative technique. 80 ml of 10 mM
racemic IbuNa (S-IbuNa) solution were titrated with 3.34 ml (3.60 ml) 15 mM HCl solution and
20 mM of the respective IbuNa solution, both at a rate of 0.2 ml/min. In that way, the solution
was titrated to a pH value that would be present after nucleation and ~ 5 mg of the respective
crystal (racemic IbuH, S-IbuH) were added to the solution. The total ibuprofen concentration
is nearly constant during the titration, since the small amount of crystallized ibuprofen can be
neglected. The pH value rose because of crystal growth to a certain value. Solubility limits
were calculated from equilibrium pH values via formula (25).
Analogously to that, 80 ml of 5 mM diclofenac sodium solution (in 40 µM NaOH solution) was
titrated with 8ml of 1 mM HCl solution and 10 mM diclofenac sodium solution (in 80 µM NaOH
solution), both at a steady rate of 0.5 ml/min. After dosing, about 5 mg of DicH crystals were
added (polymorph HD2).[82]

Calculation of Supersaturation Levels from Solubility Limits
Supersaturation levels 𝑆 were calculated from the solubility limit 𝑐𝑠 of the respective
polymorph.

𝑆=

𝑐(𝐼𝑏𝑢𝐻)
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𝑐𝑠

(7)

4.3 Isothermal Titration Calorimetry (ITC)
All measurements were performed on a MicroCal VP-ITC (Malvern instruments, Malvern,
Worcestershire, UK). The HCl solution was injected into the reservoir ibuprofen solution at
the identical ratio as in the titration experiments to give exact enthalpies that correspond
directly to the titration experiment at a controlled temperature of 298.0 K. The rest time
between injections was adjusted to 120 s to allow for complete thermodynamic equilibration
between the reaction vessel and the reference vessel. A total volume of 280 µl of 15 mM HCl
solution was injected in 56 volumes of 5 µl one by one to the respective compound solution
(3 mM, 1.440 ml). A stirring speed of 1000 rpm and a reference power of 14 mcal/s was used.
NITPIC software (version 1.2.2.) was used for peak integration, while data from integrals were
evaluated in ITCsy software (version 1.0a).
In order to subtract all chemical processes associated with the pH equilibrium of ibuprofen,
gallic acid was used as reference as it exhibits the same pKa value as ibuprofen (pKa = 4.40).[86]
Furthermore, it does not nucleate during the titration due to its high solubility in water.
Control enthalpy profiles of hydrochloric acid (15 mM) into 3 mM gallic acid (adjusted to
pH = 6.8 with 0.1 M NaOH) were subtracted from the raw data to normalize the data.

4.4 Cryogenic Transmission Electron Microscopy (cryo-TEM)
Samples of 2 µl were directly taken with a pipette during titration and put on a Lacey Carbon
film grid on 200 Mesh Copper. The grid was frozen in liquid ethane by a Plunge Freezer (Leica
EM GP) within 10 seconds after taking sample. The frozen sample was transferred into a
nitrogen-cooled sample holder which was inserted into a Zeiss / LEO EM922 Omega 200 kV
workstation.

4.5 Nuclear Magnetic Resonance (NMR) Spectroscopy
All NMR experiments were conducted on a Bruker Avance III 600 MHz spectrometer using a
CP-TCI probe. The samples of 600 µl were taken from titration experiments and filled into
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5 mm (outer diameter) NMR tubes. All one-dimensional 1H NMR spectra were recorded at a
temperature of T = 295 K subsequently. Deuterium oxide was used for as a field-lock at a
volume fraction of 5 % of the total sample, being held constant throughout all titrations by
applying the double-dosing method. Deuterated TMSP was used in all experiments as internal
reference of the proton dimension. Raw data was processed using TOPSPIN software and data
fitting was performed in ORIGIN software (version 2018b) applying a Levenberg-Marquardt
algorithm.
Integrals of proton signals I were determined in the spectral range between 0.551 - 0.634 ppm
for ibuprofen in the mother phase and 0.839 - 0.901 ppm for ibuprofen molecules present in
the dense liquid phase, respectively.
Individual longitudinal T1 relaxation times were acquired using increasing relaxation delays
comprising 30, 100, 300, 1000, 3000 and 10000 ms.
Transversal T2 relaxation times of ibuprofen present in solution as well as in the liquid
precursor phase were obtained using a Carr–Purcell–Meiboom–Gill (CPMG) based pulse
sequence comprising increasing relaxation delays of 30, 100, 300, 1000, 3000 and 10000 ms,
respectively.
Pulsed field gradient stimulated echo experiments (PFG-STE) applying a bipolar gradient
scheme were used in the proton dimension to determine the translational diffusionof
ibuprofen and toluene. Hence, the diffusion time 𝛥 was set to 𝛥 = 200 ms and the gradient
pulse time 𝛿 for dephasing and rephasing along the z-axis was set to 𝛿 = 3 ms. The gradient
field pulse G was varied between 1 % and 95 % regarding maximum strength to generate 22
proton spectra slices for further analysis. Gradients were calibrated as described elsewhere.[87]
Two-dimensional 1H-1H NOESY NMR spectra of ibuprofen were recorded by using a mixing
time of 1000 ms, 16 scans for samples spectra (1024 t2 points, 256 t1 points, 8 kHz sweep
width). Intermolecular interproton distances di were calculated using a value of d representing
intramolecular isopropyl protons at a fixed distance of 2.456 Å. Consequently, this fixed
distance enables the calculation of the average interproton distance di of intermolecularly
interacting ibuprofen protons since the NOE signal is proportional to d-6 (assuming the same
tumbling rate of the two molecules contributing to the build-up of the intermolecular NOE).
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4.6 Dynamic Light Scattering (DLS)
Dynamic Light Scattering data were collected by an ALV work station equipped with He-Ne
laser (λ = 632.8 nm, 35 mW) and ALV-3000 digital correlator (ALV-GmbH, Langen, Germany).
Samples of 2 mL volume were filled into 10 mm cylindrical cuvettes made of glass. The light
scattering device was temperature-controlled to 25.0 ± 0.1 °C. Autocorrelation functions were
acquired at 90° for 120 s. From the correlation functions g2(t) we computed distribution
functions G(τ) of the specific delay times τ by using Provencher’s CONTIN algorithm.[88-89]
To determine how the size distribution of the droplets evolves, DLS data were collected every
120 s over periods of up to 60 h, starting within 1 min after sample preparation.

4.7 Analytical Ultracentrifugation (AUC)
All AUC experiments were performed on a Beckman Optima XL-I (Beckman-Coulter, Palo Alto,
CA) equipped with Rayleigh interference optics and a multiwavelength optical system
(λ = 250 – 400 nm) at 25°C. UV-Vis spectra were acquired as reference spectra on a Varian 50
scan-spectrometer (Agilent Technologies, Santa Clara, CA). A sample volume of 270 µl of the
respective compound solution were filled into the sector cell while water was used as a
reference solution (320 µl).
Sedimentation Velocity
Experiments were performed in 12 mm titanium double sector cells (Nanolytics, Potsdam,
Germany) with quartz windows. Data evaluation was performed using SEDFIT software
(version 15.01b), applying Lamm equation modelling to interference data.[90-91] The noninteracting species model was used to determine sedimentation and diffusion coefficients as
well as concentration of up to 4 species in a solution. Also, the diffusion-corrected c(s)
distribution model was applied to determine a sedimentation coefficient distribution.
ULTRASCAN[92] (version 3.3) was also used as analysis software. Runs were subject to a twodimensional spectrum analysis (2DSA) distribution of s, D and c.[93] After a proper meniscus fit,
the data were further refined by the genetic algorithm in the software covering 50 Montecarlo
iterations.
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Sedimentation Equilibrium
Sedimentation equilibrium experiments were performed in 12 mm epon double sector cells
(Spin60-Band Forming) with sapphire windows (Spinanalytical, Berwick, ME), acquiring
absorption spectra at λ = 262 nm for ibuprofen.
Partial specific volumes of the solutes were determined with the method presented by
Edelstein and Schachman.[94] The respective sodium salt (ibuprofen / diclofenac) was dissolved
in water and D2O. Both solutions were run at 60,000 rpm, at 25 °C until equilibrium conditions
appeared (48 h). For the calculation of the partial specific volume, it is necessary to know how
much the molar mass will increase upon deuteration:

𝑀𝐷2 𝑂

𝑘=𝑀

𝐻2 𝑂

(8)

where M corresponds to the molar mass of ibuprofen in the respective solvent. Since
ibuprofen contains a single carboxyl group, it is subject to deuterium exchange only if it is fully
protonated. In the case of IbuNa solution, the majority of ibuprofen molecules is
deprotonated, so that the effect of deuterium exchange is negligible and k = 1.

𝑑 ln 𝑐
)
𝑑 𝑟² 𝐷 𝑂
𝑘−[ 𝑑 ln 𝑐 2 ]
(
)
𝑑 𝑟² 𝐻2 𝑂
𝑑 ln 𝑐
(
)
𝑑 𝑟² 𝐷 𝑂
𝜌𝐷2 𝑂 −𝜌𝐻2𝑂 [ 𝑑 ln 𝑐 2 ]
(
)
𝑑 𝑟² 𝐻2 𝑂
(

𝜈̅ =

(9)

𝜈̅ is the partial specific volume, k is described in equation (8) and 𝜌 is the respective solvent
density.
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Average molar mass and apparent molar mass were determined by using the software
SEDFIT-MSTAR[95] (version 1.0) for the sedimentation equilibrium run in water. For their
calculation, the partial specific volume obtained by employing formula (9) was used.
A monodisperse ensemble in a sedimentation equilibrium can be described by the Boltzmann
distribution, and a recorded signal of the following form:[95]

𝑠(𝑟) = 𝑐1 (𝑟0 ) 𝜀 𝑑 𝑒𝑥𝑝 (𝑘𝑀𝑎𝑝𝑝 (𝑟 2 − 𝑟02 )) + 𝑠0

(10)

The signal 𝑠(𝑟) represents the local concentration c(r) in g/ml at radius 𝑟, 𝑐1 denotes the
concentration at 𝑟0 (an arbitrary reference radius), 𝜀 and 𝑑 denote the macromolecular signal
increment and optical path length, respectively. 𝑠0 describes a signal baseline offset and 𝑀𝑎𝑝𝑝
is the apparent molecular weight on the given partial specific volume scale. The factor 𝑘 can
be expressed as follows:[95]

𝑘=

(1−𝑣̅ρ)ω2
2𝑅𝑇

(11)

𝑣̅ is the partial specific volume, ρ the solvent density, ω the rotor angular velocity, 𝑅 the gas
constant, 𝑇 the absolute temperature. The apparent molar weight 𝑀𝑎𝑝𝑝 of the solute can be
determined from a plot of ln (𝑐) vs. 𝑟 2 :

1 𝑑 ln (𝑠(𝑟)−𝑠0 )

𝑀𝑎𝑝𝑝 = 𝑘

𝑑𝑟²

(12)

This plot would ideally be linear for monodisperse systems and show a positive curvature for
heterogeneous mixtures.[95]
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A more precise value for the molecular weight can be delivered by 𝑀∗ (𝑟), which is the point
average molecular weight and defined as:[95]

𝑀∗ (𝑟) =

𝑐(𝑟)−𝑐𝑚
𝑟
𝑚

2 )+2𝑘
𝑘𝑐𝑚 (𝑟 2 −𝑟𝑚
∫𝑟 (𝑐(𝑟)−𝑐𝑚 )𝑟 𝑑𝑟

(13)

where 𝑐𝑚 = 𝑐(𝑟 = 𝑟𝑚 ) is the meniscus concentration for sector-shaped columns. The
extrapolation to the bottom of the cell yields an apparent weight-average molecular weight
𝑀𝑎𝑣𝑔 of all components present in the solution column.[96]

Synthetic Boundary Crystallization Ultracentrifugation
Experiments were inspired by a synthetic boundary crystallization ultracentrifugation[97-98] on
the principles of analytical band centrifugation.[99-101] A volume of 5 - 10 µl of the respective
solution of either ibuprofen or HCl solution was filled into the reservoir. The sector cell was
filled with an aqueous solution (Ibuprofen or HCl) containing 10 vol% D2O. Before the speed
reached 2000 rpm, the solution from the reservoir was overlaid over the sector solution.[99]
Once the rotor reached the desired speed of 60 krpm, the first scan was recorded.
In order to calculate the secondary species’ density in the case of diclofenac, 5 µl of 10 mM
DicNa solution was filled in the reservoir to be overlaid onto 270 µl 1 mM HCl solution in
20 wt% and 100 wt% D2O, respectively, in the sector and 320 µl as reference solution. The
sector solution densities and viscosities required for further calculations were measured by
the densitometer DMA 5000 M (Anton Paar GmbH, Graz, Austria).
Data evaluation was performed with XL-Viewer LabVIEW software. The sedimenting band was
identified and the positions of the maximum points were determined. The plot of ln(r/rm)
versus ω²t was fitted with a linear function and its slope equals the sedimentation coefficient
profile over the course of the synthetic boundary crystallization experiment.[102]
Multiwavelength data was plotted in MATLAB (version R2016b).
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4.8 Powder X-Ray Diffraction (PXRD)
Powder X-ray diffraction was performed on a Bruker D8 powder-diffractometer (Bruker,
Billerica, MA) applying Bragg-Brentano geometry with a 1D energy-dispersive x-ray detector
(Lynxeye). Cu K-alpha radiation (λ = 1.5406 Å) was used for x-ray diffraction.

4.9 Electrospray Ionization Mass Spectrometry (ESI-MS)
ESI-MS measurements were carried out via direct infusion of the sample solutions (2 mM
S-IbuNa and 10 mM DicNa) at a flow rate of 5 µl/s into a Bruker Esquire 3000+ ion trap mass
spectrometer (Bruker, Bremen, Germany), operated in positive ion mode. Mass spectra were
recorded at a detection range of 50 to 2500 m/z. Ion source parameters were adjusted to a
capillary voltage of 3000 V and a capillary exit of 80 V, 15 psi nebulizing gas (nitrogen), 6 l/min
of drying gas (nitrogen) at a temperature of 200 °C. Spectra acquisition for supersaturated
solutions were not possible, since the pipe to the electrospray-ionization was clogged with
crystals due to heterogeneous nucleation in both cases with ibuprofen and diclofenac.

4.10 Taylor Dispersion Analysis (TDA)
TDA sizing experiments were performed on a Malvern Viscosizer TD (Malvern, Worcestershire,
UK) with a capillary radius of 75 µm. Samples were taken from potentiometric titration
applying the double-dosing method. For sizing experiments, the capillary was rinsed with
Milli-Q for 30 s at 3000 mbar. Baseline reset was performed with recording of Milli-Q for 90 s
at 140 mbar elution pressure. Then, the sample was injected at 50 mbar for 12 s. The capillary
was dipped into an additional vial of Milli-Q for 15 s (0 mbar pressure). Then the elution of
Milli-Q as the running buffer started with an elution pressure of 140 mbar. Samples were
analyzed with a filter wavelength of λ = 254 nm. After the sizing experiment, the capillary was
cleaned with MilliQ water.
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In TDA, the dispersion of the laminar flow profile is measured at two points along the capillary
and the diffusion coefficient D can be calculated according to the following equation:[103-104]

𝑅 2 (𝑡2 −𝑡1 )

𝐷 = 24𝑐(𝜎

2

2 −𝜎 2 )
1

(14)

𝑅𝑐 is the capillary radius, 𝑡1 and 𝑡2 are the respective mean residence times and 𝜎1 2 and 𝜎2 2
are the respective variances of the absorption profile recorded through two detection
windows.
In order to extract the variances of the absorption profiles, the raw data was plotted and fitted
to a Gauss function in ORIGIN software (version 2018b) applying a Levenberg-Marquardt
algorithm.
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V Potentiometric Titration for Monitoring Nucleation of
Ibuprofen from Solution
In order to study the aqueous systems of poorly water-soluble organic acids, the development
of an appropriate assay is necessary. It should be able to monitor supersaturation and
nucleation of ibuprofen and diclofenac in terms of being detectable and measurable by
available instruments. In this context, the generation of supersaturation is a crucial feature,
since it is the driving force for nucleation. One possibility to increase supersaturation would
be the addition of water as a non-solvent to solution of the respective compound in a watermiscible organic solvent such as ethanol or tetrahydrofuran.[57] However, the course of
nucleation would only be measurable in terms of turbidity. Also, the presence of an organic
solvent as a third component would make the phase diagram and its equilibria unmanageable.
Another possibility would be the cooling of saturated hot compound solutions with
temperature as another parameter that can be recorded until nucleation occurs. This method
has many drawbacks such as slow cooling rates and the temperature as the only key
parameter, which hardly yields any information about the nucleation mechanism.
Unfortunately, there is no ibuprofen-selective electrode invented yet (and probably never will
be). The method of choice was the increase of supersaturation by utilizing the pH equilibrium
of the organic acid compounds.
In the case of ibuprofen, a dilute solution of a strongly dissociating Brønsted acid such as
hydrochloric acid is added to an aqueous solution of ibuprofen sodium (IbuNa). In this way,
the concentration of protonated ibuprofen (IbuH) rises and the pH electrode can gather
valuable information about the concentration of the protonated compound. Moreover, the
dosing rate can be tuned and used to determine how fast supersaturation should increase. In
order to maintain a constant overall concentration of ibuprofen species, another dosing unit
is employed containing a dilute solution of IbuNa. Its concentration should be twice as high as
that of the initial concentration of the solution in the beaker. If both dosing units add the same
volume at the same speed, the overall initial compound concentration is maintained until
nucleation occurs. This is a prerequisite for the uncomplicated analysis by employing the mass
action law.
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5.1 Determination of Crystal Nucleation Events
Double-dosing titration experiments were carried out with both racemic and S-ibuprofen.
There, the pH steadily decreased due to HCl addition until the pH value rose up rapidly. In the
case of racemic ibuprofen, it is notable that the turbidity tends to increase before the pH rise.
Simultaneously with the rising pH, the turbidity of the solution increased (Fig. 5.1, left). Also,
a colorless precipitate could be observed in the beaker afterwards.
When the titration was carried out solely with S-IbuNa at the same conditions, the turbidity
increased significantly and reproducibly, while the pH did not increase at this point. Associated
with this event, the rate of pH-decrease changed and resulted in a linear slope (Fig. 5.1, right).
The pH increased at a later stage and a colorless precipitate was visible as well but only once
the turbidity increased before (Fig. 13.1, Appendix).

Fig. 5.1. Titration curve of racemic IbuH (left) and S-IbuH (right), characterized by pH (black line, left scale) and
intensity (inverse of turbidity, red line, right scale). 80 ml 3 mM of the respective IbuNa solution were titrated
with 15 mM HCl and 6 mM IbuNa, both at a rate of 0.2 ml/min. Error bars represent standard deviations of
n = 5 (racemic ibuprofen) and n = 3 (S-ibuprofen) independent titrations.

As mentioned above, the increase of turbidity before pH rise and associated pH slope change
was also observed for racemic IbuH but still represents a rather rare event (Fig. 5.2). Since the
pH rises while HCl solution is dosed, it is not possible to determine the moment of nucleation
directly. A more sensitive parameter for this determination is represented by the turbidity, as
the turbidity increases up to a certain point before nucleation. In the individual case of a
titration, the maximum of turbidity gives the most precise position where nucleation occurs
way before the pH change is positive.
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Fig. 5.2. Titration of racemic ibuprofen resulting in turbidity increase before the pH value rises. The red arrow
indicates the point of nucleation of an individual titration. 80 ml 3 mM of the racemic IbuNa solution were
titrated with 15 mM HCl and 6 mM racemic IbuNa, both at a rate of 0.2 ml/min.

After the pH increase, a colorless precipitate was visible in the beaker. When samples of the
suspension were viewed under the light microscope, small crystals with a length of about
20 µm and a width of about 3 µm were visible in the case of racemic ibuprofen (Fig. 5.3, left).
Also, S-ibuprofen forms crystals but at a larger length of few hundred microns (Fig. 5.3, right).

Fig. 5.3. Light microscopy images of ibuprofen precipitates from titration. Left: racemic IbuH, right: S-IbuH.
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On the other hand, larger structures were present for samples of racemic ibuprofen and
gathered at the sample droplet surface (Fig. 5.4). Over time, these structures grew by the
adsorption of droplets of the separated phase as can be seen in the images. This coalescence
indicates the liquid nature of the dense phase. Those parts of the crystal, which were in
contact with the dense liquid phase grew faster than those which were not in contact with it.

Fig. 5.4. Light microscopy images with crossed polarizers of the racemic ibuprofen precipitates at the top of
the sample droplet surface. Sample was taken at pH 5.10 from titration of 3 mM racemic ibuprofen. The time
in the top left corner of the individual picture corresponds to the duration after acquisition of the first image.

In the case of S-IbuH at lower pH values, it is visible in light microscopy that the crystals exhibit
bumps on top of the crystal surface (Fig. 5.5). These bumps have a size of 5 – 10 µm and
correspond to the average droplet size. This finding suggests that the droplets were rich in
S-IbuH and crystallized once they are attached to the crystal surface. In that way, the crystal
growth proceeded not only via monomer addition from the supersaturated solution, but also
by droplet attachment to the crystals. This pathway of crystal growth is similar to the
37

mechanism found for DL-glutamic acid via pre-formed nanoscopic species as described by
Jiang and co-workers.[105]

Fig. 5.5. Light microscopy images with crossed polarizers of the S-IbuH precipitates in solution. Sample was
taken at pH 5.02 from general titration method of 3 mM S-Ibuprofen.

When the precipitate was investigated by XRD, the crystal structure was revealed. The
precipitate polymorphs correspond to those of the commercially available racemic IbuH
according to Shankland et al.[74] and S-IbuH according to Hansen et al.,[77] respectively
(Fig. 5.6).

Fig. 5.6. XRD graphs of precipitates from titration. Racemic precipitate (left) and S-IbuH precipitate (right) with
underlaid diffraction peaks of the commercially available IbuH (black) and S-IbuH (blue), respectively.
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5.2 Calculation of the Solubility Limit of Racemic IbuH and S-IbuH
These experimental observations obviously evidence the effects of crystal nucleation in
solution. After this nucleation point, the pH value rises to a constant value at which dissolution
of the crystal and recrystallization of molecules are in equilibrium with each other. The rise of
the pH value can be described if we have a look at the protonation equilibrium of ibuprofen
(Fig. 5.7). During the titration, the equilibrium is shifted towards the right side and the
concentration of the protonated species increases. Once the crystal nucleates, crystal growth
proceeds by the consumption of this protonated species. As the concentration of IbuH drops,
more IbuNa is transformed to the right side by consuming protons from the solution. In
summary, the crystal growth of the IbuH crystal consumes protons so that the pH value rises.

Fig. 5.7. Equilibrium of IbuNa and IbuH with further suggestions towards nucleation. As the pH decreases
during the titration, the equilibrium is shifted towards the right side of IbuH. At a certain point, a crystal of
IbuH nucleates and further crystal growth proceeds by IbuH monomer addition. This decrease of IbuH drives
the re-establishment of equilibrium by consumption of protons from the solution by the transformation from
IbuNa to IbuH species.

Calculation of Crystallized Ibuprofen during the Crystallization Event
In order to locate the solubility limits, it is important to quantify how much ibuprofen
precipitates potentially by nucleation events and crystal growth.
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The sum of 𝑛1 (𝐼𝑏𝑢𝐻) and 𝑛1 (𝐼𝑏𝑢𝑁𝑎) corresponds to the total amount ibuprofen present in
solution:

𝑐𝑡𝑜𝑡𝑎𝑙 𝑉𝑡𝑜𝑡𝑎𝑙 = ([𝐼𝑏𝑢𝐻] + [𝐼𝑏𝑢𝑁𝑎])𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑛1 (𝐼𝑏𝑢𝐻) + 𝑛1 (𝐼𝑏𝑢𝑁𝑎)

(15)

As IbuH precipitates during the crystal growth 𝑛𝑐𝑟𝑦𝑠𝑡 (𝐼𝑏𝑢𝐻) it is not present anymore in
solution at pH2. Nevertheless, the total amount of ibuprofen is the same as before
crystallization:

𝑐𝑡𝑜𝑡𝑎𝑙 𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑛2 (𝐼𝑏𝑢𝐻) + 𝑛2 (𝐼𝑏𝑢𝑁𝑎) + 𝑛𝑐𝑟𝑦𝑠𝑡 (𝐼𝑏𝑢𝐻)

(16)

Rearrangement of (16) gives the following relationship:

𝑛𝑐𝑟𝑦𝑠𝑡 (𝐼𝑏𝑢𝐻) = 𝑐𝑡𝑜𝑡𝑎𝑙 𝑉𝑡𝑜𝑡𝑎𝑙 − 𝑛2 (𝐼𝑏𝑢𝐻) − 𝑛2 (𝐼𝑏𝑢𝑁𝑎)

(17)

Once crystal nucleation and growth proceeds, the pH rises from the measured minimum pH1
value to pH2 at equilibrium after nucleation. The relationship between the ibuprofen species
concentrations is described according to the mass action law:

[𝐻 + ]2
𝐾𝑎

=

[𝐼𝑏𝑢𝐻]2
[𝐼𝑏𝑢𝑁𝑎]2

=

𝑛2 (𝐼𝑏𝑢𝐻)

(18)

𝑛2 (𝐼𝑏𝑢𝑁𝑎)

Insertion of formula (18) for 𝑛2 (𝐼𝑏𝑢𝑁𝑎) in formula (17) results in the following equation:

𝐾

𝑛𝑐𝑟𝑦𝑠𝑡 (𝐼𝑏𝑢𝐻) = 𝑐𝑡𝑜𝑡𝑎𝑙 𝑉𝑡𝑜𝑡𝑎𝑙 − 𝑛2 (𝐼𝑏𝑢𝐻) − 𝑛2 (𝐼𝑏𝑢𝐻) [𝐻 +𝑎]
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2

(19)

Rearrangement yields the following equation:

𝐾

𝑛𝑐𝑟𝑦𝑠𝑡 (𝐼𝑏𝑢𝐻) = 𝑐𝑡𝑜𝑡𝑎𝑙 𝑉𝑡𝑜𝑡𝑎𝑙 − 𝑛2 (𝐼𝑏𝑢𝐻) (1 + [𝐻 +𝑎] )
2

(20)

Since 𝑛2 (𝐼𝑏𝑢𝐻) corresponds to the amount of IbuH present at the saturation solubility 𝑐𝑠 in
the total volume, the formula can be expressed using the saturation solubility limit 𝑐𝑠 :

𝐾

𝑛𝑐𝑟𝑦𝑠𝑡 (𝐼𝑏𝑢𝐻) = 𝑐𝑡𝑜𝑡𝑎𝑙 𝑉𝑡𝑜𝑡𝑎𝑙 − 𝑐𝑠 𝑉𝑡𝑜𝑡𝑎𝑙 (1 + [𝐻 +𝑎] )
2

(21)

Hence, it is possible to determine the amount of precipitate by knowing solely the total
volume and initial concentration of an organic acid and the solution pH after crystallization.
While the first part describes how much ibuprofen is present in the total volume, the second
part of the equation describes the part that is left in the total volume after crystallization. By
dividing it by the total volume, the total ibuprofen concentration after the crystallization event
𝑐2 (𝐼𝑏𝑢) can be calculated:

𝑐2 (𝐼𝑏𝑢) =

𝑛𝑡𝑜𝑡𝑎𝑙 −𝑛𝑐𝑟𝑦𝑠𝑡 (𝐼𝑏𝑢𝐻)
𝑉𝑡𝑜𝑡𝑎𝑙

𝐾

= 𝑐𝑠 (1 + [𝐻 +𝑎] )
2

(22)

Stop Experiments for the Determination of Solubility Limits
This observation enabled the determination of the solubility limits of racemic IbuH and S-IbuH
in titration experiments in which dosing was stopped in the supersaturated regime, where
nucleation could be expected. Once the addition was finished, seeding crystals were added to
the solution and the pH value rose due to crystal growth and associated transformation of
ibuprofen. It rose until the ibuprofen solution reached the saturation solubility of the
respective IbuH polymorph. Another titration was performed stopping at a pH value closer
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than before to the final one and seed crystals were added again. This procedure was repeated
until the rise in pH was minimal, but still detectable (Fig. 5.8, left).

Fig. 5.8. Stop titration experiments of 10 mM ibuprofen solutions with subsequent addition of seed crystals.
Left: pH equilibration of racemic IbuH (black line) and S-IbuH (blue line) after addition of the respective seed
crystal powder. Right: Solubility Limits of racemic IbuH and S-IbuH determined by formula (25) with the
approximation that the initial total ibuprofen concentration stayed constant.

In that way, only small amounts of ibuprofen crystallized and deviations from the initial
concentration were negligible at this total ibuprofen concentration of 10 mM. By employing
equation (21), it was possible to calculate the amount of crystallized ibuprofen for both
polymorphs. The amount of crystallized ibuprofen is especially important to see by how much
the initial ibuprofen concentration of 10 mM has changed. For this experiment, it was of
critical importance that dosing was stopped to facilitate the determination of an equilibrated
pH1. After the addition of seed crystals and crystal growth, enough time should pass until
saturation solubility was reached and pH2 could be utilized for calculation. As the equilibrium
pH was determined by the solubility limit of the respective IbuH polymorph, their solubility
limits could be calculated by formula (25) as can be seen in Table 1.
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Table 5.1. Solubility limits of racemic IbuH and S-IbuH determined by the method described above at 10 mM
IbuNa initial concentration. a calculated with formula (25), inserting a total ibuprofen concentration of 10 mM.
b
calculated with formula (21) c calculated with formula (22)

Racemic IbuH

S-IbuH

pH (10 mM)

6.117 ± 0.003

5.956 ± 0.004

cs (IbuH)a / mM

0.192 ± 0.001

0.277 ± 0.002

ntotal / µmol

866.8

872.0

ncrystb / µmol

2.50

6.46

c2 (Ibu)c / mM

9.971

9.926

The concentration c2(Ibu) was close to 10 mM and, therefore, the solubility limits can be
regarded as valid, since they were calculated with formula (25) and a total ibuprofen
concentration of 10 mM.

5.3 Calculation of Ibuprofen Species Concentration during Titration
In order to combine the titration experiments with further analytical techniques, it is crucial
to calculate the concentration of protonated ibuprofen c(IbuH) and supersaturations. Here, it
has to be distinguished whether the system features one phase or if two phases are present
in the system after liquid-liquid phase separation.

Calculation of the IbuH Concentration in the Single-Phase System
By using the double dosing technique, the overall concentration of ibuprofen is kept at a
constant level during titration:

𝑐𝑡𝑜𝑡𝑎𝑙 = [𝐼𝑏𝑢𝐻] + [𝐼𝑏𝑢𝑁𝑎]
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(23)

ctotal is the overall concentration of ibuprofen in solution, while [IbuH] and [IbuNa] correspond
to the concentration of protonated and deprotonated ibuprofen in the same volume,
respectively.
As the pH is changing during the course of titration, the mass action law is employed to
describe the relationship between the pH value and the fraction of the ibuprofen
concentrations via the Ka value:

[𝐼𝑏𝑢𝐻]

[𝐻 + ] = 𝐾𝑎 ([𝐼𝑏𝑢𝑁𝑎])

(24)

By substituting [IbuNa] with the relationship given in formula (23) and rearrangement, the
concentration of the protonated ibuprofen within one phase can be calculated as follows:

[𝐼𝑏𝑢𝐻] =

[𝐻+ ]
𝐾𝑎
[𝐻+]
1+
𝐾𝑎

𝑐𝑡𝑜𝑡𝑎𝑙

(25)

By substituting [IbuH] in formula (24) with formula (23), the concentration of IbuNa can be
calculated:

[𝐼𝑏𝑢𝑁𝑎] =

𝑐𝑡𝑜𝑡𝑎𝑙
1+

[𝐻+ ]
𝐾𝑎

(26)

This formula is only valid until nucleation because afterwards IbuH precipitates from solution
and, thus, the total concentration changes. Also, this formula is only valid until the binodal
limit of liquid-liquid demixing is reached. At this stage, another modified version of the
formula has to be utilized to describe the concentration of IbuH in the mother phase correctly.
By combining formula (25) with the solubility limits of racemic IbuH and S-IbuH, it is possible
to calculate the supersaturation of IbuH over added volume (Fig. 5.9).
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Fig. 5.9. Concentration of IbuH (calculated with formula (25)) plotted vs. added volume of HCl solution. On the
right scale, the c(IbuH) concentration is correlated to the supersaturation of the racemic IbuH (black scale) and
S-IbuH (blue scale), calculated from the respective saturation solubility by formula (7). Error bars represent
standard deviations of n = 3 independent titrations.

Calculation of the Ibuprofen Species Concentrations after Phase Separation
For the calculation of ibuprofen species concentrations after phase separation, some basic
considerations have to be taken into account. Once the phase separation happens, it can be
observed that the pH does not decrease at the same rate as before. This observation and the
fact that a separate liquid phase is formed indicate several aspects of high importance for
calculative considerations:
First, protons must be transported from the mother phase to the dense liquid phase.
Otherwise phase separation would not result in a change of pH decrease rate. Since the
activity of any dissolved species should be the same in both phases, the pH value of both
phases is supposed to be equal. This requires the apparent Ka value in the dense liquid phase
to be different than in the aqueous solution due to the transfer of the organic acid molecules
into the dense liquid phase. This phenomenon can be described by a two-phase buffer system,
in which the organic acid molecule is being transferred from the aqueous solution in the
separated phase.[106] Due to this transfer, the apparent pKa value of the solution is somewhat
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[𝐼𝑏𝑢𝐻]

higher than the actual pKa value. Accordingly, the ratio of [𝐼𝑏𝑢𝑁𝑎] in both phases is supposed
to be unequal.
Second, this observation evidences that the pH being measured by the pH electrode is the pH
in the mother phase. If the pH value was measured for both phases, the total solution pH
would also not be affected by the phase separation, since the proton concentration on
average would decrease steadily and pH would develop as before phase separation.
Third, in titrations of different total ibuprofen concentrations it was observed that the process
of phase separation, indicated by turbidity, begins at different pH values. By recalculating the
concentration of protonated IbuH with formula (25) and correlating it with the increase in
turbidity, it was revealed that the onset of phase separation depends on the concentration of
protonated IbuH (Fig. 5.10). This finding proves that IbuNa does not participate in the phase
separation, since its locus does not depend on the IbuNa concentration, which varies
throughout the experiments between 0.45 – 9.45 mM at the onset of phase separation.

Fig. 5.10. Titration graphs of ibuprofen with varying total concentrations (1, 3, 10 mM) and racemic
compositions (S-Ibu, racemic Ibu). pH (left scale, solid line) and turbidity (right scale, dotted line) were
correlated with each other (vertical lines) at the value of the highest slope change of the intensity. At these
points, c(IbuH) is approximately 0.54 mM (black line).
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When the method of potentiometric titration was combined with 1H NMR spectroscopy, it
could be observed that after phase separation, a second signal appeared which was assigned
to the dense liquid phase. By determining the integrals of the signals, it was possible to
quantify precisely how much ibuprofen was bound in the dense liquid phase (Fig. 5.11). This
was facilitated by performing the titration at a constant concentration of 5 vol% D2O, while
this small fraction of D2O is negligible for the pH measurement and further calculations.

Fig. 5.11. 1H NMR graph section of the two relevant methyl proton peaks for the quantification of ibuprofen
for each phase during titration. Red section shows the integral area for ibuprofen in the dense liquid phase
(0.551 – 0.634 ppm) and mother phase (0.839 – 0.901 ppm).

By measuring the distribution in both phases by 1H NMR spectroscopy and the knowledge of
the overall concentration, it is possible to calculate how much ibuprofen is present in the two
phases. It has to be taken in account that the total ibuprofen concentration changes in the
mother phase after phase separation. Since ibuprofen molecules are supposed to be
transferred into the dense liquid phase, they should not be present anymore in the mother
phase. Hence, the amount of ibuprofen in the dense liquid phase 𝑛∗ (𝐼𝑏𝑢) has to be subtracted
from the total amount 𝑛𝑡𝑜𝑡𝑎𝑙 (𝐼𝑏𝑢) to yield the amount in the mother phase:

𝑛(𝐼𝑏𝑢)𝐿1 = 𝑛𝑡𝑜𝑡𝑎𝑙 (𝐼𝑏𝑢) − 𝑛∗ (𝐼𝑏𝑢)
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(27)

Also, the volume of the mother phase is regarded to be approximately the total volume
V1 ≈ Vtotal. Therefore, equations (25) and (26) have to be further modified to yield the
concentration of IbuH and IbuNa in the mother phase:

𝑛
(𝐼𝑏𝑢)−𝑛∗ (𝐼𝑏𝑢) [𝐻+ ]
( 𝑡𝑜𝑡𝑎𝑙
)
𝑉𝑡𝑜𝑡𝑎𝑙
[𝐻+ ]

[𝐼𝑏𝑢𝐻]𝐿1 =

1+

𝐾𝑎

(28)

𝐾𝑎

𝑛
(𝐼𝑏𝑢)−𝑛∗ (𝐼𝑏𝑢)
( 𝑡𝑜𝑡𝑎𝑙
)
𝑉𝑡𝑜𝑡𝑎𝑙
[𝐻+ ]

[𝐼𝑏𝑢𝑁𝑎]𝐿1 =

1+

(29)

𝐾𝑎

where 𝑛𝑡𝑜𝑡𝑎𝑙 (𝐼𝑏𝑢) is the total amount of all ibuprofen species, 𝑉𝑡𝑜𝑡𝑎𝑙 is the total volume of
the overall solution and 𝑛∗ (𝐼𝑏𝑢) is the amount of bound ibuprofen in the dense liquid phase
as determined by 1H NMR spectroscopy.

By applying this formula in comparison with formula (25) for the calculation of c(IbuH) in the
mother phase, it can be seen that the IbuH concentration in the mother phase is increasing
much more slowly than before the phase separation according to formula (28) (Fig. 5.12).
The further increase of the IbuH concentration in the mother phase indicates that the binodal
regime was entered. If it was spinodal liquid-liquid demixing, a phase transition would have to
𝑑²𝛥𝐺

occur ( 𝑑𝑐² ≤ 0) and, thus, the concentration of IbuH would have resulted in a plateau of
c(IbuH) with further addition. Hence, the composition of both phases then would not have
changed with further increase of c(IbuH).[15, 107]
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Fig. 5.12. The course of c(IbuH) during titration, assuming a total ibuprofen concentration of 3 mM, which is
valid before the phase separation occurs at the kink, calculated with formula (25) (black line). The course of
c(IbuH) in the mother phase after phase separation as calculated using formula (28) (red dots). Linear fit
reveals the linear increase of c(IbuH) in the mother phase after phase separation. Samples were measured in
1
H NMR and the fractions of IbuH in the dense liquid phase were determined.

The 1H NMR integrals as well as the pH from potentiometric titration can be used to calculate
the amounts of IbuH and IbuNa in the mother phase by omitting 𝑉𝑡𝑜𝑡𝑎𝑙 in formulas (28) and
(29):

𝑛(𝐼𝑏𝑢𝐻)𝐿1 =

(𝑛𝑡𝑜𝑡𝑎𝑙 (𝐼𝑏𝑢)−𝑛∗ (𝐼𝑏𝑢))
1+

𝑛(𝐼𝑏𝑢𝑁𝑎)𝐿1 =

[𝐻+ ]
𝐾𝑎

[𝐻+ ]
𝐾𝑎

𝑛𝑡𝑜𝑡𝑎𝑙 (𝐼𝑏𝑢)−𝑛∗ (𝐼𝑏𝑢)
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1+

[𝐻+]
𝐾𝑎

(31)

(32)

By employing these formulas, the amount of n(IbuH)L1 increases with a smaller slope than
before phase separation, whereas the amount of n(IbuNa)L1 seems to decrease at the same
slope within the error range of the fit. (Fig. 5.13).

Fig. 5.13. The evolution of the amounts of the ibuprofen species during titration in the mother phase (n(Ibu) L1,
n(IbuH)L1 and n(IbuNa)L1) and in the dense liquid phase (n*(Ibu) L2) versus the total volume. The amount of
n(Ibu)L1 was calculated by subtracting the 1H NMR integral at 0.6 ppm (n*(Ibu)L2) from the total ibuprofen
concentration (ctotal = 3 mM) according to equation (27). The amounts of n(IbuH)L1 and n(IbuNa)L1 were
calculated with formula (31) and (32), respectively. The straight lines correspond to the evolution of the species
in the monophase system before phase separation.
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5.4 Determination of the Liquid-Liquid Binodal and Spinodal Limit
Once phase separation occurs during titration, the volume of the mother phase is decreased,
while the volume of the dense liquid phase increases. This slight deviation of the mother phase
volume from the total volume can be neglected in order to calculate the concentration of
IbuH. Since there is a linear relationship between c(IbuH) and n*(Ibu), a linear function could
be fitted to the data to calculate the locus of the binodal limit precisely (Fig. 5.14).

Fig. 5.14. The course of c(IbuH) after phase separation calculated with formula (25). Linear fit reveals the locus
of the liquid-liquid binodal limit at the y-offset. Samples were investigated using 1H NMR spectroscopy and the
fractions of IbuH in the dense liquid phase were determined.

The y-offset of c(IbuH) gives the binodal limit of liquid-liquid demixing, which is supposed to
be independent of the pH value. At much higher supersaturations of c(IbuH) in the mother
phase it could be observed that c(IbuH) reached a plateau and the concentration did not
increase anymore with higher concentrations of IbuH in the mother phase (Fig. 5.15).
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Fig. 5.15. The course of c(IbuH) in the mother phase after phase separation calculated using formula (28). The
spinodal Limit was identified as threshold of n(IbuH)L1 / Vtotal. Samples were investigated using 1H NMR
spectroscopy and the fractions of IbuH in the dense liquid phase were determined.

This is supposed to be the locus of the liquid-liquid spinodal limit, which led to the generation
of a phase whose composition did not change upon further addition of IbuH to the solution.[15,
107]

The exact loci of the limits for liquid-liquid demixing are summarized in Table 5.2.

Table 5.2. Results of the determination of the liquid-liquid binodal and spinodal limits from Fig. 5.14 and Fig.
5.15.

c(IbuH) / mM
Binodal Limit

0.4276 ± 0.0105

Spinodal Limit

0.7143 ± 0.0099
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5.5 Conclusion of Chapter V
The developed method of the double-dosed potentiometric titration enables the calculation
of solubility limits and supersaturations. Therefore, it is possible to orientate oneself during
the course of titration and to conclude in which regime the solution is currently located. By
correlating it with the turbidimetric measurements, events such as phase separation and
nucleation can be detected. Further calculations enable the quantification of crystal
precipitation from solution.
It was shown that ibuprofen nucleation is associated with an increase of pH value and
turbidity. While phase separation prior to nucleation was occurring rarely with the racemic
ibuprofen, the system containing solely S-IbuH did not nucleate before phase separation
occurred. It was observed that separated phase coalesced and, hence, is supposed to be liquid.
Crystal growth proceeded not only by monomer addition but also by the attachment of the
dense liquid phase to the crystal.
Solubility limits were calculated by stop experiments and subsequent addition of seed crystals
of the respective polymorph. By combining these limits with the pH measurement during
titration, the supersaturation levels of the solution were calculated as well as c(IbuH). After
phase separation, the amounts of ibuprofen species in both phases were calculated using the
combination of pH measurement and 1H NMR spectroscopy.
The linear extrapolation of c(IbuH) revealed the locus of the liquid-liquid binodal limit.
Measurements at higher fractions of IbuH in the dense liquid phase revealed an upper
threshold which was identified as the locus of the liquid-liquid spinodal limit. Furthermore,
with these results it is now possible to define a phase diagram for ibuprofen in aqueous
solution at room temperature (Fig. 5.16).

Fig. 5.16. Phase diagram of IbuH phases based on the results from titration at 25 °C.
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VI Detection of Pre-Nucleation Species of Ibuprofen
The coupling of the double-dosed potentiometric titration with other analytical techniques
facilitates the detection of species before and during nucleation. This section focuses on the
detection of species prior to nucleation. As they are supposed to be highly dynamic and not
very abundant, it is quite challenging to detect these species by analytical methods.

6.1 Sedimentation Velocity Experiments
The method of choice to detect PNCs in earlier studies was the AUC with interference
optics.[25-26,

37, 108]

In order to minimize the fraction of the IbuNa species in the sample

solutions, an overall ibuprofen concentration of 1 mM was held constant during titration.
Samples were taken at different time points and spun in the AUC at 60,000 rpm to facilitate
the sedimentation of the smallest species. To receive some reliable statistics, each run was
performed with three cells simultaneously. Sedimentation velocity experiments were
evaluated using the SEDFIT[91] software by applying the non-interacting discrete species
model, which yields sedimentation coefficient as well as relative concentrations from these
experiments (Table 6.1).

Table 6.1. Summary of the AUC results acquired from sedimentation velocity runs. Samples were drawn from
titrations of 1 mM ibuprofen solution with decreasing pH and increasing c(IbuH). sMonomer is the sedimentation
coefficient of single ibuprofen molecules, while sCluster,i is that of the presumed PNCs with corresponding
concentrations ci. Data were obtained using Lamm equation modelling of non-interacting discrete species in
SEDFIT software. Measurements were performed in triplicate with calculated standard deviations (n = 3).
pH

c(IbuH) /
mM

sMonomer / S

cMonomer / wt%

sCluster I / S

cCluster,I / wt%

sCluster II / S

cCluster,II /
wt%

6.70

0.005

0.03 ± 0.02

98.22 ± 2.44

1.24 ± 0.72

1.78 ± 2.44

-

-

5.38

0.097

0.02 ± 0.01

97.90 ± 1.65

0.28 ± 0.10

1.41 ± 1.12

1.24 ± 0.28

0.69 ± 0.86

5.00

0.204

0.06 ± 0.05

71.42 ± 3.24

0.50 ± 0.27

28.58 ± 38.24

-

-

4.43

0.488

0.17 ± 0.28

82.44 ± 3.22

2.61 ± 3.65

17.56 ± 30.22

-

-

4.25

0.591

0.03 ± 0.04

67.12 ± 56.71

0.69 ± 0.23

32.88 ± 56.71

-

-

3.82

0.796

3.89 ± 3.12

34.22 ± 54.17

8.22 ± 5.52

65.78 ± 54.17

-

-
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By applying the c(s) distribution model, it was possible to obtain c(s) distribution graphs
(Fig. 6.1).

Fig. 6.1. c(s) distributions of ibuprofen solutions at different supersaturations. Samples taken from titrations
of 1 mM ibuprofen solution at increasing c(IbuH) concentration (see caption) and centrifuged at 60 krpm. Each
run has been performed in three cells, data shown in triplicate.

The thorough analysis at different IbuH concentrations shows that additional species can be
fitted to the Lamm equation in both models. However, the distributions were not
reproducible, giving rise to tremendous deviations. Also, they do not follow any visible trend
with higher supersaturation. The species, if they do exist, exhibit only very low concentrations.
In this case it is not clear if these are real clusters or just artifacts due to the software fitting
procedure.
Several attempts have been made analyzing the data with the ULTRASCAN [92] software in the
undersaturated state (Fig. 6.2) and in the supersaturated state (Fig. 6.3). One main species
could be detected with an average sedimentation coefficient of 0.15 – 0.20 S. This species is
supposed to be the ibuprofen solute present in solution. Interestingly, more species could be
detected with higher sedimentation coefficients and smaller diffusion coefficients.
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However, the results were not reproducible, so it is questionable if the proposed populations
of ibuprofen species are real.

Fig. 6.2. 2DSA distribution from a sedimentation velocity experiment measured in triplicate of IbuNa (3 mM)
before titration (pH = 6.70).
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Fig. 6.3. 2DSA distribution from a sedimentation velocity experiment measured in triplicate of IbuNa (3 mM)
after the addition of 2.0 ml 15 mM HCl and 6 mM IbuNa (pH = 5.36).
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6.2 Calculation of Partial Specific Volume and Average Molar Mass by
Sedimentation Equilibrium
An elegant way to calculate the partial specific volume of ibuprofen by sedimentation
equilibrium experiment is presented by Edelstein and Schachman.[94] Here, 𝑣̅ of the solute can
be determined by centrifuging it in water and also in D2O (Fig. 6.4).

Fig. 6.4. Partial specific volume of 3 mM IbuNa solution along the cell radius, determined by the method from
Edelstein and Schachman.

The partial specific volume was determined to be 0.8735 ± 0.015 cm³/g, and the density as its
inverse is thus 1.145 ± 0.020 g/cm³, details of the determinations are shown in Fig. 14.2
(Appendix).
Sedimentation equilibrium experiments can be used to determine the average molar mass of
the solute and was accomplished with the software SEDFIT M-STAR.[95] In this experiment, a
solution of IbuNa was spun at 60 krpm for 2 days to build up a sedimentation equilibrium. The
equilibrium scan and the underlying species were analyzed in the SEDFIT M-STAR software
with the value for 𝑣̅ calculated above.
In the case of IbuNa solution, the apparent molar mass 𝑀𝑎𝑝𝑝 was determined to lie between
100 and 400 g/mol, while the extrapolation of the point average molar mass 𝑀∗ to the cell
bottom yielded a more precise value for the average molar mass 𝑀𝑎𝑣𝑔 of ~ 210 g/mol
(Fig. 6.5).
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Fig. 6.5. Results of the sedimentation equilibrium experiment of IbuNa solution (3 mM, pH = 6.70,
̅ = 0.8735 cm³/g. Left: Apparent
c(IbuH) = 0.015 mM) evaluated with the software SEDFIT-MSTAR by using a 𝝂
molar mass Mapp plotted versus the cell radius. Right: Point-average molar mass M* plotted against the cell
radius.

For the case of an ibuprofen solution taken from the double-dosing titration, the apparent
molar mass 𝑀𝑎𝑝𝑝 was determined to be between 50 and 400 g/mol, whereas the
extrapolation of the point average molar mass 𝑀∗ to the cell bottom yielded an average molar
mass 𝑀𝑎𝑣𝑔 of ~ 210 g/mol (Fig. 6.6).

Fig. 6.6. Results of the sedimentation equilibrium experiment of ibuprofen solution from titration (3 mM,
̅ = 0.8735 cm³/g. Left:
pH = 5.67, c(IbuH) = 0.156 mM) evaluated with the software SEDFIT-MSTAR by using a 𝝂
Apparent molar mass Mapp plotted versus the cell radius. Right: Point-average molar mass M* plotted against
the cell radius.

In both experiments, the average molar mass 𝑀𝑎𝑣𝑔 is in good agreement with the ibuprofen
molecular weight (𝑀(𝐼𝑏𝑢𝐻) = 206.26 g/mol, 𝑀(𝐼𝑏𝑢𝑁𝑎) = 228.27 g/mol) and does not change
despite the change in pH value. Hence, according to this sedimentation equilibrium and 𝑀𝑎𝑣𝑔 ,
it is shown that there were no ibuprofen aggregates of significant abundance present in
solution.
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6.3 Synthetic Boundary Crystallization Ultracentrifugation
A rather new method for AUC is the synthetic boundary crystallization ultracentrifugation.[9798, 109]

In this method, a solution containing a reactant is put into a tiny reservoir, while the

other reactant for the crystal precipitation is in the sector cell. It is important to mention that
the solution in the sector cell should exhibit a higher density than the solution in the reservoir.
This was accomplished by utilizing solutions of D2O. In that case, an overlay of the two
solutions happens during centrifugation. At their interface, the compounds react with each
other and early species in nucleation form and grow. These initial species sediment in the
centrifugal field due to their larger size, compared to the monomer species. Hence, they are
moving away from the overlaying reactant and their sedimentation profile can be recorded
and interpreted on the basis of analytical band centrifugation.[99-100] This method was used to
study the formation of quantum dots as well as palladium, gold and silver nuclei.[110]
In the case of ibuprofen, the same approach was followed with a solution of IbuNa in the
sector (10 vol% D2O) and hydrochloric acid solution for overlay (Fig. 6.7).

Fig. 6.7. Illustration of centerpiece filling for the synthetic boundary experiment of ibuprofen, in which a
solution of IbuNa (270 µl, 3 mM in 10 vol% D2O) is overlaid with 5 µl HCl solution (100 mM), while the reference
sector is filled with water (320 µl).

The multiwavelength spectrometer detected a sedimenting band moving towards the center
of the cell at all wavelengths from 250 – 400 nm, while ibuprofen in aqueous solutions does
not absorb at all in the range of 300 – 400 nm, according to UV-Vis measurements (Fig. 13.3,
Appendix). In the experiment, another sedimentation band of higher absorption was arising
and overlapping with the first one (Fig. 6.8, top).
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Fig. 6.8. UV-Vis absorption of synthetic boundary experiment at λ = 300 nm (top) where no molecular UV-Vis
absorption of ibuprofen takes place, and at λ = 272 nm (bottom), at the molecular absorption of ibuprofen.
270 µl of 3 mM IbuNa solution (10 vol% D2O) were overlaid with 5 µl 100 mM HCl during ultracentrifugation
at a speed of 60 krpm.

As the absorption in the region of 300 – 400 nm does not arise from molecular electronic
transitions of ibuprofen, it is obvious that it is a light scattering phenomenon from liquid-liquid
phase separation as observed in the titration method due to a high local concentration of IbuH
at overlay. The band sedimented to a cell radius of ~ 6.7 cm, where it stopped sedimenting
although the centrifuge was spinning at 60 krpm. The absence of any sedimentation implies
that the density of the sedimenting phase was the same as that of the surrounding solution.
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The fact that it sedimented to that position also implies that its density, and accordingly also
its composition, changed during sedimentation. Over time, the absorption of this band was
decreasing while staying at the same cell radius. Since the absorption in the sector cell was at
0.82 in the beginning of the experiment, it decreased to a value of 0.5 after the separated
phase band sedimented past the first half of the sector cell (Fig. 6.8, bottom). This indicates
that the ibuprofen concentration was lower in the sector cell region where the phase
separation band already sedimented and, thus, ibuprofen was absorbed by the separated
phase band.
In another series of experiments, the overlay was reversed so that 1 mM HCl solution
(10 vol% D2O) was overlaid with IbuNa solution (Fig. 6.9).

Fig. 6.9. Illustration of centerpiece filling for the synthetic boundary experiment of ibuprofen, in which a
solution of HCl (270 µl, 1 mM in 10 vol% D2O) is overlaid with 10 µl IbuNa solution (25 mM), while the reference
sector is filled with water (320 µl).

In this experiment, the phase separation could also be observed (Fig. 6.10, top). At a detection
wavelength of 300 nm, a broad band was detected which did not sediment to a lower cell
radius than 6.5 cm and vanished completely over time. At the ibuprofen detection wavelength
of 272 nm, no sedimenting species were detected. Over time, ibuprofen molecules diffused
into the lower sector region, causing the absorption in that range to rise slowly
(Fig. 6.10, bottom). In the first scans, the absorption was significantly high at a value of 2.0,
arising from molecular ibuprofen, and suddenly decreased to the value of the separated
phase. Hence, the molecular ibuprofen was directly transformed into the scattering separated
phase.
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The fact that the separated phase vanished completely and no sedimenting species could be
observed, leads to the conclusion that ibuprofen was directly withdrawn from the separated
phase due to nucleation of a crystalline phase. However, there was no evidence of a formed
crystal after the experiment.

Fig. 6.10. UV-Vis absorption of synthetic boundary experiment at λ = 300 nm (top) where no molecular UV-Vis
absorption of ibuprofen can be observed, and at λ = 272 nm (bottom) at the molecular absorption of ibuprofen.
270 µl of 1 mM HCl solution (10 vol% D2O) were overlaid with 10 µl 25 mM IbuNa solution during
ultracentrifugation at a speed of 60 krpm.
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6.4 Isothermal Titration Calorimetry
Isothermal titration calorimetry (ITC) was presented as an appropriate technique to study
binding and phase transitions calorimetrically.[68] In the case of ibuprofen, the stoichiometries
from the general titration method can be easily transferred to the volume of an ITC setup. The
only limitation is that it is not possible to use two dosing units in the ITC setup to maintain a
constant ibuprofen concentration. Thus, it has to be compared with titration data where only
one dosing unit is employed. For the data evaluation it is crucial to subtract a baseline from
the ITC raw data. The baseline data in that case would contain the enthalpy of injected HCl
solution upon mixing with the S-IbuNa solution, which behaves as a buffer in this case.
Furthermore, the pH equilibrium of ibuprofen has to be taken into account for baseline
subtraction. Therefore, it is necessary to subtract a baseline that corresponds to a small
organic acid with an identical pKa value to ibuprofen (pKa = 4.41).[69] As a suitable candidate,
gallic acid was identified with a pKa value of 4.40 and high solubility in water.[86] By repeating
the isothermal titration under the same conditions as ibuprofen with gallic acid at the same
concentration, it was possible to subtract the baseline and receive the information regarding
ibuprofen binding and correlate it to the potentiometric titration (Fig. 6.11). The ITC raw data
of ibuprofen and gallic acid can be found in Fig. 13.4 (Appendix).

Fig. 6.11. ITC graph of ibuprofen after subtraction of the graph of gallic acid (red dots and scales), correlated
with pH titration data of the same molar ratios and concentrations of S-IbuNa and HCl (blue line and scales).
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The combination of potentiometric and calorimetric titration data suggests that the phase
separation was also visible in ITC, since in both titrations it occurred at the same molar ratio
of ibuprofen and HCl. However, the isothermal titration did not result in a nucleation event,
since no crystals were visible in the solution after the ITC experiment. In fact, droplets were
observed after the ITC experiment (Fig. 13.5, Appendix). As the mixing in the ITC chamber was
fast (1000 rpm) and droplets were found to undergo solidification when in contact with the
crystal surface (Chapter 5.1), it is unlikely that droplets coexist with crystals after the
measurement. Therefore, it is unlikely that nucleation occurred under these conditions in the
ITC chamber. At a molar ratio of 1.0, the enthalpy converged to 0 kJ/mol. This is expected in
ITC graphs because the whole fraction of ibuprofen in the beaker solution was fully protonated
and, therefore, no acid-base reaction took place anymore upon addition of HCl solution. Up
to the phase separation, the concentrations of protonated and deprotonated species in both
gallic acid and ibuprofen solution were approximately the same due to the same pKa values.
Once the phase separation in the ibuprofen system started, the pH from both measurements
deviated and the approximation was not precise anymore.
The injections prior to phase separation resulted in an endothermic offset (4.7 kJ/mol). As this
offset is endothermic and all other possibilities were subtracted by the baseline data, it is an
indicator that there were prenucleation clusters forming, driven by entropy. This result is in
good agreement with the endothermic calcium carbonate ion association.[27, 68] Additionally,
the enthalpy for the phase separation could be calculated and was found to be exothermic
(- 3.2 kJ/mol). The equilibrium constant K of binodal liquid-liquid demixing could not be
calculated using this approach, since it was not possible to distinguish the two volumes of the
two phases with this measurement technique.
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6.5 Electrospray Ionization Mass Spectrometry
In earlier studies the ESI-MS was presented as a practical and fast detection method for
clusters in solution.[37, 111] For ibuprofen, some clusters could be detected according to the
mass spectrum (Fig. 6.12). The clusters range from the dimer of IbuNa (m/z = 479.6) to the
12-mer of ibuprofen (m/z = 2760.5). Also, a fraction of 21-mer could be detected with 2 Na+
ions (m/z = 2418.8). Clusters involving IbuH as a relevant species could not be detected. It
could also be the case that existing clusters of IbuH in solution cannot be detected because
they might be not ionizable in their protonated state.

Fig. 6.12. ESI-MS measurement of 2 mM IbuNa solution at pH 6.70.

Indeed, it remains unclear whether these clusters are present in solution or if they are formed
in the microscopic droplets during the ionization process. Due to the crystallization of
ibuprofen in the tubes, it was not possible to probe supersaturated solutions of ibuprofen to
detect clusters of protonated IbuH, which should play a role in the nucleation of IbuH crystals.
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6.6 Taylor Dispersion
If pre-nucleation species were present in the solution, they should also absorb UV light
similarly to the ibuprofen monomers. Since the size of a potential cluster is bigger than that
of the monomers, the clusters are supposed to exhibit a diffusion coefficient differing from
that of the monomer. When using the laminar flow profile in Taylor dispersion as analytical
method, it is supposed that either D of the species changes upon cluster formation or appears
as combination with the monomer’s diffusion coefficient. Taylor dispersion analysis of
undersaturated racemic ibuprofen solutions yielded a good fit to a Gauss function and the
diffusion coefficient was determined to be 7.71 ± 0.13 10-10 m²/s (ctotal = 3 mM, pH = 6.70)
according to equation (14) (Fig. 6.13). This value is slightly higher than the diffusion coefficient
measured in 1H NMR self-diffusion experiments (Chapter 7.1). Nevertheless, the shape of the
Gauss function suggests that only a single species is present which should be the ibuprofen
monomer.

Fig. 6.13. Taylor dispersion measurements of an ibuprofen solution (ctotal = 3 mM, pH = 6.70). Raw data
(black line) was fitted to a Gauss function (red line).

When the experiment was performed with supersaturated ibuprofen samples taken from
titration, a shoulder next to the main signal peak was detected resulting in an asymmetrical
signal (Fig. 6.14).
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Fig. 6.14. Taylor dispersion measurements of an ibuprofen solution (ctotal = 3 mM, pH = 5.15). Raw data
(black line) was fitted to a Gauss function (red line).

This asymmetrical signal indicates that some ibuprofen was retained on the capillary wall and
thus should not be confused with the detected diffusion of another ibuprofen species. This
was also observed with other samples in the supersaturated state. When the titration and the
measurement was repeated with gallic acid under the same conditions, no shoulder of the
signal could be detected (Fig. 13.6, Appendix). Hence, it is assumed that the shoulder
corresponds to a small fraction of the dense liquid phase present during ibuprofen titration.
In order to prevent retention of the species on the capillary wall, the capillaries were coated
with a dextran solution. As a consequence, the signal exhibits an even broader shoulder,
indicating that the ibuprofen species was retained even more strongly on the hydrophobic
surface (Fig. 13.6, Appendix). Overall, these results suggest that there are no IbuH PNCs
present in ibuprofen solutions.

6.7 Appearance of Phase Separation before Nucleation
When crystal nucleation occurred in titration, it was accompanied by an increase in pH value
as well as in turbidity (Chapter 5.1). However, turbidity already increased steadily in some
experiments before nucleation occurred and this indicates the presence of another species
prior to nucleation, since the pH did not rise at this point (Fig. 6.15). Obviously, the species is
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large enough to scatter visible light, i.e. it must be at least the size of a few hundred
nanometers.

Fig. 6.15. Titration experiment graph of 5 mM racemic ibuprofen titrated with 6 mM HCl with pH electrode
(blue, left scale) and turbidity detector (black line, right scale). Red arrows mark the time points at which the
samples (a, b) for cryo-TEM were drawn.

For the in situ analysis of ibuprofen species in solution, samples at different time points were
drawn during the titration experiments and analyzed by cryogenic transmission electron
microscopy. The existing droplets or particles in solution were immediately vitrified at
extremely low temperature and were not supposed to rearrange or dissolve during sample
preparation. In Fig. 6.16 it can be seen that objects of a perfect spherical shape in the size
range of 300 – 600 nm were present, which are supposed to account for the increase in
turbidity during titration. The thickness of the surrounding ice was increased around these
spheres, indicated by a stronger contrast (Fig. 13.7, Appendix).
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Fig. 6.16. Cryogenic transmission electron microscopy images of a vitrified sample of ibuprofen during titration
at t = 8600 s, pH = 5.24 (a) and at t = 10450 s, pH = 5.19 (b) with increasing pH value after initial nucleation. The
samples were vitrified within 20 s after sampling. Note that the dark lines are the edges of the holes of the
carbon grid for cryo-TEM.

The size of these spheres was further confirmed by light scattering measurements with an
increase in size within hours (Fig. 6.17). A significant increase in size was already visible after
a measurement time of 1 h. Within 50 h, the average size further increased to about 1 micron,
while a small population of droplets was present in the size range of about 200 nm.

Fig. 6.17. Left: Light microscopy image of an ibuprofen solution which corresponds to sample b in Fig. 6.15.
Right: Size distribution acquired by DLS measurements. The colors correspond to the duration after the sample
was taken from the titration solution.
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This was observed in all cases when S-Ibuprofen is employed. Due to the higher solubility limit
of S-IbuH, the solution becomes metastable in terms of crystallization at a higher
concentration than the one containing the racemic compound. It is assumed that these
intermediates were not crystalline because otherwise crystallization would have proceeded
including an associated characteristic pH increase due to crystal growth in the surrounding
supersaturated solution.
Several attempts were made to separate the phase for compositional analysis, such as
centrifugation at 25 krpm and filtration utilizing a 0.2 µm mesh filter. Nevertheless, the
separated fraction crystallized during the process of separation.

6.8 Conclusion of Chapter VI
The evidence for the presence of PNCs in the system of ibuprofen is ambiguous.
Sedimentation velocity experiments yielded values with high deviations and were not
reproducible. Also, sedimentation equilibrium experiments suggest that no ibuprofen
aggregates were present according to the average molecular weight. Synthetic boundary
crystallization centrifugation experiments resulted in a liquid-liquid phase separation, similar
to the titrations, and no other sedimenting species was detected. Cryo-TEM as an established
method for PNC detection was also not able to definitely detect PNCs. Taylor dispersion as a
novel technique for pre-nucleation cluster analysis suggests that no aggregates were present.
On the other hand, ITC data suggest that there were some aggregates forming with an
endothermic enthalpy of 4.7 kJ/mol prior to phase separation, but this value could also arise
from the liberation of hydration waters in the ibuprofen hydration shell. ESI-MS data indicates
that some clusters of IbuNa were present in solution, but not those of IbuH. These few
indications are not sufficient evidence for the existence of PNCs in the ibuprofen system.
In cryo-TEM, spherical objects were visible during turbidity increase and could be attributed
to a liquid-liquid phase separation. Their spherical appearance and liquid character were
confirmed by light microscopy and DLS.
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VII Characterization of the Dense Liquid Phase
While a separated phase appearing prior to nucleation was detected in the last chapter, the
characterization of this dense liquid phase is the objective of this chapter. In titration
experiments, it appeared to be metastable towards nucleation of a crystalline phase. Also, it
is vital for the system of S-IbuH, since nucleation in that system did not occur in the absence
of the separated phase. Nevertheless, it is not known which role it plays in nucleation.
Therefore, this chapter will provide more insights into the molecular dynamics of the
ibuprofen molecules governing this dense liquid phase and the underlying interproton
distances, both measured by 1H NMR spectroscopy.

7.1 Molecular Dynamics of Ibuprofen by Translational and Rotational
Diffusion
When the potentiometric titration was carried out in 5% D2O, it was possible to measure
1H

NMR spectra of the solution. While the signals of ibuprofen were present in samples taken

before the phase separation, additional peaks were present in the samples, in which phase
separation had taken place. Interestingly, all of the signals of ibuprofen recorded reflect
another signal in the separated phase, shifted by 0.3 ppm (aliphatic protons) – 0.5 ppm
(aromatic protons) (Fig. 7.1). Also, the signals’ line width is broader than of the original peaks
of ibuprofen.
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Fig. 7.1. 1H NMR spectrum of a sample taken at pH = 5.018 from titration of S-IbuH (ctotal = 3 mM). The peaks
were assigned to the ibuprofen molecule, while the additional peaks reflect the ibuprofen in the separated
phase (labeled with *).

It can be assumed that the chemical environment of ibuprofen in the dense phase was
different and accounted for the difference in chemical shift and line width. During the course
of titration in the binodal regime, samples were taken at specific pH values. These samples
were investigated in terms of their diffusion coefficient D by PFG-STE, for peaks (a) and (a*),
respectively. 1H PFG-STE diffusion NMR is a non-invasive, highly precise technique for the
determination of diffusion coefficients from a given system. In this case, an isotropic diffusion
was assumed and, therefore, the measurements were concerned only with diffusion rates in
the z-direction, which was measured by the magnetic field gradient created in the z-direction.
Translational movement of the molecule during the diffusion time (d20) resulted in an
attenuation of the signal intensity (A/A0), which scales linearly to D in the following relation:
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𝐴

𝛿

𝑙𝑛 (𝐴 ) = −𝐷(𝛿𝛾𝐺)² (∆ − 3)
0

(33)

where D is the diffusion coefficient, G is the gradient field strength, γ is the gyromagnetic ratio
of 1H, δ is the duration of the applied gradient application (p30) and Δ is the diffusion time
(d20). The plot of this linear relationship can be seen in Fig. 7.2.

Fig. 7.2. The results of the 1H NMR PFG-STE self-diffusion experiment. The diffusion measurement plot of the
degree of attenuation vs. (δγG)²(Δ-δ/3), where the slope of the linear fit is - D. For each sample in the binodal
regime of ibuprofen two different diffusion coefficients were found depending on the gradient strength.

This measurement was repeated for several samples in the binodal regime, in which they
always exhibit the same diffusion coefficient for ibuprofen in the mother phase (Fig. 7.3).
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Fig. 7.3. Plot of diffusion coefficients of ibuprofen molecules in the mother phase (black dots) and in the
separated phase (red dots) with increasing amount of ibuprofen bound in the separated phase. Results were
obtained from 1H NMR PFG-STE self-diffusion experiments.

However, the diffusion coefficient of the ibuprofen molecules in the dense phase decreases
with a higher amount of ibuprofen in the separated phase. While their ratio of diffusion
coefficients (D/D*) is 34, it increases to a ratio of 239 further in the binodal regime (Table 7.1).
This shows that with higher amounts of ibuprofen bound in the separated phase the
translational diffusion of molecules in that phase becomes slower. Moreover, it is clear
evidence that the separated phase is liquid regarding the order of magnitude of diffusion
coefficients.

Table 7.1: Diffusion coefficents of ibuprofen molecules from the 1H NMR PFG-STE self-diffusion experiment
and their ratio. Error deviations were determined by linear fitting.

n(IbuH*) / V (mM)

D / m²/s

D* /m²/s

D/D*

0.271

555 ± 2.4 E-12

16.30 ± 0.15 E-12

34

0.328

546 ± 2.5 E-12

5.81 ± 0.06 E-12

94

0.412

498 ± 0.9 E-12

2.48 ± 0.04 E-12

201

0.616

491 ± 2.0 E-12

2.05 ± 0.02 E-12

239
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To calculate the viscosity of the diffusing molecules, it is necessary to take a look at the
parameters in the Stokes-Einstein equation:[112]

𝑘 𝑇

𝐷 = 6 𝜋𝐵𝜂 𝑟

(34)

𝐻

𝐷 is the diffusion coefficient, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the absolute temperature, 𝜂
is the viscosity and 𝑟𝐻 is the hydrodynamic radius. Since the temperature is kept constant in
all NMR experiments, it is possible to cancel it out by forming the ratio of the diffusion
coefficients:

𝐷𝐼𝑏𝑢
𝐷 ∗ 𝐼𝑏𝑢

=

𝜂 ∗ 𝐼𝑏𝑢 𝑟𝐻 ∗ 𝐼𝑏𝑢

(35)

𝜂𝐼𝑏𝑢 𝑟𝐻 𝐼𝑏𝑢

If there are no aggregates present in the dense liquid phase, the hydrodynamic radii of
ibuprofen would be identical in both phases. Hence, the ratio of D/D* yields the ratio of the
viscosities

𝜂 ∗ 𝐼𝑏𝑢
𝜂 𝐼𝑏𝑢

. According to this assumption, the viscosity for ibuprofen molecules is

increased by a factor of up to 239 when compared to the mother phase.
Further information on molecular dynamics can be provided by determining the rotational
correlation time of the ibuprofen molecules in the distinct phases. This was accomplished by
the T1 and T2 relaxation time measurements of the 1H NMR peaks (a) and (a*) by using the
CPMG technique.[87] The reduction in magnetization 𝑀 in z-direction and x-y direction with
respect to the equilibrium magnetization 𝑀0 was measured, depending on the changing delay
time τ and relaxation times T1 and T2 of the ibuprofen molecule in the respective phase:[87]

𝜏

𝑀𝑧 = 𝑀0 (1 − 2 ∙ 𝑒𝑥𝑝 (− 𝑇 ))
1

𝜏

𝑀𝑥𝑦 = 𝑀0 ∙ 𝑒𝑥𝑝 (− 𝑇 )
2
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(36)

(37)

By fitting an exponential function to the data, it is possible to receive the T1 and T2 relaxation
times of ibuprofen in the respective phase. The results show that the average T1 and T2
relaxation times were significantly lower in the dense liquid phase (Fig. 7.4).

Fig. 7.4. Results of the T1 and T2 relaxation time measurements. Data were fitted with an exponential function
according to formulas (36) and (37) and plotted vs. the amount of bound ibuprofen in the dense liquid phase
(left).

This indicates that the ibuprofen molecules in the emergent phase were tumbling at a
different rate than those in the mother phase. To find out more about the molecular dynamics
of ibuprofen, the specific rotational correlation times (τc) were calculated by inserting T1 and
T2 relaxation times into a polynomial according to Carper et al.[113] :

𝑇

𝑇

2

𝑇

3

𝑇

4

𝜏𝑐 (𝑛𝑠) = −0.12044 + 0.197251 𝑇1 − 0.0153 (𝑇1 ) + 0.000666 (𝑇1 ) − 0.000011 (𝑇1 )
2

2

2

2

(38)

The rotational correlation times of ibuprofen molecules were increased by factor 5 - 7 in the
dense liquid phase compared to the mother phase (Fig. 7.5). In the mother phase, 𝜏𝑐 times
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did not change, while the molecular rotation rate in the dense liquid phase increased further
in the binodal regime.

Fig. 7.5. Rotational correlation time of ibuprofen molecules in both phases ( 1H NMR signals a, a*) calculated
with formula (38) and plotted vs. the amount of bound ibuprofen (right).

The overall results show that the molecular dynamics both in translation and rotation are
reduced in the dense liquid phase. Although diffusion data suggests that D* increased by a
factor of 30 – 239, rotational correlation times increased by a factor of 5 - 7 in the dense liquid
phase. Since both of them scale linearly with viscosity according to the Stokes-Einstein and
Stokes-Debye equation, it is not possible that ibuprofen in both phases exhibits the same
viscosity. In other words, translational and rotational diffusion cannot be correlated with each
other in this case. This was also observed by Pielak et al.[114] for solutions in the presence of
solubilized polymers. It is possible that this observation might be caused by the presence of
anisotropic aggregates present in the dense liquid phase. Nevertheless, it is obvious that the
product of viscosity and hydrodynamic radius of ibuprofen is increased in the dense liquid
phase, according to equation (35). Vekilov et al.[45] pointed out that the viscosity may play a
key role in the formation of the ordered nucleus within the dense intermediate. In conclusion,
it is suggested that these reduced molecular dynamics account for the long-term stability of
the dense liquid intermediate by inducing kinetic stabilization of the dense liquid phase.
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7.2 Determination of Ibuprofen Clusters and Viscosity with Toluene
as Molecular Probe
According to molecular dynamics simulation, the determination of translational diffusion is
more close to the simulations data than the rotational diffusion and therefore more
reliable.[115] Also, the measurement of the self-diffusion of a well-known molecular probe such
as 1,4-dioxane facilitates the determination of hydrodynamic radii of proteins in the same fluid
according to Dobson et al.[116-117] In the case of ibuprofen, it can be used to figure out if there
are clusters present in the dense liquid phase. For this purpose, a small amount of 1,4-dioxane
was included in the titration solution and kept constant during the titration. Unfortunately,
the 1H NMR signal of 1,4-dioxane overlapped with the signal of the alpha-methine group of
ibuprofen (Fig. 7.1., signal e) and, therefore, could not be evaluated properly. Due to this
shortcoming, toluene was employed as an alternative molecular probe with an 1H NMR signal
of the methyl group at 2.340 ppm and another one at 1.945 ppm. The latter one was attributed
to toluene in the dense liquid phase. The overall concentration of toluene was kept constant
during titration by applying the double-dosing method.

Fig. 7.6. Diffusion coefficients of ibuprofen and toluene in the mother phase (D) and dense liquid phase (D*)
(left) and their ratios (right) versus the overall concentration of ibuprofen in the dense liquid phase n*(Ibu)/V.
Diffusion coefficients were obtained from 1H NMR PFG-STE self-diffusion experiments.

The measurement of the diffusion coefficients in both phases demonstrates that both toluene
and the ibuprofen molecules experienced a similar change in translational diffusion when
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comparing the compounds in both phases (Fig. 7.6, left). The values obtained in these
measurements are summarized in Table 7.2.

Table 7.2. Overview of measured diffusion coefficients of ibuprofen and toluene in the mother phase with
1
H NMR PFG-STE self-diffusion experiments. Error ranges were taken from linear fitting of the diffusion data.

n*(Ibu) / V (mM)

DIbu / 10-12 m²/s

DIbu* / 10-12 m²/s

DTol / 10-12 m²/s

DTol* / 10-12 m²/s

0.240

503 ± 0.32

3.27 ± 0.02

843 ± 5.78

3.60 ± 0.35

0.697

502 ± 0.59

13.60 ± 0.16

814 ± 7.85

14.17 ± 0.39

0.953

495 ± 0.99

3.79 ± 0.02

810 ± 8.08

4.50 ± 0.12

1.138

504 ± 0.37

18.80 ± 0.36

808 ± 4.58

17.48 ± 0.34

For the calculation of the hydrodynamic radius of the diffusing species it is crucial to calculate
the ratio of D/D* of the reference molecule toluene. It can be expressed analogously to
ibuprofen:

𝐷𝑇𝑜𝑙
𝐷∗

𝑇𝑜𝑙

=

𝜂 ∗ 𝑇𝑜𝑙 𝑟𝐻 ∗ 𝑇𝑜𝑙
𝜂𝑇𝑜𝑙 𝑟𝐻 𝑇𝑜𝑙

(39)

Since the viscosity in both phases was measured at the same time and temperature, and both,
ibuprofen and toluene were in the same phase, it can be assumed that both types of molecules
experienced the same viscosity in the respective phase. This assumption is confirmed also in
Fig. 7.6, because both types of molecules experienced a proportional shift in their D/D* ratios.
Hence, it is possible to calculate the hydrodynamic radius of ibuprofen species in the dense
liquid phase according to Dobson et al.[116-117] leading to the following equation:

𝑟𝐻 𝐼𝑏𝑢
𝑟𝐻 ∗ 𝐼𝑏𝑢

=

𝐷𝑇𝑜𝑙
𝐷𝑇𝑜𝑙 ∗
𝐷𝐼𝑏𝑢
𝐷𝐼𝑏𝑢 ∗
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𝑟

∙ 𝑟 𝐻∗𝑇𝑜𝑙

𝐻 𝑇𝑜𝑙

(40)

For further simplification, it is assumed that 𝑟𝐻 𝑇𝑜𝑙 equals 𝑟𝐻 ∗ 𝑇𝑜𝑙 in the dense liquid phase:

𝑟𝐻 𝐼𝑏𝑢
𝑟𝐻 ∗ 𝐼𝑏𝑢

=

𝐷𝑇𝑜𝑙
𝐷𝑇𝑜𝑙 ∗
𝐷𝐼𝑏𝑢
𝐷𝐼𝑏𝑢 ∗

Although based on logical considerations, the values of

(41)

𝑟𝐼𝑏𝑢
𝑟𝐼𝑏𝑢 ∗

are > 1, which is unlikely

(Table 7.3). It means that 𝑟𝐻 ∗ 𝐼𝑏𝑢 in the dense liquid phase is smaller than the one of ibuprofen
molecules in the mother phase, which are supposed to be a monomeric species. Due to the
fact that this size proportion is highly unrealistic, the reason for these values may be that it is
not possible to attribute the same viscosity to toluene and ibuprofen although they were in
the same fluid. On the other hand, the correlation of the viscosities of both molecules was
successful in the mother phase, which featured high concentrations of water. Therefore, this
viscosity difference could be the consequence of a high ibuprofen concentration in the dense
liquid phase. It might also be the case that the ibuprofen species are influenced by a
hydrodynamic drag according to Zhang et al.[118] In this case, the presence of a dense diffusing
object constrains the motion of nearby solvent and so the local viscosity is increased. This
results in a slower diffusion of the object and, thus, in a deviation from Stokes’ law.

Table 7.3. Apparent ratio of hydrodynamic radii for the ibuprofen species in the dense liquid phase, calculated
with formula (41).

n*(Ibu) / V (mM)

𝑟𝐻 𝐼𝑏𝑢
𝑟𝐻 ∗ 𝐼𝑏𝑢

0.240

1.522

0.697

1.553

0.953

1.378

1.138

1.722
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7.3 Similarities in Intermolecular Distances to the Crystal
In order to gain information about the intermolecular distances of ibuprofen molecules in the
dense liquid phase, 1H NMR NOESY (Nuclear Overhauser effect spectroscopy) was employed.
The 1H 2D NOESY distance measurements of the samples in the binodal regime show that
there was no NOE signal between the protons of the 𝛼-methyl group (a) and those of the
isopropyl group (b), (c) for the ibuprofen molecules in the mother phase. The distance from
(a) to (b) in the molecule itself is at their closest distance ~ 7 Å. This implies that they were
too far away from each other for a NOE signal since it is hardly detectable at distances higher
than ~ 5 Å[119] and, as expected, no NOE signal of (a) to (b) could be observed in the 1H NMR
NOESY spectrum (Fig. 7.7).

Fig. 7.7: 1H NMR 2D NOESY spectrum S-Ibuprofen solution after phase separation (ctotal = 3 mM, pH = 2.31).
Red letters indicate the assignment to the proton signals according to the graphic in Table 7.4, whereas the
* annotation refers to the corresponding proton signal in the dense liquid phase.

Interestingly, there are NOE signals for (a)-(b) and (a)-(c) in the dense liquid phase, although
the intramolecular distance is about 7 Å and exceeds the detection threshold of 5 Å.[119]
Hence, this NOE signal must have arisen from an intermolecular NOE with protons of other
ibuprofen molecules in their vicinity closer than 5 Å. These distances were compared to those
of the protons in the crystal structures of both S-IbuH and the racemic IbuH in Table 7.4.
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Table 7.4. Nomenclature of protons a, b and c (left). Intramolecular and intermolecular distances of a-b and
a-c protons in the crystal structures of S-IbuH and racemic IbuH (right).

a-b
rac IbuH

a-c
rac IbuH

a-b
S-IbuH

a-c
S-IbuH

d/Å
(Intramolecular)

5.50

6.61

5.49

6.21

d/ Å
(Intermolecular)

2.44

4.98

2.58

3.17

The intermolecular distances of protons (a) with (b) and (c) in the crystal forms of IbuH are
about 2.44 – 2.58 Å for a-b and 3.17 – 4.98 Å for a-c, whereas their distance according to NOE
is below 5 Å. Therefore, it is concluded that the ibuprofen molecules in the dense liquid phase
were roughly as close to each other as in the ibuprofen crystal.
In order to receive a more precise value for the intermolecular proton distance, the NOE
signals can be used to determine interproton distances with high accuracy. [120] As the NOE
signal intensity scales with 𝑟 6 , it is possible to calculate the intermolecular proton distances
of the ibuprofen molecules in the same phase:

6

𝐼

𝑑𝐻−𝐻 = √𝐼 𝑟𝑒𝑓 𝑑𝑟𝑒𝑓
𝐻−𝐻

(42)

where 𝑑𝐻−𝐻 is the intermolecular distance of two protons, 𝐼𝐻−𝐻 is the corresponding signal
intensity in the 1H NOESY spectrum, 𝑑𝑟𝑒𝑓 is the intramolecular distance in the reference
molecule and 𝐼𝑟𝑒𝑓 is the corresponding signal intensity in the 1H NOESY spectrum.
In the case of ibuprofen in the dense liquid phase, the fixed b-c proton distance (2.456 Å)
within the ibuprofen molecule was chosen as an intramolecular reference (𝑑𝑟𝑒𝑓 ) with the
signal intensity of the b*-c* NOE signal (𝐼𝑟𝑒𝑓 ). The results of this NOE interproton distance
calculation are summarized in Table 7.5.
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Table 7.5. Results from the NOE distance calculations for distances da*-b* and da*-c* calculated with formula (42).

n*(Ibu) / Vtotal

da*-b*

da*-c*

0.163 mM

2.04 Å

2.71 Å

0.222 mM

2.04 Å

2.65 Å

0.407 mM

1.97 Å

2.71 Å

0.501 mM

1.97 Å

2.74 Å

2.277 mM

1.97 Å

2.79 Å

Indeed, it has to be mentioned that within the b*-c* NOE signal there are also contributions
of the b*-c* intermolecular NOE signals. But as the NOE signal intensity scales with 𝑟 6 , their
contributions are supposed to be minimal and thus can be neglected. Besides, the NOE signals
originating from the close distance to other ibuprofen molecules are the sum of different
interproton distances. As their individual NOE signal intensity scales with 𝑟 6 , closer distances
are the major contributors to the total NOE signal. Thus, the calculated values can only be
regarded as absolute if the interproton distances were fixed and the ibuprofen molecules
were organized in clusters with discrete interproton distances. Since this relation is unknown,
they can at least give a qualitative measure of increasing aggregation of ibuprofen molecules
in the dense liquid phase. Along with the increasing amount of ibuprofen in the dense liquid
phase, only small deviations in the interproton distance can be observed. While the
interproton distance of a*-b* is decreased slightly, the distance between a*-c* protons does
not show any trend.
Moreover, there was no water signal in the dense liquid phase in the expected chemical shift
region 4.4 ppm – 4.6 ppm according to 1H NMR. This implies that there was no or very little
residual water in the dense liquid phase. However, the concentration of water which could be
potentially located in the dense liquid phase without being detected was estimated to be up
to ~ 74 mol%, corresponding to 14 wt% of water, according to 2H NMR spectroscopy (data
not shown). This would be in good agreement with the NOE data as it would provide a simple
explanation for the small intermolecular distances of ibuprofen in the dense liquid phase.
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Since it is not certain that the water proton signal could behave in the same way as the
ibuprofen and toluene proton signals, it is not possible to make reliable suggestions about the
water amount in the dense liquid phase from 1H NMR spectroscopy.

7.4 Conclusion of Chapter VII
When it comes to liquid-liquid phase separation during titration, the separated phase could
be distinguished in 1H NMR spectroscopy and this facilitated the application of numerous 1H
NMR analytical techniques.
The 1H PFG-STE self-diffusion experiment suggests that the diffusion of ibuprofen in the
separated phase was 34 – 239 times slower than in the mother phase, whereas T1 and T2
relaxation time measurements suggest that the rotational correlation time increased by a
factor of 5 – 7. Although translational and rotational diffusion could not be correlated to each
other, the only parameters that might lead to this significant shift are the viscosity and the
hydrodynamic radius of the ibuprofen species in the dense liquid phase.
In order to study how viscosity and hydrodynamic radius of ibuprofen changed due to phase
separation, toluene was introduced as a reference molecule which also undergoes phase
transition during titration. However, it was not possible to assume the same viscosity for both
toluene and ibuprofen in the dense liquid phase. In that way, the calculated ratio of
hydrodynamic radii is unrealistic.
By measuring the intermolecular NOE between protons of ibuprofen molecules close to each
other, it was found that they are closer than in the mother phase. Calculations suggest that
the interproton distances were on average as close as in the crystal. This finding strongly
supports the presence of molecular aggregates or a homogeneous distribution of ibuprofen
molecules at a high concentration in the dense liquid phase. Since the intermolecular
distances reflect the ones in the final crystal, the dense liquid phase contains the
characteristics of a precursor phase, kinetically stabilized by a high viscosity.
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VIII Nucleation of Diclofenac
The titration of diclofenac as another small organic acid with the double-dosing method was
combined with several analytical techniques to gain insights about the nucleation mechanism.

8.1 Titration of Diclofenac in Aqueous Solution
A solution of diclofenac sodium salt was titrated analogously to ibuprofen, utilizing the doubledosing method with a lower concentration of added HCl (2 mM). As with ibuprofen a pH
increase was observable which is associated with the precipitation of DicH crystals from
solution (Fig. 8.1).

Fig. 8.1. Titration of 5 mM DicNa solution with 2 mM HCl solution and 10 mM DicNa solution at an addition
rate of 0.2 ml/min. The pH was adjusted to ~ 10.1 in the beginning to dissolve any potentially present DicH
crystals in solution due to the low solubility of DicH.

When applying the double-dosing titration method in aqueous solution, diclofenac
precipitated in the monoclinic polymorph (HD2) with space group C2/c,[82] confirmed by XRD
(Fig. 13.8, Appendix). After the precipitation, it is visible that small crystals are attached to the
HCl dosing nozzle tip (Fig. 13.9, Appendix). This implies that heterogeneous nucleation is
taking place. Lowering the concentration of DicNa to 0.5 mM, titrated with 1 mM HCl, led to
results without any visible heterogeneous nucleation (Fig. 13.10, Appendix).
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Determination of Solubility Limit
The solubility of DicH (HD2) was determined by the method described in chapter 5.2. Here,
stop experiments were utilized in combination with determination of equilibrium pH values
after the addition of seed crystals (Fig. 8.2). Results of the calculations are summarized in
Table 8.1.

Fig. 8.2. Stop titration experiments of 5 mM diclofenac solutions with subsequent addition of seed crystals
(HD2). Left: pH equilibration of DicH after addition of the respective seed crystal powder. Right: Solubility Limit
of DicH (HD2) determined by formula (25), assuming the initial total diclofenac concentration.

The equilibrium pH was measured after crystallization and yielded a value of 7.148. Associated
with this value, the saturation solubility of DicH (HD2) in water was found to be extremely low
(5.13 µM). This result was determined to be valid since the overall concentration of diclofenac
after reaching saturation equilibrium was still 4.995 mM. This is regarded as a small deviation
from the initial ctotal = 5 mM and thus, can be neglected.
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Table 8.1. Solubility Limits of DicH (HD2) determined at 5 mM initial DicNa concentration.
a

calculated with formula (25), inserting a total diclofenac concentration of 5 mM. b calculated with formula
(21) c calculated with formula (22)

DicH (HD2)
pH (5 mM)

7.148 ± 0.031

cs (DicH)a / µM

5.13 ± 0.38

ntotal / µmol

480.0

ncrystb / µmol

0.45

c2 (Dic)c / mM

4.995

8.2 Detection of Species before and during Nucleation
Clusters in ESI-MS
In order to see if clusters were present in solutions of diclofenac, ESI-MS was utilized as a fast
detection method (Fig. 8.3). Clusters of DicNa were observed up to the 13-mer + 2 Na+ ions
(2089.9 m/z), while clusters of DicH could not be observed in the supersaturated regime at a
pH of 6.70 (c(DicH) = 0.03 mM). It could also be the case that clusters of DicH are not ionizable
in their protonated state, which could account for the absence of clusters in the mass
spectrum although being present in solution.
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Fig. 8.3. Mass spectrum acquired from ESI-MS from DicNa solution (c = 10 mM) at pH 6.70.

Sedimentation Velocity
In order to see if prenucleation clusters are present in solutions of diclofenac, a diclofenac
solution was spun in the AUC at 60,000 rpm to facilitate the sedimentation of the smallest
species. The run was performed with three cells simultaneously and the sedimentation
velocity experiment was evaluated using the SEDFIT[91] software by applying the noninteracting discrete species model, to determine sedimentation coefficients, diffusion
coefficients as well as relative concentrations from these experiments (Table 8.1).

Table 8.1. Summary of the AUC results acquired from sedimentation velocity experiment of 25 mM DicNa
solution. Data were obtained by Lamm equation modelling of non-interacting discrete species in SEDFIT
software. Measurements were performed in triplicate with calculated standard deviations (n = 3).
pH

c(DicH) /
mM

sMonomer /
S

DMonomer /
10-7 cm²/s

CMonomer /
wt%

s Cluster /
S

DCluster /
10-7 cm²/s

CCluster /
wt%

7.70

0.007

0.12 ± 0.03

74.78 ± 0.48

99.93 ± 0.02

0.89 ± 0.15

67.19 ± 2.73

0.07 ± 0.02
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The data suggests that a secondary species of 0.89 S is present at a concentration of 0.07 wt%
with good reproducibility. However, the concentration is extremely low and therefore not of
significance. At this concentration, it could be possible that the second species is fitted for a
better fit and cannot provide an unambiguous information on the cluster presence. This
assumption was confirmed in the c(s) distribution, where also additional species of extremely
low concentrations could be detected (Fig. 8.4).

Fig. 8.4. c(s) distributions of sedimentation velocity run of 25 mM DicNa solutions (pH = 7.7, cell 1 – 3),
calculated by using SEDFIT software.

Sedimentation Equilibrium
When the sedimentation equilibrium experiment was performed with a solution of DicNa in
H20 and D2O, the partial specific volume could be calculated according to the method
presented by Edelstein and Schachman[94] (Fig. 8.5).
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Fig. 8.5 Partial specific volume of 3 mM DicNa solution plotted versus the cell radius, determined by the
method from Edelstein and Schachman with equation (9).[94]

The partial specific volume 𝜈̅ was determined to be 0.859 ± 0.001 cm³/g. By calculating its
inverse, the density of the solute was 1.164 ± 0.001 g/cm³. Details of the determination are
shown in Fig. 13.11 (Appendix).
The acquired partial specific volume was employed to determine the apparent molar mass
𝑀𝑎𝑝𝑝 and the average molar mass 𝑀𝑎𝑣𝑔 of diclofenac in solution by using the software
SEDFIT-MSTAR (Fig. 8.6).[95]

Fig. 8.6. Results of the sedimentation equilibrium experiment of DicNa solution (3 mM, pH = 7.70) evaluated
̅ = 0.859 cm³/g. Left: Apparent molar mass Mapp plotted versus
with the software SEDFIT-MSTAR by using a 𝝂
the cell radius. Right: Point-average molar mass M* plotted against the cell radius.
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In that way, the apparent molar mass 𝑀𝑎𝑝𝑝 was determined to be 300 – 600 g/mol, while the
extrapolation of the point average molar mass 𝑀∗ to the cell bottom yielded a value of
𝑀𝑎𝑣𝑔 ~ 440 g/mol. This value is slightly above the molar mass of diclofenac
(𝑀(𝐷𝑖𝑐𝐻) = 296.15 g/mol, 𝑀(𝐷𝑖𝑐𝑁𝑎) = 318.13 g/mol). Hence, this finding could be an
indication that some aggregates of diclofenac were present in solution.

Synthetic Boundary Crystallization
In a series of experiments, 1 mM HCl solution (20 vol% D2O) was placed in the sector cell and
overlaid with 10 mM DicNa solution (Fig. 8.7).

Fig. 8.7. Illustration of centerpiece filling for the synthetic boundary experiment of diclofenac, in which a
solution of HCl (270 µl, 1 mM in 20 vol% / 100 vol% D2O) is overlaid with 5 µl DicNa solution (10 mM), while
the reference sector is filled with water (320 µl).

In this experimental it was possible to observe a moving boundary of a diclofenac species
(Fig. 8.8) identified by its UV-Vis absorption profile (Fig. 13.12, Appendix).

92

Fig. 8.8. Synthetic boundary experiment of 1 mM HCl (270 µl) overlaid with 5 mM DicNa (2 µl) solution at a
detection wavelength of 282 nm. Maxima of the sedimenting band are located along the black line.

Unlike ibuprofen, the absorption is only visible at the known range of diclofenac UVabsorption, hence diclofenac is not subject to liquid-liquid phase separation. The moving
boundary was characterized by the position of the maximum points of each scan. By plotting
the derivative of ln(r/rm) versus ω²t, it was possible to obtain a sedimentation coefficient
profile of the sedimenting species according to the following equation:[102]

𝑟
)
𝑟𝑚
2
𝜕𝜔 𝑡

𝜕𝑙𝑛(

=𝑠

(43)

where 𝑟 is the radius position of the sedimenting species band maximum, 𝑟𝑚 is the radial
position of the meniscus after overlay, 𝜔 is the angular velocity, 𝑡 is the time and 𝑠 is the
sedimentation coefficient.
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These measurements were repeated in 1 mM HCl solution in D2O to calculate the density of
the sedimenting species, according to the H2O-D2O Density Variation Method (Fig. 8.9).[109]

Fig. 8.9. Overview of synthetic Boundary crystallization experiments of diclofenac in HCl solutions with
different D2O content. The radii from the maxima of the sedimenting diclofenac band was plotted as ln(r/r m)
versus ω²t. 270 µl of 1 mM HCl solution (100 wt% D2O, black and 20 wt% D2O, red) were overlaid with 5 µl of
10 mM DicNa solution, error bars correspond to standard deviation of n = 4 measurements. Linear fitting yields
the slope, which represents the sedimentation coefficient.

A linear relationship could be identified in both sets of runs and the average sedimentation
coefficient for both experiments was identified via linear fitting of the data. The diameter of a
sedimenting species can be described by the combination of the Svedberg equation and
Stokes law for a spherical particle: [102]

18 𝜂 𝑠

𝑖 𝑖
𝑑𝐻 = √(𝜌 −𝜌
)
𝑠

𝑖

(44)

where 𝑑𝐻 is the species hydrodynamic diameter, 𝜂𝑖 is the solvent viscosity, 𝑠𝑖 is the
sedimentation coefficient, 𝜌𝑠 is the sedimenting species density and 𝜌𝑖 is the solvent density.
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In order to calculate the density of the sedimenting species it is assumed that the species is of
the same size and density in 1 mM HCl solution with varying D2O content.[109] When 𝑑𝐻 for a
high D2O content from formula (44) is set equal to one for a lower D2O content, the species
density can be calculated:

𝜌𝑠 =

𝑠𝐻 𝜂𝐻 𝜌𝐷 −𝑠𝐷 𝜂𝐷 𝜌𝐻
𝑠𝐻 𝜂𝐻 −𝑠𝐷 𝜂𝐷

(45)

, with parameters of the respective solvent with lower D2O content (index H) and higher D2O
content (index D).
The molar mass of the sedimenting species was calculated according to the following
equation:[121]

𝑀𝑠 =

𝜋
6

𝜌𝑠 𝑁𝐴 𝑑𝐻 3

(46)

𝑀𝑠 is the sedimenting species molar mass, 𝜌𝑠 is the sedimenting species density, 𝑁𝐴 is the
Avogadro constant and 𝑑𝐻 is the species hydrodynamic diameter.
By applying formula (45), it was possible to calculate the species density. With the knowledge
of the species density, it was possible to calculate the hydrodynamic diameter applying
formula (44) as well as the molar mass of the sedimenting species, according to formula (46).
The summary of the calculations can be seen in Table 8.2.
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Table 8.2 Summary of the results from the synthetic boundary crystallization ultracentrifugation experiments
of diclofenac. Solvent viscosities and densities were measured in a densitometer.
a

Error from linear fit, b error calculated from propagation of uncertainty.

1 mM HCl (20 wt% D2O)

1 mM HCl (100 wt% D2O)

Solvent viscosity / mPas

0.92733

1.09771

Solvent density / g/cm³

1.018412

1.104650

sa / S

2.4513 ± 0.0343

1.1145 ± 0.0135

Species Densityb / g/cm³

1.205 ± 0.004

Species diameterb / nm

4.68 ± 0.16

Species molar massb / g/mol

38977 ± 3921

When the species density is compared with the solute density (1.164 g/cm³) calculated from
the inverse of the partial specific volume of diclofenac in solution, it is notable that this species
is denser than the solute. On the other hand, the density is not as high as that of the bulk
crystal (1.477 g/cm³).[82] Hence, it can be concluded that the detected species represents an
intermediate in the early stages of crystal nucleation.
However, the centerpiece shows traces of precipitate at the meniscus position on the interior
wall after the experiments (Fig. 13.13, Appendix). Therefore, some of the material obviously
precipitated, potentially explaining why the primary peak is disappearing over time.
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8.3 Imaging of Species before and during Nucleation in Cryo-TEM
Cryo-TEM represents a topological in situ technique to reveal nucleation species.[34-36, 122] For
that purpose, the double-dosing titration method of DicNa solution was carried out and
samples were taken at specific time points during titration and were immediately vitrified for
cryo-TEM (Fig. 8.10).

Fig. 8.10. Titration graph with time points (red arrows) of different samples viewed in cryo TEM (ctotal = 5 mM).
The red auxiliary line indicates the first deviation of a linear relationship which is identified as the precipitation
of DicH crystals from solution.

In the prenucleation stage, connected roundish objects of about 200 nm diameter could be
observed (Fig. 8.11, a). These objects were interconnected and exhibited an extremely low
contrast.
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Fig. 8.11, a. Cryo-TEM images of a vitrified sample of diclofenac (ctotal = 5 mM) during titration at pH = 6.83
(t = 8590 s) before nucleation. Note that the black objects are ice particles.

Similar circular structures were visible in the post-nucleation stage, yet larger in size
(0.3 - 1.0 µm) and of stronger contrast than in the sample before (Fig. 8.12, b). These objects
were also a rather abundant species and did not seem to be interconnected.
At a later stage, after crossing the pH minimum, ribbon-like structures were present, whereas
their amount was rather abundant (Fig. 8.13, c). A selected area electron diffraction (SAED) of
an area containing these ribbons yielded an electron diffraction pattern without any sharp
reflexes, suggesting that the objects in the sample area were either amorphous or they do not
exhibit sufficient lattice planes of possibly present crystals. The fact that the pH is rising at this
point of sampling suggests that crystals were already present in solution, confirming the latter
scenario.
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Fig. 8.12, b. Cryo-TEM images of a vitrified sample of diclofenac (ctotal = 5 mM) during titration at pH = 6.50
(t = 11500 s), before nucleation. Note that the black areas and lines are the holes of the carbon grid for cryoTEM, while the dark objects are ice particles. White arrows indicate species of low contrast.

These structures are assumed to be the result of a transformation of the circular objects
observed in the sample before, since this sample was drawn shortly after. Furthermore, the
size dimensions of these ribbons (~ 1 µm) correspond to the circular species before. As these
structures had areas of higher contrast at the edges, it is highly suggested that they resulted
from coiling up of previous structures into these multi-layered ribbon-like structures.
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Fig. 8.13, c. Cryo-TEM images of a vitrified sample of diclofenac (ctotal = 5 mM) during titration at t = 11850 s,
pH = 6.51, after nucleation. Note that the black areas and lines are the holes of the carbon grid for cryo-TEM,
while the dark objects are ice particles. Electron diffraction pattern (bottom, left) is taken from the selected
area (bottom, right).

The combination of titration and cryo-TEM was also carried out at a lower total diclofenac
concentration (ctotal = 0.5 mM) with special emphasis on samples drawn after the pH minimum
(Fig. 8.14).
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Fig. 8.14. Titration of 0.5 mM DicNa, which has been combined with the cryo-TEM measurement. The red
arrows indicate the sampling time points. The red auxiliary line indicates the first deviation of a linear
relationship which is identified as the precipitation of DicH crystals from solution.

Some structures could be observed in the sample drawn at the pH minimum after nucleation
(Fig. 8.15, d). These structures represent diffuse species of high similarity to each other and
exhibit a low contrast with sizes below 100 nm. In another sample, objects of high contrast
could be observed (Fig. 8.16, e). These objects seem to be composed of multiple layers of
lower contrast material.
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Fig. 8.15, d. Cryo-TEM images of a vitrified sample of diclofenac (ctotal = 0.5 mM) during titration (Fig. 8.10) at
pH minimum (pH = 5.46, t = 4850 s).

A part of the diffuse object showed parallel lines (Fig. 8.16, e, right), which were identified as
Moiré patterns. These patterns are visible due to an optical double diffraction phenomenon,
caused by the overlap of two crystals with different lattice parameters or orientations.[123]
Their parallel structure implies that the orientation of the crystalline layers is identical, but
their lattice spacing is different.[123] Following this example, the sample at a later stage
exhibited clearly observable multi-layered structures as well as the Moiré pattern on a larger
scale (Fig. 8.17, f). The appearance of these Moiré patterns clearly shows that the multilayered
structures possessed a periodicity and as a consequence, were crystalline, which is in good
agreement with the rising pH according to titration.
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Fig. 8.16, e. Cryo-TEM images of a vitrified sample of diclofenac (ctotal = 0.5 mM) during titration (Fig. 8.10) after
pH minimum (pH = 5.56, t = 5120 s) with the appearance of Moiré patterns (blue circle).

Fig. 8.17, f. Cryo-TEM images of a vitrified sample of diclofenac (ctotal = 0.5 mM) during titration (Fig. 8.10) after
pH minimum (pH = 5.67, t = 5250 s). Parallel lines were identified as Moiré patterns.

In the last sample, dense clouds of higher contrast can be seen in the cryo-TEM images
(Fig. 8.18, g). Within these cloudy structures, nanoscopic rods of higher contrast were present.
These rods had a length of about 20 nm and width of a few nanometers. It is assumed that
they form from these dense clouds, since they could be seen solely within these clouds.
Therefore, they might have served as a precursor in the nucleation process of the DicH rods.
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Fig. 8.18, g. Cryo-TEM images of a vitrified sample of diclofenac (ctotal = 0.5 mM) during titration (Fig. 8.10) after
pH minimum (pH = 5.78, t = 5700 s).
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8.4 Conclusion of Chapter VIII
The application of the double-dosing method to the titration of diclofenac in water shows that
crystallization occurred without any liquid-liquid phase separation. Stop experiments were
carried out to determine the extremely low solubility of diclofenac in water (5.13 µM).
ESI-MS was not able to detect clusters of DicH, but clusters of DicNa were present up to the
13-mer. Sedimentation velocity experiments suggest that some species is present in the
supersaturated regime, but at a low concentration of 0.7 wt% and therefore, cannot provide
reliable proof for the presence of prenucleation clusters.
Synthetic boundary crystallization experiments suggest that a species is forming when HCl was
overlaid with DicNa solution. The species’ absorbance decreased significantly with higher ω²t
which is supposed to result from crystal precipitation. By running the identical experiment in
various concentrations of D2O, the density of the sedimenting species could be calculated
(1.205 g/cm³) as well as the hydrodynamic diameter (~ 5 nm) assuming a spherical shape for
the sedimenting species. When the species density is compared with the solute density
(1.164 g/cm³) calculated from the inverse of the partial specific volume of diclofenac in
solution, it is notable that this species is denser than the solute. On the other hand, the density
is not as high as that of the bulk crystal (1.477 g/cm³). Hence, it can be concluded that the
detected species represents an intermediate in the early stages of crystal nucleation regarding
the density.
Cryo-TEM data provided topological insights regarding nucleation of diclofenac. It was
observed that cloudy aggregates of low contrast form prior to nucleation. After further
densification, these structures are supposed to coil up into disrupted ribbon-like structures,
which shows that their material properties changed to more rigid, solid structures. This could
be the consequence of the loss of hydration waters from the solute resulting in a changed
composition of the aggregates. Moiré patterns from double diffraction were observed in
images of multi-layered structures. As they appeared first in some parts of the densified
structures and were visible at a later stage on a larger scale, it can be concluded that
densification of diclofenac monomers into clusters is followed by order generation in the case
of diclofenac.
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IX Conclusions and Outlook
The results presented in this thesis show that the nucleation pathway of the small drug
molecules ibuprofen and diclofenac involves intermediates, which exhibit the characteristics
of crystal precursors. Both systems follow the principle of densification prior to crystal order
generation.
The developed double-dosing titration method was proven to be a powerful tool to monitor
crystallization and nucleation events. It offers the possibility for exact quantifications of
crystallized amounts and the determination of solubility limits even in the micromolar range.
In combination with 1H NMR spectroscopy the amounts of the compound in the respective
phase can be quantified as demonstrated in this thesis. The presented experiments can be
transferred to a tremendous number of organic molecules with an acid functionality or a base
functionality to study their crystallization in aqueous solution. The combination with further
analytical techniques presented in this work underlines the versatile usefulness of this method
for the characterization of intermediate species in nucleation.
In the case of ibuprofen, the titration method was essential to study the nucleation pathway.
The fact that a liquid-liquid phase separation prior to nucleation could be observed points out
the eminent role of the dense liquid phase in the nucleation mechanism. The determined loci
of binodal and spinodal liquid-liquid demixing facilitated the construction of a phase diagram
at room temperature. To clarify the nucleation pathway of ibuprofen, measurements of
prenucleation species were performed, whereas evidence for prenucleation clusters was
ambiguous. While sedimentation velocity experiments suggested the presence of aggregates
of low concentration, other techniques could not detect any prenucleation species except the
dense liquid phase. An endothermic process prior to liquid-liquid phase separation was
measured by ITC, yet it is more likely that it arises from liberation of hydration waters upon
gradual protonation of ibuprofen regarding the overall results. From these results it can be
concluded that it is unlikely that PNCs exist in the aqueous system of ibuprofen. To receive
more information if prenucleation clusters of ibuprofen are present, small angle neutron
scattering (SANS) could be employed as in the crystallization of glycine from solution by
Hughes et al.[124]
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1H NMR spectroscopy measurements of the

dense liquid phase gave insights on the molecular

dynamics of the ibuprofen molecules. It is the first time that such detailed measurements of
the molecular dynamics in a metastable dense liquid phase were provided. The diffusion
coefficient was found to be increased significantly and also the product of viscosity and
hydrodynamic radius. The presence of a dense liquid phase prior to nucleation is in agreement
with the non-classical two-step nucleation presented by Vekilov et al.[46-49] Also, the increase
of viscosity in the dense liquid phase, associated with the decreased diffusion coefficient
measured in 1H NMR spectroscopy, suggests that this pathway corroborates to the two-step
nucleation pathway.[45] In this case, the increased viscosity accounts for the kinetic
stabilization of the dense liquid phase. However, this mechanism might not be regarded as
non-classical since the dense liquid phase arises because the supersaturated homogeneous
solution is metastable with respect to two phases, one rich and one lean in solute.[58, 125] Due
to the higher supersaturation, the nucleation proceeds more likely in the dense liquid phase,
but it can still occur under the notions of CNT. To really distinguish between a classical and a
non-classical pathway, the assembly of ibuprofen molecules within the dense liquid phase has
to be verified. That is the reason why NOE measurements were performed. The data
suggested that the intermolecular distances between the ibuprofen molecules are similar to
those in the crystal on average. This finding could either support the scenario of a
homogeneous solution of high ibuprofen concentration or the presence of defined aggregates
in equilibrium with the monomeric species. The first scenario corresponds to the classical
pathway, in which nucleation can occur in the homogeneous solution of the dense liquid
phase. In the second scenario, thermodynamically stable aggregates are present and undergo
crystalline order generation at a later stage. In principle, both scenarios are possible regarding
the overall results. In conclusion, the reduced molecular dynamics in the dense liquid phase
are supposed to kinetically stabilize the solution against nucleation, while the molecules are
as close to each other as in the final crystal.
In the case of diclofenac, the sedimentation velocity as well as sedimentation equilibrium data
indicate that prenucleation species were present. Synthetic boundary crystallization
ultracentrifugation detected a species that is forming at a tremendously high local
supersaturation of diclofenac after overlay. Therefore, it is suggested that its formation
proceeded via spinodal decomposition and did not represent a formation by
thermodynamically stable species such as PNCs.[126] On the other hand, topological insights
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were given by cryo-TEM images, which show the presence of densified objects which exhibit
crystalline order at a later stage regarding the appearing Moiré patterns.[123] This was
identified as clear evidence for a non-classical nucleation pathway in the system of diclofenac.
Since a dense liquid phase of diclofenac was not detected in the overall data, it is unlikely that
the principles of two-step nucleation apply in this case. It can be concluded that the nucleation
pathway for diclofenac involving an amorphous precursor is more complex than proposed in
the classical model and therefore non-classical.
In conclusion, the principle of densification prior to order generation could be observed in
both systems. While the aqueous system of ibuprofen involves a liquid precursor phase for
nucleation, diclofenac nucleates via an amorphous intermediate in which crystalline order is
generated at a later stage.
The results presented above raise some additional questions about the nucleation of organic
compounds in aqueous solution in general, since both model systems exhibit different
intermediate stages. A wide range of organic compounds with pH-responsive functionalities
could be assessed extensively by the double-dosing method in combination with the applied
analytical techniques to see which molecular structures and their associated nature of
intermolecular interactions tend to favor which kind of nucleation pathway. Also, the above
mentioned experiments can be performed at varying temperatures to receive a complete
phase diagram of a compound in aqueous solution. The knowledge of phase diagrams of
poorly water-soluble pharmaceutical compounds and the controlled utilization of liquid-liquid
phase separation facilitates the development of liquid drug formulations with an enhanced
dissolution rate in future work.
In the end, it would be desirable to gain control over the polymorph selection by influencing
the nucleation via additives, since this would facilitate the fabrication of new polymorphs as
well as the generation of already known polymorphs from organic solvents in aqueous
solutions. It would be especially interesting to probe the effect of additives on the loci of
liquid-liquid phase separation. Furthermore, it would be interesting to see in what way
polymeric additives with complementary molecular motifs can influence the properties of the
intermediates and the nucleation pathway.
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X Summary
This work provides insights into the early stages of crystallization of small organic compounds
from solution with ibuprofen and diclofenac as model systems. The species being present at
the different stages of crystallization were examined by using various analytical techniques
and determining physical-chemical parameters.
The first part of this thesis examined the nucleation and crystallization of ibuprofen in the
framework of the developed titration assay with emphasis on the establishment of a wateribuprofen phase diagram. The primary titration experiments were based on the generation of
supersaturation via pH decrease. The time-dependent measurement of the pH value as well
as turbidity of the solution at a constant overall compound concentration allowed the
calculation of the protonated compound concentration. The developed experimental
procedure facilitated the determination of the respective polymorph solubility limit and the
amount of crystallized compound. The solubility limit of racemic and S-ibuprofen was
determined to be 0.192 mM and 0.277 mM, respectively. It was found that nucleation of
ibuprofen in water involves a liquid-liquid separated phase, both in S-ibuprofen and racemic
ibuprofen. Crystal growth of ibuprofen crystals was found to proceed not only by monomerto-monomer addition to the crystal, but also by droplet attachment to the crystal surface. This
observation highlights the importance of the dense liquid phase for the shape of the final
ibuprofen crystal. The combination of this method with further analytical methods such as
1H

NMR spectroscopy facilitated the determination of the locus of the liquid-liquid binodal

limit at room temperature. It was found that the locus of binodal liquid-liquid demixing solely
depends on the concentration of protonated ibuprofen (0.428 mM). Once the process of
phase separation took place, the concentration of protonated Ibuprofen in the mother phase
increased linearly in titration. By employing lower pH values, a threshold of protonated
ibuprofen concentration was reached, which was identified as the liquid-liquid spinodal limit
(0.714 mM). With the above results, a phase diagram at room temperature was constructed.

109

The second part of the thesis focused on the detection and characterization of species present
prior to nucleation of ibuprofen in aqueous solution. In sedimentation velocity experiments a
secondary species could be detected, yet its existence could not be confirmed by further
analytical techniques. Sedimentation equilibrium experiments were used to determine the
partial specific volume of ibuprofen in solution (𝜈̅ = 0.8735 cm³/g), which was implemented to
determine the average molar mass of the species present in solution. Since this value
(~ 212 g/mol) was roughly the same as the molecular weight of ibuprofen, it strongly suggests
that no further prenucleation species were present in significant amounts. The employment
of synthetic boundary crystallization resulted in a light-scattering phenomenon due to liquidliquid phase separation as observed in the titration experiments. The reproduction of the
titration via isothermal titration calorimetry suggests that an endothermic process took place
before phase separation (4.7 kJ/mol), while the process of liquid-liquid phase separation was
exothermic (-3.2 kJ/mol). The endothermic process was supposed to arise from the liberation
of hydration waters around the ibuprofen molecules upon gradual protonation. Electrospray
ionization mass spectrometry did not detect clusters of protonated ibuprofen in the
undersaturated regime. Taylor dispersion analysis did not detect any species of lower diffusion
coefficient than monomolecular ibuprofen in undersaturated and supersaturated solutions.
Images of cryogenic transmission electron microscopy during titration did not show any
species prior to nucleation of ibuprofen except for the dense liquid phase. The evolution of
the size distribution towards higher droplet diameters over time was shown by timedependent dynamic light scattering. Regarding all these results, it was concluded that no
secondary pre-nucleation species were present in the aqueous system of ibuprofen besides
the dense liquid phase.
In the third part of the thesis, 1H NMR spectroscopy was employed onto ibuprofen solutions
acquired from titration to gain insights on the molecular dynamics of the dense liquid phase.
For that purpose, T1 and T2 relaxation times were measured as well as diffusion coefficients of
ibuprofen in both the mother phase and dense liquid phase. The measurements showed that
diffusion coefficients of ibuprofen in the dense liquid phase were up to 239 times smaller,
compared to ibuprofen in the mother phase. At the same time, molecular rotation was slower
by a factor of 5 – 7. This decrease in molecular dynamics was supposed to account for the
metastability of the dense liquid phase towards nucleation of a crystalline phase. The
employment of toluene as a molecular probe shows that both, ibuprofen and toluene in the
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dense liquid phase featured a similar correlation of diffusion coefficients when compared to
each other. The assumption of the same viscosity for both molecules failed according to the
calculated values. Hence, it can be concluded that both types of molecules experienced
another viscosity, although being in the same fluid phase. Measurements of Nuclear
Overhauser effect show that signals could be detected of protons from ibuprofen molecules
in the dense liquid phase, but not of those in the mother phase. Due to the rather large
intramolecular distance between those protons, the signal has to originate from an
intermolecular interaction with other ibuprofen molecules in spatial proximity. Based on the
signal intensity, the intermolecular proton-proton distances were compared to those present
in the final crystal. It was shown that the intramolecular distances of ibuprofen molecules in
the dense liquid phase comply with those of the ibuprofen crystal. The distance comparison
among higher supersaturations showed that their intermolecular distance did not change with
higher amounts of protonated ibuprofen. Overall, it was concluded that the dense liquid phase
represents a precursor phase for the final ibuprofen crystal and merely requires structure
ordering, which is supposed to happen in a statistical process.
The last part of this thesis was concerned with the nucleation and crystallization of diclofenac
in aqueous solution. The saturation solubility in water (5.13 µM) was determined to be much
lower than of ibuprofen. Electrospray ionization mass spectrometry did not detect clusters of
protonated diclofenac in undersaturated solutions. Sedimentation velocity experiments of a
diclofenac solution suggest that a secondary species was present and sedimented faster than
the monomeric species. However, its concentration was found to be very low (0.07 wt%). In
sedimentation equilibrium experiments of diclofenac solutions in water and D2O the partial
specific volume of diclofenac could be determined (𝜈̅ = 0.859 cm³/g). This value was utilized
for the calculation of the average molar mass of diclofenac in solution, which was found to be
~ 440 g/mol. This value is slightly higher than the molar mass of diclofenac and, thus, indicates
that aggregates could be present in solutions of diclofenac. In synthetic boundary
crystallization ultracentrifugation, a sedimenting band could be detected. The evaluation of
its sedimentation profile in various mixtures of D2O facilitated the determination of the
species density (1.205 g/cm³) and diameter (~ 5 nm), assuming a spherical shape. Since its
density was determined to be higher than that of the solute, but lower than that of the crystal,
it was concluded that this species is an intermediate in the early stage of nucleation. Images
acquired in cryogenic transmission electron microscopy reveal that the nucleation of
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diclofenac involved densified structures, which resulted in sheets coiling up into ribbon-like
structures. The appearance of Moiré patterns after densification suggests that the crystalline
order was established after the densification process and, thus, implies a non-classical
nucleation pathway for diclofenac.
Overall, a method for monitoring the crystallization of small organic molecules was
established which enables studying the early species in nucleation when combined with
further analytical techniques. It was shown that both model systems, ibuprofen and
diclofenac, exhibit amorphous intermediates. Although these intermediates differed in their
physical-chemical properties, the principle of densification prior to crystalline order
generation could be observed in both systems. The transfer of these methods and insights to
other compounds will further contribute to the understanding of nucleation of small organic
molecules from aqueous solution in future work.
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XI Zusammenfassung
Diese Arbeit beschäftigt sich mit den frühen Stadien der Kristallisation kleiner organischer
Moleküle in Lösung, wobei Ibuprofen und Diclofenac als Modellsystem dienen. Während der
Kristallisation bilden sich verschiedene Spezies, die durch zahlreiche analytische Methoden
und die Bestimmung physikalisch-chemischer Parameter charakterisiert wurden.
Der erste Teil dieser Arbeit handelt von der Untersuchung der Nukleation und Kristallisation
von Ibuprofen mithilfe der entwickelten Titrationsmethode mit dem Ziel, ein WasserIbuprofen Phasendiagramm zu erstellen. Die durchgeführten Titrationsexperimente basierten
auf der Erzeugung von Übersättigung durch eine Verringerung des pH-Werts. Durch die
zeitabhängige Messung des pH-Werts und der Trübung der Lösung konnte die Konzentration
des protonierten Anteils berechnet werden bei einer konstanten Gesamtkonzentration des
Ibuprofens. Das entwickelte Titrationsexperiment ermöglichte die Bestimmung der
Sättigungskonzentration der jeweiligen Kristallstruktur, sowie der Stoffmenge des
kristallisierten Wirkstoffs. Die Sättigungskonzentration wurde für das racemische Ibuprofen
(0.192 mM) und für S-Ibuprofen (0.277 mM) bestimmt. Es wurde festgestellt, dass die
Nukleation von Ibuprofen in Wasser über eine flüssig-flüssig entmischte Phase verläuft sowohl
in dem racemischen Ibuprofen als auch im S-Ibuprofen. Es konnte beobachtet werden, dass
das Kristallwachstum nicht nur durch die Addition von Monomeren stattfand, sondern auch
durch die Anlagerung von Tröpfchen auf die Kristalloberfläche. Diese Erkenntnis unterstreicht
die Relevanz der dichten Flüssigphase für die Gestalt des finalen Ibuprofenkristalls. Durch die
Kombination mit 1H NMR-Spektroskopie konnten die Positionen der Binodalen und der
Spinodalen der flüssig-flüssig-Entmischung bei Raumtemperatur bestimmt werden. Es wurde
festgestellt, dass die Position der Binodalen für die flüssig-flüssig-Entmischung lediglich von
der Konzentration an protoniertem Ibuprofen abhängt (0.428 mM). Nach dem Beginn der
Phasenseparation entwickelte sich die Konzentration des protonierten Ibuprofens linear
während der Titration. Durch das Einstellen von niedrigeren pH-Werten wurde eine Schwelle
der Konzentration an protoniertem Ibuprofen erreicht, die als Spinodale der flüssig-flüssigEntmischung (0.714 mM) identifiziert werden konnte. Mithilfe der genannten Ergebnisse
konnte ein Phasendiagramm bei Raumtemperatur konstruiert werden.
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Der zweite Teil dieser Arbeit konzentriert sich auf die Detektion und Charakterisierung der
Spezies, welche vor der Nukleation von Ibuprofen in wässriger Lösung existieren. In
Sedimentationsgeschwindigkeitsexperimenten wurde eine sekundäre Spezies detektiert,
jedoch konnte deren Existenz durch weitere analytische Methoden nicht verifiziert werden.
Sedimentationsgleichgewichtsexperimente wurden durchgeführt um das partielle spezifische
Volumen von Ibuprofen in wässriger Lösung zu bestimmen (𝜈̅ = 0.8735 cm³/g). Dieses wurde
eingesetzt um die durchschnittliche molare Masse aller Spezies in Lösung zu bestimmen. Da
dieser Wert (~ 212 g/mol) in etwa dem Molekulargewicht von Ibuprofen entsprach, konnte
geschlussfolgert werden, dass vor der Nukleation keine Spezies von messbarer Konzentration
präsent war. In Überschichtungs-Kristallisationsexperimenten konnte das Auftreten von
Lichtstreuung beobachtet werden, was durch eine flüssig-flüssige Phasenentmischung
bedingt war wie in den Titrationsexperimenten. Die Übertragung des Titrationsexperiments
auf die Methode der isothermen Titrationskalorimetrie konnte zeigen, dass ein endothermer
Prozess vor der Phasenseparation stattfand (4.7 kJ/mol), während die flüssig-flüssigPhasenentmischung exotherm war (- 3.2 kJ/mol). Es wurde angenommen, dass der endotherme Prozess auf eine Freisetzung von Wassermolekülen aus der Hydratationshülle der
Ibuprofenmoleküle zurückzuführen ist, ausgelöst durch die sukzessive Protonierung dieser
Moleküle. Mithilfe der Elektrospray-Massenspektrometrie konnten keine Cluster des
protonierten Ibuprofens in untersättigten Lösungen festgestellt werden. In untersättigten
sowie übersättigten Lösungen konnte die Analyse durch die Taylor-Dispersion keine Spezies
mit einem geringeren Diffusions-koeffizienten als dem von Ibuprofen bestimmen. Aufnahmen
mittels Kryoelektronmikroskopie konnten keine andere Spezies außer die der dichten
Flüssigphase zeigen. Die Entwicklung der Größenverteilung zu größeren Tröpfchen wurde
durch zeitabhängige Messungen mittels der dynamischen Lichtstreuung gezeigt.
Bezugnehmend auf all diese Ergebnisse, wurde davon ausgegangen, dass, außer der dichten
Flüssigphase, keine sekundäre Spezies vor der Nukleation in dem wässrigen System von
Ibuprofen existiert.
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In dem dritten Teil dieser Arbeit wurden weitere 1H NMR Experimente mit IbuprofenLösungen aus der Titration durchgeführt, um Einblicke in die molekulare Dynamik in der
dichten Flüssigphase zu erhalten. Hierfür wurden die T1 and T2 Relaxationszeiten gemessen
sowie die Diffusionskoeffizienten von Ibuprofen sowohl in der Mutterphase als auch in der
dichten Flüssigphase. Die Messungen zeigten, dass die Diffusionskoeffizienten von Ibuprofen
in der dichten Flüssigphase bis zu 239 mal kleiner waren als in der Mutterphase. Gleichzeitig
war die molekulare Rotation ca. 5 – 7 mal langsamer. Es wurde vermutet, dass diese
Verringerung der molekularen Dynamik verantwortlich ist für die Metastabilität der dichten
Flüssigphase gegenüber der Nukleation einer kristallinen Phase. Der Einsatz von Toluol als
molekulare Sonde zeigte, dass sowohl Toluol als auch Ibuprofen in der dichten Flüssigphase
eine ähnliche Korrelation ihrer Diffusionskoeffizienten aufweisen, wenn diese miteinander
verglichen wurden. Die Annahme, dass beide Moleküle dieselbe Viskosität erfahren, konnte
anhand der berechneten Werte nicht bestätigt werden. Somit kann davon ausgegangen
werden, dass auf beide Moleküle eine unterschiedliche Viskosität einwirkte, obwohl diese sich
in demselben Fluid befanden. Messungen des Kern-Overhauser-Effekts zeigten, dass Signale
detektiert wurden, die lediglich den Protonen der Ibuprofenmoleküle in der dichten
Flüssigphase zugeordnet werden konnten, nicht aber denen in der Mutterphase. Aufgrund der
großen intramolekularen Distanz zwischen den besagten Protonen musste das Signal von
einer intermolekularen Interaktion mit anderen Ibuprofenmolekülen in räumlicher Nähe
herrühren. Basierend auf der Signalintensität, wurden die intermolekularen Abstände der
Protonen mit denen im kristallinen Ibuprofen verglichen. Es konnte gezeigt werden, dass die
intermolekularen Abstände der Ibuprofenmoleküle in der dichten Flüssigphase in etwa denen
im Kristall entsprachen. Der Abstandsvergleich in Lösungen von höherer Übersättigung zeigte,
dass die intermolekularen Abstände sich dadurch nicht ändern. Zusammenfassend kann man
sagen, dass die dichte Flüssigphase eine Vorstufe für den endgültigen Ibuprofenkristall
darstellt und lediglich einer strukturellen Umordnung bedarf, was in einem statistischen
Prozess geschehen sollte.
Der letzte Teil dieser Arbeit beschäftigt sich mit der Nukleation und Kristallisation von
Diclofenac in wässriger Lösung. Die Sättigungskonzentration wurde bestimmt (5.13 µM) und
lag deutlich niedriger als die von Ibuprofen. Mithilfe der Elektrospray-Massenspektrometrie
konnten keine Cluster bestehend aus dem protonierten Diclofenac in untersättigten Lösungen
festgestellt werden. In Sedimentationsgeschwindigkeitsexperimenten mit einer übersättigten
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Lösung konnte eine sekundäre Spezies detektiert werden mit einem höheren Sedimentationskoeffizienten als dem des Monomers. Jedoch war die Konzentration der Spezies sehr gering
(0.07 wt%). In Sedimentationsgleichgewichtsexperimenten von Diclofenaclösungen in Wasser
und D2O konnte das partielle spezifische Volumen bestimmt werden (𝜈̅ = 0.859 cm³/g). Dieser
Wert wurde verwendet um die durchschnittliche molare Masse von Diclofenac in Lösung zu
bestimmen. Diese wurde auf ~ 440 g/mol bestimmt. Da dieser Wert etwas höher ist als das
Molekulargewicht von Diclofenac, weist es darauf hin, dass gelöstes Diclofenac teilweise in
Aggregaten vorliegen könnte. In Überschichtungs-Kristallisationsexperimenten, mittels der
analytischen Ultrazentrifugation, wurde die Sedimentation einer Spezies beobachtet. Die
Auswertung des Sedimentationsprofils in unterschiedlichen Gemischen von D 2O ermöglichte
die Bestimmung der Dichte der sedimentierenden Spezies (1.205 g/cm³) und deren
Durchmesser (~ 5 nm), wenn eine sphärische Gestalt angenommen wird. Da die Dichte höher
war als die des gelösten Diclofenac, jedoch niedriger als die des Kristalls, konnte
geschlussfolgert werden, dass diese Spezies eine Zwischenstufe in einem frühen Stadium der
Nukleation darstellt. Aufnahmen der Kryoelektronenmikroskopie zeigten, dass die Nukleation
von Diclofenac über verdichtete Strukturen verläuft, welche sich in Folien umwandeln, die
dann in bandartige Strukturen übergehen. Die Beobachtung von Moiré-Mustern nach der
Verdichtung lässt darauf schließen, dass die kristalline Ordnung nach der Verdichtung
hergestellt wurde und somit auf eine nicht-klassische Route für die Nukleation von Diclofenac
hinweist.
Mit dieser Arbeit konnte eine Methode für das Verfolgen der Kristallisation kleiner organischer
Moleküle begründet werden, die in Kombination mit weiteren analytischen Methoden die
Erfassung von frühen Spezies in der Nukleation ermöglicht. Es wurde gezeigt, dass die beiden
Modellsysteme Ibuprofen und Diclofenac amorphe intermediäre Spezies aufweisen. Obwohl
sich diese in ihren physikalisch-chemischen Eigenschaften unterscheiden, konnte das Prinzip
der Verdichtung vor der Entstehung einer kristallinen Ordnung in beiden Systemen
beobachtet werden. Die Übertragung dieser Experimente auf andere Stoffe wird im Rahmen
zukünftiger Arbeiten zu dem Verständnis der Nukleation kleiner organischer Moleküle aus
wässriger Lösung erheblich beitragen.
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XIII Appendix

Fig. 13.1. Increase of pH after some time indicating nucleation. 80 ml of 3 mM S-IbuNa solution were titrated
with 10 ml 6 mM S-IbuNa solution and 10 ml 15 mM HCl solution, both at a rate of 0.2 ml/min.

Fig. 13.2. Left: Absorbance of equilibrium scans at 60 krpm after 48 h for 3 mM IbuNa solution in D2O (red) and
H2O (black). Middle:

𝒅𝒍𝒏 𝒄/𝒅𝒓²(𝑫𝟐 𝑶)
𝒅𝒍𝒏 𝒄/𝒅𝒓²(𝑯𝟐 𝑶)

plotted versus the radius. Right: graph of partial specific volume, calculated

with formula (9).
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Fig. 13.3. UV-Vis spectra for solutions of IbuH and IbuNa. IbuH solution was prepared by titrating a solution of
0.2 mM IbuH to pH 1, while maintaining the total ibuprofen concentration at 0.2 mM. IbuNa solution was
prepared by dissolving IbuNa salt in water (pH ~ 7).

Fig. 13.4. Raw data of S-Ibuprofen (left) and gallic acid (right) from ITC measurements (ctotal = 3 mM), both
titrated with 15 mM HCl solution.

126

Fig. 13.5. Droplets of ibuprofen dense liquid phase on the droplet surface after ITC experiment.

Fig. 13.6. Top: Taylor dispersion measurement of gallic acid solution (c total = 3 mM, pH = 5.15, black line). The
red line corresponds to the Gauss fit. Bottom: Taylor dispersion measurement of ibuprofen solution
(ctotal = 3 mM, pH = 5.15) after coating of the capillary with dextran solution.
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Fig. 13.7. Cryo-TEM graph of ibuprofen dense liquid droplets enclosed within the ice layer. The corona indicates
a thickening of the ice layer so that it can surround the larger droplets.

Fig. 13.8. PXRD graph of DicH precipitate from titration of 5 mM DicNa (red) and diclofenac polymorph HD2[82]
(black).
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Fig. 13.9. Crystals from heterogeneous nucleation at the nozzle tip during titration of DicNa (ctotal = 5 mM).

Fig. 13.10. Titration of DicNa (ctotal = 3 mM). A solution of 0.5 mM DicNa (80 ml) was titrated with 1 mM HCl
solution and 1 mM DicNa solution, both at a dosing rate of 0.2 ml/min. Error bars correspond from the
standard deviation of n = 3 independent measurements.
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Fig. 13.11. Left: Absorbance of equilibrium scans at 60 krpm after 48 h for 3 mM DicNa solution in D 2O (red)
and H2O (black). Middle:

𝒅𝒍𝒏 𝒄/𝒅𝒓²(𝑫𝟐 𝑶)
𝒅𝒍𝒏 𝒄/𝒅𝒓²(𝑯𝟐 𝑶)

plotted versus the radius. Right: graph of partial specific volume,

calculated with formula (9).

Fig. 13.12. UV-Vis spectrum of 0.1 mM DicNa solution.

Fig. 13.13. Epon centerpiece after the synthetic boundary crystallization of diclofenac. On the right side of the
right sector, a precipitate of diclofenac can be seen (blue circle).
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XV List of Abbreviations

CNT

Classical Nucleation Theory

r

radius

rH

hydrodynamic radius

𝛾

surface tension

ΔGV

volume free energy

𝑟𝑐𝑟𝑖𝑡

critical cluster radius

𝛥𝐺𝑒𝑥

critical free energy

T

absolute temperature

kB

Boltzmann constant

J

nucleation rate

PNC

pre-nucleation cluster

DOLLOPs

dynamically ordered liquid-like oxyanion polymers

DFT

density functional theory

SAXS

small angle X-ray scattering

SANS

small angle neutron scattering

ΔG0L-L

free energy for the formation of a dense liquid phase

SMRT

single-molecule real-time

BCS

Biopharmaceutical Classification System

TEM

Transmission electron microscopy

Cryo

cryogenic

Ibu

ibuprofen
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IbuH

protonated ibuprofen

n(IbuH)

amount of protonated ibuprofen

n*(IbuH)

amount of protonated ibuprofen in the dense liquid phase

ncryst(IbuH)

amount of crystallized ibuprofen

ntrans(IbuH)

amount of transformed ibuprofen from ibuprofen sodium

S-Ibu

S-ibuprofen

IbuNa

ibuprofen sodium salt

n(IbuNa)

amount of deprotonated ibuprofen

API

active pharmaceutical ingredient

NSAID

nonsteroidal anti-inflammatory drug

Dic

diclofenac

DicH

protonated diclofenac

DicNa

diclofenac sodium salt

COX

cyclooxygenase

TMSPS

3-(Trimethylsilyl)-1-propanesulfonic acid-d6 sodium salt

ITC

isothermal titration calorimetry

NMR

nuclear magnetic resonance

CPMG

Carr–Purcell–Meiboom–Gill

PFG-STE

pulsed field gradient stimulated echo

DLS

dynamic light scattering

AUC

analytical ultracentrifugation

rpm

rounds per minute

𝜈̅

partial specific volume

ρ

density
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ω

angular velocity

rm

radial position of meniscus

FTIR

Fourier-transformed infrared spectroscopy

XRD

X-ray diffraction

ESI-MS

electrospray ionization mass spectrometry

S

supersaturation

Cs

saturation solubility

𝑉𝑡𝑜𝑡𝑎𝑙

total volume

𝑛𝑡𝑜𝑡𝑎𝑙

total molar amount

𝑐𝑡𝑜𝑡𝑎𝑙

total molar concentration of ibuprofen in the total volume

2DSA

two-dimensional spectrum analysis

NOE

nuclear Overhauser effect

NOESY

nuclear Overhauser effect spectroscopy

MC

Monte Carlo

DLP

dense liquid phase

SAED

selected area electron diffraction

kV

kilo Volt

nm

nanometer

Å

Ångström

mL

milliliter

µmol

micromol

µl

microliter

mcal

microcalorie

MHz

MegaHertz
143

δ

chemical shift

ppm

parts per million

A

attenuation of the signal intensity

G

gradient field strength

γ

gyromagnetic ratio of 1H

δ

duration of the applied gradient application

Δ

diffusion time

η

viscosity

M

magnetization

τc

rotational correlation time

s

sedimentation coefficient

S

Svedberg

D

diffusion coefficient

g

gram

M

molar mass

mM

milli-molar

min

minutes

R

universal gas constant

c

concentration

n

amount of substance

V

volume

K

Kelvin
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