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Abstract

Aqueous salt solutions are omnipresent and central to countless processes in chemical,
biological and physical systems. Examples of such phenomena are protein stability,
molecular self-assembly, surface e�ects, and membrane permeability, among others. De-
spite their ubiquitous importance, scienti�c understanding of salt e�ects is incomplete.
One particular �eld of interest is the alteration of the solubility of nonpolar molecules,
such as polymers, by various salt solutions.

Salt ions can be ordered according to the so-called Hofmeister series, an empirical and
qualitative classi�cation ranking the relative in�uence of ions on protein stability and
polymer solubility. Although the concept of ion-speci�c e�ects has been known since
the late 19th century, many aspects are unclear. For instance, while a general anionic
Hofmeister series is established, a molecular level mechanism for a cationic Hofmeister
series with polymers is missing. In addition, the impact of mixtures of salts on the
polymer solubility is poorly explored.

¿is work addresses these knowledge gaps by combining molecular dynamics simula-
tions with experimental data. Intriguing phase transition temperature (lower critical
solution temperature, LCST) trends of the polymer, poly(N-isopropylacrylamide) (PNI-
PAM), obtained from thermodynamic measurements, are elucidated on a molecular
level using computer simulations. ¿e present work investigates the complex interplay
of polymer–ion, polymer–water, ion–water, and particularly ion–counterion interac-
tions.

It is shown that the individual consideration of anion e�ects provides an incomplete
picture of polymer solubility. Instead, the anions’ nonadditive interplay with counter-
cations and, hence, concurrent Hofmeister e�ects must be considered. ¿e LCST of
PNIPAM is governed by the balance between electrostatic polymer–ion interactions,
which increase the LCST, and ion hydration in the bulk solution, which decreases
it. Cation–anion contact pair formation of weakly hydrated ions in the bulk causes
a loss in the usually favorable electrostatic interactions for weakly hydrated anions,
and, hence, leads to a LCST decrease. Strongly hydrated ions accumulate locally at
the polymer surface owing to the formation of solvent shared cation–anion pairs and
favorable electrostatic polymer–cation interactions. Hence, these contributions a�ect
the behavior of the usually depleted strongly hydrated anions and increase the LCST.
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Abstract

Unintuitively, mixing strongly and weakly hydrated salts does not balance both their
in�uences, but instead leads to nonadditive ion e�ects and a complex concentration-
dependent behavior of the LCST. In particular, it is shown that ion hydration bene�ts
from a �exible hydration shell, a unique ability of the weakly hydrated anion. It is caused
by cation partitioning from the weakly to the strongly hydrated anion, leading to an
increase of the water a�nity of the weakly hydrated anion and, hence, to a decrease
of the LCST. At higher concentrations of the weakly hydrated salt instead, the LCST
increases. Here, the polymer–anion interaction contribution dominates. ¿is is caused
by a decrease of the solubility of the weakly hydrated anion induced by the strongly
hydrated salt.

¿e present work extends the realms of Hofmeister chemistry adding understanding
of the role of cations on the solubility of polymers, both in combination with a weakly
and a strongly hydrated anion. Moreover, the current Hofmeister series is updated
accounting for the bifurcated behavior of weakly hydrated anions inmixed salt solutions.
Contradicting earlier mechanisms, it is demonstrated that ion e�ects are not strictly
additive but can be nonadditive. ¿e implications of the discoveries of the present
work go beyond polymer solubility and are vital for a vast number of processes in salt
solutions in disciplines of chemistry and related �elds.
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Kurzfassung

Wässrige Salzlösungen sind allgegenwärtig und von zentraler Bedeutung für unzähli-
ge Prozesse in chemischen, biologischen und physikalischen Systemen. Beispiele für
solche Phänomene sind u.a. Proteinstabilität, molekulare Selbstorganisation, Ober�ä-
chene�ekte und Membranpermeabilität. Trotz ihrer weitreichenden Bedeutung ist der
wissenscha liche Kenntnissstand zu Salze�ekten unvollständig. Von besonderem Inter-
esse ist die Veränderung der Löslichkeit unpolarer Moleküle, wie z.B. Polymere, durch
verschiedene Salzlösungen.

Salzionen können nach der sogenannten Hofmeister-Reihe geordnet werden, einer
empirischen und qualitativen Klassi�kation, die den relativen Ein�uss von Ionen auf
die Stabilität von Proteinen und die Löslichkeit von Polymeren ordnet. Obwohl das
Konzept ionenspezi�scher E�ekte seit dem späten 19. Jahrhundert bekannt ist, sind
viele Aspekte unklar. Beispielsweise existiert eine allgemeine Hofmeister-Reihe für An-
ionen, jedoch fehlt für eine Kationen-Hofmeister-Reihe mit Polymeren einWirkprinzip
auf molekularer Ebene. Darüber hinaus ist der Ein�uss von Salzmischungen auf die
Löslichkeit von Polymeren weitgehend unerforscht.

Diese Arbeit widmet sich den obigen Wissenslücken durch die Kombination von Mole-
kulardynamiksimulationen mit experimentellen Daten. Das ungewöhnliche Verhalten
der Phasenübergangstemperatur (untere kritische Lösungstemperatur, engl.: lower cri-
tical solution temperature, LCST) von Poly(N-Isopropylacrylamide) (PNIPAM), das
in thermodynamischen Messungen bestimmt wurde, wird auf molekularer Ebene mit
Hilfe von Computersimulationen aufgeklärt. Die vorliegende Arbeit untersucht das
komplexe Zusammenspiel von Polymer-Ionen-Wechselwirkungen, die Hydratation
von Ionen und Polymeren, ober�ächenähnliche Phänomene und insbesondere Ionen-
Gegenionen-Wechselwirkungen.

Es wird gezeigt, dass die isolierte Betrachtung von Anionene�ekten ein unvollständiges
Bild der Polymerlöslichkeit zeichnet. Stattdessen muss die nichtadditive Wechselwir-
kung von Anionen mit Kationen, also gleichzeitige Hofmeister-E�ekte, berücksichtigt
werden. Die LCST von PNIPAM hängt vom Gegenspiel von elektrostatischen Polymer-
Ionen-Wechselwirkungen, die die LCST erhöhen, und Ionenhydratisierung in der Lö-
sung, die die LCST senken, ab. Die Bildung von Kationen-Anionen-Kontaktpaaren aus
schwach hydratisierten Ionen in Lösung führt zur Reduktion der sonst anziehenden
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Kurzfassung

elektrostatischen Wechselwirkung schwach hydratisierter Anionen und damit zu einer
Abnahme der LCST. Stark hydratisierte Ionen reichern sich lokal an der Polymerober-
�äche an, was auf die Bildung von lösungsmittelgetrennten Kationen-Anionen-Paaren
und bevorzugte elektrostatische Polymer-Kationen-Wechselwirkungen zurückzuführen
ist. Diese E�ekte beein�ussen das Verhalten der sonst abgestoßenen stark hydratisierten
Anionen und steigern die LCST.

Entgegen der Intuition führt das Mischen von stark und schwach hydratisierten Salzen
nicht zum Ausgleich beider Ein�üsse, sondern stattdessen zu nicht-additiven Ionen-
E�ekten und einem komplexen konzentrationsabhängigen Verhalten der LCST. Ins-
besondere wird gezeigt, dass Ionenhydratation von einer �exiblen Hydratationshülle
begünstigt wird, eine einzigartige Fähigkeit des schwach hydratisierten Anions. Sie
wird durch Kationenanreicherung weg vom schwach hin zum stark hydratisierten An-
ion verursacht, was zu einer Erhöhung der Wassera�nität des schwach hydratisierten
Anions und damit zu einer Senkung der LCST führt. Bei höheren Konzentrationen
des schwach hydratisierten Salzes steigt stattdessen die LCST an. Hier dominiert der
Beitrag der Polymer-Anion-Wechselwirkung. Dies wird durch eine durch das stark hy-
dratisierte Salz induzierte Abnahme der Löslichkeit des schwach hydratisierten Anions
verursacht.

Die vorliegende Arbeit erweitert die Hofmeister-Chemie und trägt zumVerständnis der
Rolle von Kationen hinsichtlich der Löslichkeit Polymere bei, sowohl in Kombination
mit einem schwach als auch mit einem stark hydratisierten Anion. Darüber hinaus
wird die aktuelle Hofmeister-Reihe unter Berücksichtigung des zweifaltigen Verhaltens
schwach hydratisierter Anionen in gemischten Salzlösungen aktualisiert. Entgegen
zuvor angenommener Mechanismen wird gezeigt, dass Ionen-E�ekte nicht streng ad-
ditiv sind, sondern nicht-additiv sein können. Die Implikationen der Entdeckungen
der vorliegenden Arbeit gehen über die Polymerlöslichkeit hinaus und sind für eine
Vielzahl von Prozessen in Salzlösungen in Disziplinen der Chemie und verwandten
Gebieten von entscheidender Bedeutung.
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Chapter 1

Introduction

Aqueous salt solutions (i.e., electrolyte solutions) are ubiquitous. ¿ey are of universal
importance in chemistry, biology and life science, where they are signi�cant to myriad
chemical, biological and physical processes. Among others, aqueous solvated ions are
found in solutions in living cells, in body �uids, in brine solutions of ocean waters,
in aerosol droplets in the atmosphere, in food and drinks, in pharmaceuticals, in
solutions in electrochemical setups, and in hydrogels and other so functional materials.
Salts a�ect properties of bulk water and nonelectrolytes, such as polymers or other
macromolecules dissolved in the solutions. How salts modulate properties of polymers,
such as the solubility, has been the focus of an intensively studied research �eld over
the last decades.

1.1 Motivation

An aqueous salt solution is one of the simplest systems one can imagine and, yet,
essential knowledge is missing. With the introduction of an interface, e.g., a polymer in
aqueous solution, the system’s complexity increases drastically because a vast number
of crucial chemical interactions take place at these surfaces. ¿erefore, it is important
to understand ion e�ects in both bulk solutions and in the vicinity of hydrophobic
surfaces, such as air–water or polymer–water interfaces. For polymer solutions, this task
is challenging because the addition of di�erent types and concentrations of ions leads
to direct or indirect ion-speci�c e�ects, where all solution components are involved.
Speci�cally, polymer–ion, ion–ion, ion–water, polymer–water, and polymer–polymer
interactions need to be understood for a complete understanding of polymer solubility.
¿ese interactions will a�ect surface-related phenomena, ion pair formation, hydration
of ions, hydration of the polymer, intra- and inter-chain forces, and the hydrogen
bonding network.

One particular class of polymers, namely thermoresponsive polymers, exhibits a solu-
bility change and undergo a phase transition when exposed to a temperature shi . ¿is
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corresponds to a conformational change of the polymer chain. Depending on the pro-
portions of the components of a polymer–solventmixture, the solubility change happens
at a certain temperature called phase transition temperature. ¿e critical temperature
below which a complete miscibility of the components is observed, independent of
the proportions, is referred to as the lower critical solution temperature (LCST). It is
well-known that speci�c ions cause conformational changes of water-soluble thermore-
sponsive polymers since they a�ect the phase transition temperature. However, the
chemistry behind the addition of salt to aqueous solutions containing thermoresponsive
polymers is far from simple. How does a speci�c salt a�ect the polymer conformation
and thereby the polymer solubility? ¿e answer is a complex interplay of various ion-
speci�c e�ects in aqueous solutions. However, certain trends among ions are observed.
How di�erent salts a�ect the solubility of macromolecules, such as polymers and pro-
teins and other properties, have been ranked according to the so-called Hofmeister
series. Until today, neither the entire underlying mechanism of the Hofmeister series,
nor the e�ects of salts are understood completely.

Hofmeister series. ¿e Hofmeister series ranks ions systematically according to their
ability to a�ect polymer solubility and protein stability (Fig. 1.1). 1–3 Ions on the le -hand
side are classi�ed as strongly hydrated, while ions on the right-hand side are denoted
weakly hydrated. ¿e boundary between the two classes is typically drawn at the chlo-
ride ion. Strongly hydrated anions decrease polymer solubility, i.e., they decrease the
LCST, a process called salting out. 4 ¿ey interact repulsively with and are depleted
from the polymer–water interface. ¿e addition of these ions to an aqueous polymer
solution leads to a strengthening of the hydrophobic e�ect, i.e., a force leading to the
minimization of the solvent-exposed surface. Weakly hydrated anions have a preference
for nonpolar environments instead, such as air–water 5 and polymer–water 4,6,7 inter-
faces. ¿e addition of these ions to an aqueous polymer solution leads to a weakening
of the hydrophobic e�ect. ¿is causes a moderate increase of the polymer solubility,
i.e., a moderate increase of the LCST, a process called salting in. 4 ¿e terminology of
salting out and salting in originates from the phenomenologically observed clouding
during precipitation of macromolecules. A corresponding universal description of the
cationic Hofmeiser series is not available today because a thorough understanding of
cation-speci�c e�ects is missing. ¿e salting-out and salting-in ranking of cations in
Fig. 1.1 applies to proteins and should not be seen as a general classi�cation. However,
Fig. 1.1 shows that the salting-out and salting-in behavior of cations relative to the
hydration capacity is opposite compared to anions.

How ions that follow the Hofmeister series change various physical behaviors is usually
referred to as the Hofmeister e�ect. One of the most commonly studied Hofmeister
e�ects is thermoresponsive polymer solubility. However, the Hofmeister series also
ranks other physical properties such as surface tension, catalysis of chemical reactions,
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CO2−
3 > SO2−

4 > S2O2−
3 > H2PO−4 > F− > Cl− > Br− > NO−3 > I− > ClO−4 > SCN−

strongly hydrated weakly hydrated

Mg2+ > Ca2+ > Li+ > Na+ > K+ > Rb+ > Cs+ > NH+4 > N(CH3)+4

Salting-out

Salting-in Salting-out

Salting-in

Fig. 1.1 The anionic (top) and cationic (bottom) Hofmeister series, ranking ions from strongly to weakly
hydrated and the corresponding salting-out and salting-in abilities.

solubility of gasses and of colloids, equilibrium constants, cavity formation and protein
denaturation. 8,9 ¿erefore, an understanding of the Hofmeister series does not only
help to understand ion e�ects on the solubility of polymers and other macromolecules,
but also to understand ion e�ects on other interfacial phenomena and on bulk solution
properties. In addition, the Hofmeister series has been observed for bulk properties in
nonaqeuous solutions. 10

Scienti�c questions. For certain well-studied systems, the e�ect of anions on the direct
and indirect contributions to the polymer solubility is known. 4,7,9,11–21 However, two
�elds that are insu�ciently explored are the role of cations and the role of a second
salt in polymer solubility. Extending the knowledge of ion-speci�c e�ects to cations
is important since biological systems naturally contain cations, which play key roles
in such systems. For instance, sodium and potassium ions are vital for the regulation
of (bio)macromolecular processes. Understanding the role of cations would allow for
explaining, and even tuning, biological phenomena. For long, cation and anion e�ects
have been assumed to be independent and additive, due to earlier studies 22,23 of ther-
modynamic bulk solution properties. ¿is has been followed up by other studies 24–26
that applied the idea to partitioning of ions to air–water interfaces and protein–water
interfaces. However, it is unclear whether polymer solubility is related to the sum of
cationic and anionic e�ects (additive behavior), or if the behavior of an ion depends on
the type of counterion (nonadditive behavior). ¿is raises several speci�c questions.

1. What role do cations play for the phase transition temperature of polymers?

2. How dominant are such cation e�ects?

3. Does the type of anion in�uence the cation e�ect and vice versa?

4. Are cation–anion combinations additive or nonadditive?

Extending the understanding of ion-speci�c e�ects to mixed electrolyte solutions is
important since, naturally, multiple ions are present in biological systems. Hofmeister
e�ects in systems comprising a mixture of di�erent ions must be investigated in order
to understand this ion speci�city. It is especially intriguing to explore if mixed salt
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e�ects are additive or nonadditive, i.e., whether the sum of the e�ects from separate salts
solutions, e.g., on the LCST behavior, is similar to the e�ect of the mixture (additive
behavior), or if it di�ers (nonadditive behavior). Hence, the interplay between multiple
ions must be investigated, which raises the following questions:

5. Are ion e�ects in aqueous electrolyte mixtures additive or nonadditive?

6. How does this impact bulk thermodynamic properties of mixed electrolyte
solutions?

7. Do the ion e�ects lead to an additivity or nonadditivity of phase transition
temperature behaviors?

8. Additionally, can the knowledge of salt mixtures be transferred to other
complex mixtures such as osmolyte (organic compounds of low-molecular
weight) mixtures?

Anion e�ects are universal and chemistry independent, i.e., apply to di�erent types of
polymers, and uncharged or charged systems. Systems of interest do not only contain
mixtures of salts, they can also contain mixtures of polymers. Further, until today,
studies concerning ion-speci�c e�ects have mainly focused on structural properties.
¿e Hofmeister e�ects are heretofore unexplored in terms of dynamic properties. In
general, ion e�ects on polymer solubility have been investigated in bulk solutions, but
not in con�ned spaces. All these observations raise the following additional questions.

9. Are cation and mixed salt e�ects general in a similar way to anion e�ects?

10. What happens with observed ion e�ects when the polymer solution consist
of a mixture of polymers?

11. Is the Hofmeister ordering also observed for dynamic properties?

12. What happens with ion e�ects in con�ned environments?

An understanding of these questions will bring physical chemistry even closer to bio-
chemistry . However, a combined theoretical and experimental e�ort is needed. Here,
the ability of computer simulations to examine systems of interest on a molecular level
plays a crucial role. A key point for computer simulations are appropriate models (i.e.,
force �elds). For the investigation of ion-speci�c e�ects, all-atom force �elds are needed.
In particular, nonpolariazble force �elds are well-suited because of their low computa-
tional cost and their comparatively simple development compared to polarizable force
�elds. However, nonpolarizable force �elds are usually su�ering from artifacts such as
too strong ion pairing, which raises the following question:

13. How can polarizable e�ects be counted for, especially for multivalent ions,
in a smart way in nonpolarizable force �elds?
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Applications. Understanding the ion-speci�c e�ects in polymer solutions has become
of interest across many �elds concerned with such systems. Some examples are smart
polymer materials, chemical sensors, chemo-mechanical actuators, biochemical pro-
cesses in the living cell, controlled drug delivery and bioseparation. ¿is has lead to
major advances in polymer applications used in both specialized �elds and everyday
products. For example, the thermoresponsive polymers possess a number of properties
well-suited for use in a new generation of analytical and sensory devices with improved
performance over existing products. Especially the ion-speci�c conformational change
occurring at the phase transition temperature, can be utilized to functionalize inner
walls of nanopores and thereby control the pore diameter in an ion-speci�c manner.
Among others, this is useful for medical diagnostics (e.g., measurement of body �uids
and for people with diabetes), environmental analytics (e.g., measurement of drink and
ground water), and process sensors (e.g., within pharmaceutical and food industry).

1.2 State of the art

For as long as 130 years, studies have shown that ion e�ects are speci�c. Ion e�ects
are important for a vast range of biological and chemical phenomena and physical
properties such as polymer collapse, 4,11,27 protein stability, 1,2,28–31 protein–protein in-
teractions, 30,32,33 protein crystallization, 34,35 molecular self-assembly, 36–39 colloidal
stability, 40 surface e�ects, 41–43 hydrophobic interactions, 44 enzyme activity, 34,45–49
DNA–protein interactions, 34 membrane permeability, 50 ion-channel function, 34 bub-
ble coalescence, 51–53 water structure 54 and bacterial growth. 55,56 Explanations of these
phenomena and how ions in�uence them go beyond classical theories for electrolyte
solutions. 57 Instead, the concept of Hofmeister e�ects is needed.

History of Hofmeister e�ects. Hofmeister e�ects have a long history in the literature.
¿e following summary of important publications on Hofmeister e�ects in the context
of salts’ in�uence on polymer solubility takes inspiration from impactful review articles
in the �eld. 13,17 ¿e idea of ion-speci�c e�ects goes back to the late 1800s when Hofmeis-
ter discovered that the ability of salts to precipitate egg white proteins from aqueous
solutions could be ordered. 1 His rankings of individual anions and cations have later
been referred to as the anionic and cationic Hofmeister series as described above. ¿e
series have been broadened beyond the ranking of the precipitation ability of proteins
and are still relevant today, even if Hofmeister was limited in his choice of proteins and
salts. ¿e �rst �ndings were directly followed up and extended to additional proteins
and colloidal particles. 2 ¿e ordering of the ions were also related to their hydration
strength. 2 Back then, this was referred to as the ”water-absorbing e�ects of salts”. 2 ¿e
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devised ideas were based on the theory by Arrhenius and Ostwald about electrolytic
dissociation. 17,20

For the following decades, the concept of the change of bulk water properties being
crucial for salt e�ects on nonelectrolytes, e.g., polymers and proteins, remained. Presum-
ably, this originated from researchers being limited to bulk solution studies. Some of
the studies conclusive for the bulk water idea are brie�y presented here. Jones and Dole
formulated a model describing the salt concentration dependence of the viscosity of
aqueous salt solutions. 58 Cox and Wolfenden expanded the theory by emphasizing that
the ion-speci�city (expressed by the Jones–Dole viscosity coe�cient) and the tempera-
ture coe�cient of an ion’s electrical mobility are correlated. 59 ¿is mobility was further
correlated with the water structure of ions’ hydration shells, i.e., their degree of ion
hydration. 59 Small ions with strong hydration strength have the ability to increase the
water viscosity. Large ions with weaker hydration strength have the ability to decrease
the water viscosity. Gurney followed up and classi�ed ions as either capable of ordering
or disordering water molecules. 60 All these studies in the 1930s to 1950s lead to a theory
referring to ions as ”water structure makers” or ”water structure breakers”. 59–61 ¿e
terms correspond to how ions modify the hydrogen bonding network of the surround-
ing water. ¿e terms kosmotropes and chaotropes were introduced, too. 24,62 Initially,
they were used to characterize ions depending on their e�ect on biomolecules, 24,62
but came to be employed to provide information about the ability of ions to a�ect the
hydrogen bonding network, andwere later used as synonyms for ”water structuremaker”
and ”water structure breaker”. 63 Kosmotropes increase structuring of adjacent water
molecules and stabilize proteins and other macromolecules. 64–66 Chaotropes instead
decrease the water structure, and destabilize proteins and other macromolecules. 64–66
¿ese terms lead to a focus on ions’ ability to a�ect the bulk water structure, instead of
how they a�ect the nonelectrolyte. For many decades, the prevailing ideas were that
nonelectrolytes were indirectly a�ected by salts through bulk water properties 24,59–62 as
illustrated in Fig. 1.2a.

From the late 1950s to the early 1980s the interest in the Hofmeister series was renewed.
¿e focus shi ed to investigations of interactions between ions and surfaces of pro-
teins. Typically, these interactions were examined by using small model systems (e.g.,
N-methylacetamide (NMA)) and thermodynamic techniques (e.g., calorimetry and vis-
cosity measurements). 67,68 Investigations including solubility studies of larger systems
(e.g., polyglycine oligomers 69–71 and proteins 72) and chromatography studies of model
polyacrylamide–water interfaces 73 followed a er. ¿e outcome from these decades,
dominated by the thermodynamic measurements, was that weakly hydrated anions
(e.g., SCN– and I– ) and strongly hydrated cations (e.g., Mg2+ and Li+) interact with
(macro)molecules. 67–73 ¿epreferential interaction site was the peptide backbone. How-
ever, no interactions were observed for strongly hydrated anions (e.g., SO 2 –

4 and F– )
and weakly hydrated cations (e.g., NH +

4 and Cs+). 67–73 Except for some initial tries, 24,34
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−−

(a) (b)

Fig. 1.2 (a) The concept of ”water structure makers” and ”water structure breakers” implies that water
molecules beyond an ion’s first hydration shell are organized. (b) Direct polymer–ion interactions
and random organized water molecules in the bulk solution. Blue represents anions, red and white
represent water molecules, and the chain of gray spheres represents the polymer. Ion hydration shells
are depicted with black dashed circles.

spectroscopy techniques were not exploited yet, owing to their immaturity. ¿is made
atomistic level investigations of (macro)molecules–ion interactions and corresponding
ion-speci�c e�ects di�cult. ¿erefore, the attention to ”Hofmeister e�ects” cooled o�
for the following two decades.

First in the beginning of the 2000s, the attention resurfaced, mainly owing to a Hofmeis-
ter conference (including an associated published special issue 74). Hofmeister’s ideas
also became more accessible to the whole community, since the issue also contained
English translations of the above two original papers from Hofmeister. 3 New exper-
imental techniques (e.g., sensitive spectroscopy techniques) and new computational
methods due to more powerful computers now allowed for re-examination of the un-
derlying source for the Hofmeister e�ects. During the succeeding years the amount
of studies dealing with Hofmeister e�ects exploded, 15,17,26,29,75–84 which is known as
the ”Renaissance for Hofmeister”. 85 ¿e idea of explaining the Hofmeister ordering
by ions as structure makers and structure breakers was now critically challenged. 86–97
¿e main reasons were that i) evidence speaking against the ability of ions to a�ect
long-range bulk water structure was found, 86,98 ii) it was questioned if the e�ect of ions
on proteins and other nonelectrolytes could actually be investigated without looking
at the nonelectrolyte itself, 17 and iii) cations’ opposite behavior (i.e., strongly hydrated
cations cause salting-in and weakly hydrated cations cause salting-out) compared to
anions implies that the idea about water structure breakers and makers cannot explain
polymer solubilities. Further, the preferred classi�cation of ions as strongly or weakly
hydrated is a consequence of distancing oneself from the concepts of kosmotropes and
chaotropes. Multiple researchers have contributed to the disproval of the hydration
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behavior of ions in bulk solutions as an explanation for the Hofmeister ordering and to
discarding the structure breaker and maker terminology by investigating a large variety
of di�erent ions. 86–97 Using spectroscopic measurements and investigating rotational
dynamics of water molecules, Bakker et al. showed that there is no in�uence of ions
on the hydrogen bonding network outside the �rst hydration shell. 86–89 Spectroscopic
measurements, in combination with computer simulations, were also used by Saykally et
al. to demonstrate that the perturbation observed in OH vibrational spectra of aqueous
salt solutions originates from the electric �eld of the ions solely on the closest water
molecules. 95 ¿at water molecules within the �rst hydration shell are perturbed and
that no signi�cant perturbation is observed for the ones outside, was also demonstrated
by neutron di�raction measurements conducted by Soper et. al. 96,97 Simultaneously,
thermodynamic analysis and pressure perturbation calorimetry was used by Pielak et
al. to show that there is no correlation between the e�ect of salts (and solutes such
as sugars, trimethylamine N-oxide (TMAO) and urea) on the water structure and on
protein stability. 90 In addition, a modi�ed theory taking the dispersion interactions
into account (model is discussed below) was introduced by Ninham et al to study ions-
speci�c interactions with charged particles and other ion-speci�c phenomena. 91–94 ¿is
also contributed to the disproval of ions’ long-range e�ect on bulk water.

An alternative explanation was developed and the idea of speci�c ion interactions with
surfaces was established. 99 ¿e shi of attention to interfaces, in particular to air–water
interfaces and macromolecule–water interfaces (e.g., polymers, proteins and lipids),
originates from key contributions from multiple researchers. 4–6,25,26,42,100–113 Molecular
dynamics (MD) simulations, performed by Jungwirth, Tobias et al., showed a preferred
absorption of weakly hydrated halide ions at the air–water interface. 5,100–103 ¿ese �nd-
ings were proved by Hemminger et al. using spectroscopy. 104 In agreement with the two
studies, by applying a salt ion-partitioning model (model is discussed below), Pegram
and Record showed a higher tendency for weakly hydrated anions to accumulate at inter-
faces such as air–water and protein–water interfaces. 25,26,113 ¿e weakly hydrated anion
propensity for air–water interfaces has also been con�rmed by others. 42,105,106 Jungwirth
et al. demonstrated interactions between ions and protein–water interfaces, especially
with charged and polar groups, by means of MD simulations. 107–109 Just before that,
Cremer et al. showed that ions a�ect water molecules in the hydration shell of macro-
molecules at an ion–water–macromolecule interface according to the Hofmeister series
using thermodynamic and spectroscopic techniques (model is discussed below). 4,6,12 A
correlation between the size of an ion and anion e�ects on monolayers of lipids at the
air–water interface was found by Leontidis et al. using spectroscopy, and theoretical
modeling. 110–112 ¿ereby, thermodynamic, spectroscopic andmolecular simulation tech-
niques have proven that the underlying explanation for the Hofmeister series originates
from ion interactions as illustrated in Fig. 1.2b. ¿ese are, interactions of ions and ion
pairs with speci�c molecular groups of the backbone and side chains of nonelectrolytes,
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such as polymers and proteins, and with their hydration shell. 9,13 ¿e complete change
of the view of the crucial mechanism for the Hofmeister e�ects is remarkable, but can
be explained with the accessibility of developed techniques. However, this does not
imply that ion interactions with water molecules are irrelevant.

In recent years, interactions between all components in the examined solutions, i.e., salts
(cations and anions), water and nonelectrolytes (charged and uncharged) have been
recognized to contribute to theHofmeister e�ects. 17,21,114¿eHofmeister community has
therefore started to explore the following: ¿e cationic Hofmeister series, 43,75,78,84,115–118
combined anionic and cationic Hofmeister e�ects, 19,119–121 and a phenomenon called
reversed (or inverse) Hofmeister series. 20,21,43,78,118,122–127

¿e vast number of publications concerning Hofmeister e�ects and ion-speci�c e�ects
every year signi�es the substantial research e�ort within the �eld. ¿e interested reader
can refer to summaries and reviews for more information. 13,17,21,57,74,103,107,114,128–132 Fur-
ther, Hofmeister e�ects have been investigated within the supramolecular commu-
nity, 133–135 which is not covered in this work. Below follows a description of Hofmeister
e�ects and some examples of characteristic ion interactions for anions and cations.

Anionic Hofmeister e�ects and anion interactions. So far, studies concerning the
in�uence of salts on polymer solubilities have mainly focused on anions, while cations
have usually only been assigned a charge balancing role in the solution. ¿is has lead to
an improved understanding of anionic Hofmeister e�ects and how they tune physical
behavior in aqueous solutions. ¿e focus on anions has many di�erent reasons: i)
biomacromolecules with positively charged groups are typical targets for Hofmeister
studies, i.e., studies between these groups and anions, 20,21 ii) easier access to weakly
hydrated inorganic anions has led studies of direct interactions between anions and
macromolecules, 20,21 and iii) the larger size of anions and, hence, their weaker hydration
shell stimulated studies of noncovalent interactions with macromolecules. 20

Two mechanisms are considered Hofmeister e�ects that explain the two phenomena:
salting-out and salting-in that take place when salt is added to aqueous solutions. First,
the so-called excluded-volume mechanism leads to salting-out of nonelectrolytes. 136 A
complete picture on the molecular level is still missing. However, it is understood that
strongly hydrated anions bind water molecules and the nonelectrolyte is pushed out of
the solution owing to a lack of water molecules that can solvate the nonelectrolyte. 21 Sec-
ond, direct binding between ions and nonelectrolytes, when replacingwatermolecules at
the surface, leads to salting-in of the latter. 21 A thirdmechanism, the reverse (or inverse)
Hofmeister e�ect, exists. Compared to the traditional Hofmeister e�ects mentioned
above, the precise mechanism of the reverse Hofmeister e�ect is not well understood
today. 20,21 However, it has been proposed that the e�ect is caused by ion pairing with
charged groups of proteins (or other molecules) leading to charge neutralization. 20 Ions

9



Chapter 1 Introduction

are commonly not fully hydrated and do not compose a statistical mixture. 126,137 Instead,
ion pairing and ion clustering are usual phenomena in aqueous solutions. Owing to
ion pairing, weakly hydrated anions can cause a reduction of the net charge of the
solute and, thereby, aggregation and precipitation instead of, as expected, an increase
of the solubility. 20,21 Furthermore, strongly hydrated anions that are usually depleted
from macromolecules can lead to salting-in behavior through the interaction with the
charged groups. 138 It is important to point out that this e�ect caused by Coulombic
interactions is di�erent from both the excluded-volume e�ect (leading to salting-out),
and from ion binding with nonpolar groups (leading to salting-in). Additionally, a
problem arises regarding the nomenclature of salting-out and salting-in, since some
salts can be both. 21 ¿e concept of reverse Hofmeister e�ects contributed to discarding
the structure breaker and maker terminology, since the same ion can lead to both a
reverse and a direct Hofmeister e�ect, but cannot be both a water structure maker and
breaker. 20

To develop an understanding of the preferential interaction (or exclusion) of anions
with nonelectrolytes, the following systems have been investigated: Small organic
molecules, 15,139 amino acids, 79 model amides, 15,81 peptides, 138,140 model polypeptide
system, 6,82 proteins, 109,141 and polymers. 4,7,15,16 Consensus has been formed regarding
anion interactions. 13 Weakly hydrated anions (e.g., SCN– and I– ) preferentially bind
to (bio)polymers. Strongly hydrated anions (e.g., SO 2 –

4 , F– and Cl– ) do not bind
preferentially. ¿e interaction sites on the (bio)polymer are the nitrogen of the polar
amide moieties (e.g., amide moieties on side chains or along backbones) and nonpolar
CH groups (e.g., alpha-carbons on the backbones). 4,6,7,16,82,141 ¿is has been demon-
strated for poly(N-isopropylacrylamide) (PNIPAM), 4,7,16 poly(N,N-diethylacrylamide
(PDEA) 7 and elastin-like polypeptides (ELPs), 6,82,141 using MD simulations, 82 phase
transition temperature, 4,6,7,82 nuclear magnetic resonance (NMR) spectroscopy, 7,82 and
other spectroscopic measurements. 7,16,141 A comparison of a polymer without an amide
hydrogen (i.e., PDEA) and polymers with (i.e., PNIPAM and ELP) demonstrated that
the NH site is not necessary for anion binding. 7,16 Investigations of smaller molecules,
i.e., NMA and t-butyl alcohol, by means of MD simulations and spectroscopic mea-
surements, respectively, have pointed out the hydrophobic methyl groups as interaction
sites for weakly hydrated anions but not for strongly hydrated anions. 81,139 Indeed, the
chemical environment of amide moieties has an in�uence on the binding a�nity of
anions and should be taken into account. 15 Additionally, predictions of ion interactions
with proteins have been made since ELP is seen as a model for protein 6 and NMA
as a model for peptide bonds. 70,81 Interactions with charged groups have also been
investigated. 79,109,138 Strongly hydrated anions (e.g., SO 2 –

4 , F– and Cl– ) interact with
positively charged groups, while an accumulation of weakly hydrated anions (e.g., SCN–

and I– ) is observed close to nonpolar groups. 79,109,138 ¿is is a reverse behavior com-
pared to the uncharged nonelectrolytes presented above showing a repulsion of strongly
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hydrated anions. ¿is has been shown for lysozyme 109 and for basic amino acids, 79
both by means of MD simulations and for an uncapped triglycine by performing MD
simulations and NMR measurements. 138 ¿e uncapped triglycine was used as a model
system protein and, thus, the behavior is expected to be the same for positively charged
amino acids.

Cationic Hofmeister e�ects and cation interactions. Salt e�ects on nonelectrolytes,
e.g., causing changes in the polymer solubility, are a cumulative result of both anions
and cations. ¿is means that i) anion e�ects are speci�c for one cation, and ii) di�erent
cation must be examined for a full picture of Ho�meister e�ects. Although cations are
important, the di�culties in observing cation-speci�c e�ects presumably explain why
they have been studied to a lesser extent than anions. For instance, the in�uence of
cations on thermodynamic properties is weaker than for anions. 115 Further, the nonelec-
trolytes typically used when investigating cation e�ects are proteins, and interactions
between cations and peptide backbones are interfered by side chain and secondary
structure e�ects. 73,142,143 ¿erefore, a picture as general as for anions does not exist, yet.
¿at strongly hydrated cations lead to a salting-in behavior and weakly hydrated cations
to a salting-out behavior, i.e., opposite compared to anions (Fig. 1.1), originates from
considerably di�erent binding sites for anions and cations. 118 Cations interact with
polar groups and charges on proteins. 118 Exact interactions with the protein depend on
the speci�c ion and on the charge distribution on the protein. 115 Cations interact favor-
ably with negatively charged carboxylate moieties. 75–78,115,144–146 ¿is has been observed
experimentally 76,77,115,146 and with MD simulations 75,78,144–146 by investigating small car-
boxylate ions, 78,144,146 amide acids containing a carboxylate group in the side chain, 76,77
ELP consisting of amino acids with carboxylate groups, 115 or protein surfaces. 75 ¿e
experimental techniques were phase transition temperature, 115 spectroscopic, 76,77 and
conductivity measurements. 76 Additionally, the backbone plays a smaller role, but for
the backbone the amide carbonyl oxygen stands for the ion speci�city. 75 Uncharged
systems have been investigated as well, but to a smaller extent than for anions. As
for the anions, the driving force for uncharged and charged macromolecules is very
di�erent. ¿e cation e�ect is weaker for uncharged systems. NMA 67,68,81,147 and other
amides 147 have also been used asmodels for cations. Alkali and alkaline earthmetal ions
exhibit an a�nity for the amide carbonyl group (amide carbonyl oxygen). 67,68,81,147 ¿is
has been shown by using thermodynamic techniques, 67,68 spectroscopy, 147 and MD
simulations. 81 However, spectroscopy studies of butyramide show that only divalent
and not monovalent cations bind to the amide carbonyl oxygen. 84 Larger uncharged
nonelectrolytes have not been used for cation interaction investigations to the same
extent as protein (or as for the anions). However, the same behavior as for NMA (cation
interaction with carbonyl oxygen) has been observed with peptides 148 and PNIPAM
when using MD simulations. 149 More studies, both experiments and simulations, are
needed for a clearer picture of cation interactions and their e�ect on macromolecule
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solubility. Especially, contradictions about the ion interaction of sodium and potassium
ions with the amide carbonyl oxygen, both if there is a favorable interaction at all and
how strong it is, must be resolved. 15,81,82,84,148,149

Anion versus cation interactions and their relative strength. A description of the
interaction strength and preferential interaction sites of cation and anions with macro-
molecules can be found in the literature. 118 Here, a brief summary of the aforementioned
ion interactions for anions and cations follows. Strongly hydrated anions and cations
interact the strongest with charged groups, while weakly hydrated anions and cations
show a weaker interaction. For uncharged groups (e.g., backbones of proteins), weakly
hydrated anions and strongly hydrated cations show interaction. ¿e former interacts
stronger than the latter, and its interaction strength is between strongly and weakly
hydrated ions with charged groups. All mentioned ion interactions and their relative
strengths are summarized in Fig. 1.3.

Owing to the di�erent binding sites and the di�erent sensitiveness of used methods, it
is di�cult to compare the binding strength of cations and anions. It has actually been
shown that cation interactions with the amide moieties are quite strong. 81,148,149 Some
even claim that cation interactions with the carboxylate group are stronger than anion
interactions with the NH group. 81,138,140,149 ¿is is, however, highly questionable since
other studies suggest the opposite. 15,82,84

Hofmeister e�ects on the aqueous solubility of thermoresponsive polymers. Dur-
ing the last two decades, much attention was devoted to explaining interactions between
ions and polymers (and other nonelectrolytes) a�ecting the stability of the solution.
¿ree di�erent models that attempt to explain the ion-speci�c e�ects in polymer solu-
tions are introduced here. For a more detailed summary of the models the reader can
refer to Moghaddam and¿ormann. 114

Cremer et al. proposed a molecular perspective approach for ion-speci�c e�ects on
polymers. ¿e e�ects are described using a mechanism consisting of three contribu-
tions: direct ion binding, surface tension and polarization. 4,6,82 ¿e �rst mechanism
describes anion interactions with the polymer surface, while the other two consider an-
ion interactions with the hydration shell of the polymer. With this, the phase transition
temperature as a function of salt concentration can be explained for macromolecules
such as PNIPAM and ELP in sodium salts. 4,6 A linear decrease of the LCST (salting-out
behavior) as a function of the salt concentration is observed for strongly hydrated anions,
while weakly hydrated anions show a nonlinear behavior with a slight increase of the
phase transition temperature (salting-in behavior) at low concentrations followed by
a decrease (salting-out behavior) at higher concentrations. 4,6,82 ¿is is illustrated in
Fig. 1.4. ¿e model describes the linear decrease for salts containing a strongly hydrated
anion with the polarization contribution. More speci�cally, it is assumed that these
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Fig. 1.3 Relative ion binding strengths of anions (blue) and cations (orange) with charged groups,
uncharged groups and backbones. Hydration shells are shown by dashed lines and the large or small
size indicates strongly or weakly hydrated ions, respectively.

anions induce polarization of neighboring water molecules that are hydrogen-bonded
to the amide group of the PNIPAM or ELP. ¿e degree of a strongly hydrated anion’s
polarization ability has been shown to be correlated with its entropy of hydration. 4
¿erefore, a larger anion hydration results in a stronger salting-out behavior. ¿e model
describes the nonlinear LCST for salts containing a weakly hydrated anion by the bal-
ance between direct ion binding to the polymer and the surface tension contribution.
¿e former leads to an increase and the latter to a decrease of the LCST.More speci�cally,
it is assumed that ion binding is caused by direct polyamide–anion interactions (details
have been discussed above), while the surface tension contribution includes a rise in
the surface tension of the cavity around the polymer’s nonpolar parts (i.e., backbone
and isopropyl side chain) a�ecting the hydrophobic hydration. ¿e degree of a weakly
hydrated anion’s ability to salt out a polymer has been shown to be correlated with its
change in surface tension (per mole of added salt) at an air–water interface. A larger sur-
face tension gradient corresponds to a stronger salting-out behavior. ¿e ion binding is
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Fig. 1.4 Illustration of the lower critical solution temperature of PNIPAM in solutions containing a
weakly hydrated anion (orange) and a strongly hydrated anion (blue), respectively, as a function of the
salt concentration.

not observed for strongly hydrated anions since they do not easily shed their innermost
hydration shell and, hence, do not show signi�cant binding with polyamide groups. 73,150
Ion-speci�c e�ects on a range of various systems such as PNIPAM, 4,9,11,12,27 proteins, 141
polypeptides, 6,82,115,138 lysozyme, 122 negatively charged hydrophilic surfaces, 151 fatty
amine monolayers, 14 water hydrogen bonding, and interfacial structure 124 have been
investigated with this model.

Cremer et al. typically �t the phase transition temperature ofmacromolecules in aqueous
salt solutions as a function of the salt concentration with three terms: pure water
contribution, a linear term corresponding to the salting-out ability, and a Langmuir
binding isotherm corresponding to the salting-in ability. 4 Some systems also need an
extra term corresponding to electrostatic interactions between ions and charged groups
on the macromolecule. 115

¿emodel enables investigations of polymer solubilities, where polymers themselves
are involved. However, the model is empirical and provides no direct information about
the underlying physical mechanism. ¿e empirical model is supposedly consistent with
associated proposed mechanisms (and is also validated with a thermodynamic model
by Dzubiella, Heyda et al. 18). However, ambiguous interpretations can be made when
making inference about a mechanism only from variables and coe�cients since some
of them are not based on thermodynamic models. ¿e model can also not be used to
predict behaviors, since it is based on �tting to experimental data. However, a qualitative
assessment of a salting-in and salting-out behavior can be given. Finally, the model
assesses ion e�ects by the anion type, although the cation plays a role as well. ¿e total
salt, and not as usually phrased, only the anions, explains the observed behaviors.
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Ion-speci�c e�ects can also be described by a model specifying ion accumulation and
ion depletion relative to surfaces developed by Pegram and Record. ¿eir model is based
on the solute partitioning model (SPM). 152 Speci�cally, the spatial ion partitioning in
the bulk water versus the hydration water at surfaces were evaluated in terms of partition
coe�cients. Salt e�ects on air–water surface tension 25,153 and on biopolymer stability in
aqueous solutions 26,152,154–158 have been investigated. Strongly hydrated anions posses
low ion partition coe�cients, indicating exclusion from the air–water interface. Weakly
hydrated anions posses larger values, indicating partitioning to the interface. Most
cations posses partition coe�cients close to zero indicating exclusion. Further, the
�rst-order conformational transition between two assumed thermodynamic states of
macromolecules (coil and globule for polymers, and unfolded and native for proteins)
can be analyzed as a function of the salt concentration. ¿e salt-speci�c e�ects are
expressed in terms of the �rst-order transition standard free energy and quanti�ed
with a so-called mSPM value. Both interpretations and predictions of noncoulombic
interactions with a surface and of mSPM values can be made using the SPM. 155,157,158
¿emodel can also be used to interpret and predict changes in water-exposed surface
area 155,157,158 since this property is proportional to mSPM values. Some trend (e.g., the
larger or less negative mSPM value, the less hydrated the salt), are observed in general.
However, when ranking strongly and weakly hydrated salts according to the Hofmeister
series, the series only partly agree.

¿e SPM-obtained partition coe�cients for individual cations and anions have been
ranked for various surfaces (e.g., air–water interfaces and surfaces containing hydro-
carbons and polar amide groups), 154 and compared with the Hofmiester series based
on processes such as protein surface exposure. ¿e Hofmeister series agrees, both
in ordering and magnitude, with the ranking of the air–water partition coe�cients
of anions. For cations, there is a clear discrepancy. Cations takes a neutral position
in the Hofmeister series and have large partition coe�cients when considering polar
amide surfaces, while being excluded (partition coe�cient close to zero) from air–water
interfaces.

¿e model provides a tool that can both interpret and predict surface accumulation
in a qualitative way. It is, however, limited to systems showing linear changes in the
transition free energy. ¿is is, for instance, problematic for weakly hydrated salts
showing a nonlinear salting-in behavior. Additionally, the model assumes additivity of
the cation and anion e�ects, which is questionable for certain systems.

Another approach to investigate ion-speci�c e�ects on the conformational transition of
polymers and proteins is the thermodynamic model developed by Dzubiella, Heyda et
al. 18,19,159–161 ¿is model, derived from the second-order expansion of the free energy
with respect to temperature and concentration, assumes two states, i.e., coil and globule,
as well. For a speci�c salt, the model can be used to �t experimental LCST data of
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polymers to get the thermodynamic parameters. For instance, very good agreement
with experimentally obtained LCST data from Cremer et al. 18 was shown. ¿is con�rms
Cremer’s model. A so-called m value describes how the two-state free energy function
is a�ected by the salt concentration. Two mechanisms are proposed for the behavior of
the phase transition temperature of polymers in electrolyte solutions. A not monotonic
change of the free energy with increasing salt concentration is observed for weakly
hydrated salts and a monotonic change for strongly hydrated salts. ¿e not monotonic
behavior is modeled by including second-order correction terms in the model. Direct
polymer–ion interactions cause this nonlinear behavior. A preferential adsorption
to the coil conformation is observed at low salt concentrations and to the globule
conformation at higher salt concentrations. For the monotonic linear behavior, the
second-order correction terms vanish and the salt e�ect is described purely from a
free energy concentration dependent function. ¿e thermodynamic m value itself can
describe the linear salting-out behavior, where the strongest hydrated salts correspond
to the largest negative values. ¿is salting-out behavior is caused by the collapse of the
macromolecule leading to a larger salt-accessible volume.

Compared to the model by Cremer et al., this thermodynamic model consists of param-
eters that all have a distinct physical meaning. It also complements the SPM by Pegram
and Record by additionally capturing nonlinear LCST behavior. ¿e scope of systems
that can be investigated has thus been expanded.

Conclusions about the driving forces for ion-speci�c interactions in polymer solutions
can also been drawn from models explicitly not involving polymers. Two exemplary
models are introduced below.

Ions’ a�nity to bind to counterions or to charged groups, in relation to their relative
behavior in the Hofmeister series, was explained by Collins by introducing the law
of matching water a�nities (LMWA). 162–164 ¿is a�nity follows the rule ”like seeks
like” where ions are classi�ed according to their hydration strength. ¿e LMWA was
deduced from alkali–halide salts by taking the solubility, standard heat of solution and
the Jones–Dole coe�cients, and the Gibbs free energy of hydration into account. 165
It is an empirical hypothesis capable of describing observed trends from experiments
and is supported by activity coe�cients 166 and data from MD simulations. 167 How-
ever, it is unable to explain the observations theoretically. ¿e idea is relevant for ion
binding to proteins where Coulombic interactions exist. It can also be used for neutral
polymers with partially charged atoms. However, it cannot explain ions’ a�nity for
uncharged surfaces (e.g., air–water interfaces). Owing to its simpli�ed concept, the
LMWA should not be taken as a strict law but be examined critically, instead. For
multivalent ions, molecular ions and ionic moieties of biological macromolecules, it is
especially interesting to ask if the LMWA provides the correct picture of ion pairing.
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Ninham et al. suggested that in addition to electrostatic and hydration contributions,
dispersion interactions should contribute to ion speci�city for surfaces. 37,57,91,92,94,168–181
¿is is based on that both ions of the same size but opposite charge, and ions of the
same charge but di�erent size and shape show di�erent a�nities. ¿e chemical and
geometrical nature of the ions a�ect many-body dipole–dipole, dipole–induced dipole
and induced dipole–induced dipole forces, as well as image forces. ¿ese are all taken
into account in the dispersion interaction model. ¿is fundamental model contributes
to the understanding of ion-speci�c tendencies. ¿e theory includes the role of surfaces
and solvents. Additionally, it provides, compared to the LMWA, explanations of ion
a�nities to uncharged hydrophobic surfaces.

Additive and nonadditive e�ects in single and mixed electrolyte solutions. So far,
most studies concerning Hofmeister e�ects on the macromolecular solubility or on
ion interactions with nonelectrolytes have focused on the type of anion or the type
cation, but not a combination of both. ¿is is somewhat surprising since the total
salt e�ect depends on both ion types. Presumably, this is a consequence of earlier
ideas on additivity for anions and cations based on thermodynamic bulk properties
described above. 22,23 However, there has been a growing interest for ion–counterion
interactions in bulk solution and close to macromolecular surfaces as an additional
contributing factor to the change in phase transition temperatures. 17,182 ¿e speci�c
combination of cation and anion can potentially indirectly a�ect macromolecule–ion
interactions. A deviation from the commonly believed additive behavior is, therefore,
possible in single salts. Indeed, this has been observed for guanidinium salts. 19,121
In one study, salt e�ects on the rotational mobility of NMA were investigated using
spectroscopy, 121 where a nonadditive e�ect in the interaction of guanidiniumwith NMA
was observed. When guanidiniumwas pairedwith aweakly hydrated anion, weaker than
expected interactions were observed. Other ion combinations with weakly hydrated
anions (e.g., NaI, NaBr, and MgI2) showed additive e�ects. In another study, salt e�ects
on the conformation of ELP were investigated using phase transition temperature
measurements and spectroscopy. 19 ¿e counteranion to guanidinium can lead to quite
contrary behavior. Either polymer swelling or collapse can occur. ¿e e�ect deviates
from pure anion e�ects and are nonadditive. One explanation is that the counteranion
is decisive for guanidinium’s ability to form ion pairs at the macromolecule surface. 19
¿ese two studies show that a separation into cationic and anionic Hofmeister series is
insu�cient for a complete understanding of salt e�ects.

Other systems, where the question about additivity or nonadditivity is of interest, are
mixed electrolyte solutions. ¿ese types of systems have not been studied to the same
extent as single electrolyte solutions. Actually, only few studies related to ion inter-
actions and macromolecule solubilities are reported in the literature. However, they
include polymers, 183–185 polyelectrolytes, 186,187 proteins, 48 and micelles. 188 ¿e phase
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transition temperature of poly(propylene oxide) in mixtures of sodium salts (anions
equal to Cl– , Br– , I– or SCN– ) have been measured. 184 Amixture of two salts of the
same behavior, either both salting-in or both salting-out salt, showed nonadditivity. A
combination of two salts with di�erent behavior, salting-in and salting-out, showed
additivity. Charged PNIPAM particles, cationic and anionic, in sodium sulfate and
sodium thiocyanate solutions, and in a mixed solution containing the two salts have
been investigated to obtain information on electrophoretic mobility. 183 Here, additive
e�ects were observed for the mixture. Another type of charged system that has been
investigated is charged micelles in mixtures of sodium chloride and sodium bromide. 188
As long as the ratio between the two salts was the same, the interfacial counterion ex-
change decisive for the aggregate structure was insensitive. However, for a constant total
salt concentration, the fraction of bromide had an impact. Di�erent types of polymer
and polyelectrolyte brushes have also been examined in mixed electrolyte solutions. In
mixtures of potassium acetate and potassium thiocyanate, the in�uence of the salts on
the swelling–collapse balance of poly(oligoethylene glycol methacrylate) brushes was
temperature-dependent. 185 An additive e�ect was observed at temperatures below the
LCST, while a nonadditive e�ect was observed at temperature above the LCST. Polymer
swelling was also investigated by measuring the height of polyelectrolyte brushes in
solutions containing hydrophilic and hydrophobic salts using a theoretical model. 186
A nonadditive e�ect was observed, since the total e�ect was stronger than expected
based on the individual contributions. ¿e height of polyelectrolyte brushes has also
been investigated in mixed electrolyte solutions of potassium chloride combined with
thiocyanate or nitrate using optical measurements and theory. 187 An additive behavior
was observed for chloride mixed with nitrate, while a complex behavior is observed
whenmixed with thiocyanate. Noteworthy, ion-speci�c e�ects have been observed to be
di�erent for gra ed polymer brushes than for polymer chains free in salt solutions, 189
and are likely to apply for polymer brushes in mixed salt e�ects as well. Further, the
adsorption of sodium, choline, chloride, and sulfate ions at two protein surfaces have
been investigated using MD simulations. 48 Additive e�ects were observed in mixtures
containing all four ions. In addition, mixed electrolyte solutions in the presence of an air–
water interface have been studied. 190 By means of MD simulations and spectroscopic
measurements, a further accumulation of weakly hydrated anions in the vicinity of the
interface caused by the presence of strongly hydrated anions was demonstrated. ¿e
above studies merely represent the beginning of the investigation of mixed electrolyte
solutions. Interesting observations are made, but, so far, only parts of the Hofmeister
series and limited combinations of ions have been investigated.

¿eories for the investigation of polymer solvation and ion a�nity. To investigate
the solvation of polymers and the e�ect of salts, proper tools and theories are necessary.
On one hand, the attention has lead to further development of techniques including
molecular-level thermodynamic measurements (e.g., phase transition measurements),
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molecular spectroscopy (e.g., vibrational sum frequency spectroscopy (VSFS)) and
advanced molecular simulations (e.g., umbrella sampling and thermodynamic integra-
tion). On the other hand, the interest for the theory of solutions, considered to be the
number one in terms of being both general and simultaneously powerful, published in
1951 by Kirkwood and Bu� 191 has been renewed. ¿ey linked molecular (microscopic)
details in the form of pair correlation functions to bulk (macroscopic) properties in
what is known today as Kirkwood–Bu� (KB) theory. ¿e crucial quantity is the so-
called Kirkwood–Bu� integral (KBI) specifying the distribution deviation of a molecule
around another central molecule from a bulk solution with random distribution. 192
However, due to the lack of knowledge regarding pair correlation functions, little atten-
tion was paid to the theory back then. ¿is changed because of the work of Ben-Naim
in the 1970s. In 1972, the �rst break through lead to the ability of using the KB theory
for interpretations of aqueous solutions by viewing the solutions as a one-component
mixture of quasi-components. 193 In 1978, the second break through included the in-
version of the KB theory. 194 ¿is enabled the determination of molecular details (pair
correlation functions) from bulk (macroscopic) measurements, such as small-angle
X-ray and neutron scattering. 195–201 . A er this, the KB theory got a lot more attention
and the amount of publications of the topic increased drastically. ¿eory and micro-
scopically obtained information from computer simulations can be used to explain
experimentally determined bulk properties. Additionally, experimentally obtained
thermodynamic quantities can be used to de�ne molecular details in models (force
�elds) for computer simulations. However, calculating KBIs with accurate values is
challenging. 202,203 Inconsistency between calculated values of KBIs are observed when
comparing 204 di�erent studies. 205–208

¿e KB theory opened up for studies of, for example, salt and osmolyte e�ects on
biomolecules, where simple binding models 209,210 were used before. Using KB theory, a
better understanding of these solution mixtures can be provided through information
about interactions between salts or osmolytes and biomolecules. ¿e preferential interac-
tions can be given with exact expressions. 211 Usually the preferential binding is reported,
a purely thermodynamic quantity. However, the exact interactions are still to be studied
for many systems. Among others, the wish to understand the Hofmeister series 1,2 has
motivated the preferential binding theory including the preferential interactions con-
cept. 212,213 Electrolyte solutions cannot be treated as ternary systems (solvent, cations
and anions) due to the problem with the electroneutrality condition. 214,215 Instead, all
ions need to be considered as indistinguishable ions and the system can then be treated
as a binary system. 214,216–218 ¿e KB theory accessible preferential binding concept is
especially well-suited for salts and osmolytes weakly binding to macromolecules. In-
formation about these systems obtained from experimental structure techniques, such
as X-ray crystallography and NMR spectroscopy, is usually limited. 211 Instead, the use
of computer simulations increased the interest for KB theory. Additionally, multiple
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approaches of applying KB theory to calculate the preferential binding interactions have
evolved over the years. 219–224

Force �elds for electrolyte solutions. All-atom MD simulations of polymer–salt solu-
tions require elaborate models, both for interactions in between all involved atoms and
the atoms themselves. Accurate force �elds are crucial for the quality of simulations.
Typically, a force �eld cannot correctly re�ect all possible properties. Instead, key prop-
erties important for the speci�c application must be identi�ed and tuned during the
development of force �elds. ¿is has lead to various force �elds for speci�c purposes
over the years. 225–228 Investigations of interactions in aqueous salt–polymer solutions
demand all-atom force �elds. Furthermore, electrolyte solutions require accurate force
�elds for di�erentiations of ions and for capturing ion-speci�c e�ects. Hence, coarse
grained force �elds grouping atoms to larger units and thereby using fewer numbers
of interaction sites to make it possible to extend the simulation time is not desirable.
Furthermore, nonpolarizable force �elds are extensively used because of their good
performance originating from a parameter reduction and their simplicity during the
parameterization process compared to polarizable force �elds. 229 ¿e partial charge of
ions together with their Lennard-Jones (LJ) diameters, i.e., excluded volume diameters,
and dispersion interaction strengths de�ne these force �elds. However, compared to
polarizable force �eld, they can show artifacts such as too strong ion pairing and even
ion clustering originating from overestimated ion interactions. 230,231 ¿e development
of ion force �elds is not straight forward and has been, and still is, an ongoing task.
Various approaches to compensate for polarization e�ects have been used for the pa-
rameterization of force �elds for electrolyte solutions over the years. In the 1970s and
1980s, models used for simulations of electrolyte solutions usually utilized an implicit
water description. 232 Instead of accounting for water molecules explicitly, a scaling
factor equal to the dielectric constant of water was used for coulombic interactions. 232
With increasing computer power during the last 30 years, models that describe water,
which constitutes the largest part of an electrolyte solution, explicitly have become
a�ordable.

In the early days, when the computational performance was poor, ion force �elds were
typically optimized by considering single-ion properties (e.g., ion–water structure, ionic
solvation free energy or ionic hydration structure). 233 For electrolyte solutions with
�nite ion concentrations, this lead to an unrealistic ion–ion structure and bad thermo-
dynamics. ¿is was observed for sodium chloride, for example. 234,235 It has been shown
that interactions between ions are heavily dependent on ion pairing 165,167 and solution
thermodynamics. 236–238 In addition, using one experimental quantity when de�ning
two force �eld parameters (LJ size parameters and dispersion interaction strengths)
is insu�cient. ¿erefore, two separate studies 239,240 probed the single ion hydration
free energy as a function of the two force �eld parameters, while optimizing a second
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independent property (i.e., crystal lattice energy 239 or e�ective solution ion size). 240
It was partly successful, but �nding a combination that ful�lls multiple properties si-
multaneously proved challenging for some salts. ¿erefore, parameterization against
collective thermodynamic properties (e.g., osmotic or activity coe�cients) are desired.
¿is approach has been used byWeersinghe, Smith et al. 241,242 , Hess and van der Vegt 78 ,
and Fyta, Netz et al. 243,244 .

Weersinghe, Smith et al. 241,242 optimized ion force �elds for alkali halides against elec-
trolyte solution activities by comparing simulations with �ts from experiments using
KBIs. 191,192 Hess and van der Vegt 78 used the samemethod when optimizing a LiCl force
�eld. A er either parameterization of the force �eld parameters for all ions, or the use
of already existing force �eld parameters, both groups scaled the interactions between
the cation and water oxygens by using a scaling factor for the dispersion interaction
mixing term. An advantage of the KB approach is its sensitivity to small changes in the
molecular distribution. However, its disadvantage is that the integral is not unique. ¿at
is, di�erent molecular distributions may yield the same integral. Additionally, a scaling
of the interactions between an ion and the water molecules leads to a not preserved
single ion solvation free energy.

Fyta, Netz et al. 243,244, therefore, developed an approach for force �eld optimization
where both single ion properties (e.g., solvation free energy) and ion pairing properties
are simultaneously de�ned. ¿is was simply done by �rst optimizing the combination
of the two force �eld parameters (i.e., LJ size parameters and dispersion interaction
strengths). Second, the mixing rule between cations and anions were scaled when not
su�cient, while keeping ion interactions with water molecules constant. ¿e force
�elds were optimized against osmotic coe�cient 243 or activity derivatives, 243,245 both
determined from KB integrals and compared to experimentally obtained values. ¿is
approach has shown to be successful for both monovalent 243,244 and divalent ions. 245
It can also be readily transferred to additional ions, where salts consisting of size-
asymmetric ions are in a greater need of scaled mixing rules. However, the drawback is
that no general solution exist for all electrolyte solutions. ¿at is, every ion pair needs
to be optimized individually.

Another way to avoid too strong ion pairing is to include electronic polarization in
a mean-�eld approach, for instance by using the theory of electronic continuum cor-
rection (ECC), an implicit model of electronic polarizability. 246–252 It is implicit since
the electronic interactions in an otherwise nonpolarizable force �eld are modi�ed to
include electronic polarization e�ects. ¿is is done by using a pre-determined charge
rescaling factor (0.75) for ions. ¿e motivation for this approach is to account for the
screening between two close ions caused by the electronic contribution to the water
dielectric permittivity missing for ions described with integer charges and nonpolariz-
able water models. A er Leontyev, Stuchebrukhov et al. proposed ECC, Jungwirth et al.
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has been following up and promoting it. Multiple studies have shown the ECC to be
successful for electrolyte solutions. ¿e approach has been used for a range of di�erent
salts, such as K2CO3 , 253,254 KNO3 , 253 Na2SO4 , 255 Gdm2CO3 , 256 LiCl, 257,258 Li2SO4 , 257
CaCl2, 259 NaCl, 260 NaNO3, 254 LiNO3, 254 MgCl2, 261 ZnCl2, 261 and calcium chloride
and calciumpairedwith formate and acetate, 262 respectively. ECC force �elds are usually
benchmarked against neutron scattering data 253,256–259,261,262 and lately also against free
energy pro�les of ion pairing obtained with ab initioMD simulations. 255,261,262 Some
ECC force �elds utilize an additional ionic size rescaling, and is referred to as ECCR. 259
¿e advantage of ECC is that polarizability is accounted for e�ciently, without addi-
tional computational cost. Because of the reduction of interactions between ions and/or
charged molecules, the force �elds show better performance concerning the structure
of electrolyte solutions. ¿e largest improvement is achieved for high charge density
ions, since they strongly polarize their surrounding water molecules. It has even shown
better performance than other models (e.g., explicit solvent shell model). 255 Even if
the rescaling of charges in the ECC approach leads to accurate short-range ion–ion
interactions, an open question is still if long-range electrostatic ion interactions are
represented accurately, as well. ¿e disadvantage of ECC is that the amount of available
ECC force �elds is still very limited. Ions from ECC force �elds can only be combined
with counterions using the same scaling factor. ¿is applies for the nonelectrolytes
in the solution, too. Since the approach is based on an empirical scaling factor, it is
not clear how properties of nonelectrolytes are a�ected, rendering the application not
straight forward. However, very recently relevant biological systems, such as protein
moieties 263,264 and phospholipid molecules 265 have been started to be simulated with
ECC force �elds.

Many researchers have followed the idea of charge rescaling proposed by Leontyev,
Stuchebrukhov et al. Carlos Vega et al. have developed a force �eld for alkali and
alkaline earth halides combined with chloride or sulfate, with a scaling factors of 0.85
and 1.7 for monovalent and divalent ions, respectively. 232 Fuentes-Azcatl and Barbosa
suggested a scaling factor of 0.885 for aqueous NaCl solutions, 266 while Li and Wang
suggested a scaling factor of 0.804 for monovalent ions. 267,268

1.3 Objectives and structure

¿is work aims at extending the current understanding of the Hofmeister series. For
this purpose, it investigates ion-speci�c e�ects in aqueous solutions and ions’ in�u-
ences on the solubility of thermoresponsive polymers. By extending the scope of the
Hofmeister series to include the e�ect of cations and mixtures of salts, it provides a
comprehensive picture of the behavior of ions in simple aqueous salt solutions, complex
aqueous macromolecule solutions, and of the phase transition temperature of polymers

22



1.3 Objectives and structure

in these solutions. ¿is requires addressing two main questions: i) what role do the
exact cation–anion combination play, and ii) are the ion-e�ects in single and mixed
salt solutions additive or nonadditive? ¿e phenomena of interest have been observed
in thermodynamic data (i.e., phase transition temperatures) collected by collaborative
partners. ¿en, using MD simulations, the underlying molecular level mechanism is
investigated, elucidated and described. Analyses of additional spectroscopic measure-
ments have sometimes been used to con�rm the proposed mechanisms and provide
additional physical and chemical insights. An overview of available knowledge on the
topic, objectives of the present work, and yet unresolved issues is given in Fig. 1.5.

¿e text is organized as follows: Chapter 2 summarizes relevant chemical and physical
concepts, and introduces a consistent notation. Basic principles of experimental tech-
niques carried out by collaborators are also described. Chapter 3 is dedicated to the
method of MD simulations used throughout the present work. Chapters 4 to 8 present
the �ndings of the present work. Using the known behavior of weakly hydrated anions
in polymer solutions, Chapter 4 investigates the e�ect of the cation. Cation-speci�c
e�ects on the phase transition temperature of polymer solutions, including iodide salts,
are observed. ¿is study emphasizes the role of the cation in the underlying molecular-
level mechanism of polymer solubility. Chapter 5 contributes with �ndings and a novel
study on the cationic Hofmeister series. A molecular-level mechanism for the phase
transition temperature of polymer solutions, including chloride salts, is presented. ¿e
speci�c ion type and the cation–anion combination prove key for the mechanism, and
explain the deviant behavior from the typical consensus about the cationic Hofmeister
series. Chapter 6 extends the understanding of the Hofmeister series regarding not
only single electrolyte solutions but also mixed electrolyte solutions. Speci�c combina-
tions of ions in�uence the phase transition temperature of polymers in unique ways.
Nonadditive behavior of the ions distinguish the behavior from well-known e�ects
in single electrolyte solutions. Chapter 7 assesses the current status of solvation in
mixed salt and mixed osmolyte solutions and identi�es needed key advances to direct
e�orts of future research. Similar nonadditive e�ects are observed for the two types of
mixed solutions, both for salts and osmolytes. Hence, they can be assumed to originate
from a more general e�ect. In Chapter 8, the method of charge rescaling to count
for polarizable e�ects in nonpolarizable force �elds is extended to multivalent ions.
With this mean-�eld approach of including electronic polarization artifacts, such as too
strong ion pairing, is avoided. Accurate force �elds are of importance to allow for the
computational examination of systems and, hence, for obtaining insights on underlying
mechanism. Force �elds for salts developed within this work is not only presented in
Chapter 8, but also in Chapter 4 and in Chapter 6. ¿e present work is summarized in
Chapter 9 and suggestions for further studies are presented.

Since Chapters 4 to 8 are based on (peer-reviewed) journal articles, some information
and concepts introduced in Chapter 2 are repeated throughout the di�erent chapters.
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Fig. 1.5 Illustration of the state of the art (blue box), new findings of the present work (orange boxes),
and some of the noteworthy remaining questions in the field of Hofmeister effects (yellow boxes). Blue
box: i) general anionic Hofmeister series including salting-in and salting-out behavior of polymer, ii)
typical consensus cationic Hofmeister series for proteins. Orange boxes: i) effect of the cation when
combined with weakly hydrated anions (e.g., iodide ions), ii) effect of cations when combined with
strongly hydrated anions (e.g., chloride ions), and iii) effect of mixed salt solutions, all on the polymer
solubility. Yellow boxes: i) effect on the polymer solubility when weakly hydrated anions are combined
with divalent cations (e.g., Ca2+), ii) effect on the polymer solubility when cations are combined with
strongly hydrated divalent anions (e.g., SO 2 –

4 ), iii) effects in mixed salt solutions consisting of two
different cations, iv) Hofmeister effects in confined environments (with and without grafted polymer
chains on the walls), and v) dynamic Hofmeister effects.

Nonetheless, all information is provided concisely in Chapter 2 in order to provide a
complete picture of the concepts relevant to the understanding of Chapters 4 to 8. In
addition, some of the peer-reviewed journal articles include Supporting Information
or an Appendix, leading to �gures and tables not always presented in chronological
order.
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Chapter 2

Chemical and physical concepts

¿e present work is concerned with the e�ects of ions on polymer solubility in aqueous
solutions. To allow for an understanding of the in�uence of the di�erent components
such as solvent, ions, and polymer, relevant chemical and physical concepts are intro-
duced in this chapter. ¿e following sections present fundamentals of solvation, concepts
concerning ions in aqueous solutions, a brief introduction to stimuli-responsive poly-
mers, methods for the description of the in�uence of ions on hydrophobic polymers, and
basic principles of experimental techniques. ¿e chapter also introduces a consistent
notation and relevant mathematical concepts.

2.1 Solvation

Solvation refers to a reorganization process of the components in a solution (solutes and
solvent), to form solvation shells surrounding the solutes, i.e., solvation complexes. ¿e
process and shells are referred to as hydration and hydration shells, respectively, when
the solvent is water. Not only solute–solvent, but also solvent–solvent and solute–solute
interactions and their strengths a�ect the solubility of solutes. ¿e solvation process
is crucial for any experiment performed in solutions. ¿is process together with the
hydrophobic e�ect (force acting to minimize solvent exposed surface of solutes) play
key roles in the understanding of polymer solubility. In a ternary solution, a third
component, except solvent (e.g., water) and solute (e.g., polymer), is present. It is
referred to as a cosolute when a second solute is added (e.g., salt) or as a cosolvent when
a second solvent is added (e.g., alcohol or osmolyte).

A decrease of the Gibbs free energy of the solution relative to the sum of individual
contributions of the solvent and the solutes is necessary for the solvation process to be
thermodynamically favorable. 269 ¿e Gibbs free energy refers to the maximum addi-
tional (not expanding) work accompanying a process performed by a thermodynamic
system at constant temperature and pressure. 269 Solvation thermodynamics aids in
calculating solubilities and equilibrium constants.
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Chapter 2 Chemical and physical concepts

2.1.1 Solvation thermodynamics

¿e change in Gibbs free energy G between ideal gas and liquid phase is denoted Gibbs
free energy of solvation (s) and can be expressed by 192

∆Gs = ∆Hs − T∆Ss , (2.1)

where ∆Hs and ∆Ss denote the corresponding changes in thermodynamic enthalpy
and thermodynamic entropy, respectively. ¿e solvation process of small molecules is
dependent on solute–solvent (uv), as well as solvent–solvent (vv), interactions. ¿ese
interactions taken into account, the thermodynamic enthalpy and entropy can be
de�ned as 136

∆Hs = Euv + ∆Evv , (2.2)

and
∆Ss = Suv + ∆Svv , (2.3)

respectively. Here, Euv and Suv denote the solute–solvent energy and solute–solvent
�uctuation entropy, respectively. Even though Suv is not entropy in the sense of a
temperature derivative of ∆Gs, it is referred to as entropy because it captures the role
of �uctuations. 136 ∆Evv denotes the change in solvent reorganization energy and ∆Svv
the change in equivalent entropy upon dissolution. At 1 atm ambient pressure, the
otherwise necessary pressure–volume term P∆V on the right-hand side of Eq. (2.2) is
negligible.

¿e experimentally determined Gibbs free energy of solvation ∆Gs equals the excess
chemical potential of the solute according to

µ∗= ∆Gs , (2.4)

at constant temperature T and pressure P. Solvation e�ects on the chemical potential
have been presented by van der Vegt and Nayar and will be repeated here. 136 If the
molality scale is used, µ∗quanti�es the e�ects of solvation on the chemical potential
and is equal to the di�erence between the chemical potentials in liquid (l) and in vapor
(v), µ∗= µl − µv . 194 ¿e inverse form of the Widom potential distribution theorem 270

yields

exp( µ
∗

RT
) = ⟨exp( ϕ

RT
)⟩ , (2.5)

where R denotes the gas constant, ϕ the potential energy corresponding to the interac-
tions between the solute and the surrounding solvent molecule, and ⟨⋅⟩ a con�guration
ensemble average. Using Eq. (2.5), the excess chemical potential of the solute can also
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2.1 Solvation

be expressed as

µ∗= ⟨ϕ⟩ + RT ln ⟨exp( δϕ
RT
)⟩ , (2.6)

where ⟨ϕ⟩ denotes the average solute–solution interaction energy. It is identical to
the solute–solvent energy, Euv ≡ ⟨ϕ⟩. ¿e other term on the right-hand side, where
δϕ ≡ ϕ − ⟨ϕ⟩, is entropic, and is determined by �uctuations of ϕ. It is identical to the
solute–solvent �uctuation entropy Suv ≡ −R ln⟨exp(δϕ/RT)⟩. Using these de�nitions
and Eqs. (2.4) and (2.6), yields

∆Gs = Euv − TSuv . (2.7)

As can be seen from Eq. (2.7), ∆Gs does not explicitly depend on Evv nor on Svv.
¿ey cancel out since they are equal to each other, ∆Evv = T∆Svv. ¿e cancellation is
referred to as the energy–entropy compensation 271 and is valid for all solvation pro-
cesses. ¿at is, solvation free energy can be calculated solely from the solute–solvent
terms. However, even if Evv and Svv cancel out, they are important to quantify be-
cause of their large variations in presence of cosolutes (or cosolvents), where they
have an implicit impact. ¿is has been shown with computer simulations, 271–273 as
well as with experiments. 274 When investigating solvation of solutes, and especially
the driving forces, it has been shown that using Eq. (2.7) gives a better microscopic
view of solvation than using Eq. (2.1). 271 ¿e reason is the energy–entropy compensa-
tion 271 and the di�culties in de�ning the driving force for ∆Gs when using ∆Hs and
∆Ss .

To provide a complete picture of solvation, consider the following thought process
where all solute–solvent and solvent–solvent interactions are taken into consideration,
while solute–solute interactions are neglected due to an assumed low concentration. 20
¿e solvation process is split into two separate steps. First, a cavity with the size and
shape of the solute is formed. Second, attraction forces are switched on. ¿is includes
van der Waals and electrostatic interactions. ¿e potential energy of all solute–solvent
interactions can be split by the two steps, ϕ = ϕr + ϕa. 192 ¿e index r denotes the
repulsive parts (step 1) and the index a attractive parts (step 2). ¿e excess chemical
potential can then be exactly written as

µ∗= µcav + ⟨ϕa⟩ + RT ln ⟨exp(
∆ϕa
RT
)⟩ , (2.8)

where µcav denotes the cavity (also known as solvent-excluded volume, Section 2.4.4)
contribution, a completely entropic term. ¿e second term on the right-hand side is
the average attraction originating from solute–solvent interactions and is enthalpic.
¿e third term is �uctuations in the attractive interactions, where ∆ϕa ≡ ϕa − ⟨ϕa⟩
and is entropic. ¿is term is crucial when investigating the hydrophobic e�ect (Sec-
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Chapter 2 Chemical and physical concepts

tion 2.1.2). ¿e Gibbs–Bogoliubov inequality ∆Gs ≥ ⟨ϕ⟩ yields Suv ≤ 0. 275,276 A negative
solute–solvent �uctuation entropy indicates a loss in entropy. ¿e reorganization of
solvent molecules until both the position and the orientation of the solvent molecules
are in equilibrium to host the chemical moieties of the solute, explains why Suv is neg-
ative. ¿e reorganization includes contributions from both the �rst and third term in
Eq. (2.8).

2.1.2 Hydrophobic e�ect

Nonpolar (hydrophobic) solutes aggregate in aqueous solutions caused by an e�ec-
tive force and, hence, segregate from water molecules. ¿is tendency is called the
hydrophobic e�ect. 277–289 More speci�cally, the insertion of a nonpolar solute is re-
ferred to as hydrophobic e�ect, while the association of two of these solutes is referred
to as hydrophobic hydration. ¿e hydrophobic interactions arise from hydrophobic
hydration. 289 ¿e exposed surface area of nonpolar solutes to the surrounding aqueous
solvent environment is minimized when clusters (aggregates) of nonpolar solutes are
formed. 282,290 ¿e di�erence between the hydration free energy of an aggregate and
of all individual molecules together corresponds to the water-mediated interaction
free energy of this aggregate. 289 In order to understand the hydrophobic e�ect, it is
important to understand the behavior of nonpolar solutes in water, including solubility,
and the association and folding/collapsing of the solutes. ¿e e�ect plays a central role
in chemistry and biology. ¿at is, it regulates processes such as aggregation, polymer col-
lapse, protein stability, membrane and micelle formation, drug partitioning, emulsion
stabilization and detergent facilitation.

Size dependence. ¿e physics of hydration at a macroscopic scale is di�erent from
the molecular scale. 286,291–297 While the hydrophobic e�ect on the macroscopic scale
can be understood in terms of surface tension, the hydrophobic e�ect on the molec-
ular scale is related to local density �uctuations and the compressibility of bulk wa-
ter. ¿e local structure of water is a tetrahedral hydrogen network. Depending on
the solute size, the thermal �uctuations of the water are su�cient or insu�cient to
host the solute. For the solute to dissolve in the water, the formation of a cavity is
needed. ¿e accommodation of small solutes takes place without breaking the hydrogen-
bonding network. 298 ¿is leads to a noticeable entropic penalty and a restriction of
water molecule con�gurations. A denser hydration shell around the solute than in
the bulk is observed, and the small solutes are said to be wetted. 286,294 ¿e release
of the restricted water molecules when small solutes associate, leads to an increase
of water entropy. ¿is entropy is the driving force for the solvation of small solutes,
and the solvation free energy scales with the solute volume. 286,294 Large (≈ 1 nm or
larger) solutes cause the hydrogen-bonding network to break. 286,291 ¿is leads to a
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less dense hydration shell compared to the bulk structure and a dewetting of the so-
lute surface occurs. 286,294 Solvation of larger solute is dominated by enthalpy, and the
solvation free energy scales with the solute surface area. 286,294 ¿e entropy–enthalpy
crossover takes place as the solute size of approximately 1 nm (ambient conditions).
For the understanding of protein folding and polymer collapse, an understanding
of the hydrophobic e�ect in the crossover region is necessary. ¿e length scales in
these processes are in the range from subnanometer to nanometer. Besides the size,
the curvature (convex, concave or zero) of the solute has an impact on the hydropho-
bic e�ect. 299 ¿e speci�c size and curvature yield speci�c behavior, due to the extent
of breaking the hydrogen-bonding network, and the enthalpic or entropic driving
force.

¿ermodynamics of the hydrophobic e�ect. ¿e thermodynamics of the hydropho-
bic e�ect are temperature dependent. ¿e probability to solvate the solute is proportional
to 286

Ps ∝ exp(−∆Gs

kBT
) , (2.9)

where kB denotes the Boltzmann constant and T the temperature. While ∆Gs is only
weakly temperature dependent, its two contributions ∆Hs and ∆Ss (Eq. (2.1)) are highly
temperature dependent. 289 For the (entropy driven) small solute case at ambient condi-
tions, ∆Gs increases with increasing temperature. 286 For the (enthalpy driven) large
solute case at ambient conditions, ∆Gs/T decreases with increasing temperature. 286
∆Ss describes how the di�erent solutes are ordered relative to each other or how they are
correlated, while the average potential energy of interaction between solutes is described
by ∆Hs . 300

Hydrophobic interactions. ¿e hydrophobic interactions explained on a pairwise
level 289,301 can be described with a potential of mean force (PMF). A PMF describing
the pairwise interaction between two nonpolar solutes in an aqueous solution is de�ned
by 289

w (r) = u (r) + ∆w (r) , (2.10)

where u (r) denotes the direct interactions between solutes in the absence of solvent
(e.g., water), ∆w (r) the solvent-mediated contribution and r the distance between the
two solutes (center if solutes are spherical). ¿e type of solute–solvent interactions a�ect
both the sign and magnitude of ∆w (r). Even if the direct interactions are repulsive,
the total PMF can be attractive because of solvent-mediated interactions. Depending
on the strength of van der Waals interactions between solute and solvent (e.g., water),
u (r) can either favor aggregation or breakup of the solutes.
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Chapter 2 Chemical and physical concepts

2.2 Electrolyte solutions

An aqueous electrolyte solution is composed of water and ions. In a ternary solution,
the salt acting as the cosolute can modulate the hydrophobic e�ect and, hence, a�ect
the solvation process. ¿is modulation is ion speci�c. It depends on the ions’ properties,
their behavior in bulk solutions, at interfaces and their pairing characteristics.

2.2.1 Electrolyte solution properties in bulk and at air–water interfaces

¿e simplest system for studying ion e�ects is ions in bulk water. Ions with low charge
density (e.g., Cs+ and I– ) are referred to as so or, as hereina er, weakly hydrated. 162 Ions
with high charge density (e.g., Li+ and SO 2 –

4 ) are referred to as hard or, as hereina er,
strongly hydrated. 162 ¿e ion-speci�c solution composition a�ects di�erent properties.
Relevant properties are described in the following.

Classical electrolyte solution theories. Salts dissociate to ions in water. ¿e orienta-
tion of water molecules surrounding the ions is in�uenced by the electric �eld of the
ion. As a consequence, the water structure in the vicinity of an ion is di�erent from
that in the bulk solution. It has been demonstrated that cation–water and anion–water
interactions are dissimilar and, hence, they in�uence the water structuring around
the ions di�erently. 66,302 However, classical electrolyte solution theories, such as the
Debye–Hückel theory, ignore the solvent structure and solvent properties. 303 Instead,
the solvent is seen as a continuummedium, o en describedwith a dielectric constant. 304
Hence, these models do not capture the di�erent water molecule arrangements close
to ions. Ions are all assumed point charges and interactions are purely electrostatic in
the Debye–Hückel model. 305 With the electric charge as the only decisive parameter,
ions with the same charge but di�erent size or shape cannot be distinguished. ¿at is,
all alkali metal ions and halides are treated identically. Such a model cannot explain
ion-speci�c phenomena, such as ion pairing propensity (Section 2.2.2). Further, the
model leads to an overestimation of the electrostatic interactions and is only applicable
to low salt concentrations. Classical electrolyte solution models also struggle to capture
the ion-speci�c behavior at interfaces (Section 2.2.1) since according to the image charge
e�ect 306 repulsion between all ions and nonpolar surfaces is expected.

Electrostriction. Ions in aqueous solutions modulate the dipole of the surrounding
water molecules through their strong electric �eld. A rearrangement of water molecules
occurs and the binding to ions restricts their freedom. ¿is leads to a reduction in the
translational entropy and is called solvent binding or electrostriction. 307 Di�erent ions
a�ect the entropy of their surrounding water molecules di�erently. ¿e addition of
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strongly hydrated ions to water leads to a decrease of entropy of the water near the ion,
while the addition of weakly hydrated ions increases the entropy. 165 Ions of opposite
electrical charge associate in aqueous solutions to form chemical species, such as ion
pairs (Section 2.2.2) and diminish the electric �eld of individual ions. ¿is loosens
the electrostriction of water. Hence, less water is restricted, some molecules are even
released in a desolvation process, and the entropy of the system increases.

Activity coe�cients and osmotic coe�cients. For a binary system containing salt (s)
and water (w), the chemical potential of each component, µs(P, T) and µw(P, T), is
expressed as the Gibbs free energy change of each component with the molar amount
of the component at constant P and T . 303 ¿e chemical potentials are de�ned as

µs(P, T) = (
∂G
∂ns
)
P ,T ,ns

= µ∞s (P, T) + RT ln(xsγs) = µ∞s (P, T) + νRT ln(x±γ±),

(2.11)

and

µw(P, T) = (
∂G
∂nw
)
P ,T ,nw

= µ∞w (P, T) + RT ln(xwγw), (2.12)

where n i denotes the moles of species i,∞ the in�nitely diluted solution, R the gas
constant, ν = ν+ + ν− the stoichiometric coe�cient (e.g., 2 for NaCl), and x i and γ i the
molar fraction and activity coe�cient for species i, respectively. Note, γ± is the mean
activity coe�cient for the salt, while γs is the activity coe�cient for the salt. ¿e activity
coe�cient γ characterizes the di�erences between a solution and an ideal solution.

¿e Gibbs–Duhem equation, 269 stating that the chemical potentials of the components
i in a mixture cannot change independently, can be expressed as

∑
i
n idµ i = nwdµw + nsdµs = 0, (2.13)

for binary salt and water systems. Additionally, the salt activity as and water activity aw
are de�ned as 269

as = xsγs , and aw = xwγw , (2.14)

respectively. ¿emean activity coe�cient γ± can be converted to themolarity ormolality
scale. If the molality scale is used, the Gibbs–Duhem equation (2.13) gives a relation
between the salt activity and the water activity according to

νmMw d ln as + d ln aw = 0, (2.15)
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where m denotes the molality and Mw the molar mass of water. By using Eqs. (2.13)
and (2.15) together with Eqs. (2.11) and (2.12), the mean activity coe�cient of salt can
be expressed in terms of the water activity through

ln γ± = −
1

νMw

ˆ m

0

ln aw − νMw

m
dm. (2.16)

Furthermore, the osmotic coe�cient is a measure of the water activity and can be
calculated from 303

ϕ = Π
Πid
= − ln aw
νmMw

, (2.17)

where Π and Πid denote the osmotic pressures of a nonideal and ideal solution, respec-
tively. Hence, ϕ characterizes the di�erence between a solvent and an ideal solvent.
Eq. (2.16) can be rewritten to relate the salt activity coe�cient to the osmotic coe�cient
by using Eq. (2.17). ¿e relation is 303

ln γ± = (ϕ − 1) − 2
ˆ m

0

(1 − ϕ)
m 1

2
dm

1
2 . (2.18)

¿e type of ion a�ects both the mean salt activity coe�cient and the osmotic coef-
�cient. 303 For a speci�c salt concentration, the coe�cients increase with increasing
ion radii due to the excluded radii e�ect. Additionally, a high coe�cient corresponds
to a strong ion solvation and/or weak ion association. ¿is originates from strong
ion-solvent interactions a�ecting more water molecules.

Surface tension. Aproperty characterizing the behavior of ions at the simplest interface,
the air–water interface, is surface tension. 303 Surface tension can be described as the
tendency of minimizing the number of boundary molecules and, thereby, shrinking the
water surface into the minimum surface area possible. 308 ¿is originates from water
molecules at the boundary having fewer neighbors compared to the ones in the bulk
solution and, thereby, having a higher energy. ¿e minimal surface area minimizes the
energy state of the liquid.

¿e addition of salts to water a�ects the surface tension. 24,309 According to the Gibbs
binding isotherm, a decrease of the surface tension can be associated with an a�nity
of ions for the interface, while an increase can be associated with a depletion of ions
from the interface. 303 ¿e change of the surface tension in the presence of ions can be
calculated from the Gibbs adsorption equation 303

∆γ = −kBT
ˆ cbulk

0

∑i Γi(c)
c

dc, (2.19)
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where kB denotes the Boltzmann constant, T the temperature and c the concentration.
Γi denotes the surface access and is de�ned as

Γi =
ˆ zGDS

−∞

c i(z)dz +
ˆ
∞

zGDS
[c i(z) − cbulki ]dz, (2.20)

where zGDS denotes the Gibbs-dividing-surface position, c i(z) the concentration pro�le,
and cbulki the bulk concentration of the ith ion. Nearly all electrolyte solutions show
a linear behavior of surface tension versus concentration. 25 Weakly hydrated ions
have a lower surface tension increment (and sometimes negative) relative to water
than strongly hydrated ions and, thereby, approach the surface closer. 25 ¿is spatial
molecular picture originates from the interpretation of the Gibbs binding isotherm. ¿e
molecular interpretation is, however, not straightforward. For instance, ion adsorption
can also result in an increase of the surface tension. 103 ¿is can be explained by a local
ion adsorption closest to the interface even if the overall e�ect in the whole surface
region, i.e., from interface to pure bulk solution, given by the Gibbs binding isotherm
consisting of an integral, indicates depletion. ¿at is, a molecular picture of surface
tension goes beyond Eq. (2.19). 103 In addition, it is also di�cult to di�erentiate the
polarizability e�ect of ions from the size and charge e�ect on the surface tension. 303
Further, anions have a larger impact on the surface tension than cations. 25,309 Ion e�ects
on surface tension are, however, small. Hence, exact experiments and quantitative
predictions by means of theories and simulations are challenging. 303

2.2.2 Ion pairing and ion hydration in bulk aqueous solutions

Ions of opposite charge show attraction. Ions’ relative interactions with other counteri-
ons and with the surrounding water molecules a�ect the tendency for ions to pair or to
stay solvated.

Ion pairing. ¿e concept of ion pairing including association of two ions speci�ed by
an equilibrium constant was originally introduced in order to describe bulk properties
containing associating ions. Ion pairs can be classi�ed according to the nature of their
interaction, which depends on the type of ions involved and the interactions between
all solution components (ion–ion, ion–water and water–water interactions) 163,165 ¿is
applies for small distances, where the ion–counterion attraction and the thermal energy
kBT are comparable. In contrast, at large ion–counterion distances the attraction is
reduced by a factor corresponding to the dielectric constant (78 at 298K) and is not
dependent on the speci�c types of ions. 304 ¿e di�erent types are here called¹: contact

¹ In Chapter 4, the ion pairs are instead referred to as contact ion pair (CIP), solvent-separated ion
pair (SIP), and double solvent-separated ion pair (2SIP).
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Fig. 2.1 Types of ion pairs. Contact ion par (CIP), solvent-shared ion pair (SIP) and solvent-separated
ion pair (2SIP). Black dashed circles around the ions represent hydration shells. Only characteristic
water molecules are explicitly shown.

ion pair (CIP), solvent-shared ion pair (SIP) and solvent-separated ion pair (2SIP)
(Fig. 2.1). CIP ions are in direct contact with each other. For SIP ions, the �rst hydration
shells overlap. In the case of 2SIP ions, the �rst hydration shells are maintained, but the
second hydration shells overlap. Ion pairs can be studied using the radial distribution
function (RDF) 229,310,311 by means of computer simulations. ¿e RDF between particles
of types i and j is de�ned as

g ij(r) =
⟨ρj(r)⟩
⟨ρ0j ⟩

= 1
⟨ρ0j ⟩N i

N i

∑
α=1

Nj

∑
β=1

ζ(rαβ − r)
4πr2

, (2.21)

where ⟨ρj(r)⟩ is the particle density of type j at a distance r around particles i, and
⟨ρ0j ⟩ is the particle bulk density of type j. ¿e ⟨⋅⟩ symbol denotes the ensemble average.
Denoting the distances between two particles α and β of types i and j, respectively, as
rαβ , the particle density of type j at a distance r can be calculated using the surface area
normalized counter function

ζ(x) =
⎧⎪⎪⎨⎪⎪⎩

1 x = 0,
0 x ≠ 0,

(2.22)

and summing over all particles of type j. Repeating this summation for every particle
of type i, and normalizing to the total number N i of particles i, then yields the RDF. If
i and j denote the same type of particles, i.e., i = j, the second sum must be adjusted
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Fig. 2.2 Radial distribution function. (a) Illustration of the variation of the density of a particle j (blue)
with radial distance r from the reference particle i (orange). (b) Radial distribution function g(r)
between Na+ and Cl – as a function of the distance r. The shaded red areas indicate the different ion
pairs: contact ion pair (CIP), solvent-shared ion pair (SIP) and solvent-separated ion pair (2SIP).

to begin at β > α. ¿e function describes the particle density variation of particles of
type j in a spherical volume around particles of type i, as a function of the distance r
(Fig. 2.2a). An exemplary anion–cation RDF for NaCl is shown in Fig. 2.2b. ¿e area
under the �rst peak corresponds to the number of CIPs, the second to the number of
SIPs and the third to the number of 2SIPs. Only three distinct peaks are observed for
this salt example. Ions in a larger distance than the third peak are usually referred to as
free ions. ¿ey are totally solvated and their hydration shells neither overlap nor come
in contact with hydration shells from other ions. Further, thermodynamic and dynamic
properties of aqueous electrolyte solutions are a�ected by ion pairs. Properties such as
osmotic and activity coe�cients follow ion-speci�c series. 312

¿e RDF g(r) allows for investigating the PMF de�ned as

W(r) = − ln g(r) + ln g(r →∞), (2.23)

where the RDF is determined either viaMD simulations (2.21), 229,310,311 other theoretical
concepts 237 or experiments 310 (neutron and X-ray scattering). A typical PMF curve for
ions features local minima corresponding to the CIP, SIP and 2SIP states. 167,235,237,313–321
PMFs represent the free-energy landscape along the distance between two ions. Hence,
they reveal free energy di�erences, energy barriers and the relative population between
di�erent types of ion pairs.
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Fig. 2.3 (a) Radial distribution function g(r) between various ions and water oxygen as a function
of the distance r compared to a g(r) between water oxygens in pure water. (b) Radial distribution
function g(r) between Na+ and water oxygen as a function of the distance r. The shaded blue areas
indicate the different solvation-shell waters: first (W1) and second (W2).

Ion hydration. Most ions, including the large monovalent ones, possess a �rst hydra-
tion shell. 164,322 Strongly hydrated ions also possess a second hydration shell. 322,323
Fig. 2.3a shows some examples of RDFs between various ions and water molecules.
Some ions show a strong hydration (e.g., Li+), which can be seen from a tighter hydration
shell than an oxygen–oxygen RDF in pure water. Other ions show a weaker hydration
(e.g., Cs+). Ion hydration numbers can be obtained from computer simulations as the
area under the ion–water RDF 324 (Fig. 2.3b) and provide information about the number
of water molecules in a speci�c shell. In analogy to the ion pairs explained above, the
�rst peak corresponds to the primary (�rst) hydration number and the second peak
to the second hydration number. Hydration numbers can also be obtained from di�rac-
tion measurements. 324 Hydration numbers indicate thermodynamic a�nities but do
not provide information about the underlying mechanism driving it. Namely, they
provide neither information about the strength of ion–water interactions nor about the
movement of the water molecules is given. ¿e hydration number can also be de�ned
from operational methods such as the standard partial molar compressibility of the
ion, the �tting of standard Gibbs free energies and enthalpies of hydration to the size
of the ions, or from the ionic Stokes radii de�ning a ”Stokes volume” of the hydrated
ion. 324

By taking the hydration shell(s) into account, the e�ective ion radius in aqueous solutions
is a�ected. Experiments, e.g., conductivity measurements, have proved this. 325 E�ective
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radii instead of ion radii should be considered, otherwise some properties would show
surprising trends. For instance, strongly hydrated ions have a lower mobility than
weakly hydrated ions even though they are smaller because of their larger hydration
shell. 326

Law of matching water a�nities. Collins formulated the LMWA stating that CIPs are
formed spontaneously only between oppositely charged ions when their water a�nities
are equal. 165 ¿e idea is based on the picture of ions as spheres with centered point
charges. ¿e classi�cation of ions depends on their charge density and, hence, their size.
Point charges associated with small ions are close to water molecules’ point charges of
the opposite sign, and distant for large ions. ¿e former leads to a tight hydration shell,
i.e., strongly hydrated ions, while the latter leads to a loose hydration shell, i.e., weakly
hydrated ions. In addition, the classi�cation depends on the strength of ion–water
interactions compared to water–water interactions. ¿e various ion–ion and ion–water
interactions can be ranked according to Fig. 2.4. For the same charge density, an anion is
more strongly hydrated than a cation. 162,165 ¿is originates from the asymmetric charge
distribution of water in the hydration shell. 327–329

¿e distance between point charges is crucial for the existence of ion pairing. 165 Ow-
ing to strong ion–water interactions for small ions, it is energetically unfavorable to
remove water molecules from their hydration shell. However, when replaced with a
small ion, the favorable ion–ion interactions overcompensate for it. For large ions, water
is released and pairing takes place since the weak ion–ion interactions are overcom-
pensated by stronger water–water interactions. ¿e formation of both types of CIP
is energetically favorable. ¿e formation of a CIP between a small and a large ion of
opposite charge is energetically unfavorable. A small and a large ion remain soluble
since distant point charges lead to weak ion–ion interactions. ¿ese interactions can
especially not compensate for loss of strong ion–water interactions for the small ion.
In summary, two ions of opposite charge and of similar size are prone to form CIPs,
since they posses similar hydration energies and have similar water a�nities. Two
weakly hydrated ions have loosely bound hydration spheres leading to expulsion of the
hydration spheres between them. Two strongly hydrated ions show a mutual attraction
leading to expulsion of the hydration spheres between them. Ions of dissimilar size
remain solvent separated.

2.3 Polymers in aqueous solutions

¿e properties of polymers, such as solubility, and their behavior in aqueous solutions
depends on the chemical structure. In addition, polymer solvation is in�uenced by the
polymer solution composition and temperature.
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Fig. 2.4 Relative interaction strength of ion–ion, ion–water and water–water interactions for large and
small ions.

2.3.1 Basic polymer physics

A polymer is a molecule consisting of repeating units assembling a chain-like struc-
ture, long enough such that adding or removing one repeating unit does not e�ect
its properties. 330 ¿e units are referred to as monomers and consist of one group of
atoms (homopolymers) or di�erent groups of atoms (copolymers). 330 ¿e process of
polymerization is linking the monomers by covalent bonds. Some examples of skeletal
structures are linear, cyclic, and nonlinear, such as branched and network. 330 All have
in common that their molar mass are large. ¿erefore, polymers are commonly also
referred to as macromolecules. ¿e number-average molar mass is de�ned as 330

Mn =
∑N iM i

N i
, (2.24)

where N i denotes the number andM i the molar mass of molecule i, while the weight-
average molar mass is de�ned as 330

Mw =
∑N iM2

i

N iM i
. (2.25)

¿e ratio Mw/Mn, describes the polydispersity (PDI). 330 It speci�es the molar mass
distribution range, where a PDI equal to 1 corresponds to a monodisperse polymer and
a value of 1.5–2 is common. Polymers, due to long chain structure and �exible nature,
can exist in di�erent spatial arrangements (conformations). Stretched chains, i.e., coil
conformations, and collapsed chains, i.e., globular conformations are two examples
depicted in Fig. 2.5.
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(a) (b)

Fig. 2.5 Examples of polymer conformation types, (a) coil and (b) globular conformation.

2.3.2 ¿ermodynamics of polymer solutions

A binary polymer solution is a mixture where the two components, polymer and solvent
(e.g., water), are mixed on a molecular scale. 330 According to the thermodynamic
requirement, the formation of a solution takes place when the Gibbs free energy of
mixing ∆Gm < 0. 330 ¿at is, the Gibbs free energy of the mixed solutionmust be smaller
than the sum of the two components’ Gibbs free energy. ¿is can be expressed as

∆Gm = G12 − (G1 +G2) , (2.26)

where 1 and 2 denote polymer and solvent (water), respectively. Using Eq. (2.1), Eq. (2.26)
may also be written as

∆Gm = ∆Hm − T∆Sm , (2.27)

where ∆ denotes the change from pure components to mixture, T the temperature,
∆Hm the enthalpy of mixing, and ∆Sm the entropy of mixing.

Experimentally, the thermodynamic stability of states of a binary polymer–solvent
mixture can be measured and graphically represented in a phase diagram that shows
the phase transition temperature, also known as cloud point, as a function of polymer
concentration. An illustration of a temperature-induced phase separation for a binary
polymer–solvent mixture is shown in Fig. 2.6. Fig. 2.6a represents systems where the
solubility increases with increasing temperature. ¿is behavior results in a concave
coexistence curve, a so-called binodal curve, on which two phases may co-exist. It
corresponds to the condition where the chemical potentials of the solution compo-
nents in the polymer-rich and solvent-rich phase are equal. ¿e curve representing the
conditions where the second derivative of the free energy is equal to zero is called the
spinodal curve. ¿e joint maximum of the two curves corresponds to an upper critical
solution temperature (UCST). 330 Above the UCST, polymer and solvent are miscible
at any mixture composition and present as a one-phase system. Fig. 2.6b represents
systems where the solubility decreases with increasing temperature. ¿is behavior re-
sults in a convex coexistence curve with the joint minimum of binodal and spinodal
corresponding to a lower critical solution temperature (LCST). 330 Here, polymer and
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Fig. 2.6 Illustration of polymer solution phase diagrams (temperature T versus the volume fraction of
polymer ϕ2) showing (a) an upper critical solution behavior and (b) a lower critical solution behavior.
The solid lines are the binodals, while the dotted lines are spinodals. Tc denotes the upper and lower
critical solution temperatures, and cc the upper and lower critical solution concentrations.

solvent are miscible at any mixture composition below the LCST. Polymers showing
an LCST behavior usually indicate polymer–solvent interactions, such as hydrogen
bonding or charge transfer. 330

2.3.3 Stimuli-responsive polymers

Stimuli-responsive (also known as stimuli-sensitive, environmentally sensitive, smart,
or intelligent) polymers are polymers that are sensitive to external stimuli. 331–334 ¿eir
responsiveness triggers changes in their physical or chemical properties. Usually a
small environmental change is enough to cause a large property change because of
a highly nonlinear response. External stimuli cover a great variety and are usually
divided into three categories: physical, chemical and biological stimuli. 331,333–335 Phys-
ical stimuli include changes in temperature, light, magnetic and electric �elds, and
mechanical forces. 331,333–335 Chemical stimuli include changes in pH, ions, redox and
solvent. 331,333–335 Biological stimuli include changes in glucose, enzyme and in�amma-
tion. 331,333–335 ¿e responses are manifold, ranging from structural changes, such as
shape, volume and size, to conductivity, permeability, opacity and color change. 331,333–335
Polymers being responsive to two ormore stimuli are classi�ed as dual andmulti stimuli-
responsive polymers, respectively. 333,336,337

Stimuli-responsive polymers are broadly applied in chemistry and material science.
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2.3 Polymers in aqueous solutions

Examples of materials utilizing stimuli-responsive polymers are polymer brushes, �lms
of polymer networks, colloids, micelles, nanogels and membranes. 338 Applications
within medical devices, 339 (bio)sensors, 340 drug delivery, 341–344 environmental remedi-
ation, 345 and chemo-mechanical actuators 346,347 are other examples. ¿e reader can
refer to a number of reviews for more details on stimuli-responsive polymers, their
applications and syntheses. 333,334,338,348–352

¿ermoresponsive polymers. ¿e most studied stimulus, and also the best under-
stood, is temperature. Temperature can be varied and tracked easily, which, presumably,
is a decisive reason for the intensive examination of thermoresponsive polymers. ¿er-
moresponsive polymers 333,337,353 exhibit a drastic change in solubility when exposed to a
temperature variation. Within a small to modest temperature change at the critical solu-
tion temperature, the thermoresponsive polymers undergo a phase transition. ¿e LCST
is governed by the entropy of the system, i.e., water molecules being less ordered, 354
while the UCST is governed by the enthalpy of the system, i.e., polymer–water hydrogen
bonding. 284 In the following, the focus will be on polymers exhibiting an LCST.

At the cloud point, a molecular transition from a coil conformation to a globular con-
formation takes place minimizing the free energy of the system. Assuming a two-state
process (i.e., �rst order transition) as depicted in Fig. 2.7a, the coil-to-globule equilib-
rium process can be illustrated as shown in Fig. 2.7b. Macroscopically, the decrease of
the polymer solubility with increasing temperature can be observed through a change
in the turbidity of the solution (Fig. 2.7c). When increasing the temperature from
the cloud point, a transition from a stable one-phase to an unstable two-phase system
is observed (Fig. 2.6b). ¿is transition is reversible. Examples of thermoresponsive
polymers exhibiting an LCST are poly(N-substituted acrylamides), poly(viny1 alcohol)
and poly(ethy1ene oxide). 330,331

Besides temperature, parameters such as chain length, 355–357 tacticity, 358–361 pressure 362
and the exact nature of the polymer, such as the incorporation of co-monomers 363 and
the chemistry of the end group 364,365 a�ect the LCST of a polymer. Tacticity describes
the relative steroechemistry of neighboring monomers’ chiral centers. 330 Polymers can
be classi�ed as isotactic (all repeating units placed on the same side of the polymer
backbone), syndiotatic (alternating placement of repeating units relative the polymer
backbone) or atactic (random placement of repeating units). 330

Poly(N-isopropylacrylamide) as a model thermoresponsive polymer. One of the
polymers in the poly(N-acrylamide) family is PNIPAM.¿e chemical structure of the
NIPAM-monomer is shown in Fig. 2.8. It consists of a backbone of a poly-ethylene
chain and of a side chain containing both an amide group and an isopropyl group.
PNIPAM contains both hydrophobic moieties (backbone and isoprorpyl group) and a
hydrophilic moiety (amide group). 366
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Fig. 2.8 Chemical structure of poly(N-Isopropylacrylamide).
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Fig. 2.9 Phase diagram of PNIPAM in water showing the phase transition temperature, i.e., cloud point,
as a function of the of PNIPAM. The diagram is reconstructed from Furyk et al. 364 .

PNIPAM can be produced by linking monomers using di�erent polymerization tech-
niques such as ionic polymerization, 367 redox polymerization, 368 radiation polymeriza-
tion, 369 free radical polymerization 370 and living radical polymerization. 371

¿e polymer is soluble in cold water and shows an inverse solubility (precipitation)
upon heating. 372,373 ¿e transition is reversible, meaning that the polymer becomes
soluble again when the temperature decreases below its LCST of 32 ○C. 374,375 ¿e phase
transition temperature of PNIPAM as a function of the solution composition in pure
water is shown in Fig. 2.9. It is characterized by a �at binodal curve, and the LCST
is also independent of the molecular weight of PNIPAM. 364,376 PNIPAM is widely
used as a prototype polymer with coil-to-globule transition. 377,378 Its coil-to-globule
equilibrium process E⇌ C is illustrated in Fig. 2.7b and is thermodynamically driven
by the free energy change. ¿e coil conformation is enthalpically favored, while the
globular conformation is entropically favored, and will be discussed below. PNIPAM is
also a commonly used polymer for investigations of Hofmeister e�ects. 4,9,11,13,364,379 Its
solubility is ion speci�c and themodulation of its LCST by anions follows theHofmeister
series. 4

¿ere is no precise explanation for why PNIPAM collapses in water (i.e., the self-
assembly mechanism) above its LCST, but the following is assumed: 375 hydrogen-
bonding formation between adjacent water molecules and the amide group and the
carbonyl group of PNIPAM aid the solvation of the polymer below its LCST. ¿e ni-
trogen atom of the amide group acts as a hydrogen bond donor (one hydrogen bond),
while the oxygen of the carbonyl group acts as a hydrogen bond acceptor (two hy-
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drogen bonds). 374 Meanwhile, water molecules at the polymer–water interface show
restricted mobility and, hence, a loss in con�gurational entropy. 278 However, the en-
thalpic gain of water molecules through hydrogen bonds dominates below the LCST.
During the coil-to-globule transition (Fig. 2.7b and Section 2.4.2), the exposed surface
area decreases reducing the hydrogen bonds between water molecules and PNIPAM.
¿is minimization of the polymer (hydrophobic) surface interactions can be explained
by the hydrophobic e�ect (Section 2.1.2). Water molecules around the hydrophobic
isopropyl part of the side chain dissociate and, instead, intra-chain hydrogen bonds
are formed. 375 In addition to this loss of favorable polymer–water hydrogen-bonding
interactions, the conformational entropy of the polymer chain also reduces with the
polymer collapse. 380 Despite this loss, and despite the bigger in�uence of entropy at
higher temperature (2.27), the polymer chain still collapses at higher temperature. ¿is
can be explained by a solvent-related entropy contribution. 136,380 ¿e polymer chain
reduces its excluded volume (Section 2.4.4) by collapsing, leading to a translational
entropy gain for the surrounding water molecules. 136 ¿is e�ect is larger in water than
in other solvents due to the small, and hence many, water molecules. ¿is favorable
entropy contribution, together with the increase of water entropy originating from the
loss of polymer–water hydrogen bonds, overcompensate the counter e�ects (i.e., confor-
mational entropy reduction of the chain and enthalpic loss of water molecules), when
increasing the temperature above the LCST. ¿e hydrophobic interactions between
polymer segments are believed to be of importance for the coil-to-globule transition, as
well. 374,381,382

¿e LCST of PNIPAM in aqueous solutions is sharp and within the physiological
temperature range, making it eligible for biological and medical applications. 334,375
Some examples of applications for PNIPAM are in sensors, 340 membranes, 383 polymer
brushes 384 and thin �lms. 385 PNIPAM is also used as a biomaterial in bioseparation,
and in drug and gene delivery applications. 375

2.4 In�uence of electrolytes on the solubility of hydrophobic
polymers

¿e collapse of hydrophobic polymers such as PNIPAM is related to polymer solvation
and thermodynamic properties associated with it. Salts can a�ect the phase transi-
tion temperature (i.e., polymer collapse) through, for instance, enthalpic (preferential
binding) or entropic (solvent-excluded volume) contributions. ¿e KB theory pro-
vides information on cosolute e�ects and their interactions with macromolecules like
polymers.
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2.4.1 Kirkwood–Bu� theory and preferential binding

¿e relationships between macroscopic and microscopic properties for solutions can be
explained using the KB theory. 191 ¿eapplication of the KB theory is suited for computer
simulations investigating cosolute e�ects on macromolecules, since it is straightforward
to apply.

Kirkwood–Bu� theory. Pair correlation functions (i.e., molecular distribution func-
tions) can be used to derive thermodynamic properties. ¿e relation is given by the
so-called KBI, 191 de�ned as

G ij = G ji = 4π
ˆ
∞

0
[g(µVT)ij (r) − 1] r2dr, (2.28)

where g(µVT)ij (r) denotes the center of mass based RDF of species i and j de�ned in
the open (T , V , µ) system (Section 3.2). ¿e KBI quanti�es the distribution deviation
of particles j around the central particles i from a random bulk distribution. From
g(µVT)ij (r), thermodynamic properties such as compressibility, partial molar volumes
and derivatives of chemical potentials can be computed. ¿e resulting expressions
for compressibility, partial molar volumes and derivatives of chemical potentials can
be written in terms of G ij . ¿e reader is referred to the original paper by Kirkwood
and Bu� 191 or to books 192 for these expressions. ¿is applies for the derivation of
the KB theory, as well. ¿e opposite is possible, too, and is referred to as inversion
of the KB theory. ¿ermodynamic properties can be used to generate G ij , which
provides local information even though it is not a molecular property. Primarily, the
KB theory, including its inversion, has been applied to two-component systems, since
the expressions for multicomponent systems are involved. Another consequence of the
complexity of the KB theory for systems with three or more components, is that it has
mainly been applied to dilute solutions. When a solute S is very diluted in a mixture of
the two components, the KB theory for three components can be applied and examined
in the limit of ρS → 0.

¿e KB theory is general and powerful. 192,211 ¿at is, it is exact, it is valid for all types
of particles (independent of size and shape), it can be applied to all stable solutions
independent of the number of components, it does not assume pairwise additivity of
interactions, and it can be be applied to classical and quantum systems.

For the application of the KB theory to aqueous electrolyte solutions, two di�erent
approaches can be taken. 192 i)¿edissociation of the salt to individual ions (e.g., NaCl→
Na++Cl− ) can be ignored and the system is a two-component system consisting of water
and salt. 214,218 ii) ¿e dissociation is taken into account leading to a three-component
system consisting of water, cations and anions. In case i), the ion–ion correlations are
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not taken into account in the KB theory. In case ii), they are, but the thermodynamic
properties (e.g., partial molar volumes) are not available.

Preferential binding. ¿e preferential binding of solvent and cosolute with the macro-
molecule are commonly reported as the preferential binding coe�cient. It speci�es the
relation between the excess number of cosolutes in proximity to the macromolecule
and the statistical number for the bulk composition. Multiple approaches have been
applied over the years for the derivation of preferential binding coe�cients based on
the KB theory. 219–224 Herein, the approach by Pierce 211 will be described. From now
on, macromolecule refers to a polymer, the solvent to water and the cosolute to a salt.
¿e standard thermodynamic convention for ternary mixtures will be followed: 1 de-
notes water, 2 the polymer chain, and 3 the salt, i.e., indistinguishable salt ions. ¿e
preferential binding coe�cient of salt to the polymer Γ23 is de�ned as

Γ23 = ρ3 (G23 −G21) , (2.29)

where ρ3 = n3/V denotes the bulk number density of the salt ions, n3 the number of
salt ions, and V the volume. G23 and G21 denote the polymer–salt and polymer–water
KBIs, respectively. To underline the nature of the preferential binding coe�cient to be
an excess quantity, Eq. (2.29) can be rewritten to

Γ23 = N23 −
ρ3
ρ1
N21 , (2.30)

where N ij = ρjG ij denotes the excess coordination number. Γ23 < 0 implies an excess of
solvent molecules over cosolute molecules, and Γ23 > 0 an excess of cosolute molecules
over solvent molecules. Eq. (2.29) expresses the relation between the preferential bind-
ing coe�cient and the cosolute concentration. A constant G23 − G21 yields a linear
dependence of Γ23 on the salt concentration ρ3 . 18 ¿us, a salt concentration independent
behavior for the di�erence between the water–salt and the polymer–water a�nity is
seen. ¿is will be re�ected in a linear LCST as a function of salt concentration. In
contrast, for a value of G23 −G21 that changes with salt concentration, a nonlinear LCST
is expected. Depending on larger or smaller a�nity of ions over water molecules, a
favorable partitioning to or depletion of the ions from the polymer chain is observed.

In order to apply Eq. (2.29) to computer simulations, some approximations are necessary.
¿e reason is that simulations are usually carried out in closed systems. KBIs need to
be truncated at a distance where the RDF converges to unity and surface referenced
RDFs need to be used. ¿e second approximation deals with the convergence issue. 386
Additionally, a correction to the bulk solution distribution is requiredwhen investigating
the preferential binding coe�cient as a function of the distance from the polymer. 387
Molecules (water and ions) that are counted to the bulk distribution will be counted
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to the local distribution as the distance to the polymer is increasing. ¿erefore, the
approach of Pierce 211 is used to calculate the preferential binding coe�cient from
computer simulations. It reads

Γ23 = ⟨n3(r) −
N3 − n3(r)
N1 − n1(r)

n1(r)⟩ , (2.31)

where N1 and N3 denote the total numbers of water molecules and salt ions in the
system, respectively, and n1(r) and n3(r) denote the local numbers of water molecules
and salt ions within a speci�c distance r to the polymer, respectively. ¿e angle brackets
⟨⋅⟩ denote time averaging. ¿at is, the sign of Γ23 at large values of r speci�es favorable
partitioning (positive preferential binding) or a depletion (negative preferential binding)
of ions. On account of the r2 weighting term in Eq. (2.28), the KBIs become increasingly
sensitive to deviations from bulk at larger distances from the polymer and are, thus,
prone to noise. 388 ¿e convergence at large distances from the polymer is, therefore,
commonly a challenge when computing preferential binding coe�cients. 389

¿e preferential binding coe�cient provides information about the polymer’s collapse
process and is commonly used when investigating the solubility of macromolecules
(polymers and proteins). Wyman 209 proposed and Tanford 390 extended the relation
linking the preferential binding coe�cient to cosolute e�ects on the polymer collapse
equilibrium. ¿e change in the preferential binding coe�cient together with the con-
formation change from an extended (E) to a collapsed (C) state is investigated. ¿e
equilibrium constant K of the polymer collapse equilibrium and the cosolute activity
a3 at a given temperature, pressure and solution composition is related to the change in
the preferential binding through

( ∂ lnK
∂ ln a3

)
T ,P
= ∆ΓE→C

23 , (2.32)

where ∆ΓE→C
23 = ΓC23 − ΓE23 . To account for solvent nonideality

( ∂ ln a3
∂ ln c3

)
T ,P
= 1
1 + ρ3 (G33 −G31)

, (2.33)

can be used to rewrite Eq. (2.32) to

( ∂ lnK
∂ ln c3

)
T ,P
= ∆ΓE→C

23

1 + ρ3 (G33 −G31)
. (2.34)

Here, G33 and G31 denote the salt–salt and salt–water KBIs, respectively, and the de-
nominator is positive. 192 If the numerator is positive as well, ions prefer the collapsed
state over the extended state. Conversely, ions prefer the extended state if it is negative.
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Fig. 2.10 Critical solution temperature Tc as a function of the salt concentration cs depicting the salt
effect on the first-order coil-to-globule transition. The insets on each side of the lower critical solution
temperature line illustrate the conformation probability indicated by the free energy as a function of
radius of gyration.

Hence, by means of MD simulations and employing Eq. (2.34), predictions of salt e�ects
on the polymer collapse equilibrium can be made.

2.4.2 ¿ermodynamics of hydrophobic polymer collapse

Water-soluble polymers like PNIPAM can be described by a two-state consideration
similar to proteins. 391,392 ¿e coil-to-globule transition (Fig. 2.7b) describes the tran-
sition between the two states. A �rst-order and discontinuous transition is illustrated
in the insets in Fig. 2.10, showing a decrease of the LCST of a polymer as a function
of salt concentration. ¿e line represents the 50:50 probability for the two states. ¿e
probability for the collapsed state is higher above the LCST, and higher for the extended
state below the LCST. Note, neither the extended nor the collapsed state are uniquely
de�ned for �exible polymers. However, in order to di�erentiate the two states struc-
turally, degenerated states can be distinguished by using an appropriate size metric,
such as the radius of gyration (i.e., mean position of monomers with respect to the
center of mass). 393–395 For the example illustrated in Fig. 2.10, an addition of salts (or
other cosolutes) will shi the equilibrium to the collapsed state. ¿is is re�ected in a
lower free energy minimum for a smaller radius of gyration. Opposite e�ects may be
observed (Section 2.4.3).

¿e equilibrium constant K controls the ratio between the extended and collapsed
conformations. It is related to the free energy di�erence between the collapsed (globular
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conformation) and extended (coil conformation) state through

K = exp(−∆G
E→C

RT
) , (2.35)

where R denotes the ideal gas constant and T the temperature. While a change in the
solvation free energy for small molecules can be explained by Eqs. (2.4) and (2.7), the
solvation of polymer chains include additional terms. ¿at is, the free energy di�erence
for the polymer equilibrium process E⇌ C accounts for the di�erence in the solvation
free energies (chemical potential) of the collapsed and extended chains, as well as for
an intramolecular part. ¿is can be written as 380

∆GE→C = ∆µ∗E→C + ∆GE→C
intra , (2.36)

with
∆µ∗E→C = µ∗C − µ∗E , (2.37)

and
∆GE→C

intra = ∆EE→C
intra − T∆SE→C

conf . (2.38)

Here, µ∗C and µ∗E denote the excess chemical potential for the collapsed and extended
conformations, respectively, ∆EE→C

intra denotes the change in polymer intramolecular
(intra) potential energy upon chain collapse, and ∆SE→C

conf the corresponding change
in the polymer conformational (conf) entropy. ¿e interested reader can refer to the
literature 380 for details on Eq. (2.36).

Using Eqs. (2.4) and (2.7) by inserting Eq. (2.38), Eq. (2.36) can be rewritten as

∆GE→C = ∆EE→C
intra + ∆EE→C

uv − T (∆SE→C
conf + ∆SE→C

uv ) . (2.39)

Here, the de�nitions
∆EE→C

pv ≡ ∆EE→C
intra + ∆EE→C

uv , (2.40)

and
∆SE→C

pv ≡ ∆SE→C
conf + ∆SE→C

uv , (2.41)

which have been introduced for frozen polymer chains, 380 are used to simplify the
expression. ¿e pv-terms include contributions from both internal polymer changes
and polymer–solvent interactions. For frozen polymer chains, Eq. (2.39) can now be
rewritten as

∆GE→C = ∆EE→C
pv − T∆SE→C

pv . (2.42)

¿e polymer solubility is studied at the LCST where the polymer and solvent start to
phase separate. At this critical temperature the system is in equilibrium and ∆GE→C = 0.
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¿e critical temperature Tc can therefore be de�ned as

Tc =
∆EE→C

pv

∆SE→C
pv

= ∆H
E→C

∆SE→C , (2.43)

where Eq. (2.1) is used to obtain the second equality. Here, ∆HE→C and ∆SE→C de-
note the collapse enthalpy and collapse entropy, respectively. Salts suppress Tc causing
polymer collapse. ¿is suppression upon addition of salt can originate from an en-
thalpic change (∆∆EE→C

uv ), an entropy change (∆∆SE→C
uv ), or from a combination of

both contributions. ¿is will be explained in the following sections.

2.4.3 Salt e�ects on the lower critical solution temperature

¿e critical solutions temperature Ts of a polymer in an aqueous salt solution is a func-
tion of the salt concentration cs. ¿e addition of a salt leads to a decrease or increase
of the polymer solubility, owing to whether the added salt alters the transition tem-
perature upward or downward relative the experimental temperature. A decrease of
the LCST as a function of salt concentration is depicted in Fig. 2.11a, while an increase
of the LCST as a function of salt concentration is depicted in Fig. 2.11b. For polymers
with an LCST, ∆EE→C

pv and ∆SE→C
pv are both positive. A change in either one or both

upon the addition of salt leads to a change of the LCST (2.43). Strongly hydrated
anions a�ect ∆SE→C

pv , but typically have a negligible impact on ∆EE→C
pv . ¿e decrease

in Tc for these ions originates from an increase in ∆SE→C
pv caused by the so-called

solvent-excluded volume e�ect (Section 2.4.4) as the underlying driving force. Weakly
hydrated anions interact with the polymer and, therefore, a�ect not only ∆SE→C

pv but
also ∆EE→C

pv . ¿at is, Tc is a�ected by both ∆EE→C
pv and ∆SE→C

pv . A counterbalance be-
tween the two contributions, favorable polymer–ion interactions and solvent-excluded
volume e�ect, leads to the salt concentration-dependent behavior for weakly hydrated
ions.

PNIPAM in an aqueous solution with a strongly hydrated salt, e.g., NaCl or Na2SO4 , 4
as a cosolute is an example of a system with linear salting-out behavior (Fig. 2.11a).
PDEA in an aqueous solution with urea as a cosolvent 396 is an example of a system
with linear salting-in behavior (Fig. 2.11b). Tc can also have a nonlinear trend with an
inversion of the solubility behavior. ¿is behavior usually originates from polymer–ion
interactions. 4,118 For example, PNIPAM in an aqueous solution with a weakly hydrated
salt, e.g., NaI, as a cosolute 4 shows a slight increase of the LCST (salting-in) at low salt
concentrations followed by a decrease (salting-out) at higher concentrations a er the
maximum in the LCST was reached.
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Fig. 2.11 (a) Decrease and (b) increase of the critical solution temperature Tc as a function of the salt
concentration cs . Snapshots of extended and collapsed polymer chains represent typical conformations
at the respective salt concentration and temperature.

2.4.4 E�ect of solvent-excluded volume on polymer solubility

¿e concept of solvent-excluded volume e�ects is crucial for a molecular understanding
of how ∆SE→C

pv a�ects the LCST (2.43), both for strongly and weakly hydrated salts. For
a bulk solvent to host a solute (e.g., polymer), local solvent density �uctuations creating
an empty space (a cavity) of the size of the solute are necessary. ¿is is referred to as the
solvent-excluded volume e�ect. 136 It is solely an entropic contribution and is a part of
the excess chemical potential (Eq. (2.8)). ¿e excluded volume of a molecule is equal to
the volume inaccessible for other molecules due to the presence of the molecule itself.
For polymers, it implies that two parts of the chain cannot occupy the same space. It
also has the consequence that the ends of the chain are further apart than in the absence
of excluded volume (ideal chain). 330

For electrolyte solutions, the solvent-excluded volume e�ect depends on the type
of ion (i.e., ion hydration). 397 ¿e addition of a strongly hydrated salt to an aque-
ous solution suppresses the solvent-density �uctuations, causing the polymer to col-
lapse. ¿is conduces to a decrease of the solvent-excluded volume. It is freed into the
bulk and turned into an available space for water molecules and ions. ¿is increases
the translational entropy for ions, and is the driving force for polymer collapse. 398
¿is process is depicted in Fig. 2.12. ¿e e�ect is larger for higher salt concentra-
tions.

Of course, this is di�erent for weakly hydrated salts. A swelling of the polymer chain and,
thus, an increase of the solvent accessible surface area occur at low salt concentrations,
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Fig. 2.12 Solvent-excluded volume effect leads to polymer collapse due to an increase of translational
entropy for the salts (orange spheres) and water molecules resulting from a smaller excluded volume
(gray area around polymer).

owing to the weakly hydrated ions’ attractive interactions with the polymer. For this
to occur, a cavity for the chain to expand into is needed. A weaker solvent-excluded
volume e�ect (i.e., smaller suppression of the solvent-density �uctuations) than caused
by the strongly hydrated ions enables this cavity formation. At larger salt concentration,
however, favorable polymer–ion interactions are not enough to overcompensate the
solvent-excluded volume e�ect.

2.5 Experimental techniques

Ion-speci�c e�ects in aqueous solutions containing salts with or without polymers (or
other macromolecules) can be investigated using thermodynamic techniques, such
as phase transition temperature measurements, or spectroscopic techniques, such as
VSFS.² Speci�cally, the polymer collapse behavior and ions behavior, as well as their
in�uence on adjacent water molecules close to an air–polymer–water interface are
examined.

2.5.1 Phase transition temperature measurements

Phase transition temperature measurements are carried out to determine the LCST
of a polymer as a function of salt concentration. ¿e measurements allow for the
investigation of noncovalent interactions crucial for the hydrophobic collapse of ther-
moresponsive polymers in salt solutions. Such temperature measurements can be

² The experiments are briefly described here to assist the understanding of the presented research in
the following chapters. They were performed in collaboration with the Cremer Research Group at the
Department of Chemistry and the Department of Biochemistry and Molecular Biology, Pennsylvania
State University, University Park, Pennsylvania 16802, USA.
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done using a commercial melting point temperature apparatus. Polymer–salt solu-
tions are loaded in glass capillary tubes, which are sealed on one end and open on
the other, and placed in the apparatus. ¿e LCST is determined from a scan of a
temperature range around the expected LCST value. ¿is is done by ramping the
temperature of the tubes from low to high temperature, with a certain temperature
increase per minute. Simultaneously, the light scattering is measured in real-time.
More precisely, the turbidity change of the solution is measured using a digital im-
age processing technology. At low temperatures, the polymer–salt solution appears
transparent due to soluble and extended chains (Fig. 2.7c). ¿is solution does not
scatter light. At temperatures above the LCST, the polymer–salt solution appears
cloudy due to collapsed and aggregated polymer chains (Fig. 2.7c). ¿is solution
scatters light. By measuring the onset of light scattering intensity relative to the �at
and low-intensity baseline observed at cold temperatures, the LCST can be deter-
mined.

2.5.2 Vibrational sum frequency spectroscopy

Surfaces and interfaces such as polymer, protein or lipid monolayers at an air–water
interface can be analyzed using VSFS. 399 ¿e spectroscopic technique can be utilized to
investigate the in�uence of ions on the hydration shell water molecules of the polymer,
and, hence, on polymer–ion interactions upon addition of di�erent salts. Speci�cally, an
air–polymer–water interface containing a Gibbs monolayer of the polymer and salt in
the subphase can be probed, as illustrated in Fig. 2.13. ¿e basis for the technique is sum
frequency generation (SFG), a second order nonlinear process. 399–403 ¿e incoming
electric �eld consists of two frequencies ωVIS and ωIR, generated simultaneously by
two incoming pulsed laser beams, a �xed visible (VIS) and a tunable infrared (IR)
beam. An overlap, in time and space, of the two beams on a medium induces emitted
light at the sum of the two frequencies ωSF = ωVIS + ωIR (Fig. 2.13, top). 399–403 ¿e
emitted light is referred to as the sum frequency (SF) beam. ¿e method is coherent,
meaning that the properties of the incoming beams are decisive for the magnitude,
direction and phase of the SF beam. 399–401 An IR frequency corresponding to a vi-
brational mode of the investigated molecules leads to a resonant enhancement of the
intensity of the SF light. 399,401 ¿e SFG process arises from surface nonlinear polar-
ization P(2)(ωVIS + ωIR) of the medium. ¿e VSFS (or SFG) intensity IVSFS is given
by 399

IVSFS ∝ ∣χ(2)∣2IVISIIR , (2.44)

where IVIS and IIR denote the intensities of the respective incoming beams, and χ(2)
denotes the second-order nonlinear susceptibility. ¿e latter can be split into contri-
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ωSF = ωIR + ωVISωIR

ωVIS

I−

Bulk

Interface

Cl−

Fig. 2.13 Schematic illustration of a vibrational sum frequency spectroscopy setup where two incoming
beams, a fixed visible (VIS) and a tunable infrared (IR) beam, generate a sum frequency (SF) beam. The
chain of gray spheres represents the polymer, blue the weakly hydrated iodide ion, orange the strongly
hydrated chloride ion, red and white the water molecules, and the black arrows indicate the direction
of the water dipoles in the three cases: pure water solution (left), weakly hydrated salt solution (center)
and strongly hydrated salt solution (right).

butions
χ(2) = χ(2)NR + χ

(2)
R , (2.45)

where χ(2)NR and χ
(2)
R denote the nonresonant and resonant susceptibility terms, respec-

tively. ¿e latter is frequency-dependent, while the former is not. ¿e resonant part of
the vibrational modes can be further expressed as 400

χ(2)R =∑
n

An

ωIR − ωn + iΓn
, (2.46)

where n denotes the n-th resonant mode, An the oscillator strength, ωn the resonant
frequency, and Γn the peak width.

¿e molecular response caused by the input beams is re�ected in the χ(2) term. 399 Only
SF-active molecular vibrational modes can be detected. 399 It requires an asymmetric
environment, which cannot be found in isotropically distributed (centrosymmetric) bulk
solutions but at interfaces (not centrosymmetric). Additionally, a net polar orientation of
themolecules of interest is required. By scanning the IR laser over a range of frequencies,
a vibrational spectrum is obtained. 399 ¿e VSFS signal can be collected in di�erent
regions, for example in the CH stretch region from 2800 cm−1 to 3000 cm−1 and in the
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OH stretch region from 3000 cm−1 to 3800 cm−1. ¿e generated vibrational spectra
provide information about molecules at the interface, such as the polar orientation, 399
molecules’ ordering at the interface 399 and the interfacial water structure. 404 VSFS is
surface-speci�c, and a particular advantage is the good molecular selectivity due to the
scanned IR frequency generating vibrational transitions. 403

In particular, VSFS allows for studying interactions between salt ions and polymer
surfaces as illustrated in Fig. 2.13. In a purewater solution (Fig. 2.13, le ), watermolecules
are randomly oriented and close to the surface, only few are aligned. With the addition
of a weakly hydrated anion, such as I– binding to the polymer interface, the surface
charges up creating an electric �eld and aligning the water molecules in the hydration
shell of the polymer (Fig. 2.13, center). ¿is ampli�es the measured OH intensity. In
contrast, added strongly hydrated anions, such as Cl– , remain in the bulk, generate no
net polar orientation (Fig. 2.13, right), and, hence, do not in�uence the OH signal.
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Chapter 3

Molecular dynamics simulations

MD simulations are numerical experiments performed using the computer as a virtual
laboratory. Hence, they are similar to lab experiments. Macroscopic quantities can be
calculated from amicroscopic model system through the use of statistical mechanics. In
this chapter, the MD simulation process is described, including algorithms, functional
forms, and parameters of the intra- and intermolecular interactions. ¿is chapter is
based on selected textbooks within the �eld. 229,310,311

3.1 Statistical mechanics

Macroscopic thermodynamic properties of a system can be calculated from properties of
individual molecules using statistical mechanics. AnN-particle system can be described
in atomistic detail by specifying the positions r and momenta p of all particles. A
point (rN , pN ) in a 6N-dimensional space (three coordinates and three components
of the momentum per particle) constitutes a microstate. All possible microstates of a
system constitute its phase space. From the phase space distribution of microstates, all
thermodynamics properties are accessible. ¿e instantaneous value of a property G at
time t can bewritten asG (rN(t), pN(t)). However, solving the theory formany-particle
systems is nearly impossible and impractical. Instead, the concept of thermodynamics
that the macroscopic state of a system can be described by only a small set of variables
is employed. ¿is is possible since the quantities determined from experiments are
time averages. Statistical mechanics 405 provides the link between the given microscopic
details of a system and the average macroscopic quantities.

For systems with a �xed number of particles N , volume V , and total energy E, all
possible microstates are equally likely. ¿is is a fundamental postulate. However, in
most experiments, instead of the total energy, the temperature T is �xed. ¿is leads to
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di�erent probabilities for di�erent microstates. ¿e probability follows the Boltzmann
distribution

P (rN, pN) =
exp [−βH (rN, pN)]˜

exp [−βH (rN, pN)] drNdpN
, (3.1)

where β = 1/(kBT) and kB denotes the Boltzmann constant, and H (rN, pN) the Hamil-
tonian. ¿e latter allows for deriving the equations of motion of the system. ¿e
Hamiltonian is the total energy (sum of kinetic energy K and potential energy V),
H = K + V . ¿e equilibrium average of a quantity G is then de�ned as

⟨G⟩ =
¨

G (rN, pN) P (rN, pN) drNdpN , (3.2)

where ⟨⋅⟩ indicates the ensemble (statistical) average. ¿e ensemble average of a prop-
erty in a macroscopic system is the average over all possible states of the system. By
combining Eqs. (3.1) and (3.2) the statistical average of G can be de�ned as

⟨G⟩ =
´
G (rN) exp [−βV(rN)] drN´

exp [−βV(rN)] drN
. (3.3)

Here, it is assumed that the averaged quantity G and the potential energy V are both
only dependent on the particles’ position.

3.2 Ensembles

A statistical ensemble is a collection of all possible microscopic states of the real system
having the same thermodynamic or macroscopic properties. It can be seen as the sys-
tem’s state probability distribution. ¿e microcanonical ensemble, also known as NVE
ensemble, is common. It allows for studying the time evolution of a system of volume
V with N particles at constant energy E. However, in order to relate MD simulation re-
sults to most macroscopic physical properties measured in laboratories, where typically
temperature and pressure are �xed, other ensembles are desired. ¿e most common
ones are the canonical (NVT) ensemble, the isothermal–isobaric (NPT) ensemble and
the grand canonical (µVT) ensemble. In each case, the indicated three thermodynamic
quantities are the ones kept constant. ¿e NVT ensemble is a closed thermodynamic
system with a �xed number of particles in a �xed volume at constant temperature. ¿e
NPT ensemble is a closed thermodynamic system with �xed number of particles at
constant pressure and temperature. ¿e µVT ensemble is an open thermodynamic
system with �xed chemical potential, volume and temperature. Choosing an ensemble
other than NVE leads to modi�cations of the equations of motion. ¿is is done by
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using thermostats and barostats (Section 3.5) for NVT and NPT ensembles. For a µVT
ensemble, the system is in thermal and chemical equilibrium with a reservoir.

3.3 Concept of molecular dynamics

Calculating the average of a quantity analytically according to Eq. (3.3), is nearly im-
possible and impractical for many-particle systems. ¿is is due to the large number of
degrees of freedom and the coupled particle interactions. Instead, a numerical approach
is desired. ¿e average quantity can be computed with computer simulations, either
as a time average using MD, or as an ensemble average using Monte Carlo. ¿e basic
concepts of MD simulations for an NVE ensemble are be presented below.

MD simulations evaluate the motion of a number of particles in a system by solving
Newton’s equation of motion for every particle in successive time steps. ¿e equation is
given by

Fi = m i
d2r i(t)
dt2

= −
∂U(rN)
∂r i

, (3.4)

where Fi denotes the force acting on particle i in the system, m i the mass of particle
i, r i the position vector of particle i and t the time. U denotes the potential function
and depends on the position of all particles in the system. Equation (3.4) cannot be
solved analytically for many-particle systems. Instead a numerical integration scheme
is applied. ¿e MD procedure is shown in Fig. 3.1.

First, a system with speci�ed initial particle positions and associated velocities is built.
¿e positions can be generated from a random distribution. Velocities can be selected
from a Maxwell–Boltzmann distribution

P(v) = 4π ( m
2πkBT

)
3
2
v2 exp [− mv2

2kBT
] , (3.5)

where P(v) denotes the probability distribution of the velocities v, m the particle mass,
kB the Boltzmann constant and T the temperature of the system. ¿e distribution of the
velocities at equilibrium is related to a chosen temperature through the average kinetic
energy K by using

⟨ 1
2
mv2⟩ = K = 3

2
NkBT , (3.6)

where N denotes the number of particles in the system. Equation (3.6) holds for simple
particles with three degrees of freedom.

In each iteration step, new particle positions and velocities are predicted based on the
current forces Fi acting on each particle i. ¿e forces are determined by the negative
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Initialization:
iteration step i = 0,
initial time t = 0,
initial force F = 0,

select initial positions r,
and velocity v .

Calculation of
new forces:
Fi = − dV

dr i

and a = F
m .

Application:
periodic boundary

conditions,
temperature and

pressure corrections.

Output:
atom positions,

atom velocities and
physical quantities.

Increment:
time t = t + ∆t and

iteration step i = i + 1.
Repeat

Integration:
r(t + ∆t) =

r(t) + v∆t + 1
2 a∆t

2 + . . .
and

v(t) = [r(t+∆t)−r(t−∆t)]2∆t

Fig. 3.1 Flow chart of the molecular dynamics simulation process.

derivative of the potential energyV according to Eq. (3.4). ¿e potential is characterized
by a set of parameters and is usually referred to as a force �eld (Section 3.6). ¿eprecision
of the force �eld determines the accuracy of MD simulation. Subsequently, forces are
recalculated and used to correct the position of the particles. ¿e present particle
position and the previous position together with the force acting on the particle are used
to predict the next position and not the velocities themselves. In each cycle, boundary
conditions (Section 3.4), and temperature and pressure corrections (Section 3.5) are
applied to maintain a stable system. An output containing initial and time-dependent
atom positions and velocity vectors is written for every particle in the system and at
every time step to obtain a trajectory. ¿e time and iteration steps are updated and the
numerical integration is repeated n times using an integrator algorithm.

One such algorithm is the Verlet algorithm that uses a Taylor series expansion to
numerically obtain the position of particle i at t + ∆t

r i(t + ∆t) = r i(t) + v i(t)∆t +
1
2
a i(t)∆t2 +

1
6
d3r i
dt3

∆t3 +O (∆t4) , (3.7)
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and at t − ∆t

r i(t − ∆t) = r i(t) − v i(t)∆t +
1
2
a i(t)∆t2 −

1
6
d3r i
dt3

∆t3 +O (∆t4) , (3.8)

where a i = Fi/m i is the acceleration representing the force acting on the particle. By
combining Eqs. (3.7) and (3.8), the Verlet algorithm can calculate the position of a
particle at t + ∆t through

r i(t+∆t) = 2r i(t)− r i(t−∆t)+a i(t)∆t2+O (∆t4) ≈ 2r i(t)− r i(t−∆t)+a i(t)∆t2 .
(3.9)

¿e di�erent particle positions at t + ∆t and t − ∆t can be used to calculate the velocity
using

v i(t) =
r i(t + ∆t) − r i(t − ∆t)

2∆t
. (3.10)

Since the algorithm requires information about the position at t and t−∆t, it is memory-
intensive.

In order to overcome this drawback, various recent algorithms have been developed.
¿e velocity Verlet algorithm and the leap-frog algorithm are among the most common
ones. ¿e leap-frog algorithm calculates the velocities at t + 1/2∆t by using

v i(t +
1
2
∆t) = v i(t −

1
2
∆t) + a i(t)∆t. (3.11)

Velocities leap over the positions calculated at ∆t by

r i(t + ∆t) = r i(t) + v i(t +
1
2
∆t)∆t. (3.12)

Trajectories can be used to calculate averaged macroscopic properties, such as tem-
perature and pressure. ¿ey can also be used for post processing to calculate desired
properties as a function of time or a time average. Owing to the use of time steps ∆t,
MD trajectories are discretized and not continuous in time. Hence, the time average of
a property is calculated from

⟨G⟩ = 1
M

M
∑
n=1

G (rN, pN) , (3.13)

where ⟨⋅⟩ indicates the time average and M denotes the number of integration steps
performed. Of course, a su�cient number of integration steps is necessary. According
to the ergodic hypothesis, the time average from a single MD simulation given by
Eq. (3.13) and the ensemble average given by Eq. (3.2) are equal if if the simulation
sampling is long enough. Hence, the intention of MD simulations is to generate as
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rc

Fig. 3.2 Two dimensional depiction of the periodic boundary condition. The gray box illustrates
the model system, while the boxes around are the mirror images. The blue arrows illustrate the re-
appearance of a particle on the opposite of the box when migrating out. The dashed circle illustrates
particle interactions between the particle in center and the closest image of every other particle over
the periodic boundary. Interactions with particles outside the nonbonded cutoff rc are truncated.

many con�gurations of the system as possible to ensure that the time average practically
becomes the ensemble average.

3.4 Periodic boundary conditions

Since the purpose of MD simulations is providing knowledge about macroscopic sys-
tems and their properties, an in�nitely large simulation box would be desired. ¿is
is computationally impractical owing to the consequential vast number of degrees of
freedom. Instead, the bulk phase is simulated using an N-particle model system (simu-
lation box) surrounded by an in�nite number of identical copies (mirror images) in
three dimensions (Fig. 3.2). A particle experiences forces as if it was in a bulk. A parti-
cle migrating through one side of the simulation box is replaced by an image particle
with the same velocity on the opposite side of the box. ¿e number of particles in
the simulation box remains constant. ¿is is done by employing periodic boundary
conditions (PBCs). It allows the studying large-scaled molecular systems while only
solving Eq. (3.4) for a relatively small number of particles. Only the N-particle model
system is used for calculating properties. ¿e PBC also ensures that surface e�ects are
avoided when investigating bulk properties.

In theory, a particle i in the model system interacts with all other particles in the
same box and in the copies, including the periodic images. To avoid this in�nite
sum of interactions, all intermolecular particle interactions beyond a certain distance
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are truncated by applying a cuto� rc. In addition, the minimum-image convention
is applied. It assures that only the interactions between a particle i and the closest
image of the remaining particles are considered. ¿is is possible since o en only short-
range interactions are of interest. Additionally, a closest neighbour list 406 is used to
avoid distance calculations between all particles. However, it using a truncation of the
potential is inappropriate for long-range electrostatic interactions due to their slow
decay. Instead, these interactions need to be calculated with other methods, such as
Ewald summation. 407

¿e choice of the size of the simulation box depends on the type of system and the
properties of interest. However, the box size needs to: i) have at least the length of
twice the length of the spherical cuto� radius for intermolecular interactions, ii) be
larger than the length of any signi�cant correlation and iii) be large enough to avoid
that a macromolecule interacts with itself in the neighboring box. ¿is would mean
that the “head” of the macromolecule is interacting with the “tail” of the mirror image.
Additionally, the total electronic charge of the system in the simulation box needs to be
zero when Coulombic interactions are present. Otherwise, the PBCs lead to an in�nite
charge. If the molecule of interest is charged, counterions (positive or negative) can be
added to obtain charge neutrality.

3.5 Temperature and pressure coupling

¿ermostats or barostats are used to simulate a system at a speci�c temperature or pres-
sure, and to guarantee proper ensemble sampling. ¿is is, e.g., needed for simulations
of NPT ensembles used for comparisons with experiments that are o en performed at
constant pressure and temperature. ¿e methods used for temperature and pressure
coupling can be divided into two categories: stochastic and extended dynamics. Some
thermostats and barostats do not generate a proper canonical ensemble and the pertur-
bation is not su�cient. Even if they do not give correct �uctuations and energies, they
do quickly provide correct average values. ¿erefore, they are recommended to be used
for equilibrating the simulated system. ¿ermostats and barostats generating a proper
canonical ensemble are recommended to be used for the production run performed
to collect con�gurations for calculations of desired properties. Additionally, a weak
or strong coupling can be used for the thermostats and barostats. ¿is speci�es the
time constant with which deviations of the temperature and pressure decay during the
correction.

Temperature coupling. ¿e temperature can be calculated as a time average of the
instantaneous temperature T(t) and can be derived from the kinetic energy K. In a
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constant-temperature simulation, the kinetic energy �uctuates. Hence, also the instan-
taneous temperature �uctuates in a controlled way around the desired temperature. It
is de�ned as

T(t) =
N
∑
i=1

2K i

kBNDOF
=

N
∑
i=1

m iv2i
kBNDOF

, (3.14)

where N denotes the number of particles, NDOF the number of degrees of freedom, m i
the mass and v i the velocity of particle i.

Examples of thermostats are Berendsen, 408 velocity rescaling 409 and Nosé–Hoover. 410
In the Berendsen method, the system is coupled with an external heat bath with �xed
temperature T0 and the velocities of each atom are scaled. ¿e velocity rescaling method
uses a �xed kinetic energy K to match the desired temperature T0. ¿e algorithm
includes a scaling factor for each atomic velocity in order to achieve the desired temper-
ature. ¿e Nosé–Hoover method uses an extra degree of freedom acting as a thermal
reservoir. ¿is is done by adding an extra term to the equations of motion. ¿at is,
the system is coupled to a heat bath. Both the velocity rescaling and the Nosé–Hoover
thermostats maintain the canonical ensemble. ¿e Berendsen thermostat 408 does not
because it suppresses �uctuations of the kinetic energy of the system.

Pressure coupling. Using the Clausius virial theorem, the pressure of a system can be
expressed by

P = 2
3V
(K − Ξ) , (3.15)

where V denotes the box volume and K the kinetic energy (Eq. (3.6)). Ξ denotes the
inner virial for pairwise additive interactions. It is de�ned as

Ξ = 1
2

N
∑
i=1

N
∑
j>i

r i jF (r i j) , (3.16)

where F (r i j) is the force between particles i and j at distance r. By using Eqs. (3.6),
(3.15) and (3.16), the pressure can be expressed as

P = 1
V

⎡⎢⎢⎢⎢⎣
NkBT −

1
3

N
∑
i=1

N
∑
j>i

r i jF (r i j)
⎤⎥⎥⎥⎥⎦
. (3.17)

Note that the hydrostatic pressure P = trP/3 is associated to the trace of the pressure
tensor

P =
⎛
⎜
⎝

Pxx Px y Pxz
Pyx Py y Pyz
Pzx Pz y Pzz

⎞
⎟
⎠
. (3.18)
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During a constant pressure simulation, the volume is considered a dynamical variable
and changes over time. Instead of scaling velocities as for the temperature coupling,
the particle positions are scaled during the pressure coupling. ¿at is, the inter-particle
distance is scaled, a�ects the inner virial Ξ, and, thereby, corrects the pressure. ¿is is
done by adding an extra term to the equations of motion.

Two examples of barostats are Berendsen 408 and Parrinello–Rahman. 411,412 ¿e former
does not generate a canonical ensemble, while the latter does. ¿e Berendsen method
uses the least perturbation principle and the system is coupled with an external bath.
¿e Parrinello–Rahman method is a more complex algorithm and allows for changes of
the box shape.

In an isotropic system, the pressure is identical in all three directions in space, P =
Pxx = Py y = Pzz = trP/3. A system that is isotropic in x and y, but has a di�erent value
in z, is called semi-istropic. A system having six di�erent values, xx, yy, zz, xy/yx,
yz/zy and zx/xz, is anisotropic.

Many algorithms for temperature and pressure coupling have been developed over
the years. ¿e combination of velocity rescale thermostat and Berendsen barostat is a
common choice for equilibrium runs since they are fast and have a smooth �rst-order
approach to equilibrium. ¿e combination of Nosé–Hoover thermostat and Parrinello–
Rahman barostat is a common choice for production runs. ¿ey are considered the
most reliable for systems already in equilibrium and for predicting thermodynamic
properties. However, the algorithms are slow and have a second-order approach to
equilibrium. ¿erefore, they are not used during the equilibrium step.

3.6 Force �elds

¿e interaction forces between atoms are described by a force �eld. ¿e force �eld is a
set of descriptions including parameters and a functional form. It de�nes the potential
energy of the system. Di�erent categories of force �elds exist. In an all-atom force �eld,
each atom is explicitly represented by individual parameters. A united atom force �eld
treats the hydrogen atoms together with the adjacent carbon atom. Coarse-grained force
�elds subsume multiple bonded atoms to a bead. ¿e advantage is a smaller number of
interaction sites.

¿e total (tot) basic functional form of the force �eld includes both bonded (b) and
nonbonded (nb) interactions and can be written as

Utot = Ub +Unb . (3.19)
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Bonded interactions. ¿e bonded term in Eq. (3.19) describes the potentials derived
from forces acting between atoms that are covalently bonded to each other. ¿e bonded
interactions can be divided into three di�erent contributions: the potential of bond
stretching, angle bending and bond rotation (torsion). ¿is can be written as

Ub = Ustretch +Ubend +Urotation . (3.20)

One model potential is given by

Ub = ∑
bonds

kri j
2
(r i j − r0i j)

2 + ∑
angles

kθi jk
2
(θ i jk − θ0i jk)

2

+ ∑
torsions

kϕi jk l [1 + cos (nϕ i jk l − ϕ
0
i jk l)].

(3.21)

Here, the �rst term (bond stretching potential) models the interaction between bonded
atoms and is represented by a harmonic potential. kri j denotes the force constant and
r i j − r0i j the displacement of the bond length from the equilibrium distance r0i j between
atoms i and j. ¿e second term (bending potential)models the angle deformation energy
as a function of the angle change from the lowest energy value and is also represented
by a harmonic potential. kθi j denotes the force constant and θ0i jk the equilibrium angle
between three adjunct atoms i, j and k. ¿e third term (bond rotation potential)
models the energy barrier associated with the bond rotation between so-called 1-4 pairs
(pairs separated by three bonds) and includes a cosine potential. kϕi jk l denotes the force
constant, ϕ0i jk l the phase shi angle and n themultiplicity for torsions between four joint
atoms i, j, k and l . A fourth term describing out-of-plane bending motions (improper
torsions) and, thereby, imposing planarity of parts of the molecule can be included, too.
More energy is required to distort a bond compared to an angle, which is re�ected in
the magnitude of the force constants.

Nonbonded interactions. Independent atoms and molecules interact through non-
bonded forces. ¿e nonbonded term in Eq. (3.19) describes the sum over all the long-
ranged electrostatics (el) and van der Waals (vdW) forces. It can be written as

Unb = Uel +UvdW . (3.22)

¿e electrostatics are commonly described by Coulomb’s law. ¿e van der Waals inter-
actions between uncharged particles are described by the LJ potential shown in Fig. 3.3.
Equation (3.22) can therefore be rewritten as

Unb =
1

4πε0
q iq j
r2i j
+

N
∑
i= j

N
∑
i> j
4ε i j
⎡⎢⎢⎢⎣
(
σi j
r i j
)
12

− (
σi j
r i j
)
6⎤⎥⎥⎥⎦
. (3.23)
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Fig. 3.3 Lennard-Jones potential ULJ as a function of the distance r between two particles. The
parameters ε and σ indicate the depth of the potential well and the interaction length, respectively.

Here, the �rst term (interaction potential between ionic charges) calculates the sum of
the interactions between point charges. q i and q j denote the ionic charges, r i j denotes
the distance between the charges i and j, and ε0 is the vacuum electric permittivity. ¿e
second term (12-6 LJ potential) gives information about the dispersive and exchange-
repulsive interactions between atoms and molecules. ε denotes the potential well depth,
i.e., dispersion interaction strength, σ the collision diameter, i.e., excluded volume
diameter, and r i j the distance between the atoms i and j. ¿at is, σ corresponds to the
inter-particle distance where the potential is zero. Nonbonded interactions account for
the largest computational cost. ¿erefore, they are commonly restricted to pairwise
interactions.

¿e number of force �eld parameters needed to describe the nonbonded interactions
are reduced by using mixing rules for all cross terms, i.e., i ≠ j. ¿e, in MD simulations,
commonly applied mixing rules are the geometric mixing rule where

ε i j =
√ε i i ε j j , (3.24)

and
σi j =

√σi iσ j j , (3.25)

are used, or the Lorentz–Berthelot mixing rule where Eq. (3.24) is combined with the
arithmetic average

σi j = (σi i + σ j j) /2. (3.26)

For aqueous electrolyte solutions, it is di�cult to properly describe ion–ion and ion–
water interactions when using the standard mixing rules and values for ε i i and σi i
directly de�ned from experimental data. A rescaling of the mixing rules, as discussed
in Section 1.2, is one solution.
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Polarizable force �elds. Electrostatic interactions do not only emerge from �xed
charge distribution, as described in standard (nonpolarizable) force �elds, but also
from charge distribution changes of atoms or molecules due to polarization. ¿is can
be caused by a neighbouring molecule such as water or other high-dielectric media. For
electrolyte solutions, this can lead to inaccuracies in describing short-range ion–ion
and ion–water interactions. Polarizable force �elds could possibly describe these inter-
actions better by including charge distribution variations with dielectric environment.
However, polarizable force �elds are computationally costlier than nonpolarizable and
also more challenging to parameterize.

Parameterization. ¿e parameterization of a force �eld is not trivial owing to the
large number of parameters involved. It is directed by comparison with chosen data
from chemical or physical experiments. Spectroscopy methods can be used to derive
a molecule’s geometry. ¿e force constants can be derived from vibrational spectra
obtained by IR or Raman spectroscopy. For some molecules, experimental data may
not exist or be di�cult to obtain. For these molecules, quantum mechanics calculations
are used. Quantum mechanics calculations are commonly also used for torsions, since
experimental information on torsional barriers is usually nonexistent or sparse. ¿e
torsions and the nonbonded parameters usually e�ect the performance of the force �eld
the most. LJ parameters can be derived empirically from, e.g., solvation free energy,
lattice energy, solvent density, di�usion coe�cient or heat capacity experimental data.
Additionally, the type of functional form for the force �elds needs to be chosen.

It is of importance to choose the “correct” experimental data to reproduce, i.e., quantities
crucial for the simulated system, when empirically tuning the force �eld. ¿ere are no
restrictions regarding the choice of these properties or how the optimization process
should be performed. However, there are two categories of methods to use to obtain
the force �eld parameters. ¿e parameterization can be carried out by “trial and error”,
where the parameters are re�ned gradually. Or the parameterization can be carried out
by a least square (or similar) �tting approach to determine a set of parameters giving
the optimal �t. For both methods, the goal is to minimize the error between simulated
and experimental (or calculated) values of the properties.

Note, speci�c values for the force �eld parameters usually only work with the force
�eld they are optimized for. ¿ey usually also only work with the speci�c water model
the system is parameterized with. However, values for bonds and angles (so-called
hard degrees of freedom) are o en transferable from one force �eld to another. ¿is
transferability is crucial. Without it, too many parameters would be required, making
the parameterization more demanding.
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Chapter 4

Contact ion pairs in the bulk a�ect anion
interactions with poly(N-isopropylacrylamide)

¿is chapter corresponds to and is reproduced with permission from

Bruce, E. E.; Bui, T. P.; Cremer, P. S.; van der Vegt, N. F A.; Contact ion pairs
in the bulk a�ect anion interactions with poly(N-isopropylacrylamide). J.
Phys. Chem. B., 125(2): 680–688,2021. Copyright 2021 American Chemical
Society.
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Abstract. Salt e�ects on the sol-
ubility of uncharged polymers
in aqueous solutions are usually
dominated by anions, while the
role of the cation with which
they are paired is o en ignored.
In this study, we examine the in-
�uence of three aqueous metal
iodide salt solutions (LiI, NaI,
and CsI) on the phase transition
temperature of poly(N-isopropylacrylamide) (PNIPAM) by measuring the turbidity
change of the solutions. Weakly hydrated anions, such as iodide, are known to in-
teract with the polymer and thereby lead to salting-in behavior at low salt concentra-
tion followed by salting-out behavior at higher salt concentration. When varying the
cation type, an unexpected salting-out trend is observed at higher salt concentrations,
Cs+ > Na+ > Li+. Using molecular dynamics simulations, it is demonstrated that this
originates from contact ion pair formation in the bulk solution, which introduces a
competition for iodide ions between the polymer and cations. ¿e weakly hydrated
cation, Cs+, forms contact ion pairs with I– in the bulk solution, leading to depletion
of CsI from the polymer–water interface. Microscopically, this is correlated with the
repulsion of iodide ions from the amide moiety.
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Chapter 4 Contact ion pairs in the bulk a�ect anion interactions with PNIPAM

4.1 Introduction

Since the end of the 19th century, it has been known that the addition of salts to
water a�ects the properties of nonelectrolytes dissolved in the solution. 1–3 Anions
have, for example, the ability to precipitate macromolecules such as polymers and
proteins from an aqueous solution. ¿eir propensity to do so is ranked according
to the Hofmeister series. ¿e salting-out order of the anionic Hofmeister series is
CO 2−

3 > SO 2−
4 > S2O 2−

3 > H2PO −

4 > F− > Cl− > Br− > NO −

3 > I− > ClO −

4 > SCN−.
Anions are usually classi�ed as weakly hydrated (right hand side of the series) or strongly
hydrated (le hand side of the series). Weakly hydrated anions partition to nonpolar
environments such as air–water 5 and polymer–water interfaces, 4,6 leading to mod-
erately increased polymer solubility (salting-in behavior). Strongly hydrated anions
interact repulsively with and are depleted from the polymer surface instead (salting-out
behavior).

Hofmeister e�ects have commonly been investigated with poly(N-isopropylacrylamide)
(PNIPAM), a thermoresponsive water-soluble polymer broadly used as a model for
polymers that exhibit a coil-to-globule transition above their lower critical solution
temperature (LCST). Many studies have focused on the e�ect of the anion in combina-
tion with sodium ions, 4,9,11,13,364,379 which act as charge balancing counterions. Indeed,
Hofmeister phenomena are stronger for anions than for cations. 21 Despite the focus
on anions, a typical consensus cationic Hofmeister series exists in the literature, and
the salting-out order for proteins is as follows: 8 N(CH3) +4 > NH +

4 > Cs+ > Rb+ >
K+ > Na+ > Li+ > Ca2+ > Mg2+. ¿is series is not as well understood as the an-
ionic Hofmeister series. Interestingly, the order is opposite to the anionic series. ¿at
is, strongly hydrated cations (the right-hand side of the series) lead to salting-in and
weakly hydrated cations (the le -hand side of the series) lead to salting-out behav-
ior.

In this study, we report ion-speci�c e�ects on the LCST of PNIPAM in salt solutions
consisting of the weakly hydrated iodide ion in combination with the alkali metal
ions (Li+, Na+ , and Cs+). ¿e addition of iodide induces salting-in behavior (swelling
of the polymer chain) at low salt concentration due to direct ion binding. 4 ¿is is
followed by salting-out behavior (collapse of the polymer chain) at higher concen-
tration where solvation of the metal cations and anions in the bulk solution e�ec-
tively causes the polymer to precipitate out. 4 We show that the LCST behavior (the
rate of change with salt concentration) of PNIPAM in metal iodide salt solutions
depends on the speci�c nature of the cation. By employing all-atom molecular dy-
namics (MD) simulations, this ion-speci�c behavior is elucidated at the molecular
level.
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4.2 Experimental methods

Materials. LiI (99.9% purity), NaI (99.5% purity) and CsI (99.9% purity) were all
purchased from Sigma-Aldrich. PNIPAM, with a molecular weight of 186.800 g/mol
and a polydispersity of 2.63, was purchased from Polymer Source, Inc. A �xed amount
of each salt was dissolved with PNIPAM in nitrogen-purged water (used to avoid iodine
formation) to obtain solutions at each desired salt concentration (25mM–1000mM).

Phase transition temperature measurements. ¿e change in turbidity was measured
in solutions containing 10mg/ml PNIPAM and various concentrations of LiI, NaI, and
CsI to determine the LCST. An automated melting point apparatus (MPA 100 Optimal,
Standford research Systems) with digital image processing so ware was used. A ramp
rate of 1 ○C/min was used to measure the light scattering intensity as a function of
temperature. More speci�cally, the LCST was determined from the onset of the light
scattering increase relative to the �at and low intensity baseline observed at colder tem-
peratures. 7 Details concerning the LCSTmeasurements have been described before. 4

4.3 Molecular dynamics simulations

System setup and simulation details. All-atom simulations were carried out using the
MD package GROMACS 2018. 413 ¿e simulated systems were composed of a PNIPAM
20-mer chain (isotactic-richwith 60%meso diad content) in aqueous salt solutions of LiI,
NaI, and CsI. ¿e setup featured a stretched polymer chain extending through the peri-
odic z-boundary. By connecting the head and tail, the chain had no end groups and can
be considered as virtually in�nite. ¿is setup has been reported before. 414,415 By means
of the GROMACS pull code, a collapsed structure of the PNIPAMchain was pulled apart
generating an elongated chain. ¿e contour length of the 20-mer Lc = 5.32 nm together
with the desired elongation of λ = Lz/Lc = 0.88 de�ned a box size in the z-direction
of Lz = 4.6839nm. ¿e box dimensions in the x- and y-directions were both initially
6.5 nm. ¿e computational cost was minimized with this size, while interactions be-
tween periodic images were still prevented. A modi�ed OPLS-AA force �eld 416 was
used for the PNIPAM chain. LINCS 417 was utilized to constrain all bonds up to a fourth-
order expansion. ¿e chain was solvated in water using the SPC/E 418 potential with the
SETTLE 419 constraint algorithm keeping the internal geometry of the water molecules
rigid. A er energy minimization and equilibration, two water molecules at a time were
replaced with an anion (I– ) and a cation (Li+ , Na+ or Cs+) until a salt concentration of
1m (6216 water molecules, 112 cations, and 112 anions) was achieved. While molality (m,
moles/kg water) was used to describe the concentration in the simulations, molarity (M,
moles/liter solution) was used in the experiments. ¿e di�erence between the two units
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is negligible within the concentration range employed in this study. Nonpolarizable
force �elds were used for LiI, NaI, 244 and CsI 244 . More speci�cally, the iodide ionmodel
(4) and the cesium ion model (6) were used from the original reference. 244 See below
for the details and validation of the LiI force �eld. Interactions between di�erent atoms
within the PNIPAM chain as well as polymer–ion and polymer–water interactions were
described with the geometric combination rule. ¿e Lorentz–Berthelot combination
rule was used to describe ion–ion and ion–water interactions. Furthermore, an addi-
tional scaling factor of 0.9 was used for the dispersion interaction strength ε i j between
sodium ions (i) and iodide ions ( j) according to the original force �eld. 244

¿e systems were energy-minimized followed by a 2 ns NVT equilibration run us-
ing a velocity-rescaling thermostat. 409 Two consecutive NPT equilibration runs were
subsequently performed. ¿is started with a 2 ns equilibration using the Berendsen
barostat 408 and the velocity-rescaling thermostat. 409 Next, a 3 ns equilibration was
performed using the Parrinello–Rahman barostat 411,412 and the Nosé–Hoover thermo-
stat. 410,420 Finally, production runs of 100 ns were performed using the same barostat
and thermostat as the last equilibration run. Coupling times of τP = 2 ps and τT = 1 ps
were used for the barostats and thermostats, respectively, for all runs. All simulations
were performed at 1 bar and 300K. A semi-isotropic pressure coupling scheme in the
x- and y-dimensions was applied with compressibilities of κx,y = 4.5 ⋅ 10−5 bar−1, and
κz = 0 bar−1 was applied in the z-dimension to maintain the stretched PNIPAM chain.
Periodic boundary conditions were applied in all three directions. Furthermore, the
particle mesh Ewald (PME) method 421 was used with a Fourier spacing of 0.12 nm,
PME order of 4, and a real space cuto� of 1.4 nm to treat the long-range electrostatic
interactions. A cuto� radius of 1.4 nm was used for van der Waals interactions. No
long-range pressure and energy corrections were applied. For the neighbor list, a cuto�
distance of 1.4 nmwas used and was updated every 0.002 ps. Con�gurations were saved
every 1 ps, and an integration time step of 0.002 ps was used as well.

Based on the general simulation details described above, four sets of simulations (I–IV)
were conducted with the PNIPAM chain and one set without it (V). Setup I corresponds
to PNIPAM solvated in di�erent salt solutions with all other parameters according to the
description above. Setups II and III include modi�cations of the PNIPAM chain solvated
in di�erent salt solutions. Setup II restrains PNIPAM.¿at is, a position restraint with
a force constant of 1000 kJ/(molnm2) was applied to all atoms of the polymer chain in
all three dimensions. Setup III considers a ”nonpolar’ PNIPAM, i.e., a PNIPAM 20-mer
with all partial atomic charges set equal to zero. Setup IV includes PNIPAM solvated in
modi�ed CsI solutions, i.e., using Lennard-Jones size parameters σi j = λσ(σi + σ j)/2
between cations (i) and anions ( j) scaled with factors λσ of 1.4 and 1.8, respectively.
For setup V, bulk simulations of 1.0m LiI, NaI, and CsI were performed. A cubic box
with dimensions of 4 × 4 × 4 nm3 with 2089 water molecules, 38 anions, and 38 cations
was used. Force �elds and simulation parameters were the same as for the systems
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containing the polymer chain. Production runs were performed for 50 ns. If not stated
otherwise, setup I was used.

Validation of the lithium iodide force �eld. ¿e LiI force �eld was comprised of a
nonpolarizable Li+ ion 78 combined with the iodide parameters taken from the NaI and
CsI models. 244 ¿is force �eld was validated against the osmotic coe�cient, and the
procedure has been described before. 422,423 However, a �at-bottom position restraint
was used with a harmonic force to con�ne the ions. A cubic box, 5.4 × 5.4 × 5.4 nm3,
�lled with water, Li+ , and I– ions was simulated using the GROMACS 2019 package. 413
¿ree di�erent concentrations were examined: 0.2 (water molecules = 5280, Li+ = 19,
and I– = 19), 0.6 (water molecules = 5200, Li+ = 56, and I– = 56) and 1.0m (water
molecules = 5130, Li+ = 93, and I– = 93). Energy minimization was performed followed
by a 0.25 ns NVT equilibration and a 1.5 ns NPT equilibration. Next, the simulation
box was extended in the z-dimension to a total size of 10.8 nm, and the cubic box was
placed in the middle. ¿e new larger box was �lled with water molecules leading to
total numbers of 10.860, 10.820, and 10.810 water molecules, respectively, for the three
concentrations. Another energy minimization was carried out followed by a 0.25 ns
NVT equilibration and a 1.5 ns NPT equilibration. A erward, production runs of 40 ns
were performed. ¿is was long enough to generate converged osmotic coe�cients. ¿e
�at-bottom position restraints acted in the z-dimension. A semi-isotropic pressure cou-
pling scheme was therefore applied, and only the x- and y-dimensions of the box were
adjusted. Compressibilities of κx,y = 4.5⋅10−5 bar−1 and κz = 0 bar−1 were used. All other
simulation settings were the same as for the simulations including the PNIPAM chain.

Lithium–iodide Lennard-Jones interactions were scaled to achieve agreement with the
experimental osmotic coe�cients. ¿is approach has been used before to e�ectively
take polarization e�ects into account for nonpolarizable force �elds and thereby avoid
ion clustering. 244,424 A reasonable scaling of ε i j between cations (i) and anions ( j) did
not a�ect the osmotic coe�cients signi�cantly. Instead, σi j was scaled according to
σi j = λσ(σi + σ j)/2 using a scaling factor of λσ = 0.93. ¿is scaling resulted in osmotic
coe�cients of ϕ = 0.96± 0.12 (0.966), ϕ = 1.01± 0.11 (1.022) and ϕ = 1.08± 0.05 (1.080)
for the 0.2, 0.6, and 1.0m LiI solutions, respectively. ¿e values in parentheses are the
corresponding experimentally measured values. 312

4.4 Results

4.4.1 Phase transition temperatures and ion a�nities

Fig. 4.1 shows the phase transition temperature of PNIPAM as a function of metal
iodide salt concentration. Nonlinear behavior was seen in each case. ¿e rate of change
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Fig. 4.1 Lower critical solution temperature Tc of PNIPAM (10 mg/ml) in LiI, NaI, and CsI solutions
as a function of salt concentration cs . The symbols are data points representing an average of three
measurements. The error bars were calculated as sample standard deviations, and are smaller than the
size of the data points when not seen. The lines are guides to the eyes.

of the LCST with salt concentration was cation-speci�c. ¿e decrease in the LCST at
higher salt concentration was largest for CsI (orange squares) and smallest for LiI (blue
triangles), while the turnover point took place at the highest salt concentration for LiI
and the lowest for NaI (red circles).

To understand the LCST trend, all-atomMD simulations were employed. Fig. 4.2 shows
the preferential binding coe�cient 211 Γ23 for indistinguishable ions (i.e., all cations and
anions) for LiI (blue line), NaI (red line), and CsI (orange line) salt solutions (1m) as
a function of the closest distance to the polymer surface. ¿e subscript 2 stands for
the polymer, and the subscript 3 for the ions, while the subscript 1 stands for water.
Γ23 speci�es the relation between the number of ions in the vicinity of the polymer
and the statistical number in the bulk solution. A negative Γ23 value indicates ion
depletion, while a positive Γ23 value indicates the favorable partitioning of ions to the
polymer–water interface. LiI showed the least negative Γ23 value indicating the weakest
depletion of ions, while CsI showed themost negative Γ23 value and thereby the strongest
depletion of the three salts considered. ¿e slopes observed in the LCST curves at higher
salt concentration (Fig. 4.1) are proportional to the preferential binding coe�cients
(Fig. 4.2) under the assumption that Γ23 , expressed per unit of solvent-accessible surface
area, does not depend on the conformation of the chain. 18 ¿us, the simulation data for
PNIPAM in LiI, NaI, and CsI aqueous salt solutions are in qualitative agreement with
the experiments.
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Fig. 4.2 Preferential binding coefficient Γ23 to a PNIPAM 20-mer chain for LiI, NaI, and CsI solutions
obtained from MD simulations. Γ23 is presented as a function of the proximal distance r, i.e., the closest
distance between an ion and an atom of the PNIPAM chain. In the calculation of Γ23 , cations and anions
were treated as indistinguishable. The salt concentration was 1 m. The shaded intervals indicated the
standard deviation of the mean σ/√N using sample standard deviation σ and N = 10 blocks.

4.4.2 Polymer–ion interactions

Interaction energies were calculated in order to elucidate the e�ect of cations on iodide’s
preferential interaction with PNIPAM, polymer–ion, polymer–water, and monomer–
solution (including all ions and water molecules) interactions. ¿ese are presented
in Table 4.1. PNIPAM–anion interactions are more favorable than PNIPAM–cation
interactions. ¿is is re�ected in the radial distribution functions (RDFs) between the
polymer backbone and the anions, cations, and all indistinguishable ions. ¿e RDFs
are shown in Fig. 4.3 for all cases. ¿e behavior of anions and cations can be seen
both in the peak heights of the RDFs and in the cumulative number for the hydration
shell of the 20-mer PNIPAM chain (distances up to r = 0.922nm). ¿e numbers of
anions in the hydration shell of the 20-mer PNIPAM chain are 5.1, 4.8, and 3.9 for LiI,
NaI, and CsI, respectively. ¿e numbers of cations are 4.5, 3.8, and 2.9, respectively.
Furthermore, the PNIPAM–anion, PNIPAM–cation, and PNIPAM–water interactions
are cation speci�c. PNIPAM–anion interactions follow the order LiI > NaI > CsI, and
the PNIPAM–cation interactions follow the order LiI ≈ NaI > CsI. ¿e PNIPAM–water
interactions follow the order CsI > NaI ≈ LiI (Table 4.1). ¿ese results agree with the
relative ordering between the abovementioned number of ions in the PNIPAMhydration
shell for each salt type. ¿at is, more favorable PNIPAM–ion interactions (at the cost
of PNIPAM–water interactions) lead to more ions in the polymer hydration shell.
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Fig. 4.3 Normalized proximal radial distribution functions g(r) between the polymer backbone (BB)
and (a) iodide (I – ), (b) the cations (cat), and (c) indistinguishable ions (ion) and water (right y-axis)
as a function of the closest distance r to the polymer backbone for 1 m LiI, NaI, and CsI solutions,
respectively. The shaded intervals indicate the standard deviation of the mean σ/√N , using sample
standard deviation σ , and N = 10 blocks and are smaller than the line thickness representing the data
when not seen. Insets in panel (a) show the spatial probability density maps of iodide ions (dark yellow)
around the restrained PNIPAM chain (setup II) in LiI (blue box) and CsI (orange box) solutions using
Ovito software. 425 The dark yellow area indicates 5 times the bulk anion number density and shows
the amide NH group and the terminal methyl groups as the preferential interaction sites. Insets in
panel (b) show the spatial probability density maps of lithium ions (blue) and cesium in LiI (blue box)
and CsI (orange box) solutions (setup II), respectively. The blue area indicates 8 times the bulk cation
number density and shows the amide oxygen as the preferential interaction site. Atom colors: red, O;
purple, N; gray, C; white, H.
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Table 4.1
Total interaction energies (sum of van der Waals and Coulombic interactions) between the 20-mer
PNIPAM chain and the iodide, the three different cations and water molecules, respectively, for the
three salt solutions (1 m).*

Salt PNIPAM–anion [kJ/mol] PNIPAM–cation [kJ/mol]
LiI −1.45 ± 0.07 −0.8 ± 0.2
NaI −1.36 ± 0.08 −0.6 ± 0.2
CsI −1.12 ± 0.08 −0.09 ± 0.07
Salt PNIPAM–water [kJ/mol] Monomer–solution [kJ/mol]
LiI −0.417 ± 0.003 −142 ± 1
NaI −0.418 ± 0.004 −141 ± 1
CsI −0.429 ± 0.006 −140 ± 2
* The energies were obtained by post processing the MD-simulated trajectories using the rerun
option in GROMACS, where the electrostatic energies were computed using a reaction field with a
dielectric constant of 78. The average interaction energies of PNIPAM with one anion, one cation,
and one water molecule are reported. Monomer–solution (including all ions and water molecules)
energies represent the total interaction energy between one monomer and the solution (including
all water molecules and ions). The given errors are the standard deviation of the mean σ/√N
using sample standard deviation σ and N = 10 blocks.

Spatial probability density maps were created to investigate the spatial position of the
ions around the PNIPAM side chain. A distinct preferable position (yellow area) was
seen for iodide ions close to the amide NH group and the terminal methyl groups (insets
in Fig. 4.3a). ¿e spatial probability density for the iodide ions was, however, a�ected
by the type of cation. ¿e probability at a certain threshold (see details in �gure text)
is signi�cantly lower for CsI solution (orange box) than for LiI solution (blue box). A
distinct preferable position (blue area) was also seen for lithium ions close to the amide
oxygen (blue box in the inset of Fig. 4.3b). ¿is was not observed for cesium ions (orange
box in the inset of Fig. 4.3b) at the same threshold (see details in �gure text), indicating
weaker PNIPAM–Cs+ interactions. Furthermore, the probability of �nding iodide
ions close to the polymer side chain was higher than for the respective cation. ¿ese
results are in agreement with the observed weak, but favorable, interactions between the
amide oxygen and cations, between the amide NH group and iodide ions, and between
the two terminal methyl groups and the iodide ions (not presented in Table 4.1). ¿e
interaction sites and the di�erence between strongly and weakly hydrated cations are
in line with earlier studies of other (macro)molecules. 75,81,84,115,118 However, it has been
experimentally shown that an NH moiety is not necessary for anion binding. 7

¿e abovementioned interactions between part of the PNIPAM chain and ions include
an electrostatic contribution. To obtain further insight into the role of these electrostatic
interactions, MD simulations of a ”nonpolar” PNIPAMmolecule without partial atomic
charges were performed in LiI, NaI, and CsI solutions (1m). ¿e absence of favorable
ion–polymer electrostatic interactions correlates with vanishing ion-speci�c binding

77



Chapter 4 Contact ion pairs in the bulk a�ect anion interactions with PNIPAM

0.0 0.5 1.0 1.5 2.0

5

0

−5
−10
−15

Distance r [nm]Pr
ef
er
en
tia
lb
in
di
ng

co
ef
fic
ie
nt
Γ 2

3

(a)

LiI

PNIPAM
”Nonpolar” PNIPAM

0.0 0.5 1.0 1.5 2.0
Distance r [nm]

(b)

NaI

PNIPAM
”Nonpolar” PNIPAM

0.0 0.5 1.0 1.5 2.0
Distance r [nm]

(c)

CsI

PNIPAM
”Nonpolar” PNIPAM

Fig. 4.4 Preferential binding coefficients Γ23 to a PNIPAM 20-mer chain and a ”nonpolar” PNIPAM
20-mer chain for 1 m (a) LiI, (b) NaI, and (c) CsI solutions (setup III) as a function of the proximal
distance r. The shaded intervals indicate the standard deviation of the mean σ/√N , using sample
standard deviation σ , and N = 10 blocks. The preferential exclusion of ions from the ”nonpolar”
PNIPAM 20-mer chain is similar for the three salts, in agreement with the air–water interface.

to the polymer. ¿is can be seen in Fig. 4.4, where all three salts are depleted from the
polymer surface to more or less the same extent (compare the gray lines). When the
partial charges are reintroduced (blue, red, and orange lines in Fig. 4.4), the ion-speci�c
salting-out series (CsI > NaI > LiI), observed in the experimental data (Fig. 4.1), is
recovered. Signi�cantly, the LiI salt is less depleted when partial atomic charges on the
polymer are reintroduced. ¿is occurs due to favorable electrostatic interactions of
iodide with the amide NH and lithiumwith the amide oxygen. ¿e di�erence (PNIPAM
chain vs ”nonpolar” PNIPAM chain) was larger for LiI than for NaI. ¿is originated
from LiI interacting the strongest with the polymer chain, and thereby being a�ected
the most in the absence of partial atomic charges. By contrast, CsI is more depleted
when the partial atomic charges on the polymer are reintroduced. ¿is is likely caused
by favorable interactions of CsI ion pairs with the ”nonpolar” PNIPAM surface. ¿e
”nonpolar” PNIPAM chains demonstrate that electrostatic interactions play a role in the
ions’ preferable a�nity for the PNIPAM chain.

4.4.3 ¿ermodynamic implications of ion pairing

Next, cation–anion pair formation in the bulk solutions was investigated (setup V).
Speci�cally, the fraction of contact ion pairs (CIPs) in 1m bulk solutions was investigated
by integrating the cation–anion RDFs up to the �rst minimum. ¿e fractions of CIPs
were 0.82 for CsI, 0.11 for NaI, and 0.07 for LiI. To investigate the in�uence of ion
pairing in the bulk on polymer–ion interactions, MD simulations of PNIPAM chains
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Fig. 4.5 Preferential binding coefficients Γ23 , to a PNIPAM 20-mer chain for 1 m CsI with different
scaling factors λσ for their cation–anion Lennard-Jones size parameters (Setup IV) as a function of the
proximal distance r. The shaded intervals indicate the standard deviation of the mean σ/√N using
sample standard deviation σ and N = 10 blocks. Inhibiting CIP formation in bulk solution weakens CsI
depletion from the polymer–water interface.

in CsI solutions with modi�ed ion-pairing ability (scaled cation–anion Lennard-Jones
size parameter) were performed. A larger scaling factor λσ generated less ion pairing.
Moreover, it led to less depletion from the PNIPAMchain. ¿is can be seen by comparing
the black and gray lines with the orange line in Fig. 4.5.

To quantify the role of ion pairs on a global level, Kirkwood–Bu� integrals (KBIs)
and nonideality factors were calculated. ¿e dependence of the LCST on the molar
salt concentration (c3) re�ects how the chemical potential of the PNIPAM chain (µ2)
depends on c3 . ¿is dependency is provided by the Wyman–Tanford/Kirkwood–Bu�
relation 211

( ∂µ2
∂c3
)
p ,T
= −RT Γ23/c3
1 + c3(G33 −G31)

, (4.1)

where G33 and G31 denote the salt–salt and salt–water KBIs, respectively, R denotes
the gas constant, T the temperature and p the pressure. ¿is thermodynamic relation
shows that the chemical potential of the polymer increases with salt concentration when
Γ23 < 0 (the denominator is alway positive), leading to a negative slope for the LCST
(Fig. 4.1) at high salt concentration. ¿e role of ion pairing on a global level should be
re�ected by the term in the denominator of this equation, G33 −G31, which accounts
for the nonideality of the bulk electrolyte solution. ¿is term is reported in Table 4.2,
together with the nonideality factor [1 + c3(G33 −G31)]−1 and the preferential binding
coe�cients. Owing to ion pairing in bulk solution, G33 − G31 is larger for CsI than
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Table 4.2
Preferential binding coefficient Γ23 corresponding to a PNIPAM 20-mer with three different salts at
1 m (setup I), difference between salt–salt and salt–water Kirkwood–Buff integrals (KBIs), G33 and G31 ,
respectively, and the nonideality factor [1 + c3(G33 − G31)]−1 for the three salt solutions at 1 m (setup
V).

Salt Preferential binding coefficient Difference in KBIs Nonideality factor
Γ23 G33 − G31 [nm3] [1 + c3(G33 − G31)]−1

LiI −0.8 ± 0.2 −0.130 1.14
NaI −3.6 ± 0.5 −0.095 1.10
CsI −9.2 ± 0.4 0.535 0.67

Preferential binding coefficients and KBIs were calculated from converged running interval values
between 1.5 nm and 2.0 nm. The KBIs were calculated with an RDF correction and a Krüger volume
correction, 426 (see Eq. 8 in reference 427). The given errors are the standard deviation of the
mean σ/√N using sample standard deviation σ and N = 5 blocks and propagation of uncertainty
for the preferential binding coefficients. Errors for the difference in KBIs and nonideality factor
were calculated as sample standard deviation using propagation of uncertainty and are smaller
than the reported accuracy.

for NaI (i.e., the nonideality factor is smaller, and, in particular, less than unity). ¿e
nonideality factor therefore attenuates the di�erence between the values of the chemical
potential derivatives (∂µ2/∂c3)p ,T of CsI and NaI obtained if only the values of Γ23
(Fig. 4.2 and Table 4.2) of these two salts were considered and ideal solution behavior
(i.e., equal salt–salt and salt–water a�nities; G33 = G31) would be assumed.

4.5 Discussion

Stronger salting-out behavior might be expected when I– is combined with a high-
charge-density cation (e.g., Li+), and weaker salting-out behavior might be expected
when combined with a low-charge-density cation (e.g., Cs+). ¿is expectation is based
on the di�erences in cation hydration free energies, 324 which indicate how easily a cation
sheds its hydration shell when it approaches the polymer surface. ¿erefore, Li+ would
be expected to be more depleted than the weakly hydrated Cs+, leading to a stronger
salting-out behavior. Anions have been shown to follow this behavior. 9,29,72,428,429 ¿e
LCST of PNIPAM in the presence of metal iodide salts shows instead the salting-out
order Cs+ > Na+ > Li+ (Fig. 4.1). ¿is indicates that ion exclusion is subtle and charge
density considerations alone cannot explain the Hofmeister e�ects for cations. ¿e unex-
pected behavior of Li+ in view of its charge density has drawn attention before. 65,117,430

¿e nonlinear LCST behavior with salt concentration (Fig. 4.1) is indicative of polymer–
ion interactions. 18 Another indication is that the observed di�erence in the LCST data
for the di�erent salts shows a discrepancy with ion partitioning to the air–water interface
where Li+ , Na+ , and Cs+ are all excluded to about the same extent. 25 While electrostatic
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Fig. 4.6 Schematic illustration of the mechanisms of the cation-specific effect on PNIPAM–iodide
interactions. The chain of gray spheres represents the polymer. The black dotted circles represent the
hydration shells. It should be noted that the relative sizes of the polymer and ions are not drawn to
scale.

polymer–ion interactions are crucial for the binding of ions to speci�c sites on the
PNIPAM surface and lead to ion speci�c features in the preferential binding coe�cients
(Fig. 4.4), the partitioning of ions to the hydration shell of the ”nonpolar” PNIPAM
chain instead resembles the behavior of the air–water interface. ¿is is in line with
earlier studies showing that polar groups draw cations, which are usually excluded from
an air–water interface, 103 into the interfacial region. 431

PNIPAM–iodide interactions are stronger than PNIPAM–cation interactions, but the
cation type has an impact on all polymer–ion interactions and thereby on the depen-
dence of the LCST on salt concentration (Fig. 4.3 and Table 4.1). It should be noted that
this is contrary to earlier studies that found stronger cation than anion interactions with
PNIPAM. In that case, MD simulations found direct cation interactions and indirect
anion interactions. 149,432 ¿eMD simulations provided in the current work, however,
are more consistent with both LCST data and previous spectroscopic studies. In fact,
iodide ions interact favorably with nonpolar surfaces, while cations need speci�c bind-
ing sites such as an amide oxygen. ¿is should explain the greater iodide a�nity for
the polymer shown in our study. ¿e underlying mechanisms of cation-speci�c e�ects
on the PNIPAM–iodide interactions proposed in this study are depicted in Fig. 4.6.
Various experiments and MD analyses show that aqueous salt solutions do not form
statistical mixtures (equally distributed ions) but rather show ion pairing and ion clus-
tering. 126 ¿emore weakly hydrated the cation is, the larger is the propensity for the
weakly hydrated iodide to form CIPs with it. ¿is is in line with the law of matching
water a�nities. 165 In an aqueous CsI solution, CIPs are formed due to both ions being
weakly hydrated. ¿is leads to charge neutrality for some ion pairs and a loss of the
possibility for iodide ions to electrostatically interact with the amide NH group on the
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polymer (the le side of Fig. 4.6). ¿e ions are thereby repelled from the polymer–water
interface, and the LCST is strongly suppressed (salting-out of PNIPAM). ¿e degree to
which ion pairing is decisive for the partitioning of ions to the polymer–water interface
was demonstrated in this study (Fig. 4.5). When Cs+ and I– were prevented from
forming electrically neutral CIPs in the simulations, weaker salt depletion occured. In
an aqueous LiI solution, hardly any CIPs were formed. Instead, the iodide ions could
independently move to the polymer–water interface and interact electrostatically with
the amide NH group (the right side of Fig. 4.6). Lithium ions followed to avoid charge
separation. Lithium ions also showed weakly favorable interactions with the polymer
chain themselves (Table 4.1), namely, with the amide oxygen.

Concurrent interactions of iodide (Fig. 4.3a) and lithium ions (Fig. 4.3b) with PNIPAM
lead to a smaller suppression of the LCST in LiI solution than in CsI solution. However,
both the relative di�erences in the preferential binding coe�cients (Fig. 4.2) and the
large di�erences in the number of CIPs observed in bulk solution were not re�ected
in the LCST curves (Fig. 4.1), in particular not for NaI and CsI. ¿is was due to a
compensation of two e�ects. While ion pairing drove iodide away from the polymer
and caused a decrease of Γ23 , it further caused a decrease in the e�ective concentration
(activity) of the salt as expressed by the larger value of the denominator in Eq. (4.1) for
CsI than for NaI (Fig. 4.2 and Table 4.2). Ion pairing in bulk solution should therefore
have two thermodynamic implications: i) it leads to a weaker iodide interaction with the
polymer, contributing to salting out; ii) the corresponding, weaker salt–water interaction
attenuates the role of solvent-excluded volume 433 (an e�ective force related to the
entropy of the solvent that drives polymer compaction and hydrophobic interaction),
contributing to salting-in. ¿e observed LCST behavior with increasing concentration
of iodide salts (Fig. 4.1) is thus determined by the balance of these two e�ects.

Salting-in behavior is observed at low salt concentration for all salts due to the free
energy favorable partitioning of weakly hydrated iodide ions to the polymer surface. At
higher salt concentrations, the probability for ion pairing in the bulk is higher. ¿is leads
to a competition between PNIPAM–iodide interactions and iodide–cation interactions
in the bulk. ¿e latter dominates for weakly hydrated cations (e.g., Cs+) since they
readily form CIPs and they do not show preferable interaction with the polymer. ¿is
explains why the driving force to compact the polymer chain (salting-out behavior) sets
in at a lower concentration for CsI than for LiI.

¿e nonadditive and dependent behavior for how ions a�ect polymer solubility ex-
plained in this study updates earlier ideas 25,26 about simple additive and independent
ion-speci�c interactions. In addition to polymer–ion interactions, ion–counterion
interactions are demonstrated to be crucial for Hofmeister e�ects. ¿is follows up on
earlier ideas that ion–ion interactions, and not only individual ion interactions, are
of importance for the understanding of ion-speci�c e�ects. 17 However, the e�ect of
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ion pairing on the LCST of polymers will probably depend on the type of ion pair and
the identity of the cations and anions involved. ¿e e�ects in this work apply to salts
containing a weakly hydrated anion. For salts containing a more strongly hydrated
anion, such as chloride, the occurrence of solvent-shared ion pairs together with weak,
but favorable, polymer–cation interactions instead causes a mitigation of chloride’s
salting-out e�ect when paired with a strongly hydrated cation. 434

4.6 Conclusions

We have shown that the LCST behavior of PNIPAM in iodide salt solutions is a�ected by
the speci�c combination of the anion and the cation. Electrostatic interactions of anions
and cations with the amide group play a role in ion interactions with PNIPAM, and the
type of cation a�ects the PNIPAM–iodide interaction. A weakly hydrated cation (e.g.,
Cs+) results in weaker iodide a�nity, while a strongly hydrated cation (e.g., Li+) results
in stronger iodide a�nity. ¿is speaks against simple additivity and provides yet another
example where observed changes in polymer solubility are due to nonadditive e�ects.
¿e polymer–iodide interaction is inversely correlated with anion–cation ion pairing in
the bulk. As we move from the strongly hydrated cation, Li+, to the weakly hydrated
cation, Cs+ , the a�nity for CIP formation with iodide ions in the bulk increases. Such
charge neutralization leads to a larger loss in the electrostatic interactions with the
polymer chain, explaining the greater decrease in the LCST for iodide salts containing
Cs+ than containing Li+ .

Acknowledgement

E.E.B. and N.F.A.vdV. thank the LOEWE project iNAPO funded by the Ministry of
Higher Education, Research and the Arts (HMWK) of the state of Hessen. P.S.C. thanks
theNational Science Foundation (CHE-2 004 050) for funding. Additionally, the authors
thank Luis Vollmers for the help with the validation of the LiI force �eld.

83





Chapter 5

Molecular mechanism for the interactions of
Hofmeister cations with macromolecules in
aqueous solution

¿is chapter corresponds to and is reproduced with permission from

Bruce, E. E.; Okur, H. I.; Stegmaier, S.; Drexler, C. I.; Rogers, B. A.; van der
Vegt, N. F A.; Roke, S.; Cremer, P. S. Molecular mechanism for the inter-
actions of Hofmeister cations with macromolecules in aqueous solution.
J. Am. Chem. Soc., 142(45):19094–19100, 2020. Copyright 2020 American
Chemical Society.
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Abstract. Ion identity and con-
centration in�uence the solubil-
ity of macromolecules. To date,
substantial e�ort has been fo-
cused on obtaining a molecular
level understanding of speci�c
e�ects for anions. By contrast,
the role of cations has received
signi�cantly less attention and
the underlying mechanisms by
which cations interact with macromolecules remain more elusive. To address this is-
sue, the solubility of poly(N-isopropylacrylamide), a thermoresponsive polymer with
an amide moiety on its side chain, was studied in aqueous solutions with a series of
nine di�erent cation chloride salts as a function of salt concentration. Phase tran-
sition temperature measurements were correlated with molecular dynamics simula-
tions. ¿e results showed that although all cations were on average depleted from the
macromolecule–water interface, more strongly hydrated cations were able to locally
accumulate around the amide oxygen. ¿ese weakly favorable interactions helped to
partially o�set the salting-out e�ect. Moreover, the cations approached the interface
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Chapter 5 Mechanism for interactions of Hofmeister cations with macromolecules

together with chloride counterions in solvent-shared ion pairs. Because ion pairing
was concentration-dependent, the mitigation of the dominant salting-out e�ect became
greater as the salt concentration was increased. Weakly hydrated cations showed less
propensity for ion pairing and weaker a�nity for the amide oxygen. As such, there was
substantially less mitigation of the net salting-out e�ect for these ions, even at high salt
concentrations.

5.1 Introduction

It has been known formore than 130 years that salt ionsmodulate the physical properties
of macromolecules in aqueous solutions. 1,3,4,6,9,17,24–26,28,29,34,41,43,53,54,57,69–71,73,74,78,79,82
109,118,125,128,129,131,140,189,435 For proteins, a typical consensus cation series for salting-out
behavior is as follows: 8 Mg2+ < Ca2+ < Li+ < Na+ < K+ < Rb+ < Cs+ < NH +

4 <
N(CH3) +4 . ¿is series is o en dominated by cation interactions with negatively charged
carboxylate moieties from aspartate and glutamate residues. 75,78,115 Although the above
series is widely regarded as a direct cationic Hofmeister series, it is neither generic
nor well understood. In the absence of negatively charged functional groups, cation
interactions with the polypeptide backbone are generally quite weak. As such, cations
have o en been treated as passive counterions that balance the charge in aqueous
solution. A few studies have, however, explored the interactions of cations with the
amide oxygen. 84,116 ¿e results show that strongly hydrated cations (e.g., Mg2, Ca2+,
and Li+) interact weakly with the amide oxygen, while weakly hydrated cations (e.g.,
Na+ and K+) are depleted from the amide group. 84,116,118

Herein, we report the lower critical solution temperature (LCST) for poly(N-isopropyl-
acrylamide) (PNIPAM). ¿is thermoresponsive polymer exhibits cation speci�c salting-
out behavior with a series of chloride salts (Mg2+ , Ca2+ , Sr2+ , Li+ , NH +

4 , Na+ , K+ , Rb+ ,
and Cs+). In previous studies, the LCST behavior for the anionic Hofmeister series was
found to correlate with changes in surface tension at the air–water interface per mole of
added salt dγs/dcs when the counterion was Na+ (where γs denotes the surface tension
and cs stands for the concentration of salt). 4 As will be shown herein, this trend is not
followed for cation chloride salts. Instead, a cation speci�c salting-in contribution was
observed for all cations and especially for salt solutions of the most strongly hydrated
cations. By employing all-atom molecular dynamics (MD) simulations, we elucidated
this partial salting-in contribution to macromolecule solubility at the molecular level.

Fig. 5.1 schematically depicts the molecular level mechanism for the cationic Hofmeister
series with PNIPAM.Despite net ion depletion from themacromolecule–water interface,
local accumulation of strongly hydrated cations occurs at the amide oxygen. Such weak
local ion partitioning originates from weak, but energetically favorable interactions
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Fig. 5.1 Schematic illustration of the molecular mechanism for the cationic Hofmeister series. (top)
The light blue region adjacent to the polymer represents hydration water. (bottom) The partitioning of
ions in the form of solvent-shared ion pairs to the vicinity of the amide moiety on a PNIPAM side chain
is depicted. The polymer size in the experiments described herein is on the order n ≈ 160. It should be
noted that cations are net depleted from the polymer–water interface. However, when they do come to
the interface, they do so together with chloride anions as depicted by the arrows. The relative sizes of
the polymer, ions, and hydration shells are not drawn to scale.

between the amide oxygen and the cations. ¿e partitioning of cations to the vicinity of
the macromolecule is aided by solvent-shared ion pair formation between cations and
chloride counterions at the polymer interface. ¿e preference for ion pairing is greater
for strongly hydrated cations (e.g., Ca2+ and Li+) than for more weakly hydrated ones
(e.g., Na+ and Cs+). Because the e�ect is dependent on the simultaneous presence of
both the anion and cation at the polymer surface, it occurs more readily at higher salt
concentrations.

5.2 Results

5.2.1 Phase transition measurements

Figures 5.2a and 5.2b plot the phase transition temperature of PNIPAM as a function
of chloride salt concentration for monovalent and divalent cations, respectively. In
the absence of salt, the phase transition occurred at 32.1 ○C. In the presence of salt,
the LCST decreased with increasing salt concentration. Moreover, the various salts
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in�uenced the solubility of the macromolecule in a cation-speci�c manner. ¿e salting-
out order at a concentration of 1M was Li+ ≈ NH +

4 < Rb+ ≈ K+ ≈ Cs+ ≈ Na+ for the
monovalent cations and Mg2+ < Ca2+ < Sr2+ for the divalent cations. As can be seen by
comparing the magnitudes on the y-axes of the two plots, the monovalent and divalent
salts decreased the LCST to roughly the same extent. ¿is result is surprising because the
salts of divalent cationsmight be expected to be twice as e�ective at salting-out PNIPAM
on a per molar basis. Indeed, the salting-out order for the anionic Hofmeister series
correlates strongly with dγs/dcs (see Table 5.2) 4,25 and the value of dγs/dcs is primarily
dependent on the identity of the anion. In fact, the chloride salts of divalent cations
show dγs/dcs values for the air–water interface that are about twice as large as those for
the monovalent cations. Nevertheless, the idea that the salting-out behavior should be
twice as large on a per molar basis for salts of divalent metal cations does not hold.

¿e data in Figs. 5.2a and 5.2b can be �t to an equation of the following form:

Tc = T0 + acs + dcs + f c2s , (5.1)

whereby the term T0 represents the value of the LCST in the absence of salt. ¿e next
term, acs , is a linear salting-out contribution related to the surface tension. By contrast,
the third and fourth terms, dcs + f c2s , represent a salting-in contribution that corre-
sponds to cation binding with the amide oxygen. See Eqs. (5.3) to (5.5) for more details
concerning the empirical model for the LCST. ¿e value of acs is known for each salt
because it correlates to the value of the surface tension of the air–water interface. 4 As
such, the salting-in contribution from cation binding can be isolated and plotted by
subtracting o� the acs term and resetting the initial LCST value to zero (Fig. 5.2c). ¿is
residual LCST T res

c has the functional form

T res
c = dcs + f c2s , (5.2)

where the coe�cients d and f are used for the concentration and concentration squared
terms, respectively, with units of ○C/M and ○C/M2 . ¿e functional form of T res

c is com-
pletely di�erent from a Langmuir isotherm, which arises from saturablemacromolecule–
ion interactions. Fig. 5.2c generally shows two distinct groups of salts. ¿e strongly
hydrated divalent cations (Mg2+ , Ca2+ , and Sr2+) have a signi�cant salting-in contribu-
tion to polymer solubility. By contrast, mostmonovalent cations (Cs+ , Rb+ , K+ , andNa+)
display much weaker in�uence, although Li+ and NH +

4 show intermediate behavior.

5.2.2 Preferential binding coe�cients

Next, the interactions of the ions in water with a PNIPAM 20-mer chain were explored
using all-atom MD simulations. ¿e polymer chain that was employed had no end
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Fig. 5.2 Lower critical solution temperature Tc for 10 mg/ml PNIPAM in chloride salt solutions as
a function of salt concentration cs for (a) monovalent and (b) divalent cations. See Sections 5.4.1
and 5.4.2 for more details regarding these transition temperature measurements. The symbols are
data points, and the lines are fits corresponding to an empirical model (see Eqs. (5.2) to (5.5) for
details concerning the empirical fitting model for the LCST data). (c) Residual lower critical solution
temperature values T res

c for PNIPAM with all nine chloride salts as a function of salt concentration
cs . The symbols represent individual data points, and the lines are fits to the data corresponding to
Eq. (5.2) (see Table 5.1 for the fitting parameters for d and f ). Each data point represents an average of
six measurements. In each case the error bars, which were calculated from sample standard deviations,
are smaller than the size of the data points. Note the LCST data for SrCl2 are only reported up to its
solubility limit, ≈1.8 M.
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groups as it was connected back onto itself by using periodic boundary conditions.
¿e simulations were performed in solutions of CaCl2, LiCl, NaCl, and CsCl at two
concentrations (0.3m and 1.8m). Fig. 5.3 shows the preferential binding coe�cients
of these salts (cations and anions were treated as indistinguishable in the calculations).
Following standard thermodynamic convention, thewater is labeled 1, the polymer chain
is labeled 2, and the ions are labeled 3. ¿e preferential binding coe�cient quanti�es the
excess number of ions in the vicinity of the polymer relative to the statistical number in
the bulk solution. When ions partition favorably to the polymer interface, then Γ23 > 0.
On the other hand, when the ions are depleted, then Γ23 < 0.

As can be seen in Fig. 5.3, net depletion from the PNIPAM chain was observed in all
cases. ¿e order of Γ23 between the salts follows the observed LCST order (Figs. 5.2a and
5.2b). A sixfold increase in salt concentration from 0.3 to 1.8m led to an approximately
sixfold increase in the absolute value of the preferential binding coe�cient for Na+
and Cs+ . As such, the di�erence between the polymer–ion and polymer–water a�nity
remained constant with concentration, 18 and a linear LCST trend should be expected.
Indeed, the chloride salts of these ions led to a nearly linear concentration dependence
(Fig. 5.2a). For the strongly hydrated cations (Ca2+ and Li+), however, the sixfold
concentration increase yielded a much smaller corresponding change in the preferential
binding coe�cient. As such, the di�erence between the polymer–ion and polymer–
water a�nities was concentration-dependent. Speci�cally, the salts were less depleted
than expected, which should contribute to a smaller drop in the LCST. ¿is should be
the origin of the nonlinear trends observed in Figs. 5.2a and 5.2b.

5.2.3 Partitioning of ions to the macromolecule surface

¿e electrolyte structure around the PNIPAM chain was probed in 1.8m salt solutions
by MD simulations. ¿e normalized proximal radial distribution functions (RDFs)
between the polymer backbone and the cations are provided in Fig. 5.4a. In close
vicinity to the polymer chain, the RDF values between the polymer backbone and the
cations fell below unity. ¿is is consistent with a net depletion of all ions from the
polymer surface. However, the results revealed local accumulation of strongly hydrated
cations close to the polymer surface. ¿is accumulation, which can be seen at a distance
of 0.75 nm–1.25 nm from the backbone, came from accumulation around the amide
oxygen and terminal methyl groups (Fig. 5.8a). At this distance, the strongly hydrated
cations have an intact �rst hydration shell (Fig. 5.9). Furthermore, weak, but favorable
interaction energies were observed between side chain atoms and salt ions (Table 5.5), in
agreement with previous studies. 7,75,84,115,118 Namely, net favorable interaction energies
were found between the amide oxygen and the cations as well as between the amide
nitrogen and chloride and between the two terminal methyl groups and the chloride.
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Fig. 5.3 Preferential binding coefficient Γ23 corresponding to a PNIPAM 20-mer chain at two salt con-
centrations with four different salts. The error bars represent the standard deviation of the mean σ/√N
by using sample standard deviations σ and N = 20 (0.3 m) or N = 5 (1.8 m) blocks, respectively. The
dashed bars depict the preferential binding coefficients that would have been expected if the difference
between the polymer–ion and polymer–water affinities had been independent of the salt concentration.
Details concerning the MD simulations are provided in Section 5.4.4 and in Tables 5.3 and 5.4. Sec-
tion 5.4.5 contains more details on the link between the preferential binding coefficients shown in this
figure and the LCST values shown in Fig. 5.2. Additionally, distance-dependent preferential binding
coefficients are provided in Fig. 5.6.

Next, Fig. 5.4b shows the proximal RDF values between the polymer backbone and the
chloride ions. In this case, greater interfacial partitioning for Cl– is observed beyond
0.75 nm when the countercation was strongly hydrated. Here, too, the peaks in the RDF
could be divided into contributions from local accumulation around the amide nitrogen
and the terminal methyl groups (Fig. 5.8b). ¿e presence of both anions and cations
in the vicinity of the polymer suggests ion pairing close to the side chains, which is
explored in the next section.

5.2.4 Cation–anion ion pairing at the macromolecular surface

Figure 5.5 shows the number density ρ(r) of solvent-shared cation–anion pairs (SIPs)
normalized to the bulk value ρ(r →∞) as a function of the closest distance r between
the ion pair and the polymer. Distinct peaks can be seen for the strongly hydrated cations
but not for the weakly hydrated ones. Additionally, the number of SIPs was slightly
larger in the vicinity of the amide oxygen and the terminal methyl groups compared
with the bulk solution (Fig. 5.5 vs Fig. 5.8). Compared with SIPs, the partitioning of
contact ion pairs (CIPs) and solvent-separated ion pairs (2SIPs) to the polymer interface
was of less importance (Fig. 5.11).
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Fig. 5.4 Normalized proximal radial distribution functions g(r) (a) between the polymer backbone
(BB) and the cations (cat) and (b) between the polymer backbone (BB) and the chloride anions as a
function of the closest distance r to the polymer backbone for four salt solutions. The g(r) for the
backbone (BB) to water is shown for reference in both figures as black curves (right y-axis). The shaded
intervals indicate the standard deviation of the mean σ/√N by using sample standard deviations σ and
N = 10 blocks. The error bars are smaller than the thickness of the line when not visible. See Fig. 5.7 for
details concerning the cylindrical volume element used for the normalization. Note, the RDF values
did not completely converge to 1.0 at longer distances due to the finite volume of the box used in these
simulations (i.e., depletion gave rise to an increase in the number of ions in the bulk). Moreover, the
stretched chain was approximated by a cylinder for the normalization factor, leading to a deviation
from 1.0 for the RDF values at longer distances.

Cations do not typically approach hydrophobic interfaces alone. Ion pairs, however,
are neutral species (or reduced in charge when one of the ions is divalent) and can
more facilely approach the surface. In fact, the probability for Ca2+ to partition to the
macromolecule surface as an ion pair was very similar to the total partitioning of Ca2+
to the surface. ¿is can be seen from the almost identical spatial probability density
maps for Ca2+ alone and for Ca2+ ions in solvent-shared pairs with at least one Cl–
(Fig. 5.12).

5.3 Discussion and conclusions

¿e air–water interface has o en been employed as a simple macroscopic proxy for
biological interfaces, including the surfaces of proteins. 103,107 As such, it is instructive to
compare the results from the neutral macromolecule–water interface with the air–water
interface. In particular, the introduction of ions increases the surface tension of the
air–water interface via their depletion from the topmost water layers. 41,306 If a change
in the surface tension was the only contribution to an ion’s in�uence on PNIPAM, then
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Fig. 5.5 Normalized solvent-shared cation–anion pair (SIP) number density ρ(r)/ρ(r → ∞) as a
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for details concerning the calculation and Fig. 5.10 for the definition of ion pair types. The shaded
intervals indicate the standard deviation of the mean σ/√N by using sample standard deviations σ
and N = 10 blocks, and by using propagation of the uncertainty. The error bars are smaller than the
thickness of the line when not visible.

the LCST trends as a function of salt concentration would be directly correlated to
how the surface tension changed with increasing concentration for each ion. 4 As noted
above, the anionic Hofmeister series for sodium salts has been shown to be correlated to
these values. 4 By contrast, a similar trend was not seen for the chloride salts examined
herein (Fig. 5.2 vs Fig. 5.13). Instead, a substantial residual LCST value remained a er
subtracting o� the surface tension contributions (Fig. 5.2c). Below, the origin of this
residual LCST value will be explored.

Ions are typically thought to be repelled from hydrophobic–aqueous interfaces due
to the image charge e�ect. 306 In fact, strongly hydrated cations (e.g., Ca2+) partition
away from the air–water interface, remaining in the bulk solution due to the large
favorable interaction energy between the ions and water molecules. ¿is contribution
dominates over the unfavorable entropic one caused by the restriction of watermolecules
in the hydration shells of the ions. ¿is picture, however, is more complicated at the
macromolecule–water interface where both hydrophilic and hydrophobic moieties
are present. Site-speci�c interactions can occur at hydrophilic sites (i.e., the amide
moieties) for both ions and water. Additionally, even the hydrophobic portions of the
macromolecule can have dispersion interactions with the solvent. When ions partition
toward the macromolecule, weakly favorable interactions between the polymer and
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the ions (Figs. 5.4 and 5.5 as well as Table 5.5) partially compensate for the loss of the
favorable interaction energy between the ions and water.

As shown herein, the partitioning of cations to the macromolecular interface is more
favorable for strongly hydrated cations (e.g., Ca2 and Li+) compared to more weakly
hydrated ones (e.g., Na+ and Cs+) (Fig. 5.4). ¿e number of cations in the vicinity of the
macromolecular surface follows the order Li+ > Ca2+ > Na+ > Cs+. ¿e stronger water–
ion interactions for Ca2+ make it energetically less favorable for it to come to the surface
compared to Li+ . However, Ca2+ also binds more tightly to the amide oxygen (Table 5.5).
As such, even though there are fewer Ca2+ ions at the interface, they nevertheless have a
larger e�ect on the system compared to Li+ , leading to a larger residual LCST value.

Another key consideration for macromolecule solubility is the partitioning of cations
paired with chloride counterions as SIPs to the vicinity of the macromolecule (Fig. 5.5).
Indeed, it is well-known that ions are o en not uniformly distributed in aqueous salt
solutions. Instead, cation–anion pairing can be quite abundant at elevated salt concen-
trations. 126,137 ¿e results found herein are reminiscent of a recent study showing the
surprising presence of two strongly hydrated ions (Mg2+ and SO 2 –

4 ) at an air–water
interface due to a SIP formationmechanism. 436 Moreover, the presence of ion pairs near
amides also has analogies to ion pair interactions with supramolecular structures. 437
Indeed, ion pairs are neutral (or reduced in charge for a divalent ion paired with a
single monovalent counterion) and, thus, can approach the macromolecule surface
without causing charge separation in the solution. Aided by SIP formation, cations
locally accumulate near the amide. ¿is interaction is the basis for the residual LCST
values observed in Fig. 5.2c. ¿is contribution is almost large enough in the case of
strongly hydrated cations to o�set the surface tension contribution. Moreover, the linear
term (dcs) in Eq. (5.2) can putatively be assigned to cation interactions with the amide
oxygen, whereas the quadratic term ( f c2s ) likely corresponds to ion pair formation in
the vicinity of the macromolecule. As can be seen, weakly hydrated cations (e.g., Na+
and Cs+) show a very small (or nearly zero) linear term dependence (Table 5.1) since
they have the weakest interactions with the amide oxygen (Table 5.5). By contrast, the
divalent cations as well as Li+ have stronger interactions with the amide oxygen and
give rise to a steeper slope (Fig. 5.2c). ¿e same strongly hydrated cations (e.g., Ca2+
and Li+) also have a larger nonlinear term due to their enhanced ability to form SIPs
with Cl– in the vicinity of the macromolecules (Fig. 5.5). NH +

4 is an exception due to
its directional H-bonding capability. Speci�cally, its residual salting-in contribution
(Fig. 5.2c) is greater than would be expected based on its in�uence on the air–water
surface tension (Table 5.2). As such, the salting-in contributions described above apply
speci�cally to metal ion chloride salts (Fig. 5.1). As a second example, this mechanism
also does not hold for a tetramethylammonium cation (Fig. 5.14). Indeed, this much
greasier cation would not be expected to interact speci�cally with the amide oxygen but
rather more generally with the hydrophobic portions of the polymer.
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¿e overall cationic series achieved from macromolecular solubility measurements is
Li+ < NH +

4 < Mg2+ < Rb+ < K+ < Cs+ < Na+ < Ca2+ < Sr2, which is signi�cantly
di�erent from a direct cationic Hofmeister series. In fact, a direct cationic Hofmeis-
ter series can only be observed a er subtracting o� the surface tension contribution
(Fig. 5.2c). ¿e underlying reason for this should be twofold. First, the surface tension
contribution leads to a salting-out e�ect that is mostly dependent on the number of chlo-
ride counterions in solution, which di�ers by a factor of 2 between the monovalent and
divalent salts. Second, the ion pairing of cations with chloride helps to give rise to a weak
salting-in e�ect that reinforces the weak direct interactions of the cations with the amide.
¿e ion pairing contribution may follow hard–so acid–base pairing rules, 438 the law
of matching water a�nity, 165 a partially reversed Hofmeister series, 20,78,122,125,126,165 or
other pairing rules rather than a direct Hofmeister series. Together, this work shows
that strongly hydrated cations, like CaCl2 , give rise to LCST phase diagrams wherein the
linear salting-out term is nearly o�set by both a linear salting-in contribution from very
weak binding (i.e., the binding is still on the linear portion of a Langmuir isotherm)
and a squared salting-in term for ion pairing. ¿e latter term highlights the fact that
the e�ect of salt ions should not be assumed to be additive.
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5.4 Supporting information

5.4.1 Materials

¿e inorganic salts MgCl2 , CaCl2 , SrCl2 , LiCl, NH4Cl, NaCl, KCl, RbCl, and CsCl were
all purchased from Acros, Alfa Aesar and Sigma-Aldrich (with minimum 99.9% salt
purity) and used as received. Deionized water, with aminimum resistivity of 18.1MΩcm,
obtained from a NANOpure Ultrapure water system (Barnstead), was used for lower
critical solution temperature (LCST) measurements. Poly(N-isopropylacrylamide)
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(PNIPAM) with a molecular weight of 17 800 g/mol was synthesized according to pro-
cedures that have been published previously. 4

5.4.2 Transition temperature measurements

¿edetails of the LCSTmeasurements have been described previously. 4 Brie�y, aqueous
polymer solutions were lyophilized to form dry aliquots, which were then redissolved
in the desired salt solution. ¿e �nal polymer concentration was 10mg/ml for each
sample. An automated melting point apparatus (Optimelt MPA 100, Stanford Research
Systems) was employed to measure the LCST. In a typical measurement, three capillary
tubes �lled with the desired PNIPAM solution were placed in the heating chamber of
the melting point apparatus and the scattering intensity was recorded as the temperature
was ramped at 1 ○C/min. ¿e instrument’s built-in camera captured real-time images
of the samples and then used digital image processing technology to determine the
phase transition temperature from the turbidity of the solution. Speci�cally, the onset
of the light scattering intensity increase compared to the scattering intensity baseline
was taken to be the transition temperature. 7 All LCST values reported in this study
were highly repeatable and the data shown herein represented an average of at least six
measurements.

5.4.3 Empirical model for the lower critical solution temperature of
macromolecules

Speci�c ion e�ects on the phase transition temperature of polymers are commonly
modeled with empirical equations that include speci�c ion binding and surface tension
changes in aqueous salt solutions. 4,6 Such equations o en appear in the form of a
linear term plus a Langmuir binding isotherm along with additional expressions to
include other ion speci�c e�ects, such as electrostatic interactions between ions and
charged groups on a macromolecule, if necessary. 115 Herein, we employed the following
empirical equation for the LCST of PNIPAM in aqueous chloride salt solutions:

Tc = T0 + acs +
Bmaxcs
KD + cs

+ (dcs + f c2s ) , (5.3)

where T0 is the LCST in pure water and cs is the salt concentration. ¿e coe�cient a
has units of ○C/M. ¿e third term is a Langmuir binding isotherm. KD represents the
dissociation constant of the ions for ion–macromolecule binding interactions in units of
molar salt concentration, while Bmax represents the maximum increase in the LCST at
saturation and has units of temperature. For the cationic Hofmeister series, the binding
isotherm is negligible because binding is extremely weak. As such, the binding term was
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Table 5.1
Fitting parameters d and f for the residual LCST T res

c = dcs + f c2s of PNIPAM.

Salt d f
[○C/M] [○C/M2]

MgCl2 16.30 1.76
SrCl2 13.31 1.85
CaCl2 11.95 0.82
LiCl 4.56 0.89
NH4Cl 2.65 0.66
NaCl 0.62 0.72
KCl 0.30 0.46
RbCl −1.44 0.45
CsCl 0.32 0.21

set to zero, i.e., Bmaxcs/(KD + cs) = 0, for all salts and is not included in Eq. (5.1). ¿e
�nal terms in the parenthesis in Eq. (5.3) represent the residual LCST T res

c = dcs + f c2s .
¿e coe�cients d and f have units of ○C/M and ○C/M2 , respectively, and are provided
in Table 5.1 for each salt. Figure 5.2c plots T res

c for each salt. Moreover, T res
c = dcs + f c2s

serves as Eq. (5.1). It should be noted that this equation was determined empirically
and that the LCST data could not be �t without using both terms, at least up to 2 molar
salt concentration.

A strong correlation between the salting-out e�cacy of ions and the air–water interface
surface tension of the pure salt solutions has been found for the anionic Hofmeister
series with Na+ as the counterion. 4,6 Speci�cally, the coe�cient a in Eq. (5.3) has been
shown to be directly correlated with changes in surface tension γs at the air–water
interface per mole of added salt dγs/dcs. 4,6 Such a correlation between the surface
tension gradient and the LCST decrease is found for all inorganic salts including the
Cl– salts of a cationic series. In order to express the a coe�cient as a function of the
surface tension gradient, the chloride salts of noninteracting monoatomic cations (Na+ ,
K+ , Rb+ , and Cs+) can be used as references. CsCl was chosen as the reference salt and
used to determine the salt speci�c surface tension contribution a to the LCST. ¿is
choice was made because Cs+ ions are the most weakly hydrated cations and, thus,
the least interacting with the PNIPAM chain. ¿is choice is used to set the following
relationship:

a = dγs
dcs

∆Tc (CsCl)
dγCsCl
dcCsCl

, (5.4)

where dγs/dcs is the salt-speci�c air–water surface tension gradient (mNm−1mol−1dm3)
and ∆Tc(CsCl) (○C/M) is the change in the LCST per mole for a CsCl solution cal-
culated from the three �rst data points in Fig. 5.2a. In this low concentration regime,
changes in the LCST are almost perfectly linear 4,6 and the surface tension e�ect dom-
inates changes in the LCST as the ion binding contribution is negligible in this con-
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centration range. Table 5.2 provides values of dγs/dcs and a for various salts. ¿e ratio
∆Tc (CsCl) / (dγCsCl/dcCsCl) is equal to −7.66 ○C/mNm−1 . Inserting the de�nition of
a from Eq. (5.4) into Eq. (5.3), yields:

Tc = T0 +
dγs
dcs

∆Tc (CsCl)
dγCsCl
dcCsCl

cs + (dcs + f c2s ) . (5.5)

¿is equation was used to model the LCST curves for PNIPAM as a function of chloride
salt concentration in Figs. 5.2a and 5.2b. As noted above, the binding term was not
needed to �t the LCST. Note, swapping the CsCl reference salt in Eq. (5.4) for NaCl, KCl
or RbCl would only slightly change the absolute values of a and, thus, T res

c = dcs + f c2s
in Eq. (5.5). Moreover, the trend seen in Fig. 5.2c and the conclusions drawn would
remain exactly the same. Indeed, the chloride salts of Na+ , K+ , Rb+ , and Cs+ have almost
identical dγs/dcs values. Moreover, they yield almost identical reductions in the LCST
with salt concentration up to 0.4M (Fig. 5.2a). Table 5.2 also provides polarizability
constants for the cations of the respective salt. As can be seen, there is no direct
correlation between the a coe�cient values (or the dγs/dcs values) and the polarizability
of the alkali and alkaline earthmetal cations. In contrast to polarizability (given for some
anions in Table 5.2), the size of the anions plays a key role in macromolecule–anion
interactions. In fact, large anions are more weakly hydrated than smaller ones and
are more readily pushed to macromolecular surfaces. ¿is may be aided by stronger
macromolecule–anion dispersion forces. 82 Also, it should be noted that small variations
in the surface tension gradient dγs/dcs exist in the literature depending on the type
of measurement that is made. ¿e choice of surface tension gradient values used for
the �tting in Eq. (5.4) can slightly a�ect the calculated a values. ¿erefore, average
values from the literature were used. However, even if averages were not employed, the
trends and the conclusions drawn would essentially be identical. It should speci�cally
be noted that the surface tension gradient value for RbCl reported in Table 5.2 is only
based on one literature value. Due to its low value compared to other salts, it resulted in
a negative value for d and thereby a slightly negative residual LCST (Fig. 5.2c). Since
the LCST �t is only based on this one measurement and due to the estimated error bars
in the reported surface tension gradient data, the residual LCST should probably be
assumed to be close to 0.

5.4.4 Molecular dynamics simulations

System details. ¿e simulated PNIPAM systems used a 20-mer. ¿e PNIPAM chain
was extended through the periodic z-boundary and coupled back onto itself through
periodic boundary conditions. By means of this periodic setup, the end groups on
the 20-mer were eliminated. ¿is description of an extended polymer chain has been
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Table 5.2
Literature values of surface tension gradients dγs/dcs , calculated a values for the LCST data of PNIPAM,
and literature values of polarizability constants of both metal cations and selected anions.

Salt dγs/dcs 25,52,309,439–441** a Polarizability 324***

[mNm−1mol−1dm3] [○C/M] [cm3/mol]
MgCl2 3.77 −28.86 −0.7
CaCl2 3.70 −28.35 1.59
SrCl2 3.53 −27.01 2.65
LiCl 1.68 −12.90 0.08
NH4Cl 1.45 −11.08 4.7
NaCl 1.76 −13.50 0.65
KCl 1.64 −12.54 2.71
RbCl 1.37 −10.50 4.1
CsCl* 1.62 −12.43 6.89
NaSCN 0.5 – 17
NaCl 1.6 – 8.63
Na2SO4 2.7 – 13.79
* CsCl was used as reference salt to calculate a from Eq. (5.4) for the other salts.
** Converted values (mNm−1mol−1dm3) 442 from references 25,52,309,439–441 are used. Averages
are calculated if more than one value is reported in the references. The error bars were estimated
to be of the order ±0.1 mNm−1mol−1dm3 .

*** Polarizability data for the cations for the metal chloride salts and for the anions for sodium salts.

Table 5.3
Number of PNIPAM chains, water molecules, cations, and anions in the respectively simulated systems
for the two salt concentrations (0.3 m and 1.8 m) as well as for pure water.

Salt concentration

c = 0 m c = 0.3 m c = 1.8 m
System NPNIPAM Nw Ncat Nan NPNIPAM NW Ncat Nan NPNIPAM Nw Ncat Nan

CaCl2 – – – – 1 6338 34 68 1 5870 190 380
LiCl – – – – 1 6370 35 35 1 6048 196 196
NaCl – – – – 1 6370 35 35 1 6048 196 196
CsCl – – – – 1 6370 35 35 1 6048 196 196
Water 1 6440 0 0 – – – – – – – –

reported before. 414,415 ¿e length and elongation of the PNIPAM 20-mer de�ned a box
size in the z-direction of Lz = 4.6839nm. To minimize interactions between periodic
images while still minimizing the computational cost, the lateral box dimensions Lx
and Ly were initial set to 6.5 nm. ¿e polymer was solvated in water and, a er energy
minimization and equilibration, individual water molecules were replaced with cations
and anions until the target concentrations were achieved. Four di�erent chloride salts,
namely CaCl2, LiCl, NaCl and CsCl at two salt concentrations, 0.3m and 1.8m, were
simulated. ¿e system compositions can be seen in Table 5.3.

Bulk simulations of 1.8m CaCl2 , LiCl, NaCl, and CsCl, respectively, were performed as
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well. A cubic box with a size of 4×4×4 nm3 was used. ¿e concentration corresponded
to 1988 water molecules, 64 cations and 128 anions for the CaCl2 solution, and to 2048
water molecules, 66 cations and 66 anions for the monovalent salts.

Simulation details. All-atom molecular dynamics (MD) simulations were performed
using the GROMACS 4.6.7 package. 443 ¿e PNIPAM chain was simulated using the
OPLS-AA force �eld 228 and all bonds were constrained using LINCS 417 up to a fourth
order expansion. ¿e SPC/E potential 418 for water was used and the internal geometry
was kept rigid using the SETTLE algorithm. 419 ¿e salt solutions were described by
nonpolarizable force �elds for CaCl2, 245 LiCl, 78 NaCl 244 and CsCl. 244 ¿e chloride
anion was described by a modi�ed version of the force �eld fromDang. 444 See Table 5.4
for the ionic force �eld parameters.

Note, the original force �eld for CaCl2 was parameterized with a cuto� of 1.4 nm by
employing long range energy and pressure corrections. Due to the PNIPAM force �eld
not utilizing this, the simulations herein were performed without these corrections
and it was shown from radial distribution function analyses of bulk electrolytes that
no signi�cant e�ect was observed when switching o� the corrections. ¿e geometric
combination rule was used for interactions between di�erent atom types in PNIPAM,
as well as for the polymer–ion and polymer–water interactions. ¿e Lorentz–Berthelot
combination rule was used for ion–ion interactions as well as for ion–water interactions,
except for LiCl where the geometric combination rule together with a scaling factor
of 0.4 for ε was used for Li+–water interactions, due to their original parameteriza-
tion.

¿e systems were energy minimized followed by an NVT equilibration of 2 ns us-
ing a velocity-rescaling thermostat 409 and then by two NPT equilibrations. First,
an equilibration was performed for 2 ns using the velocity-rescaling thermostat 409
and the Berendsen barostat. 408 Second, an equilibration using the Nosé–Hoover ther-
mostat 410,420 and the Parrinello–Rahman barostat 411,412 was performed for 3 ns. Pro-
duction runs were performed with the same thermostat and barostat as for the last
equilibration step and for 100 ns for water and the 1.8m salt systems, and for 400 ns
for the 0.3m salt systems. ¿e coupling times for the thermostat and barostat were
τT = 1 ps and τP = 1 ps, respectively, for all equilibration and production runs. ¿e
temperature was 300K and the pressure was 1 bar. To maintain the PNIPAM chain
in a stretched conformation, a semi-isotropic pressure coupling scheme was applied
and only the lateral (x and y) box dimensions were adjusted. ¿e compressibilities
in the x- and y-dimensions were set to 4.5 ⋅ 10−5 bar−1, while the compressibility in
z-direction was 0 bar−1. ¿e integration time step in all simulations was 2 fs, and
the energies and con�gurations were saved every 1 ps. Long-range electrostatic in-
teractions were treated by the particle mesh Ewald (PME) method 421 with a Fourier
spacing of 0.12 nm, PME order 4, and a real space cuto� of 1.4 nm. A van der Waals
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Table 5.4
Ionic force field parameters (Lennard-Jones size parameters σ i i and dispersion interaction strengths
ε i i ) for CaCl2 , LiCl, NaCl, and CsCl.

Cation Anion

Salt σ i i [nm] ε i i [kJ/mol] σ i i [nm] ε i i [kJ/mol]
CaCl2 0.241 0.9400 0.440 0.4100
LiCl 0.182 0.7000 0.440 0.4700
NaCl 0.258 0.4186 0.440 0.4186
CsCl 0.349 0.3250 0.440 0.4186

cuto� of 1.4 nm was used for truncating short-range interactions, no long-range cor-
rections were applied. A cuto� distance of 1.4 nm was used for the neighbor list and
was updated every 0.02 ps. Periodic boundary conditions were applied in all three
directions.

In addition, a simulation of systems with a position restrained PNIPAM 20-mer solvated
in 1.8mCaCl2 was performed aswell. A force constant of 1000 kJmol−1nm−2 was applied
on every atom of the polymer chain in the x-, y- and z-dimension. Otherwise, all other
simulation parameters were the same and the system was identical to the one including
the CaCl2 salt described above.

¿e simulations details (force �elds and simulations parameters) for the bulk aque-
ous solution were the same as for the systems including the PNIPAM chain described
above, except that only 1 ns NPT equilibrations were performed with the Nosé–Hoover
thermostat 410,420 and the Parinello–Rahman barostat 411,412 a er energy minimization.
Production runs of 60 ns with the same thermostat and barostat were performed a er-
wards.

Generation of elongated chain. ¿e elongated chain was obtained by pulling apart
the ends of a collapsed PNIPAM 20-mer structure with the GROMACS pull code.
¿e desired elongation was a con�guration which maximized the accessible poly-
mer surface area and which could be approximated by a cylinder, but simultane-
ously maintained the natural backbone carbon angle value of about 121°. As such,
an elongation of λ = 0.88 was used. ¿e elongation was de�ned as λ = Lz/Lc, where
Lz = 4.6839nm was the box height and Lc = 5.32 nm was the contour length of the
20-mer. 415

5.4.5 Preferential binding coe�cients

¿e preferential binding of macromolecule–solvent over macromolecule–cosolvent,
or vice versa, can be expressed by thermodynamic relations. ¿e preferential binding
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coe�cient of cosolvent ions to a macromolecule can be traced back to Kirkwood–Bu�
(KB) theory 191 and can be expressed as

Γ23 = ρ3 (G23 −G21) = N23 −
ρ3
ρ1
N21 , (5.6)

where the subscript 1 represents water, 2 the solute (macromolecule) and 3 the cosolute
(ions). Note, all ions are treated as indistinguishable. Here, ρ3 is the bulk number
density of the cosolvent, G i j are the Kirkwood–Bu� integrals (KBIs) and N i j are the
excess coordination numbers. ¿e KBIs are de�ned as

G i j = G ji = 4π
ˆ
∞

0
[g µVTi j (r) − 1]r

2dr, (5.7)

where g µVTi j (r) is the radial distribution function for species i and j. ¿e third part
of Eq. (5.6) emphasizes that the preferential binding coe�cient is an excess quantity.
Γ23 < 0 and Γ23 > 0 indicate an excess of water over cosolute molecules or cosolute
over water molecules in the solution shell of the macromolecule relative to the bulk
composition, respectively. For simulations being carried out in closed systems, approx-
imations (truncated KBIs at a distance where the radial distribution function, RDF,
converges to unity as well as the usage of surface referenced RDFs) are necessary as well
as a correction to the bulk solution distribution. 387 Herein, the preferential binding
coe�cient is calculated by following the approach of Pierce et al. 211

Γ23 = ⟨n3(r) −
N3 − n3(r)
N1 − n1(r)

n1(r)⟩, (5.8)

where N1 and N3 are the total number of water molecules and salt ions, respectively,
in the system, n1(r) and n3(r) and are the local number of water molecules and salt
ions, respectively, within a speci�c distance, r, to the PNIPAM 20-mer chain. ¿e angle
brackets ⟨⋅⟩ denote time averaging. ¿e preferential binding coe�cient as a function of
distance to the polymer chain for respective salt solutions can be seen in Figs. 5.6a and
5.6b for 0.3m and 1.8m salt solutions, respectively.

Equation (5.6) gives the relationship between the preferential binding coe�cient and
the concentration of cosolvent. Γ23 is linearly dependent on the salt concentration,
expressed here as ρ3, if (G23 −G21) is a constant, 18 i.e., the di�erence between the
solute–cosolute (2 − 3) and the solute–solvent (2 − 1) a�nity is independent of the
salt concentration. ¿is is expected to be the case when the LCST trend is linear. If
(G23 −G21) is not a constant, a nonlinear LCST trend is expected. Depending on having
stronger or weaker a�nity for cosolute molecules compared to solvent molecules, an
enrichment or depletion of the cosolute is observed.
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Fig. 5.6 Preferential binding coefficient for salts Γ23 as a function of the distance r to the closest part
of the PNIPAM 20-mer chain at (a) 0.3 m and (b) 1.8 m, for four different salts. The shaded intervals
indicate the standard deviation of the mean σ/√N by using sample standard deviations σ and N = 20
(0.3 m) or N = 5 (1.8 m) blocks, respectively.

¿e preferential binding coe�cients were evaluated in this work by calculating the
average values at distances 1.15 nm to 1.5 nm from the polymer surface (Fig. 5.6) for the
respective salts at two concentrations (Fig. 5.3). ¿e preferential binding coe�cient
converges when r approaches in�nity. For the �nite boxes used in these simulations, a
distance range with a converged value was used for calculating the average. A close to
constant (G23 −G21) term was observed for weakly hydrated salts (NaCl and CsCl) and
a concentration-dependent (G23 −G21) term was observed for the strongly hydrated
salts (CaCl2 and LiCl).

Additionally, the preferential binding coe�cients as a function of the closest distance
to the PNIPAM chain (Fig. 5.6) show undulations. ¿is is more pronounced for Ca2+
and Li+ compared to Na+ and Cs+ and correlates with how tightly the ions bind water
molecules.

5.4.6 Cylindrical volume element for normalization

¿e proximal RDFs and the number of pairs at each distance r from the polymer
backbone (see cation–anion ion pairing structure section below), were both normalized
by a cylindrical volume element dV(r) around the polymer chain, where V = Lzπr2.
Figure 5.7 depicts a schematic representation of the cylindric volume element.
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r

Fig. 5.7 Schematic representation of the volume element around the polymer chain used for volume
normalization.

5.4.7 Contributions of heavy side chain atoms to the radial distribution
function

Figure 5.8a,b show the total normalized proximal RDF between the backbone and
Ca2+ (Fig. 5.4a) and between the backbone and Cl– (Fig. 5.4b), respectively, as well
as the constituents, which are broken up into di�erent heavy side chain atoms. ¿e
contributions from the side chain atoms were calculated according to the closest side
chain atom for each ion at a certain proximal distance to the backbone. ¿e largest
contributions for the cations come from the oxygen (0.4 ≤ r ≤ 0.75) and the terminal
methyl groups (r ≥ 0.75). ¿e largest contributions for the chloride ions come from the
nitrogen (0.3 ≤ r ≤ 0.6) and the terminal methyl groups (r ≥ 0.6).

5.4.8 Hydration numbers

Figure 5.9 shows the number of hydration waters in the �rst hydration shell (i.e., �rst
hydration number) for the various cations (Ca2+, Li+, Na+, and Cs+), respectively, as
a function of the closest distance r to the polymer backbone. ¿e strongly hydrated
cations (Ca2+ and Li+) have an intact hydration shell when approaching the polymer
chain, while the weakly hydrated cations (Na+ and Cs+) lose some hydration waters.
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Fig. 5.8 Total normalized proximal radial distribution functions g(r) between (a) the polymer backbone
(BB) and Ca2+ ions and (b) the polymer backbone (BB) and Cl – ions as a function of the closest distance
r to the polymer backbone (total) and their respectively constituents (CH3 , O and N) represented by
different heavy side chain atoms for 1.8 m CaCl2 .
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Fig. 5.9 First hydration number as a function of the closest distance r to the polymer backbone for the
four cations in 1.8 m salt solutions. The shaded intervals indicate the standard deviation of the mean
σ/√N by using sample standard deviations σ and N = 10 blocks. The error bars are smaller than the
line thickness when not visible.
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Table 5.5
Total interaction energies (sum of van der Waals and Coulombic interactions) between the amide
oxygen (including the associated carbon atom) and the four different cations, respectively, and between
both the amide nitrogen (including the amide hydrogen and the neighboring CH group) and the
two terminal methyl groups and the chloride ions in four different salt solutions (1.8 m), respectively.
The average interaction energies with one cation or anion are reported. The error bars are standard
deviation of the mean σ/√N by using sample standard deviations σ and N = 10 blocks.

Cation

CaCl2 LiCl NaCl CsCl

Amide oxygen–cation [J/mol] −107.6 ± 6.7 −48.8 ± 2.9 −39.9 ± 4.5 −31.0 ± 3.8
Anion

CaCl2 LiCl NaCl CsCl

Amide nitrogen–chloride [J/mol] −25.6 ± 0.7 −26.6 ± 1.2 −33.0 ± 0.9 −24.5 ± 1.1
Two terminal methyl groups–chloride [J/mol] −8.3 ± 0.1 −8.1 ± 0.2 −8.1 ± 0.2 −6.6 ± 0.2

5.4.9 Interaction energies between PNIPAM side chains and ions

An energetic analysis of the interactions between di�erent parts of the polymer chain
and the various cations (Ca2+ , Li+ , Na+ and Cs+) and Cl– , respectively, was employed to
obtain additional information about the nature of polymer–ion interactions. ¿e ener-
gies between the ions and the polymer side chain parts were calculated from simulated
trajectories. ¿e sum of the van der Waals and electrostatic (Coulombic) interactions
were obtained from the same trajectories using the rerun option in GROMACS, where
the electrostatic energies were computed using a reaction �eld with a dielectric constant
of 78. ¿e results for the 1.8m salt solutions are provided in Table 5.5. Weak, but favor-
able interactions between the amide oxygen (including the associated carbon atom) and
the cations were observed. ¿is agrees with previous experiments and computer simu-
lation results. 7,75,84,115 ¿e order of the interaction energies is: Ca2+ > Li+ > Na+ > Cs+
(i.e., a direct Hofmeister series), and agrees with trends that have previously been
proposed. 84,115,118 Very weak, but favorable interactions between the amide nitrogen
(including hydrogen and neighboring CH group) and the chloride and between the two
terminal methyl groups and the chloride, respectively, were observed. ¿is is in line
with previous experimental results. 7,118

5.4.10 Cation–anion ion pairing structures

¿e number density ρ(r) of cation–anion pairs have been calculated for contact ion
pairs (CIPs), solvent-shared ion pairs (SIPs) and solvent separated ion pairs (2SIPs) as a
function of the closest distance r between the cation in the ion pair and the polymer
backbone. A cylindrical volume element dV(r) around the polymer chain (Fig. 5.7)
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Fig. 5.10 Radial distribution function g(r) between (a) Ca2+ and Cl – , (b) Li+ and Cl – , (c) Na+ and
Cl – and (d) Cs+ and Cl – as a function of the distance r for four salt solutions. The shaded, colored
areas indicate the different ion pairs: contact ion pair (CIP), solvent-shared ion pair (SIP) and solvent
separated ion pair (2SIP).

was used to calculate the number density at each distance. ¿e cation–anion RDFs for
1.8m bulk solutions of the four salts CaCl2, LiCl, NaCl and CsCl shown in Fig. 5.10
were used for the de�nition of ion pairs. ¿e di�erent types of cation–anion ion pairs
are de�ned from the local minima in the RDF and are indicated in each graph by the
shading.

¿e number densities for the ion pairs were normalized by the bulk value ρ (r →∞)
and the normalized cation–anion number densities ρ (r) /ρ (r →∞) are reported.
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Fig. 5.11 Normalized (a) contact cation–anion pair (CIP) and (b) solvent separated cation–anion pair
(2SIP) number densities ρ (r) /ρ (r →∞) as a function of the closest cation distance r to the polymer
for four different salt solutions (1.8 m). The shaded intervals indicate the standard deviation of the
mean σ/√N by using sample standard deviations σ and N = 10 blocks, and by using propagation of
uncertainty. The error bars are smaller than the line thickness when not visible.

¿e normalized number of cation–anion CIPs (Fig. 5.11a) and 2SIPs (Fig. 5.11b) as a
function of the distance to the polymer backbone for each cation, including error bars,
is shown. As with SIPs (Fig. 5.5), distinct peaks can be seen for 2SIPs with strongly
hydrated cations but not for the weakly hydrated ones. Accumulation at the side chain
is, however, less pronounced than for SIPs. No conclusions can be drawn from the CIPs
for the salt solutions containing strongly hydrated cations due to the large error bars.
¿e relatively poor statistics were the result of having very few CIPs observed in the
simulations due to strong ion–water interactions in combination with their depletion
from the macromolecule surface.

5.4.11 Probability spatial density maps

Spatial probability density maps were generated from the simulation of a PNIPAM chain
in 1.8m CaCl2 solution with an applied position restraint on the polymer chain. Heavy
atoms from one of the monomers were used to map all the conformations in space
before the spatial probability densities were calculated and the probability density maps
were generated. Figures 5.12a and 5.12b show the spatial probability density for Ca2+
(blue area) and for Ca2+ in solvent-shared pairs with at least one Cl– ion (yellow area),
respectively, around the in�nite PNIPAM chain averaged over 100.000 frames (100 ns).
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(a) (b)

Fig. 5.12 Spatial probability density map of (a) Ca2+ around the PNIPAM chain and of (b) Ca2+ in a
solvent-shared pair configuration around the PNIPAM with at least one Cl – ion using Ovito software. 425

Both blue and yellow indicate four times the bulk Ca2+ number density. Red represents oxygen atoms,
purple is used for nitrogen atoms, gray is used for carbon atoms and white is used for hydrogen atoms.

Local accumulation of single ions as well as ion pairs were seen in the vicinity of the
amide oxygen. ¿e behavior of the spatial probability density maps is quite similar in
the two cases (Ca2+ ions only and Ca2+ ions in solvent-shared pairs with at least one Cl–
ion). In fact, when changing the threshold, only a slightly lower probability for Ca2+ in
a SIP with Cl– versus Ca2+ alone is observed. As such, the probability for partitioning
Ca2+ to the macromolecule surface in the form of ion pairs with Cl– is similar to the
probability of �nding Ca2+ ions at the same location.

5.4.12 Surface tension and lower critical solution temperatures

Measured surface tension values are known to show salt concentration dependency. 445
¿e surface tension increment ∆γs is the di�erence between the surface tension of pure
water (w) and water with a speci�c concentration of salt (s):

∆γs = γ (cs) − γw , (5.9)

where cs is the salt concentration. Figure 5.13a shows the ∆γs values for CaCl2, LiCl,
NaCl and CsCl, respectively, at various salt concentrations. 441 ¿e larger increase for
CaCl2 comes from the fact that the concentration of chloride ions is twice as high per
mole salt. By contrast, the smaller increase for CsCl originated from the weakly hydrated
cesium ions a�ecting the surrounding water molecules less. If the surface tension
were the only contribution to the macromolecule’s solubility, then the phase transition
temperature of PNIPAM would behave like the hypothetical LCST dependence shown
in Fig. 5.13b.
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Fig. 5.13 (a) Change in the air–water surface tension ∆γs relative to water for four chloride salts as
a function of salt concentration cs adapted from reference 441. The error bars are approximately±0.1 mNm−1 , and are on the order of the size of the data points. The lines represent linear fits to the
data. (b) The hypothetical lower critical solution temperature Tc based on a pure surface tension
contribution for the four chloride salts. This hypothetical trend is not observed in Fig. 5.2.

5.4.13 Lower critical solution temperatures for other chloride salt
solutions

¿e LCST behavior for NaCl as a function of the salt concentration is compared with
the LCST for N(CH3)4Cl in Fig. 5.14 to demonstrate the di�erence in Hofmeister e�ects
with nonmetal cations.
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5.4 Supporting information
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Fig. 5.14 Lower critical solution temperature Tc for 10 mg/ml PNIPAM in sodium chloride and tetram-
ethylammonium chloride salt solutions, respectively, as a function of salt concentration cs . The symbols
are data points and the lines are fits corresponding to empirical models (Eq. (5.5) for NaCl, and Eq. (5.3)
excluding last two terms in the parenthesis for N(CH3)4Cl). Each data point represents an average of
six measurements . In each case the error bars, which were calculated from sample standard deviations,
are smaller than the size of the data points.
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Chapter 6

Nonadditive ion e�ects drive both collapse and
swelling of thermoresponsive polymers in water

¿is chapter corresponds to and is reproduced with permission from

Bruce, E. E.; Bui, P. T.; Rogers, B. A.; Cremer, P. S.; van der Vegt, N. F
A. Nonadditive ion e�ects drive both collapse and swelling of thermore-
sponsive polymers in water. J. Am. Chem. Soc., 141(16):6609–6616, 2019.
Copyright 2019 American Chemical Society.

I− SO2−
4

Na+

Na+

Na+

Abstract. When a mixture of
two salts in an aqueous solu-
tion contains a weakly and a
strongly hydrated anion, their
combined e�ect is nonadditive.
Herein, we report such nonad-
ditive e�ects on the lower criti-
cal solution temperature (LCST)
of poly(N-isopropylacrylamide)
(PNIPAM) for a �xed concentra-
tion of Na2SO4 and an increasing concentration of NaI. Using molecular dynamics
simulations and vibrational sum frequency spectroscopy, we demonstrate that at low
concentrations of the weakly hydrated anion (I– ), the cations (Na+) preferentially parti-
tion to the counterion cloud around the strongly hydrated anion (SO 2 –

4 ), leaving I–
more hydrated. However, upon further increase in the NaI concentration, this weakly
hydrated anion is forced out of solution to the polymer–water interface by sulfate. ¿us,
the LCST behavior of PNIPAM involves competing roles for ion hydration and polymer–
iodide interactions. ¿is concept can be generally applied to mixtures containing both
a strongly and a weakly hydrated anion from the Hofmeister series.
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Chapter 6 Nonadditive ion e�ects in mixed salt solutions

6.1 Introduction

Traditionally, the relative e�ects of anions on physical behavior in aqueous solutions
have been ranked according to the Hofmeister series: CO 2−

3 > SO 2−
4 > S2O 2−

3 >
H2PO −

4 > F− > Cl− > Br− > NO −

3 > I− > ClO −

4 > SCN−. 2,3 While weakly hydrated
anions (right side of the series) partition to nonpolar environments such as air–water
interfaces 5 or polymer surfaces 4,6,7, strongly hydrated anions (le side of the series)
prefer the bulk water environment. Herein, however, we demonstrate that the extent of
hydration of a weakly hydrated anion can be modulated in the presence of a second
strongly hydrated anion . As such, the current Hofmeister series needs to be updated to
account for weakly hydrated anions’ bifurcated behavior in mixed salt solutions.

¿e balance between an anion’s a�nity for water and for nonpolar environments can be
exploited to regulate the phase behavior of polymers in aqueous solutions. ¿e total
e�ect of salts on polymer solubility is related to the behavior of both the anions and
the cations, whose speci�c interactions are considered to be independent and additive.
¿is idea goes back to the pioneering work of Guggenheim 22,23 and others, 24,446,447
and is commonly used today to rationalize the actions of Hofmeister ions in chemistry
and biology. Additionally, the assumption of additivity is consistent with the behavior
of many single salts in the Hofmeister series. 25,26 Very recently, however, it has been
argued that not only ion–macromolecule but also ion–counterion interactions in the
bulk solution and at the interface can a�ect polymer phase transitions. 17,182 For example,
deviations from the additivity assumption have been observed in systems containing
guanidinium cations. ¿ese cations have varying abilities to form ion pairs at the
macromolecule surface (cooperative binding) depending upon the counteranions with
which they are paired. 19,121 ¿is can lead to either polymer swelling or collapse.

Compared to single salts, fewer studies have focused on salt mixtures. Nonadditive
e�ects on aqueous polymer solubility in mixed salt solutions have been reported for
poly(propylene oxide) (thermodynamic measurements). 184 Additionally, it has been
shown that strongly hydrated anions can drive weakly hydrated anions to the air–water
interface in mixed electrolyte solutions (spectroscopic measurements and molecular
dynamics (MD) simulations). 190 Although interesting e�ects from mixed salt solutions
were observed in both of these works, the full range of the Hofmeister series has not yet
been explored, and the molecular mechanisms remain elusive.

Herein, we report ion-speci�c e�ects on the lower critical solution temperature (LCST)
of poly(N-isopropylacrylamide) (PNIPAM) in three mixed salt solutions, namely NaI
and Na2SO4, NaI and NaCl, as well as NaCl and Na2SO4. ¿e most pronounced non-
additive features were observed for the combination of a weakly hydrated salt (i.e., NaI)
and a strongly hydrated salt (i.e.,Na2SO4). Signi�cantly, it was found that ion hydration
and polymer–anion interactions could be regulated in the presence of the weakly and
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Fig. 6.1 Schematic illustration of nonadditive ion effects on the lower critical solution temperature
(LCST) of thermoresponsive polymers in aqueous solution containing a fixed concentration of a strongly
hydrated salt (Na2SO4) and an increasing concentration of a weakly hydrated salt (NaI). In region I,
enhanced iodide hydration drives polymer collapse. In region II, SO 2 –

4 salts out I – , which in turn
becomes enriched at the polymer–water interface, driving polymer swelling. In region III, enhanced ion
hydration again drives polymer collapse.

strongly hydrated mixed salts, leading to both collapse and swelling transitions of the
polymer. ¿e underlying mechanisms are addressed using atomic-level insight obtained
fromMD simulations and vibrational sum frequency spectroscopy (VSFS).

Figure 6.1 schematically depicts the collapse and swelling behavior of PNIPAM in the
presence of a �xed concentration of Na2SO4 and an increasing concentration of NaI.
¿e nonadditive e�ects were observed at low concentration (region I) and intermediate
concentration (region II) of NaI. At low NaI concentration (region I), the presence of
Na2SO4 does not signi�cantly a�ect the interaction between iodide and the polymer.
Counterintuitively, the polymer collapses more readily. ¿e VSFS measurements and
MD simulations suggest that sodium cations preferentially partition to the counterion
cloud around sulfate, resulting in a lower excess counterion density around iodide.
As such, iodide becomes more hydrated and drives polymer collapse. 136 ¿is e�ect is
saturable and upon further addition of NaI, a re-entrant behavior of the polymer is
observed in region II. Under these conditions, the strongly hydrated salt (Na2SO4) a�ects
the solubility of the weakly hydrated salt (NaI), in accordance with the mechanism
proposed in an earlier work. 190 Speci�cally, more iodide adsorbs to the polymer, leading
to swelling. When the NaI concentration is increased even further (region III), the
polymer again collapses, driven by the depletion of hydrated ions. ¿e nonadditive ion
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Fig. 6.2 (a) Lower critical solution temperature (LCST) and (b) the change in LCST (∆LCST) of PNiPAM
upon the addition of NaI with 0 mM, 100 mM, 200 mM, and 300 mM Na2SO4 as the background salt.
Note that ∆LCST is only shown for data points within the 0 mM–300 mM NaI concentration range in
order to highlight the dip in the LCST. The error bars are calculated from sample standard deviations
from three sets of measurements. See Fig. 6.7 for the error bars corresponding to the ∆LCST values.
The fits correspond to the empirical model given in Eq. (6.1). The fitting parameters are reported in
Table 6.1.

e�ects observed herein shed new light on Hofmeister ion chemistry and should help
provide new insights into a broad range of complex mixed electrolyte solutions such as
ocean waters, dense cellular environments and multicomponent ion solutions found in
a typical chemistry laboratory. 57,448,449

6.2 Results and discussion

6.2.1 Lower critical solution temperature of PNIPAM in aqueous salt
solutions

PNIPAM displays an inverse phase transition above its LCST. Herein, we systematically
investigated the change in the LCST of PNIPAM in the presence of �xed concentra-
tions of Na2SO4 and increasing concentration of NaI. ¿e LCST was determined from
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6.2 Results and discussion

Table 6.1
Fitting parameters (T0 , a, Bmax,1 , KD,1 , Bmax,2 and KD,2) for the empirical lower critical solution tem-
perature model of PNIPAM in NaI and mixtures of NaI with Na2SO4 given by Eq. (6.1).

*

Na2SO4 concentration [mM]

0 100 200 300

T0 [○C] 31.9 27.0 21.4 15.4
Bmax,1 [○C] 3.1 6.9 14.9 23.8
Bmax,2 [○C] – −2.5 −8.6 −15.9
KD,2 [mM] – 33.8 81.0 96.0

a [○C/mM] −4.2 × 10−3
KD,1 [mM] 308.1
* The parameters a and KD,1 are independent of the Na2SO4 concentration (see Section 6.4.5).

the turbidity changes of polymer solutions as a function of temperature. More de-
tails on the LCST measurements can be found in Section 6.4.1. As shown in Fig. 6.2a,
in the absence of Na2SO4, the LCST of PNIPAM initially increases, reaches a maxi-
mum, and then decreases upon adding NaI (dark blue curve), consistent with earlier
observations. 4 Interestingly, in mixed salt solutions, the solubility of PNIPAM de-
pends on the concentration of NaI, the type of added salt (the background salt) as
well as its concentration. In the presence of the highest Na2SO4 background concen-
tration (orange curve), the LCST behavior can be divided into three NaI concentra-
tion regions: region I (0mM–100mM), region II (100mM–600mM), and region III
(>600mM). At lower Na2SO4 concentrations, the boundary between regions II and III
shi s to lower NaI concentration. In the presence of Na2SO4, the LCST decreases in
region I, in marked contrast to the increase observed in the pure NaI system. Upon
further addition of NaI, the LCST increases (region II) and then eventually decreases
(region III) in the presence of 100mM and 200mM Na2SO4 (light blue and yellow
curves, respectively). With 300mM Na2SO4, this decrease is not observed (orange
curve) but would presumably occur at a higher NaI concentration, if the solubility
limit of the salts was not reached. ¿e magnitude of the initial decrease, which is
manifested as a dip, is dependent on the background salt concentration. For com-
parison, ∆LCST, de�ned as the change in the LCST upon adding NaI, is shown in
Fig. 6.2b. ¿e dip becomes more pronounced as the concentration of the background
salt increases.

¿e LCST of PNIPAM as a function of NaI concentration can be empirically modeled
by

T = T0 + acsalt +
Bmax,1csalt
KD,1 + csalt

+ Bmax,2csalt
KD,2 + csalt

, (6.1)

where T0 is the LCST in the absence of NaI, and acsalt (with csalt being the NaI concen-
tration) is a linear term related to the surface tension at the polymer–water interface.
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¿e third term is a Langmuir binding isotherm, which quanti�es the magnitude of
the increase in the LCST from the initial LCST (T0) due to iodide adsorption to the
PNIPAM chain. ¿e dissociation constant (KD,1) quanti�es the strength of the iodide
adsorption process, which at saturation produces a maximum increase in the LCST
(Bmax,1). ¿e LCST of PNIPAM in single electrolyte solutions can be fully explained
by the �rst three terms and has been utilized previously. 4 ¿e fourth term, which is
needed to describe mixed salt solutions, is reminiscent of a Langmuir binding isotherm
but originates from ion pairing and ion hydration. ¿is term quanti�es the decrease
in the LCST due to enhanced iodide hydration and has a negative Bmax,2 value. ¿e
�tting parameters are summarized in Table 6.1. More details on the �tting procedure
are provided in Section 6.4.5.

6.2.2 Polymer–ion interactions

To elucidate the mechanisms of nonadditivity in the LCST measurements, we analyzed
the number of iodide ions in proximity to a PNIPAM 5-mer (oligomer) using MD
simulations. Details concerning the simulations and the force �elds can be found in
Section 6.4.2 and in Table 6.2, respectively. Note that while molarity is used to describe
concentration in the experiments, molality is used in the simulations where 0.1m is
equivalent to 100mM. ¿e di�erence between the two units is negligible within the
range considered in these studies. Figure 6.3 shows the number of iodide ions in
proximity to the oligomer surface as de�ned by the �rst peak of the proximal radial
distribution function.

In region I (0.1m NaI), the number of iodide ions is not a�ected by the presence
of Na2SO4, yet the polymer collapses more readily. By contrast, in regions II and III,
Na2SO4 pushes iodide toward the PNIPAM–water interface. ¿is agrees with the
observed increase in Bmax,1 as Na2SO4 concentration increases (Table 6.1). In a mixed
electrolyte solution, the strongly hydrated salt may salt out the weakly hydrated salt, as
has previously been demonstrated by monitoring ions at the air–water interface with a
combination of photoelectron spectroscopy and MD simulations. 190 Our simulations
con�rm that the surface enhancement of the large polarizable anion (I– ) is driven by
the strongly hydrated ion (SO 2 –

4 ). As such, the observed increase in the LCST in region
II results from a forced iodide adsorption e�ect.

¿e iodide–polymer interactions were further explored using VSFS measurements. To
do this, a Gibbs monolayer of PNIPAM was formed at the air–water interface in the
presence of salts in the subphase, as schematically shown in Fig. 6.4a. More details on the
VSFS measurements are described in Section 6.4.1. Figure 6.4b shows the OH stretch
region (3000 cm−1–3800 cm−1) of the air–PNIPAM–water interface in pure Na2SO4
and mixtures of Na2SO4 and NaI. For complete spectra (2800 cm−1–3800 cm−1) as a
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Fig. 6.3 Number of iodide ions in proximity to the PNIPAM oligomer at different concentrations of
NaI in the absence (blue bars) and presence (orange bars) of 0.3 m Na2SO4 . The proximity is defined by
the first peak in the proximal radial distribution function between the oligomer surface and iodide and
is equal to 0.52 nm. The error bars are error estimates calculated from 20 blocks and sample standard
deviations.

function of NaI concentration in the absence and presence of Na2SO4 , see Fig. 6.8. ¿e
peak assignments and the �tting parameters are summarized in Table 6.3 and Table 6.4.
¿e spectra are dominated by two broad features at 3200 and 3400 cm−1 , consistent with
previous studies of this interface. 12 ¿e 3200 cm−1 peak reports on more ordered water
molecules, while the peak around 3400 cm−1 arises from water molecules with less or-
dered hydrogen bonds. 450–452 It has been previously shown that this lower coordination
water population (3400 cm−1) is closer to the interface because that is where registry
between interfacial watermolecules and hydrogen bond donors/acceptors from adjacent
organic or inorganic layers is most easily disrupted (red water molecules, Fig. 6.4a). 404
Further away from the interface, it is possible to achieve more tetrahedral water struc-
ture, giving rise to the peak around 3200 cm−1 (orange water molecules). 404 As such,
the 3200 cm−1 feature should represent water molecules that are further away from the
polymer surface and are aligned by the interfacial potential, while the 3400 cm−1 feature
should arise mostly from the water structure in the inner hydration shell of the polymer,
adjacent to the polymer–water interface.

Upon introducing NaI to the subphase, the oscillator strength of the 3400 cm−1 peak
increases monotonically (red curve in Fig. 6.4c). ¿is increase is consistent with the
direct adsorption of I– to the PNIPAM surface, which aligns water molecules in the
�rst hydration layer (red water molecules, Fig. 6.4a). At higher NaI concentration, the
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Fig. 6.4 (a) Schematic illustration of the orientation of the water molecules at the air–PNIPAM–
water interface in the absence and presence of salts. Two major water populations are colored in red
(3400 cm−1) and orange (3200 cm−1), with the black arrows indicating the direction of the water dipoles.
The curved arrows indicate possible disruptions of the alignment. (b) Vibrational sum frequency
spectroscopy (VSFS) spectra of the water region (3000 cm−1–3800 cm−1) of a PNIPAM monolayer at
the air–water interface in the presence of 300 mM Na2SO4 background and 0 mM (orange), 25 mM
(green), and 300 mM (blue) NaI in the subphase. The data were fitted using Eq. (6.4). See Table 6.4
for peak assignments and fitting parameters. (c) The oscillator strengths at 3200 cm−1 (orange) and
3400 cm−1 (red) as a function of the NaI concentration in the presence of 300 mM Na2SO4 . The error
bars are calculated from standard deviations from three sets of measurements. Equation (6.5) was used
to fit the data, and Table 6.5 provides the fitting parameters.

surface becomes saturated with iodide, and the oscillator strength of the 3400 cm−1 peak
approaches a maximum value, Bmax,1 (Table 6.5). ¿e value of Bmax,1 in the presence of
Na2SO4 is larger than that in the pure NaI case (Table 6.5), supporting the notion of
enhanced iodide loading found in the MD simulations (Fig. 6.3).
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6.2 Results and discussion

By contrast with the 3400 cm−1 peak, the oscillator strength of the 3200 cm−1 resonance
decreases and then increases as NaI is added to the solution (orange curve in Fig. 6.4c).
¿e dip in the oscillator strength is reminiscent of the dip in the LCST measurements.
Presumably, the minimum occurs at a lower NaI concentration in the VSFS experiments
because of di�erences in the binding sites exposed to water for polymers in the bulk
solution (LCST measurements) versus at the Gibbs monolayer (VSFS measurements).
In pure NaI solutions, a monotonic increase in the oscillator strength of the 3200 cm−1
peak is observed and is related to the change in the interfacial potential as iodide binds
to the surface (light blue curve in Fig. 6.8c). By contrast, in pure Na2SO4 solutions,
the oscillator strength of the 3200 cm−1 peak continuously decreases (Fig. 6.9). ¿is
decreasing trend is caused by disruption in the alignment of water molecules further
from the polymer surface as more well-hydrated ions are introduced. As such, the initial
decrease in the oscillator strength of the 3200 cm−1 peak in the mixtures of NaI with
Na2SO4 implies that iodide behaves like a strongly hydrated ion in region I of mixed
salt solutions.

6.2.3 Ion pairing and ion hydration

¿e nonmonotonic response of the 3200 cm−1 peak in the salt mixture suggests that the
behavior of iodide beyond the �rst hydration shell of PNIPAM is distinct from that in
the pure NaI solution. MD simulations were performed on bulk solutions, i.e., without
PNIPAM, to explore the nature of ion pairing and ion hydration in single and mixed salt
solutions. ¿e ion-pairing a�nity between an anion and a cation (∆N), also referred to
as the excess ion pairing, is de�ned as

∆N = Ncat

V

ˆ r2

0
[gan,cat(r) − 1]4πr2dr, (6.2)

where gan,cat(r) is the anion–cation radial distribution function, and Ncat/V is the
number density of cations, here sodium ions. ∆N is determined by the balance of ion–
ion, ion–water and water–water (hydrogen bonding) interactions and can be interpreted
as the change in the number of cations in a spherical observation volume of radius r2
before and a er placing an anion at the center of that region. r2 is picked to include both
contact ion pairs (CIPs) and solvent-shared ion pairs (SIPs). 126 As can be seen in Fig. 6.5a,
excess ion pairing between iodide and sodium decreases in the presence of Na2SO4
(orange data points) compared to in pure NaI solutions (blue data points). In contrast,
Fig. 6.5b shows that the excess ion pairing between sulfate and sodium increases as NaI
is added to Na2SO4 . Signi�cantly, some sodium ions from the introduction of the NaI
partition from iodide to the counterion cloud around sulfate in the mixed salt case.
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Chapter 6 Nonadditive ion e�ects in mixed salt solutions

¿is partitioning of sodium cations has a profound e�ect on iodide hydration. ¿e anion–
water a�nity (∆N) was quanti�ed using an equation similar to Eq. (6.2) (see Eq. (6.7)
for de�nition) where the anion–cation terms are replaced by anion–water equivalents
and r2 is the radius of the second hydration shell. ¿e water a�nity of iodide increases
(orange data points in Fig. 6.5c) in mixed salt systems compared to the pure NaI systems
(blue data points). Iodide ions therefore become more hydrated in the presence of
Na2SO4 . Detailed analysis of the MD simulations including the CIPs and SIPs as well as
the �rst and second hydration shells for the anions in various mixtures are summarized
in Figs. 6.10 to 6.15. Similar trends for ion pairing and ion hydration were observed in
the simulations at various temperatures (Fig. 6.16), suggesting that this mechanism is
operative across the temperature range spanned by the LCST measurements.

6.2.4 Mechanisms of nonadditivity in mixed salt solutions

¿e LCST of PNIPAM displays pronounced signatures of nonadditivity upon the ad-
dition of NaI to solutions containing a �xed concentration of Na2SO4 (Fig. 6.2). ¿e
combination of VSFS measurements and MD simulations reveals that SO 2 –

4 enhances
the iodide–water a�nity in the bulk solution, while simultaneously driving I– to the
polymer–water interface. ¿ese two e�ects provide a molecular-level mechanism for
the observed nonadditivity in salt mixtures containing weakly and strongly hydrated
anions with a common cation. A schematic illustration of this mechanism is provided
in Fig. 6.6. ¿e concentration dependence of these two e�ects is distinct and gives rise
to the three regions in the LCST phase diagram. At low concentrations of NaI (region
I), Na+ is recruited into the counterion cloud of SO 2 –

4 (black curved arrow in Na2SO4),
leaving I– more hydrated than in a pure salt solution. ¿e enhanced iodide–water
a�nity in the presence of SO 2 –

4 increases the NaI activity 78,126 and drives the salting-
out e�ect observed in region I. At intermediate NaI concentrations (region II), I– is
forced out of solution to the polymer–water interface by SO 2 –

4 . ¿e enhanced binding
of I– to the polymer dominates over the enhanced hydration e�ect and gives rise to
reentrant swelling of the PNIPAM chain. At the highest concentrations of NaI (region
III), the addition of more salt decreases the LCST in a manner similar to the single
salt case. ¿is e�ect is related to the increased surface tension at the polymer–water
interface.

6.2.5 Other mixed salt cases

Using NaCl in place of Na2SO4 as the background salt, we demonstrate that the valency
of the background anion, rather than its identity, is crucial for the nonadditive behavior
of mixed salt solutions. 453,454 In the presence of NaCl, adding NaI produced a smaller
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Fig. 6.5 (a) Excess ion pairing between iodide and sodium for both contact and solvent-shared ion
pairs (CIP+SIP) as a function of NaI concentration in the absence (blue) and presence (orange) of 0.3 m
Na2SO4 . (b) Excess ion pairing between sulfate and sodium for both contact and solvent shared ion
pairs (CIP+SIP) as a function of NaI concentration in the presence of 0.3 m Na2SO4 . (c) Iodide–water
affinity as a function of NaI concentration in the absence (blue) and presence (orange) of 0.3 m Na2SO4 .
The dashed lines show the boundaries between regions I, II, and III. The error bars are error estimates
calculated from 20 blocks and sample standard deviations and are smaller than the symbols.

dip in the LCST (Fig. 6.17 and Table 6.6). ¿is is expected, as the countercation cloud
around a divalent ion (i.e., SO 2 –

4 ) is denser than the one around a monovalent ion (i.e.,
Cl– ). ¿is idea concurs with the known pairing a�nity between Na+ and anions in pure
salt solutions, which follows the series SO 2−

4 > Cl− > I− with dissociation constants
of 150mM, 455 250mM, 456 and 1.4M, 457 respectively. ¿at is, the partitioning of Na+
from the countercation cloud around I– to the one around Cl– is less e�ective than
to the one around SO 2 –

4 , leaving iodide less hydrated in the former case. As such,
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Fig. 6.6 Schematic illustration of the mechanisms of nonadditivity in mixed salt solutions. The chain
of gray spheres represents the polymer, while the anion hydration shells are drawn as black dashed
circles. The partitioning of Na+ from I – to SO 2 –

4 , depicted by the curved arrow, causes I – to be more
hydrated and thereby drives polymer collapse. The adsorption of I – to the polymer–water interface,
influenced by Na2SO4 , affecting the solubility of iodide drives polymer swelling instead. The flexible
hydration shell of iodide causing the bifurcated behavior is indicated by the double arrows.

the nonadditive e�ect in mixtures containing a divalent and a monovalent anion is
substantially more pronounced than when both anions are monovalent. Moreover,
further increase in the NaI concentration only causes a subtle increase in the LCST of
PNIPAM in region II, followed by a decrease in region III (Fig. 6.17). As a background
anion, Cl– is simply not as strongly hydrated as SO 2 –

4 . ¿erefore, it cannot salt iodide
out of solution very e�ectively. ¿is results in a smaller driving force for iodide to
adsorb to the polymer–water interface, as re�ected in the number of iodide ions in
proximity with a PNIPAM 5-mer in MD simulations (Fig. 6.18) and a smaller Bmax,1
value for chloride than for sulfate (Table 6.6). Finally, region III looks mostly the same
when NaCl replaces Na2SO4 .

Next, in order to test whether the �exibility of an anion’s hydration shell is essential
for displaying nonadditive behavior, we also ran experiments where NaI was switched
for NaCl in the presence of Na2SO4 as the background salt. Interestingly, no evidence
was found for nonadditivity in regions I and II (Fig. 6.19 and Table 6.7). ¿e excess ion
pairing between chloride and sodium increases in the presence of Na2SO4 (Fig. 6.11),
in contrast to the decreasing excess ion pairing between iodide and sodium. Similar
to NaI, the presence of NaCl causes an increase in the pairing a�nity between sulfate
and sodium ions (Fig. 6.12). However, the pairing a�nity is less pronounced than
in the presence of NaI, originating from sodium pairing more strongly with chloride
than with iodide. ¿us, a negligible preferential partitioning of sodium ions from
the counterion cloud around chloride to that around sulfate is observed. Consequen-
tially, the hydration shell around chloride is less a�ected than the one around iodide
in the presence of Na2SO4 (Figs. 6.13 and 6.14). In fact, this observation is consis-
tent with previous studies, which showed that the increase in ion-pairing a�nity be-
tween SO 2 –

4 and Na+ is smaller in the presence of NaCl 458 than in the presence of
NaClO4

459 , another weakly hydrated anion. Compared to the mixture containing NaI
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and Na2SO4 , the less �exible hydration shell for chloride leads to a shallower decrease
in the LCST in region I in the presence of Na2SO4. Additionally, both chloride and
sulfate remain well-hydrated and thus salt out the polymer at all concentrations of NaCl
(Fig. 6.19).

6.2.6 Using di�erent polymers

Other thermoresponsive polymers were investigated withmixed salts in addition to PNI-
PAM. A dip feature in the LCST could also be observed with poly(N,N-dimethylacryl-
amide) (PDMA) inmixtures of NaI andNa2SO4 (Fig. 6.20a) as well as with polyethylene
glycol (PEG) in mixtures of NaSCN with Na3PO4 (Fig. 6.20b). ¿e �tting parameters
are provided in Table 6.8. As such, the LCST behavior observed herein for PNIPAMwith
NaI and Na2SO4 is quite generic. Interestingly, the magnitudes and positions of the dip
clearly depend on polymer chemistry as well as on the ion identities. Such di�erences
are expected since the driving forces for nonadditivity of mixed salt solutions come
from a competition between ion hydration in the bulk solution (universal behavior)
and polymer–anion interactions, whereby the latter should be polymer speci�c.

6.3 Conclusions

We have shown that the phase behavior of PNIPAM in aqueous mixed salt solutions
is determined by the subtle balance of ion hydration and direct interactions of weakly
hydrated anions with the polymer. Signi�cantly, in the presence of the strongly hydrated
anion (i.e., SO 2 –

4 ), the weakly hydrated anion (i.e., I– ) exhibits bifurcated behavior,
driving consecutive polymer collapse and swelling transitions. In mixed salt solutions,
sodium cations preferentially partition to the counterion cloud around sulfate, leaving
iodide more hydrated in the bulk solution, driving polymer collapse. Concurrently, the
strongly hydrated anion salts out the weakly hydrated anion to the polymer surface,
causing polymer swelling.

¿e work reported herein illustrates that nonadditive ion e�ects in mixed salt solutions
are caused by changes in the water a�nity of weakly hydrated anions. ¿e �exible
hydration shell behavior, demonstrated with I– in this work, is expected to apply to
other weakly hydrated anions, such as SCN– and ClO –

4 . We expect that these new
insights into Hofmeister ion chemistry will have consequences beyond the newly dis-
covered e�ects on the aqueous polymer solubility reported herein. ¿is is quite sig-
ni�cant, as the origins of the Hofmeister series in single salt solutions are just now
beginning to be understood. Signi�cantly more work will need to be done to un-
derstand the behavior of complex environments, like the solutions inside living cells,
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the brine solutions of ocean waters, as well as the numerous solutions employed in
electrochemical setups, where a large number of di�erent ions can be present simul-
taneously.
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6.4 Supporting information

6.4.1 Experimental techniques

Materials. All salts (NaI, Na2SO4 , NaCl, NaSCN, and Na3PO4) were purchased from
Sigma Aldrich (>99% purity). Poly(N-isopropyl-acrylamide) (PNIPAM) was pur-
chased from Polymer Source, Inc., with a molecular weight of 186 800 g/mol and a
polydispersity of 2.63. Poly(N,N-dimethylacrylamide) (PDMA) was purchased from
Polymer Source, Inc., with a molecular weight of 396 000 g/mol and a polydispersity
of 1.7. Polyethylene glycol (PEG) was purchased from Sigma Aldrich with a molecular
weight of 900 000 g/mol. Salts and polymers were dissolved in nitrogen-purged water
(to avoid iodine formation) until the desired concentrations were reached.

Lower critical solution temperature measurements. An automated melting point
apparatus (MPA 100Optimelt, Stanford Research Systems) with digital image processing
so ware was used to determined the lower critical solution temperature (LCST) of
PNIPAM, PDMA and PEG (all at 10mg/ml) through a turbidity change. ¿e light
scattering intensity was measured as a function of temperature using a ramping rate
of 1 ○C/min. ¿e LCST values were determined from the onset of the light scattering
increase relative to the baseline.
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Vibrational sum frequency spectroscopy.¿evibrational sum frequency spectroscopy
(VSFS) experimental setup (EKSPLA, Lithuania) consisted of a 1064 nm Nd:YAG laser
(pulse duration: 30 ps; pulse energy: 40mJ; maximum repetition rate: 50Hz) directed
to a harmonic unit (H500). ¿e second harmonic (532 nm) and the fundamental beams
from the harmonic unit were used to pump an optical parametric generator/di�erence
frequency generator (PG501/DFG) unit. ¿e infrared frequency could be tuned be-
tween 900 and 4000 cm−1 , and the spectral resolution was <6 cm−1 . A Gibbs monolayer
of PNIPAM was formed at the air–water interface by spreading droplets of 1mg/ml
PNIPAM in chloroform (10 µl) on salt solutions on a PTFE Langmuir trough (NIMA
technology, England). ¿e incident angles of the IR and visible beams were 55° and
60°, respectively, with respect to the surface normal at the air–water interface. ¿e
VSFS signal was collected at an angle of 59° and at 3 cm−1 intervals in the CH stretch
region (2800 cm−1–3000 cm−1) and 5 cm−1 intervals in the water region (3000 cm−1–
3800 cm−1). All experiments were conducted at room temperature (∼21 ○C). ¿e spec-
tra reported in this study were all collected over a period of 30minutes. Longer time
periods showed no additional spectral changes, indicating that the system had reached a
steady state. All data were taken with the ssp polarization combination (s-polarized sum
frequency, s-polarized visible and p-polarized infrared), and were reproduced multiple
times on di�erent days. Additionally, each data point in the spectrum was an average
of 300 laser shots.

6.4.2 Molecular dynamics simulations

Simulation details. Molecular dynamics (MD) simulations were performed using
the GROMACS 4.6.7 443 package. A nonpolarizable force �eld was used for NaI 244
and NaCl 244, while an updated version of the nonpolarizable force �eld was used for
Na2SO4. 230 See below for details about the modi�cations. ¿e SPC/E potential 418
for water was used and the internal geometry was kept rigid using the SETTLE al-
gorithm. 419 Cubic boxes were used and periodic boundary conditions were applied
in all three dimensions. ¿e electrolyte concentrations used in the MD simulations
are reported in moles/kg of water (m) while experiments (LCST and VSFS measure-
ments) are reported in moles/liter of solution (M). Conversion between the two
units reveals that 100mM is about 0.1m, 1000mM is about 1.0m etc. ¿e system
energy was minimized using the steepest descent algorithm. Equilibration runs of
1 ns were carried out in the canonical (NVT) ensemble followed by 5 ns runs under
isothermal-isobaric (NPT) conditions at 300K and 1 atm using the velocity rescal-
ing thermostat 409 and Berendsen barostat 408 with τT = 1 ps and τP = 1 ps. Pro-
duction runs were conducted for 200 ns in the isothermal-isobaric (NPT) ensemble
at same pressure and temperature using the Nosé–Hoover thermostat 410,420 and the
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Parrinello–Rahman barostat 411,412 with the same coupling constants as during equili-
bration. ¿e integration time step in all simulations was 2 fs and con�gurations were
saved every 1 ps. All bonds were constrained using LINCS. 417 Long-range electro-
static interactions were treated by the particle mesh Ewald (PME) method 460 with
a Fourier spacing of 0.12 nm, PME order 4, and a real space cuto� of 1.4 nm. A
van der Waals cuto� of 1.4 nm was used for truncation of short-range interactions.
A cuto� of 1.4 nm was used for the neighbor list as well, which was updated every
0.02 ps. ¿e geometric combination rule was used for all nonbonded interactions
except cation–anion and ion–water interactions, where the Lorentz–Berthelot combi-
nation rule was used instead. No long-range correction was used for the dispersion
interactions.

poly(N-isopropylacrylamide) 5-mer simulations. ¿e systems were comprised of a
PNIPAM 5-mer, using the OPLS-AA force �eld, 228 in NaI solutions in the absence and
presence of 0.3m Na2SO4 . Concentrations of NaI in the range between 0.1m and 1.0m
of were simulated as well as a solution containing only 0.3m Na2SO4. Additionally,
the PNIPAM 5-mer in NaI solutions in the absence and presence of 0.3m NaCl were
simulated. ¿e NaI concentrations were in the range between 0.1m and 1.0m. ¿e side
length of the box was about 4 nm.

Bulk electrolyte solution simulations. Concentrations between 0.025m and 1.0m of
NaI in the absence and presence of 0.3m Na2SO4, as well as a system with only 0.3m
Na2SO4, were simulated. Additionally, concentrations of NaCl in the range between
0.1m and 1.0m were simulated in the absence and presence of 0.3m Na2SO4 . ¿e side
length of the boxes was about 10 nm.

6.4.3 Validation of the sodium sulfate force �eld

Various force �elds for Na2SO4, nonpolarizable and polarizable, have earlier been
investigated. 230 We used the nonpolarizable Na2SO4 force �eld reported in the work of
Wernersson and Jungwirth. 230 However, usage of this force �eld, called run 7 (sodium
model 2 and sulfate model 2) in original reference, caused large ion clustering when
tested. Wernersson and Jungwirth already observed a tendency for clustering during
their 30 ns simulations and an even longer simulation led to clear clustering. ¿e force
�eld was used as a starting point, but needed further modi�cations. It should be noted
that another nonpolarizable force �eld for Na2SO4 is available. 255 However, it cannot
be used since this force �eld uses the electronic continuum correction approach and
cannot be combined with the force �elds used for NaCl and NaI within this work.
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Table 6.2
Force field parameters for the updated Na2SO4 force field.

Nonbonded parameters
Atomtype Charge σ [nm] ε [kJ/mol] Reference

Na 1 0.2583 0.4186 Fyta–Netz 244

S 2 0.3550 1.0460 Cannon–Pettitt–McCammon 462

O −1 0.3150 0.8368 Cannon–Pettitt–McCammon 462

Bonds
i j r0i j [nm] k i jr [kJ/(mol nm2)] Reference

S O 0.148 98 396 980 Bond length 462 , Force constant 463

Angles
i j k θ0i jk [deg] k i jkθ [kJ/mol] Reference

O S O 109.5 1589.00 Angle 462 , Force constant 463

Scaling factors
i j λσ λε Reference

Na S 1.7 1.0 This work
Na O 1.7 1.0 This work

¿e force �eld for Na2SO4 was re-optimized by scaling the cation–anion interactions.
Scaling cation–anion interactions has been used earlier as an approach to e�ectively
take polarization e�ects into account for nonpolarizable force �elds and thereby to
avoid ion clustering. 244,245,461 For these force �elds, the cation–anion interactions were
usually scaled through the ε i j parameter (ε i j = λε

√ε i ε j), but also the σi j parameter
was scaled in some cases according to σi j = λσ(σi + σ j)/2. Herein, we scale σi j for the
Na-O (of SO 2 –

4 ) and Na-S (of SO 2 –
4 ) cation–anion interactions.

Force �eld parameters for the updated Na2SO4 force �eld are reported in Table 6.2.
¿e SPC/E 418 water model used here uses the LJ parameters σOO = 0.3169nm and
εOO = 0.6500 kJ/mol, and the charges qO = −0.8476 and qH = 0.4283, respectively. As
opposed to the original rigid SO 2 –

4 model, 230 we used a �exible version. ¿erefore,
the geometry and corresponding force constants were taken from the literature. Note,
the Lorentz–Berthelot mixing rule was used for σi j and ε i j involving ion–ion and ion–
water interactions. Additionally, various scaling factors (λε and λσ ) were examined to
avoid the observed clustering in the original force �eld and the �nal one is reported in
Table 6.2.

¿e updated force �eld was validated against the osmotic coe�cient following the ap-
proach described in earlier work 423 and adapted fromLuo andRoux. 422MDsimulations
at 298K resulted in an osmotic coe�cient of 0.624 ± 0.036 for 0.3m Na2SO4, which
is close to the experimental value of 0.725. 312 ¿is is a large improvement compared
to the osmotic coe�cient without the scaling factor (λσ = 1.0), which is 0.465 ± 0.052.
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Experiment Fit
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Fig. 6.7 Change in LCST (∆LCST) of PNIPAM upon the addition of NaI, calculated for data reported
in Fig. 6.2a with 0 mM 100 mM, 200 mM, and 300 mM Na2SO4 as the background salt. Note that
∆LCST is only shown for data points within the 0 mM–300 mM NaI range in order to highlight the dip
feature in the LCST. The error bars are calculated from sample standard deviations from three sets of
measurements and propagation of uncertainty. The fits correspond to the empirical model given in
Eq. (6.1). The fitting parameters are reported in Table 6.1.

Additionally, the system (λσ = 1.0) was not stable and the clustering of ions increases
with time resulting in an even smaller osmotic coe�cient when simulated longer.

6.4.4 ∆LCST of PNIPAM

¿e change in LCST (∆LCST) of PNIPAM upon the addition of NaI in the absence and
presence of Na2SO4 including error bars is shown in Fig. 6.7. ¿e LCST of PNIPAM as
a function of NaI concentration can be empirically modeled by Eq. (6.1). See Table 6.1
for the �tting parameters.

6.4.5 Lower critical solution temperature �tting

¿e LCST of PNIPAM as a function of NaI concentration can be modeled by the
empirical expression in Eq. (6.1). ¿e values of a and KD,1 were extracted from the
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LCST of PNIPAM as a function of NaI concentration in the absence of background
salt. It is shown in this work that the PNIPAM–iodide interactions are independent of
the presence of background salt in region I. ¿is leads to a constant KD,1 value at the
di�erent background salt concentrations. Additionally, a was kept constant over the
di�erent background salt concentrations because of all LCST curves having the same
slope in region III. See Table 6.1 for the �tting parameters for LCST measurement of
PNIPAM in NaI and mixtures of NaI and Na2SO4 .

6.4.6 Vibrational Sum Frequency Spectroscopy Measurements

¿e intensity of the vibrational sum frequency spectroscopy (VSFS) signal follows 399

IVSFS ∝ ∣χ(2)eff ∣
2IVISIIR , (6.3)

where IVIS and IIR are the intensities of the incoming visible (VIS) and infrared (IR)
beams, respectively. χ(2)eff represents the second order nonlinear susceptibility, and can
be further expressed as

χ(2)eff = χ
(2)
NR + χ

(2)
R = χ

(2)
NR +∑

n

An

ωIR − ωn + iΓn
, (6.4)

where χ(2)NR and χ(2)R are the frequency-independent nonresonant susceptibility term
and the frequency-dependent resonant susceptibility term, respectively. χ(2)R of the
nth resonant mode is a function of the oscillator strength (An), resonant frequency
(ωn), peak width (Γn), and the frequency of the input IR beam (ωIR). ¿e spectra are
each normalized to the intensities of the incoming visible and IR beams. ¿e peak
assignments can be found in Table 6.3 for NaI and Table 6.4 for NaI with 300mM
Na2SO4 . ¿e spectra can be seen in Fig. 6.8a for NaI and Fig. 6.8b for NaI with 300m
Na2SO4. All VSFS spectra are normalized with respect to the highest intensity of the
highest concentration. Figure 6.8c shows the oscillator strengths for the two water peaks,
3200 and 3400 cm−1 as a function of NaI concentration for pure NaI solutions.

¿e oscillator strengths (A) of the peaks positioned around 3200 cm−1 and 3400 cm−1
(OH stretch region) as a function of NaI concentration are �tted according to

A = A0 +
Bmax,1csalt
KD,1 + csalt

+ Bmax,2csalt
KD,2 + csalt

, (6.5)

where A0 refers to the oscillator strength in the absence of NaI, and csalt is the concen-
tration of added NaI. ¿e second term describes the increase of the oscillator strength
as iodide ions partition to the polymer surface and has the form of a Langmuir binding
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Fig. 6.8 Vibrational sum frequency spectra (VSFS) of PNIPAM at the air–water interface as a function
of NaI concentration (0 mM–1000 mM) in (a) the absence of Na2SO4 and in (b) the presence of 300 mM
Na2SO4 . (c) The oscillator strengths of the 3200 cm

−1 peak (light blue) and 3400 cm−1 peak (dark blue)
as a function of NaI concentration in the absence of Na2SO4 . The error bars are calculated from sample
standard deviations from three sets of measurements. The fits correspond to Eq. (6.5). The fitting
parameters are reported in Table 6.5.

isotherm. Bmax,1 and KD,1 are the saturation point and dissociation constant, respec-
tively. ¿e third term originates from the ion hydration. It behaves, with a negative
Bmax,2, opposite to the second term in Eq. (6.5). ¿at is, it quanti�es the decrease of
the oscillator strength due to the disruption of the alignment of the interfacial water
structure caused by iodide behaving like a strongly hydrated ion in the bulk. In the
absence of 300mMNa2SO4 , both peaks around 3200 cm−1 and 3400 cm−1 are modeled
with the �rst two terms in Eq. (6.5). In contrast, in the presence of Na2SO4, only the
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Table 6.5
Fitting parameters (A0 , , Bmax,1 , KD,1 , Bmax,2 , and KD,2) for the oscillator strengths of the 3200 and
3400 cm−1 OH vibrational peaks using Eq. (6.5) for NaI solutions and NaI solutions with 300 mM
Na2SO4 .

NaI NaI with 300 mM Na2SO4

Wavenumber [cm−1] 3200 3400 3200 3400

A0 [a u ] 1.3 0.5 1.7 0.2
Bmax,1 [a u ] 3.1 1.7 7.3 3.4
KD,1 [mM] 139.1 78.7 86.1 367.2
Bmax,2 [a u ] – – −5.0 –
KD,2 [mM] – – 32.8 –

3400 cm−1 peak is modeled with the �rst two terms. ¿e third term is required for
the 3200 cm−1 peak. See Table 6.5 for the �tting parameters. VSFS spectra of various
Na2SO4 solutions can be seen in Fig. 6.9.

6.4.7 Ion pairing and ion hydration

¿e excess ion pairing is de�ned as

∆N = Ncat

V

ˆ rout

rin
[gan,cat(r) − 1]4πr2dr, (6.6)

where gan,cat(r) is the anion–cation radial distribution function, and Ncat/V is the
number density of cations. ∆N is determined by the balance of ion–water, ion–ion and
water–water (hydrogen bonding) interactions and can be interpreted as the change in
the number of cations in an observation volume of the shape of a sphere or a spherical
shell de�ned by the radii (rin and rout) before and a er placing an anion at the center
of the region. ¿e choice of ion-pairing radii rin and rout determines whether only the
contact ion pairs (CIPs), the solvent-shared ion pairs (SIPs) or both are investigated. In
this work we use the wording increased or decreased excess ion pairing in the context
of this de�nition. Speci�cally, increased or decreased ion pairing indicates a change in
∆N in the presence of the background salt with respect to the absence of it.

¿e a�nity for iodide to pair with sodium decreases (see Fig. 6.5a and Fig. 6.10), while
the a�nity for sulfate to pair with sodium increases (see Fig. 6.5b and Fig. 6.12) in
mixed salt solutions compared to pure salt solutions. ¿e a�nity for chloride to pair
with sodium increases (see Fig. 6.11) in mixed salt solutions compared to pure salt
solutions. ¿e a�nity for sulfate to pair with sodium increases more in mixed salt
solutions with NaI compared to mixed salt solutions with NaCl (see Fig. 6.12 for the
comparison between the two mixtures).
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Fig. 6.9 Vibrational sum frequency spectra (VSFS) of the water region (3000 cm−1–3800 cm−1) of
PNIPAM at the air–water interface as a function of Na2SO4 for 0 mM, 100 mM, 300 mM, 600 mM, and
800 mM Na2SO4 solutions.
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Fig. 6.10 Excess ion pairing between iodide and sodium for (a) contact ion-pairs (CIP) and (b) solvent-
shared ion-pairs (SIP) as a function of NaI concentration in the absence (blue) and presence (orange)
of 0.3 m Na2SO4 . The dashed lines show the boundaries between region I, II, and III. The error bars
are error estimates calculated from 20 blocks and sample standard deviations and are smaller than the
symbols.
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Fig. 6.11 Excess ion pairing between chloride and sodium for (a) contact and solvent-shared ion-pairs
(CIP+SIP), (b) contact ion-pairs (CIP) and (c) solvent-shared ion-pairs (SIP) as a function of NaCl
concentration in the absence (yellow) and presence (light blue) of 0.3 m Na2SO4 . The dashed lines
show the boundaries between region I, II, and III. The error bars are error estimates calculated from 20
blocks and sample standard deviations and are smaller than the symbols.

Concomitant with the excess ion pairing, the anion–water a�nity has been investigated.
¿e ion–water a�nity (∆N) for the �rst and second hydration shell is de�ned as

∆N = Nw

V

ˆ rout

rin
[gan,w(r) − 1]4πr2dr, (6.7)

where gan,w(r) is the anion–water radial distribution function, and Nw/V is the number
density of water molecules. ∆N can be interpreted as the change in the number of water
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Fig. 6.12 Excess ion pairing between sulfate and sodium for (a) contact and solvent-shared ion-pairs
(CIP+SIP), (b) contact ion-pairs (CIP) and (c) solvent-shared ion-pairs (SIP) as a function of NaI or
NaCl concentration in the mixtures of NaI with Na2SO4 (orange) and NaCl with Na2SO4 (light blue),
respectively. The dashed lines show the boundaries between region I, II, and III. The error bars are error
estimates calculated from 20 blocks and sample standard deviations and are smaller than the symbols.

molecules in a spherical observation volume of radius r2 before and a er placing an
anion at the center of that region. ¿e choice of radii rin and rout determines whether
only the �rst hydration shell, only the second hydration shell or both hydration shells are
investigated. ¿e integration limits for iodide–water a�nity are 0.42 nm and 0.66 nm
(0.64 nm for 0.6m and 1.0m) for �rst and second hydration shell, respectively, in NaI
and 0.42 nm and 0.64 nm, respectively, in NaI with Na2SO4 . ¿e integration limits for
chloride–water a�nity are 0.40 nm and 0.62 nm for �rst and second hydration shell,
respectively, in both NaCl and in NaCl with Na2SO4 . ¿e integration limits for sulfate–
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water a�nity are 0.44 nm and 0.68 nm for �rst and second hydration shell, respectively,
in all solutions (Na2SO4, NaI with Na2SO4 and NaCl with Na2SO4). ¿ese values are
based on the �rst and second minima in the ion–water radial distribution functions
with ∆r binning of 0.02 nm. ¿ere is a slight dependence of the ∆N on the choice of ∆r
bin size which however does not qualitatively change the data. For the NaCl systems
(Fig. 6.14) this means that NaCl (blue) and NaCl with Na2SO4 (yellow) data points are
the same within this accuracy. In this work we use the wording more or less hydrated
in the context of this de�nition. Speci�cally, more or less hydrated indicates a change in
∆N in the presence of the background salt with respect to the absence of it.

¿e iodide–water a�nity in the �rst hydration shell and in the second hydration shell
can be seen in Figs. 6.13a and 6.13b, respectively. ¿e increasing iodide water a�nity
(Fig. 6.5c), dominated by the change in the second hydration shell, in the presence of
Na2SO4 agrees with the decreasing a�nity for iodide to pair with sodium (Fig. 6.5a
and Fig. 6.10). ¿e sulfate–water a�nity in the �rst hydration shell and in the second
hydration shell can be seen in Figs. 6.15b and 6.15c, respectively. ¿e sulfate–water
a�nity increases in the presence of a second salt. ¿at is, the increasing a�nity for
sulfate to pair with sodium occurs without replacing water. ¿e increased sulfate–water
a�nity arises from higher bulk salt concentration. ¿e chloride–water a�nity for both
the �rst and second hydration shell can be seen in Fig. 6.14a and the separate hydration
shells can be seen in Figs. 6.14b and 6.14c, respectively. ¿e chloride–water a�nity is not
a�ected in the presence of Na2SO4 (Fig. 6.14). ¿is agrees with the less a�ected a�nity
for sulfate to pair with sodium in the presence of NaCl compared to in the presence
of NaI (Fig. 6.12) and the increased ion-pairing a�nity between chloride and sodium
(Fig. 6.11). ¿e sulfate–water a�nity increases more in mixed salt solutions with NaI
compared to mixed salt solutions with NaCl (see Fig. 6.15 for the comparison between
the two mixtures).

Additionally, Fig. 6.15a, Fig. 6.14a, and Fig. 6.5c show that the anion–water a�nities are
ranked SO 2 –

4 >Cl– > I– . ¿at is, ∆N predicts what is expected from the Hofmeister
series.

6.4.8 Temperature dependency regarding anion–water and ion-pairing
a�nities

¿e following systems have been simulated at the two additional temperatures 285K
and 305K: 0.1m NaI, 0.1m NaI with 0.3mNa2SO4 , 0.1m NaCl, 0.1m NaCl with 0.3m
Na2SO4 , and 0.3mNa2SO4 . See theMolecular dynamics simulations section for simula-
tion details. ¿e excess ion pairing between respective anion and sodium (∆Nanion−Na+ )
and thewater a�nity for respective anion (∆Nanion−W) have been calculated, see Fig. 6.16.
See Eqs. (6.6) and (6.7) for the de�nition of ion-pairing a�nity and anion–water a�nity,
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Fig. 6.13 Iodide–water affinity in (a) the first hydration shell and (b) the second hydration shell as a
function of NaI in the absence (blue) and presence (orange) of 0.3 m Na2SO4 . The dashed lines show
the boundaries between region I, II, and III. The error bars are error estimates calculated from 20 blocks
and sample standard deviations and are smaller than the symbols.

respectively. ¿e trends between NaI, NaCl and Na2SO4 and the in�uence of Na2SO4
on NaI and NaCl, respectively, can be observed. ¿e two additional temperatures in-
dicate that the explained behavior and mechanism in region I are independent of the
temperature. ¿at is, for all temperatures the anion–cation pairing decreases for NaI
in the presence of Na2SO4 , while it increases for NaCl in the presence of Na2SO4 . ¿e
sulfate–sodium pairing increases in the presence of NaI and NaCl, respectively, and the
e�ect is larger for when NaI is added compared to when NaCl is. ¿ese observations
apply for all three temperatures. Additionally, the trend among the water a�nity for
anions are SO 2−

4 > Cl− > I− for all three temperatures. In the presence of Na2SO4
the iodide–water a�nity increases (except for 285K where it is unchanged), while the
chloride–water a�nity decreases. ¿e sulfate–water a�nity increases in the presence of
NaI and NaCl, respectively, and the e�ect is larger for when NaI is present compared
to when NaCl is. ¿ese observations apply for all three temperatures. All data for the
three di�erent temperatures thereby imply that the observed phenomena and proposed
mechanism are robust.

6.4.9 NaCl as the background salt

LCST experiments and MD simulations are carried out for mixed salt solutions with
NaCl as the background salt instead of Na2SO4. See the Experimental techniques
and Molecular dynamics simulations sections for details about the experiments and
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Fig. 6.14 Chloride–water affinity in (a) both the first and second hydration shells, (b) the first hydration
shell and (c) the second hydration shell as a function of NaCl concentration in the absence (yellow)
and presence (light blue) of 0.3 m Na2SO4 . The dashed lines show the boundaries between region I, II,
and III. The error bars are error estimates calculated from 20 blocks and sample standard deviations
and are smaller than the symbols.

simulations. ¿e LCST graph can be seen in Fig. 6.17a for various NaCl concentrations,
while Fig. 6.17b shows ∆LCST. ¿e LCST of PNIPAMas a function of NaI concentration
can be empirically modeled by Eq. (6.1). See Table 6.6 for the �tting parameters. It
is shown in this work that the PNIPAM–iodide interactions are independent of the
presence of background salt in region I.¿is leads to a constantKD,1 value at the di�erent
background salt concentrations. Additionally, a was kept constant over the di�erent
background salt concentrations because of all LCST curves having the same slope in
region III.
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Fig. 6.15 Sulfate–water affinity in (a) both the first and second hydration shells, (b) the first hydration
shell and (c) the second hydration shell as a function of NaI or NaCl concentration in the mixtures of
NaI with Na2SO4 (orange) and NaCl with Na2SO4 (light blue), respectively. The dashed lines show the
boundaries between region I, II, and III. The error bars are error estimates calculated from 20 blocks
and sample standard deviations and are smaller than the symbols.

¿e number of iodide ions in the proximity (de�ned from the proximal radial distribu-
tion function between oligomer surface and iodide) calculated fromMD simulations
can be seen in Fig. 6.18.

6.4.10 Mixtures of NaCl and Na2SO4

¿e LCST of PNIPAM upon the addition of NaCl in the presence of Na2SO4 as the
background salt was measured. See the Experimental techniques section for details.
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Fig. 6.16 Temperature dependency of ion pairing (for both contact and solvent-shared ion-pairs) and
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Fig. 6.17 (a) Lower critical solution temperature (LCST) and (b) the change in LCST (∆LCST) of
PNIPAM upon the addition of NaI with 0 mM, 100 mM, 200 mM, and 300 mM NaCl. Note that the
∆LCST is only shown for data points within the 0 mM–300 mM NaI range in order to highlight the dip
feature in the LCST. The error bars are calculated from sample standard deviations from three sets of
measurements and with propagation of uncertainty for ∆LCST. The fits correspond to the empirical
model given in Eq. (6.1).

Table 6.6
Fitting parameters (T0 , a, Bmax,1 , KD,1 , Bmax,2 and KD,2) for the empirical lower critical solution model
of PNIPAM in NaI and mixtures of NaI with NaCl given by Eq. (6.1).*

NaCl concentration [mM]
0 100 200 300

T0 [○C] 31.9 30.6 29.5 28.4
Bmax,1 [○C] 3.1 3.4 3.2 2.9
Bmax,2 [○C] – −0.4 −0.8 −1.0
KD,2 [mM] – 36.4 61.9 37.4

a [○C/mM] −4.2 × 10−3
KD,1 [mM] 308.1
* The parameters a and KD,1 are independent of the NaCl concentration.

¿e LCST as a function of NaCl is reported in Fig. 6.19 for pure NaCl and with vari-
ous concentrations of Na2SO4. A linear decrease of the LCST with increasing NaCl
concentration is observed. ¿e LCST data has been �tted with

T = T0 + acsalt , (6.8)

where T0 is the LCST in water and acsalt (with csalt being the NaCl concentration) is
a linear term corresponding to the surface tension contribution. See Table 6.7 for the
�tting parameters.
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NaI and with NaCl as the background salt. The proximity is defined from the first peak in the proximal
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Fig. 6.19 Lower critical solution temperature (LCST) of PNIPAM as a function of NaCl concentration
with 0 mM, 100 mM, 200 mM, and 300 mM Na2SO4 as the background salt. Error bars are calculated
from sample standard deviations from three sets of measurements. The fits correspond to Eq. (6.8).

6.4.11 Lower critical solution temperature of other polymers

¿e LCST of poly (N,N-dimethylacrylamide) (PDMA) in mixtures of NaI with Na2SO4
and polyethylene glycol (PEG) in mixtures of NaSCN with Na3PO4 (Figs. 6.20a and
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Table 6.7
Fitting parameters (T0 and a) for the empirical lower critical solution temperature model of PNIPAM
in NaCl and mixtures of NaCl with Na2SO4 , respectively, given by Eq. (6.8).

Na2SO4 concentration [mM]
0 100 200 300

T0 [○C] 31.8 26.9 21.0 15.2
a [○C/mM] −1.2 −1.2 −1.1 −1.5

Table 6.8
Fitting parameters (T0 , a, Bmax,1 , KD,1 , Bmax,2 and KD,2) for the empirical lower critical solution temper-
ature model of PDMA and PEG in mixtures of NaI with Na2SO4 and mixtures of NaSCN with Na3PO4 ,
respectively, given by Eq. (6.1). The structures of PDMA and PEG are shown in the insets in Fig. 6.20a
and b, respectively.

PDMA in NaI with Na2SO4 PEG in NaSCN with Na3PO4

T0 [○C] 63.1 29.4
a [○C/mM]* – –
Bmax,1 [○C] 278.8 140.5
KD,1 [mM] 477.4 395.9
Bmax,2 [○C] −200.0 −135.7
KD,2 [mM] 237.5 191.8
* Note that since the data does not show an observed decrease in the LCST (region III) in the
concentration range examined here, the second term in Eq. (6.1) is absent in the fitting process.

Experiment

Fit

0 200 400 600 800 1000

50

60

70

80

90

100

O N

 
n

1

Concentration NaI [mM]

LC
ST

[○ C
]

(a)

NaI with 500 mM Na2SO4

Experiment

Fit

0 200 400 600 800 1000
0

5

10

15

20

25

30

H
O

O
H

 
n

1

Concentration NaSCN [mM]

LC
ST

[○ C
]

(b)

NaSCN with 26mM Na3PO4

Fig. 6.20 (a) Lower critical solution temperature (LCST) of a) PDMA upon addition of NaI with
500 mM Na2SO4 as the background salt and (b) PEG upon addition of NaSCN with 262 mM Na3PO4
as the background salt. The error bars for PDMA are calculated from sample standard deviations from
three sets of measurements. Both fits correspond to the empirical model given in Eq. (6.1). The fitting
parameters are reported in Table 6.8.
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6.20b, respectively) were measured. See the Experimental techniques section for details
and Table 6.8 for �tting parameters.

6.5 Addition

¿is section corresponds to the following addition to the above original publication:

Bruce, E. E.; Bui, P. T.; Rogers, B. A.; Cremer, P. S.; van der Vegt, N. F
A. Addition to "Nonadditive ion e�ects drive both collapse and swelling
of thermoresponsive polymers in water". J. Am. Chem. Soc., 143(5):2456,
2021. Copyright 2021 American Chemical Society.

In our recent publication, we used an iodide model from Fyta and NetzFyta and Netz 244
for molecular dynamics simulations. Since two di�erent iodide models were reported
in their paper, we here explicitly state the ionic force �eld parameters used in our study.
Our simulations were performed using the iodide force �eld model corresponding
to the iodide ion model I(4) in the Fyta and Netz.Fyta and Netz 244 ¿e ion–ion and
ion–water parameters are reported in Table 6.9 for iodide, together with the parameters
used for chloride and sodium. ¿e parameters for Na2SO4 are reported in Table 6.2 in
the Supporting Information (Section 6.4) of our original publication.

¿e Lorentz–Berthelot combination rule was used for cation–anion and ion–water
interactions. ¿e cation–anion interactions were scaled by λε , i.e., ε i j = λε

√ε i ε j ,
according to the reference 244. ¿e scaling factors (λε) for NaI and NaCl were 0.9 and
1.0, respectively.

Table 6.9
Ionic force field parameters (Lennard-Jones size parameters σ i i and dispersion interaction strengths
ε i i ) and ion–water force field parameters (σ iO and ε iO).

Ion σ i i [nm] ε i i [kJ/mol] σ iO [nm] ε iO [kJ/mol]
Na+ 0.2583 0.4186 0.2876 0.5216
I – 0.5331 0.157 0.425 0.32
Cl – 0.440 0.4186 0.3785 0.5216
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Chapter 7

Molecular scale solvation in complex solutions

¿is chapter corresponds to and is reproduced with permission from

Bruce, E. E.; van der Vegt, N. F A. Molecular scale solvation in complex
solutions. J. Am. Chem. Soc. 2019, 141, 12948–12956. Copyright 2019
American Chemical Society.

Additivity Nonadditivity

Abstract. Complex solution envi-
ronments are ubiquitous in nature.
Most life science systems contain
hydrated macromolecules whose
solubility, function and stability
are modulated by several small
organic molecules or salts (coso-
lutes) present simultaneously. ¿is
Perspective discusses solvation of
mixed cosolutes in water. Recent
computer simulations and experi-
ments have shown that nonadditive cosolute e�ects on the water solubility of thermore-
sponsive polymers and on protein stability have a common physical origin, rooted in
solvent-excluded volume e�ects determined by mutually enhanced cosolute hydration
in bulk. We discuss mixtures of weakly and strongly hydrated salts in the anionic
Hofmeister series and mixtures of urea and trimethylamine N-oxide. Nonadditive
phenomena in these mixtures lead to intriguing e�ects including consecutive polymer
collapse and swelling transitions and counteraction of denaturant-induced protein
unfolding. ¿e combination of today’s advanced simulation methods and spectroscopy
techniques should be used to improve further the understanding of these complex
aqueous solubility problems.
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Chapter 7 Molecular scale solvation in complex solutions

7.1 Introduction

¿e study of the properties of water as a solvent has a long history. Most chemical
processes on earth, whether they occur in the earth’s atmosphere, its ocean waters, or in
living cells, rely on the versatility with which water solvates molecules of varying sizes
and polarities. ¿e water-mediated interactions between these molecules are directly
linked to molecular scale hydration mechanisms, which we are just beginning to un-
derstand and which remain largely unexplored in aqueous environments containing
multiple chemical compounds. Herein, we discuss the water solubility of polymers,
as well as aspects of protein stability, in environments containing codissolved solutes
(cosolutes) such as salts or protein (de)stabilizing molecules (osmolytes). Our focus
will be on newly discovered, nonadditive, solvation phenomena which occur in systems
containing multiple cosolute components simultaneously. ¿ese complex solvent envi-
ronments are not rare exceptions. ¿ey are found in the aqueous environments of the
living cell, in the application of so functional materials like hydrogels, and in the brine
solutions of ocean waters, to name just a few examples.

In systems with single-component salts as cosolutes, the current state of a�airs in our
understanding of their solvent-mediated interactions with macromolecules can be il-
lustrated with the Hofmeister series of salt ions. 1,3 A common ordering for the anions
in this series is CO 2−

3 > SO 2−
4 > S2O 2−

3 > H2PO −

4 > F− > Cl− > Br− > NO −

3 > I− >
ClO −

4 > SCN−. Strongly hydrated anions, placed on the le side of the series, prefer the
bulk water environment. Weakly hydrated anions, placed on the right side of the series,
are driven to nonpolar environments such as air–water 103 and polymer–water inter-
faces. 9 Hence, strongly hydrated ions repulsively interact with polymers, are depleted
from the polymer–water interface, and decrease their aqueous solubility (salting-out).
Weakly hydrated ions instead tend to increase moderately aqueous polymer solubility
(salting-in). 4 ¿e latter e�ect cannot be understood exclusively in terms of interactions
between the ion and chemical moieities along the polymer chain, but also depends
on ion hydration in the bulk solution. Due to their attractive interaction with weakly
hydrated ions, polymer chains swell and increase their solvent accessible surface area. A
prerequisite for this to occur is that local solvent density �uctuations in the bulk solvent
create empty space for the swelling polymer to expand into. ¿is so-called solvent-
excluded volume e�ect 136 plays an important role in the phenomena which we will
discuss in this Perspective and is schematically illustrated in Fig. 7.1. In systems with a
salt as cosolute, solvent-excluded volume e�ects depend on ion hydration. 397 Ion–water
electrostatic interactions attenuate local solvent-density �uctuations more signi�cantly
in systems with strongly hydrated ions than in systems with weakly hydrated ions.
For strongly hydrated ions (le -hand-side of the Hofmeister series), solvent-excluded
volume drives salting-out. For weakly hydrated ions (right-hand-side of the Hofmeister
series), solvent-excluded volume and ion–polymer interactions counterbalance in a salt
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Fig. 7.1 Schematic representation of solvent-excluded volume in molecular liquids.

concentration-dependent fashion leading to weak salting-in at low salt concentrations
followed by a salting-out at high salt concentrations.

Historically, ion interactions and cosolute e�ects have been considered independent
and additive, both for salts 22–26,446,447 and osmolytes. 464–467 Herein, we discuss recent
computer simulations and experiments which show that nonadditive cosolute e�ects
lead to intriguing newphenomena. Wewill discussmechanisms for consecutive polymer
collapse and swelling transitions as well as mixed-osmolyte e�ects on protein stability
and highlight the role of solvent-excluded volume as a key driving force in these systems.
Future perpectives on experiments and computer simulations of cosolute hydration in
mixed salts and osmolytes will also be provided.

7.2 Solvent-excluded volume a�ects polymer solubility

We herein discuss cosolute e�ects on polymer solubility and protein stability in terms
of a transition temperature TEC at which an extended chain collapses/folds into a disor-
dered globule/native protein. ¿e extended and collapsed chains are here referred to as
E and C, respectively. If the cosolute shi s TEC up or down away from the experimental
temperature T , polymer solubility/protein stability increases or decreases. In protein
folding, cosolute e�ects are typically studied starting from a two-state description C⇌E.
For water-soluble polymers like poly(N-isopropylacrylamide) (PNIPAM), a two-state
description can be used as well. 391,392 PNIPAM is soluble in cold water and collapses at
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temperatures above TEC = 32○C.¿is temperature is referred to as the lower critical solu-
tion temperature (LCST). Salting-in and salting-out of PNIPAM therefore occurs when
TEC increases and decreases, respectively, as a function of the cosolute concentration.

¿e transition temperature TEC is related to the collapse enthalpy ∆HE→C and collapse
entropy ∆SE→C according to

TEC =
∆HE→C

∆SE→C . (7.1)

¿e systems considered here have a lower transition temperature. ¿e conditions
∆HE→C > 0 and ∆SE→C > 0 therefore apply. Equation (7.1) shows that cosolvent
e�ects on the water solubility of polymers, or on the stability of proteins, are generally
determined by a compensation of enthalpy and entropy e�ects. 136 Strongly hydrated
salt ions on the le -hand-side of the Hofmeister series do not interact with PNIPAM
and, therefore, do not signi�cantly shi ∆HE→C in comparison to pure water. ¿ese
ions, however, decrease the solubility of the polymer (decrease TEC) due to their e�ect
on ∆SE→C, which increases with the concentration of the salt. When the polymer
chain collapses, a part of its solvent-excluded volume is "released" into the bulk and
becomes available not only for the water molecules, but also for the salt ions. ¿e gain
in translational entropy of the ions can therefore be viewed as driving force for polymer
collapse. 398 ¿e corresponding mechanism is schematically shown in Fig. 7.2a. ¿is
well-known e�ect gives rise to the linear behavior schematically shown in Fig. 7.2b.

In contrast to the linear behavior, nonlinear trends in TEC, illustrated in Fig. 7.2b, are
indicative of cosolute interactions with the macromolecule. At the thermodynamic
level, these excluded-volume and ion binding interactions can be discussed in terms
of preferential cosolute binding (preferential adsorption or preferential interaction are
equivalent terms). 18,211 ¿e preferential binding coe�cient, denoted as Γ in Fig. 7.2c,
refers to the excess number of cosolute molecules in the solvation shell of the macro-
molecule. Systems in which positive preferential binding (Γ > 0) has been observed
include acrylamide polymers such as PNIPAM in water containing salts with speci�c
anion–cation combinations, 4,19 or urea. 396,469,470 In these systems, electrostatic and hy-
drogen bonding interactions between the cosolute and the polymer have been observed
which are strong enough such that cosolute bridging may lead to consecutive coil-to-
globule and globule-to-coil transitions with increasing cosolute concentration. 19,160
Such transitions also occur for PNIPAM, and other thermoresponsive polymers, in
solvent-cosolvent (e.g., water–alcohol) mixtures, a phenomenon which is referred to
as cononsolvency. In these systems, positive preferential alcohol binding is observed;
however, the interactions that drive the consecutive coil-to-globule and globule-to-
coil transitions are not well understood. 381,468,471–474 Viewed from the perspective of
polymer physics, ideas have been proposed that allude to the universality of the conon-
solvency e�ect which is independent of the nature of the local interactions but can be
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Fig. 7.2 (a) Solvent-excluded volume effect leads to polymer collapse due to an increase of the transla-
tional entropy for the cosolutes (yellow spheres) and water molecules resulting from a smaller excluded
volume (gray area around polymer). (b) Addition of cosolute can change the transition temperature
TEC in a salting-out manner (example PNIPAM in NaCl or Na2SO4 aqueous solutions

4) like the yellow
dashed line, salting-in manner (example PNIPAM in NaI aqueous solutions 4) like the orange dotted
line or in a complex manner (example PNIPAM in mixed NaI and Na2SO4 aqueous solutions

424) like the
blue solid line. Extended polymer conformations are present below the transition temperature, while
collapsed conformations are present above. (c) Preferential adsorption coefficient Γ and normalized
polymer radius of gyration (Rg = Rg/monomer size) as a function of cosolvent mole fraction Xc for
a generic polymer–solvent–cosolvent model. 468 Representative conformations for the collapsed and
extended polymer chain are shown.

explained by an e�ective attraction between monomers and cosolvent molecules. 471
Recent work has shown that this universality does not exist. 468 To illustrate this, com-
puter simulations with a generic polymer model have recently been reported which
demonstrate that the coil-to-globule transition in solvent-cosolvent mixtures can be
observed not only under conditions of positive preferential cosolvent binding (Γ > 0),
but also under conditions of negative preferential cosolvent binding (Γ < 0) as illus-
trated in Fig. 7.2c. 468 Experimentally, this observation has been made with PNIPAM in
water–dimethyl sulfoxide mixtures. 475,476 ¿e negative preferential cosolvent binding
that leads to a coil-to-globule collapse shown in Fig. 7.2c corresponds to a system with
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strongly attractive cosolvent–solvent interactions in the bulk and weakly attractive
cosolvent–polymer interactions. 468 With these interactions, solvent-excluded volume
(Fig. 7.1) dominates over weakly attractive cosolvent–polymer interactions, leading to
polymer collapse.

Our understanding of solvent-excluded volume driving forces in aqueous solutions,
beyond observations obtained with the above model system, 468 is very limited. ¿eoret-
ical models that assign e�ective hard sphere diameters to water and cosolute molecules
may be used, but require experimental density data and rely on the speci�c choices
made for the e�ective hard-sphere diameters of the solution components. 477 Computer
simulations, on the other hand, provide an atomistically resolved description, and allow
to relate solvent-excluded volume to aspects of local solution structure, solvation e�ects
and the interactions between the speci�c cosolute and water molecules in solution.
Applied to di�erent cosolutes in water, computer simulations have shown that coso-
lute hydration e�ects may strengthen (or weaken) interactions in the bulk solution
and attenuate (or amplify) local solvent-density �uctuations causing a corresponding
increase (or decrease) in solvent-excluded volume. 136,478 Cosolutes which attenuate
solvent-density �uctuations enforce a solvent-excluded volume penalty which opposes
small molecule solvation, drives polymer collapse and stabilizes native protein folds. In
pioneering work performed in the mid-1990s, Dijkstra, Frenkel and Hansen showed
that increasing the solvent volume fraction causes a purely entropy-driven polymer
collapse in a model system with only hard-core repulsive interactions. 479 Today, atom-
istic simulations provide the means to quantify and understand the magnitude of these
e�ects in complex �uid mixtures and to relate the corresponding entropy changes to
the molecular interactions involved. 136

7.3 Nonadditive solvation phenomena

7.3.1 Mixed salt solutions

Solvent-excluded volume e�ects in aqueous solutions correlate with Kirkwood–Bu�
integrals (KBIs) which describe the a�nities between solution components. 211 ¿is is
illustrated for SO 2 –

4 , Cl– and I– , whose KBIs with water (their water a�nities) follow
the order SO 2−

4 > Cl− > I−. 424 ¿e same series applies to the e�cacy with which
these ions modulate hydrophobic interactions and salt out polymers such as PNIPAM
from water. KBIs therefore provide a useful metric for categorizing ions within the
Hofmeister series. As they are experimentally accessible, 205 and can also be calculated
from computer simulations, 211,241,387,426,427,480 we shall use them here to rationalize
solvent-excluded volume e�ects in mixed salt solutions.
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7.3 Nonadditive solvation phenomena

Cosolute–water, cosolute–cosolute and water–water KBIs hold information on the
excess (or de�ciency) of molecules of a given type around a central molecule of another
(or the same) type. ¿e notation ∆Nion−W = ρWGion−W will be used here to denote the
excess coordination number 211 of water around the ion. Here, ρW is the molar water
concentration of the solution andGion−W the ion–water KBI. ∆Nion−W usually increases
as a function of the bulk salt concentration, indicating that most water molecules are
eventually bound to ions. Under these conditions, local solvent-density �uctuations
are suppressed, ∆SE→C increases, and TEC decreases (see Eq. (7.1)), as a function of salt
concentration.

In mixed salt solutions, complex behavior has recently been reported in which the com-
bined e�ect of a weakly (I– ) and a strongly (SO 2 –

4 ) hydrated anion is nonadditive. 424
In mixtures with a �xed concentration of Na2SO4 and a variable concentration of NaI,
∣∆NI−−W ∣ is smaller than in pure NaI salt solutions (see data in Fig. 7.3a). ¿is occurs de-
spite the fact that ρW is larger in the mixed salt systems, i.e., the smaller blue bars on the
negative scale of Fig. 7.3a illustrate that iodide increases its water a�nity in the presence
of Na2SO4 . Signi�cantly, this e�ect is not observed if NaI is being replaced by NaCl. 424
¿erefore, iodide is more hydrated in the mixture with Na2SO4 due to a mechanism
which is ion speci�c and can not be ascribed to a simple bulk salt concentration e�ect.
At a structural level, the di�erences between the orange and blue bars in Fig. 7.3a origate
from very subtle di�erences. Comparison of the iodide–water pair correlation functions
of the two systems (not shown) reveals small di�erences in the extrema corresponding
to the �rst two hydration shells and the location of the second minimum (extension of
the second hydration shell). ¿ese observations raise several questions, which we will
consecutively address: What is the mechanism that causes iodide to be more hydrated in
the mixture? How does it impact bulk thermodynamic properties of mixed electrolytes?
Does it lead to nonadditive e�ects in the water solubility of macromolecules?

¿e mechanism involves the sodium ions. 424 In the mixed salt, some of the sodium
ions introduced with NaI partition to the counterion cloud around SO 2 –

4 . ¿is leaves
a lower excess density of sodium ions around the I– ions. ¿e iodide ions therefore
become more hydrated in the mixture with Na2SO4. Notwithstanding the fact that
SO 2 –

4 ions recruit the sodiums of the added NaI, SO 2 –
4 is also more hydrated in the

mixed salt solution (see data in Fig. 7.3b). ¿is occurs because sodium ions attracted in
the counterion cloud of sulfate do not replace water.

Nonadditive e�ects in bulk thermodynamic properties of mixed electrolytes can be
related to the quantities discussed above by means of the Kirkwood–Bu� theory, which
we apply here by considering the pure andmixed salt solutions as e�ective binary systems
composed of salt (indistinguishable ions) and water. We consider changes of the mean
molar ionic activity coe�cient (yion) with total salt concentration. Positive changes
of this quantity correspond with negative changes in the water activity coe�cient and
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Fig. 7.3 (a) Iodide–water excess coordination number ∆NI−−W as a function of NaI concentration in
the absence (orange bars) and presence (blue bars) of Na2SO4 . (b) Sulfate–water excess coordination
number ∆NSO2−4 −W as a function of NaI concentration in the absence (yellow bars) and presence (blue
bars) of NaI. Note, the yellow bars are for comparison shown at all concentrations of NaI. All error bars
are error estimates calculated from 20 blocks and sample standard deviations. (c) The partial derivative(∂lnyion/∂lnρion)P ,T as a function of ion concentration (all ions treated indistinguishable), where yion
is the molar ionic activity coefficient and ρion is the total ion number density for NaI (orange circles)
and NaI with 0.3 m Na2SO4 solutions (blue squares), respectively. The data for the solutions with NaI
and Na2SO4 is for comparison shifted upward with ∼0.59 in y-direction to match the 1.2 m ion solution
of NaI. The linear part after the minimum in NaI solutions as well as the whole concentration range of
solutions with NaI and Na2SO4 are fitted with a linear fit.
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7.3 Nonadditive solvation phenomena

re�ect larger e�ective ion–ion repulsion and larger ion–water a�nity, respectively, as
further salt is added. ¿e change of the mean ionic activity coe�cient with total salt
concentration is related to the quantities discussed above: 423

( ∂ ln yion
∂ ln ρion

)
P ,T
= − (∆Nion−ion − ∆NW−ion)
1 + (∆Nion−ion − ∆NW−ion)

, (7.2)

with ρion the total ion number density. ¿is quantity, shown in Fig. 7.3c, is negative at low
electrolyte concentrations and turns positive at higher electrolyte concentrations where
electrostatic interactions are screened and ion hydration dominates. ¿e data in Fig. 7.3c
show that, in themixed salt solutionwith a �xed concentration of Na2SO4 (blue squares),
yion increases faster with increasing NaI concentration than in the solution containing
NaI only (orange circles). ¿is nonadditive thermodynamic e�ect corresponds with a
faster decrease of the water activity coe�cient (water is more strongly bound) in the
mixed salt solution and a stronger solvent-excluded volume e�ect in macromolecular
solvation.

¿e observed nonadditive e�ects in ionic hydration strongly impact the water solubility
of PNIPAM due to suppression of solvent-density �uctuations, which a�ect ∆SE→C in
Eq. (7.1). In the systemwith a �xed concentration ofNa2SO4 and a variable concentration
of NaI, the LCST of PNIPAM shows a remarkable decrease up to 100 mM NaI (see
blue squares in the gray area in Fig. 7.4a). ¿is stands in stark contrast to changes in
PNIPAM solubility observed in the corresponding system without Na2SO4 (orange
circles). In that system, the PNIPAM solubility instead moderately increases when the
same concentration of NaI is introduced. We here only discuss the initial decrease (gray
area) and refer to reference 424 for a complete description of the whole LCST curve
in mixed salts. It should be noted that the observed nonadditive e�ects in polymer
solubility occur only in those salt mixtures in which the two salts have been selected
from the opposite ends of the Hofmeister series. ¿e same behavior is expected for
SCN– , ClO –

4 and other weakly hydrated anions combined with SO 2 –
4 , but certainly

more work is needed to study Hofmeister ion chemistry in these systems further. ¿e
observed minimum of the LCST (Fig. 7.4a) does not appear in mixed salt solutions
with NaCl and Na2SO4 where a linear LCST behavior indicative of additive behavior is
observed. 424

7.3.2 Vibrational sum frequency spectroscopy

¿enew insights on ion hydration andwater solubility of PNIPAMwere obtained by com-
bining information from computer simulations (ion–water a�nities) and experiments
(LCST data). While ion–water a�nities can in principle be obtained experimentally
using thermodynamic measurements, spectroscopic methods provide an interesting
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Fig. 7.4 (a) The change in the lower critical solution temperature (∆LCST) of PNIPAM upon the
addition of NaI in the absence (orange circles) and presence (blue squares) of Na2SO4 . The error bars
are calculated from sample standard deviations from three sets of measurements. The fits correspond
to empirical models. 424 (b) The oscillator strength at 3200 cm−1 as a function of NaI concentration
in the absence (orange circles) and presence (blue squares) of Na2SO4 . The error bars are calculated
from sample standard deviations from three sets of measurements. The fits correspond to empirical
models. 424 The 3200 cm−1 oscillator strength is a reporter for water located slightly below the polymer–
water interface (indicated by the arrow in the schematic diagram) where hydrogen bonding is more
ordered than at the polymer–water interface.

alternative angle on this problem. Fig. 7.4b shows data obtained with vibrational sum
frequency spectroscopy measurements. 424 ¿ese measurements were performed by
adsorbing a Gibbs monolayer of PNIPAM at the air–water interface. ¿e 3200 cm−1
oscillator strength (OS) shown in Fig. 7.4b corresponds to the symmetric OH stretch
mode of highly coordinated water molecules (making 3–4 hydrogen bonds to other
water molecules) 404,451 and is a reporter for aligned water molecules located below
the polymer surface (see inset in Fig. 7.4b). Variations in the 3200 cm−1 OS are caused
by changes in the interfacial potential. In the system with pure NaI (orange circles in
Fig. 7.4b), the OS monotonically increases as a function of the bulk NaI concentration,
re�ecting the binding of iodide. In systems with pure Na2SO4 (not shown), the OS
instead monotonically decreases as a function of the bulk Na2SO4 concentration, indi-
cating that strongly hydrated SO 2 –

4 ions below the interface disrupt water alignment.
When, however, a �xed Na2SO4 concentration is present in the aqueous subphase (blue
squares in Fig. 7.4b), the introduction of NaI leads to a minimum in the 3200 cm−1 OS.
¿is indicates that iodide ions located below the interface disrupt water alignment, i.e.,
in the mixed salt solution, iodide behaves as the strongly hydrated SO 2 –

4 ion. ¿is ob-
servation provides further evidence that iodide ions become more hydrated in systems
with codissolved Na2SO4 .
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7.3 Nonadditive solvation phenomena

¿e experiments performed so far indicate that the phenomenon in Fig. 7.4a is quite
robust and that nonadditive ion e�ects occur in other systems as well. Speci�cally, the
LCST of polydimethylacrylamide in the same mixed salt solution with 500mMNa2SO4
decreases with 13 ○C. For polyethylene glycol in mixtures of NaSCN and Na3PO4, a
∆LCST of −23 ○C has been measured. 424

7.3.3 Mixed osmolyte solutions

Osmolytes are small organic molecules that can modulate the function and stability of
proteins in the living cell. ¿e naturally occurring protective osmolyte trimethylamine
N-oxide (TMAO) counteracts the denaturing e�ects of another osmolyte, urea, in
marine animals such as sharks, skates and rays. 481 ¿emolecular mechanism of urea-
induced protein denaturation is well established. Urea interacts favorably with the
protein backbone and with its amino acid side chains and, therefore, shi s the folding–
unfolding equilibrium in favor of the unfolded state. 482 Concurrent interactions of
TMAO and urea with proteins have been studied with computer simulations in recent
years; however, themechanism throughwhich TMAOcounteracts urea-induced protein
denaturation remains incompletely understood.

Recently reported molecular dynamics simulations have provided evidence that urea
and TMAO are mutually excluded from amino acids in mixed solvent environments 483
and, therefore, inhibit protein–urea preferential interactions. 484 ¿emolecular origin
of this nonadditive e�ect is not yet completely uncovered. Without attempting to
provide a comprehensive overview of the literature on this problem, we will here draw
an analogy to the nonadditive mechanism in mixed salts described in the previous
section. A recent dielectric spectroscopy study has provided interesting information that
points in this direction. 485 ¿is study concludes that the hydration of TMAO involves
three tight hydrogen bonds with the hydrophilic amine oxide group of TMAO which
remain una�ected by the presence of urea in the ternary mixture. Moreover, no long-
lived TMAO–urea interactions could be detected. 485 ¿ese observations are consistent
with trends in urea–water and TMAO–water KBIs in mixed solvent environments
with di�erent amino acids obtained with molecular dynamics simulations. 483 Fig. 7.5
summarizes these KBIs. 483 In analogy with mixed salt solutions, both urea and TMAO
increase their water a�nity in the mixed solutions compared to pure urea and pure
TMAO solutions. We note that this observation does not exclude the occurrence of
direct TMAO–urea interactions. 486 Since TMAO and urea are mutually more hydrated
in the mixture, their preferential interaction with proteins decreases. ¿e observed
urea exclusion from the protein surface is, however, moderate. 484 Without the action
of further driving forces, the loss of protein–urea interactions does therefore not hint
at a strong stabilizing mechanism per se. ¿e additional, in a sense hidden, driving
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Fig. 7.5 Kirkwood–Buff integrals in solutions with various amino acids and peptide backbone (G3).
(a) Urea–water Kirkwood–Buff integrals GUW for 8M urea (orange bars) and mixed 8 M urea and 4M
TMAO (blue bars) solutions. (b) TMAO–water Kirkwood–Buff integrals GTW for 4 M TMAO (yellow
bars) and mixed 4M TMAO and 8M urea (blue bars) solutions.

force is the solvent-excluded volume. It originates from the enhanced TMAO–water
and urea–water a�nities in the mixed-osmolyte solution (Fig. 7.5), which, along with a
cooperatively enhanced hydrogen-bond structure of this ternary solution, 485 indicate
that bulk solvent interactions are stronger than in binary urea–water solutions and local
solvent-density �uctuations are reduced.

7.3.4 Nonadditive e�ects in mixed solvent environments

¿emixed salt and mixed osmolyte solutions discussed above share a common feature.
A nonadditive behavior is observed when a strongly hydrated (Na2SO4 , TMAO) and a
weakly hydrated (NaI, urea) cosolute are codissolved in water. ¿is observation raises
several questions: Is the strong-plus-weak cosolute combination a general requirement
for nonadditive e�ects to be observed? What is the molecular origin that leads to
mutually increased cosolute–water a�nities in the ternary mixtures? How do these
changes in molecular scale solvation couple to changes in protein folding–unfolding
equilibria, or to complex polymer solubility behavior, macroscopically observed?

Mutually increased water a�nities can be interpreted in terms of water-mediated inter-
actions between the polar cosolute molecules involved: hydrogen bonds between the
(extended) hydration shells of the two cosolutes may stabilize the individual cosolute
hydration shells. In ternary urea–TMAO–water mixtures, a water-mediated hydro-
gen bonding interaction between TMAO and urea has been postulated that involves a
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7.3 Nonadditive solvation phenomena

collective e�ect on length scales longer than those of individual hydrogen bonds. 485
Signi�cantly, this interaction involves a strongly hydrated TMAOmolecule, which has
three hydrogen bonding acceptor sites at the hydrophilic amine oxide group, and a
weaker hydrated urea molecule, which has four hydrogen bonding donor sites.

Water-mediated interactions between hydrated ions have been reported as well. 78,126,487
In aqueous Na2SO4 solutions, water-mediated interactions between Na+ and SO 2 –

4
cause a slowing down in water reorientation dynamics probed by femtosecond infrared
spectroscopy. 487 When NaI is introduced in the solution, this slowing-down e�ect may
be enhanced due to partitioning of Na+ ions from the added NaI to the counterion
cloud of sulfate. Although we are not aware of such experiments on mixed salts, these
would certainly provide important new information needed to understand nonadditive
Hofmeister e�ects better. For example, the slowing down of water reorientational
dynamics caused by water-mediated ion pairing between Na+ and SO 2 –

4 should be
less pronounced with NaCl than with NaI as a second salt. We expect this because
NaCl has a stronger propensity to form ion pairs than NaI, 303 i.e., a sodium ion in the
counterion cloud of chloride does not as easily partition to sulfate than a sodium ion
in the counterion cloud of iodide. ¿is mechanism for increased mutual water a�nity
hence requires the combination of a weakly and strongly hydrated cosolute.

¿e protein stability and polymer solubility problem requires considering entropy e�ects,
which are emphasized here, and have been discussed in greater detail elsewhere. 136
Solvent-excluded volume e�ects play an important role, but a comprehensive view
on this problem requires additional insight in solute–solvent and solute–cosolvent
interactions together with the enthalpy–entropy compensation e�ects involved. 136
¿e decrease in PNIPAM solubility (gray area in Fig. 7.4a) in the mixed salt system
with NaI and Na2SO4 is quite surprising in view of the fact that Na2SO4 has no e�ect
on the favorable interactions of the PNIPAM chain with iodide which, in the pure
NaI salt solution, instead cause a moderate increase in PNIPAM solubility. 424 In the
mixed salt solution, these favorable enthalpic interactions with the polymer are however
compensated by unfavorable entropic interactions, which are caused by increasing
mutual water a�nity of the ions in the mixture and drive the observed decrease in
polymer solubility. Polymer solubility in mixed solvents, such as the cononsolvency
problem addressed above, also depends on enthalpic and entropic interactions, which
may balance di�erently depending on the cosolvent. PNIPAM coil–globule collapse in
methanol/water mixtures is driven by an enthalpic mechanism. 416,473 ¿is mechanism
involves preferential methanol binding and a concurrent dehydration of the polymer
that leads to a decrease of ∆HE→C as a function of methanol concentration in the
water-rich region of the phase diagram.

Protein folding–unfolding equilibria in binary urea–water mixtures are shi ed to the
unfolded state due to favorable protein–urea interactions. In the ternary mixture
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with TMAO, protein–urea interactions are reduced. ¿is enthalpic contribution shi s
the folding–unfolding equilibrium back to the folded state, reinforced by an (solvent-
excluded volume) entropy contribution originating from increasedmutual water a�nity
of TMAO and urea. On a similar note, counteraction of denaturant induced protein
unfolding has recently been discussed by Cozzolino et al. 477

7.4 Conclusions and future directions

In this Perspective, nonadditive cosolute e�ects in mixed salt and mixed osmolyte
aqueous solutions have been discussed. ¿ese e�ects include intriguing new phenomena,
like consecutive collapse and swelling transitions of thermoresponsive polymers, and
the well-known counteraction of urea-induced protein denaturation by codissolved
protective osmolytes.

Nonadditive e�ects occur when the properties of one cosolute depend on the presence
of another. Herein, we have shown that cosolutes in mixed solutions may mutually
increase each others water a�nity, and we have discussed the molecular mechanisms
responsible for their action in polymer and protein solutions. ¿e examples discussed
show that cosolute–water a�nities are a�ected strongest when di�erent cosolutes, which
in their pure form are commonly classi�ed as “weakly hydrate” and “strongly hydrated”,
are mixed. ¿is was illustrated for mixed salt solutions with iodide (weakly hydrated)
and sulfate (strongly hydrated) ions: Replacing the weakly hydrated iodide ion with a
more strongly hydrated chloride ion in a mixture with Na2SO4 removes nonadditive
e�ects observed in the aqueous solubility of PNIPAM.¿is intriguing observation could
be related to changes in the partitioning of sodium ions between the counterion clouds
of the two anions and the resulting changes in the anion–water a�nities. In analogy
to mixed salts, it could be inferred that enhanced cosolute–water a�nities in mixed
TMAO–urea solutions provide a solvent-excluded volume driving force that shi s the
protein folding–unfolding equilibrium toward the folded state. Hence, stabilization
of folded proteins and collapsed states of a water-soluble polymers in mixed cosolute
environments have a common physical origin rooted in solvent-excluded volume e�ects
determined by mutually enhanced cosolute hydration.

¿e Hofmeister ion chemistry of mixed salt solutions, however, remains largely unex-
plored. Little is known about ion pairing and ion hydration in mixtures of di�erent
Hofmeister salts. ¿e examples of our recent work presented here illustrate that these
"bulk solution" phenomena couple to polymer conformational behavior and protein
stability, and we expect that further e�ects exist in biomolecular and so matter systems
which are driven by similar types of interactions in the bulk. Nonadditive e�ects may
furthermore impact the properties of atmospheric aerosols 488 originating from the
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brine solutions of ocean waters containing mixed electrolytes. One aspect of this prob-
lem is ion pairing, which has received little attention in mixed salts, but has previously
been demonstrated to a�ect the propensity of strongly hydrated ions for the air–water
interface. 436

In addition to the important role of computer simulations, molecular spectroscopy
provides powerful tools to study the role of water and, particularly, the hydration shells
of cosolutes. 485,487,489–491 We expect signi�cant contributions coming from this �eld in
the near future. Computer simulations rely on force �elds that are accurate enough to
represent known properties of multicomponent systems available in the experimental
literature. To this end, developments made in recent years to compute Kirkwood–Bu�
integrals in �nite systems will prove to be important. 211,241,387,426,427,480 Although the
Pitzer model 492 for mixed electrolyte solutions provides experimental information for
several systems, additional thermodynamic data on mixed electrolytes is required to
facilitate the development of improved force �eld models.

Undoubtedly, more work needs to be conducted to achieve a better understanding of
complex solution phenomena in environments that contain multiple cosolutes simulta-
neously. ¿e mixed cosolute solutions discussed in this Perspective are just a start, and
we presume that there are many more nonadditive e�ects that will be discovered. ¿e
discussed phenomena are not only important for polymer solubility and protein stabi-
lization as mentioned herein, but also for micelle formation, self-assembly and other
hydrophobic e�ects. ¿e mixed cosolute solutions should have great signi�cance for all
kinds of physical properties of aqueous solutions containing these complex mixtures.
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Chapter 8

Does an electronic continuum correction improve
e�ective short-range ion–ion interactions in
aqueous solution?

¿is chapter corresponds to and is reproduced from

Bruce, E. E.; van der Vegt, N. F. A. Does an electronic continuum correction
improve e�ective short-range ion–ion interactions in aqueous solution? J.
Chem. Phys., 148(22):222816, 2018, with the permission of AIP Publishing.
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Abstract. Nonpolarizable force
�elds for hydrated ions not al-
ways accurately describe short
range ion–ion interactions, fre-
quently leading to arti�cial ion
clustering in bulk aqueous solu-
tions. ¿is can be avoided by
adjusting the nonbonded anion–
cation or cation–water Lennard-
Jones parameters. ¿is approach
has been successfully applied to
di�erent systems, but the param-
eterization is demanding owing
to the necessity of separate inves-
tigations of each ion pair. Alternatively, polarization e�ects may e�ectively be accounted
for using the electronic continuum correction (ECC) of Leontyev et al. 246 which in-
volves scaling the ionic charges with the inverse square-root of the water high-frequency
dielectric permittivity. ECC has proven to perform well for monovalent salts as well as
for divalent salts in water. Its performance, however, for multivalent salts with higher
valency remains unexplored. ¿e present work illustrates the applicability of the ECC
model to trivalent K3PO4 and divalent K2HPO4 in water. We demonstrate that the ECC
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Chapter 8 Electronic continuum correction for phosphate force �eld

models, without additional tuning of force �eld parameters, provide an accurate descrip-
tion of water-mediated interactions between salt ions. ¿is results in predictions of the
osmotic coe�cients of aqueous K3PO4 and K2HPO4 solutions in good agreement with
experimental data. Analysis of ion pairing thermodynamics in terms of contact ion pair
(CIP), solvent-separated ion pair, and double solvent-separated ion pair contributions
shows that potassium–phosphate CIP formation is stronger with trivalent than with
divalent phosphate ions.

8.1 Introduction

Molecular simulations have contributed signi�cantly to the understanding of ion pair-
ing mechanisms in water and to Hofmeister ion e�ects. 2,3,9,17,118 Because short-range
interactions of ions with other ions, or with the hydration shells of aqueous polymers
and proteins, are important in most of these e�ects, accurate force �eld models are
needed.

Over the years, many nonpolarizable force �elds have been developed for aqueous elec-
trolyte solutions. However, electronic polarization e�ects play a role in these systems,
leading to inaccuracies in describing short-range ion–water and ion–ion interactions
with nonpolarizable force �elds, sometimes resulting in arti�cially strong ion cluster-
ing. 253,256,257,259 Although polarizable models may potentially describe the interactions
in these systems better, nonpolarizable models are widely used because they are compu-
tationally cheaper and easier to parameterize.

Various methods have been studied to e�ectively incorporate polarization e�ects into
nonpolarizable force �elds. For instance, a number of approaches investigated if an
adjustment of Lennard-Jones (LJ) parameters is su�cient to resolve the ion clustering
issue. Weerasinghe and Smith 241 and Gee et al. 242 scaled the cation–water oxygen LJ
interaction for various alkali halides. ¿ese force �elds reproduce the salt activity coe�-
cient derivatives for each salt as well as the experimental Kirkwood–Bu� integrals. ¿e
same approach was followed in the work of Hess and van der Vegt 78 for alkali acetate
salts. Fyta and Netz 244 instead scaled the cation–anion interactions for various alkali
halide systems. ¿e force �elds were parameterized using Kirkwood–Bu� theory and
by comparison to experimentally determined activity coe�cient derivatives for each
salt. All the developed force �elds demonstrate that a modi�cation of LJ parameters
is su�cient to avoid ion clustering and to reproduce bulk experimental properties for
monovalent salts in water. Such approaches, however, require individual parameter iden-
ti�cation for each ion pair and involves extensive simulations to carefully parameterize
the force �elds.
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Alternatively, and arguably also consistent with the fact that the role of electronic polar-
ization is e�ectively included in nonpolarizable water models and biomolecular force
�elds through parameterization of partial atomic charges, ionic charges may instead
be modi�ed to improve short range ion–ion and ion–water interactions. ¿is can be
justi�ed because the Coulomb interaction between two ions in close proximity is in
reality screened by virtue of the high-frequency (electronic) contribution to the water
dielectric permittivity which is not accounted for in simulations with nonpolarizable
water models and ions that carry their full integer charges. ¿e simplest way to account
for this type of screening in nonpolarizable models is to scale all ion charges with
the inverse square-root of the water high-frequency dielectric permittivity (i.e., with
1/
√
εel ≈ 0.75). ¿is electronic continuum correction (ECC), originally proposed by

Leontyev et al., 246–252 has been followed up and promoted by Jungwirth and others and
has proven successful. 253–257,259,261,493 Although charge rescaling has been demonstrated
to perform well if properties determined by short-range ion–ion correlations are inves-
tigated, it, however, is not entirely clear whether the corresponding weaker long-range
electrostatic interactions between ions are also in good agreement with experimental
reality.

Herein, we apply ECC to trivalent and divalent potassium phosphate salts in water
(K3PO4 and K2HPO4). ¿is choice is motivated by the question whether in multivalent
salt solutions, in which polarization e�ects are expected to be strong, ECC can provide
an accurate description of e�ective (solvent-mediated) ion–ion interactions. Previous
studies applying ECC have examinedmonovalent and divalent salts only. 253–257,259,261,493
Some of these studies validated the ECC models by comparing the ion–ion correla-
tions obtained from simulations with experimental information obtained by neutron
scattering. 253,256,257,259,261,493 While information on ion–ion correlations in aqueous
electrolytes is relatively scarce in the experimental literature, information on integral
quantities can be readily found. For example, the osmotic coe�cient ϕ can therefore be
used for validation of the ECC model instead. ¿e salt osmotic coe�cient ϕ relates to
e�ective ion–ion interactions and can be written in terms of a virial expression 494

ϕ = 1 − β
6ρ∑i j

ρ i ρ j
ˆ
∞

0
r
dV eff

i j (r)
dr

g i j(r)4πr2dr, (8.1)

with ρ denoting the total particle number density, ρ i denoting the component number
density, g i j(r) denoting the pair correlation function, −dV eff

i j /dr denoting the e�ective
pair force, and β = (kBT)−1. In Eq. (8.1), it is assumed that the e�ective pair potential
V eff
i j is density independent. ¿e osmotic coe�cient has been investigated for atomistic

force �eld models 78,235,243,244,422,495–497 and is determined by the structural distribution
g i j(r) of the ions as well as by the e�ective forces−dV eff

i j /dr between them, as illustrated
by Eq. (8.1). If g i j(r) is poorly represented, ϕ is poorly represented, too. ¿erefore, ϕ
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serves as a sensitive probe for the quality of an aqueous electrolyte model and provides
a stringent test for assessing the quality of ECC models. Because changes in ϕ are
related to changes in ion pairing propensities, 78,126,498 molecular simulations of ion
pairing mechanisms should be based on force �elds models that reproduce ϕ. ¿e
aim of the present work is to assess whether ECC models for multivalent salts provide
su�cient accuracy to achieve this. We do not aim to provide new force �eld models
for K3PO4 and K2HPO4 as that would require the validation of addition properties. It
will be shown that the ECC correction leads to accurate predictions of solution osmotic
properties. ¿erefore, the ECC models are used herein to study microscopic aspects of
ion hydration and potassium–phosphate ion pairing.

8.2 Simulation details

All atomistic simulations are carried out using the MD package GROMACS 499 version
4.5.1. 443 in the isothermal-isobaric (NPT) ensemble with constant particle numbers
(N), pressure (P) of 1 bar, and temperature (T) of 298K. Pressure and temperature
are controlled using a Parrinello–Rahman barostat 411,412 with a coupling time τP of
1.0 ps and a Nosé–Hoover thermostat 410,420 with a coupling time τT of 0.4 ps. Periodic
boundary conditions are applied in all three dimensions to the cubic simulation box.
9–59 K3PO4 molecules with 5115–4702 water molecules or 10–83 K2HPO4 molecules
and 5111–4622 water molecules depending on the speci�c salt concentration are used.
¿e examined concentrations are 0.1m, 0.3m, 0.4m, 0.5m, and 0.7m for K3PO4 and
0.1m, 0.3m, 0.5m, 0.7m, and 1.0m for K2HPO4 . ¿e hydrolysis of K3PO4 is taken into
account and mixtures of PO 3 –

4 , HPO 2 –
4 , and OH– are simulated as well. ¿e extended

simple point-charge (SPC/E) water model 418 is used and the internal geometry is kept
rigid using the SETTLE algorithm. 419 LINCS 417 is used to constrain all bonds. Long-
range electrostatic interactions are treated by the particle mesh Ewald (PME)method 460

using a Fourier spacing of 0.12 nm, PME order 4, and a real space cuto� of 1.4 nm. Short-
range Lennard-Jones interactions are truncated at 1.4 nm. ¿e neighbor list is updated
every 0.02 ps and also features a cuto� at 1.4 nm. No long-range correction is used for
the dispersion interactions.

¿e MD simulations are equilibrated in a 5 ns simulation. Consecutive independent
simulations are performed for each concentration of K3PO4 and K2HPO4. Osmotic
coe�cients are calculated from 50 ns simulations a er additional 0.5 ns simulations for
equilibration (see below for further details about these simulations). All other properties
are calculated from simulations of 100 ns duration. ¿e integration time step in all types
of simulations is 2 fs and con�gurations are saved every 5 ps. Errors bars, both for the
osmotic coe�cients and for the ion-pairing properties are calculated from 10 ns blocks
and using sample standard deviation.
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8.2 Simulation details

¿e force �eld parameters, except for atomic partial charges, are based on an Assisted
Model Building with Energy Re�nement (AMBER) force �eld 225 for phosphate and on a
KB force �eld 242 for potassium. For the two phosphate ions, the restrained electrostatic
potential (RESP) method 500 with HF/6-31G(d,p) is used to derive the partial atomic
charges of the ions in vacuum. ECC force �eld charges are obtained from rescaling the
full charges with a factor of 0.75. ¿is value is obtained from 1/

√
εel using εel = 1.78

for water. All force �eld parameters are summarized in Appendix A (Section 8.5.1).
While nonbonded parameters are presented in Table 8.2 for K3PO4 and in Table 8.3 for
K2HPO4, bonded force �elds parameters for the two phosphate ions are summarized
in Table 8.4. ¿e SPC/E water model is used to construct the hydroxide ion. 501–503

To con�rm if ECC applied on an AMBER force �eld together with RESP derived
charges can improve the ion interactions for multivalent ions (PO 3 –

4 and HPO 2 –
4 ),

two nonpolarizable force �elds are compared. ¿e �rst force �eld uses the approach
of Gee et al. 242 and will be called the ”full charge force �eld” in the following. In this
approach, the LJ repulsion between cations and the water oxygen is reduced, leading to
a stronger electrostatic interaction between cations and water molecules. ¿e second
force �eld e�ectively accounts for polarization by applying the ECC correction. ¿e
force �eld using this model will subsequently be called ”ECC force �eld”.

¿e osmotic coe�cient relates the osmotic pressure for a nonideal solution (Π) to an
ideal solution (Πid) according to ϕ = Π/Πid , where Πid = νcRT . ¿e constant ν is the
number of components originating from dissolution of the solute (e.g., 2 for NaCl). c is
the solute molarity of the solution, R is the gas constant and T is the temperature. In this
study, the osmotic pressure (Π) is calculated directly from all-atom MD simulations in
a procedure adapted from Luo and Roux. 422 ¿e simulation box is extended to twice its
size in the z-direction. ¿e region with the salt solution is separated from the two new
regions of pure water with ”virtual” walls representing a semipermeable membrane, see
Fig. 8.1. While water molecules can freely cross the ”virtual” walls and equilibrate the
water chemical potential throughout the entire simulation cell, the ions are enclosed in
the con�nement between the two walls. ¿e osmotic pressure (Π) is determined from
the average force exerted by the ions on the walls according to the relationΠ = ⟨Fwall⟩/A,
with A being the area of the wall and Fwall = 2κ∑

′

i
∣z i − zwall ∣ being the force exerted by

the con�ned ions on the wall. ¿e prime on the summation symbol means summation
of only those ions whose positions z i are outside the con�ning wall located at position
zwall , where zwall is the z coordinate of the respective walls ions have passed (see Fig. 8.1).
Π is �nally obtained by averaging ⟨Fwall⟩/A for the two walls. ¿e ”virtual” walls are
implemented by PLUMED 1.3. 504 A force constant of κ =4180 kJ/(mol nm2) is used. 422
Furthermore, the osmotic coe�cients are calculated from two independent simulations
to provide better statistics.
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z i

zwall

Fig. 8.1 Schematic sketch of simulation box with ”virtual” walls (dotted lines) for the calculation of
osmotic pressure. The walls confine the ions while water molecules freely pass through them.

8.3 Results and discussion

8.3.1 Osmotic coe�cients

Figure 8.2 shows calculated osmotic coe�cients and the corresponding experimental
values 505 for both K3PO4 (a) and K2HPO4 (b). For K3PO4 , a good agreement between
the values obtained from simulations with the ECC force �eld and the experimental
osmotic coe�cients can be observed in the concentration range between 0.1m and
0.7m. However, the computed osmotic coe�cient tends to slightly lower values than
measured experimentally at high concentrations. ¿at is, the ion-pair interactions are
slightly overestimated at high concentrations using the ECC force �eld for K3PO4 . For
K2HPO4, the e�ective interactions between the ions are slightly too weak, which can
be seen in the somewhat higher osmotic coe�cients compared to the experimental
data. ¿at is, the ECC force �eld overestimates the hydration of the salt for K2HPO4.
Yet, the ECC force �eld reproduces the trend of the experimental osmotic coe�cients
as opposed to the full charge force �eld. ¿e deviation of the osmotic coe�cients for
the full charge force �eld for K2HPO4 is due to that the salt is forming clusters and is
not soluble anymore at higher concentrations when simulated with that force �eld. ¿e
ion–ion interactions are overestimated and the osmotic coe�cient is low. ¿e same
holds for all concentration of K3PO4 simulated with the full charge force �eld. ¿e
larger error bars at low molality are due to the lower statistics as a result from the few
ions.

It should be noted that hydrolysis of K3PO4 introduces some uncertainty in the com-
parison of experimental and simulation data for K3PO4. We here take the hydrolysis
of PO 3 –

4 into consideration by replacing the appropriate number of PO 3 –
4 ions with

HPO 2 –
4 and OH– ions based on the HPO 2 –

4 pKa value. Hydrolysis of HPO 2 –
4 and

H2PO –
4 plays a negligible role and is therefore neglected. ¿e molality of each species,
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Fig. 8.2 Osmotic coefficients ϕ of (a) aqueous K3PO4 solutions and (b) aqueous K2HPO4 solutions, as
a function of salt concentration calculated as an average of two consecutive simulations. Error bars are
calculated from five blocks and sample standard deviation for each simulation.

Table 8.1
Concentrations (mol/kg) of PO 3 –

4 , HPO 2 –
4 , and OH – in aqueous K3PO4 solutions.

K3PO4 PO 3 –
4 HPO 2 –

4 OH –

0.1 0.07 0.03 0.03
0.3 0.23 0.07 0.07
0.4 0.32 0.08 0.08
0.5 0.40 0.10 0.10
0.7 0.59 0.11 0.11

PO 3 –
4 , HPO 2 –

4 , and OH– , in aqueous K3PO4 solutions with K3PO4 concentrations
ranging from 0.1m to 0.7m, is shown in Table 8.1. ¿e ratio of the two phosphate
anions is calculated from the pKa value of 12.32 for HPO 2 –

4 . 506 Fig. 8.3 shows the
corresponding osmotic coe�cients obtained from the simulations. Excellent agreement
is observed by comparison of the simulation and experimental data. Moreover, the
concentration dependent trend is reproduced as well.

To summarize this section, we �nd that the ECC force �eld provides a signi�cant
improvement over the full charge force �eld for K3PO4 and K2HPO4. For K3PO4
(Fig. 8.3), the osmotic coe�cient is reproduced quantitatively. ¿e ECC model also
reproduces the experimental observation that osmotic coe�cients for K2HPO4 are
higher than for K3PO4 , but overestimates the ion–water interactions for K2HPO4 .
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Fig. 8.3 Osmotic coefficients ϕ of aqueous K3PO4 solutions as a function of K3PO4 concentration
calculated as an average of two consecutive simulations. To account for K3PO4 hydrolysis, PO

3 –
4 ,

HPO 2 –
4 , and OH – ions are included (see Table 8.1). Error bars are calculated from five blocks and

sample standard deviation for each simulation.

8.3.2 Linking electrolyte structure and thermodynamics

¿e KB theory 191 relates solution structure to thermodynamics. Applied to the osmotic
coe�cient, the KB theory provides the exact relation (see Appendix B (Section 8.5.2))

( ∂[ρs(ϕ − 1)]
∂ρs

)
P ,T
= −(∆Nss − ∆Nws)
1 + (∆Nss − ∆Nws)

, (8.2)

where ρs is the molar total ion concentration and ∆Nss = ρsGss and ∆Nws = ρsGws are
the salt–salt and salt–water excess coordination numbers, respectively, with Gss and
Gws the salt–salt and salt–water Kirkwood–Bu� integrals, de�ned as

Gαβ = 4π
ˆ
∞

0
[gαβ(r) − 1]r2 dr, (8.3)

where gαβ(r) is the radial distribution function (RDF) for the αβ pair. Cations and
anions are treated as indistinguishable species. Figure 8.4 shows the running integral
values of ∆Nss −∆Nws which in the limit r →∞ correspond to the excess coordinations
numbers in Eq. (8.2). ¿is quantity is positive for the three salt concentrations shown
in Fig. 8.4 indicating that e�ective ion–ion attractions overcompensate ionic hydration.
¿e limiting values of ∆Nss−∆Nws are signi�cantly smaller for K2HPO4 than for K3PO4 ,
in agreement with the fact that the slope of the ECC data for K2HPO4 in Fig. 8.2b is
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Fig. 8.4 Difference in excess coordination numbers for ”salt–salt” and ”salt–water” in (a) K3PO4 and
(b) K2HPO4 for 0.1 m, 0.3 m, and 0.7 m from ECC force field simulations.

smaller than the slope of the ECC data for K3PO4 in Fig. 8.2a. As a consistency check,
we evaluated the derivative ∂[ρs(ϕ − 1)]/∂ρs on the le -hand side of Eq. (8.2) using
the ECC osmotic coe�cient values in Fig. 8.2 and compared that with the right-hand
side of Eq. (8.2) calculated with the data in Fig. 8.4. At 0.3m K3PO4, the derivative is
∂[ρs(ϕ − 1)]/∂ρs ≈ −0.56 (Fig. 8.2a). For 0.3m K3PO4 , ∆Nss − ∆Nws ≈ 1.12 (Fig. 8.4a),
and therefore, the right-hand side of Eq. (8.2) is about −0.53, in agreement with the
data in Fig. 8.2a.

Changes in solution osmotic properties with salt concentration can be related to excess
ion pairing con�gurations, including contact ion pairs (CIPs), solvent-separated ion
pairs (SIPs), and double solvent-separated ion pairs (2SIPs) (see Fig. 8.5). 78,507 To this
end, we assume that ∆Nss is dominated by pairing between oppositely charged ions,
i.e., ∆Nss ≈ ∆N+− with ∆N+− = ∆NCIP + ∆NSIP + ∆N2SIP + C. ¿e excess numbers
of CIPs, SIPs, and 2SIPs are obtained by integrating the cation–anion RDFs in the
corresponding regions shown in Figs. 8.5b and 8.5c. ¿e additive constant C accounts
for the contribution to ∆N+− from distances larger than the 2SIP distance. Figure 8.6
shows the excess numbers of CIPs, SIPs, and 2SIPs for K3PO4 and for K2HPO4. With
increasing salt concentration, the excess number of ion pairs increases. Signi�cantly,
CIPs contribute most to ∆N+− for K3PO4. For K2HPO4, ∆N+− is instead dominated
by SIPs. Contact ion pair formation in aqueous K3PO4 solution therefore explains the
decrease of the osmotic coe�cient with salt concentration in Fig. 8.2. A dominant
contribution of SIPs in ion pairing thermodynamics, observed here for K2HPO4, has
also been observed in a previous study of monovalent K(CH3)2PO4 and KCH3COO
salts in water. 507 Currently no explanation for the di�erent trends of 2SIP for the two

173



Chapter 8 Electronic continuum correction for phosphate force �eld

CIP

SIP

2SIP

(a)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0

4

8

12

16

CIP SIP 2SIP

ECC

Radius r [nm]

R
ad

ia
ld

is
tr
ib
ut
io
n
fu
nc

tio
n
g(r)

(b) K3PO4

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0

2

3

5

6

CIP SIP 2SIP

ECC

Radius r [nm]

R
ad

ia
ld

is
tr
ib
ut
io
n
fu
nc

tio
n
g(r)

(c) K2HPO4

Fig. 8.5 (a) Illustrations of the different types of ion pairs: contact ion pair (CIP), solvent-separated
ion pair (SIP), and double solvent-separated ion pair (2SIP). The radial distribution function g(r)
between phosphorus in phosphate and potassium for (b) 0.7 m K3PO4 and (c) 0.7 m K2HPO4 . The
vertical dotted lines in (b) and (c) separate the different ion pair types.

systems can be given. However, the discussion of the behavior of 2SIP is beyond the
scope of this work.

8.3.3 Electrolyte structure: Comparison of the ECC and full charge force
�elds

¿e di�erence between the full charge force �eld and the ECC force �eld regarding ion
clustering can be seen in the representative simulation snapshots in Fig. 8.7. Due to
overestimated ion-pair formation, ion clusters are formed with the full charge force
�eld. ¿e ions precipitate even far below the solubility limit of K3PO4 (2.4M) 508 and
K2HPO4 (8.6M), 508 respectively. ¿is is observed for both K3PO4 and K2HPO4 in the
top panel in Fig. 8.7. However, using the ECC force �eld results in a homogeneous
solution below the solubility limit (see the bottom panel in Fig. 8.7). ¿is signi�cant
reduction in ion clustering clearly demonstrates that the ECC approach improves the
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Fig. 8.6 Excess coordination numbers of the different ion pairs (CIP, SIP, and 2SIP) for (a) K3PO4 and
(b) K2HPO4 from ECC force field simulations. Error bars are calculated from ten blocks and sample
standard deviation.

multivalent phosphate force �eld. Previous studies demonstrated the same e�ects
for other salts with monovalent ions such as KNO3, 253,254 LiNO3, 254 and NaNO3

254

and for divalent ions such as K2CO3, 253 Na2SO4, 255 Gdm2CO3, 256 Li2SO4, 257 and
CaCl2 . 259

¿e potassium–phosphate RDFs obtained with the full charge force �eld and the ECC
force �eld are shown in Fig. 8.8. ¿e di�erent RDFs for 0.7m and 0.1m solutions
show the same trends but di�er in the absolute peak heights. ¿e reduction of ion
pairing due to scaling the ionic charges corresponds to a signi�cant decrease of the
cation–anion RDF in the entire distance range. Similar obervations are made in the
anion–anion and cation–cation RDFs (not shown). Figure 8.9 shows the phosphate–
water RDFs. For K3PO4, the P–OW distance of 0.36 nm obtained with the ECC force
�eld is in good agreement with 0.37 nm from a neutron di�raction study. 509 Likewise,
the O–HW distance of 0.16 nm predicted by the ECC force �eld (not shown) is in good
agreement with 0.18 nm from neutron scattering. 509 ¿e local minimum between the
�rst and second hydration shell is lower for K3PO4 than for K2HPO4 (see Fig. 8.9a
and b). ¿is corresponds to a larger desolvation barrier for K3PO4. K3PO4 therefore
interacts stronger with water than K2HPO4 , which ensues from the higher ion charge
density.

¿e ECC force �eld provides a hydration number of the �rst hydration shell of about 12
to 13 for PO 3 –

4 , which is consistent with the experimental value of 12, 510 15±3, 509,511 and
16 512 for K3PO4. ¿e hydration number of about 11 for K2HPO4 is slightly lower than
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Fig. 8.7 Representative snapshot of 0.7 m K3PO4 (left) and 0.7 m K2HPO4 (right) with full charge
force field (top) and ECC force field (bottom). Potassium–blue, oxygen–red, phosphor–orange, and
hydrogen–gray.

for K3PO4. ¿is opposes previous MD simulations 512 and experiments, 509 showing a
larger hydration number for K2HPO4. ¿e �rst hydration number for K+ is about 7
which is comparable to the experimentally obtained hydration number of K+ in the
range 4.8–6.1 for various potassium salts. 96,97

8.3.4 Ion pairing

K+ is a weakly hydrated cation, 162,165 while PO 3 –
4 is a strongly hydrated multivalent

anion. All multivalent ions are strongly hydrated. 513 According to the ”law of matching
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Fig. 8.8 The radial distribution function g(r) between phosphorus in phosphate and potassium for (a)
0.7 m K3PO4 , (b) 0.7 m K2HPO4 , (c) 0.1 m K3PO4 , and (d) 0.1 m K2HPO4 .

water a�nity” (LMWA), 165 cation–anion pairing occurs between ions with equal hydra-
tion free energies. For simple spherical ions, this implies that small pairs with small,
or large pairs with large, while small–large ion combinations remain solvent separated.
¿is qualitative rule has been con�rmed by Fennel et al. 167 based on extensive MD
simulations of alkali halide ion pairing in water. ¿e LMWA tells us that K+ does not
form CIPs with PO 3 –

4 and HPO 2 –
4 . Clearly, the LMWA provides a qualitative picture

and it is therefore interesting to ask if this law also provides a qualitatively correct
picture of ion pairing in systems with multivalent molecular anions such as PO 3 –

4 and
HPO 2 –

4 .
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Fig. 8.9 The radial distribution function g(r) between phosphorus in phosphate and oxygen water
for (a) 0.7 m K3PO4 and (b) 0.7 m K2HPO4 . The vertical dotted lines separate the different hydration
shells for the ECC radial distributions functions.

Figure 8.10 shows the cation–anion coordination numbers obtained using the ECC
force �eld. For K2HPO4 , NCIP < NSIP < N2SIP , as expected based on the fact that more
ions can surround a central ion in a spherical shell with larger radius. For K3PO4 , this
trend is not observed. By contrast, the number of CIPs is relatively large compared
to SIPs and 2SIPs, indicating that contact ion pairs are ubiquitous in aqueous K3PO4
solutions.

¿e data in Fig. 8.10 are obtained by integrating over RDF peaks and are therefore based
on counting pairs without unique assignment of a cation to only one anion and not to
another, i.e., for a given cation at CIP distance to one anion and simultaneously at SIP dis-
tance to another anion, both the CIP and SIP con�gurations will be counted. ¿e relative
proportions of the di�erent types of ion pairs can alternatively be obtained by �rst assign-
ing counterions to the closest phosphate ion and subsequently analyzing the fractions of
CIPs, SIPs, and 2SIPs from the assigned ion pairs. ¿e corresponding number fractions
are shown in Fig. 8.11. ¿ese data clearly shows that CIP formation is the dominantmode
of ion pairing in K3PO4 solution. For K2HPO4, on the other hand, the formation of
SIPs dominates. However, considering the overestimation of ion–water interactions for
K2HPO4 (see Fig. 8.2b), the exact fraction of CIP and SIP can be di�erent. Additionally,
both examined salts follow the same salt concentration dependency. With increasing
salt concentration, the CIP and SIP fractions increase, while the 2SIP fraction decreases.
¿is is a concentration e�ect due to that only the closest counterion is taken into account.
¿e average distance between ions is decreasing when the concentration is increasing.
¿e probability of �nding 2SIP ion pairs is therefore lower at higher concentrations.
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Fig. 8.10 Coordination numbers of the different ion pairs (CIP, SIP, and 2SIP) for (a) K3PO4 and (b)
K2HPO4 from ECC force field simulations. Error bars are calculated from ten blocks and sample
standard deviation.

¿e above observations clearly deviate from the prediction based on Collins’ law of
matching water a�nities. 165 Formolecular ions, the application of this law is not straight-
forward and the surface charge density distributions of the ions need to be considered. 514
PO 3 –

4 has a larger surface charge density than of HPO 2 –
4 , 514 and therefore, the mis-

match in the hydration free energies of these ions compared with K+ is larger for PO 3 –
4

than for HPO 2 –
4 . Despite this, K+ forms CIPs with PO 3 –

4 even at 0.1m salt concentra-
tion, in disagreement with the LMWA prediction. ¿is is, to the authors’ knowledge,
the �rst time it has been shown for multivalent anions. However, it has already been
demonstrated for divalent cations. 115

8.3.5 Ion pair structure and water density distribution around PO 3 –
4 and

HPO 2 –
4

Fig. 8.12 shows the spatial density distribution of potassium around phosphate. It
is generated using Ovito. 425 ¿e le panel depicts K3PO4 and the right panel shows
K2HPO4. One concentration, 0.7m, for each salt is shown. All other concentrations
follow the same trend. For the CIP of K3PO4 (top panel), the density along the four
axes through the P–O bonds is smaller than the density in the regimes not on the
axes. ¿is indicates that potassium interacts with three oxygen atoms simultaneously.
¿erefore, potassium can be classi�ed as of tridentate coordination type when paired
with PO 3 –

4 . ¿is is in agreement with an earlier study showing that potassium co-
ordinates symmetrically between three phosphate oxygen atoms. 512 Remarkably, for
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Fig. 8.11 Number fraction of different ion pairs (CIP, SIP, and 2SIP) for (a) K3PO4 and (b) K2HPO4
from ECC force field simulations when only the closest counterion to K+ is taken into account. Error
bars are calculated from ten blocks and sample standard deviation.

K2HPO4, the density distribution of K+ is di�erent than for K3PO4 . ¿e K+ density is
low at the phosphate oxygens, similar to K3PO4. However, the density of K+ is rather
high at the oxygen bonded to the hydrogen and low at the opposite side. A decreased
potassium density around the phosphate in a certain region in the CIP is followed by an
increased density in the SIP (middle panel). Likewise, an increased density in a speci�c
region in CIP is followed by a decreased density in the same region in SIP. ¿e density
distribution of potassium around PO 3 –

4 and HPO 2 –
4 becomes more uniform with

increasing distance from the phosphate ion. At a distance where 2SIPs (bottom panel)
are formed, potassium forms a uniform spherical shell around the anion. ¿e e�ect of
the anion–cation interactions vanishes with increasing distance from the phosphate
molecule. ¿e phosphate ion perturbation on the cation vanishes a er 2SIP (bottom
panel).

Figure 8.13 shows the density distribution of water around PO 3 –
4 and HPO 2 –

4 . ¿ese
densities are based on water oxygen atom locations. ¿e water density along the four
axes through the P–O bonds is lower in the �rst hydration shell compared to the bulk
(top panel). Instead, the water density is higher in the vicinity of the axes. ¿e water
molecules �t between the tetrahedral coordination sites in the nonspherical phosphate
molecules. However, in the second hydration shell, the density is the highest along the
four axes through the P–O bonds. Each phosphate oxygen coordinates to in average
three water molecules. 509,515 Pribil et al. 515 distinguish between strongly coordinated
water molecules in a linear arrangement from water molecules located interstitially
in the �rst hydration shell. In the present work, it is shown that the probability of
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Fig. 8.12 Illustrations of three dimensional density distributions of K+ for 0.7 m K3PO4 (left) and
0.7 m K2HPO4 (right) from ECC force field simulations. Three regions are displayed: CIP (top), sliced
through SIP (middle), and slice through 2SIP (bottom). Numbers indicate density of K+ in factors of
bulk density.

the interstitially water molecules is higher in the �rst hydration shell. In the second
hydration shell, the probability is higher for a water molecule to be linearly arranged.
¿e results agree with earlier simulations, 512 where it was found that an angle of about
90° has the highest probability at small phosphorus water hydrogen distances and a
near-linear angle occurs typically for larger distances. Additionally, the water density
around the phosphate oxygen binding to the hydrogen in the K2HPO4 molecule is lower
compared to the three other phosphate oxygens in the �rst hydration shell. Similar to the
distribution of cations around phosphate, the distribution of water molecules becomes
more uniform with increasing distance from the anion. ¿e e�ect of the anion–water
interactions is only felt in the immediate neighborhood of the anion, as shown by the
water density in the second hydration shell already being close to the bulk density in
Fig. 8.13.
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Fig. 8.13 Illustrations of three dimensional density distributions of water molecules (water oxygen)
for 0.7 m K3PO4 (left) and 0.7 m K2HPO4 (right) from ECC force field simulations. Two regions are
displayed: first hydration shell W1 (top) and second hydration shell W2 (bottom). Numbers indicate
density of water oxygen in factors of bulk density.

8.4 Conclusions

In this study, the application of the ECC model in molecular simulations of multivalent
aqueous electrolytes, K3PO4 and K2HPO4, is reported. ECC e�ectively accounts for
polarization e�ects through rescaling of the ionic charges with the inverse square-root
of the water high-frequency dielectric permittivity. Previously reported work has shown
that ECC models reduce arti�cial ion pairing and aggregation observed in nonpolariz-
able force �eld simulations of monovalent and divalent salts and, furthermore, provide
structural agreement with neutron scattering data. Herein, we have addressed the
question whether ECC models for multivalent salts provide an accurate description of
e�ective (solvent-mediated) ion–ion interactions, which determine the salt activity and
osmotic coe�cients. We �nd that osmotic coe�cients obtained with ECC models are
in very good agreement with experiments. ¿at is, ECC renders applicable not only to
mono- and divalent ions but also to trivalent ions for which electronic polarizability
e�ects are signi�cantly more prominent. Importantly, these results have been obtained
without performing parameterization of ion model parameters, thus indicating that
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Table 8.2
Force field parameters for both the full charge force field and the ECC force field (rescaled charges) for
K3PO4 . The subscript ”W” stands for water and ”OH” for hydroxide ion. See Fig. 8.14 for labeling of
the phosphate atoms.

Full charge Rescaled charge σ [nm] ε [kJ/mol]
K 1.00 0.75 0.3340 0.1300
P1 1.52 1.14 0.374 177 0.8368
O1 −1.13 −0.8475 0.295 992 0.878 64
HW 0.4238 0.4238 0.0 0.0
OW −0.8476 −0.8476 0.316 557 0.650 629
HOH 0.4238 0.317 85 0.0 0.0
OOH −1.4238 −1.067 85 0.316 557 0.650 629

ECC-based scaling of ionic charges e�ectively captures the e�ects of polarization in
thermodynamic solution properties. ¿is furthermore implies that time-consuming
procedures to parameterize ion force �elds against thermodynamic data may be avoided.
Further work, is however, needed to test the generality of the ECC approach for other
systems.

¿e ECC models studied in this work have been used to examine ion pairing in K3PO4
and K2HPO4 aqueous solutions. It is found that K+ forms CIPs with PO 3 –

4 as well as
with HPO 2 –

4 in disagreement with Collins’ ”law of matching water a�nities” which
predicts that weakly hydrated K+ ions and strongly hydrated di- and trivalent phosphate
ions remain solvent separated. K+ forms CIPs with PO 3 –

4 and HPO 2 –
4 in a tridentate

coordination type.
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8.5 Appendices

8.5.1 Appendix A: Potassium phosphate force �eld

In the following, not only modi�ed but all parameters for the force �elds based on
AMBER 225 (phosphate) and Kirkwood–Bu� 242 (potassium) are given for the sake of
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Table 8.3
Force field parameters for both the full charge force field and the ECC force field (rescaled charges) for
K2HPO4 . The subscript ”W” stands for water and ”OH” for hydroxide ion. See Fig. 8.14 for labeling of
the phosphate atoms.

Full charge Rescaled charge σ [nm] ε [kJ/mol]
K 1.00 0.75 0.3340 0.1300
P2 1.44 1.08 0.374 177 0.8368
O2 −0.99 −0.7425 0.295 992 0.878 64
OH −0.84 −0.63 0.306 647 0.880 314
H 0.37 0.2775 0.0 0.0
HW 0.4238 0.4238 0.0 0.0
OW −0.8476 −0.8476 0.316 557 0.650 629
HOH 0.4238 0.317 85 0.0 0.0
OOH −1.4238 −1.067 85 0.316 557 0.650 629

O1

O1
O1

O1

P1

(a) K3PO4

OH

O2
O2

O2

P2
H

(b) K2HPO4

Fig. 8.14 Chemical structure of (a) K3PO4 and (b) K2HPO4 including labeling of atoms.

completeness. Please note the di�erent labelling of the atoms compared to original
papers. ¿e short-range excluded volume interactions between ions are modeled with a
12–6 LJ potential of the form

V(r) = 4ε i j [(
σi j
r
)
12
− (

σi j
r
)
6
] , (8.4)

where σi j is the interaction length and ε i j the depth of the potential well for atom type
i and j. ¿e nonbonded parameters for K3PO4 and K2HPO4 used in this study are
summarized in Table 8.2 for K3PO4 and in Table 8.3 for K2HPO4 . Please refer to Fig. 8.14
for the labeling of the atoms. Table 8.2 and Table 8.3 also include the parameters for the
SPC/E 418 potential of water and parameters for the hydroxide ion. ¿e hydroxide ion
is generated from the SPC/E water model. One hydrogen is removed and the excess
negative charge is added to the oxygen atom. 501–503 ¿e LJ parameters are the same as
in the SPC/E water model.

¿e Lorentz–Berthelot mixing rule, σi j = (σi + σ j) /2 and ε i j =
√ε i ε j , is used for

all ion–ion and ion–water interactions. ¿e geometric mixing rule, σi j =
√σiσ j and

ε i j =
√ε i ε j , is used and, for K+–OW interactions, ε is further scaled with a factor of 0.8,
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Table 8.4
Bonded force field parameters for K3PO4 and K2HPO4 . See Fig. 8.14 for labeling of the atoms.

Bonds
i j k i jr [kJ/mol nm2] r0i j [nm]
O1 P1 439 320.0 0.148
O2 P2 439 320.0 0.148
OH P2 192 464.0 0.161
OH H 46 250.4 0.096

Angles
i j k k i jkθ [kJ/mol] θ0i jk [deg]
O1 P1 O1 1171.52 119.9
O2 P2 O2 1171.52 119.9
O2 P2 OH 376.56 108.23
P2 OH H 376.56 108.5

Dihedrals
i j k l k i jk lϕ [kJ/mol] ϕ i jk l0 n

P1 O1 O1 O1 1.046 0 3
P2 O2 O2 O2 1.046 0 3
H OH P2 O2 1.046 0 3

following the method of the work by Gee et al. 242 ¿is results in σK+,OW = 0.3252 nm
and εK+ ,OW = 0.2327 kJ/mol for the interaction between K

+ and oxygen water OW in
the full charge force �eld. ¿is scaling causes an e�ectively weaker K+–OW LJ repulsion
leading to a stronger K+–OW electrostatic interaction. In the ECC model, εK+,OW is not
scaled with the above factor of 0.8.

Bonded force �eld parameters for the phosphate ions are summarized in Table 8.4.
Atoms are labelled according to Fig. 8.14. ¿e model potential used is de�ned by

Ubonded = ∑
bonds

k i jr
2
(r i j − r0i j)2 + ∑

angles

k i jkθ
2
(θ i jk − θ0i jk)2

+ ∑
dihedrals

k i jk lϕ [1 + cos(nϕ
i jk l − ϕ i jk l0 )].

(8.5)

¿e �rst part of Eq. (8.5) describes the bond stretching between atom i and j. k i jr is
a force constant. ¿e equilibrium distance is described by r0i j . ¿e angular bending
between three adjunct atoms i, j, and k is represented by a harmonic potential with force
constant kθ and equilibrium angle θ0i jk . ¿e third part describes the cosine potential
used for dihedrals between four joint atoms i, j, k, and l . k i jk lϕ , ϕ0i jk l , and n represent
the force constant, phase angle, and multiplicity, respectively.
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8.5.2 Appendix B: Kirkwood–Bu� relation for the total solute
concentration dependence of ϕ

We consider a two-component system (solute–water) with total molar solute concentra-
tion ρs and molar water concentration ρw . ¿e osmotic coe�cient ϕ is a measure of the
water activity aw of the solution according to

ϕ = − ρw
ρs

ln aw (8.6)

We use the Gibbs–Duhem relation

ρsd ln as + ρwd ln aw = 0, (8.7)

to relate ϕ to the solute activity as ,

d ln as = dϕ. (8.8)

To examine the solute concentration dependence of ϕ, we write Eq. (8.8) as

( ∂ ln as
∂ ln ρs

)
P ,T
= ( ∂ϕ

∂ ln ρs
)
P ,T

. (8.9)

Equation (8.9) can be related to KB integrals and excess coordination numbers of
solution components using 192

( ∂ ln as
∂ ln ρs

)
P ,T
= 1
1 + ρs(Gss −Gsw)

= 1
1 + ∆Nss − ∆Nws

. (8.10)

¿e osmotic coe�cient ϕ and osmotic pressure Π of the solution are related according
to

ϕ = Π
Πid
= 1 + ∆Π

ρsRT
, (8.11)

where Πid ≡ ρsRT is the solute translational entropy contribution to Π and ∆Π the
contribution of solute–solute interactions. With

∆Π = (ϕ − 1)ρsRT , (8.12)

we see that the derivative (∂[ρs(ϕ − 1)]/∂ρs)P ,T (cf. le -hand side of Eq. (8.2)) describes
the contribution of solute–solute interactions in the solute concentration dependence
of the osmotic pressure (water activity). Using Eqs. (8.9) and (8.10), this derivative can
be written as

( ∂[ρs(ϕ − 1)]
∂ρs

)
P ,T
= −(∆Nss − ∆Nws)
1 + (∆Nss − ∆Nws)

. (8.13)
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Chapter 9

Conclusions and perspectives

¿is work contributes to the understanding of ion-speci�c e�ects, Hofmeister e�ects
and the Hofmeister series. In particular, analyses of simulations and experiments
have explored the role of cations and mixed electrolyte solutions. ¿e work challenges
the established simpli�ed concept of separate anionic and cationic series. It employs
PNIPAM as an example, a commonly used polymer for investigations of Hofmeister
e�ects because of its coil-to-globule transition at its LCST. As in other studies of the
last two decades, ion-speci�c e�ects were investigated through ion interactions with
the polymer and its hydration shell. However, this work has widened the view by
following recent ideas of mutual e�ects of all ions in the solution. It has identi�ed the
ion–counterion interactions to play key roles, both in the hydration shell of the polymer
and in bulk solutions. ¿e �ndings of this work go beyond pure electrolyte solutions and
polymer solubilities. ¿ey are important for phenomena such as self-assembly, protein
stability, micelle formation and other hydrophobic e�ects. ¿is work may provide
inspiration for the e�ects of osmolytes on polymer solubility, 380,395,396,516,517 solvation of
amino acids, 483 on protein stability, 484 on hydrophobic association, 518 and the e�ect of
alcohol, 472,473 and other cosolvents 468 on polymer solubility.

9.1 Summary

Contributions to the electrolyte solution and polymer solvation communities are shown
in orange in Fig. 1.5 on Page 24. Together with a summary of the published studies
(Chapters 4 to 8), these �ndings are summarized below.

Cationic e�ects on the phase transition temperature. Cationic e�ects have been in-
vestigated in combination with both a weakly hydrated anion (Chapter 4) and a strongly
hydrated anion (Chapter 5), aiming to understand the e�ect of cations on the phase
transition temperature of uncharged thermoresponsive polymers such as PNIPAM and,
thereby, extending the scope of the Hofmeister series. More speci�cally, the role of
cation–anion combinations was addressed.
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Weakly hydrated anions (e.g., I– ) are known to give rise to a nonlinear phase transition
temperature of PNIPAMwith respect to salt concentration caused by a balance between
polymer–ion interactions and an entropic solvent-excluded volume e�ect. ¿at is, a
slight salting-in (increase of LCST) behavior at low salt concentrations is followed by
salting-out (decrease of LCST) at higher concentrations. ¿is will be referred to as
concave curvature in the following³ and is depicted in Fig. 9.1 (orange data). Also,
di�erent weakly hydrated anions are known to give rise to di�erent concave curvatures
owing to their di�erent degree of polymer a�nity. ¿is work shows that a weakly
hydrated anion paired with di�erent monovalent metal cations also yields di�erent
concave curvatures (Chapter 4). In contrast to anions where the solubility of PNIPAM in
di�erent salt solutions follows the expected behavior froma charge density and hydration
free energy perspective of ions, an unexpected salting-out trend, Cs+ > Na+ > Li+, is
observed at higher salt concentrations. MD simulations with variations of system setups
allowed for investigating the role of the cation through, for instance, preferential binding
calculations. Using a ”nonpolar” PNIPAM chain, i.e., a chain without atomic charges, it
became evident that ion a�nities at the polymer surface originate from electrostatic
interactions between the polymer and ions. By modifying the amount of cation–anion
pairs (one of many advantages of using computer simulations), an inverse correlation
between ion pairing in the bulk and the polymer–ion a�nities was found. ¿is explains
the di�erent concave curvatures of the LCST as a function of salt concentration. ¿at is,
Cs+ as a weakly hydrated cation interacts stronger with I– ions forming more CIPs in
the bulk solution compared to the strongly hydrated Li+ , leading to a stronger depletion
from the polymer surface. A stronger depletion originates from the ion-pairing-induced
neutralization of some pairs and, thereby, a loss in iodide’s possibility to electrostatically
interact with the amide NH group on the polymer. Instead, a mutual e�ect is observed
for LiI since not only I– ions, but also Li+ ions show an a�nity for the polymer surface
due to absence of ion-pairs in the bulk solutions.

Strongly hydrated anions (e.g., Cl– ) are known to give rise to a linear salting-out behavior
(decrease of the LCST of e.g., PNIPAM) with increasing salt concentration caused by
an entropic solvent-excluded volume e�ect. ¿is work shows that cations induce a
slight concentration-dependent salting-in contribution of PNIPAM (Chapter 5). ¿at
is, as the concentration increases, the initially linear salting-out behavior is masked
by an increasing salting-in contribution, which yields a nonlinear LCST. ¿is will be
referred to as a convex curvature in the following4 and is depicted in Fig. 9.1 (blue
data). ¿e deviation from a linear salting-out trend is large for strongly hydrated
cations (e.g., Ca2+ and Li+) and small (almost negligible) for weakly hydrated cations

³ A function is called concave (concave downwards or synonymously convex upwards) if the line
segment between any two points on the graph of the function lies below or on the graph.

4 A function is called convex (convex downwards or synonymously concave upwards) if the line segment
between any two points on the graph of the function lies above or on the graph.
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Fig. 9.1 Lower critical solution temperature Tc of PNIPAM in CsI (Chapter 4) and MgCl2 (Chapter 5)
solutions as a function of salt concentration cs . The two systems demonstrate the concave (orange
data) and convex (blue data) behavior.

(e.g., Na+ and Cs+). A linear air–water surface tension contribution with increasing salt
concentration, which is typically correlated with the linear salting-out behavior for NaCl
salt solutions, cannot solely explain the polymer collapse in salts containing strongly
hydrated cations. ¿is demonstrates that a polymer–water interface deviates from an
air–water interface, which is frequently used as macroscopic proxy. For instance, it was
investigated how ions and ion pairs spatially relate to the polymer compared to water
molecules by means of MD simulations. In contrast to an air–water interface, where
strongly hydrated cations are depleted due to large ion–water favorable interaction
energy, strongly hydrated cations partition to the polymer surface. ¿is is possible
because these ions i) show enthalpically slightly favorable interactions with the amide
oxygen, and ii) form SIPs with the otherwise depleted chloride ions. More precisely,
the formation of SIPs leads to neutral or charge reduced assemblies and enables the
local accumulation of cations near the amide oxygen without charge separation. Ion
pairing is concentration-dependent and an increasing salt concentration increases the
mitigation of the dominant salting-out e�ect, causing the convex LCST behavior of
PNIPAM. At higher salt concentrations, the polymer–ion a�nity and SIP formation
(i.e., salting-in contribution) almost outweigh the surface tension contribution (i.e.,
salting-out contribution). In contrast to strongly hydrated cations, the mitigation of the
the salting-out e�ect is considerably smaller for weakly hydrated cations due to smaller
amide oxygen–cation a�nity and less cation–anion SIP formation propensity.

¿e two studies and the corresponding identi�ed molecular mechanisms answer ques-
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tion 1 in Chapter 1 regarding the role of cations on the phase transition temperature
for uncharged polymers. Interestingly, they demonstrate that cation e�ects for iodide
salts give rise to di�erent net concave curvatures for the phase transition behavior as
a function of salt concentration, while for chloride salts they give rise to di�erent net
convex curvatures (Fig. 9.1). ¿is mainly originates from the di�erent ion a�nities
for the polymer–water interface. Iodide ion binding to polymers is orders of magni-
tude larger than chloride ion binding. 73,150 However, the surface tension contribution
of the two ions remains similar. 442 For iodide salts, polymer–iodide interactions (de-
scribed by a Langmuir binding isotherm) dominate at low salt concentration causing
the salting-in behavior. First at higher salt concentrations, the solvent-excluded volume
e�ect overcompensates and generates the concave curvature. For chloride salts, the
solvent-excluded volume e�ect dominates owing to a lack of polymer–chloride inter-
actions and an overall salting-out behavior is observed. At higher salt concentrations,
ion pairing at the polymer surface together with the very weak cation binding (i.e.,
the binding is still on the linear portion of a Langmuir isotherm) generate the o�set
of the salting-out behavior and, hence, the convex curvature. However, the capability
of a cation to turn a salting-out into a salting-in behavior or vice versa has not been
observed, yet. Additionally, ion pairing contributes to either salting-out (depletion of
ions from polymer surfaces) or salting-in (accumulation of ions at polymer surfaces)
depending on the chemical context (i.e., anion and cation type). It should also be noted
that the types of ion pairs are di�erent (CIPs versus SIPs) depending on if the anion is
weakly or strongly hydrated. Iodide ions are weakly hydrated and a free energy favorable
partitioning to hydrophobic polymers occurs, even at low salt concentration. With
increasing salt concentration, the likelihood for ion pairing increases. ¿is leads to a
competition between polymer–iodide interactions and iodide–cation interactions in the
bulk. Ion pairing in the bulk dominates for cations that i) do not interact favorably with
the polymer surface, and ii) easily form CIPs with the anion in the bulk solution. ¿is
occurs despite the fact that charge neutralization would otherwise support accumulation
of ions at the polymer surface. Chloride ions are strongly hydrated and unfavorably
partition to hydrophobic polymers. Charge neutralization (or reduction for divalent
cations) via SIP formation between strongly hydrated cations and chloride ions aids to
mitigate chloride ions’ unfavorable partitioning. In addition, divalent cations interact
weakly, but favorably with the polymer. ¿is comparison between the two individual
studies (metal iodide and metal chloride salt solutions) answers question 3 in Chapter 1,
of whether the type of the anion has implications on the cationic e�ects and vice versa.
Additionally, the type of the cation has a larger impact on the chloride salts than on
the iodide salts. ¿is can be seen in the larger di�erence in the LCSTs of PNIPAM in
the presence of the chloride salts. However, the anion plays an even larger role since
the LCST di�erences in dependence of the anion type are even more pronounced. ¿is
answers question 2 in Chapter 1 on how dominant the cation e�ects are.
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Ion-speci�c e�ects in mixed electrolytes solutions. Mixed salt e�ects have been in-
vestigated concerning polymer collapse (Chapters 6 and 7), aiming to understand the
e�ect of a second salt in an aqueous salt mixture on the phase transition temperature of
uncharged thermoresponsive polymers such as PNIPAM and, thereby, extending the
scope of the Hofmeister series to include mixed salts.

¿e presence of a �xed concentration of a strongly hydrated salt (i.e., Na2SO4) a�ects
the aforementioned well-known phase transition temperature behavior of PNIPAM in
weakly hydrated salt (i.e., NaI) solutions with salt concentration in a nonlinear manner
(Chapter 6). ¿ree regions can be identi�ed for this salt mixture: a salting-out behav-
ior at low concentrations (region I) followed by a salting-in behavior at intermediate
concentrations (region II), and a salting-out behavior at high concentrations (region
III). ¿e underlying mechanism for this complex behavior caused by the presence of a
second salt was explored by investigating ions’ a�nities for polymer surfaces, as well as
their a�nities for each other, and for water molecules in the bulk solutions. ¿is was
done on an atomistic level by means of MD simulations and it was found that a balance
between the polymer–iodide a�nity and ion hydration causes the nonlinear behavior.
In region I, the presence of Na2SO4 does not a�ect the favorable polymer–iodide inter-
actions. Instead, the remarkable collapse of the polymer originates from ion pairing
and ion hydration in the bulk solution, and especially from iodide’s �exible hydration
shell. ¿at is, some of the NaI introduced sodium ions preferentially partition to the
counterion cloud around SO 2 –

4 . ¿is leads to a lower excess counterion density around
I– and, hence, to amore hydrated I– driving the polymer collapse. In region II, SO 2 –

4 as
the strongly hydrated anion becomes saturated at further increased NaI concentration
and, instead, a�ects the solubility of NaI. ¿at is, SO 2 –

4 forces I– out of the solution
to the polymer–water interface (i.e., one salt salts out the other) leading to an iodide
adsorption and, thereby, polymer swelling. In region III, further NaI concentration
increase leads to ion depletion from the polymer chain and, hence, polymer collapse
originating from the ion hydration contribution (i.e. solvent-excluded volume e�ect)
that usually determines salting out behavior.

¿e above described nonlinear LCST behavior is unique for the combination of a �xed
concentration of a strongly hydrated salt with an increasing concentration of a weakly
hydrated salt. Exchanging Na2SO4 with NaCl yields a similar, yet weaker, nonlinear
behavior. I– becomes less hydrated originating from a weaker partitioning of added Na+
ions to Cl– caused by i) a less dense countercation cloud around the monovalent anion
Cl– and ii) a smaller chloride–sodium pairing a�nity. Hence, a weaker salting-out
behavior in region I is observed. Further, Cl– is less strongly hydrated than SO 2 –

4 and
cannot salt out iodide from the solution as e�ciently in region II. Exchanging NaI with
NaCl instead, yields a linear salting-out behavior with increasing salt concentration.
¿is originates from a less �exible hydration shell of Cl– compared to I– . A smaller,
almost negligible, partitioning of Na+ ions from Cl– to SO 2 –

4 due to sodium–chloride
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interactions that are stronger than sodium-iodide interactions is observed. In addition,
experiments measured phase transition temperatures of poly(N,N-dimethylacrylamide)
and polyethylene glycol in mixed electrolyte solutions and demonstrated a similar,
yet di�erent in magnitude, nonlinear behavior as shown for PNIPAM.¿ese studies
indicate that mixed electrolyte solutions a�ect di�erent types of uncharged hydrophobic
polymers in similar ways. ¿is answers question 9 in Chapter 1 on the generality of
mixed salt e�ects.

Additive or nonadditive cosolute e�ects in aqueous solutions. ¿is present study
(Chapters 4 to 7) challenged the concept of additivity of speci�c cation and anion
interactions. More speci�cally, it aimed at clarifyingwhether cation–anion combinations
are additive or nonadditive, and whether ion-e�ects in mixed salt solutions are additive
or nonadditive. Multiple examples, where additivity is not observed, i.e., where the
behavior of an anion changes depending on the countercation (Chapters 4 and 5), or
where the total e�ect of two salts is not the same as the sum of the two separate salts
(Chapters 6 and 7), have been discussed.

¿e change in the weakly hydrated anions’ a�nity for PNIPAM from higher to lower
when the countercation is changed from lithium to cesium is one example (Chapter 4).
¿is nonadditivity in�uences the polymer solubility and goes against a single ion model.
Ion-speci�c e�ects of chloride ions also depend on the cation it is paired with (Chap-
ter 5). Typically chloride behaves strongly hydrated, i.e., it is typically depleted from
polymer–water interfaces, when paired with Na+, for instance. When paired with
strongly hydrated cations (e.g., Ca2+ or Li+), it locally accumulates at the amide moiety
of the polymer, which a�ects polymer solubility in a nonadditive way. ¿ese two exam-
ples suggest that the assumption of additive ion e�ects must be questioned, above all
regarding their in�uence on polymer solubility. ¿e examples using iodide and chloride
paired with di�erent cations answer question 4 in Chapter 1 whether cation–anion
combinations are additive or nonadditive.

Ion e�ects observed in pure mixed salt solutions of NaI with a �xed concentration of
Na2SO4 are nonadditive due to iodide’s bifurcated behavior (Chapters 6 and 7). ¿e
other two examined mixed salt solutions (NaI with a �xed concentration of NaCl,
and NaCl with a �xed concentration of Na2SO4) demonstrate that the speci�c salt
combination is decisive for additive or nonadditive e�ects. I– has a weaker bifurcated
behavior when combined with NaCl than with Na2SO4, while Cl– does not show any
bifurcated behavior when combined with Na2SO4 . ¿is answers question 5 in Chapter 1
whether ion e�ects in aqueous mixed electrolyte solutions are additive or nonadditive.
Further, the nonadditive ion e�ects in mixed electrolyte solutions containing NaI and
Na2SO4 in�uences the phase transition temperature of PNIPAM in salt concentration
regions I and II in a nonadditive way (see above for a molecular description of the
mechanism). NaI mixed with a �xed concentration of NaCl also in�uences the phase
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transition of PNIPAM nonadditively, yet weaker. NaCl with a �xed concentration of
Na2SO4 , instead, results in additive e�ects. ¿is answers question 7 in Chapter 1 whether
ion e�ects in mixed electrolyte solutions lead to additivity or nonadditivity of polymer
solubility.

Given ”bulk solution” phenomena (i.e., ion pairing and ion hydration in bulk solu-
tions caused by �exible hydration shells of ions) drive the complex nonadditive LCST
behavior of PNIPAM in mixed salt solutions, a crucial question arises whether other
mixtures (e.g., mixed osmolyte solutions) show similar e�ects. To investigate this, a�ni-
ties between solution components were correlated to solvent-excluded volume e�ects
through their KBIs (Chapter 7). A mixture of a strongly hydrated (i.e., TMAO) and a
weakly hydrated (i.e., urea) cosolute leads to nonadditive solvation phenomena, i.e., to
a counteraction of denaturant-induced protein unfolding. ¿e nonadditive cosolute
e�ects on protein stability in mixed cosolute environments have the same physical
origin as thermoresponsive polymers’ water solubility. ¿at is, solvent-excluded volume
e�ects driven by mutually increased water a�nities in bulk for both cosolutes drive
the shi of the equilibrium. ¿e hydration of the cosolutes is a�ected most when one
cosolute classi�ed as strongly hydrated (i.e., Na2SO4 or TMAO) is combined with one
classi�ed as weakly hydrated (i.e., NaI or urea). ¿is suggests that mixed electrolyte
solutions and mixed osmolyte solutions share a common feature regarding polymer
solubility and protein stability, which was asked in question 8 in Chapter 1.

Force �elds for electrolyte solutions. ¿e present work re-optimized nonpolarizable
ionic force �elds applying ionic charge rescaling through ECC (Chapter 8) and by
adjusting the nonbonded cation–anion interactions (Chapters 4 and 6), aiming to
provide force �elds accurately describing short-range ion–ion interactions. ¿e osmotic
coe�cient, which relates to these interactions through the pair correlation function and
e�ective pair force, was used for validation. ¿e two approaches applied on di�erent
salt solutions answer question 13 in Chapter 1 how polarizable e�ects can be accounted
for in nonpolarizable force �elds.

ECC was applied to aqueous solutions containing K3PO4 , K2HPO4 or both salts (Chap-
ter 8). ¿e ionic charge reduction with a factor of 0.75 lead to a decrease of ion pairing,
decisive for a correct osmotic coe�cient. Moreover, this study extended the application
of ECC to trivalent ions.

Nonbonded LJ size parameters between cations and anions were scaled for LiI solutions
(Chapter 4) as well as for Na2SO4 solutions (Chapter 6). A small reduction of the cation–
anion interactions was necessary for the speci�c choice of force �elds for lithium and
iodide ions owing to slightly too weak nonbonded interactions. Osmotic coe�cients
agreeing with experimentally observed values were obtained with a scaling factor of
0.93. For Na2SO4, a scaling factor of 1.7 was used between Na+ ions and both the
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sulfur and the oxygen atoms of the sulfate ion to achieve an osmotic coe�cient in
agreement with the experimentally measured one. ¿is comparatively large scaling was
necessary to avoid unnatural ion pairing and ion clustering. A scaling of the cation–
anion dispersion interaction strength (i.e., the other nonbonded force �eld parameter)
within a reasonable range was �rst examined for both salt solutions but showed no
considerable improvement of the osmotic coe�cient.

9.2 Outlook

Although the present work sheds light on certain unexplored e�ects and phenomena in
the Hofmeister series, many more complex interactions remain to be investigated.

Unanswered questions. For a complete understanding of the whole Hofmeister series
regarding the phase transition behavior of PNIPAM in metal iodide solutions, alkaline
metal ions and not only alkali metal ions, need to be investigated. Because these ions are
divalent, they could a�ect the underlying mechanisms for polymer collapse di�erently.
In addition, the polymer–ion interactions competing with ion pairing in the bulk
observed in these metal iodide solutions may be sensitive to the polymer type. More
polymers need to be examined, for a general interpretation of the role of cations and in
order to answer question 9 in Chapter 1 on the generality of cation e�ects. Regarding
the mechanism for the cationic Hofmeister series explained in Chapter 5, it is expected
to apply for other anions similar to chloride. ¿e underlying mechanism is completely
di�erent for weakly hydrated anions as explained in Chapter 4. Other anions that are
more strongly hydrated than chloride, and, hence, show an even steeper decrease of
the LCST with salt concentration, such as sulfate, may also show a slightly di�erent
behavior. Ion pairing, decisive for the underlying mechanism, is weaker for sulfate
anions than for chloride anions. However, the role of cations on the LCST of polymers
in salt solutions containing anions belonging to the very far le end of the anionic
Hofmeister series (e.g., SO 2 –

4 ) needs to be investigated. Further, the present study
of mixed electrolyte solutions on phase transition temperatures of PNIPAM does not
include all combinations of mixtures. So far, only three combinations of anions have
been investigated. Combinations, such as a �xed concentration of a center anion of the
anionic Hofmeister series (Fig. 1.1) with an anion found on the le , a �xed concentration
of an anion found on the right with a center or le anion, and combinations of anions
of the same category, remain to be explored. Additionally, the bifurcated behavior
caused by �exible hydration shells of iodide ions is expected to apply to other weakly
hydrated anions, too, but needs to be proven (especially for molecular ions). Moreover,
nonadditive e�ects observed in this work have not considered the role of the cation,
which remains to be investigated. First, nonadditive e�ects inmixed electrolyte solutions
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presumably depend on the speci�c identity of the countercation. Second, the observed
Hofmeister chemistry for mixed electrolyte solutions in this study may also be valid for
a weakly hydrated and a strongly hydrated mixed cation system.

Perspectives. Exploring the additional systems proposed above (see ”Unanswered
questions”) will contribute to the clari�cation of some of the remaining questions
illustrated in Fig. 1.5 on Page 24 (yellow boxes). Further questions that were raised
in Chapter 1 but are outside the scope of this work are also illustrated with yellow
boxes in Fig. 1.5. Nonadditive ion e�ects observed in this work explaining the polymer
solubility in mixed electrolyte solutions at low salt concentrations are expected to play
an important role for pure mixed electrolyte solutions in general. ¿e reason is that the
e�ects are caused bymutually enhanced cosolute hydration in bulk solutions, and, hence,
are independent of the presence of the polymer. To explore whether this assumption
holds, bulk solution measurements should be re-investigated with mixed electrolyte
solutions in order to explore the impact on thermodynamic properties (e.g., activity
coe�cients). ¿is could answer question 6 in Chapter 1 concerning nonadditivity of bulk
thermodynamic properties. To further explore question 9 in Chapter 1 on the generality
of cationic and mixed salt e�ects other than pure electrolyte solutions and polymer
solutions can be investigated. For instance, aggregation of hydrophobic particles can
answer whether speci�c interactions with amide moieties are actually always necessary.
Biological systems may contain mixtures of polymers. ¿ese systems have not been a
part of this study, and, thus, question 10 in Chapter 1 cannot be answered, yet. Turbidity
measurements of copolymers and mixtures of polymers in di�erent (mixed) electrolyte
solutions, where both the anion and cation are varied, can probe whether e�ects are
additive or nonadditive. Underlying mechanisms can be clari�ed a erwards using MD
simulations and molecular spectroscopic measurements. In this work, ion e�ects have
been addressed by investigations of a�nities (ion and water), accumulation or exclusion
of ions from polymer surfaces and ion–counterion pairing. Beyond this, dynamic
properties remain unexplored. Quantities such as self-di�usion and ionic conductivity
can be calculated to explore if dynamic properties of ions follow theHofmeister ordering.
¿is could answer question 11 in Chapter 1 whether ion-speci�c trends are observed
for dynamic properties. In addition, all present studies examined bulk solutions with
and without polymers. No simulations of con�nements have been performed in order
to address question 12 in Chapter 1, whether e�ects observed in this work are the
same when the solutions are con�ned. To investigate this, carbon nanotubes or silica
nanopores can be used to study ion behavior in con�nement. Next, polymer-gra ed
pores need to be examined to observe the in�uence of con�nement on ion-induced
polymer solubility. An understanding of the e�ect of the con�nement on both polymer
solubility and on ion transport is necessary for the utilization of gra ed polymer chains
on pore walls in sensors, one of the applications that serves as motivation for the present
work (Chapter 1).
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¿eHofmeister community has only started to investigate topics like cationicHofmeister
e�ects, concurrent anion and cation e�ects, and reverse Hofmeister e�ects. ¿is work
has added insights to these �elds (e.g., a molecular level understanding of the cationic
Hofmeister series with uncharged polymers or an updatedHofmeister series considering
the bifurcated behavior of ions), but many further studies will be vital for further
advancements. ¿e combination of computer simulations with experiments and theory
will facilitate substantial progress on ion-speci�c e�ects in aqueous bulk solutions and
at surfaces, where polymer solubility is just one example. For a complete picture of
the Hofmeister ion chemistry, a thorough understanding of all interactions between
components in solutions (solutes, cosolutes, and solvent molecules) is necessary. ¿is
work has focused on ion pairing and ion hydration. However, the priority of Hofmeister
studies has been shi ed to these properties only recently, and there still is much to learn
about them. ¿e role of thewater needs to be revisited, and especially the hydration shells
of salt ions need to be studied. From an energetic perspective, it is particularly interesting
whether it is possible for ions to push away their hydration shell water molecules and
instead interact noncovalently with other ions, counterions and macromolecules. ¿e
herein observed �exible hydration shells of weakly hydrated anions in speci�c mixed
electrolyte solutions are one example in this direction.

Computer simulations will play a crucial role for investigations on ion paring and
ion hydration. ¿e deciding factor is the force �eld. Concerning mixed electrolyte
solutions, experimentally obtained thermodynamic data is scarce, but would facilitate
the development of force �elds. Also, the use of KBIs for force �eld developments is
expected to have a considerable impact. Another useful development for molecular
simulations would be ECC force �elds, not only for a wide range of salt ions, but also for
macromolecules. ¿is would enable the use of these types of force �elds, which indirectly
account for polarization e�ects, in polymer collapse studies. In addition, for studies of
ion-induced polymer collapse, and to use more advanced computer simulationmethods,
coarse grained models are desired. ¿is can be achieved using a coarse grained polymer,
implicit water and explicit ions. For validation, the dielectric permittivity could be
used, for instance. Such a model must capture ion-speci�c e�ects (e.g., additive or
nonadditive e�ects). Computer simulations can also be utilized to investigate properties
not accessible by means of experimental measurements. One issue in need of attention
is the analogy between air–water and macromolecule–water interfaces when explaining
polymer collapse in electrolyte solutions. To explore (and validate) this, the work of
cavity formation can be calculated by means of MD simulations. If there is a correlation
between solvent-excluded volume e�ects and the air–water surface tension gradient, the
work of cavity formation should scale with the surface tension. ¿is should be examined
for both pure electrolyte solutions and mixed electrolyte solutions to provide better
understanding of nonadditive e�ects in mixtures. It can also be done with monomers,
dimers, and oligomers in order to investigate size e�ects. Further, good theoretical
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models are desired to enable predictions and not only interpretations of data. Models,
such as the thermodynamic model for macromolecule conformational transition by
Heyda and Dzubiella, 18 must serve for various cations and mixed electrolyte solutions,
and not only di�erent anions.

Powerful experimental tools for the Hofmeister community are molecular spectroscopic
techniques, such as VSFS, dielectric spectroscopy, femtosecond IR spectroscopy, tera-
hertz dielectric relaxation spectroscopy (DRS), Raman multivariate curve resolution,
and femtosecond second elastic harmonic scattering. Surface-speci�c techniques, such
as VSFS, will continue to play an important role when investigating ion interactions with
macromolecules, since these interactions take place at the air–macromolecule–water
interface. Improved, and especially more sensitive spectroscopy techniques will make it
easier to study weak cation e�ects and the relative order between cationic Hofmeister
e�ects. Cation e�ects are still important for macromolecule–salt solution stability, even
if the variation between di�erent cations is signi�cantly smaller than for anions. DRS
is capable of providing a microscopic picture of ion pairing in electrolyte solutions.
Ion pairs (i.e., charged separated cations and anions) can be investigated, since the
technique measures the movement of dipoles. Both CIPs and SIPs have been suggested
to be detectable with DRS. 455,519 ¿at is, the technique can be used to con�rm the cation
partitioning between weakly and strongly hydrated anions in salt mixtures. Spectra
can be obtained experimentally, but also be generated from computer simulations.
Seeking answers about ion-speci�c e�ects inspires the development of new techniques
and motivates new applications for existing techniques. For instance, the femtosecond
elastic second harmonic scattering technique used for probing changes in hydrogen
bonding network of pure electrolyte solutions could be used for polymer solutions, as
well. ¿is allows for both revisiting the role of water and approaching the questions on
Hofmeister e�ects from an opposite perspective. ¿at is, to investigate the impact of the
presence of the polymer on the ion–water structuring instead of the e�ect of ions on the
polymer solubility that is usually investigated with thermodynamic or surface-speci�c
measurements. Further, bulk properties should be revisited to measure, e.g., viscosi-
ties and hydration free energies for mixed electrolyte solutions. ¿is would enable a
link between these macroscopic properties, and molecular and nanoscopic quantities
from, e,g., femtosecond second elastic harmonic scattering measurements in terms of
orientational ordering of water.

¿is work has directly or indirectly raised the following questions, in addition to the
unanswered questions from Chapter 1, that may partly be answered with the studies
suggested above.

1. How does the type of cation a�ect ion pairing in mixed electrolyte solu-
tions?

197



Chapter 9 Conclusions and perspectives

2. Does the presence of macromolecules a�ect ion–ion, ion–water, and water–
water correlations?

3. What is the molecular origin behind �exible hydration shells (i.e, ions
pushing away/receiving water molecules from/to their hydration shells)?

4. Which role do cations play for reverse Hofmeister e�ects?

5. How do ion e�ects look like at (usually unexplored) higher salt concentra-
tions?

6. Are ion e�ects in mixed electrolyte solutions additive or nonadditive for
charged macromolecules?

7. How do cation e�ects and mixed salt e�ects look for superchaotropic ions
(e.g., B12I 2 –

12 ) and hydrophobic ions (e.g., BPh –
4 )?

8. Is there a correlation betweenwork of cavity formation and surface tension?

9. Can models such as the conformational transition model by Heyda and
Dzubiella 18 capture cation e�ects and mixed salt e�ects, too?

10. Is a coarse-grained general model capable of capturing all necessary phe-
nomena for studying Hofmeister e�ects?

Despite intense research activities regarding ion-speci�c e�ects on macromolecules,
lately, and a considerable gain of knowledge in the last 130 years, critical information on
the simple system of aqueous salt solutions is still missing. Maybe it will even require a
new ”Hofmeister renaissance” before all issues regarding interactions between the three
components of the solution, solvent, solutes and cosolutes, are clari�ed. ¿e very last
question is whether a uni�ed Hofmeister theory can be anticipated. An absolute answer
cannot be given, yet, but the complexity and the interplay between di�erent mechanisms
observed in this work indicates that it is unlikely. Hence, a general combined cationic
and anionic Hofmeister series, and a series for mixed electrolyte solutions should
probably not be the goals. Instead, the rich variety in chemistry should be appreciated
and utilized in the myriad of di�erent sciences where salt solutions are involved.
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