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ABSTRACT 

ION SPECIFICITY AND CONONSOLVENCY EFFECTS ON NEUTRAL 

MACROMOLECULES 

 

YAREN SEVVAL OZDOGAN 

M.S. in Chemistry 

Advisor: HALIL IBRAHIM OKUR 

SEPTEMBER 2025 

 

 

 Ions, osmolytes, and other small molecules can interact with macromolecules 

and affect their properties, such as solubility and hydration. The ion specificity has 

been an important research topic since Franz Hofmeister published the “Hofmeister 

Series”, which ranks the anions and cations based on their ability to increase or 

decrease the solubility of macromolecules. It is known that the weakly-hydrated anions 

can interact with macromolecules, while the strongly hydrated ones are excluded from 

the macromolecular surface due to having strongly interacting hydration shells. In this 

thesis, the ion-specific effects are extended to sugar-based macromolecules from 

commonly studied amide-based ones. Methylcellulose (MC), hydroxypropyl cellulose 

(HPC), and dextran were utilized as model polymers for investigating whether the 

Hofmeister anions can interact or not. Lower Critical Solution Temperature (LCST) 

measurements showed that MC and HPC are affected by the Hofmeister anions with 

the same way as the amide-based macromolecules. Namely, SCN- act as a surface-

active ion, and salts-in whereas SO4
2- ion salts-out macromolecules via ion exclusion 

mechanism. The proton nuclear magnetic resonance (1H-NMR) spectroscopy 
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measurements showed that the methyl groups of MC are responsible for the interaction 

between the Hofmeister anions and the polymer.  

 In the second part, “cononsolvency” which is an important phenomenon that 

occurs when two good solvents decrease the solubility of the macromolecule when 

they are mixed. For understanding the mechanism of this phenomenon, poly(N-

isopropylacrylamide) (PNIPAM) and poly (N, N - diethylacrylamide) (PDEA) were 

used as model macromolecules. PNIPAM showed cononsolvency behavior via the 

addition of methanol, ethanol, and isopropanol, while PDEA did not exhibit the same 

anomaly, rather showed cosolvency. Attenuated Total Reflection – Fourier Transform 

Infrared (ATR-FTIR) spectroscopy combined with Multivariate Curve Resolution 

(MCR) analysis showed that both the changes in the bulk properties of solvent-

cosolvent mixtures and the hydration shell of the macromolecules in the collapsed state 

cause the cononsolvency behavior for PNIPAM. Our results show that the interface 

and preferential alcohol adsorption dictate the cononsolvency phenomenon.  

 

Keywords: Hofmeister series, Specific ion effects, Thermoresponsive 

polymers, PNIPAM, PDEA, MC, HPC, Dextran, Cononsolvency 
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ÖZET 

NÖTR MAKROMOLEKÜLLER ÜZERİNDE SPESİFİK İYON VE EŞ 

ÇÖZÜNMEZLİK ETKİLERİ 

 

YAREN SEVVAL OZDOGAN 

Kimya | Yüksek Lisans 

Danışman: HALİL İBRAHIM OKUR 

EYLÜL 2025 

 

 İyonların, ozmolitlerin ve diğer küçük organik moleküllerin 

makromoleküllerle etkileşimleri, makromoleküllerin çözünürlük ve hidratlanma gibi 

fiziksel özelliklerini etkiler. Bu bağlamda iyona özel etkiler, “Hofmeister serileri” 

Franz Hofmeister tarafından yayınlandığından bu yana önemli bir araştırma konusu 

olmuştur. Hofmeister serileri, iyonların makromoleküllerin çözünürlüğünü arttırması 

veya azaltması özelliğine göre sıralayan bir seridir. Bu seride “zayıf hidratlanmış” 

olarak adlandırılan anyonların makromoleküllerle hidrojen bağları ya da diğer 

elektrostatik kuvvetlerle doğrudan etkileşime girerek onların su içerisindeki 

çözünürlüklerini arttırdığı bilinmektedir. Öte yandan, “güçlü hidratlanmış” anyonlar 

etraflarındaki katı hidrasyon kabuğu sebebiyle makromoleküllerle doğrudan etkileşim 

kuramazlar ve varlıkları makromolekülerin su içindeki çözünürlüğünü azaltır. Bu 

çalışmada, Hofmeister anyonların makromoleküller üzerindeki etkilerini daha iyi 

anlamak amacıyla amid bazlı makromoleküller yerine şeker bazlı makromoleküller 

kullanılmıştır. Hofmeister anyonlarının şeker bazlı makromoleküller üzerinde nasıl 

etkileri olduğunu anlamak amacıyla metilselüloz, hidroksipropil selüloz ve dekstran 

model polimerler olarak seçilmiştir. Metilselüloz (MC) ve hidroksipropil selülozun 
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(HCP) faz değiştirme sıcaklıklarının (LCST) Hofmeister anyonlarının varlığında amid 

bazlı polimerlerle aynı trendleri sergilediği Faz Değiştirme Sıcaklığı ölçümleri ile 

gösterilmiştir. SCN- gibi zayıf hidratlanmış Hofmeister anyonları yüzey aktif iyon 

olarak davranırken, SO4
2- gibi güçlü hidratlanmış Hofmeister anyonların tam tersi 

etkiye sebep oldukları gösterilmiştir. Ek olarak nükleer manyetik rezonans 

spektroskopisi (1H-NMR) ölçümleri, metilselülozun fonksiyonel grubu olan metil 

gruplarının zayıf hidratlanmış anyonlar ile olan etkileşimlerinden sorumlu olduğunu 

göstermiştir.  

İyona özel etkilere ek olarak “eş çözünmezlik” etkisi de makromoleküllerin 

çözünürlük mekanizmalarını anlamak açısından önemli bir fenomendir. Bu etki iki iyi 

çözücünün belirli oranlarda karıştırıldığında kötü bir çözücüye dönüşmesi ve 

makromolekülün çözünürlüğünü düşürmesini ifade eder. Bu etkinin mekanizmalarını 

anlamak amacıyla poli(N-izopropilakrilamid) (PNIPAM) and poli(N, N-

diethylakrilamid) (PDEA) model polimerler olarak kullanıldı. Eş solvent olarak 

kullanılan metanol, etanol ve izopropanolün eklenmesi PNIPAM’in su içerisindeki 

çözünürlüğünü azaltırken çok benzer bir moleküler yapıysa sahip olmasına rağmen 

PDEA’de aynı etki gözlenmedi. Zayıflatılmış Toplam Yansıma - Fourier Dönüşümlü 

Kızılötesi spektroskopisi (ATR-FTIR) ve Çok Değişkenli Eğri Çözünürlüğü (MCR) 

algoritması analizi, hem çözücü-eş-çözücü karışımlarının kütle özelliklerindeki 

değişikliklerin hem de çökmüş durumdaki makromoleküllerin hidrasyon kabuğundaki 

değişimlerin PNIPAM için eş çözünmezlik davranışına neden olduğunu göstermiştir. 

 

Anahtar kelimeler: Hofmeister serileri, Spesifik iyon etkileri, Termoresponsif 

polimerler, PNIPAM, PDEA, MC, HPC, Dekstran, Eş çözünmezlik 
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Chapter 1 – Introduction 

Biological macromolecules are crucial for living organisms, and understanding 

their interactions with the environment is vital for understanding the fundamentals of 

life. This class of macromolecules primarily consists of proteins and carbohydrates, 

which exhibit unique behaviors in their solutions. Their properties, such as solubility, 

conformational changes, aggregation, hydration, enzymatic activity, and denaturation, 

can be altered by their intrinsic structural properties -sequence, composition, and 

surface chemistry- and environmental factors. These factors can be exemplified as 

temperature, pH, ionic strength, and the presence of additives. 2–6 Especially, the 

Hofmeister series and the addition of some small organic molecules to the solution of 

macromolecules are known to affect their behavior crucially. In this chapter, the well-

known examples related to the behaviors of biological macromolecules and how they 

are affected by the presence of different additives in their aqueous solutions from the 

literature are presented.  

1.1 Interactions and Behaviors of Macromolecules: From 

Ions to Osmolytes 

1.1.1 Aqueous Phase Behaviors of Biomacromolecules and 

Hofmeister Series 

 

 Among the factors that affect the behavior of macromolecules, the significance 

of dissolved ions in the solution is particularly notable. This effect can be described as 

the concept of the specific ion effect (SIE), a term used to explain how different salts 
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impact various physicochemical and biological phenomena. In this manner, Franz 

Hofmeister and his coworkers published their work in the late 19th century, which 

revealed the effect of different salts on protein solubility, which would be called the 

“Hofmeister Series” later.7–11 This series contains both anions and cations and is 

ranked based on the hydration properties of the ions. The “weakly hydrated” anions 

cause “salting-in” (i.e., SCN⁻, ClO4
-, I⁻, and NO3

-) while the “strongly hydrated” 

anions cause “salting-out” (i.e., CO3
2-, SO4

2-, H2PO4
-, F-) effects.12,13

 

Figure 1: A rank order for Hofmeister anions and cations that one may come across 

in the literature, ordered from most salting-out (left) to most salting-in (right). The 

anion series is shown above, and the cation series below. Note that the ordering of the 

two series based on strongly to weakly-hydrated is inverted. The ordering is generic, 

but it was inspired by references Zhang et al.11 and Bruce et al.12 

 

The context of the Hofmeister series expanded from only protein solubility to 

protein folding and misfolding, aggregation and self-assembly, enzymatic activity 

modulation, nucleic acid duplex stability, micelle and vesicle formation, colloid 

stability, and interfacial behaviors like surface tension and bubble coalescence. 14–26 

However, in contrast to its diverse application areas and long history, the underlying 

mechanism remains elusive due to the complex nature of the concept. Unlike the 

electrostatic interactions, SIE is context-dependent on specific molecular-level 
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interactions, such as ion hydration, preferential exclusion/accumulation of ions on 

macromolecular surfaces, and ion effects on water structure and dynamics. 27–31 For 

this reason, these variations between different systems are adopted, and related 

research is mostly focused on explaining the diverse molecular-level mechanisms. 

This interest has led to utilization and improvement in experimental and spectroscopic 

techniques, as well as molecular dynamics simulations and theoretical modeling, 

which enable to understand the effect of ions on the macromolecules in aqueous media.  

One widely utilized model macromolecule example is poly(N-

isopropylacrylamide) (PNIPAM), an amide-based thermoresponsive macromolecule 

used to understand protein solubility behaviors. The effect of Hofmeister ions on the 

phase transition temperature (LCST) of PNIPAM has been investigated, and it was 

concluded that the weakly hydrated anions can act through the hydration shell of 

PNIPAM and can directly bind to the macromolecule. In contrast, the strongly 

hydrated ones cannot do it and cause salting-out behavior.4 These findings are 

important in terms of understanding how hydration properties change with the addition 

of Hofmeister ions, rather than just the bulk properties. With the development of 

spectroscopic and thermodynamic techniques, this paradigm started to be shifted, and 

it appeared that the influence of the Hofmeister ions on the water network alone was 

shown to not a sufficient explanation. 32–34 

1.1.2 Molecular-Level Mechanisms on Specific Ion Effects 

The experimental background of the Specific Ion Series goes back to the 

pioneering work of Franz Hofmeister performed in the late 19th century. 7–11 These 

studies were performed using egg-white proteins and enabled Hofmeister and his 
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coworkers to rank the ions based on their ability to “salt-in” or “salt-out” from the 

aqueous solution. One strong explanation of this phenomenon is mainly centered on 

the effect of ions to alter the bulk water structure and gives rise to the use of the terms 

“structure maker” and “structure breaker” or “kosmotrope” and “chaotrope.” 35,36 In 

this paradigm, kosmotropic ions are strongly hydrated, small, and of high charge 

density are referred to as “structurer”, while chaotropic ions are larger, weakly 

hydrated, and thought to be “disorderer” in terms of the bulk properties of water. 

However, this model was too generalized and has never been proven with empirical 

techniques.  

  

Some influential studies were performed using femtosecond pump-probe 

spectroscopy by Bakker and coworkers, who were able to observe the orientational 

correlations of water molecules in different contents of salt solutions. 37–41 The findings 

concluded that the presence of ions increases the correlation times of water molecules 

found only in the first hydration shells and does not affect the dynamics of the water 

molecules present in bulk water, even at elevated concentrations.  

 

Another groundbreaking technique used to investigate the effect of Hofmeister 

ions on water structure is vibrational sum frequency spectroscopy (VSFS). Cremer and 

coworkers were able to observe the Hofmeister effects on the phase transition behavior 

of a surfactant (octadecylamine) monolayer spread on the air/water interface of D2O 

and H2O.42,43 In these studies, the vibrational signals corresponding to the interfacial 

structure are isolated by VSFS, and it is shown that, in the presence of salt effects, the 

surface potential decreases compared to its absence, due to the positive charge on the 
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surfactant molecules. This indicates that anions penetrate the monolayer. For sodium 

salts of Hofmeister anions, it was found that alkyl chain disorder and the degree of 

anion penetration show a parallel trend with the Hofmeister series. Still, the effect on 

the water structure deviated from this order.  

 

Using smaller model systems was one of the most significant advancements in 

understanding the more complex biological macromolecular systems. Since the 

proteins contain a variety of different amino acids with variable charges and have a 

diverse and complex nature, oligopeptides were one of the most proper models, since 

they contain peptide bonds, which are common among all proteins. These findings 

concluded that there are preferential interactions between the peptide bond and 

weakly-hydrated anions (e.g., I- and SCN-) and strongly-hydrated cations (e.g., Li+). 

44–46 It was also shown that the carbonyl groups of the oligopeptide are responsible for 

the interactions between the strongly-hydrated cations via hydrogen bonding, and the 

specific ion interactions between the oligopeptide and Hofmeister ions are directly 

proportional to the number of peptide units.44 

 

Even the oligopeptides are good models for understanding the specific ion 

effect on proteins, factors like molecular size and charged capping of termini groups 

of oligopeptides, caused complications.47–49 To overcome these complications, 

synthetic model macromolecules became preferable due to their ability to mimic 

proteins and being thermoresponsive. These materials are water-soluble with a random 

coil conformation under the “lower critical solution temperature (LCST)” and undergo 

a phase transition above this point, which is indicated by a macroscopically observable 
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cloud-point. 50,51 These polymers are tailorable for different sizes, charges, 

hydrophobicity, and other characteristics, resulting in a wide range of different 

polymers used in literature. 52–56 Among these models, the most widely used model 

macromolecule is poly(N-isopropylacrylamide) (PNIPAM), which is an amide-based 

macromolecule that undergoes a sharp transition around 35 oC.32 PNIPAM has 

hydrophobic backbone groups and the isopropyl group on the side-chain, and also a 

hydrophilic amide group on the side-chain, which enables it to mimic the natural 

proteins, and a suitable model for observing the specific ion effect on a protein mimic. 

Alongside the PNIPAM, with a very similar molecular structure, Poly (N, N – Diethyl 

acrylamide) (PDEA), which shows a phase transition temperature around 32 °C, is 

another widely-used model macromolecule (Figure 2).57 Also, elastin-like 

polypeptides (ELP), more specifically V5-120 or a more hydrophobic example, 

V5A2G3-120 have great significance for the investigation of the specific ion effects 

since they are good mimics of the proteins and can be utilized in applications such as 

therapeutic purposes. 58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: The molecular structure of (A) PNIPAM and (B) PDEA 

 

 

(A) (B) 
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Zhang et al. showed the interactions between the 11 sodium salts of Hofmeister 

anions and PNIPAM and how the LCST of PNIPAM changes in the presence of these 

salts by utilizing the microfluidic/dark field microscopy set-up developed by the 

group.59 The findings showed that PNIPAM follows the direct anionic Hofmeister 

series: strongly-hydrated anions cause salting-out behavior, which is indicated by a 

linear decrease of the LCST of PNIPAM with increasing salt concentration. The 

weakly-hydrated anions cause salting-in behavior, which causes a nonlinearity in the 

lower salt concentrations. The authors provided an empirical formula to fit their data, 

which consists of a constant, a linear term, and a Langmuir isotherm: 

𝑇 = 𝑇0 + 𝑐[𝑀] +
𝐵𝑚𝑎𝑥 . K𝐴[𝑀]

1 + K𝐴[𝑀]
                                  (1)  

In this formula, T0 is the LCST in the absence of any salts, and T is the observed 

LCST of PNIPAM dependent on the salt concentration ([M]). The coefficient c has 

the units oC/M or K/M, and the nonlinear terms are a Langmuir-type binding isotherm. 

KA is the apparent association equilibrium constant for PNIPAM and ion interaction, 

where the Bmax is the maximum change in LCST of PNIPAM, which can be correlated 

with saturation concentration. Their data confirmed that the behavior caused by all the 

salts obeys this fitting formula, and they came up with three different mechanisms for 

salting-in and salting-out behaviors: the strongly-hydrated anions cause the salting-out 

effect by preventing the hydrophobic hydration of the polymer by elevating the 

interfacial surface tension. The weakly-hydrated anions are found to bind directly to 

the side-chain amide moieties, which led to polymer salt-in and stabilized the coil 

conformation of the macromolecule. This behavior is shown via the Langmuir-type 

isotherm shown with the nonlinear term of Equation 1, which models a saturable 
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binding. The ranking of the Bmax values of binding anions matches the order of the 

Hofmeister series.  

 

To understand if the proposed mechanisms published by Zhang et.al. are 

plausible for other systems, closer to the natural proteins, the same experiments were 

performed using ELP instead of PNIPAM by Cho et.al. with 11 sodium salts of 

Hofmeister anions.60 In this study, both the V5-120 and V5A2G3-120 were used to 

understand how these ELPs interact with Hofmeister anions. V5-120 has an LCST at 

around 28 °C, and V5A2G3-120 has it at around 42 °C. The trends for the changes in 

the LCST of both ELPs were very similar to the trends observed for the PNIPAM case, 

as shown by Zhang et al.: strongly-hydrated anions cause a linear decrease in LCST 

while the weakly-hydrated anions cause a nonlinear behavior, indicating the ion-

specific binding. This data was also fitted by the same empirical formula, shown as 

Equation 1.  

 

For understanding the site-specific binding of the anions to ELPs, Rembert et 

al. performed externally-referenced 1H-NMR spectroscopy to observe how the protons 

of ELPs behave in the presence of anions.61 The same 11 Hofmeister anions as the 

sodium salts were utilized for these measurements, and reference standard sodium 2,2-

dimethyl-2-silapentane-5-sulfonate (DSS) was used as external referencing for 

preventing chemical contact with the sample. All the measurements performed below 

the LCST, and the position of each proton peak, were plotted as a function of the 

concentration of the salts. The protons at the α-position on the backbone were shown 

to be changed nonlinearly in terms of the chemical shift in the presence of the salts of 
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weakly-hydrated anions, while the other proton peaks displayed only a linear decrease 

in their chemical shifts. The resulting curves showed a similar behavior to the LCST 

curves and were fitted to a similar empirical fit:  

∆𝛿 = −𝑐[𝑀] +
∆𝛿𝑚𝑎𝑥[𝑀]

𝐾𝐷+[𝑀]
                                 (2)  

In this formula, the change in chemical shift is related to a saturable interaction 

with the weakly-hydrated anions. The dissociation constant (KD) for such interactions 

was found to be around 50 mM for the binding of SCN- to α-position protons. 

 More recently, a relation between the monomer number of polymers and their 

shape has been shown to have a role in their interactions with Hofmeister ions.62 In 

this study, it was observed that the weakly hydrated anions, such as SCN-, are repelled 

from the hydration shell of monomers of model macromolecule polyethylene glycol 

(PEG), while they are attracted to the oligomers and larger polymers. Additional 

information lies under the hydration behavior of the different sites of the 

macromolecules. The authors showed that the different parts of the macromolecules 

show different binding behavior since they have differing hydration properties. 

Termini groups have a more ordered water network around them, which is hard to 

break by the ions and causes ions to get repelled from their hydration shell. On the 

other hand, the water structure around central groups is less ordered, and it is easier to 

break the hydration and bind to the central groups for ions.  
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Figure 3: The proposed mechanism for the binding of weakly hydrated Hofmeister 

anion, SCN- to a monomer, an oligomer and a macromolecule. Adapted from reference 

60. 

1.1.3 Effect of Osmolytes on Biomacromolecules 

 Osmolytes are small organic compounds found in living organisms, either 

synthesized or accumulated due to external factors such as osmotic and thermal 

changes. From a more biological perspective, osmolytes are small organic molecules 

found in biological systems besides many complex functionalities, and they give rise 

to osmotic pressure. This class of molecules is generally utilized as cellular protectants 

to maintain protein homeostasis and cellular integrity in hyperosmotic or denaturing 

environments. Under some stress conditions, osmolytes function as protein, 

membrane, and amino acid protectants without preventing the normal biological 

functions from being processed. Polyols, amino acids, methylamines, and urea are the 

most commonly referred osmolyte categories in literature. 63–68 These osmolytes can 
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be classified under two main categories in aqueous conditions: “stabilizers" and 

“denaturants.”  

 Stabilizer osmolytes such as trimethylamine N-oxide (TMAO), proline, 

betaine, and glycine are preferentially excluded from the surface of the proteins instead 

of directly binding to them. This behavior increases the solvent accessible surface area 

of the macromolecule and promotes a folding conformation.69,70 This mechanism 

resembles the “salting-out” behavior, which is associated with the behavior of the 

strongly hydrated Hofmeister anions in aqueous macromolecules, which promotes 

their stability. On the other hand, “denaturant” osmolytes like urea and guanidium 

chloride (GnCl), interact directly with the protein backbone and side-chain and, by 

lowering the energy barrier for denaturation, favor the unfolded states of the proteins. 

71–74  For instance, urea can form several hydrogen bonds with polar groups of the 

peptide backbone and prevent the intramolecular interactions, resulting in the loss of 

the secondary and tertiary structure of the protein.75,76 This behavior matches the 

“salting-in” behavior, which occurs in the presence of weakly hydrated Hofmeister 

anions in aqueous media of macromolecules. The structures of the most common 

osmolytes can be found in Figure 4. 

 
 

Figure 4: The molecular structures of glycine, TMAO, betaine, urea and guanidinium 

as examples of the most common osmolytes 
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Deciphering the underlying mechanism of the influence of the osmolytes on 

the proteins led to a wide range of research. Spectroscopic and thermodynamic 

techniques like NMR spectroscopy, Circular Dichroism (CD), and LCST 

measurements were the techniques that are commonly used for achieving this aim, as 

well as the molecular dynamics (MD) simulation techniques. For example, by using 

CD, differential calorimetry, NMR, and MD simulations, Heyda et.al. showed that 

GndCl and urea promote the denaturation of Tr-cage miniprotein.77 

CD results in this study concluded that the ability of guanidium to change the alpha 

helical structure of Tr-cage is two times more effective compared to urea, and NMR 

results showed that the denaturation strategies of these two osmolytes are different 

from each other: urea binds to the backbone of the protein while guanidium targets the 

aromatic and charged groups instead.  

 

 Okur and his coworkers expanded this study to ELP VPGVG-120, which is a 

synthetic polymer that mimics protein folding/unfolding, utilizing FTIR spectroscopy, 

LCST measurements, and MD simulations.78 Their results showed that the change of 

the counter anion of the guanidinium significantly affects its influence on the protein-

like polymer. When the guanidium is paired with a strongly hydrated anion, such as 

sulphate, both ions are depleted from the hydration shell of the ELPs and cause the 

favorable collapsed/folded state, and act as a stabilizer osmolyte. On the contrary, 

pairing guanidium with a weakly hydrated/salting-in anion like thiocyanate results in 

two different types of behavior at two different concentration regimes. In the lower 

concentration of the guanidinium thiocyanate salt, polymer-polymer cross-linking is 

promoted, which favors the collapsed state. In the elevated concentrations, both ions 
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participated in the hydration shell and favored the unfolded/extended state of the ELPs. 

GndCl fell between these two cases with a constant promotion of the unfolded state. 

This study concluded that the identity of the osmolyte does not solely depend on its 

ionic properties, but also additive with the environmental content.  

 
 

Figure 5: The representation of the interactions of guanidinium depending on its 

counter anion. (A) When the guanidinium is added with a strongly hydrated anion, 

sulphate, both ions are depleted from the hydration shell. (B) On the other hand, when 

guanidinium is added with a weakly hydrated anion, thiocyanate, both the anion and 

cation are attracted by the polymer and included in its hydration shell. 

 

  Osmolytes are important in real biological systems as well as model systems. 

Their most common duty in nature is to prevent cells from being damaged by extreme 

environmental conditions, such as salinity, extreme heat or cold, and dehydration. For 

example, marine species like sharks use destabilizing agents like urea and 

counterbalancing stabilizers such as TMAO to maintain protein functionality in 

differing ocean temperatures.79 Likewise, proline accumulation is observed in plants 

to decrease osmotic stress caused by salinity or lack of water.80 In addition to these 
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physiological roles of osmolytes, they also have growing importance in the medical 

and therapeutic areas of research. Numerous neurodegenerative diseases, such as 

Alzheimer’s, Parkinson’s, Huntington’s, and ALS, are caused by protein misfolding 

and aggregation, and some stabilizer osmolytes play crucial roles in promoting the 

native structure of the proteins. 81 They can alter the hydration shell of the proteins and 

reorganize the solution dynamics. Thanks to this property, osmolytes have control over 

protein behavior both inside and outside of the cell 82–84 and are seen as a potential new 

direction for therapeutic developments and linking molecular biology and clinical 

applications. 85–88 

1.2 Beyond Hofmeister and Osmolytes: A Cononsolvency 

Study 

 

Alongside the specific ion effects and the osmolytes, the interactions between 

the small molecules and osmolytes hold a crucial role for the biological systems and 

for basic fundamental understanding of aqueous systems. Small organic molecules 

with relatively low molecular weight and a size of around 1 nm are considered “small 

molecules”. These types of molecules are widely encountered in biological systems as 

inhibitors or activators and are responsible for the regulation of various biological 

processes. For instance, some of the small molecules act as inhibitors that compete for 

the binding sites with enzymes 89,90 or can increase enzymatic activity by acting as an 

activator. 91,92 Additionally, small-molecule metabolites such as NADH or ATP can 

interact with biomacromolecules and influence their behavior throughout the 

biological processes. Thanks to this ability, small molecules can be involved in 

regulating gene expression, affecting processes such as transcription and translation, 
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as well as the stability of RNA and proteins.93–99 Because of these diverse applications 

of small molecules, investigating the mechanisms of small molecules with biological 

macromolecules is crucial.  

 

Klotz et al. showed that synthetic water-soluble polymers favorably bind to 

organic ions via different mechanisms.100 They performed a study to observe how 

methyl orange interacts with protein-mimicking polymers such as polyethyleneimine 

(PEI) and its derivatives: lauryl-PEI, hexanoyl-PEI, and poly (acrylic acid) modified 

with carbobenzoxytryptophan (PA-Z-Trp). Utilizing techniques like Ultraviolet-

Visible (UV-Vis) Spectroscopy, titration assays, and Scatchard analysis, the authors 

showed that methyl orange can form complexes with PEI derivative polymers via 

hydrophobic interactions and π-π stacking. Especially lauryl-PEI shows a high binding 

affinity with a high KA value up to 10⁶ M⁻¹ even at the low degrees of lauryl 

substitution. After this study, Klotz expanded his work to real biological proteins rather 

than the model macromolecules and investigated how a wide range of small molecules, 

including caffeine, nicotinic acid, imidazole, and ATP, interact with proteins such as 

hemoglobin and albumin.101 He put forth a broad review of how the proteins interact 

with different small molecules with different mechanisms utilizing spectrophotometry, 

fluorescence spectroscopy, Isothermal Titration Calorimetry (ITC), and Circular 

Dichroism (CD). He showed that the protein ligand bindings include Langmuir-type 

single-site binding, multiple independent binding sites, positive and negative 

cooperative binding, and allosteric regulation.  
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1.2.1 Cosolutes, Cosolvency, and Cononsolvency Phenomenon 

In some contexts, the small molecules and osmolytes mentioned in previous 

subsections are referred to as “cosolutes”, which indicates their ability to dissolve 

along with the main solute (biomacromolecules in this case) and to alter the properties 

of the solutions.102 One of the primary studies showed the interactions between the 

cosolutes, including alcohols, salts, and surfactants, and how they affect the properties 

of the aqueous solutions of neutral polymers such as ethyl(hydroxyethyl)cellulose 

(EHEC), methylcellulose (MC), poly(ethylene oxide) (PEO), etc. 103 The author refers 

to the phase transition temperature as “cloudy point (CP)” and they determined the CP 

visually via optical spectroscopy. The findings showed that low-molecular-weight 

alcohols, methanol and ethanol, caused an increase in CP, while the longer chain 

alcohols, like heptanol, caused a dramatic decrease in the CP of the polymers. The 

effect of the inorganic salts obeys the Hofmeister series; Na₂SO₄ caused a sharp 

decrease in CP, and NaI and NaSCN caused salting-in behavior.  

 

Another important concept for the ternary systems is “cosolvency,” since the 

addition of a second solvent can alter the properties of the polymer solutions. In the 

late 20th century, Wolf and Blaum demonstrated that the addition of cosolvents to 

polymer solutions alters the phase transition behaviors of the polymers through 

complex mechanisms.104 The authors used poly (methyl methacrylate) (PMMA) as the 

model macromolecule, 1-chlorobutane as the solvent, and 4-heptanone and 2-butanol 

as “cosolvents”. They visually probe the phase transition of the polymer in solvent 

mixtures using optical setups. 4-Heptanone is a good solvent for PMMA, while 2-

butanol and 1-chlorobutane are poor solvents. The solubility of PMMA in the mixtures 
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of 4-heptanone and 1-chlorobutane gradually increases with increasing 4-heptanone 

content and decreases with increasing 1-chlorobutane content and shows a “monotonic 

behavior.” On the other hand, the behavior of PMMA is not monotonic in the presence 

of 1-chlorobutane and 2-butanol. Even though the polymer is not soluble in either 

solvent, in the mixtures of these two solvents, the solvent power is enhanced, and 

PMMA becomes soluble in certain solvent-cosolvent mixtures. The authors called this 

nonideal and nonmonotonic behavior “cosolvency”. This phenomenon plays an 

important role in the determination of the stimuli-responsive soft materials, tailoring 

the structures of polypeptides, and regulating the water-soluble drug formulations.105–

108 

 

 “Cononsolvency”, on the other hand, is a well-known but more rarely observed 

that some solvent-cosolvent mixtures cause a reverse effect. “Cononsolvency.” is a 

phenomenon where two good and miscible solvents become a bad solvent for the same 

macromolecule when they are mixed at certain ratios. The first example of this 

phenomenon was published in 1923 by Mardles and investigated the solubility of 

cellulose acetate, which is soluble in aniline and in glacial acetic acid but not in a 

mixture of these two.109 
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Figure 6: The schematic representation of the cononsolvency phenomenon. The 

solubility of the polymer in lower concentrations of cosolvent is high, and the polymer 

is in an extended form. As the amount of cosolvent increases, the solubility and phase 

transition of the polymer decrease, and the polymer is in an aggregated form. Finally, 

as the concentration of the cosolvent further increases, the polymer becomes extended, 

and its solubility starts to increase again.  

 

After the first findings emerged in the literature regarding the “cononsolvency” 

phenomenon, PNIPAM also became a suitable model for this research area and a tool 

for investigating this unexpected behavior. In one of the first studies where PNIPAM 

was used, it was shown how the LCST of PNIPAM changes in methanol-water 

mixtures with different ratios.110 The authors observed the LCST, cloud point, via 

turbidity changes of the samples and measured using a diode array spectrometer by 

heating the solutions at a constant rate of 0.2 °C/min. They used 1g/L PNIPAM for the 

aqueous solution preparation and performed the cloud point measurements in differing 
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mole fractions of methanol in water. Below the 0.05 mole fraction of methanol, the 

LCST of PNIPAM remains around 31 oC; however, as the mole fraction of methanol 

increases up to 0.35, the temperature constantly decreases and reaches a minimum of 

-7.5 oC at 0.35 mole fraction of methanol. As the methanol content further increases, 

the LCST increases again up to 14.5 oC at 0.45, and beyond this mole fraction, there 

is no cloud point detected up to 100 oC, PNIPAM remains soluble. As the underlying 

reason for this behavior, the study suggests that, at low concentrations of methanol in 

water, methanol forms “hydrogen-bonded cages” which prevent it from interacting 

with the polymer and cause little impact on the solubility. In moderate concentrations, 

methanol molecules compete for interaction and distort the hydration shell structure, 

which leads to a decrease in the solubility of the polymer. And, after 0.45 mole fraction 

of methanol, the methanol-water interactions become more attractive, water cages are 

broken, and enhance the methanol-polymer interactions, promoting the hydrated state 

of the polymer, which increases the polymer solubility. They concluded that this type 

of behavior is mostly driven by the enthalpic interactions among water, methanol, and 

polymer. These conclusions are dependent on the thermodynamic inferences and 

hypotheses, and up to this day, there is no experimental and spectroscopic evidence 

for elucidating the universal mechanism underlying cononsolvency phenomenon.  

1.2.2 Proposed Mechanisms for Cononsolvency 

The cononsolvency phenomenon is functional in a wide range of areas of 

applications like sensor design111, catalysis112, selective precipitation processes113,114, 

self-assembly formations115 and the development of different topological 

surfaces116,117 since it enables the adjustable thermoresponsive abilities of the 
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materials. The cosolvents utilized in this research area are generally alcohols (most 

commonly: methanol and ethanol), and other organic solvents such as acetone, 

dimethyl sulfoxide (DMSO), and dimethylformamide (DMF). Notably, PNIPAM is 

most widely used as the model macromolecule, as well as the other poly(acrylamides), 

poly(n-propyl-2-oxazoline), poly(N-vinylcaprolactam), and elastin-like polypeptides 

(ELPs), a class of biomimetic macromolecules that exhibit thermoresponsive behavior.  

 

For observing the underlying mechanism, lots of different characteristics of 

macromolecules are investigated, such as cloud point changes, thermodynamic aspects 

of the transition, the dynamics of the side groups or the chain or the solvent, and the 

chain length by utilizing a variety of techniques such as differential scanning 

calorimetry (DSC), nuclear magnetic resonance spectroscopy (NMR), quasi-elastic 

neutron scattering (QENS), and fluorescence correlation spectroscopy (FCS) and 

theoretical studies.118–123 Even the more complex systems, such as polypeptides, gels, 

block copolymers, thin films, and grafted polymer brushes, are under consideration in 

this research area124–128, the most studied system is PNIPAM, water, and methanol 

mixtures. The key takeaways from all these works mainly depend on the idea that the 

addition of methanol causes the alteration of the hydration shells of PNIPAM and 

changes the chain-chain interaction, which leads to the collapse of the polymer. 

 

For the PNIPAM-containing systems, the interactions of polymers with 

solvent/cosolvent systems were observed. The work by Mukherji et.al. showed that 

methanol preferentially adsorbs on the side-chain of PNIPAM and encapsulates the 

side-chain as globules, resulting in a decrease in mobility of the side-chain.120 The 
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authors combined 1H-NMR measurements with MD simulations. The NMR 

measurements were conducted with a special sealed design of NMR tubes to prevent 

the evaporation of alcohol, containing 15% aqueous methanol, and 1.188 g PNIPAM 

over sixteen days, to observe the solvent intake by the polymer. The results showed 

that, in the first 3-4 days, the proton peak corresponding to methanol decreased linearly 

and then exhibited a plateau behavior. This decrease showed that the methanol content 

in the bulk solution decreased to 3% from 15%, which indicates that the methanol is 

adsorbed by the polymer. The hydrogen bonds per PNIPAM monomer are calculated 

by all-atom simulation and show that PNIPAM preferentially binds methanol, 

especially at methanol mole fractions 0.10 ≤ Xm ≤ 0.25. The resulting mechanism can 

be concluded as: the OH group of methanol bonds to the amide group of PNIPAM, 

and its CH3 goes toward the isopropyl group of another PNIPAM unit, causing a 

bridge-type interaction between the polymer segments, resulting in the collapse of the 

polymer. The other possible scenario is the bridging of two different PNIPAM 

monomers by two different methanol molecules. 
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Figure 7: The two proposed mechanisms by Mukherji et.al. (A) displayed the OH 

group of methanol bonding to the amide group of PNIPAM, and its CH3 goes toward 

to isopropyl group of another PNIPAM, and (B) shows both OH groups of two 

different methanol molecules coordinate two different PNIPAM monomers from 

isopropyl groups. Both scenarios suggest an increase in the molecular interactions 

between PNIPAM monomers, and caused the collapse of the polymer. Adapted from 

reference 116. 

 

 Besides the investigation of the effects of methanol, the effects of other 

alcohols have also been investigated. In the study by Wang et.al., Fluorescence 

Correlation Spectroscopy (FCS) is used for investigating how ethanol affects the chain 

conformation of PNIPAM in the dilute aqueous solutions.129 The authors labeled 

PNIPAM in the presence of different concentrations of ethanol with dye and 

fluorescence correlation spectroscopy (FCS) to determine the hydrodynamic radii and 

the Flory exponent n. The Flory component in pure ethanol and water is around 0.57, 

indicating that PNIPAM is fully dissolved in both solvents. The addition of ethanol to 

aqueous solutions decreases to 1/3 of the pure solvent case, and the change from 0.09 

(A) (B) 
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to 0.25 occurs with the changing concentrations of ethanol as an indication of polymer 

collapse.  

In another work that studied PNIPAM in D2O and deuterated ethanol (d-

ethanol, C2D6O), small-angle neutron scattering (SANS) was utilized by Hore and 

Hammouda.130 It was observed that PNIPAM showed LCST behavior at low d-ethanol 

fractions, a miscibility gap at intermediate compositions, and UCST behavior at high 

d-ethanol fractions. The Flory-Huggins interaction parameters were calculated, and it 

was concluded that, for D2O fractions up to a volume fraction of 40%, interactions 

between polymer and d-ethanol were favored over those between PNIPAM and D2O 

or between D2O and d-ethanol. This nonlinear dependence of interaction parameters 

on the concentration of ethanol suggests that there should be a competition between 

D2O/d-ethanol complex formation and PNIPAM solvation, and this contributes to 

polymer collapse and results in cononsolvency behavior.  

 

The other polymers, which are different than PNIPAM in molecular structure, 

also show cononsolvency. For example, Poly(N-vinylcaprolactam) (PVCL) was 

reported by Kirsh et al. to demonstrate bizarre behavior in different alcohol-water 

mixtures.131,132 They showed that the LCST of PVCL slightly increases with the 

addition of methanol up to a volume fraction of methanol of 40% and the addition of 

ethanol, iso- or n-propanol, or tert-propanol lowers the cloud point up to 10–20 mol% 

of the alcohols, while it increases with the further addition of these alcohols. The cloud 

point for this polymer increases up to 80 oC at higher mole fractions of ethanol, iso- or 

n-propanol, or tert-propanol. In another study, the cononsolvency behavior was 

investigated on various poly(2-oxazoline) polymers by Pooch et al.133 
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The authors found that the cloud point of poly(n-propyl-2-oxazoline) (PnPOx) is 

depressed as the methanol content reaches to 35 vol%. However, this behavior is not 

observed for poly(2-isopropyl-2-oxazoline) (PiPOx) or poly(2-cyclopropyl-2-

oxazoline) (PcyPOx). The Cloud point determination is made by calorimetric 

measurements, and thermograms were recorded for all three polymers. As a result of 

the comparison of these thermograms, it was concluded that the rotational freedom of 

the side groups is important for determining the occurrence of cononsolvency by 

changing the entropy/enthalpy compensation. 
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Figure 8: The structure of different polymers that were used for the investigation of 

cononsolvency behavior. (A) The structure of poly(N-vinylcaprolactam) (PVCL), 

which exhibits cononsolvency behavior in the presence of methanol, ethanol, iso- or 

n-propanol, or tert-propanol. Adapted from references 128, 129. (B) The molecular 

structure of poly(n-propyl-2-oxazoline) (PnPOx), which exhibits cononsolvency 

behavior in methanol-water mixtures. Adapted from reference 130. (C) and (D) The 

structures of poly(2-isopropyl-2-oxazoline) (PiPOx) or poly(2-cyclopropyl-2-

oxazoline) (PcyPOx), which do not exhibit the cononsolvency behavior even though 

the structures are very similar to the structure of (B). Adapted from reference 130. 

 

 The molecular structures of the polymers are independent of the cause of this 

phenomenon since the structurally similar polymers do not exhibit the same behavior. 

Even though there are lots of different studies that contain different types of polymers 

and different solvent-cosolvent systems, the experimental studies are too short to 

elucidate the underlying mechanism of cononsolvency behavior. For this reason, 
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theoretical calculations and simulation studies are also utilized for understanding this 

mechanism. 

1.2.3 Theoretical and Simulation Findings on Cononsolvency  

 Besides the experimental findings mentioned above, the theoretical findings 

and simulation studies hold great importance in understanding the reason why the 

cononsolvency phenomenon occurs. In one of the earliest theoretical studies, it is 

concluded that the reason for this phenomenon is probably caused by the strong 

solvent-cosolvent interactions.134–136  At low cosolvent concentrations, the extent of 

the polymer's reach to cosolvent is lower because of these strong interactions. As the 

cosolvent content further increases, the excess amount of cosolvent weakens the 

solvent-cosolvent interactions, resulting in the resolvation of the polymer by these 

cosolvent molecules, instead of interacting with the main solvent.  

 

In addition to this solution-theory-based opinion, another study suggests that 

the cononsolvency behavior is governed by the water-cosolvent mixing 

thermodynamic properties.137 Bischofberger et al. suggest that the addition of small 

amounts of amphiphiles, alcohols in this case, lowers the energy of bulk water, making 

hydrophobic hydration less favorable. For amphiphilic polymers like PNIPAM, 

hydrophobic hydration ceases to be the key factor, and the coil-to-globule transition is 

more likely to occur. Since this scenario arises due to the thermodynamics between the 

water and the cosolvent, this mechanism is independent of polymer-specific factors, 

such as chain length or concentration.  
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These types of theory-dependent findings are both valuable and insufficient for 

considering the importance of interactions between solutes and solvent/cosolvent 

systems. To further understand the effect of polymer conformation on their interactions 

with the cosolvent, Heyda et al. performed coarse-grained MD simulation of a system 

containing a homopolymer chain including solvent effects in the polymer-polymer pair 

interaction potential, and also including explicit cosolvent effects.138  The authors 

observed that there are three main interaction regimes corresponding to weak, 

intermediate, and strong interactions. Weak polymer-cosolvent interactions cause the 

cosolvent molecules to deplete from the hydration shell of the macromolecule and 

cause the polymer to collapse. This depletion is also the consequence of the strong 

cosolvent interaction. On the other hand, in the intermediate polymer-cosolvent 

interaction regime, the attraction drives the polymer swelling and the adsorption of the 

cosolvent. These two behaviors agree with the classical mechanism that suggests that 

the cosolvent depletion causes the polymer collapse and the cosolvent adsorption 

causes the polymer swelling. However, in the strong polymer-cosolvent interaction 

regime, cosolvent is preferentially adsorbed on the polymer and leads to the polymer 

collapsing. In this regime, the collapse is driven by the bridging type of interactions 

between the monomer-cosolvent molecules, binding the distant monomer units 

together.  

Another MD study by Dalgicdir et al., computational calorimetric 

measurement shows that the cononsolvency of PNIPAM in water-methanol mixtures 

is mainly governed by the hydration of the polymer.139 Methanol is included in the 

hydration shell of the polymer and disrupts the formation of H-bonds between the NH 

moiety of PNIPAM and water. The cosolvent molecules pay the hydration energy 
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penalty for the polymer and lower the hydration shell of the macromolecule and cause 

the polymer to collapse.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: The proposed mechanisms as the results of theoretical and simulation studies 

explained above. (A) The strong solvent-cosolvent interaction causes the polymer to 

collapse, as explained in reference 131. (B) Enthalpic bridging mechanism, as 

explained in reference 134. (C) Geometric frustration caused by the preferential 

adsorption of the cosolvent, as explained in reference 135. The overall figure is 

adapted from reference 133. 

  

(A) 

(B) 

(C) 
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In addition to these generalized proposed mechanisms mostly related to 

PNIPAM, there is also a bizarre behavior that is not universal for all the 

macromolecules, even though they are similar in molecular structure. For example, the 

addition of urea, which is an important osmolyte commonly found in living organisms, 

causes a solubility increase in poly (N-isopropylacrylamide) (PNIPAM), while it 

causes a decrease in the solubility of poly (N, N-diethylacrylamide) (PDEA) even 

though they have similar molecular structures.140 Van der Vegt and his coworkers 

performed molecular dynamics simulations of 40-mer PNIPAM and PDEA chains in 

water and in aqueous urea solutions, and these simulations showed that urea collapses 

PNIPAM’s secondary amide side chains but unfolds PDEA’s tertiary amide side 

chains. These effects are dependent on the urea’s preferential inclusion in the hydration 

shell of the polymer; however, the mechanism differs from polymer to polymer. For 

PNIPAM’s collapse, the mechanism is entropically driven for the urea content lower 

than 4M; and for the higher concentrations, the collapsed state is stabilized by bivalent 

hydrogen bonding with urea. On the other hand, the unfolding of PDEA is governed 

by favorable water entropy gain since urea screens the large nonpolar interfaces and 

reduces the hydrophobic effects. These findings showed that the cononsolvency type 

of behavior is not only governed by the bulk properties such as solvent-cosolvent 

interactions, but it might be polymer-specific in some cases. These differences come 

from the difference in side-chain chemistry and the change in the “solvent-accessible 

surface area (SASA)”. Since the PDEA has a larger SASA, it can interact with either 

solvent or cosolvent, and this leads to unfolding.  

 



 

30 

 

 
 

Figure 10: The proposed mechanisms for PNIPAM and PDEA in aqueous urea 

solutions. Image is from reference 136. 

1.3 Beyond Amide-Based Macromolecules: Polysaccharides 

 

 Biological macromolecules are important for both living organisms and for 

other applications, such as tissue engineering.2–6 Since the amide-based 

macromolecules are good mimic systems for proteins and most of them are 

thermoresponsive, for this type of application, the most used model systems are amide-

based macromolecules, which are widely mentioned in previous sections. The most 

well-known ones are poly (N-isopropylacrylamide) (PNIPAM) and poly (N, N-

diethylacrylamide) (PDEA) (see Figure 2 for the molecular structures). However, 

proteins are not the only important biological macromolecules for living organisms; 

sugar-based macromolecules are also important for living systems. The sugar-based 

macromolecules are mainly referred to as “glycans” and “polysaccharides,” and they 

are found in different forms, such as glycoproteins or glycolipids.141 These molecules 
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consist of O-glycosidic linkages of monosaccharides and have various roles in living 

cells. For example, cellulose and starch are the most widely found polysaccharides in 

the membrane of a plant cell wall.142 In animals, glycogen is used as a primary storage 

polysaccharide in the liver and muscles.143 Glycosaminoglycans such as hyaluronic 

acid, chondroitin sulfate, and heparin are used in connective tissue, cartilage, 

extracellular matrix, and blood vessels, and glycoproteins and glycolipids are located 

on cell membranes, used for signaling and recognition.144–148 

 

 
 

Figure 11: The molecular structures of the most commonly found polysaccharides in 

living organisms. (A) The structure of cellulose, (B) The structure of hyaluronic acid, 

and (C) The structure of heparin 

 

https://en.wikipedia.org/wiki/Glycosidic_bond
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Figure 12: The representation of (A) the cell membrane and the polysaccharides 

located on it. (B) The structure of the proteoglycan complexed with hyaluronic acid, 

which is a component of the cartilage extracellular matrix and important for tissue 

functioning, is adapted from reference 145. 

 

Besides these structural functions and important roles in living organisms, the 

polysaccharides are also used for other applications in science and technology, such as 

drug delivery, tissue engineering, gene delivery, and therapeutic purposes.149–155 For 

example, Zhao et al. developed a biocompatible self-healing polysaccharide hydrogel 

for an injectable drug carrier for the delivery targeting for neural stem cells.152 N-

carboxyethyl chitosan (CEC) and oxidized sodium alginate are used as the backbone 

of the hydrogel. Herein, we developed a biocompatible self-healing polysaccharide-

based hydrogel system as a novel injectable carrier for the delivery of neural stem 

cells. N-carboxyethyl chitosan (CEC) and oxidized sodium alginate (OSA) are the 

main backbones of the hydrogel networks, denoted as CEC-l-OSA hydrogel (“l” 



 

33 

 

means “linked-by”). This hydrogel has the same stiffness as the natural brain tissue 

and promotes the proliferation of neural stem cells. These hydrogels are useful because 

of their reproducibility, being cost-effective, scalable, and environmentally friendly.  

  

Azzam et al. showed that the dextran conjugates can be used for gene delivery 

purposes.156 The authors used different chain lengths of dextrans (5-380 kDa) that were 

oxidized with potassium periodate to form polyaldehydes, and then reacted with 

spermine via reductive amination. The resulting polycations are found to be water-

soluble and form nanoparticles with plasmid DNA. Among almost 50 different types 

of spermine-dextran conjugates, only conjugates of ~6–8 kDa, with ~2 μmol/mg 

spermine and 25–30% branching, achieved a high transfection efficiency of 50% for 

HEK293 cells. Larger conjugates and lower spermine-content variants were found to 

be inefficient. This work emphasizes the importance of polymer size, branching, and 

functional group chemistry in designing effective, low-toxicity nonviral vectors. 

 

In addition to the biological functions of sugar-based macromolecules, the 

energy materials are also a wide application area, such as for developing solid and gel 

electrolytes, electrodes, and active surfaces for energy harvesting devices.157 

Utilization of native polysaccharides, such as starch, agar, alginate, carrageenan, 

ulvan, chitin, chitosan, and bacterial cellulose derived from natural sources, such as 

potatoes, algae, and bacteria in areas such as the food industry or energy systems has 

been shown. These polysaccharide-based materials are biodegradable, biocompatible, 

and have low toxicity; they are good alternatives to other conventional materials. The 

important key parameters in polysaccharides, such as ionic conductivity, capacitance, 
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stability, and efficiency, have been investigated for compatibility in energy 

applications. 

 

 
 

Figure 13: The molecular structures and the sources of native polysaccharides that are 

used for energy applications, adapted from reference 154. 

 

 The role of polysaccharides in both natural biological applications and 

technological developments make sugar-based macromolecules important and good 

alternatives to other polymers, such as amide-based ones.  
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1.4 Motivation and Aim of the Study 

 

 Understanding the interactions between the macromolecules and small 

molecules, such as ions or osmolytes, holds great importance for a variety of fields 

from fundamental science to industrial applications. While different studies present 

varying findings and approaches to understanding the interaction mechanisms, 

generalized mechanisms that apply to all systems remain elusive, and the model 

systems lack diversity. This work aims to expand our understanding of the interactions 

between Hofmeister ions and macromolecules and to systematically investigate the 

underlying mechanism for the cononsolvency phenomenon by utilizing a combination 

of both thermodynamic and spectroscopic techniques. Sugar-based macromolecules 

are used as model systems, since their molecular interactions with Hofmeister anions 

have not been covered in depth. In this regard, methylcellulose (MC), hydroxypropyl 

cellulose (HPC), and dextran are used for understanding how different sugar-based 

macromolecules interact with Hofmeister anions and what mechanisms underlie these 

interactions. Lower critical solution temperature (LCST) measurements and nuclear 

magnetic resonance (1H-NMR) measurements were performed on these model 

macromolecules in the presence of Hofmeister anions. In the second part, the 

cononsolvency phenomenon on both amide-based and sugar-based macromolecules is 

investigated. Poly(N-isopropylacrylamide) (PNIPAM) and Poly(N, N-

diethylacrylamide) (PDEA) were used as the main model systems, since they have 

similar molecular structures, and they are suitable for comparison. Lower critical 

solution temperature (LCST), the Attenuated Total Reflectance Fourier transform 

infrared spectrometer (ATR-FTIR), and Raman Spectroscopy measurements were 
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performed on the macromolecule-solvent-cosolvent ternary systems and solvent-

cosolvent systems as well to show both the bulk properties and the surface properties 

of macromolecules. 
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Chapter 2 – Materials and Methods 

2.1 Materials 

2.1.1 Salts 

All salts are purchased from Sigma Aldrich. Sodium thiocyanate (NaSCN) has 

99.99+% purity. Sodium perchlorate hydrate (NaClO4), sodium iodide (NaI), sodium 

nitrate (NaNO3), and sodium chloride (NaCl) have 99.99% purity. Sodium phosphate 

monobasic (NaHPO4) has 98% purity. Sodium sulphate (Na2SO4) has 99.00% purity. 

Sodium carbonate (NaCO3) has 99.5% purity. The 2,2-dimethyl-2-silapentane-5-

sulfonate sodium salt (DSS) (97%).  

No further purification was performed before using the salt.  

2.1.2 Polymers 

 Poly(N-isopropylacrylamide) (PNIPAM) was purchased from Polymer Source 

Inc. The average molecular mass of this polymer was reported as 118,500 Da and a 

polydispersity index (PDI) of 2.16, which was determined with Gel Permeation 

Chromatography (GPC). Poly(N, N-diethylacrylamide) (PDEA) was purchased from 

Polymer Source Inc. The average molecular mass was reported as 85,500 Da, and the 

PDI was 1.45. Methylcellulose (MC) was purchased from Sigma Aldrich, whose 

average molecular mass was later determined by Size Exclusion Chromatography 

(SEC) as a mixture of around 145 kDa average molecular mass with PDI of 1.2. (See 

Appendix A) Hydroxypropyl cellulose (HPC) was purchased from Sigma Aldrich with 

an average molecular mass of 10,000 Da. Two different dextran polymers were 

utilized: 70,000 Da and 6,000 Da. Both dextrans were purchased from Sigma Aldrich 
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with average molecular masses reported by the brand. Poly (Propylene Glycol) was 

purchased from Thermo Fisher with a reported weight average molecular weight of 

4,000 Da. Polyethylene glycol is purchased from Sigma with a reported average 

molecular mass of 6,000 Da. 

All polymer samples except the Methylcellulose samples used in Nuclear Magnetic 

Resonance measurements were lyophilized before usage according to the procedure 

explained in section 2.2.1. 

2.2 Methods  

2.2.1 Lyophilization and Preparation of Polymer Samples 

To prepare the polymer samples, the solid polymers were weighed to the 

required mass in a volumetric flask filled with deionized water, then brought up to the 

target solution volume and homogenized using a vortex mixer. Stock solutions were 

kept for a day in the refrigerator before further application to ensure complete 

solubility. After a day of waiting, according to the required polymer mass after 

lyophilization, small portions of the stock solutions were put into 2 mL Eppendorf 

tubes by utilizing micropipettes. Tubes were enclosed by punctured caps to enable 

evaporation.  

 

The tubes were frozen in liquid nitrogen and placed in a desiccator, which is 

connected to a vacuum pump, and samples were exposed to a vacuum condition 

overnight for complete dryness (see Figure 14 for the setup). The desiccator is sealed 

with vacuum grease, put on the lid, and the chamber. For further preparations, the dried 
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samples were dissolved again in the relevant solution in Eppendorf tubes and 

homogenized again with the help of a vortex mixer.  

 

 
 

Figure 14: The setup for lyophilization. The desiccator (left) and vacuum pump (right) 

are seen in the figure, and there are linkages between them.  

2.2.2 LCST Measurements   

Lower Critical Solution Temperature (LCST) measurements were performed 

using the OptiMelt MPA100 instrument. This device simultaneously heats the sample 

and records the light scattering intensity using camera images (see Figure 15 for the 

setup). Samples in solution form, which were prepared as explained in the section 

above, were put into three different capillary tubes and could be measured three times 

at once. Recorded data is shown on the software of the device, MeltView 2.0.7 (Figure 
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16 for the screenshots from the software). The heating rate was 5 °C per minute for 

MC and HPC containing samples, and 1°C per minute for PNIPAM, PDEA, and PPG 

containing samples, since the phase transition temperature was not exhibited for MC 

and HPC in the slower heating rate. 

 
 

Figure 15: OptiMelt instrument placed in the refrigerator.  

Lower critical solution temperature, also referred to as “phase transition 

temperature”, is the temperature at which polymers aggregate suddenly and resulted 

in the formation of a cloudy solution with increasing temperature. At the exact point 

where the polymer solution becomes turbid, the light scattering intensity increases 

significantly, causing a sharp increase in the light scattering intensity vs. temperature 

graph. The onset point of this graph gives the LCST for that sample (see Figure 16 and 

17 for the example and data processing). After exporting the data from MeltView 

software, further analysis was performed using OriginLab 2024.  
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Figure 16: Screenshot from MeltView software containing a record for light scattering 

intensity vs. temperature graph for the below (inside the green box) and above LCST 

(inside the red box).  
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Figure 17: Representative graph of light scattering intensity vs temperature with the 

image of the sample polymer below (T < LCST) and above (T > LCST) phase 

transition temperature. As the temperature increases, inter- and intra-molecular 

interactions of the polymer increase, causing it to aggregate and result in a cloudy, 

turbid solution. This increasing trend generally shows a sharper increasing point for 

the amide-based macromolecule samples, such as PNIPAM. However, it shows a less 

sharp increase at the onset point, probably because of the high viscosity of the MC, 

but it is still sharp enough to assign the point where the light scattering intensity 

increases the most. 

2.2.3 ATR-FTIR Spectroscopy Measurements 

The Attenuated Total Reflectance Fourier transform infrared spectrometer 

(ATR-FTIR) used for conducting the ATR-FTIR measurements is a Bruker ALPHA 

FTIR spectrometer, equipped with a Platinum ATR module. The crystal of this device 

is a monoclinic diamond, and the source is blackbody radiation. For the measurements 
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that are not performed at room temperature, a water circulator, which can either 

decrease or increase the temperature of the sample, was utilized (see Figure 18 a). The 

tubing of the calculator was connected to a custom-made metal headpiece, which is 

located on the ATR plate, enabling tuning of the required temperature. This headpiece 

is fixed on the ATR plate during the measurement with the help of a rotatable arm, and 

a cap is put on the sample for minimal air exposure to the sample (see Figure 18 b for 

the setup). This setup makes it possible to conduct measurements both below and 

above the phase transition temperatures.  

 

ATR spectra were obtained from a 50 μL sample with 4 cm-1 resolution in the 

range of 400 - 4000 cm-1 and 512 scans. Before all measurements, background 

spectrum measurements were obtained, and all spectra were ATR corrected by the 

instrumental software OPUS 7.2, but all further analysis and processing of spectra 

were performed in OriginLab 2024. Hydration spectra analysis was performed with 

the MCR algorithm macro embedded in Igor Pro(WaveMetrics), as explained in more 

detail in Chapter 3.2. 

 

The ATR-FTIR measurements not used for hydration shell analysis yielded 

spectra from a 50 μL sample, with a 2 cm-1 resolution in the 400-4000 cm-1 range, and 

32 scans. 
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Figure 18: (A) Water circulation bath used for heating or cooling the samples during 

the measurements, (B) ATR-FTIR Spectrometer and the measurement setup 

containing water circulation headpiece fixed on the ATR plate with a cap closed over 

it, (C) Illustration of temperature-controlled ATR-FTIR measurement setup. The inlet 

and outlet enable the circulated water to flow through the metal headpiece.  

 

(A) (B) 

(C) (C) 
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2.2.4  1H-NMR Spectroscopy Measurements 

Proton Nuclear Magnetic Resonance Spectroscopy measurements were 

performed using an Agilent Premium Compact 600 MHz spectrometer at room 

temperature. The external magnetic field of the instrument is 14.1 T. The free induction 

decay (FID) is 1.703 milliseconds, and the light application time is 3.9 microseconds. 

All the samples were lyophilized in the way explained in section 2.1.1 and then 

prepared using D2O as the solvent.  

 

 SP Wilmad-LabGlass 5 mm thin-walled precision 7″ NMR tubes were used for 

holding the sample. An additional external chemical shift referencing, which contains 

2,2-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS) in D2O solvent. This 

reference tube is always placed in the main sample tube during the measurements 

(shown in Figure 19). This method enables both the samples and the reference solution 

to be measured simultaneously without being in contact.  

 

NMR spectra were obtained using 32 scans, and standard procedures, such as 

solvent locking and shimming, were performed automatically with the instrument’s 

software, OpenVnmrJ. Data processing was carried out with OpenVnmrJ software 

from Agilent and MestreNova. After obtaining the spectra from the instrument’s 

software, they are first converted to text files by MestreNova, and further analysis is 

carried out by using Origin 2025b software. The text files are imported to Origin 

2025b, and their reference peaks, which are supposed to be placed at 0 ppm, are 

corrected by simple addition or subtraction to the X-axis values of the spectra. After 

this correction, the peak positions are determined. For this determination, a straight 
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line is placed horizontally on the full-width half-maximum position of the peaks, and 

the average value of the two intersection points is determined, and this value is used 

as the “peak position”. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Outer NMR tube containing sample to be measured and the coaxial 

reference tube inside it. The volume of the sample is around 500 μL, and the volume 

of the inner reference is 60 μL.  

 

2.2.5 Raman Spectroscopy Measurements  

Raman spectra were obtained with a Jobin Yvon Horiba Raman System with 

an Andor charge-coupled device (CCD) camera (see Figure 20A). Using a Low-Noise 

Continuous Wave (CW) Diode-Pumped Solid-State (DPSS) Laser (Ventus 532) at 532 

nm at 50 mW with 10 % attenuation as the excitation laser source, is employed by the 

Raman spectrometer (see Figure 20 B). The camera runs by a < 0.01 

Insert Cap 
 Middle Cap 
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Inner 
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electron/pixel/second dark current response by thermo-electrically cooling the 

detector, which is set to -69 oC. 12.5 x 12.5 x 45 mm Quartz spectrometer cuvettes 

were used for samples, and they were placed under the laser. The laser light was 

directed to the sample and collected with a 10x focus (see Figure 20 C). The collected 

light was directed to a 600 g/mm grating and finally measured by a 1024 x 256-pixel 

CCD camera. Unless specified otherwise, spectra were obtained using 150 scans with 

2 seconds, resulting in a 5-minute integration time. All the measurements were 

performed at ambient temperatures.  

 

  
 

Figure 20: Setup for the Raman Spectroscopy measurements, (A) Compartments of 

the spectrometer, (B) The Diode-Pumped Solid-State (DPSS) Laser utilized by the 

spectrometer, (C) The focused green light on the sample, which is in the quartz cuvette 

 

Data processing was performed using LabSpec software, and for further 

analysis, OriginLab 2024 and Igor Pro software (WaveMetrics) were used. Hydration 

(

(

(
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spectra analysis was performed with the Multivariate Curve Resolution (MCR) 

algorithm macro embedded in Igor Pro (WaveMetrics), as explained in more detail in 

Section 3.2. 
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Chapter 3 – Results 

3.1 Interactions of Hofmeister Anions with Sugar-Based 

Macromolecules 

The interaction of macromolecules with ions, osmolytes, and other small 

molecules holds great importance in many different aspects. This kind of interaction 

can alter the hydration behavior of the macromolecules, which can result in the display 

of changes in the role of these macromolecules in the systems. One of the most widely 

investigated interactions is the interaction between Hofmeister ions and amine-based 

macromolecules, which is a system that resembles proteins in biological systems. 

Understanding these interactions enables researchers to understand the interactions of 

proteins and pave the way to develop different applications, such as drug synthesis and 

drug delivery. Besides the importance of amide-based macromolecules, another class 

of macromolecules is also widely present in living systems: sugar-based 

macromolecules. By addressing this in the first part of this chapter, thermodynamic 

and spectroscopic evidence about how the Hofmeister ions interact with sugar-based 

macromolecules will be presented.  

3.1.1 LCST and 1H-NMR Measurements: Showing the Effects of 

Salting-in and Salting-out Anions on Methylcellulose and Site-

Specific Evidence 

 

As discussed previously in Chapter 1, the thermodynamic evidence of the 

interactions between Hofmeister ions and the macromolecules holds great importance 

and is also the motivation of the present chapter. Thermodynamic measurements are 

the preliminary data that reveal the effect of Hofmeister ions on macromolecules. The 
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presence of the Hofmeister ions affects the phase transition temperature of the 

thermoresponsive macromolecules. The increase in the lower critical solution 

temperature (LCST) with increasing ion concentration means a “salting-in” behavior, 

while the decrease means “salting-out” behavior.12,13 

 

In this study, the molecular system consists of methylcellulose, which is a 

thermoresponsive and water-soluble derivative of cellulose as the model 

macromolecule, and the effect of the sodium salts of different Hofmeister anions. Just 

like cellulose, methylcellulose is composed of glucose units with β-1,4 glycosidic 

linkages and additional side-groups, methyl. 

 

 

 
 

Figure 21: (Left) The molecular structure of Methylcellulose (MC) and (Right) the 

fitted curves for the lower critical solution temperature of MC as a function of sodium 

salts of eight different Hofmeister anions. Error bars indicate the standard deviation of 

the data for at least 3 replicates for each measurement. 

 

Figure 21 shows the LCST measurements of a 5mg/mL MC sample, prepared 

as explained in Section 2.1.1, and dissolved in salt solutions of the salts indicated in 
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the graph. The LCST of MC in the absence of any salt is measured as 63.3 ± 0.4 oC. 

For all the samples in the presence of different salt concentrations, the LCST value 

was measured and recorded to show the trend with the increasing concentration. The 

data were fitted according to an empirical formula, which is widely used in the 

literature, as explained in Chapter 1. This formula contains both a linear and a 

nonlinear term. Both terms are used to fit the nonlinear salting-in type of graph, which 

involves a saturable anion binding at a particular concentration of weakly hydrated 

anions. 

𝑇 = 𝑇0 + 𝑐[𝑀] +
𝐵𝑚𝑎𝑥 . [𝑀]

[𝑀] + 𝐾𝐷
                                 (1)  

In this formula, [M] is the molar salt concentration. c is the linear coefficient 

with units °C/M. The 𝐵𝑚𝑎𝑥 and 𝐾𝐷 refer to the maximum change in the phase transition 

temperature and the dissociation constant of the ion.  

 

The LCST of MC nonlinearly increases as the salt concentration of salting-in 

ions, namely NaSCN, NaClO4, NaI, and NaNO3, increases (see the curves indicated 

with black squares, green circles, orange squares, and magenta triangles). This 

nonlinear trend is correlated to a saturable type of binding behavior, which indicates 

that there is a direct interaction between the macromolecule and the ion. In contrast, 

the LCST is decreasing as the salting-out ions, namely, NaCl, NaH2PO4, Na2SO4 and 

Na2CO3, increase. This linear decrease is evidence that there is no direct specific 

interaction between the macromolecule and the ion. As a result of this graph, the given 

Hofmeister anions act on the MC as expected and cause similar trends in the LCST 

values to the amide-based macromolecules scenario.4 
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Salt Concentration Range c (K.M-1) KD (M) Bmax (K) 

NaSCN 0 - 1.0 M -4.30 0.40 8.74 

NaClO4 0 - 1.0 M -1.00 0.49 65.04 

NaI 0 - 1.0 M -2.50 0.58 5.90 

NaNO3 0 - 1.0 M 13.65 0.80 7.16 

NaCl 0 - 0.6 M -24.90 - - 

NaH2PO4 0 - 0.6 M -61.00 - - 

Na2SO4 0 - 0.3 M -123.50 - - 

Na2CO3 0 - 0.3 M -129.00 - - 

 

Table 1: Fit values for the parameters c, KD, and Bmax according to the empirical fit 

(Equation 1) for the LCST values of MC solutions with salt content given in the second 

column. Note that the KD values are not experimental; they are apparent values 

resulting from the fit equation. For the last four salts, the fit is linear, and there is no 

nonlinear term to report.  

 

After showing that the Hofmeister anions cause a similar effect on 

methylcellulose, which is the model sugar-macromolecule for this research, as they do 

on amide-based macromolecules, the next step was to determine which part of the 

macromolecule is responsible for the interaction with the weakly hydrated Hofmeister 

anions. For site-specific evidence, 1H-NMR measurements were performed. The 1H-

NMR technique that was employed in this study has been proven to be used for 

investigating the interactions between small molecules or ions and macromolecules. 60 

In Figure 22, the 1H-NMR spectrum of 5mg/mL MC in neat D2O is shown with the 

assigned peak positions, including externally referenced DSS salt in D2O. The 

structure of DSS is given in the figure as well. 
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Figure 22: The example spectrum of MC in D2O. The red and blue circles on the 

spectrum correspond to two methyl peaks of the side-chains of the MC located in 

different chemical shifts (ppm). The structure of MC is on the upper right side, and the 

different methyl groups are indicated in red and blue. The structure of DSS is located 

on the upper left side of MC, and its peaks are indicated using the letters (a), (b), (c), 

and (d).  

 

Besides four different peaks coming from DSS hydrogens, there are two 

distinct and sharp singlet peaks around 3.4 and 3.6 ppm, which correspond to protons 

of two different methyl peaks of the side-chain of MC. Also, there are some other little 

peaks located between 3 - 3.4 ppm, which belong to the backbone hydrogens of MC, 

but they are broadened and have lower intensity because of high intermolecular 

interactions and the polymer network. The change in the position of these two methyl 

peaks was analyzed to understand the interactions between the MC and weakly 

hydrated anions. The change in the position of these peaks was plotted as a function 
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of concentration, and the trends show that the change in the peak position is a nonlinear 

behavior in the presence of a weakly hydrated anion, namely SCN-, and for the strongly 

hydrated anions such as Cl- or SO4
2-, the behavior is a monotonic linear decrease.  

 
 

Figure 23: The changes in the ppm values of methyl peaks in the presence of different 

concentrations of (A) NaSCN, (B) NaCl, and (C) Na2SO4. Red and blue curves color 

color-coded for the two different methyl peaks shown with red and blue in the inset of 

the figure. The measurements were performed at least 3 times for each data set. The 

resulting trends are reported to be reproducible. 
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The data shown in Figure 23 is fitted using an empirical formula from the 

literature, which resembles equation (1). Again, it contains both a linear and a 

nonlinear term for modeling two different types of behavior.  

∆𝛿𝐻 = 𝑐[𝑀] +
∆𝛿𝑚𝑎𝑥[𝑀]

𝐾𝐷 + [𝑀]
                                  (2) 

In this formula, again, c is the linear coefficient with units ppm/M, Δδmax is the 

maximum change in chemical shift, i.e., at saturation, and KD is the ion-polymer 

binding dissociation equilibrium constant. For fitting the data that contains NaSCN, 

both the linear and the nonlinear term of the formula were used, and KD values were 

calculated as: 0.05 ± 0.003 M for the more deshielded methyl peak (occurs around 3.6 

ppm) and 0.07 ± 0.0065 M for the less deshielded methyl peak (occurs around 3.4 

ppm). The reported apparent binding constants are comparable with the ones belong 

the amide-based cases from the litearature. Since in NMR measurements, the binding 

of only one site is investigated, and the LCST measurements are more macroscopic 

and the KD values for that measurements corresponds to whole macromolecule, the 

reported KD values for LCST measurements and NMR measurements are quite 

different. These NMR measurements resulted in the binding of weakly hydrated anions 

such as SCN- to the methyl groups of MC, i.e., the side chain of the macromolecule. 

The spectroscopic evidence also raises the question: Is the side chain of sugar-based 

macromolecules the only site for a specific interaction between the weakly hydrated 

anion and the macromolecule? The results are explained in the next section.  
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3.1.2 The Lack of Side-Chain Changes the Interactions of Sugar-

Based Macromolecules with Hofmeister Anions 

 

After showing that the side methyl group of MC is responsible for the 

interactions between the MC and weakly hydrated Hofmeister anions, the question 

arose as to whether another similar polymer without a side group would cause the same 

interactions. For this purpose, the same 1H-NMR measurements were performed using 

dextran in the presence of the sodium salts of the Hofmeister anions, NaCl, NaSCN, 

and Na2SO4. Dextran is a branched sugar-based macromolecule composed of glucose 

units joined together with an α-1,6 glucoside linkage and has additional branches from 

α-1,3 linkages. It is water-soluble; however, it does not show an LCST behavior and 

is not thermoresponsive. For this reason, dextran is investigated only via 1H-NMR 

measurements. The main dextran chemical shifts can be seen in the range of 3.4 -4.1 

ppm. The NMR spectrum and assigned chemical shifts can be seen in Figure 24. 
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Figure 24: (Left) The structure of dextran, and (Right) the 1H-NMR measurement of 

dextran in D2O using DSS as the reference. The colorful dots are used to assign the 

peaks from different hydrogens of dextran. 

The change of the position of all the hydrogen peaks is observed with 

increasing NaSCN concentration to see if there is a binding of the SCN- anion to 

dextran, even though it does not contain a side-chain, see Figure 25.  
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Figure 25: The changes in the peak positions of hydrogen are analyzed. The color-

coding matches the different hydrogen peaks shown in the inset of the graph in 

different colors.  

The changes in the peak positions of each hydrogen peak as a function of 

concentration are clearly nonlinear (The dashed black line is a guide to the eyes as a 

reference to a linear change in behavior). However, it does not resemble the classical 

binding-type behavior. Please note that all the corresponding peaks are acting similarly 

to each other as the concentration of NaSCN increases. This result suggests that there 

may be a different interaction mechanism between dextran and weakly hydrated 

Hofmeister anions, which has yet to be deciphered beyond the regular binding type of 

behavior.  

After showing that the increasing NaSCN content causes a nonlinear change in 

the peak position of the dextran hydrogens, the same measurements and analysis are 
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performed in the presence of NaCl and Na2SO4, see Figure 26. Since it was shown in 

the previous data that all of the peaks act almost the same, the analysis is performed 

for only one peak. The peak corresponds to the hydrogen attached to the carbon, which 

is adjacent to the oxygen in the sugar ring is a relatively sharp singlet; this peak is 

analyzed for the sake of simplicity. The changes in the peak positions are linear, as 

expected in the presence of both strongly hydrated anions. The changes in the peak 

positions are linear, as expected in the presence of both strongly hydrated anions.  

 

 

 

 

 

 

 

 

 

 

Figure 26: The change in the peak position of the hydrogen corresponds to the 

hydrogen attached to the carbon, which is adjacent to the oxygen in the sugar ring, as 

a function of concentrations of (A) NaCl and (B) Na2SO4 

 Up to this point, the findings presented in the previous figures were obtained 

by utilizing a large dextran polymer, which has a 70,000 Da molecular weight. For 

obtaining more information on the interaction between the dextran and weakly 

hydrated Hofmeister anions, additional NMR measurements with a lower molecular 

weight dextran, 6,000 Da, are also performed. The change in the peak position of the 

hydrogen corresponds to the hydrogen attached to the carbon, which is adjacent to the 
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oxygen in the sugar ring, as a function of the concentrations of NaSCN is plotted and 

fitted, see Figure 27. The data is fitted to a linear fit, and the lower molecular weight 

polymer showed no evidence of binding, as expected.62 

 

Figure 27: The change in the peak position of hydrogen corresponds to the hydrogen 

attached to the carbon, which is adjacent to the oxygen in the sugar ring, as a function 

of concentrations of NaSCN. 

3.1.3 Is this effect universal for all sugar-based macromolecules with 

a side chain? 

After showing that the side-chain of MC is responsible for the interactions 

between the macromolecule and the Hofmeister anions, the question arose whether 

any other sugar-based macromolecule with a side-chain shows the same type of 

interaction with the same anions. Another sugar-based macromolecule, which is also 

a thermoresponsive and water-soluble derivative of cellulose with a hydroxypropyl 

side-chain, hydroxypropyl cellulose, is used for this investigation. The same LCST 

measurements were performed with this model macromolecule in the presence of the 
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sodium salts of SCN-, I-, ClO4
-, NO3

-, Cl-, HPO4
3-, SO4

2-, and CO3
2- to see if the weakly 

hydrated anions can interact with HPC as well as MC.  

 

 

Figure 28: (Left) The molecular structure of Hydroxypropyl cellulose (HPC) and 

(Right) the fitted curves for the lower critical solution temperature of HPC as a 

function of sodium salts of eight different Hofmeister anions. Data courtesy of Sobia 

Farooq obtained from their master’s thesis (unpublished), Bilkent University, 2024.  

Figure 28 shows the LCST measurements of a 5mg/mL HPC sample, prepared 

as explained in Section 2.1.1, and dissolved in salt solutions of the salts indicated in 

the graph. The LCST of HPC in the absence of any salt is measured as 44 ± 0.5 °C. 

For all the samples in the presence of different salt concentration samples, the LCST 

value was measured and recorded to show the trend with the increasing concentration. 

The data were fitted according to the empirical formula explained in Chapters 1 and 

3.1.1. The values for c, the linear coefficient with units °C/M, 𝐵𝑚𝑎𝑥 , the maximum 

change in the phase transition temperature, and 𝐾𝐷 the dissociation constant of the ion 

are listed in the following table.  
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Salt Concentration Range c (K.M-1) KD (M) Bmax (K) 

NaSCN 0 - 1.0 M -3.08 0.33 16.59 

NaClO4 0 - 1.0 M -1.21 0.49 11.82 

NaI 0 - 1.0 M 7.65 0.62 21.39 

NaNO3 0 - 1.0 M 7.74 0.97 6.21 

NaCl 0 - 0.6 M -16.2 - - 

NaH2PO4 0 - 0.6 M -39.5 - - 

Na2SO4 0 - 0.3 M -77.7 - - 

Na2CO3 0 - 0.3 M -75.6 - - 

 

Table 2: Fit values for the parameters c, KD, and Bmax according to the empirical fit 

(Equation 1) for the LCST values of HPC solutions with salt content given in the 

second column. For the last four salts, the fit is linear, and there is no nonlinear term 

to report.  

 

The LCST of HPC nonlinearly increases as the salt concentration of salting-in 

ions, namely NaSCN, NaI, NaClO4, and NaNO3, increases (see the curves indicated 

with black squares, green circles, orange squares, and magenta triangles). This 

nonlinear trend is correlated to a saturable type of binding behavior, which indicates 

that there is a direct interaction between the macromolecule and the ion. In contrast, 

the LCST is decreasing as the salting-out ions, namely, NaCl, NaH2PO4, Na2SO4, and 

Na2CO3. This linear decrease is evidence that there is no direct interaction between the 

macromolecule and the ion. As a result of this dataset, the given Hofmeister anions act 

on the HPC as they act on the MC. Meaning that, the same Hofmeister anions cause 

the same trends on these two different sugar-based macromolecules. It can be 

concluded from this data that this effect might be universal for all sugar-based 

macromolecules.  
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3.2. Developing a Methodology for Observing the Hydration 

Shell Structure for the Macromolecules by Utilizing the 

MCR Algorithm and ATR-FTIR Spectroscopy 

 

 Since the Hofmeister ions are classified based on their hydration capacity 

(strongly hydrated vs. weakly hydrated), and the hydration of small molecules affects 

their interaction with macromolecules, understanding the hydration structures of 

macromolecules is also crucial. In the literature, Raman Spectroscopy, along with the 

Multivariate Curve Resolution (MCR) algorithm, is widely used for observing the 

hydration shell of macromolecules with spectroscopic evidence.158–160 

 

 MCR is an algorithm that subtracts a spectrum from another with some 

optimization. The aim of using this algorithm is to subtract the bulk water spectrum 

from the water and solute spectrum to get the resulting spectrum containing only solute 

and hydration water structure, which is called the “solute correlated (SC) spectrum”. 

The resulting spectra have no negative area and contain both the intramolecular modes 

from the solute and perturbations caused by the solute on the OH region of the water 

network.161 

𝑊ℎ𝑜𝑙𝑒 𝑆𝑝𝑒𝑐𝑡𝑟𝑎 = 𝐴 ∗  𝑆𝑜𝑙𝑢𝑡𝑒 𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑒𝑑 𝑆𝑝𝑒𝑐𝑡𝑟𝑎 + 𝐵𝑢𝑙𝑘 𝑆𝑝𝑒𝑐𝑡𝑟𝑎 (3) 

 

 The equation above is the simplified version of the working principle of the 

MCR algorithm. The algorithm aims to subtract the “bulk spectra” from the “whole 

spectra” by optimizing the coefficient A in a way that no point in the resulting spectra 

has a negative value.  
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Figure 29: The illustration of the principle of the MCR algorithm. (Left) Shows the 

molecular-level picture of the spectrum that contains water and solute, propanol in this 

case, for the sake of simplicity. (Right) Shows the molecular-level picture of the solute 

correlated spectrum resulting from the MCR algorithm application, which contains the 

solute and the water molecules that participate in the hydration shell of this solute 

molecule. 

 

 This technique has been widely used in literature for spectroscopic evidence of 

how the hydration shell of the molecule changes with certain stimuli.158–160 For 

macromolecules, Raman spectroscopy is used for the application of this algorithm due 

to its high signal-to-noise ratio. However, since Raman spectroscopy measurements 

are based on the light scattering principle, observing the collapsed state of the 

macromolecules with Raman measurements is not possible due to their elevated light 

scattering intensity. Even though in the literature, there are examples showing the 

hydration shells of macromolecules and proteins utilizing IR spectroscopy162, there is 

no clear example of showing the collapsed state of macromolecules’ hydration shells 

using IR SMCR. To overcome this difficulty, to develop a new methodology was 

necessary for observing the changes on the surface of the collapsed state of the 

macromolecules in this project. For this purpose, the Raman spectroscopy 
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measurements were replaced by ATR-FTIR measurements, and the MCR algorithm 

was performed on the resulting vibrational spectra. Expectedly, both analyses show 

similar results, and hydration of the macromolecules in the collapsed state can be 

observed. The experiment setup is explained in more detail in section 2.2.3. 

 

 
 

Figure 30: (Left) The Raman spectrum of pure water (red curve) and the resulting 

solute correlated spectrum of 20 mg/mL PNIPAM in water after MCR analysis in 

soluble state (black curve) with the molecular structure of PNIPAM inserted. (Right) 

The IR spectrum of pure water (red curve) and the resulting solute correlated spectrum 

of 20 mg/mL PNIPAM in water after MCR analysis in the soluble state (black curve). 
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Figure 31: (Left) The Raman spectrum of pure water (red curve) and the resulting 

solute correlated spectrum of 20 mg/mL PDEA in water after MCR analysis in soluble 

state (black curve) with the molecular structure of PDEA inserted. (Right) The IR 

spectrum of pure water (red curve) and the resulting solute correlated spectrum of 20 

mg/mL PDEA in water after MCR analysis in the soluble state (black curve). 

 

 In Figures 30 and 31, it is clear that both the Raman MCR and IR MCR 

analyses are useful for understanding the hydration behavior of macromolecules. Both 

techniques give similar SC spectra with minor differences in peak shapes and signal-

to-noise ratios. The signal obtained from Raman spectroscopy measurements relies on 

the changes in the polarizability of the molecule during the vibration, and the O-H 

stretching vibrations of water molecules are not quite polarizable and yet still give a 

signal during the Raman spectroscopy measurements. Whereas the principle of IR 

spectroscopy is the dipole moment changes of the molecules during the vibrational 

transition. Since the CH stretching of the molecules doesn’t cause significant changes 

in the dipole moment of the molecule, CH peaks are easier to observe in the Raman 

spectroscopy. These differences explain the different appearance of OH and CH peaks 

in Raman spectra versus ATR-FTIR spectra.105,106,119,124,125,127,128,135,136,139,163–165 
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Additionally, to obtain a better signal-to-noise ratio, IR measurements were performed 

with 512 scan numbers. 

 

 
 

Figure 32: The multivariate curve resolution (MCR) analysis is performed with 

different scan numbers of IR spectra of polyethylene glycol (PEG), whose molecular 

structure is present in the inset of the graph. Among the four different tests, the analysis 

performed on the 512-scan measurement is found to have the best signal-to-noise ratio.  

 

It can be concluded that from Figures 30, 31, and 32, ATR-FTIR spectroscopy 

measurements can be utilized instead of or together with the Raman spectroscopy 

measurements for observing the hydration shell structures of macromolecules, and 

performing these measurements with 512 scans has a good signal-to-noise ratio, which 

is enough for getting a reasonable signal-to-noise ratio after the MCR analysis. After 

providing evidence for the validity of this technique, it was utilized for observing how 

the hydration shell of the macromolecules in the collapsed state changes with additives 
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in the solutions with ATR-FTIR MCR analysis, with the measurements above the 

phase transition temperature (LCST). 

3.3 Effects of Cosolvents on Macromolecules: Cononsolvency 

In addition to the interactions of Hofmeister ions, the addition of other small 

molecules to the aqueous biological macromolecules can also alter the behavior of the 

macromolecules. For instance, the presence of small alcohols can lead to an increase 

or decrease in the solubility and hydration behavior of that macromolecule. A good 

example of this behavior is the cononsolvency behavior, which is a phenomenon that 

occurs when two good and miscible solvents become a bad solvent when they are 

mixed at certain ratios.105,106,119,124,125,127,128,135,136,139 In this part of Chapter 3, the 

cononsolvency behavior of amide-based macromolecules is shown both by 

thermodynamic and spectroscopic techniques, and its universality and the underlying 

mechanism are discussed.  

3.3.1 Addition of Alcohols to Aqueous Amide-Based Macromolecules  

The effects of osmolytes, anions, and cations in the solutions on the solubility 

of macromolecules have been widely investigated in the literature for over a century. 

32,33,42,59Although most of the mechanisms regarding these interactions have been 

revealed, new findings continue to be added to the literature, as explained in the 

previous chapters in this study. However, there are some exceptional cases where the 

underlying mechanism is still under debate. Cononsolvency is one of these cases as 

explained in more detail in Chapter 1. This phenomenon occurs when two “good” and 

miscible solvents become a “bad” solvent when they are mixed at certain ratios. The 
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cosolvents for these types of systems are generally alcohol or other organic solvents.136 

In this study, the effect of methanol, ethanol, and isopropanol, which are the common 

cosolvents from the literature, on the solubility of PNIPAM and PDEA was observed 

at the molecular level to understand the origins of the “cononsolvency” phenomenon. 

In the first part of the experiment, the mole fraction of three different alcohols in 

PNIPAM/PDEA and water mixtures is increased, creating a solvent, cosolvent, and 

solute ternary system. The LCST values of PNIPAM and PDEA are recorded as the 

mole fractions of alcohols increase, see Figure 33. This data is in line with the 

literature. 117-122 

 

 

 

Figure 33: The molecular structures and the change of the LCST of (Left) PNIPAM 

and (Right) PDEA as the mole fraction of alcohols increases. Methanol (black squares 

and black curve), ethanol (the red circles and red curve), and isopropanol (the blue 

triangles and the blue curve) played the role as cosolvents.  

 

  In the absence of any cosolvents, the LCST of PNIPAM is measured as 34.30 

0C. As the mole fraction of methanol, ethanol, and isopropanol increases, the LCST of 

PNIPAM decreases and shows a “cononsolvency” behavior. The gap between the 0.25 
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and 0.35 mole fraction of methanol indicated the points where the cononsolvency is 

observed the most, that is, the LCST goes below 0 0C and was not possible to measure 

with our current instrumentation. After 0.35 mole fraction of methanol, the LCST 

starts to increase again, showing the diminishing of cononsolvency behavior. 

The LCST of PDEA in the absence of any cosolvents is measured as 32 0C. 

Even though PDEA has a very similar chemical structure to PNIPAM, it does not show 

a similar cononsolvency type of behavior with the increasing mole fraction of alcohols. 

Only for the small mole fractions of ethanol and isopropanol, there can be a slight 

decrease in the LCST of PDEA, which might be an indication of cononsolvency 

behavior. However, the significant increase in the LCST of PDEA in the elevated mole 

fractions of alcohols shows that this macromolecule does not behave the same as 

PNIPAM in the presence of cosolvents. There are other examples in the literature 

regarding the cononsolvency behavior of PDEA gels in the water/alcohol mixtures; 

however, a mechanistic study in the aqueous phase of this polymer was not well-

established166.  These findings brought to mind the possibility that the mechanism of 

this phenomenon might be highly dependent on the solvent-cosolvent interactions 

rather than the interactions between the macromolecule and solvent or cosolvent, since 

the two structurally similar macromolecules did not exhibit the same trends.  

3.3.2 Solvent and Cosolvent Interactions: ATR-FTIR Spectra for 

Water-Alcohol Mixtures 

 

 For understanding the underlying mechanism of the cononsolvency effect on PNIPAM, 

it was crucial to understand what is happening between the solvent and cosolvent in the bulk. 

For this purpose, ATR-FTIR spectra of different mole fractions of alcohol-water contents 
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were obtained. Then the pure water spectrum was subtracted from the alcohol-water 

mixtures’ spectra to get the “delta spectra”, and the changes in the spectra as the alcohol 

content increases.  

 

Figure 34: (A) The ATR-FTIR Spectra of methanol-water mixtures with differing 

methanol content. (B) The resulting spectra after subtracting the pure water spectrum 

from the methanol-water mixture spectra. Two different bands are resulting from the 

subtraction; the band around 3610 cm-1 corresponds to water molecules that form fewer 

hydrogen bonds with each other, and another band occurs around 3170 cm-1, which 

corresponds to water molecules that form more hydrogen bonds with each other, i.e., “ice-

like water”1. (C) The change in the intensities of these two bands as the mole fraction of 

methanol increases.  

0.35 

(A) 

(B) (C) 
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Figure 34 shows how the H-bonding network of water changes as the methanol 

content increases. The intensity of the band found around 3610 cm-1 decreases 

substantially in the lower mole fractions of methanol, while the intensity of the band 

around 3170 cm-1 remains and decreases mildly. This result indicates that the less ordered 

water molecules are expelled from the network first with the addition of \. After a certain 

mole fraction of methanol, both types of water molecules could not hold onto the network, 

and the mediation of the alcohol significantly disrupts the water hydrogen bond network. 

Both types of water molecules are found to leave the water network in the same amount 

at the point where the methanol content reaches 0.35 mole fraction, which is the mole 

fraction where the addition of methanol causes the most cononsolvency behavior when 

added to aqueous PNIPAM solution. (See Figure 33)  

 

 The same ATR measurements and the delta analysis were performed for ethanol 

and isopropanol as well (see Figure 35). The behavior of two different OH bands 

belonging to water acted similarly to the methanol case; the water molecules that form 

fewer hydrogen bonds (band occurs at 3610 cm-1), expelled from the water network first, 

and the strongly interacting water molecules (band occurs around 3170 cm-1) get 

disrupted at higher mole fractions of alcohols. The point where both types of water 

molecules are found equal was determined around 0.125 mole fraction for ethanol and 

0.1 mole fraction for isopropanol, which are the points the cononsolvency is observed the 

most with the addition of the alcohol of interest to the aqueous solution of PNIPAM.  
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Figure 35: The resulting spectra after subtracting the pure water spectrum from the (A) 

ethanol-water mixture spectra, and (C) isopropanol-water mixture spectra. The changes 

in the intensities of two bands as the mole fraction of (B) ethanol and (D) isopropanol 

increase.  

 

 Figures 34 and 35 show that the interactions between alcohol and water should be 

related to the cononsolvency phenomenon. However, since both macromolecules 

(PNIPAM and PDEA) do not exhibit the same kind of behavior, this explanation is not 

sufficient on its own. Some factors specific to macromolecules must be playing an 

additional role in the mechanism of this phenomenon, such as the solvent accessible 

surface area (SASA) of the macromolecules. 
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3.3.3 The Driving Forces Behind the Cononsolvency Phenomenon is 

an Interplay Between Bulk and Surface 

 

 After observing the changes in the bulk properties via the addition of alcohols 

and the effect on the cononsolvency mechanism, further investigation on the changes 

in the surface properties of the macromolecule was carried out. The collapsed states of 

PNIPAM and PDEA were investigated via temperature-controlled ATR-FTIR 

measurements of ternary mixtures of macromolecule-solvent-cosolvent, as explained 

in Section 2.1.3 (See Figure 18). After these measurements, the multivariate curve 

resolution (MCR) analysis was performed on the spectra. For each mole fraction, the 

solvent-cosolvent mixture spectra were subtracted from the overall spectra as the “bulk 

spectra”. This novel technique enables us to investigate how the surface of 

macromolecules and their hydration shell change in response to the addition of 

cosolvent to their aqueous solutions. The ATR-FTIR measurements were carried out 

with polymer-ethanol-water mixtures. Since the methanol is highly volatile, and the 

measurements were performed with 512 scans, which takes around half an hour for 

each measurement, the polymer-methanol-water mixtures were not suitable for this 

measurement setup, since long (> 30 min) measurement time enables changing the 

alcohol content of the sample solution due to low vapor pressure of methanol. 
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Figure 36: The resulting spectra of MCR analysis performed on the PNIPAM-

Ethanol-Water Mixtures. The structure of PNIPAM is in the inset of the graph. 

 

 Figure 36 shows that the addition of ethanol changes the hydration structure of 

PNIPAM. The black curve indicates the hydration shell structure of PNIPAM in only 

water. After the addition of 0.05 mole fraction of ethanol to the system, the intensity 

of the peak located around 3300 cm-1 wavenumbers decreased, and via the further 

addition of ethanol, this peak started to increase again, but it is still lower in intensity 

compared to no ethanol containing sample. On the other hand, the peak intensity of 

3600 cm-1 - 3650 cm-1 wavenumber range increases as the ethanol content increases. 

These spectral changes show that the addition of ethanol causes a change in the 

hydration shell of PNIPAM, and that can be evidence of alcohol accumulation on the 

surface of the polymer, which might lead to cononsolvency behavior. Since the mole 

fraction 0.125 is the ethanol content where we observe the cononsolvency the most, 
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and the LCST for PNIPAM could not be measured, the spectra for the  more ethanol-

containing samples could not be included.  

 

 

Figure 37: The resulting spectra of MCR analysis performed on the PDEA-Ethanol-

Water Mixtures. The structure of PDEA is in the inset of the graph. 

 

 The same ATR-FTIR measurements and MCR analysis were also performed 

for PDEA-ethanol-water mixtures. The black curve is the hydration shell structure of 

PDEA. There is no significant spectral change observed for the hydration of the PDEA 

upon ethanol addition to the system. This result shows why PDEA does not show 

cononsolvency behavior as PNIPAM does, even though they have similar molecular 

structures.  
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3.3.4 Cononsolvency on Other Polymers 

 

 Poly(N-isopropylacrylamide) (PNIPAM) and Poly(N, N-diethylacrylamide) 

(PDEA) are the most widely used model polymers for the investigation of 

cononsolvency phenomenon. However, understanding how the other polymers act in 

similar systems is understanding the general mechanism for this phenomenon is 

crucial. For this reason, two different polymers, polypropylene oxide (PPO) and 

hydroxypropyl cellulose (HPC) used to observe whether these polymers exhibit the 

cononsolvency behavior or not. 

 

Figure 38: The molecular structures and the change of the lower critical solution 

temperature (LCST) of polypropylene oxide as the mole fraction of alcohols increases. 

Methanol (black squares and black curve), ethanol (the red circles and red curve), and 

isopropanol (the blue triangles and the blue curve) played the role of cosolvents. 
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 The lower critical solution temperature (LCST) for PPO is around 15 oC. 

Figure 38 shows that methanol, ethanol, and isopropanol addition to the aqueous PPO 

solution causes a decrease in the LCST of PPO and indicates the cononsolvency 

behavior. Since the LCST of PPO goes below 0 0C, the LCST value for the higher 

mole fractions of alcohols could not be measured. 

 

Figure 39: The molecular structures and the change of the lower critical solution 

temperature (LCST) of hydroxypropyl cellulose (HPC) as the mole fraction of alcohols 

increases. Methanol (black squares and black curve), ethanol (the red circles and red 

curve), and isopropanol (the blue triangles and the blue curve) played the role as 

cosolvents. Error bars represent the standard deviations for three different replicas of 

the measurements. 
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 The LCST of HPC without any cosolvent is around 45 oC. The addition of 

methanol and ethanol increases the LCST, meaning that it does not cause 

cononsolvency behavior. However, the addition of isopropanol causes a decrease in 

the LCST of HPC. The LCST of HPC with further addition of isopropanol could not 

be recorded due to instrumental restrictions, since the LCST of these samples is not in 

the OptiMelt’s heating range. 

 Figures 38 and 39 show that the cononsolvency behavior does not solely 

depend on solvent-cosolvent interactions since the same solvent-cosolvent systems do 

not result in the same behavior on different types of polymers. Instead, the interactions 

between the polymer and solvent/cosolvent play a crucial role in the mechanisms of 

the cononsolvency phenomenon.  
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Chapter 4 – Conclusion 

The interactions of macromolecules have been investigated for decades. 

Understanding the effects of ions, osmolytes, and small molecules on macromolecules is 

crucial for lots of different aspects of physiologically relevant processes, such as 

biological functions, medical and therapeutic developments, and other industrial 

applications.59,64,86 In this regard, concepts such as ion specificity hold great importance 

and have been drawing significant attention for over a century. The Hofmeister series was 

established by Franz Hofmeister in the late 19th century and has been investigated mostly 

on amide-based macromolecules such as poly(N-isopropylacrylamide) (PNIPAM) and 

poly (N, N-diethylacrylamide) (PDEA). The generalized mechanisms suitable for all 

types of macromolecules is still elusive. The thermodynamic and spectroscopic 

techniques are used and have proved the general idea that the “weakly-hydrated” 

Hofmeister anions can bind to macromolecules’ specific sites, while the “strongly-

hydrated” ones do not interact. Herein, for expanding our understanding of the 

interactions of Hofmeister anions with polymers, sugar-based macromolecules, namely 

methylcellulose (MC), hydroxypropyl cellulose (HPC), and dextran, are used as model 

macromolecules instead of amide-based macromolecules. Both thermodynamic and 

spectroscopic techniques were utilized to understand the effect of 11 most common 

Hofmeister anions. The lower critical solution temperatures (LCST) measurements 

demonstrated that weakly-hydrated anions, i.e. SCN-, increase the LCST of MC and HPC 

nonlinearly as a function of their concentration, while the strongly hydrated ones, i.e., 

SO4
2- or Cl-, linearly decrease the LCST of both polymers. Note that, dextran is not a 

thermoresponsive polymer, as such it cannot be investigated with LCST measurements. 

Proton Nuclear Magnetic Resonance (1H-NMR) spectroscopy measurements showed 
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that the side chain of MC, the methyl groups, are responsible for the binding of weakly-

hydrated Hofmeister anions. The 1H-NMR measurements could not be applied to HPC 

since its spectra are too complicated to analyze. The 1H-NMR measurements for side 

group absent dextran did not indicate any site-specific interactions. The results presented 

in this part showed that the sugar-based macromolecules can be good alternatives to 

amide-based macromolecules in variety of applications. 

 

    In the second part of the thesis, other small molecules that affect the properties of 

macromolecules in aqueous solutions were studied. The “Cononsolvency” phenomenon 

is one of the peculiar examples where two good and miscible solvents decrease the 

solubility of a polymer when they are mixed at certain ratios. The underlying mechanism 

of this counterintuitive phenomenon is still elusive. To understanding the underlying 

mechanism of cononsolvency effect, poly(N-isopropylacrylamide) (PNIPAM) and poly 

(N, N-diethylacrylamide) (PDEA) were used as model systems, and small alcohols, i.e., 

methanol, ethanol, and isopropanol used as cosolvents. The addition of all three alcohols 

to the aqueous solutions of PNIPAM causes a decrease in its solubility, and it was shown 

via LCST measurements. However, the PDEA did not exhibit the same type of behavior 

with the addition of the same cosolvents. For understanding the reason why these two 

systems act differently under the same conditions, spectroscopic investigations were 

performed. Attenuated Total Reflection – Fourier Transform Infrared spectroscopy 

(ATR-FTIR) measurements showed that the bulk property of water changes with the 

addition of alcohols, which might lead to less interaction with the polymer and cause its 

collapse. Since the phenomenon is not observed in both systems, even though PNIPAM 

and PDEA have similar molecular structures, the explanation that the bulk is responsible 
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for this phenomenon was not sufficient. For further explanations, the hydration properties 

and changes in the surfaces of the polymers were observed via a novel technique utilized 

ATR-FTIR spectroscopy combined with the Multivariate Curve Resolution (MCR) 

Algorithm. This algorithm aims to subtract the bulk spectra from the overall spectra to 

result in “solute correlated (SC)” spectra, which show the changes in the hydration shell 

of the polymer. The measurements were performed at a temperature above the LCST of 

the polymers, which enables the observation of the surface properties. The results showed 

that the addition of alcohol to the system causes significant changes in the hydration shell 

of PNIPAM, while it does not exhibit a significant change in the hydration shell of PDEA. 

These results confirmed that the driving forces behind the cononsolvency phenomenon 

are the interplay between the bulk and the surface. Additionally, the same LCST 

measurements were performed for HPC and polypropylene oxide (PPO), and both 

polymers showed opposite behaviors, akin to PNIPAM and PDEA, confirming the 

statement that the cononsolvency behavior depends on the interactions of the 

macromolecules with solvent/cosolvent systems. Yet solvation shell experiments are still 

in need for these polymers to clearly show the underlying mechanism behind 

cononsolvency. 
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Appendix A: The Size Exclusion 

Chromatography (SEC) Measurement for the 

Methylcellulose 
 

  The methylcellulose used for the investigation of the ion specificity was 

purchased commercially. However, its molecular weight and polydispersity index 

(PDI) were not reported. To ensure that the chain length of the polymer is suitable for 

this research, Size Exclusion Chromatography (SEC) measurement was performed. 

The Agilent 1260 Infinity II GPC/SEC System was used for the measurements. The 

detector of the device was the refractive index (RI), and it is suitable for measuring 

macromolecules that have 200-107 Da average molecular weight. Agilent GPC Offline 

Analysis Software was used for the analysis. The average molecular weight of MC 

was determined to be around 145,000 Da, and its PDI is determined as 1.2. 

 

Figure 40: The Screenshot from the Software Agilent GPC Offline Analysis, showing 

the average molecular weight chromatogram of MC. 
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