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1. SUMMARY 

Disodium cromoglycate (DSCG) molecules in water pack in stacks, whose length and liquid 

crystal (LC) phases depends on temperature, concentration and the presence of depleting agents. 

In the present work, DSCG-Water LC phases and phase transitions are studied in free-depletant, 

non-thermoresponsive depletant (polyethylene glycol, PEG) and thermoresponsive depletant 

(poly(N-isopropylacrylamide), PNIPAM) mixtures. Nematic (N) to isotropic (I) phase transition 

temperature is increased in the presence of these depleting agents. PNIPAM loses that property 

above the lower critical solution temperature (LCST), whereas PEG effect is not modified. Both 

polymers depleting capacity is also compared by dynamic light scattering (DLS) analysis, showing 

that PNIPAM applies a stronger depletion force than PEG of the same molecular weight at 25 ºC. 

Finally, PNIPAM-functionalized surfaces and microgel particles have been synthesized and their 

thermoresponsive properties have been studied.  

Keywords: Chromonics, liquid crystals, PNIPAM, depletion, thermoresponsive 
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2. RESUM 

Les molècules de DSCG en aigua s’empaqueten en piles, la longitud i fases de cristall líquid 

de les quals depèn de la temperatura, la concentració i la presència d’agents depletius. En aquest 

treball, les fases de cristall líquid i les seves transicions s’estudien en mescles sense depletiu, 

amb depletiu no termosensible (PEG) i amb depletiu termosensible (PNIPAM). La temperatura 

de transició de fase nemàtica a isotròpica s’incrementa amb la presència d’agents depletius. El 

PNIPAM perd aquesta propietat per sobre de la LCST, mentre que el PEG no es veu modificat. 

La capacitat de depleció d’ambdós polímers també es compara per anàlisis de DLS, evidenciant 

que un PNIPAM exerceix un força de depleció més forta que un PEG del mateix pes molecular a 

25 ºC. Finalment, s’han sintetitzat superfícies funcionalitzades amb PNIPAM i partícules de 

microgel i se n’han estudiat les propietats termosensibles. 

Paraules clau: Cromònics, cristalls líquids, PNIPAM, depleció, termosensible 
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3. INTRODUCTION 

Control of colloidal systems is crucial for many industrial, technological and biological 

applications. 1 From mayonnaise to cosmetics through paints and drugs, they are present in every 

moment of our daily life. Colloids are described as a mixture of discrete particles in a dispersant 

substance. However, most of them consist on more than two substances, which makes the 

mixture more complex to control. 

In many systems, colloids are mixed with polymers that can considerably affect their stability. 

In water-based systems, its stability also depends on the pH, temperature and ionic strength. 

Colloidal system properties rely on its stability, so it is essential to understand its destabilizing 

mechanisms. Flocculation induced by non-adsorbing polymers is the studied topic herein , which 

is common in latex-based paints and protein-polysaccharide products in food industry.2,3 

Besides direct industrial applications, there are numerous colloidal systems of great interests 

in cutting edge research, above all those related with new materials and molecular assemblies.4 

In the cited and referent work, O. Lavrentovitch et al. studies a liquid crystal (LC) molecules 

assembly in a crowded medium, which could provide information about intracellular molecular 

assemblies.  

3.1. LIQUID CRYSTALS (LCS)5 

LCs are a phase of matter between a crystalline solid and an isotropic liquid. That is why they 

are used to be named mesophases, where meso means “between” in Ancient Greek. 

They were first discovered 1888 by the Austrian botanical physiologist Friederich Reinitzer 

while studying cholesterol derivates phases transition. He found that cholesteryl benzoate does 

not melt like common solids, he found that two different melting points at 145.5 ºC and 178.5 ºC 

respectively. Heating the solid, a cloudy fluid was obtained from the first transition whereas the 

second one lead to a clear liquid. This was the beginning of a new promising field, whose study 

was conducted by their discoverer, von Zepharovich and Otto Lehmann, who coined the name 

“liquid crystal”. They studied the crystalline character of the mesophase and important optical 

properties involving the ability to rotate the polarization of light. 
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It was not until the 1960s that LCs had its first application, as since then they were just of 

scientific curiosity. Their unique properties allowed the design of liquid crystal displays, nowadays 

found in smartphones and computers. 

LCs are characterized for not having a translational order but a mean orientational one. As 

explained before, its structure is a combination of a crystalline solid, orientationally and 

translationally ordered, and an isotropic liquid, non-ordered phase. The main orientational axis is 

called director field and is described as �⃗� . 

3.1.1. Classification 

Hundreds of LCs have been synthesized since their discovery. Some of them are pure 

substances, others are mixtures. Overall, they are classified depending on how they reach the 

mesophases and what rules their transitions. Sometimes, an extra class of LCs called 

metallotropic is added, although there is no studied in deep.6 

3.1.1.1. Thermotropic LCs 

Thermotropic LCs are pure substances or mixtures of them whose mesophases are obtained 

while heating their solid or cooling their liquid phase. Cholesteryl benzoate is an example of 

thermotropic LCs. They can organize in diverse mesophases depending on their molecular 

structure and intermolecular interactions: cholesteric, nematic, smectic and columnar. 

3.1.1.2. Lyotropic LCs (LLCs) 

LLCs form orientationally organized mesophases depending on temperature and solvent-

solute interactions, so they are mixtures of substances. Increasing solute concentration will 

enhance the formation of condensed phases, whereas diluting it will diminish particle assembly. 

Amphiphilic linear molecules organize in micelles above a certain concentration called cmc 

(critical micelle concentration). The solute consists on a long apolar chain ended in a polar head. 

Soaps and phospholipids are broadly known examples of water-based LLCs. Increasing solute 

concentration can induce to other condensed structures like bilayers and hexagonal assemblies.  

Lyotropic chromonic LCs (LCLCs), another type of LLCs, are characterized for their self-

assembly behaviour in crowded solutions. They are especially studied for potential biological 

applications, they are non-toxic and biologically friendly systems. LCLCs can be obtained by 

dissolving dyes (Sunset Yellow) or pharmaceutical active ingredients (Cromolyn) in water. 
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3.1.2. Lyotropic chromonic LCs (LCLCs) 

LCLCs are differentiated from other LLCs for their assembly units. They are disk-like or plant-

like molecules instead of linear ones. They have an aromatic flat inner core and polar groups at 

the periphery. As seen in the studied compound (Figure 1), disodium cromoglycate (DSCG) has 

two carboxylate groups at their ends and aromatic rings in the inner parts. In water solution, 

molecules are packed in stacks, assembling aromatic rings on top of each other and polar groups 

at the outer face, stabilized by ion-dipolar interactions with water. 

When solved in water, the length of the DSCG stacks is increased at high concentrations and 

at low temperatures. The gap between molecules is 3.4 Å and the section of the stack 

11.5x16.0 Å.7 

3.1.2.1. LCLCs mesophases 

DSCG-Water phase diagram (Figure 2) consists of three monophasic and three biphasic 

regions. Each one has a specific structure depending on stacks’ length and density. 

Figure 2. DSCG-Water phase diagram. 

Figure 1. DSCG molecular structure. 
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In all the following described phases water and DSCG, which none of them are pure 

substances. 

− Isotropic(I): A homogeneous fluidic phase, where stacks length is variable. There is no 

orientational nor translational order. The fluid behaves like an isotropic liquid, although it 

is more viscous than water. 

− Nematic (N): DSCG stacks are long and concentrated enough to generate condensed 

phases. The packing units have a mean orientational order, described by the field 

director. There is none translational order, as shown in Figure 3. 

− Hexagonal (M): It is also called hexagonal columnar packaging in some literature.8 

Stacks are longer in M than in N phase and are packed in hexagonal lattices. The main 

columns orientation is more defined than in N phase. 

The DSCG-Water system also shows phase coexistence in thermodynamic equilibrium, 

where phase domains depend on the composition, initial conditions and transformations. In those 

conditions, several geometric structures arises like tactoids, toroids and spherical drops.4 

3.1.3. LCs anchoring9 

LCs anchoring refers to the interaction and directors field deformation at an interface. 

Depending on the contacting material, the �⃗�  angle with respect the surface, anchoring, is 

classified in three categories (Figure 4):  

− Homeotropic: LCs units are oriented perpendicular to the surface. 

− Planar: Stacks are oriented parallel to the surface. It can be homogeneous if all the 

stacks are oriented in the same direction or degenerate if not. 

Figure 3. LCLC phases and stacks packaging. 
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− Tilted: Director field is oriented at a polar angle between 0º and 90º, a middle range 

character between planar and homeotropic. 

3.1.4. Director field distortion in nematic LCs 

Nematic phases are characterized for having a mean orientational order (�⃗� ). In absence of 

external or internal constraints, the orientational axis is uniform throughout the mesophase, since 

it corresponds to the minimum energy state. However, it can be distorted by external fields, 

boundary conditions and solid particle mixed in the matrix.5 

The elastic continuum theory, a mathematic model, treats it as a continuum material, ignoring 

the molecular details. Thus, deformations are described as elastic distortions of the director field. 

In a uniaxial oriented system, there are three types of elastic deformation (Figure 5). Bend and 

splay are two-dimensional deformations whereas twist is a three-dimensional one. 

Each deformation has associated an elastic constant value, which is characteristic of a given 

LC. Depending on their values, the nematic phase would tend to distort in a certain way, the 

minimum energy one. 

 

Planar 
(homogenous) 

Homeotropic Tilted 

Figure 4. LCs anchoring representations. 

Splay Twist Bend 

Figure 5. LCs director field elastic distortions. 
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3.1.4.1. Nematic droplets 

As explained before, phase coexistence leads to special geometric domains. In the case of 

N-I coexistence, condensed areas shape and organization relies on the anchoring and elastic 

properties of the material.10 

Nematic droplets are classified in four spherical configurations (Figure 6), whose director field 

orientation determines how they will be identified under a polarized optical microscope (POM).  

Besides spherical drops, other shapes like tactoids are found in N-I. They are classified as 

positive tactoids, a nematic drop in a continuous I phase, and negative tactoids, an isotropic drop 

in a N continuous phase.10 Tactoids shape arises from a competence between surface tension, 

anchoring strength and the bulk elastic energy. The size of the tactoid will determine which of the 

three forces rules. The smaller the tactoid, the more deformed it will be due to surface tension. 

The bigger the tactoid, the more spherical-like will be as surface tension will decrease in detriment 

to the bulk elastic forces.11 

3.1.5. LCs properties: anisotropy 

The uniaxial symmetry around the director field leads LCs to anisotropy in many properties. 

It means that dielectric permittivity values, for example, depends on their orientation with respect 

Figure 6. Nematic droplets configuration depending on predominant elastic distortion and surface 
anchoring. Director field marked with dashed lines. 
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to the �⃗� . Thus, parallel and perpendicular measured values are remarkably different. Anisotropy 

affects refractive index, magnetic susceptibility, viscosity and conductivity basically.  

3.1.5.1. Birefringence 

Birefringence is a consequence of the optical properties’ anisotropy. Different refractive index 

values cause light polarized along the director to propagate at different velocity than light polarized 

perpendicular to it (Figure 7). When light exits the material, two components are generated that 

have travelled at different velocities the same distance. It induces a phase retardation (), which 

depending on their value will produce linear (=kπ, being k a natural number), circular (=kπ/2) 

or elliptical (≠kπ/2) polarized light.  

3.1.6. LCs optical characterization 

Observing LCs ordered phases between crossed polarizers reveals the director field at a 

macroscopic level. I phase is seen completely dark in a polarized optical microscope (POM) as it 

does not interact with light. On the other hand, birefringent phases will appear bright as they 

interact with the light before it passes through the second polarizer. These phases are also 

detected by rotating the slide, as birefringent phases image will rotate because of the relative 

position of the director field with respect the polarized light. 

3.2. POLY(N-ISOPROPILACRYLAMIDE) (PNIPAM) 

First time synthesized in the 1950s, PNIPAM was patented as a rodent repellent.12 In 1968, 

Heskins, M. et al. discovered the unusual thermoresponsive behaviour of PNIPAM-Water 

solutions.13 

Figure 7. Light interaction with a birefringent material. 
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PNIPAM is synthesized from the monomer N-Isopropylacrylamide (NIPAM) via free-radical 

polymerization in water.14 Other paths using ultrasounds, radiation, Lewis acids and distillation-

precipitation methods have succeeded. 15,16,17,18 It is non-toxic although the monomer is harmful, 

that is why synthetic procedures are always followed by an accurate purification.  

3.2.1. Thermoresponsive character 

In solution, the polymer forms a three dimensional hydrogel which undergoes a phase 

separation above 32 ºC.13This property rapidly attracted the scientific community attention as it 

will behave as a smart material at inner body temperatures. 

When dissolved in water at room temperature, PNIPAM swells and spread forming a viscous 

hydrogel. However, when heated above 32ºC it undergoes a reversible lower critical solution 

temperature (LCST) phase transition. The resulting biphasic system consists on shrink polymer 

chains suspended in water. As shown in Figure 8a, polymer chains go through considerably a 

size change.  

This transition can be described at molecular level by the interactions between PNIPAM and 

water. Below LCST, amide groups form hydrogen bonds with water, therefore the chain is well 

extended. Above that temperature, amide groups stablish hydrogen bonds with each other and 

fold small.19 The reason why does it happen at 32 ºC is not clear, although some theoretical 

models obtained trust values considering chain rearrangement and coil-to-globule transition 

interactions.20 

a) b) 

Figure 8. a) PNIPAM LCST phase transition from a swollen to a shrink chain. b) PNIPAM molecular 
structure. 
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LCST can be tuned by modifying the polymer or the medium. When combined with a non-

thermoresponsive polymer, the resulting copolymer have softer properties and LCST decreases. 

It also depends on the molecular weight (chain length), functional groups (polar or non-polar) and 

polymer volume fraction in solution. Regarding to the medium, crowded and confined systems 

are related with low LCST values. Ionic strength, especially due to anions, decrease its value 

also.19 Overall, there is not an exact reference value for the phase transition, but it is used located 

between 28 and 32ºC. 

3.2.2. PNIPAM based materials 

The thermoresponsive character of this material has inspired potential applications in 

biomedicine. When spread, polymer chains act as delivery box containing cells, drugs or 

nutrients.21 When shrink, they expel the content on the targeted tissue or organ. It has also been 

studied as a potential artificial tissue, according to its biocompatibility.22 

On PNIPAM grafted surfaces, LCST phase transition is associated with hydrophilic-

hydrophobic behaviour. The coating is hydrophilic when the polymer is spread and hydrophobic 

when it shrinks.23 That property is desired for water-proof and auto-cleaning surfaces. 

3.3. DEPLETION FORCE24 

When adding a non-adsorbing polymer to a colloidal system, it induces phase separation. In 

the crowded solution, colloidal particles experiment an attractive force with each other provoking 

flocculation. 

It is an entropic force, so the phenomenon arises from the entire system’s statistical tendency 

to increase entropy. Contrary to what would be expected, colloids aggregation is entropically 

favourable in these systems. 

As Figure 9 shows, there is an excluded volume for the polymer around the large particles, at 

a certain distance from their surface, the polymer radius of gyration (Rg). The polymer is lyophilic, 

so it is entropically favourable to spread along the whole solution, with no-excluded zones. Thus, 

when two excluded volume regions overlap, excluded volume decreases and polymer’s entropy 

increases. It induces an attraction force between the particles that reduces the excluded volume, 

resulting in system’s entropy increment. 
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This phenophenon is also described as an osmotic pressure drop in the overlapped region. 

As no polymer can be found on that zone, water molecules will diffuse to more polymer 

concentrated zones and particles will assemble. 

Note that the polymer must be smaller than the colloidal particles in order to induce a depletion 

force. Nonetheless, if polymer’s size is too small the resulting force will be insignificant. 

Depletion forces are also found in non-spherical colloidal dispersions, such us disk-like or rod-

like particles.25 It is the case of LCLCs stacks, that can aggregate in N or M phases even though 

low concentration or high temperature conditions.26 

3.3.1. Polyethylene glycol (PEG) as a depleting agent 

PEG, as a depleting agent, is used in all sort of colloidal systems from paints to viruses. Due 

to its hydrophilic and non-adsorbing character in water it is the depletant par excellence. It has 

been used in LCLCs systems with notable results.27 

Controlling polymers size is crucial as depletion force highly depends on it. PEG size in 

function of its molecular weight is described by the Flory-Higgins model (Equation 1). 

𝑅𝑔 ≈  𝛼𝑀𝜈            (Equation 1) 

Figure 9. Crowded colloidal system formed by hard spheres, polymers and water. 
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Where M is the molecular weight of the polymer, α a proportional constant and ν is the Flory 

exponent. This exponent is equal to 0.6 when the polymer is found in a good solvent, 0.5 at the 

Flory Temperature (θ) and less than 0.5 when it is found in a bad solvent. 

4. OBJECTIVES  

As explained in the introduction, control of colloidal systems is of great interest, and the 

phases they form under different conditions is a key point to understand and model their 

properties. Thus, the main goal of this project is to develop a new experimental tool to control 

colloidal systems such as LCLCs using thermoresponsive polymers as tuneable depleting agents. 

The fulfilment of this objective is based on the following minor goals: 

- To synthesize and characterize PNIPAM based materials in order to characterize their 

thermoresponsive behaviour. 

- To correlate the depleting behaviour of PEG and PNIPAM in a salty solution by means 

of their radius of gyration. 

- To study DSCG-Water phases and transitions in a confined system by a POM in the 

presence or absence of depleting agents. 
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5. EXPERIMENTAL SECTION 

All the reagents were used as supplied without any further purification, reagent list is recorded 

in Appendix 1. The synthesized materials and water-based solutions prepared were stored in the 

fridge at 4ºC and wrapped with Parafilm® “M” (Bemis Company, Inc.) to avoid degradation and 

evaporation. 

5.1. PREPARATION OF PNIPAM BASED MATERIALS 

5.1.1. Synthesis of microgel particles25 

The synthesis was performed under atmospheric pressure and with argon atmosphere. 45 mL 

of deionized water, 2.501 g of NIPAM (22.1 mmol), 24.9 mg of BIS (0.16 mmol) and 82.7 mg of 

acrylic acid (1.15 mmol) were mixed and stirred in a three-neck round bottom flask and heated up 

to 78 ºC for 30 min. After that, 25.1 mg APS (0.11 mmol) in 5 mL deionized water solution was 

added and the mixture was stirred for another 30 min and then cooled down to room temperature. 

The solution was centrifugated (10 min, 7800 rpm, 25 ºC) and supernatant was decanted, followed 

by re-suspending the hydrogel in deionized water. Overall, it was repeated five times. 

5.1.2. Glass functionalization 

The polymerization reaction was conducted on the glass surface. 0.6g of NIPAM (5.3 mmol) 

were solved in 30 mL deionized water and purged under argon flow for 30 min. Concurrently, two 

clean slides were rinsed with ethanol and submerged in a glass cuvette with 30 mL ethanol, 

0.3 mL acetic acid and 0.15mL of 3-trimethoxysilylpropyl methacrylate (0.63 mmol) properly 

homogenized for 10 min. After that, the ethanol solution was removed. Then 10.5 μL of TEMED 

(0.07 mmol) and 28.5 mg of APS (0.12 mmol) were added to the monomer solution and then to 

the cuvette with the silanized glass. It is kept wrapped with Parafilm® “M” until further use. 
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5.2. LCLCS SOLUTIONS 

Several DSCG-water solutions (Table 1) were prepared to study phases and transitions in 

function of temperature depleting agents. They were prepared by weight in a 2 mL Eppendorf. 

 

Mixture 
DSCG Water 

[%] 
PEG 4 kDa 
[mmol/kg] 

PNIPAM 7 kDa 
[mmol/kg] [%] [mol/kg] 

1 16.6 0.39 83.4 – – 

2 8.3 0.18 91.7 – – 

3 10.0 0.22 90.0 – – 

4 14.5 0.33 85.5 – – 

5 16.9 0.40 83.1 – – 

6 14.0 0.32 82.4 10.9 – 

7 11.8 0.32 72.2 55.4 – 

8 13.3 0.32 81.9 – 8.4 

9 8.3 0.18 91.5 0.6 – 

10 6.8 0.18 75.5 58.6 – 

11 9.7 0.22 87.7 7.5 – 

12 9.3 0.22 85.6 14.9 – 

13 9.5 0.22 85.9 – 7.5 

14 9.1 0.22 82.3 – 14.9 

Table 1. DSCG water-based solutions prepared and their composition. 

Firstly, different DSCG-Water mixtures (1-5) were prepared to study the phases at a given 

temperature, how do they transition, and which configuration take the condensate domains. Then, 

mixtures with PEG and PNIPAM (6-10) were prepared to study qualitatively the effect of depleting 

agents. Finally, a 10% LCLCs solution (3) was used to prepare equimolal PEG (11, 12) and 

PNIPAM (13, 14) mixtures. 

Once weighted, the Eppendorf was wrapped and homogenized in a vortex at 3000 rpm for 

2 min. 
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5.3. PREPARATION OF LC CELLS 

Thin glass cells were prepared to study LCs phases under a POM. It allows to obtain images 

of better quality as there is less scattering. Nitrile gloves were used during the process, since 

scratches and skin grease damages glass coating and modifies LCs anchoring. Samples were 

always covered and blown with nitrogen after each step to avoid accumulation of dust particles.  

5.3.1. Glass cleaning 

Glass slides were cleaned thoroughly as the system studied is considerably sensitive. 

Substrates were cut into pieces with a diamond pen. They were first degreased mechanically with 

a diluted soap solution and then they were sonicated in the same solution for 10 min. 

Subsequently, the substrate was rinsed with deionized water. The liquid was removed and 40 mL 

of a piranha solution (H2SO4:H2O2 3:1) were added for 20 min. Finally, the substrates were stored 

in deionized water before its further use.  

5.3.2. PVA coating 

PVA is a planar anchoring agent that homogenizes the glass surface and covers any 

nucleation sides like cracks and defects. Therefore, phase nucleation will be conducted on the 

bulk instead of the interfaces of the cell. 

1% PVA in water solution was prepared and filtered (Nylon filter 0.22 μm) before its use. A 

clean glass was dried under a nitrogen flow and heated up to 130 ºC for 10 min to remove any 

trace of water. The substrate was cleaned again with nitrogen to remove dust. The PVA solution 

was spin-coated onto the glass at 3000 rpm for 30 s. After that, the slide was heated up at 60 ºC 

for 10 min and at 150 ºC for 1 h to remove any trace of solvent. The plates were cooled down at 

room temperature and stored in a vacuum desiccator. 

When used, the PVA coated glass was rubbed with a velvet cloth in a specific direction 

20 times so that create a planar homogeneous disposition and a specific azimuthal orientation 

(always rubbed in the same direction, not back and forth). 
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5.3.3. Cell assembly 

DSCG phases were observed in a glass cell that consisted on a solution sandwiched between 

two PVA-coated slides. Scheme of the cell assembly in Figure 10. 

An 80 μm diameter Nylon wire (Maver Smart SLR Hi-Technology Monofilament Hook Line) 

was used to control glass slides spacing. Lateral gaps were filled with UV glue (Norland optical 

adhesive 81 from Norland Products, Inc.) to mechanically stabilize the cell. 15 μL of the selected 

solution were introduced by capillarity and the cell was sealed with UV glue once again to avoid 

water evaporation and ensure a known composition inside the sample. 

Regarding to the sample injection, DSCG-Water and DSCG-Water-PEG mixtures were 

heated up to 45 ºC and stirred in the vortex (3000 rpm,10 s) before pipetting, to ensure a 

homogeneous composition (as in some cases two different phases were present at room 

temperature). With solutions containing PNIPAM, they were just homogenized in the vortex 

(3000 rpm 10 s) as heating would enhance PNIPAM-Water phase separation. 

5.4. LC PHASES AND LC TRANSITION STUDY 

The prepared cell was put in a temperature control device on the slide of the POM, allowing 

an optimum temperature control while observing the sample. The POM incorporated camera (AVT 

Figure 10. LC cell scheme. 

Fishing line 

UV glue 

DSCG solution 

Glass slide 
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Marlin F131B IRF) captured black and white images of the system. Three different objectives 

were used: x4, x10 and x20. 

The mK2000 INSTEC system (temperature control) is a Peltier cell, with an associated 

temperature error of 0.001 ºC, although only the first decimal number was considered.  

The sample was observed at room temperature and then heated up to complete I phase 

transition for 15 to 30 min, allowing a complete homogenization of the sample. In order to 

characterize the phase transition, two criteria were applied: (i) I phase was cooled down at 

0.2 ºC/min until the first condensed phases appeared, (ii) N or N+I phase was heated up at 

0.2 ºC/min until last N phase disappeared. Criteria (i) is used in Non-depletant and PEG 

containing solutions. Criteria (ii) is used for PNIPAM containing solutions, working below LCST. 

Sample were also studied at low temperatures (0-5 ºC) and then heated up 40 ºC at 0.2 ºC once 

again. 

5.5. INDIRECT SIZE MEASUREMENTS 

As explained in the introduction, depletion force highly depends on the particles sizes of the 

studied system. For that reason, DSCG, PEG and PNIPAM solutions (Table 2) were analysed in 

a dynamic light scattering (DLS) instrument (Zetasizer Nano Series, Malvern Instruments, Inc.). 

Apart from commercial reagents, synthesized PNIPAM microgel particles were also 

characterized. 

 

Number Composition Dispersant Number Composition Dispersant 

Ia PEG 4 kDa 2% M2B Vb 
PEG 20 kDa 

2% 
Deionized 

water 

Ib PEG 4 kDa 2% 
Deionized 

water 
VI 

PEG 35 kDa 
1% 

M2B 

II PEG 6 kDa 2% M2B VII DSCG 10% 
Deionized 

water 

III 
PEG 10 kDa 

2% 
M2B VIII 

PNIPAM 7 kDa 
1% 

M2B 

IV 
PEG 12 kDa 

2% 
M2B IX 

PNIPAM 
microgel 1 

Deionized 
water 

Va 
PEG 20 kDa 

2% 
M2B X 

PNIPAM 
microgel 2 

Deionized 
water 

Table 2. Solutions analysed with DLS. 
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Particles were solved in deionized water or M2B, which is a strong ionic buffer solution, to 

simulate a salty medium.1.5 mL of the studied sample were injected through a 0.22 μm Nylon 

filter into a disposable plastic cuvette. Before measuring, the cell was stabilized for 2 min at the 

specified temperature. 

To see in more detail this technique, see Appendix 2. 

5.6. CONTACT ANGLE MEASUREMENTS 

The thermoresponsive behaviour of a PNIPAM coating is related with its hydrophobic or 

hydrophilic character. Thus, water drops contact angle in its surface was measured at different 

temperatures. The temperature was controlled with a homemade Peltier cell and the working 

range 22 to 50 ºC. 

The coated slide was dried under a nitrogen flow and heated up to 80 ºC for 30 min to remove 

residual water. A 2 μL deionized water drop was put on the coated surface and the angle 

measured instantaneously, as the drop spread considerably in a few seconds. 

6. RESULTS AND DISCUSSION 

6.1. THERMORESPONSIVE MATERIALS 

6.1.1. Microgel particles 

A dense hydrogel was obtained from the free-radical polymerization of PNIPAM. When heated 

in a disposable cuvette, a white precipitate appeared at 30-31 ºC, slightly below the literature 

data.25 A second synthesis was performed, obtaining a more transparent hydrogel but with the 

same LCST value. 

DLS size measurements detected particles with a diameter of 300 up to 1000 nm for samples 

IX and X, which is considerably higher than the expected 150 nm.25 Portions of these solutions 

were filtered through a 0.22 μm Nylon filter. But the resulting transparent solution did not provide 

any significant signal, so no microgel particles were smaller than 220 nm. Samples IX and X were 
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also studied at different temperatures (25, 28, 30, 32 and 35 ºC), but no significant shift to lower 

diameters was observed. 

PNIPAM-based copolymers are known to have softer thermoresponsive properties than pure 

PNIPAM polymers. Due to acrylic acid monomer, the molecule will shrink less considerably tuning 

its size in function of the monomer’s ratio. The addition of a cross-linking agent (BIS) also affects 

the shape of the polymer in solution, as the structure will be more rigid, and it will not swell like a 

random coil. 

Synthetic step was strictly followed twice according to Modlinska A. et al. procedure, obtaining 

the same results. The micrometric size values could be due to an aggregation of the particles 

while storing. 

Under an optical microscope, dried microgel look like a uniform crosslinked structure, with 

non-discrete units. When adding water, it swelled and expanded, although it kept the linked 

structure. This observation suggests that the synthetic procedure lead to a macroscopic hydrogel 

instead of a microgel particles dispersions. 

6.1.2. Functionalized glass 

Glass surface was initially silanized with a methacrylate terminated silane derivate. Once 

linked, free-radical polymerization of NIPAM reacted with the acrylate group and linked the chain 

covalently to the glass surface. 

Its properties were measured in a contact angle homemade apparatus, measuring water 

drops shape at different temperatures. Functionalized slides were completely dried before 

measuring, in order to remove residual water that could alter polymer response. 

Theoretically, PNIPAM should be hydrophilic below LCST, whereas above that temperature 

it should be hydrophobic. Experimental data shows a slight increase in the contact angle values, 

although it does not show a clear LCST transition (Figure 11). It is considered a hydrophilic 

surface when contact angle is below 90º, so the functionalized glass is just decreasing its 

hydrophilic character instead of being hydrophobic. 

Further work could be done measuring contact angles while cooling, to see whether it 

decreases or not. Thus, a reversible thermoresponsive character would be deduced. 
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6.2. DLS MEASUREMENTS 

6.2.1. PEG 

PEG radius of gyration depending on the molecular weight is recorded in Figure 12. Its size 

increases when the molecular weight is increased, as expected. It scales in a factor of 0.47, low 

considering that PEG is supposed to be find in a good solvent. Flory-Higgins model predicts a 

ν=0.6 for ideal polymers in good solvents, reference ν value for PEG in water is 0.58.28 

The Flory parameter indicates that PEG is found in a bad solvent in M2B. Due to its high ionic 

strength, water-PEG interactions might be affected. Because of that, its size has been also 

measured in deionized water. 4 kDa PEG in M2B (Ia) has a mean diameter of 3.4 nm, 

considerably lower than the 4.5 nm mean size in deionized (Ib). It confirms that PEG molecules 

size decreases in a salty solution. 

Figure 11. Water-Air-PNIPAM contact angle at different temperatures. LCST theoretical value in orange. 

LCST 
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Hydrophilic polymers shrink in high ionic strength media due to a competition for solvent 

molecules.29 This explains the low experimental Flory parameter obtained and gives a better 

understanding of the PEG behaviour in salty solution like LCLCs. 

6.2.2. PNIPAM 

Commercial 7 kDa PNIPAM size has been measured in M2B (VIII) at different temperatures. 

The results show a slight increase in its size from 22 ºC to 29 ºC (Table 3). At 30 ºC, they undergo 

LCST phase separation and shrink. Molecules start to aggregate immediately, so fold molecules 

size could not be measured. Aggregates size was not stable, histogram distribution varied 

considerably but always above 500 nm. 

 

Temperature [ºC] 22 24 25 26 28 29 30 

Mean diameter [nm] 14.0 14.8 14.9 14.7 15.1 15.3 900 

Table 3. Sample 8 mean size by temperature. 
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Figure 12. PEG size in M2B, samples I-VI. 
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The LCST at 30 ºC is slight below the common value, 32 ºC. As commented in the previous 

chapter, ions in solution compete with the polymer for the solvent molecules. Thus, stablishing 

hydrogen bonds with water is harder in M2B than in pure water and the polymer shrink easier. 

This kind of experiments are hard to reproduce, even with the same sample. When a 

temperature is set, different from room one, the system experiences a heat flow, even after 

equilibrating the sample temperature. In a solution, it involves convection flows, that will transport 

particles. As this technique is based on measuring the Brownian motion of the particles, 

convection flows can induce to errors and deviations. Thus, samples must be equilibrated enough 

time to ensure a minimum convection flow. 

6.2.3. Size dependent depletion 

DLS measurements has determined the in-situ size of PEG and PNIPAM in solution salty 

solutions. That value is related with the depletion force exerted to big colloidal particles in 

suspension. The bigger the diameter, the bigger the excluded volume will be, so large particles 

will be more attracted to each other. 

PNIPAM mean size is larger than the heaviest measured PEG, so no correlation between 

sizes is obtained. Extrapolating the Flory-Higgins model found for PEG, a 77 kDa one would be 

equal to PNIPAM 7 kDa at 25ºC. Despites this approximation, it is deduced that PNIPAM applies 

stronger depletion forces than PEG due to its bigger size below LCST. Above that temperature, 

PNIPAM molecules shrink, becomes hydrophobic and coagulates. Those polymeric aggregates 

do not cause depletion as they are not lyophilic, and its size exceed the length of the stacks.  

That is why it is necessary for the polymers to be smaller than the colloidal particles. In Figure 

13, DSCG size histogram is shown, exhibiting a huge polydisperse distribution from 1 to 100 nm. 

Values below 1 nm are below instrument tolerance, so they are virtually generated by the program 

and cannot be associated to the sample. DSCG 10% solution at 25 ºC is isotropic and no 

condensed phases are present. I phase usually have broad size distributions, where stacks are 

small enough for not forming condensed domains. Once again, this technique does not provide 

fully reliable results, in this case due to its data treatment. The software assumes that measured 

particles are spherical., nothing further from the truth, are DSCG stacks are rod-like particles, with 

anisotropic Brownian motion due to its uniaxial symmetry.30 
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Obviously, this histogram is modified at different temperatures and when adding depletants. 

Both polymers mean size are below 20 nm, the highest intensity peak in the DSCG histogram. 

Thus, it is qualitatively deduced that will deplete LCLCs stacks at 25 ºC. 

6.3. LCLCS PHASES AND TRANSITIONS 

Comparing phase formation with and without depleting agents arises how important are those 

effects and how they can be tuned. Table 4 collects transition temperatures from N to I and M to 

I of the studied samples. 

 

Mixture Content 
Transition 

temperature 
[ºC] 

Mixture Content 
Transition 

temperature 
[ºC] 

1 DSCG-Water 38.2 (N → I) 8 PNIPAM-DSCG-Water 31.3 (N → I) 

2 DSCG-Water   6.2 (N → I) 9 PEG-DSCG-Water   8.0 (N → I) 

3 DSCG-Water 16.5 (N → I) 10 PEG-DSCG-Water 33.2 (M → I) 

4 DSCG-Water 31.1 (N → I) 11 PEG-DSCG-Water 21.3 (N → I) 

5 DSCG-Water 38.7 (N → I) 12 PEG-DSCG-Water 31.7 (N → I) 

6 PEG-DSCG-Water 42.1 (M → I) 13 PNIPAM-DSCG-Water 27.2 (N → I) 

7 PEG-DSCG-Water 38.5 (M → I) 14 PNIPAM-DSCG-Water 30.5 (N → I) 

Table 4. Transition temperatures of the studied samples. 

 

 

Size Distribution by intensity 

Figure 13. DSCG stacks size distribution, sample VII. 
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6.3.1. DSCG-Water 

Prepared solutions (1-5) consisted in I and I+N mesophases at room temperature. For 

solutions 1, 4 and 5, negative tactoids were observed at room temperature (Figure 14a and b), 

corresponding to a N+I where N is the continuous domain. Thus, their N to I transitions 

temperature were above room temperature. Regarding to solutions 2 and 3, they were completely 

dark at room temperature, meaning an I phase. After homogenization they transited at 6.2 ºC and 

16.5 ºC respectively, forming positive tactoids (Figure 14c). 

Prepared mixtures turned completely birefringent below 5 ºC, so complete N transition was 

achieved. Heating the sample up to 45 ºC for 15 to 30 min seem to homogenize properly, as 

subsequent transitions are instantaneous on the whole cell. Mixtures 1, 4 and 5 were heated up 

to 45 ºC just before injecting, in order to take an isotropic liquid. 

Positives tactoids birefringent images suggest a planar anchoring at the surface and a splay 

distortion of the director field. In some cases, twisting is also present (Figure 14c).  

6.3.2. PEG-DSCG-Water 

Mixtures 11 and 12 increased considerably their transition temperature with respect mixture 

3, a non-containing PEG. Both mixtures show the same domains and shapes although they are 

found at different temperatures.  

When cooled down below 5 ºC, neither of both samples formed a continuous N phase. Instead 

of that, condensed phases folded small like Brussels sprouts (Figure 15a), some of them 

Figure 14. DSCG-Water mesophases: a) Negative tactoids, mixture 5 at 25 ºC (scale bar 500 μm). b) 
Negative tactoids, mixture 5 at 25 ºC (scale bar 100 μm). c) Positive tactoids, mixture 3 at 6 ºC (scale bar 

100 μm). 

a) b) c) 
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coalesced. N cannot extend along the bulk because PEG is competing with him for the solvent. 

In bicomponent mixtures, all the containing water was able to mix with DSCG in the N phase. In 

this case, PEG retained water and banned N to extend. It had not been possible to distinguish 

whether the sprouts-like drops were nematic or hexagonal. 

At 25 ºC, mixture 12 consisted in bipolar nematic drops in coexistence with I (Figure 15b). 

From the axial point of view, they look like concentric circles with a cross at the centre. From the 

lateral point of view, they look like an opened watermelon.  

M phases were detected in mixtures 6, 7 and 10. In mixture 6, M domains consisted on straight 

birefringent structures that bended to form toroids and then spherical drops (Figure 16a).  

a) b) 

Figure 15. a) Mixture 12 at 5 ºC (scale bar 500 μm). b) Bipolar droplets, mixture 12 at 25 ºC (scale bar 50 
μm). 

a) b) 

Figure 16. a) M-I coexistence, mixture 6 at 42 ºC (scale bar 100 μm). b) DSCG star-like structure, 
mixture 10 at 33.2 ºC (scale bar 100 μm). 
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Star-like structures were observed in mixtures 7 and 10 while cooling. Once a nucleus was 

formed, straight structures grew in different directions. Few radial drops appeared also, as shown 

in Figure 16b on the top-right corner. Like in less PEG concentrated solutions, no continuous 

condensed phases were formed at low temperatures, there were only M structures in an I 

background. 

6.3.3. PNIPAM-DSCG-Water 

Adding a thermoresponsive depleting agent to the colloidal systems allowed us to control the 

depletion force at a given temperature. As above LCST PNIPAM precipitates and the systems is 

heterogeneous, N to I transition is characterized by heating up the sample from N phases until no 

N domains. 

According to DLS measurements, PNIPAM 7 kDa applies a stronger depletion force than PEG 

4 kDa due to its bigger size. In mixture 13, nematic tactoids started to nucleate 6 ºC above the 

equimolal prepared PEG solution (mixture 11). Sample 14, which is double concentrated PNIPAM 

with respect mixture 13, underwent N to I phase transition at 30.5 ºC, just when PNIPAM 

aggregates formed (phase separation). However, its equimolal PEG solution (sample 12) 

transited 1 ºC above mixture 14. This difference is associated with the lack of depletion forces on 

sample 14 above LCST. Depletion forces in PNIPAM samples only acted below 30 to 32 ºC. 

Mixtures 13 and 14 did not show defined nematic drops. Due to its strong depletion effect, 

most of the drops coalesced in sprouts-like domains (Figure 17a). Some bipolar nematic droplets 

had been observed before coalescence, in addition to tactoids (Figure 17b). At low temperatures, 

a) b) 

Figure 17. a) Mixture 14 at 25 ºC (scale bar 100 μm). b) Mixture 13 at 20 ºC (scale bar 50 μm). 
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no continuous N phase was formed, as in PEG mixtures. It is associated once again with the 

hydrophilic character of the PNIPAM and the competence for solvent molecules. 

PNIPAM has demonstrated to be a thermoresponsive depleting agent whose phase 

transformation is reversible. However, some troubles have been detected while working on it. 

Firstly, when it undergoes the phase separation, polymer molecules aggregate and distort the 

image (Figure 18a). So, it is hard to study optically the system above that temperature. Secondly, 

the system seems to have memory, it does not homogenize the cell content when heated. 

Because of this, concentration gradients are created, and nematic phases tend to nucleate where 

the last one melted (Figure 18b). Finally, PNIPAM containing samples are hard to deal with. Below 

LCST the system is N+I, so it is not homogeneous. Above that temperature, there are no 

condensed phases but PNIPAM precipitates and aggregates. For that reason, mechanical 

homogenization was applied to these samples. 

 

 

 

 

 

a) 

b) 

c) 

Figure 18. a) PNIPAM above LCST in a glass cell (scale bar 250 μm). b) A N domain in DSCG-Water-
PNIPAM sample at 28 ºC (scale bar 50 μm). c) The same region after heating for 5 min at 35 ºC. Black 

spots, PNIPAM aggregates, did not diffuse in the previous N domain zone (scale bar 50 μm). 
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7. CONCLUSIONS 

According to the proposed goals, the experimental part of the project has consisted of three 

parts in order to determine the viability of controlling DSCG-Water systems by means of a 

thermoresponsive depletant. 

Firstly, PNIPAM microgel particles and functionalized glass have been synthesized according 

to literature. No size change was detected in function of temperature in the microgel dispersion, 

even though LCST was identified at 30-31 ºC. Particles aggregation during the synthetic 

procedure lead to a macroscopic hydrogel instead of discrete particles. Regarding to the PNIPAM 

functionalized glass, a slight increase of hydrophobicity was observed from 25 to 50 ºC, but any 

abrupt transition did not happen from 30 to 33 ºC. 

Depleting agents’ capacity has been related to its size. PNIPAM 7 kDa applied a depletion 

forces equivalent to a theoretical PEG 77 kDa, stronger than the studied PEG solutions. Thus, no 

correlation has been stablished between polymers’ depleting power. 

DSCG-Water I, N and M phases have been studied under the POM. Nematic droplets used 

to be bipolar drops, which meant a planar anchoring against the I phase and a splay deformation 

of the director field. N to I phase transition increased while increasing temperature or depleting 

agents’ concentration. PNIPAM containing samples had higher transitions temperatures than 

PEG ones at the same molal concentration, confirming the stronger depletion effect. However, 

for those systems where N to I would be achieved above LCST, the loss of the depleting effect 

by the PNIPAM chains lead to a premature transition, whereas PEG-containing samples 

increased its transition temperature with no limitations. 

Optical characterization of the system has led to the conclusion that PNIPAM is not a suitable 

depleting agent for DSCG-Water. Although its depletion force falls above LCST, which is of our 

interest, the aggregates formation and the memory of the cell suggest a non-reversible behaviour 

and implies added difficulties for characterizing the system. Thus, it would be better used in 

systems where the detected downsides are not so crucial.
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9. ACRONYMS 

APS: Ammonium persulfate 

BIS: N,N’-Methylenebis (acrylamide) 

cmc: Critical micelle concentration 

DLS: Dynamic Light Scattering 

I: Isotropic 

LC: Liquid crystal 

LLC: Lyotropic liquid crystal 

LCLC: Lyotropic chromonic liquid crystal 

M: Hexagonal 

MW: Molecular weight 

N: Nematic 

NIPAM: N-isopropylacrylamide 

PEG: Polyethylene glycol 

PNIPAM: Poly(N-isopropylacrylamide) 

POM: Polarized Optical Microscope 

PVA: Polyvinyl alcohol 

Rg: Radius of gyration 

TEMED: N,N,N’N’-Tetramethylethylenediamine 

UV: Ultraviolet 
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APPENDIX 1: REAGENTS AND SUPPLIERS LIST 
Reference Name Supplier Composition Additional information 

J65122 
Disodium 

cromoglycate 
Alfa Aesar 98% – 

A16151 PEG 4,000 Alfa Aesar – – 

81260 PEG 6,000 Ph2-pybox – – 

P6667 PEG 10,000 Sigma – – 

81285 PEG 12,000 Sigma – – 

95172 PEG 20,000 Sigma – – 

81310 PEG 35,000 Sigma – – 

724866 PNIPAM 7,000 Sigma – Carboxylic acid terminated 

131085.1212 Ethanol PanReac 96% v/v 
(Reag. USP, Ph. Eur.) for 

analysis ACS 

141077.1211 Hydrogen Peroxide PanReac 33% w/v 
Stabilized (USP, BP, Ph. 
Eur.) pure, pharma grade 

– Sulfuric acid Lab grade 96% – 

22142500 Acetic acid Acros Organics 98.8% – 

440159 Ethoxy silane Sigma 98% – 

412781000 NIPAM Acros Organics 99% Stabilized 

411019 
N,N,N’N’-

Tetramethylethylene
diamine (TEMED) 

Sigma >99.5% 
– 

146072 
N,N’-Methylenebis 
(acrylamide) (BIS) 

Sigma 99% 
– 

1642250010 Acrylic acid Acos Organics 98% Stabilized 

396760250 
Polyvynil alcohol 

(PVA)  
Acros Organics – 

88% hydrolysed, MW 
20,000-30,000 

A3678 
Ammonium 

persulfate (APS) 
Sigma >98% 

– 

Table 5. Reagents used during the experimental procedure. 
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APPENDIX 2: DYNAMIC LIGHT SCATTERING (DLS)31 

DLS is the most the most extended technique for determining the size of particles in the sub-

micron region. It measures the particles’ random motion (Brownian motion) and relates it to their 

size. Thus, active and driven particles cannot be measured by this method. 

Solvent molecules bombards particles in suspension inducing a random motion. The smaller 

the particle, the faster the motion will be. On the other hand, the larger the particle, the slower it 

will be. Its random motion is related with the translational diffusion coefficient (D).32 Stokes-

Einstein equation (Equation 2) stablishes a model for this motion according to particles’ 

hydrodynamic diameter (dH) and D: 

𝑑𝐻 =
𝑘𝑇

3𝜋𝜂𝐷
             (Equation 2) 

Where k is the Boltzmann’s constant, T the absolute temperature and η the viscosity of the 

medium. 

Note that the size value is related to how the particles diffuses within the fluid, the 

hydrodynamic diameter. That value is the diameter of a spherical particle that will move with the 

same D, therefore non-spherical particles are assumed to be so. The assumption is reasonable 

for random coils, but nothing further from the truth for rod-like particles and stacks. Thus, the 

technique just provides a qualitative idea of that kind of samples. 

How DLS work 

The sample is put in front of the light source, normally a monochromatic laser. Light passes 

through the sample and is scattered partially due to the interaction with particles. A photomultiplier 

is placed at 173º with respect the exiting beam, it detects the scattered light, that results in a 

speckle pattern. 

Each time, multiple particles are scattering, so out of phase waves will interact partially or fully 

destructive. As it also depends on the particles position, the speckle pattern is continuously 

varying. The measured intensity fluctuations are related with the size of the particles. The smaller 

the particle, the noisier the signal will be and more rapidly it will fluctuate. 
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This fluctuation is analysed with a correlator, that basically studies the correlation of the signal. 

The intensity of the signal at time t is compared to the intensity at subsequent times. Two signals 

will be strongly correlated if they are measured at small time differences. On the other hand, 

signals measured at two considerably different times will be less related. 

The correlation of the signal is collected in the correlation function, that decays with time. Big 

particles tend to move slow and, as said before, light scattered fluctuates slow. Thus, the 

correlation function will decay at considerable high time values (Figure 19). On the other hand, 

small particles scattered light intensity fluctuates so rapidly that correlation function decays in a 

few μs (Figure 20). 

There are two methods to obtain a size histogram from the correlation function. Cumulants 

analysis consists of fitting a single exponential to the correlation function, obtaining a mean size 

value and an estimate width of the distribution (polydispersity index). The other method consists 

of fitting a multiple exponential to obtain a size distribution of particle sizes (such us Non-Negative 

Least Squares (NNLS) or CONTIN). 

Finally, a size distribution by intensity is obtained. It can be converted to volume or number 

distribution depending if we want to compare volume fractions or molar fractions. 
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Figure 19. DLS analysis of big particles. 
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Figure 20. DLS analysis of small particles. 



 

 


