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The combination of nanoparticles and polymers into nanocomposite gels has been shown to be a 

promising route to create soft materials with new or improved properties. In the present work we have 

made use of Laponite nanoparticles in combination with a poly(N-isopropylacrylamide) (PNIPAAM) 

polymer, and describe a phenomenon taking place during polymerization and gelling of this system. The 

presence of small amounts of oxygen in the process induce two distinctly separated phases, one polymer 

rich and one polymer deficient water-clay phase. Complex interactions between clay, oxygen and the 

polymer are found to govern the behavior of these phases. It is also observed that the initial clay 

concentration can be used to directly control the volume fraction of the polymer-deficient phase. The 

dynamics of the phase boundary is found to be dependent on water penetration, and in general to present 
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a non-Fickian behavior. An approach using video recording for monitoring hydrogel swelling is also 

presented and its advantages addressed.  

Nanocomposite hydrogel, clay, Laponite, PNIPAAM, phase segregation, small angle x-ray scattering 

1. Introduction 
Nanocomposite hydrogels (NC-gel), a type of stimuli responsive soft materials, have received 

considerable attention over the last ten years.1,2 These materials consist of clay nanoparticles embedded 

in a polymer matrix swollen with water. They were invented by Haraguchi et al.1 who discovered that by 

adding only a few weight percent of the synthetic hectorite-clay, Laponite®, to an aqueous solution of 

N-isopropylacrylamide (NIPAAM) before carrying out the polymerization reaction, the usual syrup-like 

hydrogel that this particular polymer creates, did not emerge. Instead a solid rubber-like hydrogel, called 

a nanocomposite gel (NC-gel), was produced. In this gel the clay nanoparticles themselves acted as 

physical cross-links, homogenously dispersed in the polymer network. Mixing the pristine clay into a 

water-PNIPAAM solution did not result in a similar material. Furthermore, it was reported that the NC-

gels could only be obtained by disc shaped inorganic particles such as clay.3 However, recently a similar 

NC-gel utilizing alumino-silicate nanotubes have successfully been prepared.4 This suggests that the 

formation of NC-gels is highly related to the dimensional properties of the filler particles and to physical 

interactions between the polymer and the surface of the particles.  

The NC-gels exhibits remarkable properties such as extraordinary mechanical toughness and large 

reversible stretching abilities. They are also transparent, whereas chemically cross-linked gels are often 

opaque and also brittle, caused by their high and unevenly distributed cross-link density. Up to now 

extensive research has been carried out on the NC-gels for the mechanical and optical properties,5-7 

network structure 8-10 and different applications, such as dye absorption from industrial waste water,11 

self-healing polymeric materials,12 thermally controlled micro-channel switches,13 and biocompatible 

materials highly susceptible to magnetic fields.14 
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The formation of NC-gels is a complex process which involves several reactions and interactions 

between its constituents (water, monomer, accelerator, initiator, clay, cations and polymer chains). This 

was thoroughly deduced and explained in detail by Haraguchi et al.3 The main steps are as follows: Prior 

to polymerization, inside the reaction solution, NIPAAM interacts strongly with the surface of the 

dispersed Laponite platelets. Hydrogen bonding between the amide group of NIPAAM and the 

terminating oxide and hydroxyl groups of the clay surface provides attraction between the monomers 

and the clay platelets, resulting in coverage of the clay platelets by NIPAAM monomer. This prevents 

the Laponite from forming “the house-of-cards” network structure15,16 by shielding the attractive 

potential between negative platelet surfaces and positive platelet edges on neighbor platelets,3 even 

though the salt concentration in the solution is high due to the presence of a significant amount of the 

polymerization initiator potassium peroxodisulphate (KPS). After initiation of the polymerization 

reaction, a large number of polymer chains are believed to start growing outwards from each platelet, 

forming “clay-brush particles”,3,17 and eventually a continuous network of polymer chains cross-linked 

by clay platelets is formed (Figure S1). 

 In this work on PNIPAAM-Laponite NC-gels we have studied in detail how it is possible to induce 

phase segregation and control the phase composition by adding small quantities of oxygen prior to 

polymerization. PNIPAAM is most easily prepared using the radical polymerization technique, and it is 

normally important to avoid any oxygen in the reaction solution, since O2 will act as a competing radical 

and hinder the polymerization. However, by adding controlled amounts of oxygen the system segregates 

during polymerization into two transparent phases with different composition, separated by a sharp 

transition (phase boundary), where the volume of the top phase is directly related to the initial Laponite 

concentration. These effects are illustrated in Figure 1, which we will comment more on later. Here the 

phase boundary (marked with arrows) in each sample can be seen as a white or dark ring below the 

meniscus.  

The present paper investigates in detail the above-mentioned behavior, with particular emphasis on 

how controlled amounts of oxygen influences the formation of the two-phase system, as well as the 
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dynamics of the boundary between the two phases. In order to probe the composition of the phases and 

the displacement of the interfacial region, we use a combination of small angle x-ray scattering (SAXS), 

thermal gravimetrical analysis (TGA), and image analysis. Furthermore, we suggest how these 

observations can be relevant in new studies of nanoparticle-polymer systems. 

0.5% 1.0% 1.5% 2.0%
a) b)

1.0% 1.0% 1.0% 1.0%

 

Figure 1. a) Four PNIPAAM-Laponite samples with different clay concentrations, from left 0.5, 1.0, 1.5 

and 2.0 wt.%. b) Backlit picture of four different volumes of the exact same reaction solution (1 wt.% 

Laponite and 10 wt.% NIPAAM), with the volumes from left: 3.0, 2.0, 1.5, and 1.0 mL. The position of 

the phase boundary in both pictures is marked by arrows. 

2. Experimental section 
2.1. Materials 

N-isopropylacrylamide (NIPAAM, ≥98 %) was purchased from Polysciences Inc., Laponite XLG (≥99 

%) was kindly supplied by Andreas Jennow AB, Tetramethylethylenediamine (TEMED, ≥99 %) and 

potassium peroxodisulphate (KPS, ≥ 99 %) were purchased from Sigma-Aldrich. All chemicals were 

used as received, and all solutions used in the experiments were prepared in deionized water. 

2.1.1. Laponite XLG 

Laponite is a synthetic layered silicate with the approximate chemical formula 

Na0.7[Mg5.5Li0.3Si8O20(OH)4]. At low concentrations in water (1-5 wt.%) it exfoliates almost completely 

into single platelets with a diameter of about 30 nm and a thickness of 1 nm.18 The platelets carry a 
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negative charge, due to isomorphous substitution of Mg2+ by Li+ ions, resulting in a unit cell charge of -

0.7e. These elementary charges (roughly -700e in total) are uniformly distributed over the discs, and are 

counterbalanced by Na+-ions located between the platelets in the crystalline form. A smaller positive 

charge, counterbalanced by adsorbed hydroxyl groups where the crystal structure terminates, is 

concentrated along the rim of the disc. 

2.2. Preparation of NC-gels 

The general method of producing NC-gels using the free-radical polymerization technique can be 

found in the literature.1,19,20 In our work the NC-gels were prepared using initial solutions consisting of 

monomer (NIPAAM), cross-linker (Laponite XLG clay), accelerator (TEMED), and initiator (KPS). In 

all samples, the water/monomer ratio, monomer/initiator ratio and the volume of the accelerator were 

fixed at 10/1 (w/w), 100/1 (w/w) and 10 μL/g NIPAAM, respectively.  

First 200 mL of deionized water was stirred with a magnetic stirrer inside a glove bag filled with a 

controlled amount of nitrogen- and oxygen-gas. The partial pressure of oxygen (pO2) was monitored 

with a Lutron DO-5510 oxygen meter capable of measuring both O2% and dissolved oxygen (DO). The 

water was stirred until the DO-level was stable (approx. 1 h). The DO-level (mg/L) was found to follow 

the relationship DO = 0.30(±0.02)·pO2 + 0.95(±0.2), calculated by linear regression of the data points in 

Figure S2. 

Still inside the glove bag, 2.0 g of Laponite XLG was then added to 100 mL of the oxygen-saturated 

water and stirred for 30 minutes. The Laponite-dispersion was divided into several glass vials, and the 

desired amount of oxygen-saturated water was added to each vial in order to arrive at the desired 

Laponite concentration. Subsequently 0.1 g NIPAAM was added to each sample vial and solubilized by 

hand shaking until a clear and homogenous solution was achieved. 1.0 μL TEMED was then added to 

each vial which were shaken for 30 seconds and left to rest in an ice bath for 30 minutes. Finally, 80 μL 

of KPS-solution (25 mg/mL) was added to each sample, which was hand shaken for 10 seconds and 

immediately put back into the ice bath (0 °C). After approximately 5 minutes all the samples were taken 

out of the glove bag and removed from the ice bath in order to start the polymerization reaction, and 
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subsequently placed in a custom camera-rig at room temperature. The samples were mounted on an 

aluminium stage in front of a fluorescent light panel which kept the surrounding temperature at 

approximately 27.5 °C. The temperature of the solutions was checked with an infrared thermometer. 

In this paper we express the Laponite concentration in each sample as a percentage of the water- 

content. For instance, a 1 wt.% concentration equals 0.01 g Laponite dissolved in 1 g of water, and the 

resulting NC-gel is labeled NC1. 

2.3. Characterization 

2.3.1. Monitoring of the polymerization reaction 

A Nikon EOS 550D SLR-camera with a resolution of 2592x1728 pixels was used to record images 

each minute during polymerization. A light panel was used to backlit the samples during imaging, which 

lasted over a period of up to 12 hours. The images were converted to high-speed movies for further 

analysis with the software package Matlab from MathWorks®. The movies were examined visually to 

monitor changes in transparency in the samples, and to follow both the formation and displacement of 

the phase boundary. In the analysis the displacement was tracked by measuring the number of pixels that 

the phase boundary moved from one frame to another. The translation of the phase boundary was 

quantified by relating the displacement to the initial height of the bottom phase. Fitting procedures and 

data manipulation were performed with the software package Origin®. 

2.3.2. Small angle x-ray scattering (SAXS) 

The SAXS experiments were performed at beamline I911-4 of the MAX-lab synchrotron facility in 

Lund, Sweden.21 All data were collected at a wavelength of 0.91 Å with a sample-to-detector distance of 

1.9 m, resulting in a covered q-range of about 0.01-0.3 Å-1 (q is the magnitude of the scattering vector 

and is defined as q=(4π/λ) sin(θ) with λ being the wavelength and 2θ the scattering angle). The beam 

size at the sample position was approximately 300 x 300 microns. The detector used was a two-

dimensional CCD (165 mm diameter from Mar Research, Inc). The reaction solutions were kept in 

standard 2 mm round sealed borosilicate glass capillaries. For the in situ polymerization study, the 

samples were continuously scanned at different points along the central axis of the capillaries, with an 
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exposure time of 15 seconds at each point. The whole scan was repeated at the same points, with up to 

10 repetitions. The duration of each scan was approximately 9 minutes, which thus defines the time 

resolution at each point. Data treatment was performed using the software FIT2D 22 and customized 

Matlab® routines. The data were normalized by the transmitted intensity with a photodiode located 

inside the beam-stop and corrected by the background and water scattering contribution.  

2.3.3. Thermal gravimetrical analysis (TGA) 

TGA was performed on a Netsch STA 449 F3 Jupiter TGA-DSC instrument from 25 to 650 °C under 

Argon atmosphere with a heating rate of 10 °C/min. Other instrumental parameters were adjusted with 

the software package STA 449F3. A 70 μL alumina crucible was used to hold the samples which 

weighed between 10 and 25 mg.  

3. Results and discussion 
3.1. Polymerization dynamics 

The image monitoring of the NC-gels during polymerization showed that the phase segregation takes 

place in several stages. This behavior is illustrated in Figure S3 for an NC0.5-gel polymerized in 10 % 

O2-atmosphere.  The times given in the figure are only representative for this sample because both clay 

concentration and oxygen partial pressure determine the starting time for each stage, as discussed later in 

section 3.6. The first stage (not shown in the figure) is characterized by a small but gradual decrease in 

transparency for the whole sample volume, during which the polymer-clay brushes grow and start to 

scatter light. A simultaneous small increase in temperature, up to 28-30 °C, was observed due to energy 

being released from the polymerization reaction.  

The first stage is followed by a relatively rapid stage, of 5-15 min duration, characterized by a sudden 

and complete loss of transparency in the lower volume of the sample (Figure S3b). This occurs due to 

the significant hydrophobic interactions which normally takes place above the lower critical solution 

temperature (LCST) of PNIPAAM, at approximately 32 °C.23,24 Above this temperature long PNIPAAM 

chains associate into denser hydrophobic entities with a size comparable to optical wavelengths, leading 

to internal light scattering in the solution. Examination of the samples at this stage revealed that the 
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opaque region consisted of a continuous NC-gel with inferior mechanical properties compared to fully 

polymerized NC-gels. This indicates that the polymer chains were too short to produce a well cross-

linked network with the clay particles. The time scale of this opaque state was almost unaffected by the 

Laponite concentration, but increased with pO2 (Figure S4). 

Subsequently a third state occurs, characterized by a relatively brief (6-15 min duration) recovery of 

transparency for the lower sample volume (Figure S3c). Our interpretation is that the polymer chains 

have now grown sufficiently long to create strong inter- and intrachain hydrophobic associations, and 

thus these PNIPAAM clusters will expel water and shrink enough to reduce scattering in the visible 

range.25 The end of this state is characterized by the establishment of a visible phase boundary (Figure 

S3c), separating a polymer-deficient top phase and a polymer-rich bottom phase, that will be discussed 

later. The phase boundary is visible due to the difference in refractive index between the two phases. At 

this point the polymerization reaction is nearly completed because the bottom phase behaves like a 

typical NC-gel prepared in the absence of oxygen (rubber like and highly flexible). This was confirmed 

by analyzing the phase in a situation where the polymerization reaction had been stopped by rapid 

cooling right after the appearance of the phase boundary. 

In the fourth and last stage, which lasts for several hours, depending on the oxygen concentration, the 

phase boundary is found to move upwards in the reaction vessel (Figure S3d). This displacement was 

discovered to be caused by water being absorbed from the top phase into the polymer-rich bottom phase, 

thereby increasing the volume of the latter. This effect will be discussed later in section 3.2 and 3.5. The 

decrease of water in the top phase effectively increases the clay and initiator (KPS) concentration in this 

phase, leading to the formation of a clay-water gel with a drastically higher viscosity, caused by the clay 

network structure now being formed.  

The final volume of the top phase for these systems was found to be directly determined by the initial 

Laponite concentration. Increasing the concentration of clay lead to a top phase with a correspondingly 

larger volume, as seen in Figure 1a where four NC-gels with Laponite concentrations of 0.5, 1.0, 1.5 and 

2.0 wt.% are shown. Further evidence for this behavior is given in Figure 1b where we show four NC1-
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gels prepared from one reaction solution, but with different total volumes. Notice that the volumes of the 

top phases of these samples are now almost identical, independent of the total volume. Varying the 

partial pressure of oxygen also affected the volume of the top phase. It was found to be linearly 

dependent on the oxygen pressure, as shown by the regression lines in Figure 2, which shows the 

relative volume of the top phase as a function of pO2. We believe this effect to be due to a direct 

relationship between dissolved oxygen in the solution and the resulting termination of growing polymer 

chains, i.e. more oxygen decreases the number of chains and thus their effective total volume. Further 

discussions will be given later in section 3.7. 

 

Figure 2. Relative volume of the top phase vs. pO2. The data points for the 0.5 wt.% and 2.0 wt.% 

samples are fitted with regression lines.  

3.2. Small angle x-ray scattering (SAXS) 

The X-ray scattering from NC-gels, or NIPAAM-clay solutions, will be dominated by the signal from 

the clay particles, due to the much larger electron density contrast of the clay to the water solution 

compared to that of the NIPAAM units.10,26 This is contrary to small angle neutron scattering where the 

polymer contribution can be seen based on the differences in scattering length density between the 

polymer and the solvent. 

SAXS-curves from a series of NIPAAM-Laponite solutions (with clay contents ≤ 2 wt.%) are shown 

in Figure S5. As expected from dilute dispersions of randomly oriented thin discs, the scattering 
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intensity in the mid q-range follows a power law, i.e. I(q) ∝ q-α, where α = 2.27 The scattering curve 

from a 1.0 wt.% Laponite-H2O solution without monomer, also presented in Figure S5, is practically 

overlapping with that of the 1.0 wt.% solution with monomer, demonstrating the negligible contribution 

from the monomer to the overall SAXS signal. Three of the curves, 1.0, 1.5 and 2.0 wt.%, were fitted 

using the form factor for thin discs 28 (eq. 1) where, R and 2H are the radius and thickness of the 

particles, respectively, J1(x) is the first order Bessel function, α is the angle between the axis of the disc 

and the scattering vector q, (ρe,clay-ρe,H2O) is the electron density contrast between the Laponite platelets 

and water, Nclay is the number of clay platelets per unit volume, and vclay is the volume of a single disc.  

For comparison, also the Guinier approximation for thin discs (eq. 2), was employed to determine the 

particle thickness. The fits are displayed in Figure 3 and the detailed results can be found in Table T1. 
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The two methods gave similar values for the thickness, of approximately 1.6 nm, and the thin disc 

model resulted in a diameter of around 42 nm. These results are not far from nominal values for fully 

exfoliated Laponite platelets, approximately 1 and 30 nm, respectively. However, the slight increase 

found with respect to the nominal thickness of 1 nm indicates that a small amount of not fully exfoliated 

particles may be present, thus increasing the average value. 
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Figure 3. Fittings of the scattering curves using eq. 1 for: 1 wt.% Laponite with no monomer (black 

squares), 1.5 wt.% Laponite (red circles) and 2.0 wt.% Laponite (blue triangles), respectively. The fit is 

shown with continuous lines. The inset shows Guinier fits for the same SAXS-curves. Every 10th data 

point is shown for clarity. 

A clear linear relationship between scattering intensity and Laponite concentration is also observed in 

the data in Figure S5, as expected from eq. 1. The scattered intensity will depend on  the differences 

(ρe,clay - ρe,H2O)2 and (ρe,PNIPAAM - ρe,H2O)2 plus a cross-term (ρe,clay - ρe,H2O)(ρe,PNIPAAM - ρe,H2O), where ρe,clay 

= 7.98 × 1023 electrons/cm3, ρe,PNIPAAM = 4.16 × 1023 electrons/cm3, and ρe,H2O = 3.34 × 1023 

electrons/cm3. Thus the terms due to PNIPAAM are in this respect much smaller than that of the clay, 

and can here be neglected. It is therefore possible to qualitatively follow the changes with time of the 

clay concentration, in the top- and bottom-phase, by time resolved SAXS, assuming that clay-clay 

interactions during the polymerization process are not significantly contributing to the scattering signal. 

Several samples were therefore continuously scanned, along a line that later crossed the phase 

boundary (inset Figure 4a), while collecting SAXS images during the course of polymerization. As an 

example Figure 4a displays the scattering curves of an NC1.5-gel polymerized in 5 % O2 atmosphere 

from a point 1 mm above and a point 1 mm below the phase boundary at two different times of the 

reaction. Figure 4b shows the time-evolution of the Laponite concentration in these two small volumes. 

The concentration was calculated by normalizing the in situ SAXS-curves to the curve of the 2.0 wt.% 
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Laponite-monomer solution in Figure S5, over the q-range 0.17-1 nm-1. After 10 minutes of 

polymerization the concentration is almost equal in the two volumes, above and below the phase 

boundary respectively, showing that the clay is evenly distributed in the sample. After this, the 

concentration in the lower volume decreases gradually, and at 90 minutes, it has decreased by around 60 

% compared to the initial value. The upper volume, on the other hand, experiences a small concentration 

increase in the same time frame.  

The reason for these changes is that water is extracted from the upper volume and absorbed by the 

polymer chains which at this time are located below the phase boundary (cfr. section 3.1). As the water 

crosses the phase boundary it will significantly dilute the small volume which is probed in Figure 4. 

Since the clay particles in the upper volume are too large to diffuse into the polymer phase below, they 

will remain in the upper volume and the concentration here will be raised. 

Results from fitting the SAXS-data at the two different times, can be found in Table T2. Both fitting 

procedures show that the thickness of the Laponite particles in the bottom phase increases slightly, to 

around 2 nm during polymerization. The reason for this may be the reduced screening as the monomer is 

consumed, which results in an easier stacking of the clay platelets when the monomer no longer covers 

the particles. 
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Figure 4. a) In situ SAXS curves of an NC1.5-gel at two different times for a point 1 mm above (blue 

symbols) and 1 mm below (red symbols) the phase boundary. Inset is a sketch of the in situ SAXS setup. 

b) The time-evolution of the Laponite concentration in the two phases above and below the phase 

boundary, respectively. The error bars are the standard deviations. 

These results thus show that the concentration of Laponite near the phase boundary changes during 

polymerization. It’s important to mention that the large concentration decrease observed in the lower 

volume only extends a short distance downwards in the samples because the relative increase in water 

content is highest close to the boundary. The final concentration in each volume however, occurs after 

12-24 hours, and could not be quantified directly by these in situ SAXS experiments due to the limited 

time available at the synchrotron. 

3.3. Thermal gravimetric analysis 

In order to probe the differences in polymer content in each of the two phases, thermal gravimetrical 

analysis (TGA) was performed on several NC-gels, with different clay concentrations. The top and 

bottom phases were measured separately. Figure 5a shows TGA-curves from pure NIPAAM, and from 

one of the NC-gels, representing the typical behavior that was found for these samples. Both curves 

from the NC-gel show a prominent mass loss around 100°C, attributed to loss of water. The 

corresponding differentiated curves (DTGA) are shown in Figure 5b. The peak around 150-175 °C 

corresponds to evaporation of the monomer. The top phase loses its remaining mass in this step, 

indicating that it contained a significant amount of monomer. The bottom phase, on the other hand, does 

not display a sharp peak in this step, showing that only small amounts of monomer were present. The 

third peak around 350-400 °C corresponds to decomposition of the polymer chains. Besides water 

evaporation, most of the mass in the bottom phase is lost in this step. The top phase also shows a small 

decrease in the same region, indicating the presence of a small quantity of polymer chains, but less than 

0.5 wt.%.  
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Figure 5. a) TGA-curves of the top- and bottom-phases of an NC2-gel (solid black and dashed red, 

respectively). Pure NIPAAM monomer (dotted blue) is shown for comparison. The inset shows the 

remaining mass in each phase at 125, 170 and 500 °C, respectively. b) DTGA curves of the same 

samples.  

The remaining mass% at three temperatures are presented in the inset in Figure 5a. At 125 °C, the 

mass left in the top phase is just above the starting monomer concentration (10 %), indicating that all 

water has been released. The bottom phase still contains around 13 mass% water, caused by water bound 

to the polymer chains. At 170 °C all water and monomer have been released from the top and bottom 

phases, which now contains 2.4 and 10.8 mass%, respectively. At 500 °C the remaining mass (~2 %) in 

the two phases is a mix of clay and char from the polymer. It was expected, based on the SAXS-results, 

that the remaining weight fraction would be highest in the top phase. The reason for a slightly lower 

value here may a smaller amount of char in the top phase, since the monomer evaporates at elevated 

temperatures rather than turning into char. It is also important to note that the large decrease in 

concentration of 60 % in the bottom phase, calculated from SAXS-curves, takes place only close to the 

phase boundary and not throughout the entire volume. 

3.4. Physical characteristics 
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As a consequence of the strong hydrophobic interactions above LCST, water solutions of PNIPAAM 

or PNIPAAM NC-gels become turbid. If the polymer concentration is above a few weight percent, the 

solutions/hydrogels become completely opaque and white. Heating the two-phase NC-gels above the 

LCST of 32 °C revealed that the top phase did not contain polymer chains with sufficient length to 

undergo this transition, confirming our conclusions from the TGA-experiments. For the bottom phase 

the transition manifests itself as a drastic loss in transparency and contraction of the polymer hydrogel 

(see Figure 6A). This transition was found to be reversible for all samples.  

It is well known that Laponite-water dispersions create shear-thinning gels by forming a network 

structure often referred to as the “house-of-cards” structure15,16 if the salt concentration is high enough, 

and it was found that the top phase of these samples behaved like such a physical gel (see Figure 6B). At 

concentrations below one weight percent the top phase flowed almost freely, whereas samples with 

higher clay particle concentrations had to be subjected to a hard impact before the top phase would flow. 

The cause of the gel-formation is the increase in salt concentration due to the KPS-initiator while the 

bottom phase is absorbing water. The bottom phase on the other hand, exhibited similar physical 

properties as an NC-gel prepared in absence of oxygen. The phase boundary is marked by arrows in the 

figure. These observations corroborate the results from SAXS and TGA concerning the composition of 

the two phases. 

A

NC1.0

NC0.5

B
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Figure 6. A) An NC2-gel displaying the more dense high-temperature conformation (> 32 °C) of the 

polymer phase, seen as a white disc at the bottom. B) The top phase in an NC0.5-gel exhibits shear 

thinning behavior after being tilted, while an NC1-gel is rigid. 

3.5. Swelling kinetics 

Once the phase boundary has appeared in the samples, it starts to translate upwards and becomes more 

diffuse with time due to water being absorbed into the bottom phase. The relative movement of the 

boundary was extracted via image processing of a large series of images taken during polymerization. If 

these data are plotted double logarithmically as suggested by Lee et al.,29 when they measured swelling 

kinetics of PNIPAAM-Montmorillonite gels, the slope of the regression line through the data points 

would give the exponent n in the heuristic equation (3)  

 nt Kt
W
W

=
∞

 (3) 

where Wt and W∞ are the weight of the gel at a time t and at infinite time (end of the process), 

respectively, and K is a characteristic constant of the gel. Based on equation 3, the movement s of the 

boundary will also be given by  s=Ktn.  If  n ≤ 0.5, penetration of water molecules into the gel will 

follow the normal Fickian behavior, and if  0.5<n<1, the process corresponds to non-Fickian anomalous 

diffusion.20,30 Crank30 interpreted the distinction based on the speed of which the material responds to 

changes in its conditions. In Fickian processes, the rate of diffusion is thus much less than that of 

relaxation, while a non-Fickian behavior is described by a much faster diffusion than relaxation. 

Deviations from Fickian normal diffusion are considered to be associated with the finite rates at which 

the polymer structure may change in response to the sorption or desorption of penetrant molecules. 

A double logarithmic plot of our data showed that the slope of the curves was not affected by the 

oxygen concentration, but varied with the Laponite concentration. As an example, the relative 

movement of the phase boundary in NC0.5-gels (0.5 wt.% Laponite) polymerized with varying oxygen 

atmosphere (pO2) is presented in Figure 7. The kinetic exponent n was calculated for NC-gels with four 

different Laponite concentrations, by fitting similar data as in Figure 7 with  s=Ktn, and the average n-
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values are shown in the inset. For all samples these values indicated non-Fickian diffusion, i.e. n > 0.5, 

but there was also a gradual increase with increasing clay concentration. This behavior is most likely due 

to the correspondingly lower relaxation rate (stiffer gel) as the concentration increases, since the number 

of cross-linking points is directly controlled by the amount of Laponite present. 

Zhang et al.20 performed a swelling study on PNIPAAM-clay gels with different clay types, and 

obtained an n-value of 0.44 for a similar NC-gel containing 2.0 wt.% Laponite. Our higher values may 

be attributed to differences in how the measurements were performed. The main factors which have to 

be taken into account here is that swelling studies are usually performed by drying the gel completely, 

and then immersing it into deionized water. In the present study the gels were not dried from the start, 

and the water they could absorb contained ions and unreacted monomer molecules. However, the 

prospect of monitoring swelling by video recording is interesting, as it opens up the possibility of 

measuring the gel dynamics continuously, and over extended periods of time, without interference. 

 

 

Figure 7. Relative movement of the phase boundary in NC0.5-gels versus time after appearance of the 

phase separation, for four different experiments with varying pO2. The error bars correspond to a 

translation of one pixel in the images. The solid line is a regression fit to the 5 % O2 data points. The 

inset shows the average kinetic exponent n calculated for NC-gels with different Laponite 

concentrations prepared in varying pO2. 
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3.6. Polymerization kinetics 

The time delay before the samples became opaque (second stage, Figure S3b) was found to be almost 

linearly dependent on the clay concentration. This relationship is shown in Figure 8a, where time is 

plotted versus initial clay concentration. This behavior can be explained by the lower mobility for 

monomers as the concentration of obstructing clay platelets is increased in the solution. The lowered 

mobility delays the growth of polymer chains, and hence the time for the chains to aggregate into 

clusters that scatter light. A similar tendency was found with respect to increasing pO2, as seen in Figure 

8a, and plotted separately in Figure 8b. Here, the linear increase in time is a result of the suppression of 

polymer growth by the dissolved oxygen as the oxygen pressure is raised. 

 

Figure 8. Time for the NC-gels to become opaque, as a function of a) clay concentration and b) the 

partial pressure of oxygen (pO2). The solid lines are regression fits to the data. 

3.7. Mechanism behind the phase segregation 

After considering in detail the various effects described in section 3.1-3.6, we believe that a plausible 

mechanism for the phase separation during polymerization and the dynamics of the phase boundary is as 

follows. At an early stage, when clay-brush particles are being formed, the dissolved oxygen can react 

with the growing polymer chains, thereby terminating these. As a result two populations of particles can 

be formed, namely oxygen-terminated (OT) and non-terminated (NT) particles. Specifically, the latter 
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describe either partially oxygen-terminated or not terminated at all. Considering the amphiphilic nature 

of PNIPAAM, both populations of clay-brush particles will be amphiphilic, but an OT-particle will have 

a relatively more hydrophilic nature due to the more polar oxygen-terminated chain ends. The 

hydrophobic component of the clay brush particles is likely to be due to an outer layer of N-isopropyl 

groups, as commented by Haraguchi et al.31 The OT-particles will now tend to avoid the more 

hydrophobic constituents in the reaction solution, i.e. NT-particles, leading to a local phase separation at 

an early stage. Samples without clay exhibited the same segregation effects when polymerized in a 

partial oxygen atmosphere which demonstrates this prinsiple. Moreover, since PNIPAAM is slightly 

denser than water (1.17 g/cm3 at 25°C) the water phase will be displaced upwards. Although the clay 

particles have twice the density of the polymer (2.5 g/cm3), they are suspended due to their small size 

(~30 nm) and low concentration.  

Later, during polymerization, the transparency of the bottom phase drops drastically when the chains 

have grown to a sufficient length to create strong hydrophobic associations. This effect is not observed 

for the top phase, since the OT-particles here are unable to polymerize further. The duration of the 

opaque phase was highly affected by the O2 pressure, as shown in Figure S3, with more O2 giving longer 

durations. This is most likely because the overall growth speed of the polymer becomes lower when the 

amount of dissolved oxygen is increased. 
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Figure 9. A schematic representation of the phase segregation taking place during polymerization of one 

low-concentrated sample (a-c) and one sample with twice the clay content (d-f). Non-terminated clay 

platelets are represented as white discs while the O2-terminated platelets are represented as red discs, the 

polymers are represented as black lines, and the red dots are oxygen molecules terminating short 

polymer chains. The phase boundary is shown in blue. Right side: Pictures of the final stage for samples 

with two different concentrations. 

The highly predictable volume ratios resulting from the phase segregation can be explained in detail 

by considering a mechanism where both diffusion and solubility of clay in water are relevant. A 

simplified scheme of the proposed mechanism of the phase segregation is shown in Figure 9. In samples 

of low clay concentration (Figure 9a), the number of polymer chains growing out from each clay particle 

will be higher as there will be more initiating persulphate radical per clay particle. E.g. in the scheme in 
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Figure 9, the particles in the upper sample have twice as many grafted chains as in the lower. In effect, 

more oxygen can react with each particle, and is thus distributed on fewer particles compared to the 

situation in a higher concentrated sample. 

After the initial segregation of OT and NT clay-brush particles the volume fraction of the top phase in 

both samples are equal, assuming that the average particle density is maintained throughout the whole 

sample volume (Figure 9b and e). Now, while the polymerization proceeds in the bottom phase, the OT-

particles will be forced further into the top phase by the hydrophobic entities in the bottom phase, 

thereby confining them to a smaller volume of water. This occurs until a critical concentration is reached 

in the top phase, when the “house-of-cards” network structure establishes.  

A low-concentrated sample will at this point be able to reduce its volume in the top phase more than a 

higher concentrated sample, and as a result, the volume fraction ends up smaller (Figure 9c). On the 

other hand, OT-particles in a sample of high concentration will meet the conditions for a developed 

“house-of-cards” network structure earlier, and will thus experience a smaller volume decrease (Figure 

9f). This is also demonstrated in the pictures of two such samples on the right side of Figure 9. 

4. Conclusion 
We report here the detailed description of a phenomenon taking place during polymerization of 

PNIPAAM-Laponite NC-gels. It is shown how small amounts of oxygen present in the reaction 

solutions induces phase segregation, resulting in a polymer rich phase distinctly separated from a 

polymer deficient water-clay phase. Reactions between oxygen and the growing polymer chains are the 

reasons for this effect, which produces two species of clay-polymer particles, where one has most of its 

chains oxygen-terminated at an early stage during the polymerization reaction. The resulting higher 

hydrophilic nature of these particles induces the phase separation. It was also revealed that in this system 

the initial clay concentration directly determines the final volume of the polymer deficient phase. We 

furthermore probed the dynamics of the phase boundary and showed how this is a non-Fickian process, 

and also a linear function of the clay concentration.  
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The phenomenon described here can be of value with respect to new ways of isolating surface treated 

nanoparticles, e.g. clay nanoparticles grafted with short oxygen-terminated polymer chains. A non-

invasive technique, using video recording for monitoring swelling studies of hydrogels, was also 

extensively used. This application, scarcely observed in the literature, brings the possibility of measuring 

the gel dynamics continuously and over extended periods of time, without interference. 
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