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This dissertation studies physical properties and technological applications of 

engineered heterogenous polymer gels. Such gels are synthesized based on modulation of 

gel chemical nature in space. 

Shape memory gels have been developed in this study using the modulated gel 

technology. At room temperature, they form a straight line. As the temperature is 

increased, they spontaneously bend or curl into a predetermined shape such as a letter of the 

alphabet, a numeral, a spiral, a square, or a fish. The shape changes are reversible. 

Heterogenous structures have been also obtained on the gel surface. The central idea 

is to cover a dehydrated gel surface with a patterned mask, then to sputter-deposit a gold 

film onto it. After removing the mask, a gold pattern is left on the gel surface. Periodical 

surface array can serve as gratings to diffract light. The grating constant can be 

continuously changed by the external environmental stimuli such as temperature and 

electric field. Several applications of gels with periodic surface arrays as sensors for 

measuring gel swelling ratio, internal strain under a uniaxial stress, and shear modulus 

have been demonstrated. 

Porous NIPA gels have been synthesized by a suspension technique. 

Microstructures of newly synthesized gels are characterized by both SEM and a capillary 



test and are related to their swelling and mechanical properties. The heterogenous porous 

NIP A gel shrinks about 35,000 times faster than its counterpart—the homogeneous NIPA 

gel. Development of such fast responsive gels can result in sensors and devices applications. 

A new system with built-in anisotropy has been studied. This gel system consists 

of interpenetrated polymer network (IPN) gels of polyacrylamide (PAAM) and N-

isopropylacrylamide (NIPA). The swelling property of the anisotropic IPN gels along the 

pre-stressing direction is different from that along other directions, in contrast to 

conventional gels which swell isotropically. It is found that the ratio (L/D) of length (L) 

and diameter (D) of IPN samples has step-wise changes as the samples are heated from 

below the volume phase transition temperature to the above. A theoretical model is 

proposed and is in good agreement with the experimental results. 
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CHAPTER 1 

INTRODUCTION 

A gel is a cross-linked polymer network swollen in a solvent. Its properties 

depend strongly on the interaction of these two components. The solvent prevents the 

polymer network from collapsing into a compact mass, and the network, in turn, retains 

the solvent. A gel swells to a large extent in a good solvent, whereas it shrinks to a 

compact form in a poor solvent. 

There are many natural and artificial gels. A familiar gel is the dessert Jello, 

wherein the network is comprised of polymers derived from animal-protein gelatin. The 

polymeric network constitutes ca 3% of the volume; the remainder is colored, flavored, 

sweetened water. The vitreous humor that fills the interior of the eye is a gel, as is the 

material of the cornea. Blood-vessel walls, connective tissues, and the synovial fluid 

lubricating skeletal joints contain gels. In such biological gels, the liquid component 

allows the free diffusion of oxygen, nutrients, and other molecules, whereas the polymer 

network provides a structural framework to hold the liquid in place. Some plants' roots 

are covered with gels produced by bacteria, which affect the plants'metabolic functions. 

Gels are important intermediaries in the manufacture of polymers such as rubber, 

plastics, glues, films, and membranes. The capacity of hydrogels to absorb water is 

enormous and can be as much as 1000 times the weight of the dry gel [1]. This makes the 



gels an ideal absorbent in disposable diapers and napkins. Gel sheets have been 

developed that tightly wrap fresh fish and meats, keeping them moist but absorbing 

unnecessary excess water for efficient transportation and storage. Gels are widely used as 

implants in plastic surgery and for artificial and soft contact lenses. Gels are also used as 

control delivery systems for drugs and perfumes [2-4]. They play a vital role in the fields 

of medicine, foods, chemical, agricultural, and other industries. 

The problem of the phase transition in polymer gels has been studied theoretically 

by Dusek and Patterson, who in 1968 suggested the possibility of a discontinuous volume 

change of a gel when an external stress is imposed upon it [5]. Experimental verification 

was first made by Tanaka in 1978, who found that ionized polyacrylamide gels undergo a 

discontinuous volume change in an acetone-water mixture [6]. This finding ensures that, 

in contrast to the previous theoretical predictions, a discontinuous phase transition can 

occur in free gels, and thus stimulated further research in this field. Since then, the study 

of the volume phase transition has been developed rapidly both on experimental and 

theoretical sides. 

The volumes of polymer gels can be changed by three orders of magnitude in 

response to a variety of external stimuli such as solvent, temperature, pH, ionic 

composition, electric field and light [7-11]. The volume change at the phase transition is 

reversible and repeatable. Using such gels, many researchers are now developing 

artificial muscles, actuators, controlled release systems, sensors, chemical memories, and 

toys. Therefore, they are called "intelligent gels" [12]. 



For applications of polymer gels, understanding their physical properties and 

developing new gel materials and new engineered gel technologies are very important. 

This dissertation systematically studies the engineered polymer gel synthesis and the 

physical properties of polymer gels. 

In this work, two kinds of polymer gels were mainly used, which are 

polyacrylamide (PAAM) gel and N-isopropylacrylamide (NIPA) gel. In some 

experiments sodium acrylate (SA) was also copolymerized with any one of the above two 

gels. These copolymerized gels are called polyelectrolyte gels or ionic gels because of the 

extra ionic charges in the polymer chains. PAAM gel is a hydrophilic, solvent sensitive 

but not temperature sensitive, gel. On the other hand, NIPA gel is temperature sensitive 

because of its hydrophobic property. The NIPA gel also shows low critical solution 

temperature (LCST) property. 

The dissertation is organized as follows: 

In chapter 2, the shape memory gels made by the modulated gel technology are 

discussed. To improve the physical and chemical properties of gels, two or more polymer 

backbone components are often mixed to form a multicomponent material. Basic 

combinations of the components include random co-polymerization [13], grafting the end of 

one polymer with the backbone of another polymer network [14-15], and interpenetrating 

polymer networks (IPN) [9]. All these methods, however, produce macroscopically 

uniform media, which can only isotropically shrink or swell under uniformly environmental 

stimuli. It is apparent that advanced gel materials are needed in order to accomplish more 

complicated functions such as forming various shapes under external stimuli. This leads us 



to synthesize modulated polymer gels based on modulation of the gel chemical nature in 

space [16-18]. The modulated polymer gels have a heterogeneous or modulated structure. 

We use two polymers with different sensitivities, such as NIPA and PAAM. The gels are 

synthesized side-by-side in sequence in such a way that a part of one gel network 

interpenetrates the other gel network. In other words, across the thickness of the gel, its 

composition changes gradually from pure PAAM, to a mixture of PAAM and NIPA, to pure 

NIPA. NIPA gel shrinks drastically when warmed above 37°C, whereas PAAM gel does 

not. Using this method, several shape memoiy gels were made. At room temperature, they 

form a straight line. But as the temperature is increased, they spontaneously bend or curl 

into a predetermined shape such as a letter of the alphabet, a numeral, a spiral, a square, or a 

fish. The shape changes are reversible. Such shape memory gels or modulated gels could 

find use in toys, switches, sensors, valves, and display devices. 

In chapter 3, a hydrogel with gold surface arrays has been synthesized. The 

surface structures of hydrogels play important roles for many diverse applications in 

physical, chemical and biomedical fields. Extensive efforts have been directed to study 

the natural surface structure of gels. Surface patterns have been observed during gel 

swelling or shrinking processes, and are caused by mechanical instability and constraints 

[10,19-20]. The study of these patterns has led to better understanding of the formation 

and evolution of patterns found in biological systems. Direct observation of the 

submicron structure of gel surfaces in water using an atomic force microscope has been 

reported [21]. The topography of the gel surface has been correlated to environmental 

temperature [21]. On the other hand, it is not only desirable but also vital to modify gel 



surfaces in order to better control interactions between the gel surfaces and environments 

that are required for particular applications [3,22]. The central idea is to cover a 

dehydrated gel surface with a patterned mask, then to sputter-deposit a gold film onto it. 

After removing the mask, a gold pattern is left on the gel surface. In one example, tiny 

gold squares are arranged in a square lattice. These gold squares do not delaminate even 

when the gel is fully swollen in water. Depending on the mask used, many different 

array structures can be made. Periodical surface array can serve as gratings to diffract 

light or microelectrode arrays to monitor cell activity. The grating constant can be 

continuously changed by the external environmental stimuli such as temperature and 

electric field. Therefore, such arrays have potential for optical filter, spectrum analysis, 

display and sensor applications. Several applications of gels with periodic surface arrays 

as sensors for measuring gel swelling ratio, internal strain under an uniaxial stress, and 

shear modulus have been demonstrated. 

Environmentally sensitive polymer gels have attracted much current interest 

because they can change their volume by three orders of magnitude. From an application 

point of view, the response time is a critical factor for applications such as actuators, 

switches, artificial muscles, chemical separation, and displays. Usually, the response time 

of a gel is very slow: for the N-isopropyacrylamide (NIPA) gel with 1cm diameter, it is 

about 24 hours. Many efforts have been focused on developing gels with fast response 

times. Substantial progress has been made during the past ten years [23-30]. 

In chapter 4, we report on the synthesis of the porous gel based on the suspension 

principle which was used in [30] to make porous poly(acrylic) acid gels. Initially, a 



suspension of oil-water is made, wherein the water phase contains a water-soluble 

monomer and a crosslinking agent, and the oil phase is a volatile organic compound 

having a boiling point greater than that of water. The monomer present in the water 

phase is polymerized to form a polymer gel having the oil phase dispersed therein. After 

the gel is made, it is then dried at the temperature of the boiling point of oil. The oil 

evaporate, leaving pores in the gel. Comparised to the porous gels prepared by a "phase 

separation" method, these porous gels have greater mechanical strength. Due to their 

faster response time and good mechanical strength, these gels may make the applications 

such as actuators, switches, artificial muscles, separation systems, and display systems 

possible in practical use. 

Currently, most researchers have focused on the volume phase transition of 

conventional gels, which swell or shrink isotropically, near or away from the phase 

transition point. Under external constraints such as stretching, compression or bonded 

surfaces [31-33], the isotropic symmetry may be broken. Related anisotropic gels have 

also been reported that incorporate anisotropic liquid crystals into gels networks [34-35]. 

In chapter 5, we report on the synthesis and study of new interpenetrating polymer 

network (IPN) gels with built-in anisotropy, which consist completely of gels without 

anisotropic liquid crystal molecules. The anisotropic gels consist of two interpenetrating 

polymer networks. One of the network components (N-isopropylacrylamide) is pre-

stressed before the gelation of the second network (poly-acrylamide) takes place, resulting 

in built-in anisotropy. It is found that the gels have a preferred direction for swelling: 

above the phase transition point, the gel swells more along the pre-stressed direction. 
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That is, the ratio of the length (non-pre-stressed) to the diameter (pre-stressed) exhibits a 

step-wise decrease at Tc. The amplitude of such a decrease is proportional to the degree 

of the constraint. A theoretical model based on the free energy consideration has been 

proposed and can be used to qualitatively explain experimental results. This research not 

only reveals a novel system for better understanding the volume phase transition of gels 

under internal constraint, but also opens a door for development of gel devices such as 

shape memory switches. 

In chapter 6, a spectrophotometer has been used to measure turbidity of a 

carrageenan gel as a function of temperature. It is found that the optical transmission of 

the gels decreases as the gels undergo the sol-gel phase transition. The differential of 

transmission (I) with respect to temperature (T), dl/dT, exhibits peaks as the gel 

temperature is decreased and increased with the peak positions corresponding to 

temperatures of gelation and melting, respectively. The full width at half height of the 

dl/dT peak obtained from the heating curve is about 2.5 times broader than that from the 

cooling curve. This indicates that the melting of gels may involve multiple relaxation 

mechanisms. The area of the hysteresis loop covered by the cooling and the heating 

curves increases with decease in scanning rate. The thermal cycling has little impact on 

the sol-gel transition in the gels. The experiments show that turbidity is a powerful tool 

for studying the sol-gel transition in carrageenan gels. 

In chapter 7, the kinetics of gelation of an ungelled carrageenan solution exposed to 

a gel-inducing ionic solution were studied using a turbidity technique. Alkali metal ions 

were allowed to diffuse through a dialysis membrane into a biopolymer solution. Optical 
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transmission was measured as a function of distance away from the membrane. In the early 

stage of 12 h, the transmission was found to increase with distance. After 96 h, the 

transmission was observed to be independent of distance. This indicates that gelation is 

completed everywhere inside the gel and the gel's structure is homogeneous, in agreement 

with previous results. Time-dependent transmission indicates the presence of two 

relaxation processes occurring during ion-induced gelation: a primary relaxation process 

related to the gelling zone movement, and a secondary relaxation process related to local 

diffusion of polymer, bound ions and water molecules. 

This work is summarized in chapter 8. 
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CHAPTER 2 

SHAPE MEMORY GELS MADE BY THE MODULATED GEL TECHNOLOGY 

2.1 Introduction 

Polymer gels have attracted much current interest because they respond adaptively 

to changes in their environment. Particularly, their volumes can be changed by three orders 

of magnitude in response to a variety of external stimuli such as solvent, temperature, pH, 

electric fields and light [1]. Therefore, gels have been explored to perform various 

functions including artificial muscles and organs, drug-delivery devices, chemical valves 

and actuators [1-4]. 

To improve the physical and chemical properties of gels, two or more polymer 

backbone components are often mixed to form a multicomponent material. Basic 

combinations of the components include random co-polymerization [5], grafting the end of 

one polymer with the backbone of another polymer network [6-7], and interpenetrating 

polymer networks (IPN) [8]. All these methods, however, produce macroscopically uniform 

media, which can only isotropically shrink or swell under uniform environmental stimuli. It 

is apparent that advanced gel materials are needed in order to accomplish more complicated 

functions such as forming various shapes under external stimuli. This leads us to synthesize 

modulated polymer gels based on modulation of gel chemical nature in space [9]. Here we 

report recent progress for developing shape memory gels using the modulation technology. 
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2.2 Experimental 

The bi-gel strip was synthesized by first making a NIPA gel slab. Two glass slides 

with ~l.Omm gap between them were immersed in 100 mL of an aqueous solution with 

690 mM iV-isopropylacrylamide, 8.6 mM methylene-bis-acrylamide (BIS), and 8 mM 

sodium acrylate. The polymerization of the solution was initiated by adding 240 fiL of 

tetra-methyl-ethylene-diamine (TEMED) and 40 mg ammonium persulfate (for 

experimental details, see ref. 6). In the second step, a PAAM gel slab was made between 

two glass slides (approximately 2.0 to 3.0 mm apart) with the NIPA network (-1.2 mm) 

between them and in contact with one of the glass slides. Notice that the distance between 

the two glass slides was larger than that of the swollen NIPA network. A sufficiently long 

time was allowed for the acrylamide gel "ingredient" to diffuse into the NIPA network 

before the polymerization was initiated. This ensured the formation of the NEPA/PAAM 

interpenetrating networks. The acrylamide gel consisted of 700 mM acrylamide and 8.6 mM 

BIS. The end product was a gel slab 2.0 to 3.0 mm thick with layered network structure: A 

0.8 to 1.8 mm thick PAAM network, and a 1.2 mm PAAM network interpenetrated by a 

NIPA network. 

2.3 Results and Discussion 

Previously, we have shown that a bi-gel strip made by interpenetrating part of 

PAAM gel with NIPA gel can bend when the sample temperature is raised to 39°C [9], This 

is because the volume of the ionic NIPA gel (with 8mM sodium acrylate) shrinks drastically 

at temperatures higher than 37°C, whereas the volume of the PAAM gel does not. As a 

result, when the bi-gel strip is heated uniformly, it gradually bends into an arc. The 
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transition between the straight and the arc forms is reversible. The details of bending of bi-

gels have been given in Ref. 10. 

The bending is not limited to a half circle as restricted for electric field induced gel 

bending. Large bending can be achieved by either increasing the sample length, or 

temperature. As shown in Figure 2.1, a long bi-gel can bend from a straight strip at room 

temperature to a spiral at 39°C. 
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Fig. 2.1. (A) A long bi-gel strip with one PAAM side modulated by NIPA gel. At room 

temperature, the bi-gel is in a straight shape. (B) When sample temperature is raised to 

39°C, the gel becomes a spiral. 



15 

. ( 

Fig. 2.2. Modulating one side of the PAAM gel with NIPA gel at several different 

locations. The gels are in the straight shape at room temperature (A) square (41°C), (B) 

pentagon (39°C), and (C) hexagon (39°C). The gel in (A) and (B) is the same one. 
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In general, a modulated gel consists of two parts: one is sensitive to a designated 

environmental stimulus, and the other is not. These two parts may be called the control 

element and the substrate element, respectively. The gel can only bend at the control 

element, or modulated sites. A small change of the control element can cause a large 

movement of the substrate element. This concept is demonstrated by modulating one side 

of the PAAM gel with NIP A gel at several different locations. Upon an increase of 

temperature, the "control elements"-NIPA modulated gel parts—start to bend, causing the 

movement of the "substrate element"-- the PAAM gel parts. As a result, gels changes their 

shapes from a straight line at room temperature to a square (four control elements) [Figure 

2.2(A), 41°C], a pentagon (four control elements) [Figure 2.2(B), 39°C], and a hexagon 

(five control element) [Figure 2.2(C), 39°C]. On the other hand, if both sides of a PAAM 

substrate are modulated alternatively at different locations by the NIPA gel, one can obtain a 

"sinusoidal wave" as shown in Figure 2.3. 

The shapes obtained are not limited to a regular geometric shape. A variety of other 

shapes at various temperatures can be obtained by designing the modulation pattern of the 

system during the gelation process. Figure 2.4(A) shows that a gel changes its shape from a 

straight line to a shape of a "fish" at around 36°C. Similarly, we have obtained a shape of 

an "apple" as shown in Fig. 2.4(B). This method is also extended to make numerals from 0 

to 9. Figure 2.5 shows three typical numbers of "4", "5", and "6" corresponding to 38, 39 

and 39°C, respectively. At room temperature, they all return to number "1". 

Furthermore, several alphabets of "a", "b", "c" have been made as shown in Figure 

2.6. It is noted that these three initially straight gels at room temperature change to "a", "b", 
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Fig. 2.3. Both sides of a PAAM substrate are modulated alternatively at different locations 

by the NIPA gel. At 39°C, the gel forms a sinusoidal form. 
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Fig. 2.4. (A) A shape of "fish". At room temperature, the gel is straight. This gel changes 

its shape from a straight line to a shape of a "fish" at around 34°C. (B) A shape of "apple" 

at 34°C . 
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Fig. 2.5. Shape memory gels change their room temperature straight-line shape to numerical 

numbers: (A) "4" at 39°C, (B) "5" at 39°C, and (C) "6" at 36°C. 

Fig. 2.6. Three modulated gels change their shapes from straight lines at room temperature 

to "a", "b" and "c" at the same temperature (39°C). 



19 

"c" at a same temperature (38°C). This is a quite challenging task because the degree of gel 

bending depends on many factors such as degree of interpenetrating polymer networks, 

thickness of control element and substrate, and the gelation conditions. Currently, we have 

to rely on experience to make such samples, which exhibit the designed shapes at the same 

temperature. This could be improved by systematical study of relations among the bending 

and other factors such as the gelation conditions. 

All shapes shown above have their room-temperature shape of a straight line. 

Actually, the room-temperature shape could be designed to different forms as well. As 

demonstrated in Figure 2.7, the "leaves" of a "flower" are stretched at room temperature, 

and become curved at about 39°C. 

Fig. 2.7. A shape of a "flower". (A) At room temperature, leaves of the flower are straight, 

(B) At 38°C, the leaves of the flowers become curved. 
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The shapes discussed so far are limited to two dimensions. Shapes in three 

dimensions can be also made. For example, a slightly curved bi-gel layer with one side of 

PAAM-NIPA interpenetrating networks and one side of pure PAAM at room temperature 

forms a tube-like shape at 39°C as shown in Figure 2.8. The diameter of the tube can be 

adjusted by changing the ionic concentration of the NIPA component as well as the 

thickness of the bi-gel layer. 

DDK* 

Fig. 2.8. (A) At room temperature, a bi-gel layer of NIPA-PAAM forms a slightly curved 

plate. (B) At 39°C, the bi-gel layer forms a tubing-like shape. 
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The shape memory effect demonstrated here is different from that reported by Osada 

et al. [11]. In their experiment, the cylindrical gel is soft at T>TC (about 50°C) and can be 

deformed to a certain shape (a coil shape for example). At T<TC, the gel becomes "frozen" 

and can keep the shape (the coil). As the sample temperature is raised above Tc, the sample 

becomes soft and restores its original cylindrical shape. The gel can only remember the 

shape which is formed by an operator at a high temperature. The memory will be erased 

once the gel is warmed above Tc. Therefore, it is a "one way" memory effect. In our case, 

the shapes at different temperatures essentially are determined in the gelation process and 

are reversible under the thermal cycles. The gel can memorize its shape at all temperatures. 

Another approach for making a shape memory gel is to chemically crosslink a polymer 

network that is under external stretching or compression. An anisotropic effect has been 

observed for such gels, but this effect is too small to make significant shape change [12]. 

Compared with well-established shape memory materials such as shape memory 

alloys (SMA), and shape memory polymers (SMP), shape memory gels (SMG) have some 

advantageous properties, such as very large deformation, and responsiveness to many 

external stimuli. The major controlling environment for SMAs and SMPs is limited to 

temperature, while SMGs respond to a variety of variables such as temperature, pH, salt 

solution, acetone concentration, electric field, light, etc.. 

2.4 Conclusion 

We have shown here that many different shapes can be obtained using the 

modulation technology. The transition between different shapes is controlled by the external 
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stimuli and is reversible. The shape memory gels may be used potentially in the display 

devices, bone joints and artificial organs such as intravascular vessels. 
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CHAPTER 3 

POLYMER GEL WITH SPUTTER-DEPOSITED GOLD SURFACE ARRAYS 

3.1 Introduction 

The surface structures of hydrogels play important roles for many diverse 

applications in physical, chemical and biomedical fields. Extensive efforts have been 

directed to study the natural surface structure of gels. Surface patterns have been 

observed during gel swelling or shrinking processes, and are caused by mechanical 

instability and constraints [1-3]. The study of these patterns has led to better 

understanding of the formation and evolution of patterns found in biological systems. 

Direct observation of the submicron structure of gel surfaces in water using an atomic 

force microscope has been reported [4]. The topography of the gel surface has been 

correlated to environmental temperature [4]. On the other hand, it is not only desirable 

but also vital to modify gel surfaces in order to better control interactions between the gel 

surfaces and environments that are required for particular applications [5-6]. 

Here, we propose and demonstrate a method to modify hydrogel surfaces by a 

sputter-deposite technique. The basic idea is to mask a dehydrated gel surface with a 

patterned mask, then to sputter-deposite gold onto the masked gel. After removing the 

mask, a gold pattern is left on the gel surface. If each gold area is small and 

disconnected, this array does not delaminate even when the gel is swollen in water. 

Different surface patterns, either periodic or non-periodic, can be obtained by utilizing 
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different masks. This opens a new avenue to make microelectrode arrays on hydrogel 

surfaces. Combining the microelectrode arrays and hydrogels has potential applications 

ranging from detecting enzyme activity [7] to monitoring cell electrical activity [8]. Then 

a periodic array is formed in the surface, the gel can act as a grating to diffract light. 

Here the surface array plays the vital role for light diffraction, as compared with a 

previous study of diffraction from a crystalline colloidal array of polystyrene spheres that 

were embedded within a gel [9]. The periodicity of the surface array can be continuously 

tuned by external stimuli. Analyzing the light diffraction diagram can reveal the physical 

properties such as local anisotropy and inhomogeneity of the gel. 

3.2 Experimental 

In this study, N-isopropylacrylamide (NIPA) gel samples were made by free 

radical polymerization. A mixture of 7.8 g of N-isopropylacrylamide, 133 mg of 

methylene-bis-acrylamide as a crosslinker, and tetra-methyl-ethylene-diamine (240 jxl) as 

an accelerator, were dissolved in 100 ml of deionized and distilled water. Nitrogen gas 

was bubbled through the solution to remove dissolved oxygen. The polymerization was 

initiated by adding 40 mg of ammonium persulfate. The samples were kept in water for 

several days to wash out chemical residues. The NIPA gels were then dried slowly in a 

sealed glass container so that they shrank uniformly. 

SPI Slim Bar Grids were used as masks for the sputter deposition; masks were 

3.05 mm in diameter, with a solid border for easy handling. For the square mesh grid, the 

bar width was 6 (im and the hole width was 19 |im. A dry NIPA gel was covered by a 

grid and placed on the anode in the chamber of a sputter coater. During the coating 
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operation, the chamber was pumped to a low-level vacuum with an argon gas pressure of 

0.04 mbar. A sputtering voltage of 2.5 kV was applied to ionize the argon. When the 

argon ions struck the gold cathode, gold atoms were ejected from the cathode and 

impinged upon the sample through the openings of the mask. The diagram of sputter 

coating process is shown in Figure 3.1. This process was continued for approximately 3.5 

min, until the gold thickness was approximately 53 nm. After coating, the mask was 

removed and the gel was immersed in water. The temperature of samples was controlled 

by a circulation water bath. The sample surfaces were examined by an optical 

microscope. The diffraction experiment was performed by placing the gel sample 

between a He-Ne laser and a screen. The setup of diffraction experiment is shown in 

Figure 3.2. The microscopic structure and the diffraction patterns were recorded using a 

camera. 

gold cathode 

anode mask 

argon gas with 
0.04 mbar pressure 

Figure 3.1. The Diagram of sputter coating process. 
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screen 

He-Ne laser 
camera 

Water Bath 

Figure 3.2. The setup of diffraction experiment. 

3.3 Results and Discussion 

Figure 3.3(A) shows the surface array of a swollen NIPA gel film in water at 30 

°C. The dark area is the gold-covered surface and the light area is the bare gel surface. 

The spaces between the small gold squares in the gel surface can serve as the slits for 

light diffraction. Because such slits are aligned in both the x- and y-directions, the 

diffraction pattern should consist of bright and dark spots instead of fringes when 

monochromatic light passes through these slits. Such a diffraction pattern is shown in 

Figure 3.3(B). 

As the temperature increased from room temperature the NIPA gel shrank due to 

the volume phase transition [2]. This caused the array periodic constant (d) to decrease. 

The periodic surface array and its diffraction pattern for the gel at 33.6 °C are shown in 

Figure 3.3 (C) and (D), respectively. The periodic constant here is defined as d = s+w, 
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Figure 3.3. The periodic square surface array and its diffraction diagram of the NIPA 

hydrogel at various temperatures. At 30°C: (A) the surface array, (each small division in 

the scale bar is 0.0193 mm), and (B) the diffraction pattern. At 33.6°C: (C) the surface 

array, and (D) the diffraction pattern. In the diffraction experiment, the distance between 

the screen and the sample was 95 cm. The black bar in the screen picture is 1 cm long. 
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Figure 3.4. The periodic square surface array and its diffraction pattern of an ionic NIPA 

hydrogel at various electric fields at room temperature. At zero electric field: (A) the 

surface array, and (B) the diffraction pattern. At 52V/2.6cm: (C) the surface array, and 

(D) the diffraction diagram. The distance between the screen and the sample was 100 cm. 

The black bar in the screen picture is 2 cm long. 
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where s is the linear size of the gold square and w is the slit width. The gel was thermally 

cycled at least seven times and the temperature-induced change in the diffraction pattern 

was observed to be reversible. Several different samples were synthesized and tested, and 

their diffraction patterns were reproducible. 

The periodicity of the surface array could also be changed by applying an electric 

field. The diffraction patterns from the surface array of an ionic NIPA gel at room 

temperature with 16 mM sodium acrylate with applied electric fields of 0 and 52V/2.6cm 

are shown in Figure 3.4 (A) and (B), respectively. It is clear that the periodicity of the 

surface array decreases as the electric field increases. 

The periodic array produced on the gel surface can serve as a grating. In contrast 

to conventional gratings for which a diamond-tipped cutting tool is used to inscribe 

closely spaced parallel lines on a glass plate, the width of the slits and the number of the 

slits per unit area of the gel grating can be changed by external stimuli such as 

temperature and electric field. Such a gel grating has potential for applications in 

spectrum analysis, optical filtering, and optical communications. 

Because the mesh size of the surface array is much larger than that of the gel 

network, the surface array does not affect bulk properties of the original gel. As a result, 

the gel with the surface array can be used as a sensor for monitoring physical properties 

of gels. It is known that the location of the diffraction bright spots is described by 

sin0 = — m=0,1,2,3,.... (3.1) 

d 

Here 0 is the angle relative to the central spot, X is the wavelength (633 nm for the He-

Ne laser), m is the order of diffraction, and d is the grating constant or periodicity as 
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defined before. The swelling ratio of the gel can be represented by d/do, which is directly 

related to the diffraction angle (0) or the displacement (1) of the diffraction spot away 

from the center spot by the relation 

A = £ = s i n 6 1 = / ! L ( 3 2 ) 

d0 sin# Z 

where the subscript "o" represents a reference state. In this case, it is the dry gel state. 

The gel swelling ratios as a function of temperature have been measured by both this 

diffraction method and the optical microscope method. The results are in excellent 

agreement with each other. 

The deformation of a gel under external force can also be properly monitored 

using a gel with a periodic surface array. Specifically, a gel with a periodic surface array 

was suspended in water and subjected to a uniaxial force at its bottom end along the y-

direction in the horizontal plane. Diffraction patterns of the gel were recorded for various 

loads. Two typical patterns are shown in Figure 3.5 (A) and (B), which correspond zero 

load and 5.85 g load, respectively. For zero force, the separation (lx) between 

neighboring diffraction spot along the x-direction was equal to that (ly) along the y-

direction. The ratio of l/lx decreased, however, as the external force increased. For the 

load of 5.85 g, the value of ly/lx was about 0.72. 

The relation between ly and the amount of the applied uniaxial force can be 

further used to estimate the shear modulus of the gel. Following the Mooney-Rivilin 

model [11], the stress-strain relationship for a gel under a uniaxial stretching is given by 

F/S=G(A-A"2), where F is the uniaxial force applied. S is the sample cross-section area 
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before the deformation, A(=d/d0) is ratio of the gel lengths before and after the 

deformation, and G is shear modulus. Using this equation and Eq. 3.2, F/S was plotted as 

a function of (A-A 2). A least-square fit to the data indicates that the value of G is 

2.6xl04 dyn/cm2 for the neutral NIPA gel, agreeing with that obtained by the 

conventional method [12]. Our method relies on optical diffraction and is thus very 

sensitive. 

B 

Figure 3.5. Diffraction patterns of the NIPA gel with a periodic square surface array 

under various uniaxial loads: (A) 0 g and (B) 5.85 g. The load was added along a 

horizontal direction. The distance between the screen and the sample was 100 cm. The 

black scale bar represents 2 cm. 
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B 

Figure 3.6. (A) The periodic hexagonal surface array of a dry NIPA gel film. (B) The 

light diffraction pattern produced by the sample in (A). (C) When the dry gel is 

immersed in water at room temperature, the periodicity of the surface structure increases. 

(D) The corresponding diffraction pattern from the sample of (C). In the diffraction 

experiment, the distance between the screen and the sample was 100 cm. The white bar 

in the screen picture is 2 cm long. 
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Although the surface arrays discussed here have a periodic square structure, many 

other structural arrays may be synthesized, including strip, rectangular, hexagonal, and 

even non-periodic surface arrays. Figure 3.6 (A) shows a hexagonal surface array for a 

dehydrated NIPA gel at room temperature. The corresponding diffraction pattern is 

shown in Figure 3.6 (B) and exhibits a clear six-fold symmetry. When the gel is fully 

swollen in water at room temperature, the periodicity of the surface array is significantly 

larger, as is clearly demonstrated by both optical (Figure 3.6 (C)) and diffraction (Figure 

3.6 (D)) observations. Such a surface array and its diffraction diagram can be varied by 

external stimuli. The method used here may open a new avenue for fabricating 

microelectrode arrays on hydrogel surfaces, which may lead to many diverse applications 

in physical, chemical, biological, and medical fields. 

3.4 Conclusion 

A hydrogel with gold surface arrays has been synthesized. The central idea is to 

cover a dehydrated gel surface with a patterned mask, then to sputter-deposit a gold film 

onto it. After removing the mask, a gold pattern is left on the gel surface. In one 

example, tiny gold squares are arranged in a square lattice. These gold squares do not 

delaminate even when the gel is fully swollen in water. Depending on the mask used, 

many different array structures can be made. Periodical surface array can serve as 

gratings to diffract light or microelectrode arrays to monitor cell activity. The grating 

constant can be continuously changed by the external environmental stimuli such as 

temperature and electric field. Therefore, such arrays have potential for optical filtering, 

spectrum analysis, display and sensor applications. Several applications of gels with 
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periodic surface arrays as sensors for measuring gel swelling ratio, internal strain under 

an uniaxial stress, and shear modulus have been demonstrated. 
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CHAPTER 4 

SYNTHESIS AND STUDY OF POROUS TEMPERATURE 

RESPONSIVE N-ISOPROPYLACRYLAMIDE GELS 

4.1 Introduction 

Environmentally sensitive polymer gels have attracted much interest because they 

can change their volume by three orders of magnitude. From an application point of view, 

the response time and mechanical strength are critical factors for applications such as 

actuators, switches, artificial muscles, chemical separation, and displays. Usually, the 

response time of a gel is very slow: for the N-isopropyacrylamide (NIPA) gel with 1cm 

diameter, it is about 24 hours. Many efforts have been focused on developing gels with 

fast responsive time [1-7]. Specifically, macroporous poly(vinylmethylether) (PVME) 

hydrogel was synthesized by radiation-induced crosslinking of PVME as the sample 

temperature was increased from 32.5°C to 42.5°C [1]. The lower critical solution 

temperature (LCST) of the PVME is approximately 38°C. Radiation-induced crosslinked 

PVME gel has a macroporous structure with a response time about 1000 times faster than 

a conventional homogeneous PVME gel. Porous NIP A gels have been synthesized by 

chemically crosslinking phase-separated structures [2]. Co-polymerization of a NIPA 

monomer and crosslinker was initiated at room temperature and then the temperature of 

the solution was heated above the lower critical solution temperature (LCST) to the 
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spinodal region, causing microscale phase separation. Continued polymerization locked 

in the phase-separated microstructure and resulted in a porous gel. Further improvement 

on the porous structure of the NIPA gel was made by adding to the NIPA solution 

hydroxypropyl cellulose (HPC) [3], which precipitated above its LCST (42°C) during the 

polymerization. The HPC may act as a pore-forming agent and lead to a more 

macroporous NIPA gel. 

The three methods given above were all based on the idea of crosslinking a 

system which undergoes the spinodal phase separation above the LCST point. 

In this report, the suspension approach is employed to synthesize a porous NIPA 

gel [8-9]. The basic idea is to make a suspension of oil-water first. The water phase 

contains a water-soluble monomer and a crosslinking agent, and the oil phase is a volatile 

organic compound having a boiling point greater than that of water. The monomer in the 

water phase is polymerized to form a polymer gel having the oil phase dispersed therein. 

The gel is then dried at the temperature of the boiling point of oil. After the oil is 

evaporated, a porous structure is obtained. The relation between the network structure and 

swelling kinetics and elasticity has been studied. This study may lead to the development 

of high performance macroporous NIPA gels by optimizing network porous structures. 

4.2 Experimental 

4.2.1 Preparation of the conventional and porous NIPA gels 

The conventional NIPA gel samples were made by free radical polymerization 

[10]. A mixture of 7.8 g of N-isopropyacylamide (Kodak, Co.), 133 mg of methylene-

bis-acrylamide, and tetra-methyl-ethylene-diamine (240 |iL), were dissolved in 100 ml of 
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deionized and distilled water. Nitrogen gas was bubbled through the solution to remove 

dissolved oxygen. Then ammonium persulfate (40 mg) was added as an initiator to the 

solution. The glass tubes with different diameters were immersed into the initiated 

solution. The polymerization process continued for about 1 hour. 

The porous NIPA gels were prepared using a suspension polymerization process 

[8-9]. First, 0.156 g of the suspending agent polyvinyl alcohol) was dissolved in 55 g of 

deionized and distilled water. A mixture of 7.8 g of N-isopropyacylamide, 133 mg of 

methylene-bis-acrylamide, and tetra-methyl-ethylene-diamine (240 juL), was then 

dissolved in the PVA solution. After the addition of 45 g of toluene, the polymerization 

of the solution was initiated by the addition of 40 mg of ammonium persulfate. The 

solution was stirred by a Teflon stirrer and bubbled by nitrogen gas during the 

polymerization process. The glass tubes with different diameters were immersed into the 

initiated solution. After the gel was formed, the stirring was stopped and the nitrogen gas 

was disconnected. The gel was kept in the glass tubes overnight and then removed from 

the glass tubes and dried in a 110°C oven for about 3 hours. Toluene has a higher 

boiling temperature (110°C) than that of water. Therefore, toluene does not volatilize 

until a degree of drying has occurred in the gel. It is important that the gel be dried 

sufficiently to a state so that the gel does not collapse and close the pores created by the 

volatilization of toluene. After the toluene was volatilized, the pores were formed in the 

gels. If the gel was too dry before toluene volatilization occurred the desired pore 

structure was not formed. This was because the gel was inelastic and prevented pore 
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formation. In such a case, toluene was gradually released by diffusion without creating a 

pore, instead forming interior voids. 

For comparison, a porous NIPA gel was also made using a phase separation 

method [2]. A pre-gel NIPA solution with standard receipt was polymerized at room 

temperature. After 5 minutes, the temperature of the reactor was raised to 36°C and was 

maintained at that temperature overnight. The gel sample appeared white and very soft. 

The conventional NIPA gel has a homogeneous structure. The porous NIPA gels 

made by the suspension method and phase separation method will be called porous (I) 

and porous (II) NIPA gel, respectively. 

4.2.2 Measurement of swelling kinetics of the samples 

In the swelling kinetics measurements, the swelling ratios of the porous and 

conventional gels were measured at room temperature. The swelling ratio is defined as 

W / Wdry, where W is the weight of the gel at a given time and Wdty is the weight of the 

dry gel. In the shrinking kinetics measurements, the shrinking ratio is defined as W / W0, 

where W0 is the weight of the fully swollen gel at room temperature. 

4.2.3 Preparation of the samples for scanning electron microscope measurement 

The microscopic structures of samples were examined by a scanning electron 

microscope (SEM). A freeze-drying technique was used to prepare the SEM samples. 

The wet gel slices were first placed in a small perforated polyethylene vessel and frozen 

in liquid nitrogen. These samples were then freeze-dried in vacuum. The freeze-dried 

gels were then sputter-coated with gold to achieve satisfactory conductivity with 

minimum damage to the specimens. The coated specimens were observed in the 
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scanning electron microscope (a model JSM-300), and the scanning images were 

photographed on Polaroid PN/52 film. 

4.2.4 Pore size distribution of the porous NIPA gels 

The pore size distribution of the porous NIPA gels was characterized by the 

"capillary test", which has been used to measure porous media such as rock whose 

deformation can be neglected generally. 

weight 

water 
bath 

capillary 
plate 

balance 

Figure 4.1. Diagram of the setup of the capillary test measurement. 
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The equipment setup is shown in Figure 4.1. The sample was placed on a 

capillary plate that was connected to a glass bottle by a soft rubber tube. A 30g weight 

was placed on the top of the sample so that the sample had a good contact with the 

capillary plate. The glass bottle was placed on a balance, which was used to measure the 

weight of water that flowed from the sample when the capillary plate was raised. The 

soft tubing was carefully chosen and positioned so that the movement of the capillary 

plate had no extra effect on the reading of the balance. 

Two contributions to the water mass flowing from the gel to the glass bottle were 

involved. The first was from gel voids by capillary desorbtion. The second was due to 

the gel volume change associated with changing pressure. This assumption was verified 

by placing a conventional gel in the same capillary test. The second contribution was 

indeed obtained for the conventional gel. It was further found that when the pressure 

difference was high, corresponding to desorption from small sized pores, the second 

contribution was dominant. After the second contribution was subtracted from the total 

water flow, the capillary desorption was obtained. From analysis of the capillary 

desorption, the pore size distribution could then be determined. 

4.3 Results and discussion 

4.3.1 Microscopic Structures of Porous Gels 

Characterization of the microstructure of polymer gels can lead to a better 

understanding of macroscopic properties such as swelling, permeability and elasticity 

[10]. Precise determination of pore structures in a hydrogel is particularly important, but 

direct measurements are difficult. Here, we have used the conventional scanning electron 
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microscope technique to characterize the sample. This technique is not completely 

reliable because the freeze-drying method for preparing SEM samples often leads to the 

collapse of the pore structure due to ice formation and/or volatile evaporation in vacuum 

[11]. However, SEM can provide qualitative information about the network structures. 

In this study, the samples have been carefully prepared following procedures in refs. [12-

14] to reduce damage from shrinking during dehydration by using the freeze-drying 

technique. 

The microscopic structures of porous and conventional NIPA gels are shown in 

figure 4.2. The black bar in the micrographs represents 100 Jim. Figure 4.2 (a) is the 

microstructure of the conventional gel. The cellular structures seen in the SEM are 

homogeneous and have dimensions in the low-micron range, therefore the mutual 

diffusion of the polymer network and solvent is quite slow and the response time to 

environment becomes very slow. 

Figure 4.2 (b) shows the network structure of a porous NIPA gel prepared using 

the phase separation method. It appears that the polymer chains are aggregated to form 

thick bundles, resulting in porous structures. 

Figures 4.2 (c)-4.2 (f) show the microstructures of porous NIPA gels for various 

toluene concentrations prepared using the suspension method. The pores appear 

spherical, and apparently formed by the evaporation of toluene out of the gels. As the 

toluene concentration increases, the pore size becomes bigger and the porosity becomes 

higher. 
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Figure 4.2. SEM pictures of conventional and porous NIPA gels, (a) conventional NIPA 

gel (b) porous NIPA gel made with phase separation method, (c)-(f) porous NIPA gels 

made with suspension method with different toluene concentrations (by weight): (c) 15%, 

(d) 25%, (e) 35%, (f) 45%. 
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The unique feature of the porous gels (figures 4.2 (b)-(f)) is that the pores are 

interconnected and appear opened to the surfaces of the gels. Therefore, water solvent 

can easily flow in and out of the gel network by fluid transport. In contrast, the 

conventional gel (Figure 4.2. (a)) has very small pore sizes (<1 nm [15]). Water can only 

diffuse through the gel. The apparent diffusion coefficient D, which is proportional to the 

longitudinal elastic modulus (K+4^/3) and inversely proportional to the friction 

coefficient f, determines the swelling process. The swelling process governed by 

diffusion in the conventional NIPA gel is therefore much slower than that governed by 

fluid transport in the porous gels. 

4.3.2 Pore size distribution of porous geis 

Conventional electron microscope techniques were used as described in the last 

section, but the results obtained, although informative and important, are not completely 

reliable because the inherent pore structure cannot be exactly preserved during the sample 

preparation. Here, we present the results from the capillary test method, which has been 

used to non-destructively determine the pore distribution of the porous NIPA gels. 

The capillary test has previously been used to measure rigid porous media that 

have only fixed volume and shape. Because gels are very soft materials, they can change 

their volume under an external pressure. As a result, some water contained inside the gel 

network can be squeezed out. 

A simple calculation for a cylindrical conventional gel sample with the pressure 

difference P between the two end faces shows that the relative volume change Av/v is 

[16] 
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^ = , (4.1) 

V SK 

where K is the bulk modulus of the gel, P is the pressure difference and equals pgh. Here 

p is the density of water and h is the height difference between the gel and the water level 
in the glass bottle (see Figure 4.1). The density of a hydrogel nearly equals that of water 

p, so m«pV. Therefore, 

Am = pgh (42) 

M IK' 

If a curve of Am/m0 vs. h is plotted, it should be a straight line. The slope of the line 

gives the bulk modulus of the sample. This is verified by the experiment on the 

conventional gel as shown in Figure 4.3 (a). 

Assuming that equation (4.2) is still valid for a porous gel if K is replaced by Ka, 

which is an apparent bulk modulus for a porous gel, we have 

_ Pgh ( 4 3 ) 
M 3 KA 

where the apparent bulk modulus for a porous gel, Ka, is found to be related to K and fi of 

same type of conventional gel in the linear elasticity regime [10], 

' ( 4 ' 4 ) 

For a real porous gel, there are two contributions to water flow from the gel to the glass 

bottle: one is from the volume change, the other from capillary desorption. Under any 

given external pressure, the total water flow from the whole sample can be described by 

Am = Am„ + Am„ , (4-5) 
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Figure 4.3. (a) The Am/m0 vs. h curve of the conventional NIPA gel, (b) (dAmv/dr)/ mo 

vs. 1/r2 for conventional gel. 
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where Amv is a fractional contribution of volume change associated with changing 

pressure and Anic is that of capillary desorption. The first contribution was already 

discussed above. 

Let us discuss the second contribution, capillary desorption. In Figure 4.4, water 

is inside of a capillary tube with radius r. It cannot flow out due to the surface tension of 

the meniscus in the capillary tubing. The upward force applied on water by surface 

tension is 

GCOS 0 

Figure 4.4. Rise of liquid in a capillary tube. 
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fs=2nrocos6 (4.6) 

where cr is the coefficient of surface tension, r is the radius of the capillary tube and 9 is 

the contact angle. This force is balanced by the weight of water, 

fe = 7Cr2? = jtr2 pgh , (4.7) 

where it is assumed that the pressure P is only from the height difference of water. 

Setting fe=fs, we obtain 

2o cos 6 
rh = . (4.8) 

P8 

The water inside a capillary tube of radius r can be desorpted only when the pressure is 

high enough. That is, h should satisfy the above equation. The higher the pressure, the 

smaller the size of tube from which water will be desorpted. As the gel sample and the 

capillary plate are raised higher, the water-flow from the capillary desorption corresponds 

to porous space with smaller sizes. Assuming that the porosity of the porous gel sample 

is 0, the pore volume of porous gel sample is and the porous volume with capillary 

radius between r and r+dr is dV(r), the relative differential porous volume is defined as 

m - % p . , (4.9) 
Vfdr 

which is called as the pore size distribution function and is only related to the porous 

structure. This is what we want to extract through the capillary experiment. 

f( r ) is already normalized as 

oo 

\f{r)dr = 1 . (4.10) 
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Inserting equation 4.9 into equation 4.10, it is self-consistent. The second contribution 

Amc at given pressure is thus 

Amc= p^dV{r') = pV^f(r')dr . (4.11) 
0 0 

Note that r is related to height h and thus to pressure P. Rewriting the above equation in a 

differential form, we get 

^ P * - = p V t m • (4.12) 
dr 

Using equation 4.3 and equation 4.8, the first contribution can also be expressed in 

differential form as 

dbmv 2m (7 cos 6 1 
(4-13) 

dr 3Ka r2 ' 

which is hyperbolic. The curve dAmv/dr vs. r for a conventional gel is exactly hyperbolic 

(Figure 4.3(b)) because it has only the first contribution. Note the minus sign is 

dismissed from the equation because it means that r and h change in the opposite 

directions. In the following calculations, the surface tension coefficient is taken as 

cr=72.4 dyn/cm and the contact angle of water on NIPA gel is given as 6=43° from a 

reference [17]. 

The second contribution is smaller compared with the first one and trivial in the 

limiting extent of high pressure. So the contribution to water flow from gel deformation 

dominates and the Am vs. h curve is expected to be straight in higher pressure ranges [see 

Figure 4.5(a)]. Finding the slope of the straight part, which is from gel deformation, in 

the Am vs. h curve, and subtracting the contribution of gel deformation from the total 
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through the whole range, the capillary desorption is thus separated from the gel 

deformation. 
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Figure 4.5. (a) the Am/ mo vs. h curve of 45% porous NIPA gel, (b) (dAmv/dr)/ mo vs. r 

for porous gel (45%) 
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toluene concentrations: (a) 25% porous NIPA gel (b) 35% (c) 45%, (d) porous gel made 

with phase separation method. 
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The pore size distribution obtained this way is shown in Figure 4.5 (b) for a 

porous gel with 45% toluene concentration. In this figure, the x-axis is the diameter of the 

pore and the y-axis is differential porous volume. Figure 4.3 (b) is the result for the 

conventional gel. It implies that conventional gel is homogeneous to at least a submicron 

scale. This is consented with the results of SEM. 

Figures 4.6 (a)-4.6 (c) are the pore size distributions of the porous NIPA gels 

prepared by the suspension method with 25%, 35% and 45% of toluene by weight. There 

is a peak in the diameters between 65 |im and 105 |im in each curve. From these figures, 

it is clear that pore size distribution is near Gaussian distribution. Figure 4.6 (d) is the 

pore size distribution of the porous NIPA gels prepared by the phase separation method. 

Thus, the capillary test can serve as a method to measure pore size distribution for 

porous gels and information about mechanical properties such as bulk modulus K can 

also be extracted from the experiment data. 

4.3.3 Swelling Kinetics 

Swelling capacity and swelling kinetics are directly related to the structure of 

polymers. The kinetic process of the swelling ratio of the porous NIPA (circle) and the 

conventional NIPA (square) gels are shown in Figure 4.7. The swelling rate for the 

porous NIPA gel is about 13 times faster than that for the conventional NIPA gel. The 

absorbent capacity for the porous gel is also increased. 

The volume phase transition of the NIPA gel can be triggered by raising the 

sample temperature above the low critical solution temperature (LCST), which is about 

33.6°C for the NIPA gel. Fig. 4.8 compares the shrinking rate between porous and 
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Figure 4.7. The kinetic process of the swelling ratio of the porous NIPA (o) and the 

conventional NIPA ( • ) gels 

0.01 0.1 1 10 100 

Time (hrs.) 

Figure 4.8. The shrinking ratio of the porous NIPA ( • ) and the conventional NEPA (o) 

gels with time 
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conventional NIP A gels when both gels are immersed in the temperature bath of 39°C 

from room temperature. The porous gel is about 35,000 times faster than its counterpart— 

the conventional gel. Similarly, when both samples are transferred from a 39°C to a 22°C 

temperature bath, the porous gel is faster than the conventional gel by factor of 100 as 

shown in Figure 4.9. This temperature-induced phase transition is reversible as seen in 

Figure 4.10, which shows two thermal cycles between room temperature and 39°C. 

Time (hrs.) 

Figure 4.9. The swelling ratio of the porous NIPA ( • ) and the conventional NIP A (o) 

gels with time when the samples was transferred from 39°C to room temperature 
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suspension method (o and • ) are compared with porous NIPA gel made with phase 

separation method (A and V) 
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The swelling behavior of the porous gels obtained with the suspension method is 

similar to the one prepared using the phase separation method as shown in Figure 4.11. 

This demonstrates that as long as there are interconnected macroporous pores, the gels 

have fast response times. Although the detailed pore structures are different for different 

synthesis conditions as shown in Figure 4.2, the similar swelling behaviors are obtained 

because they all have interconnected pores. The interconnected pores are in open 

communication with the surface of the gel and, thus, the ambient atmosphere. Water can 

easily flow in and out from the pores. The predominant mass transfer mechanism is fluid 

transport. The pores in conventional NIPA gels are at the molecular scale. Molecular 

diffusion is the only mode of mass transport. Fluid transport can be neglected. As a 

result, the swelling kinetics of porous gels are much faster than those of conventional gel. 

4.3.4 Mechanical Strength 

One of the most significant advantages of the suspension method is that the gel 

strength obtained by this method is higher than that obtained using the phase separation 

method. Figure 4.12 compares the stress-strain curves of a conventional gel, and two 

porous gels made with the suspension method and phase separation method, respectively. 

The tensile strength and the elongation to rapture of the porous gel made with the 

suspension method are about 50 times larger than those made by the phase separation 

method, and are close to those of the conventional gel. 

This may be understood as follows. For the same porosity, linear elasticity theory 

gives the same mechanical strength for both type of porous gels [18]. In such an 

idealized case, porous gels only change their volume and shape but not the geometry of 
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their porous structure. Their porous structure geometry is self-similar before and after 

deformation. In reality, however, the pores can collapse and nonlinearity in deformation 

is expected. Obviously, the thinner the gel network wall around pores, the more easily 

the pores will collapse. This collapsing effect could reduce the mechanical strength of a 

porous gel. 
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Figure 4.12. The stress-strain curves of the conventional NIPA gel (A), 25% porous 

NIP A gel ( • ) , 45% porous NIPA gel (o), and the porous NIPA gel made by the phase 

separation method (V). 
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First, let us compare SEM pictures figure 4.2. The thickness of walls surrounding 

the pores for the sample made by the suspension method is qualitatively smaller than the 

one made by the phase separation method. Second, the pore size distribution of the 

porous NIPA gel made by the phase separation method is much broader than that of the 

porous NBPA gel made by the suspension method as shown in Figure 4.6. Therefore, the 

thickness of the walls for the sample made by the phase separation method should be 

smaller than the one made with the suspension method. Third, the porous gel made with 

the phase separation method is opaque and white, while the sample made with suspension 

method is transparent and little milky. This means that the length scale in samples made 

with the phase separation method is smaller compared with samples made with the 

suspension method. This length scale includes the thickness of walls. As a result, porous 

gel made with the phase separation method has lower mechanical strength compared with 

the samples made with the suspension method. 

Furthermore, the polymerization for phase separation porous gel is conducted in 

the spinodal region. Due to the large density fluctuation, the dangling chains and defects 

should be much increased. As a result, the network structure is significantly weakened. 

In the suspension method, the gel structure is essentially the same as the one obtained by 

the conventional method. The only difference is that the pores are created after the oil is 

evaporated. The intrinsic polymer network structure is preserved for the porous gels 

made with the suspension method. 
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4.4 Conclusion 

Porous NIPA gels have been synthesized by a suspension technique. 

Microstructures of newly synthesized gels are characterized by both SEM and a capillary 

test and are related to their swelling and mechanical properties. Compared to a 

conventional gel, the porous NIPA gel has a higher swelling ratio and faster shrinking 

and swelling rates. Compared to the porous gel prepared using the phase separation 

method, the porous gels made with the suspension method have greater mechanical 

strength. Due to their faster response time and good mechanical strength, these thermally 

reversible porous gels have potential for applications in actuators, switches, artificial 

muscles, separation system, and displays. 
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CHAPTER 5 

THE VOLUME PHASE TRANSITION OF POLYMER GELS 

WITH BUILT-IN ANISOTROPY 

5.1 Introduction 

The volume phase transition in polymer gels was first observed by Tanaka [1]. It 

has been shown that the gel volume phase transition is Ising-like [2]. An analogy can be 

drawn between the gel volume phase transition and the liquid-vapor transition. The gel 

swollen phase (low polymer concentration) corresponds to the vapor phase and the gel 

collapsed phase (high polymer concentration) corresponds to the liquid phase. Although 

the critical point of a liquid-vapor system can be approached either by an isochore path 

(constant volume) or an isobar path (constant pressure), the most practical path for a gel 

system is isobaric. Along the isobaric path, the volume of the sample is measured as a 

function of an external parameter (e.g., temperature, solvent composition, light intensity, 

etc.). The kinetics of gel volume change involve absorbing/desorbing solvent by the gel 

network, which is a diffusive process [2-4], This process is slow, and is even slower near 

the critical point due to the softening of the network elasticity [4]. 

Currently, most research is been focused on the volume phase transition of 

conventional gels, which swell or shrink isotropically, both near and away from the phase 

transition point. Under an external constraint such as stretching, compression or surface 

bonding [5-7], the isotropic symmetry may be broken. Gels with anisotropic behavior 
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have been obtained by incorporating liquid crystals into gel networks [8-9]. Here, we 

report synthesis and study of new interpenetrating polymer network (IPN) gels with built-

in anisotropy which consists completely of gels without anisotropic liquid crystal 

molecules. The basic idea of synthesis of anisotropic interpenetrating gels is to pre-stress 

one of the network components before gelation of the other network takes place. Once 

the interpenetrating polymer network gels are obtained, the external constraint is 

removed. The pre-constrained network thus tends to regain its original shape, similar to 

the behavior of a compressed spring. This restoration will, however, be constrained by 

the other network, resulting in built-in anisotropy. In addition to improved mechanical 

properties which usually come from the reinforcement between two interpenetrating 

networks [10], physical properties along the pre-stressed direction are expected to be 

different from those in other directions, in contrast to conventional gels which are 

isotropic materials. 

5.2 Theory 

5.2.1 Swelling of isotropic gels 

Usually, polymer gel swells or shrinks isotropically. Li and Tanaka first 

introduced the isotropic condition [4,11-12]. From the requirement of minimizing the 

total shear energy in response to any small change in shape under constant volume and 

using the TF diffusion equation [13-14], Li and Tanaka derived the isotropic condition. 

As an example, for an infinitely long cylindrical gel, 

uz(Z,t) _ ur(a,t) 

Z a 
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where uz(Z,t) and ur(a,t) are the components of the displacement vector of the network u 

as a function of the position and time, and a is the final radius of the gel cylinder. This 

indicates that the relative change of these gels is isotropic, which has been confirmed by 

experiment. The TF diffusion equation, the isotropic condition and the solvent motion 

have been further combined to form a theory of swelling kinetics of polymer gel [15-16]. 

If only the surface and size of the sample are concerned, equation 5.1 can be written in 

another form, 

(5.2) 
L D 

o o 

where Lo and Do are the total length and diameter of the gel sample, respectively, at an 

initial time, while L and D are for a later time, this means the swelling ratio of a cylinder 

in the axial and radial direction is the same. 

For a cylindrical gel, define the ratio R as 
R = — (5.3) 

D 

Then equation 5.2 can be expressed as 

* 2 2 = 1 (5.4) 

K 

where T is an environmental parameter which could be temperature or ion concentration. 

The change of the environment makes the gel shrink or swell, but the ratio R remains a 

constant. 

5.2.2 Swelling of anisotropic gels 

As for the anisotropic gels proposed here, we have developed a model to predict 
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their swelling behavior. Figure 5.1 shows the gel shrinking process from the isotropic 

state (a) to the anisotropic state (c). The imaginary state (b) is used as a reference state. 

From (a) to (b), the gel has the isotropic volume change only. From (b) to (c) the gel 

volume remains the same while the shape is changed. 

(a) \ %% 
V*,D*,L' (C) 

• / 

* ^ ^ * 

00> 

V,D,L 

(b) 

Figure 5.1. Schematic diagram of the gel shrinking from an isotropic state to an 

anisotropic state. 
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Let's define the anisotropic parameter A as: 

<* = 4 - 1 • (5-5) 
La 

where L and L* are the lengths of the final state (c) and the reference state (b), 

respectively. The subscript 'o' in Figure 5.1 indicates the isotropic state. Because 

D*/L*=DO/LO and D*2L*=D2L, the anisotropic parameter A is a function of the ratio of the 

length L to the diameter D: 

a = ( ^ - ) 2 " - I = ( A ) 2 » _ 1 

D. 
<5'S) 

where R=L/D. In general, the anisotropy of the network a and the network (3 is related to 

R as: 

( — ) 2 / 3 - l 
i t = _5a 
ap 

*/b 

(5.8) 

or 

fi = «»(l + 4 . ) 3 " [ . ]3" • (5.7) 
Aa-Q. + Aag)Ap 

Therefore, the value of R=L/D is a function of the anisotropy of the first network (Aa) 

and the second network (Ap). 

Let us turn our attention to the free energy of the anisotropic gel. From the shear 

energy density 

« = / « ( " » - i V a ) 2 (5-9) 
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The free energy per unit volume accumulated due to anisotropy swelling or shrinking can 

be derived as 

/ = Al + ^ ( 7 7 - ) 2 ^ (5-10) 

ao U0o 

where f is the summation of the shear energy of the network a and the network /?. By 

minimizing shear energy under given volume with state (b) in figure 5.1 as a reference state, 

the relationship between the anisotropy parameter and the elastic shear modulus is expressed 

as 

i r ) 2 < 5 - n ) 

Ma Ap ao 

where jj.a and jUp are the shear moduli for networks a and p, respectively. Furthermore, the 

ratio of the length over the diameter (L/D) is related to the shear modulus ratio npa, 
yjylo(D/3o +DqoMpg) 

yfiDl + ylDl/ip 
;z: , ^7 (5-12) 

where y=(R)2/3=(L/D)2/3. Here yao, ypo, Dao, and D̂ o are all constants. Equation 5.12 

explicitly shows that y or R will change if fj.pa changes due to any external stimuli such as 

temperature or ion concentration. 

5.3 Experimental 

The major steps proposed for synthesis of anisotropic interpenetrating polymer 

network gels consisted of two steps. First, the NIPA gel was made by free radical 

polymerization. A mixture of 7.8 g of N-isopropylacrylamide, 133 mg of methylene-bis-

acrylamide as crosslinker, and tetra-methyl-ethylene-diamine (240 jal) as accelerator, were 

dissolved in 100 ml of deionized and distilled water. Nitrogen gas was bubbled through the 
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solution to remove dissolved oxygen. The polymerization was initiated by adding 40 mg of 

ammonium persulfate. The samples were kept in water for several days to wash out 

chemical residues. The NIPA gels were then dried slowly in a sealed glass container so that 

they uniformly shrank. 

Second, the dried NIPA network was immersed into a pre-gel solution of the second 

polymer—PAAM. The PAAM solution was made using the NIPA recipe with the 7.8g of N-

isopropylacrylamide monomers replaced by 7.8g of polyacrylamide monomers. The 

swelling of the NIPA network was constrained mechanically by the glass tube in the 

radial direction. The degree of the constraints was achieved by using glass tubes with 

different diameters. The NIPA network was allowed to sewll in the pre-gel solution of 

PAAM for about 3 days. The polymerization of PAAM was then initiated by immersing the 

sample in a 70 °C thermal bath. The gelation was completed in about 4 hours, forming 

interpenetrating networks of PAAM and NIPA. The IPN sample exhibited a little milky 

color and was harder than either the NIPA or PAAM gel. 

Once the IPN gels were obtained, the external mechanical constraint (glass tube) 

was removed. The pre-constrained network NIPA thus tended to regain its original 

shape, similar to the behavior of a compressed spring. This restoration was, however, 

opposed by the network PAAM. The interaction of NIPA and PAAM resulted in 

different stresses in different directions. The most pronounced differences should have 

been between the directions parallel and perpendicular to the pre-stressed direction. To 

measure the temperature-dependent swelling curve, the sample temperature was controlled 
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by a circulation water bath (Brinkmam Lauda Super RM-6) and was stable to 0.1 °C over 24 

hours. The synthesis process is summarized in figure 5.2. 

NIPA PAAM 

(a) (b) (c) (d) 

Figure 5.2. Sketch of synthesis of anisotropic interpenetrating networks (a) network a 

(NIPA), (b) dried network a is places between two microslides with fixed distance, 

(c)gelation of the 2nd network P (PAAM), (d). Releasing the external constraint. 

5.4 Results and discussion 

Figure 5.3 shows the anisotropy parameters A as a function of the diameter of 

samples (the tube's diameter). All anisotropy parameter approaches zero as the tube's 

diameter increases. That is because the constraint disappears when tube's diameter is large 

than sample's diameter. 
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Figure 5.3. Anisotropy parameter with diameter of tubes: (o) Aa anisotropy parameter of 

NiPA inside tube (•) Aa anisotropy parameter of NIPA outside tube (A) AB anisotropy 

parameter of PAAM outside tube. 

Figure 5.4 shows the swelling ratio as a function of temperature. Here the 

swelling ratios are defined as the relative length L/Lo and the relative diameter D/Do, with 

the value of length Lo and diameter Do at room temperature as the reference values. 

Below the phase transition temperature Tc, L/Lo equals D/Do, or in other words, R=l. 

After the temperature is increased to above the phase transition point, the gel sample 

shrinks due to the volume phase transition of the NIPA network . Both swelling ratios 
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Figure 5.4. Swelling ratio of samples is plotted as a function of temperature, (a) sample 

with 2.2mm-diameter tube; (b) sample with 3.8mm-diameter tube; (c) sample with 

5.8mm-diameter tube, where "o" corresponds to length and to diameter. 
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along the axial and radial directions decrease step-wise. As the tube's diameter becomes 

larger, the difference between the swelling ratios along two directions becomes smaller as 

indicated in Figure 5.4. 

In Figure 5.5, the equilibrium ratio of L and D of the anisotropic gel is plotted as a 

function of temperature for various diameters of the pre-stressing tubes. For samples with a 

larger constraint (i.e. a small tube diameter (<6mm)), the L/D value exhibits a step-wise 

decrease near 34°C. When the tube diameter is the same as or large than the size (6mm) of 

the fully swollen gel, the ratios of R/Ro and L/D remain nearly unchanged around the phase 

transition point. When the tube diameter is larger than the sample diameter, the constraint is 

zero and the isotropic condition R/Ro=l is satisfied. 

It is known that the NIPA gel is sensitive to temperature, while the PAAM gel is not. 

The shear modulus of the NBPA gel shows a step-wise increase near the transition point 

[17,18], while that of the PAAM gel remains a constant in this temperature range. This fact 

is sketched in Figure 5.6(a), where the shear modulus data for NIPA and PAAM gels are 

taken from reference 18 and 19 respectively. Notice that A«>0 for the NIPA gel, and Ap<0 

for the PAAM gel above the transition point. Using equation 5.12 and data in Figure 5.6(a), 

we calculated the value of R (=L/D) as shown in Figure 5.6(b). Indeed, R exhibits a step-

wise decrease around Tc, in agreement with experimental results shown in Figure 5.5. 

The change of the ratio of length to diameter at the transition temperature is plotted 

against the diameter of tube as shown in Figure 5.7. The change of the ratio at the transition 

point decreases with the increase of the tube diameter. When the tube diameter is larger 

than 6 mm, the change of the ratio reaches zero, indicating an isotropic shrinking process. 
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Figure 5.5. The temperature dependence of the swelling ratio R=L/D of the anisotropy 

NIPA/PAAM in water. The ratio of length to diameter is plotted as a function of 

temperature: (o) 2.2mm (•) 2.5mm (A) 3.1mm (V) 3.8mm ( o)5.8mm. 
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Figure 5.6 (a) The shear moduli of NIPA (•) and PAAM (—). The data are taken from 

reference 18 and 19 respectively, (b) The value of R (=L/D) calculated from equation 

5.12 and data in figure 5.6(a) is plotted vs. temperature. 
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plotted as a function of time. 
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The anisotropic swelling or shrinking process of the gels is reversible. In Figure 5.8, 

the ratio of length to diameter of the sample with 2.2 mm tube diameter is plotted as a 

function of time. When the temperature of the sample was switched from 30°C to 26°C, the 

ratio L/D increases from 0.9 to 1.0. When the temperature of sample was switched from 

26°C to 30°C, the ratio L/D decreased from 1.0 to 0.9. Repeating this procedure, the same 

result was obtained as indicated by the second cycle. It is noted that the phase transition 

temperature Tc shifted up with increasing tube diameter and hence with decreasing 

constraint. This is contrary to the fact that the higher constraint on the NIPA gel imposed 

by the PAAM gel should result in the higher transition temperature. A similar case may be 

found in experiments measuring the pressure-induced increase of the transition temperature 

[20]. The increase of Tc with increasing tube diameter may be because the proportion of the 

PAAM in the NIPA/PAAM interpenetrating networks increases with the tube diameter. 

Previous experiments have shown that the incorporation of PAAM in NIPA gels results in 

shifting Tc to a higher temperature [21]. 

5.5 Conclusion 

A new system with built-in anisotropy was synthesized and studied here. This gel 

system consists of interpenetrated polymer network (IPN) gels of polyacrylamide 

(PAAM) and N-isopropylacrylamide (NIPA). The NIPA network component was pre-

stressed in the gelation of the other network (PAAM). The swelling property of the 

anisotropic IPN gels along the pre-stressed direction was different from that along other 

directions, in contrast to conventional gels which swell isotropically. It was found that 

the ratio (L/D) of length (L) and diameter (D) of IPN samples had step-wise changes as 
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the samples were heated from below the volume phase transition temperature to above. 

A theoretical model has been proposed and is in good agreement with the experimental 

results. The unique feature of the novel gel system is the preferential swelling in certain 

directions near the phase transition point. This feature could be useful for 

chemomechanical devices. 
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CHAPTER 6 

TURBIDITY INVESTIGATION OF THE SOL-GEL TRANSITION IN 

CARRAGEENAN GELS UNDER PHYSIOLOGICAL CONDITIONS 

6.1 Introduction 

Carrageenan gels have been used not only as stabilizers and texturizers in a wide 

variety of food products [1], but also as immobilization materials for various types of 

living cells [2]. The formation of a thermoreversible gel on cooling is related to the coil-

to-helix transition [3-5]. The sol-gel transition in carrageenan gels, especially K-

carrageenan, has been studied intensively because many physical and chemical properties 

are influenced by this change of state [1]. To characterize the sol-gel transition, many 

methods have been used, including x-ray diffraction [6], differential scanning calorimetry 

[7-8], electron spin resonance [8], nuclear magnetic resonance (NMR) [9-10], dynamic 

light scattering [11], and optical rotation [4, 12]. Kinetics of ion-induced gelation in 

carrageenan gels has been revealed using the turbidity technique [13]. In this paper, a 

study of the turbidity of the sol-gel transition of the carrageenan Eucheuma gelatinae is 

reported. 

The total scattered light Is is the summation of the scattered light in all directions 

[14-15], 

Is(t) = 2%f0Is(q,t)sin(Q)dQ , (6.1) 
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where 0 is the scattering angle, q is the scattering wave vector, and t is time. Since 

q(0)=(4mi/A.)sin(0/2), one has 

I s(0——j Jo* Is (<!> t)qdq , (6.2) 

where qn=2im/X is the magnitude of the wave vector of the incident and scattered light, X 

is the wavelength and n is the refractive index. The turbidity A is defined as the 

fractional reduction in light intensity per unit penetration length in the sample, A = -

(l/I)(5I/Sx), with I the light intensity in the sample. For a small enough 8x, no multiple 

scattering will occur in 5x and the 51 is equal to Is: 

" - M ' A • 
&[l , (6.3) 

The turbidity, which could involve multiple scattering, is therefore directly related to the 

scattering function Is which does not involve multiple scattering [16]. 

The transmitted light intensity It and the incident intensity Io are related by the 

sample turbidity A and thickness L (assuming no absorption by chromophores): 

— =e'AL • (6.4) 

Io 

Therefore, turbidity can be obtained from the ratio of the transmitted light intensity to the 

incident intensity, A=-(l/L)ln(I,/Io). 

6.2 Experimental 

Gel samples with two polymer network concentrations (0.8 and 1.2 wt %) were 

prepared using standard methods. The optical transmission of the gel samples was 

monitored by a spectrophotometer operating at the wavelength (X) of 555 nm. The 
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turbidity from a sample of known thickness can be computed from transmission using 

eqution 6.4. The temperature of the sample was controlled by an external water 

circulator. In addition to the temperature sensor in the circulator, a thermocouple was 

placed inside the sample cell for temperature measurement. The cell was sealed using a 

plastic film to prevent evaporation. The accuracy of the temperature measurements in 

this experiment was estimated to be +0.5°C. 

The biopolymer investigated was a low-sulfated carrageenan known to gel on 

exposure to monovalent alkali metal ions [2]. The biopolymer is isolated from selected 

fractions of seaweed of the class Rhodophyceae, genus Eucheuma, and species gelatinae 

[17]. The species K-carrageenan is known to gel on exposure to potassium ions; 

Eucheuma g. is known to possess lower charge density and to gel on exposure to sodium 

ions. The ionic composition of this study represents the level of exposure expected under 

physiological conditions. 

6.3 Results and Discussion 

The temperature dependence of the optical transmission (I=It/Io) is plotted in 

figure 6.1(a) for the 0.8% gel sample. The heating and cooling measurement are 

represented by open circles and plus symbols, respectively. The scanning rate was 

0.2°C/min for the both measurements. The sample was placed in a glass sample cell with 

dimensions of 1x1x5 cm . Before measurement, the sample was melted and then cooled 

in the air to ambient temperature so that the sample in the glass cell was distributed 

uniformly. The sample was then heated from room temperature to 73°C and 

subsequently cooled to room temperature again. As the temperature was increased a 
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second time, the transmission of the gels increased and finally reached a plateau at 

around T=73°C. When the gel was cooled, the transmission of the gels decreased. 

Clearly, the transmission of the gel is associated with the gelation process. The more gel 

formed, the lower the optical transmission. This may be because the helix domains in the 

gelled state have spatial variations and dynamic concentration fluctuations which result in 

strong light scattering [11, 18]. 

The derivative of optical transmission with respect to temperature (dI,/dT) is 

shown in figure 6.1(b) for the 0.8% sample. The dIt/dT curves exhibit peaks for both 

cooling (solid line) and heating (dashed line) measurements with the peak positions 

corresponding to the gelation (Tg) and melting temperature (Tm), respectively. The value 

of Tm is higher that of Tg, in agreement with previous optical rotation [4] and DSC results 

on K-carrageenan [7]. The hysteresis loop has been interpreted in terms of stabilization of 

the ordered conformation by aggregation [3]. Furthermore, it is found that the change of 

transmission for the heating measurement is much slower than that for the cooling 

measurement near the phase transition. The full width at the half height of the dl/dT 

curve obtained from the heating curve is 2.5 times broader than that from the cooling 

curve. It is known that the gelation process involves the transformation of carrageenan 

molecules from a coil to helical configuration and the subsequent helix aggregation. 

Both formation of the helices and helix aggregation occur over a narrow temperature 

range, resulting in a sharp dl/dT peak. On the other hand, melting a helical structure 

occurs in a broad temperature range. This may be due to the interactions among helical 

structures having a broad distribution. Often such hysteresis can result from 
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thermodynamic constraints; for example, on cooling if the system were to enter the 

spinodal region, a more abrupt transition would be observed. These phenomena are worth 

further investigation. 

/ o eo 

+ down 

Temperature (°C) 

Figure 6.1 (a) Temperature dependence of turbidity for the 0.8% sample. The heating 

and cooling measurement are represented by (o) and (+), respectively. The temperature 

scanning rates were 0.2°C/min for both runs, (b) The differential (dIt/dT) of the data 

curves in 6.1(a). Solid and dashed lines represent the cooling and heating measurement, 

respectively. 
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Figure 6.2 (a) Temperature dependence of transmission for the 1.2% sample. The 

heating and cooling measurements are represented by (o) and (+), respectively. The 

temperature scanning rates are 0.2°C/min for both runs, (b) The differential (dIt/dT) of 

the data curves in 6.2(a). Solid and dashed lines represent the cooling and heating 

measurements, respectively. 
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Figure 6.2(a) and 6.2(b) show the temperature dependence of the optical 

transmission and its differential with respect to temperature for the sample containing 

1.2% polymer. The experimental conditions for the measurement are the same as those 

for the 0.8% sample. Neither melting temperature, Tm, not gelation temperature, Tg, had 

significant shift when the polymer concentration was increased from 0.8% to 1.2%. It is 

noted that the values of the transmission in 0.8 % sample are higher than those in the 

1.2% sample at any given temperature. This indicates that density fluctuation in the 1.2% 

sample is greater than that in the 0.8% sample, as expected. 

It is to be noted that the temperature dependent sol-gel transition is conventionally 

studied using differential scanning calorimetry (DSC) [7]. The exothermic peak in the 

cooling DSC curve and the endothermic peak in the heating DSC curve have been 

observed at Tg and Tm, respectively. The intensities of the peaks increase with the 

scanning rate. At a very slow scanning rate, the peaks cannot be easily identified. For 

the turbidity measurement, the scanning rate can be as slow as desired. Therefore the 

data may be used for testing both the thermodynamic models and kinetic models which 

are usually proposed for thermal equilibrium systems. 

The thermal cycling effect on the 0.8% sample is shown in Figures 6.3(a)-(c). 

The sample was first placed in the sample cell. Then the optical transmission was 

measured as the sample was heated at the scanning rate of 0.2°C/min. When the sample 

reached a 73°C, it was cooled to room temperature as shown in Figure 6.3(a). The 

second and the third cycle are shown in Figure 6.3(b) and 6.3(c), respectively. Except for 

the first cycle where the transmission change around Tm is sharper, the optical cycling 
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Figure 6.3. Thermal effect on the transmission vs temperature for the 0.8% sample. The 

thermal cycle starts from 73°C. The sample was firstly cooled down and then heated up to 

73°C again. The scanning rate is 0.2 °C/min. Figures (a), (b) and (c) represent the first, 

the second, and the third cycle respectively. 
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Figure 6.4. Thermal effect on the transmission vs temperature for the 1.2% sample. The 

thermal cycle starts from 73°C. The sample was firstly cooled down and then heated up 

to 73°C again. The scanning rate is 0.2 °C/min. Figures (a), (b) and (c) represent the first, 

the second, and the third cycle, respectively. 
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Figure 6.5. Transmission versus temperature for the 1.2% gel at various temperature 

scanning rates, (a) 0.1, (b) 0.2, (c) 1 °C/min. 
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transmission curves measured in thermal cycles are almost identical. Similar thermal 

results were also obtained for the 1.2% sample as shown in Figures 6.4(a)-(c). 

Figures 6.5(a)-(c) show the transmission in the 1.2% gel as a function of 

temperature at various scanning rates of (a) 0.1, (b) 0.2, and (c) l°C/min. In these 

experiments, the samples were initially kept at 73°C for about 15 min so that they were 

completely melted. The samples were then cooled at a designated scanning rate. After 

the samples reached room temperature, they were heat to 73°C using the same scanning 

rate. It is clear from Figure 6.5 that the area of the hysteresis loop decreases as the 

scanning rate increases. This indicates that the gelation and melting processes do not 

have enough time to complete at a higher scanning rate. Furthermore, it is found that the 

transmission value in the gel at room temperature depends on the cooling rate. The 

higher the cooling rate, the higher the transmission value. 

The transmission data in figure 6.5 for different scanning rates have been 

normalized by an expression 

F(T) = EZtlhsE. (6.5) 

/ max I min 

where F(T) is the normalized transmission. I m j„ and Imax are the minimum and the 

maximum values of the transmission, respectively. The results are shown in Figure 6.6. 

It is apparent that the hysteresis loop persists, even at a very slow scanning rate, 

indicating that the sol-gel transition in a gels is the first order phase transition. Defining 

Tmid as the temperature at which the normalized transmission data curves reach 50%, T„ud 
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is slightly shifted to a lower temperature as the scanning rate is decreased, as shown in 

Figure 6.7. 

20 30 40 50 60 70 80 

Temperature ( °C) 

Figure 6.6. Normalized transmission versus temperature for various scanning rates. A 

(up), 0 (down) (0.1°C/min); O (up), V (down) (0.2°C/min); • (up), and 0 (down) (1 

°C/min). 

Scanning Rate ( C/min) 

Figure 6.7. Scanning rate dependence of Tuna at which the normalized transmission data 

curves reach 50%. The cooling and the heating measurements are represented by o, and 

• , respectively. 
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6.4 Conclusion 

The optical transmission in carrageenan gels has been measured successfully as a 

function of temperature. The melting point was found to be always higher than the 

gelation temperature. The area of the hysteresis loop decreases as the scanning rate 

increases. The thermal cycling has little impact on the sol-gel transition in the gels. The 

transmission value at room temperature is cooling-rate dependent. The method applied 

here appears to offer a new, precise, and easy means to study both the sol-gel transition in 

carrageenan (and related) gels and related transitional properties, especially the kinetics 

of the process. This study demonstrates the potential of turbidity for studying 

microstructure and dynamics. 
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CHAPTER 7 

KINETICS OF ION-INDUCED GELATION IN CARRAGEENAN 

GELS UNDER PHYSIOLOGICAL CONDITIONS 

7.1 Introduction 

The sol-gel transition in carrageenan gels has attracted considerable attention 

because many physical and chemical properties of the polymer solutions are influenced by 

gelation [1-2]. It is known that gelation of carrageenan can be induced by lowering the 

temperature or by adding cations above certain concentrations [3-5]. However, there are 

few reports concerning the kinetics of the transition because of the lack of an appropriate 

method [6]. Recently, the turbidity technique has been used for studying the spinodal phase 

transition in N-isopropylacrylamide gels [7] and the statics of the sol-gel transitions in 

carrageenan gels [8]. The gelation of carrageenan solutions on cooling is related to the 

transformation of carrageenan molecules, at least locally, from a coil to helical configuration 

and the subsequent helix association [9]. It is the spatial variation of the aggregation and 

temporal/spatial fluctuations that result in strong scattering of light [10-12]. Therefore, 

optical transmission is drastically reduced below the gelling point. To our knowledge this is 

the first time such a turbidity technique has been used to study and monitor the kinetics of 

the sol-gel transition in carrageenan gels. The turbidity A is defined as the fractional 

reduction in light intensity per unit penetration length in the sample, A = -
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(l/I)(8I/5x), with I the light intensity in the sample. For sufficiently small 5x, no multiple 

scattering will occur in 5x and the 81 is equal to Is, 

A=-<Sc 
1 I (7-1) 1 j 

The turbidity is therefore directly related to the scattering function Is which does not involve 

multiple scattering. The transmitted light intensity It and the incident intensity lo are related 

by the sample turbidity A and thickness L, 

h -=e A L (7.2) 
lo 

Therefore, turbidity can be obtained from the ratio of the transmitted light intensity to the 

incident intensity, A=-(l/L)ln(It/Io) [7-8]. 

7.2 Experimental 

The biopolymer investigated was a low-sulfated kappa-carrageenan known to gel on 

exposure to monovalent alkali metal ions [2]. The biopolymer is isolated from selected 

fractions of seaweed of the class Rhodophyceae, genus Eucheuma, and species gelatinae 

[13]. The species K-carrageenan is known to gel on exposure to potassium ions; Eucheuma 

g. is known to possess lower charge density and to gel on exposure to sodium ions. The 

ionic composition (0.832% NaCl and 0.14% KC1) of this study represents the level of 

exposure expected under physiological conditions. The biopolymer solutions were prepared 

using standard methods at two concentrations: 0.8 and 1.2 wt%. Below 0.8% the gel is 

weak and is more difficult to study. The polymer solution was placed in a plastic box 
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(8.8x1.9x1.2 cm3) capped at one end with a dialysis membrane which can retain protein 

with molecular weight greater than 12,000 (Sigma Chemical Company). The box was 

immersed in a second solution containing the gel-inducing salt (0.832% NaCl and 0.14% 

KC1). Alkali metal ions diffused through the membrane, gelling the confined polymer 

solution. The dialysis was carried out at 40°C in order to increase the rate of ion diffusion 

(relative to the diffusion at room temperature), and thereby hasten the rate of the sol-gel 

transition. After a designated time, the gelled polymer was taken out the box at room 

temperature and sliced into 3.7 mm thin samples, which were marked by their distance from 

the membrane. The samples were then placed in a glass cell with dimensions of 1x1x5 cm3 

for measurement of optical transmission. 

The kinetics of gel formation were further investigated by diffusion of alkali ions 

into carrageenan gels without membranes. In this measurement, the original carrageenan 

solution was placed in the bottom of the optical sample cell with a depth of 8 mm at room 

temperature. The solution containing gel-inducing salt (0.832% NaCl and 0.14% KC1) was 

then put at the top of the solution of biopolymer in the pre-gelled state. The volume ratio 

between the ionic solution and the polymer sample was about 1.5. Optical transmission was 

then measured as a function of time. 

The optical transmission of gel samples was monitored by a spectrophotometer 

operating at the wavelength of 555 nm. For convenience, all data are presented using 

transmission (I=It/Io). The turbidity can be inferred from the transmission using Eq. (2), 

with samples of known thickness of 1 cm. All measurements were performed at room 
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temperature, a temperature at which both polymer solutions exist as gels when equilibrated 

with the solution of alkali metal ions. 

73 Results and Discussion 

7.3.1 Optical transmission versus distance away from the ion/gel interface 

Figure 7.1 shows optical transmission (I=It/Io) as a function of distance, with the 

zero point at the membrane position, for the 0.8% and 1.2% samples, respectively. The 

samples of biopolymer solution were placed in the ionic solution at 40 °C for 48 h. The ion 

induced gelation process involves the random coil to double helix transition [1]. The 

variation of aggregation of helix domains cause reduction of transmitted light. The optical 

transmission is lowest at the membrane position and highest at the other end. This is 

expected since diffusion of alkali metal ions in the sol is slow and diffusion of the ions 

through an already gelled site is even slower [10]. After 48 h, the gelation is still not 

complete away from the ion/gel interface. The transmission for the 1.2 % sample is lower 

than that for the 0.8 % sample at any given distance. The lower transmission is indicative of 

increased scattering from the stronger gels composed of higher concentration of biopolymer 

and having greater local concentration fluctuations [7]. 

Optical transmission of the 1.2% samples is shown in Figure 7.2 as a function of 

distance after they were immersed in the gel-inducing ionic solution for 12 h (•), 48 h (•), 

and 96 h (o). The dashed line in the figure represents values at the zero time when the 

sample cell was immersed in the ionic solution. In the early stage (12 h), the gradient of 

transmission with respect to distance (dl/dx) is large. This is because the alkali metal ions 

do not have enough time to diffuse from the dialysis membrane to the other end of the box. 
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As the time increases, the gelling zone moves forward and the ions gradually diffuse into the 

carrageenan solution. After 96 h, migration of the gelling zone has extended to the other 

end, and the optical transmission becomes independent of the distance. This indicates that 

the gelation is complete everywhere in the sample cell. 

It was recently found that gels with a non-uniform distribution of polymer are 

formed when calcium ions are allowed to diffuse into solutions of sodium alginate or pectate 

[14]. This was in contrast to the uniform gels obtained when carrageenan was dialyzed 

against potassium ions [14]. The observed inhomogeneity of polymer concentration was 

attributed to the difference in gelling mechanisms of carrageenan from alginate systems 

[14]. Our turbidity measurements confirm that the diffusion of alkali metal ions into 

carrageenan solution indeed produces a homogeneous gel. This may be because there is 

reversible binding of alkali ions to the polymer chains, while the binding is nearly 

irreversible for the calcium/alginate system [14]. Furthermore, our experiment revealed the 

early and intermediate stages of the transition from a solution state to the gelled state under 

the exposure of the alkali ions. We have found that in the early and the intermediate stages 

the gel is not homogeneous. This points to a direction for simultaneously monitoring the 

gelation process as a function of time and distance using the turbidity technique. 

7.3.2 Optical transmission versus time 

The kinetics of gel formation was further investigated by diffusion of alkali ions into 

carrageenan without membranes. The gelation is induced by putting the solution containing 

gel-inducing salt (0.832% NaCl and 0.14% KC1) directly at the top of the solution of 
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biopolymer as explained in the experimental section. Optical transmission was obtained as 

a function of time as shown in Figure 3 for the 0.8% and the 1.2% samples. 
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Figure 7.3. Transmission versus time for 0.8% (o) and 1.2% sample (•). The samples were 

under the influence of the gel-inducing ionic solution at room temperature. The solid lines 

represent the least square fits to the data using eqution 7.3. 

The diffusion of alkali metal ions into the polymer solution gels it and causes the 

transmission to decrease. The optical transmission (I/Io) versus time (t) is analyzed in terms 

of double exponential terms 
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— = Ai e n + A2 e t2 » (7-3) 
Io 

where ti and X2 are different relaxation times. Ai and A2 are respective contributions. This 

equation has been previously used to describe the electric birefringence signal of K-

carrageenan gel [6]. The solid lines in Figure 3 are the best fits to the data using equation 

7.3. ti is 231 min and 194 min for the 0.8% and the 1.2% samples, respectively. X2 is 

4.0xl04 min and 1.8xl04 min for the 0.8% and the 1.2% samples, respectively. It is 

apparent that there are two different processes associated with these two relaxation times. 

Let us presume a model in which the K+ and Na+ ions from an infinitely large ionic solution 

reservoir diffuse into an infinite reservoir of the carrageenan polymer solution. Initially the 

potassium and sodium ions and polymer species diffuse toward each other and the reaction 

takes place at a plane perpendicular to the direction of the diffusion. Since the polymers 

diffuse considerably more slowly than the cations, the gelling zone will move gradually 

away from the ion/carrageenan interface [14]. The short relaxation time t j may be 

associated with a primary relaxation process of the movement of the gelling zone, while the 

longer relaxation time T2 with the secondary relaxation (or curing) process involving local 

diffusion of bound water molecules, or bound ions, or gradual rearrangement of polymer-

polymer association. [15] It is known that the water molecules can be either bound to the 

double helix or trapped in the gel network. [15] The higher polymer concentration results in 

the higher ion-polymer reaction rate. Therefore, the relaxation times (TI and T2) for the 1.2% 

samples are faster than those of the 0.8% samples, in agreement with experimental 

observation. Theoretical work is in progress. 
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7.4 Conclusion 

The kinetics of gelation under the influence of gel-inducing ionic solution was 

studied using a turbidity technique. The alkali metal ions were allowed to diffuse through 

dialysis membrane to a pre-dosed gel. The optical transmission was measured as a function 

of time and distance away from the membrane. It was found that lower transmission 

corresponded to increased gelation induced by the ions. In the early stage, transmission 

increased with distance, indicating that the degree of gelation decreased with the distance. 

After 96 h, the transmission was found to be independent of location, or distance from the 

membrane. By then, the gelation was complete everywhere inside the gel and the gel's 

structure was homogeneous, in agreement with previous results. The time-dependent 

transmission data reveals that there may be two relaxation processes occurring during 

transport mediated gelation: the fast relaxation time is related to the gelling zone movement 

and the slow one is related to local diffusion of bound water molecules and ions, polymer 

rearrangement or polymer-polymer association. The time dependence of transmission has 

been used as a probe to monitor the gelation process in situ. 
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CHAPTER 8 

CONCLUSION 

This dissertation studies engineered polymer gel synthesis and some physical 

properties of polymer gels including: shape memory gels made by modulated gel 

technology; engineered heterogeneous structures of polymer gels; polymer gel with 

sputter-deposited gold surface arrays; porous NIP A gels synthesized by a suspension 

technique; interpenetrated polymer network (IPN) gels with built-in anisotropy; turbidity 

of the sol-gel transition in carrageenan gels under physiological conditions and kinetics of 

ion-induced gelation in carrageenan gels under physiological conditions. The major 

conclusions are summarized below. 

1. The shape memory gels made by the modulated gel technology are discussed [1,2]. 

The modulation is achieved by interpenetrating only part of one gel network with another 

network. Therefore, the modulated polymer gels have a heterogeneous or modulated 

structure. Using the modulated gel technology, several shape memory gels were made. At 

room temperature, they form a straight line. But as the temperature is increased, they 

spontaneously bend or curl into a predetermined shape such as a letter of the alphabet, a 

numeral, a spiral, a square, or a fish. The transitions between different shapes are controlled 

by the external stimuli and are reversible. 

2. A hydrogel with gold surface arrays has been synthesized [3]. The central idea is to 

cover a dehydrated gel surface with a patterned mask, then to sputter-deposit a gold f i lm 
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onto it. After removing the mask, a gold pattern is left on the gel surface. These gold 

patterns do not delaminate even when the gel is fully swollen with water. Depending on 

the mask used, many different array structures can be made. Periodical surface array can 

serve as gratings to diffract light or microelectrode arrays to monitor cell activity. The 

grating constant can be continuously changed by the external environmental stimuli such 

as temperature and electric field. Therefore, such arrays have potential for optical 

filtering, spectrum analysis, display and sensor applications. Several applications of gels 

with periodic surface arrays as sensors for measuring gel swelling ratio, internal strain 

under an uniaxial stress, and shear modulus have been demonstrated. 

3. Porous NIP A gels have been synthesized by a suspension technique [4]. 

Microstructures of newly synthesized gels are characterized by both SEM and a capillary 

test and are related to their swelling and mechanical properties. Compared to a 

conventional gel, the porous NIPA gel has a higher swelling ratio and faster shrinking 

and swelling rates. Compared to a porous gel prepared using a phase separation method, 

the porous gels made with the suspension method have greater mechanical strength. Due 

to their faster response time and good mechanical strength, these thermally reversible 

porous gels have potential for applications in actuators, switches, artificial muscles, 

separation system, and displays. 

4. A new system with built-in anisotropy was synthesized and studied [5]. This gel 

system consists of interpenetrated polymer network (IPN) gels of polyacrylamide 

(PAAM) and N-isopropylacrylamide (NIPA). The NIPA network component is pre-

stressed in the gelation of the other network (PAAM). The swelling property of the 
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anisotropic EPN gels along the pre-stressed direction is different from that along other 

directions, in contrast to conventional gels which swell isotropically. It is found that the 

ratio (LTD) of length (L) and diameter (D) of EPN samples has step-wise changes as the 

samples are heated from below the volume phase transition temperature to the above. A 

theoretical model is proposed and is in good agreement with the experimental results. The 

unique feature of this novel gel system is the preferential swelling in certain directions 

near the phase transition point. This feature could be useful for the chemomechanical 

devices. 

5. The optical transmission in carrageenan gels has been measured successfully as a 

function of temperature [6]. The melting point is found always higher than the gelation 

temperature. The area of the hysteresis loop decreases as the scanning rate increases. 

The thermal cycling has little impact on the sol-gel transition in the gels. The 

transmission value at room temperature is cooling-rate dependent. The method applied 

here appears to offer a new, precise, and easy means to study both the sol-gel transition in 

carrageenan (and related) gels and related transitional properties, especially the kinetics 

of the process. 

6. The kinetics of gelation under the influence of a gel-inducing ionic solution is studied 

using a turbidity technique [7]. The alkali metal ions were allowed to diffuse through a 

dialysis membrane to a pre-dosed gel. The optical transmission was measured as a function 

of time and distance away from the membrane. It was found that lower transmission 

corresponded to increased gelation induced by the ions. In the early stage, transmission 

increases with distance, indicating that the degree of gelation decrease with the distance. 
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After 96 h, the transmission was found to be independent of location, distance from the 

membrane. By then, the gelation was complete everywhere inside the gel and the gel's 

structure was homogeneous, in agreement with previous results. The time-dependent 

transmission data reveal that there may be two relaxation processes occurring during 

transport mediated gelation: the fast relaxation time related to the gelling zone movement 

and the slow one related to local diffusion of bound water molecules and ions, polymer 

rearrangement or polymer-polymer association. The time dependence of transmission has 

been used as a probe to monitor the gelation process in situ. 

The study in this dissertation is helpful for us better to understand the properties and 

technological applications of polymer gels. It also shows that the research of polymer gels 

is an exciting area and has a bright future. 
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