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Abstract
A copolymer gel containing N-isopropylacrylamide (NIPA) and acrylic acid (AAc)
has been developed that selectively recognizes, absorbs, and releases heavy metal
ions. This reversible absorption and release of target molecules is a fundamental
biological activity normally carried out by proteins. The method presented here
demonstrates the possibility that such a task can be carried out by synthetic polymers. In this method, the affinity for target molecules is changed in response to the
thermal phase transition of the gel. The selectivity of the metal ions comes from
the differences in the phase transition temperatures of the gel in the presence of
different metal ions.
In the second part of the thesis, we studied how the polymer network structure and equilibrium swelling behaviors are controlled by monomer and crosslinker
compositions upon polymerization. A gel with a. high concentration of NIPA is
developed with two different crosslinkers, one is Ethylene glycol dimethacrylate
(EGDMA) and the other is N,N'-bis(acryloyl)cystamine (BAC). The swelling behavior of this gel is studied as a function of BAC concentration and EGDMA concentration. We found that the efficiencies of incorporation of these two crosslinkers
into the gel networks are different. By introducing the "efficiency-calibrated total
crosslinker concentration", we have been able to explain the swelling behavior of
gels synthesized with different crosslinkers and crosslinker concentrations.
In the third part of the thesis, we studied the movement of polymer chains when
the gel is in the collapsed phase. In the biological world, we believe that polymers
can be in any of the four possible phases, which are 1). the swollen state in which
polymer chain can fluctuate, 2). the collapsed state in which the polymer chains
can fluctuate, 3). the collapsed state in which the polymer chains are frozen into
degenerate states, and 4). the collapsed state in which the polymer chains are
frozen into a unique state. From the theoretical point of view, it is known that a
homopolymer can either be in a swollen state and in a collapsed state, but it can not
be frozen. We investigate a homopolymer gel containing NIPA to experimentally
prove that a homopolymer gel can fluctuate even in the collapsed phase. The degree
of fluctuation was also estimated based on the experimental data.
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Chapter 1
Background
1.1

Gels

Gel is a form of intermediate matter between a solid and a liquid [YLi89] [YLi92].
The liquid-like properties result from the fact that the major constituent of gels
is usually a liquid, e.g.

water.

For example, a jelly consists of approximately

97% water and 3% gelatin. On the other hand, a gel can retain its shape since
it has a shear modulus which becomes apparent when the gel is deformed. The
modulus is due to the cross-linking of the polymers in the form of a network. These
aspects represent the solid nature of gels. We define a gel as a three dimensional
polymer network with crosslinking. The following figure shows the structure of a gel.
There can be different kinds of crosslinks, either through physical means (such as
entanglements, hydrogen bonding and ionic attraction) [deG79], or through covalent
bonds.

In general, the chemical bonds are the strongest bonds.

The study of

polymer network systems can be traced back to a series of experiments on rubbers by
Gouth in 1805. These expeirments showed that rubber behaves oppositely of most
other materials; a stretched rubber shrinks upon heating. Based upon Staudinger's
idea, polymers are flexible chains of covalently connnected molecules. Meyer et al.
established the entropic nature of rubber eslasticity [YLi89] [YLi92].

Figure 1-1: A gel structure, the line represent the polymer network and the circles
are crosslinks and the shaded area filled with solvent molecules.

1.2

Phase Transition

Gels can undergo volume phase transition. Although the topology of a gel network
remains the same (the number and the placement of crosslinks do not change), the
gel can undergo a drastic volume change, either continuously or discontinuously, by
varying external conditions. This process is reversible and the change of volume can
reach many orders of magnitude. Figure 1-2 shows the phase transition. Figure 12(a) shows the chain structure change in two differenct state, the collapsed and the
swollen. Figure 1-2(b) shows the physical difference between collapsed and swollen
states.
Dusek and Patterson first theoretically introduced the possibility of a gel volume
phase transition. But it was not discovered till 10 years later, in 1977 Tanaka for
the first time observed a volume transition of a slightly ionized acrylamide gel in
an acetone-water mixture [Tan78].
The volume phase transition of gels is universal, i.e. the phenomenon has been
observed in all kinds of gels with different chemical compositions [Ami87].

The

molecular interactions rule the macroscopic size and shape of gels. Since these

... .....................................

......
...
....
...................
. ....
''~
·-··-·A

............
...

.IX

!

"~·'~

Figure 1-2: The demonstration of gel phase transition. (a) When the gel undergoes
a phase transition, the conformation and density of the chains change. (b) The gel
can be very large in one condition and very small in the other.

interactions are functions of temperature, polymer concentration, solvent composition, and pH and salt concentration, the volume phase transition can be induced
by controlling one or some of these parameters.

1.3

Fundamental Forces

Chemical reactions in living creatures have a high efficiency and selectivity. These
properties are due to the excellent molecular recognition capability of biopolymer,
such as enzymes, nucleic acids, antibodies, and so on. There are four fundamental molecular interactions which enable these polymers to generate such exclusive
molecular recognitions. They are van der Waals, hydrophobic, hydrogen bonding.,
and electrostatic interactions[Str88].

1.3.1

van der Waals Interaction

Van der Waals interaction is a nonspecific attractive force.

It comes into play

when any two atoms are 3 to 4 A apart. The basis of van der Waals interaction
is the change in the distribution of electronic charge around an atom with time.
At any instant, the charge distribution is not perfectly symmetric. This transient
asymmetry in the electronic charge around an atom encourages a similar asymmetry
in the electron distribution around its neighboring atoms. The resulting attraction
between a pair of atoms increases as they come closer, until they are separated by
the van der Waals contact distance (Figure 1-3). At a shorter distance, very strong
repulsive forces become dominant because the outer electron clouds overlap.

The van der "Waa!sinteraction energy of a pair of atoms is about 1 kcal/mol. It
is considerably weaker than a hydrogen or electrostatic bond. Though weaker and
less specific than electrostatic and hydrogen bonds, van der Waals interactions are
no less important in biological systems.

C

van der Waals contact distance

0

u,
:3

Ir

CL
a)

w

0

Distance

C
.

Figure 1-3: Energy of a van der Waals interaction as a function of the distance
between two atoms.

1.3.2

Hydrophobic Interaction

The hydrophobic interaction arises between non-polar molecules in water, which
is a polar solvent. The sight of dispersed oil droplets coming together in water
to form a single large oil drop is a familiar one. An atomic level process can be
observed: nonpolar molecules or groups tend to cluster together in water. These
associations are called hydrophobic attractions. In a figurative sense, water tends
to squeeze nonpolar molecules together. Consider the introduction of a single nonpolar molecule, such as hexane, into some water. A cavity in the water is created,
which temporarily disrupts some hydrogen bonds between water molecules. The
displaced water molecules then reorient themselves to form a maximum number of
new hydrogen bonds. This is accomplished at a price: the number of ways of forming hydrogen bonds in the cage of water around the hexane molecule is much fewer
than in pure water. The water molecules around the hexane molecule are much
more ordered than elsewhere in the solution. We also call this structure ice-berger.
Now if there are two hexane molecules in water, they will stay together to occupy
two small cavities (figure 1-4(a)) or sit in a single large one (figure 1-4(b)). The
result is that they will sit in a larger cavity.
The ice-berger structures are similar to the structure of water molecules in ice.
When the temperature is increased, this structure of frozen water molecules is partially melted and the protection of the hydrophobic groups becomes weakened.

Water

Hexane Molecule
in a cavity

1-

Two hexane molecules
ina single cavity

1'

Figure 1-4: A schematic representation of two molecules of hexane in a small volume
of water: (A) the hexane molecules occupy different cavities in the water structure,
or (B) they occupy the same cavity, which is energetically more favored.
This is the reason why the hydrophobic interaction increases as the temperature
is increased. The entropy decrease due to the network collapse is compensated by
the larger entropy increase associated with the melting of the ice-berger structure.
Therefore, the entropy of the collapsed gel increases upon heating.
The energy of the hydrophobic interaction is on the order of sub kcal/mol to a
few kcal/mol. Although the interaction is on the same order as or even smaller than
that of hydrogen bonding, the hydrophobic interaction plays a very important role
in the stabilization of the configuration of biopolymers. Hydrophobic attractions
are a major driving force in the folding of macromolecules, the binding of substrates
to enzymes, and the formation of membranes that define the boundaries of cells and
their internal compartments.

1.3.3

Hydrogen Bonding

Hydrogen bonds can be formed between uncharged molecules as well as charged
ones. In a hydrogen bond, a hydrogen atom is shared by two other atoms having
high electronegativity. The atom to which the hydrogen is more tightly linked is
called the hydrogen donor, whereas the other atom is the hydrogen acceptor. The

·

acceptor has a partial negative charge that attracts the hydrogen atom. The donor
in a hydrogen bond in a biological systems is an oxygen or nitrogen atom that has
a covalently attached hydrogen atom. The acceptor is either oxygen or nitrogen.
Figure 1-5 shows examples of hydrogen bonding.

Hydrogen
donor

Hydrogen
donor

Hydrogen
acceptor

-- O-H I I N-

Hydrogen
acceptor

-- N-H...O3.04 A

2.88 A

Figure 1-5: Hydrogen bond is formed when a hydrogen atom is shared by two other
atoms having high electronegativity. The dotted lines are the hydrogen bonds.
The bond energies range from about 3 to 7 kcal/mol. Hydrogen bonds are
stronger than van der Waals interactions but much weaker than covalent bonds.
Hydrogen bonding plays a very important role in the biological world.

For ex-

ample, the a-helix, a recurring motif in proteins, is stabilized by hydrogen bonds
between amide (-NH) and carbonyl (-CO) groups. The DNA double helix is also
held together by hydrogen bonds between bases on opposite strands.

1.3.4

Electrostatic Interaction

A charged group on a substrate can attract an oppositely charged group on an
enzyme. The force of such an electrostatic attraction is given by Coulomb's law:

F=_qq2
r2E
in which ql and q2 are the charges of the two groups, r is the distance between
them, and Eis the dielectric constant of the medium. The attraction is strongest in
a vacuum (where Eis 1) and is weakest in a medium such as water (where E is 80).
This kind of attraction is also called an ionic bond, salt linkage, salt bridge, or ion
pair. The distance between oppositely charged groups in an optimal electrostatic

attraction is 2.8 A.
The elctrostatic interaction is a long range order interaction. In the case of
synthetic polymers, either positive or negative charges can be introduced on the
polymer chains by copolymerization or partial ionization, which give rise to a strong
repulsive interaction. Since a free movement of the charges is not allowed because
the charges are fixed on the polymer chain, the counter ions have to be localized
near the polymer chains so as to keep the electroneutrality. As a result, Donnan
potential is created between the interior and exterior parts of the gel, resulting in
an increase in the osmotic pressure.

Chapter 2
Introduction
This thesis contains three parts. The first part introduces a copolymer gel which can
selectively recognize, absorb and release metal ions. In the second part of the thesis, a polymer gel with different kinds of crosslinkers, N,N'-bis(acryloyl)cystamine
(BAC) and Ethylene glycol dimethacrylate (EGDMA) is introduced to study how
the polymer network structure and equilibrium swelling behaviors are controlled by
monomer and crosslinker composition upon polymerization. In the last part of the
thesis, we studied the movement of polymer chains when the gel is in the collapsed
phase.
Chapter 3 introduces a copolymer gel containing N-isopropylacrylamide (NIPA)
and acrylic acid (AAc).

The swelling behavior of this gel in distilled water and

sodium chloride solution is presented and a discontinuous phase transition is found.
The swelling behavior of gels in copper chloride solutions of different concentrations
as a function of temperature is also studied. Furthermore, the swelling behavior of
gels in different metal ion solutions with fixed concentrations will also be discussed.
Chapter 4 continues the work which is disscussed in chapter 3. By introducing
the absorption as a probe of the affinity between the metal ions and the carboxyl
groups in gel networks, the affinity as a function of gel phases is discussed. The
conclusion that the affinity is weaker when the gel is in a swollen state and stronger
when the gel is in a collapsed state will be made based on the experimental results.
The applications of gels in purifying drinking water or recycling precious metals

from discarded mine sites will also be illustrated.
Chapter 5 introduces a NIPA gel with two different crosslinkers, BAC and
EGDMA. The swelling behavior of this gel is studied as a function of BAC concentration and EGDMA concentration. It was found that the efficiencies of incorporation of these two crosslinkers into the gel networks are different. The relative
efficiencies of BAC and EGDMA were obtained by the regression of the experimental
data points. By introducing the "efficiency-calibrated" total crosslinker concentration, we have been able to explain the swelling behavior of gels synthesized with
different crosslinkers having different concentrations.
Chapter 6 and chapter 7 deal with the movement of polymer chains when the
homopolymer gel is in a collapsed state. Chapter 6 introduces the NIPA gel with two
different kind of crosslinkers, BAC and EGDMA. While EGDMA is a permanent
crosslinker, BAC is a reversible crosslinker containing a disulfide bond (S-S bond),
which can be reduced to two thiols (SH groups) which in turn can be reoxidized
to a disulfide bond if they are close enough to each other. When the disulfide
bond in BAC is reduced to two SH groups, BAC acts as two monomers instead
of a crosslinker.

When BAC is incorporated into the gel network, the effective

crosslinker concentration can be changed by reduction and reoxidization. By using
the relationship between the swelling degree and the crosslinker concentration that
we obtained in chapter 5, we are able to calculate the reoxidization ratio (recovery
ratio) by measuring the gel diameter in the swollen state. Also from the recovery
ratio, we are able to find the number of SH groups that are in close proximity
to each other. From. the experimental data which shows 100% "recovery ratio"
for homopolymer gels, we claim that the polymer chains in the homopolymer gel
fluctuate even when the gel is in the collapsed state.
Chapter 7 will introduce a NIPA gel with randomly distributed SH groups. From
the "recovery ratio" of SH groups in the randomly distributed SH group system,
we will estimate the fluctuation degree of the polymer chains when the gel is in the
collapsed state.

Chapter 3
Swelling Behavior of NIPA/AAc
gels
3.1

Introduction

One of the most challenging problems in materials science is to develop synthetic materials capable of specific molecular recognition and recovery, the function known to
proteins. Molecular recovery by proteins is specific and coorperative and has switching effect. It allows subtle and stable control of chemical reactions. Hemoglobin,
for example, absorbs oxygen only above a threshold oxygen concentration. Up until
now, there have been no synthetic materials that have such a switching capability.
For example, many ion-exchange resins have been developed, but the exchange of
ions is carried out through extensive washing with a new solution. In contrast,
proteins can reversibly change the affinity to target molecules in response to slight
changes in the environment.
In this chapter, we use a simple case to illustrate how a polymer phase transition
can be used to change the affinity of the polymer to the target molecules. Therefore, the polymer can be induced to absorb or release a molecule by changing its
environment. We use the divalent metal ions such as Cu + + as the target molecule.
But this method is generic, and a gel can be designed for a wide variety of target
molecules.

1A
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a
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Temperature ( C)
Tc :Critical Temperture
Hydrophobic gels have phase boundary
with a lower critical temperature.
Figure 3-1: A NIPA gel undergoes phase transition when temperature changes. As
the temperature increases, the gel colllapses and vice versa.

To demonstrate the principle, a copolymer gel consisting of two components
has been developed. These two components include N-isopropylacrylamide (NIPA)
and sodium acrylate (NaAAc). Pure NIPA gels undergo either discontinuous or
continuous volume change around 33 0 C depending on the number of crosslinkers.
Contrary to the traditional "law of heat expansion", a gel containing NIPA collapses
as the environmental temperature increases, but it swells when the temperature
decreases. The transition is reversible with a slight hysteresis. Figure 3-1 shows the
phase transition of a pure NIPA gel. Carboxyl groups of two acrylic acid monomers
can form a complex with one divalent metal ion (similarly, three carboxyl groups caln
form a complex with trivalent metal ion). This complex formation is illustrated in
Fig 3-2. It is not hard to imagine that if there is one divalent metal ion in between
two distant carboxyl groups, the electrostatic interaction can bring these three
individuals together if there is no other constraint. Experiments have been done
to illustrate this. For example, Ridka and Tanaka reported that a gel containing
acylate undergoes a phase transition when the copper ion concentration changes
[Ric85]. In this experiment, we use these two monomers as our backbone. Acrylic
acid is used as the "fingers" or "tweezers", and NIPA is used as the "muscle". While
carboxyl groups in the polymer chains can form complex with metal ions, the NIPA
in the chain can help carboxyl groups to grab metal ions or force them to stretch
and release metal ions.

3.2
3.2.1

Experiment
Sample Preperation

The chemical structures are listed in Figure 3-3. Other than NIPA and acrylic
acid, which we have mentioned, N,N'-methylene-bis-acrylamide (BIS) was used as
crosslinkers.
The gel was prepared by free radical copolymerization of NIPA and acrylic acid,
which was neutralized using NaOH. The concentrations of NIPA and AAc are 500
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Figure 3-2: A polymer can be developped so that it interacts with the target
molecule and make a molecule complex and hold the molecule very tightly.
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Figure 3-3: The chemical structure: The N-isopropylacrylamide (NIPA) behaves
hydrophobic in the gel network. The acrylic acid is used as ionic form by neutralizing
with NaCl. The BIS is used as crosslinker since it has unsaturated bonds on both
sides.
mM and 200 mM respectively. To the 10 mL solution were added 0.0133 g of BIS
as the crosslinker and 24 /tL of N,N',N,N'-tetramethylethylenediamine (TEMED)
as an accelerator. The solution was degassed under vacuum for about 15 minutes.
4 mg of initiator, ammonium persulfate (APS), was also added. After micropipets
with an inner diameter of 141 pm were added into the solution, the gelation took
place at 20 'C for about 12 hours.
The gel was cut into a small cylinder of approximately several milimeters in
length and placed in a large micropipet with an inner diameter of 1.3 mm. It
was continuously flushed with 0.1 mM NaCl solution (or distilled water) from a
reservior for several hours to remove any unreacted monomers from the polymer
network. The micropipet itself is placed in a sample cell. Figure 3-4 shows the
cross section of a sample cell and the experimental setup.

The temperature of

the sample cell is controlled through water flow while the water temperature is

controlled by the water circulator (NesLab RTE 110 or RTE 111). The diameter
of the gel in the sample cell is measured under microscope. The gel image is taken
through the attached camera, and delivered to the monitor through the scaler which
incorporates its calibrated scales into the gel image. The filter in the micropipet is
used for the purpose of stopping the gel from escaping with solution, not for the
purpose of cleaning the solution.
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Figure 3-4: The setup for measuring the swelling curve. The sample cell is for
installing the micropipet holding the sample. The cell temperature is controlled by
water flow.
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3.2.2

Time to Equilibrium

Figure 3-5(a) shows the kinetics of NIPA/AAc gel in distilled water. The gel was
taken out of the micropipet with a diameter of 141 pm. After the water flushed
through the gel, the gel swelled immediately to the diameter of about 450 pm in a
few seconds. Because of the cations in the polymer network, the gel can be swollen
up to 3 times its original diameter. Later on, the gel started to shrink because the
Na + ions which are initially attached to the carboxyl groups were substituted by
the H+ slowly and, therefore, the cations in the polymer network becomes diluted.
Figure 3-5(b) shows the same kinetics in distilled water, but instead of a continuous flow of solution, the flow was stopped at a certain time by clamping the tube
and restarted again. This figure shows that as long as the water flow is stopped,
the gel diameter doesn't change. This can be explained in two folds. First, the gel
equilibrates in its environment very quickly and once the water flow stops it reaches
equilibrium and the diameter does not change. Second, the amount of H+ ions in
the limited amount of water has very small contribution to the total amount needed
in the gel network. When the flow stopped, the source of H+ ions was the deionized
distilled water contained in the micropipet. We can calculate the amount of H+
in distilled water in the micropipet. The pH of deionized distilled water is roughly
6, it means that the concentration of H+ in water is - 10- 6 M. So in 100 pL, the
amount of H+ ions should be equal to 10-6 * 100 * 10-6

10- 10 mole. Meanwhile,

the amount of carboxyl groups in the gel (volume - 0.05 pL with concentration of
200 mM carboxyl groups) was about 5 * 10-8 200 * .001 ~r10-8. Therefore, the H+
ions in the water when the flow was stopped couldn't contribute very much. Even
though this is a rough calculation, it can explain the constant value in diameter
when the flow stops.
The pKa value of acrylic acid is 4.8 while the pH value in distilled water is

about 5.8, and according to the dissociation law, for a chemical dissociation of acid
HA T H + + ApH = pKa + log([HA)
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Figure 3-5: (a) Kinetics of NIPA/AAc gel in distilled water. When
the gel was
placed in the distilled water, the gel diameter reached its maximum in a few
seconds
and decreased slowly until it reached an equilibrium value (b) Kinetics of the
same
gel in distilled water but the water flow was stopped and restarted. When
the water
flow stopped, the gel diameter did not change until the flow started again.

This will give us very high dissociation ratio. That means most of the carboxyl
groups are in the dessociated forms (H+ and A-) instead of associated forms (HA).
This can basically explain the part of the curve during the first few seconds. Because
of the high ratio of dissociated carboxyl groups, the osmotic pressure inside the gel
is high, and this leads to the swollen gel. But as more and more water flows through
the gel, it keeps providing H+ ions and leads to the low pH inside the gel network.
We use figure 3-6 to demonstrate how most of carboxyl groups of acrylic acid
can associate in a solution with pH higher than its pKa. The gel was made with
sodium acrylate, therefore, the gel starts with Na+ in the network. As the water
flushes through the gel, the proton ions in water replace the Na + little by little.
Because there are no Na+ in the reservior and the replaced sodium ions are flushed
away, the sodium ions in the network are eventually all replaced by proton ions. As
the proton ions pile up in the gel network, the pH inside the network becomes very
low, much lower than the external pH (which is about 5.8). As the pH becomes
lower, most of the carboxyl groups in the network stay in the associated form.
Figure 3-6(a) shows the gel network after the gel is made and put in the water.
Because of the high osmotic pressure, the gel is very swollen. As distilled water
flushes through the network, some of the sodium ions are replaced by protons (b).
Eventually all the sodium ions are replaced by proton ions (c). Therefore, the pH
inside the polymer network becomes very low because of the proton accumulation,
and most of the carboxyl groups become the associated form (d). What we have to
mention here is that the state (c) does not exist because when the [H+ ] becomes
higher, the carboxyl groups start to become associated, and the association will not
wait until all the sodium ions are replaced.
As the Na+ ions leave the network, the osmotic pressure inside the network
reduces. Therefore, the gel shrinks. Also, as the pH in the gel network decreases to
a certain level, some of the carboxyl groups may form hydrogen bonds.
When the gel reaches equilibrium in water, the pH value inside the gel can
be estimated from figure 3-5. From the figure, we see that the equilibrium gel
diameter d is about 270 jpm or - 2d 0 . So the total proton concentration (associated
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Figure 3-6: (a) the gel was first made and put into distilled water. The sodium
ions are originally in the gel polymer network. (b) As the distilled water
flushes
through the gel network, some of the sodium ions are replaced by protons
from
water. (c) Eventually, all the Na + in the network are replaced by protons
and the
pH inside the polymer network becomes very low. (d) Because of the low pH
inside
the polymer network, most of the proton ions associate with carboxyl groups.
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or dissociated form) Cd is - 0.02 M.
The following equation should hold,

pH = pKa + log( A)
where

pH = log([+])
[H+]= [A-]
and
[HA] + [H + ] = C

or
log([HA]) = log(Cd - exp(-pH))

Therefore, we have the following equation:
2pH = pKa - log(C - exp(-pH))

Using numerical method, we get the pH value inside the network to be - 3.26.
Also from this calculation, we get the concentration of the dissociated carboxyl
groups. The associated carboxyl group concentration is [HA] = Cd-exp(-pH) -0.02
M But the pH changes as the temperature changes since temperature change results
in the change of gel diameter and therefore, the change of concentration of carboxyl
groups.
Kinetics of NIPA/AAc gel in the NaCl solution was also measured. It is demonstrated in Figure 3-7. The measurement was done in the 0.1 mM NaCl solution.
The gel was first flushed with distilled water until it reached equilibrium, then
flushed with 0.1 mM sodium chloride solution. The diameter was measured at different times beginning when the NaC1 was flushed. The gel started to swell when
the solution was changed to 0.1 mM NaC1. It took about an hour to reach equilibriumn at a diameter of approximately 380 pm. The reason that the gel swelled
in sodium chloride solution is very clear. Because there are now Na + ions in the
solution, some of H+ ions are replaced by sodium ions. Therefore two effects come
into play. First, the pH value inside the gel network increases, and second the osmotic pressure in the gel network increases. Both effects force the gel to swell until
it reaches equilibrium.
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Figure 3-7: (a) Kinetics of NIPA/AAc gel in 0.1 M. After the gel reached equilibrium
in distill water, it swelled slowly in 0.1 M NaCl solution and eventually reached a
new equibrium.
Up to now, we have a good knowledge of the time for a newly made gel to reach
equilibrium in different solutions. We will discuss the swelling behavior of this gel
in water and NaC1.

3.2.3

Swelling behavior in Water and NaCi

The swelling behavior of NIPA/AAc gel in both distilled water and NaCl solution
were determined. The temperature ranged from 10 to 45 degree centigrade for the
distilled water case and 10 to 60 degrees in the sodium chloride case. The gel showed
discontinuous phase transitions in both cases even though the transition temperatures were different. When the temperature was not around the critical point, the
gel reached equilibrium very quickly. In general, 5 minutes were enough for the gel
to reach equilibrium when the temperature was changed from one to another (the
range of temperature change

-

5 oC). But at the critical temperature, the kinetics

was very slow, running from 1 hour to a few hours. When the temperature reaches
the critical point, part of gel starts to collapse (or swell), and slowly the whole gel
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Figure 3-8: NIPA/AAc gel shrank when the temperature increased. When the temperature reached around 37 OC, the gel underwent a discontinuous phase transition.
becomes swollen (or collapsed).
Figure 3-8 shows the gel swelling behavior in distilled water. The transition
temperature is about 37 oC. Figure 3-9 shows the the gel swelling behavior in 0.1
mM NaC1 solution. The phase transition temperature is much higher because of
the high cation concentration in the polymer network. The hysteresis results from
the hydrogen bonding when the gel is collapsed. The hydrogen bonding which is
formed when the gel is collapsed causes the gel to remain in the collapsed state.
Therefore, the swolling transition temperature is lowered.

3.2.4

Swelling behavior in heavy metal ions

In the NaCl solution, the gel transition temperature is relatively high because of
the cations in the polymer network. We can expect that the same gel should have
a lower transition temperature in the presence of divalent metal ions because of
the attraction from the metal ions. Therefore, as the concentration of metal ions
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Figure 3-9: NIPA/AAc gel shrank when the temperature increased. When the temperature reached around 49 'C, the gel underwent a discontinuous phase transition.
When the temperature decreased, the gel swelled. After the temperature was lower
than 38 OC, the gel underwent a phase transition from the collapsed state to the
swollen state. The hysteresis is large.

38

increases, the transition temperature should decrease. This is found in our experiment with copper ions. Figure 3-10 shows the swelling behavior in copper chloride
solutions with different concentrations. During the measurement, 0.1 mM NaCl was
always in the solution for replacing the copper ion when the gel is swollen. While
the transition temperature is 49 OC in 0.1 mM sodium chloride solution, it is much
less in the copper chloride solution. The transition temperature became 42 'C in 1
pM copper chloride solution and 38 'C in the 10 pM copper chloride solution. All
of them underwent discontinuous phase transition. But when the copper chloride
concentration is raised to a certain level, say 100 pM, the transition is continuous
instead of discontinuous, and the critical temperature is somewhere around 36.5
oC.

When the gel was collapsed, it was full of copper ions and became very blue.

Comparing the color of the gel to the CuC12 solution, we believe that concentration of copper ions inside the gel was close to 1 M. This was confirmed by precise
absorption measurements using atomic absorption spectrophotometry.
The original acrylic acid concentration is 200 mM, i.e. when the gel diameter
is do (the polymerization diameter), the carboxyl group concentration is 200 mM.
After the gel is collapsed, the diameter is about 69 pm or 0.489 do. The carboxyl
group becomes more concentrated in the gel. It is about 0.2 * ( 1), or 1.7 M.

This means that all the carboxyl groups were used to capture the copper ions (two
carboxyl groups catch one copper ion). The possibility of one to one capture, as
illustrated in Figure 3-11 can not be excluded. But in fact, this kind of holding is
not very strong.
In addition, we also observed that all the swelling curves merged into a single line
at the collapsed state, which corresponds to a closed-packed state. This is consistent
with the fact that the total concentration of the monomers is equal to 700 mM. The
compact state dimension mainly depends on the monomer concentration.
From Figure 3-10, we can infer that if we set the temperature at below 36.5 'C,
the swelling behavior versus the copper chloride concentration should be continuous. But if we set temperature around 38 OC or above, the gel should undergo a
discontinuous phase transition. The discontinuous case is illustrated in Figure 3-12.
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Figure 3-10: The NIPA/AAc gel underwent phase transition in copper chloride
solution, either continuously or discontinuously depending on the concentration
of copper chloride. As the concentraion of copper chloride increased, the phase
transition temperature shifted to the left. When the copper chloride concentration
was 100 ptM, the transition was continuous.
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Figure 3-11: Even though the copper ion is divalent, it can chelate only one carboxyl
group while the other end attaches to a C1 ion.
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Figure 3-12: The imagined phase transition curves are demonstrated. From this
illustration, we are able to know that when the temperature is higher than 40 OC,
there exists a discontinuous phase transition when the copper chloride concentration. When the temperature is low, the gel will show a continuous transition vs.
the copper ion concentration change.
If we assume that the temperature was set at 42 OC. We obtain the two imagined
dotted lines. As the concentration approaches 1 pM, the curve should be very close
to the one with 1 IM CuC12 . So if the temperature is set at 42 OC, and if the CuC12
concentration in the solution is less than 1 pM, the gel should be swollen. But when
the CuC12 concentration in the solution reaches 1 pM, the gel should be collapsed.
Therefore, the discontinuous transition happens.
We did observe this in the experiment. We used two temperatures as examples,
one is 35 OC, and the other is 40 oC. We observed the continuous transition through
changing the copper concentration at 35 OC, and we also observed the discontinuous
transition for the 40 OC case. Figure 3-13 shows the experimental results. The
transition is not reversible when the gel is collapsed.

This is because once the

copper ion forms a copper complex with carboxyl groups, it is very difficult to
41
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Figure 3-13: when the temperature was at 40 oC, the NIPA/AAc gel underwent
a discontinuous phase transition when the external copper chloride concentration
was increased to 20 AM. This process was not reversible when the copper chloride
concentration decreased. It did not swell even when the concentration of copper
chlordie was 0. This was caused by the strong chelation between the carboxyl groups
and the copper ions when the gel was collapsed.

destroy the complex again. In order to demolish the complex, one should decrease
the temperature further.
The swelling behavior of this gel in different metal ion solutions was also studied.
Those ions include Ca++, Co++, Mg++, Zn++, Fe++ and Pb++. We found that the
transition temperatures are different for different metal ions. The ion concentrations
were chosen to be 10 AM. Figure 4-6 shows the swelling behavior of NIPA/AAc
gel in different metal ion solution. The gel underwent a continuous transition in
lead ion solution, and the critical temperature is also the lowest at about 37 oC. For
certain metal ions, the solution is colored. For example, the nickel chloride solution
is green and cobalt chloride solution is pink. In the case of colored solution, the gel
became very dark in color when it was collapsed.
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Figure 3-14: The NIPA/AAc gel demonstrated different phase transition temperatures in different metal ion solutions even the concentrations of each metal ion were
the same.

3.3

Conclusion

In conclusion, we find that the NIPA/AAc gel undergoes discontinuous phase transition either in distilled water or in sodium chloride solution. As the temperature
increases, the gel diameter becomes smaller and at the critical temperature, the
gel collapses. In copper chloride solutions, this gel can undergo either continuous
or discontinuous phase transition depending on the concentrations. The transition
temperature decreases as the copper chloride concentration increases.

Is is also

found that, at fixed temperature, the gel undergoes phase transition either continuously or discontinuously when the concentration of copper chloride changes. As
the concentration of copper chloride inceases, the gel shrinks.
We also find that the transition temperature is different for different metal ions
even when the metal ion concentraions are the same.

Chapter 4
Affinity Change Through Gel
Phase Transition
4.1

Introduction

In the last chapter, we mainly discussed the swelling behavior of gels containing
NIPA and acrylic acid. In this chapter we deal with the change in affinity through
the gel phase transition. The affinity of carboxyl groups to the divalent metal ions
should be different. When the gel is in the swollen state, the affinity is weaker, and
vice versa, when the gel is in collapsed state, the affinity is stronger. Figure 4-1
demonstrates the possible combinations between carboxyl groups and copper ions.
When the gel is collapsed, the carboxyl groups are closer to each other and two of
them can form a complexation with copper and this structure is very stable. This
is shown in figure 4-1(a). When the gel is swollen, the carboxyl groups are far away
from each other. Therefore, one carboxyl group is used to attract a copper ion, and
this attraction is not very strong. This kind of attraction is demonstrated in figure
4-1(b).
Metal ion absorption is one measure of affinity. If the affinity of the carboxyl
groups to the metal ions is stronger, a gel absorb more metal ions, otherwise, a
gel absorbs fewer metal ions. In this chapter, we present the relation between
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Figure 4-1: There are two possible combinations between the metal ion and carboxyl
group(s). In case (a), the gel is collapsed and two carboxyl groups can possibly close
to each other and form a strong complexation with copper ion. In case (b), the gel
is swollen and only one carboxyl group is around to attract the copper ion, which
is relatively weaker than in case (a).
absorption and external conditions (temperature and pH).

4.2

Gel Preparation And Measurements

The gel was prepared by free radical copolymerization of NIPA and acrylic acid,
which was neutralized using NaOH. The concentrations of NIPA and AAc are 650
mM and 50 mM respectively. To the 100 mL solution were added 0.133 g of BIS as
a crosslinker and 240 pL of N,N',N,N'-tetramethylethylenediamine (TEMED) as an
accelerator. The solution was degassed under vacuum for about 15 minutes. 40 mg
of the initiator, ammonium persulfate (APS), was also added. The pregel solution
was then transferred into six test tubes with each test tube containing about 15 mL
solution. After micropipets of 100 AL in volume were added into each test tubes,
the gelation took place at 20 oC for about 12 hours.
After the micropipets were taken out of the test tubes, each of them was cut into
exactly 100 tL. Water jets were used to take the gels out of the micropipets. After

.......................

the gels were washed, they were put into well-washed polyethylene scintillation vials.
Vials which contained four pieces of gels each were placed in the vaccum pump, and
the drying of gels took place for a few days in the vaccum environment.
Copper chloride solutions of about 0.1 mM concentration was first made by
adding 0.0341 grams of cupric chloride dihydrate (CuC12*2H 20, manufactured by
Mallinkckrodt Specialty Chemicals Co., Formula weight 170.48) into 2 liters of
deionized distilled water.

Solutions with different pH values were prepared by

adding hydrogen chloride. The amount of copper ions absorbed by the gel was
determined by using atomic absorption to measure the decrease in copper chloride
concentration before and after the gel was placed in the solution.

4.3

Result and Discussion

The amount of copper ions absorbed by the gel at different temperatures was determined. Figure 4-2 shows the relation between absorption and the temperature at
which the gel was placed. The absorption apparently changes when the temperature
changes. This is consistent with our belief that when the gel collapses, the affinity
of carboxyl groups to copper ions becomes stronger and therefore, the gel absorbs
more copper ions.
But from figure 4-2, we realize that the difference in absorption is not large with
an absorption of 1.6 pmoles at low temperature and 2.2 pmoles at high temperature.
Figure 4-3 demonstrates the relation between the absorption of copper ions and
the temperature at different pH values. The gel does not absorb any copper ion
when the pH is very low (pH - 3). This is because when the pH is low, all carboxyl
groups in the gel network become associated (-COOH form).

The negativity of

carboxyl groups is very small, and so is the affinity to the copper ions. When
the pH is around neutral (pH - 4.82), the gel absorbs more copper ions at high
temperature and fewer copper ions at low temperature. The difference in absorption
of copper ions between low and high temperatures is more remarkable when the pH
is somewhere around 4. The gel in the collapsed state absorbs about 4 times more
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Figure 4-2: The amount of copper ions absorbed by the gel changes when the
temperature changes. When the temperature increases and the gel collapses, the
gel collects more copper ions in the network and vice versa. When the temperature
decreases and the gel swells, the gel absorbs less copper ions.
than that in the swollen state.
Figure 4-4 shows the copper concentration after the gel had been placed in the
solution as a function of temperature. The gel was able to absorb copper ions from
a very dilute solution (in this experiment, it shows that the external concentration
is less than 10- 7 M) while the copper concentration inside the gel is about 50 mM.
This property of gels allows us to use this kind of gel to purify drinking water or
recycle metal ions from discarded mine sites.
As we have concluded, the affinity of the gel to the divalent metal ions (and
trivalent ions) can be alternated by changing the external temperature. Figure 4-5
shows that how the gel can be used to collect and release metal ions through its phase
transition. Assume that we have a solution of copper ions of concentration Mo and
wish to concentrate and recover the copper ions in a higher concentration
Mrecover.
Suppose that the transition temperature is To at Mo and Trecoer at Mrecover. The
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Figure 4-3: When the pH is very small (pH - 2.49 and 3.00), the gel doesn't absorb
any copper ions because all carboxyl groups in the gel network become associated
forms (-COOH). When the pH is high, around neutral the gel absorbs more copper
ions at high temperature and less copper ions at low temperature. This is even
clearer when the pH is in the mid-range (pH - 3.88).

recovery operation proceeds as follows. First, the gel is placed in the original solution
(Mo) at temperature which is lower than To. The gel is swollen and the copper ions
freely go in and out of the gel. The temperature is raised to Tcouect. The gel shrinks
and is loaded with a large amount of copper ions. The outer solution becomes dilute
and can be discarded or recovered as a purer solution. Acid is then added in an
amount such that the concentration, after the gel is opened, will become Mrecover.
At this moment the gel remains collapsed. Now the temperature is lowered to
Tr,,,,ecoe . The gel swells and copper ions are released at the concentration
Mrecover

> Mo. The hydrogen ions from a small amount of acid replace the copper ions on
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Figure 4-4: The final copper concentration of the solution outside the gel depends
on the temperature of the solution at which the gel is placed. When the temperature
is very high, the gel can absorb copper ions from very diluted copper solution (lower
than 10- 7 M)

the gel matrix.
The selectiviy toward different metal ions is obtained by utilizing the differences
between gel phase transition temperature for different metal ions. The selectivity or
the difference in target molecule affinity is manifested in the difference in the phase
transition temperatures. Figure 4-6 shows how the transition temperature varies
for various divalent ions. The transition temperatures are almost the same for Ni++,
Ca++ and Co++ and substantial shifts are observed for Pb + + and Cu++. Selective
absorption and recovery can be achieved by making use of the differences in phase
transition temperatures. For example, suppose one wants to separate Cu++ ions
from Ca++ ions. By choosing the collection temperature between Tc" < TA < TCa,
more Cu++ ions should accumulate within the collapsed gel.
Such selection was indeed achieved by a gel immersed in the solution of Cu++
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Figure 4-5: Assume that we have a solution of copper ions of concentration Mo and
wish to concentrate and recover the copper ions in a higher concentration Mrecover.
Suppose that the transition temperature is To at Mo and Trecover at Mrecover,. The
recovery operation proceeds as follows. First, the gel is placed in the original solution
(Mo) a.t temperature To.
0 The gel is swollen and the copper ions freely go in and out
of the gel. The temperature is raised to Tcollect. The gel shrinks and is loaded with
a large amount of copper ions. The external solution becomes dilute and can be
discarded or recovered as a purer solution. Acid is then added in an amount so that
the concentration, after the gel is opened, will become Mecove,,.
At this moment the
gel remains collapsed. Now the temperature is lowered to Trecover,. The gel swells
and copper ions are released in the concentration Mrecover > Mo. The hydrogen ions
from a small amount of acid replace the copper ions on the gel matrix.
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Figure 4-6: Gel diameter as a function of temperature in aqueous solutions of
various divalent ions in the form of chloride salts. No ion (open circles), Co++
(solid squares), Ni + + (diamond), and Ca + + (inverted triangles), Cu + + (triangles),
and Pb++ (snow flake). The salt concentrations were fixed to be 10 pM. The
transition temperatures are different, indicating the different affinity of ions to the
carboxyl groups. The curves were taken while the temperature was raised.
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Figure 4-7: The procedure for collection and recovery of ions using the phase transition of the gel that is responsive to temperature and presence of target ions. The
gel captures a large amount of copper ions and collapses. When the gel is expanded
the copper ions are released.

and Ca++ ions with the same concentrations at 40 OC. In the concentration range
where the gel was collapsed, there was a marked selectivity. The gel absorbed five
times more Cu++ ions than Ca++ ions. The selectivity disappeared when the gel
was swollen.
The operational procedure shown in figure 4-7 for the collection and recovery of
ions was demonstrated using metal solutions at concentrations typical of those found
at abandoned mine sites. The volume of the metal solution was 50 mL, and the dry
and wet weights of the gel were 0.1 mg and 10 mg, respectively. Single metal and
mixed metal solutions have been tested. The metals used were Cu++, Pb++, Zn++
and Fe++ and the total metal concentration was 0.63 meq/L. Batch experiments
were carried out in the following manner: The wet gel, containing distilled water,
was placed in a beaker containing the metal solution. The solution and the gel were
continuously stirred. The solution was heated to approximately 50 oC, and the gel
collapsed. The metal concentration of the supernatant was measured with atomic
absorption spectrophotometry.

The gel removed approximately 60 to 80% of the metal in the solutions for
copper, lead and iron, while 6 to 16% of the zinc was removed. Lead was chelated
most strongly, followed by copper and/or iron. Most of the metal absorbed onto
the gel matrix was measured upon elution: the metal concentration in the eluted
solution was about three times higher than that in the feed solution.
Phase transition of gels has been extensively used for controlled release of drugs
and chemicals[Ver86,Hof95]. These molecules are contained within a gel when the
gel is compact, and released when the gel is swollen. In these systems it is not the
absorption affinity which is controlled, but the pore size of the containing matrix
that is controlled to release contained molecules. The method we presented involves
accumulating and concentrating metals and releasing them upon changing in the
affinity.

4.3.1

Conclusion

In this chapter, we studied the affinity between metal ions and carboxyl groups
in the polymer chains. We find that the affinity increases when the gel is in a
collapsed state and the affinity becomes weaker when the gel is in a swollen state.
The dependence of the affinity on the pH value is also obtained. Based on the result,
we propose a procedure for using this kind of gels in the applications, i.e. purifying
drinking water or recycling the metal ions from the waster water of dicarded mines.
In conclusion, in the last chapter and this chapter, we have demonstrated a
generic method of selective molecular absorption and recovery using polymer gels.
The method will be applied to various target molecules and will be of use in cleaning
toxic waste or the recovery of precious molecules diluted in solutions.

Chapter 5
The Dependence of Swelling
Degree on the Crosslinkers
5.1

Introduction

The dependence of swelling degree on the number of crosslinkers has been studied
by many groups[Lev96]. It is found that the more crosslinkers there are, the smaller
the gel diameter is in its swollen state. The gel diameter in swollen state can be
expressed as a function of total crosslink inside the gel network through the following
relationship:
Dswollen = K * [Xlinks]- B

where Dswoi•en is the diameter of the gel in its swollen state, K and B are
constants, which depend on the composition of the gel and solvent in which the gel
is placed, [Xlinks] is the concentration of crosslinkers. Based on this relationship.,
we will be able to determine the crosslinker concentration in the gel network by
measuring the diameter. We will be discussing how to implement this property of
gels, to examine the conformational state of gels in next chapter.
In this chapter, we will reestablish this relationship and determine the constants
K and B for the specific gel we used. We will also present the new discovery that
for different kinds of crosslinkers, the efficiencies of the incorporation of crosslinkers
into the gel network are different for. The relationship of K and B versus the quality

of solvent will also be established.

5.2
5.2.1

Experiment
Gel Recipes and Sample Preparation

NIPA was used as the backbone of the polymer gel. Ethylene glycol dimethacrylate
(EGDMA) is served as one of the crosslinkers, and N,N'-bis(acryloyl)cystamine
(BAC) is the other crosslinker. The structures of the chemicals are shown in figure
5-1.
CH 2 = CH

CH 2 = C-CH3
I
CH= CH 2
0

O

NH

CH 3 - CH-- CH 3
NIPA

o
%C

CH
I 2

O
I
CH 2
I
CH 2
o

CH 2
S
S
I
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CH 2

CH 2= C-CH3

NH

O
EGDMA

CH 2 = CH
BAC

Figure 5-1: The chemical structures for N-isopropylacrylamide (NIPA), Ethylene
glycol dimethacrylate (EGDMA), and Bis(Acryloyl)cystamine (BAC). NIPA is the
monomer. and the EGDMA is a pernanent crosslink because of the two unsaturated
double bonds. BAC is used as a breakable crosslink because the disulfide bond can
be broken by reducing agents.
Gels with different BAC and EGDMA concentrations were made. The NIPA
concentration in the gels was fixed at about 7 M. The solvent used for preparing
the pregel solution was dimethylsulfoxide (DMSO). Gels with different BAC and
EGDMA concentrations are listed in Table 5.1.
Gels were prepared by a free radical copolymerization in DMSO at 60 OC. N-

NIPA(M)
Gel 1
6.9
6.9
Gel 2
Gel 3
6.9
6.9
Gel 4
6.9
Gel 5
6.9
Gel 6
6.9
Gel 7
6.9
Gel 8
Gel 9
6.9
10
6.9
Gel
Gel 11
6.9
6.9
Gel 12
Gel 13
6.9
Gel 14
6.9

BAC(mM)
0
0
0
0
0
0
5
10
15
25
35
50
70
100

EGDMA(mM)
10
20
30
50
70
100
10
10
10
10
10
10
10
10

Table 5.1: Gel Recipes for different BAC and EGDMA concentrations.
isopropylacrylamide (NIPA, Kodak), which was purified through recrystallization,
breakable crosslinkers BAC, and permanent crosslinkers EGDMA were dissolved in
a DMSO solution. The concentrations of NIPA, BAC and EGDMA were decided
according to the recipe listed in Table 5.1. After adding 3 mg of the initiator,
2,2'-AzobisIsoButyroNitrile (AIBN), to 2.5 ml of pregel solution, micropipetts with
an inner diameter of 141 pm were then put into the test tube containing the pregel
solution. The gelation took place at 60 OC controlled by a temperature bath for
about 12 hours.

5.2.2

Measurement

The measurement of gel diameters was done under a microscope with calibrated
scale. After the gelation was completed, the gel of 141 pm diameter was taken out
of the micropipet, and placed in a larger micropipet of

-

1.3 mm inner diameter.

A filter was placed in the micropipet to prevent the gel from floating away. The
gel was flushed with deionized distilled water for more than two hours so that the
unreacted monomers were washed out. The setup of the mesurement has been
demonstrated in chapter 3. The temperature was controlled by circulating water

from NesLab 111E.

5.3
5.3.1

Experimental Results
Measurement Result

Gel diameters at 10 oC, at which gels were well swollen, were measured. Figure 5-2
shows the logarithm of gel diameter as a function of the logarithm of total crosslinker
concentration in the gel. The circles are for those gels with only EGDMA, and the
square symbols are the data points for those gels with both EGDMA and BAC.
The data points almost sit on two different lines. One is for those gels with only
EGDMA, and the other one is for those gels with both EGDMA and BAC.
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Figure 5-2: The logarithm of gel diameters is almost linearly related to the logarithm
of gel crosslinker concentration. The circles are the gels with pure EGDMA and the
square symbols are gels with a mixture of EGDMA (with fixed amount, 10
mM)
and BAC. But we found here that lines are different for different crosslinkers.

5.3.2

Further Analysis of Data

From above, we have seen that the two sets of data roughly sit on two different lines.
We assume that this is caused by the fact that the efficiencies with which crosslinkers
are incorporated into the gel network are different. In order to demonstrate this
supposition, the following two procedures were checked:

1. From the data, we tried to fit the curve with the following relation,
D = K

([BAC] + c * [EGDMA]) -B

where c is a constant that stands for the efficiency of the incorporation of
EGDMA into the gel network relative to that of BAC. The c is found by
minimizing the chi-square of the data.
2. After choosing a certain c, we will check if log(D) and log([BAC] + c*
[EGDAMA]) fall into one single line.

Let the incorporation efficiency for BAC be one, and the efficiency for EGDMA
be c, then the total efficiency-calibrated concentration of crosslinkers [Xlinks] can
be expressed as:
[Xlinks] = [BAC] + c * [EGDMA]

where [BAC] denotes the initial total BAC concentration, and [EGDMA] denotes
the initial total EGDMA concentration.
The constant c is determined so that the two lines shown in Fig. 5-2 coincide.
After fitting with minimum chi-square, we found the constant c to be 0.296. It
means that BAC can be incorporated in gels 3 times more efficiently than EGDMA.
Fig 5-3 shows that after considering the efficiency effect, the relationship between
logarithm of gel diameters and logarithm of total effective crosslinker concentration
is linear. The constants K = 518.8 and B = 0.1678

'.

The relationship between the gel diameter at 10 oC and the calibrated concentration of total crosslinkers can be established using the following equation:
D = 518.8 * [Xlinks]I-1
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Figure 5-3: After fitting the relative efficiency for EGDMA, the two curves are well
sitting on the same line

where [Xlinks] is the efficiency-calibrated total crosslink concentration in the
polymer gel network, and
[Xlinks] = [BAC] + c[EGDMA] = [BAC] + 0.296[EGDMA].

5.3.3

Intuition of Assumption

We believe that the efficiency of incorporation of EGDMA into the gel
network is
smaller than that of BAC. Let's consider two monomers, M and M
1
2 (M 1 could be
NIPA and M2 could be BAC or EGDMA). They can react with each
other as shown
in the following table[PHB89].

where -M* represents a polymer chain ending in a radical derived from monomer
M. The monomer reactivity ratios r1 and r 2 are defined as
k12

r2

-,z

From the gel recipe, we know that most of monomers during polymerization are
NIPA. Therefore, at the beginning of polymerization, the efficiency of incorporation
of crosslinkers depends on the r, (ri of NIPA vs. BAC and rl of NIPA vs EGDMA).
The smaller rl is, the more efficient the incorporation is. For the same M1 ,
different M2 will lead to a different rl, and one could be 10 or even 20 times larger
than the other. We believe that the rl in the NIPA and BAC case is smaller than
that in NIPA and EGDMA case. Unfortunately, no data is available for those
monomers. In order to show that 0.296 is a reasonable number, we add more data
points to the curve we fitted. Table 5.2 shows all the gels we measured (including
those mentioned above). In order to see the result clearly, we plotted the BAC and
EGDMA concentration in the two dimension plot as shown in Fig. 5-4.
Figure

5-5 shows the relationship between log(Diameter) and log([Xlinks]),

where
[Xlinks] = [BAC]+0.296*[EGDMA]
The parameters fitted are K = 531.5 and B = 0.17595, respectively, which is not
bad when compared with the numbers we got before K = 518.8 and B = 0.1678.

5.3.4

Theorectical Calculation

Water is considered a good solvent to NIPA gel when the temperature is low. According to Flory-Huggins theory, equilibrium swelling degree in a good solvent is

Gel 1
Gel 2

NIPA(M)
6.9
6.9

BAC(mM)
0
0

EGDMA(mM)
10
20

Gel 3
Gel 4

6.9
6.9

0
0

30
50

Gel 5
Gel 6
Gel 7
Gel 8
Gel 9
Gel 10
Gel 11
Gel 12
Gel 13
Gel 14
Gel15
Gel 16
Gel 17
Gel 18
Gel 19
Gel 20
Gel 21
Gel 22
Gel 23
Gel 24
Gel 25
Gel 26

6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9

0
0
5
10
15
25
35
50
70
100
10
10
10
10
10
20
50
70
100
20
50
70

70
100
10
10
10
10
10
10
10
10
0O
20
50
70
100
0
0
0
0
20
50
70

Gel 27

6.9

100

100

Table 5.2: Gel recipes for high concentrated NIPA gel with different BAC and
EGDMA concentrations
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Figure 5-4: Gels of different BAC and EGDMA concentrations have been covered
in this experiment to demonstrate our assumption. The BAC concentrations and
EGDMA concentrations are ploted in the 2 dimension plot.
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Figure 5-5: The logarithm of gel diameter at swollen state falls in the linear
relation
with the logarithm of total efficiency-calibrated crosslinks inside the
gel network.
The relation can be expressed as log(D) = 2.7255 - 0.17595 * log([Xlinks]),
or
D = 531.5[Xlinks]-0.19595 , where [Xlinks] is calculated by [BAC]+0.296[EGDMA].
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controlled by the competition between the gel's rubber-like elasticity and the volume interactions of monomers. The free energy F(a) of the polymer in the swollen

state can be expressed as follows [Gro94] [Lev96]:

F(a) = Feiastic(a) + Fint(a)
where a = D/Do is the linear swelling parameter of the gel.
The free energy Felasti,(a) of elastic deformation can be written in the following
form:

F(a)

( 2 +±
1!/a2

when the polymer is in the swollen state, or a >> 1, F(a)

a22.

Fint(a) can be expressed as follows:
Fi,t(a)

BnoN/a•3

where B is the effective excluded volume, no is the gel number density in the
reference state (the one in which gel statistics is closest to Gaussian), and N is the
length of a subchain which is proportional to the inverse of the crosslink concentration. Note that B is in fact second virial coefficient of the monomer-monomer
interaction; in a more traditional form, B =

-v(

), where v is the molar volume of

the monomer and X is the Flory parameter that characterizes the monomer-solvent
interaction energy.
By minimizing the total free energy with respect to a, we obtain the following
equation
a

-

(noN)I/'

or the diameter is related to the concentration of crosslinkers in the following
expression
1 -- /5
D - [Xlinks]

Therefore, from the theoretical estimation, the slope of the log(D) vs log([Xlinks])
is -1/5, which is not bad comparing to the experimental result -1/6.

5.3.5

Solvent Quality Dependence

Having mentioned that the above relationship holds for temperature at 10 oC, it
is important for us to build the relationships for different temperatures. For NIPA

gels, temperature change means the change of solvent quality. As the temperature increases, the solvent becomes poorer. The NIPA gel swelling dependence
on temperature has been discussed in previous chapters. Even though the NIPA
concentration is higher for this gel, the property remains the same. The gel diameters with different crosslinker concentration were measured at different temperature,
and the same constant c = 0.296 was used to calculate the total efficiency-calibrated
crosslinks ([Xlinks]). The relationships between the logarithm of gel diameters and
the logarithm of [Xlinks] for different temperatures are shown in Fig. 5-6. Both
the slope and intercept of the curves decrease as the temperature increases (or as
the quality of solvent becomes poorer).
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Figure 5-6: The relationships between gel diameters and [Xlinks] for different temperatures. The open circles for parameter B(T) and the solid circles are for parameter K(T).
In this figure, we only plotted data for a few temperatures to demonstrate the
tendency. The constant B(T) is a measure of solvent quality. If we fit factor K(T)
and B(T) for different temperatures, we will get the results which are demonstrated
in Fig. 5-7. The solid circles stand for coefficient K(T) and the open cirles show
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data of coefficient B(T). As the temperature increases, both B and K decrease.
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Figure 5-7: B(T), a constant which depends on the solvent quality, is related to the
temperature for NIPA gels in distilled water. As temperature increases, in another
words, as the solvent becomes poorer, B(T) decreases.
From this figure, we can see that the solvent quality goes down as the temperature increases. This is certainly consistent with our general belief. We can also see
that the solvent quality does not change much in the lower temperature
range (_
from 10 OC to 30 OC), and the transition from good solvent to poor solvent becomes
much clearer around the transition temperature (, 34 "C).

5.4

Conclusion

This chapter demonstrated how the crosslink concentration affects the gel diameter.
We find that the efficiencies of incorporation of crosslinkers into the gel network
depend on the crosslinkers. For example, the incorporation efficiency of BAC can
be 3 times higher than that of EGDMA in the NIPA gel. After taking the efficiency
into account, we find that the logrithm of diameter is linearly related to the logrithm
of the concentrations of "efficiency-calibrated" crosslinkers. For the gel with NIPA
concentration of 6.9 M, its diameter is related to the crosslink concentration
as in

the following equation:

D = 518.8[Xlinks]-•
where D is the gel diameter in swollen state and [Xlinks] is the concentration of
efficiency-calibrated crosslinks. The theoretical result is also estimated by assuming
the water is a good solvent for NIPA gel at 10 OC. The theoretical calculation seems
consistent with the equation which is extracted from the experimental result.
The similar equations are also obtained for different temperatures, i.e.

D = K(T)[Xlinks] - B(T)
The coefficients K(T) and B(T) are also demonstrated in graph. We find that
B(T) decreases as the temperature increases, or in another word, the solvent quality
deceases as the temperature increases. This is consistent with our general belief.

Chapter 6
Polymer Conformation,
Homopolymer
6.1

Introduction

One of the most fundamental and important activities in the biological world is
to understand how a protein can be settled in a certain conformation, how it can
recognize molecules and how a denatured protein can go back to the original conformation (renatured state). So far no synthetic polymers have been proved to be
able to memorize the original state.
In general, we believe that there are four states for polymer. We list them as
following:
1. Polymer is swollen and can fluctuate.
2. Polymer is collapsed but can still fluctuate.
3. Polymer is collapsed and frozen into any of its degenerate states.
4. Polymer is collapsed and frozen into its unique state.
In this chapter, we will present experimental evidence to show that a homopolymer can still fluctuate even when it is in the collapsed state.

Experiment

6.2

In order to conduct this experiment, we use two different kinds of crosslinks, one is
permanent crosslink which will always act as a crosslink and the other is a breakable
crosslink which can either act as a crosslink or as two simple monomers when the
chain is broken by some chemicali

The most commonly used breakable crosslink

is bridged by disulfide bond (call S-S bond in short) which can easily be broken
into two SH groups by some reducing chemical agents such as dithiothreitol (DTT).
When any two SH groups meet each other, they can also be connected to each other
by some oxidizing chemical agents such as hydrogen peroxide and sodium bromate.
Figure

6-1 shows a polymer gel with SS bonds and the other with SH groups.

Therefore, gels with three different states will be involved in this experiment:
1. gels with all breakable bonds in the disulfide form. These components act as
crosslinks.
2. gels with some of the bonds in the disulfide form and the others in the form
of SH
3. gels with all the breakable bonds in the SH form. All these components act
as monomers.
The essence of this experiment is to start with a gel which contains all breakable
bonds in the disulfide form. Those bonds will be reduced into SH groups when
the gel is in the swollen state. The gel will then be forced to collapse so that
the diameter will be the same as that when the gel is initially made. The gel is
then treated with oxidase and to reoxidize all the SH groups, which are nearby, to
the disulfide bonds. By looking at the recovery ratio (the percentage of disulfide
bonds reformed), we are able to get information about the gel movement when it is
collapsed.
The same gel in different states (listed above) can act differently because the
crosslink concentration is different. When a gel contains fewer crosslinks, it is more
flexible, therefore, the diameter is larger.

It is intuitive and also shown in the

Break the SS bond by DTT

,i

Recombined SS bond by NaBrO 3

Figure 6-1: The polymer gel network containing breakable crosslinks. The breakable
crosslinks (bridged by disulfide bonds) can have two forms. One has the form of
disdulfide bond and the other does not. In this firgure, the open circles mean
permanent crosslinks and the S-S is a breakable bond which is bridged by the
disulfide bond. The disulfide bond can be broken into two SH groups by reducing
agents such as DTT. Two SH groups can be oxidized by oxidases such as H2 0 2 or
NaBrO3 and form a disulfide bond.

last chapter that the gel diameters in the swollen state depend on the crosslink
concentration. From the last chpater, We are able to determine the crosslink concentrations by measuring the gel diameters and therefore, determine the recovery
ratio. Figure 6-2 demonstrates how the experiment is approached. When a gel
is made, it contains crosslinks with disulfide bonds. The gel diameter is now Do
(Figure 6-2(a), the Do is 141 pm). The gel is cut into small piece of several mm in
length and then placed into distilled water. The gel diameter at its swollen state is
Doriginal which

can be measured through a microscope. The disulfide bonds are then

cut into SH groups. The gel becomes more swollen because the number of effective

crosslinks becomes less. Its diameter at this time is Dreauced (Dreduced > Doriginal).
The gel is forced to collapse by changing its external environment (such as temperature) so that SH groups have a larger chance of getting closer to each other. Then
the rexodization agents are used to reoxidize any two SH groups that are nearby.

The diameter at this time is recorded as Dreoxidized which will be smaller than or
equal to

Dreduced

and larger or equal to the Deriginal depending on the reoxidization

percentage of SH groups. From these three diameters, we are able to determine the
recovery percentage.
Figure 6-3(a) demonstrates the chemical reaction, where the disulfide bond is
reduced into two SH groups, and Figure 6-3(b) shows the reaction in which the
two SH groups can be reoxided and form a disulfide bond.

6.3

Sample Preperation

We use NIPA as the backbone of the gels. As we have mentioned before that
a gel containing NIPA undergoes phase transition through temperature changes.
EGDMA serves as the permanent crosslink, and BAC is used as the breakable
crosslink. The chemical structures are shown in chapter 5.
In order to find a polymer gel that can memorize its conformation, we should
design a polymer gel which is able to come back to its original state when the gel
is in an equilibrium state. Therefore, in designing a polymer gel, it is intuitive to
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Figure 6-2: The experiment was performed as following: (a) A gel is made in the
micropipet with a diameter of Do. (b) The gel is then taken out of the micropipet
and put into a specified environment. The gel swells and the diameter becomes
larger (Dorigina,). (c) The gel is immersed in the 0.1 M DTT solution for about
24 hours and washed with huge amount of water. Then the gel is placed into the
same specified environment as in (b). The measured diameter is called Dreduced. (d)
Change the environment so that the gel can collapse to a state with a diameter called
Dreoxidization (which was chosen to be Do). Then the gel is treated with oxidase. (e)
After a sufficient amount of time, the gel is taken out and put into the same specified
environment as (b) and (c). The gel diameter now is measured and called Dreoxidized
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Figure 6-3: Chemical reactions which lead reduction and reoxidization of disulfide
bond. (a)The chemical reaction where the disulfide bond is reduced by DTT. (b)
The Chemical reaction where two SH groups are reoxidized into disulfide bond.

think that when the gel is in some stable state, its diameter should be equal to its
original diameter Do, the diameter of the micropipet in which the gel is made. Our
goal of deciding the gel recipes is to make sure that the gel diameter is equal to Do
when it is collapsed. It is known, and it will also be shown later in this chapter
that the gel diameter, when the gel is collapsed, is related to its total monomer
concentration. Therefore, in this experiment we have to decide the concentration of
NIPA monomer. Apparently, if we use the commonly used 700 mM NIPA monomer
concentration, the Dcoiapse/Do - 0.5. and this recipe is not qualified here. We set
up a batch of gel recipes with different NIPA monomer concentration. But there
is still one problem: other than monomers, the right solvent should be chosen. We
realize that when NIPA concentration is higher, using H2 0 will lead to the phase
separation[Mic94].

Therefore, in making highly concentrated NIPA gels, we have

to use some solvent other than H2 0. The dimethyl sulfoxide (DMSO) was chosen
as the solvent. Recipes with different amounts of NIPA are listed in table 6.1.
The procedure of preparing gels will be discussed later. In Figure 6-4 we have
the gel diameter as a function of NIPA concentration. Through interpolation, the

Gel
Gel
Gel
Gel
Gel
Gel
Gel
Gel
Gel

1
2
3
4
5
6
7
8
9

NIPA
84%
80%
75%
70%
65%
50%
30%
20%
8%

Table 6.1: Recipes of NIPA gel for different NIPA concentration
amount of NIPA is chosen to be 69% by weight, which is about equivalent to 6.9 M
in concentration.
Poly(NIPA) gel was prepared by free radical copolymerization of N isopropylacrylamide (NIPA, 1.95 g), Ethylene glycol dimethacrylate (EGDMA, 4.7 L), and
N,N-bis(ACRIYLOYL)cystamine (BAC, different amount depending on the recipe).
0.805 mL of DMSO was added, and the solution was heated to about 60 'C to dissolve the chemicals. Finally 3.3 mg of 2,2-Azobisisobutyronitrile (AIBN) was added
as an initiator, and the gelation took place at 60 OC about 12 hours. After the gels
were taken out of the micropipets, they were put into vials and washed for about
48 hours.
The DTT solution was used for reducing the disulfide bonds. The DTT powder
was produced by Mallinckrodt Chemical, Inc., and it was packed under Argon gas
environment.

After DTT was acquired, it was placed in the refrigerator.

DTT

reacts with oxygen, it will become ring structure and lose its function. Therefore,
before we made a DTT solution, we first degassed the deionized distilled water to
be used for about 2 hours and filled it with Argon gas. After degassing and filling
with Argon, the water was used to prepare the 0.1 M DTT solution.

6.4

Measurement

Two ways of implementing this experiment are listed as following:
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Figure 6-4: The diameter of a gel at its collapsed state is a function of total monomer
concentration. For the NIPA gel, the more concentrated the monomer is, the larger
the diameter is. When the concentration of NIPA is around 69% (equivalent to 6.9
M), the Dcollapsed/Do is about 1.

1. First method: In this method, we did int:, specifically trace the same gel, but
instead we measured the swelling curve for an "original" gel, and then we used
another gel to measure the gel swelling curve for "reduced" and "reoxidized"
diameters. We put many prepared "original• gels into the prepared DTT
solution for more than one day to make sure all the disulfide bonds were
reduced. These gels were used as "reduced" gels and their swelling curves
were measured. After that, we let the gel collapse at high temperature and
flush the gel with NaBr03 to reoxidize it and then measure the swelling curve
for the "reoxidized" gel. We measured the swelling curve for another gel which
is not reduced. These two gels are not the same, but different ones from the
same batch. We believe this is correct because the gels from the same batch
should have little difference. This is the method we used to collect all the
data.
2. Second method: In this method, we used the same gel. The swelling curve
for an "original" gel was first measured. After that, the gel was flushed with
20 mL of 0.1 M Argon gas treated DTT solution for 24 hours to reduce the
disulfide bonds. The pharmacia LKB Pump P-1 was used so that we can
circulate the DTT solution. The diameter of "reduced" gel was measured
after the gel was washed thoroughly. The gel was then collapsed by increasing
the temperature and treated with NaBrO;: for more than 15 hours. The gel
diameter Dreoxidized was thenl recorded after the gel was well washed.
The results measured by both methods are consistent. Therefore. we are confident; of the first method mentioned. which is easier and faster.
The setup for this measurement, is same as the one we used in chapter 3. As
we just mentioned. the swelling curve for the "original" gel was first measured
and then swelling curve of another gel which had been treated with DTT was
measured.

The gel was then collapsc-d at high temiperature (45

with 2 weight percent of NaBrO:;

solutlion for .5 ho-urs.

0C)

and treated

The swelling curves of

"original),. "reduced". and "reoxidized" gels ar, ,shown in Figure 6-5. The swelling
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Figure 6-5: Swelling behavior for "original" (when the gel was not treated with DTT
solution), "reduced" (After the gel was treated with DTT solution) and "reoxidized"
gels. All three gels collapse at high temperature and swell at low temperature. The
swelling curves of "original" and "reoxidized" gels show very little difference, which
means that the reoxidization ratio is almost 100%.

curves of "original" and "reoxidized" gels show very little difference, it means that
almost 100% of SH groups were reoxidized to disulfide bonds. This means that
almost every SH finds its partner. From the theoretical point of view, we believe
that the reason why every SH can find its partner is that when the homopolymer
gel is collapsed, the internal network can still fluctuate around and meet a partner.
Further experiments which we will discuss later also support this assumption.
Let us now present a method for calculating the recovery ratio from diameter
information such as

Doriginal, Dreduced

and Dreoxidized.

As we have discussed in chapter 5, the gel diameter at 10 OC is related to the
crosslink concentration as in the following expression:
D

K * [Xlinks]- B

(6.1)

Where K and B are constants for a specific temperature. The recovery ratio of SH
groups in the gel can be calculated as:

R-

[BAC]reoxid•zed - [BAC],educed
[BAC]original - [BAC]reduced

(6.2)

Also, the following equations hold for this specific gel.
[Xlinks]reoxidized = [AC']reoxidized + 0.296[EGDM A]
[Xlinks],rd,,ced = [BAC]redu+ed + 0.296[EGDMA]
[Xlinks]original

[=
BAC]origina, +

0.296[EGDMA]

Where the [Xlinks] is the total efficiency-calibrated crosslink concentration, and
[EGDMA] is the EGDMA concentration, which doesn't change no matter the gel is
"original", "reduced" or "reoxidized".
Therefore, equation 6.2 can be rewritten as:
[Xlinkls]rr,oxidizd - [X links'ir.dued
If we hane
t he quaio
[6.
X Iirnks]original
- [Xiinks reduced

If we change the equation 6.1 to the following form:

(6.3)

(6.3)

1
[Xlinks] - (D/K)
/'B,

then the recovery ratio can be calculated from the diameters:

R = (K/Dreoxidized)/B - K/(Dreduced)l1/B

(6.4)

This can be expressed as
R

-

Doriginall B (Dreduced i/B 1

Dreoxidized

DreoxidizedlB
B)6.5
/B)
(Dreduced1B- Doriginal

(6.)/B

The B we solved in last chapter for that specific gel is about 1/6. One may
notice that the gel we used in the last chapter is exactly the same one as we are
discussing in this chapter. Therefore, we can use the number B = 1/6 that we
obtained in the last chapter.
The reoxidization kinetics was measured based on equation 6.5. Figure

6-6

shows the recovery ratio as a function of reoxidization time. As the reoxidization
time was increased, the recovery ratio became larger and when the time was beyond
10 hours, 100% of SH groups were reoxidized.
From this measurement, we found that the recovery time is almost indifferent
to the permanent crosslink concentration. This is believed to be incorrect intuitively. Let us take an extreme case in which the permanent crosslink concentration is
extremely high so that even when the disulfide bond is reduced, the two SH groups
remain close to each other because of the constraint from the permanent crosslinks.
Therefore, the reoxidization time should be very short because SH groups do not
waste time in finding a partner. But we believe that the difference between permanent crosslinks of 10 or 30 mM is small.
Theoretically, if we believe that any SH group will find a random partner by
fluctuation, the following should hold:
dC = -KC

2

dt

where K is a constant, and C denotes the concentration of SH groups. After
changing its format, we get
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Figure 6-6: The kinetics of recovery for gels with different permanent crosslink
concentration. The recovery time for different permanent crosslink concentration
seems to be almost the same.

dC =-Kdt

This equation can be easily solved, and
I= Kt
C-

Ko

where K0 is a constant, which should satisfy -o= K

0+ K

or,
K0 Where Co is the initial concentration of SH groups. Therefore, we get
C C= CoKt+l

The recovery ratio is defined as
R= CO-C
Co
Therefore, the recovery ratio can be calculated and it can be expressed as
R

CoKt

We found that this equation didn't fit the experimental data very well. Figure
6-7 shows the experimental data and the fitted curves.
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Figure 6-7: The experimental data for reoxidization kinetics and the fitted curve
with the function R = CoCoKt
Kt+l "

Based on the curve trend and the discussion we just had, we believe that the SH
groups separate when the gel is swollen, and after the gel is collapsed, the same two
SH groups tend to go to the region around its original place and fluctuate around
there. Most of the cases, SH groups find their original partners.
Figure 6-8 shows how the disulfide bond is reduced, and after the gel is swollen,
these two SH groups separate. After the gel collapses again, the two SH groups
fluctuate around their original region where they were when the gel was made. The
big sphere stands for the region where they were when the gel was made and the
two small spheres are the regions where they will fluctuate around after the gel is
collapsed. These two small spheres overlap each other around that original region
so that they have a good chance of finding each other and forming a disulfide bond.
Based on this assumption, the following equation should hold,

dC
dt

=-KC
-KC

where K is a constant and C denotes the SH concentration. After we solve this
equation, we get

Figure 6-8: After the disulfide bond was reduced, the two SH groups separate as the
gel is swollen. When the gel collapses again, these two SH groups tend to fluctuate
around their original region. The large sphere stands for the original region where
they were when the gel was made. The two small sphere stands for the regions
where they can fluctuate around when the gel collapses.
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Figure 6-9: The experimental data for reoxidization kinetics and the fitting curve
with the function R = 1 - e .
C = KoeKt

where Ko is a constant. This equation has to satisfy the initial condition, ie.
C o = KoeK(O)
We get K 0 = Co

Finally, the recovery ratio can be calculated as following:
R= C-C
Co = 1-e e

Where 7 is a characteristic time, and
experimental data very well. Figure

T

= 1/K.

The equation can fit the

6-9 shows the data points and the fitted

curves. Therefore our belief that most of SH groups will fluctuate around their
original region when the gel is collapsed seems reasonable.

6.5

Conclusion

The movement of polymer gels is studied in this chapter. The recovery ratio of
SH groups into disulfide bonds is calculated from the SH group concentrations
84

when the gel is "original", "reduced" and "reoxidized". In this chapter, we use
the relationship between the gel diameter and the crosslink concentration, which is
obtained in the last chapter, to calculate the recovery ratio. This is an indirect way
of measuring the "recovery" ratio.
It is found that the polymer chains fluctuate in the polymer gel network when
the gel is in the collapsed state. The kinetics of recovery is also studied.

Chapter 7
Randomly Distributed SH groups
7.1

Introduction

In the last chapter, we discuss the phases of homopolymer gels by using breakable
covalent bonds as crosslinkers. Through that experiment, we found that in the
homopolymer gel, the polymer network still fluctuates around when it is collapsed.
We believe the 100% recovery of disulfide bonds is caused by random fluctuation
of SH groups. We believe that it does not result from the conformation memory,
and the argument we presented is that, in theory, we know that there is no single
freezing state. In this chapter, we will implement an experiment by using randomly
distributed SH groups, instead of paired SS groups, at the beginning, to examine
this issue.
In order to implement this experiment, we have to solve two problems. These
two problems are listed as following:
1. Monomers with SH groups are not available because SH groups are relatively
active and they will affect the polymerization. Therefore, gels with initially
randomly distributed SH groups can not be made from monomers with free SH
groups. Then how can we make a gel with randomly distributed SH groups?
2. Assume we are able to make a gel with randomly distributed SH groups at the
beginning, how can we measure the reoxdization percentage? In last chapter,

we implemented a method which uses the difference among diameters for
gels in the "original" form (corresponding to 100% SS bonded), "reduced"
form (corresponding to a state of 100% SH groups) and "reoxidized" form
(corresponding to a state of certain percentage of SS bonded and SH forms).
The measurement can be done because we know the diameter when the SH
groups are 100% paired and in the SS forms. In this experiment, we will
not have that kind of information because the gel was made while SH groups
are not paired, we have no information about the diameter when all the SH
groups of gels are 100% paired together in SS forms.
In next section, we deal with how to directly measure the SH groups in a gel
network. After that, we will discuss how to make a gel with randomly distributed
SH groups.

7.2

Measuring SH groups in Gel Network

In proteins and other biological systems, the introduction of Ellman's reagent, 5,5'dithiobis(2-nitrobenzoic acid) (DTNB) is a standard procedure for measurement
of free thiols. Fig. 7-1 shows that the reaction take place when DTNB was added
into solution with free thiols, and the final product 2-nitro-5-thiobenzoate anion
(TNB) is created. The concentration of TNB in the solution can be determined
through light absorption using a spectrophotometer.
In the measurement, the following two major problems should be considered.
1. effects of pH:
When the pH of the solution is high, the three reactions illustrated in figure
7-2 will take place. When the pH is very high (with 0.01-0.14M of sodium
hydroxide), the reaction (a) will happen. When the hydroxide ion is diluted
(in - 0.005 M NaOH solution), reactions (a)-(c) will take place.
DTNB reacts with the conjugate base (R-SH) of a thiol. The rate of the
reaction is therefore dependent on the pH and on the pKa of the thiol group.

NO

SH

'f+
` "S....
/

Qe

SH

NO :

1I~j
OOCNB

TNB

DTNB

Figure 7-1: 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) reacts with free thiols and
produce 2-nitro-5-thiobenzoate anion (TNB), whose concentration can be determined by light absorption.
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Figure 7-2: The high pH solution will affect the measurement. When the pH is very
high (with 0.01-0.14M of sodium hydroxide), the reaction (a) will happen. When
the hydroxide ion is diluted (in - 0.005 M NaOH solution), reactions (a)-(c) will
take place.

Based upon the above analysis, it is very important to measure the concentration of SH groups in a buffer solution. The buffer was prepared by diluting
the mixture of 72 mL of IM K2 HPO 4 and 28 mL of 1M KH 2 PO 4 to 1 L by
adding distilled water. 0.5 mM EDTA was also added to the solution. The
pH of this buffer is 7.2.
2. Sensitivity of Thiol to Oxygen:
The oxidation of thiols by molecular oxygen is catalyzed by traces of transition metal ions. Titration of thiols by DTNB is affected by oxygen in two
ways. First, TNB 2 -, which is produced in the titration, may be reoxidized to
DTNB, hence causing a decrease in absorption with the time. Second, cysteine residues may be oxidized prior to reaction with DTNB. The buffer used
in this experiment was therefore deoxygenated first. The deoxygenation was
done by repeatedly pumping and filling the buffer with argon. The oxygen
effect during measurement will be discussed later.
Based on Beer-Lambert Law, the concentration of an analyte can be measured
through the light absorption. Beer-Lambert law can be expressed as:

Itio = 10-ec = t
or,

A = e c* l = log(lo/It)
Where,
e = absorption coefficient
c = concentration of analyte
1 = length of absorption path
t = transmittance
A = absorbance

This Law states that the absorbance of a given sample is proportional to the
concentration of the analyte for a given absorption pathlength at any given wavelength.

Thus, if a sample with concentration c produces absorbance A, then a

sample with concentration 2c will produce absorbance 2A. The absorbance reading

(i.e. photometric value) is a measure of the amount of light absorbed by the analyte
under specified conditions.
Figure 7-3 demonstrates the optical system of the Model U-2000[Hit01].
Broad spectrum energy emitted from the light source is directed through the
entrance slit into the monochromator. The grating (G) disperses the energy into
monochromatic light which passes through the exit slit. The beam sent from the
monochromator passes through the filter (F), is reflected by the toroidal mirror
(M2), and is then separated into a reference beam and a sample beam by the half
mirror (HM).
The two beams which have passed through the sample compartment are then
focused by lenses onto the detectors (Dl and D2) where they are converted into
electric signals.
The absorption coefficient of TNB 2- in the 0.1 M Kpi buffer solution with 0.5
- . The cysteine was used to calibrate and make sure the
mM EDTA is 14140 cmr

system works fine. The following numbers were used to calculate the measured
concentration from the absorption.
S = 14140crn- 1
1= 1cm
Figure 7-4 illustrate the result of measurements. The following two reasons may
explain why the slope of the line in figure 7-4 is not one (- 0.85):
1. The real weight of cysteine may be different from the weight which was recorded. Because the cysteine is a salt, which is able to sbsorb moisture from the air.
During the weighing process, moisture was also recorded as cysteine weight.
2. The absorption coefficient for this buffer has a broad range in literature. The
14140 might not be correct. By using E - 12019 will provide exactly a slope
of 1.
Beyond the reasons we discussed above. we noticed that the linearity of the
curve is very good. Actually, it is the relative absorption that we are interested in.

lamp

WI lamp

D2

D1

Figure 7-3: The Model U-2000 spectrophotometor optical system. Broad spectrum
energy emitted from the light source is directed through the entrance slit into the
monochromator. The grating (G) disperses the energy into monochromatic light
which passes through the exit slit. The beam sent from the monochromator passses
through the filter (F), is reflected by the toroidal mirror (M2), and is then seperated
into reference beam and sample beam by the half mirror (HM). The two beams
which have passed through the sample compartment are then focused by lenses
onto the detectors (Dl and D2) where they are converted into electric signals.
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Figure 7-4: The measured SH concentration as a function of real SH concentration.
The cysteine was used as a solution to test the method.
Therefore, the method can provide us with a very good measurement of recovery
ratio.
The effect of oxygen was also determined.

Figure

7-5 shows the difference

between measured concentrations at time zero and time one (hour). From this
figure, we are pretty confident to say that in this buffer, the effect of oxygen is
not very noticeable. Therefore, the complicated deoxygenated environment can be
avoided.

7.3

Synthesize chemicals of SH groups

In order to have gels which have randomly distributed SH groups in the network,
we must have some monomers having SH groups at the beginning. But unfortunately, because the SH group is relatively active, it is very difficult to prepare the
monomer bearing free SH group. The free SH group may also affect the polymerization. Therefore, the chemical with protected "SH" groups was prepared, namely
0

N-(2-S-Acethylthio)ethylacrylamide
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Figure 7-5: The effect of oxygen is determined by measuring the absorption for
the same sample at different time. The absorption reduces a little after one hour
exposure to the air. but apparently it is acceptable.
this thesis. The chemicals used in synthesizing SAC and the reaction process are
demonstrated in Fig. 7-6. The procedures are as follows:
1. Synthesis of N-(2-chloroethyl)acrylamide: 14 ml of triethylamine (TEA) was
added to a suspension of 5.8 g of 2-chloroethylamine monohydrochloride in 80
ml CH 2C12 . After stirring at room temperature for 15 minutes, the reaction
mixture was cooled to 0 OC. A solution of 4.07 ml acryloyl chloride in 30 ml
CH 2 C 2 was added over a period of 1 hour. The reaction mixture was kept at
0 oC for 5 hours. Usual work-up gives us 6.0 g of N-(2-chloroethyl)acrylamide
(89% yield).
2. Synthesis of N-(2-S-Acethylthio)ethylacrylamide(SAC): To a solution of 6.7
grams of N-(2-chloroethyl)acrylamide in 20 nil HMPA was added Potassium
thioacetate ( KSAc) (6.8 g, 60 ml) by small portion during 30 minutes at
0 OC. Let the reaction mixture warm to room temperature and keep it at
that temperature for 2 hours. Usual work-up afforded N-(2-Acetylthio)ethylacrylamide as a pale yellow solid.
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Figure 7-6: The reaction which leads us to the monomer with SAc at the end. (a)

(b)

3. NMR spectrum confirmation: The synthesized chemical was confirmed by 1 H
NMR.
With the chemical SAC, we are able to obtain NIPA gels with randomly distributed SAc groups, and NIPA gels with randomly distributed SH groups can be
obtained by hydrolyzing the NIPA gels with randomly distributed SAc groups. The
hydrolysis is done in the 1 M sodium hydroxide solution. The detail will be discussed
later in next section.

7.4

Gel Preparation

Two different kinds of gels were prepared, gels with randomlny distributed SH groups
and gels with disulfide bonds from which the paired SH groups can be obtained by
reducing the S-S bonds. Gels with randomly distributed SH groups are introduced
to further examine the fluctuation we claimed in t he last chapter. The purpose
of making gels with initially paired disulfide bonds is two-fold.

First, by using

Gel 1
Gel 2
Gel 3
Gel 4
Gel 5
Gel 6
Gel 7
Gel 8
Gel 9
Gel 10
Gel 11
Gel 12
Gel 13
Gel 14
Gel 15

BAC (mM)
0.040
0.080
0.160
0.240
0.320
0.480
0.640
0.751
1.503
3.006
6.012
20.12
38.61
101.73
206.94

Table 7.1: Gel Recipes
the new method we introduced in this chapter, we further check the method we
discussed in the last chapter. Second, we can measure very low concentrations of
SH groups by introducing the new method and check the recovery ratio when the
thiol concentration is very low.
There were two steps in preparing randomly distributed SH groups. First, gels
were prepared with monomer SAC. Then, the gels were treated in 1 M NaOH
solution for hydrolysis and the SAc groups were hydrolyzed to SH groups.

7.4.1

Preperation of Gels with SAc Groups

The gel recipe is basically similar to the ones discussed in last chapter. The NIPA
concentration is fixed at 6.9 M, and SAC concentration varies from 40 pM to 200
mM. The EGDMA concentration is mostly fixed at 10 mM. All the SAC concentrations are listed in table 7.1.
When the thiol concentration in the gel network is high, we need only relatively
small amounts of gel to measure thiol concentration precisely. But when the thiol
concentration in the gel network is low, it is not easy to measure it precisely because
the instrument has a low threshold. The way to measure it, comparing to the one

with high thiol concentration, is to put more gels in a smaller amount of solution so
that the solution contains a higher concentration of analyte. Therefore, there were
two different ways to prepare gels, the way to prepare gels with high concentration
of thiols and the way to prepare gels with low concentration of thiols.
1. Gels with more than 700 pM of SAC were made in the pipetts
The gel was prepared by free radical copolymerization of NIPA. The recipes
are almost the same as the ones discussed in the last chapter. Poly(NIPA)
gel was prepared by free radical copolymerization of N isopropylacrylamide
(NIPA, 1.95 g), Ethylene glycol dimethacrylate (EGDMA, 4.7 pL), and N,Nbis(acryloyl) cystamine (BAC, different amounts depending on the recipe).
0.805 ml of DMSO is added, and the solution is heated to about 60 oC to
dissolve the chemicals. Finally 3.3 mg of 2,2-Azobisisobutyronitrile (AIBN)
was added as an initiator, and the gelation took place at 60 OC for about 12
hours. After the gelation, the test tubes were broken. After the gels were
taken out, they were put into a vial filled with water. The vials were put into
the refrigerator (around 4 OC) so that the gels can swell more easily. After
the gels were fully swollen, the pipets containing gels were taken out and cut
into pieces of same length (1.5 cm), and then the glasses were broken.
After the gels were made and taken out of the pipets, all gel networks have
randomly distributed SAc groups. they were treated in 1 M sodium hydroxide
for hydrolysis so that all the SAc groups would be converted into SH groups.
Figure 7-7 shows how the SAc groups are hydrolyzed to SH groups.
Gels were washed with water first and treated with 0.1 M Kpi solution for efficient washing, and then washed with water again for several times. The time
for complete hydrolysis was also determined. Figure 7-8 shows the hydrolysis
kinetics. From this figure, we can conclude that 6 hours of hydrolysis should
be enough for converting all SAc groups to SH groups in the gel networks.
After gels were hydrolyzed, water was added to each gel so that gels weighed
2.5 g total, and 4 mL 0.1 M Kpi with 5 mM DTNB was added into each
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Figure 7-7: This reaction converts SAc groups into SH groups.
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Figure 7-8: The kinetics of hydrolyzing SAc groups into SH groups. From this
figure, we can conclude that 6 hours of hydrolysis is enough
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Figure 7-9: The absorption vs the SAC concentration in the gel network. Their
linearity seems very good.
gel. The resulting suspension was stirred for one hour and the solution was
used to measure the absorption. The result of this measurement corresponds
to the total amount of SH groups in the gel network. Figure 7-9 shows the
relationship between absorption and SAC concentration in the gel network.
From this figure, we can conclude that the linearity is very good.
Gels were collected after the measurement and treated with 100 mM dithiothreitol (DTT) solution for more than 24 hours. After gels were completely
reduced, they were washed with water 10 l;irmes. Gels were then crushed into small pieces and put into a high temperature environment (45 OC). After
the gels were completely collapsed, they were transferred into a 2% sodium
bromate solution at 45 oC for reoxidation. The reoxidation took place for 10
hours. The gels were then washed with water, and the absorption measurement was done.
2. Gels with less than 700 izM of SAC were made in a test tube
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Figure 7-10: The absorption vs the SAC concentration in the gel network. Their
linearity seems very good.

Gels were made in bulk when the SAC concentrations were low. If the amount
of SAC in the gels, or after hydrolysis, the amount of SH groups, is too small,
the amount of SH groups is hard to detect precisely. One way of solving
this problem is to use a large amount of gel and put it into a small amount
of solution so that the concentration of SH groups in the solution is larger.
Therefore, instead of making the gels in the micropipets, we made gels in
test tubes directly. The preparation procedure is basically same as the one
mentioned above but without putting micropipets into the pregel solution.
After the gels were made, the test tubes were broken and the gels were put
into vials and kept in the refregirator so that they will swell more quickly.
After gels were swollen, they were crushed into small pieces and hydrolyzed in
1 M NaOH solution for 6 hours. Gels were then washed very throughly and the
weight of each gel was fixed at 25 g by adding water. Into the gel suspension
was added 10 ml of 5 mM DTNB buffer solution. The resulting suspension
was stirred for one hour and the solution was used for determining the thiol
100

concentration. Figure 7-10 shows how the measured absorption relates the
real thiol concentration ( concentration of SAC) in the gel network.

The

linearity is very good considering the measurement error.
The gels were recycled and treated with 100 mM dithiotreitol (DTT) for more
than one days. After the gels were washed thoroughly, they were reoxidized at
45 'C with 2% sodium bromate solution. Thiol concentrations for reoxidized
gels were then measured.

7.4.2

Preparation of Gels with Initially Paired Disulfide
Bonds

The procedure of preparation of gels with initially paired disulfide bonds is similar
to the one discussed above. The only difference is that the concentrations of BAC
are about half of that of SAC.
The NIPA concentration is fixed at 6.9 M, and BAC concentration varies from
20 /IM to 100 mM. The EGDMA concentration is fixed at 10 mM. The different
concentrations of BAC are listed in table 7.2.
The way to prepare gels is the same as above. Gels with lower concentrations
of BAC were made in test tubes, and otherwise, gels were made in micropipets.
After gels were made, they were first treated with 100 mM DTT for more than one
days so that all the paired disulfide bonds were reduced to the SH groups. The
procedures after the reduction are same as those discussed above. The linearity of
absorption and the BAC concentration is checked and they fall very well on the
linear line.

7.4.3

Result and Discussion

The concentrations of SH groups in gels were measured before and after the gels
were reoxidzed. Denote the concentration of SH groups in gel network before reoxidization co and after reoxidization cl. The recovery ratio (denoted as R) can be
calculated by R = ---.
C0

Figure 7-]i shows the recovery ratio as a function of BAC
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Gel 1
Gel 2
Gel 3
Gel 4
Gel 5
Gel 6
Gel 7
Gel 8
Gel 9
Gel 10
Gel 11
Gel 12
Gel 13
Gel 14
Gel 15

BAC(mM)
0.020
0.040
0.080
0.120
0.160
0.240
0.320
0.568
1.152
2.304
4.455
11.06
20.12
50.08
100.00

Table 7.2: Gel Recipes
concentration. Not surprisingly, the result is consistent with the one we obtained
in chapter 6. The recovery is 100% even when the BAC concentration was as low
as 292 uM.
The result demonstrated in figure 7-11 brings up a question. The 100% recovery
is caused by random fluctuation of SH groups, or by the localization of the paired SH
groups. Therefore, we studied the recovery ratio for gels with randomly distributed
SH groups. Figure 7-12 shows the recovery ratio as a function of SAC concentration.
The recovery ratio was about one even though the SAC concentration was as low as
750 pM. From this result, we can conclude that the fluctuation region of SH groups
in the gel network is very large, and this fluctuation can allow two SH groups find
a partner to form disulfide bond in a large region.
If the fluctuation causes the 100% reoxidization of SH groups, then will the
recovery ratio of SAC gels decrease when the SH concentration in gel is very low?
Imagine, if there are only two SH groups in the gel network and they are faw
away from each other, can they meet?

Therefore, the bulk gel experiment was

implemented to measure the recovery ratio for low BAC and SAC concentration.
Figure 7-13 shows the recovery ratio for BAC and SAC gels. The cirles stand for
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Figure 7-11: The recovery ratio as a function of BAC concentration. The recovery
is 100% even when the BAC concentration was as low as 291 pM.
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BAC gels and the square symbols stand of SAC gels. In this figure, the horizontal
axis is the SH concentration, meanwhile every BAC has two SH groups.

This

figure shows that the BAC gels have a 1007%0 recovery in SH groups, even when
the SH concentration is as low as 40 pM, while the SAC gels have a decreased SH
recovery after the SH concentration is very small ('

300 /uM). This leads us to two

conclusions:
1. The NIPA gel fluctuates when it is collapsed. Its fluctuation region can be
estimated. Figure 7-13 shows that the SAC gels have almost 100% recovery
in SH groups when the SH concentration is larger than 400 pM. The recovery
ratio is about linear within the range from 0 to 400 pM. Therefore, D3
400,uM * 6 * 1023

_

*

1. From this, we are able to conclude that the fluctuation

degree when the gel is in the collapsed phase is about 160 A.
2. The recovery ratio of SH groups for a. gel with originally paired SH groups is
1 even the SH concentration is as low as 20 pM. Therefore, we can conclude
that the polymer chain fluctuate around when the gel is in the collapsed phase,
but because of the constraint from the crosslinkers, the original neighboring
polymer chains will still fluctuate next to each other. In the case of gels with
originally paired SH groups, the SH groups are guaranteed to have a partner
in its fluctuating region.

7.5

Conclusion

In this chapter, we introduce a new method to detect the SH group concentration.
A new gel with randomly distributed SH groups are made. We are able to further
support our claim that the polymer chains fluctuate when the homopolymer gel is
in the collapsed state. From the reoxidization ratio in randomly distributed SH
group NIPA gel system, we further estimate the fluctuation dimension is about 160
A.
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Figure 7-13: The recovery ratio as a function of SH concentration. The recovery
is 100% until the SH concentration is less than 400 YLM. The recovery ratio of SH
groups is roughly linearly related to the SH concenutration when the concentration
is low.
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