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Abstract

In recent years, much study has been done on polymer gels. However, there are still
many important questions that need to be answered. One of these is whether or not
ionic bonds can be used to crosslink polymer chains within a gel structure. Another
question is whether or not gels are capable of “remembering” a particular arrange-
ment of molecules that they have been set up in (molecular imprinting). We tested
for crosslinking and imprinting by using chelation of magnesium ions in acrylamide
gels. We also studied the phase behavior of gels that are synthesized at very high
monomer concentration. Three different tests were conducted. The results of these
are discussed, along with possible followup experiments.

Thesis Supervisor: Toyoichi Tanaka
Title: Physics Professor



Chapter 1

Introduction

Gels are structures that have properties of both liquids and solids. All gels have two
basic components. The first is a network composed of polymer chains. This gives
the gel some solid properties and helps it maintain cohesion. The second component
of a gel is the solvent. This fills the space between polymer chains and gives the gel
liquid properties. Figure 1 shows a diagram of the structural arrangement of a gel.

With this combination of liquid and solid components, gels have many interesting
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Figure 1 Structure of a polymer gel.
Potymer chains are linked tagether
and iminersed In a liquid medium

properties and applications.
In nature, gels occur in many places. In the human eye, both the cornea and the
vitreous humor are gels. The synovial fluid found in human joints is also a gel; despite

the use of the term “fluid,” there is a lattice of fibers that keeps liquid localized in the



joint. This lattice is permeable to other substances, however, allowing for transport
of materials necessary for maintenance of the body.

Gels are also used in the industrial market, Because they have pores whose size can
be controlled, they are a valuable tool in electrophoresis. This technique determines
particle size by measuring distance traveled through a porous mediumn while under
influence from an outside stimulus (usually electrical). The ability to control pore
size of the gel is very useful in making measurements such as this. There are also
applications using gels as vectors for the time-release of drugs.

A property of gels that has not yet been fully exploited is their ability to undergo
discontinuous volume changes in response to changes in their environment, This
behavior is similar to that exhibited by muscle cells, and thus it is conceivable that
artificial muscles could be constructed when gels become sufficiently well understood.

Characteristics of gels are determined by the composition of and interaction be-
tween the polymer chains that form the gel network and the solution that the gel sits
in. There are a large number of different polymers and solutions, and thus there is
a great amount of variety among gels. Physically, they can range from nearly liquid
plastic solids. Chemically, there are many different ways for polymers to bind into
‘chains, many ways to crosslink these chains, and many for this crosslinked to interact
with the gel solvent,

Because of the different possibilities for gel composition, there are a number of
different properties that gels can have, As an example, gels will undergo a discontin-
uous volume transition under certain conditions. Depending on the gel, this change
may be brought about through changes in temperature, pH, ion concentrations in
either the gel or the solution, or introduction of an electric current in the solution.
Gels may be affected by one or many of these factors.

Although gels have been known to exist for several decades, it has been only in
the last 20 years that they have become the focus of serious study, There are many
things that are still not known about them, however,

For instance, it is known that ionic bonds can be used to hold polymer chains

in a network, but it is still not known whether or not ionic bonding such as a Mg



chelation site between monomers is strong enough to be the sole crosslinker in a
gel. (A chelation site is a binding site for contains a metal ion in a ring or ring-like
structure) This should be detectable through the gels responses to external forces.

Another topic still not completely understood is the concept of inolecular imprint-
ing. Molecular imprinting is the ability to force gels to remember a given physical
arrangement through the use of the appropriate starting conditions. It, too, may
be related to chelation sites., This characteristic should also be detectable through
observing gel responses to external forces.

Three experiments testing for the existence of these phenomena are described and

the results are given. Data for the construction of very high concentration ( 84%)

NIPA gels is also presented.



Chapter 2

Mechanics of Polymer Gels

In order to understand the properties of gels, it is important to understand their
underlying mechanisms. Gels are influenced by three forces: rubber elasticity of
polymer chains, polymer-polymer interaction, and hydrogen ion pressure,

Polymer chains each have a certain elasticity, or stretchability, Like springs, they
to have a rest length. Any attempt to distort them to a different length will result in
a force that will tend to restore them to their rest length, Deformations in polymer
‘chains are chiefly caused by simple thermal motion of the individual links in the
chain (monomers). Every monomer has a certain energy associated with it at a given
temperature, and as a result will undergo random thermal motion. As temperature
increases, the average thermal motion for each monomer will also increase. As each
monomer'’s motion increases, there will be an increasing tendency to deform the chain,
and the elastic restoring force will come into play. This means that the this force is
temperature dependent,

The second force that affects gels is the interaction between polymer chains. This
force is unidirectional; it will either act to expand or to contract the gel, but not both,
Pressure is dependent on the solvent that the gel is in, and on the kind of monomers
that are in the polymer chains, If the monomers are such that they attract each
other, then the polymer-polymer interaction force will tend to shrink the gel. Some
examples of this are oppositely charged ion groups incorporated into the polymer

chains, or hydrophobic molecules in water. If the molecules repel, then they polymer



force will act to expand the gel, This would include cases such as similarly charged
ions or hydrophilic molecules in water. Since th's force results from the electrostatic
interaction between pairs of molecules, it has only a very short range. Thus, when
the gel is very small, the polymer-polymer interaction is very large. As the size of
the gel increases, the magnitude of this force decreases. Unlike the other two forces,
polymer-polymer interaction is independent of temperature.

The final force at work in gels is hydrogen ion pressure. This arises from hydrogen
ions present in the solution of a gel. Hydrogen ions float freely within the boundaries
of the gel, but they cannot drift into the solution outside the gel because then the
gel would not remain electrically neutral. The strength of hydrogen ion pressure is
dependent on many factors, the most important of which is the degree of ionization of
the gel. If the gel has been ionized thoroughly, then it will have many H? jons floating
in the lattice and many sites of negative charge on the surfaces of the polymer chains.
A gel that has not been ionized at all will have zero hydrogen ion pressure. Hydrogen
pressure is also partially dependent on temperature; since the ions are essentially
acting as a gas with the gel network as the container, increases in temperature will
directly increase the pressure from the hydrogen ions. Another factor that influences
the hydrogen ion pressure is pH of the gel solution. If there are many free H* ions in
the solution, then the negative sites on the polymer chains in the gel will be bound
by hydrogen ions. More ions will be allowed to move freely into and out of the gel
lattice, and the hydrogen ion pressure will decrease.

The sum of these three pressures is referred to as the osmotic pressure of the gel,
This is a useful measure, because the gel will always tend towards an equilibrium
volume where the osmotic pressure is zero. If the gel has a net positive osmotic
pressure, then it will expand. If total osmotic pressure is negative, it will contract.
There is an exception to this, however, and that is when the gel is at its critical point,
At this time, large changes in gel volume will result in only tiny changes in osmotic
pressure, or, conversely, tiny changes in osmotic pressure can result in very large
changes in gel volume. In fact, in the critical phase of the gel, infinitesimal changes

in osmotic pressure will result in finite, and often large, changes in gel volume, If one



plots, as an example, the volume of a gel as a function of temperature, there will be
a discontinuous region. Here, the gel will have negative compressability. That is, an
increase in the pressure on the gel will actually cause an expansion in the gel, This is
unstable, and the gel will rapidly move through this transition phase to a more stable
state,

Phase transitions in gels are related to their external environment, similar to
the boiling point of water being dependent on the air pressure. The size of the
unstable region in the phase transition is dependent on several factors. In fact, it is
dependent on the very same factors that affect the forces composing osimotic pressure:
ionization level of the gel, temperature, and composition of the solvent. Under certain
conditions, there will be no discontinuity at all. The gel will swell continuously from
its starting volume to its compact phase. The position at which the discontinuous
region is only the size of a single point is called the critical point of the gel. Figure 2

shows a sample phase diagram for a gel.
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Chapter 3

Ionic Bonds as Crosslinkers

One of the possible ways to link polymer chains together is through the use of ionic
bonds. This experiment was designed to test the strength of a chelation site to see if

it was strong enough to be the sole crosslinker in a gel.

3.1 Methods

- For the crosslinker, magnesium methacrylate (hereafter shown as Mg(MAA), ) was

used. A3'can be seen in Figure 3, this molecule consists of a magnesium ion bonded

H
cHy=c Acrylamige Hs ,Cth
)/c\ L= c\c Methacrylic Acid
0" NH, o’ b
H o)
CH;=C I N,N' Mathyiene-bis-acrylamide 4N = CHh HC, ’
/:c\ Ot C. CH, crylam H,c—(:\c c,c—c\ Magnesium Methacrylate
PN
Hoonon 0 b~ Mg”-d o

Figure 3 Structurat diagrams of some chemicals
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in between two methacrylate ion groups. If the two methacrylates are each bonded

to different polymer chains as in Figure 4, then it should be possible for the Mg*+

Q Mcthacrylate
lon group

Figure 4: Polymer chains compased of methacrylate monomers.
Individual methacrylate groups derive from methacrylic acid;

those with Mg derive from magnesium methacrylate. if the Mg
bom:‘tls are strong enough, they can hold an entire gel network
together

ion to act as the crosslinker holding the two chains together, Since Mg(MAA); is not
easily dissolved in water, small amounts (~ 10mM) of acetic acid or methacrylic acid
were added and the solution was ultrasonicated for approximately 1 hour, Dimethyl
sulfoxide (DMSO) was also tried as a solvent, but Mg(MAA), is virtually insoluble in
this chemical. As a control, we used 20mM methacrylic acid (MAAc), which replaces
the single Mg** ion with two H* ions (thus breaking the crosslinked chains apart),

The initial gels were made with 700mM N-isopropylacrylamide (NIPA) with 10mM
Mg(MAA), in 10mL distilled deionized water. Figure 5 shows the process for making
gels. The mixture was placed in a test tube and kept at 60°C for 1 hour. This recipe
created a gel that was very weak, although it was definitely a true gel.

Gels were then made with 700mM acrylamide in 10mL of distilled, deionized wa-
ter. Methacrylic acid was used at 60mM in the control gel. In the test gel, 10mM
Mg(MAA), was added for the ionic crosslinker, with 40mM MAAc to make the mag-
nesium methacrylate more soluble in water and to maintain a 1;1 molar ratio for the

methacrylate ion between the control gel and the test gel. Neither of these solutions
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gelled, although qualitatively it seemed as though the magnesium gels were more solid

than the control gels.

acrylamide
Mg(MAA}
MAAc

a1s

APS

1 hour @
60°cC

solution gel removed

Figure 5. Gel constituents are mixed in a lest tube. then kept at 60°C or | hour
The hardened gel can then be removed by injecting water unaemeath it to force
1 out of'the test tube The gel ts then placed in disulled, delomized water

The next run that was tried was 700mmM acrylamide in 10mL water. 10mM
Mg(MAA), was again used. 13.3mg bisacrylamide (BIS) was added as an additional
crosslinker, 67.6ul of MAAc were added to help dissolve the Mg(MAA),. The control
gel replaced the Mg(MAA), with MAAc in with a 1:1 molar ratio for the methacry-
late ion. Although gels again formed, they were not strong enough to be useful in
further experiments. The next step was to add 4mg ammonium persulfate (APS)
as an initiator to help strengthen the polymer network. This improved gel strength
somewhat.

As a final attempt to strengthen the gels enough for further testing, gels were made
with distilled methacrylic acid; methacrylic acid from the bottle contains an inhibitor
to prevent polymerization, and it was thought that perhaps this was affecting the
formation of a gel. The gels made in this fashion were strong enough to be used in

further experiments,

12



3.2 Results

Although the data from this experiment was qualitative, solutions with Mg(MAA),
seemed ro be noticeably stronger than solutions that contained only MAAc. Even in
cases where no actual gel was formed, the polymer solutions containing Mg** ions
appeared to be more viscous than the corresponding solutions that did not contain

them,

3.3 Conclusions

While Mg** chelation did not appear to be strong enough to make a gel unaided,
the qualitative difference between the control and the test gels was sufficient to war-
rant further testing. It appears that at low concentrations Mg chelation sites are

incorporated as crosslinkers, but this process seems to be very inefficient.
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Chapter 4

Molecular Imprinting in a

Polymer Network

This experiment was designed to test whether or not a gel can be designed to increase

the efficiency of incorporation of chelation sites into a polymer chain network,

4.1 Methods

There were two gels made for this experiment. Both contained 700mM acrylamide,
8.6mM BIS used as a crosslinker, and 1.76mM APS as an initiator. 60mM methacrylic
acid was used in the control gel. 10mM magnesium methacrylate in 40mM MAAc
was added to the test gel. Gels were formed at 60°C for a period of 8 hours, These
gels were then split into 16 parts of approximately equal size, These two sets of 16 gel
pieces were each divided into two groups, for a total of four test groups. Groups 1 and
2 were from the control gel, groups 3 and 4 from the test gel. Groups 1 and 3 were
placed directly in CuCl, solution (see Figure 6). Copper ions are chemically similar
to Mg**, but they bind more strongly and will substitute themselves at magnesium
chelation sites in the gel structure., This is useful because copper is blue in solution,
and thus is easier to do light absorbance measurements with, Groups 2 and 4 were
washed in a cycle: 1mM CuCly; 0.1M NaCl; distilled, deionized water; returned to

0.,1M NaCl; and, finally, distilled, deionized water. Gels were soaked for at least, two

14



hours in each solution to ensure that all magnesium ions were removed. They were
then placed in CuCl, like the gels from Groups 1 and 3. CuCl, concentrations used
were: 0.125mM, 0.25mM, 0.50mM, 1mM, 2inM, 4mM, 8mM, 16mM. All gel pieces
were allowed to soak overnight (about 16 hours) in their CuCl; solutions, The solution

for every gel was then tested for the presence of copper ions with a spectrophotometer,

) Graup1 ] @ 0
= 8 6 pleces [~ | —
e s 8 5 ; >
| e T .
| b Group 3 unwashed
J 8 pleces
control gel
_ Group 2
& 8 pleces
> @ D
;:;! l:::s E -+ [ =
p 8 pleces B
Group 4 - (o
gt go washed

Figure 6; Gels were divided into 4 groups for testing

4.2 Results

Each of the respective CuCl, concentrations (0.125 — 16 mM) was tested in the
spectrophotometer to get a control value for the light absorbance of copper at that
concentration. Calibration curves can be seen in Figure 7.; absorbance is directly pro-
portional to copper concentration, The gel solutions were compared among the four
groups of gels. If molecular imprinting was taking place, then gels with Mg(MAA),
should absorb more copper than gels with only MAAc. This is because every site
occupicd by Mg ions in the test gel should allow for substitution by a Cutt jon.

MAAc gels will bond some copper ions between methacrylate ion monomers, but

15



should not do so as efficiently as the test gel because the methacrylate ion groups
will not be previously arranged in a formation that places two binding sites in close
enough proximity to allow easy chelation.

Figure 7. Culibration of' the spectrophotometer. Absorbancu is linearly proportional (0
the concentration of copper 1ons in solution

w2 T
Calibsation of the Specuophutomeicy

um

ouve
3
E uoe
8

w0l

a
o
(1]
L]
a
v 00 -
L) ? 4 L] L] 10 K]

The data from the spectrophotometer is measured in terms of total absorbance of
light. A more intuitive measure would be number of copper ions per monomer. To

get this, we use the following formula:

Cutt ions _ [Cu++limtial(vsalution) - [Cu++lﬂnal(Vsolutiuu + Vgel/,m,‘)
- do\3
monomer [monomer],,;,;,(3) Vielpunai

(4.1)

where the V's are volumes, ‘—L“ is the ratio of initial diameter to swollen diameter,
and the [Cut*] data is calculated from the spectrophotometer data. A derivation of

this formula can be found in Appendix A. Results of the copper absorption curves

can be seen in Figure 8,

4.3 Conclusions

From the data in Figure 8, there is no evidence that gels containing chelated Mg*t

ions absorb more copper than gels that do not. Possible reasons for this are:
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1. Not all of the magnesium in the gels has been washed out during the course
of preparing the gel. If this were the case, then possible copper binding sites
would already be taken up by Mg** ions, and thus there would be very little

copper absorbance by the gel.

2. There are not enough Mg** sites incorporated into the polymer chains during
the formation of the gel. When gels are made at low concentrations, only about
10% of all possible methacrylate ions will be incorporated into the gel. The
ions that do not get used will get washed away during preparation of the gel
for testing, leaving unchelated methacrylate groups behind. If 90% of the gel’s
potential chelation sites are lost to this effect, then it is probable that the few
sites that do contain intact ionic bonding will not make enough of a difference

in molecular imprinting to be detected by a test such as this.

A way to test for Mg still in the gels would be to do atomic absorption spectra
on the gel pieces. Testing for condition number two would involve making high
concentration gels so that even if a small percentage of sites are used it will still be

enough to make an overall difference in the absorption of copper ions.

17



Chapter 5

High Concentration Gels with

Incorporated Mgt+ Ions

The final experiment was another test for imprinting by Mg(MAA),. Since it was
believed that the first test was not valid due to a low number of binding magnesium
lons, this test was run with extremely high concentration gels. There were two parts
to this experiment, Part one was designed to determine polymerization conditions
for high concentration NIPA gels. Part two tested the incorporation of Mg chelation

sites into high concentration gels.

9.1 Methods

For this experiment, there were two groups of gels made. The first was a set of
NIPA/BIS gels designed to explore polymerization conditions for gels of this type.
NIPA gel is extensively studied because of its phase transition behavior. The gel
is swollen below 33°C and shrinks above this, NIPA transition takes place in pure
water. The basic gel had a ratio of 1:1000 BIS;NIPA. The mixture was heated to
70°C to dissolve the NIPA, then cooled to 30°C so that APS and TEMED could be
added, The gel formed in a hot oil bath at 140°C over a period of about 4 hours.
Gels were also made at 1:500 and 1:2000 BIS:NIPA. These were also gelled at 140°C,

but at times of 1 hour and 16 hours, respectively. All mixtures formed gels strong
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enough to be used in further experiments.

The gels in the second half of the experimenl. were 2g of NIPA, 2mg of BIS, and
either 20mg Mg(MAA), (test) or 40mM MAAc (control). 10ul pipettes were placed
in the test tube with the pre-gel solution to ensure that gels were of uniform size
and shape., Gels were remaved by cracking the pipettes in half and extracting the
gels with forceps. The gels were then placed in distilled deionized water (a second
run was done with the test gels soaked in 0.1mM CuCl, for 16 hours) in a 100ul
micropipette. This micropipette was then placed in a temperature control cell, which
in turn was placed in a Brinkmann Lauda to maintain control of the temperature

+0.1°C. Diagrams of the apparatus can be seen in Figure 9,

Glass cejl
scaler
—
microscope 8 it
i 0 v video camcra Monitor
—a e p— pipetic
Gel

temp.
:;::3:::';?: cantrolied
' ater bath
Temperature Control Cefl a w

Figure 9; Apparatus used in this expeniment, The gel was placed in a temperature control
cell (a), which was monitored through a video camera connected to a telescope,
Temperature was maintained by circulating water through the cell.

5.2 Results

Swelling curves for each gel were done as a function of temperature, The swelling
curves for the straight NIPA gels were all continuous as can be seen in Figure 10,
This is due to the low ionization percentage in the gel; since the gel had a very low

concentration of hydrogen ions within it, the amount contributed to the total osmotic
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Swelling Curve for 1/2000 BIS/NIPA gel
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Figure 10: Swelling curves for high concentration NIPA gels with ratios of 172000,
1/1000. and 1/500 BIS/NIPA., respectively, While the transition temperature

remains nearly constant, gels with higher BIS concentrations are more solid
and they neither expand nor contract ac much as oels that are “cnfiar™



pressure from hydrogen ion pressure was very small, The ratio of collapsed to swollen
volumes was dependent on cross-linker density. It ranged from % =0.2to di‘(; = 0.4,

There were two different runs done with the control gel and the test gel. One
was with the two gels immersed in distilled deionized water (curves on Figure 11a).
The other was in 0.1mM CuCl, (Figure 11b). The addition of the copper ions seems
to have made a difference in the swelling properties of the gel. Unwashed gels show
a noticeable difference in their swelling curves, both in transition temperature and

magnitude of volume change. Gels washed in CuCl, gave virtually identical results

in both of these categories.

5.3 Conclusions

The NIPA gels formed very nicely at concentrations greater than 84%, cven with
only a very small amount or crosslinker added. The variation of swelling ratios with
crosslinker concentration is consistent with the mechanics discussed in chapter 2.
Since the gel is more tightly bound together because of the extra bonds between
polymer chains, it will not expand as much. Also, it will be more solid, and this will
‘tend to resist shrinkage more strongly.

The swelling curves for the gels in part two show definite evidence of an ionic effect
in the test gel. As can be seen in Figure 11a, the gel containing magnesium ions had
a lower transition temperature and a smaller proportional volume change, This too
is expected: the magnesium ions will resist being pushed close together because of
electrostatic repulsion, and the additional crosslinking they provide will help prevent
exceptional swelling just as it does in the NIPA gels.

There is no evidence for imprinting of any kind. The swelling curves of the two
gels became virtually identical after soaking both in CuCl,, If the magnesium gel had
imprinted, one would perhaps expect results similar to those in (a): the gel with the
imprinted ions would shrink less than the other gel due to ionic effects, and would
not expand as much because it would have a more tightly bound lattice. The swelling

curves show no hint of this.
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(b) Swelling curves for MAAc and Mg(MAA); gels in 0.1mM CuCl,



It is possible that gels were not washed sufficiently in copper solution, but if
this were the case then the expected result would still be similar to that in (a),
since insufficient washing should leave the gels similar to their unwashed state. An
experiment designed to increase the size of the discontinuity in the swelling curve
be more revealing if for some reason imprinting is a critical-phase phenomena. A
better test would be to compare these gels across a wide range of temperatures and

concentrations of CuCls.
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Chapter 6

Summary

Three experiments were done to test for the presence of either molecular imprinting in
gel networks or for the presence of ionic bonding strong enough to act as a crosslinker.

The first experiment was a simple test to see if it was possible to make gels by
chelating methacrylate monomers with magnesium ions. Several different formulas
were tried, but no truly solid gels were ever formed using only magnesium methacry-
late as a crosslinker. Qualitatively, it appeared as though gels containing magnesium
methacrylate were stronger than those containing normal methacrylic acid. There
was no quantitative data to either support or refute this.

The second experiment was designed to check for molecular imprinting in a gel.
Magnesium methacrylate molecules were incorporated into the polymer network using
other solvents, and then the magnesium ions were replaced with copper to make
it easier to test the concentration of ions in solution (copper shows up easily on
the spectrophotometer because of its blue color). One group of gels was washed
with copper chloride straight from the test tube, the other was washed after pre-
washing with copper chloride, salt, and water to ensure that magnesium ions were
completely removed from the gel lattice. The test involved placing both gels in varying
concentrations of copper chloride to see if the gels with magnesium binding sites would
absorb more copper than gels that did not have these sites. The data show that there
is no noticeable difference between the two, although there are potential loopholes in

the experiment that need to be checked more thoroughly before a definite statement
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can be made,

The third experiment tested for both crosslinking and imprinting. Essentially, the
behaviors of gels with and without magnesium were tested as functions of tempera-
ture. Any difference between the two gels should have been revealed in the swelling
curves. The results show that ionic crosslinking is present, but that molecular im-
printing is not.

Overall, the r sults show that magnesium methacrylate is not a strong enough
ionic crosslinker to hold a gel together by itself, although it does add some strength
to the polymer chain network. It does not imprint the gel in any way. There are some
experimental gaps that could account for the negative results, however, Also, it may
be that magnesium ions in particular are not well suited for this kind of experiment.
Other ions that could be tried are copper, although it is necessary to account for its
high binding affinity to free radicals, and sulfur,

Thanks to Tony English for training early in the project, and to Tadashi Mizutani
for collaboration during the experiment. A special thanks to Professor Tanaka for

allowing me to have another chance after the failure of my first experiment,
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Appendix A

Derivation of Equation 4.1

The number of absorbed copper molecules per monomer can bc calculated as

Ny Cu*tions

= 1
Ny monomer (A1)
The number of ions absorbed by the gel can be calculated as
N Cummal Cufmal (A.Z)

(the~difference in copper concentration in solution before and after the gel is
inserted), where

Cutmual [Cu ] aolutum) (A.3)

and

Cu/mal = [Cu+ ] Vaolutum + Vgel,,,.,.) (A.4)

Total number of monomers in the gel can be calculated as

Nm = [monomerSjni“'a‘]‘/gd‘."“'.a‘ (A.s)
where
— do3
V.‘Jdinumn = (E) Vge‘/dnat (A'G)
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that is, the final volume, factored down by the linear swelling ratio cubed.

This gives us

Ncy _ [CU++Vaolution - [Cu++(vaolution — Vgel

Nn [monomer]( %) Viet inat

(A7)

which is equation 4.1.
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